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Abstract

:

The use of biochar reduces nitrous oxide (N2O) emissions from soils under specific conditions yet the mechanisms through which interactions occur are not fully understood. The objectives of this glasshouse study were to investigate the effect of (i) biochar particle size, and (ii) the impact of soil inversion—through simulated mouldboard ploughing—on N2O emissions from soils to which cattle urine was applied. Pine biochar (550 °C) with two different particle sizes (<2 mm and >4 mm) was mixed either into the top soil layer at the original 0–10 cm depth in the soil column or at 10–20 cm depth by inverting the top soil to simulate ploughing. Nitrous oxide emissions were monitored for every two to three days, up to seven weeks during the summer trial and measurements were repeated during the autumn trial. We found that the use of large particle size biochar in the inverted soil had significant impact on increasing the cumulative N2O emissions in autumn trial, possibly through changes in the water hydraulic conductivity of the soil column and increased water retention at the boundary between soil layers. This study thus highlights the importance of the role of biochar particle size and the method of biochar placement on soil physical properties and the implications of these on N2O emissions.
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1. Introduction


The primary sources of nitrous oxide (N2O) emissions from New Zealand pastoral soils are excreta (urine and dung) from grazing animals, followed by urea and farm dairy effluent applied to soils [1]. Excreta deposited by grazing animal alone contributed to 14.2% (5503.3 kt CO2-e) of total N2O emissions from the agricultural sector, which represent a 7.2% increase since 1990 [2]. In 2013, the New Zealand Government adopted the unconditional targets of reducing greenhouse gas (GHG) emissions to 5% below the 1990 level by year 2020, followed by post-2020 commitments to reduce greenhouse gas emissions to 11 and 50% below the 1990 level by year 2030 and 2050 [3], respectively, which forces the need to develop economically and technically feasible options in order to achieve such goal.



Nitrous oxide can be produced in soil via nitrification, denitrification and nitrifier-denitrification. The nitrification process involves the oxidation of ammonium (NH4+) into nitrite (NO2−) and this into nitrate (NO3−) producing N2O as by-product, while the denitrification process involves the reduction of NO3− into gaseous nitrogen (N) compounds, mainly N2O and dinitrogen gas (N2). Nitrifier-denitrification by NH4+-oxidizing bacteria may also contribute to the formation of N2O in soils [4,5]. Environmental conditions influencing N2O emissions include soil mineral N concentration, soil moisture, dissolved organic carbon (C) concentration, temperature, and pH [4,6], all of them being highly variable over short-time periods and having a strong seasonality.



The application of biochar—charcoal intended to be used to simultaneously mitigate climate change by contributing to carbon (C) sequestration and improving soil functions [7]—has been suggested as a potential tool to reduce N2O emissions from soil [8]. Several laboratory and field studies have reported decreases in N2O emissions from soil upon biochar application and attributed this to the ability of biochar to (i) modify soil physical properties and soil aeration thus changing oxygen (O2) concentration [9,10]; (ii) reduce NH4+ and NO3− concentrations through either induced microbial immobilization or adsorption mechanisms [11,12]; (iii) increase soil pH; and/or (iv) acting as “electron shuttle” [13]. However, other studies have reported either no effect [14] or elevated N2O emissions upon addition of biochar, the latter attributed to an enhanced N mineralization upon application [15,16].



These mixed results could be, in part, attributed to the different experimental conditions used by the different researchers, such as the use of various types of biochar [17], different biochar application rates [18], or dissimilar experimental settings (field trial vs. laboratory/glasshouse experiments) [19]. The use of different wetting and irrigation regimes may also have influenced N2O emissions, most likely in response to changes in water-filled pore space (WFPS) and thus in soil aeration [20,21,22]. The simultaneous addition of biochar with other organic amendments, such as manure and poultry litter [23] and/or inorganic fertilizers, and differences in their rates of application, may also have determined the availability of labile C and N, and thus affected N2O production [24,25,26].



A more mechanistic understanding of the effect of biochar on nitrification and denitrification could help determine whether this amendment is suitable as a tool to mitigate N2O emissions from agricultural systems, and more specifically from pastoral systems under humid-temperate climate. The few publications available in the literature on how the addition of biochar to urine patches influences N2O emissions have reported inconsistent patterns. Clough et al. [27] observed a temporary increase in N2O emissions when applying a pine biochar produced at high temperature (600 °C) and of a particle size <5 mm to a silt loam soil. In contrast, Taghizadeh-Toosi et al. [28] observed a decrease in N2O emissions also using a pine biochar, but produced at low temperature (<400 °C) [29] and of a generally larger particle size to another silt loam soil. The reductions in the second study were attributed to a reduced availability of NO3− caused by NH3 adsorption on biochar particles. Yet the potential role of biochar particle size on the different results obtained in N2O emissions studies cannot be disregarded, as already highlighted by Cayuela et al. [30].



A practical farming aspect is how the biochar amendment to soil is made, e.g., (i) surface spreading and incorporation by shallow tillage or (ii) application to depth by use of a mouldboard plough. By mouldboard ploughing, the top soil (and the biochar) becomes buried deeper in the profile, which contrasts with a top application of biochar followed by cultivation, in which the biochar remains in the topsoil without soil inversion. A recent short-term study of Calvelo Pereira et al. (unpublished) [31] revealed that the addition of pine biochar while mouldboard-ploughing the soil (e.g., biochar and top soil placed below the top 10 cm of soil) caused a 30% reduction in N2O emissions following urea application compared to an inverted soil without biochar addition.



In the present soil column study, we investigated the effect of biochar particle size and the impact of soil inversion—through simulated mouldboard ploughing—on N2O emissions from soils to which cattle urine was applied. For this, a pine biochar with a low atomic H/Corg ratio (and thus rich in condensed aromatic C) with a low ash content was chosen, so that the influence of labile C, nutrient content, and/or liming ability of the biochar was minimized. We hypothesized that (i) the application of biochar may affect N2O emissions through changes in soil physical properties, specifically soil aeration and water retention; and (ii) the effects of biochar addition on these properties may differ depending on their particle size (e.g., a larger particle size may increase soil aeration whereas a smaller particle size may clog pores), and their placement in soil (e.g., the incorporation of a large particle size-biochar at depth may promote water movement from the top layer and increase the overall drainage of the soil).




2. Materials and Methods


2.1. Biochar


Biochar was produced from untreated pine wood residue (Pinus radiata D. Don) (Foxton, New Zealand). The pine wood residue was pre-dried at 60 °C and pyrolysed in a gas fired, rotating drum kiln (25 L) to a highest heating temperature (HHT) of 550 °C. After production, it was stored in a steel barrel for three years. The biochar was left to dry until its moisture content was reduced to ~7% before the trial was set up. Thereafter the biochar was crushed and sieved into two different particle sizes (<2 mm and >4 mm). The chemical characteristics of biochar with two different particle sizes were examined and reported in Table 1. Briefly, the pH was measured at a ratio of 1:20 (w:v) solution of biochar:deionized water equilibrated for 1.5 h prior to measurement according to Rajkovich et al. [32]. Calcium carbonate equivalence (liming equivalence, % CaCO3-eq) was determined according to IBI standards (2015), which was modified from the method proposed by Rayment and Higginson [33]. Biochar samples were analyzed for their elemental C, H, and N composition (Elementar Analysensyteme GmbH, Hanau, Germany) and thereafter the elemental composition was recalculated on a dry-ash-free (daf) basis. Concentration of O (% daf) was then estimated by difference (100%-C%-N%-H%). Moisture, volatile matter (VM), fixed C (FC) and ash contents (wt. %) of samples was determined using a thermogravimetric analyzer (SDT Q600, TA Instruments, Melbourne, Australia) according to Calvelo Pereira et al. [34]. Total P, K, Ca and Mg were determined using Atomic Absorption Spectroscopy (AAS, GBC 904 Avanta Ver 1.33, Australia) after digestion following modified dry ashing [35]. Available P was determined using formic acid extraction [36] and available N was measured using 6 M HCl [37]. Cation exchange capacity (CEC) was measured with strontium chloride (SrCl2), as described in Calvelo Pereira et al. [38]. Overall, the chemical properties of the biochar were similar for the two particle size fractions, with a high C content (>82% w/w)—mostly as condensed aromatic C, as reflected by the low atomic H/Corg ratio (≤0.5) and high fixed C content (>70% (w/w) [39]—low ash content (<3% w/w), and a pH close to neutrality. According to the classification system developed by Camps-Arbestain et al. [40], this pine biochar had relatively low liming (class 0) and fertilizer (class 0) values.




2.2. Soil


The soil used in this experiment was collected from the Pasture and Crop Research Unit of Massey University at Palmerston North (40°23′20.37″ S, 175°36′32.33″ E), New Zealand. It classifies as Tokomaru silt loam Pallic soil according to the New Zealand soil classification system [41] and Typic Fragiaqualf according to Keys to Soil Taxonomy [42]. The soil was sampled at 0–10 cm (topsoil), 10–20 cm and 20–40 cm (subsoils). The physicochemical properties of the top layers are reported in Table 2. Soils were then thoroughly mixed, sieved to 5 mm, and stored in the cold room (temperature 4 °C) until used.




2.3. Glasshouse Experiment


PVC columns of 20 cm diameter and 40 cm depth attached to 1.3 m PVC drainage collection columns or Flux meters [43] were used in this soil column study. Soil columns were prepared as follows: (i) for the biochar-amended soils, the 0–10 cm soil layer was hand-mixed with either <2 mm or >4 mm biochars (2% w/w or ~20 t ha−1) (Supplementary Information; Figure S1); (ii) the 0–10 cm soil layer of all treatments received NPK fertilizer (60 kg N ha−1; 60 kg P ha−1 and 50 kg K ha−1); (iii) soil (with or without biochar) was then repacked into the soil column either at the original 0–10 cm depth (simulating incorporation by shallow tillage) or inverting the top soil (simulating incorporation by mouldboard ploughing) and placing it at 10–20 cm depth (Supplementary Information; Figure S2). Soil layers without biochar amendment were repacked to the original bulk density; soil layers with biochar amendment were repacked to a recalculated bulk density (considering the bulk density of biochar particles and application rate added). Additional two columns were prepared for destructive sampling to represent time zero (soil core prior to seeding). Overall, there were 26 cores (24 + 2) from six treatments with four replicates for each treatment, and the two time zero columns. The treatments were the following: un-inverted control (UC), un-inverted small particle size biochar (US), un-inverted large particle size biochar (UL), inverted control (IC), inverted small particle size biochar (IS), and inverted large particle size biochar (IL). The experiment was conducted in a glasshouse at the Plant and Growth unit of Massey University at Palmerston North from October 2014 to September 2015, following the time line described in Supplementary Information; Table S1.



Annual ryegrass (Lolium multiflorum L.) was seeded in all columns and thinned to 20 seedlings per column upon germination. During the experiment, ryegrass was cut nine times (four in summer and five in autumn) to five cm height to simulate cattle grazing. Urine applications were carried out in December 2014 (referred to as summer trial) and April 2015 (referred to as autumn trial) at rates of 354 kg N ha−1 and 563 kg N ha−1, respectively, so that the N2O measurements could reflect changes associated with seasons (Figure 1). Accordingly, the average WFPS of the soil was maintained at ~40–50% and ~70–80% for summer and autumn trial, respectively.




2.4. Nitrous Oxide Emissions Measurement


N2O fluxes were measured (at 0, 30, and 60 min) before urine application and then thereafter for every two to three day, up to seven week during the summer trial and measurements were repeated during the autumn trial. The gas sampling was carried out between 12 and 3 pm using a gas chamber with headspace volume of 3.4 L. Fifty ml of gas sample were collected at each sampling time using a syringe, and transferred into evacuated glass vials. In each sampling event, two ambient samples (i.e., outside the chamber) were taken to check for background emission. Concentration of N2O was measured using gas chromatography (GC-2010 Plus, Shimadzu, Japan) with a carrier gas N2 flow of 30 mL min−1, a column temperature of 70 °C and detector temperature of 315 °C. The increase in N2O concentration within the gas chamber headspace was calculated using linear regression and the cumulative N2O emissions were calculated using linear integration of daily fluxes [44,45].




2.5. Leachate Collection


During the summer trial, no leachates were produced, given the WFPS of the soils (40–50%) and the high ambient temperature. Once this ended, water was applied routinely to keep the grass growing while waiting for the autumn trial to begin. To minimize carryover N from the summer application to the autumn trial, all cores were leached twice (first and second leaching events) with copious amount of water prior to the second application of urine. This also allowed the WFPS of the soil to increase up to ≥70% as needed for the autumn trial. During the autumn trial, no leachate was collected as there were no fluctuations in the irrigation scheduled. By the end of week seven for autumn trial, all cores were leached (third leaching event) and one more N2O fluxes measurement were taken to check for any extended N2O emission. Drainage water collected after each of these leaching events was measured and analyzed colorimetrically for inorganic N content (NO3-N and NH4-N) using a Technicon Auto Analyser [46].




2.6. End-of-Trial Sampling


All the columns were dismantled in September 2015, 327 d after the beginning of the trial. Soil cores were taken from the center of each column using slide hammer (45 mm diameter) (Supplementary Information; Figure S3). Each soil core was then scanned using a modified contact probe of ASD FieldSpec 3 Vis-NIR Spectrometer [47] to predict root density and soil C content (results not included in this study). After scanning, each 10-cm soil layer (for the 0–10 and 10–20 cm depth layers—the bottom soil was not characterized) was sliced into layers 3, 3 and 4 cm thick (Supplementary Information; Figure S3). Each slice was weighed, then halved evenly and re-weighed. One half was used to determine root density (mg cm−3) by wet sieving [47]; part of the other half was used to determine soil moisture and soil water holding capacity (WHC), while the rest was air-dried, homogenized, and ground for soil chemical characterization. Soil bulk density was calculated for each soil slice using the internal diameter of the corer (43.5 mm), the slicing depth, and the weight of the soil oven dried at 105 °C.



Soil total C and N were analyzed using a Vario MACRO cube CHNS elemental analyzer (Elementar Analysensyteme GmbH, Hanau, Germany). Soil pH was measured in water at a soil:water ratio of 1:2.5 (w:v) [46]. The WHC was measured at −15, −1 and −0.3 bar matric potentials using a pressure plate [48]. The moisture content was gravimetrically determined and then converted to volumetric basis using the bulk density. The plant-available water content (AWC) was calculated as the difference in volumetric water content at −0.3 and −15 bar.




2.7. Other Measurements


Daily soil temperature was recorded using sensors installed in randomly selected columns (Figure 1). The WFPS was calculated based on the ratio of the volumetric soil water content to the total pore space (particle density assumed to be 2.65 Mg m−3). Each column was weighed periodically, and the amount of water added to each column and the rate at which this was evaporated—measured using evaporation pans placed inside the glasshouse—were recorded on daily basis.



Freshly harvested swards were weighed, dried at 70 °C for 48 h and re-weighed to calculate the dry matter (DM) yield. Then the dried swards were ground, acid-digested and analyzed for total N based on the colorimetric auto-analysis procedure using a Technicon Auto Analyser [46].




2.8. Statistical Analysis


Cumulative N2O was calculated by assuming that changes in fluxes between measurements were linear. Data were tested for normality and the homogeneity of variance using the Kolmogorov-Smirnov and Multiple Comparison test, respectively. Data that did not fulfill the assumptions were log-transformed before further statistical analysis. The effect of each treatment: (i) biochar application (control vs. small biochar particle size vs. large biochar particle size); and (ii) soil inversion (un-inverted and inverted) were assessed separately using one-way ANOVA, followed by LSD post-hoc test if significant difference were detected at p < 0.10. Means and standard error of the mean (SEM) were also reported. All statistical analyses were conducted using Minitab 16 (Minitab Inc., State College, PA, USA).





3. Results


3.1. Dry Matter (DM) Yield, N Concentrations in Plant and N Plant Uptake


Cumulative ryegrass DM yields at the end of the summer trial (range: 374 to 401 g m−2) were twice to three times larger than those of the autumn trial (range: 137 to 179 g m−2) (Table 3). There were no significant effects of either biochar addition (regardless of particle size) or soil inversion on DM yield. This is consistent with the general lack of changes in soil chemistry (e.g., soil pH, Supplementary Information; Table S2) caused by the addition of biochar to the system and the lack of nutrient value of this amendment (Table 1). Ryegrass grown during the summer season had a lower N concentration (range: 3.2% to 3.6%–w/w) than that grown during autumn (range: 5.1% to 5.4%–w/w), yet the amount of N taken up by the swards was larger in the former (range: 11.9 to 13.5 g m−2) than in the latter (range: 7.3 to 9.2 g m−2). This was consistent with the higher growth of swards in the warmer season, which led to an overall greater plant N uptake. While biochar addition had no effect on plant N, soil inversion caused an increase in N plant uptake in all summer treatments, although the effect was only significant for the control (UC: 12.7 g N m−2; IC: 13.4 g N m−2: p = 0.018) (Table 3).




3.2. N2O Emissions Fluxes


During both summer and autumn, the average N2O emission prior to urine application from un-inverted cores (summer: 0.1 to 1.5 N2O-N g ha−1 day−1; autumn: 0.8 to 4.6 N2O-N g ha−1 day−1) were lower than those from the inverted cores (summer: 1.6 to 2.1 N2O-N g ha−1 day−1; autumn: 4.4 to 24.8 N2O-N g ha−1 day−1), with differences being significant between the un-inverted and inverted controls of both seasons, and also for the treatment with large particle biochar run during autumn (Figure 2, Supplementary Information; Table S3).



Shortly after the application of urine, all treatments displayed a peak in N2O emissions (Figure 2), these being generally higher in biochar-amended treatments (US, UL, IS, IL) compared to their respective controls (UC, IC), although differences were not significant. The time at which the peak occurred was influenced by (i) the season under consideration, and (ii) whether the soils were inverted or not. During summer, N2O emissions from the un-inverted soils always peaked (30.5 to 60.7 N2O-N g ha−1 day−1) within the first five day after urine application, whereas when inverted, peaks were smaller (13.9 to 29.1 N2O-N g ha−1 day−1), and displaced to day seven. During autumn, both un-inverted and inverted treatments showed a first peak within the first five day after urine application (40.7 to 93.8 N2O-N g ha−1 day−1), and a second and smaller peak by day 10 (9.4 to 28.6 N2O-N g ha−1 day−1), but no significant differences detected between treatments for both un-inverted and inverted soils (Figure 2, Supplementary Information; Table S3). Also, for the inverted soil, both treatments with biochar had an extended duration of N2O emission (21 days in summer and 25 days in autumn) compared with controls, which subsided after 11 days in summer and 17 days in autumn, while for un-inverted soils, all treatments including controls have similar duration of N2O emission in both seasons (14 days in summer and 17 days in autumn).



When comparing between seasons, N2O emissions were always higher in autumn than in summer from all treatments for both un-inverted and inverted cores, as expected, given the higher WFPS and higher amount of N added in autumn than in summer. However, when N2O emissions were reported as percentage of added N emitted as N2O, no significant differences were found between seasons.




3.3. Cumulative N2O Emissions


For the summer trial, the average cumulative N2O emissions from all treatments ranged from 200 to 372 N2O-N g ha−1 (Figure 3a), which accounted for 0.06% to 0.11% of applied N (354 kg N ha−1). The addition of biochar (regardless of particle size) caused a consistently higher cumulative N2O emission than the corresponding controls in both un-inverted and inverted treatments, although the differences were not significant. Soil inversion did not have a significant effect on cumulative N2O emissions either.



For the autumn trial, the average cumulative N2O emissions from all treatments ranged from 239 to 558 N2O-N g ha−1, which accounted for 0.04% to 0.10% of applied N (563 kg N ha−1) (Figure 3b). Here, variability between replicates was larger than during summer, which made difficult the detection of significant differences between treatments. However, the combined effect of biochar (of large particle size) addition and soil inversion, IL, did cause a significant increase in N2O emissions, compared with the un-inverted soil, UL. No significant differences were detected between seasons when comparing the cumulative N2O emissions out of total N added for each treatment.




3.4. Leachate Volume and Soil Water Holding Capacity


The volume of leachates after the first leaching event was smaller in the biochar-treated soils than in the non-treated (UC: 41, US: 17 and UL: 23 mm; p = 0.017; IC: 27, IS: 10 and IL: 13 mm; p = 0.062) (Table 4). Differences in leachate volume between biochar-amended and non-amended soils were still evident for the inverted treatments after the second leaching event (IC: 27, IS: 20 and IL: 14 mm; p = 0.060), but not for the un-inverted ones. After the third leaching event, no significant differences were observed between biochar-amended and un-amended treatments (Table 4). Overall, out of the total N applied, ≤0.2% was lost as mineral N in the form of NO3− (NH4+ concentrations in leachates were negligible) with no significant differences between treatments (Supplementary Information; Table S4).



At the end of the experiment, there were no significant differences in soil bulk densities between treatments (Supplementary Information; Table S5). The same was so for the volumetric soil moisture content at the different water potential tested (−0.3, 1 and 15 bar; Supplementary Information; Table S6) with the exception of the 6–10 cm layer, in the un-inverted soil, and the 10–13 cm layer, in the inverted one at three matric potentials (Figure 4). Interestingly, these layers corresponded to those of biochar-amended soils that were at the boundary with the non-biochar soil, and the effect was particle size-dependent (Figure 4; Supplementary Information; Figure S2). Specifically, in the un-inverted soil, it was the small particle size biochar that significantly retained the highest amount of water at −0.3 and −1 bar. In the inverted soil, it was the large particle size biochar that caused the largest water retention at the 10–13 cm depth, this difference being significant at all moisture tensions. The control soil always had the smallest water content at the different tensions studied (Figure 4).




3.5. Nitrogen Mass Balance


A mass balance indicated the amount of urine-N taken up by ryegrass plants was <40% in summer and <20% in autumn, the amount of urine-N lost as N2O was 0.7% to 0.13% of the N applied for both trials.





4. Discussion


4.1. Dry Matter Yield (DM), N Concentrations in Plant and N Plant Uptake


The apparent differences in the growth of swards during the summer period compared to that during the autumn was mostly attributed to differences in temperature (summer mean = 32.5 ± 2.8 °C; autumn mean = 20.4 ± 1.4 °C). Although annual ryegrass is a cool-season grass [49], the low total DM from autumn trial may also have been caused by the lack of fertilizer use over the course of this trial and in addition pasture scorching, caused by the high concentration urine applied, inhibited early growth [50,51]. The addition of biochar did not cause differences in plant growth or N uptake, as expected, given the low fertility value of the biochar and high stability of the C in biochar, which minimized N immobilization. Also, the relatively low CEC (~1.12 cmolc kg−1 at the beginning of the experiment) of biochar would make any possible additional retention of NH4+ to be negligible. Soil inversion, on the other hand, did have an effect causing a greater N plant uptake compared to the un-inverted soil during summer. This could be attributed to the fact that the new top horizon—being impoverished in soil C—there was less urine N immobilization than in the un-inverted soil, and thus increased the short-term N availability to plants.




4.2. N2O Emissions


4.2.1. N2O Emissions during the Summer Trial


Denitrification is expected to be the dominant N2O formation pathway in soil with WFPS >60% [52], which were the moisture conditions of the soils during autumn (70–80%). The WFPS during summer was considerably smaller (40–50%), but still the percentage of N2O-N loss out of urine-N added was similar during both seasons. Denitrification may have also contributed to N2O emissions during summer, in addition to nitrification—given that anaerobic microsites have been shown to be also present at WFPS ~45% [53]. In the inverted soils though, denitrification was probably less favored at the early stages of the experiment (i.e., summer), as the top layer of the inverted soils had small organic matter content. This was to some extent supported by the different pattern in the daily N2O emissions—with a delayed and broader peak—that these soils had compared with the un-inverted ones.



During summer, biochar addition to soil had no significant effect on N2O emissions. Yet N2O emissions from biochar-amended and inverted soils showed a larger and delayed larger peak compared with just inverted soils, which could be attributed, at least in part, to denitrification occurring once the urine reached the organic matter-rich and biochar-amended layer, as favored by a larger retention of water in it [54,55]. The greater water retention in biochar layers was supported by the fact that, in the first leaching events, biochar-amended soils drained a smaller amount of water than the non-biochar treatments, and this was more accentuated in the inverted treatments. Volumetric soil moisture contents measured in biochar-amended soils also showed significant greater values (p < 0.05) compared to un-amended ones but only at the boundary soil layers (Supplementary Information; Table S6), as discussed in Section 4.2.3.




4.2.2. N2O Emissions during the Autumn Trial


Emissions of N2O during autumn were generally larger than those during summer, which was attributed to the larger urine application, greater water content of the soil, and the smaller N uptake by the plants. In contrast to summer time, soil inversion did not have an effect on the shape of the curve of daily N2O emissions. This could be explained by the fact that by that time, ryegrass roots had already contributed to increase soil organic matter content (Supplementary Information; Tables S7 and S8), along with the fact that WFPS during autumn was larger, conditions that favored denitrification as soon as nitrate was made available. The immediate N2O emission after urine application suggests that this was mainly produced through denitrification [56].



The cumulative effect of the inversion treatment on N2O emissions only caused significant differences when in combination with large particle size biochar and during this wet season. In fact, this was the only treatment combination in which biochar amendment had a significant effect on N2O emissions, although overall, biochar-amended soils consistently generated greater N2O emissions compared with the treatments without biochar.




4.2.3. Effect of Biochar Particle-Size and Soil Inversion on Soil Moisture: Implications on N2O Emissions


The differences in water retention encountered at the boundary layers of soils amended with biochar suggests that, the effect of biochar on soil water retention was not only on the amount of water retained within biochar porosity, but also on the water hydraulic conductivity of the soil column. Soil inversion per se had an effect on water hydraulic conductivity, as noted during the first leaching events, in which the collected water was considerably smaller than the un-inverted soils. Burying the organic matter-rich surface horizons might have slowed down the flow of water due to hydrophobicity effects caused by organic molecules and produced a transient perched water layer during the autumn experiment. Moreover, biochar seemed to have caused a boundary effect in the un-inverted soil mixed with biochar of small particle size (US treatment) and in the inverted soil mixed with biochar of large particle size (IL treatment). The accumulation of water at the boundaries of these soil layers (Supplementary Information; Figure S2) may explain the higher volumetric moisture content of those specific biochar layers, as that may have caused an impregnation of biochar pores with water (to a larger extent than the operational wetting of soil samples prior to the use of the pressure plate). This may in turn explain that, in autumn, the US treatment was the un-inverted treatment with the largest N2O emissions, and the IL was the inverted treatment with the largest N2O emissions, yet only in the latter differences were significantly different. While a priori, the presence of a large biochar particle size would be thought to facilitate water drainage through this buried soil layer in the IL treatment, it is probable that in this study it had the opposite effect. The presence of a subsurface soil layer with large particle size biochar and greater aggregation may have caused a need for a larger water potential at the contact zone between the two soil layers in order to drain through the subsurface layer. It has been reported that when a fine-textured layer overlaying a coarse-textured one, the water movement in the profile is hindered i.e., the infiltration rate decreased when the water reached the interface between layers, allowing water to be stored in the fine-textured layer for a longer time [57,58]. Overall, the results highlights the important effect that biochar particle size has on soil physical properties as already reported by Lim et al. [59].






5. Conclusions


This soil column study has shown that, compared to a simulated standard re-grassing of soil using a shallow cultivation technique, the combination of soil inversion and addition of biochar to a soil had no major impact on ryegrass growth and N recovery from soil. However, these treatments caused changes in soil physical properties that were associated with higher N2O emissions after the application of cattle urine, specifically in the treatment in which a larger particle size biochar was used in combination with soil inversion. Field experiments with longer duration are needed to evaluate to what extent the changes in soil physical properties caused by soil inversion and application of biochar (with special attention to particle size) may affect the N2O emissions from soil in the long term.








Supplementary Materials
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Figure 1. The maximum glasshouse and soil temperatures (at 10 cm depth) over the 49-day of both summer and autumn trials. In summer, cores were irrigated with 8 mm d−1 of deionized water to maintain initial soil WFPS% of 40–50% and the average daily evaporation rate was ~6 mm d−1. In autumn, cores were irrigated with 5 mm d−1 of deionized water to maintain initial soil WFPS % of 70–80% and the average daily evaporation rate was ~2 mm d−1. The cores were irrigated after gas measurements were taken. In summer, specific actions were taken to cool down the cores and the minimum glasshouse temperature during both summer and autumn trials was always maintained at ~17 °C. 
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Figure 2. Average N2O-fluxes (SEM (n = 4)) by day from soil columns after cattle urine application for summer (a,b), and autumn trials (c,d). 
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Figure 3. Cumulative N2O emissions from soil columns after cattle urine application for summer (a) and autumn (b) trials. Within a specific season and specific soil inversion treatment, different small letters indicate differences between biochar treatments (SEM (n = 4) and p < 0.10). Within a specific season and specific biochar treatment, different uppercase letters indicate differences between un-inverted and inverted treatments (SEM (n = 4) and p < 0.10). 
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Figure 4. Volumetric soil moisture contents (%) at different matric potentials; −15, −1 and −0.3 bar (in log scale) at (a) 6–10 cm depth (un-inverted soil) and (b) 10–13 cm depth (inverted soil) measured after the end of the experiment. Within a specific matric potential, different small letters indicate differences at p < 0.10 between treatments (SEM (n = 4)). In the un-inverted soil, biochar was at 0–10 cm depth; in the inverted soil biochar was at 10–20 cm depth. 
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Table 1. Chemical characteristics of pine biochar (feedstock source: Foxton, New Zealand) at the beginning of experiment.
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Properties

	
Units

	
Biochar




	
Small

	
Large






	
Particle size

	
mm

	
<2 mm

	
>4 mm




	
pH (H2O)

	
-

	
7.3

	
6.8




	
Liming Equivalence

	
% CaCO3-eq

	
−2.2

	
−1.9




	
Bulk Density (BD)

	
Mg m−3

	
0.20

	
0.17




	
Total C

	
g kg−1

	
821

	
826




	
Total N

	
g kg−1

	
2.9

	
2.5




	
Total H

	
g kg−1

	
30.8

	
34.5




	
Total O

	
g kg−1

	
146

	
137




	
C/N ratio

	
(w/w)

	
285

	
330




	
H/Corg

	
Atomic ratio

	
0.45

	
0.50




	
O/Corg

	
Atomic ratio

	
0.13

	
0.12




	
Ash

	
%

	
2.9

	
2.7




	
Volatile matter

	
%

	
18.6

	
17.8




	
Fixed C

	
%

	
74.6

	
76.5




	
CEC

	
cmolc kg−1

	
1.2

	
1.0




	
Total P

	
g kg−1

	
0.5

	
0.5




	
Total K

	
g kg−1

	
2.6

	
2.4




	
Total Mg

	
g kg−1

	
1.7

	
1.6




	
Total Ca

	
g kg−1

	
5.5

	
5.5




	
Available N

	
mg kg−1

	
36

	
40




	
Available P

	
mg kg−1

	
84

	
80








Total O for biochar was determined by (100%-C%-N%-H%) and converted to g kg−1.
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Table 2. Chemical characteristic of Tokomaru silt loam soil (Palmerston North, New Zealand) at the beginning of experiment.
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	Properties
	Units
	0–10 cm
	10–20 cm
	20–40 cm





	pH (H2O)
	-
	5.48
	5.51
	5.60



	Bulk Density (BD)
	Mg m−3
	1.05
	1.29
	1.43



	Total C
	g kg−1
	35.2
	22.6
	13.0



	Total N
	g kg−1
	3.4
	2.2
	1.2



	C/N ratio
	(w/w)
	10.4
	10.3
	10.8



	Cation Exchange Capacity (CEC)
	cmolc kg−1
	20.0
	18.0
	15.0
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Table 3. Treatment and soil inversion effects on dry matter yields, plant N concentration, plant N uptake, and percentage of the total N applied taken up by plant for summer and autumn trial.
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Summer Trial




	
Properties

(Unit)

	
Soil Inversion

	
Treatments




	
Control

	
Small-Particle Size Biochar

	
Large-Particle Size Biochar




	
Dry Matter (DM)

(g m−2)

	
Un-inverted

	
374aA

	
350aA

	
351aA




	
Inverted

	
374aA

	
401aA

	
386aA




	
Plant N concentration

(g N 100 g−1)

	
Un-inverted

	
3.4aA

	
3.4aA

	
3.5aA




	
Inverted

	
3.6aA

	
3.2aA

	
3.3aA




	
Plant N uptake

(g m−2)

	
Un-inverted

	
12.7aB

	
11.9aA

	
12.3aA




	
Inverted

	
13.5aA

	
12.8aA

	
12.8aA




	
N taken up out of added N

(354 kg N ha−1) (%)

	
Un-inverted

	
36.0aB

	
33.7aA

	
34.7aA




	
Inverted

	
38.0aA

	
36.3aA

	
36.1aA




	

	
Autumn Trial




	
Properties

(Unit)

	
Soil Inversion

	
Treatments




	
Control

	
Small-Particle Size Biochar

	
Large-Particle Size Biochar




	
DM

(g m−2)

	
Un-inverted

	
179aA

	
137aA

	
157aA




	
Inverted

	
172aA

	
172aA

	
155aA




	
Plant N concentration

(g N 100 g−1)

	
Un-inverted

	
5.1aA

	
5.3aA

	
5.4aA




	
Inverted

	
5.2aA

	
5.2aA

	
5.3aA




	
Plant N uptake

(g m−2)

	
Un-inverted

	
9.2aA

	
7.3aA

	
8.5aA




	
Inverted

	
8.9aA

	
8.9aA

	
8.2aA




	
N taken up out of added N

(563 kg N ha−1) (%)

	
Un-inverted

	
16.2aA

	
13.0aA

	
15.1aA




	
Inverted

	
15.9aA

	
15.9aA

	
14.6aA








Within a specific season, (i) different small letters within a row indicate differences between biochar treatments (n = 4) and p < 0.10), and (ii) different uppercase letters within a column indicate differences between un-inverted and inverted treatments (n = 4 and p < 0.10).
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Table 4. Treatment effects on the amount of drainage collected for every leaching event including cumulative drainage volumes.
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Leaching Event

	
Leaching Volume (mm) between Treatments




	
UC

	
US

	
UL

	
p-Value

	
IC

	
IS

	
IL

	
p-Value






	
1st

	
41a

	
17b

	
23b

	
0.017

	
27a

	
10b

	
13b

	
0.062




	
2nd

	
24a

	
26a

	
26a

	
0.939

	
27a

	
20ab

	
14b

	
0.060




	
3rd

	
35a

	
38a

	
32a

	
0.750

	
39a

	
42a

	
52a

	
0.335




	
Cumulative

	
101a

	
81a

	
80a

	
0.109

	
92a

	
71.4a

	
80a

	
0.378








UC—control un-inverted; US—Un-inverted 0–10 cm with <2 mm biochar; UL—un-inverted 0–10 cm with >4 mm biochar; IC—control inverted; IS—inverted 0–10 cm with <2 mm biochar; IL—inverted 0–10 cm with >4 mm biochar. Different letters denote significant differences at p < 0.10 between treatments at each leaching event (n = 4).














© 2018 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access article distributed under the terms and conditions of the Creative Commons Attribution (CC BY) license (http://creativecommons.org/licenses/by/4.0/).






nav.xhtml


  agriculture-08-00175


  
    		
      agriculture-08-00175
    


  




  





media/file6.jpg
[N —— P ——

@ ®)





media/file1.png
T
o

35 ° ———e
—~ «
& 25
8 /‘.\\ el ee .  m . _Leees=e=c="c®°" Bl et AR LT T TP *
o0 bhee T L gy LT e -
R R T T T I e e
Q.
& 15
=
10
5
0
0 3 6 9 12 5 18 21 24 27 30 33 36 39 42 45 48
Days
—e— Max. glasshouse temperature-summer trial --#- Max. soil temperature (10 cm depth)-summer trial

-=--Max. glasshouse temperature-autumn trial — - Max. soil temperature (10 cm depth) -autumn trial

51





media/file7.png
40

30

10

Volumetric Soil Water Content (%)
N
(a)

Un-inverted soil

Control

-—--Small-particle size biochar

Seed — -Large-particle size biochar

~s.. @
b Taeag
a
1 10 100

Matric Potential (log scale)(bars)

(a)

B
o

w
S

Volumetric Soil Water Content (%)
— N
() [a)

Inverted soil

Control

I\ - =--Small-particle size biochar

— -Large-particle size biochar

1 10 100
Matric Potential (log scale)(bars)

(b)





media/file5.png
ha’!

Cumulative N,O-N g

(0]
)
(e>)

~
o
[«]

(o)
(e
(e}

9}
o
[«]

i
o
(@]

@
(=]
[«)

N
(e}
(e}

—_
e}
(@]

(e}

aA aA

Control

o]

o

(e)
J

Small- Large-
particle size particle size
biochar biochar
Un-inverted soil

(a)

aA
700 4
E 600 -
oD
Z. 500 -
aA .
A Q,
A a Z 400 -
a g aA
= 300
= |
I E 200 4[]
+ O
100 -
0
Control Small- Large- Control Small- Large- Control Small- Large-
particle size particle size particle size particle size particle size particle size
biochar biochar biochar biochar biochar biochar
Inverted soil Un-inverted soil Inverted soil

(b)





media/file3.png
—
s
o

N
(@)

_
= O o O
o o o O

N

N,O flux (N,O-N g ha! day™)
o

S
= O o0 © N B
o O o o o o

N,O flux (N,O-N g ha' day!)
N
(@»]

140
Un-inverted soil 5‘120 Inverted soil
—&— Control F'*cc 100 —o—Control
- £+ -Small-particle size biochar =
£F-omall-pa 2‘3 80 -<=-Small-particle size biochar
‘L' —= ~large particie size biochar CZ 60 —= -Large-particle size biochar
v Z
ot 40
5
= 20
Q
0 5 10 15 20 25 30 35 40 45 50 0 5 10 15 20 25 30 35 40 45 50
Days after cattle urine application Days after cattle urine application

(a) (b)

140
>
< 120 :
Un-inverted soil o Inverted soil
—o— Control IE 100 —e—Control
o0
= £F-Small-particle size biochar Z 80 - £+-Small-particle size biochar
\ 1
\“ —A -Large-particle size biochar % 60 —= -Large-particle size biochar
E 40
o, 20 |
s . . 2 seee,
0 5 10 15 20 25 30 35 40 45 50 0 5 10 15 20 25 30 35 40 45 50
Days after cattle urine application Days after cattle urine application

(c) (d)





media/file4.jpg





media/file0.jpg
Temperature (°C)

e Mo glasshouse emperatoresummer ial
mstme M. glasshouse Sempazshure-wstuoen trlal

R

Hemperature (10 cm depth-summer ral
==+ Max. sl temperature (10 e depih) -autunn tisl

5





media/file2.jpg
)

oy
H

B

N
oEEBE
)

(@ (b)
.
Uniinverted soil e Inverted soil
o = v

N (NON g doy)
2

R R
Days s catl rins pplction Dy atr e wineappcation

© @






