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Agricultural practices applied to increase crop production and secure future food demands can have a large negative impact on the environmental quality. They should be, therefore, also evaluated in terms of an impact on soil organic carbon (C) content and greenhouse gas emissions. In this study, we investigated the combined effects of adaptation technology (AT) based on no-till crop sowing into cover crop mulch, nitrogen (N) fertilization, and external C supply in the form of biochar, compost, and composted biochar on soil CO2 efflux (Rs). Rs was measured using a closed gas-exchange system in biweekly to monthly intervals during 2 consecutive years when winter wheat (first year) and spring barley (second year) were cultivated. Biochar, compost, and composted biochar had no significant effects on Rs. N fertilization with the medium fertilizer dose tended to increase Rs compared to the control at the beginning of the growing season, followed by Rs decrease later in the season. On the other hand, fertilization with the maximum fertilizer dose mostly decreased Rs throughout the whole growing season. AT affected the dynamics of Rs substantially, depending on the year, site, and N fertilization, resulting in significant interactions between technology and date of measurement and also between site and technology. However, the mean effect of AT across the whole season was insignificant. The results show that the C increase in the soil that occurs after the application of compost and the combination of composted biochar application with AT is not accompanied by an increase in Rs and, thus, leads to at least short-term C storage in the soil. The reduction in CO2 emissions from soil to the atmosphere under AT represents a positive aspect of such management practice for mitigating climate change.
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INTRODUCTION
The world population is constantly rising and is estimated to reach 9.7 billion by 2050 (UN DESA, 2019). That brings up together with the ongoing climate change serious problems, including increasing pressure on food production and security. Intensification of agriculture, however, leads to environmental issues such as soil degradation and water pollution (Chartres and Noble, 2015). Such practices include in particular N fertilization and intensive tillage. Therefore, novel approaches to agricultural production are necessary to meet the growing food demands with minimized negative environmental impact. Moreover, reducing greenhouse gas emissions from soil and efforts to sequester C in the soil in agriculture fields are getting important in the context of climate change mitigation in recent decades.
N is the primary limiting nutrient for plant growth. Its application in agriculture is, therefore, needed for proper growth and development of crops, grain quality, and desired yields. The excessive N application, however, leads to groundwater contamination (Zufiaurre et al., 2019), increased emissions of nitrous oxide (Mosier et al., 2006), which represents an important greenhouse gas, and in the case of NH4+-based fertilizers also to soil acidification (Schroder et al., 2011). To reduce the amount of N fertilizers used and to retain its positive effects at the same time, approaches to increase N use efficiency are employed. Such an effect was reported for biochar amendment (Badu et al., 2019). Biochar application may also lead to increased crop yields, as reported by, e.g., Alburquerque et al. (2013) and Dubey et al. (2020). Another alternative to conventional fertilization is the use of compost that, together with biochar, enables nutrient recycling of organic wastes (Sánchez-Monedero et al., 2019). The combination of biochar and compost appears to be very efficient for soil quality improvement. (Abideen et al., 2020). Biochar has a high cation exchange capacity (Mukherjee and Lal, 2013) and thus promotes the retention of compost nutrients.
For reduction in soil organic matter losses, together with soil protection from erosion and extensive drying, no-till management has been applied (Chaghazardi et al., 2016; Blanco-Canqui and Ruis, 2018). The crop yields in no-till systems seem to be generally lower than in conventional tillage (Xiao et al., 2019; Biberdzic et al., 2020). However, yield improvements were also recorded (Chaghazardi et al., 2016), especially in drier conditions (Angás et al., 2006).
The main goal of effective crop management is to ensure sufficient food production, protect soil from organic C losses and erosion, and finally, also to reduce CO2 emissions to the atmosphere. As agricultural land covers 37% of land area (https://data.worldbank.org/indicator/AG.LND.AGRI.ZS), it represents a substantial source of greenhouse gas emissions, but it also has considerable potential for C sequestration. Therefore, soil CO2 efflux should be one of the parameters considered when evaluating the adoption of innovative management practices in agriculture. CO2 in the soil is produced from the respiration of soil microorganisms and plant roots. They are both driven by micrometeorological conditions, especially temperature and soil water content (Zhang et al., 2013). Microbial respiration is, moreover, affected by soil organic matter availability, while root respiration is driven by crop production (Lohila et al., 2003; Zhang et al., 2013). The effects of management practices on these two processes can not only be additive or even synergistic, but could also lead to compensation to a certain extent because the management effects on soil temperature, microbial community, and crop growth can be variable (e.g., Faust et al., 2019).
All above-listed treatments have a substantial impact on soil properties, quality, microbial biomass, and crop production, which further affects soil C loss through respiration and emissions of CO2 to the atmosphere. The effect of the individual treatments on soil respiration was found to be variable from negative, through zero to positive (Ginting et al., 2003; Zhou et al., 2014; Shah et al., 2017; Li et al., 2018; Wilson et al., 2018; Ge et al., 2020). The effect of different treatments can be site-specific, which may lead to difficulties in comparison of individual management techniques. Therefore, studies with the combination of various treatments are highly needed to create management strategies that maximize the benefits (crop yield) and minimize risks (soil degradation, water pollution, and CO2 emissions).
The aim of the present study was to evaluate the effect of various management practices and their combinations on arable soil CO2 efflux during 2 subsequent years. The main goals were to determine the effect of no-till management with cover crops growing, determine the response of Rs to various amounts of inorganic N fertilizer, and compost, biochar, and composted biochar amendments.
MATERIALS AND METHODS
Site Description
The experiment was carried out at two nearby sites close to the municipality of Banín in the Czech Republic. The first site was situated to the east of the municipality (E-site; 49°39.9′ N, 16°28.4′ E; 475 m a.s.l.), and the second one to the northwest (NW-site; 49°40.4′ N, 16°27.5′ E; 460 m a.s.l.). The region is characterized by a mean annual temperature 8.0°C and mean sum of precipitation 621 mm (long-term averages 2000–2020). The distance between sites is 1.5 km only, which allows us to consider the differences in climatic parameters to be negligible. The soil type in both sites is Retisol (FAO soil groups). The soil texture is silt loam at the E-site and sandy loam at the NW-site. According to the analyses performed before establishment of the plots, the topsoil at the E-site compared to NW-site was characterized by slightly higher porosity (44.2 vs. 42.5%), higher cation exchange capacity (118.4 meq kg−1 vs. 103.3 meq kg−1), and higher pH/KCl (6.2 vs. 5.5).
Experimental Design
At each site, four experimental blocks (100 × 5 m) were established. Within each block, the plots of a length of 5 m were established with the C amendment (biochar, compost, and composted biochar) or N fertilization. The plots within blocks were randomized. Each block was length-wise split into two strips with conventional (tillage; CT) and adaptation technology (no-till and cover crops; AT), ensuring that each plot got established in both technologies (split-plot design). Each combination of treatment (C and N applications) and technology was thus four times replicated. The plots were separated within blocks by buffering strips of 2 m, sown with the crop, while the individual blocks were separated by 4 m grass strips (Supplementary Figure S1).
All plots were sown with winter wheat (Triticum aestivum var. aestivum) variety Tiguan in October 2018 and with spring barley (Hordeum vulgare) variety Bojos in March 2020. Sowing was carried out with the no-till seeders STP300 (2018) and Vaderstad Rapid 300 (2020). In AT plots, the sowing was carried out directly into the cover crop mulch. In CT plots, the seedbed preparation was done using shallow harrowing after ploughing conducted in 2018, 14 days before sowing, and in 2020, at the beginning of November 2019. Harvest following by ploughing (on the tilled plots) were carried out in August in both years 2019 and 2020. The cover crops were sown on no-till plots immediately after the harvest in August 2018 and 2019. A species-diverse mixture Greening 5, consisting of Phacelia tanacetifolia, Trifolium alexandrinum, Vicia sativa, Pisum sativum, and Fagopyrum esculentum, was sown on the AT plots in sowing rate 35 kg ha−1 with the addition of Camelina sativa (3 kg ha−1), Linum usitatissimum (3 kg ha−1), and Brassica juncea (1 kg ha−1). Sowing of cover crops was done directly into stubble and straw mulch with the STP300 (2018, after winter rye harvest) and Vaderstad Rapid 300 (2019, after winter wheat harvest).
The effect of N nutrition was studied at three levels: control without N fertilizer application (N0), 50% (N50), and 100% (N100) of maximum dose. Maximum dose for winter wheat was 140 kg N ha−1 and for spring barley 100 kg N ha−1. N fertilization in the form of calcium nitrate was conducted in two doses in 2019 (12 March—tillering stages and 29 April—beginning of stem elongation) and in one dose in 2020 (4 April—after sowing). Such N fertilization regime represents the minimum splitting of N applications for typical agronomic practice in winter wheat and spring barley, respectively. Biochar, compost, and composted biochar were incorporated into the soil by split application on 15 March 2017, 26 September 2017, and 10 October 2018 in the total dose of 9, 90, and 90 t ha−1, respectively. The external application of biochar was adjusted to the target amount of 9 Mg ha−1, which is considered to be sufficient for stimulation of crop production without possible negative impacts associated with high doses (Baronti et al., 2010). The target dosage of composted biochar 90 Mg ha−1 was adjusted according to the 10% share of biochar in the resulting composted biochar. The target compost dosage was than derived from the applied composted biochar dosage. The split application aimed to achieve easier soil organisms’ adaptation to external C amendment.
Soil CO2 Efflux Measurements
Soil CO2 efflux was measured between 10 a.m. and 1 p.m. from April till October in monthly intervals in 2019 and biweekly intervals in 2020. The measurements were carried out on three replications (plots) of the selected combination of treatments, summarized in Table 1.
TABLE 1 | Combination of treatments chosen for soil CO2 efflux measurements–conventional (CT)/adaptation (AT) technology; doses of 0, 50, and 100% of maximum nitrogen fertilizer dose (N0, N50, and N100), and application of biochar (b), compost (c), or composted biochar (cb).
[image: Table 1]Soil CO2 efflux (Rs) was measured using two identical non-steady-state through-flow LI-8100 portable systems (Li-Cor, Lincoln, NE, United States) and custom-made cylindrical chambers (diameter 10 cm, height 12 cm) placed on PVC collars. The collars (10 cm in diameter and 5 cm in height) were inserted into the soil to protrude 2.5 cm above the soil. Three collars were installed between crop rows in the middle of each plot in line with the approximate 0.5 m spacing at least 24 h before the first measurement in the spring and after ploughing. Each measurement started 10 s after chamber closure; CO2 concentration was measured repeatedly at intervals of 1 s for 1 min. CO2 efflux was calculated using a linear fit of this continuous increase in CO2 concentration.
The measurement dates were 18 April, 13 May, 6 June, 9 July, 15 August, and 12 September 2019, which corresponds to DOY 108, 133, 157, 190, 227, and 255, respectively; and 17 April, 4 May, 18 May, 1 June, 15 June, 1 July, 15 July, 30 July, 27 August, 8 September, and 8 October 2020, which corresponds to DOY 108, 139, 153, 167, 183, 197, 212, 240, 252, and 282, respectively.
Ancillary Measurements
Soil temperature was measured on each plot during soil CO2 efflux measurement in a depth of 1.5 cm using a penetrate thermometer TPD32 (Omega, Stamford, CT, United States).
During the experiment, soil water content was continually monitored every 60 min using TDR soil moisture sensor (CS650, Campbell Scientific Inc, Logan UT, United States) in depth 0–30 cm connected to the IoT unit. Due to technical problems, SWC measurements started in 2020. Precipitation was measured by a rain gauge Rain-O-Matic Meteorological (Pronamic, Denmark).
Soil Sampling and Analyses
Soil sampling was conducted in September 2020. Five subsamples from the topsoil (0–20 cm) were taken from each plot using Edelman soil auger of 7 cm diameter (Eijkelkamp Soil and Water, Netherland), thoroughly mixed, and dried at room temperature. Dry sample was homogenized using cutting mill SM-200 (Retsch GmbH, Germany) with a sieve of 2 mm. All chemical analyses were done in the laboratories of company Laboratoř Morava, Czech Republic. Cox was determined spectrophotometrically at λ = 590 nm as trivalent chromium, which is formed by the reduction in hexavalent chromium in a mixture of K2Cr2O7 and H2SO4. Total N was analysed using Kjeldahl method by titration of excess H2SO4. pH/H2O was determined potentiometrically in aqueous suspension (for details, see Pospíšilová et al. (2016).
Data Analyses
Effect of individual treatments (no-till, fertilization, biochar, and/or compost amendment, as well as drought) on Rs and parameters from soil analyses were determined by using four-way ANOVA followed by the Fischer’s LSD post hoc test. The analyses were done separately for each year and also for the effect of N fertilization (together with the effect of site, technology, and the date of measurement) and the effect of C amendment (together with the effect of site, technology, and the date of measurement). The analysis was conducted in the software Statistica 12 (StatSoft, Tulsa, OK, United States).
Principal component analysis (PCA) was performed using the software CANOCO 5 (Microcomputer Power, Ithaca, NY, United States) in accordance with Šmilauer and Lepš (2014). The categorical variables (C amendment, site, and crop/year) for the analysis were converted to dummy variables, which enabled the analysis of the direction of the effect on soil CO2 efflux and the interactive effects of factors.
To estimate the effect of studied agricultural practices on the seasonal amount released C through soil CO2 efflux, the measured Rs was considered to represent daily Rs of the measurement date. During this time, the temperature was about 3–4°C higher than daily soil temperature mean at around 10 a.m. (data not shown). Therefore, we may expect some overestimation of the results. Rs was then interpolated between 2 consecutive measurement days. The seasonal amount of released C was calculated for each plot and the effect of individual practices was tested against plots without treatment using paired t-test. Paired t-test was also used to test the effect of N fertilization and C amendment relative to the control.
RESULTS
Micrometeorological Conditions
Total precipitation between April and September was 427 and 585 mm in 2019 and 2020, respectively (Figure 1). The precipitation for this period was higher by 4% in 2019 and by 43% in 2020 in comparison with long-term average 2000–2020 (409 mm). Both years were typical with extremely low precipitation in April (17.5 and 9.5 mm, respectively). In summer 2020, higher precipitation was observed compared to summer 2019. According to SWC measurements at about 25 km distant crop field site with similar SWC dynamic in 2020, it was evident that the low summer precipitation in 2019 resulted in gradual drying of the soil to the levels around 10% (data not shown). The measurements of SWC in 2020 showed no decrease below 25% over the whole period of measurements.
[image: Figure 1]FIGURE 1 | Daily precipitation and mean soil temperature (Ts) and soil water content (SWC) measured during soil CO2 efflux measurement campaigns at two sites (E and NW).
The mean soil temperature measured during soil CO2 efflux measurement campaigns ranged between 14 and 25°C at the E-site and between 15 and 28°C at the NW-site. Soil temperature at the NW-site was 0–7.5°C higher compared to the E-site as the measurements at the NW-site were carried out later in the measurement day.
Soil Analyses
Mean values of oxidizable carbon (Cox) ranged between 1.09 and 1.48%, mean total N between 1.28 and 1.73%, and mean pH between 6.1 and 7.0 (Table 2). Although no overall statistically significant effect of AT on the studied soil parameters was found, the technology showed significant interactive effects, particularly when combined with carbon amendment. Statistical analyses revealed significant effects of biochar amendment combined with AT at the E-site and compost and composted biochar with AT at the NW-site on Cox. Compost and composted biochar had also a positive effect on an increase in total N, particularly at the E-site. At the NW-site, there was a significant increase in total N found only when compost application was combined with AT. Similar to Cox and total N, pH/H2O also showed positive effects of compost and composted biochar application, which was observed at both sites. N fertilization increased the total N content and partly also Cox, but the effects of N fertilization were mostly statistically insignificant.
TABLE 2 | Means (±SE) of oxidizable carbon (Cox), total nitrogen (N), and pH/H2O in the topsoil (0–20 cm) sampled in September 2020. CT–conventional technology with ploughing, AT–adaptation technology with no-till sowing into cover crop mulch, N0—without nitrogen fertilization, N50—50% of the maximum nitrogen dose, N100—maximum nitrogen dose, b–biochar, c–compost, cb–composted biochar. Letters in columns indicate homogeneous groups of two-way ANOVA post hoc test (Fischer’s LSD, p ≤ 0.05) for each site separately.
[image: Table 2]Overall Soil CO2 Efflux (Rs)
Rs generally ranged between 0.8 and 6.0 µmolCO2 m−2 s−1 and was highly varied over the two seasons confirmed by four-way ANOVA, presented later in this chapter. This Rs variability was connected to micrometeorological conditions with the lowest Rs in April (Figure 2). Then, Rs increased till June but the following course differed between years. While in 2020, Rs had a gradually decreasing trend till the end of the season, in June 2019 there was a fast drop in Rs as a result of severe lack of precipitation.
[image: Figure 2]FIGURE 2 | Seasonal dynamics of soil CO2 efflux (Rs) in the years 2019 and 2020 at the E-site (circles) and the NW-site (triangles), for variants with different nitrogen fertilization (N0—without nitrogen fertilization, N50—50% of the full nitrogen dose, and N100—full nitrogen dose) and with different carbon amendments (biochar, compost, and composted biochar), and statistical comparison of the technology effect (CT–conventional technology with ploughing–full symbols, and AT–adaptation technology with no-till sowing into cover crop mulch–open symbols). Means (points) and standard errors (error bars) are presented. Asterisks indicate significant differences in Rs for a given date of measurement between CT and AT (Fischer’s LSD post hoc test, p ≤ 0.05).
Estimated seasonal amount of released C from soil on the control plots (under CT, no N fertilization, and without C amendment) was 4.3 and 5.0 t C ha−1 for periods 18 April—12 September and 17 April—8 August in 2019 and 2020, respectively. AT had no effect on seasonal Rs in 2019, while it resulted in an increase in Rs by 5% compared to CT (Figure 3). In contrast to 2020, N50 treatment increased seasonal Rs in 2019 by 3% due to an increase in Rs in the beginning of the season compared to N0. Only N100 treatment resulted in a significant decrease in Rs in both years (p < 0.05) by 13 and 5% in 2019 and 2020, respectively. Despite no clear temporal pattern of the effect on Rs, biochar resulted in a decrease in seasonal Rs in 2019 by 7%. On the contrary, C amendment resulted in an increase in the seasonal Rs by up to 9% in 2020.
[image: Figure 3]FIGURE 3 | Relative effect of agriculture practices on the seasonal sum of CO2 efflux (Rs); (A) season 18 April–12 September 2019; (B) season 7 April–4 October 2020. Effect of technology: adaptation technology with no-till sowing into cover crop mulch (AT) relative to conventional technology with ploughing; effect of nitrogen fertilization: N50 (50% of the full nitrogen dose) and N100 (full nitrogen dose) relative to no nitrogen fertilization; and effect of carbon amendment (biochar, compost, and composted biochar) relative to no carbon amendment treatment.
The four-way ANOVA for the effect of N fertilization (Table 3) revealed besides significant effect of N, site, and date of measurement (DOY) also significant interactions between DOY × site, DOY × technology, site × technology, and DOY × site × technology in both years. The same analysis conducted for the C amendment effect showed a significant effect of DOY and interaction between DOY × technology in both years. For this analysis also, the significant effect of technology was found in 2020.
TABLE 3 | Results of ANOVA for the effect of different parameters and their interactions: day of year (DOY), site (S), technology (T), nitrogen fertilization (N), and carbon amendment (C). Bold numbers indicate a statistically significant effect (p ≤ 0.05).
[image: Table 3]PCA analysis showing the associations between factors used in the experiment and Rs showed the major negative effect of N fertilization and generally positive effects of C amendment, which was highest for composted biochar (Figure 4). On the other hand, low effects on Rs were evident from PCA for site and technology.
[image: Figure 4]FIGURE 4 | Biplot diagram presenting the results of principal component analysis (PCA). The angle between arrows indicates direction of the relationship (positive, negative, or no relationship), and the length of arrows indicates the strength of correlation. The explained cumulative variability by principal components 1 and 2 (axes x and y) was 99.9%. The studied parameters were as follows: soil CO2 efflux (Rs), day of year (DOY) of Rs measurement, adaptation technology (AT) with no-till sowing into cover crop mulch, conventional technology (CT) with ploughing, nitrogen fertilization (nitrogen), external carbon amendment (no carbon, biochar, compost, and composted biochar), the site (E-site and NW-site), and the crop (wheat and barley).
Effect of Adaptation Technology and Interactions With N Fertilization and C Amendment
During the season 2019, significant differences in Rs between CT and AT (Rs was higher in CT compared to AT) were found in N0 treatment in June and July for NW-site and E-site, respectively (Figure 5). The significant differences between AT and CT (Rs was higher in AT compared to CT) were also evident in September (after ploughing) for all N treatments at the NW-site, and also for N0 and N50 treatments at the E-site. In 2020, Rs in AT was significantly higher during June and the beginning of July at the NW-site, especially for N0 and N100 treatments. At the E-site, the differences between CT and AT were variable during this period, showing the shift of the Rs peak for AT to later measurements (July), while in CT the Rs peak was observed mostly at the beginning of June. However, this was significant only for the E-site and the N0 treatment after harvest in 2020 (Figure 2).
[image: Figure 5]FIGURE 5 | Mean (±SE) soil CO2 efflux (Rs) under adaptation technology (with no-till sowing into cover crop mulch) relative to conventional technology with ploughing at two experimental sites (E-site and NW-site) during 2 consecutive years 2019 and 2020. Dashed lines show the approximate timing of harvest. Letters e and n indicate a statistically significant difference (Fischer’s LSD post hoc test, p ≤ 0.05) at the E-site and the NW-site, respectively.
When comparing the effect of C amendment on Rs dynamics, the application of biochar reduced the dynamic fluctuations of Rs during the vegetation, especially on the NW-site in both years. On the contrary, biochar and composted biochar increased the differences between CT and AT during June and July (higher Rs in AT) compared to control at E-site.
When combining all fertilization and C amendment treatments (Figure 5), the largest difference between CT and AT was observed in September 2019 when it amounted to 84 and 136% at the E-site and NW-site, respectively. In 2020, Rs before harvest and shortly after harvest were mostly higher in AT, reaching up to 152% of CT. While no difference in Rs between AT and CT was observed after harvest at the NW-site, tillage significantly increased Rs in CT at the E-site. During this period, Rs in AT reached 81 and 71% of Rs in CT at the end of August and beginning of September, respectively.
Effect of Inorganic N Fertilization
In 2019, wheat fertilization with 70 kg N ha−1 (N50) increased Rs significantly from April to June compared to unfertilized plots (N0) (Figure 6). The largest increase was observed on 13 May when Rs on the N50 plots amounted to 152 and 136% of that on the N0 plots at E-site and NW-site, respectively. Then, we observed a rapid decrease in Rs on the N50 plots, and at the beginning of July, it amounted to only 74 and 87% of that on the N0 plots at the E-site and NW-site, respectively. Later in the season, no differences in Rs between N0 and N50 plots were observed.
[image: Figure 6]FIGURE 6 | Mean (±SE) soil CO2 efflux (Rs) on plots with three variants of added fertilizer (N0—without nitrogen fertilization, N50—50% of the full nitrogen dose, and N100—full nitrogen dose), and soil CO2 efflux in N50 and N100 relative to N0 (mean ± SE) at two experimental sites (E-site and NW-site) during 2 consecutive years 2019 and 2020. Asterisks indicate a significant difference in soil CO2 efflux on plots with fertilizer (N50 or N100) from that on N0 plots (Fischer’s LSD post hoc test, p ≤ 0.05).
At the E-site, fertilization with 100% of maximum N dose resulted in an increase in Rs during the first two measurement campaigns in 2019, being statistically significant on 13 May when reaching 142% of that of N0. During June and July, Rs in N100 significantly decreased compared to N0 by 78 and 56%, respectively. Similar to N50, no significant differences between N100 and N0 were observed for the rest of the experimental season. At the NW-site, Rs in N100 plots tended to be lower than in N0 for the whole year 2019. The largest decrease was recorded in June and July (87 and 80% relative to N0, respectively), but the statistical significance was not confirmed at any date.
In 2020, we observed a different trend in Rs on the N50 plots between the two sites. At the E-site, Rs on N50 plots tended to reach up to 83% of Rs on the N0 plots since the beginning of measurements in April. At the NW-site, on the contrary, Rs on N50 plots was higher compared to N0 till the beginning of June, reaching up to 127% on N0. Later in the season, no significant difference between N50 and N0 was confirmed.
Fertilization with the maximum N dose (N100) decreased Rs at both sites since the first measurement in April 2020. The decrease was the highest between the middle of June and end of July at the E-site and between the middle of July and end of July at the NW-site. Rs ranged between 79 and 87%, and between 73 and 81% relatively to N0 at the E-site and NW-site, respectively. No significant effect of fertilization was observed after harvesting on the N100 plots at both sites.
Effect of C Amendment
In both years, the relative effect of C amendment showed high variability (Supplementary Figure S2). Therefore, no significant effect of biochar on Rs was confirmed in 2019. Rs on the plots with biochar amendment amounted to between 96 and 116% and between 81 and 110% of that on untreated plots at the E-site and NW-site, respectively.
Similarly, no significant effect of any investigated treatment (biochar, compost, and composted biochar) was observed in 2020. Rs on the plots with C amendment amounted to between 89 and 119% and between 78 and 124% of that on untreated plots at the E-site and NW-site, respectively.
DISCUSSION
Effect of Adaptation Technology
We observed variable response of Rs to adaptation technology (AT) during the 2 study years, which was particularly evident in the changes in the Rs dynamics during the season. During the first year, Rs in AT tended to be lower before and higher after harvest compared to the CT. In the second year, the trend was the opposite. No-till management is adopted to reduce soil degradation from erosion (Derpsch et al., 2010) and to increase water retention (Blanco-Canqui and Ruis, 2018). According to many previous studies, no-till management increased soil C content and led to a reduction in CO2 emissions (Palm et al., 2014; Ogle et al., 2019). Higher CO2 emissions from tilled fields are related to mechanical changes in the soil profile, creating more favourable conditions for the organic matter oxidation and mineralization processes. This is in accordance with the Rs increase after harvest in the second year of our experiment.
The effect of AT in our experiment, however, combined no-till with cover crop cultivation after main crop harvest. As cover crops may increase Rs through rhizosphere respiration, these two practices may have opposite effects on Rs resulting in mutual compensation. The role in the different responses of Rs to ploughing in the 2 experimental years can also play different water availability in those particular seasons. Zapata et al. (2021) observed a greater SWC decrease in CT during dry weather compared to no-till technology. As Rs highly correlates with SWC under low SWC levels (Yuste et al., 2003), we may assume that the higher soil water retention in AT under dry conditions in 2019 increased Rs compared to CT. On the other hand, in 2020, with relatively better water availability after harvest (Figure 1), AT could reduce Rs because of the reduction in microbial activity and organic C decomposition due to air limitation (Buragienė et al., 2019).
Desired increased C content in AT was expected both through reduced soil respiration and new organic matter input to the soil during cover crop cultivation through the transport of new assimilates to the rhizosphere and leaving plant residues (Cong et al., 2015). This can, however, contribute in turn to the stimulation of microbial decomposition and thus also to increasing CO2 emissions. However, we did not observe any significant increase in soil Cox content during the soil sampling in the autumn of the second year of Rs measurements despite yearly biomass input from the cover crops, but frequently higher Rs in AT during 2020 (Figure 5).
Even in the conditions when AT increases Rs, the effect of AT may be positive for C sequestration (only part of organic C stored by cover crop cultivation is decomposed and released from soil by respiration) and also for making other nutrients available for the following crops. Therefore, also total C balance and crop yields need to be considered when evaluating the adaptation technology effect. Meta-analysis of Pittelkow et al. (2015) showed that no-till reduces yields, yet this response is variable, and under certain conditions, no-till can produce equivalent or greater yields than conventional tillage. The authors also suggested that no-till may become an important climate change adaptation strategy for dry regions.
Effect of N Fertilization
N fertilization is performed to increase the crop yield (Holub et al., 2020). However, N also highly affects the activity, diversity, and composition of microbes in the soil (Zhou et al., 2017), and thus also soil respiration and, subsequently, investigated CO2 emissions to the atmosphere.
We observed that N fertilization resulted in an increase in Rs at the beginning of 2019. Such effect is usually connected with stimulation in microbial activity due to accessible N supply. Moreover, N inputs can stimulate more microbial activity (priming effect) connected with mining for other nutrients (i.e. C), especially in nutrient-poor soils (Dijkstra et al., 2013). An increase in soil CO2 efflux after fertilization was in arable lands observed, for example, by Lamptey et al. (2018) and Liu Q. et al. (2016). However, conflicting results have been reported in other literature (Ni et al., 2012; Li et al., 2018). In addition, a meta-analysis of Zhou et al. (2014) on 138 cropland experiments showed that N fertilization significantly increased soil respiration by 12.4%. This trend was caused mainly by an increase in root respiration, while the response of heterotrophic respiration on N addition was not significant. An increase in root respiration can be connected with plant investment to root growth due to higher water demand for the increased photosynthesis induced by N addition (Qi et al., 2019). According to De Giorgio and Fornaro (2012) and Chen et al. (2020), N addition increases root biomass, especially in the shallow soil layers in wheat and cotton fields, while there was a decrease in deep root biomass. However, we observed higher soil respiration in fertilized plots only at the beginning of the growing season, when the plants and the proportion of root respiration were small, and primarily the microbial respiration was responsible for the observed trend.
Later in the growing season, inhibition of soil CO2 efflux was observed in N fertilized plots during the vegetation period. Such a response to N fertilization was observed also in other studies both in situ (Janssens et al., 2010) and in soil incubation experiments (Ramirez et al., 2012; Zang et al., 2016). Adding N can reduce soil CO2 efflux in several ways. High-level doses of N addition can result in soil acidification, which limits plant and root growth and inhibits the activities of soil microorganisms (Ramirez et al., 2012). We did not observe lower pH on the fertilized plots during the soil sampling in autumn 2020. The decrease in pH, however, can be only temporary as shown by Dong et al. (2022) and can return to an initial state in a few months. N additions can also directly inhibit enzymes needed for the decomposition of recalcitrant C, thereby reducing overall microbial activity (Gallo et al., 2004). Moreover, increased N availability can cause the lack of microorganisms needs to “mine” soil organic matter to obtain N, reducing overall microbial activity (Craine et al., 2007).
It has been confirmed that N fertilization alters microbial composition or decreases microbial biomass (Ramirez et al., 2012; Li et al., 2019). Decrease in microbial biomass or altered communities that are less capable of decomposing more recalcitrant soil C were in previous studies accompanied by lower Rs (Treseder, 2008; Ramirez et al., 2012), but also no effect on Rs was observed (Allison et al., 2008; Li et al., 2010).
The response to fertilization can also depend on the amount of fertilizer. We observed mostly an increase in Rs on N50 plots at the beginning of the growing season compared to N0, while Rs on N100 plots was not affected or the increase was smaller. When Rs inhibition on fertilized plots prevailed, the inhibition was strongest on N100 plots. Similarly, Ramirez et al. (2010), Liu Q. et al. (2016), and Mason-Jones et al. (2018), who found a reduction in Rs after fertilization, observed a more pronounced Rs reduction on plots with a larger dose of mineral N fertilizer. However, a contrary trend, when the N dose increased Rs, was also observed (Lamptey et al., 2018). For example, Peng et al. (2010) found that the amount of N increased Rs in the order medium > high > low.
It is evident that the response of Rs to N fertilization is not uniform throughout the studies. The response may vary with soil properties including, for example, the amount of soil N content before fertilizer application. Janssens et al. (2010) and Sanyal et al. (2021) observed that Rs decreased after fertilization of N non-limited soils, whereas it increased in soils with alow level of N. According to Ding et al. (2010), the stimulatory or inhibitory effect of N fertilization on Rs depends substantially on the concentration of decomposable soil organic C in soils.
Effect of Treatment With Biochar, Compost, and Composted Biochar
In 2019, we did not observe any effect of biochar on Rs. No effect of biochar on soil respiration was also observed by Lu et al. (2014), Liu Q. et al. (2016), and Ge et al. (2020). Biochar is highly resistant to microbial decomposition (Wang et al., 2016); therefore, it remains in the soil over a long period. No effect or even decrease in Rs after biochar application (Case et al., 2014; Shen et al., 2017) is another desired attribute from the perspective of CO2 emissions and losses of soil organic matter. Moreover, biochar amendment can contribute to the enhancement of C stock in the soil.
However, biochar large surface area and volume of pores may provide a significant habitat for microbes (Quilliam et al., 2013). Moreover, biochar improves also other soil properties, such as soil’s structural quality, nutrient availability, or water retention capacity (Blanco-Canqui, 2017), which can create a favourable environment for soil microorganisms and increase their respiration activity, as observed by, e.g. Smith et al. (2010), Troy et al. (2013), and Shah et al. (2017). Those studies were, however, performed under laboratory incubations when the soil was ground into fine particles. Thereby, the C substrates were not physically protected, and they became highly accessible to soil microorganisms (Liu X. et al., 2016), while under field conditions, the organic substances are physically protected in macroaggregates, which limits their accessibility by soil microbes (Chevallier et al., 2004).
Despite an increase in Cox and N on the plots with compost and composted biochar treatments, we observed no difference in Rs from the control plots in the second year after application, which indicates no long-term effect of compost and composted biochar on Rs at our sites. Compost represents soil enrichment with new organic matter to increase soil quality, soil C content, and amount of released nutrients. Newly available organic C can be rapidly decomposed by microorganisms resulting in an increase in Rs as observed, e.g. by Wilson et al. (2018) or Chen et al. (2019). The effect of compost on Rs also depends on the composition and quality of the compost, which means, e.g. amount of dissolved organic C, lignin, minerals, or C:N ratio (Chen et al., 2019; Ma et al., 2019). The temporality of the compost amendment on Rs was also confirmed in previous studies. For example, Ginting et al. (2003) found no difference in Rs between control and composted plots 4 years after the treatment. The authors, however, confirmed simultaneously residual positive effect on soil quality (higher microbial biomass and mineralizable N). No effect of compost on Rs after 2 years of its application indicates a little effect on CO2 emissions to the atmosphere, but a persistent positive effect on soil quality and subsequently crop production is assumed.
Composted biochar carries all advantages of biochar but with the increased amount of nutrients, which leads to improving soil quality (Schulz et al., 2013). As composting loads biochar with easily bioavailable C and N, it increases their potential fertilizer value and, therefore, might enhance not only soil CO2 emissions but also those of CH4 and N2O (Borchard et al., 2014). As we observed no statistically significant effect of biochar, compost, and composted biochar on Rs accompanied by increase in Cox, we can assume that the three external C amendment treatments contribute to C sequestration in the soil of studied arable fields.
CONCLUSION
This study examined the effect of different management on soil CO2 efflux from arable soil, which accompanies soil organic matter degradation. As rapid loss of soil organic matter and high CO2 emissions to the atmosphere are undesirable effects, they must be considered when adopting different practices to increase crop yield. Although it was expected that adaptation technology would reduce Rs, the effect was not uniform during the 2 experimental years. We suggest that the effect of no-till can be modified with applied cover crops and actual weather conditions. Inorganic N fertilizer application resulted in some cases in the increase in Rs at the beginning of the growing season. However, we observed mostly no effect or reduction in Rs, especially on the plots with the highest N dose. Biochar, compost, and composted biochar had no effect on Rs. Therefore, we may assume that these management practices might be suitable for preservation or even increase in soil organic matter in the arable soil.
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