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Abstract

:

Biochar amendments to soil have potential as a climate change mitigation strategy. However, their effect on carbon exchange in different ecosystems has not been well evaluated. Understanding how biochar affects carbon exchange from agricultural soil is essential for clarifying the contribution of biochar management to the carbon budget. We performed a laboratory and a two-year field experiment to investigate the short- and medium-term effects of biochar application on CO2 emissions from semiarid farmland. There was no statistically significant alteration in the cumulative CO2 emissions from the mixture of soil with biochar alone, while the emissions increased significantly with additional nitrogen amendment over the 46-day experimental period. Over the two-year experimental period, the cumulative CO2 emissions from the field experiment decreased in the biochar-amended treatment, and the effects were significant at high application rates (20 and 30 t·ha−1) relative to the control in the MS. The seasonal CO2 dynamics were strongly dependent on soil temperature, with a higher correlation with the temperature at a depth of 10cm than with the temperature at a depth of 0cm. Soil temperature, rather than soil water content, was the major environmental factor controlling the soil carbon exchange in the semiarid farmland of the Loess Plateau. In general, biochar additions enhanced aboveground dry matter accumulation in both the early and late stages of maize growth. The results suggested that biochar amendment was a preferable management practice to help maintain or increase carbon sequestration for this region with lower CO2 emissions and higher dry matter production over a longer period.
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1. Introduction


Carbon dioxide (CO2), as a potent greenhouse gas (GHG), is responsible for global climate change due to an increasing concentration in the atmosphere. Intensive agriculture is another contributor to the increase in GHGs [1]. Biochar, as a key technology, has been widely added to farmland soils to moderate global climate change. Produced by the thermochemical conversation of organic residues in an oxygen-limited environment [2], biochar is highly resistant to degradation due to recalcitrant carbon, and it has the potential to improve soil quality [3]. The addition of biochar has been documented to alter the soil porosity, moisture content, pH, labile C and N pool sizes, which would markedly impact soil CO2 emissions [4,5]. However, previous studies have shown that biochar addition with different rawmaterials and different soil textures can have different effects (an increase, decrease or no effect) on the CO2 flux in the laboratory or field experiments [6,7,8]. Additionally, the underlying mechanism of CO2 emissions induced by the addition of biochar is still not fully understood.



Due to biotic or abiotic processes, biochar can be mineralized over a period of days to years after its incorporation into soils [9], which can affect the native soil organic carbon dynamics. However, the mechanism is not clear and needs further investigation [10]. Some studies have shown that biochar addition could stimulate the mineralization of soil organic carbon (SOC) [11,12] and correspondingly increase emissions of CO2. However, conversely, the suppression of SOC mineralization was also reported [13,14], thereby causing a decrease in CO2 emissions. The interactions of biochar and soil properties contribute to the different processes of SOC mineralization [11]. Notably, soil microbes and the native soil C availability were demonstrated to affect soil C mineralization [9,15]. The improvement of microbial growth by the small fraction of labile C in biochar and nutrients provided by biochar would stimulate an increase in SOC mineralization, which is known as a positive priming effect. In contrast, a negative priming effect was observed in the SOC mineralization at month to year timescales due to the protection induced by biochar, in which C was absorbed onto the surface or into the pores of biocha [16], thereby decreasing SOC mineralization. Therefore, it is important to clarify the changes in soil C mineralization and the variation in the behavior of biochar after its incorporation into the soils.



To meet the demand for increasing crop yields, inorganic nitrogen (N) fertilization, especially urea, is being intensively used. Undoubtedly, N input can cause a fluctuation in soil microbes and native soil nutrient availability [17]. The high N utilization efficiency, stimulated by N application associated with biochar [18], was attributed to mineral nutrient retention or biological fixation. In addition, N application can affect biochar stability and SOC mineralization. Peer-reviewed reports have demonstrated that N application could change microbial growth and affect soil C mineralization [19], increasing or decreasing [20] SOC mineralization. Ding et al. [21] found that N fertilization could decrease cumulative CO2 emissions during maize growth periods. However, an increase CO2 emission was observed in a long-term maize-wheat cropping system study conducted by Dhadli and Brar [22]. After the application of biochar to the soil, C mineralization induced by microbes appeared in a short time [23], and this process could be affected when N was incorporated in the biochar-amended soil due to the improvement of soil microbial biomass stimulated by N application [24]. Conversely, the decrease in microbial activity was observed in the soil amended with biochar and N fertilization was most likely due to a decrease in soil pH [25]. Thus, the release of CO2 from soil C mineralization affected by the association of biochar and N addition should be well investigated.



In this study, we performed two experiments to investigate the effects of biochar addition on CO2 emissions from semiarid farmland in a region in northwestern China. The incubation experiment aimed to investigate the short-term effects of biochar application in a semiarid agricultural soil, with or without nitrogen addition. The field experiment aimed to examine the sustained effects on CO2 emissions following biochar addition at different rates combined with the same N inputs in maize fields in a typical loam soil of northwestern China. The objectives were: (1) to determine the sustainable responses of CO2 emission dynamics to biochar amendments; and (2) to identify a preferable biochar application rates with optimum nitrogen combinations to simultaneously obtain a high dry matter accumulation and low CO2 emission intensity. Our results will provide a better understanding of the effects of biochar on the carbon sequestration potential over a longer period, which is important to assessing the true climate change mitigation value of biochar application in agriculture.




2. Materials and Methods


2.1. Soil and Biochar


The soils used for this study were Cumuli-UsticIsohumosols, according to the Chinese soil taxonomy [26], with a silty loam soil texture (clay 37%, silt 59% and sand 4%), and were typical of semiarid agriculture fields in Changwu (35.28°N, 107.88°E), China. The basic properties of the topsoil before the experimental field in 2012 were: bulk density 1.3 g·cm−3, pH 7.9, total C 19.9 g·kg−1, total N 1.05 g·kg−1, Olsen-P 6.56 mg·kg−1, and NH4OAc-K 127.1 mg·kg−1.



The biochar used for the experiment was produced by the pyrolysis of maize straw at the temperature of 400–450 °C at the Sanli New Energy Company in Henan, China. The biochar had the following characteristics: C, N and H contents of 59.16%, 0.98% and 1.69%, respectively, as well as a pH of 9.8, and a specific surface area (Brunauer–Emmett–Teller) of 53.03 m2·g−1.




2.2. Incubation Experiment


Biochar’s effect on short-term carbon mineralization was tested by means of an incubation experiment. The soil samples were homogenized and sieved using a <2-mmsieve prior to use and analysis. The application rate of 30 t·biochar·ha−1 without (BC3) or with 225 kgN·ha−1 (B3N), and 70 t·biochar·ha−1 without (BC7) or with 225 kgN·ha−1 (B7N) were incubated in 250-mL jars for 46 days in the dark at 25 °C and with a soil-water content of 20% (w/w). The nitrogen fertilizer type was urea ((NH2)2CO). There were three replicates per treatment. A control treatment (soil without any addition, BC0) in triplicate was also included. The emitted CO2 was trapped in 10 mL·1 M NaOH. At days 1, 2, 4, 6, 8, 10, 12, 14, 16, 18, 20, 24, 31, 38 and 46, the vials with NaOH were removed and titrated with HCl in the presence of BaCl2.




2.3. Field Experiment and Crop Management


The field experiments were conducted starting in 2012 at the Changwu Agricultural and Ecological Experimental Station (35.28°N, 107.88°E, 1200 m altitude), which is a typical, semiarid farming area on the Loess Plateau of China, with an average annual rainfall of 555 mm and annual evaporation of 1565 mm. The average annual temperature is 9.2 °C, and the groundwater depth is 50 m to 80 m. Generally, the main cropping system in this region includes harvesting one crop of maize or wheat per year. The gas sample collection study was conducted in 2014 and 2015, and the annual precipitation was 573 mm and 557 mm, with 65.4% and 64.8% of the yearly totals in 2014 and 2015 (Figure 1), respectively. The daily average air temperature varied from approximately −7.4 °C in January to approximately 27.7 °C in July.



The experimental design consisted of a completely randomized block design with three replicates, with an area of 7m × 8 m for each plot with a buffer zone of 1.0 m between every two plots. Biochar was surface applied by hand in April 2012 before the maize was sown and immediately incorporated into 0–20 cm soil layer at rates of 0, 10, 20 and 30 t·ha−1 and were labelled BC0, BC10, BC20, and BC30, respectively. Nitrogen (as urea) fertilizers were applied at rates of 90 kg·N·ha−1 before the seeding of maize, 67.5 kg·N·ha−1 at the jointing stage and 67.5 kg·N·ha−1 at the silking stage. Phosphorus (as calcium superphosphate) and potassium (as potassium sulphate) fertilizers were applied at rates of 40 kg·P·ha−1 and 80 kg·K·ha−1 before seeding of maize. All basal fertilizers were mixed into the top 20 cm of the soil by ploughing. The same rates and timing of N, P and K fertilization were used in all plots. A high-yielding maize hybrid (Pioneer 335) was used in this study; the plant density was 65,000 plants ha−1. The plots were gradually manually harvested as the maize ripened in late September every year. The soil water supply of the field experiment was solely dependent on natural rainfall for all of the treatments. The consistent protection and other practices were managed following the local convention during the entire growth stages. No more biochar was subsequently added following the single biochar amendment.



The standard maize development stage system was used to identify the growth stages of the planted crop. Plant samples were collected at the 10-leaf stage and physiological maturity (R6). On each sampling occasion, three adjacent plants (located at least 1 m from the edges of the plot and 0.5 m from the previous sample sites) in a row were selected randomly from each plot and cut at ground level. The samples were dried initially at 105 °C for 30 min and then oven-dried to constant weight at 80 °C.




2.4. Gas Sampling and Measurements


Year-round CO2 emissions were measured using the closed static chamber method in every plot from April 2014 to September 2015. In each experimental plot, one chamber consisted of a base frame and a removable top chamber was set prior to planting and remained there until planting time next year. The top chamber was 50 cm × 50 cm × 50 cm and the stainless-steel base frame was 50 cm × 50 cm × 20 cm, inserted to a depth of 20 cm into the soil. The frame had a water-filled groove to form an airtight seal in the upper chamber airtight during the period of sampling. To avoid the sharp increase of air temperature inside the chamber in the summer during the gas sampling period, each side of the top chamber was covered with a Styrofoam coating, and two small fans were installed at opposite positions at the top of each chamber to ensure the complete mixing of air in the headspace. Two maize plants were in the chamber area, and were cut at 50 cm above the soil surface when their main stalks became too high, due to the height limitation of the top chambers.



For each measurement event, emissions were measured between 8:30 a.m. and 11:30 a.m. in the morning. Four 50 mL headspace samples were taken consecutively, using plastic gas-tight syringes equipped with 3-way stopcocks at 0, 10, 20, and 30 min after the chambers were closed. Gas was sampled daily for 10 days after each fertilization event and for 7 days after a precipitation event. The remaining measurements were at intervals of 2–5 days in the maize growing season (MS) and 7–15 days in the fallow season (FS). The samples were analysed with a gas chromatograph (Agilent 7890A, Agilent Technologies, Santa Clara, CA, USA) for CO2 concentrations on the same day of sampling.



The CO2 emissions were calculated from the linear increase or decrease in the gas concentrations inside the chamber during the sampling period, and were presented as the mean values of replicated measurements on three different plots. Cumulative emissions over the monitoring period were calculated by linear interpolation.




2.5. Additional Parameters


Samples for soil moisture determinations were taken from each plot every 7 days and 15 days during the maize growing and fallow season using a 4-cm-diameter gage auger, respectively. However, soil samples to 20-cm depth were collected once every two days during the 10 days and 6 days following N fertilizations and precipitation, respectively. The gravimetric soil water content was measured after drying the soil in an oven at 105 °C for 24 h.



The soil temperatures at the 0-cm and 10-cm depths and the air temperature inside the headspace of the chambers were measured immediately at the first and last gas sampling using portable digital thermometers (JM624, Jinming Instrument Ltd., Tianjin, China). The mean values of the two measurements were used as the temperature on the sampling day, and the average air temperature was then used to calculate the emissions.




2.6. Statistical Analysis


The means and standard deviations were calculated for all of the parameters. A one-way analysis of variance (ANOVA) was used to evaluate the effects of different biochar application rates on the measured parameters, and differences between the treatment means were compared using least significant difference testing (LSD) at the 5% level. All statistical analyses were performed using the SPSS (16.0) software package (SPSS Inc., Chicago, IL, USA).





3. Results


3.1. Incubation Experiment


As shown in Figure 2, soil CO2 efflux changed over time in a similar temporal variation pattern for both the amendment of biochar alone or together with N during the incubation period. The highest CO2 efflux was observed on the second day after the incubation started in the soil. Amendment with biochar alone significantly decreased the soil CO2 efflux on the first day of incubation, compared to the soil alone treatment and the biochar together with N addition treatment (Figure 2). The CO2 efflux from biochar together with N addition treatments from 2 to 6 days were greater than that of the soil alone treatment (p < 0.05). After 10 days of incubation, the CO2 efflux rates from the soil strongly decreased both with and without biochar. During the later phase of the incubations, all treatments continued to decrease to a lower C mineralization rate, and no significant difference was found between the soil-alone and biochar mixture with or without N treatment.



The cumulative CO2 emissions from the biochar-soil mixtures with or without N addition generally corresponded to the same order of increasing mineralization observed in soil-alone incubations (Figure 3). Accumulative mineralized C rapidly increased during the first 8 days, and then the rate was slower. Biochar-soil mixtures had no significant effect on the 46-day cumulative CO2 emissions relative to the BC0, even though the cumulative CO2 emissions from the BC0 treatment were significantly lower than the BC3 and BC7 treatments between 8 and 24 days. No obvious differences in cumulative CO2 emissions were found between the BC3 and BC7 treatments. Nitrogen significantly affected the CO2 emission rate. Higher cumulative CO2 emissions were observed in the B3N and B7N treatments compared to the BC0, BC3 and BC7 treatments after the first day (Figure 3). The cumulative CO2 emissions did not differ significantly between the B3N and B7N during the incubation. At the end of the incubation, 0.86–3.53% of the C was lost from each soil, with the highest amount in the BC0 treatment, followed by the BC3 and B3N treatments, while the amounts in the BC7 and B7N treatments were the smallest. A two-factor analysis of variance showed that there was no significant interaction of biochar × N on total soil cumulativeCO2 emissions (p > 0.05).




3.2. Field Scale of CO2 Emissionsand Dry Matter Accumulation


The CO2 emissions fluctuated from the biochar-mixture treatments generally corresponded to the same order of soil-alone treatment (Figure 4). Overall, mean daily CO2 emissions ranged from 17.1 to 312.4 mg·CO2-C·m−2·h−1, and a high temporal variation was observed for all treatments. The CO2 emissions markedly increased with plant growth, and peaked at the values from 208 to 312 mg·CO2-C·m−2·h−1 on 22 June during the MS in 2014–2015 and from 207 to 262 mg·CO2-C·m−2·h−1 on 1 July during the MS in 2015 before the cut events. The rates then decreased during the MS season, except for some small spikes, and were maintained at a relatively low level during the FS season. The average CO2 emission rates were similar for the different biochar treatments and were 117.0, 109.0, 106.5 and 103.2 mg·CO2-C·m−2·h−1 for the BC0, BC10, BC20 and BC30 treatments during the MS in 2014, respectively, and 103.5, 99.5, 96.9 and 92.8 mg·CO2-C·m−2·h−1 for the BC0, BC10, BC20 and BC30 treatments during the MS in 2015, respectively. Although there were no significant differences in CO2 emission rates between different biochar-mixture treatments over the whole experimental period, BC30 treatment did bring about a significant reduction of CO2 emissions during a few short periods with generally high CO2 emissions (when compared to the control) (p < 0.05). No significant differences were detected in net CO2 emissions among different biochar rates over the entire fallow period.



The cumulative CO2 emissions were significantly lower in the biochar treatments compared to the “no amendment” control, while no significant differences were found between the BC10, BC20 and BC30 treatments, ranging from 3.79 × 103 to 3.59 × 103 kg·CO2-C·ha−1 in the MS of 2014 (Table 1). During the MS, the cumulative CO2 emissions from the BC0 treatment were not significantly higher compared to those of the BC10 treatment, but they were significantly higher than those of the BC20 and BC30 treatments in 2015. There was also a significant difference (p < 0.05) between years during the maize growing season due to different precipitation and temperature conditions. The cumulative CO2 emissions showed no difference between different biochar application treatments during the FS in 2014–2015, ranging from 1.72 × 103 to 1.81 × 103 kg·CO2-C·ha−1 and accounting for 30.8–33.4% of the annual emissions.



In general, the additions of biochar increased the shoot dry matter accumulation both in the early and late stages of maize growth (Table 2). At the 10-leaf stage (V10), the dry matter accumulation in the BC30 treatment was significantly higher than that in the BC10 and BC20 treatments in 2014. However, no significant difference in dry matter accumulation was observed between the BC30, BC20, and BC10 treatments in 2015, but it was markedly higher than that in the BC0 treatment. At physiological maturity (R6), the amounts of dry matter accumulated were markedly higher in the BC30 treatment than in the BC10 treatment in 2014 and 2015, but no significant difference was observed between the BC30and BC20 treatments. The accumulation in the BC0 treatment was markedly lower than that in the BC10, BC20 and BC30 treatments in 2014 and 2015. The shoot dry matter accumulation was significantly affected by the year. For all of the treatments, the accumulation during both the 10-leaf and physiological maturity stages in 2014 was significantly lower than that in 2015 (p < 0.05)




3.3. The Relationship between CO2 Emissionsand Environmental Indexes


CO2 emissions were related to changes in soil temperature and the soil water content (SWC). In our study, a significant positive correlation could be observed between CO2 emission rates and soil temperature (Table 2). A linear temperature function could explain a large part of the variation in CO2 emissions, with a higher correlation coefficient with the temperature at the 10-cm-depth than with the temperature at the 0-cm-depth during the growing season. The exponential function, however, had a better fit compared to the linear function (p < 0.001). The single effect of soil moisture on CO2 emissions could also be simulated using a linear equation and exponential function. However, there was only a weak negative correlation between CO2 emission rates and soil moisture (SWC) in the shallow 0–20 cm soil. The soil moisture accounted for less than 22.5% of variation in CO2 emissions, indicating that CO2 emissions were highly dependent on the effect of soil temperature. CO2 emission dynamics may be less tightly linked to soil temperature and moisture with the identical biochar addition to soil, which was supported by the observed coefficient between the unamended and biochar-amended treatments.





4. Discussion


4.1. Biochar Impact on Soil CO2 Emissions


The highest CO2 efflux rate was found at the beginning of the experiment, and it decreased with the incubation time (Figure 2). The CO2 efflux rate reached a peak one day after biochar and N fertilization addition, mainly due to the stimulation of microbial activity [27] or the dissociation of carbonates [28]. The cumulative CO2 emissions from the BC0 treatment were significantly lower than those from the BC3 and BC7 treatments between 8 and 24 days. However, the cumulative CO2 emissions showed no significant difference between the treatments with biochar alone and the control for the incubation (Figure 3). The CO2 emissions were also not proportional to the amount of biochar added to the soil. In most other studies, a negative priming effect or no priming effects were found in biochar-amended soils [6,12]. In our study, a shift from a negative to a positive priming effect was observed during 0–10 days of incubation, and biochar alone caused a large negative priming effect on the first day, while it a positive priming effect, between 2 and 10 days of incubation (Figure 2). A rather similar priming effect was also found by Luo et al. [12]; while increased mineralisation occurred, it came exclusively from the biochar itself.



It must be noted out that, in contrast to the results of short incubation, a significant decrease in the cumulative CO2 emissions induced by biochar addition was observed in the longer field natural systems (Table 1), indicating that biochar could suppress soil respiration during the maize growing season, which was consistent with previous studies [29,30], but biochar addition had no effect on soil respiration during the fallow season. Similarly, with the increasing biochar addition, biochar caused a progressive reduction of CO2 emissions [31], which may be ascribed to the sorption of labile C onto the surface or into the pores of biochar [32]. Spokas and Reicosky have demonstrated that biochar produced at the temperatures of 400–510 °C could inhibit soil CO2 emissions. The lack of a measured difference inCO2 emissions has also been reported for high temperature biochar due to the decrease in the volatile matter [33]. Additionally, the application of biochar powder and freshly burned litter also had lower or no significant effect on soil respiration [34]. However, the effect of biochar addition on soil C cycling could influence the soil CO2 emission rate in the soil-water-gas system, since the fluctuation of SOC [35], dissolved organic carbon [36] and microbial biomass carbon that resulted from biochar addition could impact the mineralization of soil C. The balance of air and water was established in the proceeding of incubation and field conditions, and the liming effect of biochar (pH = 9.8) could absorb the released CO2 from the biochar-soil system [29]. Additionally, biochar might suppress related microbial activity and thereby decrease the emission of CO2 [37]. On the other hand, the decrease of SOC mineralization induced by the absorption of enzymes might also contribute to a decrease in CO2 emissions. Notably, increases in CO2 emissions from biochar-amended soil were reported by Sui et al. [38], which might be contributed to the volatile organic C contained in the biochar [39]. Soil microbial activities fluctuated by biochar suggested that the long-term CO2 emissions from biochar amended soils may be influenced indirectly as a result of possible alterations in soil physico-chemical and biological properties following biochar addition throughout the crop growing season in a dry agricultural system [40,41].The underlying mechanism of soil C mineralization induced by biochar addition needs further investigation for the different probable reasons showed by the above studies.




4.2. Biochar Combined with N Fertilization Impact on Soil CO2 Emissions


It is worth noting that soil physical disruption, such as drying, sieving and rewetting, prior to incubation might cause stimulation or suppression in CO2 emissions. Additionally, temperature and moisture during the incubation were obviously different from field conditions [35].



In this study, though no significant interaction of the biochar and N input appeared, our results showed that the levels of CO2 in the biochar-amended treatments with N inputs were higher than those in the biochar alone soils and the control (Figure 3) over the short term, which was in agreement with the results reported by Wang et al. and Song et al. [42,43], who found that the application of biochar combined with N fertilization enhanced CO2 emissions in the incubation experiments. A significant increase in basal and substrate-induced respiration occurred in the treatments with added biochar combined with mineral fertilization [34,39], which suggested that soil C mineralization would be stimulated in the short term. However, the cumulative CO2 emissions were lower in the treatments with both biochar and N fertilization compared to the control (Figure 4, Table 1) in the field system, suggesting that the positive priming effect of biochar and N input on C mineralization was a transient accent and gradually vanished in the long term. The reduction in CO2 emissions from the biochar-amended soil with N input has also been observed in other studies [16,44]. Zhang et al. [45] also found that the total CO2 emission decreased when N fertilizer was added to the soil in the presence of biochar. The reduction in soil respiration might have partly contributed to the decrease in phenol oxidization activity induced by N suppression of white-rot fungi [46]. The changes in the soil pH at this site observed in our previous study [47] might also contribute to the suppression effect since soil acidity or alkalinity was responsible for microbial activity [48]. In addition, the high correlation between soil pH and total CO2 emissions also provided evidencefor this phenomenon [49]. The variances in different studies might be attributed to the different types and rates of biochar used, the aging effect, N fertilization and soil type, as well as short-term incubation or field conditions [6,50].



Biochar addition has the potential to neutralize total CO2 emissions induced by N fertilization. Therefore, although biochar addition tended to increase the cumulative CO2 in the short term, it would be an effective strategy to mitigate GHG emissions caused by the utilization of N fertilizer [51] and could sever as long-term C sequestration as a relative recalcitrant C source in soil [32].




4.3. Crop Production


In the present study, biochar addition increased maize dry matter accumulation both at the V10 and R6 stages, and the effect increased with the increasing biochar addition rate (Table 1). In agreement with previous studies, biochar additions have been shown to increase crop productivity by improving of soil chemical and physical properties [45,52]. A meta-analysis showed that biochar added into soil could improve crop productivity by approximately 10% [53]. Relative to the control, the increase of crop biomass reached 42% in our study, while biochar could increase crop biomass by less than 10% to more than 200% [42,53]. The large variation might be attributed to soil types, biochar types and rates, and crops [53]. The increase in crop biomass might be attributed to the improvement in soil physical properties indicated by a decrease in bulk density and to the enhancement in nutrient availability in our previous study [47]. It has been verified that biochar could increase N availability to crops [54] and high levels of soil organic carbon could improve soil N efficiency, thus increasing crop production [55]. Thus, the increasing soil C accumulation induced by biochar additions might be an alternative to economize the N fertilization used [51].




4.4. Relationships between Total CO2 Emission and Environmental Factors


Soil moisture and temperature are two important environmental variables that influence CO2 emissions, which is in accordance with other studies [56]. Soil daily CO2 emissions were negatively related with soil moisture in this study (Table 2), in contrast to the results of Liu et al. [56] who found a positive relationship. However, Zhang et al. [57] showed no significant relationship between soil moisture and CO2 emission in a chestnut plantation. When the soil suffered from extreme dryness or wetness, the soil CO2 emissions also might be influenced [58], but this phenomenon mostly did not exist in our experimental site. Soil temperature is positively correlated with soil CO2 emissions [59]. Similarly, our study found that soil CO2 emissions were positively related with soil temperature both at the surface (0 cm) and at a depth of 10 cm. An exponential relationship between soil CO2 emissions and temperature has been reported by Ding et al. and Zhang et al. [57,60]. Such a relationship was also observed in our study, with 59–70% of the variation attributed to soil temperature.





5. Conclusions


This study examined the carbon dioxide (CO2) emissions from a semiarid farmland soil due to biochar application. After a short period, the biochar addition to the soil had a small or insignificant effect on CO2 emissions without additional nitrogen amendment. By contrast, the apparent reduction was observed to be dependent on the biochar concentration, soil temperature, and soil water content from the experiments performed over two years in the semiarid farmland of the Loess Plateau. In general, biochar addition enhanced aboveground dry matter accumulation both in theearly and late stages of maize growth. Thus, this paper contributes to the evidence that biochar amendments in agricultural soil may serve as a potential tool for climate change mitigation, with lower CO2 emissions and higher dry matter production in semi-arid farmland over a longer period. However, our data are not conclusive, and further studies therefore need to verify possible optimum or maximum biochar application rates together with appropriate fertilization practices for various agricultural fields in order to recommend the full-scale successive biochar application.
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Figure 1. Daily precipitation (mm) and mean air temperature (°C) during the field experiment. 
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Figure 2. CO2 efflux (mg·C·kg−1·d−1) from incubations of soil amended with or without biochar and N. Error bars indicate standard deviations of the means (n =3). 
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Figure 3. Cumulative CO2 emissions (mg·C·kg−1) from the different treatments after 46 days (incubation experiment). Error bars indicate standard deviations of the means (n = 3). 
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Figure 4. Seasonal dynamics of CO2 emissions for the different biochar treatments. Error bars indicate standard deviations of the means (n = 3). MS and FS denote the maize growing season and fallow season, respectively. Solid line arrows indicate the date of maize broken. 
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Table 1. The cumulative CO2 emissions and dry matter accumulation as affected by different biochar application.
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BC0

	
BC10

	
BC20

	
BC30




	
Cumulative CO2 Emissions (kg·CO2-C·ha−1)






	
2014

	
MS

	
4072.5 ± 99.5a †

	
3793.5 ± 148.2b

	
3705.5 ± 106.7b

	
3592.9 ± 196.6b




	
FS

	
1812.1 ± 174.8a

	
1720.0 ± 30.8a

	
1761.2 ± 49.8a

	
1805.5 ± 123.2a




	
Annual

	
5884.6 ± 112.8a

	
5513.5 ± 165.3b

	
5466.7 ± 120.1b

	
5398.4 ± 181.6b




	
2015

	
MS

	
3602.1 ± 37.6a

	
3464.9 ± 89.6ab

	
3372.0 ± 35.3b

	
3228.6 ± 109.8c




	

	
Dry Matter Accumulation (Mg·ha−1)




	
2014

	
V10

	
1.53 ± 0.06c

	
1.81 ± 0.08b

	
1.99 ± 0.11b

	
2.18 ± 0.10a




	
R6

	
13.71 ± 0.31c

	
14.92 ± 0.20b

	
15.62 ± 0.15ab

	
16.44 ± 0.41a




	
2015

	
V10

	
2.69 ± 0.14b

	
2.83 ± 0.15a

	
3.39 ± 0.10a

	
3.53 ± 0.11a




	
R6

	
16.09 ± 0.32c

	
18.10 ± 0.31b

	
18.60 ± 0.28b

	
20.01 ± 0.31a








Notes: MS and FS denote the maize growing season and fallow season, respectively. † Means within a row followed by the different letters are significantly different at p < 0.05.
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Table 2. Equation fitting between CO2 emissions and soil variables as affected by biochar application.






Table 2. Equation fitting between CO2 emissions and soil variables as affected by biochar application.





	
Treatment

	

	
Linear Equation

	
R2

	
Exponential Equation

	
R2






	
Un-amended

	
T0

	
y = 7.81x − 22.63

	
0.390 **

	
y = 17.24 × 100.099x

	
0.570 **




	
T10

	
y = 8.67x − 28.58

	
0.479 **

	
y = 16.81 × 100.107x

	
0.665 **




	
SWC

	
y = −5.57x + 219.96

	
0.157 n.s.

	
y = 307.07 × 10−0.062x

	
0.225 n.s.




	
Amended

	
T0

	
y = 6.12x − 6.78

	
0.359 **

	
y = 21.62 × 100.078x

	
0.495 **




	
T10

	
y = 7.87x − 24.52

	
0.443 **

	
y = 18.05 × 100.098x

	
0.606 **




	
SWC

	
y = −0.03x + 20.66

	
0.148 n.s.

	
y = 20.36 × 10−0.02x

	
0.134 n.s.








Notes: T0 and T10, the soil temperature at the 0-cm and 10-cm depth (°C); SWC, the soil water content in the top 20 cm (%). ** Significant at p < 0.001, n.s.: not significant.
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