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Abstract

:

Soil nitrous oxide (N2O) emissions are influenced by land use adjustment and management practices. To meet the increasing socioeconomic development and sustainable demands for food supply, forestland conversion to cropland occurs around the world. However, the effects of forestland conversion to cropland as well as of tillage and fertilization practices on soil N2O emissions are still not well understood, especially in subtropical regions. Therefore, field experiments were carried out to continuously monitor soil N2O emissions after the conversion of forestland to cropland in a subtropical region in Southwest China. One forestland site and four cropland sites were selected: forestland (CK), short-term croplands (tillage with and without fertilization, NC-TF and NC-T), and long-term croplands (tillage with and without fertilization, LC-TF and LC-T). The annual cumulative N2O flux was 0.21 kg N ha−1 yr−1 in forestland. After forestland conversion to cropland, the annual cumulative N2O flux significantly increased by 76–491%. In the short-term and long-term croplands, tillage with fertilization induced cumulative soil N2O emissions that were 94% and 235% higher than those from tillage without fertilization. Fertilization contributed 63% and 84% to increased N2O emissions in the short-term and long-term croplands, respectively. A stepwise regression analysis showed that soil N2O emissions from croplands were mainly influenced by soil NO3− and NH4+ availability and WFPS (water-filled pore space). Fertilization led to higher soil NH4+ and NO3− concentrations, which thus resulted in larger N2O fluxes. Thus, to reduce soil N2O emissions and promote the sustainable development of the eco-environment, we recommend limiting the conversion of forestland to cropland, and meanwhile intensifying the shift from grain to green or applying advanced agricultural management practices as much as possible.
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1. Introduction


Nitrous oxide (N2O) has been recognized as an important non-CO2 greenhouse gas, with 298 times greater global warming potential than that of CO2 based on a 100-year time horizon [1]. In the past 150 years, atmospheric N2O concentrations have greatly increased from 270 to 324 ppb [1], and the terrestrial biosphere is still a net source of atmospheric N2O [2]. Agricultural soils are the largest N2O source, contributing about 60% of global anthropogenic N2O emissions [1,3]. To guarantee a secure food supply for global human population growth, agriculture intensification might cause more N2O emission increases in the future [4,5]. Soil N2O is mainly produced by microbial nitrification and denitrification [6,7], and strongly affected by substrate availability (e.g., NH4+ and NO3− concentrations) and environmental conditions (e.g., temperature and moisture) [6,8,9,10,11].



Many previous studies have proven that N2O emissions are greatly impacted by different land uses and management strategies [12,13]. In particular, the adjustment of land use is viewed as a crucial anthropogenic N2O emission source via its significant influences on N substrates and environmental conditions [1,9,12,13]. The existing studies focusing on the effects of land use change on N2O emissions mainly address rice paddy conversion to vegetable fields or citrus orchards [3,9,14], forest conversion to tea plantations [11,15], forest conversion to pasture or cropland [12], and cropland conversion to forestland [16,17]. Forestland converting to agricultural land has generally led to significant N2O emissions owing to deforestation and management practices (e.g., fertilizer application and tillage) [11,12,13,18]. In response to increasing socioeconomic development and demands for food, the specific land use change of forestland to cropland still occurs often around the world [11,12]. Although there have been a few N2O flux measurements since this type of conversion was published [12], the influence of forest conversion to cropland on N2O fluxes and their driving mechanisms are still not fully understood in many regions.



Tillage and fertilization are the most important management practices after the conversion of forestland to cropland; they significantly affect soil properties as well as soil carbon (C) and nitrogen (N) availability and ultimately regulate the production and emission of N2O [9,10,11,19,20]. However, tillage and fertilization have different driving mechanisms that affect N2O emissions. Tillage can influence the soil’s physical structure (e.g., aggregation, bulk density and aeration), moisture, temperature, and C and N availability [19,21], which likely influence the microbial community and activity and thus N2O emissions [9,22]. Grandy and Robertson reported that in initial cultivation, tillage practices significantly disturbed the soil structure and released large amounts of organic C and N from macroaggregates, thus accelerating the soil N2O fluxes [18]. Fertilization has been widely understood to significantly increase N2O emissions, mainly through supplying more inorganic N concentrations and sufficient substrates (NH4+ and NO3−) for nitrification and denitrification [8,11,23,24,25]. Bouwman et al. analyzed 139 N2O studies from agricultural regions and found that N2O emissions generally increase with N application rates, especially above the application rates of 100 kg N ha−1 [26]. Recently, Chen et al. reported that forest conversion to tea fields significantly triggered substantial N2O emissions in the first year due to a high basal fertilizer input and intense tillage [11]. Previous studies have made great progress in explaining how tillage and fertilization practices drive N2O emissions in agricultural lands [10,19,24,26]. More studies are still needed to quantify the relative contributions of tillage and fertilization to increased N2O emissions when specifically converting forestland to cropland, which would be helpful for developing suggestions on how to reduce N2O emissions in the transformed croplands.



The Sichuan Basin is the largest agricultural region in Southwest China, accounting for 7% of the total cropland and supplying 10% of the total agricultural products of China [27]. In recent years, many studies have paid attention to the N2O fluxes from agricultural soils and obtained some significant observations in the Sichuan Basin [24,25,28,29]. However, previous studies mainly focused on the influence of fertilizer application (e.g., type and rate), which has resulted in agricultural lands having more N2O emissions compared to other land uses. Driven by afforestation policies and increasing food demand, land use conversion between forestland and cropland often occurs in this region. A recent study investigated the effects of afforestation on soil N2O emissions and found that afforestation significantly decreased N2O fluxes compared to those in cropland [17]. However, the effect of forestland conversion to cropland on soil N2O emissions and its underlying mechanisms are still uncertain in this region. Understanding the effects of tillage and fertilization practices on soil N2O emissions after forestland conversion to cropland will be beneficial for evaluating the environmental impacts of land use change on soil N2O emissions in the Sichuan Basin, and thus for suggesting appropriate technological approaches to mitigate these effects.



In this study, we measured N2O emissions and environmental variables from forest soils (as control), new croplands converted from forest (tillage with and without fertilization), and long-term croplands (tillage with and without fertilization) in the Sichuan Basin of Southwest China. The specific aims were (1) to quantify the influences of tillage and fertilization on soil N2O emissions after land use conversion of forestland to cropland, (2) to evaluate the short-term and long-term land use change impacts on soil N2O emissions, and (3) to identify the potential mechanisms driving the increased soil N2O emissions induced by tillage and fertilization after land use conversion.




2. Materials and Methods


2.1. Study Area


This study was carried out at the Yanting Agro-Ecological Station of Purple Soil of the Chinese Academy of Sciences (31°16′ N, 105°27′ E), located in the central Sichuan Basin of Southwest China with an altitude of 400 to 600 m [27]. It exhibits a moderate subtropical monsoon climate, with a mean annual precipitation and temperature of 836 mm and 17.3 °C (30-year mean). The widely distributed soil in the study region is called purple soil locally and is classified by the FAO soil classification as a Eutric Regosol and as a Pup-Orthic Entisol by the Chinese soil taxonomy [27]. The study area is an intensive agricultural production region in China. The sloping croplands have relatively thin soil thicknesses of 30–80 cm and slopes of 3–15%, and wheat (Triticum aestivum L.)-maize (Zea mays L.) rotation is the main cropping pattern in this region [17].




2.2. Experimental Design


The selected forestland is dominated by Cupressus funebris with a mean diameter of 13.2 cm at breast height, a mean height of 16 m, and a density of 1595 stems ha−1 [30]. In late July 2016, a portion of the forestland was cleared of trees and roots and then converted to cropland. To assess the short-term effects of management practices on soil N2O emissions, the newly converted croplands were cultivated from November 2016. In new croplands, two treatments of tillage—without fertilization (NC-T) and with fertilization (NC-TF)—were established with three replicates in a randomized block design (size 3 m × 3 m). The long-term croplands (tillage without fertilization, LC-T, and tillage with fertilization, LC-TF), which were adjacent to the newly converted croplands, were also established with three replicates in a randomized block design (size 4 m × 6 m). The long-term croplands converted from forestland have been cultivated since 2003. Moreover, the selected forestland was used as the control (CK) and had three replicate plots (size 3 m × 3 m). All the treatments had the same soil type (Regosols) and slope (5%).



Following the local cropping regimes, croplands were conventionally cultivated under a wheat-maize rotation system (winter wheat from November to May rotating with summer maize from June to October). Tillage practice involved conventional tillage with harrowing (approximately 20 cm deep) twice a year before sowing. The mineral N fertilization (urea) rates were 130 kg N ha−1 and 150 kg N ha−1 for wheat and maize with fertilization treatments, respectively [23]. All the fertilizers were manually applied and incorporated into the topsoil (0–20 cm) together with harrowing. Then, wheat and maize seeds were directly drilled into the soil. No irrigation was applied during the growth of either wheat or maize.




2.3. Measurements of N2O Emissions


Soil N2O emissions were continuously monitored using the static chamber-gas chromatography technique as described by Zhou et al. [5] and Zheng et al. [31] from November 2016 to October 2017 (a whole wheat-maize rotation season). Briefly, prior to the measurements, stainless-steel base collars with a uniform area of 0.25 m2 were inserted into topsoil (10 cm in depth) and kept in place throughout the whole measurement period. The equipped chambers, with a circulating fan and an adjustable height according to the crop growth, can guarantee the chamber headspace uniformly mixed and minimize temperature changes when conducting the measurements. After tillage or fertilization practices, soil N2O emissions were continuously observed for 7 days, and then were measured every other day of the following week. For the remaining experimental period, the measurements were conducted twice a week. For each measurement, five gas samples were collected using 50-mL volume plastic syringes after the chamber closure. Considering the low N2O flux in the forest, the sampling intervals were 7 min in the cropland treatments (0, 7, 14, 21 and 28 min) and 15 min in the forest treatment (0, 15, 30, 45 and 60 min). The measurements were uniformly performed between 9:00 and 10:00 am local time to calculate a daily average N2O flux. To minimize the enclosure effects of the chambers on plant growth and environmental conditions, they were immediately removed after gas sampling.



Immediately after sampling at each site, the collected gas samples were analyzed to obtain N2O concentrations using a gas chromatograph (Agilent-7890A; Agilent Technologies, Palo Alto, CA, USA) rigged with an electron capture detector (ECD) at the research station. The soil N2O fluxes were determined by the linear or nonlinear relationships between the gas concentration and the chamber closure time, as described in detail by Wang et al. [32]. Seasonal and annual cumulative N2O fluxes were calculated by linear interpolation of the daily fluxes between the gas sampling dates [25]. Yield-scaled N2O emissions (kg N Mg−1 grain) were calculated using annual cumulative N2O emissions (kg N ha−1) divided by the mean grain yield (Mg grain ha−1) [10].




2.4. Crop Yield Measurements


For each cropland plot, three quadrats, 0.5 × 0.5 m2 for wheat and 1 × 1 m2 for maize, were randomly selected to measure crop yields. After the crop harvesting, the grains were collected separately and then oven dried at 70 °C for 48 h to constant weight to calculate the grain yield (Mg ha−1).




2.5. Auxiliary Measurements of Soil Parameters


Throughout the experimental period, soil moisture, temperature, inorganic N (NO3− and NH4+), and dissolved organic C (DOC) concentrations were simultaneously measured for all the plots when gas samples were collected. The measurement procedures strictly followed the previous study of Zhou et al. [17]. For each plot, the topsoil moisture and temperature (5 cm in depth) were measured by a portable frequency domain reflector probe (RDS Technology Co. Ltd., Nanjing, Jiangsu, China) and a manual thermocouple thermometer (JM624, Tianjin Jinming Instrument Co. Ltd., Tianjin, China) with three replicates, respectively. Then the water-filled pore space (WFPS) was calculated based on the measured soil volumetric water content, bulk density and particle density (2.65 g cm−3). At each plot, three soil cores (0–20 cm) were also randomly collected and completely mixed into one bulk sample. Then a 20 g fresh soil sample and 100 mL of 0.5 M K2SO4 were used to extract soil NH4+, NO3−, and DOC, and an AA3 continuous flow analyzer (Bran + Lubbe, Norderstedt, Germany) was employed to colorimetrically analyze the filtered extracts. During the entire experiment period, the daily rainfall and mean air temperature were automatically observed using a meteorological station.



After the maize season, for each plot, topsoil samples (0–20 cm) were also collected to measure soil properties (soil pH, total N content [TN], soil organic carbon content [SOC], soil bulk density [BD], soil particle composition), following soil agro-chemical analysis procedures [33]. In detail, soil pH was measured in a 1:2.5 (soil-to-water [w/v]) water suspension using a DMP-2 mV/pH detector (Quark Ltd., Nanjing, China). SOC content was determined by wet digestion with H2SO4–K2Cr2O7, and TN content was determined by semi-micro Kjeldahl digestion using Se, CuSO4 and K2SO4 as catalysts. Soil BD was determined by the volumetric ring method. The pipette method was used to determine soil texture. Furthermore, soil aggregates were measured according to the methods reported by Six et al. [34], in which soils were separated into four aggregate size classes (<0.053, 0.053–0.25, 0.25–2, and >2 mm) by wet sieving, and the aggregate stability was quantified by the mean weight diameter (MWD) [35].




2.6. Contribution Rates of Tillage and Fertilization to Increased Soil N2O Emissions


To quantify the effects of tillage and fertilization on increasing soil N2O emissions after land use conversion, the contribution rates of tillage and fertilization to increased soil N2O emissions were calculated as follows.


    C R   tillage    = (      N E  T  −    N E   0      N E   T F   −    N E   0     ) × 100 %   



(1)




where CRtillage and CRfertilization are the relative contributions of tillage and fertilization to increased soil N2O emissions (%), respectively. NE0, NET, and NETF are the measured soil N2O emissions from the baseline forestland (CK) and the tillage without fertilization (NC-T and LC-T) and with fertilization (NC-TF and LC-TF) treatments, respectively.




2.7. Statistical Analysis


The differences in soil N2O fluxes and soil environmental factors (i.e., soil moisture and temperature, NO3−, NH4+ and DOC concentrations) between the different treatments were detected using one-way ANOVA analysis, followed by Duncan’s range test (p < 0.05). The potential relationships between soil N2O fluxes and environmental factors were evaluated using Pearson’s correlation analysis. However, before the correlation analysis, the soil N2O fluxes and environmental factors were primarily normalized by the ranked cases approach due to the original datasets not being normally distributed [17]. Moreover, multiple stepwise regression analysis was conducted to identify the key factors controlling soil N2O emissions from croplands after land use conversion. All statistical analyses were performed using the SPSS 20.0 software (SPSS Inc., Chicago, IL, USA) and OriginPro 2015 software (OriginLab Corp., Northampton, MA, USA).





3. Results


3.1. Environmental Conditions and Soil Properties


During the whole experimental period, the total precipitation was 639.6 mm, and 67% occurred in the summer maize season (from June to October) (Figure 1). The daily mean air temperature changed from 4 to 31.2 °C with a mean of 16.9 °C.



Forestland conversion to cropland significantly influenced soil WFPS but not soil temperature at 5 cm depth (Figure 2). The WFPS values in the cropland sites (average 41.9%, 42.3%, 47.3% and 47.6% for NC-T, NC-TF, LC-T and LC-TF, respectively) were significantly lower than that in the forestland (average 52.6%) (p < 0.05).



Compared to forestland, tillage in the croplands significantly decreased the average soil NH4+ concentration (average 1.79 and 1.52 mg N kg−1 for NC-T and LC-T, respectively) but significantly increased the average soil NO3− concentration (average 7.23 and 5.54 mg N kg−1 for NC-T and LC-T, respectively) (p < 0.05; Figure 3a,b). However, tillage with fertilization not only significantly increased the average soil NH4+ concentration (average 16.15 and 12.55 mg N kg−1 for NC-TF and LC-TF, respectively) but also significantly increased the average soil NO3− concentration (average 27.74 and 31.10 mg N kg−1 for NC-TF and LC-TF, respectively) compared to forestland (p < 0.05; Figure 3a,b). Following mineral N fertilizer application, the soil NH4+ concentration in the NC-TF and LC-TF treatments quickly reached peaks of 203.14 and 146.16 mg N kg−1 in the wheat season and 23.51 and 27.64 mg N kg−1 in the maize season (Figure 3a), while the soil NO3− concentration in the NC-TF and LC-TF treatments quickly reached peaks of 165.80 and 154.45 mg N kg−1 in the wheat season and 55.19 and 45.70 mg N kg−1 in the maize season (Figure 3b).



The soil DOC concentration significantly decreased after the conversion of forestland to cropland (p < 0.05, Figure 3c). In particular, long-term cultivation resulted in much lower soil DOC concentration (mean 51.30 and 50.54 mg C kg−1 for LC-T and LC-TF) than that in the short-term croplands (mean 66.37 and 68.30 mg C kg−1 for NC-T and NC-TF) (p < 0.05).



Compared to forestland, land use conversion significantly decreased soil SOC, TN, C/N ratio, and bulk density (p < 0.05, Table 1). Moreover, compared to the newly converted croplands, the long-term croplands had significantly lower SOC and TN contents and C/N ratio but a higher bulk density (p < 0.05, Table 1). Conversion did not induce significant changes in soil texture in the short term; however, long-term conversion increased the clay and silt contents and decreased the sand content (p < 0.05, Table 1). Furthermore, forestland conversion to cropland significantly decreased the proportion of soil macroaggregates (0.25–2 mm and 2–8 mm) and the mean weight diameter (MWD) (p < 0.05, Table 2).




3.2. Soil N2O Emissions


Distinct temporal variations in N2O fluxes were observed in both forestland and cropland (Figure 4a). During the summer season, the N2O fluxes were higher than those during the other seasons. Compared to forestland, the N2O fluxes showed much greater temporal variations in the croplands. In the initial period of the wheat and maize season, tillage and fertilization practices induced pulse emissions of N2O that lasted several weeks and then decreased to base levels. For the croplands with only tillage, the peak N2O fluxes were 8.72 and 8.40 μg N m−2 h−1 in the winter wheat season and 43.58 and 33.10 μg N m−2 h−1 in the summer maize season for the NC-T and LC-T treatments, respectively. For the croplands with tillage and fertilization, the peak N2O fluxes were 21.56 and 56.99 μg N m−2 h−1 in the winter wheat season and 185.61 and 152.00 μg N m−2 h−1 in the summer maize season for the NC-TF and LC-TF treatments, respectively. This result indicates that fertilization could induce much higher N2O pulse emissions than tillage after land use conversion from forestland to cropland.



The N2O fluxes from forestland changed from 0.80 to 7.70 μg N m−2 h−1 over the whole experimental period, with a mean of 2.70 μg N m−2 h−1 (Figure 4a). For the croplands, the mean N2O fluxes were 6.49 and 12.44 μg N m−2 h−1 for NC-T and NC-TF, and 5.76 and 21.59 μg N m−2 h−1 for LC-T and LC-TF, respectively. Forestland conversion to cropland significantly increased the mean N2O fluxes (p < 0.05). Moreover, the average N2O fluxes were significantly greater from tillage with fertilization treatments than those from tillage without fertilization treatments (p < 0.05). This result shows again that tillage with fertilization had a much greater effect on increasing N2O emissions than tillage alone after land use conversion.



The annual cumulative N2O emissions significantly increased after forestland conversion to cropland (p < 0.05, Table 3 and Figure 4b). Compared to forestland, the annual cumulative N2O emissions increased by 124% and 334% in the short-term croplands (NC-T and NC-TF) and by 76% and 491% in the long-term croplands (LC-T and LC-TF), respectively. Moreover, tillage with fertilization (NC-TF and LC-TF) significantly increased cumulative soil N2O emissions by 94% and 235%, compared to those from tillage without fertilization (NC-T and LC-T), respectively (p < 0.05, Table 3). Compared to the short-term conversion (NC-T and NC-TF), long-term tillage (LC-T) significantly decreased cumulative soil N2O emissions by 21%, while long-term tillage with fertilization (LC-TF) greatly increased cumulative soil N2O emissions by 36% (p < 0.05, Table 3).



Yield-scaled N2O emissions from the short-term converted croplands (NC-T and NC-TF) were significantly higher than those from the long-term converted croplands (LC-T and LC-TF) (p < 0.05, Table 3). After long-term plantation, the yield-scaled N2O emissions under tillage with fertilization treatment (LC-TF) were significantly greater than that from only tillage practice (LC-T) (p < 0.05, Table 3).




3.3. Relationships between N2O Fluxes and Soil Environmental Variables


The correlations between N2O fluxes and soil environmental variables are presented in Figure 5. The soil N2O fluxes were significantly positively related to soil temperature, WFPS, NH4+ and NO3− concentrations but significantly negatively related to DOC concentration for both forestland and cropland (p < 0.05). The further stepwise regression analysis indicated that variations in N2O fluxes from forestland were mainly regulated by soil WFPS and temperature (82%) (Table 4). However, after land use conversion, soil NO3− and NH4+ availability and soil WFPS were the main factors influencing soil N2O emissions from croplands with only tillage, which explained 78% and 90% of the variations in N2O fluxes from the NC-T and LC-T treatments, respectively (Table 4). For the short-term tillage with fertilization treatment (NC-TF), soil DOC and NH4+ availability and soil WFPS explained 74% of the variation in N2O fluxes (Table 4). While for the long-term tillage with fertilization treatment (LC-TF), N2O emissions were mainly regulated by soil NH4+ and NO3− availability and WFPS, which explained 81% of the variation in N2O fluxes (Table 4).





4. Discussion


4.1. Effects of Land Use Conversion on Soil N2O Emissions and Yield-Scaled N2O Emissions


In this study, the annual cumulative N2O flux from the forest was 0.21 kg N ha−1 yr−1, which was significantly lower than the average annual N2O flux of the global forest (1.429 kg N ha−1 yr−1) [36]. Land use conversion from forestland to cropland significantly increased the annual cumulative N2O emissions by 76–491% in this study (Table 3). van Lent et al. reviewed the literature and reported that land use conversion from forest to cropland greatly increased the annual cumulative N2O emissions by 330% on average in the tropics and subtropics [13]. These results confirmed that land use change has a profound impact on soil N2O fluxes [9,11,12,13,14], specifically conversion of forestland to cropland. Some studies have proved that tillage and fertilization are the most important management practices increasing soil N2O emissions after land use conversion from forestland to cropland [11,19]. Tillage practices could significantly increase soil aeration conditions. On the one hand, good soil aeration condition enhanced soil organic matter mineralization [34], and subsequent nitrification [3], inducing higher N2O production. On the other hand, good soil aeration condition accelerated the gas exchange between soil and atmosphere, which could promote the diffusivity of N2O from soil into atmosphere [3,14]. Application of mineral N fertilizer could directly increase soil inorganic N concentrations (Figure 3), providing substrates for the two main N2O production processes of nitrification and denitrification [8,9,28]. In this study, the N2O flux from the croplands all showed pulse emissions following tillage and N fertilization events (Figure 4a), thus resulted in much greater cumulative N2O emissions compared to the forestland (Table 3).



Previous studies regarding the effects of forestland conversion to cropland on soil N2O emissions mainly focused on long-term cultivation croplands [12], but few studies have measured N2O emissions from recently transitioned croplands. Our study indicated that forestland conversion to cropland in the first year significantly increased annual cumulative N2O emissions by 124% and 334% (Table 3). Comparably, after two years of conversion of tropical forest to agriculture in French Guiana, the annual cumulative N2O emissions from fertilized croplands increased by 90% [12]. Obviously, the increased extent of N2O emissions in our study was higher than that in the study by Petitjean et al. [12]. This difference might be attributed to the differences in climate, soil properties and amount of N fertilizer [26]. It is remarkable that the high N2O emissions in the initial stage after land use conversion should not be ignored.



In agricultural systems, yield-scaled N2O emissions were widely used as a metric of the important global challenge for guaranteeing food security and reducing N2O emissions [37,38]. In our study, the yield-scaled N2O emissions were 0.16 and 0.19 kg N Mg−1 grain in croplands after long-term cultivation (Table 3), which were similar to the results reported by Bayer et al. [20] and Tang et al. [39] in other subtropical regions. However, the yield-scaled N2O emissions in the new croplands were 21% and 106% higher than that in the long-term converted croplands (Table 3). These results further highlighted the importance of monitoring N2O emissions at the initial stage after land use conversion [3,11]. In the newly converted croplands, the lower crop yields mean a lower uptake of available N by plant, leaving more available N for nitrification and denitrification processes, which promoted the production of N2O. After long-term cultivation, the capacity of plant N uptake was enhanced, inducing a relative lower ratio of available N for N2O production [10,40]. Furthermore, after long-term cultivation in the present study, the increase extent of crop yield was 64% and 66% compared to the new croplands, which were significantly higher than the increase extent of N2O emissions (−21% and 37%), inducing significant decreases of the yield-scaled N2O emissions. Tillage with fertilization practices resulted in yield-scaled N2O emissions 19% higher than only tillage practice in the long-term converted croplands (Table 3). It is obvious that fertilization has induced a much higher increase extent of N2O emissions than that of crop yield. Previous studies showed that the N fertilizer application rate was one of the key factors influencing soil N2O production [26]. Meanwhile, N fertilizer application rate also had considerable impacts on crop yield [41]. Therefore, it is very important to determine a reasonable rate of N fertilizer application in the Sichuan Basin after forestland conversion to cropland, which can simultaneously achieve high yield and mitigate soil N2O emission. In addition, the N fertilizer type (e.g., mineral, organic, or mix of mineral and organic), application time and proportion (e.g., all as base fertilizer, or part as base and other as topdressing), as well as application depth (surface or deep) would also influence N fertilizer efficiency and N2O emission [41].



Overall, land use conversion from forestland to cropland and subsequent tillage and fertilization practices significantly increased the cumulative soil N2O emissions. In particular, the yield-scaled N2O emissions were significantly higher in the newly converted croplands than in the long-term converted croplands. These results further indicate that the effect of land use conversion on soil N2O emissions should not be ignored in the initial years after conversion. Therefore, we strongly recommend limiting the conversion of forestland to cropland as much as possible.




4.2. Factors Regulating the Increased Soil N2O Emissions Induced by Tillage and Fertilization


In this study, tillage in the croplands increased the cumulative N2O emissions by 124% and 76% compared to those from forestland in the short-term and long-term after conversion, respectively (Table 3). This result indicates that tillage could induce significant increases in soil N2O emissions after land use conversion. The statistical analyses showed that tillage significantly decreased the soil bulk density (Table 1), and thus increased soil porosity, while also decreasing the proportion of soil water-stable macroaggregates and MWD by 49% and 61% on average compared to those in forestland (Table 2). The breakage of soil macroaggregates releases more soil organic matter and increases N availability [18,21,34]. This phenomenon was observed through the decrease in the average SOC and TN contents by 49% and 34%, respectively, in croplands under only tillage compared to the contents in forestland (Table 1). Tillage physically disturbs the soil structure and increases soil aeration [34,42], and therefore enhances soil organic N mineralization and microbial activities [3,11,19]. In this study, cropland tillage induced small NH4+ peaks in the initial period of each cropping season that lasted for approximately three weeks (Figure 3a), thus likely increasing the NH4+ to NO3− transformation rate. This possibility was further supported by the higher NO3− concentrations in the tillage treatments compared to those in the forestland (Figure 3b). The increase in soil NO3− would further enhance the denitrification rate [17,23]. Consequently, tillage in the croplands increased soil aeration and promoted soil organic N mineralization, thus inducing N2O pulse emissions that did not occur in the forestland and accounted for approximately 52% of the annual cumulative N2O flux during the experimental period (Figure 4).



Tillage with fertilization significantly increased the cumulative soil N2O emissions by 94% and 235% compared to tillage without fertilization in this study (Table 3). In another subtropical region of China, a previous study found that soil N2O emissions were 405% higher on average in a conventional fertilizer treatment than in a tillage alone treatment after land use conversion [11]. In the current study, tillage with fertilization induced much higher N2O pulse emissions, mainly due to the rapid increases in soil NH4+ and NO3− concentrations after mineral N fertilizer application to the croplands (Figure 3a,b). The high NH4+ and NO3− concentrations following fertilization directly provide sufficient substrates for nitrification and denitrification and thus significantly stimulate soil N2O emissions [8,11,20,23]. This phenomenon has been reported in many previous studies on different croplands [5,10,43]. On average, pulse N2O emissions following fertilization accounted for 67% of the annual cumulative N2O fluxes (Figure 4). Previous study reported that N2O emission pulses following N fertilization contributed to approximately 70% of the annual cumulative N2O fluxes from croplands in the same study area [17].



In the newly converted cropland, 37% and 63% of the increased soil N2O emissions could be attributed to tillage and fertilization, respectively, while in the long-term cropland, the corresponding rates were 16% and 84%. This result indicates that fertilization had a much greater effect on increasing soil N2O emissions than tillage after forestland conversion to cropland in the Sichuan Basin, and the effect tended to be larger several years after conversion. Long-term repeated tillage significantly reduced soil structural stability and decreased organic matter (Table 1 and Table 2), resulting in a lower rate of soil organic N mineralization [18,19,20,22]. Long-term mineral N fertilization stimulated the activity and abundance of soil ammonia-oxidizing bacteria in the study area [8], which could promote nitrification and subsequent denitrification [23].



The stepwise regression analysis results indicated that soil WFPS and temperature could explain 82% of the variations in N2O fluxes from forestland (Table 4). Soil temperature and moisture are important factors that influence soil N2O emissions by affecting microbial activities [8,23,44]. The low soil moisture and temperature during the winter wheat season (Figure 2) generally inhibited microbial activities, resulting in low N2O emissions [3,11]. However, the stepwise regression analysis showed that soil N2O emissions from the croplands were mainly influenced by soil NO3− and NH4+ availability and WFPS, which explained 78–90% of the variations in N2O fluxes (Table 4). This result implies that after the conversion of forestland to cropland, the primary factors regulating soil N2O emissions were soil NO3− and NH4+ availability. In the present study, we found the N2O emissions significantly correlated to soil NH4+ and NO3− concentrations in the croplands (Figure 5f,h). The mean soil NH4+ and NO3− concentrations in the tillage with fertilization treatments were 7.7 and 3.7 times greater, on average, than those in the tillage without fertilization treatments. Therefore, after the conversion of forestland to cropland, fertilization only increased soil N2O emissions to a greater degree than tillage, which was mainly attributed to the higher soil inorganic N levels caused by fertilization.



Additionally, the soil DOC concentration significantly decreased after the conversion of forestland to cropland (Figure 3c). The lower level of soil DOC with higher N2O fluxes in the croplands compared to the forestland indicated the negative relationship between soil DOC concentration and N2O fluxes induced by land use conversion (Figure 5j). Several studies have shown that soil DOC is an important factor influencing N2O emissions [9,11,17,44]. The substantial soil DOC availability in the forestland may favor complete denitrification and thus decrease N2O fluxes [17]. Following land use conversion, the decrease in soil DOC concentration could enhance incomplete denitrification, thereby increasing N2O fluxes [44]. In the short-term after conversion, the combination of soil DOC and NH4+ availability and soil WFPS explained 74% of the variation in N2O fluxes from the tillage and fertilization treatment (Table 4).



Applying crop residues with a high C/N ratio (such as maize) combined with synthetic N fertilizer could be an optimal strategy for mitigating N2O emissions in the study area [28,29]. Moreover, in recent years, researchers have developed many new technological approaches to maintain the sustainable development of the agricultural ecosystem. For example, a new Biogeosystem Technique methodology reported by Kalinitchenko et al. [45,46] could improve soil aggregate structure, promote soil organic matter synthesis and reservation, and thus likely reduce greenhouse gas production. Therefore, after the conversion of forestland to cropland in the Sichuan Basin, to guarantee the sustainable food supply and ecosystem development, we also recommend application of mineral fertilizer and crop residues (such as maize), or the adoption of advanced management technologies as potential measures for conserving N in destroyed forest and mitigating N2O emissions in the transformed croplands.





5. Conclusions


This study found that the annual cumulative N2O flux was 0.21 kg N ha−1 yr−1 in the forestland, which significantly increased by 76–491% after land use conversion of forestland to cropland in the Sichuan Basin. In the short-term and long-term croplands, fertilization contributed 63% and 84%, while tillage contributed 37% and 16% to the increased soil N2O emissions, respectively. Fertilization exhibited a much greater effect on increasing soil N2O emissions than tillage after the conversion of forestland to cropland, and the effect tended to be stronger several years after conversion. After forestland conversion to cropland, the soil N2O emissions were mainly regulated by soil NO3− and NH4+ availability. The direct land use conversion without any scientific management practices significantly influenced soil properties and thus stimulated N2O emissions. Tillage disturbed soil structure, decreased bulk density and increased soil aeration in the croplands, thus enhancing soil organic N mineralization, while the application of mineral N fertilizer directly led to rapid increases in soil NH4+ and NO3−concentrations. Tillage and fertilization induced increases in the inorganic N concentration to different extents, which thus resulted in different magnitudes of N2O fluxes. This study primarily suggests limiting the conversion of forestland to cropland in the Sichuan Basin as much as possible. Moreover, we recommend intensifying the shift from grain to green on the premise of ensuring the supply of grain production, and also recommend the adoption of technological approaches to mitigate N2O emissions in both the destroyed forest and transformed croplands for the sustainable development of the ecosystem.
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Figure 1. Air temperature and precipitation from November 2016 to October 2017. 
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Figure 2. Temporal variations in soil temperature (a) and WFPS (b) at 5 cm depth. Abbreviations: WFPS, water-filled pore space; CK, control forestland; NC-TF and NC-T, newly converted cropland under tillage with and without fertilization, respectively; LC-TF and LC-T, long-term cropland under tillage with and without fertilization, respectively. 
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Figure 3. Temporal variations in soil NH4+ (a), NO3− (b) and DOC (c) concentrations. Vertical bars represent standard errors. Abbreviations: CK, control forestland; NC-TF and NC-T, newly converted cropland under tillage with and without fertilization, respectively; LC-TF and LC-T, long-term cropland under tillage with and without fertilization, respectively. 
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Figure 4. Temporal variations in soil N2O emissions (a) and cumulative N2O fluxes (b). Vertical bars represent standard errors. Abbreviations: CK, control forestland; NC-TF and NC-T, newly converted cropland under tillage with and without fertilization, respectively; LC-TF and LC-T, long-term cropland under tillage with and without fertilization, respectively. 
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Figure 5. The correlations between soil N2O emissions and soil temperature (a,b), soil WFPS (c,d), soil NH4+ (e,f), NO3− (g,h) and DOC (i,j) concentrations for forestland (n = 87) and cropland (n = 348). 
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Table 1. Topsoil properties (mean ± SE) determined after maize harvest.
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	Soil Properties
	CK
	NC-T
	NC-TF
	LC-T
	LC-TF





	pH
	8.16 ± 0.04 a
	8.13 ± 0.01 a
	8.14 ± 0.02 a
	8.11 ± 0.04 a
	8.16 ± 0.02 a



	SOC (g kg−1)
	22.20 ± 0.42 a
	14.83 ± 0.24 b
	14.54 ± 0.37 b
	7.85 ± 0.23 c
	7.72 ± 0.27 c



	TN (g kg−1)
	1.62 ± 0.03 a
	1.32 ± 0.03 b
	1.29 ± 0.01 b
	0.83 ± 0.02 c
	0.79 ± 0.02 c



	C/N ratio
	13.70 ± 0.04 a
	11.22 ± 0.22 b
	11.30 ± 0.21 b
	9.51 ± 0.37 c
	9.72 ± 0.20 c



	BD (g cm−3)
	1.34 ± 0.01 a
	1.16 ± 0.01 c
	1.16 ± 0.01 c
	1.24 ± 0.03 b
	1.20 ± 0.01 b



	Clay (%)
	18.7 ± 0.3 b
	19.4 ± 0.2 b
	19.4 ± 0.2 b
	20.9 ± 0.3 a
	21.4 ± 0.2 a



	Silt (%)
	39.5 ± 0.5 b
	40.4 ± 0.6 b
	40.5 ± 0.8 b
	42.0 ± 0.3 a
	42.5 ± 0.3 a



	Sand (%)
	41.8 ± 0.2 a
	40.2 ± 0.4 a
	40.1 ± 0.8 a
	37.1 ± 0.2 b
	36.2 ± 0.2 b







BD, bulk density; CK, control forestland; NC-TF and NC-T, newly converted cropland under tillage with and without fertilization, respectively; LC-TF and LC-T, long-term cropland under tillage with and without fertilization, respectively. a, b, c A different letter in the same row indicates a significant difference among different treatments (p < 0.05).













[image: Table] 





Table 2. Aggregate size distribution and mean weight diameter (MWD) (mean ± SE) determined after maize harvest.
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Treatment

	
Aggregate Size Distribution (%)

	
MWD (mm)




	
2–8mm

	
0.25–2 mm

	
0.053–0.25 mm

	
<0.053 mm






	
CK

	
52.77 ± 0.43 a

	
36.39 ± 0.16 b

	
6.83 ± 0.32 c

	
4.01 ± 0.29 c

	
3.06 ± 0.02 a




	
NC-T

	
27.93 ± 0.36 b

	
42.44 ± 0.59 a

	
16.50 ± 0.53 b

	
13.13 ± 0.27 b

	
1.90 ± 0.01 b




	
NC-TF

	
26.78 ± 0.41 b

	
42.78 ± 0.34 a

	
16.57 ± 0.78 b

	
13.87 ± 0.40 b

	
1.85 ± 0.02 b




	
LC-T

	
6.26 ± 0.14 c

	
14.59 ± 0.16 c

	
34.49 ± 0.30 a

	
44.65 ± 0.21 a

	
0.54 ± 0.01 c




	
LC-TF

	
7.09 ± 0.09 c

	
17.09 ± 0.29 c

	
33.86 ± 0.11 a

	
41.96 ± 0.24 a

	
0.61 ± 0.01 c








CK, control forestland; NC-TF and NC-T, newly converted cropland under tillage with and without fertilization, respectively; LC-TF and LC-T, long-term cropland under tillage with and without fertilization, respectively. a, b, c A different letter in the same column indicates a significant difference among different treatments (p < 0.05).
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Table 3. Cumulative N2O emissions, grain yield, and yield-scaled N2O emissions (mean ± SE).
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Treatment

	
Cumulative N2O Emissions (kg N ha−1)

	
Grain Yield (Mg ha−1)

	
Yield-Scaled N2O Emission (kg N Mg−1 Grain)




	
Wheat Season

	
Maize Season

	
Whole Year






	
CK

	
0.08 ± 0.001 d

	
0.13 ± 0.003 e

	
0.21 ± 0.004 e

	

	




	
NC-T

	
0.15 ± 0.001 c

	
0.33 ± 0.003 c

	
0.48 ± 0.004 c

	
1.45 ± 0.08 d

	
0.33 ± 0.02 a




	
NC-TF

	
0.25 ± 0.013 b

	
0.67 ± 0.005 b

	
0.92 ± 0.010 b

	
4.09 ± 0.32 b

	
0.23 ± 0.01 b




	
LC-T

	
0.10 ± 0.001 cd

	
0.27 ± 0.003 d

	
0.38 ± 0.004 d

	
2.40 ± 0.17 c

	
0.16 ± 0.01 d




	
LC-TF

	
0.49 ± 0.007 a

	
0.85 ± 0.006 a

	
1.26 ± 0.007 a

	
6.72 ± 0.44 a

	
0.19 ± 0.01 c








CK, control forestland; NC-TF and NC-T, newly converted cropland under tillage with and without fertilization, respectively; LC-TF and LC-T, long-term cropland under tillage with and without fertilization, respectively. a, b, c d, e A different letter in the same column indicates a significant difference among different treatments (p < 0.05).
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Table 4. Stepwise multiple linear regressions between the soil N2O emissions and environmental factors.
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Treatment

	
Parameter

	
Coefficient

	
p-Value

	
Adjust R2

	
p-Value






	
CK

	
Intercept

	
0.00003

	
0.999

	

	




	
WFPS

	
0.49

	
<0.001

	

	




	
ST

	
0.47

	
<0.001

	
0.82

	
<0.001




	
NC-T

	
Intercept

	
0.0001

	
1.000

	

	




	
NO3−

	
0.38

	
<0.001

	

	




	
NH4+

	
0.45

	
<0.001

	

	




	
WFPS

	
0.27

	
<0.005

	
0.79

	
<0.001




	
NC-TF

	
Intercept

	
−0.000004

	
1.000

	

	




	
DOC

	
−0.38

	
<0.001

	

	




	
NH4+

	
0.44

	
<0.001

	

	




	
WFPS

	
0.28

	
<0.001

	
0.74

	
<0.001




	
LC-T

	
Intercept

	
−0.00005

	
0.999

	

	




	
NO3−

	
0.35

	
<0.01

	

	




	
NH4+

	
0.36

	
<0.001

	

	




	
WFPS

	
0.42

	
<0.001

	
0.90

	
<0.001




	
LC-TF

	
Intercept

	
−0.0004

	
0.994

	

	




	
NH4+

	
0.63

	
<0.001

	

	




	
WFPS

	
0.4

	
<0.001

	

	




	
NO3−

	
0.16

	
<0.001

	
0.79

	
<0.001








ST, soil temperature; CK, control forestland; NC-TF and NC-T, newly converted cropland under tillage with and without fertilization, respectively; LC-TF and LC-T, long-term cropland under tillage with and without fertilization, respectively. Due to the original data not normally distributed, all the data sets were normalized before analysis.
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