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Nitrogen (N) is frequently a limiting element for primary productivity in karst ecosystems due to its low availability. N mineralization drives N availability and is important for improving N use efficiency in soils. While the use of biochar in agricultural and forest ecosystems has attracted great attention recently, little has been reported on the seasonal dynamics of soil N transformation in karst and its response to biochar application. Therefore, we conducted a pot experiment over 1 year using two types of biochar (rice husk biochar and wood biochar) as soil amendments. The results demonstrated that in the karst mountain region, the soil had the highest content of mineral N (19.41 mg/kg) during summer and the lowest content of mineral nitrogen (3.74 mg/kg) during winter. There was a significant positive correlation (p < 0.01) between soil mineral N content and temperature, and between soil temperature and urease activity. Thus, the higher temperatures during summer enhance soil urease activity, making it easier for soil N mineralization to occur, and increasing soil mineral N content. The soil mineral N content of the CK treatment was 2.61–209.42% higher than the other treatments, indicating that the biochar application reduced the soil mineral N content, which was supported by the negative net N mineralization. This may be due to biochar facilitating the adsorption and immobilization of nitrogen. The soil mineral N content of rice husk biochar was significantly higher than that of woody biochar by 109.55%, indicating that woody biochar would adsorb more N or more readily stimulate N immobilization than rice husk biochar. Furthermore, soil N immobilization (negative net N mineralization) after biochar application varied according to the season. The higher temperatures during summer promoted soil N immobilization more with biochar application. These results are crucial to understanding soil N transformation in karst mountains and guiding effective soil management.

KEYWORDS
karst mountains, biochar, calcareous soil, soil N transformation, seasonal dynamics


1. Introduction

Karst is a distinct type of topography, widely present across the globe, occupying approximately 12% of the land surface excluding the Antarctica, Greenland, and Iceland (Ford and Williams, 2007). Among them, southwest china boasts the largest and most extensive karst region, covering roughly 5.4 million square kilometers (Yuan et al., 1994). Soil characteristics in this area are uniquely defined by high soil exposure and alkali calcareous nature (Su and Li, 2003; Wan et al., 2009; Chen et al., 2010). Nitrogen (N) plays a critical role in primary productivity in karst ecosystems as soil N exiguity limits it (Niinemets and Kull, 2005). Simultaneously, huge N reserves can be stabilized in karst soils by binding to calcium minerals (Clarholm and Skyllberg, 2013). Conversely, highly developed epikarst systems exacerbate the loss of newly solubilized N (Zhang et al., 2011).

The availability of a large fraction of organic N in soil for plants is conditional on its mineralization to mineral N (Ashton et al., 2010). Soil N mineralization plays a significant role in regulating soil N availability and ecosystem productivity (Keuper et al., 2017). However, mineralization releases reactive N, such as NH3, NH4+-N, and NO3–-N, which jeopardizes soil N losses, making it a vital focus of research (Galloway et al., 2008). Recently, the application of biochar in farmland and forest ecosystems has attracted widespread attention (Song et al., 2014; Pereira et al., 2015; Franco et al., 2022), and is considered a feasible solution for reducing soil N loss and improving N use efficiency (Lehmann et al., 2011; Liu et al., 2019). The application of biochar significantly changed soil physicochemical properties that, in turn, affects soil N dynamics (Song et al., 2014). Fatima et al. (2021) observed a reduction in mineral N in soil solely treated with maize cob-biochar. Hale et al. (2013) also reported similar results. Bargmann et al. (2014) found that the biochar application reduced soil mineral N, and the degree of its reduction varied depending on the feedstock. The mechanisms underlying the effect of biochar application on soil mineral N include chemisorption (rich in functional groups), physical adsorption (larger surface area), and biological factors (altered soil microbial activity) (Joseph et al., 2010; Nguyen et al., 2017). Several studies indicate that soil N mineralization responds differently to various biochar feedstock resulting from differences in biochar functional groups (Harvey et al., 2012) and surface area (Bargmann et al., 2014). However, reports on the consequences of biochar feedstock on soil mineral N pool and N mineralization in karst areas remain scarce in the literature.

Several studies have shown a seasonal succession theory of soil N transformation (Schmidt et al., 2007; Zhang et al., 2008; Kaiser et al., 2011; Hou et al., 2020). This theory proposes that during autumn and winter soil inorganic N is immobilized through microbial uptake and is subsequently released through mineralization during spring and summer. Kaiser et al. (2011) investigated this theory by monitoring soil N dynamics over 2 years in a temperate forest and identified two phases of soil N dynamics, namely the N mineralization phase in summer and the N immobilization phase in winter. Wang et al. (2010) examined the seasonal fluctuations of soil N mineralization in subtropical forests in China and identified soil moisture as a crucial factor driving this process. These findings suggest that soil N transformation is strongly influenced by season, and it remains unclear if the effects of biochar application on soil N mineralization differ during different successional stages.

Here, we conducted a 1 year pot experiment using calcareous soil sourced from typical karst areas in china as the substrates. Two types of biochar, rice husk biochar and woody biochar, were used as additive materials. Our objectives were 2-fold: (1) to examine the seasonal succession pattern of soil N transformation in karst regions and identify key environmental factors that driving the succession, (2) to evaluate the impact of the biochar feedstock and application rate on soil N transformation across different seasons.



2. Materials and methods


2.1. Biochar and soil

The biochar used in the experiments was obtained from Beierfu Biotechnology Co. Ltd., Anhui, China. It was derived from rice husk (R) and forest logging residues (W) through pyrolysis at a temperature of 500°C for 40 min. The soil used in the research was collected from the top 20 cm soil layer of a slope in Puding County, Guizhou province, China (E 105°32’50”, N 26°27’36”). This region exhibits a typical karst topography and has a humid monsoon climate characteristic of northern subtropics, with an annual mean temperature, relative humidity, and rainfall of 15.1°C, 79%, and 1396.9 mm, respectively. The soil has been classed as a sandy loam calcareous soil (Rendolls) (Ditzler, 2017). Table 1 presents the primary properties of both the biochar and the soil.


TABLE 1    The basic physico-chemical properties of biochar and soil.
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2.2. Experimental design

The biochar used in the pot experiment included woody biochar and rice husk biochar, and three application rates (4, 8, and 12%) were set for each biochar. In addition, the pot without biochar was used as a control treatment (CK), for a total of seven treatments. Each treatment was replicated three times, resulting a total of 21 pots. The soil was screened through a 2 mm sieve and then added to a plastic pot (height of 24 cm and inside diameter of 30 cm), with 10 kg of soil per pot. Prior to being poured into the pots, the biochar was thoroughly mixed with the soil. All pots are randomly placed in the nursery of Xiashu Forest Farm at Nanjing Forestry University in Zhenjiang, China. One annual acacia (Robinia pseudoacacia. L) seedling, with a height of approximately 1 m (±0.1) and a DBH (diameter at breast height) of 1 cm (±0.1), was planted in each pot. All seedlings were propagated asexually from the roots of the same plant. Regular watering, and disease and pest management were supported during the pot trial.

The experiment commenced in March of 2021, and soil samples were collected from the pots on a monthly basis between September 2021 and August 2022. We collected three soil subsamples from each pot through a soil drill and combined them into one sample. Thereafter, the soil samples obtained were divided into two portions, one for determination of soil water content and the other for evaluation of urease activity and mineral N content.



2.3. Measurement of soil indicators

Soil temperature (ST) was determined using a portable thermometer and soil water content (SWC) was assessed by the change in moisture before and after drying at 105°C. NH4+-N and NO3–-N were extracted from the soil with 2 M KCl solution and analyzed using a UV spectrophotometer (Shimadzu UVmini-1240, Agilent Technologies, Kyoto, Japan). Additionally, soil urease activity (SUA) was determined using indophenol blue colorimetry following the method described by Hu et al. (2014).



2.4. Data analysis

The net ammonification (NA), net nitrification (NN), and net nitrogen mineralization (NNM) of soil was calculated as follows (Fatima et al., 2021):
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Where, NH4+-N[Biochar] and NH4+-N[Control] represent the soil NH4+-N content (mg/kg) with and without biochar application, respectively. NO3–-N[Biochar] and NO3–-N[Control] represent the soil NO3–-N content (mg/kg) with and without biochar application, respectively. Mineral N[Biochar] and Mineral N[Control] represent the soil mineral N content (mg/kg) with and without biochar application, respectively.

Negative NNM was considered as N immobilization or N retention.

Repeated measures ANOVA was used to verify the effects of biochar application on ST, SWC, SUA, NH4+-N, NO3–-N, mineral nitrogen, NA, NN, and NNM. A post-hoc test (LSD method) was performed to compare the mean values of different treatments. Furthermore, Pearson’s correlation coefficients were computed to investigate the relationships between soil properties (i.e., ST, SWC, and SUA) and mineral N content (i.e., NH4+-N and NO3–-N) as well as net N transformation (i.e., NA, NN, and NNM). Lastly, multiple regression analysis was used to determine the relative explanatory power of soil properties on the seasonal dynamics of the inorganic N pool and N transformation. All statistical analyses were done using SPSS v20.0 (IBM, Armonk, NY, USA), and data were visualized using GraphPad Prism v9.0 (GraphPad Software, San Diego, CA, USA).




3. Results


3.1. Effect on soil temperature, moisture, and urease activity

The study examined the temporal dynamics of soil temperature, water content, and urease activity during the experiment, as presented in Figure 1. The effects of different treatments on these variables were evaluated using statistical tests. Results indicated that soil temperature, water content, and urease activity were significantly influenced by time (p < 0.001). Specifically, soil temperature, water content, and urease activity decreased steadily from autumn to winter and then increased gradually from winter to summer. The values of soil temperature, water content, and urease activity were 5.47°C, 19.03%, and 92.38 μg/g/d, respectively, in winter, and 28.82°C, 28.55%, and 187.09 μg/g/d in summer. No significant differences in soil temperature were observed between treatments (p > 0.05) (Figure 2A), indicating that biochar application did not affect soil temperature. Conversely, soil water content varied significantly across treatments (p < 0.01). The rice husk biochar treatment showed the highest soil water content (28.64%), while the CK and woody biochar treatments had 13.66 and 26.38%, respectively (Figure 2B). These results suggest that changes in soil water content after biochar application were influenced by the feedstock. However, there were no major differences in soil urease activity observed between the treatments (Figure 2C), suggesting that biochar application may not have a significant impact on soil urease activity.
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FIGURE 1
Soil temperature (A), water content (B), and urease activity (C) at different treatments (Biochar) and at different months (Time). The F- and p-values in the figure are based on repeated measure variance analysis. In the legend, CK is not applying biochar. R4, R8, and R12 were applied rice husk biochar with 4, 8 and 12% concentrations, respectively. W4, W8, and W12 were applied woody biochar with 4, 8, and 12% concentrations, respectively.
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FIGURE 2
Marginal estimated means for soil temperature (A), water content (B), and urease activity (C) were based on repeated measure variance analysis. Different lowercase letters indicated significant differences between treatments (p < 0.05). SUA, soil urease activity.




3.2. Effects on soil inorganic N pools

The soil NH4+-N and NO3–-N contents in different treatments and seasons are displayed in Figure 3. The soil NH4+-N content were highest in the summer season, reaching 3.3 mg/kg, while the content decreased in the other seasons. On the other hand, soil NO3–-N content decreased continuously from autumn to winter but gradually increased from winter to summer. In the winter and summer seasons, soil NO3–-N content values were 2.35 and 16.11 mg/kg, respectively. The soil NH4+-N content of the CK group was significantly higher than that of the other treatment groups (Figure 4A). This implies that the biochar application effectively reduced the soil NH4+-N content, which might be attributed to NH4+-N adsorption by biochar. Although there was no significant difference in NH4+-N content among different feedstock, there was a significant difference among different application amounts. Conversely, the soil NO3–-N content was significantly higher in the CK treatment than in the other treatments (except R8), indicating that the biochar application reduced the soil NO3–-N content, with a varying degree of reduction due to different feedstock. Woody biochar may have a stronger adsorption effect on NO3–-N than rice husk biochar, as indicated by the soil NO3–-N content of rice husk biochar being 159.4% lower than that of woody biochar at 9.34 mg/kg (Figure 4B). The pattern of soil mineral N content in response to the season and treatment was consistent with that of soil NO3–-N.
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FIGURE 3
Soil NH4+-N (A), NO3–-N (B), and mineral N (C) at different treatments (Biochar) and at different months (Time). The F- and p-values in the figure are based on repeated measure variance analysis. In the legend, CK is not applying biochar. R4, R8, and R12 were applied rice husk biochar with 4, 8 and 12% concentrations, respectively. W4, W8, and W12 were applied woody biochar with 4, 8, and 12% concentrations, respectively.
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FIGURE 4
Marginal estimated means for soil NH4+-N (A), NO3–-N (B), and mineral N (C) were based on repeated measure variance analysis. Different lowercase letters indicated significant differences between treatments (p < 0.05).




3.3. Effect on soil net N mineralization (NNM)

We observed that soil net ammonification, net nitrification, and NNM were negative after adding biochar to the soil (Figure 5). This indicates that the application of biochar reduced the soil mineral N content, and N immobilization was the main process controlling soil N transformation. Soil net ammonification, net nitrification, and NNM exhibited seasonal variation with an increase from autumn to winter followed by a gradual decrease from winter to summer. During the summer, soil net ammonification (–1.57 mg/kg), net nitrification (–9.19 mg/kg), and NNM (–10.76 mg/kg) were at their lowest levels, indicating that biochar application in summer could improve soil N immobilization. Additionally, woody biochar had a more effective immobilization (or absorption) effect on soil mineral N compared to rice husk biochar, as evidenced by the soil NNM values of –8.23 and –2.38 mg/kg, respectively (Figure 6).
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FIGURE 5
Soil net ammonification (A), net nitrification (B), and net nitrogen mineralization (C) at different treatments (Biochar) and at different months (Time). NA, net ammonification; NN, net nitrification; NNM, net nitrogen mineralization. The F- and p-values in the figure are based on repeated measure variance analysis. In the legend, R4, R8, and R12 were applied rice husk biochar with 4, 8, and 12% concentrations, respectively. W4, W8, and W12 were applied woody biochar with 4, 8, and 12% concentrations, respectively.
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FIGURE 6
Marginal estimated means for soil net ammonification (A), net nitrification (B), and net nitrogen mineralization (C) were based on repeated measure variance analysis. NA, net ammonification; NN, net nitrification; NNM, net nitrogen mineralization. Different lowercase letters indicated significant differences between treatments (p < 0.05).




3.4. The relationship between soil properties and soil mineral N content, and NNM

Table 2 reveals a significant positive correlation (p < 0.01) between soil mineral N content and the levels of both soil temperature and water content, suggesting that moisture and temperature are intricately linked to soil mineral N content. The correlation can be explained by the fact that temperature and moisture directly impact the activity of microorganisms responsible for N transformation. The results of multiple regression analysis displayed that only soil temperature and urease activity had significant linear relationships with the soil mineral N content (Table 3). Thus, temperature plays a crucial role in the seasonal variability of soil mineral N pools. Referring to Table 4, it is evident that soil NNM negatively correlated with soil temperature and urease activity while no significant correlation was observed with soil water content. Table 5 demonstrates that multiple regression analysis revealed a considerable negative linear relationship (p < 0.01) between soil NNM and both temperature and urease activity, with a relatively smaller standardized coefficient for temperature than for urease activity. Findings suggest that temperature is a critical driver of the seasonal dynamics of soil N immobilization after biochar application.


TABLE 2    Coefficient (r) and p-value of pearson’s correlation between soil inorganic N content (NH4+-N, NO3–-N and mineral N) and soil temperature, water content and soil urease activity (SUA).
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TABLE 3    Multiple linear regression analysis of soil NH4+-N, NO3–-N, and mineral N using soil temperature (ST), soil water content (SWC), and soil urease activity (SUA) as independent variables.
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TABLE 4    Coefficient (r) and p-value of Pearson’s correlation of soil net ammonification (NA), net nitrification (NN), and net nitrogen mineralization (NNM) with soil temperature, water content, and urease activity.
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TABLE 5    Multiple linear regression analysis of oil net ammonification (NA), net nitrification (NN), and net nitrogen mineralization (NNM) using soil temperature (ST), soil water content (SWC), and soil urease activity (SUA) as independent variables.

[image: Table 5]




4. Discussion


4.1. Seasonal dynamics of soil N transformations in karstic mountains

The season has a significant impact on soil N transformation in karst by altering the inorganic N pool. Specifically, the soil mineral N content decreases significantly from autumn to winter, with the lowest concentration occurring during winter. During this period, N immobilization is the main process that regulates soil N transformation, which supports earlier findings (Schmidt et al., 2007; Kaiser et al., 2011) that demonstrate plant growth and N uptake cease gradually in autumn and winter, while soil N transformation displays an N immobilization pattern. Kaiser et al. (2010) suggest that in autumn and winter, plants return some nutrients to the soil from litter decomposition. At this time, microbial immobilization of mineral N is critical for soil N transformation, since it minimizes soil N losses due to leaching or volatilization, and most of the immobilized N will be available for plant uptake through mineralization in the subsequent spring (Lipson et al., 1999). Conversely, soil mineral N content increases significantly from spring to summer, reaching the highest amount during summer when N mineralization dominates soil N transformation. During this period, which is the growing season for plants, strong net N mineralization and low microbial N uptake characterize soil N transformation, facilitating increased soil N activity and addressing the high N demand required for rapid plant growth (Zhu and Carreiro, 2004; Zhang et al., 2008).

Soil N transformation exhibits seasonal dynamics that are typically attributed to temperature and moisture availability regulation (Piccolo et al., 1994; Smith et al., 1998). Pérez et al. (2004) reported that low temperatures and humidity levels reduced soil NNM as well as net nitrification. Similarly, Yan et al. (2009) revealed that the seasonal dynamics of soil NNM and net nitrification in subtropical forests were consistent with the seasonal changes in soil temperature and moisture. Their study demonstrated that soil temperature, water content, and urease activity were all significantly and positively correlated with soil mineral N content, while temperature had the most substantial impact. This agrees with prior findings (Dalias et al., 2002; Yan et al., 2008) that temperature plays a pivotal role in regulating seasonal dynamics of soil N transformation, as soil temperature directly impacts soil microbial activity (Nicolardot et al., 2001; Schimel et al., 2004). Additionally, soil urease activity is a crucial factor that influences soil mineral N content (Cui et al., 2022). Cong and Eriksen (2018) proposed that urease is directly implicated in the conversion of organic N to mineral N, making it a pivotal participant in soil N mineralization. During summer, higher temperatures boosted urease activity, which led to increased soil mineralization and higher soil mineral N content.



4.2. Effect of biochar on soil N transformation in karstic mountains

The biochar application was found to decrease soil mineral N content by 2.6–209.41%, compared to CK (Figure 4C), consistent with the findings of Fatima et al. (2021) who also observed a negative response of soil mineral N content to biochar addition alone. This suggests that soil N availability is reduced by biochar application, leading to two main effects: (1) decreased soil mineral N leaching and (2) reduced soil mineral N uptake by plants. Nguyen et al. (2017) integrated analyzed 56 publications and found an overall 10% reduction in soil mineral N content in biochar-treated soils compared to those treated with CK due to the adsorption and immobilization of soil mineral N by biochar. Biochar has a large surface area and various functional groups that facilitate the adsorption of mineral nitrogen (Saleh et al., 2012; Clough et al., 2013; Lehmann and Joseph, 2015; Zhang et al., 2020; He et al., 2022) and promote the immobilization of soil nitrogen (Ducey et al., 2013). Microorganisms primarily drive soil N immobilization, leading to inefficient mineral N uptake by plants (Hart et al., 1994). Factors that influence the soil N immobilization include biochar feedstock and biochar C/N.

The influence of biochar application on the sorption or immobilization of soil mineral nitrogen was more significantly determined by feedstock than application rate. Woody biochar exhibited a higher sorption or immobilization capacity for inorganic N than rice husk biochar. Grass biochar, according to Harvey et al. (2012), demonstrated a higher sorption capacity than woody biochar due to higher concentrations of functional groups. However, Nguyen et al. (2017) observed that woody biochar was less effective in reducing soil mineral N than other types of biochar, which contradicts our results and may be attributed to differences in soil type and environmental conditions (Clough et al., 2013). Biochar’s sorption capacity is shown to be positively correlated with its internal surface area (Zhang et al., 2012), so woody biochar, with a larger surface area, has a greater physical sorption capacity than rice husk biochar. Another plausible explanation could be that woody biochar readily activates N immobilization rather than N mineralization compared to rice husk biochar (Lehmann et al., 2006). Soil N was immobilized after woody biochar application at all application rates, whereas in soils where 4 and 12% rice husk biochar were applied, suggesting that rice husk biochar application may encourage soil N mineralization.

The biochar application can either stimulate soil N mineralization (Singh et al., 2012; Naisse et al., 2015) or N immobilization (Zavalloni et al., 2011; Tsai and Chang, 2020; Fatima et al., 2021). Chan and Xu (2012) proposed that the C/N ratio of biochar determines whether soil N mineralization or N immobilization will occur after its application. Kuzyakov et al. (2000) posited that a threshold C/N ratio exists between 20 and 32, and a ratio exceeding this threshold results in N immobilization, while a ratio below the limit causes N mineralization. In this study, rice husk biochar had a C/N ratio of 31.28, while woody biochar had a ratio of 37.97. Consequently, the use of rice husk biochar stimulated both soil N immobilization and N mineralization, whereas the regulation of woody biochar only stimulated soil N immobilization, which agrees with previous studies (Lehmann et al., 2006) reporting that woody biochar primarily encourages soil N immobilization. Furthermore, rice husk biochar may stimulate soil N mineralization more than woody biochar due to lower C/N and more unstable organic compounds, which determine the rate of soil organic matter mineralization (Singh et al., 2012). Of note, the response of soil NNM (net N mineralization) varied following the use of woody biochar and rice husk biochar (Figure 5C), indicating that the effect of biochar on soil N transformation is complex, influenced by a combination of factors, such as N chemisorption, N physisorption, N immobilization, and N mineralization.

The immobilization of soil nitrogen by biochar is affected by seasonal variations. Specifically, N immobilization was weaker in spring and winter, and stronger in autumn and summer. This pattern is similar to the seasonal dynamics of urease activity, suggesting that the interplay between biochar properties and environmental factors influences the effect of biochar on soil N transformation (Nguyen et al., 2017). In summer, when compared to winter, higher temperatures, greater microbial activity, and increased soil N mineralization and availability (Kaiser et al., 2011) may be more conducive to the adsorption and immobilization of soil mineral N by biochar. The effects of biochar on soil N transformation include biological mechanisms (Zimmerman et al., 2011; Bruun et al., 2012; Ulyett et al., 2014), physical mechanisms (Bargmann et al., 2014), and chemical mechanisms (Lehmann and Joseph, 2015), which may be limited by environmental conditions (such as temperature, humidity), particularly in diverse regions. Therefore, we suggest that future studies should report basic environmental information to improve comparability across studies.




5. Conclusion

The results demonstrate that the soil mineral nitrogen (N) content in karst mountains reaches its peak during summer due to the strong soil NNM, while the lowest content is observed in winter because of the microbial uptake. Moreover, soil temperature is significantly and positively related to soil mineral N levels and acts as a crucial driver of seasonal fluctuations in soil mineral N pools. Specifically, higher temperatures in summer promote soil urease activity, benefiting soil mineralization and elevating the soil mineral N content. After the biochar application, the soil mineral N content decreases due to it was adsorbed and immobilized by biochar, which is in line with the negative NNM. The feedstock exerts a greater influence on soil mineral N than the application rate. Woody biochar has a stronger adsorption capacity for soil mineral N compared to rice husk biochar, and it more readily stimulates soil N immobilization rather than mineralization. Furthermore, the effect of biochar on soil NNM varies depending on the season. In the summer, higher temperatures enhance soil N immobilization with biochar applications. To conclude, soil mineral N pool alteration by biochar is intricate and is the product of a combination of influencing mechanisms, including chemisorption, physisorption, N mineralization, and N immobilization.
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