

  forests-14-01178




forests-14-01178







Forests 2023, 14(6), 1178; doi:10.3390/f14061178




Article



Post-Fire Evolution of Soil Nitrogen in a Dahurian Larch (Larix gmelinii) Forest, Northeast China



Jiaqi Wang, Yun Zhang *, Jia Kang and Xiaoyang Cui





Key Laboratory of Sustainable Forest Ecosystem Management-Ministry of Education, College of Forestry, Northeast Forestry University, 26 Hexing Road, Harbin 150040, China









*



Correspondence: rowena@nefu.edu.cn







Academic Editor: Gary Sheridan



Received: 11 May 2023 / Revised: 31 May 2023 / Accepted: 5 June 2023 / Published: 7 June 2023



Abstract

:

This study investigates the evolution of soil nitrogen (N) contents and forms along a 17-year wildfire chronosequence in the Daxing’an Mountains. Surface soil and subsoil samples were collected during different recovery periods after wildfires. Then, the mineral N (i.e., NH4+-N and NO3−-N) and amino acid-N (AAN) contents in the soil extracts were measured and used to calculate the different ratios as indicators of the N forms. The results showed that the NH4+-N, NO3−-N, and AAN contents increased immediately after the wildfire. With vegetation restoration, the NH4+-N and NO3−-N contents became similar to those of unburned forests nine years and two months after the wildfire, respectively. The AAN content was mostly recovered one year post-fire. The wildfire did not lead to substantial changes in the mineral N form, but the ratio significantly increased and recovered after nine years. The soil available N form was altered by wildfires. After the wildfire, the dominant available N form changed from equivalent AAN and mineral N to a predominance of AAN in the growing season, and the predominance of AAN decreased to varying degrees in the non-growing season. With the recovery of the white birch and Dahurian larch, AAN again became the dominant N form, but the predominance of AAN was low before the freeze-up. Our study demonstrates that wildfires directly affect the soil N contents and forms, and such effects could be diminished by the restoration of the soil environment and vegetation over time.
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1. Introduction


Nitrogen (N) is an essential nutrient for plants and an important limiting factor for forest productivity [1,2,3,4]. Mineral N, as an available N source, has been commonly studied in the field of plant nutrition [5,6]; however, an increasing number of studies have confirmed the utilization of organic N sources by plants over the past 30 years [7,8,9,10,11,12]. Notably, in natural ecosystems such as arctic tundra [13,14,15], alpine communities [16,17,18], and boreal forests [19,20], plants rely heavily on organic N forms (dominated by amino acids).



N is sensitive to fire. It begins to volatilize at 200 °C, and more than half of the N in organic matter is lost once the temperature exceeds 500 °C [21]. The soil N pool and availability are largely determined by the fire severity [22,23,24,25], fire frequency [26,27,28], fire type [29,30], and recovery time [31,32]. Previous studies have explored the changes that occur in the soil NH4+-N and NO3−-N contents in response to wildfire and have confirmed that wildfires induce short-term increases in the mineral N content, which subsequently returns to its pre-fire level over a period of years to decades. In boreal coniferous forests, the soil NH4+-N content increases significantly 1–5 years after a wildfire and returns to (or becomes even lower than) its pre-fire level approximately 10 years post-fire [33,34,35,36]. Moreover, the soil NO3−-N content initiates a temporary pulse and peaks approximately 1 year after a wildfire; after approximately 10 years, the NO3−-N content remains higher than the pre-fire level and returns to or becomes lower than its pre-fire level only after approximately 25 years [35,37,38,39,40]. The preference of plants to take up different chemical forms of N exists at the species level, and the changes in soil N forms that occur following wildfires are closely linked to the restoration of vegetation [41]. While the literature has confirmed the change regulations of the soil mineral N content in wildfire chronosequences, little attention has been given to assessing the changes in soil mineral N forms (i.e., the NH4+-N/NO3−-N ratio).



Recently, research advances in soil organic N sources have accelerated. In arctic tundra [13], alpine communities [16], boreal coniferous forests [19,20], and Taiga forests [42], because low temperatures limit the mineralization of organic N, the soil amino acid-N (AAN) concentration often exceeds that of mineral N, and it has been established that plants preferentially absorb AAN over mineral N [9,14,15,17]. Scarce studies have explored the effects of wildfires on soil AAN. A few studies have focused on scrub and grassland ecosystems, but no general conclusions have been drawn [43,44,45,46]. In those studies, the soil AAN in semiarid shrublands decreased by 16.67%–23.16% after a fire [45], increased by 9.3%–20.3% in savanna and subtropical humid shrub ecosystems after a fire [44,46], and was negatively correlated with the burn severity in temperate Mediterranean shrub soils [43]. Moreover, this case was also observed in burned forests. After a wildfire, Leduc and Rothstein found that the AAN content in a jack pine forest decreased gradually 4–10 years after the burn, increased rapidly 15–22 years later, and was highest 46 years later [47]. Lopez-Martin et al. found that the content of soil-extractable amino acids 7 years after a wildfire was nearly 1.4 times greater than that in an unburned forest in southern Spain [48]. At this point, the evolution of the soil AAN content in a wildfire chronosequence still needs to be supported by further research, and the form of soil available N (i.e., the AAN/mineral N ratio) based on AAN availability is a knowledge gap.



The Daxing’an Mountains are the highest-latitude region in northeast China; in this area, the forests are frequently affected by wildfires. Dahurian larch (Larix gmelinii) is the predominant tree species in this region, and previous studies have confirmed its ability to efficiently absorb and utilize NH4+-N, NO3−-N, and AAN, among which the latter is the most important N form for this species [19,49]. In the Daxing’an Mountains, the soil mineral N content increased immediately after wildfires and then gradually decreased as the vegetation recovered [23,35,36,38,40]; however, the form of mineral N, the AAN content, and the form of available N have not yet been quantified. After wildfires, we currently know little about what changes occur in the contents and forms of N, such as AAN, what kind of evolution regulation occurs during the vegetation restoration process, and how these mechanisms affect vegetation restoration at different stages. Therefore, the topic of interest addressed in this research was how the soil N contents evolved along a 17-year wildfire chronosequence in a Dahurian larch forest. Furthermore, we intended to obtain further insight into the evolutionary regulation of soil N forms along this chronosequence.




2. Materials and Methods


2.1. Study Site


This research was conducted at the Huzhong Forestry Bureau, located in the Da Xing’an Mountains, northeast China (51°14′–52°25′ N, 122°39′–124°21′ E). The study area has a cold temperate continental monsoonal climate characterized by long, cold winters and short, hot summers. The mean annual temperature is −4.3 °C, and the absolute maximum temperature is 32 °C, while the absolute minimum temperature is −52 °C. The mean annual precipitation is 497.7 mm. The vegetation at this site is composed mainly of Dahurian larch (Larix gmelinii) forests. The understories are dominated by Ledum palustre, Vaccinium vitis-idaea, Carex sp., and Vicia Bungei. The soil type is Gleyic Umbri-Gelic Cambosols and Albic Umbri-Gelic Cambosols (CST: Cooperative Research Group on Chinese Soil Taxonomy, 2001), with pH values ranging from 4.5 to 5.0. The hydrolyzed N content in this area is approximately 147.19 mg/kg, while the total N content is about 5.61 g/kg.



In this study, we investigated an unburned plot and four plots representing different recovery stages to simulate a wildfire chronosequence. These plots were distributed to ensure that their topography, soil types, and pre-wildfire dominant tree species (Dahurian larch) were similar, thus ensuring comparability. The specific vegetation restoration process is shown in Table 1.




2.2. Soil Sampling and Analyses


The method of space-for-time substitution was adopted. The design consisted of three 30 × 30 m plots each of burned and unburned forest areas, and soil cores were collected by using a 5-cm-diameter hand-held sampler in each plot in June (just after the soil thaw), August (in the middle of the growing season), and October (just before the soil freeze-up) of 2017. In this study, we set two sampling depths, including the surface soil (from depths of 0 to 5 cm) and subsoil (from depths of 5 to 10 cm). Notably, due to the extremely thin soil layer in the sample plot, no subsoil samples were collected in the wildfire year. All soil samples were air-dried at 55 °C and passed through a 2 mm sieve prior to the chemical analyses.



Soil NH4+-N, NO3−-N, and AAN were extracted with 1 mol L−1 KCl and stored at −20 °C before analysis. The soil NH4+-N and NO3−-N concentrations were analyzed with a continuous flow analyzer (AA3, SEAL analytical, Germany) [50]. The AAN concentration was analyzed through the ninhydrin colorimetric method, and the optical absorbance (570 nm) of the samples was compared with a standard curve using leucine [51].




2.3. Statistical Analysis


Statistical processing was performed with SPSS 22.0 and Microsoft Excel 2010. One-way analysis of variance (ANOVA) was used to test the differences in the NH4+-N, NO3−-N, and AAN contents and N forms. The least significant difference method (LSD) was used for multiple comparison analysis to compare the differences among means (p < 0.05). The figures were prepared using GraphPad Prism 8.0.





3. Results


3.1. Evolution of the Soil N Contents in the Wildfire Chronosequence


3.1.1. Soil NH4+-N Content


In the wildfire chronosequence, the soil NH4+-N content increased significantly in the same month of burning (June of the burning year) and subsequently declined gradually; the value was not significantly different from those observed in the unburned plots 9 years after the wildfire (Figure 1).



In the wildfire year, the NH4+-N content in the surface soil was significantly higher in the burned plots than in the unburned plots. In June, the NH4+-N contents in the burned plots were approximately 17 times higher than those in the unburned plots (p < 0.05). The NH4+-N content was 74.7% lower in August than in June (p < 0.05), and no further content changes were observed in October.



One year after burning, the soil NH4+-N contents were lower than those measured in the wildfire year but were still significantly higher than those in the unburned plots (except in October). In June, one year after burning, the NH4+-N content in the surface soil was still significantly lower (by 59.9%) than that measured in October of the burning year (p < 0.05). In August and October, this value had not changed significantly compared to June, but the NH4+-N content did not differ significantly from those in the unburned plots in October. This case was also observed in the subsoil. In June, the soil NH4+-N contents in the burned plots were significantly higher than those in the unburned plots (p < 0.05).



Nine years after burning, the NH4+-N contents in the surface soil did not differ significantly from those in the unburned plots and were not significantly different among June, August, and October. Unlike in the surface soil, the subsoil content was still significantly higher in the burned plots than in the unburned plots in June (p < 0.05).



Compared to the values measured nine years after burning, no further changes in the NH4+-N content in the surface soil were observed in the burned plots seventeen years after burning. Notably, in October, the content in surface soil was 1.5 times higher than in August, and the NH4+-N content in the subsoil was still significantly higher than that in the unburned plots (p < 0.05).




3.1.2. Soil NO3−-N Content


In the wildfire chronosequence, the soil NO3−-N content increased significantly in the same month as the wildfire; however, it was not significantly different from that in the unburned plots from two months to seventeen years after the wildfire (Figure 2).



In the same month as the wildfire, the NO3−-N content in the surface soil increased approximately twice as much as that in the unburned plots (p < 0.05). Then, it significantly decreased, after which it was not significantly different from that in the unburned plots in August or October.



At various time points thereafter, the NO3−-N content, whether in the surface soil or subsoil, did not differ significantly from that in the unburned plots.




3.1.3. Soil AAN Content


In the wildfire chronosequence, the soil AAN content increased significantly in the same month as the wildfire and then gradually decreased; this content was not significantly different from that in the unburned plots from one year to seventeen years after the wildfire (except in October, when it was lower than that in the unburned plots) (Figure 3).



In the same year as the wildfire, the AAN content in the surface soil increased significantly. In June, it increased sharply from 108.83 mg·kg−1 to 676.31 mg·kg−1 (p < 0.05). In August, the AAN content was 49.0% lower than that in June (p < 0.05), and no further changes were observed in October.



In June, one year after the wildfire, the AAN content in the surface soil was significantly reduced by 73.9% compared to that measured in October of the wildfire year (p < 0.05). At this time, no differences were observed between the unburned and burned plots. In August and October, the AAN content had not changed significantly compared with June. Notably, in October, the AAN content was significantly lower in the burned plots than in the unburned plots (p < 0.05). Furthermore, no significant difference was observed in the AAN content in the subsoil between the burned plots and unburned plots, and no significant differences were noted between June, August, and October.



Nine years after burning, the AAN contents in both the surface soil and subsoil of the burned plots did not differ significantly from those in the unburned plots in June and August. The contents exhibited seasonal fluctuations, and the lowest contents in the surface soil and subsoil appeared in October and August, respectively (p < 0.05). Notably, in the surface soil, the contents were significantly lower (by 85.1%) in the burned plots than in the unburned plots in October (p < 0.05).



Seventeen years after the wildfire, the AAN content in the surface soil was still significantly lower in the burned plots than in the unburned plots in October (p < 0.05). Moreover, it was 264.3%, significantly higher than in August (p < 0.05). Furthermore, the AAN content in the subsoil did not differ significantly between the burned and unburned plots, and no seasonal fluctuations were observed.





3.2. Evolution of Soil N Forms in the Wildfire Chronosequence


3.2.1. Form of Soil Mineral N


NH4+-N was the dominant mineral N form in the unburned plots. It was also the dominant N form in the burned plots after the wildfire. However, the NH4+-N/NO3−-N ratio immediately increased after the wildfire and decreased with seasonal fluctuations; it did not differ significantly from that in the unburned plots nine years after the wildfire (Figure 4).



In the same year as the wildfire, the NH4+-N/NO3−-N ratio in the surface soil of the burned plots was significantly higher than that in the unburned plots. In particular, the ratio increased sharply from 9/1 to 77/1 in June (p < 0.05). Then, it rapidly declined to 24/1 by August and to 12/1 by October (p < 0.05).



One year after burning, the NH4+-N/NO3−-N ratio in the growing season was still higher in the burned plots than in the unburned plots. In June, the NH4+-N/NO3−-N ratio in the surface soil did not change significantly compared to October in the wildfire year. In August, this ratio increased by 56.9% compared to June, but this difference was not significant; then, in October, it dropped by 72.8% compared to August (p < 0.05). For the subsoil, the NH4+-N/NO3−-N ratio did not differ significantly between the burned and unburned plots, and there were no significant differences between June, August, and October.



Nine years and seventeen years after burning, the NH4+-N/NO3−-N ratio, regardless of whether in the surface soil or subsoil, was not significantly different between the burned and unburned plots (except in the subsoil seventeen years after burning in October). In addition, there were no significant differences between June, August, and October.




3.2.2. Form of Soil-Available N


The form of available N in unburned plots showed seasonal fluctuations. The dominant form in June and October was AAN, but that in August was equal between AAN and mineral N. Severe wildfires drove significant changes in the available N form, and these changes were reflected by changes in the AAN/mineral N ratio (Figure 5).



In the same year as the wildfire, AAN was the dominant available N form at each sampled time point. The AAN/mineral N ratio in the surface soil decreased significantly to 5/1 in June (p < 0.05), then increased to 9/1 by August and decreased to 6/1 by October. Notably, the seasonal fluctuation pattern of the N form at this time was entirely different from that of the unburned plots.



One year after burning, the seasonal fluctuation pattern was similar to that in the unburned plots, and AAN was still the dominant available N form, but the AAN/mineral N ratio continued to decrease compared to that in the year of the wildfire. In June, August, and October, the AAN/mineral N ratios in the surface soil were 4/1, 2/1, and 5/1, respectively. For the subsoil, the dominant available N form was not significantly different from that in the surface soil.



Nine years and seventeen years after burning, regardless of whether in the surface soil or subsoil, the dominant available N form in burned plots was consistent with those in the unburned plots (i.e., the AAN/mineral N ratio was lowest in August). However, the AAN/mineral N ratios of both layers in October were still significantly lower in the burned plots than in the unburned plots (p < 0.05).






4. Discussion


4.1. Effect of Wildfire on the Evolution of the Soil Available N Content


4.1.1. Effect of Wildfire on the Evolution of the Soil NH4+-N Content


Our results show that a pulse in the NH4+-N content was observed in the same month as the wildfire; moreover, nine years after the wildfire was a time point of balance for post-fire forest recovery (Figure 1). The reason for the change in NH4+-N content in the wildfire chronosequence is very complicated (Table 2), which has its own emphasis at different time points.



In the same month as the wildfire, the soil NH4+-N content in the burned plots was approximately 17 times higher than that in unburned plots; this observed difference was significantly higher than that noticed in previous studies in Dahurian larch forest [35,36,38]. Unlike other studies conducted several months after the wildfire, we conducted continuous observations beginning three days after burning, and it is nearly certain that the NH4+-N content reached its maximum three days after the wildfire. The pulse in the NH4+-N content observed at this time was the result of the deposition of nutrient-rich ash from vegetation and litter [33,52]. In August, the significant decline in soil NH4+-N content can be attributed to soil erosion resulting from concentrated rainfall. Because wildfires can destroy the structure of the surface soil [53,54], the soil porosity significantly decreases following a wildfire [55], resulting in a significant increase in the surface runoff rate [56,57,58]. In October, the soil NH4+-N content had not changed further, suggesting that the NH4+-N inputs and outputs were in equilibrium [36,59].



The soil NH4+-N content decreased one year after the wildfire but was still significantly higher (2.1–3.8 times) than that in unburned plots. Our results are consistent with previous studies performed on Dahurian larch forests, which showed that the soil NH4+-N content increased 1.4–4.7 times one year after the wildfire [35,36]. The above results indicate that the effect of the wildfire on the soil NH4+-N content gradually diminished. No seasonal fluctuations in the NH4+-N content were observed; this may have been related to the fact that the vegetation, including nitrogen-fixing plants, had not recovered during this period.



Nine years after burning, the effect of the wildfire on the soil NH4+-N had diminished. At this time, ash leaching, biological organic matter mineralization, and soil erosion were no longer the main mechanisms responsible for the changes in the soil NH4+-N content. Young white birch trees were widely distributed in the recovery plots, and soil microorganisms were further restored [36]. The soil NH4+-N contents were not significantly different between June, August, and October, indicating that the NH4+-N inputs and outputs were in equilibrium.



Seventeen years after the wildfire, the soil NH4+-N content was relatively stable compared to nine years after burning. However, the soil NH4+-N content showed obvious seasonal fluctuation at this time. This fluctuation may have been related to the preferential absorption of NH4+-N by young Dahurian larch trees in the restoration plots during this period [19,49]. Therefore, the content decreased significantly during the growing season.




4.1.2. Effect of Wildfire on the Evolution of the Soil NO3−-N Content


This study shows that the soil NO3−-N content initiated a temporary pulse after the wildfire. This could be attributable to the deposition of nutrient-rich ash. In August, a high pH value may have promoted the establishment of autotrophic nitrifiers [60], and the higher NH4+-N substrate availability and temperature may have improved nitrification [57]. However, the NO3−-N content obviously decreased due to the amount of leaching exceeding the amount of nitrification based on our data, and the NO3−-N content in this wildfire chronosequence did not differ significantly from that in unburned plots since that time (Figure 2). The factors controlling the change in NO3−-N content in different periods are summarized in Table 2.



We contend that the effect of the wildfire on the soil NO3−-N did not disappear. Hu et al. found that the NO3−-N content in a burned Dahurian larch forest was lower than that in the unburned plots 29 years after the wildfire [40]. Although we found that the NO3−-N content did not differ significantly between the burned and unburned plots 2 months after burning, its mean in the wildfire chronosequence continued to decline during the non-growing season (except at the sampling point nine years after the wildfire). Hence, we cannot rule out the possibility that this content will continue to decrease at longer time scales. Similar to previous studies, we also found that the NO3−-N content increased in early winter [61,62,63], suggesting that some natural conditions (temperature, humidity, litter, etc.) were beneficial for NO3−-N accumulation in winter.




4.1.3. Effect of Wildfire on the Evolution of the Soil AAN Content


Leduc and Rothstein [47] found that the soil AAN content in jack pine forests fluctuated along a 55-year wildfire chronosequence, first decreasing gradually 4–10 years after burning and then increasing. Our findings support this conclusion that the AAN content decreased gradually during the ten years after burning, and we further identified a law of immediate changes after the wildfire (Figure 3). The factors controlling the change in AAN content in wildfire chronosequence are summarized in Table 2.



In the same month as the wildfire, the soil AAN content in the burned plots increased significantly due to the decomposition of a large number of nitrogenous organic compounds produced by the burning of aboveground plants [64]. In August, the soil AAN content dropped sharply by 49.0%, influenced by various factors, such as the elevated pH value [65], AAN mineralization [66,67,68], AAN leaching, and soil erosion. In October, the soil protease activity and AAN mineralization were limited by low temperatures [69], and AAN leaching was almost stagnated by reduced rainfall. The inputs and outputs of AAN showed no further changes.



One year after the wildfire, the vegetation conditions in the burned plots were not further restored compared to the same year as the wildfire, and the AAN content was further reduced. At this time, the soil AAN had almost no direct input from the decomposition of fresh litter, and the output to plants was basically stagnant. Climate factors, such as temperature and rainfall, drove changes in the soil AAN content during this period [66].



Nine years after the wildfire, young white birch trees were widely distributed in the restoration plots, and their litter was easily decomposed by soil microorganisms. The relatively high soil AAN contents measured in June may have been derived from the increased decomposition of nitrogenous organic compounds under repeated freeze–thaw cycles [70]. In August and October, the AAN content gradually decreased due to plant absorption and low-temperature inhibition, respectively [19,69].



Seventeen years after the wildfire, the forest was dominated by young Dahurian larch trees. In October, the soil AAN content was still significantly lower in the burned plots than in the unburned plots. This suggests that the effect of the wildfire on the soil AAN content had not disappeared at this point post-fire.





4.2. Effect of Wildfire on the Evolution of Soil N Forms


4.2.1. Effect of Wildfire on the Evolution of the Soil Mineral N Form


The soil mineral N form in the Dahurian larch forest did not change substantially after the wildfire. However, the NH4+-N/NO3−-N ratio increased immediately after burning and then decreased as vegetation restoration progressed (Figure 4).



The change in the NH4+-N/NO3−-N ratio in the wildfire chronosequence was driven mainly by the change in the soil NH4+-N content, except in October in the year of the wildfire (Figure 1). This reduced ratio was also related to the relatively high NO3−-N content in October (Figure 2). This may have been caused by the increase in the NO3−-N content often lagging behind that of the NH4+-N content [40].




4.2.2. Effect of Wildfire on the Evolution of the Soil Available N Form


Dahurian larch uses AAN and mineral N as the available N sources, especially AAN (e.g., N in the form of glycine and glutamic) [19,49]. We found that the dominant available N form changed from equivalent AAN and mineral N to a predominance of AAN in the growing season after the wildfire, and the predominance of AAN decreased to varying degrees in the non-growing season (Figure 5).



In the same year as the wildfire, the AAN and mineral N contents both first increased and then decreased, and whether they were increasing or decreasing, the mineral N change was greater than the AAN change (Figure 1 and Figure 3). Changes in the available N forms were driven mainly by NH4+-N.



One year after burning, decomposable plant-derived organic matter was absent in the burned plots. Both the AAN and mineral N contents had decreased, with the former decreasing slightly more than the latter (Figure 1 and Figure 3). Thus, the predominance of AAN continued to decrease.



Thereafter, the mineral N and AAN contents in the burned plots did not differ significantly from those in the unburned plots (except in October), and the seasonal fluctuation patterns of the available N form were also consistent. This result was probably related to vegetation restoration. Previous studies have confirmed that white birch and Dahurian larch mainly absorb AAN [19,49]. Our research confirmed that the predominance of AAN in these plots decreased obviously during the growing season. However, we found that the AAN/mineral N ratio in the burned plots still did not match that of the unburned plots.






5. Conclusions


The present study sheds light on the dynamic changes that occurred in the soil N contents and forms associated with retrogressive vegetation succession and season along a 17-year wildfire chronosequence in a Dahurian larch forest in northeast China. We found that both the mineral N and AAN contents exhibited pulsed increases after the wildfire, with NH4+-N (which accounted for more than 85% of the mineral N) taking a much longer time to recover than AAN. However, the seasonal AAN fluctuations were found to be more sensitive to fire disturbances than other N forms. Moreover, the N content of the subsoil was almost unaffected by the wildfire. Our results also showed that the wildfire did not alter the mineral N form; that is, NH4+-N was always the dominant form in the chronosequence. However, the NH4+-N/NO3−-N ratio increased immediately after the wildfire. Furthermore, the soil available N form in the growing season was altered by wildfires and changed from an equivalent balance between AAN and mineral N to a predominance of AAN. This result was related not only to wildfire disturbance-driven changes in the soil N contents but also to retrogressive vegetation succession. This conclusion further supports the view that soil AAN is the predominant N source in cold temperate coniferous forests in the Daxing’an Mountains. After a wildfire, there are significant changes in wild plants, animals, and soil properties, which can last for decades or even centuries. All wildfires should be avoided as much as possible to maintain the stability of forest ecosystems.
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Figure 1. Dynamic changes in soil NH4+-N content were observed in the wildfire chronosequence. (A) June, (B) August, and (C) October. The results are presented here as means (±standard error). Different capital letters indicate significant difference (p < 0.05) in the wildfire chronosequence, and different small letters indicate significant difference (p < 0.05) in different months. 






Figure 1. Dynamic changes in soil NH4+-N content were observed in the wildfire chronosequence. (A) June, (B) August, and (C) October. The results are presented here as means (±standard error). Different capital letters indicate significant difference (p < 0.05) in the wildfire chronosequence, and different small letters indicate significant difference (p < 0.05) in different months.
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Figure 2. Dynamic changes in soil NO3−-N content were observed in the wildfire chronosequence. (A) June, (B) August, and (C) October. The results are presented here as means (±standard error). Different capital letters indicate significant difference (p < 0.05) in the wildfire chronosequence, and different small letters indicate significant difference (p < 0.05) in different months. 
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Figure 3. Dynamic changes in soil AAN content were observed in the wildfire chronosequence. (A) June, (B) August, and (C) October. The results are presented here as means (±standard error). Different capital letters indicate significant difference (p < 0.05) in the wildfire chronosequence, and different small letters indicate significant difference (p < 0.05) in different months. 
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Figure 4. Dynamic changes in the soil mineral N form in the wildfire chronosequence. (A) surface soil, (B) subsoil. The results are presented here as means (±standard error). Different capital letters indicate significant difference (p < 0.05) in the wildfire chronosequence, and different small letters indicate significant difference (p < 0.05) in different months. 
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Figure 5. Dynamic changes in the soil available N form in the wildfire chronosequence. (A) surface soil, (B) subsoil. The results are presented here as means (±standard error). Different capital letters indicate significant difference (p < 0.05) in the wildfire chronosequence, and different small letters indicate significant difference (p < 0.05) in different months. 
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Table 1. Characteristic of sampling plots.






Table 1. Characteristic of sampling plots.





	Fire Time
	Fire Area (ha)
	Cause of Fire
	Canopy Density (%)
	Mortality (%)
	Community Structure
	Soil Type (CST)





	Unburned
	——
	——
	70
	0
	Tree Larix gmelinii, Betula platyphylla

Shrub Ledum palustre, Rhododendron dauricum

Herb Deyeuxia angustifolia
	Gleyic Umbri-Gelic Cambosols



	2017
	5.1
	Lightning fire
	10
	>82
	The plot is mainly scarred trunks or their remnants
	Gleyic Umbri-Gelic Cambosols



	2016
	40.0
	Lightning fire
	10
	>83
	The plot is mainly scarred trunks or their remnants
	Gleyic Umbri-Gelic Cambosols



	2008
	473.5
	Human-caused fire
	40
	>90
	Tree Populus davidiana, Betula platyphylla

Shrub Ledum palustre, Betula fruticosa var. ovalifolia Rhododendron dauricum

Herb Deyeuxia angustifolia
	Gleyic Umbri-Gelic Cambosols



	2000
	2400.0
	Lightning fire
	50
	>90
	Tree Larix gmelinii, Betula platyphylla

Shrub Ledum palustre Rhododendron dauricum

Herb Deyeuxia angustifolia
	Gleyic Umbri-Gelic Cambosols







CST, Chinese Soil Taxonomy.
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Table 2. Summary of the factors influencing or controlling the change in soil N contents in the wildfire chronosequence.
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Wildfire Chronosequence

	
Sampling Time a

	
Factors Affect Soil N Change b




	
Increasing Factors

	
Turnover Factors

	
Decreasing Factors

	
R. Error




	
Deposition

	
Deco. DC

	
Deco. R

	
Input VR

	
Rele. RC

	
Ammonification

	
Nitration

	
Combustion

	
Erosion

	
Leach L

	
Absorption






	
NH4+-N




	
The same year of burning

	
June: +*,/

	
√ c

	

	

	

	

	
√+

	
√−

	
√

	

	

	

	
√




	
August: +*, −*

	
√

	

	

	

	

	
√+

	
√−

	
√

	
√

	
√

	

	
√




	
October: +*, +

	
√

	

	

	

	

	
√+

	
√−

	
√

	
√

	
√

	

	
√




	
One year after burning

	
June: +*, −*

	
√

	

	

	

	
√

	
√+

	
√−

	
√

	
√

	
√

	

	
√




	
August: +*, +

	
√

	

	

	

	

	
√+

	
√−

	
√

	
√

	
√

	

	
√




	
October: +*,−

	
√

	

	

	

	

	
√+

	
√−

	
√

	
√

	
√

	

	
√




	
Nine years after burning

	
June: +, −

	
√

	

	

	
√

	
√

	
√+

	
√−

	
√

	

	
√

	
√

	
√




	
August: −, −

	
√

	

	

	
√

	

	
√+

	
√−

	
√

	

	
√

	
√

	
√




	
October: +, +

	
√

	

	

	
√

	

	
√+

	
√−

	
√

	

	
√

	

	
√




	
Seventeen years after burning

	
June: +, −

	
√

	

	

	
√

	
√

	
√+

	
√−

	
√

	

	
√

	
√

	
√




	
August: −, −

	
√

	

	

	
√

	

	
√+

	
√−

	
√

	

	
√

	
√

	
√




	
October: +, +

	
√

	

	

	
√

	

	
√+

	
√−

	
√

	

	
√

	

	
√




	
NO3−-N




	
The same year of burning

	
June: +*,/

	
√

	

	

	

	

	

	
√+

	
√

	

	

	

	
√




	
August: −, −

	
√

	

	

	

	

	

	
√+

	
√

	
√

	
√

	

	
√




	
October: +, +

	
√

	

	

	

	

	

	
√+

	
√

	
√

	
√

	

	
√




	
One year after burning

	
June: +, −

	
√

	

	

	

	
√

	

	
√+

	
√

	
√

	
√

	

	
√




	
August: −, −

	
√

	

	

	

	

	

	
√+

	
√

	
√

	
√

	

	
√




	
October: −,+

	
√

	

	

	

	

	

	
√+

	
√

	
√

	
√

	

	
√




	
Nine years after burning

	
June: +, −

	
√

	

	

	
√

	
√

	

	
√+

	
√

	

	
√

	
√

	
√




	
August: −, +

	
√

	

	

	
√

	

	

	
√+

	
√

	

	
√

	
√

	
√




	
October: −, −

	
√

	

	

	
√

	

	

	
√+

	
√

	

	
√

	

	
√




	
Seventeen years after burning

	
June: −, no

	
√

	

	

	
√

	
√

	

	
√+

	
√

	

	
√

	
√

	
√




	
August: −, +

	
√

	

	

	
√

	

	

	
√+

	
√

	

	
√

	
√

	
√




	
October: −, +

	
√

	

	

	
√

	

	

	
√+

	
√

	

	
√

	

	
√




	
AAN




	
The same year of burning

	
June: +*,/

	
√

	

	

	

	

	
√−

	
√−

	
√

	

	

	

	
√




	
August: +*, −*

	
√

	
√

	
√

	

	

	
√−

	
√−

	
√

	
√

	
√

	

	
√




	
October: +*, −

	
√

	
√

	
√

	

	

	
√−

	
√−

	
√

	
√

	
√

	

	
√




	
One year after burning

	
June: −, −*

	
√

	
√

	
√

	

	
√

	
√−

	
√−

	
√

	
√

	
√

	

	
√




	
August: +, +

	
√

	
√

	
√

	

	

	
√−

	
√−

	
√

	
√

	
√

	

	
√




	
October: −*, −

	
√

	
√

	
√

	

	

	
√−

	
√−

	
√

	
√

	
√

	

	
√




	
Nine years after burning

	
June: −, +

	
√

	
√

	
√

	
√

	
√

	
√−

	
√−

	
√

	

	
√

	
√

	
√




	
August: −,−

	
√

	
√

	
√

	
√

	

	
√−

	
√−

	
√

	

	
√

	
√

	
√




	
October: −*, −

	
√

	
√

	
√

	
√

	

	
√−

	
√−

	
√

	

	
√

	

	
√




	
Seventeen years after burning

	
June: +, +

	
√

	
√

	
√

	
√

	
√

	
√−

	
√−

	
√

	

	
√

	
√

	
√




	
August: +, −

	
√

	
√

	
√

	
√

	

	
√−

	
√−

	
√

	

	
√

	
√

	
√




	
October: −*, +

	
√

	
√

	
√

	
√

	

	
√−

	
√−

	
√

	

	
√

	

	
√








a The symbols +*, −*, +, −, and no mean significant increase, significant decrease, insignificant increase, insignificant decrease, and no detectable change, respectively. The first symbol compared to unburned plots, and the last symbol compared to the previous sampling time, all of which were estimated according to Figure 1, Figure 2 and Figure 3. b Deposition: deposition or accumulation of nutrient-rich ash or AAN from burnt vegetation, litter, and/or organic soil; Deco. DC: decomposition of fire-derived aboveground plant debris and carbonized particles incorporated into the soil; Deco. R: decomposition of fire-derived dead roots; Input VR: input of nitrogenous compounds by vegetation recovery; Rele. RC: release nitrogen from damaged plant roots and microbial cells by seasonal freeze–thaw cycle; Combustion: direct losses via combustion and/or high-temperature volatilization; Erosion: soil erosion loss; Leach L: leaching loss; Absorption: absorption of available N by vegetation and microorganisms; Ammonification: AAN ammonification; Nitration: NH4+-N nitration; and R. Error: random error. c Within a row, √ represents influencing factor, and √+ and √– represent increasing and decreasing factors in the turnover factor, respectively. Boldface indicates the most likely controlling or dominant factor. Notably, most influence factors were practically observed in the field, except those for freeze–thaw release, turnover, and leaching loss, which were just inferences drawn from environmental changes in the site. For a given factor within a raw, whether it is a controlling/dominant one or not, was also a qualitative estimation, and further investigations are required to quantify the effect of each factor.
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