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Nitrogen addition enhances nitrogen but not carbon mineralization in aggregate size fractions of soils in a Pinus massonia plantation
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Introduction: Atmospheric nitrogen (N) deposition can impact the levels of soil organic carbon (SOC) and total nitrogen (total N) by altering the soil N availability. However, the effect of N input on the mineralization of SOC and total N in various soil aggregate size fractions requires further clarification.

Methods: The soil samples were collected from a Pinus massoniana plantation situated in the Three Gorges Reservoir Area of China. Over a period of three years, the soils from the plantation were subjected to four different levels of nitrogen addition (0 [N0], 30 [N30], 60 [N60], and 90 [N90] kg N ha−1 yr−1). The impact of N addition on the mineralization of SOC and total N in aggregates was evaluated through an incubation experiment, encompassing four aggregate sizes (2000 − 8000, 1000 − 2000, 250 − 1000, and < 250 μm).

Results: The < 250 μm fraction showed the highest levels of cumulative C mineralization, while the lowest levels were observed in the 2000 − 8000 μm fraction. Compared to the < 250 um fraction, a drop of 9 − 21% in cumulative C mineralization was observed in the 2000 − 8000 μm fraction, indicating that soil aggregates enhance the stability of C in the soil. Cumulative N mineralization levels were consistently at their lowest in the 2000 − 8000 μm fraction, indicating aggregates reducing mineralization-related N loss. Adding N to forest soil samples led to a reduction in cumulative C mineralization. In contrast, an opposite trend was observed in the cumulative N mineralization after adding N in microaggregates. Nitrification was the main contributor to net N mineralization. SOC and total levels increased in response to N30 and N60. N addition leads to an increase in the weight ratio of the 1000 − 2000 μm fraction. Moreover, N90 was linked to decreases in microbial biomass C and N.

Discussion: These findings confirm that the structural characteristics of soil aggregates play a crucial role in sequestering organic carbon and total N sequestration in the presence of N deposition, while highlighting N loss from the soil caused by N input.
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1 Introduction

In subtropical forest ecosystems, stability and primary productivity of the ecosystem are constrained by the effectiveness of nitrogen (N, Du et al., 2021), Over the past century, there has been an approximately tenfold increase in N input into these ecosystems by atmospheric deposition, significant augmenting N level in the soil (Galloway et al., 2004; Peñuelas et al., 2012). The process of N mineralization plays a crucial role in breaking down soil organic N into inorganic N, thereby critically regulating the N balance within forest ecosystems (Kaarakka et al., 2016). Atmospheric N deposition can modify soil organic N mineralization rates through its effect on inorganic N stocks (Baldos et al., 2015), and it can also impact overall N mineralization by impacting stoichiometric ratios (Gao et al., 2020). Studies have shown that artificial external N deposition leads to an initial increase in net N mineralization, but this effect diminishes over time (Baldos et al., 2015). While, some studies have found no impact of N deposition on forest soil N mineralization (Blaško et al., 2013; Chen et al., 2024). In the same time, other reports indicate that N addition may actually inhibit soil N mineralization (Gao et al., 2016). This is related to the amount of N deposition and ecosystem type. Therefore, considering local soil conditions and variations in N deposition levels is crucial when forecasting the impact of regional N deposition on forest soil N dynamics.

Terrestrial soil serves as the primary source and sink of carbon (C) pool on Earth, representing approximately 5–15% of total global annual C emissions sourced from soil C pool (Post et al., 1982; Lal, 2004). Consequently, even slight fluctuations in this soil C pool can exert a significant influence on the global C balance, thereby contributing to climate change on a worldwide scale (Ahirwal et al., 2022). Elevated levels of N input have the potential to impact the stability of soil organic C (SOC), in terrestrial ecosystems due to the interconnection between N and C (Mehnaz et al., 2018; Jing et al., 2021). Forest soils sustain a diverse array of ongoing biochemical and physiological processes (Bossio et al., 2020), and even minor fluctuations in C sinks within forest soil can have significant repercussions at the soil C pool level (Gao et al., 2020). Similar to N mineralization, C mineralization is a crucial process within the global C cycle (Wang and Zhong, 2016), highlighting the necessity for additional research into the impacts of atmospheric N deposition on soil C pool dynamics. Consequently, an increasing number of recent studies have investigated the correlation between soil N balance and C mineralization. Generally, it is believed that the rate of SOC mineralization decreases with higher N input (Wang et al., 2014), although these findings are not universally applicable. Some studies have indicated no significant relationship between N deposition and SOC mineralization (Prescott, 1995), while others have suggested a positive correlation between these processes (Huang et al., 2011). The underlying mechanisms for these observations require further clarification.

The physical structure of soil aggregates is a primary determinant of soil organic carbon (SOC) stability (García-Oliva et al., 2004; Tobiašová et al., 2016). It is conventionally believed that aggregates possess varying levels of porosity, which can influence the microbial population in the soil (Carolin et al., 2016; Wei et al., 2020). Consequently, this results in different rates of C and N mineralization due to the particle sizes of these aggregates. For example, microaggregates exhibit significantly lower rates of organic matter mineralization compared to macroaggregates due to reduced adsorption of organic matter particles and limited contact of microorganisms and extracellular enzymes with organic matter, caused by spatial constraints and a smaller specific surface area (Carolin et al., 2016). However, some studies on natural variations in 13C abundance and organic matter turnover time have indicated that the average turnover time for organic matter in aggregates with particle sizes >250 μm is approximately 15–50 years, while in aggregates with particles <250 μm, the turnover time is approximately 100–300 years (Besnard et al., 1996; John et al., 2005). The dense coordination bonds and interaction bridges in the microaggregates fraction that contribute to enhancing the stability of the organic matter within these aggregates (Cai et al., 2016). Consequently, the organic matter of microaggregates is classified as inert or neutral, whereas that in macroaggregates is considered reactive due to weaker bonding (Jha et al., 2012; Cao et al., 2021). Additionally, it has been suggested that fresh organic matter will enter the macroaggregates first and will also be mineralized first (Bucka et al., 2019). Despite these findings, the overall relationship between aggregate physical structure and C and N mineralization remains uncertain. Moreover, N addition exerts a significant impact on the mineralization of organic matter within soil aggregates; however, there is no uniform consensus in this area. For instance, Zhang and Shangguan (2022) demonstrated that N addition elevated the organic C levels and C mineralization rate in small marcoaggregates, while no such effect was observed in microaggregates. Similarly, Liao et al. (2021) observed that N addition increased the rate of N mineralization in macroaggregates, but did not cause any significant change in microaggregates. Conversely, Tao and Song (2014) pointed out that nitrogen deposition notably inhibited carbon mineralization in macroaggregates, but enhanced it in microaggregates. Furthermore, Li et al. (2020) reported that the rise in nitrogen mineralization due to nitrogen addition was mainly attributed to microaggregates. The addition of N increases the uncertainty faced by C and N mineralization in aggregates.

The area around the Three Gorges Reservoir area covers a 663 km long stretch between Hubei province and Chongqing municipality, experiencing high N deposition levels in China and is typical of more fragile ecological stability. Hence, there is an urgent need for analysis of its response to the local ecosystems to increasing N deposition. Pinus massoniana (P. massoniana) is a significant pioneer species in this region to be applied to ecological restoration. Therefore, this study aimed to assess the characteristics of the soil environment in P. plantation aggregates. Indoor incubation experiments were employed to further evaluate N and C mineralization rates within the aggregates. The primary goals of this study were (1) to assess whether aggregate particle size had an impact on the responses of total N and SOC mineralization to N addition, and (2) to evaluate whether different levels of N addition had the same consistent impact on total N and SOC mineralization. We hypothesized that (1) rates of C and N mineralization vary as a function of soil aggregate particle size, and that (2) the responses of C and N mineralization in forest soils under conditions of N deposition are distinct from one another and associated with the degree of N addition.



2 Materials and methods


2.1 General situation and study design

The P. massoniana plantations in the Three Gorges Reservoir Area in China were aerially seeded during the 1980s. For the present study, a single site located at 30°46′N, 110°55′E was selected in August of 2018. This site has a subtropical monsoon climate with a mean annual precipitation of 1,400 mm, mostly from June to September (~70%), and a mean annual temperature ranging from 14 to 22°C. The elevations range from 800 to 850 m, with an average slope of 20°. The soils at these sites were classified as Luvisols and were characterized by a loamy sandy texture. In total, three replicate plots measuring 20 × 20 m were set up.

A randomized block design was used, with four 3 m × 3 m sample quadrats used for N addition treatments in each replicate plot, totaling 12. A 10 m buffer strip was placed between treatment quadrats. Four different N addition rates were implemented within sample quadrats in each replicate plot, as illustrated in Figure 1: 0 kg N·ha−1 yr.−1 (N0), 30 kg N·ha−1 yr.−1 (N30), 60 kg N·ha−1 yr.−1 (N60), and 90 kg N·ha−1 yr.−1 (N90). These conditions were determined considering the local atmospheric N deposition baseline of 30 kg N·ha−1 yr.−1 (Ge et al., 2017). The N additions for treatments were evenly divided into four parts, with each part being applied in the initial month of every quarter throughout 1 year. In 2018, the respective baseline SOC, total N, total P, available N, available P, pH values and CEC at a soil depth of 0–20 cm were 18.33 g kg−1, 0.94 g kg−1, 0.25 g kg−1, 165.60 mg kg−1, 2.45 mg kg−1, 4.75, and 24.23 cmol kg−1. During the experimental period, neither logging, nor understory removal, nor any other management practice were performed.
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FIGURE 1
 Schematic representation of the separation of different particle sizes aggregates. #Large macroaggregate: 8000–2000 μm, coarse aggregate: 1000–2000 μm, small macroaggregates: 250–1,000 μm, microaggregates: <250 μm.




2.2 Sampling and different particle sizes aggregates separation

In August 2021, litter residue was removed from the soil surface in each sampling quadrat. PVC tubes with a diameter of 5 cm as described by Piccolo et al. (1994), were utilized to sample the soil at 0–20 cm depths across 20–40 locations in each quadrat. The PVC tubes were sealed with plastic wrap and transported back to the laboratory in a refrigerator at 4°C.

Four classes of aggregate-sized materials were then separated from the soil samples. Initially, a series of sieves were used to separate soil after careful removal from the PVC tubes to facilitate aggregate preservation. The soil was gently broken along soil gaps to ensure that all samples could pass through an 8,000 μm sieve. This cut-off level was selected to preserve larger entities present within natural soil, and which were from the same sampling quadrats was mixed. Aggregates were isolated by utilizing a circular sieve shaker machine (type: AS 200 BASIC, Retsch Germany), referencing the procedure used by Bach and Hofmockel (2014). Approximately 200 g of soil was placed on a series of sieves including 2000, 1,000, and 250 μm mesh openings. The stack was shaken at approximately 200–250 rpm for 5 min. The soil was gently removed from each sieve and weighed to determine the aggregate distribution. Aggregates isolated from all methods are referred to by size: large macroaggregates (8000–2000 μm), coarse aggregate (1000–2000 μm), small macroaggregates (250–1,000 μm), and microaggregates (<250 μm).

Each sub-sample of the aggregate fraction was extracted and air-dried in a natural state for the determination of soil organic carbon (SOC), total N, total and available phosphorus (total P, available P), and pH was measured. A sub-sample remainder of each aggregate fraction was saved and immediately transported to a refrigerator at 4°C for soil microbial biomass quantification and rates of soil C and N mineralization determination. Negligible roots, stones, and other debris were removed (Figure 1).



2.3 Testing of soil properties

The sieved portion of the aggregates was naturally air-dried and passed through 2-mm and 0.149-mm sieves to be used for detecting basic soil properties. The soil NH4+-N and NO3−-N levels were quantified by the KCl extraction method. SOM level was determined using the high-temperature exothermic potassium dichromate oxidation–capacitance method, total N level using the Kjeldahl N determination method, total and available P level using the alkali fusion-molybdenum antimony colorimetric method, and hydrochloric acid-ammonium fluoride leaching-molybdenum antimony colorimetric method, respectively. Quantification of soil microbial biomass using the fumigation method.



2.4 Laboratory incubation

In the C mineralization experiment, the collection of CO2 released from the soil into the NaOH solution is essential for quantification. To ensure accurate measurements, it is imperative to tightly seal the incubation jars’ lids to prevent any air exchange between the internal and external environments. However, such sealing is not required for N mineralization studies (Reuland et al., 2022). In order to minimize any potential impact of this procedure on N mineralization results, both cultures were conducted concurrently using two separate systems (Figure 2).
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FIGURE 2
 Schematic representation of the indoor culture setup for C mineralization (A) and N mineralization (B).



2.4.1 Carbon mineralization laboratory experiment

Aggregate samples with an equivalent to a dry soil weight of 25 g were initially incubated for a 7-day period in 200 mL jars containing 5 mL of distilled water at 25°C, to restore the activity of soil microorganisms. After this pre-incubation period, the aggregates with an equivalent to a dry soil weight of 25 g were added to a brown 200 mL jar containing an alkali trap (a 50 mL plastic cup filled with 20 mL of 0.25 M NaOH) and maintaining soil water content, with this process being performed for each soil fraction. Soil aeration was improved, and the uniformity of inoculum dispersion was ensured by loosening, stirring, and leveling samples (Figure 2A). Soil moisture was adjusted at 60% of the field capacity. Levels of CO2 absorbed in NaOH, as measured by total oxidizable C, were used to calculate Soil Organic Carbon (SOC) mineralization (Rabbi et al., 2014; Kaarakka et al., 2016). These soil fractions were incubated in an incubator at 25°C for 24 days. Measurements were conducted on days 3, 6, 12, and 24. First, the openings of reaction jars were sealed to prevent CO2 exchange and to maximize the NaOH absorption of all CO2 released from the soil. To mitigate potential issues, shorter sampling intervals were implemented to prevent carbon dioxide saturation in the NaOH solution and maintain adequate oxygen levels in the reaction chambers. Finally, three replicate treatments were established for each jar to maintain consistent reaction conditions, aimed at obtaining highly reliable data and attributing variations in CO2 absorption by the NaOH to the soil quality.



2.4.2 Nitrogen mineralization laboratory experiment

For N mineralization experiments, samples were processed in an identical manner to the methods used for C mineralization experiments. Soil aggregates were incubated for 24 days at 25°C in an incubator, jars were sealed with sterile breathable film. The difference between the final and initial levels of extractable inorganic N concentrations (NH4+-N + NO3−-N), after adjusting for soil fresh dry weight, was used to measure N mineralization. Water content was corrected once in 48 h (Figure 2B). Analyses were repeated in triplicate (Wei et al., 2016). The levels of soil NH4+-N and NO3−-N were quantified by the KCl extraction method.




2.5 Data analysis

The data analysis was conducted using SPSS 24.0 (SPSS Inc., IL, United States). One-way analysis of variance (ANOVA) and Duncan’s test for multiple comparisons (p < 0.05) were employed to analyze data related to soil organic matter (SOM), microbial biomass, and changes in aggregate proportions. Additionally, two-way ANOVAs were used to compare data related to SOC, Total N, and mineralization rates for these aggregates. The figures were created with Origin 2021 (OriginLab Corporation, MA, United States).




3 Results


3.1 Soil organic matter, organic carbon, total nitrogen, and microbial biomass in aggregates

Under conditions of N addition, the proportions of coarse aggregate increased whereas the proportion of small aggregates declined (Figure 3A). Soil organic matter (SOM) levels significantly declined with increasing particle size, as well as SOC and total N. With SOM levels for particles <2000 μm being 5.06–18.29% higher than N0 under N30 and N60 conditions, although N90 were associated with a 14.57–24.15% reduction in SOM levels for this fraction (Table 1). N addition additionally increased total N and SOC proportions in the microaggregates and coarse aggregate (Figures 3B,C). The highest levels of SOC and total N were observed in microaggregates irrespective of the level of N addition (Figures 4A,B), while the proportion of total N and SOC in aggregates ranked from highest to lowest irrespective being as follows: small macroaggregates, coarse aggregate, microaggregates, large macroaggregates (Figures 3B,C). The average soil C/N ratio showed no significant changes with levels of N addition regardless of particle size (Figure 4C). Relative to the control N0 treatment, SMBC and SMBN initially rose and then declined with increasing N addition, with no differences in SMBC/SMBN among different aggregate particle sizes (Table 1).
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FIGURE 3
 Percentage of weight (A), soil organic carbon (SOC, B), and total nitrogen (total N, C) levels in aggregates (dry soil) after N addition. #The treatments N0, N30, N60, and N90 represent the additional N rates of 0, 30, 60, and 90 kg N ha−1·yr.−1, respectively. Different lowercase letters indicate significant differences in test level (p < 0.05) between particle sizes; different uppercase letters indicate significant differences in test level (p < 0.05) between N addition treatments.




TABLE 1 Aggregates soil organic matter (SOM), soil microbial biomass carbon (SMBC), soil microbial biomass nitrogen (SMBN), and SMBC/SMBN levels after N addition treatments.
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FIGURE 4
 Soil organic carbon (SOC, A), total nitrogen (total N, B), and carbon-nitrogen ratio in values (C / N, C) in aggregates (dry soil) after N addition. #The treatments N0, N30, N60, and N90 represent the additional N rates of 0, 30, 60, and 90 kg N ha−1·yr.−1, respectively. Different lowercase letters indicate significant differences in test level (p < 0.05) between particle sizes; different uppercase letters indicate significant differences in test level (p < 0.05) between N addition treatments. The mean value is represented by the dashed reference line. N, nitrogen; S, size. * P<0.05; ** P<0.01.




3.2 The impact of N addition on rates of C and N mineralization

There was an increase with N addition in ammonification in all fractions except the large macroaggregates, while net nitrification increased with N addition in all fractions but small macroaggregates (Figures 5A,B). Ammoniation per unit N weight showed a “V” shape with an increasing N addition rate, reaching its maximum value at N90 and the lowest value in large aggregates. Nitrification per unit N weight was not significantly associated with particle size reduction but showed a strong stoichiometric dependence on N addition rate (Table 2). Over 80% of net N mineralization rates were attributable to net nitrification. Consistent trends were observed in the curves of net N mineralization and net nitrification rate (Figure 5C). As the incubation period lengthened, there was a decrease in the rates of CO2-C evolution in aggregates. The rate was higher in microaggregates than in macroaggregates, and the addition of N generally led to a decrease in rates of SOC mineralization. This effect was mainly observed for the initial rate (Figure 6).
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FIGURE 5
 Aggregates (dry soil) N mineralization rate responses to N addition. Net ammoniation mineralization rate (A), net nitrate mineralization rate (B), net N mineralization rate (C), and the significant differences labels (D). #The mean value is represented by the dashed reference line. #The treatments N0, N30, N60, and N90 represent the additional N rates of 0, 30, 60, and 90 kg N ha−1·yr.−1, respectively. N: Nitrogen; S: Size. * P<0.05; ** P<0.01. Different lowercase letters indicate significant differences in test level (p < 0.05) between particle sizes; different uppercase letters indicate significant differences in test level (p < 0.05) between N addition treatments.




TABLE 2 Changes of N mineralization rate per unit N weight after N addition treatments in aggregates.
[image: Table2]
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FIGURE 6
 Aggregates (dry soil) C mineralization rates responses to N addition. 2000–8,000 μm fraction (A), 1,000–2000 μm fraction (B), 250–1,000 μm fraction (C), <250 μm fraction (D), and the significant differences labels (E). #The mean value is represented by the dashed reference line. #The treatments N0, N30, N60, and N90 represent the additional N rates of 0, 30, 60, and 90 kg N ha−1·yr.−1, respectively. The mean value is represented by the dashed reference line. N: Nitrogen; S: Size. * P<0.05; ** P<0.01. Different lowercase letters indicate significant differences in test level (p < 0.05) between particle sizes; different uppercase letters indicate significant differences in test level (p < 0.05) between N addition treatments.




3.3 The impact of N addition on cumulative C and N mineralization

N addition resulted in a significant increase in cumulative N mineralization for aggregates relative to N0, with cumulative N mineralization rates under N0 conditions being, on average, 0.52 times, 1.37–6.55 times, and 0.76–12.90 times lower than under N30, N60, and N90 conditions, respectively, across the four analyzed particle sizes (Figure 7A). Cumulative C mineralization in microaggregates were 14.70–33.87%, 14.91–21.31%, and 6.01–15.33% higher than in large macroaggregates, coarse aggregate, and small macroaggregates, respectively, under N0, N30, N60, and N90 (Figure 7B). N addition also reduced mineralized C accumulation, with overall cumulative C mineralization under N0 conditions being 2.32–12.93%, 8.64–14.47%, and 12.66–24.69% higher than N30, N60, and N90, respectively, in large macroaggregates, coarse aggregate, small macroaggregates, and microaggregates (Figure 7B).
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FIGURE 7
 Aggregates (dry soil) cumulative mineralization responses to N addition. C cumulative mineralization (A), N cumulative mineralization (B). #The mean value is represented by the dashed reference line. #The treatments N0, N30, N60, and N90 represent the additional N rates of 0, 30, 60, and 90 kg N ha−1·yr.−1, respectively. Different lowercase letters indicate significant differences in test level (p < 0.05) between particle sizes; different uppercase letters indicate significant differences in test level (p < 0.05) between N addition treatments. The mean value is represented by the dashed reference line. N: Nitrogen; S: Size. * P<0.05; ** P<0.01.





4 Discussion


4.1 N addition influences aggregate SOC and total N levels as well as aggregates stability

N addition at levels N30 - N60 significantly increased SOC and total N levels in fractions <2000 μm, while no effect was observed with excessively high N levels (N90) added (Figures 4A,B). This suggests that appropriate levels of N addition can facilitate the effective accumulation of SOM in this plantation (Simon et al., 2021). The level of SOC is attributed to the dynamic balance between C input and output. A global meta-analysis revealed that SOC gain from increased plant biomass at N addition rates of ≤60 kg N exceeds SOC loss from litter decomposition and mineralization, leading to a net increase in inputs of SOC over microbially mediated outputs (Yang et al., 2022). This is consistent with our results (Figure 4A). In addition, microbial residual C contributes more than 30% to SOC, despite the fact that SMBC accounts for ≤5% of SOC (Miltner et al., 2011; Liang et al., 2019; Wang et al., 2021). Compared with N0, N30 and N60 increased SMBC by 0.11 to 0.96-fold and 0.25 to 1.22-fold, respectively (Table 1). This finding partly explains the increase in SOC levels due to N addition. The increase in total N after the N30 and N60 treatments (Figures 4A,B) indicates that soil absorption of added NH4+ and NO3− surpassed the combined utilization by plants, microorganisms, and N losses caused by leaching, gaseous loss, etc. (Hao et al., 2020). Our findings indicate that smaller aggregate sizes are associated with higher levels of SOC and total N (Figures 4A,B). Previous studies have highlighted the significance of soil aggregates in sequestration SOC (Goebel et al., 2009; Xu et al., 2021), with aligns with our findings. This is smaller aggregate particles with a higher specific surface area can adsorb more SOM (Polláková et al., 2018). Previous research by Nicola et al. (2020) found higher levels of SOC in aggregates with a clay loam texture, corroborating the interpretation of our present results. N90 led to a decrease in soil microbial biomass compared with N0 (Table 1), consequently, the observed decline in aggregate SOM levels at this N added rate, aligns with findings from prior research (Yang and Zhu, 2015; Niu et al., 2021).

Coarse aggregates play a crucial role in maintaining soil aggregate stability, as higher proportions of these aggregates are linked to increased stability. In this study, we observed an increase in the percentage of coarse aggregate weight and a decrease in small macroaggregates due to N addition (Figure 1A). This suggests that N addition improved soil aggregate stability (Liu et al., 2020).



4.2 N addition reduces rates of aggregate C but not N mineralization

N addition reduced rates of cumulative C mineralization and effect sizes in all aggregates (Figure 6). These findings align with previous studies conducted in temperate (Janssens et al., 2010), subtropical (Wang et al., 2017), and tropical forest soils (Mo et al., 2008). This relationship between N addition and SOC mineralization can be elucidated through multiple mechanisms. Firstly, N addition has consistently been demonstrated to reduce microbial biomass, fungal biomass, and overall microbial abundance (Treseder, 2008; Zhou et al., 2019). In this study, high levels of N addition (N90) led to substantial decreases in soil microbial biomass (Table 1). The decrease in soil microbial biomass may explain the reduced mineralization of SOC in aggregates due to N addition (Lu et al., 2021), considering that soil microbes are the primary regulators of SOC decomposition rates (Zhou et al., 2019). Secondly, soil N levels strongly influence SOC mineralization. In N-deficient conditions, nitrogen may act as a stimulus for microbe-mediated SOC mineralization (Moorhead and Sinsabaugh, 2006; Hu et al., 2022). This is due to the need for mineral N in microorganisms, and microbial activities that acquire N require C as an energy source to access difficult-to-obtain N (Bernard et al., 2022; Sokol et al., 2022). In this study, N addition was achieved by spraying study plots with a solution of low-molecular-weight NH4NO3. Once the demand for N was met, economically, microorganisms would no longer maintain a high demand for SOC mineralization. In addition, exogenously applied N was immobilized in a stable soil organic pool following the addition of low-molecular-weight N compounds and through the stabilization of heavy SOC fractions to further reduce mineralized SOC (Neff et al., 2002).

The net increase in NH4+-N and NO3−-N in the soil represents the net soil N mineralization, providing the most direct indication of the changes in inorganic N levels and reflecting the soil’s N supply capacity, which correlates with forest productivity development (Durán et al., 2012; Carolin et al., 2016). Discrepancies in the net N mineralization outcomes (representing the net accumulation of NH4+-N and NO3−-N) in soils subjected to various N additions under constant mineralization conditions are the focal point of our examination. Nitrification and nitrate reduction, the two reactions are a dynamic process of conversion of NH4+-N and NO3−-N (Kaur et al., 2010), therefore the rate of N transformation for this pathway was omitted from the calculation of net N mineralization. The experimental mineralization was set up to be carried out under well-gassed conditions, which ensured the mineralization of N and suppressed the degree of excessive denitrification. Consistent experimental procedures were employed across all samples. The N addition significantly increased net nitrification rates, which contribute to more than 80% of net N mineralization rates. Therefore, both responses to N addition are similar (Figures 5B,C). Net nitrification rates did not show a linear correlation with the amount of added N. The net nitrification rates of large aggregates and coarse aggregates decreased under the N90 treatment compared to the N60 treatment (Figures 3B,C). The decline may be attributed to the decrease in available phosphorus levels, which hinders microbial activities after an excess of soil N (Table 1). Net ammonification rates were negative in some cases. Net ammonification was the absolute increment of the amount of NH4+-N at the end of the incubation experiment minus the amount at the beginning. NH4+-N is a preferred source of N for soil microorganisms to utilize (Rice et al., 1989; Zhang et al., 2008). As the incubation proceeded, the microorganisms continued to consume both the original and newly mineralized NH4+-N in the soil to perform their activities (Janne et al., 1998). Further, NH4+-N is the substrate of nitrification reaction in ecosystems, and the majority of soil NH4+-N is nitrified in N-saturated ecosystems (Ouyang et al., 2016). The net ammonification rate became negative when consumption surpassed mineralization. The addition of nitrogen reduced the net ammonification rate in large macroaggregates compared to the N0 condition (Figure 5A). This reduction was a result of the stimulated microbial activity due to nitrogen addition and the increased net nitrification rate, as indicated in Figure 5B, both reflecting the accelerated consumption of NH4+-N from the soil. However, NH4+-N mineralization accumulated under the N90 treatment in microaggregates due to the significant input of exogenous NH4+-N to meet the microbial demand. Ultimately, N addition can enhance nitrogen mineralization in aggregates relative to the N0 condition, as illustrated in Figure 5B, consistent with our hypothesis and prior studies (Xue et al., 2005; Nave et al., 2009). We conducted measurements of net N transformation indices (net ammonification and net nitrification rate) in the soil (Figure 5) and calculated the changes in the N mineralization rate per unit N weight (Table 2). We found that the decrease in aggregate particle size was associated with a significant increase in the net nitrification rate, illustrating a dynamic correlation between these parameters. Interestingly, this enhancing effect was not evident when analyzing the nitrification rate per unit N weight, indicating a more intricate interplay within the soil ecosystem. The elevated levels of N found in the soil post-N application can be attributed to N accumulation surpassing both natural depletion and losses, a phenomenon extensively discussed by Hao et al. (2020) and Chen et al. (2024). This phenomenon is more pronounced in smaller particle sizes compared to larger aggregates, as depicted in Figure 4B. Consequently, smaller particles accumulate higher N levels, resulting in a minimal variation in the nitrification rate per unit N weight among different aggregate sizes. These findings highlight the complex interactions governing N cycling dynamics in the soil environment and emphasize the role of aggregate particle size in influencing N transformation processes.

In order to minimize CO2 exchange inside and outside the reaction jars, and to ensure that NaOH absorbs all and only the CO2 released from the aggregates, the mouths of the reaction jars were sealed throughout the experiments. For each jar, three replicated treatments were set up to ensure the maintenance of coincident culture conditions, facilitating the acquisition of highly dependable data and linking discrepancies in CO2 absorption by NaOH to soil quality. Consequently, separate reaction jars were utilized for quantifying the rates of N and C mineralization. It is important to acknowledge that the statements in the preceding discussion may be influenced by the examination of C and N mineralization in two distinct yet simultaneous experiments.



4.3 Aggregate structural properties reduce SOC and total N mineralization

As the number of days in culture increased, rates of SOC mineralization slowed until stabilizing at the end of the culture period (Figure 4). At the start of this culture period, high levels of active SOC were evident in the soil and microbes were able to rapidly decompose this material (Cao et al., 2021). Subsequently, as the levels of active soil SOC diminished, the microbes shifted to utilizing inert SOC, consequently leading to reduced SOC mineralization rates (Semenov et al., 2010; Rabbi et al., 2014). Various factors influence soil aggregation, such as plant roots, fauna, microbes, environmental and physical forces, as well as the inorganic and organic binding agents within a specific soil system (Šimanský and Bajčan, 2014). The analyses indicated a higher rate of C mineralization in the <250 μm fraction compared to the 250–1,000 μm fraction, consistent with the hypothesis that C mineralization rates increase with decreasing soil aggregate sizes (Figure 5A). The physical characteristics of macroaggregates contribute to less efficient interactions between the sequestered particulate matter and soil microbes (Galicia-Andres et al., 2021) such that the organic particles therein are less amenable to microbial decomposition (Carolin et al., 2016). This mechanism ultimately contributes to reduced rates of C mineralization in macroaggregates. Aggregate SOC content has been shown to be significantly linked to cumulative C mineralization (Wang et al., 2017). In this context, SOC content tended to increase with decreasing aggregate fraction size such that the <250 μm fraction, harbored SOC with a higher potential for mineralization (Figure 2A). C mineralization levels throughout the culture period were the result of the accumulation of the effects of daily mineralization such that large aggregate formation reduces aggregate turnover rates.

In this study, rates of N mineralization initially rose as soil aggregate particle size decreased before declining under N0 conditions (Figure 5B). The trends in aggregate N mineralization following N addition being similar to those for C. This implies that the formation of aggregates diminishes soil nitrogen turnover rates by protecting organic nitrogen within them from continual microbe-mediated decomposition (Figure 5B). There are three contributing explanations for these results. For one, even under identical N treatment conditions, varying soil N mineralization rates were observed that were largely dependent on mineralizable N reserves (Accoe et al., 2004; Zaman and Chang, 2004) such that N mineralization within these aggregates was ultimately positively correlated with total N level. Second, various physical and chemical environmental factors could break down larger aggregates into smaller microaggregates and other sticky particles, releasing microbial biomass compounds and contributing to the mineralization activity of microaggregate (Lehmann et al., 2007; Dai et al., 2015). This aligns well with previous theories that suggest higher rates of SOC mineralization in microaggregates. Organic particles are generally enclosed within layers of large aggregates. Meanwhile, the smaller surface area of microaggregates can expose these organic particles to microbial decomposition, contributing to higher rates of mineralization (Guidi et al., 2021; Yudina et al., 2022). Third, in the present study higher levels of microbial biomass were evident in smaller aggregates. Higher microbial load in microaggregate has been associated with increased levels of activities for hydrolases including urease, nitrate reductase, L-glutaminase, and beta-glucosidase, thus contributing to elevated rates of N mineralization such that following N input (Khorsandi and Nourbakhsh, 2007; Li et al., 2021), such N mineralization increased. The results indicated the highest net N conversion and nitrification rates in microaggregates under N90 treatment conditions (Figure 5B), indicating that high N input can raise effective soil N concentrations and intensify mineral N loss, reducing the soil’s N fixation capacity (Fang et al., 2009).




5 Conclusion

In summary, these results demonstrate the significant role of soil aggregates in determining the stability of soil organic carbon (SOC) through carbon sequestration. The structural properties of aggregates were associated with soil nitrogen (N) fixation through similar mechanisms. However, N addition has various effects on soil N and C mineralization in these aggregates, suppressing C mineralization while simultaneously accelerating the mineralization of N present therein. These effects are particularly evident in microaggregates. These data emphasize the role of soil aggregates as regulators of C and N cycling and sequestration within terrestrial ecosystems under conditions of N deposition. Considering the role of these aggregates as mediators of N and C sequestration, it is important to fully consider their effects when analyzing the release of inorganic substances in future studies of soil mineralization. Additionally, increases in N deposition led to a reduction in available phosphorus (P), offering another crucial consideration for future research.
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