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Abstract

:

Nitrogen (N) deposition rates of terrestrial ecosystems have gradually declined but are still high in some areas. Previous studies have reported that N addition elicits diverse impacts on soil organic carbon (SOC) pools. SOC can be divided into different functional fractions, namely, particulate organic carbon (POC) and mineral-associated organic carbon (MAOC). The responses of these fractions to N addition should be elucidated to better understand the changes in SOC pools. Here, we conducted a N addition experiment (0, 40, and 80 kg N ha−1 yr−1) in a subtropical Castanopsis fabri forest to simulate N deposition. The surface (0−10 cm) SOC fractions, aboveground litter product, fine root (diameter < 2 mm) biomass, soil exchangeable cation content, and soil enzyme activity under different N addition treatments were measured. The results showed the following: (1) N addition showed a positive effect on POC and SOC contents but did not significantly affect MAOC content; (2) POC content was negatively correlated with pH and soil enzyme activity and positively correlated with aboveground litter product, suggesting that POC accumulation was influenced by aboveground litter input and microbial decomposition; (3) a close negative relationship was observed between exchangeable Al3+ and Ca2+ or K+ contents, indicating that there is likely to be a trade-off between the mineral sorption and desorption, thus resulting in an insignificant reaction of MAOC to N addition. Overall, the accumulation of SOC under short-term N addition was found to be primarily driven by POC, and the response of different SOC functional fractions to N addition was inconsistent. By incorporating these nuances into ecosystem models, it is possible to predict SOC dynamics more accurately in response to global change.
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1. Introduction


As the biggest carbon (C) sink in terrestrial ecosystems, the soil organic carbon (SOC) pool is essential to C cycle-climate feedback [1]. Since the mid-20th century, the excessive agricultural, industrial, and urban developments have led to an increase in atmospheric nitrogen (N) deposition [2,3]. It was reported that the N deposition rate has gradually stabilized in recent years, but the N deposition rate in southeastern China is still higher than that in other regions within the country [4]. C and N cycles are considered tightly linked [5,6], so the effect of N deposition on the SOC pool has attracted the attention of the scientific community. Several studies have examined the effects of N addition on SOC and have reported that the SOC pool rises [7], decreases [8], or remains unchanged [9] with N addition. Overall, there is no unified conclusion on the effect of N deposition on SOC.



Recently, the theory that the chemical complexity of SOC primarily governs its persistence has been criticized for lacking thermodynamic evidence and for neglecting microbial accessibility to substrate components [10,11]. On the contrary, the mineral protective mechanism is considered as an acceptable explanation for SOC persistence. Based on particle size widely used in SOC fractionation, SOC can be divided into particulate organic carbon (POC, >53 μm) and mineral-associated organic carbon (MAOC, <53 μm) [12]. POC is mostly composed of plant components that are readily decomposable (i.e., carbohydrates and aliphatic compounds), and it has a faster turnover rate [13]. MAOC is primarily derived from microbial necromass and plant low-molecular-weight compounds (i.e., root exudates), which prevent breakdown by chemically binding with minerals; thus, MAOC has a slower turnover rate and is relatively stable [12,14]. Dividing SOC into different functional fractions may better elucidate SOC dynamics under N addition [12,15].



As is well known, N is an important factor limiting plant productivity, and thus it is expected that the addition of N could result in plant biomass increase, thereby promoting the accumulation of POC [16,17]. Given that plant-derived compounds could directly adsorbed onto soil minerals, N addition inducing an increase in plant biomass would promote the formation of MAOC [18,19]. Acidification is a common reaction of soil to N addition because of the (1) release of H+ during nitrification; (2) release of H+ after plant uptake of NH4+-N; and (3) leaching of exchangeable cations [20]. The different functional fractions of SOC are susceptible to soil acidification. For instance, Rocci et al. [21] elucidated that N addition led to increases in POC and MAOC levels. They attributed the accumulation of POC to a soil-acidification-induced reduction in microbial biomass and SOC decomposition rate [22]. Conversely, studies have shown adverse effects of N addition on POC and MAOC levels [15,23,24]. The fast leaching of soil cations (e.g., Ca2+) and oxides brought on by N addition changed the formation of organo-mineral associations by affecting cation bond bridges and/or ligand exchange, being inconducive for the formation of MAOC [23,25]. In other words, in the absence of mineral protection, MAOC is easily decomposed by microorganisms [26], resulting in a reduction in MAOC content under N addition. Overall, complex SOC composition may be the reason for the varied responses of SOC to N addition [27,28], but the mechanism underlying the response of POC and MAOC to N addition has not yet been determined.



We carried out a N addition experiment in a subtropical Castanopsis fabri forest to investigate the effects of short-term N addition on POC and MAOC as well as their underlying mechanisms. The SOC fractions and various parameters, including aboveground litter product, fine root biomass, soil enzyme activities, soil physicochemical properties, and exchangeable cations were examined. We hypothesized that (1) N addition promotes POC accumulation, as the N availability induced by N addition increases plant biomass and litter input, and soil acidification leads to a decrease in microbial biomass and enzyme activity; (2) N addition decreases MAOC content, because N addition causes the depletion of exchangeable cations and attenuates mineral protection.




2. Materials and Methods


2.1. Study Site


A Castanopsis fabri natural forest in Daiyun Mountain National Nature Reserve in southern China was selected as an experimental area (25°38′07″−25°43′40″ N, (118°05′22″−118°20′15″ E, 1200 m a.s.l.). The study site has a typical subtropical oceanic monsoon climate [29]. The reserve’s average annual temperature and rainfall are roughly 17.6 °C and 1800 mm, respectively, and precipitation mainly occurs during March–September. Since the establishment of the national nature reserve, this forest has not been disturbed by human activities. At the beginning of the experiment, the tree height was 15–20 m, the diameter at breast height was 20−40 cm, and the closure was about 75%. The understory vegetation includes Micheliamaudiae, Lindera aggregate, Schima superba, and Ilex pubescens. The soil type is Ultisol according to the US Department of Agriculture soil order, with 45% sand, 33% silt, and 22% clay.




2.2. Experimental Design


In December 2019, a total of twelve 10 m × 10 m plots were established. Spacing between plots was >10 m to avoid N fertilizer transfer. Based on previous reports on atmospheric N deposition rates in the study and nearby areas [30,31], we set up the following experimental treatments: control (CT, 0 kg N ha−1 yr−1), low-N addition (LN, 40 kg N ha−1 yr−1), and high-N addition (HN, 80 kg N ha−1 yr−1). There was no significant difference in soil organic carbon (SOC), total N, and pH among different plots before N addition. The experiment adopted a completely random design, and the three N addition treatments were randomly distributed in twelve plots with four replicates per treatment. Starting in early May 2020, N fertilizer was added once a month during March to September. A specific amount of urea (CO(NH2)2; Shangdong Mingwei Chemical Co., Ltd., Shandong, China) (LN, 24.49 g; HN, 48.98 g) was dissolved in 20 L deionized water and uniformly sprayed over the low-N addition and high-N addition plots using a backpack sprayer (Delixi Group Co., Ltd., Zhejiang, China). For the control plots, the same volume of deionized water was sprayed.



In December 2021, the surface litter was removed first, and the topsoil (0–10 cm) was collected from each plot using the five-point sampling method. Five samples from each plot were thoroughly combined, then placed in a low-temperature insulated box and taken right away to the laboratory for further processing. In the laboratory, the soil was sieved through a 2 mm screen after being freed of fine gravel, trash, and plant roots using tweezers. The sieved soil was partially stored in a 4 °C refrigerator. Within one week, soil enzyme activity, microbial biomass, and mineral N were evaluated. The other soil was air-dried to determine the SOC fractions and soil pH. To quantify the soil exchangeable cations, a piece of the air-dried soil was filtered through a mesh of 0.149 mm.




2.3. Soil Physicochemical Characteristics


Soil pH was measured using a glass electrode (soil/water; 1:2.5) (Starter 300, pH Portable; OHAUS, Parsippany, NJ, USA). After inorganic C was eliminated from the soil samples using 0.5 mol L−1 HCl (Xilong Scientific Co., Ltd., Shanghai, China), SOC and total N (TN) contents were measured using a CN analyzer (Elementar Vario EL III; Langenselbod, Germany). The chloroform fumigation-extraction method was used to measure the amount of microbial biomass carbon (MBC) [32]. Soil mineral N was extracted in a 2 mol L−1 KCl solution (Xilong Scientific Co., Ltd., Shanghai, China) and quantified using a continuous flow on auto-analyzer (San++; SKALAR, Breda, The Netherlands) [33].




2.4. SOC Fractions


SOC fractions were investigated using a wet sieving method described by Marriott and Wander [34]. Specifically, we weighed 20.0 g of air-dried soil samples into plastic bottles and added 100 mL of sodium hexametaphosphate solution (5 g L−1) to each sample. The mixture was first shaken for 18 h. Subsequently, the dispersion was transferred to a 53 μm sieve of a reciprocating shaker (AS200 control; Retsch, Heidelsheim, Germany) with an amplitude of 3 cm, and the samples were subjected to 100 vibrations. A continuous flow of deionized water was used to flush the sieve to disperse the SOC within aggregates. Meanwhile, a clean beaker was used to collect the sample passing through the 53 μm sieve. Soil samples collected on the sieve and in the beaker were dried at 60 °C until their weight remained stable. Finally, we obtained two particle size classes: particulate organic matter (POM, >53 μm) and mineral-associated organic matter (MAOM, <53 μm). The SOC content in each fraction was evaluated using an elemental analyzer (Elementar Vario EL III, Germany). The following equations were used to obtain the POC (g kg−1) and MAOC (g kg−1) contents:


   Mass   recovery      %   =     Mass   POC    +    Mass   MAOC       Mass    Bulk   soil       × 100   



(1)






   POC       g      kg    − 1      =       Mass   POC    ×    OC   POC         Mass   Bulk   soil   × Mass   recovery / 100    



(2)






   MAOC       g      kg    − 1      =       Mass   MAOC    ×    OC   MAOC         Mass    Bulk   soil     × Mass   recovery / 100     



(3)




where MassBulk soil is the soil mass used for sieving (g); MassPOC and MassMAOC are the masses of the POC and MAOC fractions obtained after sieving (g), respectively; and OCPOC and OCMAOC are the C contents of POC and MAOC (g C kg−1 fraction), respectively.




2.5. Exchangeable Cations and Soil Enzyme Activities


Soil exchangeable cations (K+, Na+, Ca2+, Mg2+, and Al3+) were extracted using 0.1 mol L−1 BaCl2 (Xilong Scientific Co., Ltd., Shanghai, China), and their contents were measured using inductively coupled plasma emission spectrometry (ICP-OES; Thermo Fisher Scientific, Waltham, MA, USA). Activities of soil enzymes, including β-glucosidase (BG) and cellulolytic enzyme cellobiohydrolase (CBH), were measured using the method reported by Saiya-Cork et al. [35]. We added 1.0 g of soil sample and 125 mL of 50 mmol L−1 acetate buffer solution (Hunan Beekman Biotechnology Co., Ltd., Changde, China) to a triangular flask. The mixture was homogenized for 5 min using a magnetic stirrer, and the supernatant was collected as the test solution. In a 96-well microplate, the test solutions were applied to different substrates (4-methylumbelliferyl-d-glucopyranoside and 4-methylumbelliferyl-d-cellobioside) (Sigma Aldrich, Milwaukee, WI, USA) to measure BG and CBH activity, respectively. A multi-purpose microplate reader (SpectraMax M5; Molecular Devices, San Jose, CA, USA) equipped with 365 nm excitation and 450 nm emission filters was used to measure fluorescence.




2.6. Aboveground Litter Product and Fine Root Biomass


In each plot, three litter traps (1 m × 1 m) were installed approximately 1 m above the ground surface. Around the 20th of each month, litter was collected from the Castanopsis fabri forest. Litter from the same plot (with three traps) was collected and mixed in the laboratory. The collected litter was dried and weighed to determine the aboveground litter product. This process was continuously performed for one year in 2021. In December 2021, a five-point sampling technique was used to collect fresh soil cores from each plot at a depth of 0−10 cm using a 3.5 cm diameter soil auger. The diameter <2 mm fine roots in the soil cores were carefully selected and thoroughly washed, then dried at a constant temperature of 60 °C and finally weighed.




2.7. Statistical Analyses


R 4.2.3 (R Core Team, 2023, Vienna, Austria) and SPSS 27.0 (IBM Corp., Armonk, NY, USA) were used to conduct statistical analyses. One-way analysis of variance (ANOVA) was examined to test the effects of N addition on SOC fractions, soil physicochemical characteristics, exchangeable cations, soil enzyme activities, aboveground litter product, and fine root biomass. The least significant difference (LSD) method was employed to compare treatment differences at a significance level of 0.05. Principal component analysis was examined using the “factoextra” package in R 4.2.3 to explore the influence of soil factors (exchangeable cations contents), plant factors (aboveground litter product and fine root biomass), and soil microbial factors (enzyme activities) on SOC fractions. Graphs were created using Origin 9.1 software (OriginLab, Northampton, MA, USA).





3. Results


3.1. Responses of SOC Fractions to Short-Term N Addition


Compared with the control, both low-N addition and high-N addition significantly reduced soil pH and significantly increased SOC content (p < 0.05; Table 1). The POC content of soil samples was significantly affected by short-term N addition in a content-dependent manner (p < 0.01), but N addition did not exert any significant effect on the MAOC content (Figure 1).




3.2. Responses of Soil Exchangeable Cations and Enzyme Activities to Short-Term N Addition


N addition had a significant effect on exchangeable cation content, except for Na+ content. Specifically, the Al3+ content of the low-N addition and high-N addition groups was significantly higher than that of control group, whereas the K+, Ca2+, and Mg2+ contents were significantly lower than those of the control group (p < 0.01; Figure 2). With rising N-addition rate, soil enzyme activities (BG and CBH) reduced (p < 0.01; Figure 3).




3.3. Responses of Aboveground Litter Product and Fine Root Biomass to Short-Term N Addition


N addition significantly affected the aboveground litter product (p < 0.01). In comparison to that in the control plots, the aboveground litter product in the high-N addition plots was significantly increased by 28% (p < 0.05). In contrast, the fine root biomass was unaffected by the addition of N (p = 0.33; Figure 4).




3.4. Analysis of Key Factors Influencing SOC Fraction Changes


Principal component analysis revealed a significant positive correlation between POC and aboveground litter product (R2 = 0.48) or SOC (R2 = 0.89), as well as significant negative correlations between POC and soil exchangeable cations (Mg2+, Ca2+, K+), pH, and soil enzyme activities (BG, CBH) (R2POC-Mg = 0.73, R2POC-Ca = 0.52, R2POC-K = 0.57, R2POC-pH = 0.82, R2POC-BG = 0.88, R2POC-CBH = 0.91). Moreover, we found a close negative connection between Al3+ and Ca2+ or K+ (R2Al-Ca = 0.57, R2Al-K = 0.55). There was no significant relationship between MAOC and root biomass (R2 < 0.01; Figure 5).





4. Discussion


4.1. Positive Response of POC to Short-Term N Addition


Lugato et al. [28] reported that POC in forest soils is susceptible to depletion under climate change, and they recommended the implementation of coniferous forest management strategies aimed at increasing plant inputs into the soil to counteract POC losses. In the present study, short-term low and high N additions increased POC content (p < 0.01; Figure 1a). This is in line with previous findings [15,36,37] and confirms our first hypothesis. The mechanisms of N addition to increase POC can include the following points. First, POC is predominantly formed by plant-based compounds [38], so the rise in POC content following the addition of N may be due to the increase in the inputs of plant residues to soils. In our study, high N addition enhanced aboveground litter product considerably, but not fine root biomass. This result in combination with the significant correlation between POC and aboveground litter product (Figure 5) suggested that short-term N-induced increase in POC was derived from plant aboveground rather than belowground roots. Yang et al. [39] found that the leaf litter from six common plant species with varying litter quality consistently decomposed faster on larger islands, where higher soil fertility facilitated decomposition. The addition of N enhances soil N availability, which may promote the transformation of aboveground litter product into POC. Previous studies suggested that the POC pool is mainly affected by plant belowground roots [17,24,40]. However, this phenomenon may be not appliable to our study, as N addition can enhance soil nutrient resources and decrease the proportion of biomass allocation to belowground and thus the amount of belowground C inputs [16]. It is also possible that one year of N addition is not sufficient to decay the root biomass, whereas litter decomposition is faster than this.



Second, the increase in POC may be associated with the lower soil enzyme activities under N addition, as soil enzymes are important drivers of SOC decomposition [41]. We found the significant decreases in soil enzyme activities in the low-N addition and high-N addition plots compared to the control plots (Figure 3). There was a significant negative relationship between soil enzyme activity and POC (Figure 4). This could have been due to the leaching of soil exchangeable cations, which decrease soil pH. Soil acidification can inhibit soil microbial biomass and soil enzyme activities [42,43,44], thereby reducing the decomposition and loss of POC. In our study, short-term N addition showed a positive effect on SOC, with POC explaining 89% of the variation in SOC (Figure 5), suggesting that the increase in SOC is driven by POC. Overall, the increases in POC content under N addition is not only related to N-induced increase in plant-derived C inputs but also related to N-induced decrease in microbial decomposition.




4.2. Non-Significant Response of MAOC to Short-Term N Addition


N addition had no significant effect on the MAOC content (Figure 1b); such a result is contrary to our second hypothesis and previous studies [17,21,45]. Chen et al. [46] showed that microbial necromass is a major driver of MAOC, and the undetectable change in MAOC content under N addition might be regulated by maintaining an equilibrium between microbial necromass input and microbial decomposition output. Here, we attribute the non-significant response of MAOC to N addition to the following reasons. First, the non-significant response of MAOC to N addition may have been due to the duration of N addition was too short. Second, we observed a decrease in MBC content and an increase in aboveground litter product under high N addition (Table 1). The mineral sorption of dissolved organic C and microbial necromass C produced by microbial decomposition and transformation of plant residues could exhibit an increase and a decrease under N addition, respectively. These two opposite changes may lead to an insignificant response of MAOC to N addition [47].



Third, the presence of exchangeable cations facilitates the formation of organo-mineral complexes through polyvalent cation bond bridges and/or ligand exchange and protects SOC from microbial attack [16,48,49]. Therefore, we attribute the neutral response of MAOC to N addition to soil mineral protection. Specifically, Yu et al. [50] demonstrated that fertilization promoted the enrichment of aluminum and iron ions on the surface of soil particles, thereby enhancing soil aggregation. This increased soil aggregation reduced the rate of soil mineralization, potentially increasing MAOC storage and preservation [51]. In contrast, Chen et al. [15] indicated that N addition had no discernible effect on soil Al3+ content but decreased soil MAOC and Ca2+ contents. The reduction in Ca2+ content could regulate sorption and deposition reactions [48], resulting in the depletion of MAOC content. In this study, a significant rise in soil Al3+ content and simultaneous decline in Mg2+, Ca2+, and K+ contents were observed following the addition of N (Figure 2). Principal component analysis revealed a strong negative correlation between Al3+ and Ca2+ (or K+) (Figure 5). The reaction of different exchangeable cations to N addition may counteract the formation of organo-mineral associations, leading to an insignificant response of MAOC to the addition of N in this subtropical forest. Fourth, previous studies have shown that compared to aboveground litter, roots make a greater contribution to the MAOC, as they can interact with soil minerals, microorganisms, and aggregates [52,53]. However, fine root biomass was not influenced by short-term N addition in this study, and there was no significant relationship between fine root biomass and MAOC. The regulatory role of fine root biomass on MAOC needs further exploration. Overall, MAOC with a long turnover rate is critical for maintaining the persistence of SOC [54]. Thus, we propose enhancing SOC persistence by regulating soil exchangeable cations to facilitate mineral sorption of microbial necromass and its products.





5. Conclusions


In this study, we elucidated that short-term N addition has a significant positive effect on POC. The reason for the accumulation of POC caused by N addition is the combination of increased aboveground litter input and decreased microbial decomposition. By contrast, short-term N addition did not exhibit a marked effect on MAOC but significantly increased Al3+ content and decreased Mg2+, Ca2+, and K+ contents. The mineral sorption and desorption reactions may jointly lead to an insignificant response of MAOC to N addition. Overall, the response of different SOC functional fractions to N addition is inconsistent. Our study links the responses of POC and MAOC under N addition to the plant–microbial–soil system, emphasizing that incorporating different SOC functional fractions into ecosystem models will help more accurately predict SOC dynamics under climate change.
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Figure 1. Effects of N addition on the contents of particulate organic carbon (POC, (a)) and mineral-associated organic carbon (MAOC, (b)). Boxes and horizontal lines represent the quartile range and median, respectively, with lines extending 1.5 times above and below the quartile range (n = 4). Solid gray dots represent individual sample points. p value represents the main effect of N addition. Significant differences between various N addition treatments are shown by different letters above the boxes (p < 0.05). CT, LN, and HN represent control, low-nitrogen, and high-nitrogen treatments, respectively. 
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Figure 2. Effects of N addition on the contents of exchangeable cations (K+, (a); Na+, (b); Ca2+, (c); Mg2+, (d); Al3+, (e)) in soil samples. Boxes and horizontal lines represent the quartile range and median, respectively, with lines extending 1.5 times above and below the quartile range (n = 4). Solid gray dots represent individual sample points. p value represents the N addition effect. Significant differences between various N addition treatments are shown by different letters above the boxes (p < 0.05). CT, LN, and HN represent control, low-nitrogen, and high-nitrogen treatments, respectively. 
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Figure 3. Effects of N addition on the activities of β-glucosidase (BG, (a)) and 1, 4-β-cellobiohydrolase (CBH, (b)). Boxes and center lines represent the quartile range and median, respectively, with lines extending 1.5 times above and below the quartile range (n = 4). Solid gray dots represent individual sample points. p value represents the N addition effect. Significant differences between various N addition treatments are shown by different letters above the boxes (p < 0.05). CT, LN, and HN represent control, low-nitrogen, and high-nitrogen treatments, respectively. 
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Figure 4. Effects of N addition on aboveground litter product (a) and fine root biomass (b). Boxes and center lines represent the quartile range and median, respectively, with lines extending 1.5 times above and below the quartile range (n = 4). Solid gray dots represent individual sample points. p value represents the N addition effect. Significant differences between various N addition treatments are shown by different letters above the boxes (p < 0.05). CT, LN, and HN represent control, low-nitrogen, and high-nitrogen treatments, respectively. 
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Figure 5. Principal component analysis of soil organic carbon fractions and other soil parameters. POC, particulate organic carbon; MAOC, mineral-associated organic carbon; SOC, soil organic carbon; MN, mineral nitrogen; Litter, aboveground litter product; Root, fine root biomass; BG, β-glucosidase; CBH, 1, 4-β-cellobiohydrolase. 
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Table 1. Effects of N addition on physiochemical characteristics of soils (mean ± standard deviation, n = 4).
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	Treatment
	CT
	LN
	HN
	p Value





	pH
	4.94 ± 0.04 a
	4.58 ± 0.07 b
	4.46 ± 0.12 b
	<0.01



	SOC (g kg−1)
	51.0 ± 3.1 b
	57.5 ± 5.1 a
	58.0 ± 3.2 a
	<0.01



	TN (g kg−1)
	3.85 ± 0.27 b
	4.44 ± 0.18 a
	4.65 ± 0.26 a
	<0.01



	SOC:TN
	13.3 ± 0.8 a
	13.0 ± 1.3 a
	12.5 ± 0.5 a
	0.58



	Mineral N (mg kg−1)
	56.2 ± 5.6 b
	70.8 ± 8.4 a
	76.8 ± 7.2 a
	<0.01



	MBC (mg kg−1)
	1790 ± 67 a
	1429 ± 146 b
	1314 ± 75 b
	<0.01







p value represents the main effect of N addition. Different letters in the same row indicate significant differences among the N addition treatments. 
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