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Abstract: The decomposition of soil organic carbon (SOC) plays a critical role in regulating atmospheric CO2 concentrations and climate dynamics. However, the mechanisms and factors controlling SOC decomposition are still not fully understood. Here, we conducted a 60 days incubation experiment to test the effects of physical disturbance and nitrogen (N) addition on SOC decomposition. N addition increased the concentration of NO3− by 51% in the soil, but had little effect on the concentration of NH4+. N addition inhibited SOC decomposition, but such an effect differed between disturbed and undisturbed soils. In disturbed and undisturbed soils, application of N decreased SOC decomposition by 37% and 15%, respectively. One possible explanation is that extra N input suppressed microbial N mining and/or increased the stability of soil organic matter by promoting the formation of soil aggregates and incorporating part of the inorganic N into organic matter, and consequently decreased microbial mineralization of soil organic matter. Physical disturbance intensified the inhibition of N on SOC decomposition, likely because physical disturbance allowed the added N to be better exposed to soil microbes and consequently increased the availability of added N. We conclude that physical disturbance and N play important roles in modulating the stability of SOC.
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1  Introduction

Soil organic matter (SOM) is one of the most important terrestrial carbon (C) pools, and CO2 from SOC decomposition is a key source of atmospheric CO2 and a major component of the global C cycle [1,2]. Therefore, SOC decomposition plays an important role in regulating atmospheric CO2 concentrations and climate change [1]. Understanding SOC decomposition is pivotal for predicting the SOM storage in the terrestrial ecosystem and climate dynamics in the future. Numerous studies have reported the response of SOC decomposition to environment change [3–5], but the mechanisms and factors influencing SOC decomposition are still not fully understood.

Physical disturbance and nitrogen (N) fertilization are two factors affecting SOC decomposition [6,7]. Physical disturbance is a major cause of SOM depletion and reduction in the number and stability of soil aggregates [8]. For example, physical disturbance could fragment the large macro-aggregates into small macro-aggregates, micro-aggregates and free silt and clay-sized fractions, resulting in the release of labile SOC pools initially occluded within the large macro-aggregates [6,9,10]. Moreover, soil aggregates affect oxygen diffusion [11] and microbial community composition and activities [12]. Physical disturbance may improve oxygen diffusion and change the composition and function of microbial communities that benefit from microbial activities due to soil aggregates destruction [13]. In previous studies, crushing was performed on bulk soils and isolated aggregates to test the effect of physical disturbance on SOC decomposition [14–16]. In most studies, SOC decomposition was increased by physical disruption during the initial few weeks of incubation [14,15]. However, there were also contrasting results showing that crushing aggregates did not affect soil respiration, which was often observed in soils with frequent management practices [16,17]. Even in well-structured soils without frequent management practices, the response of SOM to physical disruption is much dependent on the characteristics of SOM in different soil types [15,18].

At the same time, anthropogenic input of N, primarily through fertilizer application, fossil fuel combustion and legume cultivation, provides around 45% of the annual terrestrial N input, which is 2-fold of the natural rate of N input on Earth [19,20]. N deposition has been one of the major contributors to climate change and has altered the amount of plant input to soil [21]. It has been suggested that SOC decomposition was influenced by biotic and abiotic factors, such as plant input, microbial metabolism, N availability as well as temperature and moisture [22]. Therefore, changes in N and plant input may influence SOC dynamics, and the response of SOC dynamics to N addition and plant input may affect CO2 flux into the atmosphere [23]. Despite considerable research efforts, our knowledge of the responses of SOC decomposition to N change is still fragmented and often with contradictory results [5,23,24]. For example, some studies showed that SOC decomposition decreased with increasing N supply [25–28]. Others indicated that the effect of N addition on SOC sequestration was neutral or negative [29–31]. The ‘stoichiometric decomposition’ theory and ‘microbial nitrogen mining’ hypothesis also predict opposing effects of N addition on SOC decomposition [5,7]. Further, soil disturbance and N input may have an interactive effect on soil respiration. This was because soil aggregates may limit substrates or N exposure to microorganisms [32]. Therefore, a physical disturbance may improve the affinity of microorganisms to additional N input through the destruction of soil aggregates. To our knowledge, few studies have investigated the interactive effect of physical disturbance and N on the decomposition of SOC.

Here we performed a laboratory soil disturbance and N addition experiment to investigate the response of SOC decomposition to physical disturbance and N addition. The objective of this study was to investigate the main and interactive effects of physical disturbance and N addition on SOC decomposition. The mineral N concentration and microbial biomass carbon (MBC) as well as the dynamics of microbial metabolic quotient (qCO2) were also detected to explore the mechanisms regulating the response of SOC decomposition to physical disturbance and N addition.

2  Materials and Methods

2.1 Site Description and Soil Sampling

Soil was sampled from the plow layer (0∼20 cm) of a field continuously planted with maize at the experimental station of Heilongjiang Academy of Agricultural Sciences located near Harbin (45°75´N, 126°23´E, 128 m.a.s.l.), Heilongjiang Province, Northeast China. The station is in a typical continental monsoon zone with a mean annual temperature of 3°C–5°C, mean annual precipitation of 529 mm (ca 70% occurs between June and August). The soil in this study site is classified as an Aquic Mollisol (according to World Reference Base for Soil Resources, 2014). Soils were taken from four points randomly selected. Samples were air-dried in the field, passed through a 2 mm sieve, thoroughly homogenized and then brought to the laboratory. Visible roots and stones were carefully removed before the incubation experiment. The soil had a pH of 6.7, a total C concentration of 17.0 g kg−1 and a total N concentration of 1.4 g kg−1. The sand, silt, and clay concentrations were 43%, 22% and 35%, respectively.

2.2 Experimental Design and Soil Incubation

The experiment had four treatments: (1) control (without physical disturbance and non-N addition); (2) disturbance treatment (only physical disturbance applied); (3) +N treatment (only mineral N added) and (4) disturbance + N (simultaneously disturbance and N addition applied). Each treatment was replicated five times. A total of 20 columns with soil were incubated in this study. For each treatment, 200 g of air-dried soil was weighed and placed in an individual polypropylene column (5.2 cm in diameter, 20 cm in length). Both ends of the soil column were closed with one-hole rubber stopper connected to ventilation tubing. A continuous aerobic condition in each plastic container was maintained via automatic timer-controlled aeration with fresh air for one hour in each four-hour interval during the entire incubation experiment. Ammonium sulfate [(NH4)2SO4] was dissolved in deionized water and added at a rate of 100 mg N kg−1 soil in N-added treatments. The same amount of deionized water was added to the non-N treatments. Subsequently, all soil columns were pre-incubated for 60 days at a constant temperature (to mitigate the effects of soil disturbance caused by sample preparation, to stabilize the microenvironment, and to recover microbial activity). Soil moisture was adjusted to 65% water-holding capacity (WHC) by adding deionized water. Physical disturbance treatment was applied after the 60-day pre-incubation. For this, soil samples were roughly stirred and thoroughly re-homogenized using a glass stirring rod in disturbance treatments. Afterward, these soils were put back in their original containers. All soil columns were incubated for 60 days at 20°C. During incubation, soil moisture was monitored by weighing and frequently adjusted to reach 65% WHC by adding deionized water.

2.3 Soil Respiration Measurement

A dynamic CO2 trapping system was used to measure the rate of soil respiration [33]. The CO2 trapping was applied at day 0, 1, 3, 6, 12, 24, 36, 48 and 60, respectively. Briefly, we used an air pump to force ambient air through a soda-lime column to produce CO2-free air. Then, each soil column was aerated with CO2-free air to remove the CO2 that had previously existed in the container. After an equilibrating period of 2 h, the subsequent CO2 produced inside the soil columns for 24 h was trapped by a CO2 trapping bottle containing 12 mL 0.5 M NaOH solution. Blanks were also trapped to correct for inorganic C from the NaOH stock solution and sample handling. After CO2 trapping, the NaOH solution was directly analyzed for total inorganic carbon using a multi N/C® 2000 TOC analyzer (Analytik Jena, Germany).

2.4 Lab Analysis

Immediately after the CO2 trapping on day-60, all soil columns were destructively sampled and homogenized. The fresh soil samples were used to measure soil moisture concentration, mineral N and microbial biomass C (MBC).

Soil mineral N (NH4+ and NO3−) was measured by extracting 15 g of fresh soil with 30 mL 2 M KCl solution [34]. The concentration of NH4+ and NO3− was measured using a continuous flow injection analyzer (AA3, Bran + Luebbe, Norderstedt, Germany).

MBC was measured using the chloroform fumigation-extraction method [35]. Briefly, two subsamples of 15 g fresh soil were prepared for MBC measurement. One subsample was fumigated with ethanol-free chloroform in a vacuum desiccator in the dark for 24 h. The fumigated and non-fumigated subsamples were then extracted with a 30 mL 0.05 M K2SO4 solution. The concentration of total organic C was measured using a multi N/C® 2000 TOC analyzer. MBC was calculated as the difference in total organic C between fumigated and non-fumigated extracts with a conversion factor of 0.38. Microbial metabolic quotient (qCO2) was calculated as the soil microbial respiration rate per MBC (mg CO2-C g−1 MBC day−1).

2.5 Statistical Analysis

We used repeated-measures ANOVA to test for the effects of physical disturbance, N addition, and their interaction on soil respiration rate and qCO2. We used two-way ANOVA to examine the effects of physical disturbance, N, and their interaction on MBC and soil mineral N. We also used the Tukey HSD test to compare differences among means. All statistical analyses were performed by SPSS Statistic 20.0 (IBM, Inc., Armonk, NY, USA) and the significance level was set at P < 0.05.

3  Results

3.1 Soil Respiration Rate

N addition substantially influenced the instantaneous respiration rates for both physically disturbed and undisturbed soils, each showing a lower respiration rate in N amended treatments (Fig. 1, F = 21.6, P = 0.006). However, such a negative effect of N addition was intensified by physical disturbance, as indicated by the significant disturbance × nitrogen effect (F = 8.1, P = 0.036). In general, the respiration rates of all soils declined during the initial 12 days and then increased to a peak value from 12 to 36 days. Afterward, the respiration rate of non-N treated soils decreased after day 36 until the end of incubation, while the respiration rate of N-treated soils decreased slowly or fluctuated (Fig. 1).

[image: images]

Figure 1: Dynamics of soil respiration over the incubation under physical disturbance (without disturbance and disturbance) and N addition (without N and +N) treatments. Error bars indicate standard errors of the mean (n = 5)

The cumulative C mineralized was significantly decreased by N addition (Fig. 2). The effect of physical disturbance on total C mineralized depended on N application (significant disturbance × nitrogen effect: F = 11.6, P = 0.019). In non-N added soil, the total C mineralized was similar in disturbed and undisturbed treatments, while in N amended soil, the total C mineralized was significantly lower in disturbed than undisturbed treatments. At the end of the incubation, the decrease of total C mineralized by N addition was about 37% and 15% in physically disturbed and undisturbed treatments, respectively.
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Figure 2: Cumulative C mineralized over the incubation under physical disturbance (without disturbance and disturbance) and N addition (without N and +N) treatments. Error bars indicate standard errors of the mean (n = 5)

3.2 Microbial Biomass C and Microbial Metabolic Quotient

Neither physical disturbance nor N amendment significantly affected MBC (P > 0.05, Fig. 3). Moreover, repeated-measures ANOVA showed that the microbial metabolic quotient (qCO2) significantly responded to neither physical disturbance nor N addition (P > 0.05, Fig. 4).
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Figure 3: Microbial biomass C at the end of incubation under physical disturbance (without disturbance and disturbance) and N addition (without N and +N) treatments. Error bars indicate standard errors of the mean (n = 5)
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Figure 4: Dynamics of microbial metabolic quotient under physical disturbance (without disturbance and disturbance) and N addition (without N and +N) treatments. Error bars indicate standard errors of the mean (n = 5)

3.3 Soil Mineral N

N addition significantly affected the mineral N concentration in both physically disturbed and undisturbed soils. In general, N addition significantly increased nitrate (NO3−; P < 0.001; 58% on average) and total mineral N (P < 0.001; 59% on average) in soils, but did not affect ammonium (NH4+) in soils (Fig. 5). Moreover, the physical disturbance had no significant effect on soil mineral N (P > 0.05).
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Figure 5: NH4+ (a), NO3− (b) and total mineral N (NH4+ plus NO3−) (c) concentration in the soil at the end of incubation under physical disturbance (without disturbance and disturbance) and N addition (without N and +N) treatments. Error bars indicate standard errors of the mean (n = 5)

4  Discussion

Although N availability was an important factor influencing SOC decomposition, there remain large uncertainties and controversies associated with the nature of N regulation to the decomposition process [36]. Our result showed that N addition significantly reduced soil respiration rate (Fig. 1), which is consistent with many other studies [23,25,26,37,38]. Soil CO2 emission is mainly from two sources: root respiration (rhizospheric respiration) and microbial decomposition of SOM (heterotrophic respiration). The SOM-derived CO2 emissions account for 75% of the total soil CO2 emission and are considered basal respiration [23,39]. The N-induced reduction in soil respiration suggests that microbial decomposition of SOM was inhibited by N input.

On the one hand, low N availability can increase SOM decomposition as microbes used labile substrates to acquire N from N-rich organic matter [40]. Inorganic N addition could suppress microbial N mining and, in consequence decrease SOM decomposition [41]. Moreover, soil microbial communities have been shown to be C-limited [42]. N input may accentuate C limitation on microbial activity, leading to a decrease in SOC decomposition [43]. On the other hand, N addition may slow the decomposition of SOM by increasing soil aggregation and C occlusion in macro-aggregates [41]. Moreover, increased N input may enhance the resistance of SOM to microbial decomposition by incorporating part of the inorganic N into SOM, forming some recalcitrant compounds, such as indoles and pyrroles [44]. Berg et al. [45] also proposed that N may stabilize SOM because N-containing compounds can polymerize with aromatic substances in the soil to form recalcitrant organic matter.

Furthermore, under N-limited conditions, N addition allows more C to be allocated to microbial growth, rather than being lost through extracellular enzymes and respiration, resulting in decreased respiration and increased microbial growth efficiency [41]. In contrast, excessive soil N inputs may also result in N saturation in the soil, which in turn, change the composition of microbial communities or inhibit microbial growth and activities, and ultimately reduce soil respiration [25,46–48]. There is convincing evidence that soil CO2 efflux declines following N addition, accompanied by a decrease in microbial biomass [48]. Allison et al. [46] found that N fertilization reduced microbial diversity and altered the microbial community structure of active fungi in two boreal forest ecosystems. Zhao et al. [49] suggested that N input stimulated G- and actinomycetes. However, in our study, MBC and the metabolic quotient (qCO2) did not significantly respond to additional N input (Figs. 3 and 4). Therefore, the decomposition rate of SOM in our study may be predicted to decline mainly due to the suppression of the microbial N mining process and/or the enhanced stabilization of SOM.

Unexpectedly, we found that physical disturbance did not increase the respiration of the soil not fertilized with N (Figs. 1 and 2). SOM decomposition studies of physical disturbed vs. undisturbed soils have indicated that aggregate-protected pools are less decomposable than unprotected pools because protected pools are less exposed to microbial decay [50]. Our observation is inconsistent with many previous studies that reported an increase in readily decomposable C after physical disturbance [6,9,11]. Similar to our result, Tian et al. [16] did not find significant effects of soil crushing on CO2 production, and Drury et al. [17] also reported that aggregate crushing did not result in an increase of CO2 emissions from soil under continuous corn cropping. These conflicts may be attributed to the different characteristics of SOM and soil aggregates depending on soil management practices and ecosystems [16]. In cultivated and continuous cropping soils, physical disturbance often has no evident effect on CO2 emission. This may be interpreted as the exhaustion of the readily decomposable SOC pool due to the constant disruption of the most unstable soil structure before incubation [16]. In our study, although 60 days of pre-incubation was performed to mitigate the effects of soil disturbance, the processes of soil sieving and homogenization before pre-incubation may affect the properties and responses of SOM to physical disturbance.

Also contrary to the expectation, we found that in the N-treated soil physical disturbance reduced the respiration rate (Fig. 1) and the total C mineralized (Fig. 2). We are uncertain of the mechanism for this reduction. One possible interpretation is that physical disturbance increased the affinity of microbes to the added N in the soil. Soil aggregates may limit substrates or N exposure to microorganisms [32]. On the one hand, physical disturbance did not increase the respiration of the soil without N addition possibly due to the exhaustion of readily decomposable C pools before incubation. On the other hand, in mineral N amended soil, the physical disturbance may allow the added N to be better exposed to soil microbes due to aggregate disruption. Thus, we speculate that in N-treated soil the increase of N availability induced by physical disturbance may further inhibit microbial N mining and/or accentuate C limitation on microbial activity, leading to a decrease in SOC decomposition.

Our results highlight that mineral N input significantly reduced SOC decomposition mainly due to suppressed microbial N mining and/or enhanced stabilization of SOM rather than decreased soil microbial biomass or activity. Surprisingly, physical disturbance failed to increase the soil respiration in this study, and the underlying mechanisms are unclear and need to be explored in future studies. Overall, our results indicate that both physical disturbance and N input play important roles in modulating the stability of SOC. Future studies are required to integrate the changes of the microbial N mining process and the physicochemical stability of SOM after N addition and physical disturbance.
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