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Acid rain and nitrogen deposition are emerging as global scale environmental issues due to increasing industrial emissions and agricultural pollutants, which seriously impac t the sustainable development of global ecosystems. However, the specific effects both acid rain and nitrogen deposition interactions on forest soil ecosystems, particularly as relates to the soil nutrient content and enzyme activities, remain unclear. Therefore, we established a simulated sample plot of acid rain (SR, NR) and nitrogen deposition (N) and their interactions (SRN, NRN) in a subtropical Cunninghamia lanceolata (C. lanceolata) plantation in the Yangtze River Delta region of China to investigate the impacts of these factors via correlation analysis and structural equation model (SEM). The results showed that acid rain had a stronger effect on soil pH than nitrogen deposition in C. lanceolata plantation, while the simultaneous addition of acid rain and nitrogen deposition exacerbated soil acidification. Soil available potassium, ammonium nitrogen and nitrate nitrogen in C. lanceolata plantation responded more obviously to acid rain and nitrogen deposition, in which acid rain, nitrogen deposition and their interactions significantly reduced soil available potassium content, while acid rain and nitrogen deposition interactions significantly increased soil ammonium nitrogen and nitrate nitrogen content. Nitric acid rain, nitrogen deposition and their interactions significantly increased soil NAGase activity, but significantly decreased soil urease activity; the single-factor treatment of acid rain and nitrogen deposition significantly increased soil arylsulfatase activity, while the interaction of acid rain and nitrogen deposition significantly decreased soil arylsulfatase activity; in general, the interaction of acid rain and nitrogen deposition had a stronger effect on the soil ecosystem of the C. lanceolata plantation than that of single acid rain or nitrogen deposition, of which nitrogen deposition exacerbated the effects of acid rain on the soil ecosystem of C. lanceolata plantation mainly by changing the soil pH and the content of effective nutrients.
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1 Introduction

Acid rain is a global scale issue that has seriously impeded the development of the ecological environment (Grennfelt et al., 2020). Next to North America and Europe, China is the third largest concentrated distribution area of acid deposition in the world, with >40% of the affected land area (Xu et al., 2015a; Yin et al., 2021). Sulfur dioxide (SO2) and nitrogen oxides (NOX) are emitted into the air and react with water to form sulfuric acid rain and nitric acid rain, respectively (Liu et al., 2022). Unlike the acid rain types of North America and Europe, sulfuric acid-based acid rain is the main type in China (Liu X. et al., 2020; Ma et al., 2019). Due to increasing environmental problems, the Chinese government developed a series of measures for the control of SO2 emissions, with the atmospheric content now being decreased by ~50% (Pu et al., 2014; Xin et al., 2018). However, the regulation of NOx emissions was initiated later (Mingxu et al., 2019); since the beginning of the twenty-first century, rapid economic development has led to the increased use of fertilizers, automobiles, and higher industrial emissions and agricultural pollutants (Lu et al., 2012). This has led to an upsurge of ammonia (NH3) and NOx concentrations in the ambient atmosphere, which translates to the generation of nitric acid rain. Meanwhile, NH3 and NOx (NO + NO2) emissions have accelerated nitrogen (N) deposition (Yu et al., 2019; Ma et al., 2023). the annual emissions of reactive N in China have increased by nearly 83.57% (Cui et al., 2013; Deng et al., 2023), which has resulted in the N deposition in China being much higher than that in other countries (Xuejun et al., 2013; Ge et al., 2023). In Southern China, the annual N deposition in the Yangtze River Delta (YRD) has reached 5.0 g·m−2·yr−1, which has exceeded the critical load of some ecosystems in this region (Qi et al., 2020). Excessive N deposition leads to an imbalance in the ecosystem N cycle (Duan et al., 2016); thus, it has emerged as a major environmental challenge.

Acid rain and N deposition can pose major threats to forest ecosystems (Liu et al., 2017b; Zhang et al., 2019). As a critical component of forest ecosystems, soil is most affected by the external environment (Kabatapendias et al., 1955; Xin et al., 2020). It has been shown that acid rain inputs of H+, sulfate (SO42-) and nitrate (NO3-) to the soil will directly lead to soil acidification (Chen et al., 2013; Song et al., 2023) disrupt the soil ion balance (Breemen et al., 1984; Ling et al., 2010), affect the composition of the soil microbial community, and alter soil enzyme activities (Zheng et al., 2022). Among them, the effects of nitrate-type acid rain on forest ecosystems are more complex than those of sulfate-type acid rain (Xin et al., 2018; Liu et al., 2022). Increased nitrogen deposition favours soil nitrogen effectiveness (Wang et al., 2011) and promotes plant and microbial growth, showing a promoting effect (Meunier et al., 2016; Xiao-Rong et al., 2016). However, at the same time, nitrogen deposition exacerbates soil acidification (Beloica et al., 2022) and, like acid rain, damages the soil environment. Numerous studies have shown that acid rain and nitrogen deposition occur simultaneously and interact with each other in atmospheric and soil processes (Liu Z. Q. et al., 2020; McDonnell et al., 2021), and analysing the ecological effects of acid rain or nitrogen deposition separately will affect the accuracy of the results (Zheng et al., 2018; Xiao et al., 2020). However, very few studies have been conducted on the interaction mechanisms of acid rain and nitrogen deposition on forest ecosystems, especially on their effects on degraded plantation forests in acid rain areas.

Cunninghamia lanceolata is an excellent fast-growing conifer tree that is endemic to China and a major afforestation species in the subtropical region of the Yangtze River Delta (Chen et al., 2021). Its planted forest area has reached 990.20 x 104 hm2, accounting for 17.33 per cent of the country’s planted forest area (Liu et al., 2018). However, due to the one-sided pursuit of fast-growing and abundant production, C. lanceolata plantation have suffered from ecological and production issues due to land degradation (Chen et al., 2020). Among them, nitrogen is an important factor limiting the productivity and ecosystem function maintenance of C. lanceolata plantation (Yu et al., 2002; Huang and Spohn, 2015), therefore, the increase of nitrogen deposition may show a promotion and enhancement effect on soil nutrients in C. lanceolata plantation. However, soil acidification due to the interaction of acid rain and nitrogen deposition may inhibit soil enzyme activities in C. lanceolata plantation, thus altering soil nutrient cycling.

Therefore, for this study, taking a Chinese subtropical C. lanceolata plantation as a research model, we formulated different types of experimental acid rain (nitrate and sulfate) and N addition treatments with the same acidity for field simulation experiments. The responses of the effects of simulated acid rain and N deposition on the soil nutrients of the C. lanceolata plantation were quantified by measuring the soil NAG enzymes, sucrase, acid phosphatases, arylsulfatase, urease, β-glucosidase, and hydrogen peroxidase. The purpose of this investigation was to more accurately evaluate the effects of acid rain and N deposition interactions on ecosystems for C. lanceolata plantation, with a view to providing a theoretical basis for the sustainable development of forest ecosystems in regions where acid rain and N deposition are currently severe or may be the future.




2 Materials and methods



2.1 Overview of the study area

The experimental site was established at the Yangtze River Delta Forest Ecosystem Positioning Research Station (32°77′ N, 119°12′ E) at the junction of Nanjing and Zhenjiang City, Jiangsu Province. This area belongs to a northern subtropical monsoon climate zone, with an average annual temperature of 15.2°C, maximum temperature of 39.6°C, minimum temperature of -16.7°C, an average annual relative humidity of 79%, and frost-free period of 233 d. The climate is mild and humid with four distinct seasons and abundant rain and heat resources. The rainy season extends through the summer, from June to August, with an average annual precipitation of 1055.6 mm. It is situated in Jianghuai, where the terrain is comprised of gentle hills and mountains. The average height of the C. lanceolata trees at the site was 10.8 m; the average diameter at breast height was 20.6 cm; the density of the forest stand was 850 plants-hm-2; the tree is 39 years old; the annual leaf area index was from 2.4 to 4.27; the soil type is mainly yellow-brown soil; the thickness of the soil layer is 40-60 cm; the pH of the soil was about 3.85; and the TC, TN,TS, AP, and AK content were about 49.3, 2.1, 3.9, 4.0, and 37.2, respectively.




2.2 Experimental design and sampling



2.2.1 Sample plot setting

This experiment was conducted based on the acid rain and N deposition simulation platform of the Yangtze River Delta Forest Ecosystem Positioning Research Station. (Nanjing, Jiangsu, China). The acid rain and N deposition simulation sample plots were established in February 1, 2021 in a C. lanceolata plantation. The dimensions of the sample plots were 10 m × 10 m, which were partitioned with PVC boards at 1.0 m above each sample plot (Avoid inflow of other treatment analogue solutions).




2.2.2 Acid rain and nitrogen deposition settings

Three acid rain types were set up by combining 0.5 mol-L-1 H2 SO4 and 0.5 mol-L-1 HNO3 at different concentration ratios: Sulfuric acid rain is formulated at a concentration ratio of 5:1, Nitric acid rain is formulated at a concentration ratio of 1:5. This corresponds to the general anion composition of rainfall in Nanjing city (Pu et al., 2014), and set up control and nitrogen deposition simulation plots. Six simulation treatment groups were established, which included control (CK), sulfuric acid-type acid rain (SR) (pH = 2.5), nitric acid-type acid rain (NR) (pH = 2.5), nitrogen addition (N) (15 g-m-2-yr-1), sulfuric acid-type acid rain + N addition (SRN, pH=2.5, 15 g·m-2·yr-1), nitric acid-type acid rain + N addition (NRN, pH=2.5, 15 g-m-2-yr-1).

The N deposition simulation tests were conducted using urea (CO(NH2)2) at a nitrogen addition level of 15 g-m-2-yr-1. The annual urea addition was 3217.50 g for the 10 m x 10 m sample plot, at a monthly application of 268.13 g. This was divided into two sprays per month mixed with a simulated acid rain solution, with the total amount of simulated acid rain being equivalent to the approximate average monthly rainfall.




2.2.3 Simulated rainfall

In an area 5 m distant from the sample plot a rainwater catchment tank (8.33 m2) was installed, which was 1/12 the size of the 10 m × 10 m sample plot. These rainwater catchment tanks were matched with each 10 m × 10 m sample plot, where the collected rainwater penetrating through the C. lanceolata plantation was used to formulate the acid rain simulation solutions (after each rainfall, the mother liquor was mixed with the collected penetrating rain to create the appropriate simulated acid rain solutions, pH 2.5, hydrogen ion input 0.28; the input of hydrogen ions is less than the input of hydrogen ions in severe areas and does not exceed the current most severe acid rain situation), which was then sprayed evenly in the 10 m × 10 m sample plots using a shower (CNL-1201, Zhejiang Chaonongli Intelligent Technology Co., Ltd.). Simultaneously, the collected penetrating rain was sprayed directly onto the control plots. Each simulation treatment involved three 10 m × 10 m sample plots. Further, a set of blank experiments was established that involved three small sample squares without the addition of simulation solutions. These were created to assess the interactive effects of additional moisture inputs. Simulation lasts 18 months (February 1, 2021–July 3, 2022).




2.2.4 Sample collection

Soil samples were collected in July 3, 2022 by randomly sampling a five-point mixture within each sample plot. The sampling was done in quadrats with three replicates per sample plot, for six sample plots (CK, SR, NR, N, SRN, NRN) for a total of 18 soil samples. These were passed through a sieve with a 2 mm pore size, and all leaves, plant roots, and stones were removed. All soil samples were stored in Ziplock bags in a small refrigerator at 4°C pending transfer to the laboratory for analysis.





2.3 Characterization methods

The soil sample properties were determined using methods obtained from the literature (Liu et al., 2017a). The potentiometric method was used to quantify the soil pH; the ammonia fluoride-hydrochloric acid leaching technique was employed to determine the soil available phosphorus (AP); the ammonium acetate-flame photometric process was used to measure the soil available potassium (AK); an elemental analyzer was used to determine the soil carbon (TC), nitrogen (TN), and sulfur (TS), the two-wavelength UV-colorimetric method was utilized to quantify the nitrate nitrogen (Nitrate-Nitrogen) via 2 mol/L KCl leaching. The ammonium N was determined using 2 mol/L KCl extraction and the indophenol blue colorimetric method. The main enzymes involved in the C, N, P, and S cycles were determined spectrophotometrically (Du et al., 2017; Vassanda et al., 2017). These included: sucrase using a 3,5-dinitrosalicylic acid colorimetric assay; urease using a sodium benzoate-sodium hypochlorite colorimetric assay; acid phosphatase using a p-nitrophenyl disodium phosphate colorimetric assay; catalase using a potassium permanganate titration assay; arylsulfataseusing a p-nitrophenyl sulfate method; β-glucosaminidase using a nitro phenol colorimetric assay; and NAG enzymes using the p-nitrophenol method.




2.4 Data analysis

Microsoft Excel 2021 software was used to summarize and collate the raw experimental data. SPSS 22.0 was used to perform one-way analysis of variance (ANOVA, Duncan’s test, significance level 0.05) on the soil nutrient content and soil enzyme activities under the simulated acid rain and nitrogen deposition. R language was used to analyze the correlations between the soil nutrients and enzyme activities (Pearson). The structural equation model (SEM) was used to explain the direct and indirect effects of soil nutrients on enzyme activity, and graphs were drawn using GraphPad Prism 9.0.





3 Results



3.1 One-way analysis of variance (ANOVA) of various indicators of soil in C. lanceolata plantation under different treatments



3.1.1 Changes in soil pH of C. lanceolata plantation under different treatments

The soil pH of the C lanceolata plantation under the CK treatment was ~3.85 (Figure 1). Overall, there was a decrease in the soil pH under both the simulated acid rain and N deposition treatments. In particular, the N and NR treatments decreased it by 0.07 (1.73%) and 0.13 (3.38%), respectively, compared to the CK treatment, with negligible differences (p > 0.05). Further, the SR, SRN, and NRN treatments decreased the pH by 0.20 (5.20%), 0.22 (5.63%), and 0.20 (5.20%), respectively, with significant differences (p < 0.05). In addition, the SRN and NRN treatments reduced the soil pH by 0.15 (39.68%) and 0.14 (36.16%), respectively, compared with the N treatment (Figure 1). The SRN treatment reduced the soil pH by 0.02 (0.46%) compared to the SR treatment, while the NRN treatment reduced it by 0.07 (1.97%) compared to the NR treatment (Figure 1).




Figure 1 | Changes of soil pH in C. lanceolata plantation under different treatments. CK, Control; SR, Sulfuric acid rain; NR, Nitric acid rain; N, Nitrogen deposition treatment; SRN, Sulfuric acid rain plus nitrogen deposition; NRN, Nitric acid rain plus nitrogen deposition; Different letters denote significant differences (p<0.05) between treatments.






3.1.2 Changes in soil nutrient content in C. lanceolata plantation under different treatments

Acid rain and nitrogen deposition reduced the soil total carbon content and soil total sulfur (TS) content of C. lanceolata plantation (except for TS with SRN treatment), but only the changes of NRN treatment was significant (p < 0.05, Figures 2A, C). In addition, NR and N treatments increased soil total nitrogen (TN) content, however, NRN significantly decreased TN content (p < 0.05, Figure 2B). What’s more, no significant difference of soil C/N ratio was found among acid rain and nitrogen deposition treatments (p > 0.05, Figure 2D).




Figure 2 | Changes in soil (A) TC, (B) TN, (C) TS, and (D) C/N content in the C. lanceolata plantation under different treatments. CK, Control; SR, Sulfuric acid rain; NR, Nitric acid rain; N, Nitrogen deposition treatment; SRN, Sulfuric acid rain plus nitrogen deposition; NRN, Nitric acid rain plus nitrogen deposition; Different letters denote significant differences (p<0.05) between treatments.



Overall, the available potassium decreased and nitrate N increased (Figures 3B, D), while the ammonium N increased (Figure 3C, except for the N treatment), following the simulated acid rain and N deposition treatments compared to the CK. In particular, acid rain and N deposition significantly decreased the available potassium (Figure 3B) (p < 0.05), while the SRN and NRN treatments increased the ammonium N considerably (Figure 3C) (p < 0.05), and the SR, N, and NRN treatments significantly increased nitrate N (Figure 3D) (p < 0.05). Additionally, both the available potassium and available phosphorus decreased under the SRN and NRN treatments compared to the N treatment (Figures 3A, B), while the ammonium N was increased (Figure 3C).




Figure 3 | Changes in soil chemical properties of the C. lanceolata plantation under no treatment: (A) AP, (B) AK, (C) NH4+-N, (D) NO3--N. CK, Control; SR, Sulfuric acid rain; NR, Nitric acid rain; N, Nitrogen deposition treatment; SRN, Sulfuric acid rain plus nitrogen deposition; NRN, Nitric acid rain plus nitrogen deposition; Different letters denote significant differences (p<0.05) between treatments.






3.1.3 Changes in soil enzyme activities in C. lanceolata plantation under different treatments

In general, it appeared that NAGase activity increased, and urease activity decreased under the simulated acid rain and N deposition treatments compared to the CK (Figures 4A, G).




Figure 4 | Changes of soil enzyme activities in C. lanceolata plantation under different treatments. (A) N-acetyl-b-D-glucosidase (NAG), (B) sucrase (SC), (C) arylsulfatase (ASF), (D) β‐glucosidase (BG), (E) acid phosphatase (ACP), (F) catalase (CAT), (G) urease (UE). CK, Control; SR, Sulfuric acid rain; NR, Nitric acid rain; N, Nitrogen deposition treatment; SRN, Sulfuric acid rain plus nitrogen deposition; NRN, Nitric acid rain plus nitrogen deposition; Different letters denote significant differences (p<0.05) between treatments.



Particularly, the NAGase activities increased significantly by 334.70%, 367.88%, and 284.47% under the N, NR and NRN treatments, respectively (Figure 4A) (P < 0.05), while the urease activities decreased considerably by 35.47% and 39.98% under the NR and NRN treatments, respectively (Figure 4G) (P < 0.05). The acid phosphatase increased significantly under the NR and NRN treatments (Figure 4E) (P < 0.05); the convertase activities increased considerably under N treatment but decreased significantly under the NRN treatment (Figure 4B) (P < 0.05); and the arylsulfatase activities decreased dramatically under SRN and NRN treatments (Figure 4C) (P < 0.05). Furthermore, the SRN and NRN treatments reduced the activities of convertase, arylsulfatase, β-glucosidase, and urease (Figures 4B–D, G), while the SRN and NRN treatments strongly diminished the arylsulfatase activities (Figure 4C) (P < 0.05), albeit enhanced catalase (Figure 4F) in contrast to the N treatment.





3.2 Relationships between soil nutrients and soil enzyme activities in C. lanceolata plantation under different treatments

From the correlation analysis, it was observed that the soil pH was significantly negatively correlated with ammonium N, while strongly positively correlated with soil catalase (P < 0.05). Total C was significantly (P < 0.05) positively correlated with urease. Total N was significantly (P < 0.05) positively correlated with arylsulfatase and sucrase. Arylsulfatase, however, was significantly (P < 0.05) negatively correlated with ammonium N. In addition, sucrase was significantly positively correlated (P < 0.05) with total N, urease and arylsulfatase.

Based on the results of the correlation analysis a structural equation model (SEM) was developed. Model fitting was the overall fitting of the initial model using the test data. This was based on the standard values of the fit indices of the structural equation model shown in Table 1, to determine whether the model met the parameter requirements.


Table 1 | Standard values of structural equation model fitting index.



The chi square degree of freedom ratio (CHISQ/DF) was 1.115 (<5), the chi square test showed a p-value of 0.892 (p>0.05), the goodness of fit index (GFI) value was 0.983 (>0.900), and the root of approximation error (RMSEA) value was 0.000 (<0.08), which indicated that the model met the parameter requirements.

As shown in Figure 5, the results indicated that the direct effects of soil pH on ammonium N(-0.505, p < 0.01)was significant; the direct effects of ammonium N on arylsulfate lyase (-0.925, p < 0.001) and soil sucrase (-0.475, p < 0.05) were significant; the direct effect of sucrase on urease was also significant (0.694, p < 0.001), while the direct effect of urease on acid phosphatase was significant (-0.746, p < 0.001), while the direct effect of acid phosphatase on arylsulfatase was significant (0.312, p < 0.05).the direct effect of sucrase on arylsulfatase was significant (0.380, p < 0.05).




Figure 5 | SEM analysis of acid rain and nitrogen deposition on soil nutrients and enzyme activities. Numbers on arrows are standardized path coefficients. The widths of the arrows indicate the strengths of the causal effects. pH: soil pH; C/N: soil carbon ratio; NH.N: ammonium nitrogen; ACP: acid phosphatase; UE: urease; SC: sucrase; ASF: arylsulfatase.







4 Discussion

Soil is the ultimate recipient of acid rain and N deposition, which can alter the chemical properties of the soil (Houlton and Morford, 2015; Sosa Echeverría et al., 2023), as both acid rain and N deposition can lead to soil acidification (Huang et al., 2014). The essence of soil acidification is that the H+ from acid rain is adsorbed to the surface soil particles by exchanging with salt-based ions bound to the surfaces of the soil colloids. The exchanged salt-based ions are leached off, after which the hydrogen ions on the surface of the soil particles react with aluminum on the surface of the mineral lattice to convert it to a form that can participate in the exchange reaction (Dong et al., 2022). N deposition alters the soil N cycle, which can control the hydrogen ion cycle (Zong et al., 2017). It is generally accepted that N deposition accelerates soil acidification (Aber et al., 2003; Patel et al., 2020). The effect of soil acidification is closely related to soil pH; thus, the more severe the soil acidification the lower the soil pH. The results of this study revealed that both acid rain and N deposition induced the soil pH to decrease (Figure 1). Compared with N addition alone, the combined effects of acid rain and N deposition reduced the soil pH by ~0.15 (37.92%) (Figure 1). However, compared with the addition of acid rain alone, the combined effects of acid rain and N deposition reduced the soil pH by only ~0.09 (1.22%) (Figure 1), which suggested that acid rain had a greater impact on the soil pH than did N deposition. Soil acidification through the further application of N can effectively increase the total N, ammonium N, and nitrate N contents of surface soils (Geng et al., 2020; Zhang et al., 2023). In this study, only the total N and nitrate N contents were increased under the N application treatments, while the ammonium N content was decreased (Figure 2B, 3C, D). This may have been due to the rapid loss of available N in a short time period, as well as the acceleration of the further oxidation of ammonium N to nitric acid under the action of microorganisms (Kazuo et al., 2012; Lei et al., 2016). The concentration of ammonium N decreased, its hydrolysis process was weakened and the soil pH increased, in alignment with the results of our correlation analysis, which showed a significantly negative correlation between the soil pH and ammonium N (Figure 6) (P < 0.05). The soil pH exhibited a strong direct effect on ammonium N (Figure 5) (P < 0.05).




Figure 6 | Correlation analysis between soil nutrients and enzymes under different treatments. pH. soil pH; TC, TN, C/N, and TS denote soil total carbon, total nitrogen, carbon to nitrogen ratio, and total sulfur content, respectively; AP and AK denote soil available phosphorus and available potassium content, respectively; NH4+-N and NO3–N denote soil ammonium N and nitrate nitrogen content; UE, ACP, CAT, GC, NAG, ASF, and SC denote soil urease, acid phosphatase, catalase, β-glucosidase, N-acetyl-β-D-glucosidase, arylsulfatase, and sucrase activities, respectively. *** indicates significant correlation at p < 0.001; ** indicates significant correlation at p < 0.01; * indicates significant correlation at p < 0.05.



Furthermore, both the total C and total N were decreased and the ammonium N content increased when the acid rain and N deposition acted together in contrast to the N treatment alone (Figures 2A, B, 3C). This indicated that the acid rain treatments of this study reduced the total C and total N content to some extent. Due to the fact that the soil in this experiment was collected from the surface layer of 0-20 cm and was greatly affected by the input of litter, while acid rain acidified the soil, resulting in a decrease in microbial activity and possibly inhibiting the decomposition of litter, thereby reducing the input of organic matter and affecting the total carbon content. In addition, the soil nitrate N content under the NRN treatment was greater than that under the SRN treatment, which might be explained by the increased inorganic N input under the NRN treatment. This led to an enhancement of the N metabolism of soil microorganisms, which accelerated the decomposition of insoluble N substances in the soil (Li et al., 2018; Liu et al., 2022). Compared with the SR treatment, the SRN treatment resulted in a significant decrease (Figure 3D) (P < 0.05) in soil nitrate nitrogen content, which could be attributed to the fact that the input of nitrogen fertiliser in the SRN treatment enhanced soil microbial acti vity, improved nitrate nitrogen leaching and reduced the nitrate nitrogen content (De Vries and Breeuwsma, 1987; Brown et al., 2021; Li et al., 2023). Currently, there are inconsistent reports as to the effects of N deposition on soil nutrients. Martinsen et al. concluded that N deposition had almost no effect on the soil nutrient content (Martinsen et al., 2012), which may have been due to the fact that N deposition not only promotes the decomposition of soil organic N, but also improves the uptake and utilization of inorganic N by plants (Deluca and Zouhar, 2000; Lu et al., 2021). Nitrogen mineralization affects the bioavailability of N, and earlier studies have shown that N inputs increased the initial N mineralization rate in soils, as increased N bound to organic matter decreased the soil C/N ratio and accelerated the decomposition of soil organic matter and nutrient release processes (Aber et al., 1989; Drewniak and Gonzalez-Meler, 2017). In our results, the soil C/N ratios in C. lanceolata plantation decreased with higher levels of simulated acid rain and N deposition (Figure 2D) (P < 0.05), which was consistent with the results of previous studies (Shuang-Li et al., 2020; Ziqiang et al., 2021).

Further, although the gross mineralization of soil N increased under long-term continuous N application, the net mineralization rate exhibited a decrease from the prior peak and was close to, or lower than, the CK value, with the net mineralization reaching its maximum at moderate N deposition levels (Albert et al., 1998). A field study undertaken by Gundersen et al. found that increased N inputs enhanced the net mineralization rate only in the N-limited areas, whereas the further application of N delayed the net mineralization of soil N in areas with faster N cycling rates (Gundersen et al., 1998). There were two potential explanations for the decreased N mineralization rate. Firstly, increased N levels altered the chemical structure of the soil organic matter and reduced the efficacy of extracellular metabolic enzymes. Secondly, the quantity of humicolytic enzymes generated by soil microorganisms, especially fungi, decreased with the higher soil mineral N content (Aber et al., 1989; Chen et al., 2022).

Acid rain and N deposition led to soil acidification, which altered the soil chemistry and in turn affected soil microorganisms and soil enzyme activities. Soil urease hydrolyses urea to carbonic acid and ammonia, which is a characterization of soil N utilization (Xu et al., 2015b). The results of our correlation analysis revealed a negative correlation between urease and ammonium N (Figure 6), which suggested that enhanced leaching of N from the soil led to an enhanced competition for N between plants and microorganisms and increased the secretion of urease (Wang et al., 2008). Urease is an enzyme associated with the acquisition of N by plants and microorganisms, where an increase in its activity can lead to a faster rate of soil organic N mineralization (Wang et al., 2008; Ren et al., 2014). It is generally believed that an increase in the active soil N content leads to a corresponding increase in the demand for other nutrients (e.g., carbon and phosphorus) by soil microorganisms. Associated enzyme activities are also elevated (e.g., Keeler et al. found that the application of N simultaneously increased soil phosphatase and cellulase activities) (Keeler et al., 2009). In agreement with the results of the present study, there was a significantly positive correlation between the soil sucrase and urease (Figure 6) (P < 0.05), where sucrase enzymes had a significant direct effect on urease (Figure 5) (p < 0.001). In addition, the phosphatase activities under the SRN treatments of this study decreased with higher N application levels, while sucrase activities decreased (Figures 4B, E). This suggested that, in this study, the soil ecosystem of the sample site may have transitioned from N limited to C limited. Overall, in addition to this, there was an increase in NAGase activities following the acid rain and N deposition treatments (Figure 4A). Among them, the activities of NAG enzymes increased significantly only under the N deposition treatments (Figure 4A) (P<0.05), which implied that the NAG enzyme activities in this study may be used as an indicator of the difficulties involved in the microbial acquisition of N due to N deposition.

The change in soil enzyme activity is a complex physicochemical proces, where different enzyme activities in diverse ecosystems respond variably to acid rain and N deposition, which needs to be further explored by combining soil enzyme changes with environmental factors. De Forest et al. (DeForest et al., 2004; Zhou et al., 2018) found that N deposition inhibited the soil peroxidase activity when they investigated the responses of northern broadleaved plantation to N deposition. Li et al. (2022) found that simulated acid rain increased soil catalase activities. Consistent with our findings, the combined effects of acid rain and N deposition increased the soil catalase activities in contrast to the N treatment alone (Figure 4F). This indicated that the soil pH promoted soil catalase activities in the short term (Figure 6) (P < 0.05). Furthermore, Cusack et al. (Pregitzer et al., 2008; Liu et al., 2021) observed that N deposition inhibited the activities of peroxidase in tropical rainforests, albeit promoted those of the enzymes in tropical montane forests. Differences in the effects of N deposition on peroxidase activities may have been due to differences in the background N content and ecosystem N inputs, and those in the structures of soil microbial communities. Kim et al. (Kim and Kang, 2011) and Cusack et al. (Pregitzer et al., 2008; Kazanski et al., 2019) demonstrated that when ecosystems had high background N deposition or soil N contents, this tended to inhibit peroxidase and polyphenoloxidase activities, and conversely tended to increase their activities. In addition, we found that NRN and SRN treatments significantly reduced arylsulfatase activities by ~62.24% and 69.30%, respectively (Figure 4C), which was ~twice that through the N addition alone in an earlier study (Wang et al., 2016; Feyzi et al., 2020). This indicated that arylsulfatase activities were more sensitive to the effects of acid rain than N.

It should be noted that the effects of acid rain and nitrogen deposition on forest soil ecosystems are a very complex process that requires long-term monitoring, and due to the limitations of the observation period, although preliminary results have been obtained in the present study, there are still many issues that need to be further investigated. This study has a relatively short period of time, and there may be some accumulated effects that have not been reflected, and experiments and observations with a longer time span should be carried out in the future. In addition, in the context of acid rain and nitrogen deposition, forest ecosystems are accompanied by problems such as increased CO2 concentration, soil erosion, water environment pollution, deforestation, and climate warming, and changes in these conditions can have profound effects on soil ecosystems. Therefore, future research that integrates other multifactorial changes will help to further reveal the mechanisms of soil ecosystem change in the context of global environmental change.




5 Conclusion

Through a one-year experiment, we analysed the difference between the interaction of acid rain and nitrogen deposition and its single-factor effect on soil properties in C. lanceolata plantation, and the results showed that nitrogen deposition had a lower effect on soil pH than acid rain, but nitrogen deposition exacerbated soil acidification, and that soil effective nutrients and enzyme activities were more easily affected by acid rain and nitrogen deposition, in which the interaction between acid rain and nitrogen deposition significantly increased soil ammonium nitrogen and nitrate nitrogen content and decreased soil arylsulfatase activity. In general, the interaction of acid rain and nitrogen deposition exacerbated soil acidification, changed soil nutrients and enzyme activities, and had a stronger effect on the soil ecosystems of the C. lanceolata plantation than the single-factor effects of acid rain or nitrogen deposition.
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