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Nitrogen Addition Affects Ecosystem Carbon Exchange by Regulating Plant Community Assembly and Altering Soil Properties in an Alpine Meadow on the Qinghai–Tibetan Plateau
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Nitrogen (N) deposition can affect the global ecosystem carbon balance. However, how plant community assembly regulates the ecosystem carbon exchange in response to the N deposition remains largely unclear, especially in alpine meadows. In this study, we conducted a manipulative experiment to examine the impacts of N (ammonium nitrate) addition on ecosystem carbon dioxide (CO2) exchange by changing the plant community assembly and soil properties at an alpine meadow site on the Qinghai–Tibetan Plateau from 2014 to 2018. The N-addition treatments were N0, N7, N20, and N40 (0, 7, 20, and 40 kg N ha–1year–1) during the plant growing season. The net ecosystem CO2 exchange (NEE), gross ecosystem productivity (GEP), and ecosystem respiration (ER) were measured by a static chamber method. Our results showed that the growing-season NEE, ER and GEP increased gradually over time with increasing N-addition rates. On average, the NEE increased significantly by 55.6 and 65.2% in N20 and N40, respectively (p < 0.05). Nitrogen addition also increased forage grass biomass (GB, including sedge and Gramineae) by 74.3 and 122.9% and forb biomass (FB) by 73.4 and 51.4% in N20 and N40, respectively (p < 0.05). There were positive correlations between CO2 fluxes (NEE and GEP) and GB (p < 0.01), and the ER was positively correlated with functional group biomass (GB and FB) and soil available N content (NO3––N and NH4+–N) (p < 0.01). The N-induced shift in the plant community assembly was primarily responsible for the increase in NEE. The increase in GB mainly contributed to the N stimulation of NEE, and FB and the soil available N content had positive effects on ER in response to N addition. Our results highlight that the plant community assembly is critical in regulating the ecosystem carbon exchange response to the N deposition in alpine ecosystems.
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INTRODUCTION

Accelerating industrialization and increasing nitrogen (N) fertilizer application have substantially increased the N deposition in most areas of the earth (Canfield et al., 2010), which will make reducing greenhouse gas emissions harder in the coming decades (IPCC, 2018). The release and deposition of global atmospheric reactive N into the Earth’s surface is predicted to total 200 Tg N year–1 by 2050 (Galloway et al., 2008). Increasing the N deposition alters plant-community compositions and affects the biogeochemical cycling of terrestrial ecosystems (Simkin et al., 2016), particularly in N-limited grasslands (Canfield et al., 2010). Consequently, the N deposition can have many effects on the plant productivity and ecosystem carbon fluxes in grasslands (Niu et al., 2010; Zhang J. et al., 2020).

Net ecosystem carbon exchange (NEE), which is defined as the difference between gross ecosystem productivity (GEP) and ecosystem respiration (ER), is widely used to describe the changes in ecosystem carbon sinks and sources and is a vital function in the global carbon cycle (Mahecha et al., 2010; You et al., 2020). However, the effect of N addition on grassland NEE has been shown to be either positive (Niu et al., 2010) or non-significant (Kim and Henry, 2013) in different grassland ecosystems. Such inconsistent findings are likely due to different frequencies and concentrations of N addition (Cao et al., 2019) and the changes in climate factors (temperature and precipitation) (Niu et al., 2010; Yan et al., 2011). Additionally, the soil temperature, water availability, soil nutrient availability (Leff et al., 2015; Wang et al., 2020), and community composition (Xu et al., 2016) affect ecosystem carbon dioxide (CO2) fluxes under N addition.

The dynamic response of ecosystem carbon exchange to N addition is derived from shifts in species composition and colimitation with other abiotic resources (Jiang et al., 2012). A long-term N addition affects the plant biomass and community composition in grassland ecosystems by increasing soil N availability (Bai et al., 2008; Yang et al., 2012; Xu et al., 2014; Shen R. N. et al., 2022). For example, a long-term N addition could promote the functional groups of grass by negatively impacting forb in alpine grasslands (Zhang L. et al., 2020), which is an effect related to the different mycorrhizal distributions, N absorption amounts and utilization mechanisms between grasses and forbs (Wang et al., 2015; Kang et al., 2019). Chronic or excessive N addition can also reduce the species richness and diversity when soil N exceeds the saturation threshold (Xia and Wan, 2008; Li S. et al., 2019). Furthermore, many studies have shown that N addition can affect ER and NEE by stimulating plant growth and altering the plant community composition. For example, N addition stimulated NEE mainly by increasing the cover of dominant species in alpine meadows (Shen H. et al., 2022). Nitrogen-induced shifts in plant functional groups are considered to be an essential factor affecting carbon exchange in ecosystems (Niu et al., 2010; Fang et al., 2011; Chen et al., 2020), generally favoring a few nitrophilic plant species while suppressing the growth of many other species (Duprè et al., 2010; Jiang et al., 2012). In addition, studies showed that an increase in soil respiration was positively related to soil nutrient availability under N addition (Leff et al., 2015; Peng et al., 2015; Riggs et al., 2015).

Nitrogen deposition is a prominent global change driver on the Qinghai–Tibetan Plateau (QTP) (Liu et al., 2015) because the rapid development of the regional economy and the long-distance monsoon transport of atmospheric N deposition from South Asia have been related to the conspicuously increasing trend of the N deposition rate (Lü and Tian, 2007; Liu et al., 2015). Alpine meadows are one of the typical or dominant grassland ecosystem types on the QTP and are vital carbon pools in the “third pole” (Wang et al., 2014; Gao et al., 2016). Alpine meadows have long been affected by N and water deficiencies (Qiu, 2008; Liu et al., 2018; Dong et al., 2020), and their vegetation compositions and ecological processes are highly sensitive to the N deposition (Xu et al., 2018; Ma et al., 2019). The effects of N deposition on ecosystem CO2 fluxes and plant community assembly have been widely studied in this region. A study from the QTP found that the N deposition could shift plant species composition in favor of graminoids (Shen H. et al., 2022). The responses of the functional traits of alpine plants to the N deposition showed cascading effects from dominant species to functional groups and plant communities (Li et al., 2022). A long-term N addition can greatly reduce species richness (Li S. et al., 2019), and NEE may increase under N addition (Niu et al., 2009, 2010). Multigradient N-addition experiments have shown that the GEP revealed a non-linear increasing trend with increasing the N deposition rates (Tian et al., 2015). In addition, some researchers have highlighted that the ecosystem CO2 fluxes were affected by plant productivity (Bai et al., 2008; Tian et al., 2015). However, how to achieve the combination of functional groups and promote ecosystem carbon fluxes under the N deposition in alpine meadows remains unclear. Based on the above studies, we hypothesized that N addition could stimulate ecosystem CO2 fluxes via increasing sedge and forb biomass, thereby affecting the responses of the carbon sink function in alpine meadows.

A 5-year (2014–2018) field-manipulation experiment with four N deposition rates (i.e., N0, N7, N20, and N40) was conducted in an alpine meadow on the QTP. Our study aimed to (1) determine how plant functional groups and ecosystem CO2 fluxes respond to increasing N deposition and (2) clarify how the associated changes in the plant community assembly affect the responses of ecosystem CO2 fluxes to N addition.



MATERIALS AND METHODS


Study Site

The research area is located at the Nagqu National Agricultural Experimental Station for the Agricultural Environment, Tibet Autonomous Region, China (31.441°N, 92.017°E) at an elevation of 4,500 m. The mean annual temperature and precipitation are −1.2°C and 431.7 mm, respectively. The main functional groups are sedge, Kobresia pygmaea, Carex moorcroftii, Gramineae, Poa pratensis and forbs (mainly including Potentilla acaulis and Oxytropis ochrocephala) (Zhou et al., 2021). The soil is clay silt and is classified as alpine meadow soil. The soil bulk density is 1.01 g cm–3. The experimental field was grazed by yak (Bos grunniens) every summer before 2010, after which the study area was fenced off, and grazing and mowing were prohibited throughout the experiment (Ganjurjav et al., 2020). The growing season is from May to September when the average temperature is above 0°C, and the precipitation during this time accounts for more than 90% of the total precipitation. The precipitation was lower during the middle of the growing season in 2015 and 2017, and the temperature showed an undulating increasing trend during the growing season in the time period 2014-2018 (Supplementary Figure 1).



Experimental Design

The total dry and wet N deposition rate was approximately 7 kg N ha–1.year–1 (6.96–7.55 kg N ha–1.year–1) in the Tibet Autonomous Region (Lü and Tian, 2007; Liu et al., 2013). Therefore, we set N-addition rates of approximately 1, 3, and 6 times 7 kg N ha–1.year–1 to simulate the N deposition effects on ecosystem carbon exchange in the study area. We initiated a 5-year (from 2014 to 2018) N deposition experiment in an alpine meadow using a randomized block design with 16 experimental plots (each plot of size 3 m × 3 m) separated by a 2-m buffer. One control (unfertilized, N0) and three N addition treatments termed N7, N20, and N40 (0, 7, 20, and 40 kg N ha–1 year–1, respectively) were randomly assigned to plots. Four replicate plots were selected for use in our study. Ammonium nitrate (NH4NO3) was applied to simulate atmospheric N deposition, and each plot was sprayed with a solution of NH4NO3 dissolved in 5 L water 4 times per year (early in each month from May to August). The same volume of water was sprayed on the control plots to avoid an impact from added water. The total annual volume of water applied to each plot was 40 L, which was equivalent to 1% of the local annual precipitation (Yan et al., 2018).


Plant Community Assembly

The community characteristics were surveyed twice a month during the growing season from 2014 to 2018. The community characteristic data during the peak growing season (late July or early August) were used in this study. A small quadrat (of size 0.5 m × 0.5 m) in each plot was selected for the determination of vegetation characteristics using sampling and visual methods. First, we recorded and measured the numbers and heights of all plant species. The heights of five individuals of each species were measured, and the mean value was used to represent the species height. Second, we estimated the total community coverage (total cover) and the coverage of each species (percentage coverage) using a visual method. Third, the aboveground biomass of different functional groups was determined by non-destructive measurement (Ganjurjav et al., 2020). The non-destructive measurement method included establishing a regression equation of plant height, coverage, and biomass in the vicinity of the sample plot and estimating the plant biomass in the plot using the developed equation (see Supplementary Table 1). The species richness index was equal to the number of species. Species dominance was evaluated based on the importance value index (P), which was computed as follows:
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where RCi and RFi are the relative cover (equal to the ratio of the species coverage to the total coverage of all species) and relative height (equal to the ratio of the species height to the total height of all species), respectively (Sun et al., 2021).

The plant community diversity was computed using the Shannon–Wiener index as follows:
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where Pi represents the importance value index of the ith species (Magurran, 1988).



Ecosystem Carbon Dioxide Fluxes

A portable photosynthesis system (Li-6400; LI-COR Inc., Lincoln, NE, United States) and the transparent chamber method were used to measure the carbon exchange 1–3 times a month during the growing season from 2014 to 2018. We carried out these field measurements at 10:00–12:00 local time on sunny days. First, on the inner side of the top of each transparent polyethylene chamber (of size 0.3 m × 0.3 m × 0.4 m), a fan was installed to mix the gas inside the chamber during the measurement. Second, a transparent polyethylene chamber was placed in each quadrat to measure NEE for 90 s. Then, we removed the chamber to ensure that the air humidity and CO2 reached at ambient levels. Finally, we placed the chamber back in each quadrat, covered it with an opaque shade cloth, and measured ER for 90 s. Gross ecosystem productivity was calculated using the NEE and ER values. For more information on this methodology, see Ganjurjav et al. (2015).



Soil Properties

The soil samples were collected from 0 to 10 cm soil layer in each plot using an auger in mid-August every year. The soil available N content (NH4+–N and NO3––N) was extracted with a 2 mol L–1 KCl solution and determined with a continuous flow spectrophotometer (FIAstar 5000 Analyzer; Foss Tecator, Hillerød, Denmark). The soil microbial biomass C (MBC) and N (MBN) were measured using the chloroform fumigation extraction method (Brookes et al., 1985; Fu et al., 2012). Fumigated and unfumigated soil samples were extracted with 100 ml 0.5 mol L–1 K2SO4 and filtered with a 0.45-μm membrane. The extractable organic carbon and total N were determined by an automatic carbon analyzer (Phoenix 8000) and flow injection nitrogen analyzer (FIAStar5000, FOSS Inc), respectively. Extractable carbon and N were converted to MBC and MBN using a conversion coefficient of 0.45 for both measurements (Fu et al., 2012).




Data Analysis

The annual maximum ecosystem carbon exchange value (obtained between late July and early August in each year) was used to present the annual variation in NEE, GEP, and ER during the growing season. We log10-transformed all variables before performing the data analysis to stabilize the residual variances. One-way ANOVA and post hoc tests were used to analyze significant differences in ecosystem CO2 fluxes, soil properties, community diversity, and functional group biomass among the N0, N7, N20, and N40 plots over 5 years. The functional group biomass included forage grass and forb biomass (GB and FB, respectively), and forage grass was defined as the combination of sedge and Gramineae (Huang et al., 2020). Differences were considered significant when p < 0.05. We also applied repeated-measures analysis of variance (RMANOVA) to analyze the individual and interactive influences of year and N addition on CO2 fluxes (i.e., NEE, ER, and GEP), soil properties, community diversity, and functional group biomass. Pearson correlation analysis was employed to analyze the relationships between CO2 fluxes (NEE, GEP and ER) and soil properties, community diversity, and functional group biomass over 5 years. Meanwhile, to determine the long-term effect of N addition, we calculated the response ratios under the treatments (N7, N20, and N40) relative to the control (N0) to examine the changes in biomass, and the change in carbon flux was defined as the difference between the value under each N addition treatment and that under N0 treatment. All analyses were carried out using SPSS (SPSS for Windows, version 22.0).

We established a priori structural equation modeling (SEM; IBM SPSS Amos 24) based on correlation analyses between the CO2 fluxes (NEE and ER) and GB, FB and soil properties (Supplementary Figure 4 and Supplementary Table 4). Next, we explored how N addition affected NEE and ER by changing soil properties and functional group biomass. A multivariate index representing the soil available N content was created by principal component analysis (PCA) of the soil NO3––N and NH4+–N contents. The first principal component explained 66.5% of the total variance and was used in the SEM analysis. First, we hypothesized that N addition would increase the soil properties, and alter the plant community assembly by increasing soil nutrient availability (Bai et al., 2008; Yang et al., 2012; Xu et al., 2014), which would then affect the ER and NEE responses to N addition (Duprè et al., 2010; Jiang et al., 2012). We optimized the prior model based on the Chi-squared (χ2) statistic (p>0.05), root mean square error of approximation (RMSEA)<0.05, comparative fit index (CFI) and Tucker–Lewis index (TLI)>0.95, and the lowest Akaike information criterion (AIC) value (Wei et al., 2013).




RESULTS


Changes in Soil Chemical Properties

Nitrogen addition had significant effects on soil properties (Table 1, p < 0.05). Compared to the N0 plot, the soil NO3––N, NH4+–N, MBC, and MBN contents increased almost exclusively in the N40 treatment (Figure 1). On average, the soil NH4+-N, MBC and MBN contents increased by 44.3, 38.5, and 21.0% in N40, respectively, and the soil NO3––N content increased by 45.7 and 88.0% in N20 and N40, respectively (p < 0.05). The soil properties changed significantly during the 5 studied years (Table 1, p < 0.05). Specifically, in N40, the soil NH4+–N content was 153.6, 63.4, 86.9, and 124.9% higher than that in N0 in 2015–2018 (Figure 1A). Additionally, the soil MBC content was 67.7 and 74.4% while MBN content was 35.7 and 33.5% higher than that in N0 in 2017–2018, respectively (Figures 1C,D). The soil NO3––N content was also 93.5, 49.8, and 99.4% higher than that in N0 in 2016–2018, respectively (Figure 1B). In N20, the soil NO3––N content was 71.1 and 69.6% higher than that in N0 in 2016 and 2018, respectively (Figure 1B).


TABLE 1. Results of repeated measures analysis of variance (RMANOVA) on the individual and interactive effects of N addition (N), year on soil properties.
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FIGURE 1. Patterns in soil properties with increasing N addition from 2014 to 2018. N0–N40: expressed as control, 0, 7, 20, and 40 kg N ha–1year–1. (A) NH4+–N, soil ammonium nitrogen; (B) NO3––N, soil nitrate–nitrogen; (C) MBC, soil microbial biomass carbon; (D) MBN, soil microbial biomass nitrogen. The error bars represent the standard error (SE). Different lowercase letters indicate significant differences (p < 0.05) among different N-addition levels (hereinafter inclusive). Some results are cited from Yan (2019).




Changes in Forb and Forage Grass Biomass and Aboveground Biomass

The variations in aboveground biomass and forage grass and forb biomass mainly depended on the N-addition level, and differences were also observed among the 5 studied years (Table 2, p < 0.05). The aboveground biomass and forage grass biomass mostly showed gradual increasing trends (Figures 2B,C), and forb biomass mostly showed a unimodal trend with N addition across the 5 studied years (Figure 2A). On average, the aboveground biomass increased by 59.1, 78.1, and 90.1% in N7, N20, and N40, respectively; forage grass biomass increased by 74.3 and 122.9% in N20 and N40, respectively; and forb biomass increased by 78.1, 73.4, and 51.4% in N7, N20, and N40, respectively (p < 0.05). The effects of N addition on AGB and GB followed a unimodal temporal trend, with the maximum response peak in 2017 (Figures 3A,B). The response ratios of forb biomass to N addition showed a different temporal trend, with N addition increasing FB in most years (Figure 3C).


TABLE 2. Results of repeated measures analysis of variance (RMANOVA) on the individual and interactive effects of N addition (N), and year on CO2 fluxes (GEP, ER and NEE), biomass (AGB, GB and FB) and diversity indices.
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FIGURE 2. Patterns in (A) forb biomass, (B) forage grass biomass, and (C) aboveground biomass with increasing N addition from 2014 to 2018. The error bars represent the standard error (SE). N0–N40: expressed as control, 0, 7, 20, and 40 kg N ha–1year–1. Different lowercase letters indicate the significant differences (p < 0.05) among different N-addition levels.
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FIGURE 3. Response ratio of (A) aboveground biomass (AGB), (B) forage grass biomass (GB) and (C) forb biomass (FB) and changes in (D) net ecosystem CO2 exchange (NEE), (E) ecosystem respiration (ER), and (F) gross ecosystem productivity (GEP) from 2014 to 2018.




Changes in Plant Community Diversity

Species richness was prominently affected by the year, N addition, and their interactions (Table 2, p < 0.05). The variations in the Shannon–Wiener index mainly depended on the N-addition level (p < 0.05). The species richness and the Shannon–Wiener index first increased and then decreased over time with increasing N-addition rates, peaking between the N7 and N20 plots (Figures 4A,B). The differences were also observed among the 5 studied years (Table 2, p < 0.05). In 2014, the species richness and Shannon–Wiener index in N7 were significantly higher than those in the other three plots (Figures 4A,B, p < 0.05). In 2015, the species richness and Shannon–Wiener index in N7 and N20 were significantly higher than those in N0 and N40 (Figures 4A,B, p < 0.05). In 2016, the maximum species richness and Shannon–Wiener index values were found in N20 and N7, respectively (Figures 4A,B, p < 0.05).
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FIGURE 4. Patterns in (A) species richness and (B) Shannon–Wiener index from 2014 to 2018. The error bars represent the standard error (SE). N0–N40: expressed as control, 0, 7, 20, and 40 N ha–1year–1. Different lowercase letters indicate significant differences (p < 0.05) among different N-addition levels.




Changes in Ecosystem Carbon Dioxide Exchange With Increasing Nitrogen Addition

The variations in ecosystem CO2 fluxes (i.e., NEE, ER, and GEP) mainly depended on N-addition level (p < 0.05), and significant differences in NEE were observed among the 5 studied years (Table 2, p < 0.05). Generally, NEE, ER, and GEP increased gradually over time with increasing N addition rates and showed an interannual fluctuating trend across the 5 years (Figures 3D–F). On average, NEE increased by 55.6 and 65.2% in N20 and N40, respectively, ER increased by 30.3% in N40, and GEP increased by 30.7, 42.8, and 48.4% in N7, N20, and N40, respectively (p < 0.05). In 2015, NEE, ER, and GEP showed a unimodal trend with the N-addition level, and in N7, NEE was 72.8% higher than that in N0 (Figure 5A, P < 0.05). In 2014 and 2017, the response of NEE to N addition showed a gradual increase but did not significantly differ from that of N0 (Figure 5A, P > 0.05). In 2016, N addition (N7, N20, and N40) significantly increased NEE, which reached 71.6, 94.9, and 72.5%, respectively (p < 0.05). In 2018, NEE significantly increased by 83.7 and 152.2% in N20 and N40, respectively (p < 0.05). Meanwhile, ER gradually increased in 2016–2018 with increasing N-addition levels. Specifically, ER significantly increased by 36.5 and 48.2% at N40 in 2016 and 2017, respectively (p < 0.05), and in 2018, ER increased significantly by 42.0 and 39.2% in N20 and N40, respectively (Figure 5B, P < 0.05). In addition, the response of GEP to N addition showed a change pattern similar to that of NEE (Figure 5C). In 2016, the GEP increased significantly by 43.6, 62.3, and 55.1% in N7, N20, and N40, respectively (p < 0.05). In 2017, the GEP increased by 51.0% in N40 (p < 0.05). In 2018, the GEP increased by 62.3 and 92.1% in N20 and N40, respectively (p < 0.05). The seasonal variations in CO2 fluxes showed that the maximum values all appeared between late July and early August in each year (Supplementary Figure 5).
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FIGURE 5. The changes in (A) net ecosystem carbon exchange (NEE), (B) ecosystem respiration (ER), and (C) gross ecosystem productivity (GEP) with increasing N addition from 2014 to 2018. N0–N40: expressed as control, 0, 7, 20, and 40 kg N ha–1year–1. The error bars represent the standard error (SE). Different lowercase letters indicate significant differences (p < 0.05) among different N-addition levels.




Plant Community Assembly and Soil Property Effects on Carbon Dioxide Fluxes

There were significant positive correlations between AGB and GB and NEE, GEP, and ER (p < 0.01). Both ER and GEP were positively affected by FB (p < 0.05). In addition, NEE was positively correlated with the soil MBN content (p < 0.01); ER was positively correlated with the soil properties (NO3––N, NH4+–N, MBC, and MBN) and Shannon–Wiener index (p < 0.05); GEP was positively correlated with the soil MBN content and Shannon–Wiener index (p < 0.01).

Structural equation models adequately fitted the data describing the interaction pathways among the soil available N (AN), forage grass biomass (GB), forb biomass (FB), and ecosystem CO2 fluxes (NEE and ER) in response to N addition (Figures 6A,B). The models explained 10.0, 14.4, 30.2, 32.7, and 38.2% of the variations in soil available N, forage grass biomass, forb biomass, ER and NEE, respectively (Figure 6A). The results of SEM analysis illustrated that N addition increased NEE indirectly through soil available N, forage grass biomass, and forb biomass and ER (0.35). Forage grass biomass (0.341) and ER (0.41) were positively correlated with NEE, while soil available N (-0.32) and forb biomass (-0.25) were negatively correlated with NEE (p < 0.05). Nitrogen addition indirectly increased ER via soil available N, forage grass biomass and forb biomass (0.33); ER was positively correlated with soil available N (0.27), forage grass biomass (0.27), and forb biomass (0.29). In addition, N addition significantly increased soil available N (0.32, p < 0.01), forage grass biomass (0.38, p < 0.001), forb biomass (0.40, p < 0.001), and NEE (p < 0.01, 0.35). Forage grass biomass was positively correlated with forb biomass (p < 0.05).
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FIGURE 6. Structural equation models reveal direct and indirect influences of soil available N, forage grass biomass and forb biomass on the CO2 fluxes (NEE: net ecosystem CO2 exchange, ER: ecosystem respiration) to N addition (A) and (B). N, N addition; GB, forage grass biomass; FB, forb biomass; AN, soil available N. Single-arrowed pathways indicate the directional effect between variables. The values associated with pathways are the standardized path coefficients. The R2-values are given for soil available N, forage grass biomass, forb biomass, ER, and NEE, indicating the variance explained by the model (R2). The fitness statistics, Chi-squared (χ2), degrees of freedom (df), P-value and root mean square error of approximation (RMSER), Tucker–Lewis index (TLI), comparative fit index (CFI) are given for the fitness of the model. The χ2-test with p > 0.05 and the RMSER ≤ 0.05 indicates that the model is acceptable. The width of the arrows indicates the strength of the relationships. Blue arrows indicate significant positive relationships and orange arrows indicate significant negative relationships. The numbers on the line indicate standardized path coefficients. Stars indicate significant correlations. *p < 0.05, **p < 0.01, ***P < 0.001. The data shown here include all data collected across the treatments and years. See Supplementary Figure 4 and Supplementary Table 4 for more details of the a priori model.





DISCUSSION


Effects of Nitrogen Addition on Functional Group Biomass and Plant Community Assembly

The soils of the most grassland ecosystems are characterized as N-poor, which affects the plant community composition and biomass accumulation (Wang et al., 2015; Shen R. N. et al., 2022). Our results found that AGB, GB, and FB increased significantly with N-addition levels under seasonal N application during the growing season (Figure 2). Our results confirm the previous studies indicating that N addition significantly enhances aboveground biomass by providing a large amount of N required for plant growth (Bai et al., 2010; Tian et al., 2015). Simulated N deposition has many positive impacts on plants when N application occurs more evenly throughout the year instead of at a single time (Cao et al., 2019). We also found that soil available N (NO3––N and NH4+–N) increased significantly at higher N levels (Figures 1A,B), providing sufficient nutrients for the plant community growth (Han et al., 2019). There were significant correlations between AGB and GB and the soil NH4+–N content (Table 3) which also supported the above results. Meanwhile, consistent with previous studies (Xu et al., 2014; Armstrong et al., 2015), we found that AGB and functional group biomass largely depended on precipitation and temperature during the growing season (Supplementary Figure 2). In particular, AGB and GB increased significantly in 2017 (Figures 3A,B), possibly because the higher precipitation (114.05 mm) in the early growing season (Supplementary Figure 2) improved the plant biomass production by increasing the uptake and utilization of N. Moreover, these results indicated that the synergistic effects of climate and soil factors promoted grassland productivity (Shen R. N. et al., 2022).


TABLE 3. Pearson’s correlations between soil properties and plant community characteristics and CO2 fluxes during the growing season from 2014 to 2018.
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There were differences in the sensitivity of different functional groups to N addition because of the difference in the N utilization capacity of plant roots and leaves (Kang et al., 2019). Some previous studies in alpine (Bassin et al., 2007) and subalpine grasslands (Soudzilovskaia and Onipchenko, 2005) reported that sedges were characterized by high respiration efficiency and growth rates (Aerts, 1999; Shane et al., 2006; Mcclean et al., 2011), which will make sedges have a higher resource competitiveness than the other functional groups in alpine meadow ecosystems. We can partially support our hypothesis that a higher N addition could change the plant community assembly through shifts in composition toward forage grass-dominated communities. Sedge and Gramineae dominance over forb increased at high N (N40) level (Supplementary Figure 3), especially during a dry year (in 2015) (Supplementary Figure 1), which is consistent with the results of a previous study (Shen et al., 2019). This result may be because the whisker root system of forage grass (sedge and Gramineae) mainly distributed in the surface soil in alpine meadows and can access soil available N and water resources more easily than the root system of forb. Gramineae species such as P. pratensis are in the upper part of meadow canopy and more competitive for light and soil nutrients (Hautier et al., 2009). Significant increases in sedge coverage and Gramineae height also limited the competitiveness of forb for light (Supplementary Tables 2,3). Thus, N deposition is likely to enhance the dominant position of forage grass over forb in alpine meadows. Moreover, similar to the previous studies (Niu et al., 2010; Li S. et al., 2019), we found that plant diversity (species richness and Shannon–Wiener index) had a non-linear response trend, and this facilitating effect decreased with increasing N-addition rates (Figure 4). Nitrogen deposition is an ongoing process, and high N input may lead to a saturation response. The limiting resource for plants may be the availability of water, light, and other resources instead of N (Niu et al., 2010). The rapid growth of N-loving plants (forage grass) reduces the light transmittance of vegetation and causes the loss of plant diversity due to plant light competition (Hautier et al., 2009).



Effects of Nitrogen Addition on Ecosystem Carbon Dioxide Fluxes

A long-term N addition will influence carbon cycling (Simkin et al., 2016). Inner Mongolian grassland experiments found that the responses of CO2 fluxes all exhibited non-linear patterns with increasing N-addition rates (Niu et al., 2010; Tian et al., 2015). In contrast to the previous results, our results showed that the response of ecosystem CO2 fluxes (NEE, GEP, and ER) showed an increasing pattern with increasing N addition over the 5 years (Figures 5A–C). This pattern may illustrate that N and water availability are relatively lower in alpine meadows than in alpine steppes (Li S. et al., 2019), and alpine meadow ecological processes are highly sensitive to the N deposition during the growing season (Liu et al., 2015; Ma et al., 2019). Meanwhile, the relative contributions of GEP and ER significantly increased NEE because the response of GEP to cumulative N addition was more sensitive than that of ER (Figure 5). This result is because GEP is related only to plant photosynthesis, whereas ER is also affected by microorganisms and animals in the soil (Niu et al., 2009). There were significant correlations between ER and soil factors (MBC and MBN) (Table 3), possibly as a result of the increased availability of soil microbial respiration. A global meta-analysis by Zhou et al. (2017) also suggested that N rates less than 100 kg N ha–1year–1 stimulate microbial growth. Similar to a previous study (Tian et al., 2015), we demonstrated that the precipitation pattern affects the peak ecosystem carbon fluxes (Supplementary Figure 2); thus, NEE exhibited interannual differences (Figures 3D–F and Table 2). For example, the response of NEE to N addition was lower in 2017 than in other years, which may have been because lower precipitation amounts during the growing season (Supplementary Figure 1) lead to low plant photosynthetic rates (Niu et al., 2010). This phenomenon may also be because the increase in productivity was offset by boosting respiration consumption, which was also detected in temperate steppe (Niu et al., 2010) and Irish pasture systems (Peichl et al., 2011).



Plant Community Assembly and Soil Properties Regulate Ecosystem Carbon Dioxide Fluxes Under Nitrogen Addition

Our study provided evidence that the effects of N addition on ecosystem CO2 exchange are regulated through soil available N and the plant community assembly (Figures 6, 7). Kim and Henry (2013) found that the net influx was observed during periods of peak aboveground biomass. Our findings confirmed the previous conclusion that plant productivity plays a major role in adjusting the responses of ecosystem CO2 fluxes to N addition (Niu et al., 2009). Nitrogen addition alleviates soil nutrient constraints by increasing the soil available N at higher N-addition level (Figure 1 and Table 1); thus, promoting a rapid vegetation growth and biomass accumulation (Bai et al., 2008; Yang et al., 2012; Xu et al., 2014; Shen R. N. et al., 2022). Higher productivity provides more substrates and increases the leaf area index and photosynthetic units associated with photosynthesis production (Bassin et al., 2007; Wang et al., 2015).


[image: image]

FIGURE 7. Conceptual diagram of the response of ecosystem CO2 fluxes (NEE, ER, and GEP) to regulation by the plant community assembly and soil properties under N addition (N0, N7, N20, and N40). Blue and red circles represent the soil available N content (NO3––N and NH4+–N), respectively. The downward arrow is gross ecosystem productivity (GEP), and the upward arrow is ecosystem respiration (ER). Net ecosystem carbon exchange is defined as the difference between GEP and ER.


According to our hypothesis (Supplementary Figure 4), the plant community assembly would positively regulate the responses of ecosystem CO2 fluxes to N addition (Figure 7). Nitrogen-stimulated forage grass could effectively promote NEE and ER because forage grass is construction species in the study area, and GB is significantly positive correlated with AGB and GEP (Figure 3, p < 0.05). Litter decomposition from forage grass roots and leaves continuously provides many carbon and N sources to the soil microbial community, which boosts soil respiration and NEE (Mcclean et al., 2011). Additionally, the positive response of ER to N addition depended on the increase in FB (Figure 6). The increase in forb coverage contributed to the higher levels of CO2 uptake (Supplementary Table 3, p < 0.05) because the larger leaf spread area of forb was accompanied by the higher leaf breathing capacity (Ammann et al., 2007). Therefore, the N-induced shift in the plant community assembly toward forage grass-dominated community affected the formation of carbon sinks in alpine meadows. In addition, the changes in soil available N also affected ER because N addition may increase soil available resources and in turn increase ER by increasing heterotrophic respiration in the soil (Leff et al., 2015; Riggs et al., 2015), and this finding was similar to that of a previous study on the QTP (Peng et al., 2015). Nitrogen addition will increase the chlorophyll concentration in the different functional groups, which might be another reason for the increases in NEE and ER (Yan et al., 2014). However, we found negative effects of soil available N on NEE possibly because the soil acidification induced by excessive N addition resulted in a decrease in community diversity; thus, reducing the soil carbon sink capacity (Tian et al., 2015; Li J. et al., 2019).



Implications and Limitations

Consequently, our study showed that the plant community assembly significantly affected the response of the ecosystem CO2 fluxes to N deposition, thus promoting the grassland function as a carbon sink. Our results emphasized that the functional group (forage grass) was a more important regulator in promoting NEE and ER responses to the N deposition than soil available N in the alpine meadow (Figure 6B). However, we did not measure the changes in soil microbial activity in this experiment and could not explore the relationships between the plant community composition and microbial community composition (Hodge and Storer, 2015) or their responses to N addition. Future studies need to explore how these factors regulate the response of NEE to the N deposition and the soil carbon stability maintenance mechanism in alpine meadows.




CONCLUSION

In an alpine meadow on the QTP, the ecosystem CO2 fluxes responded positively to N addition, with a higher increase in GEP than in ER, and N addition ultimately increased the net carbon uptake (measured as NEE) during the 5-year experiment. The forage grass and forb biomass all showed positive feedback to N addition because soil available N significantly increased with N addition. The plant community assembly changed in favor of forage grass under higher N addition. Nitrogen addition stimulated the ecosystem CO2 fluxes by regulating all functional group biomass and soil available N in the alpine meadow. Specifically, forage grass and forb had different regulatory effects on the response of CO2 fluxes to N deposition, and the increase in forage grass biomass mainly contributed to the N stimulation of NEE. Our study highlights the significant role of the plant community assembly in regulating NEE and ER under N addition. However, we found that excessive N addition reduced species diversity. Therefore, more attention should be given to the impacts of N addition on alpine meadows. Future works must evaluate whether changing the community composition and decreasing plant diversity will impair the long-term carbon sink functions of sensitive alpine meadows.



DATA AVAILABILITY STATEMENT

The original contributions presented in the study are included in the article/Supplementary Material, further inquiries can be directed to the corresponding author.



AUTHOR CONTRIBUTIONS

QG designed the research. YY, HG, GH, LD, SH, WX, and JY performed the experiments. LH analyzed the data and wrote the manuscript. LH, HG, GH, and JW interpreted the results and proofread the text. All authors contributed to this work and approved the final manuscript before submission.



FUNDING

This work was supported jointly by the Second Tibetan Plateau Scientific Expedition and Research Project (2019QZKK0307), National Natural Science Foundation of China (32171590), and Central Public-Interest Scientific Institution Basal Research Fund (Y2022CG03).



SUPPLEMENTARY MATERIAL

The Supplementary Material for this article can be found online at: https://www.frontiersin.org/articles/10.3389/fpls.2022.900722/full#supplementary-material



REFERENCES

Aerts, R. (1999). Interspecific competition in natural plant communities: mechanisms, trade-offs and plant-soil feedbacks. J. Exp. Bot. 50, 29–37. doi: 10.1016/S0142-9612(01)00370-2

Ammann, C., Flechard, C. R., Leifeld, J., Neftel, A., and Fuhrer, J. (2007). The carbon budget of newly established temperate grassland depends on management intensity. Agric. Ecosyst. Environ. 121, 5–20. doi: 10.1016/j.agee.2006.12.002

Armstrong, A., Waldron, S., Ostle, N. J., Richardson, H., and Whitaker, J. (2015). Biotic and abiotic factors interact to regulate northern Peatland carbon cycling. Ecosystems 18, 1395–1409. doi: 10.1007/s10021-015-9907-4

Bai, Y., Wu, J., Xing, Q., Pan, Q., Huang, J., Yang, D., et al. (2008). Primary production and rain use efficiency across a precipitation gradient on the Mongolia plateau. Ecology 89, 2140–2153. doi: 10.1890/07-0992.1

Bai, Y. F., Wu, J. G., Clark, C. M., Naeem, S., Pan, Q. M., Huang, J. H., et al. (2010). Tradeoffs and thresholds in the effects of nitrogen addition on biodiversity and ecosystem functioning: evidence from Inner Mongolia grasslands. Glob. Chang. Biol. 16, 358–372. doi: 10.1111/j.1365-2486.2009.01950.x

Bassin, S., Volk, M., Suter, M., Buchmann, N., and Fuhrer, J. (2007). Nitrogen deposition but not ozone affects productivity and community composition of subalpine grassland after 3yr of treatment. New Phytol. 175, 523–534. doi: 10.1111/j.1469-8137.2007.02140.x

Brookes, P. C., Landman, A., Pruden, G., and Jenkinson, D. S. (1985). Chloroform fumigation and the release of soil nitrogen: arapid direct extraction method to measure microbial biomass nitrogen in soil. Soil Biol. Biochem. 17, 837–842. doi: 10.1016/0038-0717(85)90144-0

Canfield, D. E., Glazer, A. N., and Falkowski, P. G. (2010). The evolution and future of Earth’s nitrogen cycle. Science 330, 192–196. doi: 10.1126/science.1186120

Cao, J. R., Pang, S., Wang, Q. B., Williams, M. A., Jia, X., Dun, S. S., et al. (2019). Plant–bacteria–soil response to frequency of simulated nitrogen deposition has implications for global ecosystem change. Funct. Ecol. 34, 1–12. doi: 10.1111/1365-2435.13484

Chen, Q. Y., Niu, B., Hu, Y. L., Wang, J., Lei, T. Z., and Xu-Ri et al. (2020). Multilevel nitrogen additions alter chemical composition and turnover of the labile fraction soil organic matter via effects on vegetation and microorganisms. J. Geophys. Res. Bio Geosci. 125:e2019JG005316. doi: 10.1029/2019JG005316

Dong, S. K., Shang, Z. H., Gao, J. X., and Boone, R. B. (2020). Enhancing sustainability of grassland ecosystems through ecological restoration and grazing management in an era of climate change on Qinghai-Tibetan Plateau. Agric. Ecosyst. Environ. 287:106684. doi: 10.1016/j.agee.2019.106684

Duprè, C., Stevens, C. J., Ranke, T., Bleeker, A., Peppler-Lisbach, C., Gowing, D. G. J., et al. (2010). Changes in species richness and composition in European acidic grasslands over the past 70 years: the contribution of cumulative atmospheric nitrogen deposition. Glob. Chang. Biol. 16, 344–357. doi: 10.1111/j.1365-2486.2009.01982.x

Fang, H., Cheng, S., Yu, G., Zheng, J., Zhang, P., Xu, M., et al. (2011). Responses of CO2 efflux from an alpine meadow soil on the Qinghai Tibetan Plateau to multi-form and low-level N addition. Plant Soil 351, 177–190. doi: 10.1007/s11104-011-0942-4

Fu, G., Shen, Z. X., Zhang, X. Z., Zhou, Y. T., and Zhang, Y. J. (2012). Response of microbial biomass to grazing in an alpine meadow along an elevation gradient on the Tibetan Plateau. Eur. J. Soil Biol. 52, 27–29. doi: 10.1016/j.ejsobi.2012.05.004

Galloway, J. N., Townsend, A. R., Erisman, J. W., Bekunda, M., Cai, Z. C., Freney, J. R., et al. (2008). Transformation of the nitrogen cycle: recent trends, questions, and potential solutions. Science 320, 889–892. doi: 10.1126/science.1136674

Ganjurjav, H., Gao, Q. Z., Zhang, W. N., Liang, Y., Li, Y. W., Cao, X. J., et al. (2015). Effects of warming on CO2 fluxes in an Alpine meadow ecosystem on the Central Qinghai–Tibetan Plateau. PLoS One 10:e0132044. doi: 10.1371/journal.pone.0132044

Ganjurjav, H., Gornish, E. S., Hu, G. Z., Schwartz, M. W., Wan, Y. F., Li, Y. E., et al. (2020). Warming and precipitation addition interact to affect plant spring phenology in alpine meadows on the central Qinghai-Tibetan Plateau. Agr. For. Meteorol. 287:107943. doi: 10.1016/j.agrformet.2020.107943

Gao, Q. Z., Guo, Y. Q., Xu, H. M., Ganjurjav, H., Li, Y. E., Wan, Y. F., et al. (2016). Climate change and its impacts on vegetation distribution and net primary productivity of the alpine ecosystem in the Qinghai-Tibetan Plateau. Sci. Total Environ. 55, 34–41. doi: 10.1016/j.scitotenv.2016.02.131

Han, Y., Dong, S., Zhao, Z., Sha, W., Li, S., Shen, H., et al. (2019). Response of soil nutrients and stoichiometry to elevated nitrogen deposition in alpine grassland on the Qinghai-Tibetan Plateau. Geoderma 688, 1405–1412. doi: 10.1016/j.geoderma.2018.12.050

Hautier, Y., Niklaus, P. A., and Hector, A. (2009). Competition for light causes plant biodiversity loss after eutrophication. Science 324, 636–638. doi: 10.1126/science.1169640

Hodge, A., and Storer, K. (2015). Arbuscular mycorrhiza and nitrogen: implications for individual plants through to ecosystems. Plant Soil 386, 1–19. doi: 10.1007/s11104-014-2162-1

Huang, C., Peng, F., You, Q., Liao, J., and Xue, X. (2020). The response of plant and soil properties of alpine grassland to long-term exclosure in the northeastern Qinghai-tibetan plateau. Front. Environ. Sci. 8:589104. doi: 10.3389/fenvs.2020.589104

IPCC (2018). Special Report on Global Warming of 1.5°C. Cambridge: Cambridge University Press.

Jiang, L., Guo, R., Zhu, T., Niu, X., Guo, J., and Sun, W. (2012). Water- and plant-mediated responses of ecosystem carbon fluxes to warming and nitrogen addition on the Songnen grassland in northeast China. PLoS One 7:e45205. doi: 10.1371/journal.pone.0045205

Kang, F. R., Yang, B., Wujisiguleng, Yang, X., Wang, L., Guo, J. X., et al. (2019). Arbuscular mycorrhizal fungi alleviate the negative effect of nitrogen deposition on ecosystem functions in meadow grassland. Land. Degrad. Dev. 31:3491. doi: 10.1002/ldr.3491

Kim, M. K., and Henry, H. A. L. (2013). Net ecosystem CO2 exchange and plant biomass responses to warming and N addition in a grass-dominated system during two years of net CO2 efflux. Plant Soil 371, 409–421.

Leff, J., Jones, S., Prober, S., Barberan, A., Borer, E., Firn, J., et al. (2015). Consistent responses of soil microbial communities to elevated nutrient inputs in grasslands across the globe. Proc. Natl. Acad. Sci. U.S.A. 112, 10967–10972. doi: 10.1073/pnas.1508382112

Li, J., Yang, C., Liu, X., and Shao, X. (2019). Inconsistent stoichiometry response of grasses and forbs to nitrogen and water additions in an alpine meadow of the Qinghai-Tibet Plateau. Agric. Ecosyst. Environ. 279, 179–186. doi: 10.1016/j.agee.2018.12.016

Li, S., Dong, S., Shen, H., Han, Y., Zhang, J., Xu, Y., et al. (2019). Different responses of multifaceted plant diversities of alpine meadow and alpine steppe to nitrogen addition gradients on Qinghai-Tibetan Plateau. Sci. Total Environ. 688, 1405–1412. doi: 10.1016/j.scitotenv.2019.06.211

Li, S., Zhao, Z., Dong, S., Shen, H., Xu, Y., Xiao, J., et al. (2022). Synchronous responses of plant functional traits to nitrogen deposition from dominant species to functional groups and whole communities in Alpine grasslands on the Qinghai-Tibetan Plateau. Front. Plant Sci. 13:827035. doi: 10.3389/fpls.2022.827035

Liu, D., Li, Y., Wang, T., Peylin, P., MacBean, N., Ciais, P., et al. (2018). Contrasting responses of grassland water and carbon exchanges to climate change between Tibetan Plateau and Inner Mongolia. Agric. For. Meteorol. 249, 163–175. doi: 10.1016/j.agrformet.2017.11.034

Liu, X. J., Zhang, Y., Han, W. X., Tang, A. H., Shen, J. L., Cui, Z. L., et al. (2013). Enhanced nitrogen deposition over China. Nature 494, 459–462. doi: 10.1038/nature11917

Liu, Y. W., Ru-Ri, Wang, Y. S., Pan, Y. P., and Piao, S. L. (2015). Wet deposition of atmospheric inorganic nitrogen at five remote sites in the Tibetan Plateau. Atmos. Chem. Phys. 15, 11683–11700. doi: 10.5194/acp-15-11683-2015

Lü, C. Q., and Tian, H. Q. (2007). Spatial and temporal patterns of nitrogen deposition in China: synthesis of observational data. J. Geophys. Res. Atmos. 112, 229–238. doi: 10.1029/2006JD007990

Ma, B., Zhou, X., Zhang, Q., Qin, M., Hu, L., Yang, K., et al. (2019). How do soil micro-organisms respond to N, P and NP additions? Application of the ecological framework of (co-) limitation by multiple resources. J. Ecol. 107, 2329–2345. doi: 10.1111/1365-2745.13179

Magurran, A. E. (1988). Ecological Diversity and Its Measurement. Princeton, NJ: Princeton University Press.

Mahecha, M. D., Markus, R., Nuno, C., Gitta, L., Holger, L., Seneviratne, S. I., et al. (2010). Global convergence in the temperature sensitivity of respiration at ecosystem level. Science 329:838–840. doi: 10.1126/science.1189587

Mcclean, C., Berg, L., Ashmore, M., and Preston, C. D. (2011). Atmospheric nitrogen deposition explains patterns of plant species loss. Glob. Chang. Biol. 17, 2882–2892. doi: 10.1126/science.1196948

Niu, S. L., Wu, M. Y., Han, Y., Xia, J. Y., Zhe, Z., Yang, H. J., et al. (2010). Nitrogen effects on net ecosystem carbon exchange in a temperate steppe. Glob. Chang. Biol. 16, 144–155. doi: 10.1111/j.1365-2486.2009.01894.x

Niu, S. L., Yang, H. J., Zhang, Z., Wu, M. Y., Lu, Q., Li, L. H., et al. (2009). Non-additive effects of water and nitrogen addition on ecosystem carbon exchange in a temperate steppe. Ecosystems 12, 915–926. doi: 10.1007/s10021-009-9265-1

Peichl, M., Leahy, P., and Kiely, G. (2011). Six-year stable annual uptake of carbon dioxide in intensively managed humid temperate grassland. Ecosystems 14, 112–126. doi: 10.1007/s10021-010-9398-2

Peng, F., You, Q. G., Xu, M. H., Zhou, X. H., Wang, T., and Guo, J. (2015). Effects of experimental warming on soil respiration and its components in an alpine meadow in the permafrost region of the Qinghai-Tibet Plateau. Eur. J. Soil Sci. 66, 145–154. doi: 10.1111/ejss.12187

Qiu, J. (2008). China: the third pole. Nature 454, 393–396. doi: 10.1038/454393a

Riggs, C., Hobbie, S., Bach, E., Hofmockel, K., and Kazanski, C. (2015). Nitrogen addition changes grassland soil organic matter decomposition. Biogeochemistry 125, 203–219. doi: 10.1007/s11104-019-04279-4

Shane, M. W., Cawthray, G. R., Cramer, M. D., Kuo, J., and Lambers, H. (2006). Specialized ‘dauciform’ roots of Cyperaceae are structurally distinct, but functionally analogous with ‘cluster’ roots. Plant Cell Environ. 29, 1989–1999. doi: 10.1111/j.1365-3040.2006.01574.x

Shen, H., Dong, S., Li, S., Xiao, J., Han, Y., and Yang, M. (2019). Effects of simulated N deposition on photosynthesis and productivity of key plants from different functional groups of alpine meadow on Qinghai-Tibetan Plateau. Environ. Pollut. 251, 731–737. doi: 10.1016/j.envpol.2019.05.045

Shen, H., Dong, S. K., DiTommaso, A., Xiao, J. N., Lu, W., and Zhi, Y. L. (2022). Nitrogen deposition shifts grassland communities through directly increasing dominance of graminoids: a 3-year case study from the Qinghai-Tibetan Plateau. Front. Plant Sci 13:811970. doi: 10.3389/fpls.2022.811970

Shen, R. N., Zhang, Y. J., Zhu, J. T., Chen, N., Chen, Y., Zhao, G., et al. (2022). The interactive effects of nitrogen addition and increased precipitation on gross ecosystem productivity in an alpine meadow. J. Plant Ecol. 15, 168–179. doi: 10.1093/jpe/rtab081

Simkin, S. M., Allen, E. B., Bowman, W. D., Clark, C. M., Belnap, J., Brooks, M. L., et al. (2016). Conditional vulnerability of plant diversity to atmospheric nitrogen deposition across the United States. Proc. Natl. Acad. Sci. U.S.A. 113, 4086–4091. doi: 10.1073/pnas.1515241113

Soudzilovskaia, N. A., and Onipchenko, V. G. (2005). Experimental investigation of fertilization and irrigation effects on an alpine heath, northwestern Caucasus, Russia. Arct. Antarct. Alp. Res. 37, 602–610.

Sun, W., Li, S. W., Wang, J. H., and Fu, G. (2021). Effects of grazing on plant species and phylogenetic diversity in alpine grasslands, Northern Tibet. Ecol. Eng. 170:106331. doi: 10.1016/j.ecoleng.2021.106331

Tian, D., Niu, S., Pan, Q., Ren, T., Chen, S., Bai, Y., et al. (2015). Nonlinear responses of ecosystem carbon fluxes and water-use efficiency to nitrogen addition in Inner Mongolia grassland. Funct. Ecol. 30, 490–499. doi: 10.1111/1365-2435.12513

Wang, C., Ren, F., Zhou, X. H., Ma, W. H., Liang, C. Z., Wang, J. Z., et al. (2020). Variations in the nitrogen saturation threshold of soil respiration in grassland ecosystems. Biogeochemistry 148, 1–14. doi: 10.1007/s10533-020-00661-y

Wang, X. X., Dong, S. K., Gao, Q. Z., Zhou, H. K., Liu, S. L., Su, X. K., et al. (2014). Effects of short-term and long-term warming on soil nutrients: microbial biomass and enzyme activities in an alpine meadow on the Qinghai-Tibet Plateau of China. Soil Biol. Biochem. 76, 140–142. doi: 10.1016/j.soilbio.2014.05.014

Wang, Y., Jiang, Q., Yang, Z., Sun, W., and Wang, D. (2015). Effects of water and nitrogen addition on ecosystem carbon exchange in a meadow steppe. PLos One 10:e0127695. doi: 10.1371/journal.pone.0127695

Wei, C., Yu, Q., Bai, E., Lü, X., Li, Q. I., Xia, J., et al. (2013). Nitrogen deposition weakens plant-microbe interactions in grassland ecosystems. Glob. Change Biol. 19, 3688–3697. doi: 10.1111/gcb.12348

Xia, J. Y., and Wan, S. Q. (2008). Global response patterns of terrestrial plant species to nitrogen addition. New Phytol. 179, 428–439. doi: 10.1111/j.1469-8137.2008.02488.x

Xu, D., Gao, X., Gao, T., Mou, J., Li, J., Bu, H., et al. (2018). Interactive effects of nitrogen and silicon addition on growth of five common plant species and structure of plant community in alpine meadow. Catena 169, 80–89. doi: 10.1016/j.catena.2018.05.017

Xu, D. H., Fang, X. W., Zhang, R. Y., Gao, T. P., Bu, H. Y., and Du, G. Z. (2016). Influences of nitrogen, phosphorus and silicon addition on plant productivity and species richness in an alpine meadow. AoB Plants 7, 19–34. doi: 10.1093/aobpla/plv125

Xu, Z., Ren, H., Cai, J., Wang, R., Li, M. H., Wan, S., et al. (2014). Effects of experimentally-enhanced precipitation and nitrogen on resistance, recovery and resilience of a semi-arid grassland after drought. Oecologia 176, 1187–1197. doi: 10.1007/s00442-014-3081-9

Yan, L., Chen, S., Huang, J., and Lin, G. (2011). Increasing water and nitrogen availability enhanced net ecosystem CO2 assimilation of a temperate semiarid steppe. Plant Soil 349, 227–240. doi: 10.1007/s11104-011-0864-1

Yan, S., Zhang, L., Jing, Y. S., Honglin, H. E., and Guirui, A. Y. (2014). Variations in the relationship between maximum leaf carboxylation rate and leaf nitrogen concentration. Chin. J. Plant Ecol. 38, 640–652. doi: 10.3724/SP.J.1258.2014.00060

Yan, Y. L. (2019). Effects of Nitrogen Deposition on N2O Emission and Fate of Nitrogen in a Kobresia pygmaea meadow in the Northern Tibet. Ph.D. dissertation. Hohhot: Inner Mongolia University.

Yan, Y. L., Ganjurjav, H., Hu, G. Z., Liang, Y., Li, Y., He, S. C., et al. (2018). Nitrogen deposition induced significant increase of N2O emissions in a dry alpine meadow on the central Qinghai-Tibetan Plateau. Agric. Ecosyst. Environ. 265, 45–53. doi: 10.1016/j.agee.2018.05.031

Yang, H. J., Jiang, L., Li, L. H., Li, A., Wu, M. Y., and Wan, S. Q. (2012). Diversity dependent stability under mowing and nutrient addition: evidence from a 7-year grassland experiment. Ecol. Lett. 15, 619–626. doi: 10.1111/j.1461-0248.2012.01778.x

You, Y. F., Wan, S. Y., Pan, N. Q., Ma, Y. X., and Liu, W. H. (2020). Growth stage-dependent responses of carbon fixation process of alpine grasslands to climate change over the Tibetan Plateau, China. Agric. For. Meteorol. 291:108085. doi: 10.1016/j.agrformet.2020.108085

Zhang, J., Zuo, X., Zhao, X. Y., Ma, J. X., and Medina-Roldán, E. (2020). Effects of rainfall manipulation and nitrogen addition on plant biomass allocation in a semiarid sandy grassland. Sci. Rep 10:9026. doi: 10.1038/s41598-020-70621-x

Zhang, L., Zhu, T., Liu, X., Nie, M., Xu, X., and Zhou, S. (2020). Limited inorganic N niche partitioning by nine alpine plant species after long-term nitrogen addition. Sci. Total Environ. 718:137270. doi: 10.1016/j.scitotenv.2020.137270

Zhou, T. C., Hou, G., Sun, J., and Zong, N. (2021). Degradation shifts plant communities from S- to R-strategy in an alpine meadow, Tibetan Plateau. Sci. Total Environ. 800:149572. doi: 10.1016/j.scitotenv.2021.149572

Zhou, Z. H., Wang, C. K., Zheng, M. H., Jiang, L. F., and Luo, Y. Q. (2017). Patterns and mechanisms of responses by soil microbial communities to nitrogen addition. Soil Biol. Biochem. 115, 433–441. doi: 10.1016/j.soilbio.2017.09.015


Conflict of Interest: YY was employed by China New Era Group Corporation.

The remaining authors declare that the research was conducted in the absence of any commercial or financial relationships that could be construed as a potential conflict of interest.

Publisher’s Note: All claims expressed in this article are solely those of the authors and do not necessarily represent those of their affiliated organizations, or those of the publisher, the editors and the reviewers. Any product that may be evaluated in this article, or claim that may be made by its manufacturer, is not guaranteed or endorsed by the publisher.

Copyright © 2022 Han, Ganjurjav, Hu, Wu, Yan, Danjiu, He, Xie, Yan and Gao. This is an open-access article distributed under the terms of the Creative Commons Attribution License (CC BY). The use, distribution or reproduction in other forums is permitted, provided the original author(s) and the copyright owner(s) are credited and that the original publication in this journal is cited, in accordance with accepted academic practice. No use, distribution or reproduction is permitted which does not comply with these terms.


OPS/images/fpls-13-900722-t003.jpg
NEE (. mol ER (p mol GEP (n mol AGB GB FB NO3;~-N NHs*t-N MBC (mg MBN (mg Shannon-

m-2s-1) m-2s-1) m-2s-1) (g-m=2) (g-m~2) (9.m=2) (mg kg—1) (mg kg—1) Ckg™1) N kg~1) Wiener
index
NEE (uwmol m—2s~1) 1
ER (umol m—2s~1) 0.39** 1
GEP (wmol m—2s~1) 0.93* 0.69** 1
AGB (g.m~2) 0.35** 0.563** 0.48* 1
GB(g.m2) 0.39** 0.45™* 0.48** 0.89** 1
FB(g.m2) 0.15 0.45™* 0.30** 0.78* 0.41** 1
NO3~-N (mg kg~ ) ~0.20 0.32"* ~0.03 0.17 0.14 0.20 1
NH;t-N (mg kg=") 0.12 0.32** 0.21 0.29* 0.28* 0.17 0.35 1
MBC (mg C kg~ ") 0.09 0.30* 0.16 0.48™ 0.47** 0.28* 0.33* 0.05 1
MBN (mg N kg~—") 0.48** 0.32* 0.48** 0.37* 0.39** 0.13 —-0.11 0.26* 0.15 1
Shannon-Wiener index 017 0.25* 0.24* 0.22 0.01 0.39** -0.12 0.16 —0.42* 0.14 1
Species richness 0.18 0.10 0.18 0.16 0.04 0.26* —0.06 0.22* —0.39* 0.14 0.89**

NEE, net ecosystem exchange; ER, ecosystem respiration; GER, gross ecosystem productivity; AGB, aboveground biomass; GB, forage grass biomass; FB, forb biomass; MBC, soil microbial carbon; MBN, soil
microbial nitrogen. *Correlation is significant at the 0.05 level. **Correlation is significant at the 0.01 level.





OPS/images/fpls-13-900722-t002.jpg
Factors NEE (. mol m=2s-1)  ER (w mol m—2s-1)  GEP (. mol m—2s-1) AGB (g.m~2) GB (g.m~2) FB (g.m~2) Species richness  Shannon-Wiener index
df F P F P F P F P F P F P F P F P

Year 4 20.85 <0.001 27.07 <0.001 17.45 <0.001 156,57 <0.001 6.29 <0.001 577 0.001 418 0.005 8.01 <0.001

Nitrogen 3 7.50 <0.001 4.81 0.005 8.18 <0.001 32.31 <0.001 16.61 <0.001 13.45 <0.001 12.74 <0.001 12.70 <0.001

Year x Nitrogen 12 1.93 0.048 0.69 0.76 1.37 0.21 2.75 0.005 2.62 0.007 1.34 0.22 217 0.03 1.18 0.32

The numbers in bold express significant effects (p < 0.05). GER, gross ecosystem productivity; ER, ecosystem respiration; NEE, net ecosystem carbon exchange; AGB, aboveground biomass; GB, forage grass biomass;
FB, forb biomass.





OPS/images/fpls-13-900722-t001.jpg
Factors

df

NO3~-N (mg kg~")

NO3~-N (mg kg~")

MBC (mg C kg~ 1)

MBN (mg N kg—1)

F p F p df F p F p
Year 4 20.61 <0.001 4.33 0.009 3 15.34 <0.001 6.29 0.001
Nitrogen 3 4.65 0.007 8.22 <0.001 3 10.91 0.001 4.70 0.006
Year x Nitrogen 12 1.056 0.42 0.43 0.91 g 4.14 0.001 0.81 0.61

The numbers in bold express significant effects (p < 0.05). NH4 =N, soil ammonium nitrogen; NOs~=N, soil nitrate-nitrogen; MBC, soil microbial biomass carbon; MBN,

soil microbial biomass nitrogen.





OPS/images/cross.jpg
3,

i





OPS/xhtml/nav.xhtml




Contents





		Cover



		Nitrogen Addition Affects Ecosystem Carbon Exchange by Regulating Plant Community Assembly and Altering Soil Properties in an Alpine Meadow on the Qinghai–Tibetan Plateau



		INTRODUCTION



		MATERIALS AND METHODS



		Study Site



		Experimental Design



		Plant Community Assembly



		Ecosystem Carbon Dioxide Fluxes



		Soil Properties







		Data Analysis







		RESULTS



		Changes in Soil Chemical Properties



		Changes in Forb and Forage Grass Biomass and Aboveground Biomass



		Changes in Plant Community Diversity



		Changes in Ecosystem Carbon Dioxide Exchange With Increasing Nitrogen Addition



		Plant Community Assembly and Soil Property Effects on Carbon Dioxide Fluxes







		DISCUSSION



		Effects of Nitrogen Addition on Functional Group Biomass and Plant Community Assembly



		Effects of Nitrogen Addition on Ecosystem Carbon Dioxide Fluxes



		Plant Community Assembly and Soil Properties Regulate Ecosystem Carbon Dioxide Fluxes Under Nitrogen Addition



		Implications and Limitations







		CONCLUSION



		DATA AVAILABILITY STATEMENT



		AUTHOR CONTRIBUTIONS



		FUNDING



		SUPPLEMENTARY MATERIAL



		REFERENCES

















OPS/images/fpls-13-900722-g007.jpg
CO, fluxes

NS

assembly

N addition

Soil
available N






OPS/images/cover.jpg
& frontiers | Frontiers in Plant Science

Nitrogen Addition Affects
Ecosystem Carbon Exchange by
Regulating Plant Community
Assembly and Altering Soil
Properties in an Alpine Meadow
on the Qinghai-Tibetan Plateau





OPS/images/fpls-13-900722-g002.jpg
A 100

-2) W

. 2
Forb biomass (g* m™)
Forage grass biomass (g m

0.. , .
2014 2015 2016 2017 2018 2014 2015 2016 2017 2018

Year Year

O
Ped
n
O

Aboveground biomass (g m 2)

2014 2015 2016 2017 2018

Year






OPS/images/fpls-13-900722-g001.jpg
A 56 Tz B 12
_ 424|
- D 8-
=0 =
£ 5 £
z z
sl S 44
Z 14- Z
| 0- -
2014 2015 2016 2017 2018 2014 2015 2016 2017 2018
Year Year
C 750 D 120
1
2500+ 2 80-
O Z
o) )
z £
® y 4
g 250- g 40 -
4
B -

2015 2016 2017 2018 2015 2016 2017 2018
Year Year





OPS/images/fpls-13-900722-e000.jpg
= (FCi+RF))/2

)






OPS/images/fpls-13-900722-g004.jpg
A 20 B 4
1
5 3
% 15- 2]
2 : - a
= ) a a
= = a =h ab
-5 10- =
D c
o =
w2 4 g 1-
[75)
5 -
‘ 0
2014 2015 2016 2017 2018 2014 2015 2016 2017 2018

Year Year





OPS/images/fpls-13-900722-e001.jpg
H = —XPnp;

@)






OPS/images/fpls-13-900722-g003.jpg
oy
(=

- W
v N W

Response mtioof AGB >
o

o
i

—a— N7
—e—N20
—a—N40

2014 2015 2016 2017 2018

Year

O
w 4~ w N
= et SN o EESVNESN ey

(pmol m* s™)

:
()

ANEI

—a—N7
—e—N20 .
—a—N40

AN

. a

2014 2015 2016 2017 2018
Year

4 ER (pmol m™s™)

«)

2014

2015 2016 2017 2018
Year

v
1

o
1

Pt
'

2014

2015 2016 2017 2018
Year

(@

Response ratio of FB

0.5

4 GEP (pmol m™s™)

»a
o

o
o (v
L A

e
(W2

.—
o
’

2014 2015

2016 2017
Year

2018

A

2014 2015

2016 2017
Year

" 2018







OPS/images/fpls-13-900722-g006.jpg
B
N addition
t#‘ Q 32 i 0. 6
R2=0.14 , L R2=0.10
Forage grass - :2, Soil available >
biomass » = N 7
o * /s E
% v/ & =
- o 0, %% Qq? o -
= 2n ; 3
R2=0.30 \’ ) 2=033 E
Forb \o 2Q** / - g
biomass \M 9
Naoss “ E
5% N\ =
% Q}t %.
NEE
"0.4 T v T v T v T v T
X?=2.66, P=0.45, df=3, CFI=1.00, TLI=1.03, AIC=50.66, RMSE 4<0.001 N GB FB AN ER






OPS/images/fpls-13-900722-g005.jpg
>
o

NEE (um olms l)

GEP (;unolm'zs' l)

—t
o

(o))

2017

2018

2014 2015 2016
Year
a a
2| a ab
b bc

2014

2015

2016
Year

2017

2018

ER (umolm?s™

2014 2015

2016
Year

2017

2018






OPS/images/logo.jpg
’ frontiers | Frontiers in Plant Science





