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Nitrogen (N) and phosphorus (P) are the dominant limiting nutrients in alpine meadows, but it is relatively unclear how they affect the soil microbial community and whether their effects are rate dependent. Here, N and P addition rates (0, 10, 20, and 30 g m–2 year–1) were evaluated in an alpine meadow and variables related to plants and soils were measured to determine the processes affecting soil microbial community and enzyme activities. Our results showed that soil microbial biomass, including bacteria, fungi, gramme-negative bacteria, and actinomycetes, decreased along with N addition rates, but they first decreased at low P addition rates (10 g m–2 year–1) and then significantly increased at high P addition rates (30 g m–2 year–1). Both the N and P addition stimulated soil invertase activity, while urease and phosphatase activities were inhibited at low N addition rate and then increased at high N addition rate. P addition generally inhibited peroxidase and urease activities, but increased phosphatase activity. N addition decreased soil pH and, thus, inhibited soil microbial microorganisms, while P addition effects were unimodal with addition rates, achieved through altering sedge, and available P in the soil. In conclusion, our studies indicated that soil microbial communities and enzyme activities are sensitive to short-term N and P addition and are also significantly influenced by their addition rates.
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INTRODUCTION

Nitrogen (N) and phosphorus (P) addition, either individually or in combination, have been shown to influence the above- and belowground ecosystem performance in many terrestrial ecosystems (Humbert et al., 2016; Li et al., 2016). N and P fertiliser addition increased plant biomass relative to unfertilised plants by 81 and 22%, respectively (Craine and Jackson, 2009), but reduced plant community richness and diversity (Chen et al., 2013; Isbell et al., 2013). In addition, a marked difference showed that N addition favoured grasses (Clark and Tilman, 2008), while P addition favoured legume growth (Zhao et al., 2019) due to N fixing (Marleau et al., 2011).

As an important component of the belowground ecosystems, soil microorganisms usually interact with the plants through roots and, thus, form cooperative or competitive relationships (Zhou et al., 2021). In most ecosystems, plants would supply labile carbon and receive nutrients from microorganisms in return (Brundrett, 2009). In some cases, soil microorganisms are strong competitors for N or P, at least in the short term, because they temporarily incorporate limiting nutrients in their biomass, making them unavailable to nutrient-limited plants (Kuzyakov and Xu, 2013; Wild et al., 2018). In general, plant diversity and density are directly correlated with soil microbial diversity and function (Porazinska et al., 2018; Navratilova et al., 2019) and soil microbial biomass also directly depends on plant species richness (Geisseler and Scow, 2014). These plant effects on soil microorganisms indicated that changes in plants would surely affect soil microbial community, while these effects remain elusive when N or P fertilisers are applied.

Except for plant effects, fertiliser addition directly alters soil microbial community, especially depending on addition rate. A meta-analysis showed that N addition could inhibit soil microbial diversity and 15% of soil microbial biomass on average (Wang et al., 2018) for significant changes in soil pH (Lucas et al., 2011; Wang et al., 2017), but a more copiotrophic microbial phyla or fungal biomass would increase (Cusack et al., 2011; Fierer et al., 2012). However, other studies demonstrated that N addition had neutral or slightly negative effects on soil microbial abundance and activity (Treseder, 2004; Camenzind et al., 2018). The soil microbial responses to N addition also varied between ecosystem types. In a semi-arid temperate steppe, soil microbial biomass slightly increased at low N addition rate, but decreased at high N addition rate (Zhang et al., 2008). In an alpine meadow, soil microorganisms, such as the arbuscular mycorrhizal fungal community, were influenced by N addition and the high N rate decreased the arbuscular mycorrhizal fungal spore (Zheng et al., 2014). In a subtropical agricultural ecosystem, organic fertilisers would also improve soil microbial activity, but microbial growth would not increase with fertiliser application (Dong et al., 2014). However, in a lowland tropical rain forest, the response of soil microbial biomass to a decade of N addition was not significant (Turner and Joseph, 2013). N-rich tropical forests even have an increase in fungal biomass with N addition (Cusack et al., 2011). The different soil microorganism responses showed us that the effect of N addition might depend on the interaction between the studied ecosystem types and the N addition rate (Geisseler and Scow, 2014; Yao et al., 2014; Zhou et al., 2016).

Unlike N addition effects, P addition effects on soil microorganisms are relatively unknown (Treseder, 2008), especially in alpine meadows. Soil pH, the key factor influencing soil microorganisms, was not significantly changed by P addition (Mao et al., 2017) and it did not even increase, as shown by a meta-analysis (Xiao et al., 2018). However, P addition directly alters the plant community productivity, especially the legume biomass (Zhao et al., 2019), and it indirectly significantly affects the surrounding microorganisms (Hartmann et al., 2008; Berendsen et al., 2012) through rhizodeposition (Zak et al., 2003; Eisenhauer et al., 2010) or symbiotic N fixation (Augusto et al., 2013; Diáková et al., 2018) and the increasing mycorrhizal colonisation of plant roots (Lagrange et al., 2013). Thus, the effects of P addition on soil microorganisms might be correlated with plant factors, but not with soil factors.

Otherwise, the effects of N and P addition interact and directly change the soil nutrient ratio in many ecosystems. With increasing N addition, the limiting effect of P on the aboveground net primary production would increase severely (Li et al., 2016). P addition would also augment the effects of N addition on grassland such as soil respiration (Liu et al., 2020). The alpine meadow, the dominant grassland type of the Qinghai-Tibet Plateau, has been also demonstrated to be N and P colimited (Xu et al., 2015; He et al., 2016). Most studies conducted in alpine meadows were only focussed the effects of N addition on plant or soil microbial community characteristics (Ren et al., 2016; Guo et al., 2017; Wang et al., 2017, 2019). Some studies have demonstrated a neutral effect of N addition, but a negative effect of P addition on extracellular enzymatic activities (Jing et al., 2016), where P was the key limiting factor for soil microorganisms in alpine meadows (Dong et al., 2020). Overall, few studies simultaneously have showed how N and P affect the soil microbial community and whether their effects are rate dependent.

Here, N and P addition was conducted in alpine meadows and the plant community, soil microbial community, as well as soil physicochemical properties were measured. We first aimed to differentiate the effects of N and P addition on soil microbial community and then we focussed on the extent of their effect by evaluating N and P addition rates in an alpine meadow in the Qinghai-Tibet Plateau. We aimed to: (1) determine that the responses of soil microbial communities and enzyme activities to N and P addition rates and (2) explore the main abiotic and biotic factors structuring soil microbial community. Based on the previous studies, we hypothesised that: (1) the effect of N and P addition on the soil microbial community would be rate dependent, especially in the different soil microbial groups and (2) different soil and plant factors drive soil microorganisms under N and P addition.



MATERIALS AND METHODS


Study Site

This experiment was conducted in an alpine meadow, located at Hongyuan County (N: 32°50′–33°22′, E: 102°01′–103°23′) of the Qinghai-Tibet Plateau. With an average altitude of 3,500 m, the Hongyuan alpine meadow has a mean annual temperature of 0.9°C ranging from −10.3 at January to 10.9°C at July and mean annual precipitation of 657–730 mm, characterised by the high altitude and low temperature all the year round. Based on the field survey, the natural plant community was dominated by Cyperaceae plants such as Kobresia humilis and Blysmus sinocom, Gramineae plants such as Elymus nutans and Agrostis clavata, accompanying by Compositae plants such as Saussurea nigrescens and Anaphalis lacteal and Ranunculaceae plants such as Anemone trullifolia and Anemone rivularis. The soil at this site was Mollisols, with low pH (4.6–6.0) and soil organic matter (SOM) ranging from 80 to 120 g⋅kg–1 (Hu et al., 2017).



Experimental Design

The two factors, N addition (four addition rates: CK, 0; N10, 10 g m–2 year–1, N20, 20 g m–2 year–1, and N30, 30 g m–2 year–1) and P addition (four addition rates: CK, 0; P10, 10 g m–2 year–1, P20, 20 g m–2 year–1, and P30, 30 g m–2 year–1), in a completely randomised block design, formed 7 treatments with 6 replications. There were 42 subplots (3 m × 3 m) separated by 2-m buffer zones to avoid the marginal effect located in the 300 m × 300 m alpine meadow site fenced with wire netting to prevent disturbance from grazing or other animals. The N fertiliser of urea [CO(NH2)2] and P fertiliser of calcium superphosphate [Ca(H2PO4)⋅H2O] were uniformly added once a year in a cloudy day of early growing seasons in the alpine meadow since late April 2012.



Field Sampling

On three randomly selected subplots from the six ones, all the plants within a 50 cm × 50 cm quadrat were harvested and separated into four functional groups (grasses, sedges, legumes, and forbs) in the late August 2013. For each subplot, the height, abundance, and coverage of each species recorded.

After removal of aboveground plants, soil samples in 0–10 cm were randomly collected by a soil auger (5 cm in diameter) in a V-shaped pattern for 5 times from the selected subplots. Soil samples were uniformity mixed and then transported in cooled boxes to the laboratory and sieved (0.25 mm). One part was stored at 4°C for measuring soil microbes and soil enzyme activities and the others were dried for soil pH and soil nutrients. Fine roots were sampled in five soil cores (5 cm in diameter) at 0–10 cm and then isolated by sieving 2 mm mesh. The total roots and the mowed aboveground plants were dried at 60°C for 48 h and then weighed.



Soil Physicochemical Properties

The air-dried soil samples were sieved through a 2-mm mesh to measure their physicochemical properties. Soil pH was determined with a glass electrode by using a soil to water ratio of 1:1 (Chu et al., 2007). SOM concentration was determined by a modification of the chromic acid titration method—Degtjareff method (Walkley and Black, 1934). Soil total N (TN) was determined by the Kjeldahl method (Bremner, 1960). Soil total P (TP) was determined by after digestion in HF-HClO4 (Jackson, 1974). The available N (AN) was measured by using an automated procedure (Skalar SANplus Segmented Flow Analyser, Skaler Incorporation, Breda, Netherlands) and the available P (AP) was assayed by molybdenum blue colorimetry and flame photometry and measured with a spectrophotometer (Hach DR 2700, Hach Company, Loveland, Colorado, United States).



Soil Microbial Community and Enzyme Activities

Soil microbial communities were assessed by using phospholipid fatty acid (PLFA) analysis described by Frostegård et al. (1993). Based on the previous results and the method of PLFA biomarkers, the appraised carbon chain length of measured PLFA was C13–C18 for abundant species, including saturated, unsaturated, and cyclic PLFAs, of which there were 24 types in total. The Gramme-positive bacteria (G+) were estimated as the sum of i15:0, i16:0, i17:0, i18:0, a15:0, a17:0, and a18:0 and the Gramme-negative bacteria (G–) were estimated as the sum of cy15:0, cy17:0, 16:1ω7c, 16:1ω9c, 18:1ω7t, and 18:1ω7c (Frostegård et al., 1993; Frostegård and Bååth, 1996; McKinley et al., 2005; Ramsey et al., 2006). Actinomycetes (Ac) were estimated as the sum of 2Me 18:0, 10Me 17:0, and 10Me 18:0 (McKinley et al., 2005) and fungi were estimated as the sum of 18:1ω9c and 18:2ω69c (Frostegård and Bååth, 1996; Frostegård et al., 2011). The left PLFAs were indicative of general bacteria (GB) (Frostegård et al., 1993; Frostegård and Bååth, 1996).

The substrate status of soil microorganisms could be inferred from measurements of soil enzyme activities because investment in enzyme synthesis was assumed to reflect biological nutrient demand (Turner and Joseph, 2013). Soil enzymes involved in the acquisition of N and P, such as the β-glucosaminidase phosphatase, could be used to infer microbial nutrient demand for N and P (Marklein and Houlton, 2012). Therefore, fertilisers-induced microbial response should be also assessed by soil enzyme activities (Hu et al., 2014; Rosinger et al., 2019). Thus, we measured the activities of soil urease, invertase, peroxidase, and acid phosphatase by using colorimetric method for three times, respectively (Guan, 1983).



Data Analysis

All the response variables, including soil pH and nutrients, plant community characteristics, soil enzyme activities, and soil microbial indexes, along N and P addition rates, were analysed by the one-way ANOVA followed by Duncan’s multiple range test by using SPSS 19.0 software package (SPSS Incorporation, Chicago, Illinois, United States), respectively. The data of response variables were transformed with the natural logarithm to improve normality.

We used multiple regressions on distance matrices (MRM) in the ecodist package to estimate the importance of plant and soil factors on soil microbial PLFAs and enzyme activities. The respective soil microbial PLFAs were indicated by soil microbial PLFA biomass, PLFA richness, and the PLFA biomass of GB, the G+, the G–, Ac, and fungi. The plant factors included plant biomass, plant richness, root biomass, and the biomass of forbs, grasses, legumes, and sedges. The soil factors included soil pH, AN, AP, TN, TP, and SOM. The Euclidean distance matrices for the plant, soil factors, and microbial variables standardised with decostand function (standardise method) of the vegan package were used in MRM models. Then, the Spearman’s rank correlation test was to check the relationships between soil microbial variables and factors of the plant and soil.

Structural equation modeling (SEM) was used to analyse the hypothetical pathways of N and P addition effects on soil enzyme activities and soil microbial communities by using Amos version 23.0 (Amos Development, Spring House, Armonk, United States). Before the SEM analysis, the dominant factors affecting soil microbial variables according to the Spearman’s rank correlation test were selected. Soil microbial PLFAs were presented by the first principal components (PLFA PC1) and the second principal components (PLFA PC2). Soil enzyme activities were presented by the first principal components (enzyme PC1) and the second principal components (enzyme PC2) in the following SEM analysis. Maximum likelihood estimation method was applied in the process of SEM and the goodness-of-fit of the models was determined by the chi-squared tests, the Akaike information criterion (AIC), and the root mean square error of approximation (RMSEA).




RESULTS


Soil Physicochemical Properties

The N addition significantly decreased soil pH, but not altered the contents of SOM and TN. Soil pH and TN were not significantly changed along P addition rates. Compared with unfertilised soils, the AN was lower in the low N and P addition rate (N10 and P10), but higher in the moderate and high addition rate (N20, P20, N30, and P30). The soil AP showed a significant increase with P addition rate (Figure 1 and Table 1).
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FIGURE 1. Effects of nitrogen (N) and phosphorus (P) addition on soil physicochemical. Values are means ± SE (n = 3). Different lowercase letters indicate significant difference among the levels of N or P addition in the same below.



TABLE 1. ANOVA for the four groups (soil physicochemical properties, plant community, soil enzyme activities, and soil microbial community) in nitrogen (N) and phosphorus (P) addition.
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Plant Community

The N addition did not significantly alter plant community biomass, which was significantly increased in P addition treatment, especially in moderate and high addition rate. Both the N and P addition decreased the plant richness (Figure 2 and Table 1).


[image: image]

FIGURE 2. Effects of N and P addition on plant community characteristics.


Although the plant community biomass was not significantly induced by N addition, the response of four plant functional groups was significantly different. Low N addition rate (N10) increased forb and legume biomass, but inhibited grass and sedge biomass, which was opposite to the response of their biomass to N20 and N30 addition. The forb and grass biomass decreased in P10, but increased in P20 and P30, respectively. The legume biomass significantly increased with the P addition rate. The sedge biomass was not altered in P10 and P20, but significantly decreased in P30. Plant root biomass was increased following N and P addition rate, but its response was more sensitive in P addition than that in N addition, of which only N20 significantly increased root biomass (Figure 2 and Table 1).



Soil Enzyme Activities

Invertase activities uniformly increased in response to the N and P addition and reached the maximum in N20 and P20 (Figure 3). The peroxidase, urease, and phosphatase activities significantly declined in N10 and N20, but were significantly increased in N30 (Figure 3). The response of these three soil enzyme activities varied in response to P addition. Peroxidase activity was significantly inhibited (Figure 3), while phosphatase activity increased with P addition (Figure 3). Urease activity was significantly decreased in P10 and P30, but slightly increased in P20 (Figure 3).
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FIGURE 3. Effects of N and P addition on soil enzyme activities.




Soil Microbial Composition

Principal component analysis of the soil microbial PLFA composition along N and P addition rate is shown in Figure 4. The PC1 explained 68.9% and the PC2 explained 13.4% of the variance for the N addition, respectively (Figure 4A). The locations of the three N addition rates and CK were distinct, which indicated that the dominant PLFA was different from each other. All the G+ indicated by PLFA a15:0, i18:0, a18:0, i17:0, a 17:0, and i16:0 were on the left of the PC2, while the GB indicated by PLFA C13:0, C14:0, C15:0, and C16:0 were on the right of the PC2. This demonstrated that along N addition rate, the G+ were increasing, especially in the high N addition rate, while fewer GB were found. Otherwise, the G– indicated by PLFA cy 15:0, 16:1ω7c, 18:1ω7c, 18:1ω7t, and 16:1ω9c, Ac indicated by PLFA 2Me 18:0, 10Me 18:0, and 10Me 17:0, and fungal PLFA indicated by 18:1ω9c and 18:2ω6,9c were found along the PC1 axis from −1.0 to 1.0, which demonstrated that these soil PLFAs were not different between N addition and the CK.
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FIGURE 4. Soil microbial composition along N (A) and P (B) addition rates based on principal component analysis (PCA).


The PC1 and PC2 explained the 45.6 and 30.8% of the variance for the P addition (Figure 4B). Although P addition differentiated the soil PLFAs from the CK, the PLFAs in low (P10) and moderate P addition rate (P20) were similar, in which both the G+ and the G– PLFAs were found. It was distinct that the fungal PLFAs and Ac PLFAs were located near the high P addition rate (P30), while the whole GB PLFAs were found near the CK. These results demonstrated that soil microbial PLFAs were sensitive to P addition, especially at the P30 addition rate.

Although the N addition dominated the soil G+, while P addition affected soil fungi and Ac; some soil microorganisms at the individual PLFA level showed similar responses to N and P addition. These PLFAs, such as the saturated fatty acid C13:0, C14:0, and C15:0, as well as some monochain fatty acids 16:1ω9c and 18:1ω9c, were always located near the CK and not affected by the N or P addition. On the contrary, some PLFAs, such as a15:0 and 16:1ω7c, were found near the N30 and P30, and the PLFAs 18:1ω7c was found near the N20 and P20 (Figure 4).



Soil Microbial Biomass

Soil PLFA biomass (Figure 5A), including GB (Figure 5C), fungal (Figure 5D), and Ac biomass (Figure 5G), was significantly decreased along N addition rates, while the G+ were significantly increased (Figure 5E). Soil PLFA richness (Figure 5B) and the G– (Figure 5F) were not statistically significant, while they showed an increasing and decreasing trend along N addition rates, respectively.
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FIGURE 5. Effects of N and P addition on soil microbial biomass (A), PLFA richness (B), the biomass of grenral bacteria (C), fungi (D), gram-positive bacteria (E), gram-negative bacteria (F), and actinomycetes (G).


Along the P addition rates, the biomass of soil microorganisms, GB, fungi, and the G– was first decreased and then increased at the high P addition rate (P30), which was significantly higher than that in the unfertilised treatment (CK). Soil PLFA richness and the G+ were significantly increased along the P addition rates (Figure 5).



Importance of Plant and Soil Factors on Soil Microbial Variables

Multiple regressions on distance matrices was used to estimate the importance of ecological factors (plant and soil factors) on soil microbial variables. Collectively, 74 and 67% of the total variations occur in soil microbial PLFAs of the N and P addition, respectively (Figures 6A,C). However, 8% of the total variations was alone explained by plant factors in the N addition, which was significantly lower than that (30%) in the P addition. On the contrary, the soil factors alone explained 33% in the N addition and 5% of the total variations in the P addition. This suggested that soil factors dominated soil microbial PLFAs in the N addition, but plant factors did not dominated soil microbial PLFAs in the P addition. Further investigation also showed that two most important variables were soil pH and plant richness in the addition, but the sedge biomass and soil AP in the P addition.
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FIGURE 6. The relative contributions of plants and soils to the variations in soil PLFAs (A,C) and enzyme activities (B,D) along N and P addition rates.


When the soil microbial PLFAs were taken into account to explain soil enzyme activities, the overall 80 and 50% of the total variations occur in the N and P addition, respectively (Figures 6B,D). Plants, soils, and PLFAs alone explained 6, 7, and 31% in the N addition, but 14, 6, and 10% of the total variations in the P addition. The biomass of total PLFAs and the G+ was the two most important variables explaining soil enzyme activities, but the biomass of total plants and legumes was the two important variables, followed by the GB PLFAs.



Pathways Determining Soil Microbial Phospholipid Fatty Acids and Enzyme Activities

Based on the most important factors explaining soil microbial variables, we conducted an optimal SEM analysis to explore the pathways determining soil microbial variables. The results showed that the pathways of N and P addition determining soil microbial PLFAs and enzyme activities were significantly different.

The width of lines from N addition to the plant and soil factors showed that N addition would drive soil microbial variables mainly via decreasing plant richness (−0.75), increasing sedge biomass (0.74), followed by decreasing soil pH (−0.64) (Figure 7). The total effects of N addition on the soil microbial PLFA PC2 was 0.008 (Supplementary Figure 1A), but it reached 0.808 on soil microbial PLFA PC2 (Supplementary Figure 1C). Similarly, the total effects of N addition on soil enzyme PC2 were 0.690 (Supplementary Figure 1D), which were bigger than that (0.145) on soil enzyme PC1 (Supplementary Figure 1B).
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FIGURE 7. Structural equation modeling (SEM) analysis evaluating the effects of N and P addition on soil microbial PLFAs and enzyme activities via pathways of plants and soils. Result of model fitting: chi-squared test = 23.56, df = 21, and P = 0.315. Here, high P-values with the chi-squared tests indicate good model fit to data. Black and blue solid arrows indicate significantly positive and negative effects (P < 0.05), respectively. Dashed arrows indicate the effects are not significant (P > 0.05). Values associated with arrows represent standardised path coefficients. R2 associated with response variables indicates the proportion of variation explained by relationships with other variables.


The P addition would significantly affect soil microbial variables mainly via increasing AP (0.76) determined, followed by decreasing sedge biomass (−0.44) and plant richness (−0.34) (Figure 7). In addition, the total effects of P addition on soil microbial PLFA PC1 and enzyme PC1 were more than the corresponding PC2, respectively (Supplementary Figure 1).

According to the PCA analysis (Supplementary Figure 2A), soil PLFA PC1 was mainly indicated by soil PLFA biomass, the biomass of fungi, and Ac. Soil PLFA PC2 was mainly positively correlated with the G+ and PLFA richness and negatively correlated with GB. They indicated that N addition would dominant the structure of the G+ and GB, while P addition would determine soil PLFA biomass, the biomass of fungi, and Ac. Similarly, P addition was more important to soil phosphatase and peroxidase activity, while N addition was more important to soil invertase activity (Supplementary Figure 2B).




DISCUSSION

The alpine meadows in the Qinghai-Tibetan Plateau are strongly limited in terms of available N and P levels (Xu et al., 2015; He et al., 2016). Soil microorganisms are an important decomposer in alpine meadows and they are sensitive to changes in nutrient supply such as N or P addition. This study examined soil microbial PLFAs, including the biomass of soil GB, fungi, G–, and Ac, which were all rate dependently inhibited by N addition. Although they decreased at low and moderate P addition rate (<20 g m–2 year–1), soil microbial PLFAs significantly increased at high P addition rate (30 g m–2 year–1) and showed the unimodal changes responding to P addition. Both the N and P effects were rate dependent, which support our first hypothesis.


Effects of Nitrogen and Phosphorus Addition on Soil Physicochemical Properties

The urea containing ammonium N released more hydrogen (H+) into the soils through bacterial nitrification, thus reducing soil pH. High N addition rate saturating the soil with N was also suggested to be an important reason for N-induced soil acidification (Lu et al., 2014), consistent with global observations (Tian and Niu, 2015). In contrast to the response of soil pH to N addition, soil pH was not significantly altered by P addition. This might be for that N uptakes were enhanced by P addition, resulting in less excess N in the soils, potentially delaying soil acidification (Mori et al., 2010; Chen et al., 2015; Li et al., 2016).

Nitrogen and P addition would enhance plant carbon assimilation and stimulated more litters into soils and, thus, increased SOM. Meanwhile, N and P addition would also stimulate N and P absorbed by plants and it resulted in less carbon into soils through roots. The trade-off in the contribution of litter carbon and root carbon into SOM was usually found in the low N and P addition rate and, thus, led to decrease in SOM. When high N and P addition rates were applied, litter carbon into soils surpassed root carbon inputs leading to increased SOM (Van der Heijden et al., 2008).

Soil N and P were mainly formed from deposition and fertiliser supply. The N and P addition directly increased the soil TN and TP contents (Cao et al., 2015; Du, 2017), especially the N addition significantly increased soil TP content for the N-limited plants that would not uptake soil P and resulted in the P accumulation (Song et al., 2019; Li et al., 2022). However, the soil AN was significantly decreased at low N and P addition rate, but it increased at medium and high N and P addition rate. This was for that low N addition rate. The AN from low N addition rate would stimulate N-limited plants absorbing the more AN from soils, which resulted in lower soil available content (Zhang et al., 2005). The P addition has been demonstrated to be significantly correlated with soil nitrogen cycle (Shi et al., 2021) and it would significantly promote the nifH gene expression and the biological nitrogen fixation rate (Chu et al., 2008).



Effects of Nitrogen and Phosphorus Addition on the Plant Functional Groups

Previous studies found that lack of N and P availability can be limiting factors to plant growth and productivity in grasslands (Craine and Jackson, 2009; Fay et al., 2015), but in this study, the biomass of the four plant functional groups was differently responding to N and P addition. High N addition rate favoured grasses over the other functional groups, while P addition favoured the growth of legumes in the alpine meadow. The N-induced increase in grasses was consistent with most studies hypothesising that the plant community would be dominated by grasses in grassland ecosystems with N addition (Clark and Tilman, 2008; You et al., 2017; Zheng et al., 2019) due to their greater ability to take-up nutrients (Guo et al., 2017). The P-induced increase in legumes (Zhao et al., 2019) demonstrated that although the plant community was limited by N and P, the legumes were mostly limited by P due to their N-fixing ability (Marleau et al., 2011). Therefore, in an alpine meadow, N or P addition would drive the differentiation of plant community composition and structure (Tischer et al., 2015; Xu et al., 2015).



Effects of Nitrogen and Phosphorus Addition on Soil Enzyme Activities

Soil enzymes are mainly produced by soil microorganisms to decompose organic matter into available nutrients for its assimilation and soil enzymes activities could be an indicator of soil microbial nutrient demand (Fan et al., 2018). N addition significantly increased the invertase activity (Figure 3), as found in other studies (Xiao et al., 2021). This result supports the resource allocation theory, which states that N addition stimulates the activities of C- and P-cycling enzymes, but inhibits N-cycling enzyme activities (Allison and Vitousek, 2005). However, we found that peroxidase activity indicative of C-cycling, urease activity indicative of N-cycling, and phosphatase activity indicative of P-cycling were first decreased at low N rates and then increased at high N rates, which were partially consistent with these results (Zhou et al., 2012; Han et al., 2018). The non-linear changes in soil enzyme activities are affected by a series of abiotic and biotic factors such as soil nutrient contents, soil microbial communities, soil respiration intensity, and plant community characteristics (Hu et al., 2014), especially in terms of soil microbial biomass (Acosta-Martínez et al., 2008). In this study, soil enzyme activities corresponding to N addition rates were mainly consistent with changes in soil PLFA biomass.

Our results showed that P addition generally suppressed peroxidase and urease activities, but increased invertase activities. Phosphatase activity only increased significantly at medium and high P addition rates, but showed no significant changes at low rate (Figure 3). These results contrasted with other studies (Jing et al., 2016; Rosinger et al., 2019; Xiao et al., 2021) showing negative effects of P addition on soil enzymes, especially soil phosphatase activity, where soil microorganisms would reduce the production cost of N-rich phosphatase enzymes when the available P was enough. In this study, although soil TP (1.01–1.06 g⋅kg–1) and AP (12.15–17.90 mg⋅kg–1) increased along with P addition rates, they were far less than the TP (2.30 g⋅kg–1) in the alpine meadows soils in the Qinghai-Tibet Plateau (Wang et al., 2013). When soil P supply is not enough, the negative effects of P addition on phosphatase activity are not triggered and are, thus, delayed (Olander and Vitousek, 2000; Weintraub and Schimel, 2005). Insufficient P supply, in turn, stimulates plant roots secretion of phosphatase (Tadano and Sakai, 1991), which was also found in this study, where root biomass significantly increased with P addition rates (Figure 2). Additionally, phosphatase activity upon P addition might be derived from stabilised extracellular enzymes, which are not sensitive to P addition, rather than actively synthesised enzymes (Turner and Joseph, 2013).



Effects of Nitrogen and Phosphorus Addition on Soil Microbial Phospholipid Fatty Acids

N and P addition altered the ratio of N and P supply for plants and soil microorganisms and, thus, affected their relationships, growth, and biomass. Čapek et al. (2018) demonstrated that when the soil N-P ratio was between 6.3 and 42.4, plants were N limited and soil microorganisms were P limited. In this study, the soil N:P ratio at the three N and P addition rates was < 9.0 (Supplementary Figure 3), which further demonstrated that soil microorganisms in the grasslands were mainly limited by P (Rosinger et al., 2019). The negative relationship between N addition and soil microbial biomass (Leff et al., 2015) was also found in this study. In the short term, soil microorganisms compete for available N in the soil better than plants (Kuzyakov and Xu, 2013; Wild et al., 2018), which further leads to a lower soil C:N ratio and less tested fungi (Soares and Rousk, 2019). As a whole, N addition stimulated the P-limited effect in soil microorganisms (Li et al., 2016) and inhibited the soil microbial process in the alpine meadows, which was consistent with other studies (Zhou et al., 2017; Wang et al., 2018).

In contrast with expectations, a low P rate did not alleviate the limiting effect of P on soil microorganisms in this study. It has been reported that soil microorganisms in low-P soil are involved in efficient P cycling (Beauregard et al., 2010) and most of the available P was used to increase plant root biomass in legume plants through N2 fixation (Augusto et al., 2013), which was also demonstrated (Figure 2). Additionally, high P addition rate might limit N for microbial activity (Vitousek et al., 2010) including soil GB, fungi, the G–, the G+, and Ac (Figure 5).



Importance of Plants and Soils for Soil Microorganisms

The growth strategies and environmental tolerance of soil microbial taxa are diverse (Schimel et al., 2007; Dong et al., 2020) and the response of soil microbial taxa to changes in plants and soils induced by N and P addition should be usually different.

The sustained decline in soil microbial biomass with N addition rate, expected for the soil G+, was mainly seen in the decreasing soil pH, followed by plant richness and soil TP. Soil bacteria are sensitive to decreased soil pH (Bååth and Anderson, 2003), which would lead to limited available calcium and magnesium (Lucas et al., 2011) as well as aluminium toxicity (Bowman et al., 2008), inhibiting soil bacterial community. In general, soil bacteria taxa have relatively narrow growth tolerances of soil pH (Rousk et al., 2010) and deviations of 1.5 pH units from the in situ pH of bacterial communities consistently reduce their activity by 50% (Fernandez-Calvino and Baath, 2010). However, soil fungi generally exhibit wider soil pH ranges for optimal growth than bacteria (Beales, 2004; Rousk et al., 2010). Therefore, soil bacteria decreased significantly, but the extent of soil fungi change was smaller.

Nitrogen addition also altered soil microbial PLFAs through plant richness, which was almost equal to the effect of soil pH in this study (Figure 6A). Plant effects, such as biomass (Reich et al., 2012), diversity, and composition (Lange et al., 2014), could also determine soil microbial growth and composition. More plant species supply more food resources and more host species supply more soil microorganisms by increasing the diversity of available nutrients pools (Klironomos et al., 2011). In some cases, plant richness determines soil microbial biomass (Zeng et al., 2016). N addition would change the C allocation of the aboveground plants and belowground roots and further lead to the priming effects of C deficiency on soil microorganisms (Silva-Sánchez et al., 2019). In this study, the biomass of grasses and forbs also accounted for 9.35 and 8.76% of the variation in soil microbial PLFAs, respectively. The priming effects of grass and forbs might account for the specific soil microbial taxa. However, the soil G+ significantly increased with decreasing soil pH induced by N addition rates. This was consistent with previous studies (Aciego Pietri and Brookes, 2009; Zhou et al., 2017), which have demonstrated that the soil G+ possessed specific mechanisms to survive in acidic environments (Cotter and Hill, 2003). Simonin et al. (2017) also considered the soil G+ as the K-strategist indicating soil microbial community resistance.

Compared with N addition, P addition effects on soil microorganisms were obviously unimodal. Except for the soil G+, the other microbial groups significantly decreased at P10 and P20 rates and increased at P30 rate. This soil microbial pattern along P addition rates mainly derived from plants (Yang et al., 2012; Rui et al., 2015; Wang et al., 2018), which accounted for 30% of the total variation, compared with the 5% derived from soils (Figure 6). The low P addition rate would not significantly change plant biomass and even decreased the biomass of forbs and grass, which led to less C substrate to soil microorganisms. Meanwhile, increased root biomass at high P addition rate directly enhanced the rate of C cycles to soil microorganisms (Jing et al., 2017).

The overall increase in soil nutrients affected specific PLFAs in both the N and P addition. In this study, 16:1ω7c and 18:1ω7c PLFAs were significantly increased by N and P addition rate and their correlation with soil TP, AP, and AN content has been already demonstrated (Dong et al., 2014; Chen et al., 2019; Hu et al., 2019). Conversely, some PLFAs, such as C13:0, C14:0, C15:0, 16:1ω9c, and 18:1ω9c, were not significantly changed by N and P addition. This difference might be due to the different microorganism growth strategies and the varying communication between them (Schimel et al., 2007). For instance, fungal PLFA 18:1ω9c was more resistant to changing microenvironments compared with bacteria (Wardle et al., 2003), but soil bacteria were more inhibited by N addition (Zhang et al., 2016). Furthermore, soil microorganisms produce more cis-structured PLFAs, such as 16:1ω7c and 18:1ω7c, with abundant available nutrients (Ludvigsen et al., 1999). These changes in individual PLFA affected by N and P addition would together help to structure the soil microbial taxa.

In this study, soil microbial community and enzyme activities are sensitive and significantly affected by the N and P addition rates. The N addition has negative effects on soil microbial community and enzyme activities along the addition rates. However, the effects of P addition are negative at low addition rates, but positive at high addition rates. Specifically, the soil microbial PLFA, bacteria, fungi, G–, and Ac are significantly inhibited along N addition rates and at low P addition rates. However, these PLFA groups are increased at high P addition rate. It is similar that both the N and P additions stimulate soil microbial richness and significantly increase the G+. Soil enzyme activities involved in C cycling are increased, but that involved in P cycling are inhibited at low addition rates and increased in high addition rates. The responses of urease activities are significantly different to N and P addition rates. These changes in soil microbial community are significantly correlated with soil pH with N addition rates, but with soil available P and sedge biomass with P addition rates. In the alpine meadow, both the N and P are the key limiting factors structuring soil microorganisms and 30 g⋅m–2 are better P addition rate for soil microbial community. Our studies indicated that soil microbial communities and enzyme activities are sensitive to short-term N and P addition and are also significantly influenced by their addition rates.
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