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Appendix S1
Descriptions of quantitative PCR analysis and amplification procedures：
Microbial DNA was extracted from each of the composite soil samples (0.5 g) using a FastDNA SPIN Kit, according to the instructions of manufacturer (MP Biomedicals, Cleveland, USA), and the quality and concentration of each of the resulting DNA samples were measured using a NanoDrop 2000 spectrometer (Thermo Scientific, Wilmington, DE, USA). All purified DNA samples were stored at ‒80 °C until analysis.
The nifH gene was analyzed by high-throughput qPCR on an ABI Prism 7500 Real-Time quantitative PCR (qPCR) system (Applied Biosystems, Foster City, CA, USA) using primer pairs nifH-F (5′-AAAGGYGGWATCGGYAARTCCACCAC-3′) and nifH-R (5′-TTGTTSGCSGCRTACATSGCCATCAT-3′). The qPCR reaction mixture (20 μL) consisted of 10 μL SYBR® Premix Ex Taq™ (Takara Bio USA), 1 μL DNA template, 0.8 μL each of the forward and reverse primers, and 7.4 μL double-distilled water (ddH2O). The qPCR program ran was: denaturation at 98°C for 5 min, then 35 cycles of denaturation at 95°C for 30 s, annealing at 58°C for 30 s, and extension at 72°C for 60 s. Each sample's reactions were done in triplicate, and concurrently negative controls (without DNA templates) were used. Standard curves were produced using nifH plasmids at tenfold serial dilutions. The nifH gene was quantified based on average slopes obtained from standard curves.
Amplicon sequencing and phylogenetic classification
    Community composition and diversity of diazotrophs were determined by Illumina MiSeq sequencing technology (Illumina Inc.) with the primer sets nifH-F/nifH-R. The 20 μL PCR reaction mixture consisted of 4 μL 5 × FastPfu buffer, 2 μL dNTPs (2.5 mM), 0.8 μL of each primer (5 μM), 0.4 μL FastPfu polymerase, 0.2 μL bovine serum albumin, 10 ng template DNA, and ddH2O. The PCR reactions were performed using TransGen AP221-02 TransStart® FastPfu DNA Polymerase (Transgen Biotech Co., Ltd.) on an ABI GeneAmp® 9700 PCR System (Applied Biosystems). The PCR program was: initial denaturation at 95°C for 3 min, followed by 35 cycles at 95°C for 30 s, annealing at 55°C for 30 s, 72°C for 45 s, and a final extension at 72°C for 10 min. Each sample was amplified three times technically, and the PCR result was then pooled. PCR amplicons were recovered by agarose gel electrophoresis after being purified (1.5% gel agar, 90 V, 45 min). The product was quantified using a QuantiFluor™-ST Solid Standard (Promega, Madison, WI, United States), then equimolar concentrations of PCR product for each sample were pooled. Samples were spiked with a 20% (v/v) PhiX control library after being diluted to the appropriate loading concentration for a MiSeq run, and sequenced using the Illumina MiSeq PE300 platform (Majorbio Company in Shanghai, China), producing 2 × 300bp long reads. The instrument was used to demultiplex the reads.


[image: ]Fig. S1 Geographical distribution of 60 sampling sites. The sites represent the four different aridity sites.
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[bookmark: OLE_LINK1]Fig. S2 The relative abundance of diazotroph in four aridity sites in alpine grasslands in Tibetan.Aridity = 0.2
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Fig. S3 The correlation between relative abundance of rare diazotrophic genus and nifH gene abundance, rare sub-community composition and N fixation rate in Tibetan grasslands. Red represents positive correlation, blue represents negative correlation, color depth represents the magnitude of correlation, and asterisk represents significant correlation.
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AI 生成的内容可能不正确。]Fig. S4 The initial model of structural equation model.


Table S1 The basic information of sample sites in alpine grasslands in Tibetan Plateau.
	Site
	MAP
(mm)
	MAT
	1-AI
	PH
	SBD
	Plant richness
	Coverage
(%)
	nifH gene
copies
	Soil
C:N
	SoilC:P
	SoilN:P
	BNF(nmol C2H4 
-1 dry soil h-1)

	1
	101.3 
	1.6 
	0.91 
	8.9 
	1.4 
	5.5 
	16.7 
	1.2E+07
	8.3 
	9.3 
	1.1 
	23.0 
	

	2
	221.6 
	4.0 
	0.63 
	9.5 
	1.4 
	8.3 
	45.8 
	1.4E+07
	9.6 
	22.8 
	2.4 
	24.2 
	

	3
	139.6 
	2.9 
	0.82 
	8.2 
	1.5 
	5.8 
	16.7 
	1.8E+07
	4.2 
	13.3 
	3.2 
	25.1 
	

	4
	97.8 
	2.0 
	0.85 
	8.9 
	1.5 
	5.3 
	17.8 
	5.3E+06
	7.7 
	4.4 
	0.6 
	27.4 
	

	5
	405.4 
	1.4 
	0.89 
	8.9 
	1.3 
	11.5 
	50.2 
	1.7E+07
	9.4 
	29.3 
	3.1 
	27.4 
	

	6
	124.6 
	2.5 
	0.77 
	9.0 
	1.4 
	5.3 
	15.7 
	5.1E+06
	8.4 
	10.5 
	1.2 
	26.0 
	

	7
	149.8 
	2.2 
	0.87 
	8.9 
	1.4 
	6.8 
	20.8 
	2.2E+07
	10.6 
	17.7 
	1.8 
	31.3 
	

	8
	151.2 
	3.2 
	0.84 
	8.6 
	1.2 
	6.2 
	17.3 
	4.2E+06
	6.5 
	8.3 
	1.3 
	35.9 
	

	9
	296.7 
	2.1 
	0.64 
	9.5 
	1.4 
	7.3 
	29.8 
	1.6E+07
	9.4 
	44.8 
	4.7 
	26.1 
	

	10
	218.6 
	2.3 
	0.8 
	8.9 
	1.4 
	7.5 
	31.0 
	1.4E+07
	9.1 
	22.8 
	2.5 
	27.1 
	

	11
	144.4 
	2.2 
	0.84 
	8.9 
	1.3 
	6.5 
	18.7 
	1.4E+07
	9.6 
	16.4 
	1.7 
	34.3 
	

	12
	212.1 
	2.1 
	0.82 
	9.2 
	1.3 
	7.2 
	29.8 
	2.8E+07
	10.0 
	25.3 
	2.5 
	27.5 
	

	13
	125.1 
	2.0 
	0.89 
	9.3 
	1.5 
	5.7 
	15.2 
	8.1E+06
	9.2 
	6.3 
	0.7 
	34.7 
	

	14
	236.3 
	2.9 
	0.75 
	9.0 
	1.3 
	7.7 
	34.7 
	1.7E+07
	9.5 
	17.1 
	1.8 
	41.6 
	

	15
	238.2 
	3.0 
	0.76 
	9.0 
	1.3 
	7.5 
	33.5 
	2.1E+07
	9.6 
	20.7 
	2.2 
	48.2 
	

	16
	169.7 
	1.5 
	0.91 
	8.8 
	1.3 
	6.5 
	18.8 
	5.2E+07
	9.7 
	20.6 
	2.1 
	34.5 
	

	17
	223.0 
	1.6 
	0.88 
	9.1 
	1.3 
	5.8 
	14.7 
	2.7E+07
	8.9 
	16.1 
	1.8 
	32.8 
	

	18
	184.3 
	1.4 
	0.91 
	10.0 
	1.4 
	6.7 
	17.7 
	6.2E+06
	9.4 
	6.8 
	0.7 
	8.9 
	

	19
	104.6 
	1.1 
	0.96 
	9.0 
	1.5 
	4.7 
	17.7 
	1.5E+07
	13.7 
	12.6 
	1.0 
	13.5 
	

	20
	88.9 
	1.8 
	0.9 
	9.0 
	1.5 
	6.0 
	18.3 
	1.0E+07
	8.9 
	8.0 
	1.1 
	12.6 
	

	21
	103.6 
	1.2 
	0.95 
	8.9 
	1.4 
	4.2 
	16.0 
	8.9E+06
	7.9 
	6.9 
	0.9 
	13.0 
	

	22
	102.7 
	1.1 
	0.95 
	9.3 
	1.2 
	4.8 
	18.7 
	6.0E+06
	12.1 
	7.9 
	0.7 
	12.8 
	

	23
	104.3 
	1.2 
	0.96 
	9.4 
	1.6 
	6.2 
	21.8 
	2.6E+06
	10.5 
	5.2 
	0.5 
	12.2 
	

	24
	103.4 
	1.3 
	0.94 
	9.2 
	1.4 
	5.0 
	16.7 
	1.1E+07
	8.6 
	5.6 
	0.7 
	12.7 
	

	25
	445.0 
	0.8 
	0.84 
	8.9 
	1.2 
	10.2 
	42.0 
	7.9E+06
	9.4 
	30.6 
	3.3 
	51.3 
	

	26
	363.6 
	3.7 
	0.51 
	7.5 
	1.5 
	9.2 
	45.3 
	2.5E+07
	10.2 
	33.1 
	3.2 
	50.0 
	

	27
	290.1 
	2.2 
	0.65 
	8.6 
	1.1 
	8.3 
	33.5 
	3.5E+07
	11.0 
	41.6 
	3.9 
	49.5 
	

	28
	328.8 
	3.9 
	0.57 
	7.9 
	1.4 
	8.5 
	37.2 
	1.8E+07
	10.3 
	36.7 
	3.5 
	45.2 
	

	29
	210.5 
	3.8 
	0.59 
	7.8 
	1.4 
	8.2 
	35.8 
	1.5E+07
	11.5 
	20.5 
	1.8 
	22.0 
	

	30
	102.4 
	2.1 
	0.84 
	8.9 
	1.6 
	5.5 
	17.3 
	8.0E+06
	10.8 
	13.6 
	1.2 
	14.4 
	

	31
	331.4 
	2.6 
	0.49 
	8.9 
	1.4 
	10.8 
	42.8 
	8.7E+06
	5.9 
	55.4 
	9.4 
	33.3 
	

	32
	350.9 
	4.1 
	0.56 
	7.8 
	1.3 
	9.5 
	35.8 
	1.7E+07
	9.9 
	25.7 
	2.6 
	30.9 
	

	33
	282.6 
	2.1 
	0.73 
	8.8 
	1.3 
	8.5 
	36.5 
	1.6E+07
	12.7 
	33.1 
	2.6 
	34.9 
	

	34
	363.1 
	1.5 
	0.81 
	7.7 
	1.3 
	11.3 
	43.7 
	2.3E+07
	6.5 
	23.9 
	3.7 
	31.5 
	

	35
	313.2 
	3.6 
	0.63 
	8.4 
	1.2 
	8.3 
	33.8 
	2.2E+07
	19.3 
	45.5 
	2.4 
	33.0 
	

	36
	272.5 
	1.9 
	0.76 
	8.9 
	1.2 
	7.0 
	32.0 
	1.3E+07
	8.9 
	26.0 
	2.9 
	31.3 
	

	37
	150.1 
	1.7 
	0.91 
	9.2 
	1.5 
	5.0 
	17.5 
	9.7E+06
	9.8 
	13.2 
	1.4 
	14.4 
	

	38
	291.3 
	2.2 
	0.64 
	9.1 
	1.4 
	7.5 
	31.5 
	1.0E+07
	11.6 
	38.4 
	3.7 
	35.4 
	

	39
	244.4 
	2.7 
	0.73 
	8.4 
	1.2 
	8.7 
	35.8 
	2.8E+07
	13.2 
	37.6 
	3.1 
	35.4 
	

	40
	107.2 
	1.1 
	0.96 
	8.6 
	1.5 
	5.5 
	21.3 
	4.3E+06
	7.7 
	7.8 
	1.0 
	16.3 
	

	41
	460.5 
	0.4 
	0.35 
	8.0 
	0.9 
	9.8 
	81.7 
	1.0E+08
	12.5 
	62.4 
	5.0 
	56.3 
	

	42
	481.4 
	1.0 
	0.32 
	7.1 
	0.9 
	8.5 
	82.7 
	5.4E+07
	12.7 
	46.9 
	3.7 
	47.8 
	

	43
	522.1 
	1.1 
	-0.01 
	6.0 
	0.5 
	8.5 
	89.8 
	4.1E+07
	15.4 
	75.4 
	4.9 
	49.1 
	

	44
	506.9 
	1.1 
	-0.18 
	6.0 
	0.6 
	10.5 
	89.7 
	1.3E+08
	12.6 
	70.3 
	5.6 
	52.1 
	

	45
	416.0 
	0.3 
	0.31 
	7.1 
	0.7 
	10.0 
	84.2 
	2.0E+07
	13.2 
	71.9 
	5.4 
	54.3 
	

	46
	488.5 
	2.5 
	0.52 
	6.1 
	1.0 
	7.3 
	85.0 
	2.5E+07
	21.8 
	56.2 
	2.6 
	61.9 
	

	47
	374.7 
	0.3 
	0.3 
	7.7 
	0.9 
	8.8 
	82.0 
	3.2E+07
	12.8 
	93.4 
	7.3 
	58.2 
	

	48
	540.2 
	1.1 
	0.07 
	6.6 
	0.5 
	8.0 
	94.2 
	3.4E+07
	18.9 
	85.2 
	4.5 
	61.1 
	

	49
	432.9 
	0.4 
	0.33 
	8.1 
	1.0 
	9.0 
	82.2 
	3.4E+07
	13.0 
	75.2 
	5.8 
	59.7 
	

	50
	481.0 
	0.8 
	0.34 
	6.9 
	1.2 
	7.5 
	82.2 
	2.0E+07
	12.4 
	49.7 
	4.0 
	56.9 
	

	51
	444.9 
	0.5 
	0.26 
	6.5 
	0.8 
	8.5 
	94.0 
	2.8E+07
	13.3 
	62.3 
	4.7 
	49.9 
	

	52
	494.7 
	1.4 
	0.28 
	6.8 
	1.0 
	8.8 
	85.8 
	2.4E+07
	12.8 
	64.0 
	5.0 
	61.9 
	

	53
	465.1 
	0.6 
	0.28 
	8.1 
	0.9 
	9.0 
	93.5 
	3.7E+07
	12.8 
	60.3 
	4.7 
	56.2 
	

	54
	400.5 
	0.3 
	0.33 
	7.3 
	0.9 
	9.5 
	85.5 
	2.3E+07
	12.4 
	47.0 
	3.8 
	60.6 
	

	55
	426.5 
	0.4 
	0.29 
	7.1 
	0.9 
	8.5 
	88.0 
	2.4E+07
	13.3 
	73.3 
	5.5 
	58.5 
	

	56
	527.5 
	2.3 
	-0.02 
	6.8 
	0.8 
	9.5 
	89.0 
	9.7E+07
	12.6 
	70.8 
	5.6 
	54.1 
	

	57
	466.4 
	0.4 
	0.42 
	7.9 
	1.0 
	9.3 
	84.5 
	3.3E+07
	12.5 
	63.3 
	5.1 
	51.6 
	

	58
	526.5 
	1.1 
	-0.16 
	6.1 
	0.6 
	10.3 
	90.7 
	4.2E+07
	15.0 
	78.0 
	5.2 
	45.3 
	

	59
	480.6 
	0.4 
	0.36 
	6.8 
	0.9 
	7.5 
	86.8 
	7.9E+07
	14.2 
	91.8 
	6.4 
	55.7 
	

	60
	539.9 
	7.6 
	0.52 
	5.8 
	0.7 
	10.5 
	91.7 
	5.7E+07
	28.2 
	58.0 
	2.1 
	51.2 
	





	group
	distance
	Df
	F.Model
	Pr (>F)

	Humid~Semi_humid
	Bray-Curtis
	1
	11.55477
	0.001

	Humid~Semi_arid
	Bray-Curtis
	1
	19.31978
	0.001

	Humid~Arid
	Bray-Curtis
	1
	21.89103
	0.001

	Semi_humid~Semi_arid
	Bray-Curtis
	1
	3.595197
	0.001

	Semi_humid~Arid
	Bray-Curtis
	1
	5.118974
	0.001

	Semi_arid~Arid
	Bray-Curtis
	1
	4.09112
	0.001


Fig. S2 The adonis result of different aridity sites in Tibet grassland.



Table S3 The relative abundance of abundant and rare taxa in diazotrophic communities among four aridity habitats in alpine grasslands in Tibetan Plateau.
	Taxa (%)
	Humid
	Semi-humid
	Semi-arid
	Arid

	[bookmark: OLE_LINK147]Abundant
	62.4
	67.2
	73.6
	75.2

	Rare
	1.54
	1.48
	1.42
	1.16




	Influence factor
	%IncMSE
	p value

	Aridity
	18.50 
	0.01 

	Coverage
	16.00 
	0.01 

	C:N soil
	14.86 
	0.01 

	SBD
	14.85 
	0.01 

	PCo1_rare
	14.67 
	0.01 

	TP
	13.74 
	0.01 

	NO3--N
	13.54 
	0.02 

	AGB
	13.35 
	0.01 

	N:P soil
	11.20 
	0.01 

	nifH gene abundance 
	9.29 
	0.01 

	MAT
	9.08 
	0.02 

	SOC
	9.03 
	0.01 

	pH
	8.95 
	0.02 

	PR
	8.86 
	0.01 

	NH4+-N
	8.46 
	0.03 

	AP
	8.33 
	0.04 

	clay
	7.92 
	0.02 

	MBC
	7.00 
	0.02 

	PCo1_abundant
	6.90 
	0.07 

	AK
	6.32 
	0.06 

	C:N mic
	4.81 
	0.16 

	MBP
	4.71 
	0.07 

	C:Pmic
	3.87 
	0.10 


 Fig. S4 Random forest mean influence factors importance of influencing factors for nitrogen fixation rate. 
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