[bookmark: OLE_LINK21][bookmark: _Hlk215935385]Title: Soil ammonia-oxidizing archaea in alpine grasslands exhibit the highest temperature sensitivity in northern Chinese grasslands
Running title: Alpine grassland AOA most temperature sensitive
Authors: Sixue Chen1,2,3,4, Shuang Pang3,4, Yichen Zhu1,2, Zonghao Hu3,4, Yiheng Tao5, Changhui Wang1,2†, Huili Jia1,2* and Ximei Zhang3,4*
Affiliations: 1College of Grassland Science, Shanxi Agriculture University, Taigu 030801, China. 2Shanxi Key Laboratory of Grassland Ecological Protection and Native Grass Germplasm Innovation, Taigu 030801, China. 3Key Laboratory of Dryland Agriculture, Ministry of Agriculture, Institute of Environment and Sustainable Development in Agriculture, Chinese Academy of Agricultural Sciences, Beijing 100081, China. 4State Key Laboratory of Efficient Utilization of Agricultural Water Resources, CAU/CAAS, Beijing, China. 5College of Land and Environment, Shenyang Agricultural University, Shenyang 110161, China.
*Corresponding author: Huili Jia (Email: jiahuilisxau@126.com) and Ximei Zhang (Email: zhangximei@caas.cn)
†Note: Professor Changhui Wang (Shanxi Agricultural University), a beloved colleague, co-author, and supervisor of the first author, passed away in November 2023. She was a leading expert in grassland biogeochemistry. Her foundational contributions to this work were invaluable, and she is deeply missed.

Supplementary Information
[image: ]
Supplementary Figure 1 PCoA ordination illustrating the structural differences in soil ammonia-oxidizing bacteria (AOB) communities among grassland types. Different colors represent the three grassland types.
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Supplementary Figure 2 Drivers of soil ammonia-oxidizing bacteria (AOB) community composition across grassland types. Bar plots show the individual effects (adjusted R²) of various predictors for (a-d) AOB-amoA gene relative abundance (log10-transformed) and (e-h) AOB-amoA gene richness across different grassland types. (i-l) dbRDA ordination plots for each grassland type. Points represent individual samples, colored by their site-specific mean annual temperature (MAT) on a blue (cool) to red (warm) gradient and shaped by grassland type. Black vectors represent environmental variables; their length and direction indicate the strength and correlation of each variable with the community composition patterns.
Abbreviations: MAT, mean annual temperature; MAP, mean annual precipitation; AN, available nitrogen; AP, available phosphorus; NDVI, Normalized Difference Vegetation Index; RA, Relative abundance.
Significant: *P < 0.10, **P < 0.05, ***P < 0.01.
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Supplementary Figure 3 A priori structural equation models (SEMs) for testing direct and indirect effects of climate on AOA communities. Conceptual diagrams outline the hypothesized pathways through which mean annual temperature (MAT) influences AOA community attributes both directly and indirectly (via soil properties and vegetation) across all grassland types. (a) Pooled model (all sites). (b) Meadow steppe-specific model. (c) Typical steppe-specific model. (d) Alpine grassland-specific model. Single-headed arrows represent hypothesized causal relationships.
Abbreviations: MAT, mean annual temperature; MAP, mean annual precipitation; AN, available nitrogen; AP, available phosphorus; NDVI, Normalized Difference Vegetation Index; RA, Relative abundance.

Supplementary Table 1 Summary of sampling site information and environmental characteristics: geographic location, Climate, vegetation, and soil property
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Note. Sites are grouped by grassland type: Alpine grassland, Typical steppe, and Meadow steppe. Values are expressed as mean ± standard error.
Abbreviations: MAT, mean annual temperature; MAP, mean annual precipitation; AN, available nitrogen; AP, available phosphorus; NDVI, Normalized Difference Vegetation Index; RA, Relative abundance; n, replicate number of samples.
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Site Longitude (°) Latitude (°) Grassland types n Elevation (m) MAT (°C) MAP (mm) NDVI PpH DOC (mg/g dry soil) DON (mg/g dry soil) AN(mg/g dry soil) AP (mg/kg dry soil) Clay (%)
S1 100.74 36.35 Alpine Grassland 4 3234 3.80 52379 028 8.83 +0.08 0.65 +0.01 0.03 +0.01 0.01 +0.001 291 +1.13 544 024
S2 96.24 32.97 Alpine Grassland 4 4336 -2.80 648.79 038 731 +0.12 0.66 + 0.02 0.03 +0.001 0.05 +0.001 340 £ 041 336 +0.11
S3 88.73 31.17 Alpine Grassland 4 4706 0.98 38561 0.12 8.75 +0.07 0.57 £ 0.05 0.01 +0.001 0.01 +0.001 491 093 637 +1.46
S4 88.25 31.87 Alpine Grassland 4 4635 1.39 47022 0.11 8.68 +0.29 0.50 +0.09 0.02 +0.001 0.01 +0.001 7.63 £1.10 6.15 £0.25
S5 100.85 36.95 Alpine Grassland 4 3137 1.80 523.62  0.38 8.00 +0.36 0.44 +0.04 0.02 +0.001 0.01 +0.001 6.78 £ 0.41 3.32+0.30
S6 101.40 37.39 Alpine Grassland 4 3173 -1.20 81334 038 6.53 £0.17 0.68 +0.18 0.14 +0.02 0.21 +£0.01 13.17 £2.55 2.00 +0.04
S7 101.45 35.16 Alpine Grassland 4 3811 -0.48 864.69 040 7.98 £0.22 0.71 £ 0.10 0.02 +0.001 0.04 +0.001 557 +1.28 557 +1.01
S8 98.25 34.93 Alpine Grassland 4 4364 -4.88 646.45 020 8.64 +0.03 0.60 + 0.02 0.01 +0.001 0.03 +0.01 492 +190 4.03 +£0.52
S9 95.87 33.65 Alpine Grassland 4 4185 -2.44 58830 031 826 +0.10 0.64 +0.04 0.02 +0.001 0.01 +0.001 738 £0.94 1.71 £0.11
S10 86.34 46.88 Meadow Steppe 4 1194 425 436.44  0.15 856 +0.22 0.01 +0.001 0.01 +0.001 0.01 +0.001 1138 £1.97 1.72 £ 0.07
S11 87.19 4330 Meadow Steppe 4 1958 1.69 486.04 027 8.11 +0.11 0.01 +0.001 0.01 +0.001 0.08 +0.03 10.07 £3.24 345 +0.13
S12 120.25 45.09 Meadow Steppe 4 692 4.01 50020 035 7.65 +0.27 0.70 +0.01 0.01 +0.001 0.01 +0.001 5.14 £0.23 3.88 £0.36
S13 120.78 46.30 Meadow Steppe 4 621 2.46 440.02 039 6.27 £0.11 0.87 +0.07 0.06 +0.02 0.06 +0.02 298 £ 097 1.62 +0.06
S14 119.91 4720 Meadow Steppe 4 848 -0.76 550.08 0.39 7.51 +0.06 0.61 +0.03 0.02 +0.001 0.02 +0.001 13.99 £2.29 2.70 +0.16
S15 12225 43.23 Meadow Steppe 4 218 7.90 41884 029 8.8 +0.06 0.80 = 0.05 0.01 +0.001 0.02 +0.01 4.66 £ 025 2.64 £0.16
S16 110.12 37.71 Meadow Steppe 4 1028 10.84 580.11 029 8.72 +£0.09 0.63 + 0.06 0.01 +0.001 0.01 +0.001 9.84 £0.69 0.33 +0.21
S17 93.72 4338  Typical Steppe 4 2120 1.43 27770 021 8.66 +0.04 0.66 + 0.02 0.01 +0.001 0.01 +0.001 0.21 £0.21 2.66 +0.30
S18 116.67 43.55  Typical Steppe 4 1257 2.99 366.12 023 7.68 +0.39 0.70 + 0.04 0.01 +0.01 0.02 +0.001 6.27 091 4.51 +0.68
S19 116.66 4372 Typical Steppe 4 1181 325 34151 027 7.66 +0.44 0.66 + 0.02 0.01 +0.001 0.01 +0.001 3.63 £0.66 4.16 +0.11
S20 119.10 4930  Typical Steppe 4 642 -0.07 31642 026 7.87 +042 0.48 +0.04 0.01 +0.001 0.03 +0.001 244 £0.60 5.15+0.25
S21 119.38 50.17  Typical Steppe 4 514 -0.19 33588 030 8.56 +0.45 0.75 £ 0.05 0.01 +0.001 0.01 +0.001 8.59 £2.15 6.34 £0.29
S22 103.81 36.36  Typical Steppe 4 1754 9.69 29441 021 834 +027 0.62 +0.01 0.01 +0.001 0.02 +0.001 5.00 £1.00 5.38 +0.61
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