Increasing aridity reduces soil protist diversity and weakens its link to ecosystem functioning in grassland ecosystem, Northern China
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Fig. S1 The rarefication curve of soil protist richness.
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[bookmark: _Hlk203996475]Fig. S2 AI (a), MAP (b), and MAT (c) across grassland type. Bars represent mean values ±standard error (SE) with n = 5. AG: Alpine grassland; MS: Meadow steppe; TS: Typical steppe; DS: Desert steppe.
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Fig. S3 Linear regressions between AI and EMF (a), carbon cycling-related functional metrics (b), nitrogen cycling-related functional metrics (c), bacterial abundance (109 16S rRNA gene copies per gram soil) (d), NDVI (e).
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[bookmark: _GoBack]Fig. S4 The correlation plots display Spearman’s correlation coefficients between soil protist richness and functional groups (a), as well as between plant parasites and animal parasites (b) and ecosystem multifunctionality. The color gradient on the right indicates Spearman’s rank correlation coefficients, with more positive values (dark red) indicating stronger positive correlations and less positive correlations (pale red) indicating stronger negative correlations. The sizes of the colored boxes indicate correlation strengths. Significance levels of each predictor are *, P < 0.05; **, P < 0.01.***; P < 0.001. EMF, ecosystem multifunctionality index; N cycling: nitrogen cycling-related functional metrics; C cycling: carbon cycling-related functional metrics; Bact. abun: bacterial abundance (16S rRNA gene copies per gram soil); NDVI: normalized difference vegetation index.
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Fig. S5 The relative abundance of taxa includes both plant parasites and animal parasites. AG: Alpine grassland; MS: Meadow steppe; TS: Typical steppe; DS: Desert steppe.
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Fig. S6 Initial structural equation model of the effect of AI on the EMF.

Table 1. Effects of grassland type on EMF. (Alpine grassland: n=25; Typical steppe: n=15; Meadow steppe: n=15; Desert steppe: n=15)
	
	Alpine grassland
	Typical steppe
	Meadow steppe
	Desert steppe
	One-way ANOVA

	
	
	
	
	
	F
	P

	EMF
	2.62±0.89a
	-1.47±0.29b
	1.75±0.52a
	-4.64±0.21c
	22.514
	< 0.001

	N cycling
	0.98±0.44a
	-0.87±0.15b
	0.12±0.22ab
	-0.89±0.25b
	7.182
	< 0.001

	C cycling
	0.87±0.38a
	-0.67±0.08bc
	0.43±0.21ab
	-1.22±0.10c
	11.483
	< 0.001

	Bact. abun. (109)
	9.38±1.27a
	7.87±1.24a
	8.06±1.74a
	0.41±0.09b
	9.390
	< 0.001

	NDVI
	0.31±0.02b
	0.26±0.00c
	0.38±0.01a
	0.10±0.00d
	71.225
	< 0.001


Abbreviations: ANOVA, analysis of variance; EMF, ecosystem multifunctionality index; C cycling: carbon cycling-related functional metrics; N cycling: nitrogen cycling-related functional metrics; Bact. abun. (109): bacterial abundance (109 16S rRNA gene copies per gram soil); NDVI: normalized difference vegetation index. Values represent mean±standard error (SE) with n = 5 independent samples per grassland type. Different lowercase superscript letters (a, b, c, d) indicate P < 0.05 in the multiple comparison, respective.

	[bookmark: RANGE!A1]Table S1. Metadata of sampling sites.
	
	
	
	

	Site
	Longitude
	Latitude
	Grassland type
	MAT (oC)
	MAP (mm)
	AI
	NDVI

	1
	101.408 
	37.395 
	Alpine grassland
	-1.122 
	813.514 
	0.957 
	0.383 

	2
	98.254 
	34.931 
	Alpine grassland
	-4.881 
	646.450 
	1.303 
	0.202 

	3
	96.820 
	32.878 
	Alpine grassland
	-1.713 
	554.360 
	1.866 
	0.390 

	4
	97.224 
	30.666 
	Alpine grassland
	-1.673 
	879.326 
	1.100 
	0.371 

	5
	89.269 
	30.200 
	Alpine grassland
	-0.128 
	502.426 
	1.978 
	0.204 

	6
	93.775 
	43.146 
	Desert steppe
	6.344 
	201.079 
	5.225 
	0.092 

	7
	89.642 
	44.455 
	Desert steppe
	9.683 
	164.792 
	6.671 
	0.105 

	8
	106.999 
	41.450 
	Desert steppe
	5.345 
	197.811 
	5.895 
	0.099 

	9
	116.673 
	43.552 
	Typical steppe
	2.993 
	366.115 
	2.690 
	0.235 

	10
	116.669 
	43.722 
	Typical steppe
	3.248 
	341.507 
	2.846 
	0.274 

	11
	120.258 
	45.088 
	Meadow steppe
	4.014 
	501.350 
	1.889 
	0.354 

	12
	120.786 
	46.300 
	Meadow steppe
	2.672 
	441.357 
	2.059 
	0.393 

	13
	119.912 
	47.201 
	Meadow steppe
	-0.757 
	550.082 
	1.282 
	0.395 

	14
	119.102 
	49.305 
	Typical steppe
	-0.070 
	316.416 
	2.778 
	0.261 




	Table S2. Pairwise PERMANOVA of community composition under different grassland type based on Bray-Curtis distance.

	
	Alpine grassland
	Desert steppe
	Meadow steppe

	
	F
	P
	F
	P
	F
	P

	Desert steppe
	8.497
	0.001
	
	
	
	

	Meadow steppe
	5.739
	0.001
	7.168
	0.001
	
	

	Typical steppe
	4.705
	0.001
	7.250
	0.001
	2.156
	0.011


 

	Table S3. Pairwise PERMANOVA of community composition under different grassland type based on Jaccard binary distance.

	
	Alpine grassland
	Desert steppe
	Meadow steppe

	
	F
	P
	F
	P
	F
	P

	Desert steppe
	7.473
	0.001
	
	
	
	

	Meadow steppe
	5.010
	0.001
	7.117
	0.001
	
	

	Typical steppe
	5.332
	0.001
	6.812
	0.001
	2.588
	0.001


 

	Table S4. PERMDISP revealed the difference between the observed similarity and the theoretical similarity of stochastic communities from null model.

	Groups
	Longitude
	Latitude
	F
	P
	Difference values

	Groups1
	101.408
	37.395
	0.019
	0.909
	0.002

	Groups2
	98.254
	34.931
	0.038
	0.862
	-0.002

	Groups3
	96.820
	32.878
	0.007
	0.943
	0.001

	Groups4
	97.224
	30.666
	0.250
	0.617
	-0.008

	Groups5
	89.269
	30.200
	1.387
	0.293
	0.010

	Groups6
	93.775
	43.146
	0.003
	0.797
	0.004

	Groups7
	89.642
	44.455
	0.241
	0.605
	0.008

	Groups8
	106.999
	41.450
	0.011
	0.888
	-0.003

	Groups9
	116.673
	43.552
	0.015
	0.856
	0.001

	Groups10
	116.669
	43.722
	0.067
	0.783
	0.005

	Groups11
	120.258
	45.088
	0.100
	0.738
	0.007

	Groups12
	120.786
	46.300
	0.388
	0.538
	0.016

	Groups13
	119.912
	47.201
	0.694
	0.414
	0.009

	Groups14
	119.102
	49.305
	0.257
	0.437
	0.018




	Table S5. Classification of parasitic types by genus.

	Genus
	Relative abundance
	Taxa

	Leidyana
	0.430 
	animal parasites

	Pythium
	0.299 
	facultative parasites

	Monocystis
	0.160 
	animal parasites

	Leishmania
	0.034 
	animal parasites

	Haptoglossa
	0.026 
	animal parasites

	Spongospora
	0.023 
	plant parasites

	Sorosphaera
	0.020 
	plant parasites

	Woronina
	0.004 
	plant parasites

	Aranciocystis
	0.001 
	animal parasites

	Syncystis
	0.001 
	animal parasites

	Adelina
	0.000 
	animal parasites

	Mattesia
	0.000 
	animal parasites

	Polymyxa
	0.000 
	plant parasites

	Kinetoplastea_XX_MET3
	0.000 
	animal parasites

	Paraschneideria
	0.000 
	animal parasites

	Pseudomonocystis
	0.000 
	animal parasites

	Eimeria3
	0.000 
	animal parasites

	Isospora
	0.000 
	animal parasites

	Albugo
	0.000 
	plant parasites

	Gregarina1
	0.000 
	animal parasites

	Entamoeba
	0.000 
	animal parasites

	Aphanomyces
	0.000 
	plant parasites

	Steinina
	0.000 
	animal parasites




Method S1. Analysis of the relative contribution of deterministic vs. stochastic processes with a null model method.
We estimated the relative contribution of deterministic vs. stochastic processes in driving the assembly of N-fixing microbial community with a null model method. β diversity, which represents the compositional variation between communities, is often used to infer mechanisms of community assembly, such as the relative importance of deterministic vs. stochastic processes. However, differences in β-diversity indexes may be caused by differences in ecological processes, as well as α and γ diversity. To account for the effect of the other two diversity components, Chase et al. (2010) developed a null model method that compares the observed β diversity to the theoretical β diversity from stochastically assembled communities. Here we analyzed the community data of each site following the methods of Chase (2010) and Zhou et al. (2014). First, for any given pair of plots within a site, we calculated the observed species richness (e.g., α1 and α2 for plot 1 and 2, respectively) and the number of shared species (SSobs). Second, the total number of species detected in the “species pool” (γ diversity) from all plots of a site and the proportion of the plots occupied by each species were measured. Third, we calculated the distribution of the expected shared species from the null model (SSexp) by randomly drawing α1 and α2 species from the species pool, and the probability of a species drawn was proportional to its among-plot occupancy. The SSexp and the expected Jaccard’s similarity (Jexp) were obtained for each draw, and the average Jaccard’s similarity ([image: ]exp) and its SD were estimated based on 10,000 draws (σexp). For each site, PERMDISP was used to test the difference between the observed community similarity (Jobs) and the average of the expected community similarity ([image: ]exp). Non-significant differences (P > 0.05) indicated that stochastic processes were the primary driver of community assembly and significantly larger (or smaller) Jobs relative to [image: ]exp indicates that the deterministic process of ecological filtering (or competitive conclusion) was the primary driver of community assembly.

References: 
Chase JM (2010) Stochastic community assembly causes higher biodiversity in more productive environments. Science, 328, 1388–1391.
Zhou, J.Z., Deng, Y., Zhang, P., Xue, K., Liang, Y.T., Van Nostrand, J.D., Yang, Y.F., He, Z.L., Wu, L., Stahl, D.A., et al. (2014). Stochasticity, succession, and environmental perturbations in a fluidic ecosystem. Proc Natl Acad Sci USA 111, E836–E845.
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