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Supporting Tables

Table S1. Results (F-values) for effects of precipitation amount (P) and land-use regime (L) on soil temperature (ST) and moisture (SM) at 5 cm depth, aboveground (ANPP) and belowground net primary production (BNPP) as well as soil microbial biomass carbon (MBC) and nitrogen (MBN). The effects were analyzed using linear mixed-effects models, indicated by *** when P < 0.001, ** when P < 0.01, * when P < 0.05, # when P < 0.10 and n.s. (not statistically significant) when P > 0.10.

	
	2017
	
	2018
	
	2019
	
	Overall

	
	df
	F-value
	
	df
	F-value
	
	df
	F-value
	
	df
	F-value

	Soil temperature at 5 cm depth

	P
	2, 12
	7.80 **
	
	2, 12
	8.13 **
	
	2, 12
	6.31 *
	
	2, 12
	12.80 **

	L
	2, 4
	0.47 n.s.
	
	2, 4
	1.21 n.s.
	
	2, 4
	0.20 n.s.
	
	2, 4
	0.83 n.s.

	P:L
	4, 12
	1.77 n.s.
	
	4, 12
	0.19 n.s.
	
	4, 12
	0.95 n.s.
	
	4, 12
	0.92 n.s.

	Soil moisture at 5 cm depth

	P
	2, 12
	860.72 ***
	
	2, 12
	272.10 ***
	
	2, 12
	80.13 ***
	
	2, 12
	618.82 ***

	L
	2, 4
	1.21 n.s.
	
	2, 4
	10.57 *
	
	2, 4
	4.71 #
	
	2, 4
	10.89 *

	P:L
	4, 12
	4.51 *
	
	4, 12
	13.40 ***
	
	4, 12
	1.30 n.s.
	
	4, 12
	10.99 ***

	Aboveground net primary productivity

	P
	2, 12
	77.10 ***
	
	2, 12
	125.11 ***
	
	2, 12
	67.17 ***
	
	2, 12
	379.71 ***

	L
	2, 4
	26.06 **
	
	2, 4
	0.41 n.s.
	
	2, 4
	20.62 **
	
	2, 4
	3.93 n.s.

	P:L
	4, 12
	0.46 n.s.
	
	4, 12
	3.02 #
	
	4, 12
	0.87 n.s.
	
	4, 12
	2.09 n.s.

	Belowground net primary productivity

	P
	
	
	
	2, 12
	65.11 ***
	
	2, 12
	158.81 ***
	
	2, 12
	119.94 ***

	L
	
	
	
	2, 4
	14.87 *
	
	2, 4
	16.13 *
	
	2, 4
	17.71 *

	P:L
	
	
	
	4, 12
	0.57 n.s.
	
	4, 12
	0.96 n.s.
	
	4, 12
	0.47 n.s.

	Microbial biomass carbon

	P
	
	
	
	 
	
	
	 
	
	
	2, 12
	17.77 ***

	L
	
	
	
	 
	
	
	
	
	
	2, 4
	8.17 *

	P:L
	
	
	
	
	
	
	
	
	
	4, 12
	2.56 #

	Microbial biomass nitrogen

	P
	
	
	
	
	
	
	
	
	
	2, 12
	11.09 **

	L
	
	
	
	
	
	
	
	
	
	2, 4
	0.61 n.s.

	P:L
	 
	
	
	
	
	
	
	
	
	4, 12
	3.70 *

	*** : P < 0.001, ** : P < 0.01, * : P < 0.05, # : P < 0.1, n.s. : P > 0.1




Table S2. Results (F-values) for effects of precipitation amount (P) and land-use regime (L) on (natural logarithm transformed) soil respiration (Rs) and its autotrophic (Ra) and heterotrophic (Rh) components. The effects were analyzed using linear mixed-effects models, indicated by *** when P < 0.001, ** when P < 0.01, * when P < 0.05, # when P < 0.10 and n.s. (not statistically significant) when P > 0.10.

	
	2017
	
	2018
	
	2019
	
	Overall

	
	df
	F-value
	
	df
	F-value
	
	df
	F-value
	
	df
	F-value

	Soil respiration

	P
	2, 12
	334.93 ***
	
	2, 12
	283.73 ***
	
	2, 12
	496.86 ***
	
	2, 12
	893.08 ***

	L
	2, 4
	7.82 *
	
	2, 4
	1.97 n.s.
	
	2, 4
	3.66 n.s.
	
	2, 4
	14.06 *

	P:L
	4, 12
	4.59 *
	
	4, 12
	0.37 n.s.
	
	4, 12
	1.52 n.s.
	
	4, 12
	2.35 n.s.

	Autotrophic respiration

	P
	2, 12
	41.76 ***
	
	2, 12
	10.69 **
	
	2, 12
	152.36 ***
	
	2, 12
	153.28 ***

	L
	2, 4
	3.36 n.s.
	
	2, 4
	0.15 n.s.
	
	2, 4
	1.75 n.s.
	
	2, 4
	13.08 *

	P:L
	4, 12
	1.42 n.s.
	
	4, 12
	3.01 #
	
	4, 12
	0.41 n.s.
	
	4, 12
	1.38 n.s.

	Heterotrophic respiration

	P
	2, 12
	509.90 ***
	
	2, 12
	532.20 ***
	
	2, 12
	505.49 ***
	
	2, 12
	1310.29 ***

	L
	2, 4
	3.82 n.s.
	
	2, 4
	10.07 *
	
	2, 4
	8.34 *
	
	2, 4
	6.67 #

	P:L
	4, 12
	3.36 *
	
	4, 12
	1.74 n.s.
	
	4, 12
	0.95 n.s.
	
	4, 12
	3.07 #

	*** : P < 0.001, ** : P < 0.01, * : P < 0.05, # : P < 0.1, n.s. : P > 0.1





Table S3. Results of the initial structural equation model quantifying direct and indirect impacts of treatments (precipitation amount and land use), abiotic (soil temperature, ST, and moisture, SM, at 5 cm depth) and biotic (aboveground, ANPP, and belowground, BNPP, net primary productivities) factors on (natural logarithm transformed) autotrophic (Ra) component of soil respiration. These results were illustrated in Figure S7a. Given are the standard coefficients of pathways, standard errors of regression (S.E.), Z-value and level of significance for the regression weight (P-value). 

	Pathway
	Standard coefficient
	S.E.
	Z-value
	P-value

	SM
	↔
	ST
	–0.110
	0.057
	–1.917
	0.055

	BNPP
	↔
	ANPP
	0.268
	0.073
	3.685
	<0.001

	ST
	←
	Dry
	0.261
	0.147
	1.778
	0.075

	ST
	←
	Wet
	–0.156
	0.147
	–1.063
	0.288

	SM
	←
	Dry
	–0.320
	0.069
	–4.609
	<0.001

	SM
	←
	Wet
	0.641
	0.069
	9.235
	<0.001

	SM
	←
	Mowing
	0.213
	0.067
	3.186
	0.001

	SM
	←
	Grazing
	0.256
	0.067
	3.825
	<0.001

	ANPP
	←
	SM
	0.979
	0.099
	9.912
	<0.001

	ANPP
	←
	ST
	0.161
	0.094
	1.713
	0.087

	ANPP
	←
	Mowing
	–0.303
	0.101
	–2.997
	0.003

	ANPP
	←
	Grazing
	–0.277
	0.102
	–2.720
	0.007

	BNPP
	←
	SM
	0.466
	0.117
	3.988
	<0.001

	BNPP
	←
	ST
	–0.233
	0.111
	–2.087
	0.037

	BNPP
	←
	Mowing
	–0.077
	0.120
	–0.640
	0.522

	BNPP
	←
	Grazing
	–0.374
	0.121
	–3.095
	0.002

	Ra
	←
	ANPP
	0.052
	0.148
	0.353
	0.724

	Ra
	←
	BNPP
	0.415
	0.125
	3.327
	0.001

	Ra
	←
	ST
	–0.143
	0.102
	–1.403
	0.161

	Ra
	←
	SM
	0.381
	0.145
	2.625
	0.009




Table S4. Results of the initial structural equation model quantifying direct and indirect impacts of treatments (precipitation amount and land use), abiotic (soil temperature, ST, and moisture, SM, at 5 cm depth) and biotic (aboveground, ANPP, and belowground, BNPP, net primary productivities) factors on (natural logarithm transformed) heterotrophic (Rh) component of soil respiration. These results were illustrated in Figure S7b. Given are the standard coefficients of pathways, standard errors of regression (S.E.), Z-value and level of significance for the regression weight (P-value).

	Pathway
	Standard coefficient
	S.E.
	Z-value
	P-value

	SM
	↔
	ST
	–0.119
	0.072
	–1.663
	0.096

	MBN
	↔
	MBC
	0.548
	0.160
	3.427
	0.001

	ST
	←
	Dry
	0.228
	0.189
	1.207
	0.277

	ST
	←
	Wet
	–0.334
	0.189
	–1.769
	0.077

	SM
	←
	Dry
	–0.357
	0.093
	–3.821
	<0.001

	SM
	←
	Wet
	0.637
	0.093
	6.825
	<0.001

	SM
	←
	Mowing
	0.408
	0.088
	4.638
	<0.001

	SM
	←
	Grazing
	0.211
	0.088
	2.404
	0.016

	MBN
	←
	SM
	0.511
	0.156
	3.274
	0.001

	MBC
	←
	SM
	0.373
	0.152
	2.452
	0.014

	MBC
	←
	ST
	–0.247
	0.087
	–2.836
	0.005

	MBC
	←
	Mowing
	0.140
	0.088
	1.586
	0.113

	MBC
	←
	Grazing
	–0.146
	0.083
	–1.763
	0.078

	Rh
	←
	MBC
	–0.271
	0.209
	–1.292
	0.196

	Rh
	←
	MBN
	0.366
	0.199
	1.839
	0.066

	Rh
	←
	ST
	–0.142
	0.120
	–1.183
	0.237

	Rh
	←
	SM
	0.502
	0.119
	4.208
	<0.001




Table S5. Results of the final structural equation model quantifying direct and indirect impacts of abiotic (soil temperature, ST, and moisture, SM, at 5 cm depth) and biotic (aboveground, ANPP, and belowground, BNPP, net primary productivities) factors on (natural logarithm transformed) autotrophic (Ra) component of soil respiration. These results were illustrated in Figure 5a. Given are the standard coefficients of pathways, standard errors of regression (S.E.), Z-value and the level of significance for the regression weight (P-value). 

	Pathway
	Standard coefficient
	S.E.
	Z-value
	P-value

	SM
	↔
	ST
	–0.343
	0.140
	–2.453
	0.014

	BNPP
	↔
	ANPP
	0.317
	0.087
	3.665
	<0.001

	ANPP
	←
	SM
	0.858
	0.096
	8.976
	<0.001

	BNPP
	←
	SM
	0.357
	0.119
	3.013
	0.003

	BNPP
	←
	ST
	–0.381
	0.096
	–3.947
	<0.001

	Ra
	←
	ANPP
	0.052
	0.148
	0.353
	0.724

	Ra
	←
	BNPP
	0.415
	0.125
	3.322
	0.001

	Ra
	←
	ST
	–0.143
	0.101
	–1.423
	0.155

	Ra
	←
	SM
	0.381
	0.141
	2.700
	0.007





Table S6. Results of the final structural equation model quantifying direct and indirect impacts of abiotic (soil temperature, ST, and moisture, SM, at 5 cm depth) and biotic (aboveground, ANPP, and belowground, BNPP, net primary productivities) factors on (natural logarithm transformed) heterotrophic (Rh) component of soil respiration. These results were illustrated in Figure 5b. Given are the standard coefficients of pathways, standard errors of regression (S.E.), Z-value and the level of significance for the regression weight (P-value). 

	Pathway
	Standard coefficient
	S.E.
	Z-value
	P-value

	SM
	↔
	ST
	–0.515
	0.215
	–2.389
	0.017

	MBN
	↔
	MBC
	0.541
	0.163
	3.324
	0.001

	MBN
	←
	SM
	0.511
	0.157
	3.261
	0.001

	MBC
	←
	SM
	0.415
	0.156
	2.664
	0.008

	MBC
	←
	ST
	–0.248
	0.100
	–2.481
	0.013

	Rh
	←
	MBC
	–0.271
	0.209
	–1.293
	0.196

	Rh
	←
	MBN
	0.366
	0.197
	1.856
	0.063

	Rh
	←
	ST
	–0.142
	0.121
	–1.174
	0.241

	Rh
	←
	SM
	0.502
	0.118
	4.253
	<0.001




Supporting Figures
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Figure S1. Location (a) and photo (b) of the altered precipitation amount and land-use regime experiment in an Inner Mongolian grassland (typical steppe). 


[image: Figure S2_00]
Figure S2. Seasonal and annual variations in monthly air temperature (cycles) and precipitation (bars) during the study period (a–c). The blank and shading periods represent the growing and non-growing seasons, respectively. 


[image: S3]
Figure S3. Vertical distributions of root biomass for different treatments in our experiment.
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Figure S4. Aboveground (ANPP, a–b) and belowground (BNPP, c–d) net primary productivities as well as soil microbial biomass carbon (MBC, e–f) and nitrogen (MBN, g–h) in relation to soil temperature (a, c, e, and g) and moisture (b, d, f and h) at 5 cm depth. Annual mean values were used in analyses and results of linear regressions were shown in panels.


[image: ]
Figure S5. Soil respiration (Rs, a–b) and its autotrophic (Ra, c–d) and heterotrophic (Rh, e–f) components (natural logarithm transformed) in relation to soil temperature (a, c, and e) and moisture (b, d and f) at 5 cm depth. Annual mean values were used in analyses and results of linear regressions were shown in panels.
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Figure S6. Autotrophic respiration (natural logarithm transformed) of plant roots (Ra) in relation to aboveground (ANPP, a) and belowground (BNPP, b) net primary productivities and heterotrophic respiration (natural logarithm transformed) of soil microbes (Rh) in relation to soil microbial biomass carbon (MBC, c) and nitrogen (MBN, d). Annual mean values were used in analyses and results of linear regressions were shown in panels.
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[bookmark: _GoBack]Figure S7. Diagrams of initial structural equation models (SEMs) for relating the (natural logarithm transformed) autotrophic (a) and heterotrophic (b) components of soil respiration to their biotic and abiotic driving factors as well as treatments of precipitation amount and land use. These initial SEMs were constructed based on theoretical knowledge and discovered treatment effects and linear relationships with using annual mean values. We did not consider direct impacts of Dry and Wet treatments on NPP and microbial biomass, although they were significant (Figure 2–3 and Table S1–S2), as these impacts should be largely caused by influenced soil microclimate. All arrows are scaled in relation to the strength of the relationship, with numbers showing the standard path coefficients and indicated by *** when P < 0.001, ** when P < 0.01, * when P < 0.05, # when P < 0.10 and n.s. (not statistically significant) when P > 0.10. R2 values are proportions of variance explained by dependent variables in the model. Model-fit statistics such as χ2-test, RMSEA and GFI are shown in each panel. Details of these SEMs can also be found in Table S3–S4. Results of final SEMs can be found in Figure 5 and Table S5–S6.
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