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[bookmark: _Hlk499481338]Supplementary Figure 1. Effects of the collocation between soil-adsorbed organic carbon (SOC) and microorganisms on the SOC-microorganism collocation factor, , in the simulated soil cores with different porosity values and organic carbon contents. (a-d), Different distributions of SOC and microorganisms in the homogenous soil cores with different porosity values  ( = 0.58 in a, b, d and 0.42 in c) and SOC contents CSOC (CSOC = 0.02 g g-1 in a, c, d and 0.04 g g-1 in b). (e) The relative heterotrophic respiration (HR) rates change with the relative water content for the different allocations of SOC and microorganisms in (a)-(d). The blue circles (○), red squares (□), black triangles (△), and pink crosses (×) represent the simulated HR rates obtained by the microscale model for the different collocations in (a)-(d). The solid curves represent the moisture function, fm, with fitted a, a =0, 0.38, 0.76 and 0.98, via the linear least square regression.
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[bookmark: _Hlk499805878][bookmark: _Hlk499654872]Supplementary Figure 2. Effects of soil properties on the O2 supply restriction factor b. (a-c) Change of  with water content for the simulated homogenous soil cores with different (a) porosity values , (b) soil-adsorbed organic carbon (SOC) contents , and (c) saturation exponents . The value of b was calculated using  , where parameter ω is the slope of log(∇O2)-log(ϕ-θ) curves (see Eq. 8 in Methods section). The gradient of O2 at the soil-atmosphere interface, ∇O2, was calculated using the atmospheric O2 concentration and the simulated O2 concentration in the top numerical voxels of the soil cores.  = 0.58,  = 0.02 g g-1, and  = 2.5 were used in the simulations, unless they were changed as indicated by the legends.  



[image: ]
[bookmark: _Hlk501549591][bookmark: _Hlk499307222][bookmark: _Hlk499307233]Supplementary Figure 3. Effects of O2 distribution on the O2 supply restriction factor, b, in a simulated heterogenous soil core. (a) Change of  with water content,  where parameter ω is the slope of log(∇O2)-log(ϕ-θ) curves (see Eq. 8 in Methods section). The gradient of O2 at the soil-atmosphere interface, ∇O2, was calculated using the atmospheric O2 concentration and the simulated O2 concentration in the top numerical voxels of the homogenous soil cores. The inset plots show the distributions of the relative O2 concentration with respect to the atmospheric O2 concentration under different relative water contents ( = 0.85, 0.71, and 0.68). The porosity, , is 0.42 in the left half and 0.76 in the right half of the soil core. (b) Comparisons between the fitted moisture function, fm, and the simulated heterotrophic respiration (HR)-moisture relationship. The blue circles (○) represent the simulation results obtained by the microscale model, and the solid line represents fm with  = 1.4, which was fitted via the linear least square regression. 
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Supplementary Figure 4. Comparisons between values of the analytical and the simulated optimum water content, , for the simulated homogenous soil cores with different properties: (a) depths, (b) porosity values, and (c) soil-adsorbed organic carbon (SOC) contents. The subplot in (b) represents the comparisons of the relative water content, , for different porosity values. The values of the simulated  were derived from the simulated heterotrophic respiration (HR)-moisture relationship obtained by the microscale model; the values of the analytical  were calculated using Eq. (11) in Methods section. The base values were  cm, , and  = 0.02 g g-1 in the simulations.
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Supplementary Figure 5. Calibration of the moisture function, fm, using a wide range of soil types. Blue circles (○) are experimental data for different soil types: (a) Sand (Gleyic Cambisol, undisturbed) 1, (b) Sand 2, (c) Sandy loam (mineral soil) 3, (d) Sandy loam (forest floor litter soil) 3, (e) Sandy loam (mineral soil) 4, (f) Sandy loam (Forest soil) 4, (g) Sandy loam 5, (h) Silt loam 6, (i) Silt loam (Selhausen, undisturbed) 1, (j) Silt loam (Merzenhausen, undisturbed) 1, (k) Sandy clay loam 7, (l) Clay loam 8, (m) Clay 7.  Gray ranges represent the fitted fm with respect to different optimum water contents, , whose values were allowed to vary in a range. The black lines represent the best-fitted fm using the averaged values of a, b, and  corresponding to the gray ranges (see Supplementary Data 1).    
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[bookmark: _Hlk502348397][bookmark: _Hlk499565789][bookmark: _Hlk499565808][bookmark: _Hlk499565968][bookmark: _Hlk499565979][bookmark: _Hlk499565988]Supplementary Figure 6.  Sensitivities of the moisture function, fm, to soil properties: (a) soil-adsorbed organic carbon (SOC)-microorganism collocation factor a (0  a  1, corresponding to 0.016  cc  0.37 g g-1 where cc is clay content); (b) O2 supply restriction factor b (0  b  1.7); (c) depth H (2.5  H  100 cm); (d) porosity  (); (e) SOC content  ( g g-1); (f) mass transfer coefficient  ( s-1); (g) stoichiometric coefficient  ( g g-1); (h) moisture constant  ( m3 m-3); (i) cementation exponent for dissolved organic carbon (DOC) diffusion  (); (j) saturation exponent for DOC diffusion  (.5); (k) cementation exponent for O2 diffusion  (); (l) saturation exponent for O2 diffusion  ().  and 1 in the blue solid and red dash curves, respectively, in all plots except in (a), in which a changes from 0 to 1 with  in the blue solid curves and  in the red dash curves.  in all plots except in (a) and (b). The base values are H = 20 cm,  = 0.58,  = 0.02 g g-1,  s-1,  = 2.45 g g-1,  = 0.1 m3 m-3,  = 1.5,  = 2,  = 1.5, and  = 2.5. 
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Supplementary Figure 7. Calibration of the microscale model using experimental data. The heterotrophic respiration (HR) rates were estimated by measuring the total CO2 produced in the canning jars in the experiments 9; the HR rates were calculated by averaging the CO2 flux at the top surface of the simulated soil core in the simulations. 







	Symbols 
	Descriptions
	Values
	Units
	Sources and notes

	
	Density of soil mineral
	2.65×103
	kg m-3
	9

	
	Adsorption/desorption equilibrium constant 
	0.039
	l g-1
	10

	
	Moisture constant
	0.1
	m3 m-3
	11

	
	Mass transfer coefficient
	2×10-8
	s-1
	12

	
	Diffusion coefficient of DOC 
	1.9×10-10
	m2 s-1
	13

	
	Diffusion coefficient of DO 
	2.1×10-9
	m2 s-1
	14

	
	Diffusion coefficient of gaseous O2 
	2.1×10-5
	m2 s-1
	15

	
	Diffusion coefficient of DIC
	1.92×10-9
	m2 s-1
	14

	
	Diffusion coefficient of gaseous CO2
	1.92×10-5
	m2 s-1
	15

	
	Cementation exponent for solute diffusion
	1.5
	-
	16

	
	Saturation exponent for solute diffusion
	2 
	-
	16

	
	Cementation exponent for gas diffusion
	1.5
	-
	16

	
	Saturation exponent for gas diffusion
	2.5 
	-
	16

	
	Yield coefficient
	0
	g g-1 
	Assumed 

	
	Decay rate
	0
	s-1
	Assumed 

	
	Maximum reaction rate of DOC 
	1.97×10-5
	g g-1 s-1
	17

	
	Stoichiometric coefficient of DO
	2.45
	g g-1
	18

	
	Stoichiometric coefficient of DIC
	3.43
	g g-1
	18

	
	Half-saturation coefficient of DOC 
	1.3×10-4
	g l-1
	17

	
	Half-saturation coefficient of DO
	1.0×10-4
	g l-1
	17

	
	Henry constant for O2
	3.181×10-2
	-
	19

	
	Henry constant for CO2
	0.2137
	-
	19

	
	Equilibrium constant between carbonic acid and bicarbonate
	10-6.3
	mole m-3
	20

	
	Equilibrium constant between bicarbonate and carbonate
	10-10.25
	mole m-3
	20

	
	Initial concentration of DO 
	8.3×10-3
	g l-1
	21

	
	Initial concentration of gaseous O2 
	0.2609
	g l-1
	22

	
	Initial concentration of microorganism
	4.53x10-4
	g g-1
	23

	
	Initial concentration of DIC
	2.93×10-3
	g l-1
	21

	
	Initial concentration of gaseous CO2
	7.91×10-4
	g l-1
	22


Supplementary Table 1. Parameter and initial values used in the study
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	Sources

	Candy
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	24
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	24

	Skopp
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Supplementary Table 2. Empirical moisture functions used in Earth system models (ESMs)
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