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Figure S1 | Schematic depicting the workflow used in this study to individually learn soil organic carbon (SOC) from observations and process-based models, based on key predictors including net primary productivity (NPP), mean annual temperature (MAT), and soil texture (TEX), globally and within biomes. The predictability and role of each predictor was then compared among and between observation and model sources. 
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Figure S2 | Multivariate linear regression of soil organic carbon (SOC) as a function of soil texture (TEX), mean annual temperature (MAT), and net primary productivity (NPP) in observations (soil profiles and observationally-derived data products) versus process-based soil biogeochemical models (CASA-CNP, MIMICS, and CORPSE). Standardized beta coefficients, , were calculated for each data source as , where  includes the three independent variables TEX, MAT, and NPP. Beta coefficients (Table S1) were then averaged for the grouped observation and model categories shown here. 

Table S1 | Multivariate linear regression of soil organic carbon (SOC) as a function of soil texture (TEX), mean annual temperature (MAT), and net primary productivity (NPP) in observations (soil profiles and observationally-derived data products) and process-based soil biogeochemical models (CASA-CNP, MIMICS, and CORPSE). Standardized beta coefficients, , were calculated for each data source as , where  includes the three independent variables TEX, MAT, and NPP. Adjusted R2 values show regression model performance. 
	
	βNPP
	βMAT
	βTEX
	Adjusted R2

	Soil Profiles
	0.164 (***)
	-0.203 (***)
	0.148 (***)
	0.09

	HWSD
	0.319 (***)
	-0.413 (***)
	0.188 (***)
	0.29

	NCSCD adj. HWSD
	0.212 (***)
	-0.568 (***)
	0.145 (***)
	0.28

	CASA-CNP
	0.174 (***)
	-0.669  (***)
	-0.082  (***)
	0.43

	MIMICS
	0.354  (***)
	-0.744  (***)
	-0.035  (**)
	0.57

	CORPSE
	0.079  (***)
	-0.475  (***)
	-0.020  (NS)
	0.22

	Significance: *** P < 0.001; ** P <  0.01; * P< 0.05.
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Figure S3 | Performance of the Random Forest (RF) algorithms in predicting soil organic carbon (SOC) stocks from each of the data products and process-based model outputs. Predicted (by RF) versus ‘observed’ (from data products or model outputs) SOC, where accurate predictions fall on the 1:1 line. Covariates used included soil texture (TEX), mean annual temperature (MAT), and net primary productivity (NPP). The data were randomly sampled to create independent training and test subsets (75% and 25% split, respectively). RF performance and R2 values are shown for the independent test subsets.
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Figure S4 | Variance explained with Random Forest (RF) in broad forest and herbaceous biome classifications for each of the observationally-derived data products and process-based model outputs. Percent variance explained is shown for independent (out-of-sample) test subsets, which were not used to train the RF models (75%-25% train-test split). Covariates used included soil texture (TEX), mean annual temperature (MAT), and net primary productivity (NPP). Results shown are averaged over an ensemble of RFs with bootstrapped sampling, and box plots depict the 95% confidence intervals (error bars) and first and third quartiles (boxes). Dotted vertical lines depicts the variance explained globally. 
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Figure S5 | Variance explained with Random Forest (RF) in individual biomes for each of the observationally-derived data products and process-based model outputs. Percent variance explained is shown for independent (out-of-sample) test subsets, which were not used to train the RF models (75%-25% train-test split). Covariates used included soil texture (TEX), mean annual temperature (MAT), and net primary productivity (NPP). Deciduous needleleaf and evergreen broadleaf forests have the lowest predictability across all observation/model sources, where the RF for evergreen broadleaf in HWSD failed completely. Results shown are averaged over an ensemble of RFs with bootstrapped sampling, and box plots depict the 95% confidence intervals (error bars) and first and third quartiles (boxes). Dotted vertical lines depicts the variance explained globally. 
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Figure S6 | Variable importance for soil organic carbon (SOC) stocks in forest and herbaceous biomes: (a) in high-latitude, permafrost regions only (i.e., with nonzero NCSCD) and (b) excluding permafrost regions globally. In each global subset, Random Forests (RFs) learned the SOC from observations and biogeochemical models with net primary productivity (NPP), mean annual temperature (MAT), and soil texture (TEX). Forests included deciduous/evergreen broadleaf/needleleaf and mixed forests, and herbaceous biomes included grasslands and savannas. Results shown are averaged over an ensemble of RFs with bootstrapped sampling, and box plots depict the 95% confidence intervals (error bars) and first and third quartiles (boxes). Variable importance equal to 1 indicates the highest importance.

[image: ]
Figure S7 | Variable importance for soil organic carbon (SOC) stocks in individual biomes, using Random Forests (RFs) that learned the SOC from observations and biogeochemical models with net primary productivity (NPP), mean annual temperature (MAT), and soil texture (TEX). Evergreen needleleaf, deciduous broadleaf, and mixed forests constitute forest biomes, and savannas and grasslands constitute herbaceous biomes, as in Fig. 3. Results shown are averaged over an ensemble of RFs with bootstrapped sampling, and box plots depict the 95% confidence intervals (error bars) and first and third quartiles (boxes). Variable importance equal to 1 indicates the highest importance.
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Figure S8: Variable importance for soil organic carbon (SOC) stocks globally, using Random Forests (RFs) that learned the SOC from observations and biogeochemical models with soil clay content (CLAY), net primary productivity (NPP), and mean annual temperature (MAT). The RF variance explained for SOC from the soil profiles, HWSD, CASA-CNP, MIMICS, and CORPSE was 23%, 48%, 65%, 80%, and 51%, respectively. Results shown are averaged over an ensemble of RFs with bootstrapped sampling, and box plots depict the 95% confidence intervals (error bars) and first and third quartiles (boxes). Variable importance equal to 1 indicates the highest importance. 

Table S2 | Predictability of soil organic carbon stocks from observations (soil profiles, HWSD, NCSCD adj. HWSD) and process-based models (CASA-CNP, MIMICS, CORPSE). Random Forest (RF) models for each observation/model source of soil organic carbon as a function of mean annual temperature, net primary production, soil texture, and with or without mean annual precipitation (MAP).
	
	Type
	Percent variance explained by RF‡  without MAP
	Percent variance explained by RF‡ with MAP included
	Difference with MAP

	Soil Profiles
	Observation
	26%
	31%
	5%

	HWSD
	Observation-derived
	58%
	59%
	1%

	NCSCD adj. HWSD
	Observation-derived
	53%
	55%
	2%

	CASA-CNP
	Model
	63%
	68%
	5%

	MIMICS
	Model
	81%
	82%
	1%

	CORPSE
	Model
	53%
	55%
	2%

	‡ Out-of-sample percent variance explained averaged over an ensemble of Random Forest (RF) models with bootstrapped sampling for each observation/model source of soil organic carbon.
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