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Supplementary Discussion 

 

Soil organic carbon (SOC) is incredibly complex and heterogeneous1,2, and therefore, effectively 

managing SOC stocks to address short- and long-term climate mitigation targets requires 

knowledge of key underlying components of SOC and their response to perturbations3–6. 

Fractionation methods separating SOC into mineral-associated (MOC) and particulate (POC) 

components have been widely proposed as an appropriate level of detail and a first step towards 

understanding broader-scale patterns5,6. MOC has been shown to have distinct properties (e.g., 

temperature sensitivity) compared to POC6,7 and, therefore, knowing the distribution of soil carbon 

between these two pools has important implications for understanding the potential vulnerability 

of soils to future disturbance (e.g., warming)8–10. Since MOC and POC form, persist, and function 

in distinct ways, separating them is an important step towards designing effective mitigation 

pathways that have the potential to improve both soil carbon sequestration and functioning4–6,11–

14. Ultimately, sequestration strategies should target MOC and/or POC accumulation taking into 

account ecosystem properties such as mineralogical saturation level (see Fig. 4), nutrient 

availability, and microbial community composition, as well as economic considerations and soil 

fertility goals6,11,15–17. 

 

In the present study, we focused on the limits and controls of MOC; i.e., the intrinsic ability of 

soils to store carbon through the formation of mineral-organic associations. There are clear 

theoretical considerations (e.g., leveraging sorption kinetics; Supplementary Fig. 6) to suggest that 

the potential for associations with mineral surfaces is effectively finite and therefore a saturation 

capacity for MOC can be calculated6,18–21 (i.e., MOCmax, as presented herein). In contrast, POC 

(and SOC as a consequence) does not have this same expectation of a saturation capacity 

(Supplementary Fig. 4; also proposed conceptually by Lavallee et al.6 and Castellano et al.19, and 

using model-predicted values in Cotrufo et al.5). Furthermore, mineral-organic associations can 

limit microbial access to otherwise decomposable substrates22,23 and, consequently, many studies 

have suggested that increasing MOC may be a key to lasting carbon sequestration in soils6.  

 

While MOC is generally very old throughout the soil profile, and significantly older than POC at 

the same depth6,24–26, there can be a dynamic component of this pool that is susceptible to short-
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term disturbances27–32. At equilibrium, this dynamic component may desorb and resorb without 

being decomposed, depending on microbial energy limitations and spatial separation2,23,33–35. In 

such a case, even this dynamic component can be old. Indeed, process-based models have shown 

that microbial energy limitations are a key factor in driving emergent carbon ages35,36, which is 

supported by the observed differences between carbon ages in topsoil and subsoil horizons. 

Following a perturbation, however, MOC will ultimately tend towards a new equilibrium with the 

mineral matrix given the existing environmental conditions.  

 

Indeed, carbon tracer studies have shown that even old carbon pools (e.g., at depth and/or mineral-

associated) can undergo changes over timescales on the order of years to decades and should not 

be overlooked in the context of carbon and nitrogen balances. For example, Balesdent et al.37 

showed that over two decades, subsoil horizons contained >20% of the recently accumulated 

carbon within the top meter of soil, and many others have shown the potential for MOC 

accumulation over years to decades27–29,38. While the vulnerability of newly-accumulated MOC or 

POC to future perturbations remains an important and open question (further highlighting the need 

for studies that explicitly separate their responses to global change factors6), sustained 

management strategies and carbon monitoring should be used to promote and preserve increases 

in soil carbon over time and focus efforts on degraded lands that are furthest from their 

mineralogical limits4,39. To this end, a better understanding of the distribution, accrual, and limits 

of soil carbon pools across depths globally, as presented herein for MOC, is critical for informing 

mitigation strategies and locations4–6. 

 

Furthermore, given the importance of MOC and POC6,40, recent work has called for their study 

across spatial scales5,41 and their explicit incorporation in process-based soil carbon models42–44. 

However, current process-based models at continental to global-scales show a large spread in the 

amount of carbon contained in a mineral-associated, protected form (e.g., see Wieder et al.45). 

These discrepancies have been identified as important targets for benchmarking and refining 

process-based soil carbon models43,44,46, and our spatially-explicit global estimates are a key 

advance towards these efforts.  
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Supplementary Figure 1 | Mineral-associated organic carbon accounts for the majority of 

total soil organic carbon in our observational synthesis. Ratio of mineral-associated organic 

carbon (MOC) to total soil organic carbon (SOC) as a function of MOC across all biomes and 

climates. The box plot shows the marginal distribution of MOC/SOC and indicates the median 

(horizontal line), 1st and 3rd quartiles (box), and 1.5 × interquartile range (whiskers). The mean 

MOC/SOC is 69.2% across sites, and the 1st and 3rd quartiles are 55% and 86.3%, respectively. 

Higher MOC generally results in higher MOC/SOC and, in > 75% of the observations, more than 

50% of SOC is MOC.   
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Supplementary Figure 2 | Location and climate of mineral-associated organic carbon 

measurements in our observational synthesis. a,b, Global distribution of 1,144 soil profiles 

spanning biomes and climate zones. c,d, Climate distribution of the soil profiles with wide ranges 

in mean annual temperature (MAT; °C) and mean annual precipitation (MAP; mm yr-1). Soil 

profile measurements were synthesized from literature studies (a,c) (Supplementary Table 3) and 

the European LUCAS database5,8 (b,d). Model results and global estimates were robust to the 

addition of the LUCAS database (see Methods; Supplementary Fig. 11-15). Black polygons depict 

Whittaker’s biomes47 according to MAT and MAP values, following: (1) tropical rainforest; (2) 

tropical seasonal rainforest/savanna; (3) subtropical desert; (4) temperate rainforest; (5) temperate 

seasonal forest; (6) woodland/shrubland; (7) temperate grassland/desert; (8) boreal forest; and (9) 

tundra.   
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Supplementary Figure 3 | Representativeness of our global observational synthesis. Edaphic, 

climate, and multi-dimensional covariate space of the 1,144 study profiles (labeled ‘Synthesis’) 

compared to 10,000 randomly-sampled WoSIS (World Soil Information Service48) profiles. a, Soil 

texture triangle depicting the distribution of clay, silt, and sand among the global synthesis and 

WoSIS profiles. b, Mean annual temperature (MAT) and mean annual precipitation (MAP) 

distribution of the global profiles. Black polygons depict Whittaker’s biomes47. c, Principal 

component analysis (PCA) depicting the multi-dimensional covariate space, where the principal 

components (PC1 and PC2) explain 64.1% of the variance and are composed of soil organic carbon 

(SOC), clay and silt (CS) content, MAT and MAP. Box plots show the corresponding marginal 

distributions and indicate the medians (horizontal lines), 1st and 3rd quartiles (boxes), and 1.5 × 

interquartile range (whiskers).  
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Supplementary Figure 4 | Mineral-associated and particulate organic carbon in our 

observational synthesis. a, Mineral-associated organic carbon (MOC) and b, particulate organic 

carbon (POC) as functions of total soil organic carbon (SOC) and clay + silt (CS) content. MOC 

and POC were measured and reported independently. MOC begins to saturate at high SOC, but 

the saturation level varies with mineral content and composition (Fig. 1). Insets depict best fit 

generalized additive models for three subsets of CS: namely, CS < 30% in blue, 30% < CS < 60% 

in grey, and CS > 60% in red.   
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Supplementary Figure 5 | Mineral-associated carbon in clay and silt fractions. Mineral-

associated (fine-fraction) carbon in a, low-activity and b, high-activity mineral soils across our 

observational synthesis, as a function of mineral (fine fraction) content by mass (i.e., clay or clay 

+ silt percent). The maximum mineral-associated carbon capacity is robust to the choice of particle 

size thresholds.   
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Supplementary Figure 6 | Illustration of predicted mineral-associated organic carbon across 

different concentrations of non-mineral-associated carbon for a given mineralogical 

capacity. Model-derived predictions (using the Langmuir sorption equation shown) of achieved 

mineral-associated carbon (MOC) as a function of the total mineralogical capacity (MOCmax) 

across increasing levels of non-mineral-associated ‘available’ carbon (denoted C). As the available 

C increases, MOC tends towards saturation, which would fall on the 1:1 line when MOC is equal 

to MOCmax. Here the equilibrium constant Keq (i.e., the ratio of adsorption to desorption rate 

constants, kads/kdes) is set to 25 and C varies from 0.0005 to 0.1 kg C m-3, corresponding to typical 

dissolved organic carbon concentrations.    
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Supplementary Figure 7 | Sensitivity analysis of maximum mineral-associated carbon 

quantiles in high- and low-activity mineral soils. Mineral-associated organic carbon (MOC; g 

C kg-1 soil) as a function of clay and silt content (CS; %) in a, low- and b, high-activity mineral 

soils (HM and LM, respectively). The slopes denote 90th, 95th, and 97.5th quantile regressions for 

each mineral type (abbreviated q90.0, q95.0, q97.5, respectively) and illustrate the sensitivity of 

MOCmax to the selected quantile. The 95th quantile was selected as a conservative estimate of the 

MOCmax boundary line given exiting experimental uncertainty of individual observations and 

percent fractionation recovery across studies (see Methods; Fig. 1). Furthermore, the 90% 

confidence intervals of the 95th quantiles (shaded in Fig. 1) cover the spread seen across the 90th 

and 97.5th quantiles (q90 and q97.5 slopes = 0.43 and 0.51 for LM, 0.76 and 0.98 for HM, 

respectively), and provide a conservative estimate of MOCmax and its uncertainty for each mineral 

type.   
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Supplementary Figure 8 | Maximum mineral-associated carbon in high- and low-activity 

minerals by vegetation type. Mineral-associated organic carbon (MOC; g C kg-1 soil) as a 

function of clay and silt content (CS; %) in a, low- and b, high-activity mineral soils (HM and LM, 

respectively). The lines depict MOCmax boundaries, calculated as 95th quantiles with shaded 90% 

confidence intervals (see Methods). For each mineral type, quantiles are given for grasslands 

(closed circles; dotted lines) and forests (open circles; dashed lines), which are compared to the 

combined estimates based solely on mineralogy and irrespective of vegetation type (solid lines; as 

in Fig. 1). The slopes for grasslands and forests were not significantly different within each mineral 

type (0.44 ± 0.04 and 0.51 ± 0.10 for LM, respectively; 0.74 ± 0.07 and 0.92 ± 0.15 for HM), and 

were consistent with the mineralogy-driven value irrespective of vegetation type (solid lines and 

shading; slopes = 0.48 ± 0.06 for LM and 0.86 ± 0.09 for HM). While the slopes for grasslands 

trended lower than those for forests, this was not statistically significant (p > 0.1) and future work 

is needed to explore the role of litter quality on the chemical composition of downstream microbial 

residues and the mineralogical carbon capacity. 
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Supplementary Figure 9 | Greater return on investment in soils at lower carbon saturation. 

For the same increase (or decrease) in C inputs (or suitable proxy for C available for sorption; e.g., 

given microbial feedbacks and limitations, as well as the quality and location of inputs6,23,33), more 

mineral-associated carbon can be gained (or lost) further from carbon saturation4,39,49 (i.e., further 

from MOCmax). This suggests that the largest potential for sequestering soil carbon is in degraded 

lands, but also that these lands may be most vulnerable to further change.   
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Supplementary Figure 10 | Schematic illustrating the calculation of percent carbon 

saturation. The percent carbon saturation is defined as the proximity of the observed mineral-

associated organic carbon (MOC) at each site i to the maximum mineralogical capacity (MOCmax) 

at that site.   
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Supplementary Figure 11 | Variable importance and performance of the machine learning 

random forest model trained on the observational synthesis data. a, Variable importance plot 

with key covariates: percent clay and silt (CS), particulate organic carbon (POC), mean annual 

temperature (MAT), mean annual precipitation (MAP) as continuous variables, and vegetation and 

mineral type as categorical variables. The data were randomly sampled to create independent 

training and test datasets (75% and 25% split, respectively). Variable importance is ranked by the 

percent increase in mean square error (MSE) when each individual variable is permuted. b, Model-

predicted versus observed MOC for the test dataset, where accurate predictions fall on the 1:1 line. 

An ensemble of random forest models (n = 300 models; 400 decision trees each) with bootstrapped 

sampling was used for a robust assessment of model accuracy and predictive power – in comparing 

predicted and observed MOC for the independent test datasets across the ensemble, mean absolute 

error (MAE) = 4.8 ± 0.3 g C kg-1 soil and R2 = 0.60 ± 0.06 (mean ± s.d.).   
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Supplementary Figure 12 | Data-driven predictive relationships of mineral-associated 

organic carbon as a function of individual controlling factors. A random forest model was used 

to disentangle the significance and emergent relationships of individual covariates (R2 = 0.60 ± 

0.06; mean ± s.d.). Partial dependence relationships are shown, describing the marginal effect of 

each individual variable on the predicted MOC response. Predicted mineral-associated carbon 

(MOC) as a function of a, clay and silt content (CS), b, particulate organic C (POC), c, mean 

annual temperature (MAT), and d, mean annual precipitation (MAP). For each plot, the points 

show random-forest model predictions; best fit lines show 99% confidence intervals on the trend.  
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Supplementary Figure 13 | Performance of the random forest model trained on the 

observational synthesis data for global predictions. a, Model-predicted versus observed MOC 

for the test dataset, where accurate predictions fall on the 1:1 line. Error bars show 5th and 95th 

quantiles, denoting 90% prediction intervals. Covariates used in the random forest (RF) model 

included clay and silt, mean annual temperature and precipitation, soil organic carbon, and 

vegetation and mineral type. b, An ensemble of 300 RF models with bootstrapped sampling50 

(75%-25% train-test split each) was used to rigorously assess predictive performance. Dashed 

black line and grey shading depict the ensemble mean and standard deviation (R2 = 0.79 ± 0.05; 

mean ± s.d.). c, Spatially-buffered leave-one-out cross-validation51,52 was also performed to ensure 

that spatial auto-correlation did not significantly compromise the predictive performance of the 

RF model. For each leave-one-out test data point (n = 200 randomly-sampled points for each buffer 

radius, for a total of 1,400 RF models), all data within a given buffer radius (0 to 150km) were 

excluded from the training set; i.e., only data points outside the buffer zone were used to train each 

RF model. R2 values did not vary with buffer radius (regression slope not statistically different 

from zero; p = 0.81) and were in agreement with the ensemble cross-validation approach.  
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Supplementary Figure 14 | Covariates used in the machine-learning random-forest model 

trained on the observational synthesis data and used to make global predictions. a, Mean 

annual temperature (MAT) and b, mean annual precipitation (MAP). c, Soil organic carbon (SOC) 

derived as the mean of two global data products (HWSD and SoilGrids; see Methods). Global 

SOC stocks are summarized in Supplementary Tables 1 and 2. d, Clay and silt (CS) content and e, 

primary mineral type. SOC, CS, and mineral type are shown here for topsoil (< 30 cm). All maps 

are at 0.5° resolution. f, Land cover type modified from the MODIS MCD12C1 product53. The 16 

MODIS IGBP land cover types were combined into 10 types to match the biome types in the 

observational synthesis (following ref. 54). Namely, all forests and woody savannas were 

categorized as boreal (> 50°N), temperate (> 23° and  < 50°N and S), or tropical (< 23°N and S) 

forest; open and closed shrublands were combined as shrubland (< 60°N and S) or tundra (> 60°N); 

and the rest were unchanged. The observational synthesis included MOC measurements from 

boreal forest (n = 41 soil profiles), temperate forest (n = 141), tropical forest (n = 29), shrubland 

(n = 31), grassland (n = 305), and savanna (n = 38), as well as croplands (see Methods; 

Supplementary Table 3). Peatlands, deserts, and tundra were not included in the analysis due to 

insufficient sample sizes and the focus on non-permafrost, non-desert mineral soils.  

d 

b 

c 

a 

e f 
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Supplementary Figure 15 | Global mineral-associated carbon predictions and uncertainty. 

a,c, Current global mineral-associated carbon (MOC) at 0.5° resolution in the topsoil (< 30 cm) 

and subsoil (30-100 cm), respectively, excluding tundra, peatlands, and deserts. Values were 

predicted using a data-driven random forest model (R2 = 0.79 ± 0.05; mean ± s.d.) with global 

climate, edaphic properties, and land cover. b,d, Latitudinal MOC stocks (Pg C 0.5 deg-1 latitude) 

in the topsoil and subsoil, respectively. Black lines represent the latitudinal stocks summed by 0.5° 

latitudinal bands. Grey shading represents the 5th and 95th quantiles, denoting the 90% prediction 

intervals from the random forest model. Global stocks and uncertainties are summarized in 

Supplementary Tables 1 and 2.  

c 

a b 

d 
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Supplementary Figure 16 | Proportion soil organic carbon that is mineral-associated 

globally. Percentage of mineral-associated organic carbon (MOC) in soil organic carbon (SOC) in 

the a, topsoil (< 30 cm) and b, subsoil (30-100 cm), excluding tundra, peatland, and deserts. The 

remaining carbon that is not mineral-associated constitutes particulate organic carbon (POC). 

MOC/SOC ratios averaged 0.66 ± 0.13 (mean ± s.d.) and 0.70 ± 0.17 in topsoils and subsoils, 

respectively, and 0.69 ± 0.15 across depths globally. MOC/SOC ratios in tundra and peatlands (not 

shown) averaged 0.58 ± 0.15 and 0.34 ± 0.26 across depths, respectively, but additional 

measurements are needed to verify estimates in these ecosystems. Proportionally more MOC is 

stored in subsoils, and proportionally less MOC (more POC) is stored at high-latitudes. 

b 

a 
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Supplementary Figure 17 | Global soil mineralogical carbon capacity and uncertainty 

intervals. a,c, Mineralogical carbon capacity (MOCmax; kg C m-2 soil) at 0.5° resolution in the 

topsoil (< 30 cm) and subsoil (30-100 cm), respectively, excluding tundra, peatlands, and deserts. 

MOCmax is calculated from the amount and type of soil minerals globally (Fig. 1), and constitutes 

an upper mineralogical potential. b,d, Latitudinal MOCmax stocks (Pg C 0.5 deg-1 latitude) in the 

topsoil and subsoil, respectively. Black lines represent the latitudinal stocks summed by 0.5° 

latitudinal bands. Grey shading depicts 90% confidence intervals of the mineralogical capacity 

slopes of high- and low- activity minerals. Global stocks and uncertainties are summarized in 

Supplementary Table 1.  
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Supplementary Figure 18 | Percent mineralogical carbon saturation globally. Percent 

mineralogical carbon saturation (%C saturation) calculated as the current mineral-associated 

organic carbon (MOC) divided by the mineralogical carbon capacity (MOCmax) in the a, topsoil (< 

30 cm) and b, subsoil (30-100 cm), excluding tundra, peatlands, and deserts. %C saturation 

averaged 27% (16, 38) across depths, and 42% (5 to 95% range: 24, 61) and 21% (14, 30) in 

topsoils and subsoils, respectively. %C saturation in tundra and peatlands (not shown) averaged 

45% (18, 62) and 63% (23, 97) across depths, respectively; topsoils and subsoils averaged 62% 

(23, 91) and 38% (17, 51) in tundra and 73% (25, 109) and 60% (23, 95) in peatlands, but additional 

measurements are needed to verify estimates in these ecosystems. Global topsoil and subsoil 

averages for all datasets are summarized in Supplementary Table 2.  

b 

a 
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Supplementary Figure 19 | Distribution of soil carbon and percent mineralogical carbon 

saturation across data products. a-c, Soil organic carbon (SOC) from HWSD (a), SoilGrids (c), 

and the averaged data product derived from the two (b; see Methods), in topsoils and subsoils, 

compared to the distribution of SOC from the observational synthesis data (all depths). d-f, Percent 

mineralogical carbon saturation (%C saturation) from the global predictions using HWSD (d), 

SoilGrids (f), and the averaged data product derived from the two (e), compared to the synthesis 

data (all depths). Global topsoil and subsoil carbon stocks and %C saturation are summarized for 

all three data products in Supplementary Table 2.   

b a c 

d e f 
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Supplementary Figure 20 | Global soil mineralogical carbon deficit across the soil profile. 

a,b, Soil C deficit (kg C m-2 soil) at 0.5° resolution in the topsoil (< 30 cm) and subsoil (30-100 

cm), respectively, excluding tundra, peatlands, and deserts. C deficit is calculated as the difference 

between the mineralogical C capacity (MOCmax) and current mineral-associated organic C stocks 

(MOC). High C deficit signifies a low %C saturation and a potential for further C accrual. Global 

C deficits are summarized in Supplementary Table 1.  

b 

a 
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Supplementary Figure 21 | Global extent of lands that are dominated by management. 

Fraction of the land surface that is occupied by human land use through a, agricultural crops, b, 

grazing, and c, forestry. d, Combined used lands (crop, grazing, and forestry) showing regions 

dominated by management (i.e., fraction equal to 1 shown in dark green) and unused lands (shown 

in white)55,56.  

b a 

d c 



	 25	

 

Supplementary Figure 22 | Potential carbon accrual rates globally. Potential C accrual rates (t 

C ha-1 yr-1) in topsoils across a, crops, b, grazing, c, forestry, and d, combined used lands, based 

on the C accrual rates observed from our synthesis (Fig. 4d) and the current mineralogical C 

saturation globally (Fig 4c, using the averaged SOC data product; see Methods). Peatlands, tundra, 

and deserts are excluded. Globally, potential accrual rates total 1.4 Pg C yr-1 for crop land, 3.7 Pg 

C yr-1 for grazing land, and 2.1 Pg C yr-1 for forestry land (see Methods; 1.2 to 1.6 Pg C yr-1, 3.4 

to 4.3 Pg C yr-1, and 1.7 to 2.9 Pg C yr-1 for crops, grazing, and forestry using SoilGrids and 

HWSD, respectively). These values are potential rates given current conditions, but would 

decrease over time as mineralogical C saturation was approached following Fig. 4d.   

b a 

d c 
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Supplementary Figure 23 | Carbon accrual rates by study type and soil order across globally-

distributed sites varying in mineralogical carbon saturation.  a, Location of C accrual studies. 

b, C accrual rates in topsoils (mean depth = 29 cm) following management interventions spanning 

a range of durations (n = 103; Supplementary Table 4). Studies included improved management 

(cover cropping, no till, crop-livestock rotation, deep ploughing, reduced grazing), land use change 

(cropland to grassland or forest), DIRT (Detrital Input and Removal Experiment with doubled 

litter or wood), and natural revegetation and minesoil reclamation (formerly degraded or newly 

exposed land surfaces as a result of mining, landsliding, alluviation, or marine terrace uplift, where 

soil C accrual can be expected following natural or human-accelerated revegetation and soil 

formation). While minesoils are well-described systems suitable for the study of soil carbon 

dynamics after land-use change57,58, the observed negative trend in C accrual with %C saturation 

was robust to their exclusion. c, Carbon accrual in topsoil as a function of %C saturation across 

sites excluding mine soils without topsoil application (n = 90). Exclusion of all mine soils also 

shows a negative trend (linear fit, p = 0.056; not significantly different than the case with mine 

soils included). Nonlinear fit depicts asymptotic regression model with shaded areas representing 

10th and 90th quantiles.   

b 

a 
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Supplementary Figure 24 | Carbon accrual rates as a function of initial soil organic carbon 

across globally-distributed sites. a,b, C accrual rates in topsoils (mean depth = 29 cm) following 

management interventions (n = 103; Supplementary Table 4) shown as a function of initial soil 

organic carbon (SOC) content and stock, respectively. Fits depict non-linear asymptotic regression 

(a, R2 = 0.10) and linear regression (b, R2 = 0.041) models with shaded areas representing 10th and 

90th quantiles.  

b 

a 
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Supplementary Figure 25 | Summary of spatially-resolved soil carbon stocks and capacity. 

Global distribution of a, mineral-associated organic carbon (MOC; reproduced from 

Supplementary Fig. 15a), b, mineralogical carbon-storage capacity (MOCmax; reproduced from 

Supplementary Fig. 17a), c, total soil organic carbon (SOC; following Supplementary Fig. 14c), 

and d, mineralogical %C saturation (reproduced from Supplementary Fig. 18a). All quantities are 

shown for topsoils (< 30 cm) globally, excluding tundra, peatlands, and deserts. A schematic 

summarizing the derivation of each quantity is given in Supplementary Fig. 26, and further details 

are provided in the respective Methods sections.   

b a 

d c 
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Supplementary Figure 26 | Overview schematic for deriving the spatially-resolved global 

estimates of mineral-associated organic carbon stocks and mineralogical carbon-storage 

capacity. Mineral-associated organic carbon (MOC) stocks are an emergent property that depends 

on climate and vegetation type, as well as the soil mineralogy, and were calculated using a 

machine-learning approach (see Methods; Fig. 4 and Supplementary Figs. 13-14). In contrast, the 

mineralogical carbon-storage capacity (MOCmax) is a property of the soil mineralogy, and was 

calculated as a function of the amount and type of soil minerals (see Methods; Fig. 1 and 

Supplementary Figs. 6-8 for robustness across vegetation types). %C saturation was calculated as 

MOC/MOCmax (as shown in Supplementary Fig. 10).  
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Supplementary Table 1 | Global carbon stocks summarized by broad land-use categories. 

Mineral-associated organic carbon (MOC), soil organic carbon (SOC), mineralogical carbon 

capacity (MOCmax), and MOC deficit (to the mineralogical capacity and natural land average 

environmental limit) totaled over given land-use categories and globally. 

 
 

Depth MOC (Pg C)* SOC 
(Pg C)* MOCmax (Pg C)+ MOC deficit relative 

to MOCmax (Pg C)# 

MOC deficit relative 
to natural land average 
C saturation (Pg C)# 

Cr
op

la
nd

 topsoil 65 (48, 78) 96 250 ± 24 184 (148, 225) 62 (37, 92) 

subsoil 68 (64, 82) 98 579 ± 56 509 (439, 569) 42 (17, 57) 

total 133 (112, 160) 194 829 ± 80 693 (587, 794) 104 (54, 149) 

G
ra

zi
ng

 topsoil 143 (100, 172) 214 585 ± 56 440 (356, 539) 155 (97, 226) 

subsoil 137 (120, 172) 201 1237 ± 120 1098 (943, 1234) 98 (40, 137) 

total 280 (220, 344) 415 1822 ± 176 1538 (1299, 1773) 253 (137, 363) 

Fo
re

str
y topsoil 173 (113, 207) 277 432 ± 44 258 (181, 362) 47 (-9, 129) 

subsoil 183 (147, 208) 289 981 ± 101 796 (670, 933) 3 (-41, 59) 

total 356 (260, 415) 566 1413 ± 145 1054 (851, 1295) 50 (-50, 188) 

G
lo

ba
l  

ex
cl

. t
un

dr
a topsoil 448 (296, 536) 700 1443 ± 141 990 (762, 1281) 286 (127, 509) 

subsoil 451 (372, 538) 701 3153 ± 312 2690 (2293, 3078) 147 (1, 284) 

total 899 (668, 1074) 1401 4596 ± 453 3680 (3055, 4359) 433 (128, 793) 

G
lo

ba
l 

in
cl

. t
un

dr
a topsoil 570 (335, 679) 892 1857 ± 180 1281 (996, 1684)   380 (182, 696) 

subsoil 595 (424, 698) 933 3915 ± 382 3302 (2823, 3835)    163 (-10, 388) 

total 1165 (760, 1380) 1825 5772 ± 562 4583 (3819, 5519) 543 (172, 1084) 
 

*MOC is given with 5th, 95th quantiles depicting the 90% prediction intervals from the random forest model. SOC is derived as the mean of two 
global data products (HWSD and SoilGrids; Supplementary Table 2). +MOCmax is given with the 90% confidence intervals associated with the 
mineralogical capacity slopes (Fig. 1). #The MOC deficit at each depth is calculated as the difference between MOC and the mineralogical 
capacity, MOCmax. 

MOC	deficit = 𝑀𝑂𝐶!"# −𝑀𝑂𝐶 
 

The MOC deficit relative to natural land average is the difference between MOC and the environmentally-limited value calculated using the 
average %C saturation (i.e., average MOC/MOCmax, denoted by an overbar below) observed in the MOC synthesis for natural lands at each 
depth (Fig. 2; i.e., 51 and 19% for topsoil and subsoil, respectively). 
 

MOC	deficit	relative	to	natural	lands = 8
𝑀𝑂𝐶

𝑀𝑂𝐶!"#
9

::::::::::::::
$"%&'"(
("$)*	,$
*-$%./*,*

𝑀𝑂𝐶!"# −𝑀𝑂𝐶 

 

We note that this is an average across our MOC synthesis and not all lands may be able to achieve this given current conditions. Parentheses 
give the 5th, 95th quantiles. Topsoil includes 0-30 cm and subsoil includes 30-100cm. All stock estimates exclude grid cells with >50% organic 
(Histosol and Gelisol) soils. Global totals are given excluding and including tundra, but tundra is excluded in all other figures and tables. Used 
lands (cropland, grazing, and forestry) denote grid cells dominated by each respective type of management. 
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Supplementary Table 2 | Mineral-associated carbon stocks across global soil carbon data 

products. Mineral-associated organic carbon (MOC), soil organic carbon (SOC), and percent 

carbon saturation (%C sat; relative to MOCmax) excluding tundra, peatlands, and deserts for each 

global data product.  

 
 HWSD* SoilGrids+ Averaged data product# 

Depth MOC  
(Pg C) 

SOC 
(Pg C) %C sat. MOC  

(Pg C)+ 
SOC 

(Pg C)+ %C sat. MOC  
(Pg C) 

SOC  
(Pg C) %C sat. 

topsoil 335 
(221, 404) 536 31  

(18, 41) 
533 
(330, 677) 867 51  

(26, 75) 
448 
(296, 536) 700 42 

(24, 61) 

subsoil 313 
(241, 430) 507 14  

(10, 22) 
578 
(400, 725) 898 27  

(15, 39) 
451 
(372, 538) 701 21 

(14, 30) 

total 648 
(462, 834) 1043 18  

(12, 27) 
1111 
(730, 1402) 1765 34  

(18, 49) 
899 
(668, 1074) 1401 27 

(16, 38) 
 
*SOC stocks from the Harmonized World Soil Database (HWSD) and corresponding MOC stocks with 5th, 95th quantiles depicting the 90% 
prediction intervals from the random forest model. All stock estimates exclude grid cells with >50% organic (Histosol and Gelisol) soils and 
grid cells dominated by tundra, peatland, or desert. % C saturation (abbreviated %C sat.) is calculated as MOC divided by MOCmax at each grid 
cell and averaged globally. MOC/SOC ratios averaged 0.68 ± 0.14 (mean ± s.d.) and 0.73 ± 0.21 in topsoils and subsoils, respectively, and 0.70 
± 0.14 across depths globally. +SOC stocks from the SoilGrids data product and corresponding MOC stocks and %C saturation with 5th, 95th 
quantiles. MOC/SOC ratios averaged 0.65 ± 0.14 and 0.70 ± 0.15 in topsoils and subsoils, respectively, and 0.67 ± 0.13 across depths globally. 
#SOC stocks derived as the mean of the two global data products (HWSD and SoilGrids) and corresponding MOC stocks and % C saturation 
with 5th, 95th quantiles. MOC/SOC ratios averaged 0.66 ± 0.13 and 0.70 ± 0.17 in topsoils and subsoils, respectively, and 0.69 ± 0.15 across 
depths globally. %C saturation in the MOC synthesis averaged 43 ± 2% (± 95% CI on the mean) and 19 ± 3% C in surface and subsurface soils, 
respectively, and 40 ± 2% across all depths. This most closely matches the global C saturation estimates from the averaged data product, and 
we focus on this product in all other figures and tables, as a conservative estimate of MOC stocks given the uncertainty and range between SOC 
data products.  
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Supplementary Table 3 | Locations, vegetation type, and climate variables of mineral-

associated carbon studies. Mean annual temperature (MAT) and mean annual precipitation 

(MAP) for each study. All studies listed contained measured mineral-associated organic carbon.  

 
Study  Latitude   Longitude  Vegetation MAT (°C) MAP (mm yr-1) 
Amelung 1998 59 52.92 N 105.80 W Grass 0.9 456 
  52.19 N 106.17 W Grass 1.6 343 
  50.17 N 107.50 W Grass 3.2 380 
  45.35 N 95.55 W Grass 6.1 565 
  46.50 N 100.54 W Grass 5 419 
  48.33 N 109.41 W Grass 6.1 300 
  44.50 N 105.51 W Grass 7.2 400 
  41.22 N 104.63 W Grass 8.9 400 
  41.43 N 105.70 W Grass 9 400 
  40.10 N 103.13 W Grass 10.8 375 
  40.26 N 99.22 W Grass 11.6 666 
  38.53 N 99.20 W Grass 12.2 573 
  40.48 N 96.42 W Grass 10.9 792 
  39.11 N 96.35 W Grass 12.4 791 
  37.20 N 95.16 W Grass 14.2 1000 
  32.15 N 101.28 W Grass 17.1 466 
  33.06 N 97.21 W Grass 19.4 865 
  29.42 N 96.33 W Grass 20 1030 
  30.05 N 94.06 W Grass 20.3 1308 
  27.45 N 98.04 W Grass 22.2 700 
  27.57 N 98.54 W Grass 23.4 440 
Anderson 1981 60 50.00 N 103.50 W Crop 3 450 
Angers 1993 61         Crop     
Angers 1991 62         Crop     
Balabane 2004 63 49.00 N 2.00 E Crop 10 640 
Balesdent 1998 31 43.00 N 0.50 E Forest 13 1200 
  43.00 N 0.50 E Crop 13 1200 
Barthes 2008 64 4.00 S 13.30 E Savanna 25 1100 
  4.00 S 13.30 E Crop 25 1100 
  4.10 S 13.30 E Savanna 25 1400 
  4.10 S 13.30 E Crop 25 1400 
  6.24 N 2.20 E Crop 27 1200 
  16.00 S 49.30 W Savanna 23 1500 
  16.00 S 49.30 W Crop 23 1500 
  21.22 S 48.03 W Crop 23 1600 
  21.36 S 48.22 W Crop 23 1500 
  21.12 S 47.35 W Crop 23 1500 
  23.23 S 51.11 W Forest 21 1600 
  23.23 S 51.11 W Crop 21 1600 
Bates 1960 65 7.40 N 4.00 E Forest 26.7 1230 
Besnard 2001 66 49.00 N 4.00 E Crop 10 620 
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Bonde 1992 67 22.70 S 47.50 W Forest 21 1250 
  22.70 S 47.50 W Crop 21 1250 
Caravaca 1999 68 38.00 N 1.00 W Crop 17 275 
  38.00 N 1.00 W Forest 17 275 
Carter 1997, 2003 69,70 45.30 N 73.60 W Crop 6 920 
  47.20 N 70.00 W Crop 4.2 967 
  48.50 N 72.40 W Crop 0.9 866 
  45.50 N 64.10 W Crop 5.6 1107 
  45.60 N 67.40 W Crop 4.4 1143 
  42.10 N 82.40 W Crop 8.7 819 
  46.40 N 71.10 W Crop 4.6 1127 
  45.30 N 75.40 W Crop 5.9 846 
  46.20 N 63.10 W Crop 5.9 1077 
  42.50 N 80.30 W Crop 7.8 935 
Catroux 1987 71               
Chan 1997, 2001 72,73 31.50 S 147.00 E Crop 18 431 
  35.00 S 147.50 E Crop 16 550 
  34.00 S 148.70 E Crop 15 564 
  30.00 S 148.00 E Crop 19.5 474 
  33.00 S 151.00 E Crop 17 1300 
Christensen 1985 74 55.00 N 9.00 E Crop 7.7 790 
  55.00 N 9.00 E Crop 7.9 740 
  55.00 N 9.00 E Crop 8.4 700 
  55.00 N 9.00 E Crop 8.1 700 
Christensen 1986 75 56.00 N 9.00 E Crop 8 750 
  55.00 N 9.00 E Crop 8 750 
Christensen 1987 76 56.00 N 9.00 E Crop 8 750 
  55.00 N 10.00 E Crop 8 750 
Dalal 1986a-c, 1987a-b 77–81 27.00 S 151.00 E Grass 18.5 670 
  27.00 S 151.00 E Forest 19.4 630 
  27.00 S 151.00 E Forest 18.5 670 
  29.00 S 150.00 E Forest 19.9 610 
  29.00 S 149.00 E Forest 20.5 480 
  27.00 S 149.00 E Forest 20.3 580 
Doetterl 2015 41 30.20 S 71.25 W Savanna 15.2 98 
  31.81 S 71.50 W Savanna 16.4 208 
  32.88 S 70.52 W Savanna 14.6 349 
  34.00 S 71.14 W Savanna 16.6 450 
  33.48 S 70.83 W Savanna 13.8 401 
  33.34 S 71.61 W Savanna 15.1 580 
  33.97 S 71.88 W Grass 16.9 568 
  36.46 S 71.70 W Grass 12 1321 
  37.25 S 73.27 W Grass 13.4 1431 
  38.77 S 73.39 W Grass 13 1205 
  39.86 S 72.11 W Grass 11 2108 
  39.93 S 73.41 W Grass 11.6 2174 
  40.90 S 73.15 W Grass 10.9 1456 
  42.42 S 73.82 W Grass 9.9 2233 
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  43.06 S 73.62 W Grass 10.8 2232 
  43.96 S 72.40 W Grass 10.3 2308 
  45.49 S 72.81 W Grass 6.7 2120 
  45.79 S 72.91 W Grass 3.2 1524 
  46.57 S 72.61 W Grass 7 1048 
  51.81 S 72.16 W Grass 6.5 394 
  53.43 S 70.99 W Grass 6.2 620 
  53.31 S 70.36 W Grass 6.3 483 
  62.16 S 58.47 W Grass -2.9 797 
  62.65 S 61.08 W Grass -2.3 648 
Elustondo 1990 82 45.50 N 73.00 W Crop 4 900 
  46.00 N 72.50 W Crop 4 900 
  46.00 N 73.50 W Crop 4 900 
  46.00 N 72.60 W Crop 4 900 
  46.00 N 72.00 W Crop 4 900 
  45.80 N 73.00 W Crop 4 900 
  48.00 N 71.00 W Crop 4 900 
  45.50 N 73.00 W Grass 4 900 
  46.00 N 72.50 W Grass 4 900 
  46.00 N 73.50 W Grass 4 900 
  46.00 N 72.60 W Grass 4 900 
  46.00 N 72.00 W Grass 4 900 
  45.80 N 73.00 W Grass 4 900 
  48.00 N 71.00 W Grass 4 900 
Feller 1991, 1996, 1997 83–85 14.50 N 14.50 W Grass 29 700 
  14.50 N 14.50 W Crop 29 700 
  14.50 N 14.50 W Savanna 29 700 
  14.50 N 14.50 W Savanna 29 800 
  14.50 N 14.50 W Crop 29 800 
  7.50 N 5.50 W Forest 26 1360 
  7.50 N 5.50 W Savanna 26 1360 
  7.50 N 5.50 W Crop 26 1360 
  8.50 N 1.00 E Forest 27 1040 
  8.50 N 1.00 E Savanna 27 1040 
  8.50 N 1.00 E Crop 27 1040 
  16.30 N 61.50 W  Grass 25 3000 
  16.30 N 61.50 W  Crop 25 3000 
  14.00 N 61.00 W Grass 25 2700 
  14.00 N 61.00 W Crop 25 2700 
  14.50 N 61.00 W Forest 26 1820 
  14.50 N 61.00 W Savanna 27 1200 
  14.50 N 61.00 W Grass 27 1200 
  14.50 N 61.00 W Crop 27 1200 
  3.50 S 62.00 W Forest 21 1200 
  3.50 S 62.00 W Crop 21 1200 
  3.50 S 62.00 W Grass 18 1530 
  3.50 S 62.00 W Crop 18 1530 
Feng 2014 86 43.50 N 124.80 E Crop 4.5 525 
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  34.78 N 113.67 E Crop 14 645 
  26.75 N 111.87 E Crop 18 1250 
  36.90 N 120.70 E Crop 11.2 779 
  52.82 N 104.60 E Crop 0.6 410 
  52.10 N 114.20 E Crop 0.7 373 
Guggenberger 1994 87 43.53 N 11.48 E Forest 6.5 1500 
  43.53 N 11.48 E Grass 6.5 1500 
  43.53 N 11.48 E Crop 6.5 1500 
Guggenberger 1995 88 4.37 N 71.19 W Savanna 26 2200 
  5.37 N 72.19 W Grass 26 2200 
  6.37 N 73.19 W Grass 26 2200 
Guibert 1999 89 8.70 N 16.60 E Crop 27 1000 
  6.20 N 6.00 W Crop 26 1500 
Hassink 1997 90,91 53.00 N 6.00 E Grass 8 750 
  51.20 N 5.60 E Grass 8 750 
  52.40 N 6.20 E Grass 8 750 
  52.30 N 6.40 E Grass 8 750 
  53.00 N 6.60 E Grass 8 750 
  52.00 N 5.60 E Grass 8 750 
  52.20 N 6.50 E Grass 8 750 
  53.20 N 7.00 E Grass 8 750 
  52.50 N 5.50 E Grass 8 750 
  53.30 N 6.30 E Grass 8 750 
  53.30 N 6.50 E Grass 8 750 
  51.80 N 5.30 E Grass 8 750 
  51.20 N 5.60 E Crop 8 750 
  53.00 N 6.60 E Crop 8 750 
  53.20 N 6.60 E Crop 8 750 
ISRAD 92 
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410  
to  

2585 
 

Jandl 2004 93 51.40 N 11.80 E Crop 9 500 
Kahle 2002, 2003 94,95 51.50 N 11.97 E Grass 9.1 484 
  51.50 N 11.97 E Crop 9.1 484 
Kölbl 2006 96 48.50 N 11.50 E Crop 7.4 830 
Larre-Larrouy 2003 97 14.25 N 60.53 W Crop 26 1580 
Leinweber 1992 98 54.00 N 12.00 E Crop 8.5 590 
Li 2009 99 39.14 N 99.84 E Grass 7.6 79 
  39.14 N 99.84 E Crop 7.6 79 
Liang 2009 100 45.00 N 127.50 E Grass 2.75 550 
  45.00 N 127.50 E Crop 2.75 550 
LUCAS 5,8 
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          Crop     
          Crop 15.9 512 
          Crop 13.8 1087 
          Crop 14.7 776 
          Crop 15.4 750 
McKeague 1971 102 52.50 N 111.00 W Grass 1.5 410 
  53.00 N 112.00 W Grass 1.5 410 
  49.20 N 98.40 W Grass 2.5 470 
  53.50 N 113.00 W Forest 1.5 410 
  43.00 N 80.30 W Forest 7.7 900 
  43.50 N 80.20 W Forest 7 850 
  43.50 N 80.20 W Forest 6.6 900 
  43.50 N 80.20 W Grass 7 850 
  44.00 N 78.50 W Grass 7 800 
  52.00 N 106.00 W Grass 3.5 385 
  49.70 N 103.90 W Grass 3.5 385 
  49.20 N 102.20 W Grass 2.8 400 
Nacro 1996 103 6.13 N 5.20 W Savanna 27 1200 
Pellegrini 2021 & unpub. 104 36.61 N 118.72 W Forest 5.2 775 
Pineiro 2009 105 32.00 S 57.08 W Grass 17.3 1406 
  31.50 S 58.17 W Grass 18.9 1300 
  33.52 S 55.33 W Grass 16.3 1161 
  33.19 S 56.58 W Grass 17.4 1099 
  36.30 S 58.30 W Grass 14.9 861 
Schmidt 2002 106 50.90 N 8.00 E Forest 8 570 
Schöning 2005a-b 107,108 41.52 N 13.38 E Forest 11 875 
  48.40 N 7.05 E Forest 9.2 744 
  55.29 N 11.38 E Forest 8.1 602 
  51.20 N 10.22 E Forest 7.6 747 
Schöning 2006 109 48.40 N 7.05 E Forest 9.2 744 
  51.20 N 10.22 E Forest 7.6 747 
  50.56 N 13.29 E Forest 8.3 624 
Schulten 1993 110 45.20 N 74.40 W Crop 6 860 
Shang 1997 111         Forest     
          Crop     
Shrestha 2007 112         Crop     
          Forest     
Sleutel 2006 113 51.10 N 3.30 E Crop 10 680 
  51.00 N 3.00 E Crop 10 680 
  51.00 N 3.10 E Crop 10 680 
  51.00 N 2.70 E Crop 10 680 
  50.80 N 3.30 E Crop 10 680 
Sleutel 2006 114 47.32 N 19.00 E Crop 10.3 453 
  46.46 N 17.00 E Crop 10 623 
Solomon 2000 115         Forest     
          Crop     
Soong 2020 & unpub. 116 5.38 N 53.76 W Forest 25.7 2460 
 5.23 N 54.10 W Forest 25.7 2480 
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 4.57 N 52.01 W Forest 25.5 3806 
 5.35 N 53.49 W Forest 26.0 2395 
 4.27 N 52.26 W Forest 25.5 3591 
 4.23 N 52.43 W Forest 25.5 3320 
 5.31 N 52.97 W Forest 25.9 2809 
 4.37 N 52.20 W Forest 25.5 3758 
 4.41 N 52.23 W Forest 25.5 3765 
 4.60 N 52.10 W Forest 25.5 3719 
 4.63 N 52.26 W Forest 25.5 3789 
Steffens 2009 117 43.38 N 116.42 E Grass 0.7 343 
Stemmer 1999 118          Crop     
Thuriès 2000 119 42.60 N 3.00 E Crop 15.6 581 
Tiessen 1983 120         Grass     
          Crop     
Turchenek 1979 121 35.00 S 138.60 E Grass 16.5 540 
  35.00 S 138.60 E Crop 16.5 540 
  37.50 S 140.40 E Crop 16.5 540 
  52.80 N 104.60 W Crop 0.6 410 
Young 1979 122         Grass     
          Forest     
          Crop     
Zhang 1988 123         Grass     
          Crop     
Zhao 2006 124 42.57 N 128.57 E Crop 6.1 570 
  43.21 N 124.19 E Crop 5.8 577 
  43.21 N 125.37 E Crop 4.6 603 
  42.03 N 126.10 E Crop 3.9 747 
  42.27 N 126.48 E Crop 3.7 720 
  44.01 N 126.51 E Crop 3.4 709 
  44.52 N 126.30 E Crop 4 500 
Zinn 2007 125         Forest     
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Supplementary Table 4 | Accrual rates and mineralogical carbon saturation of carbon 

accrual studies. Soil order and vegetation type given for each site.  

 

Study Soil Order Vegetation 
type 

Clay + 
Silt (%) 

C saturation 
(%) 

Duration 
(years) 

Carbon accrual 
rate (t C ha-1 yr-1) 

Akala 2001 126 Entisols Pasture 90 5 5 2.0 

 Entisols Pasture 90 6 5 2.7 

 Entisols Pasture 90 8 5 2.8 
 Entisols Pasture 90 11 5 2.5 

 Entisols Pasture 90 16 5 5.2 
 Entisols Forest 90 6 4 -0.7 
 Entisols Forest 90 5 6 2.0 
 Entisols Forest 90 7 5 2.9 

 Entisols Forest 90 13 6 2.8 

Alcántara 2016 
127 

Alfisols Cropland 95 5 48 0.4 

Babujia 2010 128 
Oxisols Cropland 79 38 20 1.1 

Black 2009 129 Inceptisols/
Mollisols 

Grassland to 
Forest 

73 39 9 2.2 

 Inceptisols/
Mollisols 

Grassland to 
Forest 

77 43 21 -0.6 

 Inceptisols/
Mollisols 

Grassland to 
Forest 

83 38 15 -0.1 

Boddey 2010 130 Oxisols Cropland 83 38 15 0.6 

Bowden 2014 131 Alfisols Forest 25 87 19 0.2 

Brown 1990 132 Ultisols Cropland to 
Forest 

95 11 22.5 0.5 

 Ultisols Cropland to 
Forest 

89 12 42.5 0.7 

 Ultisols Cropland to 
Forest 

95 11 10 1.3 

 Entisols Cropland to 
Forest 

84 29 35 0.9 

 Entisols Cropland to 
Forest 

84 24 50 0.9 

Carvalho 2010 133 Oxisols Cropland 83 42 5 1.6 

 Oxisols Cropland 81 59 8 1.5 

Chatterjee 2009 
134 

Alfisols Grassland 61 6 8 3.7 

 Entisols Grassland 75 19 21 0.8 
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 Ultisols Forest 66 19 11 2.0 

Dick 1998 135 Alfisols Cropland 88 18 30 0.4 

 Alfisols Cropland 88 24 30 0.7 

 Alfisols Cropland 88 18 30 1.0 

Fekete unpub. 136 Inceptisols Forest 58 58 10 0.8 

 Inceptisols Forest 58 58 10 0.4 

Freixo 2002 137 Oxisols Cropland 80 45 11 0.0 

Ganjegunte 2009 
138 

Aridisols Grassland 31 15 5 -0.7 

 Aridisols Grassland 30 12 6 -0.8 

 Aridisols Pasture 68 6 13 0.7 

 Aridisols Pasture 73 10 12 0.6 

Harden unpub., 
Doetterl 2018 
92,139 

Entisols Grassland 78 16 21 1.3 

 Alfisols Grassland 70 5 21 0.5 

Jantalia 2007 140 Oxisols Cropland 61 67 16 0.5 

Jenkinson 1971 
141 

Alfisols Cropland to 
Forest 

50 15 23 0.4 

 Alfisols Cropland to 
Forest 

50 16 60 0.4 

 Alfisols Cropland to 
Forest 

47 19 21 0.4 

 Alfisols Cropland to 
Forest 

47 20 61 0.1 

Keskin 2009 142 Entisols Forest 41 0 17 2.2 

 Entisols Forest 33 0 17 1.3 

Lajtha 2014 143 Inceptisols Forest 35 62 20 -0.2 

Lawrence et al. 
unpub. 

Mollisols Grassland 31 50 10 0.0 

 Mollisols Grassland 56 32 10 -0.8 

 Mollisols Grassland 46 35 10 0.1 
 Inceptisols Grassland 55 58 12 0.3 

Lilienfein 2003, 
Sollins 1983 
144,145 

Entisols Forest 14 18 22 0.0 

 Entisols Forest 15 48 22 -0.6 
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 Entisols Forest 14 107 22 -0.2 

 Entisols Forest 18 115 22 0.0 

Lorenz 2007 146 Entisols Forest 56 24 17 0.9 

 Entisols Forest 56 4 30 1.2 

Marchão 2009 147 Oxisols Cropland 69 55 13 0.5 

 Oxisols Cropland 69 62 13 -0.5 

Mazzoncini 2011  
148 

Entisols Cropland 56 17 15 0.1 

 Entisols Cropland 56 17 15 0.3 
 Entisols Cropland 56 17 15 0.3 
 Entisols Cropland 56 17 15 0.4 

Nadelhoffer 
unpub. 136 

Spodosols Forest 7 56 5 1.5 

Nii-Annang 2009 
149 

Entisols Forest 25 9 9 1.8 

 Entisols Forest 25 9 9 2.0 
 Entisols Forest/ 

Cropland 
25 9 9 1.7 

 Entisols Cropland 25 9 9 0.8 

Pierson 
2021136,150 

Andisols/ 
Inceptisols 

Forest 43 76 20 0.4 

 Andisols/ 
Inceptisols 

Forest 43 76 20 0.5 

Quinkenstein 
2011 151 

Entisols Forest 35 6 2 4.2 

 Entisols Forest 38 10 10 3.9 

Raiesi 2012 152 Alfisols Cropland to 
Grassland 

86 6 20 0.3 

 Alfisols Cropland to 
Grassland 

86 7 20 0.3 

Reintam et al. 
2002 153 

Entisols Forest 36 0 29 0.2 

 Entisols Forest 36 0 31 0.3 

 Entisols Forest 36 0 31 1.7 
 Entisols Forest 36 0 34 1.6 

Roscoe 2003 154 Oxisols Cropland 90 24 10 0.0 

Schipper 2011 155 Andisols Scrubland to 
Pasture 

35 60 25 0.4 
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 Andisols Scrubland to 
Pasture 

93 51 17 1.3 

 Andisols Scrubland to 
Pasture 

35 87 65 -0.2 

 Andisols Scrubland to 
Pasture 

56 53 27 0.7 

 Andisols Scrubland to 
Pasture 

56 46 18 0.9 

 Ultisols Scrubland to 
Pasture 

68 54 28 0.3 

 Alfisols Scrubland to 
Pasture 

79 27 43 0.5 

 Alfisols Scrubland to 
Pasture 

79 26 19 1.0 

 Oxisols Scrubland to 
Pasture 

90 91 44 0.4 

Sever 2009 156 Entisols Forest 45 0 17 2.2 

Shrestha 2009 157 Entisols Grassland 62 9 5 2.6 

 Ultisols Grassland 73 15 5 0.8 

 Ultisols Grassland 73 15 5 2.8 
 Ultisols Grassland 73 15 5 0.5 
 Ultisols Grassland 73 15 5 2.5 
 Entisols Grassland 62 9 5 2.6 
 Entisols Grassland 62 9 5 3.1 
 Entisols Grassland 62 9 5 2.7 
 Entisols Grassland 62 9 5 3.2 
 Alfisols Grassland 48 17 5 0.7 
 Alfisols Grassland 48 17 5 2.5 
 Alfisols Grassland 48 17 5 0.4 
 Alfisols Grassland 48 17 5 2.1 

Williams-Linera 
1983 158 

Alfisols Cropland to 
Forest 

76 24 7 5.1 
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