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Supplementary Notes 
 
Different methods for measuring particulate organic carbon and mineral-
associated organic carbon 
 
1 SOC fractionation based on density 

1.1 Fractionation using sodium polytungstate (or sodium iodide)
1 

The soil samples were air-dried and sieved by 2-mm mesh. Subsequently, the soil 
samples were placed in a centrifuge tube, with sodium polytungstate (SPT) or sodium 
iodide (NaI) at a density of 1.60-1.85 g cm-3. The centrifuge tube was gently shaken by 
hand or rotated in an overhead shaker to allow free soil organic carbon (SOC) outside 
aggregates. The above steps were repeated two to three times. After centrifugation, the 
floating light fraction (LF) was separated from the heavy fraction (HF) by suction and 
filtration through a glass fiber/nylon filter and washed thoroughly with deionized water. 
After drying to constant weight in a 60 °C oven, each fraction was analyzed for carbon 
(C) content. Here, the C content of LF was considered as POC and the C content of HF 
was considered as MAOC. 
 
1.2 Fractionation using sodium polytungstate (or sodium iodide) and ultrasonic2 

The soil samples were air-dried and sieved by 2-mm mesh. Subsequently, the soil 
samples were placed in a centrifuge tube, with sodium polytungstate (SPT) or sodium 
iodide (NaI) at a density of 1.60-1.85 g cm-3. The centrifuge tube was gently shaken by 
hand and centrifuged. Then the free particulate organic carbon (fPOC) was collected, 
and the remaining suspension was brought back to its initial volume with fresh SPT and 
ultrasonicated. After centrifugation, the occluded particulate organic carbon (oPOC) 
was collected. The residues were washed with deionized water three times to remove 
the residue SPT (or NaI). The residue fraction was mineral-associated organic carbon 
(MAOC). After drying to constant weight in a 60 °C oven, each fraction was analyzed 
for C content. Here, the sum of fPOC and oPOC content is calculated as POC. 
 
2 SOC fractionation based on particle size 
(Regarding the size, there are different cut-offs in different publications, for example, 
50, 53, or 63 μm.) 
 
2.1 Fractionation using sodium hexametaphosphate3 
The soil samples were air-dried and sieved by 2-mm mesh. Subsequently, the soil 
samples were shaken in dilute (0.5%) sodium hexametaphosphate (HMP) solution (or 
deionized water, or deionized water with glass balls) for 15 to 18 hours. The dispersed 
soil was then rinsed onto a 53 μm sieve. We collected the fraction that passed through 
the sieve as MAOC (< 53 μm) and the fraction that remained on the sieve was POC (> 
53 μm). After drying to constant weight in a 60 °C oven, each fraction was analyzed 
for C content. 
 



2.2 Fractionation using water and ultrasonic4 
The soil samples were air-dried and sieved by 2-mm mesh. Subsequently, they were 
dispersed in deionized water with particulate organic matter removal at sonication. The 
dispersed soil was then rinsed onto the sieve. The fraction that passed through the sieve 
was collected as MAOC (< 53 μm) and the fraction that remained on the sieve was POC 
(> 53 μm). After drying to constant weight in an oven at 60 °C, each fraction was 
analyzed for C content. 
 
3 SOC fractionation based on particle size and density 
3.1 Fractionation using sodium polytungstate (or sodium iodide) and sodium 
hexametaphosphate5 

The soil samples were air-dried and sieved by 2-mm mesh. Subsequently, the soil 
samples were placed in a centrifuge tube, with SPT or NaI at a density of 1.60-1.85 g 
cm-3. The centrifuge tube was gently shaken by hand or rotated in an overhead shaker. 
Then, the samples were centrifuged and the LF was collected from the floating fraction. 
The residual soil sample was dispersed in HMP solution and shaken for 15 to 18 hours. 
The dispersed soil was then rinsed onto a 53 μm sieve. The fraction that passed through 
the sieve was collected as MAOC (< 53 μm) and the fraction that remained on the sieve 
was POC (> 53 μm). After drying to constant weight in a 60 °C oven, each fraction was 
analyzed for carbon content. Here, the C content of LF is considered as a part of POC. 

 
3.2 Fractionation using sodium polytungstate and ultrasonic6 

The soil samples were air-dried and sieved by 2-mm mesh. Subsequently, the soil 
samples were placed in a centrifuge tube, with SPT or NaI at a density of 1.60-1.85 g 
cm-3. The centrifuge tube was gently shaken by hand or rotated in an overhead shaker. 
After centrifuging, the LF was collated from the floating fraction. The residual soil in 
the centrifuge tube was resuspended and dispersed in the SPT or NaI solution by 
sonication. The dispersed soil was then rinsed onto a 53 μm sieve. The fraction that 
passed through the sieve was collected as MAOC (< 53 μm) and the fraction that 
remained on the sieve was POC (> 53 μm). After drying to constant weight in a 60 °C 
oven, each fraction was analyzed for C content. Here, the C content of LF is considered 
as a part of POC.  



Supplementary Methods  
 
Biogeochemistry-Informed Neural Network (BINN) 
 
BINN integrates process-based modeling with neural networks to infer soil particulate 
organic carbon (POC), mineral-associated organic carbon (MAOC), and subsurface 
processes from observational data. The framework assumes that soil carbon pools are 
approximately at steady state and that environmental covariates (climate, vegetation, 
and soil properties) provide sufficient information to predict spatially varying 
biogeochemical parameters. Specifically, the BINN framework consists of two major 
components: (1) a neural network that learns the relationships between environmental 
covariates and biogeochemical parameters, enabling spatially explicit prediction of key 
process rates, and (2) a process-based model—the Community Land Model version 5 
(CLM5) soil carbon module—reformulated in a differentiable matrix form, which 
simulates SOC dynamics across carbon pools using the parameters predicted by the 
neural network. 
 
1 Neural Network  
We implemented a fully connected neural network to spatially resolve relationships 
between environmental covariates and biogeochemical parameters. The neural network 
uses embedding layers to encode categorical covariates, and a spatial positional encoder 
to compute a vector embedding for each location. We combined these embeddings with 
the numeric covariates into a vector 𝑒, and passed this through a 4-layer neural network 
𝑓!! (Equation 1) with learnable weights/biases 𝑤, which outputs a vector 𝑧 with 21 
values (one for each parameter in the process-based model):  

𝑧 = 	𝑓!!(𝑒; 𝑤)	                            (1)  

To ensure compliance with the predefined bounds derived from prior knowledge 
of biogeochemical parameter ranges, we transformed 𝑧 into predicted parameters 𝑝 
through element-wise application of sigmoid functions 𝜎 (Equation 2). This ensures 
each parameter 𝑝" stays within these prior ranges: 

𝑝 = 𝜎(𝑦" , 𝛾, 𝜃",$%&, 𝜃",$"') = 1

1(exp	(+
!"
# )

 * (𝜃",$%& −	𝜃",$"') + 𝜃",$"'       (2) 

where 𝑧"  is the i-th output of the neural network, 𝜃",$%&  and 𝜃",$"'  are 
plausible limits for each biogeochemical parameter 𝑖, taken from previous literature7, 
and 𝛾 is a learnable parameter that controls how fast the predictions converge to 𝜃",$"' 
or 𝜃",$%&. The final output of the neural network is 𝑝, a vector of 21 biogeochemical 
parameters for each location, where each parameter 𝑝" is constrained to be in its prior 
range (𝜃",$"', 𝜃",$%&).  
 
2.2 Process-based Model 
In this study, we employed the soil carbon module of the Community Land Model 
version 5 (CLM5) to represent our knowledge of soil organic carbon (SOC) dynamics. 
The CLM5 model, iteratively refined over the past decade for SOC dynamics 



simulation8, mathematically formalizes current biogeochemical understanding through 
a system of 140 partial differential equations. 
 

The CLM5 simulates SOC dynamics across 20 soil layers extending to 8 m depth. 
This study focuses exclusively on the 30 cm depth. Each layer contains 7 carbon pools: 
one coarse woody debris pool, three litter pools (metabolic, cellulose, and lignin), and 
three SOC pools differentiated by turnover times (fast, slow, and passive). POC was 
derived from the "fast" pool, while MAOC corresponded to the "slow" and "passive" 
pools. We incorporated into our neural network framework a differentiable CLM5 
model, whose structure can be represented in a matrix form as9,10: 

-.(/)
-/

 =	𝐵(𝑡)𝐼(𝑡) − 𝐴𝜉(𝑡)𝐾𝑋(𝑡) − 𝑉(𝑡)𝑋(𝑡)                 (3) 

where 𝐼(𝑡)  is the total carbon input from vegetation at time 𝑡 , 𝐵(𝑡)  is the 
allocation of carbon input to different pools. 𝐴  is the carbon transfer matrix, 
quantifying horizontal carbon movement between pools in the same layer. 𝐾 is the 
intrinsic decomposition rate of each carbon pool, which is the same for each pool across 
layers. 𝜉(𝑡) captures how the environment modifies the intrinsic decomposition rate 
in the 𝐾 matrix by temperature (𝜉0), water (𝜉1), oxygen (𝜉2), and depth (𝜉3) scalars. 
𝑉(𝑡) defines how SOC enters and leaves each layer. 𝑋(𝑡) is carbon pool size. The 
term𝐵(𝑡)𝐼(𝑡) represents the vegetation carbon input, 𝐴𝜉(𝑡)𝐾𝑋(𝑡) describes the SOC 
movements among the 7 pools within each layer. The 𝑉(𝑡)𝑋(𝑡) indicates vertical 
SOC movements along the soil profile. The 𝑡  in parentheses means that the 
corresponding process changes with time. 
 

Equation (3) contains 21 biogeochemical parameters11 that quantify the strength 
and reflect properties of different processes (e.g., transformation and stabilization of 
SOC, temperature sensitivity of soil respiration, and substrate quality) in the soil carbon 
cycle. Because those processes are highly variable depending on different climate 
conditions or soil properties, the values quantifying their strength or properties (i.e., the 
parameter values) should differ with changing environments12. We employed the neural 
network embedded in BINN to dynamically predict these biogeochemical parameter 
values from environmental covariates. The resultant parameter estimates, combined 
with environmental forcings, drive Equation (3) to simulate steady-state POC and 
MAOC stock. Additionally, we predicted POC and MAOC stock from 2081-2100 by 
integrating these parameter estimates with environmental forcing variables under 
shared socioeconomic pathway 245 (SSP245). 



Supplementary Table 1 Summary of reported drivers of soil particulate organic 

carbon (POC). 

 
  

Reference Region Main conclusions about POC 
(Hansen et al., 

2024)13 
Global 

Mean annual temperature and soil pH play key roles in global 
POC. 

(Guo et al., 
2024)14 

Global Edaphic factors are key drivers of global POC. 

(Zhou et al., 
2024)15 

Global 
Mean annual temperature and net primary productivity are key 

drivers of global POC. 
(García-Palacios 

et al., 2024)16 
Global cold 

regions 
POC in cold regions are most vulnerable to warming. 

(Zhang et al., 
2024)17 

Global 
forests 

Mean annual temperature and soil pH are the primary drivers 
of POC content in forest soils. 

(Viscarra Rossel 
et al., 2019)18 

Australia 
Climate factors are the main controlling factors of POC in 

Australia. 



Supplementary Table 2 Gridded data used in the present study. 

  

Variables Data source, resolution 
Mean annual temperature (℃) WorldClim version 2.1, 2.5 minutes 
Mean annual precipitation (mm) WorldClim version 2.1, 2.5 minutes 
Temperature seasonality WorldClim version 2.1, 2.5 minutes 
Precipitation seasonality WorldClim version 2.1, 2.5 minutes 
Potential evapotranspiration GLEAM v3, 0.25 ̊
Background nitrogen deposition ORNL DAAC, 2017, 5 ̊× 3.75 ̊
Land cover MODIS MCD12C1 product, 1/12 ̊
Future land cover (Li et al., 2017)19, 1km 
Net primary productivity 
(kg C m-2 yr-1) MOD17A3HGF v006,10 km 

Leaf area index (Cao et al., 2023)20, 10 km 
Soil pH Harmonized World Soil Database (HWSD), 1 km 
Soil clay (%) Harmonized World Soil Database (HWSD), 1 km 
Soil silt (%) Harmonized World Soil Database (HWSD), 1 km 
Bulk density (g cm-3) Harmonized World Soil Database (HWSD), 1 km 
Soil cation exchange capacity 
(mmol(c) kg-1) Soil Grid, 1 km 

Mineral type (Ito and Wagai, 2017)21, 2' to 2° 
Soil total phosphorus (g m-2) (He et al., 2021)22, 0.5 ̊



 
Supplementary Table 3 Global future (from 2081 to 2100) carbon changes 
summarized by land cover types. POC, particulate organic carbon. MAOC, mineral-
associated organic carbon. SOC, soil organic carbon. ΔPOC, ΔMAOC, and ΔSOC 
stocks are the differences between the future and present POC, MAOC, and SOC stocks. 
 
  

 
∆POC 

(Pg C) 

∆MAOC 

(Pg C) 

∆SOC 

(Pg C) 

Shared Socio-economic Pathway 126 
Global -29.59 7.39 -22.21 

Cropland -12.08 2.50 -9.57 
Forest -19.75 -4.73 -24.48 

Grassland 0.89 5.01 5.90 
Shrubland 3.77 5.09 8.86 

Tundra -2.42 -0.49 -2.91 
Shared Socio-economic Pathway 245 

Global -32.17 11.30 -20.87 
Cropland -12.03 3.40 -8.63 

Forest -20.31 -2.76 -23.08 
Grassland -0.80 5.07 4.27 
Shrubland 5.20 6.35 11.55 

Tundra -4.22 -0.76 -4.98 
Shared Socio-economic Pathway 585 

Global -22.18 22.54 0.36 
Cropland -7.61 4.82 -2.79 

Forest -16.82 2.47 -14.35 
Grassland 0.02 7.82 7.83 
Shrubland 6.48 7.97 14.45 

Tundra -4.25 -0.53 -4.77 



Supplementary Table 4 Global future (from 2081 to 2100) carbon changes 
summarized by latitude. POC, particulate organic carbon. MAOC, mineral-associated 
organic carbon. SOC, soil organic carbon. ΔPOC, ΔMAOC, and ΔSOC stocks are the 
differences between the future and present POC, MAOC, and SOC stocks. 
 

  

 ∆POC  
(Pg C) 

∆MAOC  
(Pg C) 

∆SOC  
(Pg C) 

Shared Socio-economic Pathway 126 
High-latitude -23.10 -7.34 -30.44 

Middle-latitude -9.02 2.18 -6.84 
Low-latitude 2.53 12.55  15.07 

Shared Socio-economic Pathway 245 
High-latitude -30.89 -8.52 -39.41 

Middle-latitude -8.20 2.92 -5.28 
Low-latitude 6.92 16.90 23.82 

Shared Socio-economic Pathway 585 
High-latitude -32.72 -7.17 -39.88 

Middle-latitude -5.09 3.33 -1.76 
Low-latitude 15.62 26.38 42.00 



Supplementary Table 5 Global future (from 2081 to 2100) carbon changes 
summarized by forest types. POC, particulate organic carbon. MAOC, mineral-
associated organic carbon. SOC, soil organic carbon. ΔPOC, ΔMAOC, and ΔSOC 
stocks are the differences between the future and present POC, MAOC, and SOC stocks. 
  

 ∆POC  
(Pg C) 

∆MAOC  
(Pg C) 

∆SOC 
 (Pg C) 

Shared Socio-economic Pathway 126 
Boreal forest -20.96 -6.25 -27.22 

Temperate forest -0.68 -2.02 -2.70 
Tropical forest 1.91 3.55 5.46 

Shared Socio-economic Pathway 245 
Boreal forest -23.68 -4.83 -28.51 

Temperate forest -1.78 -2.47 -4.25 
Tropical forest 5.16 4.55 9.71 

Shared Socio-economic Pathway 585 
Boreal forest -23.78 -3.19 -26.97 

Temperate forest -2.19 -1.83 -4.02 
Tropical forest 9.16 7.50 16.66 



 
Supplementary Figure 1 Variable importance of the machine learning random 
forest model trained exclusively on high-latitude soils for topsoil (a) particulate 
organic carbon (POC) stock, (b) mineral-associated organic carbon (MAOC) 
stock, and (c) the proportion of POC relative to soil organic carbon (fPOC). Mean 
annual temperature (MAT), mean annual precipitation (MAP), temperature seasonality 
(TS), precipitation seasonality (PS), background nitrogen deposition (Nitrogen 
deposition), aridity index, cation exchange capacity (CEC), percent of clay and silt (clay 
+ silt), total phosphorus, net primary productivity (NPP), soil pH, and leaf area index 
(LAI) are continuous variables. Land cover is a categorical variable. Variable 
importance is ranked by the percent increase in mean square error (MSE).  



Supplementary Figure 2 The topsoil (a) particulate organic carbon (POC) stock, 
(b) mineral-associated organic carbon (MAOC) stock, and (c) the proportion of 
POC relative to soil organic carbon (fPOC) between different latitudes. The dataset 
was grouped by high-latitude (north of 60° N or south of 60° S; n = 78), middle-latitude 
(south of 60° N and north of 30° N; south of 30° S and north of 60° S; n = 2389), and 
low-latitude (south of 30° N and north of 30° S；n = 817). POC and MAOC stocks are 
standardized values (see “Methods”). Box plots indicate the medians (horizontal lines), 
1st and 3rd quartiles (boxes), 1.5 × interquartile range (whiskers), and means 
(diamonds). The p-value indicates the statistical significance between land covers.  



 
Supplementary Figure 3 The topsoil (a) particulate organic carbon (POC) stock, 
(b) mineral-associated organic carbon (MAOC) stock, and (c) the proportion of 
POC relative to soil organic carbon (fPOC) between different land covers. The 
dataset was grouped by cropland (n = 1165), forest (n = 1135), grassland (n = 693), 
shrubland (n = 262), and tundra (n = 29). POC and MAOC stock are standardized values 
(see “Methods”). Box plots indicate the medians (horizontal lines), 1st and 3rd quartiles 
(boxes), 1.5 × interquartile range (whiskers), and means (diamonds). The p-value 
indicates the statistical significance between land covers.



 

Supplementary Figure 4 The topsoil (a) particulate organic carbon (POC) stock, 
(b) mineral-associated organic carbon (MAOC) stock, and (c) the proportion of 
POC relative to soil organic carbon (fPOC) between different forests. The dataset 
was grouped by boreal forest (n = 245), temperate forest (n = 767), and tropical forest 
(n = 123). POC and MAOC stocks are standardized values (see “Methods”). Box plots 
indicate the medians (horizontal lines), 1st and 3rd quartiles (boxes), 1.5 × interquartile 
range (whiskers), and means (diamonds). The p-value indicates the statistical 
significance between different forests.  



 
Supplementary Figure 5 The topsoil (a) particulate organic carbon (POC) stock, 
(b) mineral-associated organic carbon (MAOC) stock, and (c) the proportion of 
POC relative to soil organic carbon (fPOC) as a function of mean annual 
temperature (MAT). Linear regressions are shown for cold (< 0°C), temperate (≥ 0°
C and < 15°C), and warm (≥ 15°C) regions, respectively. 
  



 
Supplementary Figure 6 Global distribution of predicted present (a) particulate 
organic carbon (POC) stock, (c) mineral-associated organic carbon (MAOC) stock, 
and (e) the proportion of POC relative to soil organic carbon (fPOC) in the topsoil 
(0-30 cm). The POC stock, MAOC stock, and fPOC were predicted using a random forest 
model. All maps were at 0.5° resolution. b, d, f, The predicted POC stock, MAOC stock, 
and fPOC between land cover. 
 



Supplementary Figure 7 Global distribution of the absolute and relative change of 
topsoil (a, d) soil organic carbon (SOC) stock, (g, j) particulate organic carbon 
(POC) stock, and (m, p) mineral-associated organic carbon (MAOC) stock under 
SSP126 scenario from 2081 to 2100. SSP, shared socioeconomic pathway. Here, SOC 
stock represents the sum of POC and MAOC stock. ΔPOC, ΔMAOC, and ΔSOC stocks 
are the differences between the future and present stocks. The POC and MAOC stocks 
from 2081 to 2100 were calculated using climatic factors of different models under 
SSP126 scenario. The future mean annual temperature, mean annual precipitation, 
temperature seasonality, precipitation seasonality, evapotranspiration, and leaf area 
index were the means of BCC-CSM2-MR, MPI-ESM1-2-HR, and IPSL-CM6A-LR. 
The future nitrogen deposition background was the mean of ACCESS-ESM1-5, 
NorESM2-LM, and NorESM2-MM. The future net primary productivity was the mean 
of IPSL-CM6A-LR, CMCC-ESM2, and CanESM5-1. All maps were at 0.5° resolution. 
b, e, h, k, n, q, Latitudinal profiles of SOC stock, POC stock, and MAOC stock change 
at 0.5° latitudinal resolution. The green lines represent the absolute or relative change 
of SOC stock, POC stock, and MAOC stock. The grey shading represents the standard 
deviation. c, f, i, l, o, r, The absolute and relative change of SOC stock, POC stock, and 
MAOC stock between land covers.  



 
Supplementary Figure 8 Global distribution of the absolute and relative change of 
topsoil (a, d) soil organic carbon (SOC) stock, (g, j) particulate organic carbon 
(POC) stock, and (m, p) mineral-associated organic carbon (MAOC) stock under 
SSP245 scenario from 2081 to 2100. SSP, shared socioeconomic pathway. Here, SOC 
stock represents the sum of POC and MAOC stock. ΔPOC, ΔMAOC, and ΔSOC stocks 
are the differences between the future and present stocks. The POC and MAOC stocks 
from 2081 to 2100 were calculated using climatic factors of different models under 
SSP245 scenario. The future mean annual temperature, mean annual precipitation, 
temperature seasonality, precipitation seasonality, evapotranspiration, and leaf area 
index were the means of BCC-CSM2-MR, MPI-ESM1-2-HR, and IPSL-CM6A-LR. 
The future nitrogen deposition background was the mean of ACCESS-ESM1-5, 
NorESM2-LM, and NorESM2-MM. The future net primary productivity was the mean 
of IPSL-CM6A-LR, CMCC-ESM2, and CanESM5-1. All maps were at 0.5° resolution. 
b, e, h, k, n, q, Latitudinal profiles of SOC stock, POC stock, and MAOC stock change 
at 0.5° latitudinal resolution. The green lines represent the absolute or relative change 
of SOC stock, POC stock, and MAOC stock. The grey shading represents the standard 
deviation. c, f, i, l, o, r, The absolute and relative change of SOC stock, POC stock, and 
MAOC stock between land covers.  



 
Supplementary Figure 9 The absolute and relative changes of topsoil (a, b) soil 
organic carbon (SOC) stock, (c, d) particulate organic carbon (POC) stock, and (e, 
f) mineral-associated organic carbon (MAOC) stock between different latitude 
soils under SSP126 scenario from 2081 to 2100. High-latitude: north of 60° N or 
south of 60° S. Low-latitude: south of 30° N and north of 30° S. Middle-latitude: south 
of 60° N and north of 30° N; south of 30° S and north of 60° S. Box plots indicate the 
medians (horizontal lines), 1st and 3rd quartiles (boxes), 1.5 × interquartile range 
(whiskers), and means (diamonds). The p-value indicates the statistical significance 
between different latitude soils. 

  



 
Supplementary Figure 10 The absolute and relative changes of topsoil (a, b) soil 
organic carbon (SOC) stock, (c, d) particulate organic carbon (POC) stock, and (e, 
f) mineral-associated organic carbon (MAOC) stock between different latitude 
soils under SSP245 scenario from 2081 to 2100. High-latitude: north of 60° N or 
south of 60° S. Low-latitude: south of 30° N and north of 30° S. Middle-latitude: south 
of 60° N and north of 30° N; south of 30° S and north of 60° S. Box plots indicate the 
medians (horizontal lines), 1st and 3rd quartiles (boxes), 1.5 × interquartile range 
(whiskers), and means (diamonds). The p-value indicates the statistical significance 
between different latitude soils. 

 



 
Supplementary Figure 11 The absolute and relative changes of topsoil (a, b) soil 
organic carbon (SOC) stock, (c, d) particulate organic carbon (POC) stock, and (e, 
f) mineral-associated organic carbon (MAOC) stock between different latitude 
soils under SSP585 scenario from 2081 to 2100. High-latitude: north of 60° N or 
south of 60° S. Low-latitude: south of 30° N and north of 30° S. Middle-latitude: south 
of 60° N and north of 30° N; south of 30° S and north of 60° S. Box plots indicate the 
medians (horizontal lines), 1st and 3rd quartiles (boxes), 1.5 × interquartile range 
(whiskers), and means (diamonds). The p-value indicates the statistical significance 
between different latitude soils.  



 
Supplementary Figure 12 The absolute and relative changes of topsoil (a, b) soil 
organic carbon (SOC) stock, (c, d) particulate organic carbon (POC) stock, and (e, 
f) mineral-associated organic carbon (MAOC) stock between different forests 
under SSP126 scenario from 2081 to 2100. Box plots indicate the medians (horizontal 
lines), 1st and 3rd quartiles (boxes), 1.5 × interquartile range (whiskers), and means 
(diamonds). The p-value indicates the statistical significance between different forests. 

 



 
Supplementary Figure 13 The absolute and relative changes of topsoil (a, b) soil 
organic carbon (SOC) stock, (c, d) particulate organic carbon (POC) stock, and (e, 
f) mineral-associated organic carbon (MAOC) stock between different forests 
under SSP245 scenario from 2081 to 2100. Box plots indicate the medians (horizontal 
lines), 1st and 3rd quartiles (boxes), 1.5 × interquartile range (whiskers), and means 
(diamonds). The p-value indicates the statistical significance between different forests.  



 
Supplementary Figure 14 The absolute and relative changes of topsoil (a, b) soil 
organic carbon (SOC) stock, (c, d) particulate organic carbon (POC) stock, (e, f) 
mineral-associated organic carbon (MAOC) stock between different forests under 
SSP585 scenario from 2081 to 2100. Box plots indicate the medians (horizontal lines), 
1st and 3rd quartiles (boxes), 1.5 × interquartile range (whiskers), and means 
(diamonds). The p-value indicates the statistical significance between different forests. 
 



Supplementary Figure 15 Global distribution of the absolute change of topsoil (a, 
g, m) particulate organic carbon (POC) stock and (d, j, p) mineral-associated 
organic carbon (MAOC) stock under SSP126 scenario from 2081 to 2100, as 
predicted by generalized boosted regression models (GBM), extreme gradient 
boosting models (XGBoost), and generalized linear models (GLMNET). SSP, 
shared socioeconomic pathway. Here, SOC stock represents the sum of POC and 
MAOC stock. ΔPOC, ΔMAOC, and ΔSOC stocks are the differences between the 
future and present stocks. The POC and MAOC stocks from 2081 to 2100 were 
calculated using climatic factors of different models under the SSP126 scenario. The 
future mean annual temperature, mean annual precipitation, temperature seasonality, 
precipitation seasonality, evapotranspiration, and leaf area index were the means of 
BCC-CSM2-MR, MPI-ESM1-2-HR, and IPSL-CM6A-LR. The future nitrogen 
deposition background was the mean of ACCESS-ESM1-5, NorESM2-LM, and 
NorESM2-MM. The future net primary productivity was the mean of IPSL-CM6A-LR, 
CMCC-ESM2, and CanESM5-1. All maps were at 0.5° resolution. b, h, n, e, k, q, 
Latitudinal profiles of POC stock and MAOC stock change at 0.5° latitudinal resolution. 
The green lines represent the absolute or relative change of POC stock and MAOC 
stock. The grey shading represents the standard deviation. c, i, o, f, l, r, The absolute 
change of POC stock and MAOC stock between land covers. 
  



 
Supplementary Figure 16 Global distribution of the absolute change of topsoil (a, 
g, m) particulate organic carbon (POC) stock and (d, j, p) mineral-associated 
organic carbon (MAOC) stock under SSP245 scenario from 2081 to 2100, as 
predicted by generalized boosted regression models (GBM), extreme gradient 
boosting models (XGBoost), and generalized linear models (GLMNET). SSP, 
shared socioeconomic pathway. Here, SOC stock represents the sum of POC and 
MAOC stock. ΔPOC, ΔMAOC, and ΔSOC stocks are the differences between the 
future and present stocks. The POC and MAOC stocks from 2081 to 2100 were 
calculated using climatic factors of different models under the SSP245 scenario. The 
future mean annual temperature, mean annual precipitation, temperature seasonality, 
precipitation seasonality, evapotranspiration, and leaf area index were the means of 
BCC-CSM2-MR, MPI-ESM1-2-HR, and IPSL-CM6A-LR. The future nitrogen 
deposition background was the mean of ACCESS-ESM1-5, NorESM2-LM, and 
NorESM2-MM. The future net primary productivity was the mean of IPSL-CM6A-LR, 
CMCC-ESM2, and CanESM5-1. All maps were at 0.5° resolution. b, h, n, e, k, q, 
Latitudinal profiles of POC stock and MAOC stock change at 0.5° latitudinal resolution. 
The green lines represent the absolute or relative change of POC stock and MAOC 
stock. The grey shading represents the standard deviation. c, i, o, f, l, r, The absolute 
change of POC stock and MAOC stock between land covers. 



Supplementary Figure 17 Global distribution of the absolute change of topsoil (a, 
g, m) particulate organic carbon (POC) stock and (d, j, p) mineral-associated 
organic carbon (MAOC) stock under SSP585 scenario from 2081 to 2100, as 
predicted by generalized boosted regression models (GBM), extreme gradient 
boosting models (XGBoost), and generalized linear models (GLMNET). SSP, 
shared socioeconomic pathway. Here, SOC stock represents the sum of POC and 
MAOC stock. ΔPOC, ΔMAOC, and ΔSOC stocks are the differences between the 
future and present stocks. The POC and MAOC stocks from 2081 to 2100 were 
calculated using climatic factors of different models under the SSP585 scenario. The 
future mean annual temperature, mean annual precipitation, temperature seasonality, 
precipitation seasonality, evapotranspiration, and leaf area index were the means of 
BCC-CSM2-MR, MPI-ESM1-2-HR, and IPSL-CM6A-LR. The future nitrogen 
deposition background was the mean of ACCESS-ESM1-5, NorESM2-LM, and 
NorESM2-MM. The future net primary productivity was the mean of IPSL-CM6A-LR, 
CMCC-ESM2, and CanESM5-1. All maps were at 0.5° resolution. b, h, n, e, k, q, 
Latitudinal profiles of POC stock and MAOC stock change at 0.5° latitudinal resolution. 
The green lines represent the absolute or relative change of POC stock and MAOC 
stock. The grey shading represents the standard deviation. c, i, o, f, l, r, The absolute 
change of POC stock and MAOC stock between land covers. 
 



 
Supplementary Figure 18 Global distribution of the absolute and relative changes 
in topsoil (a, d) soil organic carbon (SOC), (g, j) particulate organic carbon (POC), 
and (m, p) mineral-associated organic carbon (MAOC) stocks under SSP126 
scenario for 2081-2100, based on the multi-model mean of four machine learning 
models (random forest model, generalized boosted regression model, extreme 
gradient boosting model, and generalized linear model). SSP, shared socioeconomic 
pathway. Here, SOC stock represents the sum of POC and MAOC stock. ΔPOC, 
ΔMAOC, and ΔSOC stocks are the differences between the future and present stocks. 
The POC and MAOC stocks from 2081 to 2100 were calculated using climatic factors 
of different models under SSP126 scenario. The future mean annual temperature, mean 
annual precipitation, temperature seasonality, precipitation seasonality, 
evapotranspiration, and leaf area index were the means of BCC-CSM2-MR, MPI-
ESM1-2-HR, and IPSL-CM6A-LR. The future nitrogen deposition background was the 
mean of ACCESS-ESM1-5, NorESM2-LM, and NorESM2-MM. The future net 
primary productivity was the mean of IPSL-CM6A-LR, CMCC-ESM2, and CanESM5-
1. All maps were at 0.5° resolution. b, e, h, k, n, q, Latitudinal profiles of SOC stock, 
POC stock, and MAOC stock change at 0.5° latitudinal resolution. The green lines 
represent the absolute or relative change of SOC stock, POC stock, and MAOC stock. 
The grey shading represents the standard deviation. c, f, i, l, o, r, The absolute and 
relative change of SOC stock, POC stock, and MAOC stock between land covers. 
 
  



 
Supplementary Figure 19 Global distribution of the absolute and relative changes 
in topsoil (a, d) soil organic carbon (SOC), (g, j) particulate organic carbon (POC), 
and (m, p) mineral-associated organic carbon (MAOC) stocks under SSP245 
scenario for 2081-2100, based on the multi-model mean of four machine learning 
models (random forest model, generalized boosted regression model, extreme 
gradient boosting model, and generalized linear model). SSP, shared socioeconomic 
pathway. Here, SOC stock represents the sum of POC and MAOC stock. ΔPOC, 
ΔMAOC, and ΔSOC stocks are the differences between the future and present stocks. 
The POC and MAOC stocks from 2081 to 2100 were calculated using climatic factors 
of different models under SSP245 scenario. The future mean annual temperature, mean 
annual precipitation, temperature seasonality, precipitation seasonality, 
evapotranspiration, and leaf area index were the means of BCC-CSM2-MR, MPI-
ESM1-2-HR, and IPSL-CM6A-LR. The future nitrogen deposition background was the 
mean of ACCESS-ESM1-5, NorESM2-LM, and NorESM2-MM. The future net 
primary productivity was the mean of IPSL-CM6A-LR, CMCC-ESM2, and CanESM5-
1. All maps were at 0.5° resolution. b, e, h, k, n, q, Latitudinal profiles of SOC stock, 
POC stock, and MAOC stock change at 0.5° latitudinal resolution. The green lines 
represent the absolute or relative change of SOC stock, POC stock, and MAOC stock. 
The grey shading represents the standard deviation. c, f, i, l, o, r, The absolute and 
relative change of SOC stock, POC stock, and MAOC stock between land covers. 
  



 

 
Supplementary Figure 20 Global distribution of the absolute and relative changes 
in topsoil (a, d) soil organic carbon (SOC), (g, j) particulate organic carbon (POC), 
and (m, p) mineral-associated organic carbon (MAOC) stocks under SSP585 
scenario for 2081-2100, based on the multi-model mean of four machine learning 
models (random forest model, generalized boosted regression model, extreme 
gradient boosting model, and generalized linear model). SSP, shared socioeconomic 
pathway. Here, SOC stock represents the sum of POC and MAOC stock. ΔPOC, 
ΔMAOC, and ΔSOC stocks are the differences between the future and present stocks. 
The POC and MAOC stocks from 2081 to 2100 were calculated using climatic factors 
of different models under SSP585 scenario. The future mean annual temperature, mean 
annual precipitation, temperature seasonality, precipitation seasonality, 
evapotranspiration, and leaf area index were the means of BCC-CSM2-MR, MPI-
ESM1-2-HR, and IPSL-CM6A-LR. The future nitrogen deposition background was the 
mean of ACCESS-ESM1-5, NorESM2-LM, and NorESM2-MM. The future net 
primary productivity was the mean of IPSL-CM6A-LR, CMCC-ESM2, and CanESM5-
1. All maps were at 0.5° resolution. b, e, h, k, n, q, Latitudinal profiles of SOC stock, 
POC stock, and MAOC stock change at 0.5° latitudinal resolution. The green lines 
represent the absolute or relative change of SOC stock, POC stock, and MAOC stock. 
The grey shading represents the standard deviation. c, f, i, l, o, r, The absolute and 
relative change of SOC stock, POC stock, and MAOC stock between land covers.



 

Supplementary Figure 21 The absolute changes of topsoil soil organic carbon 
(SOC) stock, particulate organic carbon (POC) stock, and mineral-associated 
organic carbon (MAOC) stock under (a) SSP126, (b) SSP245, and (c) SSP585 
scenarios from 2081 to 2100, based on a model trained exclusively on high-latitude 
soils. Box plots indicate the medians (horizontal lines), 1st and 3rd quartiles (boxes), 
1.5 × interquartile range (whiskers), and means (diamonds). 
  



 
Supplementary Figure 22 Global distribution of the absolute change of topsoil (a) 
soil organic carbon (SOC) stock, (d) particulate organic carbon (POC) stock, (g) 
mineral-associated organic carbon (MAOC) stock under SSP245 scenario from 
2081 to 2100 by Biogeochemistry-Informed Neural Network models. SSP, shared 
socioeconomic pathway. Here, SOC stock represents the sum of POC and MAOC stock. 
ΔPOC, ΔMAOC, and ΔSOC stocks are the differences between the future and present 
stocks. All maps were at 0.5° resolution. b, e, h, Latitudinal profiles of SOC, POC, and 
MAOC stocks change at 0.5° latitudinal resolution. The green lines represent the 
absolute change of SOC, POC, and MAOC stocks. The grey shading represents the 
standard deviation. c, f, I, The absolute change of SOC, POC, and MAOC stocks 
between land covers.  



 

 
Supplementary Figure 23 The slope of (a) particulate organic carbon (POC) and 
(b) mineral-associated organic carbon (MAOC) among different latitude soils. 
MAT, mean annual temperature. Quadratic polynomial models were fitted to capture 
potential non-linear responses of POC and MAOC to MAT. Point-specific slopes (first 
derivatives) were calculated from the fitted models, representing the rate of change in 
POC and MAOC with increasing MAT. Box plots indicate the medians (horizontal 
lines), 1st and 3rd quartiles (boxes), 1.5 × interquartile range (whiskers), and means 
(diamonds). The p-value indicates the statistical significance between different forests. 
  



Supplementary Figure 24 Relationship between the predicted proportion of 
particulate organic carbon (POC) relative to soil organic carbon (fPOC) and the 
absolute change of (a-c) soil organic carbon (SOC) stock in high-latitude under 
different climate scenarios from 2081 to 2100. SSP, shared socioeconomic pathway. 
ΔSOC stock is the difference between the future and present SOC stock. Different 
colors of points represent the various land covers.  
 



 
Supplementary Figure 25 Variable importance of the machine learning random 
forest model for the slope of particulate organic carbon (POC) stock. Mean annual 
precipitation (MAP), temperature seasonality (TS), precipitation seasonality (PS), 
background nitrogen deposition (Nitrogen deposition), aridity index, cation exchange 
capacity (CEC), percent of clay and silt (clay + silt), total phosphorus, net primary 
productivity (NPP), soil pH, and leaf area index (LAI) are continuous variables. Land 
cover is a categorical variable. Variable importance is ranked by the percent increase in 
mean square error (MSE). 
  



 
Supplementary Figure 26 The relative reduction rate (β) of topsoil soil organic 
carbon pool with increasing soil depth between different land covers.   



 
Supplementary Figure 27 Learning curves of random forest models for (a) 
particulate organic carbon (POC), (b) mineral-associated organic carbon 
(MAOC), and (c) the proportion of POC relative to soil organic carbon (fPOC) 
predictions. RMSE, root mean square error. 
  



 
Supplementary Figure 28 The model performance across random forest models, 
generalized boosted regression models (GBM), extreme gradient boosting 
(XGBoost), and generalized linear model (GLMNET). POC, particulate organic 
carbon. MAOC, mineral-associated organic carbon. fPOC, the proportion of POC relative 
to soil organic carbon. a, c, e, Root mean square error (RMSE) and b, d, f, regression 
coefficients of determination (R2) are two extensively used indicators for validation. 
Box plots indicate the medians (horizontal lines), 1st and 3rd quartiles (boxes), 1.5 × 
interquartile range (whiskers), and means (diamonds).  



 
Supplementary Figure 29 Standard deviation of predicted present (a) particulate 
organic carbon (POC) stock, (b) mineral-associated organic carbon (MAOC) 
stock, and (c) the proportion of POC relative to soil organic carbon (fPOC) in the 
topsoil (0-30 cm). All maps were at 0.5° resolution. 

 



 
Supplementary Figure 30 Global distribution of predicted (a) particulate organic 
carbon (POC) stock, (b) mineral-associated organic carbon (MAOC) stock, and (c) 
the proportion of POC relative to soil organic carbon (fPOC) in the topsoil (0-30 cm) 
under SSP126 scenario from 2081 to 2100. The POC stock, MAOC stock, and fPOC 
were predicted using a random forest model. All maps were at 0.5° resolution. 
  



 
Supplementary Figure 31 Global distribution of predicted (a) particulate organic 
carbon (POC) stock, (b) mineral-associated organic carbon (MAOC) stock, and (c) 
the proportion of POC relative to soil organic carbon (fPOC) in the topsoil (0-30 cm) 
under SSP245 scenario from 2081 to 2100. The POC stock, MAOC stock, and fPOC 
were predicted using a random forest model. All maps were at 0.5° resolution.  



 
Supplementary Figure 32 Global distribution of predicted (a) particulate organic 
carbon (POC) stock, (b) mineral-associated organic carbon (MAOC) stock, and (c) 
the proportion of POC relative to soil organic carbon (fPOC) in the topsoil (0-30 cm) 
under SSP585 scenario from 2081 to 2100. The POC stock, MAOC stock, and fPOC 
were predicted using a random forest model. All maps were at 0.5° resolution. 
  



 
Supplementary Figure 33 Standard deviation of predicted (a) particulate organic 
carbon (POC) stock, (b) mineral-associated organic carbon (MAOC) stock, and (c) 
the proportion of POC relative to soil organic carbon (fPOC) in the topsoil (0-30 cm) 
under SSP126 scenario from 2081 to 2100. All maps were at 0.5° resolution. 
  



 
Supplementary Figure 34 Standard deviation of predicted (a) particulate organic 
carbon (POC) stock, (b) mineral-associated organic carbon (MAOC) stock, and (c) 
the proportion of POC relative to soil organic carbon (fPOC) in the topsoil (0-30 cm) 
under SSP245 scenario from 2081 to 2100. All maps were at 0.5° resolution. 
  



 
Supplementary Figure 35 Standard deviation of predicted (a) particulate organic 
carbon (POC) stock, (b) mineral-associated organic carbon (MAOC) stock, and (c) 
the proportion of POC relative to soil organic carbon (fPOC) in the topsoil (0-30 cm) 
under SSP585 scenario from 2081 to 2100. All maps were at 0.5° resolution. 
 
  



Supplementary Figure 36 Global distribution of the absolute change of topsoil (a, 
g, m) particulate organic carbon (POC) stock and (d, j, p) mineral-associated 
organic carbon (MAOC) stock (0-30 cm) under SSP126, SSP245, and SSP585 
scenarios from 2081 to 2100, based on models trained with datasets separated by 
particle method. SSP, shared socioeconomic pathway. ΔPOC and ΔMAOC stocks are 
the differences between the future and present stocks. b, h, n, e, k, q Latitudinal profiles 
of POC stock and MAOC stock change at 0.5° latitudinal resolution. The green lines 
represent the absolute change of POC stock and MAOC stock. The grey shading 
represents the standard deviation. c, i, o, f, i, r, The absolute change of POC stock and 
MAOC stock between land covers.  



Supplementary Figure 37 Global distribution of the absolute change of topsoil (a, 
g, m) particulate organic carbon (POC) stock and (d, j, p) mineral-associated 
organic carbon (MAOC) stock under SSP126, SSP245, and SSP585 scenarios from 
2081 to 2100, based on models trained with datasets separated by density method. 
SSP, shared socioeconomic pathway. ΔPOC and ΔMAOC stocks are the differences 
between the future and present stocks. b, h, n, e, k, q Latitudinal profiles of POC stock 
and MAOC stock change at 0.5° latitudinal resolution. The green lines represent the 
absolute change of POC stock and MAOC stock. The grey shading represents the 
standard deviation. c, i, o, f, i, r, The absolute change of POC stock and MAOC stock 
between land covers. 
  



Supplementary Figure 38 Global distribution of the absolute change of topsoil (a, 
g, m) particulate organic carbon (POC) stock and (d, j, p) mineral-associated 
organic carbon (MAOC) stock under SSP126, SSP245, and SSP585 scenarios from 
2081 to 2100, based on models trained with datasets separated by the combination 
of particle size and density method. SSP, shared socioeconomic pathway. ΔPOC and 
ΔMAOC stocks are the differences between the future and present stocks. b, h, n, e, k, 
q Latitudinal profiles of POC stock and MAOC stock change at 0.5° latitudinal 
resolution. The green lines represent the absolute change of POC stock and MAOC 
stock. The grey shading represents the standard deviation. c, i, o, f, i, r, The absolute 
change of POC stock and MAOC stock between land covers. 
  



 
Supplementary Figure 39 Global distribution of the absolute change of topsoil (a, 
g, m) particulate organic carbon (POC) stock and (d, j, p) mineral-associated 
organic carbon (MAOC) stock under SSP126, SSP245, and SSP585 scenarios from 
2081 to 2100, based on models trained with the non-standardized dataset. SSP, 
shared socioeconomic pathway. ΔPOC and ΔMAOC stocks are the differences between 
the future and present stocks. b, h, n, e, k, q Latitudinal profiles of POC stock and 
MAOC stock change at 0.5° latitudinal resolution. The green lines represent the 
absolute change of POC stock and MAOC stock. The grey shading represents the 
standard deviation. c, i, o, f, i, r, The absolute change of POC stock and MAOC stock 
between land covers. 
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