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Abstract 44 

The largest stocks of soil organic carbon (SOC) can be found in cold regions such as 45 
arctic, subarctic and alpine biomes, which are warming faster than the global average. 46 
Discriminating between particulate and mineral-associated organic carbon (POC and 47 
MAOC) can constrain the uncertainty of projected changes in global SOC stocks. Yet 48 
MAOC and POC are not considered when assessing the contribution of cold regions to 49 

land C-climate feedbacks. Here we synthesize field paired observations of POC and 50 
MAOC in the mineral layer, along with experimental warming data, to investigate 51 
whether the POC fraction dominates in cold regions and whether this relates to higher 52 
SOC losses with warming than in other (milder) biomes. We show that SOC in the first 53 
30 cm of mineral soil is dominated or co-dominated by POC in both permafrost and non-54 

permafrost soils, and in arctic and alpine ecosystems but not in subarctic environments. 55 
Our findings indicate that SOC is most vulnerable to warming in cold regions compared 56 

to milder biomes, with this vulnerability mediated by higher warming-induced POC 57 
losses. The massive accumulation of SOC in cold regions appears predominantly 58 
distributed in the more vulnerable POC fraction rather than the more persistent MAOC 59 
fraction, supporting the likelihood of a strong, positive land-C climate feedback. 60 
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Introduction 81 

Soil organic carbon (SOC) accumulates in cold regions such as arctic, subarctic and alpine 82 
environments1. Approximately 37% of the global SOC stock, down to a depth of two 83 
meters, is stored in these cold regions2,3, and this vast SOC store is increasingly at risk 84 
under climate warming because of the alleviation of temperature limitation for microbial 85 
decay4,5. Furthermore, the large SOC stocks in cold regions are not only inherently more 86 

temperature-sensitive than those in warmer environments6,7, but will also be subjected to 87 
two to four times higher warming rates than the global average due to the Arctic 88 
amplification phenomenon8,9. Together, these factors set the scene for a dramatic release 89 
of C to the atmosphere from SOC stocks in cold regions that will feedback and accelerate 90 
anthropogenic global climate warming within a timescale of decades to centuries3,4. 91 

 Different fractions of SOC, that are found within the soil depending on the 92 

decomposition pathway of incoming organic matter combined with pedogenic processes, 93 
may not respond to global warming in a similar manner10,11. For instance, particulate 94 
organic C (POC) may be more susceptible to warming-induced microbial decomposition 95 
than mineral-associated organic C (MAOC), since POC is not occluded in micropores or 96 
microaggregates and/or bound to mineral surfaces, all of which limit microbial 97 

accessibility to the organic C in the MAOC fraction12–14. Despite the importance of SOC 98 

in cold regions for the land C-climate feedback4,15, no global studies have investigated 99 
the dominance of different SOC fractions in these areas. An effort to compare POC versus 100 

MAOC proportions in cold ecosystems, mirroring those conducted for tropical and 101 
temperate biomes11,16, will inform whether the fraction composition of SOC points 102 
towards a reinforcing or limiting of the land C feedback to climate change from these 103 

regions. 104 

A number of features may determine the dominance of POC versus MAOC in 105 
cold regions, influencing the mechanisms that control SOC persistence and turnover. In 106 

permafrost soils, the perennially frozen ground that remains below 0ºC for at least two 107 
consecutive years17, extremely low temperatures, freeze-thaw dynamics, and water 108 

availability and saturated soils are major controls of SOC dynamics4 and fraction 109 
dominance18,19 compared with non-permafrost soils. Carbon distribution in POC and 110 
MAOC can also differ across arctic, subarctic and alpine biomes, as a range of plant and 111 
microbial traits, climatic conditions and soil mineralogy play contrasting roles as controls 112 

on fraction C concentrations across biome types11,16,20. Soil depth may also be important, 113 
as the effects of surface cryoturbation in thermokarst-impacted landscapes can increase 114 

C association with reactive iron minerals18,21, forming MAOC over POC. Despite these 115 
known process differences, the distribution of SOC across different fractions, biomes, 116 
permafrost and non-permafrost soils, and soil depths remains elusive. 117 

We assessed the distribution of SOC in POC and MAOC fractions in the mineral 118 

layer of cold regions located in the Northern Hemisphere. Our global literature survey 119 
included 134 (the first 30 cm of mineral soil) and 28 (> 30 cm depth) paired POC and 120 
MAOC observations from arctic (57), subarctic (41) and alpine (64) biomes (Extended 121 
Data Fig. 1). We first addressed whether C in cold regions is predominantly stored in the 122 
POC or the MAOC fractions, and whether this dominance changes across soil depths, 123 

permafrost and non-permafrost soils, and biome types. Then, we evaluated potential 124 
environmental controls (climate, soil properties, active layer thickness, and net primary 125 

productivity) on the C stored in the POC versus MAOC fractions. Lastly, we collected 126 
data from field sites which experimentally manipulated ambient temperatures, and tested 127 
whether climate warming primarily drives SOC losses via changes in the POC or the 128 
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MAOC fractions in cold regions (18 observations) compared with other (milder) biomes 129 
(22 observations). If C in the top mineral layer is predominantly stored as POC, likely 130 
triggering higher relative SOC losses with warming compared to milder biomes, then 131 

such a result would build evidence for a potentially dramatic land-C climate feedback 132 
involving Earth's cold region soils. 133 

 134 

Results 135 

POC dominates or co-dominates in the top mineral layer and across permafrost and 136 

biomes 137 

Overall, we found that SOC concentrations in the POC fraction (median: 19.7 g C kg˗1, 138 

interquartile range (IQR): 38.5) were 40% higher than in the MAOC fraction (median: 139 
14.1 g C kg˗1, IQR: 18.7; Fig. 1a). This pattern was confirmed when controlling for 140 
multiple environmental drivers by linear mixed-effects (LME) modelling (Extended Data 141 

Fig. 2). The dominance of POC over MAOC was most evident when considering only the 142 
observations using the particle size fractionation method, but POC still co-dominated with 143 
MAOC when using density methods (Extended Data Fig. 3). The higher abundance of 144 
POC over MAOC was restricted to the first 30 cm of mineral soil; there was no difference 145 

between POC and MAOC in the >30 cm layer (Fig. 1b, Extended Data Fig. 2). The larger 146 
concentration of POC relative to MAOC in the first 30 cm of mineral soil was of greater 147 
magnitude in permafrost-affected soils than in non-permafrost soils (Fig. 1c, Extended 148 

Data Fig. 2), with 75% and 68% increases in the corresponding medians, respectively. At 149 

the biome level, POC was significantly greater than MAOC concentration in the first 30 150 
cm of mineral soil in arctic and alpine sites, but not in the subarctic sites (Fig. 1d). Both 151 
fractions increased with SOC (Fig. 2), but the slope was steeper for POC (slope: 0.66, P 152 

< 0.001) than for MAOC (slope: 0.34, P < 0.001). As a consequence, POC became more 153 
dominant relative to MAOC as SOC concentration increased. 154 

 155 

POC and MAOC in the top mineral layer are not associated with the same 156 

environmental drivers 157 

Separate linear-mixed effects models for each C fraction (Fig. 3) indicated that POC and 158 
MAOC were negatively associated with MAT (estimate: -0.29, 95% confidence interval 159 

(CI): -0.84 to 0.29; and estimate: -0.72, 95% CI: -1.20 to -0.24, respectively), but 160 

positively with MAP (estimate: 0.49, 95% CI: -0.04 to 0.99; and estimate: 0.75, 95% CI: 161 

0.33 to 1.18, respectively). NPP increased POC (estimate: 0.61, 95% CI: 0.15 to 1.08) but 162 
did not affect MAOC. We also found a positive association between both C fractions and 163 
soil clay + silt content (estimate: 0.65, 95% CI: 0.22 to 1.11, for POC; and estimate: 0.55, 164 
95% CI: 0.18 to 0.93, for MAOC). To build confidence in our conclusions from this 165 
analysis of our observational dataset, we also addressed the relative importance of the 166 

environmental drivers using random forests modelling. We found that the most important 167 
predictors of POC (NPP and soil clay + silt) and MAOC (MAT and soil clay + silt) in the 168 
random forests models (Extended Data Figure 4) were also significant predictors in the 169 
linear-mixed effects models (Fig. 3). 170 

 171 

SOC in the top mineral layer is more vulnerable to experimental warming in cold 172 
systems than in other biomes 173 



5 
 

There was a tendency for decreased SOC with warming in cold regions (mean percentage 174 
change [MPC]: -15.46%; CI: -30.16 to 2.33; Fig. 4, Supplementary Table 1) but not in 175 
the other biomes’ category (MPC:  -0.30%; CI: -13.15 to 14.45). In line with this result, 176 

we found a significant negative effect of warming on POC in cold regions (MPC: -177 
27.89%; CI: -47.48 to -0.90) but not in other biomes (MPC: 17.00%; CI: -4.40 to 43.33). 178 
The results of the meta-regression confirmed the differential effects of warming on POC 179 
in cold regions compared to other biomes, as biome type was a significant moderator (P 180 
= 0.008). MAOC did not respond to warming in either cold regions or other biomes. 181 

 182 

Discussion 183 

Soils represent the largest actively cycling pool of C in terrestrial ecosystems, holding 184 
more C than plants and the atmosphere combined2,22. Cold regions such as arctic, 185 
subarctic and alpine environments store a massive SOC stock that is being released to the 186 
atmosphere under anthropogenic global warming, intensifying climate change5,15. The 187 
mineral protection of soil organic matter (i.e., the formation of MAOC) has been proposed 188 

as a fundamental mechanism controlling the long-term persistence of SOC10,23. Our 189 
observational analysis demonstrates that SOC in the top mineral layer of cold regions (the 190 
first 30 cm of mineral soil) is dominated on average, however, not by MAOC but by the 191 
POC fraction, both in permafrost and non-permafrost soils, as well as in arctic and alpine 192 

ecosystems (though not in subarctic environments). The synthesis of experimental 193 
warming studies suggests that SOC is more vulnerable to warming in cold ecosystems 194 

compared to milder biomes, given higher warming-induced POC losses. The large SOC 195 

stocks in cold regions are not only subjected to a higher degree of warming than the global 196 

average8, but proportionally more of the SOC is stored in the POC fraction – the fraction 197 
most vulnerable to anthropogenic climate warming. 198 

 The relationship between soil C inputs and outputs balances the global SOC stock 199 

on an annual basis24. However, climate warming may destabilize this balance, because 200 
microbial-mediated SOC losses under warming are expected to increase more than soil C 201 
inputs from plant residues5. The net outcome of these warming effects is uncertain in cold 202 

regions25, but the relative dominance we observed of the POC fraction compared to the 203 
MAOC fraction may point towards higher SOC losses than expected due to faster C 204 

turnover in these cold environments. Such an effect may be particularly conspicuous 205 
under high emission scenarios, where gains in vegetation C are not large enough to 206 

compensate for SOC losses26. In permafrost-affected soils, POC dominates or co-207 
dominates C concentration (Fig. 1c), which may render the total SOC pool more 208 
susceptible to rapid microbial breakdown upon permafrost thaw27,28. These results are 209 
relevant at the global scale, because the permafrost C-climate feedback has been projected 210 
to account for 0.27 ºC additional global warming by 2100 and up to 0.42 ºC by 2300 in 211 

high emissions scenarios4,25. The representation of SOC fractions in biogeochemical 212 
models may help to constrain the uncertainty of projected change in global SOC 213 
estimates18, as has been demonstrated in other global biomes16. 214 

 The potential for large SOC losses under warming as a result of high POC 215 

concentrations may be modulated because the concentration of MAOC in permafrost soils 216 
may shift under climate change. For instance, warming-induced increases in iron-bound 217 
organic C have been found upon a permafrost thaw sequence on the Qinghai-Tibet 218 

Plateau18. Thus, alongside the initial C release from the microbial decomposition of the 219 
POC fraction, an increase in the stability of the MAOC fraction may dampen the gradual 220 
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permafrost C–climate feedback over decades or centuries – i.e. the timescale where these 221 
feedbacks are more likely to cause abrupt climate change4. In our study we used the 222 
increase in the active layer thickness as a surrogate of warming-induced permafrost thaw, 223 

which is commonly used in permafrost-carbon feedback modelling29,30. Interestingly, the 224 
increased thickness of the active layer is associated with a higher relative dominance of 225 
MAOC over POC in the total SOC (fMAOC, Pearson's r = 0.29, P = 0.03, Extended Data 226 
Fig. 5). On the other hand, waterlogging and oxygen limitation across a spatial gradient 227 
of permafrost thaw have also been found to induce the dissolution of iron minerals and 228 

release of MAOC in the arctic permafrost31. Therefore, whether changes in the stability 229 
of MAOC upon long-term permafrost thaw can alleviate POC losses with warming 230 
remains a critical issue to constrain the land C-climate feedback from cold regions. To 231 
address this unknown, more direct evaluations of thaw dynamics at sentinel sites may 232 

help to overcome the limitations of space for time approaches.  233 

 The dominance of POC over MAOC is more evident when considering the size 234 
fractionation studies only, which encompass a larger number of observations across a 235 
wider biome distribution than density studies (Extended Data Figure 3). However, studies 236 
using density methods still reveal co-dominance of POC with MAOC, as opposed to the 237 
MAOC dominance expected from work in temperate and tropical biomes11,13. Overall, 238 

the consideration of both physical fractionation methods in our analysis contributes to a 239 
more conservative assessment of POC contributions to total SOC, as performed for other 240 

terrestrial ecosystems11,16,32. Our quantitative synthesis also demonstrates that whereas 241 
SOC in the first 30 cm of mineral soil is largely dominated by the POC fraction, the 242 

pattern is not found at deeper soil layers (> 30 cm). The ubiquity of this finding is 243 

uncertain because the number of studies including subsoil data was much lower compared 244 

to those on topsoils. The assessment of SOC from cold systems at deep soil layers such 245 
as in Yedoma deposits remains a priority for soil C research, and we further advocate to 246 

include POC and MAOC fractions in such efforts to improve the prediction of SOC 247 
vulnerability to climate warming. 248 

 Our results further indicate that in arctic and alpine biomes, POC dominates or 249 
co-dominates SOC in the top 30 cm of mineral soil. The large accumulations of 250 

undecomposed plant residues in the organic horizon and excess soil moisture may be the 251 
precursor to the higher POC observed in the arctic and in swamp meadows of the Tibetan 252 
plateau33,34, although other mechanisms may operate in drier alpine steppes. Also, the 253 

reactivity of soil minerals is very low under the permafrost conditions in these areas35, 254 

while the portion of undecomposed soil organic matter with reduced functional groups is 255 

high, which limits the occurrence of organo-mineral interactions23. In contrast to MAOC, 256 
C accumulation in the POC fraction is not dependent on a finite availability of mineral 257 

surfaces to interact with20, and can in theory accumulate indefinitely if C inputs are not 258 
limiting. Such a dynamic appears consistent with the steeper slope of the SOC vs. POC 259 
than the SOC vs. MAOC relationship that was driven by higher POC concentrations at 260 

the arctic sites (Fig. 2).  261 

  Concentrations of MAOC and POC in cold regions were associated with a set of 262 
distinct and overlapping environmental drivers, as confirmed by both linear-mixed and 263 
random forest modelling (Fig. 3 and Extended Data Fig. 4). Whereas MAOC was mainly 264 

linked with climate and soil clay + silt content, POC was related with plant inputs (NPP) 265 
and soil clay + silt content. The MAT emerged as a strong predictor of MAOC 266 

concentration, with higher MAOC concentrations at lower temperatures, highlighting the 267 
strong role of temperature limitation for persistence of the mineral-protected fraction. Soil 268 
clay + silt content positively affected both fractions, indicating that POC and MAOC are 269 
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higher in clayey soils that host larger mineral surface area and reactive sites for C 270 
adsorption36,37. However, the lack of data on predictors in the studies included in the meta-271 
analysis prevented us from addressing the contribution of other potentially important soil 272 

mineralogical variables for organo-mineral interactions, particularly the mineral type, the 273 
proportion of reactive minerals, their specific surface area and the availability of binding 274 
sites16. There was a positive relationship between POC and NPP, suggesting that, beyond 275 
potential effects of the build-up of relatively undecomposed plant material in the organic 276 
horizons18,38, increased plant C inputs likely also contribute to C accumulation in the POC 277 

fraction of the mineral layer. We call for future empirical studies addressing a full suite 278 
of biological, chemical and mineralogical soil properties to gain mechanistic insights into 279 
POC and MAOC distributions in cold regions. 280 

 Finally, we found more pronounced SOC and POC losses from the mineral layer 281 
with experimental warming in cold regions than in other (milder) biomes (Fig. 4). These 282 

results confirmed the pattern found in a previous meta-analysis39, where POC losses with 283 
warming increased with latitude. Climate warming decreases the temperature limitation 284 
for microbial decomposition of POC in cold ecosystems7,40, and this likely drives the 285 
greater POC and SOC losses. Conversely, POC increased with warming in other biomes, 286 
although this response was not significant. In these milder biomes, warming-induced 287 

increases in net primary production are more likely to compensate or even outpace soil 288 
respiratory losses5, which are not as sensitive to temperature as in cold regions6,7. 289 

However, we caution that we only evaluated warming studies which reported fraction 290 
data, which markedly reduced the number of studies available for synthesis. The minimal, 291 

mean change in total SOC under experimental warming in other biomes may then not be 292 

representative of broader patterns. As such, we suggest that the most valid interpretation 293 

of our findings is that SOC losses are likely relatively greater in cold biomes due to the 294 
sensitivity of POC decomposition to warming. To gain mechanistic understanding on 295 

POC losses with warming in cold regions, future empirical research needs to quantify C 296 
inputs from plant growth and C outputs from microbial decomposition, and consider 297 
warming effects on the overlying organic horizon. Also, the mechanisms behind POC 298 

losses with warming may be different in non-permafrost soils and in soils affected by 299 
gradual permafrost thaw, compared to soils suffering from abrupt thaw. In regions 300 

experiencing abrupt permafrost thaw, the mineral protection of SOC may be less efficient 301 
due to enhanced soil aeration41 and increased lateral C transport through gullies and 302 
slumps in thermokarst-impacted sites42. Nevertheless, in the much larger permafrost areas 303 

experiencing more gradual thawing, and in non-permafrost soils, the size of POC likely 304 

exceeds the capacity of the soil mineral matrix to dampen losses of SOC from microbial 305 
decomposition under warming climates. The relative dominance of the POC fraction and 306 
its higher vulnerability to increased warming point towards a reinforcing of the land C 307 

feedback to climate change from cold regions. 308 

 309 

Conclusion 310 

We observed that C in the top mineral layer of cold regions dominates or co-dominates 311 
on average in the POC fraction compared to the MAOC fraction. This pattern was found 312 

in permafrost-affected sites and also in those sites without a permafrost layer, and in arctic 313 
and alpine ecosystems but not in subarctic environments. Concentrations of MAOC and 314 

POC were associated with different sets of environmental drivers, with MAOC mainly 315 
linked with climate and soil parameters and POC with plant inputs and soil parameters. 316 
The dominance of POC agreed with the higher temperature vulnerability of SOC found 317 
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in cold compared with milder biomes, as mediated by higher warming-induced POC 318 
losses in the former. Recent research and international initiatives have profoundly 319 
advanced our understanding of the contribution of SOC from cold regions to global 320 

climate regulation, from increased microbial breakdown of SOC with warming7, to the 321 
quantification of SOC within deeper soil profiles34 and the effects of permafrost thaw 322 
timing (gradual vs. abrupt)30. However, the emerging SOC fraction framework has not 323 
yet been integrated into such large spatiotemporal studies. Our study demonstrates the 324 
relative dominance of the POC fraction in cold regions, sets a critical baseline for 325 

understanding how the massive SOC stock in these areas will respond to climate change, 326 
and builds evidence for a dramatic land-C climate feedback driven by Earth’s cold 327 
biomes. 328 

 329 
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Methods 439 

The soil profile in cold regions typically consists of a surface organic horizon (O) 440 
overlaying different layers of top and subsoil mineral horizons (A, B and C)35. 441 
Considering that the mineral horizon contains the largest amount of SOC in cold 442 
regions34,43, with the exception of deep Yedoma sediments44, and that the organic horizon 443 
is exclusively dominated by POC in the form of moderately decomposed plant 444 

material18,38, we restricted our POC vs. MAOC comparison to the mineral layer.  445 

Meta-analysis of the distribution of soil organic carbon fractions in cold systems 446 

We synthesized studies that measured SOC, POC and MAOC concentrations (g C kg soil-447 
1) in the soil mineral layer of terrestrial ecosystems from cold regions (arctic, subarctic 448 

and alpine biomes following the Köppen-Geiger climate classification; Extended Data 449 
Fig. 1). The organic layer was not included in our study, and thereby soil C data comes 450 
exclusively from the mineral layer, independently of the presence or not of the organic 451 
layer in the study site. We selected paired observations of POC and MAOC at each site. 452 

 A literature search was conducted on 4th May 2022 in the ISI Web of Knowledge 453 
with no restriction on publication year using the following term combinations: (soil 454 
carbon or soil organic carbon) and (fraction* or POM or MAOM or mineral or particulate 455 

or physical protection or light fraction* or macroaggreg* or microaggreg* or occluded or 456 
stabiliz* or persisten*) and (boreal or arctic or subarctic or tundra or permafrost or alpine). 457 
We screened previous reviews on the topic to check for missing papers11. Then, we 458 

confronted this list with our selection criteria (see Supplementary Table 2). Data from 459 

two unpublished studies meeting the selection criteria were also included in the database, 460 
one performed at the CiPERH site in Alaska45 and one from a global network of terrestrial 461 
ecosystems. Studies conducted in Antarctica were removed since soil organic matter 462 

formation and turnover are controlled by different factors due to very limited and sparse 463 
vegetation. We differentiated between topsoil (the first 30 cm of mineral soil) and subsoil 464 

(> 30 cm) mineral layers as in recent reviews looking at the global distribution of soil 465 
organic matter fractions11,16. When multiple depths were sampled within each of our 466 
categories, we calculated the depth-weighted mean SOC, POC and MAOC at topsoil and 467 

subsoil depths. We finally gathered 37 studies representing 162 observations (Extended 468 
Data Fig. 1). See Appendix S1 for a list of the articles included in the meta-analysis. The 469 

full records of selected articles and the flowchart of preferred reporting items for 470 
systematic reviews and meta-analyses (PRISMA) can be found in Extended Data Fig. 6. 471 

 Mean, standard deviation and sample size of SOC, POC and MAOC were 472 
extracted directly from tables or from graphs using WebPlotDigitizer 473 

(https://automeris.io/WebPlotDigitizer/). We focused on physical soil organic matter 474 
fractionation10,46, and included both particle size (MAOC lower than 50–63 µm) and 475 

density (MAOC heavier than 1.6–1.85 g cm−3) methods as in recent global analyses11,16, 476 

because they give very similar results in comparison studies47 and in their response to 477 

environmental variation39. The number of observations using the particle size, density and 478 
combined size-density were 87, 51, and 24, respectively. When POC and MAOC were 479 

split into different components in combined size-density fractionation methods, fractions 480 
were summed to total MAOC and POC39, and using SOC concentration and the 481 
percentage of each fraction. 482 

We gathered a set of methodological, climate and soil variables from papers and 483 

global databases to explore their potential relationships with SOC, POC and MAOC: 484 
latitude (-54.26 to 78.73), longitude (-156.61 to 177.40), MAT (-18.6 to 3.9ºC), MAP (76 485 

https://automeris.io/WebPlotDigitizer/
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to 1,520 mm), biome (arctic, subarctic, alpine), soil depth (0 to 126 cm), soil pH (3.29 to 486 
9.10), and soil clay + silt content (3.2 to 97.7%). When multiple depths were sampled, we 487 
calculated the depth-weighted mean soil properties at surface and subsoil depths. The 488 

biome of each site was categorized as arctic, subarctic or alpine following the Köppen-489 
Geiger climate classification. Basically, the average warmest air temperature of any 490 
month is below 10ºC at arctic sites, one to three months average above 10ºC at subarctic 491 
sites, and one to five months average above 10ºC at alpine sites of the Qinghai-Tibet 492 
Plateau. We checked the warmest temperature of any month of the 1900-2019 period 493 

using CRUTEM4 accessed through Google Earth48. We obtained the mean annual 494 
temperature and precipitation of each field study site from the WorldClim v2.1 database49, 495 
which provides average climatic values for the period 1970–2000. We used the NDVI 496 
from the MODIS satellite imagery MOD13Q1 product as our proxy of net primary 497 

productivity (NPP), as multiple studies have suggested the existence of a positive 498 
relationship between NDVI derived from AVHRR/NOAA satellite data and either 499 
biomass or annual aboveground net primary production (ANPP) for different geographic 500 

areas and ecosystems50. We followed the standard procedure for NDVI calculation at a 501 
global scale51. We acquired 23 NDVI values per year with a pixel size of 250 × 250 m 502 
and used them to calculate annual NDVI data for each year in the period from 2000 to 503 
2021. To do so, we averaged the product values between the date of the minimum NDVI 504 

(n) and the date n – 1 of the following year at each site. MODIS data are geometrically 505 
and atmospherically corrected, and include a reliability index of data quality based on the 506 

environmental conditions in which the data were recorded and ranging from 0 –good 507 
quality data– to 4 –raw or absent data. When pixel reliability values were higher than 1, 508 
and to avoid using poor quality data such as pixels covered by snow, NDVI data were 509 

discarded. 510 

When not reported in papers, we extracted soil pH and sand content from SoilGrid 511 

2.0 (https://soilgrids.org/). We also specified whether the site has active permafrost soil 512 
or not. If yes, we recorded the thickness of the active layer (in cm) to assess as a surrogate 513 
of warming-induced permafrost thaw27,28. Gaps in data on the active layer of permafrost 514 

sites were filled with either published papers from the same site or using data from the 515 
Permafrost Climate Change Initiative52. 516 

 517 

Meta-analysis of experimental warming effects on soil carbon fractions in cold systems 518 
vs. other biomes 519 

We synthesized studies that evaluated the effects of climate warming on SOC, POC and 520 
MAOC concentrations (g C kg soil-1) in the mineral layer using pairwise field 521 
comparisons located side by side under the same climatic and soil conditions. A literature 522 
search was conducted on 4th May 2022 in the ISI Web of Knowledge with no restriction 523 

on publication year using the following term combinations: (soil carbon) and (fraction* 524 
or POM or MAOM or mineral or particulate or physical protection or light fraction* or 525 
macroaggreg* or microaggreg* or occluded or stabiliz* or persisten*) and (warming or 526 
elevated temperature*). We screened published reviews to check completeness of our 527 
literature compilation39. Then, we confronted this list with our selection criteria (see 528 

Supplementary Table 2). Data from one unpublished study performed at the CiPERH site 529 
in Alaska45 meeting the selection criteria were also included in the database. We finally 530 

gathered 20 articles representing 40 observations. See Appendix S2 for a list of the articles 531 
included in the meta-analysis. The full records of selected articles and the flowchart of 532 
PRISMA can be found in Extended Data Fig. 7. 533 

https://soilgrids.org/
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 Mean, standard deviation and sample size of SOC, POC and MAOC at control 534 
(ambient temperature) and warming (elevated temperature) plots were extracted directly 535 
from tables or from graphs using WebPlotDigitizer 536 

(https://automeris.io/WebPlotDigitizer/). The number of observations using the particle 537 
size, density and combined size-density were 8, 15, and 15, respectively. Climate 538 
warming treatments included open top chambers, infrared heaters, heating cables, 539 
geothermal, and altitudinal transplants. The biome of each site was categorized as cold 540 
system (arctic, subarctic and alpine) or other (rest of biomes) following the Köppen-541 

Geiger climate classification. We focused our analyses on the first 30 cm of mineral soil, 542 
as the number of studies including subsoil (> 30 cm) measurements was very low. When 543 
multiple surface depths were sampled, we calculated the depth-weighted mean SOC, POC 544 
and MAOC. Besides biome we did not explore any other biotic, abiotic or methodological 545 

variables, as these have been comprehensively tested in ref39 and are not necessary to 546 
address our very specific research question (i.e., does POC respond more strongly to 547 
warming in cold systems compared to other biomes?) given the “pairing” of control and 548 

treatment plots across potential confounding variables. 549 

 550 

Data analyses 551 

The POC and MAOC concentrations in the top mineral layer (the first 30 cm of mineral 552 

soil) and subsoil (> 30 cm) layers, and in the topsoil mineral layer of permafrost and non-553 
permafrost soils, and in arctic, subarctic, and alpine biomes did not exhibit normal 554 

distributions (Fig. 1). For this reason, POC and MAOC concentrations were first 555 

compared using non-parametric paired Wilcoxon signed-rank tests. Then, we used 556 

parametric linear mixed-effects modelling on natural-log transformed C concentrations 557 
to provide support for the Wilcoxon tests and to control for the effects of climate, net 558 
primary productivity and soil properties, as well as to account for the lack of 559 

independence between observations. In particular, we built a model with a fixed effects 560 
term that included C fraction as a binary variable (POC or MAOC, 1 or 0), together with 561 

its interaction with soil depth (topsoil vs. subsoil), permafrost (permafrost vs. non-562 
permafrost), and biome type (arctic, subarctic, and alpine), as well as MAT, MAP, NPP, 563 
soil pH, and clay + silt content as covariates. In the random term of the model, we used 564 
an intercept structure with study plot nested within study to account for the dependence 565 

between observations of different depths within the same plot and within the same study. 566 

 We also used linear mixed-effects modelling to compare the relative effect sizes 567 
of the potential environmental drivers (MAT, MAP, NPP, soil pH, and soil clay + silt 568 
content) on the concentration of each C fraction (POC and MAOC) in the first 30 cm of 569 
mineral soil. Spatial associations between observations within the same plot and within 570 
the same study were accounted for by random intercept structures in the mixed-effects 571 

models. For linear mixed-effects modelling, all numeric variables were standardized by 572 
subtracting the mean and dividing by two standard deviations, and binary variables 573 
rescaled to -0.5 and 0.553. The coefficients and 95% confidence intervals of the models 574 
were computed by the restricted maximum likelihood method and bootstrapping (1000 575 
simulations), and P-values were estimated based on Satterthwaite approximation. 576 

Variance inflation factors (VIFs) and generalized VIFs were calculated to check that the 577 
degree of multicollinearity was low (VIF < 2 and GVIF < 2.2 for all predictors). 578 

 To build confidence in our analysis of the potential environmental controls on 579 
POC and MAOC concentrations in the first 30 cm of mineral soil, we also ran random 580 

https://automeris.io/WebPlotDigitizer/
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forest modelling. These models are based on the construction of regression trees on 581 
bootstrap samples (resampling data allowing for replacement) grown with a subset of 582 
predictors. The excluded ‘out-of-bag samples are then used to calculate an unbiased error 583 

rate which is essentially a cross-validated error estimate, and thus, eliminates the need for 584 
an aside test set54,55. Random forests measure relative importance as to how much each 585 
predictor contributes to increasing model accuracy54, here computed as the difference in 586 
mean square error (MSE) when a variable is held ‘out-of-bag’. Variance explained (R2) 587 

was calculated by dividing MSE by the variance of the original observations and then 588 
subtracting this from one56.  Even though both analyses query data for different purposes 589 
(i.e., mixed effects models estimate effect sizes, whereas random forests explain variation 590 
in the outcome), we reasoned that confidence in our analysis of this compiled 591 
observational dataset would increase if two contrasting approaches led to similar 592 

conclusions. 593 

Wilcoxon signed-rank tests, linear mixed-effects modelling and random forest 594 
analyses were carried out using R version 4.1.157 and the car58, lme459, lmerTest60, 595 
partR261 and randomForest v.4.7-1.156 packages. 596 

 We explored whether anthropogenic experimental warming affected SOC, 597 
MAOC and POC concentrations compared to control plots in cold regions and in other 598 
biomes using the log response ratio (RR) as the measure of effect size. The RR is a unit 599 

free index, which ranges from -∞ to +∞ and estimates the size of the impact and its 600 
direction. The RR is calculated as ln(XW) ̶  ln(XC), where XW and XC are the SOC, MAOC 601 
or POC in the warming and control plots, respectively. Zero RR values mean no 602 

difference between warming and control plots, and positive and negative values indicate 603 

higher and lower SOC, MAOC and POC in warming than in control plots, respectively. 604 
For the sake of data interpretation, the RR was converted into the mean percentage of 605 
change, being estimated as (eRR  ̶  1) × 100%. 606 

 To test whether RR significantly differed from zero, we assessed whether its 95% 607 

confidence interval (CI) overlapped zero using the open-source software OpenMEE62. 608 
Specifically, we tested whether the ‘biome type’ of the study (cold systems including 609 

arctic, subarctic and alpine vs. other biomes) influenced the effect sizes using weighted 610 

random-effects models and a restricted maximum likelihood estimation method. As 611 
several studies contributed more than one RR when multiple sites were considered, the 612 

variable ‘study’ was included as a random factor in the mixed-effect model. We explored 613 
the moderating effect of the categorical covariate ‘biome type’ on the RR using a meta-614 

regression and an omnibus test62. The publication bias was assessed with Spearman’s rank 615 
correlation tests to analyze the relationships between the effect size and the variance and 616 
sample size across studies. The effect sizes of SOC, MAOC and POC were not correlated 617 

with data variances or sample sizes (P > 0.05 in all cases).  618 
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 710 

  711 

Figure 1 | Distribution of soil organic carbon in the POC and MAOC fractions (g C 712 

kg soil-1) in the mineral layer of cold regions. Panels represent (a) overall fraction 713 
distribution or separated by (b) soil depth (the first 30 cm of mineral soil and >30 cm), 714 

(c) permafrost vs. non-permafrost soils, and (d) biome type. Results from paired 715 
Wilcoxon signed-rank tests. POC = particulate organic C; MAOC = mineral-associated 716 
organic C. Data in panels (c) and (d) correspond to the first 30 cm of mineral soil. Box 717 
plots represent 1st and 3rd quartiles (box), medians (central horizontal line), largest 718 
value smaller than 1.5 times the interquartile range (upper vertical line), and smallest 719 

value larger than 1.5 times the interquartile range (lower vertical line). 720 
 721 

  722 
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 723 

Figure 2 | Relationships between soil organic carbon and (a) POC and (b) MAOC 724 
concentrations in the top mineral layer of cold regions. Lines and shadings represent 725 
linear regression and 95% confidence intervals. MAOC = mineral-associated organic C; 726 

POC = particulate organic C. All panels correspond to the first 30 cm of mineral soil. 727 
*** P < 0.001. 728 

 729 

 730 

 731 

 732 

 733 

 734 

 735 

  736 

 737 

 738 

 739 

 740 

 741 

 742 

 743 

 744 

 745 
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 746 

 747 

Figure 3 | Effects of environmental drivers on POC and MAOC concentrations in 748 
the top mineral layer (first 30 cm) of cold regions. Panels represent (a) coefficients 749 

(dot) and 95% confidence intervals (lines) of the fixed effects of mean annual 750 
temperature (MAT), mean annual precipitation (MAP), net primary productivity (NPP), 751 
soil pH, and soil clay + silt content in a linear mixed effects model (· P < 0.1, ** P < 752 

0.01, *** P < 0.001), and (b) percentage of the variance explained by the fixed effects 753 
uniquely attributable to each predictor and shared among them. The variance explained 754 
by the fixed effect predictors and random effects relative to the total variance (R2) was 755 

30% and 36%, respectively, for POC, and 29% and 14% for MAOC. POC and MAOC 756 
concentrations were natural log-transformed. MAOC = mineral-associated organic C; 757 

POC = particulate organic C.  758 

 759 

 760 

 761 

 762 

 763 
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 764 

 765 

Figure 4 | Mean effect size of experimental warming on SOC, POC and MAOC in 766 

the top mineral layer (first 30 cm) of cold systems vs. other biomes. SOC = soil 767 
organic carbon; MAOC = mineral-associated organic C; POC = particulate organic C. 768 

Lines around symbols (log response ratios) are 95% confidence intervals. 769 




