
Letter
https://doi.org/10.1038/s41586-018-0371-0

Extensive loss of past permafrost carbon but a net 
accumulation into present-day soils
Amelie Lindgren1,2*, Gustaf Hugelius1,2 & Peter Kuhry1,2

Atmospheric concentrations of carbon dioxide increased between 
the Last Glacial Maximum (LGM, around 21,000 years ago) and 
the preindustrial era1. It is thought that the evolution of this 
atmospheric carbon dioxide (and that of atmospheric methane) 
during the glacial-to-interglacial transition was influenced by 
organic carbon that was stored in permafrost during the LGM and 
then underwent decomposition and release following thaw2,3. It has 
also been suggested that the rather erratic atmospheric δ13C and 
∆14C signals seen during deglaciation1,4 could partly be explained 
by the presence of a large terrestrial inert LGM carbon stock, 
despite the biosphere being less productive (and therefore storing 
less carbon)5,6. Here we present an empirically derived estimate of 
the carbon stored in permafrost during the LGM by reconstructing 
the extent and carbon content of LGM biomes, peatland regions 
and deep sedimentary deposits. We find that the total estimated soil 
carbon stock for the LGM northern permafrost region is smaller 
than the estimated present-day storage (in both permafrost and 
non-permafrost soils) for the same region. A substantial decrease 
in the permafrost area from the LGM to the present day has been 
accompanied by a roughly 400-petagram increase in the total soil 
carbon stock. This increase in soil carbon suggests that permafrost 
carbon has made no net contribution to the atmospheric carbon 
pool since the LGM. However, our results also indicate potential 
postglacial reductions in the portion of the carbon stock that is 
trapped in permafrost, of around 1,000 petagrams, supporting 
earlier studies7. We further find that carbon has shifted from being 
primarily stored in permafrost mineral soils and loess deposits 
during the LGM, to being roughly equally divided between 
peatlands, mineral soils and permafrost loess deposits today.

It has been proposed previously that the global terrestrial carbon 
stock increased from the LGM to the present day8,9. However, these 
studies did not explicitly consider permafrost or deep-soil carbon 
stocks, which would have caused them to underestimate soil carbon 
storage in certain regions during the LGM. Moreover, these studies 
did not look at the potential loss of permafrost-trapped soil carbon 
during deglaciation—information that is needed to resolve atmospheric  
isotope signals2. Modern permafrost soils store considerable amounts 
of organic carbon10; because of this, it has been suggested that the larger 
area of permafrost during the LGM area11 and the greater extent of  
permafrost loess deposits6 led to higher-than-present soil carbon  
storage at that time. In the absence of empirical reconstructions of  
carbon storage within the LGM permafrost zone, estimates have relied 
on model outputs and endmember calculations5,12. However, present 
Earth system models (ESMs) cannot represent the key processes of 
glacial-to-interglacial CO2 dynamics owing to uncertain parameteri-
zation of peat and permafrost carbon dynamics13. Although ESMs are 
improving rapidly12,14 and hold the potential of projecting forwards in 
time, they must still rely on empirical palaeontological data for valida-
tion of past glacial cycles.

Here we combine an extensive range of empirical data on past envi-
ronments to explore and categorize the LGM permafrost landscape, 
and to compare it with the present-day landscape in the same region. 

We define carbon stored in permafrost itself as inert, and compare how 
this inert fraction of the total carbon stock changed from the LGM to 
the present.

As the basis of our calculations, we adapted LGM biome reconstruc-
tions15–17 to delineate areas that were dominated by tundra, forest and 
steppe biomes, all of which encompassed a variety of plant communities 
(Fig. 1a and Extended Data Table 1). Within these broader categories,  
we differentiated lowland and alpine zones18, as well as zones with 
lower or higher peatland coverage (Fig. 1b) according to findings of 
buried peat and counts of Sphagnum moss spores in pollen assemblages 
(Extended Data Fig. 1). To reconstruct typical carbon stocks for these 
past regions, we compared them with modern-day tundra, taiga and 
steppe within the present permafrost zone19. By assuming a comparable 
magnitude and variability of landscape carbon stocks between past and 
present biomes, we estimated LGM carbon stocks down to a depth of 
3 metres on the basis of present-day data from North America20 for 
taiga and tundra, and from the Tibetan plateau21 for steppe (Extended 
Data Table 2). Alpine regions with steep mountain slopes were recon-
structed separately. We calculated a mineral-soil carbon stock of 790 Pg 
for the whole LGM permafrost region, mainly from carbon-rich tundra 
soils (Table 1). A striking difference between past and modern per-
mafrost environments is the apparent lack of peatlands at LGM times. 
Extensive databases and previous research notwithstanding, records of 
northern peatlands older than 16.5 thousand years are scarce22, indicat-
ing limited peatland development during LGM times. Consequently, we 
reconstructed an LGM peatland carbon stock of only 30 Pg.

Because sea levels during the LGM were lower than today, the 
LGM landscape included areas of exposed sea shelves. We included 
0–3 metres’ depth of carbon stocks from these areas in our overall 
biome reconstructions, amounting to an additional carbon storage of 
220 Pg. We assume that these shelves, which have since been inun-
dated by the sea, have retained the carbon accumulated during glacial 
times. Very limited data are available for sea-shelf carbon stocks23, but 
we assume that any carbon that may have been lost through sub-sea 
permafrost degradation and microbial decomposition has been com-
pensated by fresh sediment deposition. Another important landscape 
element during glacial times was the ice sheets themselves. Preglacial 
landscapes might have been partially preserved under these cold-
based sheets24 (Extended Data Fig. 2), and we reconstructed an inert 
LGM carbon stock of 120 Pg from these subglacial areas. We assume 
no changes to carbon stocks beneath the still-existent Greenland Ice 
Sheet (50 Pg).

Extensive areas with loess sequences in the Northern Hemisphere 
formed over several glacial periods, including the LGM, and it has been 
proposed that their accumulative genesis resulted in carbon-rich deposits  
across the past permafrost zone6, similar to the Beringian Yedoma 
deposits (Fig. 1b; Yedoma deposits are organic- and ice-rich perma-
frost of Pleistocene age). The depth and carbon stocks of these deposits  
are included in our LGM carbon estimate. However, we conclude  
that deposits pre-dating the coldest interval of the last glacial period 
(marine isotope stages 4–2)—which lie outside the present north-
ern permafrost region—were affected by (repeated) thaw in warm 
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interglacial and interstadial periods before the LGM. This resulted in 
a substantial depletion of their initial high carbon stocks before the 
LGM, and we reconstructed an additional storage of 366 Pg carbon 
(range 56–725 Pg) during the LGM, which is far less than the 1,000 Pg 
suggested previously6. We assumed that other deep permafrost carbon 
stocks—such as those on the Siberian shelf, in deltas, and in the cur-
rent Yedoma region (Table 1) —were constant between the LGM and 
the present, with small changes in the inert component. We have not 
explicitly considered stocks in other deep Quaternary deposits8, but 
assume that they have remained constant.

Surprisingly, we find that the total estimated soil carbon stock for 
the LGM northern permafrost region is smaller than the estimated 
present-day storage (in both permafrost and non-permafrost soils), 
if the same areas are compared (2,300 Pg and 2,700 Pg, respectively; 
Table 1 and Supplementary Table 4). We assessed uncertainties in 
our reconstructions and determined a plausible maximum and mini-
mum range of LGM permafrost carbon stocks of between 1,680 Pg to 
2,860 Pg (Table 1; present-day range 2,440–3,070 Pg). We used a range 

of scenarios for uncertainty quantification because the nature of this 
LGM reconstruction precludes traditional statistical quantification of 
variance or uncertainty. These error ranges represent the main recon-
struction uncertainties—that is, the average carbon density of different 
LGM ecosystems, the distribution of biomes, the areal coverage of peat-
lands, storage in deep loess deposits and the possible storage of carbon 
beneath ice sheets. We provide a longer discussion about uncertainties 
in the Supplementary Information.

The net gain of carbon from 2,300 Pg in the LGM to 2,700 Pg at 
present does not imply gradual carbon accumulation following post-
glacial warming and permafrost thaw. Instead, from LGM times to 
the present there is evidence for a geographic shift in carbon storage.  
There has been a net transfer of carbon from mineral permafrost soils 
and subglacial and deep deposits, via the atmosphere, into thawed 
mineral soil and both frozen and thawed organic soils (Fig. 2). 
Previous empirical studies have also noted an increase in global ter-
restrial carbon storage, including in vegetation, over the same period8. 
Carbon storage in both vegetation and soils may also have been higher 
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Fig. 1 | Reconstructed LGM environment. a, ‘Mega’ biomes (defined 
in Extended Data Table 1) and ice-sheet extents in the LGM northern 
permafrost region. In parentheses are assumed secondary occurrences 
of other biome types within broader mega biomes. b, Spatial extents 
of permafrost, Yedoma, loess and peat regions in the LGM northern 
permafrost region. The Yedoma and loess deposits include the majority 

of our deep deposits, with additional carbon storage occurring in deltas 
(extent not reconstructed). The peat region depicts areas in which we 
reconstruct a higher LGM peat coverage of 5%, compared with 1% in other 
regions (that is, areas within the LGM permafrost region but outside of the 
peat region).

Table 1 | Estimated carbon pools (in Pg C) for the LGM and present day
LGM Range LGM inert Range Present Range Present inert Range

Mineral soil (0–3 m) 790 269–1143 574 177–838 1084 840–1,366

(of which permafrost region) (589) 367–811 439 270–608

Peatland (0–3 m) 30 16–180 20 11–121 550 457–683

(of which permafrost region) (153) 91–215 127 75–179

Shelf (0–3 m) 220 64–252 164 41–183 220 64–251

(of which permafrost region) (122) 33–130

Deep deposits: Yedoma (>3 m) 741 610–884 741 610–884 741 624–869

(of which permafrost region) (718) 601–846 669 564–785

Deep deposits (>3 m): loess 366 56–725 366 56–725 48 9–92

Deltas 91 37–135 91 37–135 91 37–135 69 31–107

Large lakes 2 45

Subglacial 170 117–225 171 117–225 (48) 48

Total 2,319 1,677–2,867 2,035 1,456–2,522 2,736 2,436–3,073 1,283 1,077–1,495

This table summarizes and compares carbon storage during the LGM and present-day carbon storage within the same region, including the permafrost-inert part of each stock. Woody litter is not 
included. Deep deposits are separated into Yedoma and loess, where the former includes Yedoma carbon storage on sea shelves. Plausible range scenarios for the upper three metres of soil are 
estimated for the LGM (see Methods). The range for the deep deposits includes both well constrained error estimates from present deposits and a statistical analysis of the depth distribution for 
additional LGM permafrost loess deposits. The total ranges were calculated by additive error propagation. For more details and descriptions of how the present-day C pool was quantified, see Methods, 
Supplementary Information and Supplementary Table 4.
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than at present at some point during the Holocene epoch8,9. Our esti-
mate of the LGM inert permafrost carbon stock (2,000 Pg carbon) is 
somewhat lower than suggested previously5,12 (2,300 Pg), but is much 
larger than the present inert permafrost carbon stock (1,300 Pg). This 
agrees with previous findings of postglacial permafrost carbon remo-
bilization3. known thermokarst events (ground subsidence caused 
by the melting of massive ground ice) in the current Yedoma region 
postdate the LGM3, and our review of loess sequences located outside 
the present-day permafrost region shows no evidence of thermokarst 
at LGM times. The thaw of permafrost deposits following postgla-
cial warming would have exposed organic matter to decomposition, 
resulting in the release of carbon depleted relative to the atmosphere 
in both ∆14C (on account of its greater age) and δ13C (caused by the 
preference of light-carbon uptake by plants and further fractiona-
tion during decomposition). These isotopic properties of the thawed 
material fit well with the development of atmospheric isotopic sig-
nals preserved in ice cores1,4. Decomposition of a putative, but highly 
uncertain, old and inert subglacial carbon stock following the grad-
ual retreat of the large Northern Hemisphere ice sheets could also 
have contributed to these observed changes in atmospheric isotope 
composition.

While widespread thermokarst formation occurred in the Yedoma 
region during the Late Glacial and Early Holocene3, new land areas 
became available for soil development following deglaciation of the 
Laurentide and Fennoscandian ice sheets25. This also corresponds 
to a time period of widespread peatland formation in the Northern 
Hemisphere22. The postglacial environment has changed dramati-
cally, and parts of the landscape that were previously occupied by the 
relatively dry tundra (or tundra–steppe) are today covered by peat 
soils26. These organic soils represent a considerable portion of the 
present Northern Hemisphere carbon stocks27. Therefore, the glacial– 
interglacial transition seems to correspond to a period involving a 
depletion of permafrost carbon stocks, while at the same time new 
stocks started to accumulate in other soils25. In the present discon-
tinuous permafrost region, the aggradation of new permafrost into 
previously accumulated peat deposits following Late Holocene cooling 
has resulted in the formation of new inert carbon storage. Considering 
all of these lines of evidence, it is possible that around 1,000 Pg of inert 
carbon became activated during the deglaciation.

By their nature, reconstructions of past ecosystems and environ-
ments rely on assumptions that are highly uncertain and difficult to 
validate. Through the use of analogous modern-day landscapes, we 
assume a comparable magnitude and variability of soil carbon stocks 
between past and present. However, LGM plant communities existed 
in forms we do not see today, such as the steppe–tundra biome with 
its co-dominance of steppe and tundra plant species28. Plant produc-
tivity, and carbon input to soils, was probably lower owing to lower 
atmospheric CO2 concentrations. This may have been especially impor-
tant in forest systems, as low CO2 levels favoured more open vegeta-
tion9, but the response of cold-region ecosystems to variable ambient 
CO2 levels remains uncertain even today, and experiments show that 
changes in plant productivity under different CO2 concentrations do 
not necessarily change ecosystem carbon storage29. Some authors have 
suggested that fast biochemical cycling because of the presence of large 
grazers (Extended Data Fig. 3), and elevated dust loads supplying fresh 
nutrients, enabled productive, and carbon-rich, ecosystems during the 
LGM6,30. This idea is supported by the high carbon stocks observed in 
the preserved LGM Yedoma region, similar to those we reconstruct, 
but it is unclear to what extent the preserved Yedoma is representative 
of the vast LGM region.

The extent of peatlands and wetlands during the LGM is also highly 
uncertain. Our reconstructions are based partly on the occurrence of 
Sphagnum spores, but this could have led us to miss minerotrophic fens 
characterized by graminoids and brown mosses. The scenario-based 
analysis also shows a skewed error range towards a possibly higher 
carbon storage. On the other hand, few deep peat deposits are dated to 
LGM times. Most of the stratigraphic evidence points towards thin (less 
than 40 cm) peat layers, which in our reconstructions are included in 
upland mineral-soil reconstructions. Speculation regarding a possible 
widespread oxidation of LGM peat deposits before the onset of post-
glacial peatland development lies outside the scope of this empirically 
based study.

To alleviate some of these uncertainties and to further refine 
estimates of glacial to interglacial carbon-stock dynamics, further 
research is needed. Specifically, we propose further research into 
potential subglacial carbon storage, the initial stock and fate of car-
bon on inundated sea shelves, the potential extent of peatlands and 
wetlands during the LGM, and the effect of both lower and higher 
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Fig. 2 | Sizes of carbon stocks in the LGM northern permafrost region 
during the LGM and at present. Separate stocks are reported for total 
carbon (shown by the total length of each bar), separated into inert carbon 
(dark grey; defined as permanently frozen carbon), active-layer carbon 
(light grey; defined as carbon within the seasonally thawed layer of soil 
above the permafrost table), and unfrozen carbon outside the modern 
permafrost region (light green). Carbon stocks in the atmosphere and in 

plant material (phytomass) from the LGM northern permafrost region 
are included in the figure for reference, but are not included in the total 
carbon stocks discussed in the text. The carbon stocks of large lakes are not 
shown separately, but are included in the mineral-soil carbon as unfrozen 
(not visible for the LGM). Error bars are ranges around the total carbon 
stocks, specified in Table 1 and Methods.
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atmospheric CO2 levels on tundra and boreal forest productivity and 
carbon turnover.

Our reconstructions suggest that the loss of more than 10 million 
square kilometres of northern permafrost area since the LGM has 
resulted in the net addition of several hundred petagrams of carbon 
into present-day soils. Nevertheless, postglacial warming and perma-
frost thaw resulted in an initial large loss of inert carbon, which may 
have approached 1,000 Pg. This initial loss of carbon was compensated 
by carbon accumulation in permafrost-free mineral soils, in deglaci-
ated terrain, and in peatlands. More research is needed to disentangle 
transient changes during the early stages of the last deglaciation and 
postglacial warming. We stress that the response of the LGM perma-
frost carbon stock to thaw may not be a good analogue for the fate of 
the present permafrost stock, which has a different composition to that 
of the past.

Online content
Any Methods, including any statements of data availability and Nature Research 
reporting summaries, along with any additional references and Source Data files, 
are available in the online version of the paper at https://doi.org/10.1038/s41586-
018-0371-0.
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Methods
Biome reconstructions. Empirical map reconstructions of LGM biomes—
based on pollen, plant macrofossils and/or faunal remains15–17—were reviewed,  
digitized and compared to produce an aggregate biome-reconstruction map  
for the LGM permafrost region. The individual classes were harmonized to  
a common and simplified biome classification scheme (Extended Data Table 1). 
This harmonization required us to generalize biomes into the following broader 
categories: tundra (–steppe), forest (–steppe), and steppe (–desert), where each 
category in parenthesis defines secondary vegetation types. Findings of LGM 
megafaunal remains17,31,32 were briefly reviewed as a complement to the biome 
reconstructions (see Supplementary Information and Extended Data Fig. 3).  
The resulting map was compared with independent data points of biomized  
pollen counts9,33–36 (Kappa 0.85; see Supplementary Information and Extended 
Data Fig. 4).

Following the same overall procedure, we harmonized reconstructions of 
various alpine environments into alpine mega biomes (Extended Data Table 1). 
Moreover, using present-day topographic data (we assume no major changes in 
topography since the LGM), we categorized additional areas as alpine if they dis-
play a ruggedness index equal to or larger than 4. For more information about the 
procedure and data used for this classification, see ref. 18. By categorizing areas as 
rugged, a reconstructed tundra (–steppe) area becomes alpine tundra (–steppe), 
and so on. This scheme also allows mountain ranges such as the Alps to be iden-
tified as alpine.

Steep areas in cold climates are characterized by thin soils, talus formations and 
limited vegetation coverage, while valley floors may accumulate more carbon-rich 
soils (see, for example, ref. 37). On the basis of terrain slope38 for the (mixed) alpine 
and topographically rugged areas, we separated steep areas from valley floors with 
a slope threshold of 4 degrees39 (see Supplementary Information for details).
Peatlands. We digitized a reconstructed possible LGM peatland region on the basis 
of a range of evidence indicative of the presence of peatland (Extended Data Fig. 1). 
This included previous reconstructions of LGM peatlands40,41, local to regional 
studies of peat42,43 and peaty (with O-horizons between 10 cm and 40 cm thick) 
deposits44–49, and palynological data of Sphagnum spores34,50–64. The delineation 
of the possible peatland regions was done by hand, including previously reported 
regions, and generally accepting Sphagnum spore counts greater than 1% (ref. 40) 
with indicative age control. Spore percentages below 1% were not accounted for 
unless they occurred in relatively close proximity. We do not take ruggedness into 
account when estimating the extent of this region. Further methods are available 
in the Supplementary Information.

To estimate peatland extent within the ‘possible peatland region’, we hypothe-
sized that continental and dry climates are less favourable to peat formation, so that 
present circumarctic peatland extent is related to continentality. We supported this 
hypothesis by comparing a map65 of the Gorczynski continentality index66 (KG), 
based on Climatic Research Unit (CRU) climate data from 1951 to 2000, with 
maps of peatland extent in flat terrain (ruggedness less than 2) within the current 
permafrost regions of North America and Eurasia20 (R2 = 0.40; P = 0.07; Extended 
Data Fig. 5). We thus assume that the modern peatland extent is a reasonable ana-
logue of LGM conditions. With a dry, cold climate during the LGM67,68, similar to 
conditions in highly continental areas today, we reconstruct peatland coverage in 
the ‘possible peatland regions’ as around 5%, which is the average coverage in the 
most continental region in Siberia20. In addition, peaty soils may have been present 
across larger areas, but these are included in the mineral-soil transfer functions 
from modern analogues to the LGM (see Extended Data Table 2). We assigned 
areas outside the peatland region a peatland coverage of 1%, so as to not entirely 
discount peatland presence in localized settings.
Soil carbon-transfer functions. To calculate LGM soil carbon for the different 
biome and landscape types, we relied on modern-day analogues and the carbon 
storage in these systems. For the tundra (–steppe) and forest (–steppe) mega 
biomes, we constructed carbon-transfer functions by extracting soil carbon data 
from the North American continent presented in the NCSCDv2 database20, which 
we subdivided into tundra, alpine tundra, taiga and alpine taiga biomes. The biome 
subdivision was based on the Terrestrial Ecoregions of the World data set19. Using 
the permafrost map of ref. 69, we also categorized these data according to continu-
ous or discontinuous permafrost (including all non-continuous permafrost zones 
in the discontinuous category).

We decided to use only North American data to calculate our carbon-transfer 
functions because the spatial soil carbon scaling in this region is explicitly linked to 
different soil series (US) or soil names (Canada). For other regions, the NCSCDv2 
database was created on the basis of more generalized scaling. Where NCSCDv2 
is scaled at the soil-series/soil-names level, it has a more realistic representation 
of landscape scale variability. This in turn translates into a more realistic estimate 
of scaling errors. There was a concern that simplified thematic scaling, as applied 
in other NCSCDv2 regions, could cause underestimation of actual variability and 
associated scaling errors.

For each category, we calculated averages of kg C m−2 (transfer functions) nor-
malized by polygon area for each separate category, as follows:
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where ̄C  is the weighted average kg C m−2 (transfer function), Ci is the mineral 
carbon content of each polygon belonging to that category (excluding histosols 
and histels), and ai is the mineral-soils area for each polygon.

We used relationships of soil carbon with depth for the 1–3-m interval according 
to an analysis of soil profiles70, from which we estimate carbon content at depth as 
a simple function of carbon content at 0–1 m. As an example, in tundra (–steppe) 
on continuous permafrost, the carbon content at 2 m depth was 48% of the carbon 
content at 1 m. For each separate transfer function, we calculated the following:
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Where ̄C2 is the weighted average C m−2 at 2 m depth, and ̄C3 is for 3 m. Detailed 
results are given in Extended Data Table 2, with a quick overview in Extended Data 
Fig. 6.

We estimated transfer functions for steppe (–desert) by using modern-day 
data from the Qinghai–Tibetan Plateau21. The overall means for moist and dry 
Qinghai–Tibetan Plateau permafrost grasslands were used as analogues for all 
LGM steppe biomes. Data for the transfer functions for 0–1 m, 1–2 m and 2–3 m 
were extracted from Fig. 4 and the supplement of ref. 21 Data for 0–30 cm depth 
were interpolated from a linear regression of log(depth) to log(soil C) (R2 > 0.99; 
P < 0.05).

Steep areas in alpine and mixed alpine regions with a slope of more than 4 
degrees were treated separately and given a default value of 3 kg C m−2 on the 
basis of ref. 37.

The carbon-transfer functions for peat soils were based on the North American 
data within NCSCDv2, across all categories regardless of biome, but with dis-
tinctions between continuous and discontinuous permafrost as well as between 
lowland and alpine conditions. These carbon-transfer functions were applied down 
to 1 m only, because of limited evidence for deeper peat deposits at LGM times. 
With a few exceptions42,43, most records of LGM peat refer to thin peat layers44–49. 
Therefore, a carbon-transfer function considering 1 m of peat might still be an 
overestimate. For 1 m to 3 m, we applied the mineral-soil carbon-transfer functions 
that corresponded to the assigned biome for that area.
Modern-day soil carbon estimates. The LGM permafrost region extends over the 
present-day northern permafrost region and over large areas that are presently per-
mafrost free. Modern-day soil carbon stocks for the present northern permafrost 
region were derived from NCSCDv220 and from data for the Qinghai–Tibetan 
Plateau21. For areas outside the permafrost region, present-day soil carbon stocks 
were computed and extracted from the global-scale WISE30sec database71. This 
database contains data for the top 2 m of soil. Soil carbon stocks in the 2–3-m depth 
interval were extrapolated on the basis of biome-specific ratios of soil carbon in 
the 1–2-m depth interval to the 2–3-m depth interval from Table 3 of ref. 72. The 
spatial scaling of these ratios was applied using spatial biome delineations from  
ref. 19. Ref. 72 presents a depth distribution for mineral-soil types only. For peatlands 
(Histosols), soil carbon in the 2–3-m depth range was estimated to be half of the 
soil carbon content mapped at the 1–2 m. This scaling is consistent with an overall 
mean peat depth of 2.3 m (ref. 73) and assumptions of a typical mineral-soil carbon 
content below that. We calculated the uncertainty ranges for these soil carbon 
estimates by using standard formulas of additive error propagation, combining 
the uncertainty ranges of the 0–2-m carbon stocks71 with the uncertainty ranges 
of the extrapolation ratios72. Modern carbon stocks are detailed in Supplementary 
Table 4.
Lakes. We estimated organic carbon storage in the sediments of large lakes (bigger 
than 10 km2) of the northern permafrost region during LGM times and the corre-
sponding area at present74, using limited available geochemical data (measured/
inferred dry bulk density and organic carbon content) and weighing carbon den-
sities by lake size and their sediment depths. The LGM lake extent was based on 
lakes reconstructed for LGM times75. We estimated carbon storage for large lakes 
only because the databases used to calculate average soil carbon stocks (NCSCDv2 
and WISE30sec) do not spatially resolve small lakes. Therefore they are already 
included in the soil carbon-transfer functions.

During the LGM, large lakes were limited in extent (occupying around 0.2% 
of the total LGM permafrost area) and largely restricted to ice-free parts of the 
Eurasian sector. Storage in sediments from marine isotope stage 4 (MIS4) to the 
LGM was on average 21 kg C m−2 (refs. 76–78), resulting in a total stock of 2 Pg C. 
In postglacial times, the area occupied by large lakes increased (to around 1.9% of 
the total area), particularly in North America following the retreat of the Laurentide 
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Ice sheet. Storage in post-LGM sediments is on average 43 kg C m−2 (refs. 76–80), to 
which should be added the storage in MIS4–LGM deposits in the Eurasian sector 
described above. This results in a total present-day estimate for the large-lake area 
of 45 Pg C. All of these sediments, during both LGM and present-day times, are 
considered to be in a thawed state and not to contribute to the inert permafrost 
carbon stocks. Similar to the calculations for thawed-out loess deposits, we con-
sider that carbon stocks in lake sediments pre-dating the MIS4 stage are not part 
of the LGM or current active carbon cycles.
Phytomass. We calculated the carbon content of phytomass both during the LGM 
and at present within the LGM northern permafrost region. These estimates are 
presented in Fig. 2 for reference to the soil carbon storage. The LGM phytomass 
(30 Pg C) is based on our biome classification together with phytomass estimates9. 
Present-day above-ground and below-ground biomass in the former LGM perma-
frost and ice-sheet regions was quantified to 61 Pg C (37 Pg in the LGM permafrost 
region and 24 Pg in the ice-sheet extent81).
Loess reconstruction. We conducted a review of loess and Yedoma studies to cal-
culate the areal extent (Extended Data Fig. 2), average depth and carbon content of 
those loess sections that lie outside the current permafrost region (Supplementary 
Table 3). We estimated a total area of additional loess in the LGM northern contin-
uous permafrost region of 2.7 million km2, mostly in lowland areas. We calculated 
average depths of these loess deposits across five separate regional sectors (III, 
Alaska; IV, northern Europe including northwest Russia; V, Siberia; VI, central 
loess plateau China; and VII, northeast China). To account for differences in the 
geochemistry and permafrost extent of each sector, we separated the loess into time 
intervals of origin of 71–45 kyr ago and 45–19 kyr ago. To avoid double accounting, 
we removed 2 m from the top (roughly corresponding to an original 3 m of sedi-
ment if we account for initial excess ground-ice content), because this interval is 
accounted for in our estimates of soil organic carbon storage for the 0–3-m interval.

To calculate the additional carbon at the time of the LGM, we first conducted 
an assessment of the present-day carbon content of loess. To infer the carbon den-
sities in these loess deposits at the time of the LGM, we used a survey of published 
analogues from the present-day Yedoma deposits (Supplementary Tables 2 and 3).

We assume that carbon storage in the current Yedoma region is largely the same 
as in LGM times (Supplementary Table 3), because the initial carbon losses in 
Yedoma that resulted from thermokarst following postglacial warming have been 
compensated by later accumulation in organic-rich lake deposits, peat(y) layers and 
Holocene soils. Yedoma is also thought to have been prevalent on the Siberian shelf, 
and therefore we included a deep carbon stock that does not change between past 
and present. We calculated this carbon stock on the basis of our Yedoma estimates.

A longer and more detailed description of our loess review is available 
in Supplementary Information.
Glacial burial. We assume that during the LGM, subglacial soil carbon may have 
been preserved beneath cold-based ice sheets (which are immobile against the 
ground surface), but that no soil carbon would have been preserved under actively 
eroding warm-based ice sheets. Following delineations of cold-based ice sheets 
from ref. 24, we constrained those regions in which we assume that buried perma-
frost may have been located beneath the Laurentide and Fennoscandian ice sheets82 
(Extended Data Fig. 7). Assuming that, during glaciation, the areas proximal to 
expanding ice sheets were tundra environments, we applied a transfer function 
representative of the high arctic tundra (27.5 kg C m−2 down to 3 m; ref. 10) across 
all areas with cold-based ice-sheets and glaciers. We applied this transfer function 
both on land and on sea shelves down to 3 m. We assumed that peat covered 1% 
of the area, but, as previously explained, we did not include any peat deeper than 
1 m. Below this peat, we applied mineral-soil carbon estimates down to 3 m. Steep 
alpine regions were again given a value of 3 kg C m−2. We added an estimate for 
the Greenland Ice Sheet69 (1.7 million km2, 48 Pg C), using the same procedure 
as described above, although we conclude that the storage beneath the Greenland 
Ice Sheet has not changed substantially over time.

Shelf areas beneath ice sheets were estimated using a −130 m cut-off83 on the 
global relief model ETOPO1 (ref. 84), meaning that all areas shallower than −130 m 
were included. This is probably an overestimation, as the sea level reached −130 m 
only at the very last stages of the glacial period, when the ice sheets were at their 
largest configuration.

The total storage of carbon beneath cold-based ice, both on land and on sea 
shelves, amounts to 123 Pg C. However, if we account for the same potential carbon 
storage beneath warm-based ice sheets as for cold-based ice sheets, the results show 
an additional 364 Pg C (Extended Data Table 3).
Inert carbon. We define inert carbon as organic carbon in soils or sediments that 
is protected from potential mineralization by permafrost. Inert carbon would then 
slowly be depleted in ∆14C, and preserve its isotopic signatures of δ13C until thaw. 
Post-thaw microbial processing would also affect the δ13C of soil organic mat-
ter. We categorize all carbon beneath the active layer as inert, and set the active  
layer to 30 cm depth across all permafrost soils, following ref. 10, and consistent  
with present-day active-layer depths in tundra on North–Central Siberia85. For 

discontinuous permafrost, we calculate 50% of the area to be inert beneath 30 cm 
depth, while the remaining area is categorized as entirely active rather than inert. 
To deal with the potential uncertainty in estimates of the permafrost-inert fraction 
from the discontinuous permafrost extent and active-layer depths, the reported 
error ranges of the inert fraction include sensitivity analyses (see below). We 
assume that all deep carbon stocks, as for those within loess, Yedoma and deltas, 
were inert during the LGM. Carbon preserved beneath cold-based ice sheets is 
also inert in this scheme.

For the highly uncertain estimate of carbon on the sea shelves, we consider the 
0–3 m stock to have been disturbed during the deglaciation, removing this stock 
from the inert carbon storage. For the Yedoma on the Siberian shelf, we assume 
that a portion equivalent to the loss of inert carbon per area from Yedoma on 
land has become active beneath the sea floor since the LGM. This loss might be 
underestimated, as wave erosion may have disturbed the Yedoma ice complexes 
when the sea advanced onto the shelves.
Scenarios and error estimates. Owing to limitations in NCSCDv2, we are unable 
to use a standard deviation of our carbon-transfer functions for tundra(–steppe) 
and forest(–steppe) biomes (see Supplementary Information for details). Instead, 
we calculate and report ranges of potential minimum-to-maximum LGM carbon 
stocks for the 0–3 m soil. This scheme also deals with area uncertainty within 
these biome reconstructions. In the first minimum scenario, the tundra (–steppe) 
and forest (–steppe) categories, both lowland and alpine, were represented by 
our lowest carbon-transfer function that describes the average carbon content 
of steppe (–desert). For the steppe (–desert) areas, both lowland and alpine, we 
calculated a minimum carbon estimate on the basis of the error margins in ref. 21.  
For this minimum carbon estimate, we applied a peatland extent of 1% across the 
LGM permafrost landscape. In the maximum scenario, we applied our highest 
carbon-transfer function, continuous tundra (–steppe), for those regions that were 
categorized as lowland or alpine tundra (–steppe) or forest (–steppe). We used the 
carbon-transfer function for continuous forest (–steppe) to the steppe (–desert) 
biome so as to not underestimate uncertainty. We also applied a peatland coverage 
similar to that of today (11%)20 across the landscape, but with peatland depth 
limited to 1 m. Steep slopes were not included in these calculations. These sce-
narios should fully encompass all uncertainties discussed in the Supplementary 
Information, and are indeed a minimum and a maximum range rather than a range 
that describes likelihood. We maintain that our best estimate is the most realistic. 
The error margins for subglacial carbon were calculated by using a ±50% areal 
coverage of cold-based ice.

Uncertainties in the calculations of the additional LGM permafrost carbon 
stock in loess deposits are related to area, depth, dry bulk density and per cent 
carbon estimates. Only for depth have we a nearly complete and consistent data 
set (see Supplementary Information). We used standard deviations in reported 
mean depth for all sectors and the two time periods considered (Supplementary 
Table 3), to obtain a range of 56–725 (366 +359/−310) Pg C for the LGM stocks 
and 9–92 (48 +44/−39) Pg C for the present remaining stocks in loess deposits.

We conducted an additional sensitivity analysis of the inert carbon by varying 
the depth of the active layer (30–100 cm) throughout the entire LGM permafrost 
region and the coverage of permafrost (10–90% coverage) in our LGM discon-
tinuous permafrost zone. This analysis also meant that we estimated additional 
carbon in loess for the discontinuous zone (51 Pg C) as a maximum scenario 
(Supplementary Table 4).

All errors or ranges for individual categories (Table 1 and Supplementary 
Table 4) have been combined by additive error propagation.
Software. We used ArcMap 10.1 in all geographical computations and MS Excel 
for the final numerical calculations.
Data availability. The biome reconstruction that supports the findings of this 
study is available at https://bolin.su.se/data/Lindgren-2018, both as a shapefile 
and in gridded format. Additional sources of used, but unaltered, data sets are 
referenced within the paper. Compiled data sets are available upon request from 
the corresponding author.
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Extended Data Fig. 1 | LGM peat region. The reconstructed peat region is 
based on already-reconstructed areas40,41, Sphagnum spore evidence, and 
the occurrence of peat42,43 or peaty layers44–49. The colouring and size of 
these points show the percentage of the total pollen sum that was spores 
(not algae) and our interpretation of the reliability of the dating. Indicative 

ages are better constrained than speculative ages (see Supplementary 
Information). Evidence of dated peat or peaty deposits is shown in dark 
brown. Data for ice sheets and glaciers are modified from ref. 82, and the 
permafrost region11 is included for reference.
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Extended Data Fig. 2 | Loess and Yedoma deposits during the LGM. 
The deposits were compiled from several data sources86–91, and separated 
into sections (shown with Latin numerals) as described in Methods 
and Supplementary Information. The loess extent outside of the LGM 
continuous permafrost region is included for reference89. A tentative 

area of Yedoma extent on the shelf is also included. We assume that 
this area had the same degree of dissection as the Yedoma on land 
(see Supplementary Information). Data for ice sheets and glaciers 
are modified from ref. 82, and the permafrost region11 is included for 
reference. PF, permafrost.
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Extended Data Fig. 3 | LGM mega biomes and LGM mammal 
assemblages. Assemblages of mammoths, horses, bison, reindeer, wholly 
rhinoceroses and muskoxen17,31,32 dated to between 18 kyr bp and 
26 kyr bp indicate an environment that was productive enough to support 

megafauna (see Supplementary Information). Note that none of the data 
points within the Fennoscandian Ice Sheet are younger than 19 kyr bp. 
Data for ice sheets and glaciers are modified from ref. 82.
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Extended Data Fig. 4 | The LGM mega biomes, and point data from 
pollen and macrofossil findings. The map shows the major biomes 
within the LGM permafrost region, constructed from three separate 
empirical maps15–17, as well as our additional separation of alpine 

environments and steep areas18. Biomized pollen data and macrofossil 
findings9,33–36 were compared with the reconstruction to assess its 
accuracy (see Supplementary Information). Data for ice sheets and glaciers 
are modified from ref. 82.
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Extended Data Fig. 5 | Regression between continentality and organic 
soil coverage. The organic soil (peat) coverage was calculated from data 
within the NCSCDv2 database for flat terrain only (see Supplementary 
Information). The data were aggregated into classes of continentality, 

determined from the map65 of the Gorczynski continentality index66 
(see Methods). The trend indicates that peat coverage in flat terrain is 
lower in regions with high continentality (R2 = 0.4) than in regions of low 
continentality. Q3
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Extended Data Fig. 6 | A schematic presentation of data handling for 
soil of depth 0–1 m. To estimate LGM soil carbon, we used databases to 
calculate carbon-transfer functions for different biomes. The colouring 
describes the continuous and discontinuous sections that were separated 

before applying the biomes as a second filter. Modern-day biomes were 
overlain with modern-day carbon stocks in permafrost terrain, providing 
biome-specific information that was translated into transfer functions 
(see Methods).
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Extended Data Fig. 7 | Warm-based and cold-based sections of ice 
sheets and glaciers24,69, both on land and on shelves. Cold-based areas 
are assumed to retain the carbon storage formed before the glaciation. 

Warm-based ice sheets and glaciers, on the other hand, are erosive, and we 
assume no preserved carbon storage. Data for ice sheets and glaciers are 
modified from ref. 82, and the permafrost region11 is included for reference.
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Extended Data Table 1 | Biome categories included under each ‘mega’ biome for lowland and alpine areas

*Classified as lowland on shelf areas.

 Lowland

Tundra (-steppe) Forest (-steppe) Steppe (-desert)

Tundra

Complex of tundra steppe forest, local halophytic 

Mammoth tundra steppe (arctic)

Subarctic desert, montane tundra, subalpine 
meadows1

Coniferous/broad-leaved and montane forest

Open pine forest of low-mountainous regions 

Appalachian forest

Boreal forest

Floridan forest subtropical 

Forest tundra 

Dark coniferous and birch montane forest

Forest refugia 

Forest steppe with birch and pine

Japan-Chinese forest steppe 

Light coniferous montane forest

Mixed mammoth tundra-steppe (boreal) w. forest
steppe

Open birch and spruce forest

Open forest – larch and birch with tundra elements

Periglacial forest steppe, larch pine birch tundra

Subalpine forest*

Mixed mammoth tundra steppe (boreal) w. forest 

Forest steppe with European broadleaf trees 

Mammoth tundra steppe (boreal)

Grass steppe and scattered flatland semi desert

Periglacial steppe dominated by European elements

Periglacial steppe dominated by Mongolian 
elements

Mixed-grass flatland steppe

Mongolian desert steppe

Montane steppe and semi desert

Central North American steppe

Mixed mammoth tundra-steppe (boreal) w. steppe

Steppe 

Pontian-Kazakhstan steppe

Alpine

Tundra (-steppe) Forest (-steppe) Steppe (-desert)

Subarctic desert, montane tundra, subalpine 
meadows

Alpine tundra

Subalpine forest Mountain desert

Montane steppe and semi desert 
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Extended Data Table 2 | Areas, carbon-transfer functions and carbon stocks (in Pg C) at the LGM

*Shelf areas and resulting carbon stocks are included under the lowland category.

Environment Permafrost Area km2
30 cm 

 kg Cm-2

0 - 1m 

kg Cm-2

1 - 2 m 

kg Cm-2

2 -3 m

 kg Cm-2

Pg C

Lowland*

Steppe (-desert) 
continuous 6,424,000 4.2 7.5 3.1 2.8 86

discontinuous 1,813,000 4.2 7.5 3.1 2.8 24

Forest (-steppe) 
continuous 5,085,000 9.4 20.2 10.1 12.1 217 

discontinuous 1,413,000 8.4 14.8 7.4 8.9 45

Tundra (-steppe) 
continuous 10,353,000 11.2 26.7 12.8 10.8 527 

discontinuous 635,000 9.2 13.1 6.3 5.3 16

Peat
continuous 416,000 16.9 63.1 - - 26

discontinuous 76,000 17.5 62.2 - - 5 

Alpine

steep >4 deg N/A 4,084,000 - 3.0 - - 12

Steppe (-desert) 
continuous 1,288,000 4.2 7.5 3.1 2.8 17

discontinuous 198,000 4.2 7.5 3.1 2.8 3 

Forest (-steppe) 
continuous 12,000 10.1 13.5 6.7 8.1 0.3 

discontinuous 187,000 5.5 11.7 5.8 7.0 5 

Tundra (-steppe) 
continuous 2,147,000 5.2 11.4 5.5 4.6 47

discontinuous 201,000 6.6 13.6 6.5 5.5 5 

Peat
continuous 74,000 19.4 67.2 - - 5 

discontinuous 8,000 14.7 69.4 - - 1 

Glacial burial

Cold based 4,320,000 - 17.8 6.9 2.8 119 

Cold based peat 44,000 - 63.1 - - 3 

Cold based steep 304,000 - 3.0 - - 1 

Greenland 1,713,000 17.8 6.9 2.8 47

Greenland peat 17,000 16.9 63.1 - - 1 

Deep deposits 

Yedoma 1,200,000 301 

Loess 2,700,000 366 

Yedoma on shelf 1,600,000 349 

Delta 76,000 91

Lakes

Large Lakes 70,000 2 
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Extended Data Table 3 | Estimates of areas and carbon stocks (in Pg C) beneath ice sheets and glaciers
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