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Human-induced climate warming by 2100 is expected to thaw large expanses of northern 19 

permafrost peatlands. However, the spatio-temporal dynamics of permafrost peatland 20 

thaw remain uncertain due to complex permafrost-climate interactions, the insulating 21 

properties of peat soils, and variation in model projections of future climate. Here we show 22 

that permafrost peatlands in Europe and Western Siberia will soon surpass a climatic 23 

tipping point under scenarios of moderate-to-high warming (SSP2-4.5, SSP3-7.0, and SSP5-24 

8.5). The total peatland area affected under these scenarios contains 37.0–39.5 Gt carbon 25 

(equivalent to twice the amount of carbon stored in European forests). Our bioclimatic 26 

models indicate that all of Fennoscandia will become climatically unsuitable for peatland 27 

permafrost by 2040. Strong action to reduce emissions (SSP1-2.6) by the 2090s could retain 28 

suitable climates for permafrost peatlands storing 13.9 Gt carbon in northernmost Western 29 

Siberia, indicating that socioeconomic policies will determine the rate and extent of 30 

permafrost peatland thaw.  31 

 32 
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Permafrost peatlands represent ~45 % (185 Gt) of the soil organic carbon (SOC) stored in 34 

northern peatlands1 and are particularly threatened by rapid 21st century climate change 35 

across the Arctic2. Thawing of peatland permafrost enhances CO2 emissions3, while 36 

waterlogging from surface collapse can increase CH4 emissions4. Peatland permafrost 37 

responds differently to changing climates than mineral-soil permafrost, due to the insulating 38 

properties of organic soils5, but peatlands remain poorly represented in Earth system 39 

models1. Some dynamic global vegetation models (DGVMs) have approximated permafrost 40 

distribution in peatlands using simulated soil temperatures6,7, but do not distinguish different 41 

permafrost forms (e.g. ice lenses or ice wedges) or their differing relationships with climate. 42 

Modelling of permafrost-temperature relationships has predicted that a warming of 2°C 43 

above preindustrial climates would thaw 700,000 km2 of peatland permafrost along its 44 

southern limit, which would shift northern peatlands from a net carbon sink to a net carbon 45 

source1. However, the timing of such changes is highly uncertain. Furthermore, snow cover 46 

and summer rainfall are known to play important roles in determining the distribution of 47 

peatland permafrost8,9, meaning future changes to precipitation regimes must also be 48 

considered. The latest generation of global climate models (CMIP6) project substantially 49 

warmer climates by 2100 than previous generations (e.g. CMIP5)10,11, raising the pressing 50 

question of how these new projections may impact estimates of 21st century permafrost 51 

peatland thaw.  52 

Peatland permafrost distributions can be mapped from the presence of characteristic 53 

landforms. Peat-covered frost mounds, termed palsas or peat plateaus depending on their 54 

spatial extent12, are formed through the frost heaving of segregated ice lenses and 55 

predominantly exist in regions of discontinuous permafrost8. Further north, where 56 

permafrost is continuous, ice-wedge polygons form where extreme winter temperatures 57 

cause thermal cracking of peatland surfaces13,14. Modern permafrost peatland distributions 58 

are well-constrained in Fennoscandia15,16 and Western Siberia17,18, but observations from 59 

North America are more sporadic19,20 and are absent across much of central and eastern 60 

Siberia. We may expect these distinct ice forms, and their carbon stocks, to exhibit different 61 

responses to climate, yet large-scale, forward-looking simulations have never compared 62 

them. 63 
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Bioclimatic models fitted specifically to palsa/peat plateau distributions in 64 

Fennoscandia15,16,21,22 and North America20 suggest that these landforms occupy narrow 65 

climate envelopes of cold, dry conditions. Such models have suggested that a 1°C 66 

temperature increase could halve the present palsa extent in Fennoscandia, and that medium 67 

to high anthropogenic emissions could render the entire region climatically unsuitable for 68 

palsas by 2070–209915. Future modelling of ice-wedge polygons, including those from non-69 

peat soils, suggest that these ice forms are supported by intensely cold environments with < 70 

300 mm yr-1 rainfall: an envelope that could halve by 2061–2080 under very high emissions9.  71 

Anthropogenic climate change is expected to cause widespread thawing of permafrost 72 

peatlands1,6,15. The increased warming projected by CMIP6 models suggests that previous 73 

studies may have underestimated the extent of near-future permafrost peatland 74 

degradation. Climate envelope models are powerful tools for understanding permafrost 75 

peatland responses to changing climate9,15,20,22, but such models have not yet been fitted to 76 

palsas, peat plateaus and polygon mires in Western Siberia. Here, we determine the changing 77 

climate envelopes of permafrost peatlands in Europe and Western Siberia during the 21st 78 

century, and estimate the associated risk for peat carbon stocks. To achieve this, we compiled 79 

a new dataset of permafrost peatland landforms and developed bioclimatic models which 80 

were driven by CMIP6 climate projections. We then compared our simulations to a peat 81 

carbon map1, to identify peatlands at risk under future climate change.   82 

 83 

We used one-vs-all logistic regression modelling to establish the modern baseline (1961– 84 

1990) climate envelopes that support palsas/peat plateaus and polygon mires in Europe and 85 

Western Siberia. We drove these bioclimate models using future climate projections from the 86 

Coupled Model Intercomparison Project phase 6 (CMIP6)23 for each decade from the 2020s 87 

to the 2090s, to estimate likely spatiotemporal changes in permafrost peatland climate 88 

envelopes. We combined our bioclimate projections with a map of peatland SOC1, as a 89 

measure of the risk associated with shrinking climate envelopes. CMIP6 represents the latest 90 

generation of general circulation and Earth system models, many of which provide higher 91 

estimates of climate sensitivity than previous CMIP generations10,11. We selected an ensemble 92 

of 12 independent CMIP6 models (i.e. without shared components or a common origin)24 (see 93 
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methods). Our CMIP6 ensemble has an equilibrium climate sensitivity range of 1.9–4.8°C 94 

(median of 3.0°C) (Table S1). To produce 21st century climate projections, CMIP6 models were 95 

driven by Shared Socioeconomic Pathways (SSPs), a range of scenarios that span potential 96 

future societal developments and anthropogenic emissions25. We selected four scenarios for 97 

analysis: SSP1-2.6 (strong climate change mitigation), SSP2-4.5 (moderate mitigation), SSP3-98 

7.0 (no mitigation baseline) and SSP5-8.5 (no mitigation, worst-case). 99 

 100 

Modern climate envelopes of permafrost peatlands 101 

Our study presents a newly compiled, binary, 0.5° × 0.5° spatially-gridded catalogue of 102 

observed permafrost peatland landforms across the northern hemisphere, with 885 grid cells 103 

containing observed palsas/peat plateaus and 510 grid cells containing observed polygon 104 

mires (Supplementary datasets S1 and S2). The majority (71 %) of gridded observations were 105 

concentrated in Europe and Western Siberia, between 25°W and 95°E (Figure S1). By 106 

comparison, the low density of observations in Canada, Alaska, and central and eastern 107 

Siberia suggests that the true distribution of landforms in these regions is underestimated by 108 

published records. We therefore focused on regional predictions for Europe and Western 109 

Siberia, where we have greatest confidence in the modern observed distribution of 110 

permafrost peatlands (see methods for details on the study domain).  111 

Our climate envelope models for Europe and Western Siberia (Tables S2 and S3) showed 112 

predictive accuracies of 94 % for palsas/peat plateaus, and 96 % for polygon mires (Table S4), 113 

indicating that climate is the primary control of permafrost peatlands at broad spatial 114 

scales9,16,20,21. Our models slightly overpredict the southern extent of observed permafrost 115 

peatland landforms (Figure 1a,b), which suggests that our projections of future climate space 116 

likely represent an upper limit. Our results indicate that cold, dry climates are optimal for 117 

palsa/peat plateau persistence in Europe and Western Siberia (spatial medians of 30-year 118 

mean annual temperature (MAT) = -4.7°C; and mean annual rainfall = 283 mm yr-1) (Table S5). 119 

Palsas in Fennoscandia were previously identified alongside an average MAT of -2.6°C–-2.4°C 120 

during 1961–199016,21, which suggests that Fennoscandian palsas exist under warmer 121 

climates than elsewhere, for example those in Western Siberia. Polygon mires require even 122 

colder temperatures (MAT = -8.3°C) and < 300 mm yr-1 of snowfall, which agrees with previous 123 
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pan-Arctic modelling9. We estimate that 1.14 million km2 of Europe and Western Siberia, and 124 

34.4 Gt peat C, existed within the suitable climate envelope for palsas/peat plateaus during 125 

the modern baseline period (1961–1990); whilst 591,000 km2, and 15.3 Gt peat C, existed 126 

within the suitable climate envelope for polygon mires (Figure 1).  127 

 128 

Climate space loss under the strongest mitigation scenario  129 

SSP1-2.6 represents a low emissions pathway with strong climate mitigation policies, where 130 

global net CO2 emissions become negative after 2075. Radiative forcing peaks and begins to 131 

decline during the late 21st century10, reaching 2.6 W m-2 by 210025. Our CMIP6 model 132 

ensemble projects an inter-model median change in MAT from the modern baseline period 133 

(1961–1990) of +2.8°C (interquartile range (IQR) = 1.7–3.1°C) during the 2090s under SSP1-134 

2.6 for peatlands of Europe and Western Siberia, compared to +2.0°C (IQR = 1.7–2.5°C) 135 

globally (Table 1). Previous projections of peatland permafrost thaw under +0.5°C to +2.0°C 136 

equilibrium warming scenarios1,15,26 therefore underestimate the levels of warming that our 137 

estimates project for the late 21st century. Where climates do become unsuitable, the 138 

insulating properties of peat soils could allow relict peatland permafrost to endure for some 139 

time, although new permafrost would no longer develop27,28.  140 

Under SSP1-2.6, our simulations suggest that between 1961–1990 and 2020–2029 the 141 

suitable climate envelope for palsas/peat plateaus will have contracted by 38 % or 431,000 142 

km2 (Figures S3–S4). During this period, our modelling projects the envelope in Fennoscandia 143 

to have contracted by 89 % (129,000 km2). Late 21st century cooling following a mid-century 144 

temperature peak under SSP1-2.6 will not be sufficient to re-establish suitable climatic 145 

conditions in Fennoscandia. Given the comparatively low levels of warming presented by 146 

SSP1-2.6 (Table 1), this suggests that permafrost peatlands in Fennoscandia are close to, or 147 

may have already passed, a climatic tipping point. It therefore seems possible that large areas 148 

of the suitable climate space seen in the baseline period may have already been lost. 149 

Published observations indicate that palsa/peat plateau thaw has occurred throughout the 150 

late 20th century in Fennoscandia29, with degradation accelerating at several sites from the 151 

mid-1990s30,31. Our estimates show permafrost peatlands in Fennoscandia contain 152 

substantially less SOC (1.5 Gt C) than those in Western Siberia (35.9 Gt C), but widespread 153 
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thaw could also cause extensive inundation4,32, habitat and vegetation shifts33,34, and release 154 

of dissolved organic carbon35,36 and heavy metals37 into aquatic systems. Ongoing ecological 155 

and hydrological changes in Fennoscandian peatlands over the coming decades will provide 156 

important early indications of likely ecosystem trajectories elsewhere across the pan-Arctic. 157 

Our modelling projects mean losses of the palsa/peat plateau climate envelope under SSP1-158 

2.6 of 70,000 km2 per decade from the 2030s to the 2070s, reaching a minimum extent of 159 

357,000 km2 by the 2070s (Figures S3–S4). Unlike in Fennoscandia, a partial climatic recovery 160 

in Western Siberia by the 2090s is projected to return the climatically suitable area there to 161 

563,000 km2, with 257,000 km2 located further north than during 1961–1990 (Figure 2), 162 

covering a region currently characterised by polygon mires13,17. However, this median 163 

projected area is less certain than some of our other predictions because our CMIP6 12-model 164 

ensemble presents a wide range of projections for the 2090s under SSP1-2.6 (IQR = 508,000 165 

km2) (Figure S3). 166 

By the 2090s, our simulations indicate that peatlands containing 24.9 Gt SOC will no longer 167 

exist within the suitable climate envelope for palsas/peat plateaus under SSP1-2.6. An 168 

additional 7.6 Gt SOC may be affected by the temporary contraction of the climate envelope, 169 

before a partial recovery beginning in the 2080s (Figure 3). The resilience of permafrost 170 

peatlands to temporary periods of climatic deterioration and recovery have rarely been 171 

considered. Observations from Finland have shown palsas completely thawing in less than 10 172 

years8,38, although frozen soils may persist longer where local environmental conditions offset 173 

unsuitable climates. For example, in central Canada some relict peatland permafrost has 174 

persisted since the Little Ice Age27,39,40. Once thawed, thermokarst ponds and changing 175 

vegetation may prevent permafrost from re-aggrading for several decades, even if suitable 176 

climates return41,42.  177 

Our results suggest that under SSP1-2.6 the suitable climate space for polygon mires in 178 

Western Siberia will contract to 99,000 km2 by the 2070s, before recovering to 150,000 km2 179 

by the 2090s. The minimum extent reached by the 2070s represents an 83 % reduction in the 180 

modern climate envelope and would cause peatlands containing 13.7 Gt SOC to no longer 181 

exist under suitable climate conditions for ice-wedge polygons. From the 2040s, however, the 182 

Yamal and Gyda peninsulas are predicted to fall within the northwards-moving climate 183 



7 
 

envelope for palsas/peat plateaus, suggesting that new permafrost peatland landforms may 184 

begin to develop where suitable peat depths and Sphagnum moss communities exist20,43. The 185 

exact duration of palsa formation remains uncertain, but field experiments have observed 186 

nascent palsas developing after three years of snow clearances8,44. Considering palsas/peat 187 

plateaus and polygon mires together, the climatic recovery projected for the 2090s under 188 

SSP1-2.6 would provide suitable climates for permafrost peatlands across 599,000 km2, a 47 189 

% reduction from 1961–1990. However, these suitable climate envelopes would exist further 190 

north than present, supporting Arctic peatlands that contain substantially less carbon than 191 

those at lower latitudes, because cold, dry climates have restricted plant productivity and 192 

peat accumulation rates there since the early-Holocene45. These envelopes would therefore 193 

only support a combined permafrost peatland carbon stock of 14.9 Gt, a 62 % reduction from 194 

1961–1990 (Figure 3). 195 

 196 

Future changes under uninterrupted warming 197 

The scenarios SSP2-4.5, SSP3-7.0 and SSP5-8.5 represent medium, high and very high 21st 198 

century emissions scenarios, resulting in global radiative forcings by 2100 of 4.5, 7.0, and 8.5 199 

W m-2, respectively25. Overall, our CMIP6 climate model ensemble indicates that peatlands in 200 

Europe and Western Siberia will experience inter-model median MAT increases from the 201 

modern baseline period (1961–1990) to the 2090s of +4.0°C (SSP2-4.5; IQR = 3.3–4.2°C), 202 

+5.9°C (SSP3-7.0; IQR = 5.1–7.0°C), and +7.3°C (SSP5-8.5; IQR = 6.2–8.0°C), which are greater 203 

than the projected global increases (Table 1). Northern high latitudes are projected to warm 204 

more quickly than other regions due to Arctic amplification47. By the 2050s, projected 205 

increases in MAT under SSP5-8.5 in some northern parts of Western Siberia, currently 206 

characterised by polygon mires, will surpass even the worst-case scenarios (+5.5–6°C 207 

warming) considered by recent equilibrium-climate modelling of permafrost peatlands1. Our 208 

ensemble also projects considerable increases in growing degree days, with warming winters 209 

leading to large increases in annual rainfall by the 2090s (Tables S7 and S8).  210 

Our simulations indicate areal losses of the suitable climate envelope for palsas/peat plateaus 211 

across Europe and Western Siberia by the 2060s of 75 % (SSP2-4.5), 81 % (SSP3-7.0), and 93 212 

% (SSP5-8.5) (equivalent to 0.85, 0.92, and 1.05 million km2 respectively) (Figures S5–S7). By 213 



8 
 

the 2090s, these projected losses have increased to 87 % (SSP2-4.5), 98 % (SSP3-7.0), and 100 214 

% (SSP5-8.5) (equivalent to 0.99, 1.11, and 1.14 million km2) (Figure 2) and the inter-model 215 

agreement is strong compared to SSP1-2.6 (Figure S3). Climate space is projected to contract 216 

most quickly before the 2070s. From the 2040s, suitable climates for palsas/peat plateaus are 217 

projected to be absent from Fennoscandia and persist only on the Yamal and Gyda peninsulas 218 

in Western Siberia, an area presently characterised by polygon mires13,17. However, continued 219 

warming under SSP3-7.0 and SSP5-8.5 would likely hinder any new palsa/peat plateau 220 

formation in these northernmost regions. 221 

A shift towards warmer and wetter Arctic climates means that under continuous warming 222 

scenarios the modern climate envelope that supports polygon mires will have almost 223 

completely disappeared by the 2060s (with losses of 551,000–591,000 km2, or 93–99.9 %, 224 

depending on scenario) (Figures S5–S7). By the 2090s, our simulations indicate that almost all 225 

of Europe and Western Siberia would be climatically unsuitable for permafrost peatlands 226 

under these scenarios, potentially leaving 37.0 (SSP2-4.5)–39.5 (SSP5-8.5) Gt of permafrost 227 

peatland carbon vulnerable to post-thaw decomposition (Figure 3). In comparison to SSP1-228 

2.6, the combined suitable climate envelopes would support 12.1 (SSP2-4.5) to 14.9 (SSP5-229 

8.5) Gt less permafrost peatland carbon by the 2090s, equivalent to 61–75 % of the total 230 

carbon stored in European forests48. 231 

We provide the first projections of the future climate spaces of polygon mires, and the first 232 

projections for palsas/peat plateaus in Western Siberia. Empirical modelling of ice-wedge 233 

polygons from all settings, including those formed in mineral soils, has suggested that some 234 

northern parts of Western Siberia could retain suitable climatic conditions during 2061–2080 235 

under CMIP5’s medium (RCP4.5) and very high (RCP8.5) warming scenarios9. Although this 236 

previous analysis demonstrated that ice-wedge distributions are primarily controlled by 237 

climate, these projections of suitable environmental space were also constrained by certain 238 

non-climatic predictors, including the availability of flat topography and coarse sediments9. 239 

Our modelling of broadly-equivalent CMIP6 scenarios indicates suitable climatic conditions 240 

for peatland polygons will exist only in the northernmost extremities of Western Siberia by 241 

the 2070s under medium warming (SSP2-4.5), and will be entirely absent from the region 242 

from the 2060s under very high warming (SSP5-8.5). Fennoscandia was previously projected 243 

to become climatically unsuitable for palsas during 2040–2069 under the CMIP2 scenario for 244 
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very high warming (A2)15, but our CMIP6 modelling now indicates that widespread losses of 245 

climate space will occur imminently even under low warming (SSP1-2.6).   246 

 247 

Post-thaw possibilities for peatland carbon 248 

Once a climatic threshold is surpassed, the presence of thick peat soils and peatland 249 

vegetation are thought to delay permafrost thaw by maintaining cool ground 250 

temperatures41,49. Local-scale negative feedbacks such as this may allow some peatland 251 

permafrost to endure for a considerable time after climates become unsuitable27. The 252 

magnitude of this time lag in degradation varies between years8 and decades27,50, although 253 

observations suggest that thaw rates have accelerated under recent temperature 254 

increases32,51. Active-layer depths of certain palsas/peat plateaus in northern Sweden30 and 255 

north-western Canada52 have increased at rates of 2.3–3.3 cm yr-1 during recent decades. 256 

Indeed, the magnitude of 21st century climate change projected by our CMIP6 model 257 

ensemble (Tables 1, S6–S9) may be sufficient to overcome these feedbacks, rendering 258 

climate-induced thaw of permafrost peatlands unavoidable. For example, the rainfall 259 

increases projected for Fennoscandia could encourage seasonal inundation, which can lead 260 

to the complete thawing of palsas within a single year and prevent refreezing8. Future 261 

peatland permafrost thaw may occur more quickly under higher emission pathways, with our 262 

simulations showing twice as much warming in Western Siberia by the 2090s under SSP5-8.5 263 

than under SSP2-4.5 (Table 1). We found no observational evidence of peatland permafrost 264 

persisting in Europe and Western Siberia under mean annual temperatures > 2.2°C during 265 

1961–1990. However, under the SSP2-4.5, SSP3-7.0, and SSP5-8.5 scenarios only 29 %, 16 %, 266 

and 8 % of peat-containing grid cells are projected to remain below this MAT threshold by the 267 

2090s.  268 

Widespread thaw of northern permafrost peatlands will likely alter large-scale biosphere-269 

atmosphere carbon fluxes, but the direction of the resulting radiative forcing remains an 270 

ongoing research question. On sub-decadal timescales, thaw of ice-rich palsas/peat plateaus 271 

and polygon mires often causes surface collapse and saturation as thermokarst ponds 272 

develop. Degrading permafrost peatlands can then transition into inundated Arctic fens4, 273 

which commonly exhibit high CH4 emissions53. If meltwaters drain away, enhanced aerobic 274 
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decomposition are likely to provoke large CO2 emissions54. Under warming climates, woody 275 

vegetation is expected to expand northwards55, increasing the susceptibility of northern 276 

peatlands to wildfire. Active layer depths in recently burned peatlands can be 30–90 cm 277 

deeper than in neighbouring unburned sites, which can greatly increase respiration of deep 278 

peat carbon56,57, although such losses are inhibited by thermokarst58. Conversely, the 279 

projected onset of warmer, wetter climates would increase plant productivity in Arctic 280 

peatlands and eventually drive new surface peat accumulation, for example through 281 

terrestrialisation of thermokarst ponds32,42, which could offset losses of deep peat carbon by 282 

40 to > 100 %59.  283 

The expected simultaneous increases to peat decomposition and accumulation make it highly 284 

unlikely that entire peatland carbon stocks would be lost following thaw. Empirical modelling 285 

of post-thaw chronosequences suggests that deep peat carbon losses by respiration would 286 

occur rapidly (e.g. < 10 years), and would take several centuries to be replaced by new peat 287 

accumulation1,60,61. Modelled net carbon losses only exist for a small number of sites and vary 288 

widely (-35 to +2.7 kg C m-2 century-1)60,62, depending on relative timings of peat initiation and 289 

permafrost aggradation59. An analysis of five permafrost peatland chronosequences of 290 

varying permafrost histories from Alaska and north-western Canada has reported an average 291 

net carbon loss of 19 % during the first 100 years post-thaw1,61, but similar analyses do not 292 

exist for peatlands in Europe or Western Siberia.  293 

Previous hemispheric-scale modelling of CMIP5 simulations has suggested that northern 294 

peatlands will remain a weak carbon sink until the end of the 21st century6,63,64, but these 295 

assessments should now be revised to incorporate the climate changes projected by CMIP6 296 

ensembles. For example, DGVM simulations forced by CMIP6 climate projections indicate that 297 

northern peatlands will become net carbon sources by 2100, even under SSP1-2.67. Here, our 298 

own CMIP6 modelling projects imminent, widespread losses of suitable climate space for 299 

permafrost peatlands in Europe and Western Siberia, which would have important 300 

implications for the future net carbon balance of northern peatlands.  301 

 302 

Our modelling, which uses the latest generation of CMIP6 future climate projections, suggests 303 

that the suitable climate envelopes for palsas/peat plateaus and polygon mires in Europe and 304 
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Western Siberia are close to a tipping point. We project the widespread loss of climate space 305 

in Fennoscandia within the coming decade, and across the entire study region by 2100. Under 306 

the full range of future emission pathways, only 8,000–16,000 km2 of Fennoscandia will retain 307 

climatically suitable conditions for palsas/peat plateaus by the 2030s, a reduction of 89–94 % 308 

compared to 1961–1990. In Western Siberia, even under the most optimistic climate scenario 309 

(SSP1-2.6) 93 % of current palsas/peat plateaus and 79 % of polygon mires will fall outside 310 

their suitable climate envelope by the 2070s, as both envelopes move northwards. Further 311 

warming projected by the 2090s under SSP3-7.0 and SSP5-8.5 would cause all of Europe and 312 

Western Siberia to become climatically unsuitable for peatland permafrost. Peatlands 313 

projected to no longer climatically support permafrost by the 2090s contain 24.9 (SSP1-2.6), 314 

37.0 (SSP2-4.5), 39.2 (SSP3-7.0) and 39.5 (SSP5-8.5) Gt peat C. The onset of significantly 315 

warmer, wetter climates at these sites could accelerate permafrost thaw and exacerbate 316 

greenhouse gas emissions. However, probable increases in plant productivity and peat 317 

accumulation mean that the net effect upon radiative forcing warrants further investigation. 318 

SSP1-2.6, characterised by strict climate change mitigation, is the only scenario where our 319 

models project a partial recovery of the suitable climate envelope for palsas/peat plateaus by 320 

2100.  321 
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Tables 342 

Table 1 – Projected regional mean annual temperatures for 2090–2099, with comparisons 343 

to the modern baseline period (1961–1990). Median projected, bias-corrected values of 344 

mean annual temperature (MAT) by 2090–2099; the change from the modern baseline period 345 

(1961–1990) (Δ MAT); and standard deviations of MAT across our CMIP6 model ensemble 346 

(Std. dev). MAT values were averaged across all grid cells that were classified to be climatically 347 

suitable for palsas/peat plateaus and polygon mires during the modern baseline period 348 

(Figure 2), for Fennoscandia and Russia. Our Russia region excludes the Kola Peninsula and 349 

Karelia, which are included in Fennoscandia. Antarctica is not included in CRU TS 4.0446, so 350 

we exclude it from our global terrestrial average. For projected changes in other relevant 351 

climate predictors, see Tables S6–S9.  For details on the bias-correction of climate variables, 352 

see methods.  353 

Scenario  MAT (Δ MAT, Std. dev) (°C) 

 
Palsas/peat plateaus 

in Fennoscandia  

Palsas/peat plateaus 

in Russia  

Polygon mires in 

Russia 

Global land 

surface, 

excluding 

Antarctica 

SSP1-2.6 -0.3  

(+2.6, ±1.1) 

-1.6 

(+3.5, ±1.3)  

-4.6 

(+3.7, ±1.6)  

11.0 

(+2.0, ±0.6) 

SSP2-4.5 1.1  

(+4.0, ±1.0) 

-0.4  

(+4.7, ±1.2) 

-3.0  

(+5.2, ±1.5) 

12.2 

(+3.3, ±0.7) 

SSP3-7.0 2.7  

(+5.6, ±1.3) 

2.2  

(+7.3, ±1.7) 

0.0  

(+8.2, ±1.9) 

13.6 

(+4.7, ±0.9) 

SSP5-8.5 3.7   

(+6.6, ±1.6) 

4.4 

 (+9.5, ±2.2) 

2.1  

(+10.4, ±2.4) 

14.6 

(+5.7, ±1.3) 

 354 

 355 

 356 

Figure Captions 357 

Fig. 1 – Distributions of the suitable climate space for permafrost peatlands in Europe and 358 

Western Siberia during the modern baseline period (1961–1990). Maps showing: a) the 359 

predictive performance of our palsa/peat plateau model; b) the predictive performance of 360 

our polygon mires model; and c) the distribution of gridded peat soil organic carbon content 361 

(hg m-2), based on recent soil maps1,65 (see methods for details) and coloured according to 362 

the predicted presence and absence of suitable climatic conditions for permafrost peatlands. 363 

For gridded peat soil organic carbon mass (Mt), see Figure S2. Map outlines are from ref66. 364 
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 365 

Fig. 2 – Future climate space for permafrost peatlands in Europe and Western Siberia. 366 

Projected distributions of the suitable climate envelopes for palsas/peat plateaus and polygon 367 

mires in Europe and Western Siberia during the modern baseline period (1961–1990), and 368 

during 2090–2099 under four SSP scenarios: SSP1-2.6 (strong climate change mitigation), 369 

SSP2-4.5 (moderate mitigation), SSP3-7.0 (no mitigation baseline) and SSP5-8.5 (no 370 

mitigation, worst-case). For earlier projections from 2020–2029 to 2080–2089 see Figures S4–371 

S7. Map outlines are from ref66. 372 

 373 

Fig. 3 – Comparisons of the total peat carbon (Gt) that is within the suitable climate 374 

envelopes for peatland permafrost in Europe and Western Siberia under four CMIP6 375 

emission scenarios. Decadal time series showing for SSP1-2.6, SSP2-4.5, SSP3-7.0 and SSP5-376 

8.5 the total peat soil organic carbon stock in Europe and Western Siberia that is: a) within 377 

the suitable climate envelope for palsas/peat plateaus; and b) within the suitable climate 378 

envelope for polygon mires. Whiskers indicate the full range of values from the 12 CMIP6 379 

models in our ensemble, lower hinges indicate the 25th percentiles, upper hinges indicate the 380 

75th percentiles, and centre lines indicate median values. Dashed lines represent the total 381 

peat soil organic carbon stock that is within the respective suitable climate envelopes during 382 

the modern baseline period (1961–1990). For comparisons of the total peatland area (km2) 383 

that is within the suitable climate envelopes for peatland permafrost, see Figure S3.  384 

 385 
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Methods 546 

Catalogue of Permafrost Peatland landforms 547 

We collated all recorded locations of palsas/peat plateaus and polygon mires across the 548 

northern hemisphere using a structured literature search (Supplementary dataset S1). We 549 

searched for the terms “palsa”, “peat plateau”, “polygon mire”, “high-centre polygon”, “low-550 

centre polygon”, and “permafrost peatland” alongside the names of selected regions (e.g. 551 

“Fennoscandia), countries (e.g. “Canada”), states (e.g. “Alaska”), Russian federal subjects (e.g. 552 

“Yamalo-Nenets Autonomous Okrug”), provinces and territories (e.g. “Quebec”) in Google 553 

Scholar. Other permafrost peatland types, such as permafrost fens67, have been less readily 554 

observed and were not considered here. We prioritised research literature for which 555 

permafrost peatlands were the primary focus, but also scrutinised broader research 556 

publications that provided sufficient evidence to determine the type and location of individual 557 

landforms. Terminologies vary between regions, so where possible we used site descriptions 558 

and photographs to verify permafrost peatland classifications. The terms “palsa” and “peat 559 

plateau” are used interchangeably by some authors, so we combined these landforms into a 560 

single category. The focus of our study is permafrost peatlands. We did not consider 561 

permafrost landforms in non-peat soils (for example lithalsas, mineral palsas, or ice-wedge 562 

polygons in mineral soils) because such landforms are likely to respond differently to modern 563 

climate68,69.  564 

The original coordinates of each site were converted to a 0.5° × 0.5° spatial resolution, to 565 

match the spatial grid of the modern baseline climate data (see below) (Supplementary 566 

dataset S2). Sources varied in spatial resolution from site-specific studies to gridded 0.5° 567 

supervised classifications. Where landforms were reported without exact coordinates, we 568 

used site maps to record their location as the nearest 0.5° grid cell. Distributions of permafrost 569 

peatland landforms appear to be more fully defined in Fennoscandia, Western Siberia, and 570 

northern Alaska due to the availability of broad-scale gridded datasets16-18,70, which were 571 

lacking for Canada, and eastern and central Siberia. Polygon mire presence in northern Alaska 572 

was principally identified using a remotely-sensed classification of polygonal tundra70, with 573 

the presence of peat verified by local surface lithology descriptions71. Our final catalogue 574 

presents a binary map for the presence of palsas/peat plateaus and polygon mires across the 575 



20 
 

northern hemisphere. Our catalogue expands on the North American catalogue of 576 

palsas/peat plateaus by ref20, with 1,199 additional sites from Europe and Siberia, and 553 577 

observations of polygon mires from across the pan-Arctic (2,102 total sites) (see Figure S1 and 578 

supplementary dataset S1). We set the southern limit of our study domain to be 44°N to 579 

encompass all observed permafrost peatland landforms. 580 

 581 

Modern Distribution of Northern Peatlands 582 

To estimate the modern distribution of northern peatlands, we primarily used the PEATMAP 583 

database72. PEATMAP shapefiles were rasterised, reclassified, and sampled in ArcGIS to 584 

produce a binary map of peatland presence/absence for each 0.5° × 0.5° grid cell north of 585 

44°N. We improved our estimate of modern peat coverage in northern Alaska using the peat 586 

distribution map constructed by ref20, and reclassified a small portion of grid cells that were 587 

classified as non-peat containing by these peatland maps, but which contained observations 588 

of palsas/peat plateaus or polygon mires.  589 

 590 

Study Domain 591 

Our study domain consists of European and Western Siberian peatlands, which we define as 592 

all terrestrial 0.5° × 0.5° grid cells that contain evidence of peat, and which are located north 593 

of 44°N and between 25°W and 95°E (4,615 grid cells in total). We focused our analyses on 594 

Europe and Western Siberia because the spatial extents of palsa, peat plateaus and polygon 595 

mires are much better constrained here than in other northern areas. Our study domain omits 596 

most of central Siberia, and all of eastern Siberia. Our literature search returned only 10 597 

observations of permafrost peat landforms east of 95°E, which we believe severely 598 

underestimates their true extent. Although the number of records in Canada and Alaska was 599 

higher (367 grid cells contained permafrost peatland observations), the density of these 600 

observations was low compared to Europe and Western Siberia (where 934 grid cells 601 

contained permafrost peatland observations) and their distribution was patchy (Figure S1). 602 

Previous broad-scale mapping products indicate that several parts of Canada that lack 603 

observations are extensively covered by peatlands72 and permafrost73, suggesting that the 604 
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locations of some permafrost peatland landforms in North America are missing from 605 

published records20. For this reason, our study domain also omits North America. We only 606 

considered grid cells in Europe and Western Siberia that presently contain peat, because any 607 

new peat deposits that form outside of this domain are unlikely to reach a sufficient thickness 608 

to support permafrost peatland landforms before 2100. The remaining 4,615 grid cells in our 609 

study domain therefore represent plausible locations for permafrost peatland landforms to 610 

exist during the 21st century. 611 

 612 

Estimation of Northern Peatland SOC stocks 613 

We analysed the soil organic carbon (SOC) maps of histels and histosols by ref1 in QGIS to 614 

produce gridded estimates of peatland soil carbon (available from: 615 

https://bolin.su.se/data/hugelius-2020). These maps combined core-based analyses with 616 

machine-learning methods and showed greater spatial coverage than previous products74. 617 

The maps estimate that histosols north of 23°N contain 230 ± 81 Gt SOC, whilst histels contain 618 

185 ± 66 Gt SOC (see ref1 for details on agreement with previous estimates). These SOC stocks 619 

have high associated uncertainties caused by high spatial variation in peat depths and 620 

sampling densities, but represent the best gridded estimates of northern peat carbon 621 

currently available. Although histel and histosol maps include peatlands, they may also 622 

include other organic soils, such as mucks that are more heavily decomposed than peat75. To 623 

improve confidence in our estimates, we therefore used our mapped extent of northern 624 

peatlands (described above) to only calculate SOC values for grid cells that are known to 625 

contain peat. This does necessarily assume that for grid cells where peat is present, the carbon 626 

mass of histosols and histels refers solely to peat soils, which may lead to some 627 

overestimation where non-peat organic soils are also present. 628 

To estimate the peat soil organic carbon mass (SOCM) (hg) of each 0.5° grid cell, we first 629 

converted the soil organic carbon content (SOCC) (hg m-2) maps by ref1 from rasters to 630 

polygons, and intersected any polygons that extended across more than one grid cell. We 631 

calculated the surface area of each SOCC polygon and grid cell using the data’s original World 632 

Azimuthal Equidistant projection. We then multiplied the surface area of each polygon by its 633 

SOCC and aggregated these values to the 0.5° grid cell in which they were located. To provide 634 
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SOCC estimates at 0.5° spatial resolution, we divided our gridded estimates for SOCM by the 635 

surface area of each 0.5° grid cell. SOC data were available for all 4,615 peat containing grid 636 

cells in our study area for Europe and Western Siberia, equating to a total SOC stock of 141.1 637 

Gt.  638 

 639 

Modern climate data 640 

We used a custom Python script (available from https://github.com/refewster/Imminent-641 

loss-of-climate-space-for-Eurasian-permafrost-peatlands-) to extract and average mean 642 

monthly temperature and precipitation values during 1961–1990 from the gridded CRU TS 643 

4.04 climatology46 to represent modern baseline climate. We selected the period 1961–1990 644 

to reduce any disequilibrium27 between landform distributions and the modern climate data, 645 

because the magnitude of anthropogenic climate change was less than at present20. The use 646 

of an earlier time period was deemed unsuitable because climate station coverage at high 647 

latitudes increased substantially during the second half of the 20th century, particularly in 648 

Eastern Europe and the Arctic where several regions previously lacked observational 649 

precipitation data46. Furthermore, previous climate envelope modelling of North American 650 

palsas/peat plateaus found models fitted to climate data from 1961–1990 performed better 651 

than equivalent models fitted to general circulation model (GCM) simulations of preindustrial 652 

climate20. We obtained modern baseline climate data for all 4,615 grid cells within our study 653 

domain. 654 

 655 

Future climate simulations 656 

We obtained projected decadal 21st century climate projections from an ensemble of 12 657 

GCMs included in the Coupled Model Intercomparison Project 6 (CMIP6)23, to represent 658 

future climates. To build our ensemble, we selected one CMIP6 GCM from each of the model 659 

groupings by ref24 to ensure that our GCMs were independent from one another (i.e. without 660 

shared components or a common origin). Where multiple candidate GCMs were available, we 661 

selected the model from each grouping which displayed the highest native spatial resolution, 662 

and which simulated historical climates for our study region that most closely reproduced the 663 
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mean temperature and precipitation values from our modern observational climatology for 664 

the period 1961-1990 (see above). Some CMIP6 models have a very high equilibrium climate 665 

sensitivity (ECS) of > 5°C, but none of these models were chosen by our model selection 666 

criteria and they were therefore not included in this study. Some studies have shown that 667 

CMIP6 model ensembles project lower warming when constrained by historical observational 668 

trends76 or model weighting metrics24, but such constraints were not applied to our 669 

simulations. We obtained our CMIP6 climate projections from the Earth System Grid 670 

Federation (https://esgf-node.llnl.gov/search/cmip6/). Our final ensemble has an equilibrium 671 

climate sensitivity range of 1.9–4.8°C (median of 3.0°C) (Table S1), which closely aligns with 672 

the IPCC Assessment Report 6 “very likely” range of 2.0–5.0°C (best estimate = 3.0°C)77. Our 673 

ensemble presents greater warming than CMIP5 ensembles, but slightly less warming than if 674 

all CMIP6 models were included78. 675 

We used a custom Python script (available from https://github.com/refewster/Imminent-676 

loss-of-climate-space-for-Eurasian-permafrost-peatlands-) to extract and average projected 677 

mean monthly temperature and precipitation values for each decade during 2020–2099. We 678 

first converted temperature values from Kelvin (K) to degrees Celsius (°C) and converted 679 

precipitation values from mean precipitation flux (kg m-2 s-1) to mean monthly totals (mm). 680 

We then downscaled and bias-corrected CMIP6 outputs to a 0.5° × 0.5° spatial resolution, 681 

following an almost identical method to ref79. This downscaling procedure retains terrestrial 682 

climates for islands and coastlines by initially extrapolating terrestrial climate data across the 683 

domain using a Poisson equation solver with overrelaxation. To downscale our climate data 684 

to a 0.5° × 0.5° spatial resolution, we favoured the use of bilinear interpolation over the 685 

bicubic spline approach used by ref79, because this approach is more widely used in climate 686 

science, and because bicubic interpolation can cause unrealistically high climatic variability80. 687 

We then used the CRU TS 4.04 land-sea mask to remove all oceanic 0.5° grid cells, resulting in 688 

an output that matched the spatial domain of the modern baseline climate data. We 689 

corrected for spatial biases in our downscaled CMIP6 future climate projections, again using 690 

the method of ref79. For temperature, we calculated the anomaly in simulated temperatures 691 

between the historical (1961–1990) and future time periods (from 2020–2029 to 2090–2099), 692 

and added this anomaly to the relevant observational mean (covering 1961–1990). For 693 

precipitation, we multiplied our simulated future precipitation values by a correction factor, 694 
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derived from simulated and observational precipitation values for the historical baseline 695 

period (1961–1990) (see ref79 for full details).  696 

 697 

Statistical Modelling and Evaluation 698 

We fitted two climate envelope models to statistically predict the modern baseline (1961–699 

1990) and future distributions of palsas/peat plateaus and polygon mires in Europe and 700 

Western Siberia (see above for study domain details). We used one-vs-all (OVA) binary logistic 701 

regression to fit our climate envelope models, where the two landform classes (palsas/peat 702 

plateaus, and polygon mires) were considered as a separate binary response81. Logistic 703 

regression models relate binary observations to continuous predictors and have previously 704 

predicted palsa/peat plateau distributions in North America20 and Fennoscandia16. 705 

Multinomial logistic regression was unsuitable for this purpose because this method requires 706 

mutually exclusive classes82 and our study domain included 76 grid cells where both 707 

palsas/peat plateaus and polygon mires were present. We then drove our climate envelope 708 

models with projections of future climate from 12 CMIP6 models (Table S1) and calculated 709 

the median agreement of predicted presence/absence. 710 

To fit our bioclimatic models, we selected five candidate climate variables that have 711 

previously been linked to permafrost peatland distributions in Fennoscandia15,16,21,22,83,84 and 712 

North America20:  mean annual temperature (MAT); annual temperature range (TRANGE); 713 

growing degree days (GDD5); rain precipitation (RAINFALL); and snow precipitation 714 

(SNOWFALL) (see Table S10 for variable descriptions). We calculated each climate variable 715 

from mean monthly temperature and precipitation values, following ref20. We did not 716 

constrain our modelling with other non-climatic factors, such as the composition of peatland 717 

vegetation or peat cover thickness, because suitable geospatial data were unavailable. 718 

Multicollinearity was evident in our modern baseline climate dataset, with all five climatic 719 

predictor variables found to be significantly correlated with one another (p < 0.025) according 720 

to a Spearman’s Rank correlation matrix (Table S11). Multicollinearity of climatic predictors 721 

was present in grid cells with and without landform observations (Tables S12 and S13). Whilst 722 

climate variables are often highly correlated, the presence of multicollinearity means that 723 

individual predictor coefficients in our models should be interpreted with caution, even if the 724 
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model predictions as a whole can be considered robust85. Additionally, strong correlations 725 

between predictors can, in some cases, cause significant predictors to be incorrectly excluded 726 

during model calibration and can impact model performance where predictions are 727 

extrapolated to a different time or place85,86. To limit multicollinearity, we omitted several 728 

similar variables from our modelling at an early stage. The frost number (FROST) has 729 

previously been linked to permafrost distributions at broad spatial scales87, but was too 730 

closely correlated with MAT for both variables to be included reliably. We experimented with 731 

preliminary models fitted with each variable separately and found that those models that 732 

included MAT consistently outperformed those fitted with FROST. Furthermore, we included 733 

seasonal rather than annual precipitation metrics so that the insulating properties of snow 734 

cover22 and dry soils8 could be represented individually in our modelling. Cross-validated 735 

evaluation statistics, generated by splitting the data randomly into separate calibration and 736 

evaluation subsets, are almost identical to those from models fitted to the full domain (Table 737 

S4), giving us confidence in the predictive capabilities of our final models (see below for full 738 

details).  739 

We fitted our logistic regression models (Tables S2 and S3) in IBM SPSS Statistics 23 following 740 

the method of ref20. We entered all five climatic predictors simultaneously (block entry), 741 

alongside the squared form of each variable (MAT*, TRANGE2, RAINFALL2, SNOWFALL2 and 742 

GDD5
2). We calculated MAT* as the product of MAT and its absolute value, |MAT|, to retain 743 

the sign of negative temperatures in its quadratic term. We sequentially removed non-744 

significant pairs of predictors (e.g. TRANGE and TRANGE2) using a stepwise backwards-745 

deletion approach, until all remaining untransformed predictors significantly contributed to 746 

the model’s predictive performance (based on deviance scores). Where untransformed 747 

predictor variables were found to be significant predictors of landform presence, we retained 748 

their quadratic terms irrespective of their significance, because previous studies have shown 749 

that permafrost peatland landforms exist within optimum climatic windows and do not relate 750 

linearly to climate16,20. We used Bonferroni correction to select a stricter significance criterion 751 

for predictor removal (Student’s t; p < 0.025 threshold) than ref20, to limit the occurrence of 752 

Type I errors (i.e. non-significant variables falsely appearing to be significant) when fitting two 753 

models to the same training set88. We then tested the addition of several first-order 754 

interaction terms (i.e. two variables multiplied together to form a single, combined predictor). 755 
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To prevent spurious predictions where future climates exceeded modern climatic ranges, we 756 

added a plausibility criterion to nullify model predictions in grid cells where RAINFALL 757 

exceeded 1,500 mm yr-1, which is more than twice the maximum rainfall (729 mm yr-1) under 758 

which palsas/peat plateaus or polygon mires presently exist20. We calculated standardised 759 

parameter coefficients (βs) for each predictor variable following ref89. 760 

To make predictions with a logistic regression model, the continuous response variable 761 

(predicted probability) is classified into a binary prediction of presence/absence according to 762 

a threshold probability, which we refer to as the classification threshold. Positive cases 763 

(observations of landform presence) in our training set for Europe and Western Siberia were 764 

relatively rare (only 934 or 20 % of the 4,615 grid cells contained permafrost peatland 765 

landforms). We therefore selected an optimised classification threshold for each of our 766 

models that maximised model informedness (see below), a metric that is unaffected by case 767 

prevalence20,90. Our final climate envelope model for palsas/peat plateaus has an optimised 768 

classification threshold of 0.273, and our model for polygon mires has an optimised 769 

classification threshold of 0.130 (outputs shown in Figures 1 and 2). 770 

We evaluated the predictive classifications of our logistic regression models using three 771 

complementary evaluation metrics: accuracy, informedness, and the area under the curve 772 

(AUC) of a receiver operating characteristic plot20,90 (Table S4). Accuracy evaluates the 773 

proportion (0–1) of correctly classified cases (both presence and absence)90. Informedness 774 

evaluates both presence and absence to assess how informed a model’s prediction is 775 

compared to chance, and how consistently a model can correctly predict a case, with values 776 

ranging from 1 (all cases classified correctly) through 0 (random predictions) to -1 (all cases 777 

classified incorrectly)90. AUC is also unaffected by case prevalence but compares predictions 778 

across all possible classification thresholds, with scores ranging from 0.5 (random 779 

classification) to 1 (perfect classification)91.  780 

To assess the predictive performance of our climate envelope modelling for predicting data 781 

points outside of the model calibration setting, we used five-fold cross-validation. We split 782 

our modern climate dataset into five random subsets of similar size. For palsas/peat plateaus 783 

and polygon mires in turn, we used four subsets to calibrate a model, which we then used to 784 

predict landform presence/absence in a fifth, unused validation subset. From this prediction, 785 
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we calculated model accuracy, informedness, and AUC. We repeated this process five times 786 

for palsas/peat plateaus and polygon mires respectively, each time omitting a different subset 787 

from the calibration set to be used for model evaluation. We then used these validation set 788 

predictions to calculate the cross-validated mean and standard error of each performance 789 

metric for each model type (palsas/peat plateaus and polygon mires) (Table S4). Final 790 

parameter estimates for both climate envelope models were calibrated from the full modern 791 

climate dataset, and not from cross-validation subsets. 792 

 793 

Data availability 794 

The modern observational climate data was extracted from the CRU TS 4.04 dataset 795 

(https://crudata.uea.ac.uk/cru/data/hrg/cru_ts_4.04/), the CMIP6 projections of 21st century 796 

climate are available at their native resolution from the Earth System Grid Federation 797 

(https://esgf-node.llnl.gov/search/cmip6/), the modern peatland extents were primarily 798 

estimated using PEATMAP (http://archive.researchdata.leeds.ac.uk/251/), and the original 799 

soil organic carbon maps are available from the Bolin Centre Database 800 

(https://bolin.su.se/data/hugelius-2020). Any remaining data used to produce this research 801 

are included in the supplementary information, and in supplementary datasets S1 and S2. 802 

 803 

Code availability 804 

The Python code used to extract modern climate normals, and to downscale and bias-correct 805 

CMIP6 climate projections is available from: https://github.com/refewster/Imminent-loss-of-806 

climate-space-for-Eurasian-permafrost-peatlands-.  807 
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