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Supplementary Method 24 

Calculation of the ratio of the global warming potential (GWP) of N2O to the 25 

GWP of CH4 in the thermokarst and control areas 26 

The ratio of the GWP of N2O to the GWP of CH4 was calculated according to the 27 

following four steps. First, we measured CH4 flux in vegetated and exposed patches 28 

simultaneously with the measurement of N2O flux along the thawing sequence1. The 29 

emissions from the control area averaged 0.026 mg N2O m-2 d-1 and 5.04 mg CH4 m
-2 30 

d-1. Second, to estimate the N2O and CH4 flux rates in each year over the 20 years of 31 

thawing for vegetated and exposed patches, we explored the relationships of the CH4 32 

and N2O fluxes with the years after collapse in vegetated and exposed patches, 33 

respectively. The CH4 flux rate in both vegetated and exposed patches increased 34 

exponentially with the years after collapse (Figure S5a, b), whereas a negatively 35 

exponential relationship was observed between the N2O flux and collapse years 36 

(Figure S5c, d). Due to the very high N2O emission rates in the 1st and 2nd years 37 

obtained from the exponential relationships (Figure S5c) and the fact that this 38 

situation is unlikely to occur, we assumed that stable N2O and CH4 flux rates occurred 39 

for the first three years. The N2O emission rates in the 3rd year were then used for the 40 

1st and 2nd year calculations. Third, to further obtain weighted fluxes, we quantified 41 

the area of vegetated and exposed patches using a high-resolution topographic model 42 

of the gully generated via LiDAR (VZ-400, Riegl, Horn, Austria; analyzed with 43 

Riscan pro 2.0 software). The area fraction of exposed patches increased linearly with 44 

the years after collapse, with a corresponding linear decrease in the fraction of 45 

vegetated area (Figure S5e, f). The weighted fluxes in each year were calculated using 46 

the relative coverage of vegetated and exposed areas within this typical thermokarst 47 
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gully, which results in mean fluxes of 0.35 mg N2O m-2 d-1 and 6.96 mg CH4 m
-2 d-1. 48 

Finally, given that the GWP of N2O per unit mass is 12 times higher than that of CH4 49 

over a 100-year time horizon2, the GWP of N2O emissions was calculated 59.8% of 50 

the GWP of CH4 emissions in the thermokarst landform, whereas this fraction was 51 

only 6.2% in the control area.  52 
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Table S1 Amplification conditions, reading temperature, primer pairs, number of cycles and references used to quantify the abundance of the 53 

nirS, nirK and nosZ genes. 54 

  55 

Gene Function Primers Thermocycler Conditions 

Number 

of Cycles Reference 

nirS 
Nitrite 

reduction 

nirS-cd3aF 94 oC for 90 s 1 
Michotey et al., 2000 

nirS-R3cd 95 oC for 10 s / 56 oC for 30 s / 72 oC for 40 s 40 

nirK 
Nitrite 

reduction 

nirK 1F 95 oC for 30 s 1 
Braker et al., 1998 

nirK 5R 95 oC for 10 s / 60 oC for 30 s / 72 oC for 20 s 40 

nosZ 
Nitrous oxide 

reduction 

nosZ F 94 oC for 90 s 1 
Throbäck et al., 2004 

nosZ 1662R 95 oC for 10 s / 58 oC for 30 s / 72o C for 40 s 40 
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Table S2 Results of repeated-measures ANOVA on the effects of the thawing stage 56 

(TS), sampling date (D) and their interactions on N2O fluxes in the vegetated patches 57 

along the thaw sequence in 2015 and 2016, and the effects of patch types (PT), 58 

sampling date (D) and their interactions on N2O fluxes at the early stage and 2016. 59 

Year  2015 2016 

Source TS D TS×D TS D TS×D PT D PT×D 

F 13.23 3.06 1.54 12.51 0.46 0.54 23.39 0.92 0.81 

P <0.001 0.001 0.10 <0.001 0.76 0.87 <0.001 0.46 0.53 

  60 
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 61 

  62 
Figure S1 Comparisons of the soil nitrogen densities in the 0–100 cm (mean±SD) 63 

between Tibetan gelisols (distributed by swamp meadow) and the three different soil 64 

types across the northern circumpolar permafrost region6.65 
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 66 

Figure S2 Location map of the study site (a); satellite images from 2007 (b) to 2013 (c); photographs of the control (d) and at 3 years (e), 12 67 

years (f), and 20 years (g) since the collapse.68 
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 69 

 70 

Figure S3 Seasonal dynamics of N2O fluxes in the vegetated patches in 2015 (a) and 71 

in the vegetated and exposed patches in 2016 (b) along the thaw sequence. Error bars 72 

represent the standard error (n=10).  73 
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 75 

Figure S4 The relationship of (nirK+nirS)/nosZ with nirS+nirK (a, c) and nosZ (b, d) 76 

in the vegetated and exposed soil patches. The solid line is the regression curve, and 77 

the gray area indicates the 95% confidence interval. The statistics (r2 and P values) for 78 

the linear regression are shown.  79 
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 80 

Figure S5 Changes in CH4 and N2O fluxes in the vegetated (a, c) and exposed soil 81 

patches (b, d), and the area proportion of the vegetated (e) and exposed soil patches (f) 82 

with time since permafrost collapse in a typical thermos-erosion gully on the Tibetan 83 

Plateau.  84 
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