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emissions [2 ,6 ]. Although prior studies 
have advanced our understanding on this 
research field, there remain two criti- 
cal conceptual and mechanistic gaps. 
First, previous studies focused on the 
GHG emission process, with vegetation- 
mediated CO2 uptake being largely 
overlooked. This scenario obscured 
whether post-thaw nutrient mobilization 
[12 ] could mediate vegetation growth 
and counteract soil GHG emissions, 
thereby creating systematic biases in 
the net ecosystem C budget. Second, 
previous studies mainly attributed thaw- 
induced changes in GHG fluxes to 
abiotic factors (e.g. soil temperature and 
moisture) [9 ,10 ], with the potential role 
of biotic drivers (e.g. plant functional 
traits and microbial functional genes) 
in mediating GHG trajectories being 
largely unexplored. Therefore, quanti- 
fying ecosystem-scale GHG budgets by 
integrating vegetation C sequestration 
and decoding the biological mechanisms 
mediating these fluxes, represent ur- 
gent priorities for better predicting the 
permafrost-climate feedback. 

The Tibetan Plateau, the largest high- 
altitude permafrost region in the North- 
ern Hemisphere, is undergoing rapid 
climate warming coupled with proliferat- 
ing thermokarst landscapes, providing an 
ideal platform for addressing the above 
knowledge gaps. To this end, we estab- 
lished a regional-scale thermokarst mon- 
itoring network across the Tibetan alpine 
permafrost region. Through standardized 
in-situ observations, we determined the 

changes in three GHG emissions upon 
thermokarst formation and quantified 
the contribution of vegetation-mediated 
CO2 uptake to the net ecosystem GHG 

budget. Additionally, we deciphered 
biological mechanisms underlying GHG 

flux responses via plant functional traits 
and microbial functional genes. Specif- 
ically, we identified five representative 
thermo-erosion gullies across typical 
permafrost regions (i.e. Madoi and Qil- 
ian Mountain; Fig. S1a). In each gully, 
triplicate sampling plots were established 
separately in the non-collapsed areas, 
early and late stages of permafrost thaw 

( Fig. S1b–i). Using a CH4 /CO2 infrared 
gas analyzer and LI-7820 soil N2 O/H2 O 

flux measurement system, we measured 
GHG emissions (including ecosystem 

respiration [ER], CH4 , and N2 O fluxes) 
as well as vegetation C uptake (gross 
primary productivity [GPP]). This study 
aims to address the following three 
key questions: (1) how do CO2 , CH4 , 
and N2 O fluxes change along the thaw 

sequence? (2) How does thermokarst 
formation influence the extent of plant 
C uptake offsetting GHG emissions? 
(3) What are the biological mechanisms 
that underlie GHG flux in response to 
thermokarst formation? 

Based on two years of field measure- 
ments, we examined the responses of 
GHG fluxes to thermokarst formation 
using linear mixed-effects models, where 
thaw stage was set as the fixed effect and 
thermokarst-impacted site was treated as 
a random effect, the other variables are 
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ermafrost-affected regions contain 
014 Pg (1 Pg = 1015 g) carbon (C) and 
7 Pg nitrogen (N) in the top 3 meters of 
he soi l profile [1 ,2 ]. Over the past few 

ecades, sustained climate warming has 
riggered widespread permafrost thaw, 
anifested primarily through active layer 
hickening and thermokarst landscape 
ormation [3 ]. Extensive thawing of the 
ermafrost exposes previously frozen 
rganic matter to microbial decomposi- 
ion, releasing greenhouse gases (GHGs) 
n the form of carbon dioxide (CO2 ), 
ethane (CH4 ), and nitrous oxide 
N2 O). As potent climate forcers, these 
HG emissions can amplify climate 
arming, driving a strong positive per- 
afrost C- and N-climate feedback loop 
2 ,4 ]. Compared to gradual active layer 
hickening, thermokarst formation in- 
uces abrupt reorganization of hydrolog- 
cal regimes, vegetation patterns, and soil 
rocesses over landscape scale, thereby 
xerting more pronounced influences on 
egional C and N cycles [2 ,4 –7 ]. There- 
ore, elucidating impacts of thermokarst 
ormation on GHG fluxes is critical 
or accurately assessing the strength of 
ermafrost C- and N-climate feedbacks. 
Recent decades have witnessed sub- 

tantial advances in how thermokarst 
ormation influences GHG fluxes and 
heir driving forces [8 –11 ]. It has been 
eported that thermokarst formation 
ccelerates soil respiration [11 ], particu- 
arly through mobilizing old permafrost 
 [8 ], and also triggers non-CO2 feed- 
ack via increasing CH4 and N2 O 
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Figure 1. Changes in ecosystem respiration (ER; a, b), CH4 fluxes (c, d), N2 O fluxes (e, f), gross primary productivity (GPP; g, h), and net ecosystem 

exchange (NEE; i, j) along the thaw sequence at the five thermokarst-affected sites during the growing seasons of 2023 and 2024. Dots of different 
colors represent the corresponding data from the control (blue), early (green), or late (yellow) thaw stage. Each dot below the violin represents an 
individual data point. Black dot within the violin shows the mean value, and the error bar denotes SD ( n = 40). These comparisons were analysed based 
on linear mixed-effects models with one-sided F tests, where thaw stage was set as the fixed effect and thermokarst-impacted site was treated as a 
random effect. Significant differences are denoted by different letters among the different thaw stages ( P < 0.05). 
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he same. Our results revealed consistent 
HG responses to thermokarst forma- 
ion between the two experimental years. 
pecifically, permafrost collapse acceler- 
ted microbial mineralization and led to a 
5.4%–48.6% increase in ER (Fig. 1 a and 
). This trend aligns with substantial soil 
rganic C depletion ( Fig. S2a), highlight- 
ng the accelerated release of stored C 

ollowing permafrost thaw. In addition to 
R, we found a pronounced intensifica- 
ion of CH4 emission under thermokarst 
rogression. To be specific, early-stage 
missions remained statistically indis- 
inct from non-collapsed areas, whereas 
ate-stage fluxes increased by 277.0%–
98.8% during the two observational 
ears (Fig. 1 c and d). The increase in 
H4 fluxes may be attributed to changes 
n soil water-fil led pore space (WFPS) 
7 ]. Permafrost collapse typically com- 
acts soils and reduces porosity, resulting 
n an increased WFPS ( Fig. S2b). Such 
ydrological reconfiguration would exac- 
rbate soil anaerobic conditions, thereby 
avoring growth of methanogenesis. 
o further decipher microbial drivers of 
hese fluxes, we quantified the abundance 
f functional genes involved in the CH4 
ycle using qPCR. Our results revealed 
ivergent responses between key micro- 
ial functional genes: the abundance of 
crA genes (marker for methanogens) 
ignificantly increased, while the pmoA 

enes (marker for methanotrophs) 
howed marked reduction after per- 
afrost collapse ( Fig. S4a and b). These 
ndings demonstrate that thermokarst 
ormation creates a more anaerobic en- 
ironment at the late thaw stage, thereby 
hifting microbial communities toward 
ethanogen dominance while suppress- 

ng methanotrophic oxidation. These 
icrobial community changes ultimately 
rove an enhancement of CH4 emission 
t the late thaw stage. 
Besides C emissions, we explored 

he impacts of thermokarst formation 
n N2 O flux. Our results demonstrated 
hat the formation of thermokarst land- 
orms enhanced N2 O emissions (Fig. 1 e 
nd f). Notably, exposed patches exhib- 
ted exceptionally high emission rates 
1.37 vs 0.01 nmol m−2 s−1 ), surpassing 
Page 2 of 4
oth non-collapsed areas and vegetated 
atches within collapsed zones ( Fig. S5), 
eaching levels comparable to high- 
mission ecosystems such as tropical 
orests and croplands [2 ]. We further 
ound that the increased avai labi lity 
f substrates and functional microbial 
ene abundance were responsible for the 
hermokarst-induced rise in N2 O emis- 
ions. On the one hand, soil NO3 

−-N 

ontent is a primary driver of N2 O flux 
ariations. Particularly, when WFPS 
xceeds the 65% threshold, denitrifica- 
ion dominates N2 O production [2 ]. 
hermokarst formation facilitated the 
elease of previously frozen NO3 

−-N 

rom permafrost, thereby elevating soil 
O3 

−-N availability. This phenomenon 
as particularly pronounced in exposed 
atches, where the absence of plant N 

ptake resulted in significantly higher 
O3 

−-N content ( Figs S2d–f and S6). 
he enrichment of this key denitrifica- 
ion substrate consequently stimulates 
2 O emissions. On the other hand, 
unctional microbes are recognized as 
ritical drivers of N2 O dynamics [2 ]. 
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nalysis of nitrification-associated 
icrobial genes revealed significant in- 
reases in ammonia-oxidizing bacteria 
AOB) gene abundance in both vegetated 
nd exposed patches after permafrost col- 
apse, while ammonia-oxidizing archaea 
AOA) gene abundance remained un- 
hanged ( Figs S4c, d and Fig. S7). 
urther analysis of denitrification-related 
enes ( nirK and nirS , encoding ni- 
rite reductase; nosZ , encoding N2 O 

eductase) demonstrated a greater 
( nirK + nirS )/ nosZ ) ratio in exposed 
atches but remained stable in vege- 
ated patches after permafrost collapse 
 Figs S4e–h and S8). These microbial 
ommunity shifts indicate the concurrent 
ntensification of nitrification and den- 
trification processes upon thermokarst 
ormation, driving an escalation of N2 O 

mission. 
Despite the increment of GHG 

mission, we found that GPP and net 
cosystem exchange (NEE) increased by 
5.1%–44.0% (Fig. 1 g and h) and 11.9%–
0.3% (Fig. 1 i and j) upon thermokarst 
ormation, respectively. These patterns 
ligned with concurrent increases in 
boveground biomass (AGB), below- 
round biomass (BGB), and Normalized 
ifference Vegetation Index (NDVI) at 
he late thaw stage ( Fig. S3), suggesting 
hat thermokarst formation promotes 
egetation growth and enhances vegeta- 
ion C fixation. To identify the dominant 
rivers of GPP enhancement along the 
haw sequence, we measured a number 
f influential factors along the thaw 

radient. Our results showed that the 
ncreased plant P uptake was likely a 
ey driver for the stimulation of GPP 

pon thermokarst formation, which 
as supported by our previous work 
13 ], while other factors seem to have 
imited effects on GPP improvement 
see Supplementary Note 1 for detailed 
iscussion). This improvement of plant 
 uptake (as evidenced by leaf P enrich- 
ent) likely resulted from the post-thaw 

nhancements in soil gross phosphate 
Pi) mobilization. In support of this 
eduction, a recent study from our re- 
earch group revealed that thermokarst 
ormation altered the relative abundances 
f those microbial genes involved in P- 
ycling processes and enhanced the soil 
icrobial capabilities for mineralization 
nd solubilization of P. The enhanced 
bundances of P-cycling functional genes 
or organic P mineralization and inor- 
anic P solubilization likely drove the 
ccelerated gross Pi mobilization upon 
ermafrost collapse, which could then 
timulate plant P uptake and elevate 
oliar P content. Given the established 
inkages between foliar P content and 
lant photosynthetic efficiency [14 ], 
he trait-based changes may drive GPP 

nhancement in thermokarst-affected 
reas. 
In summary, based on two grow- 

ng seasons of field measurements, we 
ystematically evaluated the impacts 
f thermokarst formation on ecosystem 

O2 , CH4 , and N2 O fluxes. Our two con- 
ecutive years’ observations consistently 
evealed that thermokarst formation 
ended to increase GHG emissions and 
lso stimulated vegetation C fixation. 
e further calculated the combined 
adiative forcing through CO2 equiv- 
lent conversion for GHG emissions 
including ER, CH4 , and N2 O fluxes) 
nd vegetation C uptake (GPP). We 
ound the GHG emissions increased by 
5.3% (18.3%–55.6%), while vegetation 
 uptake increased by 27.8% (15.1%–
4.0%) after thermokarst formation, 
uggesting that thermokarst-induced 
nhancement of plant C uptake partially 
ffsets ecosystem GHG emissions. This 
nding emphasizes the importance of 
onsidering the contribution of vegeta- 
ion when assessing future permafrost C- 
nd N-climate feedbacks. Despite the ad- 
ances made so far, our study sti l l has two 
imitations: the relatively low-frequency 
f in-situ GHG flux observations and 
xclusive focus on growing-season dy- 
amics. It has been reported that GHG 

ulse emissions during non-growing 
easons, particularly shoulder seasons, 
ccount for ∼24.1% of annual GHG 

missions [15 –17 ]. Meanwhile, winter 
HG emissions are projected to ex- 
ibit a substantial increasing trajectory 
nder future climate scenarios [18 ]. 
uture efforts should thus integrate 
ear-round high-frequency monitoring 
o capture complete GHG budgets, en- 
bling more precise prediction of the 
irection and magnitude of permafrost- 
Page 3 of 4
limate feedback under future climate 
cenarios. 
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