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The positive Arctic–methane (CH4) feedback forms when more CH4 is released from the Arctic tundra to 
warm the climate, further stimulating the Arctic to emit CH4. This study utilized the CLM-Microbe model to 
project CH4 emissions across five distinct Arctic tundra ecosystems on the Alaska North Slope, considering 
three Shared Socioeconomic Pathway (SSP) scenarios using climate data from three climate models from 
2016 to 2100. Employing a hyper-resolution of 5 m × 5 m within 40,000 m2 domains accounted for the Arctic 
tundra’s high spatial heterogeneity; three sites were near Utqiaġvik (US-Beo, US-Bes, and US-Brw), with one 
each in Atqasuk (US-Atq) and Ivotuk (US-Ivo). Simulated CH4 emissions substantially increased by a factor of 
5.3 to 7.5 under the SSP5–8.5 scenario compared to the SSP1–2.6 and SSP2–4.5 scenarios. The projected 
CH4 emissions exhibited a stronger response to rising temperature under the SSP5–8.5 scenario than under 
the SSP1–2.6 and SSP2–4.5 scenarios, primarily due to strong temperature dependence and the enhanced 
precipitation-induced expansion of anoxic conditions that promoted methanogenesis. The CH4 transport via 
ebullition and plant-mediated transport is projected to increase under all three SSP scenarios, and ebullition 
dominated CH4 transport by 2100 across five sites. Projected CH4 emissions varied in temperature sensitivity, 
with a Q10 range of 2.7 to 60.9 under SSP1–2.6, 3.8 to 17.6 under SSP2–4.5, and 5.7 to 17.2 under SSP5–8.5. 
Compared with the other three sites, US-Atq and US-Ivo were estimated to have greater increases in CH4 
emissions due to warmer temperatures and higher precipitation. The fact that warmer sites and warmer 
climate scenarios had higher CH4 emissions suggests an intensified positive Arctic–CH4 feedback in the 
21st century. Microbial physiology and substrate availability dominated the enhanced CH4 production. The 
simulated intensified positive feedback underscores the urgent need for a more mechanistic understanding 
of CH4 dynamics and the development of strategies to mitigate CH4 across the Arctic.

Introduction

Methane (CH4) is a potent greenhouse gas in the atmosphere 
[1,2]. The concentration of CH4 in the atmosphere has begun to 
rise again since 2007 and showed a big jump in 2021–2022, lead-
ing to an annual average CH4 concentration of 1,900 parts per 
billion (ppb) in 2022 [3,4]. Arctic soils are considered a substan-
tial net source of atmospheric CH4 and have the potential to 
release massive CH4 fluxes due to the rich carbon (C) stocks and 
expansion of inundated soils under climate changes [5,6]. Arctic 
CH4 emissions are estimated to be 15 to 50 Tg CH4 year−1, 
accounting for 20 to 25% of global natural CH4 emissions [7]. 

Process-based biochemistry models predicted that Arctic CH4 
emissions will be two to three times greater by 2100 due to warm-
ing [8,9]. In addition, Oh et al. [5] reported a 70 to 100% increase 
in wetland CH4 emissions by 2100 under the Representative 
Concentration Pathways (RCPs) of 8.5 W m−2. This undoubtedly 
emphasizes the importance of CH4 projections in the Arctic for 
the next few decades.

Arctic regions have been warming two to four times faster 
than the global average in recent decades [10,11]. Air tempera-
ture in the Arctic has increased and could continue to increase 
by more than 10 °C by 2100 relative to present day [1]. Field 
experiments in the Arctic found that warming could have no 
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effect or increase CH4 fluxes by 15 to 550% depending on 
changes in water table and vegetation growth [12]. For example, 
data-constrained projections showed a 400% increase in CH4 
emissions under 9 °C warming at a temperate peatland [13]. 
However, large uncertainties still exist in predicting responses 
of Arctic CH4 fluxes to future climate change due to implicit 
representation of methanogenesis and methanotroph [2,14], 
even though CH4 production and emission processes have been 
extensively explored [15,16].

The CLM-Microbe model takes advantage of a new micro-
bial functional group-based CH4 module [6,14,17,18] and a new 
framework for microbial control on C mineralization [19–21] 
in the default decomposition subroutines in CLM4.5 [22,23]. 
It allows for a better understanding of the mechanisms and 
dynamics of CH4 production, oxidation, and transport pathways 
under climate change. Our previous studies have validated this 
module with incubation and closed-chamber fluxes [14,18]. In 
addition, CH4 fluxes have been upscaled from the plot level to 
landscape scales using different footprint algorithms, consistent 
with eddy covariance (EC) fluxes in Alaskan tundra ecosystems 
[6,14]. CH4 emissions have been well studied using the CLM-
Microbe model regarding spatial heterogeneities in vegetation, 
soil hydrology, and topography [6,14,24]. Therefore, the CLM-
Microbe model could help us to understand the mechanisms 
of future CH4 dynamics through each CH4 process at the land-
scape scales in the Arctic tundra. However, this model has not 
been tested for future CH4 projection under different climate 
scenarios.

This study continued our research on simulating CH4 fluxes 
in the Arctic and further estimated how future Arctic CH4 fluxes 
change under climate change. In this study, we applied the CLM-
Microbe model to project CH4 fluxes from 2016 to 2100 under 
SSP1–2.6, SSP2–4.5, and SSP5–8.5 scenarios derived from three 
climate models for five Alaskan tundra ecosystems. We aim to 
(a) project how Arctic CH4 emissions will change under differ-
ent Shared Socioeconomic Pathway (SSP) scenarios by 2100, 
(b) understand the mechanisms behind future CH4 dynamics 
under different SSP scenarios, and (c) investigate the differences 
of projected future CH4 fluxes across different Alaskan tundra 
ecosystems. This effort fills the gap in mechanistic understand-
ing and predicting CH4 cycling in the Arctic under future cli-
mate scenarios.

Materials and Methods

Site information
We performed model experiments at five sites in the northern 
Alaskan tundra; detailed information is available in [15,25]. 
Three of these sites are located in Utqiaġvik (referred to as 
Utqiaġvik sites), including US-Beo (71.2810°N, 156.6124°W), 
US-Bes (71.2809°N, 156.5965°W), and US-Brw (71.3225°N, 
156.6093°W) [26]. US-Beo is a polygonal coastal tundra site on 
the Barrow Environmental Observatory, and US-Bes is an inun-
dated wet coastal tundra site at the southern end of the previous 
Biocomplexity Experiment, usually with a water table above 
the surface of the soil due to its low elevation. US-Brw is a well-
drained, moist coastal tundra site, and its vegetation is domi-
nated by graminoids. Another two sites are US-Atq (70.4696°N, 
157.4089°W) in Atqasuk, AK, which is located about 100 km 
south of Utqiaġvik, and US-Ivo (68.4805°N, 155.7569°W) in 
Ivotuk, AK, which is located approximately 300 km south of 
Utqiaġvik in the northern foothills of the Brooks Range [27]. 

US-Atq is characterized by polygonized tussock tundra and 
sandy soils [28], and US-Ivo, the most inland site, has the warm-
est annual temperature and lies on gently sloping tussock tun-
dra [27]. These study sites have a polar maritime climate, with 
most precipitation falling during the summer months (June to 
August). Detailed meteorological and vegetation information 
on these sites is posted in the Oak Ridge National Laboratory 
Distributed Active Archive Center (ORNL DAAC) (https://doi.
org/10.3334/ORNLDAAC/1562 and https://doi.org/10.3334/
ORNLDAAC/1546) and in [27].

Description of the CH4 module
The CLM-Microbe model branches from the framework of 
default CLM 4.5 developed in 2013 [22,23]. Improvements in 
the CLM-Microbe model include a microbial functional group-
based CH4 module [14,18] and a new framework for microbial 
controls on C mineralization [19–21]. This model has been veri-
fied for simulating CH4 fluxes among different microtopographic 
types and applied for upscaling from the plot level to EC tower 
domain in the Alaskan Arctic tundra ecosystems [6,14]. Detailed 
mathematical expressions and default parameter settings for 
CH4 production, oxidation, and transport (i.e., diffusion, ebul-
lition, and plant-mediated transport) processes can be obtained 
from [14,18]. The code for the CLM-Microbe model is archived 
at https://github.com/email-clm/clm-microbe. The model ver-
sion used in this study was obtained from GitHub on 2020 May 
27 [29].

SSP scenarios
The Coupled Model Intercomparison Project Phase 6 (CMIP6) 
includes future warming projections for the 21st-century 
climate with different SSP scenarios. Compared to the RCPs, 
five main SSPs (SSP1–1.9, SSP1–2.6, SSP2–4.5, SSP3–7.0, and 
SSP5–8.5) are more evenly spaced and extend to lower 2100 
radiative forcing and temperatures [30]. In this study, we chose 
SSP1–2.6, SSP2–4.5, and SSP5–8.5 from CMIP6, which allowed 
us to explore the impact of different magnitudes of anthropo-
genic forcing and the response of the climate system simulated 
with varying representations of the model [31]. SSP1–2.6 is the 
“2 °C scenario” of the “sustainability” SSP1 socioeconomic fam-
ily, whose nameplate 2100 radiative forcing level is 2.6 W m−2. 
This SSP1–2.6 scenario corresponds to the previous scenario 
generation RCP-2.6 [30]. SSP2–4.5 is of the “middle of the 
road” socioeconomic family SSP2 with a nominal 4.5 W m−2 
radiative forcing level by 2100—approximately corresponding 
to the RCP-4.5 scenario [30]. SSP5–8.5 marks the upper edge 
of the SSP scenario spectrum with a high reference scenario in 
a high fossil fuel development world throughout the 21st cen-
tury [30].

Climate models and CLM-Microbe forcing data
Three climate models in CMIP6 were selected to retrieve data 
for these SSP scenarios from 2016 to 2100, as they are very 
representative and widely used worldwide and include all vari-
ables at the daily time step required by the CLM-Microbe 
model. (a) BCC-CSM2-MR is a medium-resolution version of 
the BCC-CSM (T106 in the atmosphere and 1° latitude × 1° 
longitude in the ocean), which is the baseline for BCC partici-
pation in CMIP6 (https://esgf-node.llnl.gov/search/cmip6/). 
(b) The CESM version 2 (CESM2) is the latest generation of 
the Community Earth System model. The output fields from 
previous CESM2 simulations have been posted on the Earth 
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System Grid Federation (ESGF; https://esgf-node.llnl.gov/search/
cmip6/). (c) EC-Earth3 is the latest version of EC-Earth in 
CMIP6 that utilizes the original idea of a climate model system 
based on the seasonal prediction system of the European Centre 
for Medium-Range Weather Forecasts (ECMWF) (https://esgf-
node.llnl.gov/search/cmip6/). The required meteorological vari-
ables for model simulations are total incident solar radiation, 
incident longwave radiation, total precipitation, surface air pres-
sure, specific humidity, air temperature, and wind speed. Climate 
data were calibrated by trends of future data and offsets between 
historical and future data and then validated based on historical 
data (Figs. S1, S4, and S5). The model forcing data for the histori-
cal runs were adopted from CRUNCEP, which is consistent with 
our previous model simulations [6]. Detailed information for 
meteorological variables of each climate model corresponding 
to variables of CRUNCEP is shown in Tables S1 to S3.

Additional forcing data included the spatial distribution of 
vegetation and a digital elevation model (DEM) with a resolu-
tion of 4 m covering the tower domain at each site and soil 
organic carbon (SOC) concentration at the top 10 soil layers 
defined in CLM4.5 [22,23]. Vegetation distribution for Utqiaġvik 
sites was determined using a random forest algorithm using the 
plant functional type from [32] as training data. For the US-Atq 
and US-Ivo sites, an unsupervised linear spectral unmixing was 
performed in ENVI V5.2 (L3Harris Geospatial) using the veg-
etation classes from a previous publication [27], with an addi-
tional open water category. Four plant species across five areas 
were classified into model-defined PFTs (plant functional types), 
including Arctic C3 grass, bare soil, broadleaf evergreen shrub, 
and deciduous boreal shrub. Averages of plant cover at US-Beo, 
US-Bes, US-Brw, US-Atq, and US-Ivo sites were 88%, 82%, 91%, 
73%, and 78%, respectively; US-Ivo had larger proportions of 
shrubs than other sites [6]. A vegetation distribution map of the 
five study sites was available in [6]. A 0.5-m (vertical resolution) 
DEM was used for elevation data at Utqiaġvik sites [33]. 
Elevation maps for US-Atq and US-Ivo were downloaded from 
ArcticDEM (v3.0 Pan-Arctic) with a spatial resolution of 2 m 
based on the geographic information of these two sites [34] and 
further processed to maps with a spatial resolution of 4 m using 
MATLAB software (R2018a, the MathWorks). SOC concentra-
tions at 0 to 10, 10 to 20, 20 to 30, and 30 to 40 cm at US-Bes, 
US-Atq, and US-Ivo were derived from the Northern Circumpolar 
Soil Carbon Database [35]. Due to the lack of SOC data, we 
assumed that US-Beo and US-Brw had the same SOC distribu-
tion with US-Bes since these sites are adjacent, which might 
affect the accuracy of CH4 projection for these two sites. Detailed 
calculation processes can be found in [6].

Model implementation under three SSP scenarios
Model implementation for historical simulation was carried 
out in three stages, similar to the default CLM4.5 protocols [36]. 
The first phase is an accelerated model spin-up; we set the accel-
erated model spin-up for 2,000 years to allow more C accumula-
tion, as the Arctic tundra has a low rate and long period of C 
sequestration. Then, a final spin-up was set up for 50 years to 
allow the modeled system to reach a steady state. After the final 
spin-up, the transient simulation was set up to cover the period 
of 1850–2015 for all five sites with the observed climate and soil 
data. For each site, one model run was conducted in an area of 
200 m × 200 m with the EC tower as the center at a spatial reso-
lution of 4 m, covering 2,500 grid cells. Detailed information 
for historical simulation is available in [6].

From 2016 to 2100, we reset the transient simulation to 
accomplish CH4 projections with three climate datasets under 
each of the SSP1–2.6, SSP2–4.5, and SSP5–8.5 scenarios. All 
parameter values were kept consistent with previous studies 
[6,18], and the same model parameters and settings were applied 
to all five sites under different SSP scenarios. Thus, we conducted 
nine model runs at a half-hour time step for each study site for 
85 years. Detailed information on site and parameter setup can 
be derived from [6].

Temperature sensitivity for CH4 flux
Temperature dependence of CH4 cycling is a critical parameter 
for quantifying the warming impacts on individual CH4 pro-
cesses and the net flux, and it is generally termed as Q10, defined 
as the change in a reaction rate when temperature increases by 
10 °C [37]. Intrinsic Q10 is defined as the increases in metha-
nogenesis or methanotrophy under 10 °C warming when other 
biotic and abiotic factors were excluded; apparent Q10 is defined 
as increases in CH4 processes when temperature increases by 
10 °C along with alterations of other abiotic and biotic factors 
[37]. Intrinsic Q10 is used as a theoretic parameter for individual 
CH4 processes in models [18], while the apparent Q10 can quan-
tify the temperature sensitivity of ecosystem-level CH4 flux [38].

To analyze the temperature sensitivity of CH4 fluxes, we 
calculated the apparent Q10 coefficient as the measure of the 
change rates of CH4 flux as a consequence of the temperature 
increment of 10 °C [37]. We used the linear regression to esti-
mate the Q10 coefficient with datasets of CH4 fluxes under one 
SSP scenario using one climate model (n = 85). The formula 
for estimating the Q10 was as follows:

where R is the CH4 flux (gC m−2 year−1) at temperature T (°C) 
and R0 is the CH4 flux (gC m−2 year−1) at temperature T0 (°C) 
in 2016. Q10 is estimated as 10 to the power of the coefficient 
a, and the coefficient b is the estimated intercept. It should be 
noted that the calculated Q10 is an apparent term, which is 
affected by a mixture of many environmental factors and the 
intrinsic Q10—a key factor for each of the CH4 processes rep-
resented in the CLM-Microbe model [14,18].

Statistical analysis
Dynamics of annual CH4 fluxes, air temperature, precipitation, 
soil temperature, soil moisture, net primary production (NPP), 
and canopy evapotranspiration (ET) during 2016–2100 were 
plotted for five sites under different SSP scenarios based on three 
climate models using R (R Core Team, 2020). Averages and stan-
dard deviations of CH4 fluxes in 2006–2015, 2016–2025, 2050–
2059 (2050s), and 2090–2099 (2090s) were also calculated under 
three SSP scenarios. One-way analysis of variance (ANOVA) 
and the Duncan test were employed to assess the differences in 
CH4 fluxes among different periods for each site and among 
different sites for each period. Before this analysis, the data were 
tested and followed the assumptions of ANOVA. Changing rates 
of CH4 fluxes, each CH4 process, and each environmental factor 
in 2016–2100 were calculated by the general linear regression 
analysis using all model output based on three climatic datasets 
for each study site under each SSP scenario. Contributions of 
three CH4 transport pathways to CH4 fluxes, including diffusion, 

(1)log10

(

R

R0

)

=
T − T0

10
× a + b
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ebullition, and plant-mediated transport, were displayed for each 
study site under different SSP scenarios. Partial correlation 
analyses between CH4 emissions and each CH4 process and 
environmental factor were done for each site under to quantify 
the contributions of all biological and environmental factors. All 
statistical analyses and plots were made using R [39].

Results

Projected CH4 fluxes during 2016–2100 under 
different SSP scenarios
Projected CH4 emissions increase during 2016–2100 under the 
three SSP scenarios with different change rates among five study 
sites (Fig. 1 and Fig. S2). Especially after the 2050s, CH4 fluxes 
drastically increase under SSP5–8.5 compared with SSP1–2.6 
and SSP2–4.5 (Fig. 1). Until 2100, projected CH4 fluxes under 
SSP5–8.5 were four- to sevenfold higher than those under SSP1–
2.6 and SSP2–4.5 (Fig. 1F to J). There are no substantial differ-
ences in projected CH4 fluxes between SSP1–2.6 and SSP2–4.5 
(Fig. 1F to J), although the fluxes under SSP2–4.5 seemed slightly 
higher (less than 40%) than under SSP1–2.6 after the 2050s (Fig. 
1A to E). In the 2090s, projected CH4 fluxes increase by 0.39 to 
1.21 under SSP1–2.6 and SSP2–4.5 but increase by a factor of 5.3 
to 7.5 under SSP5–8.5 among five sites in Arctic tundra (Fig. 1).

Projected average CH4 fluxes (unit: gC m−2 year−1) during 
2016–2025 are comparable to that in the 2050s under different 
SSP scenarios, which are 2.47 ± 0.10 gC m−2 year−1 at US-Beo, 
2.15 ± 0.09 gC m−2 year−1 at US-Bes, 2.56 ± 0.11 gC m−2 year−1 
at US-Brw, 3.67 ± 0.19 gC m−2 year−1 at US-Atq, and 3.89 ± 
0.20 gC m−2 year−1 at US-Ivo (Fig. 1F to J). Moreover, they 
are comparable with historical fluxes during 2006–2015 as 

simulated by the CLM-Microbe model (Fig. 1F to J) [6]. 
Additionally, projected CH4 fluxes in the warmer study sites of 
US-Atq and US-Ivo exhibit larger absolute increments than at 
US-Beo, US-Bes, and US-Brw (Fig. 1F to J). For example, 
projected CH4 fluxes in the 2090s under SSP5–8.5 are around 
20 gC m−2 year−1 at US-Beo, US-Bes, and US-Brw, whereas 
fluxes approach 30 gC m−2 year−1 at US-Atq and US-Ivo.

Changes of CH4 processes and climate factors under 
three SSP scenarios
Conceptual models of CH4 processes are developed for each 
study site under different SSP scenarios, illustrating change rates 
of each CH4 process [i.e., fermentation of soil organic matter 
(SOM)/dissolved organic carbon (DOC) to acetate, acetoclastic 
methanogenesis, hydrogenotrophic methanogenesis, diffusion, 
ebullition, the plant-mediated transport, aerobic oxidation, and 
anaerobic oxidation], climate factors (i.e., air temperature, soil 
temperature, precipitation, and soil moisture), vegetation factor 
(i.e., NPP), and soil factors (i.e., concentrations of DOC, acetate, 
and CH4) (Fig. 2 and Table). Overall, all CH4 processes except 
anaerobic oxidation are enhanced (Fig. 2 and Table S5) and all 
vegetation, soil, and climate factors are increased during 2016–
2100 (Fig. 2, Table, and Table S5). Moreover, change rates of all 
CH4 processes, vegetation, soil factors (except DOC), and climate 
factors are larger under SSP5–8.5 than under SSP1–2.6 and 
SSP2–4.5 (Fig. 2, Figs. S1 to S3, and Table). Under different SSP 
scenarios, air temperature increases by 0.02 to 0.13 °C year−1, 
whereas soil temperature (at 10 cm) has similar increments with 
air temperature, ranging from 0.015 to 0.148 °C year−1 (Table). 
Change rates of air temperature and soil temperature under 
SSP2–4.5 and SSP5–8.5 are approximately 2.6 and 5.7 times 

Fig. 1. Projections of CH4 fluxes at (A) US-Beo, (B) US-Bes, (C) US-Brw, (D) US-Atq, and (E) US-Ivo during 2016–2100 under different Shared Socioeconomic Pathways (SSP) 
scenarios. The bar charts show projected CH4 fluxes (mean ± SD; n = 10 or 30) for the periods of 2006–2015, 2016–2025, the 2050s, and 2090s at (F) US-Beo, (G) US-Bes, 
(H) US-Brw, (I) US-Atq, and (J) US-Ivo under SSP1–2.6, SSP2–4.5, and SSP5–8.5 scenarios. Green indicates the SSP1–2.6 scenario, blue indicates the SSP2–4.5 scenario, red 
indicates the SSP5–8.5 scenario, and black indicates the historical fluxes of 2006–2015 simulated by the CLM-Microbe model. Error bars represent the standard deviation; 
different letters above error bars indicate significant differences at the level of P = 0.05 (ANOVA and Duncan’s multiple range test) among different periods and SSP scenarios 
at each site.
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greater than that under SSP1–2.6 among five sites except US-Ivo 
(Table). Precipitation increased by 0.362 to 0.606 mm year−1 
under SSP1–2.6 and SSP2–4.5 but increase by 0.828 to 1.861 mm 
year−1 under SSP5–8.5 (Table). Soil moisture (at 10 cm) increased 
by 0.059 to 0.225% year−1 (Table). Additionally, change rates 
of precipitation and soil moisture under SSP2–4.5 were 1.2 to 
1.4 times and 1.3 to 2.2 times higher than that under SSP1–2.6, 
respectively, whereas change rates of precipitation and soil mois-
ture under SSP5–8.5 were 2.3 to 4.1 times and 1.9 to 2.9 times 
greater than that under SSP1–2.6, respectively (Table).

Different CH4 processes show dissimilar contributions to 
CH4 fluxes under different SSP scenarios but mutually strengthen 
total CH4 fluxes. Generally, the increase or decrease is larger 
under SSP5–8.5 than under SSP2–4.5 and SSP1–2.6 (Fig. 2 and 

Table S5). For example, at US-Beo, NPP increases more under 
warmer scenarios, with a rise of 2.275, 3.194, and 5.776 gC m−2 
year−1 under SSP1–2.6, SSP2–4.5, and SSP5–8.5, respectively. 
However, soil DOC increases more under less warm scenarios, 
0.445, 0.387, and 0.321 gC m−2 year−1 under SSP1–2.6, SSP2–
4.5, and SSP5–8.5, respectively (Fig. 2A). More SOM/DOC is 
fermented to acetate under warmer scenarios, and this process 
is significantly strengthened under SSP5–8.5 (0.025 gC m−2 
year−1) compared with SSP1–2.6 (0.004 gC m−2 year−1) and 
SSP2–4.5 (0.007 gC m−2 year−1) (Fig. 2A) (P < 0.01). Acetate 
concentrations are increased more under warmer scenarios, 
with a substantial increase of 0.031 gC m−2 year−1 under the 
SSP5–8.5 scenario (Fig. 2A). Acetoclastic methanogenesis is 
enhanced, with an increase of 0.005, 0.011, and 0.090 gC m−2 

Fig. 2. Conceptual model of changes in CH4 processes at (A) US-Beo, (B) US-Bes, (C) US-Brw, (D) US-Atq, and (E) US-Ivo under different SSP scenarios. CH4 processes (unit: 
∆gC m−2 year−1) include (a) fermentation of soil organic matter (SOM)/dissolved organic carbon (DOC) to acetate, (b) acetoclastic methanogenesis, (c) hydrogenotrophic 
methanogenesis, (d) diffusion, (e) ebullition, (f) the plant-mediated transport, (g) aerobic oxidation, and (h) anaerobic oxidation of CH4. Vegetation factor is net primary production 
(NPP; ∆gC m−2 year−1), and soil factors include soil DOC concentration ([DOC], ∆gC m−2 year−1), acetate concentration ([ACE], ∆gC m−2 year−1), and CH4 concentration 
([CH4], ∆gC m−2 year−1). The numbers in the conceptual model and table are the changing rates of each process and factor during 2016–2100.
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year−1 under SSP1–2.6, SSP2–4.5, and SSP5–8.5, respectively 
(Fig. 2A). Hydrogenotrophic methanogenesis is also raised by 
0.0004, 0.0007, and 0.0074 gC m−2 year−1 under SSP1–2.6, 
SSP2–4.5, and SSP5–8.5, respectively, but their increments are 
much lower than acetoclastic methanogenesis (Fig. 2A). All 
transport pathways are promoted under climate scenarios, espe-
cially the ebullition pathway (Fig. 2A). Specifically, ebullition 
increase by 0.011, 0.021, and 0.161 gC m−2 year−1 under SSP1–2.6, 
SSP2–4.5, and SSP5–8.5, respectively, which is about three to 
seven times higher than other transport pathways (Fig. 2A). 
CH4 oxidation changes little compared with the production and 
transport of CH4, and their changes are so small that they could 
be ignored under SSP1–2.6 and SSP2–4.5 (Fig. 2A). Anaerobic 
and aerobic oxidations enhance by 0.0131 and 0.0016 gC m−2 
year−1 under SSP5–8.5, respectively (Fig. 2A). Of those CH4 
processes, CH4 production and transport mainly determine CH4 
fluxes. In total, CH4 fluxes increase by 0.018, 0.034, and 0.211 
gC m−2 year−1 under SSP1–2.6, SSP2–4.5, and SSP5–8.5, respec-
tively (Fig. 2A). The same conceptual models built for other 
study sites can be interpreted in the same manner as US-Beo.

Changes in CH4 processes and climate factors 
among five study sites
Three sites close to Utqiaġvik have the same values and increases 
in air temperature and precipitation with comparable incre-
ments of soil temperature (0.023 to 0.138 °C year−1) and mois-
ture (0.077 to 0.225 mm year−1) due to their close locations, 
which were distinct from US-Atq and US-Ivo (Table 1 and Figs. 
S1, S5, and S6). Under similar climate conditions, the increase 

of CH4 fluxes is comparable, 0.018, 0.035, and 0.212 gC m−2 
year−1 under SSP1–2.6, SSP2–4.5, and SSP5–8.5, respectively 
(Fig. 2A to C). Comparing these three sites, <18% differences 
in change rates at US-Bes and US-Brw than US-Beo are found 
in NPP, soil DOC and CH4 concentration, fermentation of 
SOM/DOC to acetate, acetoclastic and hydrogenotrophic 
methanogenesis, aerobic oxidation and diffusion, and ebullition 
(Fig. 2A to C). Changes of anaerobic oxidation vary among 
Utqiaġvik sites, but its contribution to CH4 flux can be ignored 
due to its small magnitudes among all CH4 processes (Fig. 2A 
to C). Change rates of the plant-mediated transport at US-Bes 
were 40% lower and at US-Brw were 30% greater than at US-Beo 
under three SSP scenarios (Fig. 2A to C). Of three CH4 trans-
port pathways, ebullition contributes more to the increase of 
CH4 fluxes among Utqiaġvik sites (Fig. 2A to C). US-Bes has 
a greater increase in ebullition and smaller change in plant-
mediated transport than US-Beo, whereas US-Brw has a smaller 
increase in ebullition but larger increase in plant-mediated 
transport than US-Beo (Fig. 2A to C).

US-Atq shows a greater rise of precipitation but lower 
increases in air temperature, soil temperature, and moisture 
than Utqiaġvik sites (Table 1). But it has the greatest increase of 
CH4 fluxes across all five sites with 0.026, 0.058, and 0.297 gC 
m−2 year−1 under SSP1–2.6, SSP2–4.5, and SSP5–8.5, respec-
tively (Fig. 2D and Table 1). Additionally, US-Atq displays simi-
lar increases in NPP but a little smaller increase in soil DOC 
concentration (Fig. 2A to D). Soil CH4 and acetate concentra-
tions at US-Atq were 1.4 to 4.5 times higher than that at US-Beo 
(Fig. 2A and D). Moreover, increases in its CH4 production, 

Table 1. Annual changes of air temperature, precipitation, soil temperature, and soil moisture at top 10-cm soil depth at US-Beo, US-Bes, 
US-Brw, US-Atq, and US-Ivo under SSP1–2.6, SSP2–4.5, and SSP5–8.5 scenarios

Variable Site SSP1–2.6 SSP2–4.5 SSP5–8.5

Air temperature 
(∆°C year−1)

US-Beo 0.023 0.059 0.130

US-Bes 0.023 0.059 0.130

US-Brw 0.023 0.059 0.130

US-Atq 0.021 0.054 0.123

US-Ivo 0.020 0.042 0.102

Precipitation 
(∆mm year−1)

US-Beo 0.362 0.440 0.828

US-Bes 0.362 0.440 0.828

US-Brw 0.362 0.440 0.828

US-Atq 0.446 0.606 1.366

US-Ivo 0.454 0.594 1.861

Soil temperature 
(∆°C year−1)

US-Beo 0.024 0.066 0.138

US-Bes 0.023 0.064 0.135

US-Brw 0.024 0.066 0.138

US-Atq 0.023 0.054 0.125

US-Ivo 0.015 0.045 0.148

Soil moisture 
(∆% year−1)

US-Beo 0.085 0.175 0.199

US-Bes 0.077 0.140 0.225

US-Brw 0.085 0.184 0.209

US-Atq 0.078 0.099 0.150

US-Ivo 0.059 0.107 0.163
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oxidation, and transport processes except the plant-mediated 
transport and anaerobic oxidation are much larger than US-Beo 
under all SSP scenarios (Fig. 2A and D). Acetoclastic methano-
genesis is accelerated more among production and oxidation 
processes, with 0.008, 0.019, and 0.128 gC m−2 year−1 under 
SSP1–2.6, SSP2–4.5, and SSP5–8.5, respectively (Fig. 2D). 
Changes in CH4 oxidation could be ignored due to their rela-
tively small values and changes under three SSP scenarios, 
although aerobic and anaerobic oxidation is increased by 0.025 
and 0.008 gC m−2 year−1 under SSP5–8.5, respectively (Fig. 2D). 
In addition, the plant-mediated transport is the smallest and 
shows little changes at US-Atq (Fig. 2 and Table S5). Both dif-
fusion and ebullition are accelerated, but ebullition shows the 
largest increase among all five sites with annual values of 0.021, 
0.048, and 0.266 gC m−2 year−1 under SSP1–2.6, SSP2–4.5, and 
SSP5–8.5, respectively (Fig. 2D).

With relatively lower air temperature and higher precipitation 
among five sites (Fig. S1), US-Ivo also has lower rises in air tem-
perature and greater increases in precipitation (Table 1). Its 
changes of soil temperature are still lower under SSP1–2.6 and 
SSP2–4.5 but is the greatest under SSP5–8.5 among five sites 
(Table 1). But soil moisture at US-Ivo shows relatively lower 
increases even with greater increases in precipitation compared 
with other sites (Table 1). US-Ivo displays an increase of CH4 
fluxes by 0.021 and 0.058 gC m−2 year−1 under SSP1–2.6 
and SSP2–4.5, which were lower than US-Atq but higher than 
Utqiaġvik sites (Fig. 2). The increases of NPP and soil DOC con-
centration are much smaller than other sites under all SSP sce-
narios (Fig. 2E). CH4 production processes increase more than 
Utqiaġvik sites but less than US-Atq, with the increases of 0.006, 
0.014, and 0.143 gC m−2 year−1 in acetoclastic methanogenesis 
and 0.0004, 0.001, and 0.0117 gC m−2 year−1 in hydrogenotrophic 
methanogenesis (Fig. 2). CH4 oxidation can also be ignored 
among all CH4 processes, with a relatively high increase of 0.0032 
and 0.03 gC m−2 year−1 in anaerobic and aerobic oxidation (Fig. 
2E). Diffusion and ebullition show comparable increases with 
Utqiaġvik sites, whereas the plant-mediated transport had the 
largest increases compared with other sites (Fig. 2).

Changes in three CH4 transport pathways under 
different SSP scenarios
Of all CH4 processes, three transport pathways regulate the 
increasing CH4 fluxes among the five sites, even with contrasting 
changes in CH4 production and oxidation processes under dif-
ferent SSP scenarios. Overall, the contribution rates of the three 
transport pathways are similar during 2016–2025 and 2050s 
among different SSP scenarios but differ in the 2090s (Figs. 3 
and 4 and Fig. S9). The contributions of plant-mediated trans-
port and ebullition to CH4 transport increased, whereas the 
contribution of diffusion decreased over time across five sites 
under different SSP scenarios. Until 2100, ebullition dominates 
CH4 transport across all sites under all SSP scenarios (Fig. 4).

During 2016–2025, diffusion dominates CH4 transport at 
US-Beo, US-Bes, and US-Brw, contributing approximately half 
of total CH4 fluxes for all SSP scenarios (Fig. 3). Ebullition con-
tributes about 40% of CH4 fluxes across the three sites, whereas 
plant-mediated transport contributes about 8.5% at US-Beo, 
4% at US-Bes, and 11.5% at US-Brw (Fig. 3). At US-Atq, ebul-
lition contributes about 59% of total CH4 fluxes, whereas the 
contribution of plant-mediated transport can be ignored under 
all SSP scenarios (Fig. 3D, I, and N). Diffusion also contributes 

substantial CH4 fluxes at US-Ivo, but all three transport path-
ways contribute more comparable CH4 fluxes, ~41% from dif-
fusion, ~35% from ebullition, and ~24% via plants (Fig. 3E, J, 
and O).

By 2050s, the contribution of CH4 transport from diffusion 
decreases, whereas the plant-mediated transport and ebullition 
increase across five sites under all SSP scenarios (Fig. S9). In 
the 2090s, both plant-mediated transport and ebullition con-
tinue to increase under all SSP scenarios, but their contribution 
ratios somewhat change compared to the 2050s for SSP1–2.6 
and SSP2–4.5 (Fig. 4). However, under SSP5–8.5, ebullition 
increases to 72.7% at US-Beo, 77.1% at US-Bes, 69.5% at 
US-Brw, 85.7% at US-Atq, and 61.5% at US-Ivo by 2090s (Fig. 
4K to O). At US-Beo, US-Bes, and US-Brw, diffusion contrib-
utes about 42% of total CH4 fluxes under SSP1–2.6 and 37% 
under SSP2–4.5 (Fig. 4). The plant-mediated transport could 
be ignored at US-Atq as it contributes less than 0.5% for all SSP 
scenarios (Fig. 4D, I, and N). However, it contributes the largest 
at US-Ivo among five sites, with approximately 27% under all 
SSP scenarios (Fig. 4E, J, and O).

Temperature sensitivity for CH4 flux under different 
SSP scenarios
The Q10 values for CH4 flux vary among SSP scenarios, with a 
lower value with BCC-CSM2-MR and a relatively higher value 
with CESM2 and EC-Earth3 (Fig. 5). The Q10 range is 2.7 to 9.8 
using BCC-CSM2-MR, 7.1 to 17.6 with CESM2, and 5 to 60.9 
with EC-Earth3 (Fig. 5). Using EC-Earth3, Q10 has extremely 
high values under SSP1–2.6, ranging from 18.4 at US-Ivo to 60.9 
at US-Bes; however, Q10 is lower under SSP2–4.5 than under 
SSP5–8.5 (Fig. 5). Q10 increases along the gradient of SSP1–2.6, 
SSP2–4.5, and SSP5–8.5 at US-Bes, US-Atq, and US-Ivo using 
BCC-CSM2-MR, whereas there are no obvious trends for Q10 
along such scenario gradient using the other climate models 
across all five sites (Fig. 5). US-Beo and US-Brw have comparable 
Q10 values for the different SSP scenarios with each climate model.

Discussion

Mechanisms of future CH4 emissions under different 
SSP scenarios
Future CH4 emissions have been projected to gradually increase 
under different SSP scenarios. Our results show that at northern 
high-latitude regions, as air temperature increases by 1 to 2 °C 
under SSP1–2.6, 3 to 5 °C under SSP2–4.5, and 7 to 12 °C under 
SSP5–8.5, an increase of 39 to 60%, 89 to 121%, and 531 to 751% 
in CH4 emissions occurs under SSP1–2.6, SSP2–4.5, and SSP5–8.5, 
respectively (Figs. S4 and S5). This confirms that warmer 
temperatures (rp = 0.832, P < 0.05; Fig. S10) and more precipi-
tation (rp = 0.696, P < 0.05; Fig. S10) could enhance CH4 emis-
sions, which is consistent with previous studies [13,40]. In 
addition, previous studies reported that a 3 to 5 °C warming 
more than doubled the boreal CH4 emissions [41], and a ~5 °C 
warming tripled northern Alaskan emissions in the mid-
summer. Ma et al. [13] showed that modeled CH4 emissions 
increased by 30%, 100%, 275%, and 400% under 2.25, 4.5, 6.75, 
and 9 °C warming at a temperate peatland ecosystem. Compared 
with previous studies on the SSP scenarios or similar climate 
projections [2,42], our projected CH4 emissions under SSP1–2.6 
and SSP2–4.5 have comparable increases but showed much 
stronger response under SSP5–8.5. It can be explained by 
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changes in other climate factors that strengthened CH4 emis-
sions. Unchanged soil water levels or increased precipitation 
along with warming could cause greater increases in CH4 emis-
sions [13,40]. Shindell et al. [40] found that annual-average CH4 
emissions doubled with a fixed wetland distribution due to 
around 0.4 to 0.8 mm day−1 (annually 146 to 292 mm) precipita-
tion increases with doubled CO2 concentration over northern 
Eurasia. In this study, precipitation is annually increased by 
41 to 48 mm year−1 (24 to 30%), 58 to 66 mm year−1 (33 to 
45%), and 143 to 241 mm year−1 (83 to 116%) under SSP1–2.6, 
SSP2–4.5, and SSP5–8.5, respectively (Fig. S6). Thus, simultane-
ous increases in temperature and precipitation yield a stronger 
promotion impact on CH4 emissions than the warming-only 
scenario.

In this study, air temperature (67%) and precipitation (61%) 
act as the main factors to separately explain variations in CH4 
emissions (Table S7). Compared with Utqiaġvik sites, US-Ivo 
has smaller increases in temperature but larger increases in 
precipitation, and its CH4 emissions exhibit a 17 to 38% greater 
increase (Fig. 2). Additionally, air temperature at US-Ivo is 
lower than at Utqiaġvik sites (Fig. S5). Thus, enhanced precipi-
tation could result in this stronger CH4 response; however, the 
strength of precipitation effects is hard to evaluate because of 
their interactions with warming and other climate factors on 
CH4 emissions. Furthermore, more precipitation does not nec-
essarily increase soil moisture, and the depth of waterlogged 
soils facilitated CH4 production. Among all five sites, soil mois-
ture is projected to increase under different SSP scenarios; 
however, the soil water table is deepened probably due to 
enhanced ET under warming (Fig. S1), which might cause a 
shrinkage of inundated (i.e., anaerobic) soil volume. Stronger 
ET is related to the reduction in CH4 emissions, which can 
explain about 40% of variations in CH4 emissions (Table S6). 
Our previous study finds that the soil water table level is 
reduced under warming due to hydrological feedback, therefore 

mitigating the stimulating effects of warming on CH4 emissions 
[43]. Therefore, precipitation impacts are significantly more 
uncertain than warming impacts in predicting CH4 emissions 
in Arctic regions.

Both CH4 production and oxidation are microbiological 
processes affected by soil C input, soil temperature, and aerobic 
versus anaerobic conditions. Therefore, under different SSP 
scenarios, CH4 emissions are also affected by vegetation and 
microbial activities [5,11]. Our results show that about 20% of 
variations in CH4 emissions can be explained by NPP (Table 
S7). NPP can influence the amount of soil C inputs and SOM/
DOC concentrations further to regulate CH4 production and 
emission, but its strength is limited because the availability of 
soil C for methanogenesis depends on microbial decomposition 
rates [17]. CH4 production is profoundly strengthened under 
SSP5–8.5 compared with SSP1–2.6 and SSP2–4.5. Additionally, 
increases in the rate of acetoclastic methanogenesis are more 
than 10 times greater than the rate of hydrogenotrophic metha-
nogenesis under different SSP scenarios. Therefore, acetoclastic 
methanogenesis, the main pathway of CH4 production, displays 
a stronger response to future climate change than hydrogeno-
trophic methanogenesis, likely due to higher acetate production 
under warmer conditions (Fig. 2). Moreover, increases in the 
rate of aerobic CH4 oxidation are much smaller relative to CH4 
production, and its effects could be ignored in CH4 emissions. 
Anaerobic oxidation is decelerated, which indicates that less 
CH4 is consumed by methanotrophs and more preserved in 
soils. Furthermore, the CH4 transport pathways are also accel-
erated under SSP scenarios, but their increases are less than in 
the input of soil CH4 concentrations from enhanced production 
and reduced oxidation. As a result, soil CH4 concentrations 
gradually grow by 2100 under different SSP scenarios with 
more concentrations under stronger warming scenarios. Of 
three CH4 transport pathways, ebullition increases faster than 
plant-mediated transport and diffusion and finally dominates 

Fig. 3. Contribution of three transport pathways to total CH4 fluxes during 2016–2025 at US-Beo, US-Bes, US-Brw, US-Atq, and US-Ivo under (A to E) SSP1–2.6, (F to J) 
SSP2–4.5, and (K to O) SSP5–8.5 scenarios.
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the CH4 transport under all considered SSP scenarios (Fig. 3). 
In the CLM-Microbe model, diffusion is determined by the 
differences in CH4 concentrations between the atmosphere and 
soil pores, which are slightly affected by temperature and pre-
cipitation [29]. The plant-mediated transport and ebullition can 
be largely influenced by warming and enhanced precipitation. 
Plant-mediated transport is controlled by soil CH4 concentra-
tions, NPP, and root factions, whereas ebullition is affected 
by soil CH4 concentrations and plant cover. Goodrich et al. 
[44] reported that higher ebullition rates in the summer were 
likely related to both higher rates of CH4 production and the 
reduced solubility of CH4 at higher temperatures. In our projec-
tion, changes in plant cover and composition cannot be simu-
lated in the current version of the CLM-Microbe model; 
therefore, the substantial increase in ebullition is caused by 
the accumulation of soil CH4 concentrations. In addition, the 
accelerated plant-mediated transport is partially caused by the 
increased NPP.

Differences in future CH4 emissions across  
study sites
Projected CH4 emissions gradually grow under three SSP sce-
narios across all five sites, and by 2100, the emissions are largest 
at US-Atq and lower at US-Beo and US-Bes (Table S4). The 
initial conditions of climate and environmental factors could 
affect the magnitude of increases in CH4 emissions. Warmer 
and wetter conditions at US-Atq correspond with greater initial 
CH4 emissions than other sites; moreover, projected CH4 emis-
sions at US-Atq show a stronger response to climate warming. 
It indicates that more attention should be paid to the areas with 
large CH4 emissions because they can be affected by climate 
change to a greater extent. Plant cover also affect the responses 
of CH4 emissions to climate change, despite that its effects 
are limited. For example, US-Atq has 73% of plant cover, the 

smallest among the five sites, leading to litter increases and 
ignorable contributions of plant-mediated transport to total 
CH4 emissions over time (Figs. 2B, 3, and 4 and Fig. S9). 
Similarly, Utqiaġvik sites have more than 80% plant cover, cor-
responding to greater increases in plant-mediated transport 
and larger contributions to emissions among the five sites. 
Besides, although US-Ivo has lower plant cover (i.e., 78%) than 
Utqiaġvik sites, plant-mediated transport increases most and 
contributed most to CH4 emissions among the five sites. The 
plant impacts primarily operate through root exudate, expressed 
as higher root fractions at US-Ivo than at other sites [27] (Fig. 
S2). Studies find that vegetation significantly enhanced CH4 
production via the substrate and stimulated CH4 emission via 
plant-mediated transport [20,29].

Differences in future CH4 emissions among  
climate models
Projected CH4 emissions differ among five sites under the 
three SSP scenarios based on climate data derived from BCC-
CSM2-MR, CESM2, and EC-Earth3. CH4 emissions from 
Arctic regions tend to increase with temperature; therefore, the 
Q10 of CH4 emissions is an essential parameter for estimating 
CH4 emissions and CH4–climate feedback under a warming 
climate. Our study reports distinct temperature sensitivities of 
CH4 emissions under SSP1–2.6, SSP2–4.5, and SSP5–8.5 at one 
site based on one climate model. In most cases, CH4 emissions 
is more sensitive to temperature under warmer scenarios based 
on BCC-CSM2-MR and CESM2 (Fig. 5), which is more con-
sistent with Q10 for CH4 production rather than precipitation 
and soil moisture (Figs. S11 to S14). It indicates that based on 
those two climate models, CH4 production might be the main 
constraint for CH4 emissions. However, CH4 emissions are most 
sensitive to temperature under SSP1–2.6 than the other two 
warmer SSP scenarios based on EC-Earth3, which is most likely 

Fig. 4. Contribution of three transport pathways to total CH4 fluxes in the 2090s at US-Beo, US-Bes, US-Brw, US-Atq, and US-Ivo under (A to E) SSP1–2.6, (F to J) SSP2–4.5, 
and (K to O) SSP5–8.5 scenarios.
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affected by precipitation and soil moisture (Figs. S11 to S14). 
Because Q10 values for precipitation and soil moisture are sig-
nificantly larger under SSP1–2.6 than SSP2–4.5 and SSP5–8.5, 
their effects are strong enough to promote Q10 for CH4 produc-
tion under SSP1–2.6. It indicates that changes in precipitation 
and soil moisture determine the contributions and constraints 
of CH4 production on emission. Gill et al. [45] estimated the 
mean CH4 flux Q10 to be 5.63 (2.92 to 10.52 with a 95% confi-
dence interval) using a linearized Q10 function at the SPRUCE 
site during the 2015 growing season. Ma et al. [13] also reported 
a constrained Q10 range of 2.34 to 6.33 with a 95% confidence 
interval for CH4 emissions. Q10 values for CH4 emissions gen-
erally fell in the Q10 ranges for emissions but were higher 
than CH4 production reported in previous studies. Our study 
reported a much stronger response of CH4 emissions to warm-
ing, probably because we calculated the apparent Q10 rather 
than intrinsic Q10, which can be enlarged by synchronous 
changes in precipitation under SSP scenarios [37]. Apparent 
Q10 values for CH4 emission were lower using BCC-CSM2-MR 
(2.7 to 9.8) and higher using CESM2 (7.1 to 17.6) and EC-Earth3 
(5 to 60.9) (Fig. 5). The selection of climate models may not 
affect the trends of projected CH4 emissions, but it can impact 
temperature sensitivities for CH4 emissions. In addition, to 
mitigate the uncertainties in CH4 emissions under SSP sce-
narios, we should involve multiple climate models for future 
CH4 projections.

Implications
This study demonstrates three major implications for CH4 
emission projections of SSP scenarios in Arctic ecosystems. 
First, the CLM-Microbe model projects Arctic CH4 emissions 
from 2016 to 2100 at the landscape scale under SSP1–2.6, 

SSP2–4.5, and SSP5–8.5. CH4 emissions are projected to sig-
nificantly increase under SSP5–8.5 and are estimated to grow 
by a factor of 5.3 to 7.5 under SSP5–8.5 across the five Arctic 
sites. Second, this study demonstrates the mechanisms of 
future CH4 dynamics with detailed information on CH4 pro-
cesses and environmental variables for the five study sites 
under different SSP scenarios. Our projected CH4 emissions 
respond more strongly to rising temperatures than previous 
studies [13,40], highlighting the strong positive Arctic–CH4 
feedback, which is attributable to the precipitation-induced 
expansion of anoxic soils facilitating methanogenesis. Previous 
studies did not include microbial mechanisms, while our model 
explicitly represents methanogens that are sensitive to warming 
[18,20]. Ebullition is the main pathway for CH4 transport across 
the five sites with climate impacts under SSP scenarios. Third, 
this study emphasizes the importance of including different 
climate datasets for CH4 projections, which can help mitigate 
the uncertainties of CH4 flux. Model simulations have different 
responses to the multiple climate datasets (BCC-CSM2-MR, 
CESM2, and EC-Earth3); even a slight difference in tempera-
ture or precipitation induces changes in CH4 processes and 
their factors, leading to a significant change in CH4 emissions. 
The key novelty of this study is that we developed a compre-
hensive understanding of microbial mechanisms of the intensi-
fied climate–CH4 feedback in the Arctic tundra ecosystems 
under a warming climate.

Limitations and future work
Previous and current studies have validated the CLM-Microbe 
model in simulating contemporary and future CH4 emissions 
at the landscape scale in the Arctic tundra by incorporating dif-
ferent upscaling techniques [6,14]. Here, we identify several 
limitations that need to be addressed in future research. First, 
vegetation shifts in shrub growth and abundance have been 
observed and modeled in the Arctic tundra [46]. The shrub 
expansion may affect tundra C balance by enhancing ecosystem 
C sequestration and altering ecosystem respiration through 
complex feedback mechanisms that affect snowpack dynamics, 
permafrost degradation, surface energy balance, and litter inputs 
[47]. However, our projection does not simulate the effects of 
shrub expansion, which could underestimate CH4 emissions. 
Shrub expansion induces a deeper snowpack that may deepen 
the active layer [48], increasing soil wetness and soil anoxic con-
ditions that enhance the CH4 production [49]. Hence, the accu-
racy of CH4 projections can be improved considering shifts in 
shrub cover under rapid Arctic warming. Second, permafrost 
underlies ~25% of the Northern Hemisphere land surface and 
stores an estimated ~1,700 Pg (1,700 Gt) of C in the frozen 
ground [50]. Permafrost thaws due to warming-induced expan-
sion of anoxic conditions that increase CH4 emissions [11,42]. 
Our projected CH4 emissions might be underestimated without 
explicitly considering permafrost thaw, especially under strong 
warming scenarios. Thus, adding a module for permafrost thaw 
and permafrost C–climate feedback in the CLM-Microbe model 
could improve CH4 projection under different SSP scenarios. 
Third, hydrological processes are critically important in deter-
mining the production, oxidation, and transport pathways of 
CH4. Warming might lead to water table drawdown, suppressing 
CH4 emission [43]. This feedback needs to be further investi-
gated in the Alaskan Arctic tundra. Fourth, this study explored 
future CH4 dynamics and the influence of various CH4 processes 
on emissions that benefited from the CLM-Microbe model, 

Fig. 5. Temperature sensitivity (Q10) of CH4 fluxes (mean ± SD; n = 85) at US-Beo, US-
Bes, US-Brw, US-Atq, and US-Ivo under SSP scenarios derived from (A) BCC-CSM2-
MR, (B) CESM2, and (C) EC-Earth3 models. Green indicates the SSP1–2.6 scenario, 
blue indicates the SSP2–4.5 scenario, and red indicates the SSP5–8.5 scenario. 
Numbers above the rectangular bar are values of Q10; the error bar represents one 
unit of standard deviation.
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including different microbial functional groups (methanogens 
versus methanotrophs). In addition, incorporating various cli-
mate models can reduce the uncertainties of future CH4 emis-
sions. Based on the current study, integrated modeling efforts 
provide a reasonable approach to project CH4 dynamics and 
budgets for the Arctic and globe for different climate trajectories 
and further ascertain the mechanisms of future CH4 emissions.

Conclusion

This study applied the CLM-Microbe model to project future CH4 
emissions in five Arctic tundra sites under SSP1–2.6, SSP2–4.5, 
and SSP5–8.5 scenarios projected by three climate models. The 
study forecasts a significant increase in CH4 emission in the Arctic 
ecosystem under warming climate, forming intensified CH4–
warming feedback. Model-projected CH4 emissions increased by 
a factor of 5.3 to 7.5 under the SSP5–8.5 scenario while remaining 
relatively consistent with current emissions under SSP1–2.6 and 
SSP2–4.5 scenarios. Positive feedback to warming was noted for 
both acetoclastic methanogenesis and hydrogenotrophic metha-
nogenesis: Warming climate led to higher CH4 production. 
Microbial physiology and substrate availability dominated the 
positive feedback. Ebullition rates increased and acted as the 
dominant CH4 transport pathway under all climate scenarios.

This study stands as a pioneering effort to decipher microbial 
mechanisms that reinforce the feedback loop between CH4 and 
climate in the Arctic. By modeling methanogenesis and metha-
notroph activity, we aim to establish a thorough and mechanistic 
comprehension of CH4 cycling in the Arctic, thereby providing 
a foundation for future microbial ecology studies in the context 
of climate change. The simulated amplification of positive feed-
back observed in the Arctic, driven by increased CH4 emissions, 
highlights the urgency for policy interventions to curb this emis-
sion, a call to action made more pressing by the recent spike in 
CH4 emissions.
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