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a b s t r a c t 

Hydrological changes under climate warming drive the biogeomorphic succession of wetlands and may trigger 

substantial carbon loss from the carbon-rich ecosystems. Although many studies have explored the responses of 

wetland carbon emissions to short-term hydrological change, it remains poorly understood how the carbon cycle 

evolves with hydrology-driven wetland succession. Here, we used a space-for-time approach across hydrological 

gradients on the Tibetan Plateau to examine the dynamics of ecosystem carbon fluxes (carbon dioxide (CO 2 ) and 

methane (CH 4 )) and soil organic carbon pools during alpine wetland succession. We found that the succession 

from mesic meadow to fen changed the seasonality of both CO 2 and CH 4 fluxes, which was related to the shift 

in plant community composition, enhanced regulation of soil hydrology and increasing contribution of spring- 

thaw emission. The paludification caused a switch from net uptake of gaseous carbon to net release on an annual 

timescale but produced a large accumulation of soil organic carbon. We attempted to attribute the paradox 

between evidence from the carbon fluxes and pools to the lateral carbon input and the systematic changes of 

historical climate, given that the wetlands are spatially low-lying with strong temporal climate-carbon cycle 

interactions. These findings demonstrate a systematic change in the carbon cycle with succession and suggest 

that biogeomorphic succession and lateral carbon flows are both important for understanding the long-term 

dynamics of wetland carbon footprints. 
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. Introduction 

Globally, wetlands store approximately one-third of soil carbon

1] but contribute ∼31% of annual methane (CH 4 ) emissions [2] .

aterlogged conditions and subsequent biogeomorphic succession are

ey to shaping carbon storage and carbon cycle characteristics in ap-

roximately half of global wetlands [3] . In biogeomorphic succes-

ion, organisms (e.g., vegetation) engineer landforms to meet their re-

uirements by reciprocal organism-landform interactions [ 4 , 5 ]. Such

rocesses, including concurrent changes in vegetation, microorgan-

sms, hydrology and soil organic matter, regulate the form (carbon
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ioxide (CO 2 ) or CH 4 ) and magnitude of ecosystem carbon emis-

ions [ 6 , 7 ]. Climate change has significantly changed surface hy-

rology and triggered wetland biogeomorphic succession [8] . For in-

tance, nearly 15% of boreal permafrost peatlands have been lost,

ut temperate peatlands have slowly increased since 1850 [4] . Al-

hough many studies have examined the effect of short-term hydro-

ogical changes on carbon emissions [ 9 , 10 ], it remains unclear how

he carbon cycle evolves with hydrology-driven wetland biogeomorphic

uccession. 

One typical process of wetland biogeomorphic succession is palud-

fication, driven externally by shifting hydrological balance [11] .
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enerally, as paludification occurs, reduced soil aeration slows soil

rganic matter decomposition [12] and influences plant CO 2 fixation

y changing photosynthetic physiology and community composition

 10 , 13 ]. A lower redox potential also provides a favorable environment

or soil methanogens and stimulates CH 4 production [9] . However, it

emains poorly understood whether the impact of the increased CH 4 

missions on the climate system is canceled out by the impact of the de-

reased soil CO 2 emissions during paludification when considering that

H 4 has a higher global warming potential (GWP) than CO 2 [ 14 , 15 ].

t is also of great importance to elucidate the change in the temporal

ynamics of ecosystem carbon fluxes during paludification when pre-

icting future carbon emissions [6] . The temporal dynamics of carbon

uxes can be influenced by shifts in plant and microbial community

omposition because the responses of organisms to environmental fluc-

uations as well as plant phenology often differ among species [ 6 , 7 ]. In

ddition, it has been documented that soil freeze-thaw processes pro-

uce CO 2 and CH 4 emission peaks in high-latitude and high-elevation

cosystems [ 12 , 16–18 ]. Although hydrology regulates soil freeze-thaw

haracteristics, few studies have examined the effects of paludifi-

ation on ecosystem carbon emissions during the soil freeze-thaw

eriod. 

The Tibetan Plateau, as the world’s highest unit and the “Water

ower of Asia ”, harbors a large amount of soil carbon [ 19 , 20 ]. Over

he past five decades, the plateau has experienced climate warming at a

ate twice that of the global average [21] . Such rising temperature, on

he one hand, increases permanent surface water by 20% and creates

ew wetlands on the Tibetan Plateau as a result of glacier retreat and

ermafrost thawing [ 8 , 22 ]; on the other hand, it reduces the water table

f some wetlands due to the underlying permafrost thawing [23] . Addi-

ionally, ensemble habitat distribution models predict that plateau wet-

ands will shrink and transition to other ecosystem types in the coming

ecades if warming continues [24] . Alpine succession may cause signif-

cant climate risks associated with the form and magnitude of carbon

missions. In this study, we used a space-for-time approach to examine

ow ecosystem carbon fluxes evolve during alpine biomorphic succes-

ion from precipitation-dominated meadows to groundwater-dominated

etlands ( Fig. 1 a). We hypothesized that paludification would stimu-

ate net ecosystem CO 2 uptake in addition to increasing CH 4 emissions,

iven that waterlogged conditions would slow soil organic matter de-

omposition and reduce CO 2 emissions ( Fig. 1 b). As a result, we hy-

othesized that the net effects of paludification would be enhanced soil

arbon accumulation but higher GWP driven primarily by the increasing

H 4 emissions. 

. Materials and methods 

.1. Site description 

We conducted this study at the Luanhaizi wetland (37°35 ́N, 101°20 ́

, 3250 m above sea level; Fig. S1a), located approximately 2 km from

he Qinghai Haibei National Field Research Station of Alpine Grassland

cosystem in the northeastern part of the Tibetan Plateau. The area has a

ontinental monsoon climate, with a short, cool summer and a long, cold

inter. During our study period from 2010 to 2014, the mean annual

ir temperature of the study site was − 1.3 °C; the mean annual precipi-

ation was 465 mm, with 81% of the precipitation falling from June to

ctober. 

The Luanhaizi wetland is mainly occupied by fens, wet meadows are

istributed at the margin of fens, and mesic meadows are distributed

utside of wet meadows (Fig. S1b). The three alpine ecosystems, rep-

esenting approximately 30% of the whole Tibetan Plateau (Fig. S1a),

ogether form the typical series of alpine biomorphic succession, as

emonstrated by the vertical distribution of plant residues and the sim-

larity of vegetation composition and seed bank [ 25 , 26 ]. They have dif-

erent soil and hydrological characteristics and are dominated by dif-

erent perennial plant species. The source of water for fens is primarily
152 
roundwater. The fens are permanently flooded in the growing season

nd are dominated by Carex pamirensis ( Fig. 1 a). The hydrology of wet

eadows is mainly controlled by precipitation, and they are intermit-

ently flooded and dominated by Kobresia tibetica . In contrast, the mesic

eadows have well-drained soils and are dominated by Stipa aliena and

lymus nutans . Across the growing seasons of 2010–2014, the water ta-

le level and the 5-cm soil moisture were ‒0.16 cm and 61.2% for fens,

27.7 cm and 37.2% for wet meadows, and ‒428.4 cm and 27.0% for

esic meadows, respectively (Table S1, Fig. S2). In addition, the fens are

overed by ice during winter, while the wet meadows and mesic mead-

ws have no persistent thick snowpack [ 12 , 27 ]. More detailed informa-

ion on the three ecosystems is provided in the Supporting Information

Table S1). 

.2. Experimental design 

We conducted this experiment along a transect from mesic meadow

o wet meadow and to fen. The transect was 200 m long (north-south)

nd 50 m wide (east-west) with an elevation gradient of approximately

 m across its entire length (Fig. S1b). Prior to the experiment, we fenced

he transect to remove the potential impacts of grazing. We also built a

traight boardwalk to minimize disturbance during sampling. 

.3. Ecosystem carbon flux measurement 

Manual static chamber method. For each ecosystem, we deployed five

xed collars (0.4 × 0.4 × 0.1 m) that were 10 m apart for monitor-

ng ecosystem carbon fluxes using the manual static chamber method.

pecifically, we used static transparent chambers (0.4 × 0.4 × 0.6 m)

ombined with an infrared gas analyzer (LI-6400, LI-COR Inc., Lin-

oln, NE, USA) to measure the net ecosystem CO 2 exchange (NEE) [9] .

uring the measurement period, we placed a removable transparent

hamber on the fixed collar, which was inserted 5 cm into the soil

nd sealed with water. We then ran a micro fan to mix the gas in

he removable chamber. The mixed gas was pumped into an LI-6400.

he CO 2 concentrations were measured and recorded at 10-s intervals

ithin 1 min after the LI-6400 reading reached steady state. We calcu-

ated the NEE by the slope of the linear regression of the six consec-

tive CO 2 concentrations over time. When the NEE measurement fin-

shed, we ventilated the transparent chamber and repeated the mea-

urement, but the chamber was covered with a black cloth. Thus, the

easured flux represented the ecosystem respiration. We calculated the

ross ecosystem productivity by subtracting ecosystem respiration from

EE. 

We used static opaque chambers (0.4 × 0.4 × 0.4 m) and gas chro-

atography (Agilent 7890A, Agilent Co., Santa Clara, CA, USA) to mea-

ure the ecosystem CH 4 flux [9] . We placed the removable opaque cham-

er on the fixed collar and collected four gas samples using 100 ml sy-

inges at 10 min intervals. Gas samples were analyzed within 48 h on a

as chromatograph equipped with a flame ionization detector. We cal-

ulated the CH 4 flux by the slope of the linear regression between CH 4 

oncentrations and sampling time. 

In this study, we used the manual static chamber method to measure

arbon fluxes in mesic meadows from 2011 to 2014 and in wet meadows

nd fens in the growing seasons of 2010–2013 (Fig. S3). We conducted

ach measurement between 9:00 and 12:00 local time on sunny days

wice a month during growing seasons and once a month during non-

rowing seasons. We also monitored the daily dynamics of CO 2 and CH 4 

uxes at 2 h intervals in July for calibration of the proportions of daily

alues to daytime (9:00–12:00) values. 

Continuous automated chamber method. We established a multichan-

el automated chamber system to monitor the NEE and CH 4 fluxes

t 1 h resolution at the wet meadow and fen during 2011–2014 (Fig.

3). The automated chamber system consisted of twenty transparent

hambers, a multichannel gas sampler, a CR1000 datalogger (Camp-

ell Scientific, Utah, USA) and a CO /CH /H O gas analyzer (G1301,
2 4 2 
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Fig. 1. Characteristics of the studied ecosystems along alpine biogeomorphic succession and the hypothesis in this study. (a) Above- and belowground 

characteristics; (b) the hypothesis that paludification increases net carbon dioxide (CO 2 ) uptake due to slowed soil organic matter decomposition and produces 

higher methane (CH 4 ) by enhancing anaerobic respiration. As a result, the global warming potential of gaseous carbon exchanges increases and soil organic carbon 

accumulates. 
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icarro, Santa Clara, CA, USA) [12] . We placed the chambers (ten with-

ut any treatment and ten with clipping treatment) within an area of

0 m diameter. In this study, we focused on the ten chambers without

reatments. 

Over the course of an hour, the twenty automated chambers took

urns working for 3 min. As a chamber ran, its top lids and side win-

ows closed, and two built-in fans ran. The mixed air was pumped to

he Picarro G1301 analyzer to analyze the CO 2 and CH 4 concentrations,

nd then the analyzed air was returned to the chamber through a circuit.
153 
nce the operation was finished, the lids and windows of the chamber

emained open, allowing atmospheric turbulence and rainfall. We cal-

ulated the hourly ecosystem carbon fluxes by the rates of concentration

hange during the three minutes of chamber closure. 

For better comparability between the automated chamber and static

hamber methods, we established linear relationships between their si-

ultaneously measured CO 2 and CH 4 fluxes (Fig. S4). We used the linear

elationships to calibrate the daily CO 2 and CH 4 fluxes measured by a

anual static chamber. 
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.4. Plant and soil sampling 

For each ecosystem, we established five plant sampling quadrats

2 × 2 m) that were in parallel with the gaseous carbon flux monitoring

lots. In the peak growing seasons of 2012–2014, we harvested, dried,

nd weighed plant aboveground parts, and the measured biomass was

efined as the aboveground net primary productivity. We also separated

he harvested biomass into different species to investigate species rich-

ess and abundance. In 2014, we measured plant belowground biomass

y collecting root samples at depths of 0–100 cm using a 5.0 cm diam-

ter soil auger. Living roots were carefully picked based on their color,

onsistency and attached fine roots, but we could not separate new roots

f the current year from old roots. 

We surveyed three soil profiles of 0–180 cm to estimate the soil or-

anic carbon density in each ecosystem using soil pits in 2019. We col-

ected the soil at layers of 0–10 cm, 10–30 cm, 30–50 cm, 50–70 cm,

0–90 cm, 90–120 cm, 120–150 cm and 150–180 cm using a standard

ontainer with a diameter of 5 cm and a volume of 100 cm 

3 (Fig. S5).

ne part of the soil samples was used to measure the soil bulk density.

he other part of the soil samples was air-dried, sieved, and used to

easure the soil organic carbon content by combustion using an ele-

ental analyzer (2400 II CHN Elemental Analyzer, Perkin-Elmer, USA).

e calculated the soil organic carbon density (SOCD, kg C m 

− 2 ) using

he following equation: 

OCD = 0 . 01 × SOCC × BD × Depth 

here SOCC is the soil organic carbon content (g kg − 1 ), BD is the soil

ulk density (g cm 

− 3 ) and Depth is the soil layer (cm). Although the

oil organic carbon measurement was taken several years later than the

aseous carbon flux monitoring, the soil carbon density should not sig-

ificantly change between the two study periods because our studied

cosystems stored large amounts of soil organic carbon and had a low

oil carbon decomposition rate [ 12 , 20 ]. 

.5. Meteorological measurements 

We collected meteorological information using a weather station

ithin our study plot. Air temperature and relative humidity were mea-

ured with an HMP45C Vaisala temperature and relative humidity probe

HMP45C, Vaisala Inc., Woburn, MA, USA), precipitation was recorded

ith a tipping-bucket rain gage (TE525MM, Texas Electronics, Dallas,

exas, USA), and photosynthetic active radiation was measured using

 quantum sensor (LI-190SB; Li-Cor, Lincoln, Nebraska, USA). In addi-

ion, we measured soil temperature and moisture using EM 50 sensors

Decagon Devices Inc., USA). We monitored the water table depth in the

et meadow using slotted polyvinyl chloride pipes and in the fen using

OBO dataloggers (Onset Computer, Bourne, MA, USA). 

.6. Data analysis 

We used a back-propagation artificial neural network (ANN) ap-

roach to gap-fill the hourly and daily carbon flux data (the “newff”

unction; R “AMORE ” package, version 0.2–16) [ 17 , 28 ]. The ANN is a

achine learning algorithm and has a generalization capability beyond

he training data by learning from examples [29] . Specifically, we first

etermined an array of input variables and neurons in our ANN analysis

ased on the rule of parsimony and good gap-filling performance. The

nput variables included air temperature, relative humidity, photosyn-

hetic active radiation, soil temperature, soil volumetric water content

nd the fuzzy sets which represented the time of day and the season of

ear [29] . Then, we ran the ANN 500 times for the raw data of each

lot [17] . In each run, we sampled 70% of the raw data as the training

ataset to establish the network and used the remaining 30% of the raw

ata as the test dataset to assess its performance. A lower value of the

oot mean square error represents a higher fitting accuracy of the net-

ork. Finally, we filtered the 25 best runs that had the lowest root mean

quare error values and used their averages to gap-fill the flux data [17] .
154 
We performed piecewise structural equation modeling to investigate

he relative importance of photosynthetic active radiation, water table

epth, soil temperature and soil moisture in regulating gaseous carbon

uxes during the growing season (the “psem ” function; R “piecewis-

SEM ” package, version 2.1.0). Piecewise structural equation modeling

s a robust multivariate approach used to examine complex networks

f relationships and uses Shipley’s test of directed separation to evalu-

te if the specific pathway(s) should be excluded in an underspecified

odel [30] . Specifically, we fitted a full model including all potential

athways and then sequentially excluded nonsignificant pathways for

he final model. For each component of the structural equation mod-

ling, we conducted a linear mixed model with chamber treated as a

andom factor (the “lme ” function; R “nlme ” package, version 3.1–149).

e evaluated the overall fit of the final model using Fisher’s C statis-

ic and the Akaike information criteria ( AIC ). We estimated the impor-

ance of each examined factor using its standardized total effect, which

akes into account the direct and indirect effects of the factor on carbon

uxes. 

We calculated the annual CO 2 and CH 4 budgets of the studied ecosys-

ems by summing their gap-filled daily or hourly fluxes during the en-

ire year. We divided the annual budget into different seasons (Table

2), which were delineated based on the 7-day moving average of soil

emperature at 5-cm (ST 5 ) and 30-cm depths (ST 30 ) [17] . Specifically,

he spring thaw was defined to start on the first of five consecutive days

hat the ST 5 exceeded ‒0.75 °C and to end on the day that the ST 30 ex-

eeded 0.75 °C. The autumn freeze was defined to start on the first of

he five consecutive days that the ST 5 became lower than 0.75 °C and

o end on the day that the ST 30 started to be lower than ‒0.75 °C. The

inter frozen was defined as the time between the end of autumn freeze

n the previous year and the onset of spring thaw. The growing season

as defined as the time between the end of spring thaw and the onset

f autumn thaw. We used linear regression to examine the responses of

he growing-season CO 2 and CH 4 budgets to interannual variability in

emperature and precipitation. 

We assessed the climate radiative forcing of the annual NEE and CH 4 

udgets using the concept of the 100-year GWP, which has been adopted

y the Intergovernmental Panel on Climate Change. The GWP methodol-

gy considers the atmospheric lifetime and radiative properties of green-

ouse gasses and can evaluate the trade-offs between the climate im-

acts of CO 2 and CH 4 emissions by putting their time-integrated radia-

ive impacts into CO 2 equivalents (CO 2 -eq) [31] . The 100-year GWP (in

 CO 2 -eq m 

− 2 ) was calculated as follows [14] : 

WP = NEE × 1 + C H 4 × 28 

here NEE is the annual NEE budget (in g CO 2 m 

− 2 ), and CH 4 is the

nnual CH 4 budget (in g CH 4 m 

− 2 ). 

We conducted two-way analysis of variance to examine the effects

f ecosystem type, sampling year and their interactions on the soil car-

on pool, gaseous carbon budgets and GWP (Table S3). We further used

ukey’s significant difference testing to test for the differences among

cosystems. In this study, all statistical analyses were conducted using

 version 4.0.3 [32] . 

. Results 

.1. Net ecosystem CO 2 exchange 

The NEE of all three ecosystems followed a similar seasonal pattern

ith a net uptake period during the growing season ( Figs. 2 and S3).

owever, the length of the net CO 2 uptake period in mesic meadow

148 days) was 1.9 and 1.6 times that in wet meadow and fen across

he years 2012–2014, respectively. The mesic meadow had the high-

st peak CO 2 uptake rate, 97.8% higher than that of wet meadow and

.6% higher than that of fen. The dominant predictors of the growing

eason NEE dynamic shifted from soil temperature in mesic meadow to

oil temperature and water table in wet meadow, and then to water ta-
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Fig. 2. Seasonal dynamics of net ecosystem CO 2 and CH 4 exchanges. (a) Mesic meadow; (b) wet meadow; (c) fen. Data are shown as the mean ± standard error 

( n = 5). 

Fig. 3. Structural equation modeling examining effects of abiotic factors on net ecosystem CO 2 and CH 4 exchanges. (a–c) The networks of relationships 

between gaseous carbon fluxes and abiotic factors in the mesic meadow, wet meadow and fen; (d–f) the standardized total effects of abiotic factors for each 

ecosystem. The analyses are based on the monitoring data across the growing seasons from 2012 to 2014. The abiotic factors include photosynthetically active 

radiation (PAR), water table depth (WT), and soil temperature (ST 5 ) and moisture at 5 cm depth (SM 5 ). In (a-c), the solid red and black arrows represent significant 

positive and negative relationships, respectively; ∗ , p < 0.05; ∗ ∗ , p < 0.01; ∗ ∗ ∗ , p < 0.001. The arrow width is proportional to the strength of the relationship. The 

numbers near the arrows represent the standardized path coefficients. Marginal R 2 indicates the explained proportion of variance for each dependent variable in the 

models. 

b  

C  

l  

w  

t

 

u  

a  

a  

a  

t  

c  

C

e  

d  

m  

3  

r

 

r  

(  

t  

w  

w

le in fen ( Figs. 3 and S6). In contrast, these ecosystems exhibited net

O 2 emissions during the nongrowing season. The mesic meadow had a

arger CO 2 emission than the other two ecosystems in winter ( Fig. 4 a),

hile the fen produced a substantial pulse of CO 2 emission during spring

haw ( Fig. 2 ). 

The growing season NEE and its components (ER and GEP) grad-

ally decreased along the succession gradient (Fig. S7). However, the

nnual NEE budget did not exhibit a gradient change across 2012–2014

nd shifted from a carbon gain of 114.7 g C m 

− 2 in mesic meadow to

 carbon loss of 91.8 g C m 

− 2 in wet meadow and then to carbon neu-

ral in fen ( Fig. 4 a). The CO 2 emissions during the nongrowing season

anceled out 56.7% of mesic meadow CO 2 uptake and 117.7% of fen
155 
O 2 uptake during the growing season, and the nongrowing season CO 2 

missions dominated the annual NEE budget of the wet meadow. In ad-

ition, the CO 2 emissions during spring thaw increased gradually from

esic meadow to wet meadow and then to fen, which contributed to

8.2%, 61.4% and 67.8% of their corresponding nongrowing emissions,

espectively ( Figs. 4 a and S8). 

The growing season NEE of the three ecosystems showed different

esponses to interannual variations in air temperature and precipitation

Fig. S9). The mesic meadow exhibited an enhancement in net CO 2 up-

ake with increased growing season temperature from 2010 to 2014,

hile the wet meadow and fen did not exhibit any significant change

ith interannual temperature variations. 
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Fig. 4. Annual budget and seasonal distributions of net ecosystem CO 2 

and CH 4 exchanges. (a) CO 2 ; (b) CH 4 . The annual budget is the average value 

from 2012 to 2014, and we divided it into four different seasons, including the 

growing season (GW), spring thaw (st), autumn freeze (af) and winter frozen 

(wf). The bar shows the standard error of the mean ( n = 5). The different letters 

above the bars indicate significant differences among ecosystems at p < 0.05 

level. 
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Fig. 5. Global warming potential, annual gaseous carbon budget and soil 

organic carbon density. (a) Global warming potential (GWP at 100-year time 

horizon); (b) annual carbon budget of net ecosystem CO 2 and CH 4 exchanges; (c) 

soil organic carbon density. The bar shows the standard error of the mean ( n = 5 
for GWP and gaseous carbon budget and n = 3 for soil organic carbon). The dif- 

ferent letters above the bars indicate significant differences among ecosystems 

at p < 0.05 level. 
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.2. Methane fluxes 

The seasonal dynamics of CH 4 fluxes differed among ecosystems

rom 2012 to 2014 ( Figs. 2 and S3). The mesic meadow absorbed CH 4 

nd reached the maximum rate around late July, the wet meadow re-

eased CH 4 and peaked in early September, and the fen showed two

eak CH 4 emissions with a large peak in the middle of August and a

mall peak during spring thaw. The growing season CH 4 dynamics were

egulated by soil temperature and soil moisture/water table depth in

he mesic meadow and fen but dominated by soil moisture in the wet

eadow ( Figs. 3 and S6). 

From 2012 to 2014, the annual CH 4 budget shifted from a sink of

.3 g C m 

− 2 for mesic meadow to a source of 3.5 g C m 

− 2 for wet

eadow and 28.0 g C m 

− 2 for fen ( Fig. 4 b). The nongrowing season

H 4 exchanges accounted for 19.4–35.2% of the annual budgets in the

tudied ecosystems. Moreover, the nongrowing season CH 4 exchanges

ainly occurred during the winter frozen in mesic meadow (48.8%) and

et meadow (43.9%) but were concentrated in the spring thaw in fen

71.9%) ( Figs. 4 b and S8). 

The mesic meadow exhibited the largest growing season CH 4 uptake

n the anomalously dry year (2012) of our study period, while the fen

roduced a stronger CH 4 emission in warmer years (2010 and 2013)

Fig. S9). The growing season CH 4 emission of wet meadow was not

ignificantly affected by interannual variations in temperature and pre-

ipitation. 

.3. GWP of the annual NEE and CH 4 budgets and soil organic carbon 

tock 

Based on the annual CO 2 and CH 4 budgets across 2012–2014, the

00-year GWP increased from ‒459.9 g CO -eq m 

− 2 (cooling) in mesic
2 

156 
eadow to 517.0 g CO 2 -eq m 

− 2 (warming) in wet meadow and then

o 1087.4 g CO 2 -eq m 

− 2 in fen ( Fig. 5 a). Moreover, the enhancement

n the GWP during paludification was largely due to the increased CH 4 

missions. 

The annual gaseous carbon budget was ‒123.1 g C m 

− 2 (sink) for

esic meadow, 108.8 g C m 

− 2 (source) for wet meadow and 38.7 g

 m 

− 2 for fen across 2012–2014 ( Fig. 5 b), suggesting that paludifica-

ion may cause gaseous carbon loss. In contrast, the 0–1.8 m soil survey

howed 7.0- and 4.0-fold larger soil organic carbon in the wet meadow

nd fen than in the mesic meadow, respectively ( Fig. 5 c), indicating that

aludification produced an accumulation of soil carbon. 

. Discussion 

Our findings did not support the first hypothesis and showed that

aludification reduced the net ecosystem CO 2 uptake in addition to in-

reasing the CH 4 emissions. Paludification also altered the temporal dy-

amics of the CO 2 and CH 4 fluxes, which were regulated by changes in

ominant abiotic predictors and spring-thaw emissions. In contrast, our
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esults showed that paludification produced a large accumulation of soil

rganic carbon and a higher GWP, which supported the second hypothe-

is. However, the soil organic carbon accumulation was in contrast with

 shift from gaseous carbon uptake to release, suggesting a potential

ole of nongaseous carbon pathways in regulating the soil carbon bud-

et during paludification. These findings will deepen our understanding

f the development of the carbon cycle during alpine biogeomorphic

uccession and improve the long-term assessment of the wetland car-

on footprints under climate change. 

.1. Shifts in the patterns and drivers of CO 2 flux during succession 

Our result of the gradual reductions in GPP and ER during paludifica-

ion was likely associated with the reduced soil aeration, which slowed

he mineralization of nutrients for plant growth and the decomposition

f organic matter [ 9 , 10 ]. We further found that paludification turned

he ecosystem from a net sink of CO 2 to a net source and then to a neu-

ral source. This result reflected that the developments of GPP and ER

ere not synchronous in magnitude. The reduction in GPP outpaced that

n ER when mesic meadow developed to wet meadow, which was likely

ecause the dominant species Kobresia tibetica in wet meadow has a low

hotosynthetic capacity and a short growing season [33] . In contrast, as

et meadow further developed to fen, ER exhibited a larger reduction

han GPP. This may be largely associated with the flooding of the top-

oil layer in fen, and respiration from topsoil often dominates total soil

espiration [34] . 

We found that the dominant predictors of growing season NEE dy-

amics shifted from soil temperature alone to soil temperature and wa-

er table, and then to water table during paludification. This finding sup-

orted a past study reporting that temperatures dominate NEE in alpine

esic meadows [35] . This result may be because low temperatures con-

trained the activity of plants and soil microbes at our high-elevation

ite with large temperature variation ( ∼15.0 °C at a 5 cm soil depth

uring June-October) (Fig S2a). However, water table depth overrode

oil temperature in regulating NEE dynamics in fen, which may have

een because waterlogged conditions reduced seasonal variation in soil

emperature ( ∼13.6 °C) due to the high specific heat capacity of wa-

er. Meanwhile, it may be related to the fact that the water table depth

egulated the seasonality of soil respiration in the fen [12] . 

Our results showed that the nongrowing season CO 2 emissions

argely offset or even exceeded the CO 2 uptakes during the growing

easons, suggesting a vital contribution of nongrowing season emissions

o the annual CO 2 budget. We further found that succession changed the

ey period of CO 2 emissions during nongrowing seasons. In the present

tudy, high winter CO 2 emissions occurred in mesic meadows, which

ay have been due to daytime CO 2 emissions during the diurnal freez-

ng and thawing cycle of surface soil [27] . In contrast, the nongrowing

eason CO 2 emissions did not occur in winter frozen but were concen-

rated in spring thaw in the fen. This was likely because the thick ice

over of fen in winter hindered soil CO 2 diffusivity and reduced micro-

ial CO 2 production by inhibiting the diffusion of atmospheric oxygen

nto soils [36] . As the ice melted in spring, the rising temperature, the

ncreasing water and nutrient availability and the activated microbes

ogether might accelerate the decomposition of soil organic matter and

lant litter and cause substantial CO 2 emissions [37–39] . Overall, these

ndings suggested that alpine succession caused a shift in the key pe-

iod of CO 2 emissions during the nongrowing season, largely due to the

hanges in the soil freeze-thaw process. 

.2. Shifts in the patterns and drivers of CH 4 fluxes during succession 

We found that the ecosystem shifted from a weak sink of CH 4 to

 strong source of CH 4 as paludification proceeded. The studied mesic

eadow absorbed 0.3 g C m 

− 2 year − 1 of CH 4 , which was within the

ange of 0.062–0.48 g C m 

− 2 year − 1 from other reports in Tibetan alpine
157 
rasslands [ 40 , 41 ]. In contrast, the annual CH 4 emissions in the stud-

ed wet meadow and fen were one and two orders of magnitude higher

han the annual CH 4 uptake in the mesic meadow, respectively. The

H 4 emissions of wet meadow (3.5 g C m 

− 2 ) were comparable to those

bserved in Arctic tundra and boreal bogs [42] , while the fen CH 4 emis-

ions (28.0 g C m 

− 2 ) were within the upper range of emissions from bo-

eal peatlands [42] but lower than the emissions from temperate coastal

arsh (50.8 g C m 

− 2 ) [43] . In this study, the observed change in CH 4 

ux during paludification may be due to the enhanced CH 4 produc-

ion associated with the increase in soil methanogens, as well as the

ecreasing CH 4 oxidation related to the increase in sedge plants with

ell-developed aerenchyma that transported CH 4 to the atmosphere by-

assing the soil oxidized zone (Table S1). 

Our analysis showed that the dominant predictors of seasonal CH 4 

ux dynamics varied with succession. Soil temperature and soil mois-

ure/water table depth together controlled the CH 4 fluxes at the mesic

eadow and the fen, suggesting a synergistic effect of temperature and

ater. This finding is in line with a previous study in high-latitude per-

afrost zones reporting that CH 4 emissions were more sensitive to soil

emperature in wetter ecosystems but more sensitive to water table in

rier ecosystems [44] . However, we found that soil moisture, but not

oil temperature, dominated the dynamics of CH 4 emissions in the wet

eadow. This may result from counteracting temperature effects on

he activity of soil methanogens and methanotrophs, which are highly

emperature-sensitive [ 6 , 41 ]. 

We revealed that the key period of CH 4 fluxes differed at different

tages of paludification. The mesic meadow absorbed CH 4 in the long

rozen period, likely because the diurnal freeze-thaw process in surface

oil favored soil methanotrophs by increasing temperature and water

vailability. It has been reported that cold temperature and low water

vailability in soil pores may inhibit soil methanotroph activity in Ti-

etan alpine grasslands [ 40 , 41 ]. In contrast, the CH 4 emissions in our

tudied fen were concentrated during the spring thaw period. This was

ikely associated with the thick ice cover and the permanent active soil

ayer approximately 1 m below the soil surface [45] . The ice cover was

ompleted during late fall and inhibited CH 4 oxidation in the surface

oil by isolating the soil from atmospheric oxygen, whereas the perma-

ent active layer favored the production and accumulation of CH 4 in

eep soil [17] . The accumulated CH 4 in soils was rapidly released when

he ice and frozen topsoil melted during spring [18] . 

.3. Paradox between the changes in gaseous carbon flux and soil carbon 

ool during succession 

A crucial finding in our study is the seeming paradox between

aseous carbon loss and soil carbon accumulation during paludifica-

ion. One potential explanation is that the nongaseous ecosystem car-

on exchange contributed to soil carbon accumulation. For example, lat-

ral carbon transport in the form of dissolved or/and particulate carbon

ould contribute substantially to the carbon budget of peatland ecosys-

ems in northern high-latitude regions [46–48] . In this study, the low-

ying wet meadow and fen could receive carbon in runoff from the sur-

ounding mesic meadows during heavy rain events [48] . The fen may

lso receive carbon from groundwater. The lateral carbon input may

ffset the gaseous loss of carbon from these wetlands and lead to soil

arbon accumulation over a long time. 

Another possible explanation for the observed paradox is the mis-

atch in the time scale of the observed gaseous carbon loss and soil

arbon accumulation [ 48 , 49 ]. While net gaseous carbon loss was ob-

erved over the three years studied, the soil carbon pools of these wet-

ands were the result of carbon sequestration over centuries to millennia

50] . Our observed gaseous flux over the three years may not represent

he historical pattern of carbon flux in these wetlands. Alternatively, the

ength of the study may not be long enough to fully capture the temporal

ariability in carbon flux in these systems. For example, the net gaseous

arbon budget of fen changed from a source of 38.7 g C m 

− 2 yr − 1 to a
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ink of 21.7 g C m 

− 2 yr − 1 if we excluded data from the dry year 2012.

hus, the observed gaseous carbon loss does not necessarily contradict

he increased soil carbon accumulation along the paludification gradi-

nt. 

We observed an increasing GWP along the stages of paludification,

riven primarily by increasing CH 4 emissions. This finding is consis-

ent with our previous water table manipulation experiment in the same

etland [9] . However, we cannot simply interpret the higher GWP as

 warming impact on the climate system, and whether paludification

roduces a warming or cooling climate impact depends on the source of

he carbon accumulated in the soil. If the observed increasing GWP in

his study is only temporary while the soil carbon accumulation results

rom the net gaseous carbon uptake historically, paludification should

xert an overall cooling impact on the climate system [42] . In contrast,

f the increasing GWP is long-lasting and such soil carbon accumula-

ion represents a translocation of carbon from nearby mesic meadows,

aludification would accelerate climate warming. 

Over the past decades, climate warming has led to accelerated glacier

nd permafrost melting, an expanded wetland area, and a higher lat-

ral carbon input into wetlands on the Tibetan Plateau [ 51 , 52 ]. Un-

erstanding the contribution of lateral carbon transport is crucial for

haracterizing both the carbon budget of alpine ecosystems that are con-

ected hydrologically and the carbon footprint of alpine wetlands during

iogeomorphic succession. We therefore suggest that a catchment-scale

onitoring network of lateral carbon flows on the Tibetan Plateau is

rgently established. Future research should pay more attention to the

attern and drivers of lateral carbon flows and elucidate the fate of car-

on (respiratory CO 2 , carbon deposits, or carbon transfer) during lateral

ransport [ 52 , 53 ]. 

. Conclusion 

In summary, this study showed that the alpine biogeomorphic

uccession towards wetlands prompted a CH 4 -dominated increase in

aseous carbon emissions in concurrence with soil carbon accumula-

ion. The findings have several important implications. First, this work

rovides comprehensive gaseous carbon flux monitoring at different

tages of alpine wetland succession, and the dataset can be used to

enchmark and parameterize Earth system models to produce credible

rojections of carbon emissions for alpine ecosystems. Second, our re-

ults suggest that the carbon flux dynamics during succession are driven

y shifts in the biotic community, changes in the dominant abiotic

rivers and soil freeze-thaw process, which should be incorporated into

ext-generation models. Finally, the paradox between the contemporary

aseous carbon budget and the soil organic pool change suggests a po-

ential contribution of the lateral carbon exchange and/or changing cli-

ates to long-term climate-carbon feedback during alpine biomorphic

uccession. 
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