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ARTICLE INFO ABSTRACT

Wetlands are predicted to experience lowered water tables due to permafrost degradation in the Tibetan Plateau.
These changes may affect carbon cycle processes such as soil respiration (R;). However, the magnitude, patterns
Qio and controls of R, remain poorly understood in alpine wetlands with their distinct hydrological regimes. Here,
So%l €O, flux we conducted a field study on R from 2012 to 2014 in three alpine ecosystems on the Tibetan Plateau—fen, wet
:g;lh‘l’;a:ﬁ;vi?;;em meadow and meadow—with soil water decreases along hydrological gradients. From 2012 to 2014, the annual
Wetland R, was 128.9-193.3 g Cm ~%yr !, 281.5-342.9 g C m ™~ 2yr !, and 663.4-709.1 g C m " 2yr ! for the fen, wet

meadow, and meadow, respectively. An abrupt increase in CO, emissions was caused by the spring thawing of
the frozen soil in the fen and wet meadow, contributing 20.4-37.6% and 13.2-17.4%, respectively, to the annual
R;. The diurnal variation in the R, was site specific among the three ecosystems, with one peak at 1300 h in the
fen and meadow and two peaks at 1300 h and 1900 h in the wet meadow. The temperature-independent
components of the diurnal variation in R; were generally explained by photosynthetically active radiation in the
fen and wet meadow, but not in the meadow. The temperature sensitivity of the R; (unconfounded Q;,) varied
significantly among the three ecosystems, with the highest values occurring in the wet meadow, implying that
permafrost thaw-induced wetland drying from the fen to the wet meadow could enhance the response of CO,
emissions to climate warming but that further drying from the wet meadow to the meadow probably weakens
the effect of warming on the R,. Our study emphasized the important role of the hydrological regime in reg-
ulating the temporal variation in Ry and its response to climate warming.
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1. Introduction available for upland areas despite the large amounts of soil C in wet-

lands (Bond-Lamberty and Thomson, 2010). Given that climate models

Wetlands store 20-25% of the total global soil carbon (C) while
covering only 4-6% of the land area (Aselmann and Crutzen, 1989;
Gorham, 1995; Matthews and Fung, 1987), which plays a critically
important role in regulating the atmospheric CO, concentrations. Soil
respiration (Ry) is the second largest C flux in terrestrial ecosystems, and
it exerts a tremendous effect on global C cycling. In a global R, data-
base, R, records for wetlands are very limited compared to those

predict climate changes throughout this century (IPCC, 2013), the fate
of the large store of C in wetlands is of concern, especially in alpine
ecosystems, which are vulnerable to climate change (Liu and
Chen, 2000).

R, is strongly linked to several physical (e.g., soil temperature, soil
moisture) and biological factors (e.g., photosynthesis) that complicate
the mechanistic understanding of R; (Ryan and Law, 2005). Over a
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seasonal scale, R, variations are commonly expressed as van't Hoff,
Arrhenius, or Lloyd and Taylor functions of soil temperature
(Davidson et al., 2006). Although soil temperature often accounts for a
large fraction of seasonal R, variation, some of the variability in this
apparent response to temperature may result from the confounding
effects of other factors, such as the soil moisture or water table in the
wetland (Davidson et al., 1998; Miao et al., 2013). Soil water may
constrain R in two ways, either by limiting aeration and thus the dif-
fusivity of O, into the soil, which impedes decomposition and CO,
production (Linn and Doran, 1984) when soil water is high or by
stressing soil microbial activities in the decomposition processes
(Schimel et al., 2007) when soil water is very low. Large variations and
inconsistences in the responses of R, to the soil water content have been
found in studies on wetland and upland ecosystems (Reichstein et al.,
2002; Savage and Davidson, 2001; Silvola et al., 1996). Thus, the re-
sponse of R; to soil moisture largely depends on the water availability of
the ecosystems (Knapp et al., 2008). On the diurnal scale, many re-
searchers have observed that Ry and soil temperature may be de-
coupled, showing a diel hysteresis, made evident by semielliptical
shapes in plots of soil temperature and R; (e.g., Gaumont-Guay et al.,
2006; Riveros-Iregui et al., 2007). While several studies have postulated
that environmental factors that oscillate out of phase with soil tem-
perature, such as photosynthesis, regulate the diurnal R, variation
(Kuzyakov and Gavrichkova, 2010; Liu et al., 2006; Tang et al., 2005),
other studies have shown that physical transport processes (heat and
CO,) alone are sufficient to create hysteresis (Phillips et al., 2011).
These results largely enhance our knowledge about the temporal var-
iation in R, driven by abiotic and biotic factors; however, few studies
have discussed how R; varies temporally along hydrological gradients.

The spring thawing of soil is characterized by daily freeze-thaw
cycles, which are important short-term transitional and nonstationary
phenomena in high-latitude and high-altitude ecosystems that cause
abrupt step changes in soil biophysical conditions. The thawing of
frozen soils increases the soil water availability and mobilizes nutrients,
thereby rapidly shifting plant and microbial activity from dormant
states to active states (Henry, 2007; Kim et al., 2012). Thus, an in-
creased CO, flux with thawing has been characterized in various up-
lands and laboratory incubation experiments, as reviewed by
Kim et al. (2012) and Matzner and Borken (2008). Alternately,
Elberling and Brandt (2003) reported a burst of CO, with soil thawing
in a tundra heathland, which was attributed to the release of trapped
CO,, from the frozen soil with ice formation. However, some studies
have revealed inconsistent results with nonsignificant changes in R;
after thawing (e.g., Groffman et al., 2006; Muhr et al., 2009). Since soil
moisture influences thawing and freezing processes, we hypothesized
that soil water conditions may regulate the responses of soil CO, flux to
thawing and freezing. Additionally, discrete measurements, e.g., mea-
suring weekly or monthly during the thawing and freezing period,
would have missed the peak fluxes of R, due to their short response
period (Kim et al., 2012). Thus, to improve our understanding of the
biophysical effects of soil thawing and freezing on R,, R; measurements
with high temporal resolution, e.g., hourly, are needed from alpine
ecosystems with different hydrological conditions.

The Tibetan Plateau, the largest geomorphological unit on the
Eurasian continent, is an important part of the global terrestrial eco-
system, with a mean elevation of ~4000 m. The plateau has the largest
extent of permafrost in the high-altitude region, with the permafrost
area of approximately 1.35x 10° km?, covering ~67% of the plateau
area (Ran et al., 2012). Alpine wetland ecosystems occupy an area of
0.049 x 10° km? on the Tibetan Plateau, accounting for 2.5% of the
plateau area (Sun and Zheng, 1996). These ecosystems are typically
underlain by permafrost and maintain a water table near the surface
(Baumann et al., 2009). However, given that the annual mean surface
air temperature would rise by 1.4-2.2 °C in the next 30-50 years on the
plateau (Liu et al., 2009), the wetlands are predicted to have lowered
water tables due to the permafrost degradation caused by rapid climate
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warming (Cheng and Wu, 2007). It was estimated that over 10% of the
alpine wetland in the plateau was degraded from 1967 to 2004
(Zhang et al., 2011). Permafrost degradation could expose significant
quantities of organic carbon to decomposition by soil microbes, and
then permafrost thaw-induced soil drying would accelerate organic
matter decomposition (Lawrence et al., 2015; Schuur et al., 2015).
Thus, a better understanding of CO, emissions from wetlands to upland
slopes is needed to evaluate the effect of hydrological changes on R on
the plateau.

We conducted a 3-year field experiment of R, along a hydrological
gradient in the alpine wetland of the Tibetan Plateau. Three types of
vegetation were defined—fen, wet meadow and meadow—with soil
water decreasing along the hydrological gradient. Automated chambers
were set up to record the hourly measurements of R;. The main ob-
jectives were (1) to quantify the total annual R of the three ecosystems,
(2) to investigate the seasonal and diurnal variations in Ry and their
environmental drivers along the hydrological gradients, and (3) to ex-
amine the biophysical effects of the freeze-thaw process on R; under
different hydrological conditions. We hypothesized that (1) annual Ry
changes among the three ecosystems largely due to different water ta-
bles or water availability; (2) R; is affected by abiotic factors, e.g., soil
temperature, soil moisture/water table and photosynthetic active ra-
diation (PAR), but the correlation between R; and the factors may
change along the hydrological gradients because soil water conditions
could regulate the oxygen and substrate availability and hence affect
the microbial activity; and (3) thawing of frozen soil causes pulses of R
due to the sudden flushes of soil water and nutrient availability or re-
lease of the trapped CO, in the frozen soil.

2. Materials and methods
2.1. Site description

This study was conducted at the Luanhaizi alpine wetland, adjacent
to the Haibei Alpine Grassland Ecosystem Research Station (37°30'N,
101°12’E, 3200 m a.s.l.) in the northeastern part of the Tibetan Plateau,
China (Fig. 1a). This area is underlain by permafrost, which is in a state
of degradation (Wang et al., 2015). The area has a continental monsoon
climate with short summers and long winters. From 1981 to 2010, the
mean annual air temperatures were —1.1 °C, and the mean annual
precipitation was 480 mm, of which more than 80% was concentrated
from May to September. There was no thick (<10 cm) and persistent
snowpack in the nongrowing season, and the number of days of snow
was only 20-34 days (Wang et al., 2014). The air pressure was low,
approximately 70 kPa, due to the high altitude.

Three types of ecosystems are distributed along the topographic
gradient in the study area: fen, wet meadow, and meadow (Fig. 1b and
¢). The fen is a flat field, located at the lowest elevations and char-
acterized by a unique microtopography with many scattered hummocks
(Fig. 1d). The community is dominated by Carex pamirensis C. B. Clarke
ex B. Fedtsch. rooted in shallow peat, along with several other species,
including Carex atrofusca Schkuhr, Hippuris vulgaris L., Triglochin pa-
lustre L., and Heleocharis spp. The fen is generally constantly flooded
from June to late October and is covered by ice from early November to
the following early April. The wet meadow is a gentle slope (< 10°)
located at the middle elevation and is distributed along the margin area
of the fen (Fig. 1e). The community is dominated by Kobresia tibetica
Maxim., Blysmus sinocompressus Tang et Wang, and C. atrofusca
Schkuhr, and a continuous layer of moss species forms the ground layer.
The wet meadow surface is never flooded, but the soil remains nearly
saturated throughout the year. The meadow, adjacent to the wet
meadow and approximately 100 m apart from the fen, is located at the
highest elevation (Fig. 1f). Its community is dominated by Stipa aliena
Keng, Elymus nutans Griseb., and Helictotrichon tibeticum (Roshev.)
Holub. The meadow never experiences flooding, and its soils are drier
than those of the wet meadow. The characteristics of the climate, soil
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Meadow

Fig. 1. The study site along the hydrological gradient in the alpine wetland of the Tibetan Plateau: (a) geographic location with the wetland distribution map sourced
from Niu et al. (2012); (b) landscape; (c) sketch map of the site; (d) fen; (e) wet meadow; and (f) meadow (1.5 column).

and vegetation are detailed in Table 1.

2.2. R measurements

From early August 2011 to late October 2014, R; was measured in a
flow-through and nonsteady-state manner using a custom-designed,
multichannel, automated, chamber system in the fen and wet meadow.
This system comprised a control unit inside a field-accessible case and
20 automated chambers. The main component of the control unit was a
datalogger (CR1000, Campbell Scientific Inc., Logan, UT, USA), a two-
valve manifold (CKD-LAC-V-4SB010, CKD Corp., Nagoya, Japan), a
micro infrared gas analyzer (IRGA; Li-Cor 840, Li-Cor, Lincoln, NE,
USA), a CO,/CH4/H,0 gas analyzer (Picarro G1301, Picarro, Santa
Clara, CA, USA), and a 62-differential-channel sensor multiplexer. The
chambers (90 cm long X 90 cm wide X 50 cm tall) were made of clear
PVC glued to an aluminum frame. Between measurements, the chamber
lid is open and allows precipitation to reach the enclosed soil surface,
thus keeping the soil conditions as natural as possible. During the
measurements, the chamber lid is closed, and the chamber air is sam-
pled continuously from the chamber to the IRGA and CO,/CH4/H,0 gas
analyzer for concentration measurement. The gas fluxes are calculated
from the change in the gas concentration over time within the chamber.
The chambers were programmed by the CR1000 datalogger to close and
open sequentially for measuring within the hour-long cycle. The

measuring period for each chamber was set to 3 min to finish a cycle of
measurements within 1 h. This system has been previously described in
detail (Liang et al., 2017; Yu et al., 2013). In this study, we only used Ry
(soil CO, flux) measurement data from 10 of the 20 chambers, with 5
chambers in the fen and 5 in the wet meadow. The other 10 chambers
were used to measure the net ecosystem CO, exchange. The chambers
were randomly distributed at each site and maintained at the same
location throughout the study period.

The continuous Ry measurement in the meadow was conducted at
another study site, which is approximately 1.5 km away from the fen
and wet meadow. The soil hydrology and vegetation in the meadow are
similar to those adjacent to the wet meadow. The R; in this site was
measured with a Li-8150 multiplexer automated soil CO, flux system
(Li-Cor Inc., Lincoln, NE, USA). The R, measurements were taken on
PVC collars (20 cm in diameter and 10 cm in height) that were inserted
4 cm into the soil. Three spatial chamber replicates were established at
the site. Each chamber was sealed on the collar during the measure-
ments, and the instrument recorded the CO, concentration. The R, was
calculated using a linear or exponential regression model with Li-8100
file viewer application software (LI-8100/8150, Instruction Manual).
The R, within each chamber was measured at intervals of 1 h. The
measuring period for the R of each chamber was 5 min. During the
other period, the chamber was opened for aeration.
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Table 1
Climate, soil and vegetation characteristics in the three ecosystems on the Tibetan Plateau®.
2012 2013 2014
Mean annual air temperature ( °C) -1.82 -1.08 -1.36
Annual precipitation (mm) 367 403 573
Photosynthetically active radiation (umol m-%7Y) 357 383 397
Fen
Mean annual soil temperature at 5 cm ( °C) 2.37 £ 0.26 2.58 +0.28 1.69 + 0.38
Mean annual soil temperature at 30 cm ( °C) 1.25 1.33 1.59
Mean water table (cm)” -0.96 -0.12 0.55
Soil pH 7.7 £ 0.4
Soil total carbon (%) 16.0 = 3.8 — —
Soil total nitrogen (%) 1.1 = 0.22 — —
Aboveground biomass (g m™~?2) 2241 = 423 206.9 + 58.1 289.0 = 49.0
Belowground biomass (g m~2) — — 6592 + 1878
Wet meadow
Mean annual soil temperature at 5 cm ( °C) 2.48 £ 0.18 3.08 = 0.20 2.52 = 0.24
Mean annual soil temperature at 30 cm ( °C) 2.46 2.28 2.44
Mean annual soil moisture at 10 cm (v/v,%)" 45.4 50.8 60.2
Soil pH 7.6 = 0.4
Soil total carbon (%) 23.0 + 2091 — —
Soil total nitrogen (%) 1.7 = 045 — —
Aboveground biomass (g m™~2) 323.3 * 56.1 258.0 * 66.0 345.3 * 39.8
Belowground biomass (g m™~2) — — 7514 + 1641
Meadow
Mean annual soil temperature at 5 cm ( °C) 4.51 5.02 5.26
Mean annual soil temperature at 30 cm ( °C) 2.81 2.85 2.93
Mean annual soil moisture at 10 cm (%) 21.5 22.6 29.7
Soil pH 83 * 0.1
Soil total carbon (%) 57 = 0.67 — —
Soil total nitrogen (%) 0.5 = 0.067 — —
Aboveground biomass (g m~2) 387.1 = 18.8 291.7 * 521 355.7 * 68.2
Belowground biomass (g m™~2) — — 1745 + 364

2 Some values represent the mean + standard deviation (n = 5).

> The water table was measured from April 25 to October 16 in 2012, from April 25 to October 29 in 2013, and from April 25 to October 25 in 2014.
© 4 Soil moistures in the wet meadow and meadow were measured during the thawed season.

Table 2
The cumulative soil respiration (R;) of the different seasons and their contributions to the annual total R for the three ecosystems.
2012 2013 2014
R, (gCm™?) Contribution (%) R, (gCm™?) Contribution (%) R, (gCm™?) Contribution (%)

Fen
thawing 72.8 = 8.4c 37.6 = 2.2c 389 = 4.4b 249 = 1.9c 26.3 = 3.3a 20.4 = 1.3c
thawed 106.0 = 11.4a 548 = 1.7a 103.1 + 17.3a 65.5 = 2.8a 85.4 = 1l1.4a 66.2 = 1.7a
freezing 2.2 + 0.086a 1.1 = 0.11a 1.9 = 0.17a 1.2 = 0.13b 3.2 = 0.54a 2.5 = 0.24b
frozen 12.4 *= 1.5a 6.5 = 1.0b 13.0 = 0.65a 8.4 * l.4c 139 = 1.2a 109 *= 1.8¢c
total 193.3 + 18.0a — 156.9 + 20.6a — 128.9 + 14.2a —

Wet meadow
thawing 53.0 + 3.7b 155 = 1.2b 52.8 = 5.2¢ 17.4 = 1.6b 37.0 + 3.2b 13.2 = 1.2b
thawed 259.0 = 22.1b 75.5 = 1.6b 230.5 = 19.8b 759 = 1.7b 215.7 *= 18.4b 76.6 = 1.9b
freezing 5.8 = 0.32b 1.7 = 0.17b 4.8 = 0.14b 1.6 = 0.082c 10.8 = 0.63c 3.8 = 0.40c
frozen 23.8 += 0.63c 7.0 = 0.60b 15.3 = 0.65b 5.1 = 0.36b 18.1 *= 0.69b 6.4 = 0.36b
total 3429 =+ 23.1b — 303.4 + 22.2b — 281.5 *= 19.2b —

Meadow
thawing 329 * 27a 4.6 * 0.40a 24.4 * 1.6a 3.7 * 0.33a 25.0 = 1.9a 3.7 £ 0.22a
thawed 645.5 = 23.6¢c 91.0 = 0.87c 615.3 = 21.6¢ 92.7 = 0.63c 616.3 = 82.2c 91.7 = 1.2¢
freezing 10.5 = 1.3c 1.5 = 0.21b 5.7 * 0.24c 0.86 *+ 0.057a 83 = 1.1b 1.2 += 0.26a
frozen 20.3 = 1.7b 2.9 += 0.30a 179 *= 1.3c 2.7 * 0.26a 21.7 + 2.2c 3.3 = 0.71a
total 709.1 = 2l.1c — 663.4 = 19.1c — 671.2 = 82.2¢ —

Values represent the mean + standard deviation (n = 5 for the fen and wet meadow, and n = 3 for the meadow). Letters within a column indicate a significant
difference in cumulative R; or their contributions to annual R; among the ecosystems in the same season (P <0.05).

2.3. Environmental measurements

Half-hourly data on air temperature, precipitation and photo-
synthetic active radiation (PAR) were collected from a meteorological
station located in the wet meadow. The topsoil temperature was con-
tinuously measured every 30 min at a depth of 5 cm in the fen with a
type T thermocouple connected to a CR1000 datalogger when the
multichannel automated chamber system was being operated. The soil
temperature was automatically measured hourly at depths of 10 cm and

30 cm by EM50 sensors (Decagon Devices Inc., USA). The water table
height in the fen was automatically recorded hourly by HOBO data-
loggers (Onset Computer, Bourne, MA, USA). In the wet meadow, the
topsoil temperatures (5 cm, 10 cm and 30 cm) were continuously
measured every 30 min with a type T thermocouple connected to the
CR1000 datalogger. The topsoil moisture (10 cm;% v/v) was collected
every half-hour from a meteorological station located at this site. In the
meadow, the topsoil temperature (5 cm and 10 cm) and moisture
(10 cm;% v/v) were automatically measured hourly by EM50 sensors
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Fig. 2. Environmental factors of the study site from 2011 to 2014: (a) daily average air temperature and soil temperature in the fen; (b) water table in the fen; (c) soil
moisture in the wet meadow and meadow when the soil was thawed; (d) daily cumulative precipitation; and (e) daily average photosynthetically active radiation

(PAR). Since soil temperatures showed similar seasonal patterns among the three e
shown. The dotted line indicates the temperature at zero (2 column).

(Decagon Devices Inc., USA). Soil temperature at 30 cm depth was
provided by another meteorological station located in the meadow.

2.4. Specified season definition

The year was divided into four time periods based on the soil
temperature at depths of 5 cm and 30 cm: thawing, thawed, freezing
and frozen soil (Supplementary Table S1). Thawing soil was defined as
the period that starts from the first of three consecutive days when the
daily maximum soil temperature at 5 cm depth was above 0 °C to the
first of three consecutive days when the daily minimum soil tempera-
ture at 30 cm was above 0 °C. Freezing soil was defined as the period
ranging from the first of three consecutive days when the daily
minimum soil temperature at 5 cm depth was below 0 °C to the first of
three consecutive days when the daily maximum soil temperature at
30 cm depth was below 0 °C. Thawed soil ranges from the end of
thawing to the start of freezing. Frozen soil ranges from the end of
freezing to the start of thawing in the next year. The soil surface tem-
perature (0 cm) was expected to more accurately define the start time of

cosystems, the seasonal variations for the wet meadow and meadow were not

the thawing and freezing soil. Unfortunately, the surface temperature
was not measured in the fen and wet meadow; thus, we used the
temperature at 5 cm instead of the surface temperature. A soil tem-
perature at 30 cm was used to define the end of the thawing and
freezing periods because more than 90% and 80% of the belowground
biomass was distributed in the top 30 cm of the soil in the alpine
meadow and wetland, respectively (Ma et al., 2017; Yang et al., 2009).

2.5. Data analysis

We used an exponential function to examine the relation between R
and temperature as follows:

R; = exp® X expf<T @
where Rq is the soil respiration rate, T is the air or soil temperature, exp®
is the fitted R; at 0 °C air or soil temperature, and f is the sensitivity of
the R to temperature. A natural logarithm transformation of R, was
conducted, and the above equation then yielded the following:
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Fig. 3. Seasonal variations in daily soil respiration in the fen (a), wet meadow (b) and meadow (c) from 2011 to 2014. The periods of spring thawing and autumn
freezing are shaded in light red and blue, respectively. Error bars represent the standard deviation of the means (n = 5 for the fen and wet meadow, and n = 3 for the

meadow) (2 column).

LnRy=a+pBxT 2

The Q; value, which represents the temperature response of the R;,
was calculated as follows:

Quo = exp!®# 3

Nonetheless, this estimated Q;o may contain the influences of
nontemperature-driven confounding factors that seasonally covary with
temperature, e.g., vegetation activity (Wang et al., 2010; Yuste et al.,
2004), and thus does not accurately represent the responses of the R; to
the temperature change (Wang et al., 2018). To minimize the influence
of confounding effects, we applied singular spectrum analysis (SSA), a
highly data-adaptive method for subsignal separation, to estimate the
Qo of the R;. The time series of both the temperature and the log-
transformed R, were first partitioned into subsignals with different
frequencies. According to Mahecha et al. (2010), a period of 100 days
was chosen as the threshold that divides the high-frequency bins from
the low-frequency bins. We can then estimate the temperature sensi-
tivities derived from the specific subsignals (high-frequency) with
eqn. (3) such that confounding factors generally corresponding to the
low-frequency subsignals are excluded. Our key assumption is that low-
frequency signals are assumed to contain the nontemperature-driven
confounding effects (Gu et al., 2008; Mahecha et al., 2010).

We also used simple linear regression analysis to investigate the
relationship among R, and other abiotic factors, e.g., the soil moisture,
water table and PAR. Empirical models relating seasonal variation in Ry
to air or soil temperature, soil moisture or water table and PAR were
developed for each vegetation type using multiple linear regressions. To
avoid multiple collinearity, the variables with VIF (variance inflation
factor) <4 were selected for the multiple linear regressions. We then
used standardized regression coefficients to compare the relative

importance of the predictive variables. A natural logarithm transfor-
mation of R; was used to achieve linearity and homoscedasticity in the
regression analysis. We only investigated the effect of abiotic factors on
R, during the thawed season because the soil during the other seasons
(freezing, frozen and thawing) was generally frozen or subject to freeze-
thaw cycles, which primarily controlled the CO, emissions (Wang et al.,
2014).

Data filtering, as well as instrument malfunction, created large gaps
in the data series, with 20-32% of gaps (hours to days) from April to
October and 46-79% of gaps (up to months) from November to March
(Supplementary Fig. S1); hence, all of the data gaps were filled to es-
timate the daily, seasonal and annual values of the R,. A back-propa-
gation artificial neural network was employed to gap-fill the missing
hourly R, data. In keeping with the principle of parsimony and good
gap-filling performance, the following variables usually measured at
the field sites were included: air temperature, soil temperature, water
table (fen) or soil moisture (wet meadow and meadow), relative hu-
midity, and PAR, together with the fuzzy sets representing the seasonal
variation and time of day (Papale and Valentini, 2003). We included the
same input variables and five neurons for all datasets from the three
ecosystems. Data obtained from each chamber were proportionally
sampled into a training (70%) and a test (30%) dataset for artificial
neural network analysis, which covered all meteorological and flux
variability. Each analysis ran 500 times, of which the 25 best runs were
selected in the gap filling according to the lowest values of the root
mean square error. The hourly values of R; were summed to calculate
the cumulative daily, seasonal and annual values of R;. The data gap in
the soil temperature in the fen and wet meadow was filled with the data
from the nearby EM50 (Decagon Devices Inc., USA) and the meteor-
ological station, respectively. The significance of the differences in the
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Fig. 4. The change in hourly soil respiration (R;) with soil temperature at 5-cm depth in the fen (a-c), wet meadow (d-f), and meadow (g-i) in 2012, 2013 and 2014.
The hourly respiration data were not gap-filled. The dotted lines indicate the soil temperature at zero (1.5 column).

cumulative R and Q;o among the three ecosystems was analyzed using
a one-way analysis of variance (ANOVA). All statistical analyses were
performed using R version 3.3.1 (The R Foundation for Statistical
Computing, Vienna, Austria, 2016), with the package Rssa for SSA and
the package AMORE for the artificial neural network analysis.

3. Results
3.1. Overadll estimates

During the observation period of 2012-2014, the annual Ry for the
fen, wet meadow and meadow varied significantly (P<0.001) and
averaged 159.7 =+ 323, 309.3 = 31.1 and 681.2 =+ 244
(mean + SD) g C m™2yr~! across the three years, respectively, for the
three ecosystems (Table 2). The seasonal R, values and their contribu-
tions to annual emissions also varied greatly among the three ecosys-
tems (P<0.05; Table 2). The R, during the thawing season accounted
for 20.4-37.6% of the total annual R; in the fen, which is higher than
that observed in the wet meadow (13.2-17.4%) and the meadow
(3.7-4.6%). In contrast, the thawed season R, accounted for more than
90% of the total annual R, in the meadow, followed by the wet meadow
(75.5-76.6%) and the fen (54.8-66.2%).

Large variations in R; among the years were also observed in the
three ecosystems, especially in the fen and wet meadow (Table 2). The
annual R, decreased from 2012 to 2014 and was negatively related to
the pattern of the water table in the fen and the soil moisture in the wet
meadow (Table 1), indicating that soil water may regulate the inter-
annual variation in the R;.

3.2. Seasonal pattern of environmental factors and R

Obvious seasonal variations in environmental factors were observed
from August 2011 to December 2014 (Fig. 2). Daily average air and soil
temperature exhibited apparent cosine-like seasonal patterns (Fig. 2a).
The air temperature increased from January to August and then de-
clined gradually, ranging from —22.0 to 15.1 °C. Soil temperatures
showed similar seasonal patterns among the three ecosystems; that is,
the soil temperatures in the three ecosystems showed the maximum
temperature appearing around early August at a depth of 5 cm and
around the middle of August at a depth of 30 cm from 2012 to 2014.
The water table in the fen was lowest in early June; then, it approached
the soil surface in late June and remained above the surface (Fig. 2b).
During the thawed season, the soil moisture varied largely with rainfall
events, especially in the wet meadow (Fig. 2¢ and d). The total annual
precipitation was generally concentrated in the period from May to
September (Fig. 2d). Photosynthetic active radiation (PAR) exhibited a
pronounced seasonal pattern, with the daily maximum occurring in late
June (Fig. 2e).

In the fen, a clear CO, burst occurred during the thawing season,
especially in 2012; the emission rates could be as high as 5.67 g C
m~%day ! in 2012, 1.46 g C m 2day~! in 2013 and 1.20 g C g C
m~2day~! in 2014, which are higher in magnitude than those in the
thawed season (Fig. 3a; Supplementary Table S2). The observed CO,
burst lasted from early April to late April or early May, and after that,
the emission rate decreased to the normal rate for the thawed season. In
the wet meadow (Fig. 3b) and meadow (Fig. 3c), the R, showed little
variation during the frozen season and then increased gradually as the
soil was thawing. A spike in R occurred during the thawing period of
each year in the wet meadow, but no spikes were found in the meadow.
The peak time of seasonal R; in the wet meadow and meadow occurred
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Fig. 5. The relation between the daily average soil respiration and the air temperature (a—c), the soil temperature at 5-cm depth (d-f), the water table or soil moisture
at 10-cm depth (g-i), and the photosynthetically active radiation (PAR; j-1) in the fen (a, d, g and j), wet meadow (b, e, h and k) and meadow (c, f, i and 1) during the
thawed seasons of 2012, 2013 and 2014. The dots represent daily average soil respiration. The solid, medium and short dashed lines are regressions for the data of
2012, 2013 and 2014, respectively. Logarithmic scales were used for the dependent variables of soil respiration (2 column).

around early August, generally coinciding with the time of the peak
value of soil temperature at a depth of 5 cm.

3.3. Abiotic controls on Ry

The observed CO, burst matched the time period of soil thawing in
the fen (Fig. 3a) and wet meadow (Fig. 3b), indicating that the CO,
burst may be associated with the soil thawing along the soil profile. To
confirm the effects of soil thawing on the CO, burst, we further ana-
lyzed the relationship between hourly R; and soil temperatures. An
abrupt increase in CO, emission with the soil temperature occurred
when the temperature at a depth of 5 cm was poised at zero from 2012
to 2014 in the fen (Fig. 4a-c) and the wet meadow (Fig. 4d-f). There-
fore, the observed CO, bursts resulted from the spring thaw of the
frozen soil, whereas no obvious abrupt increase in CO, emission was
observed with increasing soil temperature in the meadow (Fig. 4g-i).

We explored the effect of temperature, water table or soil moisture
and PAR on the temporal variation in R; when the soil was completely
thawed. In 2012, 2013 and 2014, the R, were strongly positively cor-
related with the air (Fig. 5a-c) or soil temperature at a depth of 5 cm
(Fig. 5d-f) based on the daily average data in the three ecosystems. Air
temperature could explain more of the variations in the R, than soil

temperature in the fen (Fig. 5a and d; R?=0.37-0.57 vs. R =0.08-0.40)
and wet meadow (Fig. 5b and e; R?=0.59-0.77 vs. R*=0.35-0.67);
however, soil temperature could explain the more than 90% variation
in the R, in the meadow (Fig. 5c¢ and f). The R, decreased with the water
table in 2012 but had no relation with it in 2013 in the fen (Fig. 5g).
Surprisingly, the R, tended to increase with the water table in 2014. The
R, in the wet meadow was negatively correlated with soil moisture in
2012 and 2013 (Fig. 5h). Changes in the soil moisture could explain
31-32% of the variation in the R; for the two years. Soil moisture also
negatively affected the R; over the three years in the meadow, ac-
counting for 19-33% of the variation in the R, (Fig. 5i). In contrast, the
R, was generally positively correlated with PAR in the three ecosystems
(Fig. 5§-1).

The results of the multiple linear regressions showed that 65-76% in
the fen, 75-84% in the wet meadow and 95% in the meadow of the
temporal variation in R, could be accounted for by a model including
temperature, water table or soil moisture and PAR (Table 3, Supple-
mentary Table S3). Temperature is the dominant factor in controlling R;
during the thawed season. When the temperature and PAR were con-
trolled, the R; was generally negatively regressed to the water table and
soil moisture in the fen and wet meadow, respectively. In the meadow,
however, the soil moisture had a positive effect, little effect, and a
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Table 3

Parameters of the regressions between the daily average soil respiration rate (umol m~2s~ ') and air (AT, °C) or soil temperature at a 5-cm depth (ST5, °C), water table (WT, cm) or soil moisture (SM,% v/v) and
photosynthetic active radiation (PAR, umol m~2s~!) during the thawed-soil seasons of 2012, 2013 and 2014 in the three ecosystems. Only one variable of the temperatures (air or soil temperature) with larger

explanatory power was selected in the multiple regressions, as shown in Fig. 4. The soil respiration data were log-transformed in the regression analysis. f3, regression coefficients; SE, standard error of regression

coefficients; Bstandardized> Standardized regression coefficients; VIF, variance inflation factor.
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negative effect on the R, for 2012, 2013, and 2014, respectively.
3.4. Diurnal pattern of R;

We chose the data from three consecutive sunny days in August of
each year and analyzed the diurnal variations in the R,. The hourly
measurements revealed the cosine-like diurnal patterns of the R; in the
three ecosystems (Fig. 6). In the fen and meadow, the peak R; was
observed at approximately 1300 h, and the minimum value was ob-
served between 0500 and 0700 h (Fig. 6a and b). However, variation in
the R, changed distinctly in the wet meadow, where two emission peaks
were observed (Fig. 6¢). The peak R occurred at noon (at approxi-
mately 1300 h) and early evening (1900 h), with the minimum oc-
curring in the morning (at approximately 0800 h).

We plotted the R, against the air temperature and two soil tem-
peratures at depths of 5 cm and 10 cm. Hysteresis loops were produced
in the relation between the R, and the temperatures, which varied
among the ecosystems (Supplementary Figs. S2, S3 and S4). In the fen
and meadow, the R; correlated most strongly with the air temperature
due to the high R?. In the wet meadow, however, diurnal variations in
R, were most closely related to variations in the soil temperature at a
depth of 5 cm (Supplementary Table S4). After the effects of tempera-
ture had been removed, the residuals were generally positively corre-
lated with PAR in the fen and wet meadow in 2012 (Fig. 7a), 2013
(Fig. 7b) and 2014 (Fig. 7c) but not in the meadow, indicating that
photosynthesis is one of the main contributions to this diurnal hyster-
esis in wetland ecosystems (fen and wet meadow).

3.5. Temperature dependence of R; among the ecosystems

The sensitivity of the R; to temperature (Q;o) varied significantly
among the three ecosystems except for the Q¢ estimated from the soil
temperature in 2013 (Fig. 8). The Q¢ values related to the air tem-
peratures in the wet meadow were significantly higher than those in the
fen and meadow (Fig. 8a), whereas those related to the soil temperature
showed marginal or no significant difference with the Qo in the
meadow (Fig. 8b). This result indicated that the sensitivity of the R; to
temperature would probably increase if the wetland dried from the fen
to wet meadow and then decline as the wet meadow dried to the
meadow. Since air temperature usually experiences larger fluctuations
than the soil temperature, the Qo estimated from the air temperature
was lower than that from the soil temperature (fen: 1.47-1.48 vs.
1.78-2.29; wet meadow: 2.08-2.47 vs. 2.61-3.08; meadow:
1.41-1.58 vs. 2.24-2.77).

4. Discussion
4.1. R, along the hydrological gradients

The annual carbon releases varied substantially from 129-193 g C
m~%yr ! in the fen to 663-709 ¢ C m~%yr ! in the meadow along the
hydrological gradients. The annual respiration observed in the fen was
within the wide range summarized by Raich and Schlesinger (1992) in
northern bogs and mires (7-180 g C m~%yr~!) and that observed in
boreal mires in Finland (79-347 g C m ™~ 2yr~; Silvola et al., 1996). The
annual R, in the meadow was comparable to those measured during the
similar period (2009-2012) at the same site (694-721 g C m_zyr_l;
Wang et al., 2014) but was higher than had been previously measured
from 1998 to 1999 (556 g C m ™ 2yr~!; Cao et al., 2004). This difference
was probably attributable to the progressive climate warming and soil
drying in this area (Liu et al., 2018), which could promote CO, emis-
sions from the soils. The Ry values observed in the wet meadow and
meadow were approximately 1.1-3.0-fold and 2.3-6.6-fold higher than
those reported for the heath and meadow in Arctic regions (103-292 g
C m’zyrfl; Elberling, 2007; Morgner et al., 2010; Strebel et al., 2010);
the reason may lie in the warmer and dryer conditions in the plateau
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Fig. 6. Diurnal variations in soil respiration (R,) on three consecutive sunny days for the thawed seasons of 2012, 2013 and 2014: (a) R for the fen; (b) R, for the wet
meadow; and (c) R, for the meadow. The error bars represent the standard deviation of the means (n = 5 for the fen and wet meadow, and n = 3 for the meadow).

The line is a 2-day running mean applied to the hourly data (2 column).

that accelerate soil carbon decomposition following permafrost de-
gradation (Mu et al., 2017). Previous work from the Colorado Rocky
Mountains, USA, reported the mean growing-season Ry across a broad
soil moisture gradient (0.76-4.40 g C m~2day ~!; Knowles et al., 2015;
2016), which were comparable to our results during growing seasons
(0.57-3.0 g C m~2day ~!). This similarity may help us define the range
of growing-season R; variation due to soil water availability in the al-
pine areas of the world.

For the three ecosystems, the increasing order of the R is the fen <
wet meadow < meadow. The differences in the R; among the three
ecosystems could be due to their soil water conditions. In the Tibetan
Plateau, wetland drying is expected due to permafrost thaw by rapid
climate warming (Cheng and Wu, 2007), which is predicted to shift the
fen to meadow during the hydrarch succession. Wetland drying from
the fen to meadow could enhance soil CO, emissions in the future, as
we observed here, but this pattern probably would not hold if the
meadow soils became drier due to moisture limitation (Knowles et al.,
2015). The increase in soil CO, emissions following wetland drying
highlights the importance of considering changes in soil hydrological
conditions to more accurately assess the carbon cycle response to per-
mafrost thaw in alpine regions (Lawrence et al., 2015). In addition,
other factors may also contribute to among-ecosystem R; variations. For
example, belowground biomass and soil carbon content could be po-
sitively associated with spatial variations in R (Geng et al., 2012;
Wang et al., 2006). In this study, however, the belowground biomass
and soil C content of the fen and wet meadow were significantly larger
than those of the meadow (P<0.001), but their annual R, were much
lower, indicating little effect of the belowground biomass and soil C on
R, along the hydrological gradients.

4.2. Seasonal dynamics of Rsand its abiotic controls

It is commonly accepted that R; depends on air or soil temperature
when water is not limiting (Bond-Lamberty and Thomson, 2010;
Fang and Moncrieff, 2001; Lloyd and Taylor, 1994). In the current
study, temperature was the dominant factor influencing seasonal

10

variation in the R; in the thawed season. Notably, the air temperature
exerted a larger control than soil on CO, variation in the fen and wet
meadow. Chimner (2004) also found that R; was more correlated to air
temperature than to soil temperature in a suite of tropical peatlands.
This finding may be explained by the different soil layers of CO, pro-
duction among the ecosystems. Water is generally in excess in wetlands,
so it is probable that soil CO, production concentrates on the soil sur-
face, which has more access to oxygen and is more influenced by air
temperature fluctuations.

The R, generally decreased with an increasing water table in the fen
or soil moisture in the wet meadow, suggesting that water is often in
excess in these sites, limiting the diffusivity of O, in the soil and thus
impeding decomposition and CO, production (Linn and Doran, 1984).
Several controlled experiments with manipulative increasing of the
water table also observed a similar pattern (Chimner and Cooper, 2003;
Yang et al., 2013). However, CH,4 emissions, another greenhouse gas,
would increase with the water table in this wetland (Song et al., 2015),
implying that the CO; reduction induced by the water table increase
could be offset to some extent by stimulated CH, emissions. In the
meadow, soil moisture had a positive (2012), little (2013) and a ne-
gative (2014) impact on the R,. The different effects of soil moisture on
the R, were most likely related to variations in rainfall among the three
years. Soil water was depleted in the dry year of 2012 (367 mm),
moderate in the year of 2013 (403 mm), and excessive in the wet year
of 2014 (573 mm). Soil water in 2012 and 2014 could lead to water
limitation and oxygen or diffusion limitation, respectively, and then
constrain microbial activities in the decomposition processes. There-
fore, soil moisture would have the opposite impact on R, in 2012 and
2014.

4.3. CO; bursts in the spring thawing season

A notable feature in the seasonal variation in R; was the bursts of
CO, during the thawing season in the wetland, especially in the fen,
which led to a large contribution of cumulative R; to annual respiration
(20-38% for the fen and 13-17% for the wet meadow) during this
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Fig. 7. The relation between temperature-normalized respiration and photosynthetically active radiation (PAR) during the daytime (PAR>0) on three consecutive
sunny days for the soil-thawed seasons of 2012 (a), 2013 (b) and 2014 (c). Temperature-normalized respiration is calculated as the differences of the observed and
fitted hourly mean soil respiration from the temperature model. The model is indicated by Eq. (2). The variable of air or soil temperatures with the largest
explanatory power was included in the model according to Table S4 (1.5 column).

period. This contribution suggests that in the nongrowing season (in-
cluding the thawing season), R, plays an important role in the carbon
cycle and can never be ignored (Fahnestock et al., 1999). A burst of CO,
from the soil has also been observed relative to soil thawing in tundra
(Elberling and Brandt, 2003; Nordstroem et al., 2001) and forest eco-
systems (Goldberg et al., 2008). In winter, a large portion of the pro-
duced CO, cannot be released into the atmosphere due to the isolation
of the ice and frozen soil surface (Oechel et al., 1997). When the frozen
surface is thawing in the following spring, the release of trapped CO, is
expected to occur, leading to the emission burst. However, the CO,
burst exhibited large spatial heterogeneity along the hydrological gra-
dient, with little CO, increase during thawing in the meadow. We
speculated that the soil water conditions regulated the biophysical ef-
fect of spring thawing on the soil CO, emission, which increased with
soil water content. The lack of CO, bursts in the meadow may have
been caused by little CO, being trapped beneath the soil due to the
relatively low soil moisture. Similarly, Elberling and Brandt (2003)
found that the trapping of CO, in frozen soil during the winter was
positively correlated with the soil moisture.
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4.4. Diurnal variation in R,

Although diurnal hysteresis for R; was observed, along with a rise in
temperature, the relationship was more linear and the hysteresis effect
was less pronounced for R plotted with air temperature than that with
soil temperatures in the fen and meadow and for R; plotted with soil
temperature at 5 cm than that with other temperatures in the wet
meadow. Since the temperature-independent component of the diurnal
variation could be generally explained by variation in PAR in the fen
and wet meadow at day time, we postulate that the diurnal variation in
R, may also be regulated by photosynthesis, as documented in previous
studies (e.g., Liu et al., 2006; Tang et al., 2005). The dependence of soil
respiration on photosynthesis may be because of the source of carbo-
hydrate for autotrophic R; and possibly also for heterotrophic Ry
through root exudates provided by the recent photosynthate. However,
photosynthesis may not drive soil respiration in the meadow due to the
lack of relation between the temperature-independent R, and the PAR.
The possible reason for the small effect of photosynthesis could be that
the relatively low soil moisture in the meadow reduced the diffusion of
photoassimilated carbon through the soil and resulted in limitations in
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the substrate supply for microbial respiration (Davidson et al., 2006).
This phenomenon suggests that other factors, rather than photosynth-
esis, are driving the diurnal variation in R, in addition to soil tem-
perature in the meadow. If the lag between R; and temperature was
controlled solely by the physical processes through the soil, the R
would be expected to lag behind the temperature because the gas
transfer through the soil would take time. However, such a hypothesis
is not supported by our observations, which showed peak R, occurred
before the peak air or soil temperature, indicating that soil physical
processes (e.g., gas transfer) alone caused very little hysteresis. Overall,
the results highlight the variable effect of photosynthesis on regulating
the diurnal variation in R; along the hydrological gradients.

In the current study, a specific diurnal pattern of R; with two ob-
vious peaks was observed in the wet meadow. The first emission peak
occurred at noon (1300 h), which coincided with the time of peak PAR,
suggesting that the first peak may be related to photosynthesis at this
time. The R, can lag shortly behind PAR for low grasses and herbs (e.g.,

(b)

2013

2014

Year

Fig. 8. The temperature sensitivity of soil respiration (unconfounded Q) for the fen, wet meadow and meadow during the thawed seasons of 2012, 2013 and 2014.
Q10 was estimated from (a) air temperature and (b) soil temperature at a 5-cm depth. The error bars represent standard deviations of the means (n = 5 for the fen and
wet meadow, and n = 3 for the meadow). Different letters in the same year represent significant differences in Q1o among the three ecosystems (P<0.05) (single
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minimum 1-h lag reported by Kuzyakov and Gavrichkova (2010)),
which could explain the occurrence of the first R; peak at approximately
the time of the maximum PAR. The second peak of R; in early evening
(1900 h) could be associated with the temperature peaking at ap-
proximately 1500-1600 h for the air and 1800 h for the soil. The lag
between the peak CO, emission and peak temperature may result from
the physical processes in the soil.

4.5. Temperature sensitivity of R, along the hydrological gradients

The unconfounded Q¢ in the fen and meadow estimated from the
air temperature was similar (mean Qi of 1.5) and was very close to the
global scale sensitivity of soil respiration (Q;o=1.5; Bond-
Lamberty and Thomson, 2010) and ecosystem respiration (Qo=1.4;
Mahecha et al., 2010) to air temperature. With reference to soil tem-
perature, the mean Q,, values for the three ecosystems ranged from 2.0
to 2.8 and were higher than those estimated after minimizing the
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seasonality of vegetation activity in the Northern Hemisphere
(Q10=1.5; Wang et al., 2010) and higher than the global scale optimal
temperature sensitivity of soil respiration estimated from inverse
modeling methods (Q;p=1.4-2.0; Ise and Moorcroft, 2006; Zhou et al.,
2015).

Wang et al. (2018) reported the convergence in the Qo
(mean = 2.4) estimated from soil temperature for the mesic grassland
and meadow in the Tibetan Plateau. Similarly, the estimated Q;, values
for the wet meadow in the current study showed marginally higher or
no significant difference with those for the meadow but were sig-
nificantly higher than those for the fen, implying that the temperature
sensitivity of the R, increases with the wetland drying from fen to wet
meadow and then tends to decline from the wet meadow to meadow. A
possible explanation for the observed Q,, variation among the ecosys-
tems is the hydrological difference along the slope. As reviewed in
Davidson and Janssens (2006), both flooding and drought could con-
strain the temperature sensitivities of decomposition. Flooding, as a
condition of the fen, slows oxygen diffusion to decomposition reaction
sites and impedes aerobic decomposition and CO, production
(Sahrawat, 2004). Drought, as it occurs in the meadow, could limit the
diffusion of extracellular enzymes and soluble substrates due to the thin
soil water films and reduce the substrate availability at the reaction
microsites. In these cases, the CO, emission would be less responsive to
temperature in the fen or meadow than in the wet meadow with in-
termediate moisture content.

Another possible explanation for the variation in temperature de-
pendency of R, among the ecosystems is the differences in microbial
community composition. Li et al. (2017) reported that the community
structure of bacteria, archaea and eukaryotes exhibited differences
along the hydrological gradients at the same study site. The shift in the
microbial community structure could alter the temperature sensitivity
of the respiration through changes in the enzyme substrate affinities
and the various abilities of different groups of microbes to grow within
the observed temperature regimes (Bradford et al., 2008;
Makiranta et al., 2009). However, this proposed mechanism was merely
speculative, and more research is needed to confirm the shift of the
microbial community as a mechanism responsible for the change in
temperature sensitivity along the hydrological gradients.

5. Conclusions

This study showed the large contribution of the spring thawing ef-
fect on the annual soil CO, emission due to the CO,, burst in the wetland
ecosystems, especially in the fen (20-38%), indicating that Ry during
the thawing season plays an important role in the carbon cycles in al-
pine wetland ecosystems. Thus, the spring thawing effect should be
incorporated into the Earth system models for more accurate estimation
of carbon budgets in alpine wetlands and an assessment of the carbon-
climate feedbacks. Our results also suggest that wetland dryness will
trigger large carbon loss from the soils. Although predicted wetland
drying from the fen to wet meadow could enhance the temperature
sensitivity of soil CO, emission, that is, the CO5 emission would be
accelerated in response to climate warming in the future, further drying
from the wet meadow to meadow could probably decrease the re-
sponse. These results could help us to better understand how ecosystem
processes respond to long-term climate dynamics, not only on the
Tibetan Plateau but also in boreal, arctic and alpine ecosystems
worldwide.
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