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Abstract

Wet alpine meadow ecosystems generally act as a significant carbon sink due to their higher rate of photosynthesis than the
rate of decomposition. However, it remains unclear whether the low decomposition rate is determined by low temperatures or
by nearly-saturated soil conditions. Using five years of measurements from two sites on the Tibetan Plateau with significantly
different soil water conditions, we showed that compared to the dry site (which had a deep water table), the much larger carbon
sink at the site with a shallow groundwater was mainly caused by the inhibiting effects of the nearly-saturated soil condition
on soil respiration rather than by the low temperature. The findings suggested that thawing of frozen soil may partially slow
down soil carbon decomposition through increasing soil water. We highlights that a warming-induced shrinking cryosphere may
largely affect the carbon dynamics of wet and cold ecosystems through changes in soil hydrology.

Abstract:

Wet alpine meadow ecosystems generally act as a significant carbon sink due to their higher rate of photo-
synthesis than the rate of decomposition. However, it remains unclear whether the low decomposition rate
is determined by low temperatures or by nearly-saturated soil conditions. Using five years of measurements
from two sites on the Tibetan Plateau with significantly different soil water conditions, we showed that
compared to the dry site (which had a deep water table), the much larger carbon sink at the site with a
shallow groundwater was mainly caused by the inhibiting effects of the nearly-saturated soil condition on
soil respiration rather than by the low temperature. The findings suggested that thawing of frozen soil may
partially slow down soil carbon decomposition through increasing soil water. We highlights that a warming-
induced shrinking cryosphere may largely affect the carbon dynamics of wet and cold ecosystems through
changes in soil hydrology.

INTRODUCTION

Alpine meadow ecosystems are sensitive to climate change and human activities due to their extremely cold
and fragile environment (Marcolla et al. 2011; Hu et al. 2016; Knowles et al. 2015; Wang et al. 2020).
These ecosystems generally act as a carbon sink (Kato et al. 2006; Li et al. 2016; Scholz et al. 2018),
which however is expected to be reduced and potentially turns into a carbon source in response to future
warming, due to the accelerated soil carbon decomposition (Virkkalaet al. 2017; Ganjurjav et al. 2018; Sun
et al.2019). Many previous studies reported that climate warming and human activities will change the soil
hydrologic conditions and further affecting the soil carbon dynamics of several cold ecosystems, including
Arctic tundra, northern peatlands, mires, and bogs (Ise et al.2008; Dorrepaal et al. 2009; Dinsmore et al.
2010; McVeighet al. 2014; Schädel et al. 2016; Drollinger et al.2019; Gockede et al. 2019; Korkiakoski et al.
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2019; Stover & Henry 2019; Swindles et al. 2019). However, the mechanisms by which the soil hydrological
conditions, such as the shallow groundwater level, affect carbon exchanges in alpine meadow ecosystem are
poorly understood. To maintain the carbon sink capacity of the ecosystem and predict its potential changes
in response to future warming, it is critical to better understand this eco-hydrological coupling process.

The Tibetan Plateau (TP) is the highest plateau in the world, with an average elevation of 4000 m above
sea level (Yang et al. 2014). It has been experiencing large increases in temperature during recent decades
(Gao et al. 2015). The alpine meadow/grassland is the dominant ecosystem over the TP, covering more than
50% of the whole TP (Liu et al. 2010). Both a warming climate and increasing anthropogenic activities have
caused significant changes in carbon exchanges of the alpine meadow ecosystem over the TP (Piao et al.
2012). Many studies have investigated the relationships between carbon exchanges and environmental factors
of this ecosystem (Kato et al. 2006; Lin et al. 2011; Chenet al. 2015; Hu et al. 2016; Fu et al. 2018; Ganjurjav
et al. 2018; Liu et al. 2018; Zhang et al. 2018; Wang et al. 2019; Lv et al. 2020; Yu et al. 2020). These studies
mainly focused on the effects of temperature, precipitation, soil moisture (SM), soil temperature (ST), and
grazing on net ecosystem exchange (NEE), gross primary productivity (GPP), and ecosystem respiration
(Re), and rarely considered the effects of soil hydrological conditions, such as groundwater conditions and
water table depth.

For cold and wet ecosystems, a shallow water table can largely affect carbon exchange by controlling oxygen
diffusion, enzyme dynamics, and osmoregulation in soils (Moyano et al. 2013; Yan et al.2018). For example,
in northern peatlands a shallower water table level (WTL) lowers the decomposition rate of soil organic
carbon (Korkiakoskiet al. 2019) and therefore results in a high sensitivity of peat decomposition to climate
change through WTL feedbacks (Ise et al.2008; Helfter et al. 2015). For tundra ecosystems, an increased
shallow WTL can strongly lower ecosystem respiration by reducing soil oxygen availability; a decreased WTL
increases GPP and Re, while it negatively affects NEE because the increases in root and microbial activity
are greater than in photosynthesis (Olivas et al. 2010). Several previous studies reported that the wet alpine
meadow ecosystems on the TP act as significant carbon sinks (Kato et al. 2006; Liet al. 2019; Sun et al.
2019), while it remains unclear whether the large carbon sink is determined by the low temperature or by
the nearly-saturated soil conditions (i.e., shallow ground water).

The TP is also known as the “Asian Water Tower” because of its large water storage (Immerzeel et al. 2010).
In wet alpine regions at the TP, the groundwater level is usually shallow and is significantly changing with
climate warming (Ge et al. 2008; Ge et al.2011; Wu et al. 2013). We hypothesize that the large carbon
sink and high carbon sequestration efficiency (CSE, defined as the ratio of net ecosystem productivity to
GPP) of the wet alpine meadow ecosystem of the TP is determined by the inhibiting effects of the shallow
groundwater rather than that of the low temperature on soil respiration. To test this hypothesis, we analyzed
five years of measurements from two sites in the northeastern TP with low temperature and significantly
different soil water conditions.

MATERIAL AND METHODS

2.1 Study area and site information

The study area is located at the upper reach of the Heihe River basin, northeast TP, China (Fig. 1a). The
area is characterized by a tundra climate (Kottek et al. 2006), with a mean annual temperature (MAT) of
2 and a mean annual precipitation (MAP) of 350 mm (Sunet al. 2019). The elevation in the area ranges
from 1637 m to 5706 m above sea level. Most of the area is covered by alpine meadows and shrubs (Fig. 1a
& b). The study area serves as the main contributing area for the runoff of the Heihe River watershed due
to glaciers and snow melt. Most of the land is seasonally frozen, and permafrost occurs at high elevation.
More details about the regions can be found in Li et al. (2018).

Several eddy-covariance (EC) and automatic meteorological towers were successively established in the study
area since 2012 (Li et al.2013). The carbon exchange and meteorological measurements of the Dashalong
and Arou sites were used in this study (Fig. 1a). The dominant vegetation species are Kobresia tibetica
Maxim and Carexat Dahshalong and Elymus nutans and Roegneria nutans at Arou (Sun et al. 2019). The
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elevations, MATs, and MAPs are distinctly different between the two sites, with values of 3739 m and 3033
m, –3.4 degC and 0.6 degC, and 388.6 and to 464.1 mm for Dashalong and Arou, respectively. Dashalong
has a shallow groundwater table of ~ 40 cm (Fig. 1c), while the groundwater table is deep at Arou (Fig.
1d). The Arou site is located in an enclosed pasture without grazing. The vegetation around Dashalong is
grazed by yaks and sheep during the growing-season.

EC and Meteorological measurements

The EC systems were installed at 3.5 m and 4.5 m above the ground at Arou and Dashalong, respectively.
Each EC instrument consists of a 3-D sonic anemometer (CSAT3, Campbell Scientific, Inc., Logan, UT,
USA) and an infrared gas analyzer (Li- 7500A, LI-COR Biosciences, Lincoln, NE, USA). The instruments
started collecting data from December, 2012 at Arou and from August, 2013 at Dashalong.

The meteorological and soil variables were simultaneously measured with the EC systems, including air
temperature (), precipitation (mm), air relative humidity (%), wind direction, air pressure (hPa) and four-
component radiation (W m-2), soil temperature and soil moisture. The soil temperature (109/109ss-L,
Campbell Scientific, Inc.) and soil moisture (CS616, Campbell Scientific, Inc.) were measured at 4, 10, 20,
40, 80, 120, and 160 cm depths at Dashalong, and at 2, 4, 6, 10, 15, 20, 30, 40, 60, 80, 120, 160, 200, 240,
280, and 320 cm depths at Arou. More details on the measurements and sensors can be found in Che et al.
(2019) and Liu et al. (2018).

Data preprocessing

The measurements collected from January 2013 to December 2017 at Arou and from September 2013 to
December 2017 at Dashalong were examined. The EC half hour CO2 measurements were firstly preprocessed
with the EdiRe software (The University of Edinburgh, 2012) and then converted to NEE following Hollinger
et al. (1994). The details and criteria of data quality control and conversion can be found in Liu et al. (2011).

The percentages of missing NEE data were 25% and 39% for Arou and Dashalong, respectively. The
REddyProcWeb tool (Wutzler et al.2018) was used to perform gap filling, friction velocity u* filtering,
and NEE partitioning procedures. The tool was also used to calculate the vapor pressure deficit (VPD). The
gap filling method is similar to Falge et al. (2001), but considers the co-variation of fluxes with meteorological
variables and the temporal auto-correlation of the fluxes (Reichstein et al. 2005). The u* thresholds for
filtering were estimated according to Papale et al. (2006), and the flux measurements below the thresholds
were replaced with gap-filled values. The flux partitioning algorithm was based on Reichstein et al. (2005),
in which respiration is estimated from night-time data and extrapolated to day-time. The outputs gap-filling
data from the tool were classified into three classes according to their reliability (most reliable, medium, and
least reliable). The least reliable data were removed from the analyses.

For meteorological and soil data, the small gaps ([?] 4 steps, i.e., 2 h) were filled using linear interpolation,
and continuous large gaps were removed. Leaf area index (LAI) was derived from the MODIS LAI product
(MCD15A3H version 6) (Myneni et al. 2015), which has spatial and temporal resolutions of 500 m and 4-day,
respectively. The LAI values at the sites were the values of the MCD15A3H LAI pixels that encompassed
the EC towers.

Methods

Because we lacked direct WTL measurements at the sites, we used the multi-layer SM measurements to
indirectly infer the shallow groundwater table. The measurement range of the CS616 SM sensor is 0-50%,
depends on soil properties, and is generally lower for very sandy soil (Campbell Scientific, 2002; Zhu et al.
2019). Based on the measurements during the high WTL period (Fig. 1c), we deemed that deep soils (> 40
cm) are nearly-saturated when the measurements are larger than ~ 0.38 (Knowles et al. 2015).

To explore whether the low rate in soil organic carbon decomposition and thus the higher CSE and larger
carbon sink was determined by the low temperature or by the shallow groundwater at the wet site, we firstly
compared the observation-based soil moisture and soil temperature profiles to Re at the two sites; and then
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examined the relationships between Re and SM and between Re and ST at the nearly-saturated soil layer of
the wet site during the unfrozen seasons. The unfrozen seasons of the sites were defined as periods from the
first day that temperature at 160 cm soil depth was above 0 to the first day that temperature of surface soil
was below 0 . Consequently, the unfrozen seasons were 25 May - 30 September and 1 July - 30 September
for the Arou and Dashalong sites, respectively.

Finally, we used linear mixed-effects models to evaluate the effects of SM and ST on Re in each soil layer
at the sites. The linear mixed-effects models have the advantages to include both fixed and random effects,
and have been widely used in ecology (Harrison et al. 2018). We used the lmer package (Bates et al. 2015)
to run the linear mixed-effects models in R software (version 3.5.2, R Core Team, 2018). The afex package
(http://afex.singmann.science/ ) was used to conduct analysis of variance (ANOVA) analyses and compare
the model fits. The best fitting model was selected according to comparison of the model fits. Our best
fitting model had a model structure in which observational years were the subjects (random effects), both
soil moisture and soil temperature were predictors of Re (fixed effects), and there was no an interaction term
between soil moisture and soil temperature. The response variable in linear mixed-effects models was the
transformed log10 (Re) instead of Re.

RESULTS

Environmental conditions of the ecosystem

Based on the observations collected during 2013-2017, both air temperature and precipitation were much
lower at Dashalong than at Arou (Fig. S1). The daily mean air temperature and daily precipitation at
Dashalong were within -25.3 - 13.6 and 0 - 39.2 mm, respectively; the MAT and MAP were -3.7 and 363.0
mm, respectively. At Arou, the daily mean air temperature and daily precipitation ranged from -23.3 to 17.3
and from 0 to 30.7 mm, respectively; the MAT and MAP were 0.3 and 458.7 mm, respectively. The daily
mean wind speed ranged from 1.2 to 9.7 m s-1 at the sites. The daily mean VPD at the sites was within
0.3-10.1 hPa, and the mean annual VPD was 2.4 hPa and 3.3 hPa for Dashalong and Arou, respectively. The
RH of both sites varied largely across seasons; the mean annual RH was 56.8% and 59.3% for Dashalong and
Arou, respectively. The ST (4 cm depth) and pressure were consistently higher at Arou than at Dashalong;
the daily mean ST and pressure were 4.1 and 730.0 hPa at Arou and -0.1 and 642.2 hPa at Dashalong,
respectively. The surface SM (4 cm depth) of the sites varied considerably, ranging between 6.2%-56.6%.
The Rn at Dashalong was slightly larger than at Arou, with mean annual values of 79.8 and 66.1 W m-2,
respectively. In contrast, the LAI of Arou was much higher than that of Dashalong, with mean annual values
of 1.3 and 0.4, respectively.

Carbon exchanges at the sites

The GPP at Arou was significantly larger than at Dashalong, with annual mean values of 826.6 g C m-2

and 468.3 g C m-2, respectively (Table S1). The daily GPP ranged from 0 to 13.3 g C m-2 at Arou during
2014-2017, with a standard deviation (SD) of 3.3 g C m-1. It was nearly double that of Dashalong during
the peak periods (Fig. 2a). At Dashalong, the daily GPP was within 0-7.2 g C m-2, with a SD value of 1.6
g C m-2. Compared to GPP, the differences in Re between the sites were much larger (Fig. 2b). The mean
annual Re at Arou was 619.1 g C m-2, while it was only 184.8 g C m-2 at Dashalong. The daily Re ranged
from 0 to 3.7 g C m-2 and from 0 to 12.2 g C m-2, with SD values of 0.7 g C m-2and 2.4 g C m-2 at Dashalong
and Arou, respectively. In contrast to GPP and Re, the Dashalong site had a lager carbon sink (-280.2 g
C m-2 yr-1) than that of Arou (-195.8 g C m-2 yr-1) due to the much lower annual Re (Fig. 2c). The daily
NEE ranged from -5.7 to 0.9 g C m-2 at Dashalong and from -6.5 to 3.9 g C m-2 at Arou, with SD values of
1.2 g C m-2 and 1.5 g C m-2, respectively. Consequently, the Dashalong site had a significantly higher CSE
than that of Arou during the unfrozen seasons (Fig. 2d). The daily CSE ranging from -28% to 89% and
from -46% to 78% at Dashalong and Arou, respectively. The annual CSE reached 60% at Dashalong, while
it was much lower at Arou, with a value of 24%.

Effects of soil water and soil temperature on Re
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To clarify whether the lower temperature or the shallow groundwater (Fig. 1c) determined the lower Re and
further caused the larger carbon sink and higher CSE at Dashalong than at Arou, we first examined the soil
hydrological conditions and soil temperature at the two sites using multi-layer SM and ST measurements
(Fig. S2 & S3), and then compared them to the Re. At Dashalong, SM showed significant seasonal variations
at depths from 4 cm to 160 cm. During the unfrozen months, SM ranged from 0.25 to 0.58; the SMs in the
top layers ([?] 40 cm) fluctuated with greater magnitude over time than those in the deep layers (> 40 cm),
indicating that a shallow groundwater table might exist with recharge from the melting cryosphere; this was
further confirmed by the field survey (Fig. 1c). As expected, during the frozen periods, SM was very low in
each layer, with an average value of 0.15 +- 0.09. At Arou, SM of the top layers ( > 60 cm) exhibited large
fluctuations during the unfrozen months, with an average value of 0.34 +- 0.05. While, during the frozen
months SM was below 0.10 in each soil layer, because of the conversion of liquid to frozen water. Different
from topsoil, SM of deep soil remained almost unchanged across seasons, indicating that there should be
no shallow ground water existed throughout a whole year, which was consistent with our observations (Fig.
1d). Soil temperature of both sites varied largely across seasons for all layers (Fig. S3). The daily mean
soil temperature ranged from -18 to 15 at Dashalong and from -12 to 19 at Arou. As expected, the
temperature of the topsoil fluctuated more greatly than that of the deep soil in response to the strong effects
of the atmospheric forcing. That is, during the unfrozen periods, the temperature of the topsoil was much
higher than that of the deep soil; in contrast, it was much lower than that of the deep soil during the frozen
months.

The comparisons between Re and soil moisture profiles showed that consistent with the large differences in
Re, the soil water conditions were highly and significantly different between the two sites (Fig. 3). The SM
of deep soil ( > 50 cm) was significantly high at Dashalong than it at Arou site during the unfrozen seasons.
At Dashalong, SM remained above 0.23 from topsoil to deep soil, and the Re was lower than 3.7 g C m-2

day-1, with a mean value of 1.1 +- 0.7 g C m-2day-1. At Arou, SM was comparable to that of Dashalong in
topsoil during the unfrozen seasons; while it was much lower in deep soil, with values below 0.10, confirming
that there was no shallow groundwater. The Re of Arou was within 0.5-13.5 g C m-2 day-1, with a mean
value of 4.3 +- 2.4 g C m-2 day-1 during the unfrozen seasons. In contrast to SM, the ST profiles of the two
sites were comparable during the unfrozen seasons (Fig. 4). The temperature in topsoil at Arou was higher
than it at Dashalong, while they were close in deep soil.

We also compared the SM in deep soil ( > 40 cm) and Re at the sites during the unfrozen seasons (Fig. S4).
The results expectedly showed that the SM had small fluctuations at 40 cm depth, and almost remained
unchanged in deeper soil at Dashalong, due to the exist of shallow groundwater. At Arou, SM was highly
fluctuant in soil at 40 cm depth, while it almost kept dry (< 0.1) in deeper soil. To verify our hypothesis
that the nearly-saturated soil suppressed Re during the unfrozen seasons and caused the larger carbon sink
at Dashalong when compared that at Arou, we examined the relationships between Re and SM, and between
Re and ST at the 40 cm soil layers of the sites (Fig. 5). At Dashalong, Re was significantly decreased with
increasing SM (R 2 = 0.28, p < 0.001) when soil was nearly-saturated (> 0.38) during the unfrozen seasons;
while it expectedly increased with rising ST, conforming a significantly exponential relationship, with aR 2

of 0.25 (p < 0.001). The SM of Arou was lower than 0.32 at 40 cm depth across the unfrozen seasons, and
there was no a significantly relationship between Re and SM; while, there was also a significantly exponential
relationship between Re and ST, with a R 2 of 0.28 (p < 0.001).

We further used the mixed-effects model to examine the influences of SM and ST on Re at the sites during
the unfrozen seasons. The results clearly showed that at Dashalong site SM negatively affected Re in each
soil layer during the unfrozen seasons; although the effects were not significant in soil above 120 cm (p >
0.05), they were overall enhanced with increasing soil depths (Table 1). In contrast, ST significantly and
positively affected Re in top soil ( < 40 cm); it negatively affected Re in deep soil, but the effects were not
significant ( p > 0.05). At Arou site, both SM and ST had positive effects on Re during the unfrozen seasons
(Table S2). The ST significantly affect Re at each soil layer, and the magnitudes of its effects were much
larger than that of SM on Re. The effects of SM on Re were not significant in the soil layers except for
20 cm depth. These distinctly different effects of SM on Re between the Dashalong and Arou sites further
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verify our hypothesis that the relatively low Re and high carbon sink of wet alpine meadow ecosystems are
mainly caused by the suppressed effects of the nearly-saturated SM on Re rather than that of the low ST.

DISCUSSION

Impacts of shallow groundwater on carbon exchange of wet alpine meadow ecosystem

Both low temperature and high soil water content could be responsible for the low decomposition rates in
cold and wet ecosystems (Yurovaet al. 2007; Ise et al. 2008; Dorrepaal et al.2009; Moyano et al. 2013;
Knowles et al. 2015; Drollingeret al. 2019; Gockede et al. 2019). To reveal whether the low temperature or
the high SM suppressed soil respiration and caused a large carbon sink in the wet alpine meadow ecosystem
of the TP, we compared continuous carbon exchange, soil temperature, and SM measurements at a site with
a shallow groundwater table (Dashalong) to the site with no shallow groundwater (Arou). The comparisons
showed that there were large differences in Re and SM and relative small differences in ST between the two
sites, indicating that the much smaller Re and larger carbon sink at Dashalong might be mainly caused
by the suppressed effects of the potential shallow groundwater table on soil respiration during the unfrozen
seasons. In contrast, the lack of presence of groundwater table with a large space for microbial activity
might promote Re and thus resulted in less CO2 sink at Arou. During the frozen seasons, the soil was frozen
and the GPP was zero; both Re and NEE was small at both sites (Fig. 2). During the unfrozen months,
the Re was much lower at Dashalong than at Arou (Fig. 3), due to a much smaller unsaturated room for
microbial activities. In contrast, at Arou the deep soil was dryer with a larger unsaturated room and Re was
much higher than that at Dashalong site. The mixed-effects models’ analyses suggested that at Dashalong
the high SM negatively affected Re during the unfrozen seasons. In contrast, at Arou SM showed positive
effects on Re. The ST expectedly had significant and positive effects on Re at both of the Dashalong and
Arou sites. These results confirmed that nearly-saturated conditions largely suppressed soil respiration and
further caused a large carbon sink. This finding was consistent with the situations in several wet ecosystems,
such as tropical peatlands, northern peatlands, and Arctic tundra (Knowles et al. 2015; Korkiakoski et al.
2019; Hoyt et al. 2019). For example, Knowles et al. (2015) reported that in a wet tundra ecosystem in the
Colorado Rocky Mountains there was a significantly negative relationship between SM and soil respiration
when soil moisture was above 0.38; they explained this result through the fact that soil respiration switched
from moisture-limited to oxygen diffusion-limited with increasing SM. A mechanism explanation for these
negative effects of groundwater table on soil respiration is that the metabolic activity of aerobic organisms
decreases as soil is in nearly-saturated condition; soil water can largely and negatively affect soil respiration
through physical (diffusion), physiological (osmoregulation), biochemical (enzyme dynamics), and ecological
processes (microbial community composition and trophic interactions) (Manzoni & Porporato 2007; Moyano
et al.2013; Bond-Lamberty et al. 2018). Therefore, we concluded that the large carbon sink in the wet alpine
meadow ecosystem on the TP is responsible for inhibiting the effects of the nearly-saturated soil condition
(i.e., shallow groundwater table) rather than the low temperature on soil respiration. These findings may
partially explain why the land surface models which consider changing temperature as key climatic factor
that affects soil respiration poorly simulated soil carbon dynamics in cold and wet ecosystems such as Arctic-
Boreal (Huntzinger et al. 2020); and may helpful for improving the models’ in these regions.

Implications for carbon uptake under a changing climate

The alpine meadow on the TP is experiencing fast warming (Gao et al. 2015; Guo et al. 2019; Hu et al.
2019). As a consequence, both the permafrost and the seasonal frozen land of the ecosystem are expected to
further decline, with decreases in permafrost area and increases in active layer thickness (Zhao et al. 2004;
Marchenko et al. 2007; Wu & Zhang 2008; Guo & Wang 2013; Huet al. 2019). These changes distinctly alter
the soil hydrological conditions, such as the groundwater table, and the conditions are likely to deteriorate
with further warming (Walvoordet al. 2012; Kurylyk et al. 2014; Liljedahl et al.2016; Walvoord & Kurylyk
2016; Cheng et al. 2019).

Even small changes in WTL exert appreciable effects on frozen soil carbon dynamics (Ise et al. 2008; Zona et
al. 2011; Virkkala et al. 2017; Luan et al. 2018; Yu et al.2020). A decrease in shallow WTL increases both Re
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and GPP; the increase in Re is always greater than that in GPP, resulting in a decreased carbon sequestration
efficiency and carbon sink (Olivas et al.2010; Helfter et al. 2015). In contrast, rising WTL would suppress
Re due to the reducing soil oxygen availability and favor photosynthesis, and thus positively affect carbon
uptake (Hiranoet al. 2009; Baldocchi et al. 2018). In most cases, for the wet and cold ecosystems warming-
induced changes in the cryosphere cause increasing soil water content (Cheng et al. 2019), and may generate
a rising WTL (Bense et al. 2012; Gao et al.2018). Therefore, the warming-induced rising WTL might have
played an important role in retaining soil organic carbon in wet and cold regions, and will be more effective
under future warming. In the meantime, to our knowledge, the relative magnitude of this inhibiting effect on
soil carbon remains unclear. In addition, this situation is not sustainable for relatively dry regions, because
these regions lack a sustainable cryosphere moisture supply. The warming and drying-induced decreases in
WTL will enhance Re and decrease GPP, and thus cause a reduced carbon sink, and might shift ecosystems
that have been historically serving as a CO2 sink to a CO2 source (Olivaset al. 2010; Helfter et al. 2015;
Drollinger et al.2019; Swindles et al. 2019; Yu et al. 2020). Moreover, field measurements demonstrated
that SM is increasing in the bottom active layer, while it is decreasing or remains unchanged in the upper
layer with climate change (Xue et al. 2009; Zhang et al.2020); multi-model simulations suggested extensive
and larger decreases in surface SM (upper 10 cm) and increasing SM in deep soil in northern middle to high
latitudes with global warming (Berg et al. 2017). These differences in responses to climate warming between
top soil and deep soil mean that thaw-induced changes in soil water condition may cause large CO2 emission
from the top soil (Lawrenceet al. 2015), while it may also contribute to a remaining stability or slowdown
in the decomposition of the old carbon in the deep soil, thus counterbalancing direct warming effects on
permafrost carbon pools (Dorrepaal et al. 2009; Wilson et al. 2016; Gockedeet al. 2019; Kwon et al. 2019).
However, our knowledge on these different responses of Re to the changing soil water conditions between top
soil and deep soil at a large scale is still limited.

CONCLUSION

We explored whether low temperature or the nearly-saturated soil water suppressed soil respiration and
thus caused a large carbon sink in a cold and wet alpine ecosystem on the TP by comparing continuous
measurements from two EC sites with quite different soil water and temperature conditions. The results
showed that although it had a lower mean annual GPP (468.3 g C m-1), the site with a shallow groundwater
table during the unfrozen seasons had a high carbon sequestration efficiency (60% in annual) and large
carbon sink (280.2 g C m-1 yr-1) due to the very low Re (184.8 g C m-1 yr-1); the site without a shallow
groundwater had a high mean annual GPP (826.6 g C m-1), while its carbon sequestration efficiency (24%
in annual) and carbon sink were relatively low (195.8 g C m-1 yr-1) and because of the large Re (619.1
g C m-1). The high SM negatively affected Re at the site with a shallow groundwater table during the
unfrozen seasons. While, SM had positive effects on Re at the site without a shallow groundwater. The ST
expectedly had large and positive effects on Re at both of the two sites. Thus, the high carbon sequestration
efficiency and large carbon sink of the wet alpine meadow ecosystem was caused by the inhibiting effects
of the nearly-saturated soil water rather than by the low temperature controls on soil respiration. These
findings suggest that warming-induced declines in the cryosphere could largely affect carbon dynamics of the
ecosystems through changing soil hydrological conditions. Future studies should focus on investigating the
different responses of soil carbon to warming between top soil and deep soil at a large scale.
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Figures

Fig. 1 Location of the study area and eddy covariance sites (a), the alpine meadow ecosystem landscape (b),
and soil measured profiles at Dashalong (c) and Arou (d, modified from Fig. 6a in Che et al. 2019).

Fig. 2 Daily GPP (a), Re (b), NEE (c), and CSE (d) at the sites during 2013-2017. The CSE was calculated
during the unfrozen seasons of the sites. A weekly moving-average was applied.
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Fig. 3 Comparisons between daily Re and daily mean soil moisture profile at Dashalong (top) and Arou
(bottom) during 2013-2017. A weekly moving-average was applied to the Re series. Gray strips indicated
data gaps.
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Fig. 4 Comparisons between daily carbon fluxes and daily mean soil temperature profile at Dashalong (top)
and Arou (bottom) during 2013-2017. A weekly moving-average was applied to the Re series. Gray strips
indicated data gaps.

Fig. 5 Relationships between the nearly-saturated SM (> 0.38) at 40 cm depth and Re at Dashalong (a),
and between the corresponding ST and Re (c). Relationships between the SM at 40 cm depth and Re at
Arou (b), and between the corresponding ST and Re (d).
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Tables

Table 1 Results of linear mixed-effects models for the effects of SM and ST on Re during the unfrozen seasons
at Dashalong site.

Soil depth (cm) Explanatory variable Estimate Standard error Degrees of freedom t value p value
4 SM -0.003 0.006 3.660 -0.561 0.607

ST 0.041 0.014 4.359 2.967 0.037 *
10 SM -0.004 0.008 5.684 -0.513 0.627

ST 0.057 0.007 8.047 7.746 < 0.001 *
20 SM -0.003 0.009 4.332 -0.379 0.722

ST 0.063 0.010 4.626 6.104 0.002 *
40 SM -0.006 0.007 5.550 -0.861 0.425

ST 0.053 0.025 4.231 2.180 0.091
80 SM -0.012 0.010 3.775 -1.265 0.278

ST -0.015 0.052 3.946 -0.285 0.790
120 SM -0.049 0.012 4.340 -4.199 0.011 *

ST -0.085 0.125 4.366 -0.684 0.529
160 SM -0.107 0.019 16.595 -5.614 < 0.001

ST -0.018 0.041 6.519 -0.430 0.681

* indicates a significant level of p < 0.05
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