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Based on field observations, remote sensing, and modeling, recent studies have reported inconsistent changes in
soil organic carbon (SOC) stocks in grasslands of the Tibetan Plateau over the past few decades. However, direct
evidence about the changes in SOC stocks in the plateau's grasslands coming from in situ, site-by-site, repeated
surveys is rare. In this study, we carried out a repeated soil sampling to assess the changes in SOC stocks in the
alpine grasslands across the Tibetan Plateau. Across all 41 sites in the alpine grasslands, SOC stocks exhibited a
significant increase from 2002 to 2011 at an overall rate of 4.66 g C m~2 yr~ . Mesic and low-temperature-lim-

Keywords:
50{1 organic carbon (SOC) ited alpine meadows showed an average carbon gain of 25.8 ¢ C m~2 yr—!, whereas the relatively dry alpine
SOC stocks steppes exhibited a slight carbon loss of 11.9 g C m~2yr~ . Spatially, the changes in SOC stocks were significantly

related to the original SOC stocks across alpine steppes, and soils with low carbon tended to gain carbon. More-
over, the changes in SOC stocks were also associated with March-April precipitation in alpine meadows, and with
mean annual precipitation (MAP) in alpine steppes, with drier sites generally gaining carbon. Overall, the alpine
grasslands of the Tibetan Plateau significantly accumulated SOC over this 10-year period, but many more site sur-
veys are needed to comprehensively access the changes in SOC stocks across alpine grasslands on the plateau;
and management strategies enhancing the ability of C sequestration should differ between alpine meadows
and steppes due to their contrasting climate conditions.
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1. Introduction

In terrestrial ecosystems, soils represent the largest stock of
organic carbon (C), holding approximately 1500 Pg (10'° g) C (esti-
mated at 0-100 cm depth), which is about twice the amount held in
the atmosphere and thrice the amount contained in terrestrial vege-
tation (Kutsch et al., 2009). Even small changes in soil organic carbon
(SOC) pools, caused by either climatic change or human activity and
land use change may have a large impact on the global C cycle
(Johnson et al., 2007; Don et al., 2009). Owing to the role they can
play in mitigating or promoting the effects of elevated atmospheric
CO; and associated global warming (Johnston et al., 2004), accurate
assessments of SOC pools and their changes over time are of vital im-
portance (Don et al., 2007). Accurate calculation of the dynamics of
SOC stocks is also important for mechanistic understanding of the C
cycle, and for assessing the feedbacks between SOC and climate
change (Smith et al., 2012).
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The Tibetan Plateau covers an area of an approximately
2.5 x 10° km? at an average altitude of 4000 m above sea level (a.s.l.),
and can be regarded as the third pole (Qiu, 2008). Similar to the high-
latitude tundra in the polar regions, approximately two-thirds of the
total area of the high-altitude Tibetan Plateau was affected by perma-
frost (Zhao et al., 2000). This area contains a large amount of SOC, as es-
timated at 7.4-33.52 Pg in alpine grasslands (Wang et al., 2002; Wu et
al., 2003; Yang et al., 2008), and its ecosystems are particularly sensitive
to global warming (Yao et al., 1995; Liu and Chen, 2000; Zhang et al.,
2013; Wang et al., 2014a; Zhang et al., 2016). The plateau has experi-
enced a pronounced warming in recent decades (Liu and Chen, 2000;
Chen et al., 2013), and this warming is predicted to continue in the
21st century (Chen et al., 2013). The high-altitude Tibetan Plateau
therefore provides a very good opportunity to explore the feedback be-
tween SOC and climate change (Li et al,, 2013; Li et al., 2014).

Recently, a number of studies have explored the SOC changes in the
Tibetan Plateau's alpine grasslands. However, the results are conflicting.
For instance, using a satellite-based approach, Yang et al. (2009) found
that SOC stocks in the Tibetan Plateau's alpine grasslands had a slight
decrease with a change rate of 0.6 ¢ C m~2 yr—' (—36.5 to
35.8 g Cm~2yr~ ! at 95% confidence) between the 1980s and 2004.
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Based on soil data from the Second State Soil Survey of China (SSSSC),
Xie et al. (2007) indicated that SOC in China's grasslands (including
the Tibetan Plateau's alpine grasslands) declined by 3.56 Pg from the
1980s to 2000s. Fang et al. (2010) reviewed the dynamics of soil C stocks
in China's grasslands over the past 20 years, and found that China's
grasslands ecosystems were C neutral. By contrast, a process-based bio-
geochemical modeling study suggested that during the 20th century,
soils in Tibetan Plateau's grasslands shifted from being a carbon
source or neutral in the early part of the century to a carbon sink later.
Furthermore, flux observations carried out over a short time period
showed that soils in alpine meadows acted as a carbon sink of
1209 ¢ C m~2 yr~! (ranging from 78.5 to 192.5 g C m~2 yr~ ') from
2002 to 2004 (Kato et al., 2006). Finally, a recent synthesis of flux mea-
surements demonstrated that the alpine meadows on the eastern edge
of the plateau were a strong carbon sink of 61.64 + 3451 gCm 2 yr!
in the early 21st century (Yu et al., 2013). The large variability and in-
consistency in SOC changes in alpine grasslands of the plateau observed
among these above-mentioned studies can be partly attributed to the
insufficient observations and/or the inconsistent methodologies. Conse-
quently, direct measurements by repeated soil inventories are urgently
needed to accurately assess the changes in SOC stocks across the Tibetan
Plateau's alpine grasslands.

Generally, human disturbances (e.g. grazing) and climatic variables
are considered as the two main factors affecting the C dynamics in
grasslands all over the world. The effects of grazing on SOC stock and
its changes in alpine grasslands on the Tibetan Plateau have therefore
been well characterized in recent years (Dong et al., 2012; Su et al.,
2015; Hu et al., 2016); however, there is little knowledge on how the
climate change influences the changes in alpine grasslands' SOC stocks
on this plateau. Currently, two hypotheses have been put forward to
predict the potential dynamics of SOC stocks in the future changing en-
vironment (Garten, 2004). The first hypothesis, defined here as the tem-
perature-loss hypothesis, predicts that since the decomposition of SOC
is more sensitive to temperature change than net primary production
(NPP) (Jenkinson et al., 1991; Cox et al., 2000; Davidson and Janssens,
2006), increasing temperature will result in a net loss of SOC. The sec-
ond hypothesis, defined here as the nitrogen-gain hypothesis, predicts
that due to the fertilization by nitrogen deposition, SOC stocks might
gain more carbon than they lose in a nitrogen-rich and warming envi-
ronment. Since the Tibetan Plateau is very sensitive to warming, we pre-
dicted that SOC stocks in mesic and low-temperature-limited alpine
meadows would show a declining trend under the temperature-loss hy-
pothesis and would show an increasing trend under the nitrogen-gain
hypothesis. By contrast, in water-limited alpine steppes, SOC stocks
would exhibit no changes or even decrease under the nitrogen-gain hy-
pothesis since nitrogen deposition would have minor effects, whereas
increased temperature would intensify soil aridity under water-limited
condition.

To test our hypotheses, we analyzed changes in SOC stocks in alpine
grasslands across the Tibetan Plateau during the past decade from 2002
to 2011. During the summer of 2011, we sampled 205 soil profiles from
41 sites selected from the 2002-2003 soil inventory (Yang et al., 2008).
We addressed the following three questions. (i) To what extend have
SOC stocks in the Tibetan Plateau's alpine grasslands changed over this
10-year period? (ii) Have the changes in SOC stocks in alpine meadows
and steppes exhibited consistent responses? (iii) Since climatic vari-
ables widely affect the potentials for C sequestration in ecosystems, at
the spatial scale, how do climatic factors affect the changes of SOC stocks
in alpine meadows and steppes?

2. Materials and methods
2.1. Study area

Our study was conducted in the alpine grasslands on the Tibetan
Plateau, which has experienced substantial climate change during the

past decade. Mean annual temperature (MAT) has significantly in-
creased at a rate of 0.087 °C yr~ !, whereas mean annual precipitation
(MAP) varied only slightly (Fig. S1). The alpine meadows and alpine
steppes are two major vegetation types on the plateau, with covering
>60% of the plateau's total surface which corresponds to an area of
1.6 x 108 ha and comprises 40% of the national Chinese grassland area
(Wu, 1980). Alpine meadows is the most widely distributed vegetation
type on the plateau (Zhou, 2001) occurring at elevations ranging from
3200 to 5200 m a.s.l. (Kato et al., 2004). The dominant plant species
found in alpine meadows are Kobresia pygmaea, Kobresia humilis, Polyg-
onum gentiana, and Saussurea sp. Alpine steppes vegetation consists
mainly of Stipa purpurea, Stipa subsessiliflora and Carex moorcroffiana
(Chang, 1981). The soil types in alpine meadows and steppes are felty
and cold calcic soils, respectively (Xiong and Li, 1987); these are defined
as cambisols based on the World Reference Base for soil resources
(WRB) (Shi et al., 2010).

2.2. Original sampling

In order to quantify the storage and patterns of SOC in alpine grass-
lands, four consecutive sampling campaigns were conducted by Peking
University, China, during the summer (July and August) of 2001-2004
(in most cases in 2002/03). Four hundred five soil profiles from 135
sites across the Tibetan Plateau were surveyed (i.e. three soil profiles
at each site) (Yang et al., 2008). For each soil profile, the soil pit was ex-
cavated to collect soil samples at depth increments of 0-10, 10-20, 20-
30, 30-50, 50-70, and 70-100 cm. Soil samples were taken to the labo-
ratory, air-dried, weighed, and sieved through a 2 mm mesh, and then
these samples were handpicked to remove plant residuals and then
ground on a ball mill for SOC analysis by the Walkley-Black's method
(Nelson and Sommers, 1982). Bulk density samples were obtained for
each layer using a standard container with 100 cm® in volume
(50.46 mm in diameter and 50 mm in height) and weighed to the
nearest 0.1 g, and then were oven-dried at 105 °C to a constant mass
to determine its determining bulk density. For details about the field in-
vestigation and laboratory analysis, see Yang et al. (2008).

2.3. Resampling

To detect changes in SOC stocks (top 30 cm) in grasslands of the
Tibetan Plateau, we carried out a resampling of soil profiles during the
summer of 2011 (July and August), surveying 205 profiles from 41 sites
(i.e. five profiles at each site) randomly selected from the 2002/03
sampling campaigns according to the original longitude and latitude as
well as original sampling profile of each site (Fig. 1, Table S1). Of the 41
sites, 18 were alpine meadows and 23 were alpine steppes. Following
the almost same procedure as in the original sampling, soil samples
were collected by hand with a steel core (5 cm in inner diameter) in
four soil increments (0-5, 5-10, 10-20, 20-30 c¢cm) at each profile in
each site. Three to eight cores were mixed as a replicate in each soil incre-
ments (Chen et al.,, 2015). Soil samples were air-dried, sieved through a
2 mm mesh, handpicked to remove plant detritus, and then ground
into a fine powder. SOC content was measured by the Walkley-Black's
method (Nelson and Sommers, 1982). Five replicates of bulk density
sample at each site were obtained for each layer using a standard contain-
er of 100 cm? in volume, and thus it was calculated as the ratio of the
oven-dried (105 °C) soil mass to the container volume.

24. SOC calculation and climate data
We only concerned the SOC changes in top 30 cm, SOC density (C

stock per land area) in the top 30 cm therefore was calculated with
Eq. (1).

n - Cl
SOCD = 3 T; x BD; x SOC; x —100 (1)
= 100
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Fig. 1. Location of the repeated sampling sites (a) and original sampling profiles (b, c) across the Tibetan Plateau, shown on the background of China's vegetation atlas (Chinese Academy of

Sciences, 2001).

where SOCD, T;, BD;, SOG;, and C; are SOC density (kg C m~2), soil thick-
ness (cm), buck density (g cm™3),SOC (g kg™ '), and percentage of rock
fraction (>2 mm) at layer i, respectively (Yang et al., 2008).

The climatic variables of the sampling sites were obtained from the
WorldClim data set (http://www.worldclim.org) (Hijmans et al.,
2005), including: mean annual temperature (MAT), mean annual pre-
cipitation (MAP) and precipitation seasonality (PS, coefficient of
variation).

2.5. Statistical analysis

We determined the differences in SOCD in alpine meadows and
steppes between 2002 and 2011 using a one-sided, paired t-test. The
SOCDyp0, and SOCD,g1; were log;o-transformed to normalize the distri-
butions before analysis. We employed multiple regression to test
whether MAT, MAP, PS, and SOCD,qq, Were significant predictors for
the effects of original SOCD and climatic variables on SOC changes across
the 41 sampling sites. Since MAT had no effect on SOC changes (Fig. 4b,
d), the final results of multiple regression analysis showed only the ef-
fects of MAP, PS, and SOCD,q0, on the SOC changes, and SOCD5qg, Was
log10-transformed to normalize the distributions before analysis. To
evaluate potential collinearity problems between model covariates,
we calculated variance-inflation factors (VIFs) for each covariate in
each model using VIF () from the package car in R. VIFs for all covariates
were lower than 3; far below than the threshold of 10 above which col-
linearity may adversely affect regression results. All statistical analyses
were performed using R 3.0.3 (R Development Core Team, 2014).

3. Results
3.1. Temporal trend of SOC stocks from 2002 to 2011

Across the 41 resampled sites, SOCD in the top 30 cm of alpine grass-
lands varied from 0.98 to 16.11 kg C m~2 with an average of
5.564 kg Cm~2in 2011, and from 0.39 to 14.56 kg C m~2 with an aver-
age of 5.518 kg C m~2in 2002 (Table 1, Table S1, Figs. S2a, S2d). During
the last ten years, SOC stocks showed a significant increasing trend, with
an overall rate of 4.66 ¢ C m~2 yr— ! at the 95% confidence interval of

—30.40 — 39.73 kg Cm~2 yr~! (Table 1, paired t-tests P = 0.034,
t = 1.876 on 40 DF).

SOCD in alpine meadows and steppes also exhibited large variations,
ranging 1.94-16.11 kg C m~2 and 0.98-9.33 kg C m~2 in 2011, and
0.93-14.56 kg C m~2 and 0.39-10.45 kg C m~2 in 2002, respectively
(Table S1). Mean SOCD in alpine meadows and steppes were 6.861
and 4.549 kg Cm~2in 2011, 6.603 and 4.668 kg C m~2 in 2002, respec-
tively (Table 1, Figs. S2b, S2e, S2c, S2f). SOCDs in alpine meadows and
steppes during 2011 samplings were strongly correlated with those
measured during 2002-2003 samplings with the slopes of 1.021
and 0.897 (R? = 0.984, P<0.001; R?> = 0.959, P<0.001), respective-
ly (Fig. 2a, b). From 2002 to 2011, in alpine meadows, SOCD
increased by 0.258 kg C m~2 at the 95% confidence interval of
—0.232 — 0.748 kg C m~2 with a relatively weak significance (paired t-
tests P= 0.069, t = 1.560 on 17 DF; Table 1, Fig. 2a); by contrast, in alpine
steppes, it declined by 0.119 kg C m~2 at the 95% confidence interval of
—0.636 — 0.398 kg C m™~2 but not significantly (paired t-tests P =
0.102, t = —1.306 on 22 DF; Table 1, Fig. 2b).

3.2. Relationships between spatial variability of SOC stocks and original
SOCD and climatic variables

The bivariate and multiple regression analyses showed that there
was no correlation between SOC changes and original SOCD across al-
pine meadows, but their relationship was very strong and negative
across alpine steppes (R? = 0.552, P < 0.001; Table 2, Fig. 3).

At the spatial scale, water availability, rather than temperature, sig-
nificantly influenced on SOC changes across alpine grasslands when
Site 6 and Site 22/23 were excluded from the statistical analysis in al-
pine meadows and steppes, respectively (Table 2, Figs. 4, 5). For in-
stance, across alpine meadows, SOC changes had a significant and
positive correlation with precipitation seasonality (Table 2, Fig. 5a);
for example, the amount of precipitation from March to April before
the start of the growing season had a significantly negative effect on
SOC changes in alpine meadows (Fig. 5¢). By contrast, SOC changes
had a significant and negative correlation with mean annual precipita-
tion across alpine steppes (Fig. 4c). Both precipitation form March to
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Table 1

Mean values of soil organic carbon (SOC) density in the 0-30 cm and its changes in Tibetan alpine grassland and with its two major grassland types (alpine meadows and steppes) between
2002 and 2011. Values in parenthesis denote 95% confidence intervals. SOCD,qq; and SOCD,o;; denote SOC density during the two repeated sampling periods, respectively.

Alpine grassland

Alpine meadow Alpine steppe

SOCD3002 5.518 [4.454, 6.581]
(kg Cm~2)

SOCDao11 5.564 [4.593, 6.536]
(kg Cm~2)

SOC change 0.047 [—0.304, 0.397]
(kg Cm~2)

Rate of SOC change 4.66 [—30.40, 39.73]
(gCm2yr ")

6.603 [4.857, 8.350] 4,668 [3.344, 5.992]

6.861 [5.127, 8.596] 4,549 [3.547, 5.551]
0.258 [—0.232, 0.748] —0.119 [—0.636, 0.398]

25.80 [—23.19, 74.79] —11.88 [—63.57,39.81]

April and growing season precipitation all had significant negative ef-
fects on the SOC changes (Fig. 5d, f).

4. Discussions
4.1. SOC changes in alpine grassland ecosystems
Regarding the magnitude and direction of SOC variations in grass-

land ecosystems, current evidence comes mainly from the observations
and models in European and New Zealand temperate grasslands
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Fig. 2. Statistical comparisons of soil organic carbon (SOC) density and its changes
between 2002 and 2011 in alpine meadows (a) and steppes (b) on the Tibetan Plateau.
SOCD5g02 and SOCD,o11 denote SOC density during the two repeated sampling periods.

(Bellamy et al., 2005; Janssens et al., 2005; Lettens et al., 2005;
Schipper et al., 2007; Soussana et al., 2007; Hopkins et al., 2009;
Schulze et al., 2009; Schipper et al., 2010). Consistent with the findings
of Lettens et al. (2005), who performed a repeated soil inventory be-
tween 2002 and 2011, our results showed that SOC stocks exhibited a
significant increase in the Tibetan Plateau grasslands from 2002 to
2011, at the overall rate of 4.66 g C m~2 yr~ ! in alpine grasslands and,
2580gCm 2yr~'and —11.88 g Cm~2 yr~! in alpine meadows
and steppes (Table 1). These values are lower than, but comparable to
the rates of SOC changes in these above-mentioned studies (e.g.
23 g Cm™ 2 yr ! of Lettens et al. (2005); 60 g C m~2 yr~ ! of Janssens
etal. (2005); 57 & 34 g Cm~2yr ! of Schulze et al. (2009); — 104 +
73 g C m 2 yr~! of Soussana et al. (2007); —106—
—73gCm™2yr ! of Schipper et al. (2007) and 52 gCm~ 2 yr~ ! of
Schipper et al. (2010)). Our findings are contrary to the results obtained
by Yang et al. (2009), but similar to those of Zhuang et al. (2010) in the
Tibetan Plateau grasslands. In other alpine ecosystems, such as Arctic
tundra, the direct evidence regarding SOC changes is relatively scarce.
Compiling the 40 years of CO, flux observations, Belshe et al. (2013) in-
dicated that on an annual basis, tundra ecosystems were currently CO,
sources, particularly from 2004 to 2010. However, based on the esti-
mates from observations, process-based models, and inversion models,
McGuire et al. (2012) showed that Arctic tundra was a C sink of
110 Tg C yr— ! from 1990 to 2006, but with large uncertainty ranged
from being a sink of 291 Tg C yr—! to a source of 80 Tg Cyr— .

Although a generally increasing trend of SOC stocks is found on the
Tibetan Plateau, contrasting temporal trends existed in alpine meadows
and steppes. During the past decade SOC stocks in alpine meadows
displayed a weakly significant increase with an average rate of
25.8 ¢ Cm~2 yr~ . This is relatively lower than, but comparable to,
the eddy-flux data showing that on the eastern edge of the Tibetan
Plateau, alpine meadows was a strong C sink of 61.64 (+34.51) to
120.9 (varying from 78.5 to 192.5) g C m~2 yr~ ! in the early 21st cen-
tury (Kato et al., 2006; Yu et al., 2013).

Table 2

Multiple regression parameters for the reletive SOC changes in alpine meadows (without
site 6) and alpine steppes predicted by mean annual precipitation (MAP), precipitation
seasonality (PS), and the original SOC density (SOCD4gpz). The SOCDg0, Was logjo-trans-
formed to normalize the distributions.

Grassland Regression Estimate Std. error tvalue P

type parameter

Alpine Intercept — 4743464 —2.228 0.0442

meadow 10.568816

MAP 0.004289 0.003468 1.237 0.2381
PS 0.082459 0.032611 2.529 0.0252
SOCD2002 —0.356172 0.888416 —0.401 0.6950

Alpine steppe Intercept 4.070530 3.079669 1.322 0.201948
MAP 0.002321 0.003270 0.710 0.486397
PS —0.032756 0.025735 —1.273 0.218428
SOCD2002 —2.695694 0.690226 —3.906 0.000951

P-values < 0.05 are in bold.
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steppe s(b) on the Tibetan Plateau.

4.2. Contrasting temporal changes in SOC stocks in alpine meadows and
steppes

In the present study, the increase in SOC stocks, particularly in alpine
meadows, which are mainly limited by low-temperatures, appears to
have been triggered by the increasing temperatures across the grass-
land area. This is contrary to the prediction by the temperature-loss hy-
pothesis. Our analysis indicated that the Tibetan Plateau experienced an
apparent warming trend at a rate of 0.087 °C yr~ ! from 2000 to 2010
(Fig. S1). Other studies have also demonstrated an ongoing warming
trend in the plateau during the past 30 years (Liu and Chen, 2000;
Chen et al., 2013). On the one hand, increases in temperature stimulate
plant growth and thus the gross and net primary production. It has been
reported that the vegetation net primary production in the Tibetan
Plateau's grasslands, especially in alpine meadows, showed a significant
increase via enhanced plant growth due to increased temperature from
1982 to 1999 (Piao et al., 2006) and from 2000 to 2009 (Zhao and
Running, 2010). A field experiment also indicated that warming signif-
icantly increased the aboveground net primary production (ANPP) in an
alpine meadow on the Tibetan Plateau between 2006 and 2010 (Wang
et al., 2012). In the other tundra ecosystems such as the Arctic, contem-
porary summer warming significantly increased vegetation productivi-
ty between 1980 and 2010 (Elmendorf et al., 2012). Direct evidence
revealed that a twenty-year summer warming significantly increased

mineral soil stocks by 31% in an Alaskan tundra ecosystem (Sistla
et al.,, 2013). On the other hand, the rising temperatures may influ-
ence the vegetation phenology such as green-up dates, and thus
the length of the growing season. It has been currently suggested
that the start of the vegetation growing season (SOS) in the Tibetan
Plateau experienced a continuous advancing trend at a rate of
~1.04 day yr~ ! from 1982 to 2011(Zhang et al., 2013). The marked
advancement in vegetation SOS may extend the length of the
plant-growing season, and subsequently increase the gross and net
primary production, and thus the C sink function of the grassland
ecosystem in the Tibetan Plateau.

Nitrogen (N) deposition from agricultural fertilizer usage and the
combustion of fossil fuels can be another important factor affecting
the changes in SOC stocks in alpine meadows over the past decade. It
has already been noted that N deposition significantly increased at a
mean rate of 0.17 kg N ha—! yr~! were found in the Tibetan Plateau
from the 1980s to 2010 (Liu et al., 2013). Since the potential of terrestri-
al ecosystems to take up carbon is constrained globally by the availabil-
ity of nutrients required for plant production, particularly N (LeBauer
and Treseder, 2008), increased N deposition may therefore increase
the biological N availability. Under increased N deposition, the en-
hanced SOC stocks could be probably illustrated by the below two
mechanisms. Firstly, increased N availability could increase NPP and/
or root mass and subsequently litter and thus organic carbon (OC) in-
puts (Fornara and Tilman, 2012; Ziter and MacDougall, 2013). Secondly,
although higher N content might stimulate litter decomposition it
seems to suppress humus decay in later stages (Jandl et al., 2007),
thus leading to stabilization of soil organic matter (SOM) in mineral-as-
sociated fractions (Dorfer et al., 2013). Consequently, warming and in-
creased N deposition stimulate more plant growth and subsequently
increase in gross and net primary production than soil respiration
(Zhuang et al., 2010), thereby increasing SOC stocks in alpine meadow.
This is consistent with the nitrogen-gain hypothesis of nitrogen deposi-
tion leading to SOC gain: namely, that soil C stocks appear to gain more
carbon than they loss in a nitrogen-rich and warming environment. Fur-
thermore, the soil acidification partially caused by N deposition over the
past twenty years observed by Yang et al. (2012) could inhibit SOC loss
from soils in alpine meadows since there is a negative relationship be-
tween soil pH and SOC found by Shi et al. (2012) in Mongolian and
Tibetan grasslands.

In more than half of the global ecosystem, primary productivity is
substantially constrained by water availability (Heimann and
Reichstein, 2008). In contrary to alpine meadows, steppe ecosystems
are apparently water-limited. Hence, soil water availability may be a
dominant driver influencing carbon dynamics of alpine steppes under
warming climate conditions (Baumann et al., 2009). In the Tibetan
Plateau, temperature showed a significance increasing trend; however,
precipitation had almost no change during the past one decade (Fig. S1),
which could lead to increased soil aridity in alpine steppes. Substantial
evidence indicates that large-scale droughts induced by global warming
have recently occurred in many regions and countries around the world,
resulting in major effects on vegetation productivity markedly and thus
carbon balance across ecosystems from grasslands to forests (Breshears
etal, 2005; Saleska et al., 2007; Allen et al., 2010; Scott et al., 2010; Zhao
and Running, 2010). Furthermore, recent studies showed that grassland
productivity is highly sensitive to temporal variability in precipitation,
especially in water-limited ecosystems (Fay et al., 2003; Fay et al.,
2008; Heisler-White et al., 2008; Heisler-White et al., 2009). For in-
stance, one study conducted in a semi-desert grassland suggested
that because seasonal photosynthesis was more sensitive than res-
piration to rainfall variation, the severe drought years led to low
gross ecosystem production and subsequently resulted in a net car-
bon release (Scott et al., 2010). Another study also indicated that
gross ecosystem productivity had a higher sensitivity than soil res-
piration to soil moisture in a semiarid steppe in Inner Mongolia,
and thus decreased soil water availability causes carbon release
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(Chen et al., 2009). Therefore, we hypothesized that the decreased
soil water availability caused by climate warming is a key factor
resulting in the observed decrease in the SOC stocks of alpine
steppes.

4.3. Relationship between SOC changes and original SOCD

Consistent with previous studies (Bellamy et al., 2005; Stevens and
van Wesemael, 2008; Griineberg et al., 2014), our analyses also indicat-
ed that the amplitude of SOC losses in alpine steppes was strongly relat-
ed to the original SOC density (Fig. 3b). Such a pattern suggested that
SOC stocks in alpine steppes decreased much more at those sites with
higher SOC density. The higher rate of SOC losses in areas with higher
SOC levels may be explained by the one fact that in alpine steppes the
dominant plants are main the lignin-rich species, such as S. purpurea,
S. subsessiliflora and C. moorcroffiana. More organic soils necessarily con-
tain a greater proportion of slowly decaying organic matter such lignin,
and its rate of turnover may be more sensitive to temperature changes
than that of more labile organic matter (Knorr et al.,, 2005). In addition,
Griineberg et al. (2014) demonstrated that compared to the high
clayed-loamy soils of the mountains and hills, low-clay sandy lowland
soils with low initial C stocks and C concentrations sequestered larger
amounts of C due to reduced decomposition. In our study, the rate of
carbon sequestration declined significantly with soil silt and clay con-
tents (Fig. S3), and Yang et al. (2009) also confirmed the positive rela-
tionship between SOC stocks and soil silt and clay contents. Baumann
et al. (2014) showed the same relationship for the central-eastern
Tibetan Plateau, interrelated to weathering processes and pedogenesis
under permafrost conditions. These finding suggest that low decompo-
sition may be another important factor resulting in carbon gains in low-
silt and clay sites with low initial SOC stocks across alpine steppes, but
further verification is very needed; however, under the condition of
degraded grasslands, sandy soils loss more SOC than clayed soils
(Dlamini et al., 2016).

4.4. Contributions of climatic variables to spatial variability of SOC changes

We found that SOC gains declined apparently with increasing
March-April precipitation and MAP across alpine meadows and
steppes, respectively (Figs. 5¢, 4c). Although current studies regarding
SOC dynamics across a large-scale precipitation gradient using repeated
soil inventories in native vegetation are few, SOC accumulations under
forestation or woody plant invasion decreased significantly across in-
creasing precipitation gradients (Jackson et al., 2002; Berthrong et al.,
2012; Eclesia et al., 2012). These studies generally suggest that SOC ac-
cumulations increase in arid sites but decrease in wet ones. However, a
meta-analysis comparing SOC stocks in the topsoil of non-degraded and
degraded grassland soils showed greater SOC losses from degraded
grasslands under dry climates (Dlamini et al., 2016). Although the ob-
served patterns of SOC dynamics across the precipitation gradients in
our study and in these above-mentioned studies were similar, the
mechanisms underlying these SOC changes were different. Berthrong
et al. (2012) suggested that soils in xeric regions store C through in-
creases in the soil C:N ratio, whereas in more humid areas, increased de-
composition and N leaching losses through leaching lead to C losses.
And Eclesia et al. (2012) examined variability in SOC stocks along a pre-
cipitation gradient with different C inputs to the soil because of variabil-
ity of C uptake by the vegetation. Additionally, some other studies
indicated that soil organic nitrogen (SON) is one of the primary factors
driving SOC losses (Kirschbaum et al., 2008; Parfitt and Ross, 2011);
and hence in humid regions, N losses resulted from decomposition
and leaching might constrain SOC accumulations in tree plantations
(Kirschbaum et al., 2008). In the present study, March-April precipita-
tion rather than MAP is a primary factor controlling SOC changes in al-
pine meadows. This may be partially explained by soil C releases
during soil freezing and thawing processes under sufficient water con-
ditions before the start of the growing season. This was confirmed in
our recent study, which revealed that during non-growing seasons,
soil respiration was mainly affected by freezing and thawing processes
(Wang et al., 2014b). By contrast, across alpine steppes, MAP is an
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important factor driving SOC variations. This may be caused by in-
creased decomposition with increased MAP, since the rates of soil respi-
ration during growing-seasons increased with soil moisture in alpine
grasslands (Geng et al,, 2012).

In addition, we should conclude how climatic factors affect SOC
changes in grasslands with more cautions because human activities,
such as grazing or grazing exclusion, also have significant effects on it.
For example, a few studies indicated that SOC declined markedly in se-
verely degraded grasslands caused by over-grazing in the headwaters
areas of the Tibetan Plateau (Dong et al., 2012; Su et al., 2015), and a
synthesis showed that grazing exclusion significantly increased soil C
content in Chinese grasslands (Hu et al., 2016).

5. Conclusions

We used repeated soil surveys from the years 2002 and 2011 to as-
sess alterations of SOC stocks in Tibetan Plateau's alpine grasslands
across 41 sites. We found that SOC stocks in alpine grasslands showed
a significant upward trend. The temporally shifting trends in alpine
meadows and steppes differed apparently: the former increased with
a weak significance, while the latter declined insignificantly. Spatially,

the main climatic variable affecting SOC dynamics across alpine
meadows was the precipitation in March and April: i.e. before the
start of the growing season. By contrast, mean annual precipitation
(MAP) was the most important factor driving SOC dynamics across al-
pine steppes. The alpine grasslands of Tibetan Plateau showed a nega-
tive carbon feedback in a nitrogen-rich and warming world, but many
more sites studies are needed to comprehensively evaluate the changes
in SOC stocks across alpine grasslands. More importantly, the different
management strategies should be employed to enhance the ability of
soil C sequestration in alpine meadows and steppes, considering the
contrasting climatic conditions between them.
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