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Abstract: Alpine grassland soils on Qinghai-Tibet
Plateau store approximately 33.5 Pg of organic carbon
(C) at 0—0.75 m depth and play an important role in
the global carbon cycle. We investigated soil organic C
(SOC), water-soluble organic C (WSOC), easily
oxidizable organic C (EOC), humic C fractions,
aggregate-associated C, aggregate stability, and humic
acid (HA) composition along an east-west transect
across Qinghai-Tibet Plateau, and explored their
spatial patterns and controlling factors. The contents
of SOC, WSOC, EOC, humic C fractions and
aggregate-associated C, the proportions of macro-
aggregates (2-0.25) and micro-aggregates (0.25-0.053
mm), and the aggregate stability indices all increased
in the order alpine desert < alpine steppe < alpine
meadow. The alkyl C, O-alkyl C, and aliphatic
C/aromatic C ratio of HA increased as alpine desert <
alpine meadow < alpine steppe, and the trends were
reverse for the aromatic C and HB/HI ratio. Mean
annual precipitation and aboveground biomass were
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significantly correlated with the contents of SOC and
its fractions, the proportions of macro- and micro-
aggregates, and the aggregate stability indices along
this transect. Among all these C fractions, SOC
content and aggregate stability were more closely
associated with humic C and silt and clay sized C in
comparison with WSOC, EOC, and macro- and micro-
aggregate C. The results suggested that alpine
meadow soils containing higher SOC exhibited high
soil aggregation and aggregate stability. Mean annual
precipitation should be the main climate factor
controlling the spatial patterns of SOC, soil
aggregation, and aggregate stability in this region.
The resistant and stable C fractions rather than labile
C fractions are the major determinant of SOC stocks
and aggregate stability.

Keywords: Soil organic carbon; Aggregate stability;

Humic acid; Carbon-13 nuclear magnetic resonance;
Latitudinal transect; Qinghai-Tibet Plateau
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Introduction

Soil organic carbon (SOC) plays a vital role in
soil fertility and ecological environment because of
its large contribution to soil properties, such as soil
structure (Bronick and Lal 2005), water retention

(Rawls et al. 2003), microbial activity (Degens et al.

2000), and nutrient availability (Oelofse et al.
2015). As a heterogeneous mixture of organic
substances, SOC is composed of various fractions
with apparent differences in the degree of
decomposition, recalcitrance, and turnover rate
(Huang et al. 2008). The different SOC fractions
have different effects on soil fertility and ecological
environment. The labile fractions of SOC, such as
water-soluble organic carbon (WSOC) and easily
oxidizable organic carbon (EOC), have been
considered as more sensitive indicators for land
use changes compared to SOC (Yang et al. 2009a).
On the other hand, most SOC exists as chemically
resistant humic substances, namely, humic acid
(HA), fulvic acid (FA) and humin (HU), which
constitute approximately 60%-75% of SOC
(Grinhut et al. 2011). Owing to their refractory
properties, humic substances play a crucial role in
soil carbon sequestration (Swift 2001). Soil
aggregate stability is an important indicator of soil
physical quality (Chen et al. 2009). Formation and
stabilization of soil aggregates generally facilitates
soil carbon sequestration and provides physical
protection for soil carbon (Cheng et al. 2015). Soil
aggregate-associated carbon has been used as a
major indicator in evaluating soil carbon
sequestration (Six et al. 2000; Bronick and Lal
2005). Therefore, the investigation of SOC
fractions is important for better understanding the
turnover and stabilization mechanisms of SOC.
Carbon-13 nuclear magnetic resonance (13C NMR)
spectroscopy is a powerful tool for characterizing
the chemical composition of soil organic matter,
which can clarify quantitatively the structural
properties of humic substance fractions at the
molecular level (Conte et al. 2004).

The Qinghai-Tibet Plateau is the highest and
largest plateau in the world, covering an area of 2.5
x 106 km2 (Zheng 1996) at an average elevation of
4000 m a.s.l. (Shang et al. 2015). Meanwhile, some
studies have demonstrated the region is very
sensitive to global climate changes (Wang et al.
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2007; Zhang et al. 2014). Alpine grasslands, which
cover more than 50% of the whole plateau area, are
the dominant ecosystem in the region (Chen et al.
2014a; Tang et al. 2015). The alpine grassland soils
contain a large amount of organic carbon and thus
have an important role in the regional and global
carbon cycle. It is estimated that SOC storage in the
alpine grassland soils (0—0.75 m depth) across the
entire Qinghai-Tibet Plateau is approximately 33.5
Pg C (Wang et al. 2002). Therefore, the estimates
of SOC storage and turnover in this region have
attracted much attention in the past decades (Yang
et al. 2009b; Tan et al. 2010; Wang et al. 2013).
However, previous studies have mainly focused on
the content or storage of SOC among different
types of alpine grasslands on Qinghai-Tibet Plateau
(Wang et al. 2002; Cao et al. 2013; Liu et al. 2014b;
Shang et al. 2015; Tang et al. 2015). To the best of
our knowledge, few studies have been conducted to
explore the differences in SOC fractions, soil
aggregate stability, and soil HA composition among
the different types of alpine grasslands in this
region, although they are important (Shang et al.
2016).

In this study, we investigated SOC, WSOC,
EOC, humic C fractions and aggregate-associated C,
and the chemical composition of HA along a 2200
km east-west transect across Qinghai-Tibet Plateau
in order to understand the responses of soil
properties to environmental changes. Specifically,
the main objectives of this study were to: (1)
quantify the variation in the contents of SOC,
WSOC, EOC, humic C fractions, aggregate-
associated carbon, and HA composition among
different alpine grasslands (alpine meadow, alpine
steppe, and alpine desert), and (2) explore the
influencing factors of soil C fractions and stability
in view of precipitation, temperature, and plant
biomass, along the transect.

1 Materials and Methods

1.1 Study sites

Our study sites are shown in Figure 1. In detail,
a 2200 km east-west transect across different types
of grasslands in Qinghai-Tibet Plateau was set up
in August 2013. We set up nine sampling sites
along this transect, which represented alpine
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Figure 1 Location of the study sites.

meadow, alpine steppe, and alpine desert,
respectively. Within each grassland type, three
sampling sites were selected as replicates. In each
site, four quadrats (0.5 m x 0.5 m) were
established at 20 m intervals along a random
transect. All aboveground plants were harvested
from these quadrats, dried (60°C), and weighed for
aboveground biomass (AGB) measurement. The
basic information for the sampling sites, including
longitude, latitude, elevation, mean annual
precipitation (MAP), mean annual temperature

(MAT), grassland type, soil type, soil
texture, soil mineralogy, dominant plant
species, and AGB were listed in Table 1.

1.2 Soil sampling and analysis

In each sampling site, surface soil
samples (0—20 cm) were collected from the
same four quadrats used for AGB
measurement, and then pooled to form one
composite sample. The fresh soil samples
were sieved to pass through a 5-mm sieve,
and air dried at room temperature. One
portion of the samples was used for
aggregate determination, and the other part
was sieved through a 2- and 0.25-mm sieve

for SOC analysis.

SOC contents were measured using the
potassium dichromate-sulfuric acid oxidation
method (Lu 2000). EOC was determined using the
333 mmol Lt KMnO, oxidation method (Blair et al.
1995). Water-soluble and humic fractions were
obtained following the method of Zhang et al.
(2010) by successively extracting soil samples with
distilled water and in 0.1 mol L-* NaOH + 0.1 mol
L-t Na,P,0; solution, respectively; HA fraction was
separated from FA fraction by acidifying the total

Table 1 Basic information of the sampling sites along the east-west grassland transect on the Qinghai-Tibet Plateau,

western China

Soil mineralogy Dominant

No. Long. Lat. gf)v' ?:InArrIZ) ?gé)T t(ig;ssland Soil type ts;(llure Fgelig-l) é;l(ll(g-l) plant species &GIE‘Q)
\ % I o ows o Apte S Sm . oy K g
s BT o e oo AR Shbhe Sd o K
s BB e gy e e Sbbne Emd o Kpeme
4+ B9 30 48 sers gu APne Abire o Sand i34 026 GPUTUES ggg
5 sy s 457 3274 255 9hil Ghnewl leam 372 0% Spinan 750
o B s ony s AR A Smd o Soww g
7 850 3 4547 2592 349 home  hewmoq Sand 396 o052 5T aig
8 52 3 az0 2005 672 fome AP L Sand 3m 022 g YUeOh o4a

Note: MAP = Mean annual precipitation; MAT = Mean annual temperature; Grassland is classified according to
Chinese Rangeland Resources Distribution Map (ARDOQP 1997); Soil is classified according to Chinese Genetic Soil
Classification (Xi 1998); Soil texture is named according to International System (ISSS 1929); Dithionite-citrate-
bicarbonate extractable iron (Feq) and aluminum (Ala); AGB = Above-ground biomass.
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humic extract (HE) to pH 1.0. The solid residue
obtained after alkaline extraction was referred to as
HU fraction. A 50 g of soil sample (< 5 mm) was
wet sieved to obtain three water-stable aggregate
size classes, i.e., macroaggregates (2—0.25 mm),
microaggregates (0.25—0.053 mm), and silt + clay-
sized fraction (< 0.053 mm), following the
methodology reported by Cambardella and Elliott
(1993). There were no large macroaggregates (> 2
mm) in the soils. The aggregate size distributions
and aggregate-associated carbon contents were
expressed as g kgt soil and g kg aggregates,
respectively, on a sand-free basis (Chen et al.
2014b).

The extraction and purification of HA for
spectroscopic  analyses were performed in

accordance with the procedure described by Li et al.

(2015). Briefly, soil samples were extracted with a
solution of 0.1 mol Lt NaOH and 0.1 mol L+
Na,P.0,, precipitated with 6 mol L-1 HCI solution,
purified by three cycles of NaOH-dissolution and
HCl-flocculation, dialyzed against distilled water,
and then lyophilized. The solid-state 13C cross-
polarization magic-angle-spinning and total-
sideband-suppression (CPMAS TOSS) NMR
spectra were obtained on a Bruker AVANCE III
400 WB spectrometer (Switzerland) at 100.6 MHz
under the following conditions: spinning speed, 8
kHz; spectral width, 50 kHz; acquisition time, 20
ms; contact time, 2 ms; recycle delay, 3 s; and
number of scans, 7000-10000. Semi-quantification
was conducted using MestReNova 5.3.1 (Mestrelab
Research S.L., Santiago de Compostela, Spain) by
dividing the spectra into four different chemical
shift regions representing alkyl C (0—50 ppm), O-
alkyl C (50—110 ppm), aromatic C (110—160 ppm)
and carbonyl C (160—200 ppm).

1.3 Calculations and statistical analysis

SOC stock was calculated by multiplying SOC
content by soil bulk density and by soil depth
(Wang et al. 2008; Chen et al. 2009). In the
present study, soil bulk density was mean values
obtained from eight common pedo-transfer
functions (Xu et al. 2015). Mean weight diameter
(MWD), geometric mean diameter (GMD),
percentage of > 0.25 mm water stable aggregates
(Ro.25), structure deterioration rate (SDR), index of
unstable aggregates (Err), and stability ratio of
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water stable aggregate (WSAR) were calculated
according to the methods described by Fan et al.
(2010), Gupta Choudhury et al. (2014), and Liu et
al. (2014a). The ratios of alkyl C/O-alkyl C,
aliphatic C/aromatic C, and hydrophobic C/
hydrophilic C were calculated according to the
method of Zhang et al. (2011).

All statistical analyses were conducted using
SPSS 16.0 software (SPSS Inc., Chicago, IL, USA).
The comparisons of dependent variables (SOC, soil
aggregate stability indices, and soil HA
composition) among different grassland types were
determined by one-way ANOVA with LSD test.
Pearson linear correlation analyses were performed
to evaluate the relationships between dependent
variables (vide supra) and independent variables
(MAP, MAT, and AGB). The P < 0.05 level was
considered to be significant.

2 Results

2.1 SOC, WSOC, EOC and HFC

The SOC content and stock are different
among the three grassland types (Figure 2). SOC
content and stock in alpine meadow were highest,
followed by alpine steppe and alpine desert. There
was no significant difference between alpine steppe
and alpine desert.

The WSOC, EOC, HAC, FAC and HUC
contents and the HAC/FAC ratios of soils are also
distinct among the three grassland types (Table 2).
WSOC, EOC, HAC, FAC and HUC, which
accounted for 1.56%—2.81%, 5.12%—7.95%, 15.2%—
22.7%, 14.1%—27.5%, and 48.3%—68.1% of SOC,
respectively, followed similar patterns to SOC
content along the transect. Also, there was no
significant difference between alpine steppe and
alpine desert. In contrast, the HAC/FAC ratios,
ranging from 0.84 to 1.52, were highest in alpine
desert, followed by alpine steppe and alpine
meadow.

2.2 Soil aggregate-associated carbon and
aggregate stability

The distribution of aggregate size fractions in
soil varied across grassland types (Figure 3a). For
alpine meadow and alpine steppe, the dominant



aggregate size fraction was 0.25-0.053 mm,
followed by 2—0.25 and <0.053 mm size fractions.
For alpine desert, the dominant aggregate size
fraction was <0.053 mm, followed by 0.25-0.053
and 2-0.25 mm size fractions. Among the three
grassland types, the proportions of 2—0.25 and
0.25—-0.053 mm aggregates were highest in alpine
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meadow, then in alpine steppe and alpine desert.
For all three grassland types, the SOC content
of 0.25—-0.053 mm aggregate was highest (Figure
3b). For alpine meadow, the SOC content of 2—-0.25
mm aggregate was higher than that of <0.053 mm
aggregate. However, the opposite trend was
observed for alpine steppe and alpine desert.
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Figure 2 Soil organic carbon (SOC) content and stock from alpine meadow, alpine steppe, and alpine desert on the
Qinghai-Tibet Plateau, western China. Circles and columns represent SOC content or stock of each sampling site and
each grassland type, respectively. See Table 1 for site number.

Table 2 Soil water soluble organic carbon (WSOC), easily oxidizable organic carbon (EOC), humic acid carbon
(HACQ), fulvic acid carbon (FAC), humin carbon (HUC), and HAC/FAC ratio among different alpine grasslands on the
Qinghai-Tibet Plateau, western China

Grassland type  WSOC (gkg?) EOC(gkg?) HAC(gkg?) FAC(gkg?) HUC(gkg?) HAC/FAC

Alpine meadow  0.32 + 0.03a 1.62+0.33a 4.63+1.79a 5.60+2.33a 9.83+2.79a 0.84 + 0.12b
Alpine steppe 0.22 + 0.02b 0.50+0.13b 149 +0.20b 141+0.37b 6.67+1.70ab 1.09 + 0.14b
Alpine desert 0.19 + 0.04b 0.40 + 0.10b  1.40 + 0.11b 0.93+0.14b  4.10 £ 0.98b 1.52 + 0.14a

Note: Mean values + standard deviations of three replicates are presented. Values within the same column followed
by the same small letter are not significantly different at P = 0.05.

(@) 40 r O Alpine meadow (b) 6 r a 0 Alpine meadow
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0 . 0
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Aggregate size class (mm) Aggregate size class (mm)

Figure 3 Distribution (a) and organic carbon content (b) of soil aggregate size fractions from alpine meadow, alpine
steppe, and alpine desert on the Qinghai-Tibet Plateau, western China. Vertical bars represent standard deviation of
the mean (n = 3). Bars with different small letters within the same aggregate size class represent significant
differences at P < 0.05.
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Across all aggregate size fractions, the SOC
contents were highest in alpine meadow, then in
alpine steppe and alpine desert. Significant
differences were found between alpine meadow
with alpine steppe and alpine desert for the 2—0.25
mm aggregate, and between alpine meadow and
alpine desert for the <0.053 mm aggregate.

The aggregate stability indices in soil also
varied among grassland types (Table 3). MWD,
GMD, Ry.; and WSAR were highest in alpine
meadow, followed by alpine steppe and alpine
desert. On the contrary, the SDR and Epr were
highest for alpine desert, hen alpine steppe and
alpine meadow. There were no significant
differences between alpine steppe with alpine
meadow and alpine desert for MWD and GMD, and
between alpine steppe and alpine desert for Ro.;5
and ELT.

2.3 Soil HA composition

The solid-state 13C CPMAS TOSS NMR spectra
of HA all exhibited major signal peaks at around 25,
30, 33, 56, 62, 72, 104, 129, 152, and 173 ppm
(Figure 4). The peak assignments have been
reported in our previous work (Zhang et al. 2011).
On the other hand, the relative intensities of
different carbon functional groups differed across
grassland types (Table 4). Among the three
grassland types, the alkyl C and O-alkyl C were
highest in alpine steppe, followed by alpine
meadow and alpine desert. The aromatic C was
highest in alpine desert, followed by alpine
meadow and alpine steppe. The carbonyl C was
highest in alpine meadow, followed by alpine
steppe and alpine desert. Significant differences
were found between alpine steppe with alpine

Table 3 Soil aggregate stability indices among different alpine grasslands on the Qinghai-Tibet Plateau, western
China

Grassland type MWD (mm) GMD (mm) Ro.25 (%) SDR (%) Evr (%) WSAR (%)
Alpine meadow  0.47 £ 0.18a 0.52 + 0.11a 23.2 +10.4a  52.7 + 11.5¢ 76.8 +10.4b  47.3 +11.5a
Alpine steppe 0.33+0.03ab 0.46 £+ 0.02ab 8.25+3.49b 71.6 +7.66b 917+ 3.49a 28.4 +7.66b
Alpine desert 0.20 + 0.08b 0.32 + 0.04b 3.47+1.32b 94.2+2.66a 96.5+1.32a 5.79 + 2.66¢

Note: Mean values + standard deviations of three replicates are presented. Values within the same column followed
by the same small letter are not significantly different at P = 0.05. MWD = Mean weight diameter; GMD =
Geometric mean diameter; Ro..5 = Percentage of >0.25 mm water stable aggregates; SDR = Structure deterioration
rate; Err = Index of unstable aggregates; WSAR = Stability ratio of water stable aggregate.

c‘

250 200 150 100 30 0 -50 250 200 150 100 30 0 -5
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250 200 150 100 50 0 -5
Chemical shift (ppm)

Figure 4 Solid-state :3C CPMAS TOSS NMR spectra of soil humic acid from alpine meadow (a), alpine steppe (b),
and alpine desert (c) along the east-west grassland transect on the Qinghai-Tibet Plateau, western China. See Table 1
for site number.
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Table 4 Relative intensities of different carbon functional groups from solid-state 3C CPMAS TOSS NMR spectra of
soil humic acid among different alpine grasslands on the Qinghai-Tibet Plateau, western China

t(;)aessland é})l;yl C g/:f)ﬂkﬂ C é’/f’())matic C Ei;l)l)‘bonyl C A/O-A Alip/Arom  HB/HI
ﬁllgiigf)w 23.7+0.47b 27.4+2.15a 30.6+1.16a 18.3 +0.86a 0.87+0.08a 1.67+0.13b 1.25+ 0.08ab
glf;gg 26.8+1.87a 29.6+1.49a 26.0+2.33b 17.6+1.09a 0.90 + 0.02a 2.19 + 0.34a 1.17 + 0.04b
ggs)g: 22.4+0.43b 256+3.92a 34.5+2.81a 17.5+2.37a 0.89 + 0.12a 1.40 + 0.22b 1.38 + 0.15a

Note: Mean values + standard deviations of three replicates are presented. Values within the same column followed
by the same small letter are not significantly different at P = 0.05. A/O-A = Alkyl C/O-alkyl C; Alip/Arom = Aliphatic

C/aromatic C; HB/HI = Hydrophobic C/hydrophilic C.

meadow and alpine desert for alkyl C and aromatic
C. The above changes in relative intensity of the
different carbon functional groups led to the
aliphatic C/aromatic C ratio was highest in alpine
steppe, followed by alpine meadow and alpine
desert; the HB/HI ratio was highest in alpine
desert, followed by alpine meadow and alpine
steppe. Significant differences were found between
alpine steppe with alpine meadow
and alpine desert for the aliphatic
C/aromatic C ratio, and between
alpine steppe and alpine desert for
the HB/HI ratio. However, the

no significant correlations were found between
SOC and its fractions with mean annual
temperature (MAT), with the exception of the
WSOC and EOC contents which had significantly
positive correlations with MAT. There were
significantly positive correlations between the
proportions of 2—0.25 mm aggregates with MAP
and aboveground biomass, and between the

Table 5 Pearson’s coefficients of correlation between soil organic
carbon, aggregate stability and humic acid composition with mean
annual precipitation (MAP), mean annual temperature (MAT), and
above-ground biomass (AGB) along the east-west grassland transect on
the Qinghai-Tibet Plateau, western China

alkyl C/O-alkyl C ratio was not MAP Ef}lm) MAT (°C) AGB (*%/ m?)
. . SOC (g kg™) 0.879 0.581 0.875
significantly different among three SOC (kg m-2) 0.892" 0.501 0.886"
grassland types. WSOC (g kg) 0.872* 0.825"  0.923"

EOC (gkg™) 0.926™ 0.818" 0.911"
. . HAC (gkg™) 0.838" 0.588 0.881™
2.4 Relationships of SOC, FAC (g kg-1) 0.870" 0.605 0.862"
aggrega?e. stability, HA HUC (g kg 0.842" 51504 0.811"
composition, and HAC/FAC -0.890™ -0.653 -0.826™
environmental factors 2-0.25 mm AOC (g kg) 0.854™ 0.474 0.812"
0.25-0.053 mm AOC (gkg?) 0.651 0.158 0.583
The relationships between SOC, <0.053 mm AOC (g kg) 0.848™ 0.532 0.883"
aggregate stabilityy, and HA 2-0.25 mm aggregates (%) . 0.849:* 0.599 0.888:*
composition with environmental 0.25—0.053 mm aggregates (%) 0.792 0.721 0.714
. <0.053 mm aggregates (%) -0.050 0.067 -0.269
factors (i.e., MAP, MAT and MWD (mm) 0.719" 0.509 0.840™
aboveground biomass) are shown GMD (mm) 0.733" 0.541 0.861""
in Table 5. There were significantly Ro.25 (%) 0.849" 0.599 0.888*
positive correlations between SOC EDR((%’) '0290** 008 -O'Sgg**
. . . Lt (% -0.849 -0.599 -0.
and its fractlor}s with M{XP and WSAR (%) 0.890" 0.706" 0.808"
aboveground biomass, with the Alkyl C in HA 0.008 0.176 0.148
exception of the SOC content of O-alkyl C in HA 0.016 0.490 0.156
0.25-0.053 mm aggregate which Aromatic Cin HA -0.132 -0.447 -0.297
had no significant correlation with Carbonyl C in HA 0-339 0.028 OIS
. A/O-A in HA -0.031 -0.503 -0.088
MAP and aboveground biomass. s o i B 0.019 51557 it
There were significantly negative HB/HI in HA -0.173 -0.631 -0.337

correlations between the HAC/FAC
ratio with MAP and AGB. However,

Note: n=9," P < 0.05, * P < 0.01. AOC = Aggregate organic carbon. For

other abbreviations, see Table 1 to Table 4.
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proportions of 0.25-0.053 and all the
environmental factors. Among all the aggregate
stability indices, the MWD, GMD, R,..; and WSAR
were significantly positively correlated with MAP
and aboveground biomass, whereas the SDR and
Eir were significantly negatively correlated with
MAP and aboveground biomass. The SDR and Err
were significantly negatively correlated with MAT.
No significant correlations were observed between
HA composition and all the environmental factors.
Furthermore, a significantly positive correlation
was observed between SOC content and dithionite-
citrate-bicarbonate (DCB) extractable iron (Feq) (r
= 0.689, P <0.05) and aluminum (Al4) (r = 0.930,
P <o0.01).

The relationships between SOC and its
fractions and aggregate stability are shown in Table
6. There were significantly positive correlations
between SOC and its corresponding fractions
including WSOC, EOC, HAC, FAC, HUC and
aggregate-associated C. Significantly positive
correlations were also generally found among
WSOC, EOC, HAC, FAC, HUC and aggregate-
associated C. The correlation coefficients were
lower between SOC with WSOC, EOC, and macro-
and micro-aggregate C than between SOC with
HAC, FAC, HUC, and silt and clay sized C. In
general, there were significant correlations
between SOC and its corresponding fractions with
aggregate stability indices. Among all these C
fractions, aggregate stability indices showed a
higher correlation with HAC, FAC, HUC, and silt
and clay sized C in comparison with WSOC, EOC,
and macro- and micro-aggregate C. In addition,
there were no significant correlations between HA
composition and the amounts of SOC and its
fractions as well as the indices of soil aggregate
stability (data not shown).

3 Discussion

3.1 SOC and its fractions

In the present study, the contents of SOC and
its fractions, including SOC, labile organic C
fractions (WSOC and EOC), resistant organic C
fractions (HAC, FAC and HUC) and aggregate-
associated organic C fractions, were all highest in
alpine meadow, followed by alpine steppe and
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alpine desert (Table 2, Figure 2, Figure 3b). Similar
results have been reported by other researchers,
who found that SOC and WSOC contents were the
higher in alpine meadow than in alpine steppe and
alpine desert in Qinghai-Tibet Plateau (Wang et al.
2002; Cao et al. 2013; Liu et al. 2014b; Shang et al.
2015; Tang et al. 2015). Considering alpine
meadow on the Qinghai-Tibet Plateau is one of the
most sensitive vegetation types to climate change
(Shen et al. 2015), their importance in the global
carbon cycle should receive more attention. With
respect to the SOC stocks at the 0—20 cm depth,
our estimation (4.89 kg m~2 for alpine meadow and
2.61 kg m~2 for alpine steppe) is lower than the one
of Yang et al. (2010) (6.23 kg m—2 for alpine
meadow and 3.00 kg m-2 for alpine steppe) and
Chang et al. (2014) (5.37 kg m~2 for alpine meadow
and 3.28 kg m~2 for alpine steppe). In this study,
the bulk density for the calculation of the SOC
stocks were obtained by wusing pedotransfer
functions (Xu et al. 2015), which may explain the
difference. Furthermore, the difference could also
be due to the underrepresentation of sampling sites
in our present study, which would increase the
uncertainty in regional SOC stock estimation
(Chang et al. 2014).

In this study, the spatial distribution of HA/FA
ratio (Table 2) indicated that HA fraction
predominated in alpine desert whereas FA fraction
predominated in alpine meadow, which could also
be attributed to the different precipitation and
plant biomass among the grassland types (Table 5).
Previous studies had reported that a high
precipitation promoted the formation of FA
fraction (Tardy et al. 1997; Abril et al. 2009) by
facilitating soil microbial activity (Abril et al. 2009),
which could explain the low HA/FA ratio in alpine
meadow in our present study. The HA/FA ratio has
been used as indicator to describe the humification
degree of SOM, with a larger value indicating a
higher degree of humification (McCallister and
Chien 2000; Rivero et al. 2004; Aranda and
Oyonarte 2006). Thus, our results suggested that
the humification degree of SOM was higher in
alpine desert than in the other two grassland types
The positive correlations between the contents of
SOC and its fractions with aboveground biomass
(Table 5) indicated that grass productivity was an
important factor influencing SOC distribution
along this transect. This could be attributed to the.
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fact that SOC is derived mainly from the
decomposition and turnover of plant residues, and
thus higher biomass could lead to higher SOC
content. Apart from plant biomass, precipitation
has been considered as one of the key climate
factors controlling SOC contents (Liu et al. 2011).
In a temperate grassland climosequence, Martin-
Neto et al. (1998) reported a positive correlation
between SOC content and MAP, which was in
agreement with our present results. Although
temperature is also a key climate factor affecting
SOC contents, the present study indicated that
temperature affected only the distribution of labile
carbon organic fractions (Table 5). In previous
studies, some researchers have also reported that
the distribution of SOC largely depended on plant
communities and soil moisture rather than soil
temperature across different types of grasslands on
the Qinghai-Tibet Plateau (Baumann et al. 20009;
Liu et al. 2014b), which were in accordance with
our present results.

In the present study, the labile, resistant and
aggregate-associated organic C fractions were all
significantly correlated with SOC contents (Table
6). In general, the labile, resistant and aggregate-
associated organic C fractions were also
significantly correlated with each other, indicating
that they were closely interrelated. On the other
hand, our results indicated that the correlation
coefficients were lower between SOC with labile C
and macro- and micro-aggregate C than between
SOC with resistant C and silt and clay sized C. It
has been reported that silt and clay sized C was
more stable than macro- and micro-aggregate C
(Buyanovsky et al. 1994; Six et al. 2000; Saha et al.
2010). Therefore, although labile C fractions have
been suggested as early indicators of SOC changes
(Haynes et al. 2000), the resistant and stable C
forms (i.e., humic C and silt and clay sized C) were
the main determinant of SOC contents and stocks
present in our study region. In previous study,
three main mechanisms of SOC stabilization, i.e.,
chemical stabilization, physical protection, and
biochemical stabilization, have been proposed (Six
et al. 2002). Our results suggested that SOC in
alpine grasslands on the Qinghai-Tibet Plateau was
mainly stabilized by chemical and biochemical
mechanisms.

Our results indicated that the free Fe and Al
oxides were important for the preservation of SOC,
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which was consistent with the previous findings
(Bruun et al. 2010). Considering the importance of
soil mineral phase in SOC stabilization (Doetterl
et al. 2015), further studies should be carried out to
examine the relationship between SOC and mineral
phase in our future works.

3.2 Soil aggregate stability

The formation of soil water-stable macro- and
micro-aggregates was more beneficial in alpine
meadow than in other two alpine grasslands
(Figure 3a). The MWD, GMD, R,.s5, SDR, Err and
WSAR have been used as indices to assess soil
aggregate stability. The integrated usage of these
indices can provide a more comprehensive
evaluation for aggregate stability. As expected,
MWD, GMD, R,.; SDR, Eir and WSAR were
significantly correlated with each other (Table 6). A
larger MWD, GMD, R,.; and WSAR and a smaller
SDR and Eir indicated the stability of soil
aggregates was higher (Fan et al. 2010; Gupta
Choudhury et al. 2014; Liu et al. 2014a). Thus, our
results (Table 3) suggested that the stability of soil
water-stable aggregates was the highest for alpine
meadow, followed by alpine steppe and alpine
desert. The reason could be higher SOC that is the
main binding agent for the formation and stability
of soil aggregates in alpine meadow (Bronick and
Lal 2005). The significant correlations between the
SOC contents and the aggregate stability indices
were also observed in this study (Table 6).

All the aggregate indices had significant
correlations with MAP and aboveground biomass
(Table 5). The positive correlations between soil
aggregate stability with MAP (Lavee et al. 1996;
Boix-Fayos et al. 1998; Cerda 2000) and
aboveground biomass (Bronick and Lal 2005) have
also been reported by other researchers. The
decrease in soil aggregate stability with decreasing
MAP may result from the reduced vegetation cover
in arid environments and the increased erosion
(Lavee et al. 1996; Boix-Fayos et al. 1998).

Apart from SOC, labile and resistant C
fractions also play important roles in aggregate
stabilization. Many researchers have found that the
amounts of WSOC (Chen et al. 2009; Padbhushan
et al. 2016) and humic C (Chaney and Swift 1984;
Piccolo and Mbagwu 1990; Bouajila and Gallali
2008) in the soil were significantly correlated with



aggregate stability, which were consistent with our
present result (Table 6). Table 6 clearly
represented that among all the C fractions,
aggregate stability was more closely associated with
HAC, FAC, HUC, and silt and clay sized C in
comparison with WSOC, EOC, and macro- and
micro-aggregate C, suggesting that resistant and
stable C forms were the main determinant of soil
aggregate stability in this region.

3.3 Soil HA composition

Generally, alkyl C and aromatic C represented
the recalcitrant and hydrophobic fractions,
whereas O-alkyl C was a relatively easily
decomposable and hydrophilic fraction in HA
(Ussiri and Johnson 2003; Spaccini et al. 2006).
The larger values of the alkyl C/O-alkyl C, aliphatic
C/aromatic C, and hydrophobic C/hydrophilic C
ratios indicated that HA were more decomposed,
aliphatic, and hydrophobic (Zhang et al. 2011).
Therefore, our results suggested that the
aliphaticity degree of HA was the highest for alpine
steppe and the lowest for alpine desert, the
hydrophobicity degree was the highest for alpine
desert and the lowest for alpine steppe. However,
the decomposition degree of HA was similar among
the three grassland types.

Previous studies showed that precipitation,
temperature and biomass all influenced HA
composition in soil (Zech et al. 1997; Martin et al.
1998; Martin-Neto et al. 1998). However, these
were not supported by our present study.
Undoubtedly, some other factors controlled the HA
composition in the grassland soils. The chemical

composition of the starting materials has been
considered a vital factor controlling humification
process and, in turn, the HA composition, by
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