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Impact of Grazing on Soil Carbon and Microbial Biomass
in Typical Steppe and Desert Steppe of Inner Mongolia
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Abstract

The potential of grazing lands to sequester carbon must be understood to develop effective soil conservation measures and
sustain livestock production. Our objective was to evaluate the effects of grazing on soil organic carbon (SOC), total
nitrogen (TN), microbial biomass carbon (MBC) in Typical steppe and Desert steppe ecosystems, which are both important
grassland resources for animal grazing and ecological conservation in China, and to derive region-specific soil C changes
associated with different stocking rates (ungrazed, UG; lightly grazed, LG; moderately grazed, MG; heavily grazed, HG). This
study substantiated that significant higher SOC, TN and MBC appeared with the treatment of LG in typical steppe. From
2004 to 2010, grazing treatments increased soil carbon storage in desert steppe, which was partly due to the grazing
history. The higher MBC concentration and MBC/SOC suggest a great potential for carbon sequestration in the desert
steppe ecosystem. The greater MBC in desert steppe than typical steppe was mainly the result of higher precipitation and
temperature, instead of soil substrate. The change of MBC and the strong positive relationships between MBC and SOC
indicated that MBC in the soil was a sensitive index to indicate the dynamics of soil organic carbon in both steppes in Inner

Mongolia of China.

Mongolia. PLoS ONE 7(5): e36434. doi:10.1371/journal.pone.0036434

manuscript.

* E-mail: zhangyj@cau.edu.cn

Citation: Liu N, Zhang Y, Chang S, Kan H, Lin L (2012) Impact of Grazing on Soil Carbon and Microbial Biomass in Typical Steppe and Desert Steppe of Inner

Editor: Olivier Neyrolles, Institut de Pharmacologie et de Biologie Structurale, France
Received November 23, 2011; Accepted April 2, 2012; Published May 4, 2012

Copyright: © 2012 Liu et al. This is an open-access article distributed under the terms of the Creative Commons Attribution License, which permits unrestricted
use, distribution, and reproduction in any medium, provided the original author and source are credited.

Funding: Research was funded by the earmarked fund for Modern Agro-industry Technology Research System (CARS-35) and the 973 project (Grant
2007CB106805) and the project (200903060). The funders had no role in study design, data collection and analysis, decision to publish, or preparation of the

Competing Interests: The authors have declared that no competing interests exist.

Introduction

Carbon sequestration in rangeland ecosystems has emerged as
an important service to sequester greenhouse gases and mitigate
climate change. Grazing, as the most geographically expansive
land use, occurs over a third of the earth’s land surface and may
potentially influence the storage of 10° Mg year ' of greenhouse
gases as soil G [1]. In recent years, extensive work has been
conducted toward improving understanding of C reserves of
grazing lands and quantifying pools and fluxes. Grasslands store
considerably more carbon in soil than in the vegetation [2].
Studies have shown that grazing can often promote C storage
[3,4]. Thus, understanding the change of soil C storage under
grazing intensity is important to reduce greenhouse-gas emissions
and mitigate climate change.

Grazing can have a direct impact on plant production and
thereby on soil C inputs, and has been extensively studied [5-7].
The change of vegetation composition has proved to be an
important factor in influencing soil carbon sequestration in grazing
ecosystems [8]. Vegetation that has changed from a Cj
dominated, to a more C,; dominated plant community due to
grazing, can lead to SOC accumulating closer to the soil surface,
making it more vulnerable to being lost to the atmosphere [9].
However, it is also reported that an increase in communities of Cy
grasses which are tolerant of grazing and have more dense root
systems and higher root-to-shoot ratios, at heavy grazing would
result in increases in soil C and N [10,11]. Grazing also influences
the amount and composition of soil organic matter (SOM) [3,12]
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through its effects on litter accumulation and decomposition
[13,14]. Soil microorganisms play a central role in decomposition
and respiration, and influence C storage in soil. Soil microbial
biomass, the living part of soil organic matter, functions as a
transient nutrient sink and is responsible for decomposition and
transformation of organic materials which are mostly derived from
above and below-ground plant residues, and releasing nutrient
from organic matter which is used by plants [15,16]. Small
changes in soil organic carbon in the short term are difficult to
monitor, because of large background C concentrations and the
natural variability of soils [17]. Microbial biomass carbon (MBC)
generally comprises 1-4% of soil organic matter [18] and is the
most active component of soil organic carbon that regulates
biogeochemical processes in terrestrial ecosystems [19]. Soil MBC,
as an important indicator of changes of soil quality and
management practices [20,21], is very sensitive to environmental
changes [22]. Microbial biomass also acts as a small but labile
reservoir of nutrients that contributes to maintaining long-term soil
sustainability. In grazing lands, organic input from vegetation and
excreta of animal can contribute to increased soil organic matter
content and consequently cause an impact on soil biological
processes. Thus, soil microbial biomass plays a critical role in
grazing ecosystems as there is a large input of organic residue.

A dearth of information exists for the potential of C storage due
to different grazing intensities in desert steppe ecosystems of Inner
Mongolia [23,24]. They generally reported that grazing-induced
changes in litter input and erosion could influence soil organic
matter content. However, microbial biomass has a close relation-
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ship with litter decomposition, which was not mentioned.
Therefore, to better understand C cycling, it is important to gain
an understanding of the MBC content that is affected by grazing
and the relationship between SOC and MBC. Furthermore, we
conducted the same research in the typical steppe. Of the
7.88 Mha of native rangeland in Inner Mongolia, desert steppe
and typical steppe occupy 39% and 34%, respectively [25], and
are thus two of the most important ecosystem types in Inner
Mongolia. The specific aims of this study were to: (1) statistically
mvestigate the effects of grazing pressure on SOC, TN, MBC, C/
N, and MBC/SOC in the two different steppe ecosystems; (2) and
to evaluate possible relationships of between SOC, TN, MBC and
C/N.

Methods
Study Area

The desert steppe is located at Siziwang Banner near Hohhot
(41°47'N, 111°53'E; elevation: 1450 m) in western Inner Mon-
golia. This region is dry and windy in spring and hot in summer,
with a mean annual precipitation of 280 mm and mean annual
temperature of 3.4°C [24]. In 2010, higher precipitation appeared
in August, and September, and higher temperatures appeared in
July (Fig. 1). The soil is Kastanozem (FAO soil classification) with a
loamy sand texture [23]. The average SOC, total N, P and K were
14.87 g/kg, 0.14%, 0.057% and 2.34%, respectively (Table 1).
The dominant species were Stipa breviflora Griseb., Artemisia frigida
Willd. and Cleistogenes  songorica (Roshev.) Ohwi (Cy plant);
associated species were Convoloulus ammannii Desr., Heteropappus
altaicus (Willd.) Novopokr., Neopallasia petinata (Pall.) Poljak., Kochia
prostrata (L.) Schrad.(C4 plant), Caragana stenophylla Pojark., and
Leymus chinensis (Trin.) Tzvel.

The typical steppe is located in the Xilin River catchment on
the Mongolian plateau near the Grassland Ecosystem Research
Station of the Chinese Academy of Sciences (GERS,CAS)
(43°38'N, 116°42’E; elevation: 1200 m) in Inner Mongolia. This
area is characterized by a continental, semi-arid climate, with
mean annual precipitation rate of 335 mm and a mean annual
temperature of 0.7°C [26]. Typically, most precipitation falls
within the growing season, thus favoring the productivity of steppe
[27]. In 2010, higher precipitation appeared in May, August, and
September, and the highest temperature appeared in July (Fig. 1).
The predominant soil types of this area are Calcic Chestnuts and
Calcic Chernozems with a fine-sand loess texture [28]. The
average SOC, total N, P and K were 15.67 g/kg, 0.15%, 0.061%
and 2.29%, respectively (Table 1). Dominant species in the typical
steppe ecosystem were the perennial rhizomatous grass, Leymus
chinensts, and the perennial bunchgrass, Stipa grandis [29,30]; main
associated species were Clestogenes squarrosa (Cy plant), Carex
korshinsky, and Agropyron cristatum.

Experimental Design and Soil Sampling

In the desert steppe, before 1988, nomadic herders utilized the
experimental grassland at a relatively light grazing intensity.
Grassland degradation occurred as sheep numbers increased. Four
different stocking rates 0, 0.91, 1.82, and 2.71 sheep/ha were
compared in a randomized block design with three replicate
blocks, which was established in 2004. These were classified as
ungrazed (UG), lightly grazed (LG), moderately grazed (MG) and
heavily grazed (HG). The utilized above ground biomass was 13,
26 and 39% for LG, MG and HG, respectively [31]. Ground
cover was 19, 17, 15, and 13% in 2004, and 23, 17, 10, and 11%
in 2008 for UG, LG, MG, and HG, respectively [32]. The four

treatments were sampled for soil C in 2004 [32]. These sites were
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resampled in 2010 and these are the results presented. Plot size
was approximately 4.4 ha. Castrated male sheep, two or three
years old and averaging 39 kg live weight, were grazed for six
months from the beginning of June to the end of November.
Sheep were grazed from 6:00 am to 6:00 pm, and then penned at
night.

In typical steppe, the experimental area had been moderately
grazed by sheep until 2003 and afterwards, the area was rested for
2 years before being fenced for initiation of grazing treatments in
June 2005. Four different stocking rates of ungrazed (UG), lightly
grazed (LG), moderately grazed (MG), and heavily grazed (HG)
for 0, 1.5, 4.5, and 9.0 sheep/ha, respectively, with two blocks
were compared. The grazing intensity was defined by herbage
allowance. Average seasonal herbage allowance target ranges on
grazing plots of <1.5, 3-4.5, >12 kg dry matter per kg live weight
were aimed to describe LG, MG and HG, respectively [26].
Compared with UG, remnant vegetation at the end of the grazing
season (September) was 109, 38, and 15% in 2005, and 96, 25,
and 18% in 2006 for LG, MG and HG, respectively [28]. The
grazing animals were 15-month-old female sheep, averaging 35 kg
live weight, and were kept continuously on the plots day and night
throughout the grazing season. Except for LG, the standard plot
size was 2 ha. In order to achieve a minimum of 6 sheep per plot,
the LG plot was 4 ha. Grazing lasted from the beginning of June
to the beginning of September and coincided with the growing
season.

Sampling Procedures

The soil was sampled along five 50 m transects within each zone
of grazing intensity in mid-August of 2010. Five soil cores were
collected manually with a soil sampler, at 10 m intervals along
each 50 m sampling transect. The soil sampler was a metal
cylinder (cylinder: diameter, 5 cm; length, 20 cm, the total length
of the sampler was 1.3 m), and was vertically inserted into the soil
for sampling. At each sampling point, coring was carried out at
four depths (0-5 cm, 5-10 cm, 10-20 cm and 20-30 cm).
Sampling in the upper layer (0-5 cm) was most likely to maximize
the chances of detecting grazing effects, because this layer
contained the highest amount of both soil C and N, especially
the ratio of active fraction (MBC) to overall-SOM [33,34]. In
2004, the soil sampling procedure was similar to 2010, but there
were 9 rather than 25 soil cores. Soil bulk density was also assessed
on separate soil cores (five cores per plot) from each site (100 cm®-
volume) obtained from the four layers. After removing roots and
stones by sieving with 2 mm mesh, soil samples were divided into
two parts, and one was directly sealed in ziplock bags and put into
coolers. They were transported to the soil storage facility of China
Agriculture University, stored in refrigerated conditions (4°C), and
then analyzed for Microbial Biomass Carbon. All remaining
samples were measured the gravimetrical water content (oven-
dried, 105°C, 12 h), soil organic carbon and total nitrogen (air-
dried).

Laboratory Analysis

The SOC concentration was estimated using an autoanalyzer
(TOC-VCPN, SSM-5000A, Shimadzu, Japan). The inorganic C
was removed from soil sampling with 1 M HCI prior to SOC
determination, so the total C concentration was equal to the
organic carbon concentration. The TN concentration was
determined using the modified Kjeldahl wet digestion procedure
[35], using a 2300 Kjeltec Analyzer Unit (FOSS, Sweden). We
calculated the mass of SOC and the mass of soil TN on a ground
area basis up to a 30-cm depth as follows:
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Figure 1. Mean monthly air temperature and rainfall distribution for typical steppe and desert steppe in 2010. Variation of annual
average temperature and annual average precipitation from 1990-2010 in typical steppe and desert steppe.

doi:10.1371/journal.pone.0036434.g001

SOC(Mgha™")="> " SD;x BD; x OC;x 10"

TN(Mg-ha~")="Y " SD;x BD; x TN; x 10~

Table 1. Mean values of soil characteristics of upper 30 cm.

site pH SD(g m™3) SOC (g/kg)TN (%) TP(%) TK (%)
Typical 7.68 1.24 15.67 0.15 0.061 2.29
steppe

Desert 7.45 1.26 14.87 0.14 0.057 234
steppe

SD, soil density; TP, total P; TK, total K.
doi:10.1371/journal.pone.0036434.t001
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where SD;, BD;, OC;, and TN; represent the soil depth (cm), bulk
density (g cm™?), organic C concentration (g/kg), and total N
concentration (g/kg) of the ith layer, respectively; 1=1, 2, 3, and 4.

MBC was determined using the chloroform fumigation method
[36,37]. Organic (microbial) carbon concentration in each sample
(control and chloroform-fumigated) was determined using the
autoanalyzer described above. The difference between the carbon
in the controls and chloroform-fumigated samples was used to
calculate the MBC with the following equation:

MBC= Kec( Cﬁmrigate - Ccontrol )

where AL, is the correction factor related to the proportion of
microbial biomass or the coefficient of extracting microbial carbon
from the soil, Cionpor 18 the microbial biomass carbon from the
control (unfumigated) samples, and Cgmigae is the microbial
biomass carbon from the fumigated samples. A value is 2.64 [34].
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Data and Statistical Analysis

To evaluate grazing effect on SOC, TN, and C:N ratio, a
general linear model (GLM) was employed for analysis of variance
(ANOVA) among stocking rates and depths within a site. The
effect of grazing intensity on MBC was tested using analysis of
covariance, with a covariate of soil water content. The LSD test
was used for all mean comparisons. A confidence interval of 95%
(0=0.05 level of significance) was used for analysis of significant
difference, unless otherwise stated. A simple linear regression
analysis was used to determine the relationship between MBC and
soil moisture. The Pearson Correlation was used to investigate the
relationships between MBC, SOC, TN and C:N ratio. All
statistical analyses were performed using the software program
SPSS, ver. 16.0 (SPSS Inc., Chicago, IL, USA).

Results

In the sampling year of 2010, the monthly rainfall distribution
for desert steppe was slightly higher than that for typical steppe,
especially in August and September (Fig. 1). Grazing intensity
significantly affected soil water in typical steppe (P<<0.05), but not
in desert steppe. A relatively higher soil water content was found in
the desert steppe compared to the typical steppe (Fig. 2).

Soil Organic Carbon and Total Nitrogen

Grazing intensity was found to significantly affect SOC, TN and
C/N in typical steppe (P<<0.05), and but not in desert steppe.
Depth was a significant factor for all response variables in both
steppes except for CG/N. Grazing intensity and depth interactions
were not significant for any response in both steppes (Table 2).

In typical steppe, significantly higher SOC and TN in the LG
treatment was found compared to other treatments at all depths,
and were in the order of LG>HG>MG>UG (Table 3). SOC and
TN concentration decreased significantly with depth, but there
were no differences across treatments for a given depth in desert
steppe. The mass of SOC for 0-30 cm soil depth was in the order
of UG>LG>HG>MGQG, and higher TN was present in LG and

Grazing Effects on Soil Carbon

Table 2. Partial ANOVA table showing degrees of freedom
(DF) and P-values from GLM analysis (at o.=0.05) of TN, SOC,
MBC and CN ratio in the study sites across grazing intensity
(GI) and depths (D).

Effect DF TN sOC C:N

Desert steppe

Gl 3 0.455NS 0.542 NS 0.841 NS
D 3 <0.001 <0.001 0.631NS
GIxD 9 0.561NS 0.912NS 0.912NS
Typical steppe

Gl 3 <0.001 <0.001 0.003

D 3 <0.001 <0.001 0.613NS
GIxD 9 0.955NS 0.747NS 0.999NS

NS not significant.
doi:10.1371/journal.pone.0036434.t002

HG treatments in the desert steppe (Table 3). Values of C/N were
lower in ungrazed than grazed treatments in typical steppe, but
were not different in desert steppe (Table 4).

In the desert steppe, 6 years after initiation of the grazing
treatments in 2004, the concentration of SOC has increased in all
depths and treatments except for UG treatment (0—10 cm). These
observed differences between the 2004 and 2010 sampling resulted
in increases (0-10 cm: 3.2% in LG, 1.1% in MG, and 2.4% in
HG, separately; 10-20 cm: 5.8% in UG, 16.7% in LG, 10.4% in
MG, and 6.6% in HG, separately) of SOC with grazing treatments
(Table 5).

Microbial Biomass Carbon Concentration

In typical steppe, MBC concentrations were far higher in the
surface soil (0-5 c¢m) than in the sub-layer soil. In addition, MBC
content was significantly higher in LG than in UG treatments in

ab

Soil water (% wiw)

0 T T T

I Typical steppe
[ Desert steppe

uG LG MG

HG

Figure 2. Mean soil water content (%, w/w) in two steppes for four treatments. The error bars indicate the standard error. Means sharing
the same letters were not significantly different (p<<0.05). UG, ungrazed; LG, lightly grazed; MG, moderately grazed; HG, heavily grazed.

doi:10.1371/journal.pone.0036434.g002
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Table 3. Concentration and mass of soil organic carbon (SOC) and total nitrogen (TN) for soils from ungrazed (UG), lightly grazed
(LG), moderately grazed (MG), and heavily grazed (HG) sites sampled in 2010 in the Desert and Typical steppe, Inner Mongolia.

SOC

TN

Concentration (g kg™ ')

Mass (Mg ha™") Concentration (g kg™ ")

Mass (Mg ha ")

Soil depth(cm) 0-5 5-10 10-20 20-30 0-30 0-5 5-10 10-20 20-30 0-30
Desert steppe

uG 15.09 14.54 14.22 13.84 53.79 1.61 1.64 1.52 142 5.74
LG 14.62 14.75 13.23 11.54 48.29 1.66 1.63 1.56 1.40 5.83
MG 13.69 13.94 13.11 11.52 47.27 1.64 1.71 1.48 134 5.57
HG 14.27 1417 12.71 11.21 47.97 1.78 1.66 1.57 1.39 6.01
s.e. 0.28 0.34 0.42 0.57 1.16 0.04 0.02 0.02 0.02 0.11
Typical steppe

UG 15.33a 13.18a 11.13a 8.61a 45.64a 1.85a 1.59a 1.45a 1.12a 5.78
LG 23.66¢ 18.56¢ 16.84c 14.25b 55.37c 2.46¢ 2.06b 1.89b 1.57¢ 6.11
MG 19.15b 14.90ab 13.54b 10.49a 47.99ab 2.12b 1.66a 1.54a 1.24ab 5.46
HG 20.24b 16.52bc 15.42bc 13.77b 53.11bc 2.11b 1.81ab 1.67ab 1.47bc 5.81
s.e. 0.71 0.49 0.54 0.57 1.30 0.05 0.06 0.05 0.06 0.14

doi:10.1371/journal.pone.0036434.t003

the 0-5 cm layer (Fig. 3). There were no significant differences due
to grazing intensity in MBC concentration in desert steppe, and
the MBC concentrations were only slightly higher in the surface
soil (0—5 cm) than in the sub-layer soil (Iig. 3). Soil MBC in both
steppes were positively correlated with soil water (R=0.554,
P<0.05 in typical steppe; R=0.382, P<0.05 in desert steppe,
respectively).

Relationships between SOC, TN, MBC and C/N

The MBC generally comprised 1-3% of SOC, with the
proportion being consistently greater in desert steppe than in
typical steppe. In the two steppes, there were no significant
differences across grazing treatments, and the higher MBC/SOC
values appeared in the MG treatment (Table 4). Correlations
between SOC, TN, and MBC were significantly positive and
strong (<<0.001) at both sites. At both study areas, SOC and CG/N
exhibited extremely strong positive correlations (P<0.001 in
typical steppe and desert steppe). However, TN and C/N also

Table 4. Mean (SE) C:N ratios (incorporating all depths) and
mean (SE) MBC:SOC ratios (incorporating 0-5 cm and 5-
10 cm depths) with different grazing pressure for two sites.

Treatment UG LG MG HG

C/N

Typical Steppe 8.08(0.24)a  9.24(0.19)b  8.96(0.30)b  9.43(0.25)b
Desert steppe 8.801(0.21)a 8.71(0.26)a 8.54(0.21)a 8.54(0.30)a
MBC/SOC (mg MBC g~ 'SOC)

Typical Steppe 14.08(1.82)a  17.62(1.22)a  17.66(1.50)a 14.13(1.81)a
Desert steppe 2734 (1.71)a 26.37 (1.59)a 28.93(1.86)a 27.41 (2.13)a

Data in different letters means significant differences between different
stocking rates (P<<0.05).
doi:10.1371/journal.pone.0036434.t004
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Different small letters indicate significant differences between different stocking rates (P<0.05).

exhibited extremely strong negative correlations (£<<0.001) in
desert steppe (Table 6).

Discussion

Difference in C and N due to Grazing Intensity

Proper management of rangelands, or restoration of degraded
rangelands through improved management, can sustain or
improve soil C sequestration and contribute to mitigation of
atmospheric COy increase [38—40]. However, studies conducted
on Inner Mongolia pastures showed variable responses for carbon
storage with grazing practices. Soil C levels are influenced by
above-ground biomass and productivity of vegetation due to
environmental, ground litter accumulation and decomposition,
below-ground root mass and distribution, physical and biological
conditions in the soil and the history of grassland utilization
[23,25,41-43].

In the desert steppe, the increase of C levels in all treatments
was partly due to the grazing history. The grassland has been over-
grazed since 1988 because of an increase in population in the area.
Prior to 2004, when our experiment started, the grassland was

Table 5. Comparison of concentration of SOC in desert
steppe between 2004 and 2010.

soc(g/k) 2004" 2010

0-10 cm 10-20cm  0-10 cm 10-20 cm
UG 15.56+0.73  13.44+0.63  14.82+0.63(—4.8)" 14.22+1.41(+5.8)
LG 1424+0.73 11.34+093 14.69+0.67(+3.2) 13.23+0.67(+16.7)
MG 13.67+1.41 11.88+0.38  13.82£0.45(+1.1) 13.11£0.51(+10.4)
HG 13.89+1.41  11.92+0.52  14.22+0.54(+2.4) 12.71+0.55(+6.6)

ffrom Wang (2009).

*Figures in parentheses indicate the percent change between the 2004 and
2010 sampling dates.

doi:10.1371/journal.pone.0036434.t005
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Figure 3. Mean MBC concentration in two types of grassland, inclusive of two soil depths and four stocking rates. The error bars
indicate the standard error. Means sharing the same letters were not significantly different (p<<0.05). UG, ungrazed; LG, lightly grazed; MG,

moderately grazed; HG, heavily grazed.
doi:10.1371/journal.pone.0036434.9003

Table 6. Correlation between SOC, TN, MBC, and C/N for
study sites (incorporating all depths and all stocking rates,
n =240 in desert steppe, n=160 in typical steppe).

Site Parameter TN MBC C/N

Typical Steppe  SOC 0.798"** 0.697** 0.478%*
N 0.566** —0.128
MBC 0.346*

Desert Steppe SOC 0.645** 0.784** 0.388**
N 0.613** —0.444**
MBC 0.137

**means significant difference at the P=0.001 level;
*means significant difference at the P=0.05 level;

doi:10.1371/journal.pone.0036434.t006

@ PLoS ONE | www.plosone.org

Al values are Pearson correlation coefficient (range 0-1).

seriously degraded. Thus, the stocking rates we studied may have
been lower than the actual stocking rates used prior to the
experiment, resulting in an increase of C in this period. The
maximum level of SOC appeared to be related to a particular level
of grazing pressure, such that some grazing pressure was required
to maximise SOC sequestration, but an excessive grazing pressure
could reduce the SOC. In the typical steppe, significantly higher
SOC in LG treatment compared to other treatments was
consistent with the findings of other research [11]. Unfortunately,
we did not measure C in the plots prior to applying the grazing
treatments, but the experimental design should partly make up for
the failure to take initial measurements. These results suggested
that LG treatments in grassland treatment were essential for
increases in soil carbon stores, and these were also proved by the
increase of soil carbon from 2004 to 2010, as the highest increase
appeared in LG treatment of desert steppe. In the previous
research, higher litter accumulation appeared in the LG treatment

May 2012 | Volume 7 | Issue 5 | e36434



relative to MG and HG treatments in the typical steppe [26] and
the adjacent desert steppe [23]. This resulted in higher potential C
inputs from both aboveground litter production and belowground
root mass [10]. Animal traffic enhances physical breakdown and
incorporation of litter into the soil [13], which can increase the
rate of decomposition of litter and transfer of C and nutrients into
the soil [14]. These responses are likely to happen in grazing
treatments that maintained a higher carbon input from root, litter
and excreta while an ungrazed treatment would strongly decrease
this input and promote aboveground allocation. Additionally, it
was reported lower total soil C and N concentrations due to
reduced plant inputs following exclusion of grazing [6]. This may
result in higher carbon stores in grazing lands than the lands where
grazing was excluded in typical steppe and the decrease in UG
treatment from 2004 to 2010 in desert steppe. Additionally,
grazing could promote plant below-ground allocation and root
exudation of carbon [44]. In LG of the desert steppe, the
accumulated litter had a higher C/N ratio than soil [24] and was
incorporated into soil to increase soil C/N ratio. C:N ratios
increased under grazing conditions, and the highest value
appeared in the HG treatment, which suggests potential N
limitations for SOM formation and SOC accumulation [45] under
heavy grazing.

From 2004 to 2010, an increase of soil carbon concentration
occurred in UG, LG, MG and even HG treatments in desert
steppe. Additionally, SOC and TN with HG appeared to be
higher than with MG in both typical and desert steppes. All these
responses reflect that short-term heavy grazing has a better
potential for soil C and N sequestration [46,47]. Though increased
forage consumption in the HG treatment resulted in a loss of
above-ground plant N, it is estimated that 80 to 95% of consumed
plant N is returned in the form of excreta [48]. The typical steppe
site. had sheep retained on plots overnight, ensuring a greater
amount of nutrient was returned to the soil than the desert steppe
and may help to show the higher C and N in soil. Much research
has shown that the increase of C4 grasses with dense shallow root
systems was probably a major contributor to higher C with heavy
grazing. Previous works have also found the same result for the
increase of Cy plant in HG of the same plots in typical and desert
steppe [26,32,49]. This may result in the higher C in 0-5 cm and
5-10 cm soil depth of HG treatment compared to MG treatment,
but not in 10-20 cm and 20-30 c¢m soil depth. Consequently, it is
a likely reason to explain the higher C in heavy grazing lands but
requires further research in steppe in China.

Changes in Microbial Biomass Carbon

Soil microbial biomass responds rapidly to land management
strategy changes and is an indicator of soil health in the carbon
cycle [22]. In the desert steppe, the similar soil organic matter
content among grazing treatments was responsible for unobvious
differences in MBC, while multiple factors were responsible for the
significant differences in MBC among the treatments in the typical
steppe. A reduction of MBC concentration occurred with the
increase of grazing intensity, and this finding was similar to those
of many other studies [20,21,50]. Higher organic matter inputs
from plant litter and root exudates may have enhanced the rate of
MBC production in the soil [51]. This response would be most
likely to happen in the LG treatment that maintained higher MBC
concentration than other treatments. Furthermore, litter accumu-
lation in the surface soil where roots dominate indicates a greater
opportunity for nutrient availability and cycling, which maintained
MBC in a higher level in the topsoil layer (0-5 cm) relative to the
sub-layer (5-10 cm) [14]. In concert with the change of SOC,
higher MBC content in grazed soils indicated a higher potential
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opportunity for nutrient availability and carbon cycling relative to
ungrazed soil. Microbial biomass reflects soil assimilative and
mineralization capacity. In previous research, the potential N
mineralization in the same field was higher in LG and MG
treatments relative to HG and UG treatments, and the lowest
value appeared in UG treatment [52]. This result is consistent with
the change of MBC. In addition, heavy grazing, especially
trampling, destroys the soil environment (e.g. increases bulk
density, and decreases soil porosity and aggregation), and then
disturbs the growth and metabolization of microorganisms [53],
resulting in the lowest MBC concentration.

The soil water content is an important factor to consider as it is
directly related to the soil microbial activity [54]. Greater soil
moisture has contributed to greater MBC content in desert steppe.
Grazing intensity lead to the variation in MBC as a direct result of
the soil water content in typical steppe, while the unobvious
differences in MBC likely due to the similar water content among
grazing treatments in desert steppe. Other studies are in
agreement with the data presented, with higher MBC as soil
water content increases [55,56]. Soil water availability can also
indirectly influence soil microorganisms via increasing decompo-
sition of litter and SOM and consequent labile C substrates [55].
Greater MBC as a result of higher soil water and litter in LG
treatment of typical steppe, supports the above argument. The
increase of root productivity and soil temperature are also reasons
leading to greater MBC [57]. Although it is not possible to directly
compare results between the typical steppe and the desert steppe
due to differences in grazing treatments and inherent differences in
environment and soil conditions, relative to a higher quality
substrate of soil in typical steppe (Table 1), we speculate that the
higher MBC content in desert steppe relative to the typical steppe
occurred largely as a result of higher precipitation and temper-
ature. The higher MBC content indicated a greater carbon
turnover and greater abundance of metabolizable C in desert
steppe [58].

The Relationship of MBC with SOC

Soil MBC/SOC ratio is an index of the accumulation potential
of microbial biomass carbon relative to the organic carbon [17]. It
has been proposed for evaluating grazing effects due to the fact
that it is a sensitive measure of soil health, and considered superior
to its single components (MBC or SOC) and to other parameters,
since it represents a combination of microbial activity and key soil
resources [17,18,59]. In the desert steppe, the higher soil moisture
resulted in higher MBC content and thereby higher efliciency in
the conversion of SOC into MBC. This was proved by the higher
MBC:SOC ratio in the desert steppe relative to the typical steppe
in this study.

Apart from the close relationship between soil N and C, the
correlation between MBC and SOC was positive and strong in
both steppes, showing that content of MBC in the soil was a
sensitive index to indicate the dynamics of soil organic carbon in
the growing seasons of both steppes. Our results generally agree
with those reported in other studies, which described similar
relationships [34,60].

Conclusions

Light grazing treatment could be construed as proper manage-
ment to sustain soil C sequestration in desert and typical steppe.
Although an increase of soil C and N was estimated in HG
treatment in the two steppes, it is estimated that a decrease of
MBC appeared with the increase of grazing intensity. This result
combined with the strong and positive relationship between MBC
and SOC appearing in the two steppes indicates that MBC was a
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sensitive index to indicate the dynamics of soil organic carbon.
The higher MBC concentration and MBC:SOC ratio in the desert
steppe indicates that MBC recovered more rapidly than the SOC
in the condition of favorable precipitation and temperature, but it
is still need confirm the importance of the MBC/SOC ratio in soil
carbon dynamics in future.
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