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A B S T R A C T

Understanding how grazing exclusion affects carbon exchange by the plant and soil features is essential
for clarifying the contribution of grassland management to the carbon budget. This paper studied effects
of grazing exclusion on soil respiration, ecosystem respiration, net ecosystem carbon exchange, plant and
soil characterizes for two growing-seasons (2012 and 2013) in a steppe grassland on the Loess Plateau,
China. Grazing exclusion markedly increased soil respiration, ecosystem respiration and net ecosystem
exchange about 0.36, 0.65 and �0.10 g C m�2 d�1, respectively. Grazing exclusion enhanced aboveground
biomass, belowground biomass and cover, and which were positive correlated with CO2 flux. Soil water
content, rather than soil temperature, was the major environmental factor controlling soil respiration
and ecosystem respiration by partial least-squares regression. The ratios of soil respiration, ecosystem
respiration and net ecosystem exchange to atmospheric CO2 assimilated by photosynthesis at fenced
grassland were similarly with them at grazed grassland. Results suggested that grazing exclusion was a
positive management practice to help maintain or increase carbon stocks in a steppe grassland on the
Loess Plateau.
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1. Introduction

Carbon (C) exchange research has become a focal topic around
the world because of observe increasing in levels of atmospheric
carbon dioxide (CO2). Several terrestrial ecologists have been
researching on C exchange in different ecosystems, such as tropical
forests, prairie grassland, farmland, etc. (Richter et al., 1999; Li
et al., 2010; Gomez-Casanovas et al., 2012). Grassland covers about
30% of land surface all over the world and stores 28–37% of the
terrestrial soil organic carbon (SOC) (Lal, 2004). Understanding
grassland CO2 fluxes is essential for clarifying the contribution of
grassland ecosystems to the global C cycle (Frank et al., 2002).

Globally, overgrazing by livestock is one of the most important
human induced causes of arid and semiarid grasslands degrada-
tion, such as lower grass yields, carrying capacity, soil nutrient
Abbreviations: SR, soil respiration; NEE, net ecosystem carbon dioxide exchange;
ER, ecosystem respiration; ST, soil temperature; GPP, gross primary productivity;
FG, fenced grassland with grazing exclusion; GG, grazed grassland; SWC, soil water
content; AGB, aboveground biomass; BGB, belowground biomass.
* Corresponding author
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content (Gass and Binkley, 2011; Li et al., 2013; McSherry and
Ritchie, 2013). The effect of overgrazing on the plant community
and on soil resources are considered destructive because it reduces
vegetation cover (Gao et al., 2011; Wu et al., 2013; Wang et al.,
2014) and compacts soil as a direct result of trampling (Shi et al.,
2013a). Seeking a rational grassland regime is an urgent issue for
professionals, herders and the government to achieve sustainable
animal production to maintain the health of the grassland
ecosystem (Conant et al., 2001).

Degraded grasslands have the capacity for self-recovery if the
disturbance ceases for an extended length of time allowing for
natural succession (Deng et al., 2014). Grazing exclusion by fencing
was conducted as an effective restoration and management
regime, for grazing exclusion restored soil structure, soil nutrients
and returned grazing potential (Gao et al., 2011; Gass and Binkley,
2011; Wu et al., 2013; Wang et al., 2014). Some research works have
been conducted to study the effects of grazing exclusion on carbon
sequestration (Qiu et al., 2013; Wang et al., 2014), soil microbial
respiration and root respiration (Li et al., 2013), ecosystem
respiration and net ecosystem exchange (Du et al., 2012). Owensby
et al. (2006) concluded that both grazing exclusion and grazing
tallgrass prairie appeared to be carbon-storage neutral and grazing
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was not a viable option to increase carbon sequestration. Polley
et al. (2008) showed that grazing exclusion significantly influenced
C exchange on northern mixed-grass prairie. Such discrepancies
between results illustrate the need for more research attention in
the effects of grazing exclusion on ecosystem carbon exchange.

Whether grassland ecosystem acts as a sink or source for
atmospheric CO2 depends on harvesting, mowing, grazing and
other grassland disturbances (Frank, 2002; Wohlfahrt et al., 2008;
McSherry and Ritchie, 2013). The factors that driving ecosystem
carbon exchange rate included soil water content, soil tempera-
ture, soil type and other soil properties (Flanagan and Johnson,
2005; Potts et al., 2006 Zhao et al., 2011); aboveground biomass,
belowground biomass, litter and other vegetation characteristics
(Frank, 2002; Risch and Frank, 2006). However, the main factors
that driving variations in soil respiration, ecosystem respiration
and net ecosystem exchange between grazed and fenced grass-
lands have not been conclusive. Therefore, it’s necessary to clarify
the interactions between soil factors, plant characteristic and
carbon exchanges after grazing exclusion (Cao et al., 2004).

The Loess Plateau in China, with an area of 6.4 �105 km2, is well
known for its complex terrain, extreme drought conditions and
severe soil erosion, due to a combination of overgrazing and
intensification of cultivation (Deng et al., 2014). The Chinese
government has instituted various erosion mitigation measures on
the Loess Plateau, especially the convert cropland to forest or
grassland, grazing exclusion by fencing, etc. (Chang et al., 2011;
Wang et al., 2014; Zhang et al., 2015). Grazing exclusion by fencing
on the Loess Plateau has made it possible to understand the effect
of grazing exclusion on ecosystem carbon exchange. The objectives
of this study were: (1) to analyze the effects of grazing exclusion
onplant and soil characteristics; (2) to determine how grazing
exclusion influence CO2 fluxes during growing-season; and (3) to
analyze the carbon exchanges in terms of functional relationships
to the major soil environmental and biologic driversin a temperate
steppe on the Loess Plateau, China.
Fig. 1. Monthly precipitation (P) and mean air temperature (T) be
2. Materials and methods

2.1. Study site and experiment design

The study site was located at Lanzhou city, Gansu province,
China (104�090E, 35�570N, 1966 m.a.s.l). It belonged to a semi-arid
continental temperate monsoon climate. According to data
available for the period 2001–2013 at the study site from the
National Meteorological Information Center of China, the mean
annual air temperature was 7.4 �C, the coldest being �7.2 �C in
January and the warmest being 19.8 �C in July (Fig. 1). The average
annual precipitation was 383 mm, approximately 80% of which fell
between May and September (Fig. 1). The soil belonged to the
Calcic Cambisol group according to Food and Agriculture
Organization and United Nations Education Scientific and Cultural
Organization soil classification system (FAO-UNESCO, 2009).

The experiments conducted at fenced grassland with grazing
exclusion (FG) and grazed grassland (GG) for two growing-seasons
(2012 and 2013). The dominant species in the study area were Stipa
bungeana Trin., Artemisia frigida Willd. and Leymus secalinus Tzvel.
both at fenced grassland and grazed grassland. Before grazing
exclusion, the permanent grasslands used as grazing land. Both FG
and GG had similar initial conditions (slope degree, slope direction,
topography and altitude). Fenced grassland was established in
2005 and covered a total area of about 8 ha. Outside of fenced
grassland, grassland remained under grazing intensity of 2–
3.5 sheep ha�1 from May to September, and 1–2 sheep ha�1 from
October to the following April at the next year. No fertilizer or
herbicides was applied to the grasslands prior to the experiment.
Within both fenced grassland (FG) and an area of equivalent size
outside fenced grassland (GG), five 50 � 50 m2 plots established
randomly in 2005. Three specially designed Stainless Steel collars
with dimensions of 0.5 � 0.5 � 0.1 m3 were placed in the central
part of each plot for measurements of soil respiration, ecosystem
respiration and net ecosystem carbon exchange. Care was taken
when inserting the collars to limit the severing of roots and the
disturbance of soil structure.
tween 2001 and 2011 and in 2012 and 2013 at the study site.
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2.2. Measurement of CO2 fluxes, soil temperature and soil water
content

Ecosystem carbon dioxide (CO2) exchange was measured with a
transparent chamber (0.5 � 0.5 � 0.5 m3) connected to a LI-6400
(LI-COR, Lincoln, NE) following Bubier et al. (2007). To prevent
pressure differences at the time of sampling and minimize kinetic
fractionation by soil CO2 advection, the extracted gas volume was
replaced by a similar volume of air transferred to an inflatable
balloon inside the chamber (Gomez-Casanovas et al., 2012).
Steady-state conditions were achieved inside the chamber after
2 min, and nine consecutive logs of CO2 concentrations were
subsequently recorded at 10-s intervals on each frame during a 90-
s period (Jia et al., 2007). The increases in air temperature within
the chamber were less than 0.2 �C during the 90-s period. Soil
respiration was measured by a transparent climate-controlled
chamber. Living vegetation in the chamber was removed by hand
at least one day before soil respiration measurement. Net
ecosystem exchange was measured by a transparent climate-
controlled chamber. Ecosystem respiration was measured by a dark
climate-controlled chamber as light was eliminated (hence
photosynthesis). The living vegetation in the chamber left intact,
when ecosystem respiration and net ecosystem carbon exchange
measured.

Soil temperature and soil moisture were measured near each
collar at the time of CO2 flux measurement. Soil water content
measured at 9:00 am on each observation date, and was calculated
by oven-dried the surface 5 cm fresh soil at 105 �C for 48 h. Soil
temperature was measured by soil temperature probes (REBS STP1,
LI-COR Inc., Nebraska, USA) inserted at a depth of 5 cm adjacent to
each collar. Soil temperature and CO2 fluxes rates were measured
eight times per day with 3 h interval from 6 o’clock to 6 o’clock the
next day on each observation date (Gomez-Casanovas et al., 2012).
Atmospheric CO2 assimilated by photosynthesis (GPP) equals the
ecosystem respiration (ER) minus net ecosystem exchange (NEE)
(Chen et al., 2013). Soil respiration, ecosystem respiration, net
Fig. 2. Variation of averaged aboveground biomass (AGB), belowground biomass (BGB), li
and grazed grassland (GG). Vertical bars indicate standard error of mean of five quadr
ecosystem exchange, soil water content and soil temperature were
measured in each plot two times per month during May–
September in 2012 and 2013, and the values of those five factors
in the following paper were the mean of the two times value.

2.3. Plant and soil samplings

Aboveground biomass (AGB), litter and cover were estimated
from harvesting squares (1 m2) located close to the chambers in
each plot. Three belowground biomass (BGB, 0–50 cm) core
samples were collected from each harvesting square using a
cylinder auger of 9 cm in diameter. Roots were separated from the
soil by washing over a 0.2-mm mesh. Litter, AGB and BGB samples
were oven-dried at 80 �C for 72 h and then weighed as dry matter.
Litter, AGB, and BGB were collected monthly during the growing
seasons in 2012 and 2013. We collected five soil samples at depth of
0–30 cm by a cylinder auger of 9 cm in diameter in each harvesting
square at the end of growing season once per year. Then mixed five
homogenized soil samples to one sample and analyzed soil
properties. Soil carbon content was assayed by dichromate
oxidation. Soil bulk density (BD) was calculated depending on
the inner diameter of the core sampler, sampling depth and oven
dried weight of the composite soil samples. Soil organic carbon
storage calculated by multiplying soil carbon content by soil bulk
density. The soil samples were only collected once at the end of the
growing seasons in 2012, 2013 respectively.

2.4. Data analysis

The statistical comparisons were conducted using two-way
analysis of variance (ANOVA) for the effects with grassland
management and month of measuring period on soil respiration,
ecosystem respiration, net ecosystem exchange, aboveground
biomass belowground biomass, soil water content, soil tempera-
ture, litter, and cover by SPSS 11.5 for Windows software (Chicago,
tter andcover during the growing seasons from 2012 to 2013 at fenced grassland (FG)
ats for each month.



Fig. 3. Variation of soil temperature (ST, a), soil water content (SWC, b), soil
respiration (SR, c), ecosystem respiration (ER, d) and net ecosystem carbon
exchange (NEE, e) during growing seasons from 2012 to 2013 at fenced grassland
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Illinois, USA). Also, partial least-squares regression (PLSR) proce-
dure was implemented in SIMCA-P (Umetrics AB, Sweden).

In order to evaluate the response of soil respiration, ecosystem
respiration, net ecosystem exchange to grassland management
(grazing exclusion = 1, grazing = 0), soil microhabitat and commu-
nity features changes, PLSR was applied to the results obtained.
PLSR describes variation in both the independent and dependent
variables by determining latent factors, which are linear-weighted
combinations of the input variables (Yu et al., 2010). In the PLSR
model, Q2 is the fraction of the total variation of the dependent
variables that can be predicted. When Q2 is greater than 0.5, the
model is considered to exhibit good predictive ability (Shi et al.,
2013b). The importance of a predictor for both the independent
and the dependent variables is given by the variable importance for
the projection (VIP). Terms with large VIP values are the most
relevant for explaining the dependent variable. Regression
coefficients reveal the direction and strength of the impact of
each variable in the PLSR model. In addition, the root-mean-
squared error-of-prediction (RMSEP) provides useful information
for calibrating the regression model.

3. Results

3.1. Soil and plant characteristic response

Aboveground biomass increased rapidly at the beginning of
May and reached a maximum in August for both fenced and grazed
grasslands (Fig. 2a). Belowground biomass and cover peaked in
September in 2012 and in October in 2013 (Fig. 2b and d). Soil
organic carbon contents of FG and GG at the depth of 0–20 cm were
6.68 � 0.08 and 6.32 � 0.17 g kg�1, respectively. Soil bulk density of
FG and GG were 1.26 � 0.01 and 1.29 � 0.01 g cm�3, respectively.
Cover of FG and GG were 59.72 � 1.56% and 43.46 � 1.26% during
two years experiment, respectively.

Two-way ANOVAs indicated grassland management significant
effects on soil carbon storage, soil bulk density. Aboveground
biomass, belowground biomass, litter, cover and soil temperature
were significant with grassland management (P < 0.01, n = 100)
and month of measuring period (P < 0.01, n = 100) over two years
experiment (Table 1). Soil water content was only influenced by
the month of measuring period (P < 0.01, n = 100). Significant
interactive effects on ecosystem respiration, aboveground biomass
and litter were found with grassland management and month of
measuring period (P < 0.01, n = 100).

3.2. Carbon exchange dynamics

The minimum values of soil respiration, ecosystem respiration
and net ecosystem exchange appeared in June 2012, similar to soil
Table 1
Two-way ANOVA results of grassland management (Management) and month of
measuring period (Month) effect on biotic and abiotic characteristics and CO2

effluxes. F = F statistic and df = degree of freedom.

Factors Management Month Month � Management

df F P df F P df F P

SR 1 50.186 <0.001 4 10.289 <0.001 4 0.826 0.512
ER 1 49.959 <0.001 4 17.373 <0.001 4 3.977 0.005
NEE 1 7.767 0.006 4 12.886 <0.001 4 0.297 0.879
ST 1 9.598 0.003 4 107.164 <0.001 4 1.084 0.369
SWC 1 0.289 0.592 4 7.553 <0.001 4 0.045 0.996
Cover 1 125.197 <0.001 4 22.366 <0.001 4 1.704 0.156
AGB 1 132.262 <0.001 4 32.77 <0.001 4 5.067 0.001
BGB 1 14.767 <0.001 4 25.301 <0.001 4 0.125 0.973
Litter 1 194.832 <0.001 4 27.812 <0.001 4 19.96 <0.001
SOCS 1 61.044 <0.001 / / / / / /
BD 1 28.839 <0.001 / / / / / /

(FG) and grazed grassland (GG). Vertical bars indicate standard error of mean of five
quadrats for each month. The bar chart was the mean value for the two years
experiment. **, * were significant differences between FG and GG at the 0.01 and
0.05 level, respectively.
water content (Fig. 3). Grazing exclusion significantly increased
soil respiration (P < 0.01), ecosystem respiration (P < 0.01) by
0.36 and 0.65 g C m�2 d�1, respectively (Fig. 3). Grassland with
grazing exclusion fixed significantly more about 0.10 g C m�2 d�1

from the atmosphere to the ecosystem than grazed grassland
(P < 0.05). Total, atmospheric CO2 assimilated by photosynthesis
(GPP) at fenced grassland were larger about 0.75 g C m�2 d�1 than
at grazed grassland in this study (Fig. 4). The CO2 fluxes of soil
respiration, ecosystem respiration and net ecosystem exchange at
fenced grassland and grazed grassland were about 43%, 85% 15%
and 40%, 84% 16% of the atmospheric CO2 assimilated by
photosynthesis, respectively (Fig. 4).



Fig. 4. Mean soil respiration, ecosystem respiration and net ecosystem exchange
rate at grazed grassland and fenced grassland over the two years experiment.
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3.3. Main factors controlling the carbon exchange

Soil respiration and ecosystem respiration were significantly
positive correlated with cover, aboveground biomass, below-
ground biomass, litter and soil water content according to the
partial correlation analysis (Table 2). Net ecosystem exchange was
significantly negative correlated with cover, aboveground biomass,
belowground biomass, positive correlated with soil bulk density.

The preliminary analysis indicated many biotic/abiotic factors
and three CO2 effluxes were highly correlations. To identify the
dominant drivers control the carbon exchanges, the PLSR was
useful for highly multicollinearity variables, such as the carbon
exchange rate and biotic/abiotic factors used here. The biggest Q2
Table 2
Partial correlation matrix of the biotic/abiotic factors and CO2 effluxes with the fixed f

Factors SR ER NEE ST SWC

ER 0.89**

NEE �0.515** �0.455**

ST 0.029 0.136 �0.167
SWC 0.567** 0.535** �0.133 �0.525**

Cover 0.459** 0.436** �0.427** 0.194 �0.0
AGB 0.437** 0.492** -0.274* 0.213* �0.0
BGB 0.276** 0.289** �0.342** 0.177 �0.0
Litter 0.431** 0.499** �0.01 0.133 0.0
SOCS 0.214* 0.19 �0.168 �0.129 �0.0
BD �0.446** �0.5** 0.281** 0.019 �0.1

* Correlation is significant at the 0.05 level (2-tailed).
** Correlation is significant at the 0.01 level (2-tailed).

Table 3
Summary of the PLSR of soil respiration (SR), ecosystem respiration (ER) and net ecosy

Response variable Y R2 Q2 Component % of explained variabilit

SR 0.773 0.731 1 52.3 

2 18.7 

3 6.3 

4 2.1 

ER 0.832 0.792 1 68.6 

2 22.6 

3 4.7 

4 1.6 

NEE 0.347 0.281 1 18.7 

2 16 

3 4.5 
values for soil respiration and ecosystem respiration models were
0.73 and 0.79, respectively, indicated the good predictive ability
and robustness of the two models. However, the biggest Q2 values
for NEE was only 0.28, which was below than 0.5 and considered to
exhibit bad predictive ability. The PLSR prediction models were
also illustrated by the low RMSEP, SR with 0.164 mmol m�2 s�1 and
ER with 0.280 mmol m�2 s�1. All of the considered factors were
related to soil respiration and ecosystem respiration to some
extent, yet only some of them have VIP > 1 (Table 4). Factors with
VIP values below 1 are of minor importance for soil respiration and
ecosystem respiration.

For the soil respiration, the first component accounted for 52.3%
of the variance in the dataset (Table 3). The addition of two
components cumulatively accounted for 77.3% of the total variance
in the soil respiration. Adding more components to the PLSR
models did not substantially improve the description of the
contributions to the variance. In the case of soil respiration, the
highest VIP value was obtained for soil water content (VIP = 1.60;
RCs = 0.438), followed by the grassland management (VIP = 1.07;
RCs = 0.253) (Table 4). Soil respiration appeared to increase with
grazing exclusion and soil water content increasing (due to the
positive regression coefficients).

For ecosystem respiration, three components accounted for
95.9% of the variance (Table 4). The addition of further components
did not significantly improve the accounting of the factors
contributing to the variance. The highest VIP value was obtained
for soil water content (VIP = 1.52; RCs = 0.752), followed by the
aboveground biomass (VIP = 1.05; RCs = 0.281), grassland manage-
ment (VIP = 1.02; RCs = 0.057) (Table 4). Aboveground biomass and
soil water content were the two main factors that affected
ecosystem respiration.
actor that month of measuring period used in the PLSR models.

 Cover AGB BGB Litter SOCS

95
64 0.655
6 0.4** 0.372**

69 0.455** 0.652** 0.189
17 0.443** 0.543** 0.162 0.425**

28 �0.299** �0.163 �0.193 �0.31* �0.077

stem carbon exchange (NEE).

y in Y Cumulative explained variability in Y (%) RMSEP
(mmol m�2 s�1)

Q2
cum

52.3 0.235 0.508
71 0.184 0.682
77.3 0.164 0.731
79.4 0.157 0.730

68.6 0.449 0.548
91.2 0.316 0.76
95.9 0.28 0.792
97.5 0.268 0.788

18.7 0.166
34.7 0.281
39.2 0.263



Table 4
VIP values and PLSR weights to soil respiration (SR), ecosystem respiration (ER).

Factors SR ER

RCsa VIP RCsa VIP

Management 0.253 1.07 0.057 1.02
ST 0.415 0.84 0.433 0.78
SWC 0.793 1.60 0.752 1.52
Cover 0.212 0.99 0.125 0.97
AGB 0.135 0.97 0.281 1.05
BGB 0.044 0.67 0.087 0.72
Litter �0.027 0.89 0.079 0.93
SOCS �0.025 0.79 �0.027 0.84
BD �0.121 0.91 �0.232 0.97

a Regresssion coefficients.

174 D. Wang et al. / Ecological Engineering 83 (2015) 169–175
4. Discussions

Grazing exclusion enhanced above and below ground biomass,
litter, cover, soil carbon storage, soil respiration and ecosystem
respiration in steppe grassland on the Loess Plateau. Soil
respiration and ecosystem respiration were positive correlated
with plant biomass, cover, and soil water content. Rather than soil
temperature, soil water content was the key soil microhabitat
factor that controlled soil respiration and ecosystem respiration.
Furthermore, grassland with grazing exclusion fixed more CO2

than grazing grassland.
Grazing exclusion enhanced aboveground biomass, below-

ground biomass and litter mass, and conducive to soil organic
matter formation and accumulation, thus significant increased soil
carbon storage and decreased bulk density (Cao et al., 2004;
Garcia-Pausas et al., 2011; McSherry and Ritchie, 2013). Above-
ground biomass, belowground biomass and litter at fenced
grassland were about 1.84, 1.17 and 2.25 times than were at
grazed grassland.Aboveground and belowground biomasses, litter
and cover were exhibited positive relationships with soil respira-
tion and ecosystem respiration (Table 2). The higher aboveground
biomass and belowground biomasses lead to increase photosyn-
thesis, a higher translocation rate of carbon to the rhizosphere, and
increase decomposition rates (Bremer et al., 1998; Högberg et al.,
2001; Jia et al., 2007; Polley et al., 2008; Klumpp et al., 2009 Zhao
et al., 2011).

The dependences of soil respiration and ecosystem respiration
on SWC and ST were reported in many ecosystems, but their
relative importance is controversial (Huxman et al., 2004; Liu et al.,
2009; Gomez-Casanovas et al., 2012). Jia et al. (2007) found that
the effect of temperature on carbon exchange rate manifested only
when there was sufficient soil water to permit significant root and
microbial respiration in arid and semi-arid regions. Soil respiration
and ecosystem respiration were lowest when soil water content
was lowest both at FG and at GG in June 2012 (Fig. 3b). Soil water
stress would not only directly suppress microbial and root
activities, but also indirectly decrease respiration via inhibition
of plant growth and substrate availability (Huxman et al., 2004;
Suseela et al., 2012). Moreover, soil water content was positively
correlated with leaf area index, which controlled the gross primary
productivity and net ecosystem exchange in steppe (Flanagan et al.,
2002). Soil water content, controlled by amount and timing of
precipitation, affected carbon exchange processes for grassland
ecosystem in semi-arid area (Du et al., 2012). Soil respiration and
ecosystem respiration increased after grazing exclusion, attributed
to soil water content increased from 9.14% to 9.40% (Fig. 3b). Soil
water content was the main factor controlled the season pattern of
SR and ER during the two years experiment in the study region.

The CO2 fluxes proportions of soil respiration, ecosystem
respiration and net ecosystem exchange for the atmospheric CO2
assimilated by photosynthesis at fenced grassland were similar
with grazed grassland (Fig. 4). There was a positive correlation
between soil respiration, ecosystem respiration and net primary
productivity (Raich and Schlesinger, 1992; Raich and Potter, 1995;
Gomez-Casanovas et al., 2012) or gross primary productivity
(Janssens et al., 2001; Flanagan et al., 2002). Plant photosynthetic
activity was an important factor determining rates of soil
respiration, ecosystem respiration and net ecosystem exchange,
and highly influenced by biome type and climate (Gomez-
Casanovas et al., 2012). In this study, both fenced grassland and
grazed grassland had same climate factors and dominant species,
so the plant photosynthetic activity might be similarly. Atmo-
spheric CO2 assimilated by photosynthesis, which was bigger at
fenced grassland, depended on soil water content and plant
biomass in the semi-arid region (Chou et al., 2008; Jia et al., 2007;
Du et al., 2012). The regrowth leaves following defoliation at grazed
grassland often are more physiologically active than the older
leaves that contribute much of leaf area at fenced grassland
(Owensby et al., 2006). The more physiologically active could
neutralize the influence of lower biomass and soil water content on
ecosystem exchange ratios at grazed grassland. Fenced grassland
fixed significant more CO2 than grazed grassland over the two
years experiment. Grazing exclusion should be conducted as a
positive management practices to maintain C exchange balance for
long-term fenced grassland.

5. Conclusion

Grazing exclusion markedly increased soil respiration, ecosys-
tem respiration and net ecosystem exchange about 0.36, 0.65 and
�0.10 g C m�2 d�1, respectively. Fenced grassland had significantly
larger aboveground biomass, belowground biomass, litter and
cover than grazed grassland. Plant biomasses, litter and cover were
significantly positive correlated with soil respiration and ecosys-
tem respiration. Soil water content, rather than soil temperature,
was the major soil environmental factor controlling soil respiration
and ecosystem respiration during the growing-season on the Loess
Plateau. The ratios of soil respiration, ecosystem respiration and
net ecosystem exchange to atmospheric CO2 assimilated by
photosynthesis at grazed grassland were similar with grazed
grassland. The value of NEE was significantly smaller at fenced
grassland, indicated greater net CO2 uptake in the fenced area
relative to grazed grassland. These results suggested that grazing
exclusion was a positive management practice to maintain or
increase C stocks in grassland ecosystems on the Loess Plateau.
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