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Abstract
Aims Explore how soil CO2 efflux and its components
change after moving sand dunes are stabilized with
shrubs, and how abiotic factors affect those compo-
nents at different scales.
Methods Soil CO2 efflux from a sand-stabilized area
was compared to that from moving sand dunes in the
Tengger Desert. To partition rhizosphere respiration
(RR) from soil basal respiration (RB), a root-isolation
plot was established.
Results Compared to moving sand dunes, total soil
respiration (RT) in the sand-stabilized area increased
3.2 fold to 0.28±0.08 μmol CO2 m

-2s-1, two thirds of
which was from RB. Shrub patchiness produced spa-
tial variation in soil respiration, whereas temporal

dynamics of soil respiration were affected mainly by
soil water content. Shallow soil water content (0–
20 cm) influenced RT and RB, whereas deep soil water
content (30–210 cm) influenced RR and the ratio RR/
RT. During most of the year when soil water content
was below field capacity, diurnal changes in soil res-
piration were partially decoupled from soil tempera-
ture but could be modeled using soil temperature and
photosynthetic active radiation.
Conclusions Sand-dune stabilization increased soil
respiration, and increased RB from biological soil crust
and altered soil properties such as increased soil or-
ganic matter contributed more than increased RR from
increased shrubs.
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Abbreviations
MSD Moving sand dunes
A. ordosica
stand

The sand-stabilized area planted with
Artemisia ordosica Krasch. in 1989

BSCs Biological soil crusts
RIP Root-isolation plot
Space Interspaces among shrubs
Edge Edge of shrub
Under Beneath shrub
R Soil respiration rate
RR Rhizosphere respiration at sand-

stabilized area
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RB Soil basal respiration at sand-stabilized
area

RT Total soil respiration rate at sand-
stabilized area

RS Total soil respiration rate at moving
sand dunes

RB/RT Ratio of RB to RT

RR/RT ratio of RR to RT

θS Shallow soil water content (0–20 cm)
θD deep soil water content (30–210 cm)
T2.5 Soil temperature at 2.5 cm depth
Ta Air temperature
PAR Photosynthetic active radiation

Introduction

Vegetation restoration is a common and effective
method to combat desertification and to prevent sand
encroachment into adjacent areas in many arid regions
of the world (Fullen and Mitchell 1994; Fearnehough
et al. 1998). To date, ecological engineering projects
have successfully reduced hazards of sandstorms and
desertification in northern China. For example, a non-
irrigated revegetation system was initiated in the
1950s to protect 40 km of the Baotou-Lanzhou rail-
way line from sand burial by mobile dunes at the
southeastern fringe of the Tengger Desert. This pro-
tective system first used straw-checkerboards to stabi-
lize the dune surface and then was followed by
planting xerophytic shrubs to fix sand dunes in place
(Li et al. 2004, 2007). Revegetation and subsequent
plant-soil succession along the rail line changed the
landscape from moving sand dunes to one covered by
sand-stabilizing shrubs, regenerated shrubs and annual
plants, and biological soil crusts (BSCs) (Li et al.
2004, 2007; Zhang et al. 2008a).

Soil respiration or soil CO2 efflux is often thought to
be a sensitive indicator of ecosystem functions (Raich
and Tufekcioglu 2000; Tang and Baldocchi 2005; Rey
et al. 2011; Talmon et al. 2011). For example, vegetation
patches in water-limited ecosystems generally have
greater soil respiration rates than interspaces between
vegetation because vegetation patches have greater sub-
strate availability, greater organic matter and nutrient
contents, better micro-climatic conditions, and greater
root and microbial biomass and activity (Maestre and
Cortina 2003; Tang and Baldocchi 2005; McCulley et
al. 2007; Berg and Steinberger 2008; Cable et al. 2008,

2011). Because stabilizing sand dunes in the Tengger
Desert increased plant cover and biomass, improved
edaphic properties, and ameliorated microclimate
(Fullen and Mitchell 1994; Fearnehough et al. 1998;
Li et al. 2004, 2007, 2010; Zhang et al. 2008b, 2009a),
soil respiration is expected to increase. However, no
information is available on soil respiration in sand-
stabilized areas.

Soil respiration in arid and semiarid ecosystems is
characterized by high spatial and temporal heteroge-
neity (Cable et al. 2011). Spatial heterogeneity of soil
respiration in deserts mainly results from discontinu-
ous or patchy distribution of vegetation as discussed
above. On the other hand, temporal variation of soil
respiration is driven by both climatic factors such as
soil moisture and temperature (Raich and Schlesinger
1992; Raich and Tufekcioglu 2000) and biological
factors such as photosynthetic activity (Maestre and
Cortina 2003; Cable et al. 2008; Belnap et al. 2005;
Vargas and Allen 2008; Almagro et al. 2009; Castillo-
Monroy et al. 2011). Furthermore, mosses, algae, and
cyanobacteria that comprise BSCs respond more rap-
idly to episodic precipitation than vascular plants
(Belnap et al. 2005; Sponseller 2007). Thus, CO2

exchange associated with BSCs begins with little rain-
fall or even with dew and fog (Zaady et al. 2000;
Sponseller 2007; Wilske et al. 2008; Thomas and
Hoon 2010), whereas soil CO2 efflux from roots
requires a large precipitation pulse or a series of
closely-spaced pulses. Thus, BSCs may contribute to
the temporal dynamics of soil respiration in arid
ecosystems.

Ultimately, temporal and spatial variability of soil
respiration in arid ecosystems is due to how the func-
tionally different components of soil respiration respond
to abiotic and biotic factors. Total soil respiration (RT)
has two major components: rhizosphere respiration (RR,
including root respiration and associated heterotrophic
rhizomicrobial respiration) and basal respiration (RB,
including heterotrophic microbial respiration and respi-
ration by autotrophic BSCs) (Tang and Baldocchi 2005;
Cable et al. 2011). RB is influenced primarily by soil
temperature and moisture, whereas RR is influenced
more by plant eco-physiological processes such as pho-
tosynthesis and carbon availability to roots (Hanson et
al. 2000; Cheng et al. 2005). Thus, responses of RB and
RR to abiotic factors likely differ, suggesting that parti-
tioning soil respiration into its two main components,
RR and RB, will help us understand factors that drive
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temporal and spatial variation in soil respiration (Tang
and Baldocchi 2005).

The two main objectives of our study were to
determine: (1) how the two major components of soil
respiration (RR or RB) contribute to RT after moving
sand dunes are stabilized with straw-checkerboards
and revegetation; and (2) how RR and RB change at
different temporal (daily and seasonal) scales and how
abiotic factors such as soil temperature and moisture
affect them. We hypothesized that RB has a greater
contribution to RT across the landscape in sand-
stabilized areas because of high BSCs cover and their
rapid response to rainfall. Also, we hypothesized that
soil temperature and moisture have different influen-
ces on RR and RB. To investigate these objectives, a
sand-stabilized area at the southeastern fringe of the
Tengger Desert that was revegetated with Artemisia
ordosica Krasch. was selected for study. A root-
isolation plot was established in the sand-stabilized
area to measure RB, and a nearby moving sand dune
was used as a reference site.

Materials and methods

Study site

The study area, Shapotou, is located at the southeast-
ern fringe of the Tengger Desert (37°32′N, 105°02′E;
altitude 1300 m) and has a typical temperate desert
environment. Annual mean temperature is 10.0 °C,
January mean temperature is −6.9 °C, and July mean
temperature is 24.3 °C. Annual mean precipitation is
186 mm, and about 80 % of this precipitation falls
between May and September. Annual potential evap-
oration is about 2900 mm. Groundwater lies more than
80 m below the surface and therefore cannot be used
by plants. Predominant soils are Orthic Sierozem and
aeolian sandy soil (Li et al. 2010).

The area near Shapotou is a typical ecotone be-
tween natural sandy desert and sand-stabilized steppe.
The natural sandy desert is characterized by high,
dense, and continuous reticulate barchan dunes with
about 1 % cover of natural vegetation. Dominant
plants in the moving sand dunes are Hedysarum sco-
parium Fisch. and Agriophyllum squarrosum Moq (Li
et al. 2007). For a sand-stabilized study area, we used
a portion of the Water Balance Experimental Field
(WBEF) that was established in April 1989. The

WBEF was constructed by first leveling sand dunes,
next erecting sand barriers of 1×1 m wheat-straw
checkerboards, and finally planting Artemisia ordo-
sica Krasch. and Caragana korshinskii Kom. (Zhang
et al. 2008a). As typically occurred during the 15 years
after sand-stabilization and revegetation, deep-rooted
shrubs such as C. korshinskii gradually were lost from
the sand-stabilized area due to decreasing deep soil
water content and replaced by the shallow-rooted
shrub A. ordosica and annual plants (Li et al. 2004).
Dominant annual species in the sand-stabilized areas
are Eragrostis poaeoides Beauv., Bassia dasyphylla
O. Kuntze, Corispermum patelliforme Iljin, and
Salsola ruthenica Iljin (Zhang et al. 2008b). In addi-
tion to vegetation changes after sand stabilization,
BSCs on the soil surface greatly increase. At the
WBEF, BSCs are primarily algal crusts, composed
mainly of filamentous cyanobacteria (accounting for
46 %), with smaller amounts of diatoms (27 %), green
algae (18 %), and Euglena sp. (9 %) (Li et al. 2010).

Experimental design and soil respiration
measurements

For our study, an A. ordosica monoculture stand with-
in WBEF was selected as the sand-stabilized experi-
mental site (hereafter referred to as “A. ordosica
stand”), and the windward slope of moving sand dunes
near WBEF was selected as representative of a mov-
ing sand dune site (hereafter referred to as “MSD”). In
September 2007, we characterized vegetation of both
sites. MSD had few plants (< 1 % plant cover), but the
A. ordosica stand had ~31 % shrub cover and ~12 %
cover for annuals. Cover of BSCs was similar
throughout the A. ordosica stand at 35 % cover, and
BSCs were 1.2±0.3 cm thick.

At each site, three 10×10 m quadrats were estab-
lished to characterize soils in December 2006. Within
each quadrat, five soil samples were collected along
one diagonal using an auger (5 cm diameter). Soil
samples were divided into 0–5, 5–10 and 10–20 cm
depth increments, and then the five samples from each
depth increment were mixed to form one composite
sample. Soil samples were air-dried, then sieved
through a 2 mm screen to remove coarse material
before further analyses. Particle size was analyzed by
the pipette method; soil pH was measured in 1:5 soil:
water suspensions; soil organic matter was measured
using the K2Cr2O7 method (Agriculture Chemistry
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Specialty Council, Soil Science Society of China
1983). Total N was measured using the Kjeltec system
1026 Distilling Unit (Tecator AB, Höganäs, Sweden).
Five neutron probe access tubes previously installed at
the two sites in April 2003 (Zhang et al. 2008b) were
used to monitor deep soil water content.

To measure total soil respiration rates (RT), five A.
ordosica shrubs were selected randomly within the A.
ordosica stand at WBEF. Sampled individuals were
similar in size and averaged 0.66 m in height and
1.15×1.07 m in crown size. For each of the five A.
ordosica shrubs, three PVC collars were inserted 3 cm
into the soil, with one collar each at 10, 50 and 100 cm
from the sample shrub trunk (corresponding to be-
neath shrub’s crown, at the edge of shrub’s crown,
and within the interspace between shrubs). BSCs were
included in each PVC collar, and BSC cover at the A.
ordosica stand in July 2010 was not significantly
different among the microsites at 10, 50, and 100 cm
from shrub trunks. This sampling design resulted in a
maximum of five measurements of RT at three differ-
ent spatial locations within the vegetated sand-
stabilized area. In addition, five PVC collars were
installed in unvegetated locations at MSD prior to
measurement. Note that total CO2 flux from soil at
the A. ordosica stand (RT) has both rhizosphere (RR)
and soil basal (RB) components (as described in the
Introduction), but total soil respiration measurements
at MSD (denoted as RS in this paper) is assumed to
have only a heterotrophic microbial component be-
cause plant roots are sparse and care was taken to
select sampling locations without plants or BSCs.

To estimate soil basal respiration (RB, including
heterotrophic soil respiration and respiration by
autotrophic BSCs), a plot was established in
September 2005 at the WBEF that consisted of a
1×4 m root-isolation plot (hereafter referred to as
“RIP”; Figure S1). One m deep trenches were
excavated along the four sides of the plot, and
nylon nets with 300 meshes per cm2 were placed
along the trench walls and buried to prevent roots
of plants outside the RIP from penetrating into the
soil volume of the RIP. Aboveground biomass of
shrubs and annuals were completely removed from
the RIP, and any subsequent plant regrowth was
removed weekly to maintain a completely barren
plot. Five PVC collars were placed in the RIP, and
a neutron probe access tube also was installed to
monitor deep soil water content.

Soil respiration rates were measured using the LI-
6400-09 soil chamber (Li-Cor, Inc., Lincoln,
Nebraska, USA), beginning 1 year after establishment
of the root-isolation plot. From September 2006 to
April 2008, daily courses of soil respiration rates were
measured nearly once a month, and a total of 19 daily
courses were conducted. During warmer months
(April to September), daily courses of soil respiration
rate were measured during the entire day (daytime and
nighttime) at 2 h intervals beginning at predawn.
During colder months (October to March), daily
courses of soil respiration rate were measured at 2 h
intervals beginning at predawn, but measurements
only were made during daylight hours because the
Li-Cor soil chamber did not function reliably at low
nighttime temperatures (< 0 °C). Three to five shrubs
were randomly selected on each sampling date, and
soil respiration rates were measured at each canopy
location for those shrubs.

During the study, photosynthetic active radiation
(PAR), air temperature (Ta), and soil temperature at
2.5 cm depth (T2.5, with 6000-09TC soil temperature
probe) also were measured. Shallow soil water content
(θS, the 0–20 cm portion of the soil profile) was
measured using a Theta probe (HH2, Delta-T
Devices, Cambridge, UK). Soil water contents at 30,
50, 70, 90, 120, 150, 180 and 210 cm depth were
measured twice monthly using a neutron probe
(CNC503DR, Beijing Nucleon Instrument Company,
Beijing, China). Deep soil water content (θD, the 30–
210 cm portion of the soil profile) was calculated as
the average water content over all eight depths.
Rainfall was recorded with a siphon rain gauge.

Data processing and modeling soil respiration

Daily soil respiration rates were calculated with a
trapezoidal integration method. To estimate nighttime
soil respiration during the winter (October to March)
when cold temperatures precluded Li-Cor measure-
ments, first and last measurements of daily courses
(i.e. the values measured at predawn and evening)
were averaged and assumed to represent soil respira-
tion rate for the entire nighttime. Total respiration rate
(RT) in the A. ordosica stand was calculated at the
landscape level by a weighting method, where soil
respiration rate at each canopy location was weighted
by its proportional cover across the landscape.
Weighting coefficients for locations beneath crown,
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at edge of crown, and interspace among shrubs were
0.1, 0.4 and 0.5, respectively. Rhizosphere respiration
rate (RR) in the A. ordosica stand was calculated by
subtracting RB from RT. Daily averaged shallow soil
water contents (θS), PAR, Ta, and T2.5 for the A.
ordosica stand were calculated with the weighted av-
erage method.

Based on previous studies of how environmental
factors influence soil respiration (Vargas and Allen
2008; Almagro et al. 2009; Castillo-Monroy et al.
2011), we modeled the dependency of soil respira-
tion rate on environmental factors using the fol-
lowing relationships:

R ¼ b0e
ðb1T2:5Þ ð1Þ

R ¼ eðb0þb1θSþb2θS
2Þ ð2Þ

R ¼ b0e
ðb1T2:5Þeðb2θSÞ ð3Þ

R ¼ eðb0þb1θDþb2θD
2Þ ð4Þ

R ¼ b0e
ðb1T2:5Þeðb2θDþb3θD

2Þ ð5Þ

R ¼ b0e
ðb1T2:5Þ þ b2ðPARþ b3Þ ð6Þ

where R is the measured soil respiration rate
(μmolm-2s-1), T2.5 is soil temperature at 2.5 cm
depth (°C), θS and θD are shallow and deep soil
water contents (m3m-3), PAR is photosynthetic ac-
tive radiation (μmolm-2s-1), and β0, β1, β2 and β3

are model parameters. Equations (1)–(5) were fit to
each of the daily integrated values of soil respira-
tion (e.g. RS, RB, RT, RR and RR/RT,). In addition,
Eqs. (1) and (6) were used to model the depen-
dency of R on T2.5 and PAR during daily courses of soil
respiration that were measured in April, June, August
and October 2007 at moving sand dunes (MSD), a root-
isolation plot (RIP), and three canopy locations [inter-
spaces among shrubs (Space), edge of shrub (Edge) and
beneath shrub (Under)]. Equation (6) was a linear model
based on PAR to explain the daily temperature-
independent variation in soil respiration as described
by Vargas and Allen (2008). The best model to predict

R was selected based on the root mean squared error
(RMSE) and the Akaike information criterion
(AIC), which is a penalized likelihood criterion
(Burnham and Anderson 2002):

AIC ¼ �2 lnðLÞ þ 2p ð7Þ

where L is the likelihood of the fitted model, and p is
the total number of parameters in the model. The best
statistical model minimized the value of AIC.

Statistical analyses

Because our experimental design only had one plot for
each type of site (MSD, RIP, and A. ordosica stand), the
use of individual sample locations within a plot to com-
pare sites would typically be considered as pseudo-
replication (Hurlbert 1984). However, auto-correlation
analyses indicated that each collar was an independent
unit, and thus statistical comparisons among sites using
individual sample locations were valid. Nonetheless, we
have limited statistical justification to extrapolate from
our three sites to other similar sites, although individual
plots used in our studies were representative of each type
of site near Shapotou.

A general linear model (GLM) was used to com-
pare soil respiration rates among sample locations in
the A. ordosica stand. In the models, integrated daily
and maximum soil respiration rates were dependent
factors, and location was a fixed factor. To account for
any inherent differences in environment among plots
that may influence soil respiration, corresponding θS,
PAR, Ta, and T2.5 were included in the GLM as cova-
riate factors. Similarly, GLM also was used to com-
pare differences among sites (RS at MSD, RB at RIP
and weighted RT at A. ordosica stand). Multivariate
GLM was used to compare θS, Ta and T2.5 among
locations and among sites, with location and sites as
the respective fixed factors. Finally, differences in soil
physiochemical properties between MSD and the A.
ordosica stand were analyzed with one-way ANOVA.

To compare seasonal variation of soil respiration
rates and environmental factors, split-plot ANOVAs
were used, with month as the main plot factor, with
location or site as the split-plot factor, and with daily
integrated and maximum soil respiration rates and
corresponding environmental factors as dependent
variables. Differences in deep soil water contents
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(θD) among three sites were analyzed with repeated
measures ANOVA. For all ANOVAs, multiple com-
parisons of means were conducted at α00.05 level
using Tukey’s post hoc test when equal variance oc-
curred and Tamhane's T2 test when the assumption of
equal variance was not satisfied.

Pearson’s correlations between RT, RB, RR, and
ratio of RR to RT (RR/RT) with PAR, Ta, T2.5, θS,
and θD also were performed. Data were trans-
formed as needed to ensure that they met normal
distribution requirements. Statistical analyses and
graphic plotting were conducted using SPSS 13.0
for Windows (SPSS, Chicago, IL, USA) and
Origin 7.0 (OriginLab Corporation, Northampton,
MA, USA), respectively.

Results

Effects of sand-stabilization on soil respiration
and environmental factors

Stabilization of moving sand dunes with straw check-
erboards and followed by shrub establishment altered
soil physicochemical properties, particularly for the
top 10 cm of soil (Table 1). Silt content, clay content,
soil organic matter and total N were significantly
greater in the A. ordosica stand than MSD for the 0–
5 and 5–10 cm soil depth increments, and the trend for
these soil properties in the 10–20 cm depth increment
was usually similar. For topsoil (0–5 cm), soil organic
matter and total N at the A. ordosica stand was about
10 and 20 times greater, respectively, than MSD. Sand
content of the A. ordosica stand consistently was low-
er than MSD at all depth increments, although

differences were significant only for the 0–5 and 5–
10 cm depth increments. Soil pH was not significantly
changed by sand stabilization.

Both sand-stabilization and shrub restoration sig-
nificantly increased daily integrated and maximum
soil respiration rates (Table 2, Fig. 1). Daily integrated
soil respiration rate at MSD averaged 0.088±
0.012 μmol CO2 m

-2s-1. After 18 years of stabilizing
moving sand dunes with straw checkerboards and
shrubs, daily soil respiration rate increased 2.3 fold
to 0.199±0.045 μmol CO2 m

-2s-1 at RIP and 3.2 fold
to 0.284±0.079 μmol CO2 m-2s-1 at the A. ordosica
stand (Fig. 1). Daily integrated soil respiration also
significantly varied among the three microsite loca-
tions within the A. ordosica stand, with greater soil
respiration rates for locations nearer to the base of a
shrub (Table 2, Fig. 1). Maximum soil respiration rates
showed similar trends among sites and locations, but
maximum rates were not significantly different be-
tween RIP and A. ordosica stand (Fig. 1).

Although sand-stabilization and shrub restoration
also significantly affected the environmental factors
θS, Ta and T2.5 (Table 2), the patterns of site and
location differences for these factors did not mirror
those for soil respiration (Fig. 1). Average daily θS
was not significantly different among the three sites or
among the three microsites within the A. ordosica
stand. Average daily Ta at RIP was significantly
warmer than that at MSD, but the A. ordosica
stand was not significantly different from the other
two sites nor was average Ta significantly different
among microsites within the A. ordosica stand.
However for average daily T2.5, both the MSD
and RIP sites were significantly warmer than the
A. ordosica stand; furthermore, interspaces among

Table 1 Soil physiochemical properties at 0–5, 5–10 and 10–20 cm layers in moving sand dunes (MSD) and A. ordosica stand

0–5 cm 5–10 cm 10–20 cm

MSD* A. ordosica stand MSD A. ordosica stand MSD A. ordosica stand

Sand (%) 99.12±0.24a 78.42±1.33b 99.30±0.32a 88.46±1.06b 99.39±0.21a 97.48±0.35a

Silt (%) 0.88±0.08a 18.49±1.02b 0.14±0.03a 9.60±0.92b 0.09±0.01a 1.71±0.02b

Clay (%) 0.00±0.00a 3.09±1.92b 0.56±0.36a 1.94±1.27b 0.53±0.28a 0.81±0.46a

pH 8.10±0.27a 7.94±0.13a 8.17±0.08a 8.05±0.18a 8.07±0.12a 8.18±0.20a

Soil organic matter (gkg-1) 1.38±0.77a 14.37±0.82b 2.75±0.58a 6.53±0.65b 5.54±0.43a 5.43±0.48a

Total N (gkg-1) 0.007±0.008a 0.135±0.021b 0.016±0.007a 0.049±0.010b 0.011±0.004a 0.025±0.012a

* Different letters within same soil layer mean significant differences at α00.05 level
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shrubs (Fig. 1 “Space”) were significantly warmer
than under shrub canopies (Fig. 1 “Under”).

Diurnal variation of soil respiration and temperature

Soil respiration rates (R) and temperatures (T2.5) typi-
cally varied during the day (Fig. 2), although the extent
of diurnal variation changed during the year as well as
among locations or sites. Diurnal variations in both R
and T2.5 typically were greater during the plant growing
season (April to September) than during the non-
growing season (October to March). However, diurnal

variation in soil respiration rates at MSD was typically
much smaller than at other sample locations, whereas
diurnal variation in T2.5 at MSD was typically greater
than at other sample locations. Thus, MSD experienced
the greatest diurnal variation in temperature but the
smallest variation in soil respiration.

The correspondence of diurnal variation in R with
that in T2.5 appeared to be influenced by θS. When
soils were wettest (for example, June 2007 when θS
exceeded 0.10 m3m-3 at all sites and locations; field
capacity is 0.11 m3m-3 for the top 10 cm layer at the
sand-stabilized area), daily courses of soil respiration

Table 2 Results from general linear model statistical analyses
of soil respiration rates among three microsite sampling loca-
tions (interspace, canopy edge, under canopy) within the A.
ordosica stand (Location) or among three sites (MSD, RIP,

and weighted A. ordosica stand) (Sites). θS: soil water content
for 0–20 cm depth, T2.5: soil temperature at 2.5 cm depth, Ta: air
temperature, PAR: photosynthetic active radiation

Source Daily Maximum

Location Site Location Site

F Sig. F Sig. F Sig. F Sig.

Location or Site 15.2 <0.001 35.4 <0.001 16.8 <0.001 35.6 <0.001

θS 147 <0.001 70.1 <0.001 84.6 <0.001 39.7 <0.001

T2.5 0.181 0.671 2.63 0.107 0.03 0.863 4.35 0.039

Ta 11.1 0.001 13.8 <0.001 9.28 0.003 1.25 0.266

PAR 0.756 0.387 4.89 0.029 6.95 0.010 11.2 0.001

R2 and Adjusted R2 0.848 0.839 0.749 0.739 0.790 0.778 0.589 0.572

Fig. 1 Daily and maximum
soil respiration rate and av-
eraged air temperature (Ta),
soil temperature at 2.5 cm
depth (T2.5) and shallow soil
water contents (θS) at mov-
ing sand dunes (MSD), a
root-isolation plot (RIP) and
A. ordosica stand, and three
canopy locations [interspa-
ces among shrubs (Space),
edge of shrub (Edge) and
beneath shrub (Under)] in
the A. ordosica stand. Dif-
ferent lower case letters and
upper case letters indicate
significant differences
among locations and sites at
α00.05 level, respectively;
bars are standard errors
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rates generally corresponded with those of T2.5, and
both R and T2.5 peaked in mid-afternoon (14:00)
(Fig. 2). However, when soils were dryer (average θS
in April, August and October 2007 were 0.089, 0.040
and 0.062 m3m-3, respectively), soil respiration was
partially decoupled from soil temperature, and a hys-
teresis occurred between R and T2.5 during the after-
noon. During the morning, both R and T2.5 increased,
but soil respiration rates peaked between 10:00 and
13:00 for all locations and sites whereas soil temper-
ature continued to increase into the afternoon. Thus,
soil respiration rate at a particular soil temperature
during the morning, which occurred while soil
temperatures were increasing, was greater than
corresponding points during the afternoon, which
occurred while soil temperatures were decreasing.
For example in August 2007 at RIP, T2.5 at 10:00
was similar to that at 14:00 (both were ~23 °C),
but RB at 10:00 during the morning increase in
soil temperature was 6 times greater than that at
14:00 during the afternoon decrease in soil temperature
(0.542±0.032 vs. 0.090±0.019 μmol CO2 m

-2s-1).

Seasonal variation of soil respiration
and environmental factors

Soil respiration rates and environmental factors signif-
icantly varied among months (Table S1). Daily inte-
grated soil respiration rates (RS, RB, RT, and RR) had
similar seasonal trends (Fig. 3, bottom panel), with
consistently low rates during the non-growing season
(October – March) and higher rates during the grow-
ing season (April – September) that were punctuated
by a sharp peak for all respiration rates except RS in
June 2007. Both Ta and T2.5 had gradual changes
during the year that corresponded with seasons, where
minimum values occurred in mid-winter (January) and
maximum in mid-summer (July). PAR had seasonal
trends similar to that of temperature, but partial cloud-
iness reduced daily integrated PAR during August
2007 and April 2008. Unlike temperature and PAR,
both shallow and deep soil water (θS and θD, respec-
tively) had less predictable seasonable patterns and
were affected by precipitation. During spring and early
summer, small rain events were sufficient to increase

Fig. 2 Diurnal soil respiration rates and T2.5 for representative measurements dates during April, June, August and October 2007. Diurnal
data for all measurements dates are shown in Figure S2
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Fig. 3 Seasonal variations of PAR, Ta, T2.5, rainfall, θS, θD and
daily integrated soil respiration rates. PAR, Ta, T2.5, and θS
observed at mid-morning were used to create the graph. For
convenient reference in the soil respiration panel, a dotted line is

shown where soil respiration rate equals to zero. RS: soil respi-
ration rate at MSD, RB: basal soil respiration rate at RIP, RT:
total soil respiration rate at A. ordosica stand, RR: rhizosphere
respiration rate at A. ordosica stand
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θS, but during late summer and early autumn when
temperatures and PAR (i.e. two important components
of potential evapotranspiration) were high, even large
rain events did not increase θS for long time periods.
For θD, large rain events are needed to increase soil
water content (e.g. June and September 2007).

During the plant growing season, the ratio of RB to
RT (RB/RT) in the A. ordosica stand averaged 66.8±
2.1 %, and monthly averages consistently exceeded
50 %. In contrast, the ratio of RR to RT (RR/RT)
averaged 33.2±2.1 %. Thus, the majority of CO2 efflux
from the soil in a sand-stabilized area with age of
18 years was from soil basal respiration. Interestingly,
RR/RT peaked twice during the year, in June and
in September (Fig. 4).

Daily integrated and maximum soil respiration rates
also were significantly different among locations and
sites. During the plant growing season (April –
September), soil respiration rates were greater near
shrubs (Figure S3). During the non-growing season
(October – March), however, soil respiration rates
beneath shrubs were not always greater than those in
the interspaces, and rates in the A. ordosica stand were
not always greater than those in RIP, especially during
November and December 2007.

Location and site were not always significant in the
ANOVAs for environmental factors (Table S1). T2.5

was consistently significant among locations or sites
and both PAR and Ta were often significantly different
among locations or sites, but θS was not significantly
different among locations and among sites. Thus,
results shown in Fig. 1 that average over the entire
study period were representative of observations in

each month. However, significant differences among
sites for deep soil water contents (θD) varied during
the study. MSD had greater θD than the A. ordosica
stand over the entire study experimental period.
However, θD at RIP was significantly greater than that
at MSD before April 2007 and greater than that at A.
ordosica stand before July 2007. After those dates, θD
at RIP was no longer significantly different from MSD
and the A. ordosica stand.

Correlation between different components of soil
respiration and environmental variables

RS, RB, RR and RT and ratios of RR to RT (RR/RT) were
significantly correlated with many of the environmen-
tal variables (Table S2). Major exceptions were the
lack of significant correlations between θD and both
RS and RB and between PAR and RR. Pearson’s cor-
relation coefficients for RT and RR were greatest with
θS compared to other environmental factors, and θS
was second greatest for RS and RB, suggesting strong
correlations between surface soil water and all compo-
nents of soil respiration. Interestingly, Pearson’s cor-
relation coefficient for RR/RT was greatest with θD.

The two best models to explain seasonal variation
of RS, RB and RT were Eqs. (2) and (3), i.e. functions
that included θS only or both θS and T2.5. Including
T2.5 in the model (i.e. Eq. (3)) increased R2 values
over the model with only θS (Eq. (2)) for most soil
respiration components, although AIC scores of Eq.
(3) were not always smaller than those of Eq. (2). The
two best models to explain seasonal variations of RR

and RR/RT were the equations with only θD as a
variable (Eq. 4) or with both θD and T2.5 (Eq. 5)
(Table S3).

When θS was high and diurnal changes in R were
concordant with diurnal changes in soil temperature
during June 2007, Eq. (1) had the lowest AIC and thus
was the best model to explain diurnal changes in soil
respiration (R2 ranged 0.51–0.84 for all sites and lo-
cation). However, when θS was low or diurnal changes
in R were decoupled from diurnal changes in soil
temperature during August and October 2007, a model
including PAR (Eq. 6) better represented the observed
diurnal changes in soil respiration with R2 values
between 0.41 and 0.99 (P<0.001), increasing predict-
ability than if only temperature (Eq. 1) was used. For
diurnal changes observed during April 2007 when θS
was moderate, Eq. (1) had the lower AIC in some

Fig. 4 Percentage of RB to RT and RR to RT in A. ordosica stand.
Daily averaged values were used to calculate RB, RTand RR; bars are
standard errors. RB/RT: ratio of RB to RT, RR/RT: ratio of RR to RT
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cases, but Eq. (6) typically had higher R2 values.
Considering the hysteresis often observed between
soil respiration and soil temperature, Eq. (6) is gener-
ally the better model to predict diurnal changes in soil
respiration.

Discussion

Effects of revegetation and succession on soil
respiration

Total soil CO2 flux (RT) increased greatly after sand
dune stabilization with straw checkerboards and xero-
phytic shrubs. Although our measurements of RT were
generally smaller than those reported in other deserts
(Raich and Schlesinger 1992; Fernandez et al. 2006;
Almagro et al. 2009; Zhang et al. 2010; Cable et al.
2011; Talmon et al. 2011), RT at our sand-stabilized
area with age of 18 years was 3.2 fold greater than that
of moving sand dunes. Furthermore, both components
of RT, rhizosphere respiration (RR) and soil basal
respiration (RB), also increased with sand stabilization.
As plant cover increased from <1 % at the moving
sand dunes to ~31 % at the sand-stabilized area dom-
inated by A. ordosica, RR increased from almost zero
to an average 0.09 μmol CO2 m

-2s-1. In addition, RB,
which included soil respiration both from heterotro-
phic microbes and from autotrophic BSCs, increased
2.3 fold with sand stabilization. Although RR often
was an important component of RT in water-limited
ecosystem (Tang and Baldocchi 2005; Wang et al.
2005; Jia et al. 2006; Chen et al. 2009; Bao et al.
2010), the contribution of RR to RT averaged 33 % in
the sand-stabilized area, whereas the contribution of
RB to RT was typically twice that of RR. Thus as we
predicted, a greater proportion of the increased soil
CO2 flux with sand stabilization was due to respiration
from heterotrophic soil microbes and autotrophic
BSCs than from root systems of sand-fixed shrubs.

The large increase in RB in our study was likely due
to both increased heterotrophic microbial respiration
and increased BSCs respiration. Although other soil
respiration studies removed or avoided BSCs in their
experimental designs (McCulley et al. 2007;
Sponseller 2007; Berg and Steinberger 2008;
Thomas and Hoon 2010; Cable et al. 2011; Castillo-
Monroy et al. 2011), BSCs were not removed or
avoided in our study because BSCs were an important

component of the sand-stabilization process (Li et al.
2004, 2007) and because BSCs removal would
have greatly disturbed the soil and confounded
our measurements. Thus, our study was not
designed to partition heterotrophic microbial respi-
ration from BSCs respiration; only to partition RR

and RB. Nonetheless, results from our studies cou-
pled with evidence in the literature indicated high
likelihood for increased heterotrophic and BSCs
respiration, as discussed below.

Factors such as increased C input from restored
vegetation and improvements of edaphic properties
on sand-fixed dunes could have increased heterotro-
phic soil respiration. Soil microbial activity in desert
ecosystems such as the Mojave Desert of western
North America are C limited, and additional C inputs
into these desert ecosystems increase soil respiration
(Schaeffer et al. 2003, 2007; Billings et al. 2004). In
addition, stabilization and revegetation of moving
sand dunes promote the capacity of dust entrenchment
(Fearnehough et al. 1998), increase substrate availabil-
ity (Li et al. 2004; Zhang et al. 2008b, 2009a), and
improve topsoil physiochemical properties (Table 1,
Li et al. 2007). Together, these changes result in great-
er soil respiration in shrub dominated areas (Maestre
and Cortina 2003; Tang and Baldocchi 2005;
McCulley et al. 2007; Sponseller 2007; Berg and
Steinberger 2008; Talmon et al. 2011). Because simi-
lar increased C input and improved edaphic properties
also occurred in our sand-stabilized areas (Table 1),
increased heterotrophic microbial respiration likely
occurred.

The extent that BSCs contribute to increase RB in
the sand-stabilized area is more difficult to assess
because BSCs are autotrophic and hence reduce soil
CO2 efflux during periods when BSCs are photosyn-
thetically active. Although maximum photosynthetic
rates of BSCs can rival that of vascular plants occu-
pying the same ecosystem, BSCs net photosynthesis is
restricted to infrequent and short periods when they
are hydrated following sufficient rainfall (Lange
2001). Thus, RB was likely underestimated in our
study. Nonetheless, a study from a Mediterranean
semiarid ecosystem where BSCs cover was similar to
our sand-stabilized area reported that 42 % of annual
soil CO2 efflux was from BSCs dominated microsites
(Castillo-Monroy et al. 2011). Furthermore, BSCs can
be a substantial input of C into desert ecosystems
(Evans and Lange 2001), and this C from BSCs often
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becomes available to heterotrophic soil microbes.
Clearly, BSCs cover increased greatly after sand sta-
bilization (Li et al. 2004, 2007). Thus, BSCs were
likely direct and indirect contributors to increased soil
respiration in sand-stabilized dunes.

Increased shrub cover in the sand-stabilized likely
had both direct and indirect effects on soil respiration
and its components, and vegetation patchiness resulted
in small-scale spatial heterogeneity of soil respiration.
Previous studies at our sites showed that coarse root
biomass increased near shrubs (Zhang et al. 2008b,
2009a), which was consistent with our observations of
greater RR in the sand-stabilized area as well as greater
RR near shrubs. Furthermore, studies from water-
limited ecosystem (Titus et al. 2002) showed that
shrubs create fertile islands beneath shrub crowns,
which improved edaphic properties conducive to
increased heterotrophic microbial respiration, as dis-
cussed above. Finally, shrubs ameliorate microclimate
(Fullen and Mitchell 1994), which in turn can affect
soil respiration by modifying soil temperature and soil
water contents (Raich and Tufekcioglu 2000; Maestre
and Cortina 2003; Berg and Steinberger 2008; Rey et
al. 2011; Talmon et al. 2011). In our study, shrubs
typically influenced soil and air temperatures but had
little effect on shallow soil water contents. With sparse
crown and low leaf area index, A. ordosica has little
effect on soil evaporation under its canopy (Zhang et
al. 2008a) as well as intercepts only ~6 % of rainfall
(Zhang et al. 2009b) and therefore has little influence
on soil water balance beneath its crown. However, A.
ordosica shrubs provide sufficient shade to decrease
soil temperature beneath their crown compared to
interspaces or the root-isolation plot, especially in
winter. This combination of lower temperature but
similar soil water under shrubs led to smaller soil
respiration under shrubs than in interspaces during
winter (Fig. 1, Table S3). Nonetheless, the variation
among our and previously published studies (Maestre
and Cortina 2003; Berg and Steinberger 2008; Rey et
al. 2011) in how soil respiration differed between
shrub and interspaces microsites indicated that plant
crowns in arid ecosystems do not have consistent
effects on soil CO2 efflux because of different influ-
ences on soil temperature and shallow soil water
contents, especially in winter. Given the importance
of soil respiration in C cycles, the effects of shrubs on
the carbon cycle in arid ecosystems need more thor-
ough investigations.

Although RB contributed approximately 2-fold
more to total soil respiration than RR at 18 years after
sand stabilization, we suspected that these relative
contributions changed during succession of plant-soil
systems after establishment of sand-stabilized shrubs.
For example, shrub biomass and cover in sand-fixed
areas peaked about 15 years after restoration and then
gradually degraded due to reductions in deep soil
moisture (Li et al. 2004). Thus, we expected that RR

also initially increased after revegetation, then de-
creased after peak cover at 15 years. Over the same
period, the depth of BSCs and subsoil also gradually
increased as sand-fixed dunes aged (Li et al. 2004,
2007), which led to increased respiration from hetero-
trophic soil microbes and BSCs through time. Given
decreased plant abundance and its likely decreased
root abundance coupled with the gradual change in
soil surface structure, continued succession of plant-
soil system in sand-fixed dunes will gradually increase
the contribution of RB to RT and decrease that of RR to
RT. Finally, despite the large increase in soil CO2

efflux with sand stabilization and revegetation, the
capacity of carbon sequestration likely increased as
these sand-fixed dunes aged because the 10-fold in-
crease in soil organic matter was much greater than the
3-fold increase in soil respiration.

Temporal variation of soil respiration

Seasonal variations of soil respiration rates in our
study sites (MSD, RIP and A. ordosica stand)
appeared to be more affected by soil water content
than by temperature. Both soil respiration and θS had
very similar seasonal trends (Fig. 3), and the correla-
tion coefficient between them was greater than those
between soil respiration rates and either Ta or T2.5

(Table S4). More importantly, seasonal patterns of
RS, RB and RT were best modeled by functions that
combine θS and T2.5. However, θS alone explained
much of the variation in RS, RB and RT, and models
with θS alone had AIC scores nearly as small, or in
some cases such as RT, smaller than equations with
both θS and T2.5 (Table S3). Results from other arid
and semiarid ecosystems were similar (Maestre and
Cortina 2003; Fernandez et al. 2006; McCulley et al.
2007; Jia et al. 2006; Wilske et al. 2008; Almagro et
al. 2009; Chen et al. 2009; Thomas and Hoon 2010;
Rey et al. 2011; Shi et al. 2011; Talmon et al. 2011),
suggesting that soil respiration was triggered by
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moisture and then further influenced by temperature
(Maestre and Cortina 2003; Wilske et al. 2008).

Seasonal courses of RR and RR/RTwere significantly
correlated with θD, and θD alone explained most of their
seasonal variations (Table S3). Thus, the contribution of
RR to RT was strongly influenced by θD. Other studies
also found relationships between RR and soil water
(Chen et al. 2009; Shi et al. 2011). In addition, RR/RT

had very similar seasonal trends as fine roots during the
growing season at the site (Zhang et al. 2008b, 2009a);
both peaked in June and September with lowest values
in July. Other studies in arid or semiarid lands also found
that RR corresponds well with root biomass (Wang et al.
2005; Jia et al. 2006; Vargas and Allen 2008; Bao et al.
2010; Shi et al. 2011). Thus, θD likely affected the
seasonal dynamics of RR and RR/RT through effects of
θD on fine root growth.

For daily courses of soil respiration, soil respiration
and T2.5 had similar diurnal changes only when θS was
close to field capacity. However during most of the
year (i.e. at moderate and low soil water conditions),
soil respiration decoupled from T2.5, and soil respira-
tion rates were always higher during increasing tem-
peratures in the morning than during decreasing
temperatures in the afternoon. A function with T2.5

alone was enough to explain most diurnal changes in
soil respiration at high soil moisture condition.
However, when soil respiration decoupled from tem-
perature at low and moderate soil water conditions,
diurnal changes in soil respiration were predicted well
by diurnal changes in both temperature and PAR, as
observed by Vargas and Allen (2008). These results
further emphasized that soil respiration links to biotic
processes, such as linkage between microbial decom-
position or root respiration with photosynthesis
(McCulley et al. 2007; Vargas and Allen 2008).

Conclusion

After establishment of straw checkerboards and shrubs
to stabilize moving sand dunes in the Tengger Desert of
northern China, soil CO2 efflux increased. At 18 years
after sand stabilization, soil basal respiration contributed
~2/3 to total soil respiration. Shrubs patchiness in sand-
stabilized areas produced spatial variations in soil respi-
ration, whereas temporal courses in soil respiration were
affected mainly by soil water content. Total and basal
respiration rates were more affected by soil water

content in upper soil layers (0–20 cm layer), whereas
rhizosphere respiration was influenced by deep soil
water content (30–210 cm layer). Diurnal changes in
soil respiration rates during most of the year when soil
water contents were below field capacity were partially
decoupled from soil temperature, but diurnal changes in
soil respiration could be modeled by both temperature
and PAR. Despite increased soil respiration rates, the
sand-stabilized area had sequestered additional soil C.
Circumstantial evidence indicated that BSCs are major
contributors to increased soil respiration and that the
relative contribution of RB to RT has increased in the
past and is likely to continue increasing into the future,
but these results need further study.
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