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a  b  s  t  r  a  c  t

Knowledge  of  CO2 emissions  under  different  slope  gradients  and  positions  and  its  controlling  factors
is  critical  in  accurately  estimating  CO2 emissions  and  carbon  cycling  on  the  slopes  of  eroded  regions.
In  this  study,  three  east-facing  plots  of  100  m2 (20  m  × 5 m)  with  a slope  gradient  of 0.5◦ (S0.5), 1◦ (S1),
and 3◦ (S3) were  established  in an  eroded  gully  of  the  semi-arid  Loess  Plateau,  China.  The CO2 emission,
temperature,  moisture,  runoff,  sediment,  fine root  biomass  and  grain  yield  of  these  three  plots  were
measured  from  October  2013  to September  2015  to investigate  the relationship  between  slope  gradients
and  soil  CO2 emissions.  The  results  showed  that the mean  annual  cumulative  CO2 emissions  at  S1 and
S3 (731.0  ±  65.1  and 628.3  ±  74.8 g C  m−2 year−1) were  about  13.4%  and  25.5%  lower  than  that  at  S0.5

(843.7  ±  84.9  g C m−2 year−1). The CO2 emissions  were  higher  at bottom  slope  than  at upper  slope,  with
an  increase  of 26.2%  at S3, 22.9%  at S1 and  14.5%  at S0.5, respectively.  The  mean  soil  moisture  ranged  from
40.8%  to 44.8%  water-filled  pore  space  (WFPS)  among  the  slope  gradients,  and  from  35.8%  to  45.6%  WFPS
among  the  slope  positions.  There  was  a  significant  difference  in  mean  fine  root  biomass  among  different
slope  gradients  (S0.5 >  S1 > S3, P <  0.05),  but no  significant  difference  among  different  slope  positions.  The
mean  soil  organic  carbon  (SOC)  ranged  from  8.8 g kg−1 at S3 to 9.9  g  kg−1 at  S0.5, and  that  at  the  bottom

and  middle  slope  were  higher  than that  at the  upper  slope  at S1 and S3. Slope  differentiated  soil moisture
content  and  redistribution,  and  the thus  derived  spatial  differences  in  fine  root  biomass  and  crop  yields,
was  the  major  factor  influencing  the  soil  CO2 emissions  among  slope  gradients  and  positions.  Slope
gradients  and positions  should  be considered  when  estimating  soil CO2 emissions  and  carbon  cycling  in
the  complex  and  fragmented  topography  regions.

© 2017  Elsevier  B.V.  All  rights  reserved.
. Introduction

Soil CO2 emission is an important component of global carbon
ycle, and even a small variation in soil respiration can have a
ignificant effect on the atmospheric CO2 concentration and soil
rganic carbon (SOC) stock (Bond-Lamberty and Thomson, 2010;
ursh et al., 2017). However, the potential effect of slope gradients

nd positions on soil CO2 emissions has not yet been fully eluci-
ated (Chen et al., 2015; Van Hemelryck et al., 2011). In fact, more
han 60% of global land areas are slopes of > 8◦ (Berhe and Kleber,

∗ Corresponding author at: Institute of Soil and Water Conservation, Xinong Road
6, Yangling, Shaanxi 712100, China.

E-mail address: slguo@ms.iswc.ac.cn (S. Guo).

ttp://dx.doi.org/10.1016/j.ecoleng.2017.04.050
925-8574/© 2017 Elsevier B.V. All rights reserved.
2013). Slope gradients can not only affect soil water and heat at the
slopes, but also change soil properties and vegetation (Fehmi and
Kong, 2012; Wei  et al., 2014; Xiao et al., 2015). Therefore, knowl-
edge of the effect of slope land on soil CO2 emissions is essential for
a better understanding of the global atmospheric CO2 budget and
climate change.

Soil CO2 emissions in sloping land can be particularly affected
by the spatial distribution of soil moisture (Liu et al., 2016; Singh
et al., 2017), SOC (Fereidoonia et al., 2013; Hursh et al., 2017)
and fine root biomass (Makita et al., 2016; Pandey et al., 2016)
at different positions of the slope. To be specific, soil moisture in
sloping land was  reported to be significantly lower than that on

plains, mostly because of the increased loss of runoff and, conse-
quently, a reduction in infiltration (Zhang et al., 2015a; Zhao et al.,
2015). Soil moisture varied spatially along the slope and it was
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ignificantly higher at the toe of the slope than at the summit (Wei
t al., 2014). In consequence, the spatial difference in soil mois-
ure at different slope positions may  have considerable impacts on
O2 emissions. In addition, SOC, as the main substrate for micro-
ial organisms, can also differ spatially along the slope due to the
elective or non-selective erosion effects (Pei et al., 2012; Van et al.,
010). For instance, SOC at the upper slope where soil was severely
roded was 9.1% lower than that at the middle slope where soil was
ildly eroded, and 13.8% lower than that at the bottom slope where

oil was deposited in a severely eroded slope land (Li et al., 2015b).
ine root biomass can reflect the varying biotic conditions at dif-
erent slope positions, and decreases in an order of upper < middle

 bottom in a Pinus tabuliformis forest at the south slope of Qinling
ountains of China (Liu et al., 2004). However, there have been no

ystematic studies investigating the effects of soil moisture, tem-
erature, root biomass, grain yield and SOC under different slope
radients and positions on soil CO2 emissions.

The main purpose of this study was to investigate whether
oil CO2 emissions at different slope gradients and positions were
elated to erosion-induced variations of water, crop growth and
OC. To address this problem, we compared CO2 emissions at dif-
erent positions (bottom, middle and upper slope) on the slopes
f different gradients, and evaluated the potential effects of slope
ifferentiated water, crop growth and SOC on CO2 emissions at an
roded slope.

. Materials and methods

.1. Study area
In the semi-arid Loess Plateau, China, the area of arable land is
4.5 × 104 km2. Tableland, steep slope and gully are the major topo-
raphical features of the Loess Plateau, each accounting for about
ne third of the watershed area. The tableland with a gentle slope

Fig. 1. A sketch map  of 
ering 105 (2017) 231–239

(<5◦) has a high nutrient content and thus has been the primary
site for residence and agricultural production (Zhang et al., 2015b).
However, these slopes are subject to serious water and soil loss due
to the poor resistance to water erosion and the intensive cultiva-
tion (Jiang et al., 2015), thus resulting in gradually steeper slopes
cutting into the edges of the tableland and a significant reduction
in the tableland area (Chen et al., 2009).

The study area is located in the State Key Agro-Ecological Experi-
mental Station, Wangdonggou (35◦13′ N–35◦16′ N, 107◦40′ E–107◦

42′ E), Changwu county, Shaanxi province, China, which is a typical
eroded gully (altitude: 1220 m)  of the south Loess Plateau (Fig. 1).
This area has a continental monsoon climate with an annual mean
precipitation of 560 mm for the period 1984–2014 (523 mm in 2013
and 597 mm in 2014 during the measurement period), 60% of which
occurs between July and September (Zhang et al., 2015b). Over 70%
of the crops (wheat and corn) are planted in rain-fed areas, which
are highly susceptible to climate change impacts (Jiang et al., 2015).
In general, the soil erosion is serious in the study area with a soil
erosion modulus of 2860 t km−2 a−1, which has a detrimental effect
on the crop yield, surface water quality and regional hydrological
regimes (Zhu et al., 2014). This makes it suitable to investigate the
potential effect of soil erosion along different slope gradients on
CO2 emissions.

2.2. Experimental design

2.2.1. Arrangement of plots
Three east-facing rectangular plots, each with an area of 100 m2

(20 m × 5 m),  and three slope gradients of 0.5◦ (S0.5), 1◦ (S1) and
3◦ (S3) were established in the study area in 1998. Since then, all

the plots have been planted with winter wheat every year. In order
to make the experimental conditions as identical as possible, the
plots were prepared following the same procedure. To be specific,
all plots were filled with surface soil (0–20 cm) collected from the

the Loess Plateau.
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Fig. 2. The sketch map  of the plots and location of PVC collars.

ame local cropland in the tableland, and the soil bulk density was
ontrolled at 1.30 g cm−3 and the soil moisture was  controlled at
2–15%. The soil surface was carefully managed, without readily
isible clods or depressions on each plot. At the beginning of this
ong-term experiment, the soil was the Loessi-Orthic Primosols
USDA Soil Taxonomy) and Cambisols (WRB) (Wang et al., 2015b),
ith a pH of 8.2, field capacity of 22.4%, permanent wilting point

f 9.0%, SOC of 9.53 g kg−1, total nitrogen (TN) of 0.99 g kg−1, alka-
ine nitrogen of 37.0 mg  kg−1, available phosphorous of 3.0 mg  kg−1,
vailable potassium of 129.3 mg  kg−1, clay content (<0.002 mm)  of
4%, and CaCO3 content of 12.6%.

Plots were spaced 0.5 m apart and separated by a brick wall of
5 cm in height, 40 cm in depth and 6 cm in thickness (Fig. 2) to
revent the inflow of runoff outside the plots and the outflow of
unoff inside the plots. Each plot had a catchment water base, a
ater sink, and two water tanks (A and B) for the measurement of

unoff and sediment. The water base was tilted inwardly towards
he center to help water and sediment produced in the plot flow into
he water sink. Two cylindrical steel buckets with an inner diameter
f 80 and 90 cm and a height of 125 cm were used as the water
anks. Nine holes with the same diameter were arranged at a depth
f 40 cm in water tank A. The middle hole was connected to water
ank B, and the other eight holes were arranged symmetrically for
he drainage of water.

Given that winter wheat is sown in October and harvested in
une in the Loess Plateau, the year of 2014 refers to the period from
ctober 1, 2013 to September 30, 2014 in this study; and simi-

arly, the year of 2015 refers to the period from October 1, 2014
o September 30, 2015. During the summer fallow period, all plots
ere tilled by hand-hoeing to a depth of 20 cm and kept bare. Fer-

ilizers were applied at a rate of 120 kg ha−1 N and 13 kg ha−1 P for
ach plot prior to planting, and broadcast and incorporated after
−7 days at a depth of 20 cm prior to sowing. Weeds were removed
anually, and field management was applied as required. All crops
ere harvested manually (the stubble height was  about 5 cm), and

ll harvested biomass and leaf litter were removed from the plots
t physiological maturity each year.

.2.2. Measurement of soil CO2 emissions, temperature and
oisture

Soil CO2 emissions were measured by three collars at each posi-

ion of the slope (upper, middle and bottom) from 09:00 am to
1:00 am about every 10 days from October 1, 2013 to September
0, 2015 (Fig. 2). Soil CO2 emission rate was measured twice for
ach plot with a 90 s enclosure period and a 30 s delay between the
ering 105 (2017) 231–239 233

two measurements using an automated closed soil CO2 emission
system equipped with a portable chamber (20 cm in diameter; Li-
8100, Lincoln, NE, USA). In order to avoid the potential bias of CO2
emissions caused by the installation of collars, a polyvinyl chloride
(PVC) collar (20 cm in diameter by 5 cm in height) was inserted 3 cm
deep into each plot approximately one day in advance, to ensure a
stabilized CO2 emission rate on the measuring day. All visible living
organisms were removed before the measurements. If necessary,
one or more additional measurements were performed until the
variation between two consecutive measurements was less than
15%. The final instantaneous soil CO2 emissions for a given collar
was the average of the two consecutive measurements.

Soil temperature (three measurements per collar) and moisture
(four measurements per collar) at a depth of 5 cm and a distance of
10 cm from the collar were measured at the same time as the soil
CO2 emissions using Li-Cor thermocouple probe and Theta Probe
ML2X with an HH2 moisture meter (Delta-T Devices, Cambridge,
England), respectively. Soil water-filled pore space (WFPS) was  cal-
culated by the following equation:

WFPS(%) = V/100 × (2.65 − B)/2.65 (1)

where WFPS (%) is the soil water-filled pore space, V is the volu-
metric water content (%), and B is the bulk density (g cm−3).

2.2.3. Measurement of fine root biomass, grain yield and SOC
Three soil cores (9 cm in diameter and 20 cm in height) at

0–20 cm depths at each position were collected in permeable nylon
bag at each harvest season, and then flushed with water to obtain
fine root and oven-dried to a constant weight at 60 ◦C for 48 h. Fine
root (<2 mm in diameter) biomass was  collected and measured to
determine the cumulative root biomass over the growing season.
The grain yield was measured per unit area (m2).

Soils in the 0–5 cm soil profiles were sampled for SOC  measure-
ment using a soil auger with a diameter of 3 cm (3 replicates per
plot) in 2015. A total of nine samples were obtained at each gra-
dient, with three samples at each position. The soil samples were
mixed evenly, air dried, and then crushed to pass through a 0.15 mm
sieve (Zhang et al., 2015b). SOC was determined using the K2CrO7-
H2SO4 oxidation method (Sparks et al., 1996).

2.3. Data analysis

The effects of slope gradients and positions on soil CO2 emis-
sions, temperature, moisture, runoff, sediment, fine root biomass
and yield were analyzed by the GLM procedure using the SAS soft-
ware. A quadratic polynomial function was  used to simulate the
relationship between soil CO2 emissions and soil moisture (Tang
et al., 2005). The mean daily soil respiration for each plot was
interpolated between measurement dates, and then the annual
cumulative soil respiration was calculated.

3. Results

3.1. Runoff, sediment and SOC

In both 2014 and 2015, the runoff and sediment yield increased
with increasing slope gradients (P < 0.05; Table 1). The maximum
annual runoff was observed at S3 (0.313 and 0.259 m3 in 2014 and
2015, respectively), while the sediment yield no significant differ-
ence. The SOC concentration on the slopes followed the order of

S0.5 > S1 > S3 in 2015 (P < 0.05; Table 2). In addition, the SOC con-
centration at S3 and S1 followed the order of bottom > middle >
upper (P < 0.05); while there was  no significant difference in the
SOC concentration at S0.5 (P > 0.05; Table 2).
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Table 1
Rainfall, runoff and sediment amount at the three slope gradients over a 2-year period.

Slope gradient (◦) Runoff (m3) Sediment concentration (kg m−3) Amount of soil erosion (Mg  ha−1) Rainfall (mm-date)

3 0.038 0.029 0.003 39.2
(2013−7-
11)

1  0.012 0.062 0.006
0.5  0.004 0.001 0
3  0.044 0.021 0.002 60.6

(2013−7-
20)

1  0.017 0.016 0.002
0.5  0.008 0.008 0.001
3  0.231 0.277 0.028 133.6

(2013−7-
22)

1  0.073 0.389 0.039
0.5  0.048 0.016 0.002
3  0.077 0.233 0.023 69.0

(2014−8-
7)

1  0.060 0.395 0.040
0.5  0.038 0.124 0.012
3  0.023 – – 23.8

(2014−8-
9)

1  0.012 – –
0.5  0.008 – –
3  0.035 0.092 0.009 20.8

(2014−8-
31)

1  0.019 0.135 0.013
0.5  0.012 0.026 0.003
3  0.038 0.005 0.000 60.5

(2014−9-
12)

1  0.019 0.013 0.001
0.5  0.012 – –
3  0.048 0.008 0.001 69.6

(2014−9-
17)

1  0.022 0.027 0.003
0.5  0.010 – –
3  0.038 0.007 0.001 31.4

(2014−9-
28)

1  0.023 0.023 0.002
0.5  0.009 – –

Table 2
Fine root biomass, grain yield, soil moisture, soil temperature, SOC and accumulated respiration for the three slope positions and gradients.

Slope
gradient (◦)

Slope
position

Fine root
biomass
(kg m−2)

Grain yield
(kg m−2)

Mean soil
moisture (%
WFPS)

Mean soil
temperature
(◦C)

SOC (g kg−1) Accumulated
Respiration
(g C m−2 y−1)

Year

3 Upper 0.32a 0.56a 39.5 ± 10.2b 13.9 ± 0.5a – 610.3 ± 84.1c 2014
Middle 0.33a 0.57a 42.6 ± 9.6ab 13.7 ± 0.4a – 692.2 ± 59.3b
Bottom 0.36a 0.59a 45.5 ± 11.3a 13.8 ± 0.6a – 787.3 ± 94.7a
Average 0.33 0.58 42.6 ± 10.5 13.8 ± 0.5 – 658.4 ± 80.8

1  Upper 0.34a 0.63a 42.2 ± 8.6c 14.3 ± 1.0a – 698.2 ± 86.4c
Middle 0.36a 0.66a 44.1 ± 10.8b 14.9 ± 0.8a – 814.7 ± 55.5b
Bottom 0.37a 0.68a 46.2 ± 9.3a 14.2 ± 0.6a – 862.4 ± 84.7a
Average 0.36 0.66 44.2 ± 9.6 14.5 ± 0.8 – 745.0 ± 71.3

0.5  Upper 0.43a 0.72a 43.7 ± 12.6a 14.7 ± 0.4a – 864.0 ± 87.6c
Middle 0.38a 0.69a 44.8 ± 9.4a 14.8 ± 0.9a – 932.6 ± 76.4b
Bottom 0.44a 0.65a 45.6 ± 10.7a 15.3 ± 1.2a – 965.3 ± 65.9a
Average 0.42 0.69 46.2 ± 10.1 14.9 ± 0.6 – 868.5 ± 78.1

3  Upper 0.31a 0.34a 35.8 ± 9.1c 13.4 ± 0.7a 8.2 ± 0.8b 533.1 ± 98.4c 2015
Middle 0.33a 0.35a 38.4 ± 8.5b 13.3 ± 0.9a 9.1 ± 0.6a 605.2 ± 65.3b
Bottom 0.34a 0.38a 42.7 ± 12.0a 13.6 ± 0.6a 9.1 ± 1.1a 656.0 ± 105.6a
Average 0.32 0.36 39.0 ± 9.4 13.4 ± 0.7 8.8 ± 0.8 598.1 ± 862.8

1  Upper 0.32a 0.31a 37.6 ± 7.8c 14.1 ± 1.1a 9.0 ± 0.3b 630.8 ± 68.1c
Middle 0.33a 0.41a 40.3 ± 9.7b 14.0 ± 0.8a 10.0 ± 0.5a 753.2 ± 84.0b
Bottom 0.35a 0.42a 43.7 ± 10.3a 14.0 ± 0.6a 10.1 ± 0.9a 770.3 ± 75.1a
Average 0.33 0.38 40.3 ± 9.1 14.0 ± 0.4 9.6 ± 0.6 717.0 ± 75.9

0.5  Upper 0.37a 0.40a 41.6 ± 9.5ab 14.6 ± 0.5a 10.2 ± 1.6a 785.6 ± 61.8c
Middle 0.34a 0.42a 39.0 ± 10.2b 14.7 ± 0.8a 9.7 ± 0.5a 749.1 ± 89.1b
Bottom 0.35a 0.36a 43.2 ± 11.0a 15.0 ± 0.4a 9.9 ± 0.8a 922.8 ± 82.6a
Average 0.35 0.39 43.3 ± 10.1 14.7 ± 0.6 9.9 ± 0.9 818.9 ± 76.6
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014 refers to the period from October 1, 2013 to September 30, 2014; 2015 refe
ignificant differences at P < 0.05.

.2. Soil moisture, temperature, crop yield and root biomass

The soil moisture on the slopes with different gradients showed
imilar temporal variations over the two-year experimental period
Fig. 3c). The mean annual soil moisture reached a maximum of
6.2% WFPS in 2014 and 43.3% WFPS in 2015 at S0.5, and a minimum

f 42.6% WFPS in 2014 and 39.0% WFPS in 2015 at S3, respec-
ively (Table 2). There was no significant difference in the mean soil

oisture among the three slope positions at S0.5, while that at S1
nd S3 decreased in the order of bottom > middle > upper (P < 0.05;
he period from October 1, 2014 to September 30, 2015. Different letters indicate

Table 2). Soil temperatures at 5 cm depth at S0.5, S1 and S3 also
exhibited very similar temporal patterns over the two-year experi-
mental period (P > 0.05; Fig. 3b), which was  in good agreement with
that of air temperature (Fig. 3a). There was no significant difference
in the mean soil temperature at S0.5, S1 and S3 (P > 0.05; Table 2).

There was a significant difference in the mean fine root biomass

and crop yield among the three slope gradients (S0.5 > S1 > S3,
P < 0.05; Table 2), but no difference among the three slope positions
(P > 0.05; Table 2).
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ig. 3. Variations of (a) precipitation (mm)  and air temperature (◦C), (b) soil temper
ifferences at P < 0.05.

.3. CO2 emissions under different slope gradients and positions

The CO2 emissions at S0.5, S1 and S3 showed similar seasonal and
nnual patterns (Fig. 4). Specifically, CO2 emissions increased grad-
ally with increasing temperature before summer from January to

une, fluctuated significantly in summer from July to September
ue to frequent and heavy rainfall and high temperature (Figs. 4

nd 3a), and then decreased quickly with decreasing temperature
fter October.

Slope gradient had a significant effect on soil CO2 emissions
P < 0.01) (Table 2; Fig. 4). In 2014, the mean annual cumulative
◦C), and (c) soil moisture (% WFPS) from 2014 to 2015. Asterisks indicate significant

CO2 emissions at S1 and S3 (731.0 and 628.3 g C m−2 year−1) were
about 13.4% and 25.5% lower than that at S0.5 (843.7C m−2 year−1),
and the annual mean CO2 emissions at S1 and S3 (2.64 and
2.38 �mol  m−2 s−1; Table 1) were 14.8% and 23.2% lower than that
at S0.5 (3.10 �mol  m−2 s−1), respectively. A similar trend was  also
observed in 2015 (Fig. 4).

Slope position also had a significant effect on soil CO2 emissions

(P < 0.01) (Table 2; Fig. 5). In general, the CO2 emissions at different
slope positions followed the order of bottom > middle > upper in
2014 and 2015 (Fig. 5).
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Fig. 4. Dynamics of the CO2 emission rate (�mol  m−2 s−1) from 2014 to 2015 in 

. Discussion

.1. Effects of slope gradients on CO2 emissions

Soil CO2 emissions decreased significantly with the increase of
lope gradients (Table 2), which can probably be attributed to the
ollowing three reasons: 1) the reduction in soil moisture due to
unoff loss on the slopes with greater gradients (Table 2). Under
he same natural precipitation (Table 1; Fig. 3a, c), more runoff
as generated and discharged at S3 due to the greater slope gradi-

nt (Table 1), and thus less water was retained in the plot. On the
ontrary, the gentle gradient (S0.5) allowed for more efficient down-
ard infiltration (Fox and Bryan, 2000), resulting in less runoff loss

Table 1), and consequently higher soil moisture at the slopes with
 gentle gradient. Although there was only a marginal difference in
oil moisture among the three slope gradients (Table 2), the neg-
tive quadratic correlation between soil moisture and cumulative
O2 emissions in Figs. 6 and 7 suggested that even a slight increase

n soil moisture could have a significant effect on CO2 emissions,
specially when it was neither too dry (WFPS < 20%) nor too wet
WFPS > 60%). Li et al. (2015a) also observed a decrease of CO2 emis-
ions with increasing slope gradients on much steeper slopes and
ttributed it to the loss of soil moisture. 2) The variations of CO2
missions on different slopes can also be attributed to the signif-
cant increase of fine roots and crop yields on the gentler slopes
Table 2). The higher fine root biomass at S0.5 (Table 2), where
here was less soil and SOC loss, could also lead to more autotrophic
O2 emissions (Wang et al., 2015a; Zhang et al., 2015b). The higher
rop yield at S0.5 (Table 2) provided abundant substrates for micro-
ial activities, thereby inducing more heterotrophic CO2 emissions
Aanderud et al., 2011; Balogh et al., 2011; Jia and Liu, 2017); 3) The
ecrease of SOC on the steeper slopes induced by erosion was  also

 reason to induce less CO2 emissions on steeper slopes (Table 2).
t the beginning of this long-term experiment since 1998, the SOC
ontent was supposed to be comparable among the three slopes
9.53 g kg−1 in Section 2.2.1). However, after nearly two  decades
f erosion (Table 1) and discharge out of the plots, SOC distribu-
ion on each plot were evidently different (9.9 g kg−1 at S0.5 vs.
.8 g kg−1 at S3) (Table 2). This can be reflected by the increas-

ng runoff and sediment discharge (Table 1), and consequently the
OC content decreased with increasing slope gradient (Table 2).
ine root biomass and grain yield may  also contribute to refilling

OC pools (Upson and Burgess, 2013). The decrease of fine root
iomass and grain yield (Table 2) further indicated the net loss of
OC over the two decades of erosion. Thus, the significantly less
ots with different gradients. Asterisks indicate significant differences at P < 0.05.

annual CO2 emissions at S3 was in part related to its smaller SOC
content (Table 2).

The insignificant differences of soil temperature among differ-
ent slopes (Fig. 3) were probably because all the plots in this study
were east-facing. While some studies reported that soil tempera-
ture is a major factor controlling soil CO2 emissions (Eberwein et al.,
2015; Reynolds et al., 2015), other reports also stated that no sig-
nificant difference in soil temperature was  observed between the
steep and gentle slopes in Moscow oblast (Shein et al., 2011). In this
study, given the same orientation of all the slopes and their gentle
gradients, soil temperature was not considered as a major factor
influencing the differences of soil CO2 emissions at different slope
gradients and positions.

4.2. Effects of slope positions on CO2 emissions

Erosion-induced spatial redistribution of the soil moisture and
SOC resulted in a significant difference in CO2 emissions among
different slope positions (Table 2, Fig. 5) (Fiener et al., 2012). On
such gentle slopes as in this study (S0.5, S1 and S3), soil erosion
was predominantly the interrill erosion, which was associated with
selective entrainment and transport of fine/light particles and asso-
ciated substances (e.g., SOC, P, N and clay) (Hu et al., 2013; Kuhn and
Armstrong, 2012; Schiettecatte et al., 2008). After decades of selec-
tive erosion, SOC was  gradually eroded away from the upper slope
and then deposited at lower positions, resulting in decreased SOC
at upper positions and enriched SOC at lower positions (Table 2).
However, such lateral spatial redistribution of SOC along the slope
was less evident on the gentler slopes (Table 2), probably because
the slope with a gentle gradient (S0.5) did not suffer from substantial
erosion and transport of soil particles (Table 1).

In the rain-fed areas of the semi-arid Loess Plateau, the soil
moisture at a certain point on the slope M was calculated from
the following equation:

M = Mantecedent + Mprecipitation + Minflow − Moutflow − E (2)

where Mantecedent is the antecedent moisture content at a certain
point from previous scenarios, Mprecipitation is the water received
directly from natural precipitation, Minflow is the water received
indirectly from the inflow of upper slope positions, Moutlfow is the
water that flows into lower slope positions, and E is the evapora-
tion. In this study, the three east-facing slopes had the same natural

precipitation and soil temperature (Table 2), thus Mprecipitation and
E can be assumed comparable among the three slope gradients.
However, slope position may  have an effect on Minflow and Moutflow ,
especially at the upper and lower positions.
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Fig. 5. Dynamics of the accumulation CO2 emissions rate

In this study, all the plots were filled with soil (0–20 cm)
btained from local cropland, and soil moisture was maintained to
e 12–15%. After each precipitation event, the water on the slope
as redistributed by gravity in two directions: laterally down-
ard the slope via runoff and vertically into subsoil via infiltration,

esulting in the loss of soil water at upper positions and the accumu-
ation of soil water at lower positions. The redistribution of water

ould be intensified after repeated precipitation events, resulting

n significant differences in soil moisture content among different
lope positions, especially between the upper and lower positions
Table 2). As a result, it may  be inappropriate to use the average of
l  m−2 s−1) from 2014 to 2015 at different slope positions.

soil moisture contents obtained from different slope positions to
estimate the CO2 emissions from sloping land.

5. Conclusions

Soil CO2 emissions significantly decreased with the increase of
slope gradient, but increased from the upper slope to the bottom

slope, which could be attributed mainly to the spatial redistribu-
tion of soil moisture and SOC induced by erosion, and consequently
varying fine root biomass across different slope gradients and posi-
tions. Therefore, slope gradients and positions should be considered
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Fig. 6. Relationship between soil CO2 emission rate (�mol  m−2 s−1) and soil moisture (%WFPS) at 0–5 cm depth at different slope gradients from May  to September
(temperatures were above 10 ◦C). White indicates S0.5, Gray indicates S1, Black indicates S3.
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