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Water erosion processes can significantly affect the delivery and distribution patterns of soil organic carbon (SOC)
within the landscape.While many studies focus on the erosion processes and runoff transport of SOC, little atten-
tion has been paid to the on-site redistribution and vertical transport of SOC. This study characterizes SOC erosion
dynamics, including infiltration-associated movement, and discusses the effects of rainfall intensity and slope
position on SOC transport within the hilly red soil region of southern China. The results show that SOC loss was
likely due to sediment transport rather than runoff. The eroded SOC was not significantly enriched, which may
be due to the soil properties and the type of rainfall event. The initial SOC concentration affected the enrichment
ratio of eroded SOC in the sediment. On-site horizontal redistribution occurred regardless of rainfall intensity,
whereas the SOC transport trends varied with rainfall intensity and slope positions. This demonstrates that soil
preservation could reduce SOC loss, and thus influence the global carbon cycle.

© 2013 Elsevier B.V. All rights reserved.

1. Introduction

Despite the significant effect soil erosion has upon the global
carbon cycle (Stallard, 1998), the most widespread form of soil
erosion and degradation is a highly debated and uncertain topic (Lal
et al., 1998; Lal, 2003; Lal and Pimentel, 2008). In the past decade,
researchers have investigated the impact of erosion upon soil carbon,
soil loss, as well as the associated carbon dynamics during rainfall. For
example, Polyakov and Lal (2004) found that soil organic carbon
(SOC) concentration in runoff decreases within creasing rainfall dura-
tion. Pan and Shangguan (2006) reported that soils in grasslands have
higher percolation and provide less runoff and sediment than those in
croplands. Seybold et al. (2002) found that soils not subjected to till-
age are characterized by higher infiltration rates. While these studies
reflect a range of complicated erosion processes that affect soil, they
also focus on the impacts that land management practices can have
on surface runoff, soil loss, and percolation (Seybold et al., 2002;
Pan and Shangguan, 2006; Rimal and Lal, 2009). The behavior of
SOC in different soil layers with varying infiltration processes has
not been directly detected, and therefore the SOC vertical transport
process is not completely understood.

SOC loss during erosion is affected by many factors such as soil prop-
erties, rainfall intensity/duration, topography, surface cover, and soil
wetness (Foster andWischmeier, 1974).Many rainfall simulation exper-
iments have focused on the effects of rainfall intensity on soil erosion. For
instance, Jin et al. (2009) reported that higher rainfall intensities produce
more sediment and, consequently, higher nutrient losses and lower
sediment SOC enrichment ratios (ERsoc). The research of Jacinthe et al.
(2004) confirmed that soil erosion associatedwith intense rainstorms af-
fects the loss of labile SOC. Topography can strongly influence both soil
erosion and SOC distribution. Upperslope positions are generally eroded
while lower positions are depositional (McCarty and Ritchie, 2002;
Papiernik et al., 2005). Soil nutrients accumulate in depositional areas
(Heckrath et al., 2005; Papiernik et al., 2007), and therefore, SOC concen-
trations are usually higher at the lower slope positions.

The main factors that affect water erosion and the resultant SOC
loss processes have been intensively studied in the past (Engel et
al., 2009; Jin et al., 2009; Rimal and Lal, 2009). In a previous study
conducted in a tropical area (Rumpel et al., 2009), carbon exporting
processes including horizontal redistribution, vertical transport, and
sediment runoff were detected. However, the soil layer was too thin
(10 mm) to confirm the vertical transport process, and the climate
and soil conditions differed from those in a subtropical region. In
this study, we attempt to (i) provide insight into the temporal
patterns of sediment, runoff, and SOC discharge for rainfall events of
varying intensities; (ii) determine the on-site redistribution of SOC
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along a slope; and (iii) verify the vertical transport of SOC within soil
layers. From this, dynamic patterns of SOC concentrations and loading
at the plot level can be determined.

2. Material and methods

2.1. Study site

Soil profiles for ten provinces in Southern China were examined in
this study. These areas are characterized by red soil, which covers a
total area of 2.18 × 106 km2 (Zhao, 2002). Due to the subtropical con-
ditions in the so-called “hilly red soil region,” red soils are often
heavily weathered and low in SOC (Shi et al., 2010). Water erosion
occurs throughout this region, with raindrop splash and slope runoff
erosion being the dominant mechanisms (Tang, 2004). Although the
total amount of soil loss is lower than that of the Chinese Loess
Plateau, the thin soil layer available for plant growth in the red soil
hilly region can cause severe erosion conditions. The large geographic
area of the hilly red soil region also makes it an important component
of China's terrestrial carbon cycle.

This study was carried out at the soil and water conservation
research station of Shaoyang (111°22′E, 27°03′N) in the southwest–
central part of Hunan Province, China (Fig. 1). The research station is sit-
uated upstream of the Zi River, within the hinterland of the Hengshao
Basin. The average yearly temperature and the mean annual precipita-
tion of the station are 17.1 °C and 1327.5 mm, respectively. The region's
soil is Quaternary red clay with a clay-to-loam texture (Yang et al.,
1989), which is considered an Ultisol according to the U.S. Soil Taxono-
my. The soils are generally low in organic matter concentrations, as is
typical for the hilly red soil region.

2.2. Plot set-up and rainfall simulation

In 2009, a 5 m × 5 m land block was chosen as the experimental
area (Fig. 2). The land block was previously planted with slope-
cultivated Polygonatum odoratum (Mill.) Druce. After harvesting the
crops, the land was disked several times to smooth the soil surface
and then laid fallow. One year later, the slope of the land block was
found to be slightly S-shaped, with a mean slope gradient of 15°. The
mean SOC concentration of the 20 cm thick surface layer was

4.39 ± 0.42 g kg−1 (the mean value of 15 replicate plots ± standard
error). The total nitrogen and phosphorus concentrations of the soil
were 0.60 ± 0.05 and 0.79 ± 0.12 g kg−1, respectively. The soil had
a clay-loamy texture with 16.72 ± 0.83% clay particle size distribu-
tion, 27.50 ± 0.45% silt, and 55.77 ± 0.63% sand. During the summer
of 2010, two 2 m × 5 m plots were delimited for the rainfall simula-
tion experiment (Fig. 2). Each plot was bound with a thin metal
frame driven into the ground in order to prevent runoff from adjacent
areas. The lower end of each plot was equipped with a funnel-shaped
collection trough that channeled runoff into a marked 2.5 L pail. The
plots were designed to have (i) minimal soil disturbance during the
boundary setting; and (ii) minimal local soil variations, which was
achieved through the minimization of the distance between the
plots. The upper part of each plot was the sediment and carbon source
while the bottom parts typically accumulated any carbon that had not
yet reached the outlet.

For the erosion experiments, a rainfall simulator with a SPRACO
cone jet nozzle mounted on the top of fixed 4.57 m long stand pipes
was built. The nozzles were placed on the boundary of the plots

Fig. 1. Location of the study area.
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Fig. 2. Plot design for the rainfall simulation experiments.
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(Fig. 2). The median drop size was 2.4 mmwith a uniformity of 89.7%.
For the experiments on the two plots, rainfall intensities of 0.5–0.7
and 1.5–1.7 mm min−1 were used, representing the low and high
intensity storms of this region.

Starting at the beginning of the rainfall, the time at which runoff first
occurred was measured using a chronometer. Once overland surface
runoff began, random runoff samples were manually and intermittently
collected at 3 min intervals using a 1000 mL kettle. The runoff samples
were treated with a solution (HCl, 37.5%) to accelerate coagulation. All
other runoff and sediment samples were collected in a marked pail,
which was changed several times, and the total runoff volume in 3 min
was recorded. Excesswaterwas then decanted. The samples in the kettles
were taken to the laboratory. After settling for 24 h in collectors, the run-
off water was separated, and the sediment was collected. The sediment
was dried in an oven at 105 °C for 24 h and thenweighed. The dried sed-
iment sampleswere ground for a SOC analysis, and thewaterwas filtered
for a TOC analysis. The duration of each rainstorm was 30 min after the
initiation of runoff. The actual rainfall intensity and uniformity was
determined using five rain gauges at borders of the plot (Fig. 2). After
the simulated rainfall event, the actual rainfall intensity was determined.
The mean rainfall intensity was found to be 0.58 mm min−1 for the I1
event plot and 1.64 mm min−1 for the I2 event plot.

2.3. Sampling

The two rainfall plots were divided into five subplots (A to E) at
1 m equal intervals (Fig. 2). To estimate the vertical SOC transport
during rainstorms, soil was sampled in both plots at depths of 0–5,
5–10, 10–20, and 20–35 cm. Before the rainfall experiment, three
separately arranged grids were chosen as the three replicates in
each subplot. Each grid had a dimension of 20 cm × 20 cm, and sam-
ples at each grid and depth were taken using a 70 mm diameter corer.
The boreholes were later filled and carefully leveled in order to
reduce the effects of soil sampling. After the rainfall experiment,
soils were also sampled in the same manner. With this strategy,
three replicated soil samples were obtained (about 2 kg) that were
representative of each subplot and each depth, from both plots,
before and after the rainfall.

2.4. Sample treatment and analysis

All sediment and soil samples were dried, crushed to pass through a
2 mm sieve, and thoroughly mixed. Finally, the dry mass was trans-
ported to the Hunan Agricultural Government for chemical analysis.
SOC concentrations were determined with the dichromate oxidation
method of Walkley and Black (1934); total nitrogen concentrations
were measured by the Kjeldahl (1883) method; and the total phospho-
rus concentrations were measured using the Kara et al. (1997) method.
Soil particle sizes were analyzed using the pipette method (Gee and
Bauder, 1986). TOC concentrations in the runoff samplesweremeasured
with an IL 550 TOC-TN analyzer.

2.5. Statistical analysis

Statistical data analysis was performed using SPSS 16.0 for
Windows. ANOVA was used to detect the effects of slope position. Dif-
ferences in soil properties among different slope positions were
detected using the least significant difference procedure for a multiple
range test at the 0.05 significance level.

3. Results

3.1. Surface runoff, sediment transport, and associated organic carbon

The time required for the initiation of runoff differed with rainfall
intensity. When the intensity was 0.58 mm min−1 (I1 event) runoff

started at 4′34″, whereas under a 1.64 mm min−1 (I2 event) event
the runoff start time was only 1′31″ (Table 1). Through the trials,
three stages of sediment transport and runoff loss were distinguished.
In the first stage, all rain water was infiltrated, and no runoff and
sediment loss occurred. In the second stage, runoff started, and the
rates of sediment and runoff loss rapidly increased. In the third stage
(approx. 14 min) both sediment loss and runoff loss rates reached
steady values regardless of rainfall intensity. During this stage, the low-
est peak value of sediment loss rate was observed (22′34″ for the I1
event and 19′31″ for the I2 event). Although the simulated rainfall
was stopped 30 min after the initiation of runoff, the runoff continued
for a period longer than 30 min thereafter. Following the last 3 min of
sampling, more runoff samples were collected, although the sediment
load became too low to weigh. Consequently, only runoff loss rates
are available for this period. Sediment and runoff were seen to accumu-
late more rapidly during the I2 event than the I1 event, and the overall
variation of sediment yield was similar to that of runoff for both rainfall
intensities (Table 1).

SOC concentration in the sediment and runoff samples changed
with respect to time during each of the rainfall simulations
(Table 2). During the I2 event SOC concentrations in the sediment
were initially high, but diminished rapidly within a short period of
time, and then fluctuated until the end of the experiment. Between
7′31″ and 10′31″ sediment SOC concentrations decreased as rapidly
as 3.06 g kg−1 min−1. During the first period of the I1 event de-
creases in both sediment and runoff SOC concentrations were less
marked, and the values fluctuated sharply during the rainfall event.

Changes in concentration with respect to time were found to be
very different for the sediment SOC verses the runoff SOC (Table 2),
in that, the former shows strong fluctuations, while the latter is rela-
tively constant. The loss rate of sediment SOC for the I1 event was
very low, and consistently remained lower than 0.5 g min−1. In the
I2 event, sediment SOC concentration initially increased until 7′52″,
after which it then fluctuated toward lower levels. The quicker sur-
face runoff start time resulted in faster losses of soil and carbon.

Fig. 3 shows the change in ERsoc during each rainfall simulation.
ERsoc for the I2 event was initially high but diminished within a
short period, eventually reaching relatively low values with minor
fluctuations. This trend was less obvious for the I1 event. During the
first 18 min of the I2 event, ERsoc remained >1, and then stabilized
to values b1. For the I1 event, values of ERsoc were b1 throughout
the experiment.

The quantity of sediments and SOC exported from the plots was
found to be related to rainfall intensity. From the I1 and I2 events,
2.25 and 11.24 kg of sediments containing 3.18 and 56.09 g SOC
were collected, respectively, at the outlet of the plots. In addition,
8.64 × 104 and 3.93 × 105 mL of runoff, containing 2.81 and 13.55 g
of dissolved carbon respectively, were collected.

3.2. Horizontal redistribution of SOC

Redistribution of total SOC was calculated for the 0–20 cm deep
soil layer (Fig. 4). Prior to the I1 event, the SOC concentration was sig-
nificantly different among slope positions (P = 0.000). The concen-
tration in subplot A was considerably higher than those in subplots
B and C, but lower than that in subplot E (P = 0.001–0.009). The
SOC concentration was significantly higher in subplot E than in all
other positions (P b 0.05). SOC redistribution occurred due to the I1
event. The SOC concentration in subplot B was substantially lower
than those in subplots D and E, while the SOC in subplot C was signif-
icantly lower than that of subplot E (P = 0.039–0.010). The SOC con-
centration in both upper (subplot A) and lower (subplot E) positions
decreased, and the latter may reflect SOC transport out of the plot
(see Section 3.1).

Prior to the I2 event, the SOC concentration was once again signif-
icantly varied among slope positions (P = 0.000). For example, the
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SOC concentration in subplot A was higher than in all other slopes,
and that in subplot E was significantly lower (P b 0.05). Although it
is not significant, a slight trend toward higher proportions of SOC at
the bottom of the plot was observed in response to the I2 rainfall.
The SOC concentration in subplot A decreased, while that in the accu-
mulation position of subplot E increased.

3.3. Vertical transport of SOC

Prior to the I1 event, the SOC concentration showed distinct strat-
ification with depth (P b 0.01), with the highest value in the surface
layer (0–5 cm) regardless of the slope position (P b 0.05, except for
subplot C; Fig. 5a). This indicates that SOC is concentrated in the
soil surface, which is similar to the results of Jin et al. (2008). The
SOC concentrations in the upper and middle slope positions (subplots
A, B and C) showed similar vertical distributions, and they significant-
ly decreased with depth for the 0–20 cm layers (P b 0.01, except for
the first 0–10 cm of subplot C). In the 20–35 cm layer, SOC increased

in subplots B and C (P = 0.000–0.007), while it decreased within
subplot A. In subplot D the SOC concentrations in the 0–5 cm soil
layer were significantly higher than those in the 5–10 cm layer;
while SOC in the 10–20 cm layer was distinctively higher than in
the 20–35 cm layer (P = 0.000). This indicates a possible burial pro-
cess in the 10–20 cm layer. The SOC concentrations in subplot E de-
creased significantly with depth in each sampling layer (P b 0.01).
The I1 event significantly changed the vertical distribution of SOC
within the 0–35 cm soil depth range (Fig. 5b). After the I1 event, the
0–5 cm soil layer in subplot A exhibited the lowest SOC concentra-
tion, which then increased with depth until the 10–20 cm soil layer
(0–5 versus 10–20 cm, P = 0.021). The SOC concentration then de-
clined significantly in the 20–35 cm layer (10–20 versus 20–35 cm,
P = 0.036). In the other subplots, the SOC concentrations in the
5–10 cm layer were always the lowest. Respective to increasing
depths, the SOC concentrations then increased within the 10–20 cm
layer. This trend was significant in subplots C (5–10 versus
10–20 cm, P = 0.02) and D (5–10 versus 20–35 cm, P = 0.047).

Table 1
Time pattern of sediment and runoff.

Sample no 1 2 3 4 5 6 7 8 9 10 11

Time
(min)

7′34″ 10′34″ 13′34″ 16′34″ 19′34″ 22′34″ 25′34″ 28′34″ 31′34″ 34′34″ 36′34″

SYR-I1
(g min−1)

0.09 0.67 1.59 1.37 1.43 0.23 1.45 1.47 1.55 1.41

RR-I1
(mm h−1)

4.34 26.20 43.00 47.00 44.00 51.00 50.00 48.00 52.50 52.50 13.50

SC-I1
(g)

18.45 152.44 468.87 743.22 1029.31 1075.72 1365.92 1660.35 1969.47 2251.71

RC-I1
(L)

0.87 6.11 14.71 24.11 32.91 43.11 53.11 62.71 73.21 83.71 85.54

Time
(min)

4′31″ 7′31″ 10′31″ 13′31″ 16′31″ 19′31″ 22′31″ 25′31″ 28′31″ 31′31″ 36′31″

SYR-I2
(g min−1)

1.50 3.72 4.77 7.21 6.89 5.48 7.11 6.79 6.66 6.05

RR-I2
(mm h−1)

96.50 177.00 196.75 216.50 200.00 205.50 204.00 210.50 206.50 202.50 52.00

SC-I2
(g)

299.92 1042.97 1997.21 3438.66 4816.66 5912.80 7335.50 8693.64 10025.98 11236.93

RC-I2
(g)

19.30 54.70 94.05 137.35 177.35 218.45 259.25 301.35 342.65 383.15 393.55

SYR-I1, sediment yield rate for I1 event; RR-I1, runoff rate for I1 event; SC-I1, cumulative sediment yield for I1 event; RC-I1, cumulative runoff volume for I1 event; SYR-I2, sediment
yield rate for I2 event; RR-I2, runoff rate for I2 event; SC-I2, cumulative sediment yield for I2 event; RC-I2, cumulative runoff volume for I2 event

Table 2
Time pattern of sediment and runoff associated OC.

Sample no 1 2 3 4 5 6 7 8 9 10 11

Time
(min)

7′34″ 10′34″ 13′34″ 16′34″ 19′34″ 22′34″ 25′34″ 28′34″ 31′34″ 34′34″ 36′34″

SCR-I1
(g min−1)

0.01 0.07 0.34 0.18 0.01 0 0.07 0.01 0.14 0.24

RCR-I1
(mm h−1)

0.01 0.05 0.06 0.10 0.10 0.13 0.14 0.10 0.11 0.12 0.03

SCC-I1
(g)

1.72 1.54 3.18 1.96 0.06 0 0.72 0.08 1.38 2.57

RCC-I1
(L)

30.45 26.53 20.40 30.53 34.17 39.61 41.69 30.74 30.04 34.93 31.06

Time
(min)

4′31″ 7′31″ 10′31″ 13′31″ 16′31″ 19′31″ 22′31″ 25′31″ 28′31″ 31′31″ 36′31″

SCR-I2
(g min−1)

1.71 4.22 2.50 3.28 2.78 0.93 0.69 1.05 1.54 0

RCR-I2
(mm h−1)

0.34 0.54 0.41 0.48 0.53 0.53 0.35 0.40 0.45 0.38 0.11

SCC-I2
(g)

17.14 17.02 7.84 6.83 6.06 2.54 1.45 2.32 3.47 0

RCC-I2
(g)

53.33 45.69 31.05 33.03 39.83 38.74 25.38 28.63 32.99 27.78 32.47

SCR-I1, sediment-associated OC yield rate for I1 event; RCR-I1, runoff-associated OC yield rate for I1 event; SCC-I1, sediment OC contents for I1 event; RCC-I1, runoff OC contents for I1
event; SCR-I2, sediment-associated OC yield rate for I2 event; RCR-I2, runoff-associated OC yield rate for I2 event; SCC-I2, sediment OC contents for I2 event; RCC-I2, runoff OC contents
for I2 event.
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Within the 10–20 and 20–35 cm depths, the SOC concentrations
decreased similarly in all of the slope positions, except for subplot E.

Before the I2 event, the SOC concentrations once more showed sig-
nificant vertical stratification regardless of slope position (P b 0.05;
Fig. 5c). SOC concentrations were the highest in the 0–5 and
5–10 cm layers, and then decreased markedly with respect to depth
in the upper and middle slope positions of subplots A, B and C. In
subplot D, the SOC concentrations in the 0–5 cm layer were also
significantly higher than those in the 10–20 and 20–35 cm layers
(P = 0.000). In subplot E, the highest SOC concentration was ob-
served in the 20–35 cm layer (5–10 versus 20–35 cm, P = 0.000;
10–20 versus 20–35 cm, P = 0.000). Similar to the case of the I1
event, this finding indicates SOC burial on the cultivated slope. During
the I2 event, soils displayed similar SOC vertical patterns (Fig. 5d). The
SOC concentrations between 0 and 10 cm decreased with depth, only
to then sharply increase towards their highest values within the
10–20 cm layer, a peak after which the SOC content decreases
with depth, except for subplot E. In subplot E, SOC concentrations
increased with depth for soils deeper than 10 cm. For subplots A, B,
and C discrepancies among different depth layers were statistically
significant (subplot A: 5–10 versus 10–20 cm, P = 0.01; 5–10 cm
versus 20–35 cm, P = 0.046; subplot B: 0–5 cm versus 10–20 cm,
P = 0.017; 0–5 cm versus 20–35 cm, P = 0.033; 5–10 cm versus
10–20 cm, P = 0.011; 5–10 cm versus 20–35 cm, P = 0.021; subplot
C: 5–10 cm versus 10–20 cm, P = 0.013; 5–10 cm versus 20–35 cm,
P = 0.016).

SOC concentrations decreased in the upper two layers (0–5 and
5–10 cm) after theI1 event regardless of slope positions (Fig. 6a).
This trend was statistically significant for the 0–5 and 5–10 cm layers
of subplot A (P = 0.002) and the 5–10 cm layer for subplot C (P =
0.031). The SOC concentrations in the 10–20 and 20–35 cm layers be-
came higher after the I1 events, and the increase was significant for
the 10–20 cm layer of subplot B (P = 0.003) (Fig. 6a). These findings
confirm the vertical transport of SOC, a process which also occurred
during the I2 event (Fig. 6b). Except for subplot E, SOC concentrations
decreased in the 0–5 and 5–10 cm layers, and increased in the 10–20
and 20–35 cm layers. The decrease was significant in the 5–10 cm
layer of subplot A (P = 0.008), 0–5 and 5–10 cm layers of subplot B
(P = 0.006 to 0.008), and the 0–5 cm layer of subplot C (P =
0.001). The increase was significant in the 10–20 cm layer of subplot
B (P = 0.042), 10–20 and 20–35 cm layers of subplot C (P = 0.005 to
0.008), and the 10–20 cm of subplot D (P = 0.043). Although not
significant, SOC concentrations increased regardless of soil depth in
subplot E.

4. Discussion

The amounts of eroded SOC were found to be strongly influenced
by rainfall intensity: more SOC was exported by the I2 event than the
I1 event. This confirms that highly erosive rainstorms accelerate soil
loss and the associated SOC loss. Erosion is an abrasive process. Dur-
ing the early period of the rainfall events, all the rain water was infil-
trated and splash erosion dominated the soil loss process. Because of
fast wetting and mechanical breakdown due to raindrop impacts (Shi
et al., 2010), soil particles became more susceptible to splash erosion
(Leguedois et al., 2005). During overland flow, inter-rill and rill
erosion processes become dominant and runoff shear stress can slake
the aggregate (Li et al., 2005). Erosion initially washes down small ag-
gregates, then moving to larger ones. Large aggregates can also become
fragmented by raindrops, then creating supply material for transport
(Rodriguez et al., 2002; Schiettecatte et al., 2008). However, due to
the lower SOC concentration in larger aggregates (Bronick and Lal,
2005), the SOC loss rate is shown to decrease (Table 2).

The SOC loss rate was not found to correlate with patterns of
sediment and runoff loss (Tables 1 and 2). The loss rate of runoff-
transported SOC was rather stable, and did not increase sharply
with rainfall intensity. This does not apply to sediment-transported
SOC, and higher rates occurred in the I2 event than I1 event
(Table 2). Strong fluctuations in sediment-transported SOC during
the I2 event may reflect complex processes related to the decomposi-
tion of soil aggregates (Polyakov and Lal, 2008).

As noted earlier, sediment SOC losses during rainfall events can
vary according to rainfall intensity, which agrees with the result of
Truman et al. (2007). However, ERsoc was always lower than 1.0
during the I1 event, and also after 18 min of the I2 event. From this it
can be seen that the more intense the erosive rainfall, the higher the
enrichment ratio. This finding differs from some previous research re-
sults concerning sediment-transported SOC (Polyakov and Lal, 2004;
Rumpel et al., 2006; Jin et al., 2009). According to Polyakov and Lal
(2004), the higher ERsoc values obtained during the initial stage of the
rainfall experiment are due to the flushing of loose organic particles
and fine soil fractions. During the highly erosive I2 event, large amounts
of loose surface soils rich in SOC were transported first. Therefore, high
ERsoc values were observed during the initial stage. Repeated sediment
removal then led to mixing of the subsoil and topsoil, reducing the
overall SOC concentration in the eroded sediment (Martínez-Mena et
al., 2012) to levels even lower than in the undisturbed initial soil.
Thus, ERsoc gradually decreased to lower than 1.0. In our research, the
original soil SOC concentration was very low, according to the Second
National Soil Survey, and had a rather high percentage of silt. As
Jacinthe et al. (2004) have shown, the transport of SOC by erosion is re-
lated to the selective transport of finer soil particles. During this study,

Fig. 3. Change in ERsoc with respect to time during the rainfall simulation experiments
under different rainfall intensities (I1: 0.58 mm min−1; I2: 1.64 mm min−1).

Fig. 4. Horizontal redistribution of soil organic carbon (SOC) in the 0–20 cm deep soil
layer for pre- and post-rainfall of the I1 and I2 events (I1: 0.58 mm min−1; I2:
1.64 mm min−1). A to E represent subplots from the slope top to the toe located at 1 m
intervals. The same letters (i.e., a to e) in a certain bar demonstrate no significant differ-
ence (LSD test, α = 0.05). Error bars represent the standard error of the means (n = 3).
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however, a minimal amount of fine particles enriched in carbon (e.g.,
clay) were observed.

According to Strickland et al. (2005), the rainfall factors affecting
detachment and transport thresholds for sediment and sediment-
transported carbon also affect soil characteristics. Substantial carbon
loss may only occur from storms above a certain threshold with short
but intense rainfall events (Strickland et al., 2005; Truman et al.,
2007). In the I1 event, however, low ERsoc values were likely a result of

the low concentrations of clay and SOC in conjunction with the lower
intensity rainfall and eluviation of clay and organic matter into the soil
during rainfall. At all events, a trend of horizontal transport from
upper to lower slopes was observed regardless of rainfall intensity
(Fig. 4), which agrees with the findings of Chaplot et al. (2005) and
Van Oost et al. (2007).

Vertical SOC transport processes were found to affect the spatial
distribution of SOC within the soil layers (Figs. 5 and 6). Before the
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Fig. 5. Concentrations of soil organic carbon (SOC) before and after a rainfall simulation experiment for depths 0–5, 5–10, 10–20, and 20–35 cm. (a) Pre-rainfall, I1 event. (b) Post-rainfall,
I1 event. (c) Pre-rainfall, I2 event. (d) Post-rainfall, I2 event. A to E represent subplots from the slope top to the toe located at 1 m intervals. Error bars represent the standard error of the
means (n = 3).
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Fig. 6. Change in soil organic carbon (SOC) distribution due to rainfall simulation for depths of 0–5, 5–10, 10–20, and 20–35 cm. (a) I1 event. (b) I2 event. A to E represent subplots
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error of the means (n = 3).
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rainfall simulations the SOC within the surface soil was enriched.
After the simulations, a downward shift within SOC in the 0–5 and
5–10 cm soil layers and an upward shift within the 10–20 and
20–35 cm soil layers were observed. These SOC shifts are a direct re-
sult of infiltration at nearly all the slope positions (except subplot E
during the I2 event). Vertical transport within these plots was likely
underestimated due to the assessment only being performed on the
top 35 cm of soil. Deeper transport of clay and organic matter may
have occurred. The incorporation of SOC deeper into the soil increases
its potential for preservation, as evidenced by the somewhat high SOC
concentrations observed in deep soil layers during long-term
abandonment and erosion processes (e.g., the 20–35 cm soil layer in
subplot E for the pre-I2 event; Fig. 5c). Our data analysis has shown
that three spatial transfer processes control the fate of eroded SOC.
Although deeply buried SOC is relatively stable, carbon near the
surface can easily be transported horizontally. After the exported
SOC is transferred into the river network, it will comprise a more
significant part of the larger scale carbon cycle. The lateral movement
of carbon through the terrestrial system is a key uncertainty in our
understanding of the carbon cycle (Stallard, 1998; Kuhn et al.,
2009). The large scale carbon cycle can also be affected by complicat-
ed processes, including transport selectivity, as represented by differ-
ent carbon enrichment ratios.

The results indicate that vertical leaching of SOC occurs more
readily within shallow surface soils (0–10 cm) than in the deeper
soils. From this, it could be inferred that higher rainfall intensities
lead to a more significant vertical transport of SOC. Horizontal SOC
transport can also become active under intense and erosive rainfall.
Details about the contribution of vertical and horizontal processes
on SOC transport should be examined within future work.

5. Conclusions

An expanded knowledge of vertical and lateral carbon flux is
essential for a greater understanding of the carbon cycle. In the
study area, eroded SOC was mobilized and redistributed throughout
the slope surface and soil layers, or exported from the plot all togeth-
er. Sediment-associated SOC played a major role in determining the
total amount of SOC loss, with rainfall regimes significantly impacting
the export process. Sediment ERsoc was also affected by rainfall inten-
sity. Sediment-enriched SOC, however, was not obvious in the study
area due to the low SOC concentration of the original soils, the low
rainfall intensity, and the eluviation of clay and organic matter into
the soil. Although not always significant, horizontal on-site redistri-
bution of SOC occurred regardless of rainfall intensity. SOC was also
transported from the upper to deeper soil layers via infiltration,
resulting in vertical variabilities of SOC regardless of slope positions.
Due to these transport processes, the part of eroded SOC was either
deposited near the soil surface or deeper into the soil layers.
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