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Abstract

Purpose Characterizations of soil aggregates and soil organic carbon (SOC) losses affected by different water erosion patterns at
the hillslope scale are poorly understood. Therefore, the objective of this study was to quantify how sheet and rill erosion affect
soil aggregates and soil organic carbon losses for a Mollisol hillslope in Northeast China under indoor simulated rainfall.
Materials and methods The soil used in this study was a Mollisol (USDA Taxonomy), collected from a maize field (0-20 cm
depth) in Northeast China. A soil pan with dimensions 8 m long, 1.5 m wide and 0.6 m deep was subjected to rainfall intensities
of 50 and 100 mm h™"'. The experimental treatments included sheet erosion dominated (SED) and rill erosion dominated (RED)
treatments. Runoff with sediment samples was collected during each experimental run, and then the samples were separated into
six aggregate fractions (0-0.25, 0.25-0.5, 0.5-1, 1-2, 2-5, > 5 mm) to determine the soil aggregate and SOC losses.

Results and discussion At rainfall intensities of 50 and 100 mm h™ ", soil losses from the RED treatment were 1.4 and 3.5 times
higher than those from the SED treatment, and SOC losses were 1.7 and 3.8 times greater than those from the SED treatment,
respectively. However, the SOC enrichment ratio in sediment from the SED treatment was 1.15 on average and higher than that
from the RED treatment. Furthermore, the loss of < 0.25 mm aggregates occupied 41.1 to 73.1% of the total sediment aggregates
for the SED treatment, whereas the loss of > 0.25 mm aggregates occupied 53.2 to 67.3% of the total sediment aggregates for the
RED treatment. For the organic carbon loss among the six aggregate fractions, the loss of 0-0.25 mm aggregate organic carbon
dominated for both treatments. When rainfall intensity increased from 50 to 100 mm h™', aggregate organic carbon loss increased
from 1.04 to 5.87 times for six aggregate fractions under the SED treatment, whereas the loss increased from 3.82 to 27.84 times
for six aggregate fractions under the RED treatment.

Conclusions This study highlights the effects of sheet and rill erosion on soil and carbon losses at the hillslope scale, and further
study should quantify the effects of erosion patterns on SOC loss at a larger scale to accurately estimate agricultural ecosystem
carbon flux.
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1 Introduction

Responsible editor: Nikolaus Kuhn

Soil erosion significantly affects the global carbon (C) cycle in
terrestrial ecosystems (Stallard 1998; Lal 2003; Van Oost et al.
2007; Kuhn et al. 2009). Erosion-induced C loss generates
considerable interests because this loss is one part of the
“missing sink” of the unbalanced global C budget (Tans et
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humus (58% C) at a rate of 25.3 Tg year ' since agriculture
began 10,000 years ago, 300 Tg year ' in the past 300 years
and 760 Tg year ' in the last 50 years. Previous studies esti-
mated the current rate of SOC loss by erosion was to be 4.0—
6.0 Tg C per year assuming a sediment delivery ratio of 10%
and SOC content of 2-3% (Lal 2003). Given the intense in-
terest in assessing erosional SOC loss and the variation among
studies, improving the qualitative understanding of the princi-
pal processes and factors that affect the rate and magnitude of
SOC loss within soils and terrestrial ecosystems is important.
Additionally, in the current research, mostly attention is con-
centrated on sheet erosion-induced SOC loss, but there is little
information on rill erosion-induced SOC loss.

Soil aggregation is perceived as an indicator of soil stability
and erodibility (Sutherland et al. 1996; Six et al. 2000;
Morgan 2005; Zhang et al., 2006a, b). Properties related to
soil matrix aggregate stability such as organic content, bulk
density and dispersion ratio are also related to soil erodibility
(Young and Onstad 1982). In the process of soil erosion,
which is affected by raindrop impact and agricultural prac-
tices, the explosion of dry aggregates after moistening and
mechanical disturbance, among other factors, cause aggre-
gates to lose stability and break into lighter and smaller frac-
tions (Le Bissonnais and Arrouays 1997; Lal 2003). Eroded
aggregate size distribution varies during the erosion process at
different eroding landform positions (Armstrong and Stein
1996). Additionally, soil aggregates are important in the pro-
tection of SOC against rapid decomposition by soil microbes
(Tisdall and Oades 1982). The destruction of soil aggregates
releases the cementing organic carbon that was previously
encapsulated within the aggregates (Polyakov and Lal
2004). With overland flow, soil aggregates and SOC are
transported away from eroded soil landscapes. However, the
SOC dynamics in soil aggregation and disaggregation during
soil detachment, transport and deposition processes are far less
well understood (Kuhn et al. 2009; Nadeu et al. 2011).

Most studies show that the selective transport of overland
flow results in the enrichment of the eroded sediment with
labile SOC (Tiessen et al., 1982; Bajracharya et al. 2000; Lal
2003). Generally, the enrichment ratio (ER) of SOC in the
sediment, defined as the ratio of organic carbon content in
eroded sediment to that of the tested soil organic carbon, is
> 1 (Schiettecatte et al. 2008b). Based on a simulated study,
Polyakov and Lal (2004) showed that the ER of SOC for
sediment leaving the erosional portion of the slope is smaller
than that from the depositional portions of the slope.
Moreover, researchers have investigated the factors affecting
SOC loss by water erosion. For example, Foster and
Wischmeier (1974) noted that soil properties, rainfall intensity
(duration), topography, surface cover and soil wetness influ-
ence SOC loss. In general, the magnitude of SOC transport in
runoff water is greater from bare fallow plots than that from
plots with vegetal cover (Lal 1976; Lowrance and Richard
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1988; Jin et al. 2009), and SOC loss induced by erosion on
sloping land may be several times higher than that on flat land.
Several studies indicate that conservation tillage practices re-
duce losses of soil and SOC (Kisic et al. 2002; Puustinen et al.
2005). Maiga-Yaleu et al. (2013) noted that the formation of
loose and sandy crusts increases SOC protection from water
erosion, which in turn may improve SOC stabilization and
associated soil functions. Wang et al. (2014) found that the
erosion-induced breakdown of aggregates and the redistribu-
tion of aggregate associated SOC lead to an increase in macro-
aggregation and macro-aggregate associated C content at the
depositional site. The cited research results indicate that be-
cause of the above factors, water erosion affects SOC dynam-
ics. However, there are still unknown factors affecting the
erosion process and SOC loss. For example, the mechanisms
of SOC loss in different water erosion processes, such as
splash, sheet, and rill erosion, remain poorly understood.
Moreover, erosion processes affecting SOC are not yet
modelled in an optimal way, and no good parameterization
describes the internal dynamics (Starr et al. 2000; Polyakov
and Lal 2004). Consequently, the effects of soil erosion on C
dynamics must be assessed objectively and quantitatively, and
the discrepancy comparison of soil aggregate breakdown and
SOC loss mechanisms in different water erosion processes
remains to be quantified.

The Mollisol region of Northeast China (43-50°N, 124-
127°E) occupies an area of 5.96 million hectares. With an
undulating landscape, concentrated rainfall in the summer
and bare soil surface without residue cover under conventional
management cause serious rill erosion (Cheng et al. 2010).
Moreover, rill and gully erosion are also principal erosion
patterns in the Mollisol region. The national survey indicated
the number of erosion gullies was approximately 0.25 million,
and the destroyed cultivated land area covered approximately
0.48 million hectares in the Mollisol region of Northeast
China (MWR et al. 2010). However, current studies on
Mollisol erosion mechanisms, particularly for rill and gully
erosion mechanisms, remain relatively weak. The non-
selective sediment transport during rill erosion is different
from sheet erosion, which is selective sediment transport.
Currently, SOC loss induced by rill erosion is unknown.
Thus, further exploration of the inherent mechanisms of the
SOC loss under sheet erosion dominated and rill erosion dom-
inated is necessary. Therefore, the specific objectives of this
study were (a) to investigate the characteristics of sheet and rill
erosion, (b) to compare soil aggregate loss processes between
sheet erosion dominated and rill erosion dominated treat-
ments, and (¢) to identify differences of the SOC and aggre-
gate organic carbon losses between sheet and rill erosion. The
results from this study improve the understanding of how
sheet erosion and rill erosion influence soil aggregates and
SOC losses and reveal SOC loss mechanisms for different
water erosion patterns.
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2 Materials and methods
2.1 Soil properties and experimental setup

The soil used in the experiment was collected from the upper
20 cm of the plough layer in a maize field near Liujia Town
(44°43'N, 126°11'E), Yushu City, Jilin Province, which is the
centre region of Northeast China. The soil is a silt loam soil and
classified as a Mollisol (USDA Taxonomy), with a soil bulk
density of 1.20 Mg m > and with 20.3% clay (<2 um), 76.4%
silt 250 um) and 3.3% sand (> 50 um) content. The pH in
water was 5.92, measured with a 1:2.5 solid-to-water ratio on a
weight basis. The soil contained 23.8 gkg ™' soil organic matter,
18.1 mg kg ' NO5s—N, 16.0 mg kg ' NH,~N and 1.5 mg kg™’
PO,—P. Before the experiment, the soil was air dried to a mois-
ture content of approximately 4% and then broken into sub-
angular blocky clods less than 4 cm in size, but was not sieved
and ground to preserve the in situ soil aggregation fabric.

The simulated experiments were conducted in the Rainfall
Simulation Laboratory of the State Key Laboratory of Soil
Erosion and Dryland Farming on the Loess Plateau,
Yangling City, China. A rainfall simulator system with a side
sprinkler was used to apply rainfall and the rainfall simulator
could be set to any selected rainfall intensity, ranging from 20
to 300 mm h™", by adjusting water pressure and spray nozzle
size. The nozzles’ were approximately 16 m above the ground
surface for the rainfall simulator. The simulated rainfall had
uniformity above 90% and was similar to natural rainfall in
both raindrop size distribution and kinetic energy (Zhou et al.
2000). The soil pan was 8 m long, 1.5 m wide and 0.6 m deep,
and runoff collecting devices were installed at the outlet. The
bottom of the soil pan was equipped with 128 drainage holes
with a diameter of 2 cm. A 10-cm thick layer of sand was
packed at the bottom of the soil pan, which allowed free
drainage of excess water. Then layers over the sand were
divided into a sticky loess layer (simulating the plough pan)
with a depth of 20 cm and a Mollisol layer (simulating the tilth
layer) with a depth of 20 cm. The bulk densities for the sticky
loess layer and the Mollisol layer were 1.35 and 1.20 g cm °,
respectively. Additional details about the packing process of
the soil pan are found in An et al. (2012).

2.2 Experimental design and procedures

The experimental design included two treatments: sheet ero-
sion dominated and rill erosion dominated. The top 20 cm of
soil in the soil pan for the sheet erosion dominated (SED)
treatment was ploughed each time before the experiment.
After ploughing, the soil pan was allowed to settle for 2 days,
and then the soil surface was harrowed flat for the treatment of
SED. For the rill erosion dominated (RED) treatment, an initial
channel 2.00 m long and 0.10 m deep and 0.10 m wide was
built in the centre of the soil pan, which was located at 5-7 m

slope length of the soil pan (Wei and Xiao, 2005; MWR et al.
2010; Wang et al. 2011). Except for building the rill channel in
the soil pan for the RED treatment, other treatment preparation
of the soil pan was the same as that for the SED treatment.

In the Mollisol region of Northeast China, the gradient of
the hillslope land is generally 1-8° (Zhang et al., 2006a, b),
and sometimes it exceeds 10°, where rill erosion frequently
occurs. Therefore, 10° was determined as the experimental
slope gradient representing the typical slope gradient on which
severe soil erosion occurred. According to the annual precip-
itation (500-700 mm), particularly the record of erosive rain-
fall events with high rainfall intensity (/s=1.85 mm min ',
and /;5>0.87 mm min ') and short duration (40-70% of the
total erosive rainstorms last less than 1 h), in the typical
Mollisol region of Northeast China, the rainfall intensity in
this study was set to 50 and 100 mm h™' (0.83 and
1.67 mm min "), respectively.

Before the rainfall simulation experiment, a pre-rain with
intensity of 25 mm h™' was performed on the soil pan for
approximately 40 min, and then, the soil pan was allowed to
saturate slowly for 24 h. The soil moisture content was mea-
sured before each experiment and maintained at 28.6-29.7%.
After calibrating the rainfall intensity and maintaining the error
below 5%, the simulated rainfall experiment was conducted for
the duration of 100 min. Each treatment was repeated twice.

2.3 Experimental measurements

For each treatment, two sets of runoff samples with sediment
were collected to investigate the sediment and SOC transport
and to analyse the sediment aggregate redistribution and ag-
gregate organic carbon. The first set of runoff samples with
sediment was collected during rainfall simulation from the
outlet of the soil pan at 5 min intervals using 15 L buckets,
and each sample volume was approximately 4-6 L. To avoid
mineralization of soil samples and the loss of carbon content,
the runoff samples were immediately weighed and dried at
45 °C (Walkley and Black 1934), and the dried sediment
was used to calculate the soil loss rate. The second set of
runoff samples with sediment was collected at 10 min inter-
vals in the same manner as the first set of samples and was
sieved through 5, 2, 1, 0.5, and 0.25 mm screen openings.
Sediment fractions remaining on the sieves and material that
passed through the 0.25 mm sieve were dried and weighed.
During each experiment, velocities of sheet flow and rill con-
centrated flow were measured with a dye tracing method.

2.4 Analytical methods and computation
The average runoff rate and soil loss rate were the mean of the
entire experimental process for each run. The methods of

mean weight diameter, MWD (Bavel 1949), and geometric
mean diameter, GMD (Mazurak 1950; Gardner 1956), were
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used to represent soil aggregate size distribution. The MWD
and GMD are defined using Eq. (1) and (2):

MWD = ;1 X (1)

GMD = exp K; wl-lnxi) / (;1 w,-)} 2)

where x; is the mean diameter of each size class, y; is the
proportion of each size class with respect to the total sample,
and w; is the weight of each size class.

The first set of dried sediment samples was used to analyse
the SOC concentration, and the second set of dried sediment
fractions was used to measure aggregate organic carbon con-
tent (Walkley and Black 1934). The enrichment ratio (ERgoc),
as defined by Massey and Jackson (1952), is the ratio of or-
ganic carbon content in eroded sediment to the tested soil
organic carbon. The SOC cementing agent index was aggre-
gate stability (MWD) divided by the SOC content (%), which
was considered the quality of the SOC cementing agent for
soil aggregate stability.

Statistical data analysis was performed using the software
package Excel (2003) and the SPSS 23.0. ANOVA was used
to detect the effects of sheet erosion and rill erosion treatments
and rainfall intensity. For the results of multiple comparisons,
the method of least significant difference (LSD) was used, and
the values were statistically significant at P < 0.05.

3 Results
3.1 Runoff and soil loss

Runoff from the sheet and rill erosion dominated treatments
showed no significant difference under the same rainfall in-
tensity (Table 1). However, under rainfall intensities of 50 and
100 mm h ™", soil loss from the RED treatment was 1.4 and 3.5
times higher, respectively, than those from the SED treatment,
and the sediment concentration was 1.3 and 1.4 times greater,
respectively, than that from the SED treatment. When the
rainfall intensity increased from 50 to 100 mm hfl, the runoff
increased by 2.4 times on average, and soil loss increased
greatly by 17.6 times for the RED treatment and by 7.1 times
for the SED treatment. Statistical analysis revealed significant
effects of sheet and rill erosion treatments and rainfall inten-
sities on the soil loss and sediment concentration (P < 0.05).

3.2 Soil aggregate loss
3.2.1 Sediment aggregate size distributions

The proportion of 0-0.25 mm aggregates in the tested soil was
the largest among the six aggregate fractions, which occupied
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45.8% (Table 2) of the total aggregate content. For the SED
treatment, the proportion of 0-0.25 mm aggregates in the
eroded sediment was lower than that in the tested soil under
50 mm h™" rainfall intensity and accounted for 41.1% of the
total aggregate content; however, under 100 mm h™" rainfall
intensity, the proportion was larger than that in the tested soil
and occupied 73.1% of the total aggregate content. For the
RED treatment, the proportion of 0-0.25 mm aggregates in
the sediment was smaller than that in the tested soil under both
rainfall intensities of 50 and 100 mm h™' and accounted for
32.7 and 36.8%, respectively. Moreover, compared with the
tested soil, the proportions of 0.25-0.5 and > 5 mm aggregates
in the sediment decreased for both treatments under the two
rainfall intensities, whereas those of the 1-2 and 2.5 mm ag-
gregate increased. Furthermore, compared with the tested soil,
the proportion of 0.5-1 mm aggregates in the sediment
showed three trends, i.e. an increasing trend for both treat-
ments under 50 mm h ™! rainfall intensity, a decreasing trend
for the SED treatment under 100 mm h ™' rainfall intensity and
being more or less for the RED treatment under 100 mm h™'
rainfall intensity. When the rainfall intensity increased from
50 to 100 mm h ™", except for the proportions of 0-0.25 and >
5 mm aggregates were increased, other aggregate fractions
decreased for both treatments.

To further illustrate the soil aggregate size distribution char-
acteristics, the indicators MWD and GMD were used (Table 2).
Compared with the tested soil, both the MWD and GMD for
the sediment decreased, and the decrements for the SED treat-
ment were higher than those for the RED treatment. As the
rainfall intensity increased from 50 to 100 mm h™', both
MWD and GMD for the SED treatment decreased, whereas
the values increased for the RED treatment.

3.2.2 Sediment aggregates loss processes

Figure 1 presents the temporal variations for the losses of the
six sediment aggregates for the SED and RED treatments.
Under rainfall intensities of 50 and 100 mm h™', the loss rates
of the sediment aggregate fractions for the RED treatment
showed greatly change with the rainfall duration; however,
for the SED treatment, the loss rates peaked at 25 min and
then decreased and maintained at steady trend. Moreover, the
loss rates of the six aggregate fractions for the SED treatments
were all less than those for the RED treatment, and the loss
rate variations of the six aggregate fractions were similar for
each treatment.

3.3 SOC and aggregate organic carbon losses
3.3.1 SOC loss and the enrichment ratio

SOC losses for the RED treatments were 1.7 and 3.8 times
larger than those from the SED treatments under rainfall
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Table 1 Runoff, soil loss and
sediment concentration for both
treatments of sheet erosion and rill
erosion dominated

Water erosion pattern Rainfall intensity ~ Runoff (mm) Soil loss (g m?) Sediment
(mmh 1) concentration
eL™h
Sheet erosion dominated (SED) 50 482+4.0b* 64.2+5.0d 1.3+£0.0d
Rill erosion dominated (RED) 50.9+£2.6b 90.8+£233 ¢ 1.8+0.5¢
Sheet erosion dominated (SED) 100 1143+17.8a  4542+1333Db 9.1£0.8b
Rill erosion dominated (RED) 1242+134a 1595.8+320.8 a 129+1.7a

#The number after “+” is the standard deviation (SD); the same letter in the same column is not significantly
different at P < 0.05 according to LSD tests

intensities of 50 and 100 mm h™", respectively (Table 3). As
the rainfall intensity increased from 50 to 100 mm h!, sOC
loss increased by 7.2 and 16.4 times for the treatments of SED
and RED, respectively. However, SOC enrichment ratios
(ERgoc) in eroded sediment for the RED treatments were
approximately 1, which was 13.4 and 7.3% less than those
for the SED treatments under rainfall intensities of 50 and
100 mm h™", respectively. Statistical analysis revealed signif-
icant effects of both sheet erosion and rill erosion patterns on
SOC loss and ERgoc (P <0.05). Moreover, rainfall intensity
also had significant effects on SOC loss, whereas ERgoc was
not significantly affected.

3.3.2 Aggregate organic carbon losses

The organic carbon content of 0-0.25 mm aggregates in the
tested soil was the lowest among the six aggregate fractions
(Table 4). Compared with the tested soil, the organic carbon
content of 0-0.25 mm aggregates in the sediment for the SED
treatment increased by 14.89 and 14.29% under rainfall inten-
sities of 50 and 100 mm h™", respectively, and for the RED
treatment, the content increased by 33.33 and 22.08%, respec-
tively. Moreover, when the rainfall intensity increased from 50
to 100 mm hﬁl, the organic carbon contents of 0.25-0.5, 0.5-1
and 2-5 mm sediment aggregates increased significantly for
the SED treatments; whereas the change in organic carbon
contents in the other sediment aggregates was not significant.
For the RED treatments, the organic carbon contents of 0.25—

0.5, 0.5-1 and >5 mm aggregates increased significantly
when rainfall intensity increased from 50 to 100 mm hl,
but the organic carbon contents decreased significantly in
the other sediment aggregates.

The aggregate organic carbon loss of each aggregate frac-
tion was calculated by multiplying the organic carbon content
of each aggregate fraction by the mass of soil aggregate
(Fig. 2).The aggregate organic carbon loss from each aggre-
gate fraction for the RED treatments was significantly higher
than that for the SED treatments, except the 0.25-0.5 mm
aggregate fraction was significant under the 50 mm h™" rain-
fall intensity. When rainfall intensity increased from 50 to
100 mm h™', aggregate organic carbon loss increased from
1.04 to 5.87 times among the six aggregate fractions for the
SED treatment, whereas the lost increased from 3.82 to 27.84
times for the RED treatment (Fig. 2), which implied that sed-
iment aggregate organic carbon loss for the RED was more
sensitive to rainfall intensity, compared with the SED
treatment.

4 Discussion

4.1 Characterization of soil aggregates loss for sheet
and rill erosion

Some studies show that rainfall intensity, slope gradient and
original soil aggregate distribution influence the aggregate

Table 2 Aggregate size distributions in sediment and its indicators for both treatments of sheet erosion and rill erosion dominated
Water erosion pattern Rainfall intensity ~ Aggregate size distributions in sediment (%) Indicators (mm)
(mmh™)
0-025mm 025-05mm 05-1mm [-2mm 2-5mm >5mm MWD* GMD"

Sheet erosion dominated (SED) 50 41.1 54 13.9 17.2 19.0 34 1.32 0.74
Rill erosion dominated (RED) 32.7 5.6 10.7 14.2 27.1 9.7 1.82 1.01
Sheet erosion dominated (SED) 100 73.1 3.8 4.1 6.1 8.1 4.8 0.84 0.42
Rill erosion dominated (RED) 36.8 44 6.4 114 13.6 27.4 2.17 1.09
The tested soil / 458 13.8 6.1 3.0 33 28.0 3.03 1.72

*The MWD is mean weight diameter

°The GMD is geometric mean diameter
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Aggregate size fractions in sediment
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Fig. 1 Temporal variations in sediment aggregate loss rate for both treatments of sheet erosion and rill erosion dominated

transport rate (Loch and Donnollan 1983; Proffitt and Rose
1991; Rose et al. 2007; Asadi et al. 2007b). With the same
experimental setting, different soil and aggregate losses for the
SED and RED treatments could be attributed to different
mechanisms of soil detachment and transport. Moss et al.
(1979) note that sediment transport can be divided into
suspended, saltation and contact (rolling) loads, each normally
broadly associated with particular sediment size ranges. Sheet
erosion processes are confined to the soil surface and are
strongly influenced by raindrop energy, which causes soil ag-
gregate breakdown to a lower level (Mueller-Nedebock et al.
2016). Then, transport by saltation and sheet flow carries the
dispersed soil aggregates (suspended and contact loads)
downslope at a steady state (Shi et al. 2012). For the SED
treatment, raindrop impact force promoted aggregate break-
down to a lower level, and the surface flow delivered the
dispersed soil aggregates. With an increase of rainfall intensi-
ty, the raindrop impact force increased, and consequently, the
larger-sized aggregates were broken down and transported
(Table 2). Many experimental results show that during
rainfall-driven erosion, when sheet erosion dominates, sedi-
ment is enriched with finer particles at early times because of
the limited sediment transport capacity of surface flow until
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the rills form (Moss et al. 1979; Proffitt and Rose 1991).
Therefore, for the SED treatment, the primary driving forces
were raindrop impact and sheet flow on the surface.

Soil erosion was accelerated because the preformed rill
channel degraded soil structure and weakened aggregate sta-
bility. Additionally, rill erosion processes concentrate more
flow in the rill channel that can detach more soil aggregates
(Armstrong and Stein 1996; Bryan 2000). During the experi-
ments, concentrated flow velocity in the rill channel
(25.8 cm s ') was approximately two times larger than that
of the sheet flow in the SED treatment, which facilitated rill
development, and the soil loss in the RED treatment greatly
increased. With rill development, rill head-cut migration and
sidewall expansion would accelerate rill development with
larger-sized aggregates detached and transported, and the re-
sults showed that the proportion of macro-aggregates (>
0.25 mm) were greater than 60% (Table 2).

Sheet erosion selectively transports finer sediment parti-
cles, whereas no selectivity occurs in sediment transport when
rill channels develop (Proffitt et al. 1993). Although the dis-
tributions of other sized aggregates (i.e. 0.25-0.5, 0.5-1, 1-2
and 2-5 mm) in sediments varied and did not exhibit apparent
trends, the indicators MWD and GMD reflected the
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Table 3 Soil organic carbon
(SOC) loss and its enrichment ra-
tio (ER) for both treatments of
sheet erosion and rill erosion

dominated

Water erosion pattern Rainfall intensity SOC loss Enrichment ratio
(mmh™) (gh'm? (ERs00)

Sheet erosion dominated (SED) 50 0.5+0.1d* 1.19+£0.05 a

Rill erosion dominated (RED) 0.9+02c 1.03£0.01 b

Sheet erosion dominated (SED) 100 39+0.8b 1.10£0.04 a

Rill erosion dominated (RED) 146+2.1a 1.02£0.01 b

#The number after “+” is the standard deviation (SD); the same letter at the same column is not significantly
different at P < 0.05 according to LSD tests

characterizations caused by the sheet and rill erosion (Table 2).
Soils with high MWD and GMD are likely to have increased
resistance to soil degradation and erosion (Celik 2005). For
the RED treatment, undispersed large aggregate transport was
associated with rill head-cut migration and sidewall expan-
sion; thus, eroded sediment showed an integrated structure
which could explain the non-selective transportation of differ-
ent aggregate size fractions in the rill erosion.

Moreover, for this Mollisol, soil organic matter content
(23.80+0.17 g kg™ ") and well-structured soil aggregation
were higher than those of a Loess soil. After wet sieving, the
Mollisol contained more 0.25-0.5, 1-2, 2-5 and >5 mm
macro-aggregates than Loess soil; therefore, the soil material
losses by sheet and rill erosion for Loess soil are greater than
those of the Mollisol (Wu et al. 2012).

4.2 Characterization of soil organic carbon loss
for sheet and rill erosion

Auvailable literature generally show that different water erosion
patterns cause different SOC losses (Palis et al. 1997; Wan and
El-Swaify, 1998; Kirkels et al. 2014). This study indicated that
the SOC losses for the RED treatments were higher than those
for the SED treatments, and the influence of rainfall intensity
on SOC losses was significant. As a selective process, surface
runoff preferentially transports the finer sediment particles
associated with low bulk density SOC (Lowrance and
Richard 1988; Lal 2003). Therefore, eroded sediment has
finer-sized fractions than those of the original soil, and the
ERgoc is always above 1 (Zhang et al., 2006a, b).

Additionally, different water erosion processes also affect the
ERgoc. Some studies show that rill and interrill erosion pro-
cesses have contrasting effects on ERgoc (Schiettecatte et al.
2008a), because rill erosion is less selective or non-selective
after a specific critical flow shear stress was exceeded (Wan
and El-Swaify, 1998). Zheng et al. (2005) noted that, in the
ephemeral gully erosion dominated zone, the ERgoc in eroded
sediment initially decreases and then increases with an in-
crease in sediment concentration. Similarly, sediment from
the rill channel was also unsorted, and therefore, the ERgoc
was approximately 1 and significantly lower than that of sheet
erosion (Table 3).

Schiettecatte et al. (2008a) note that the enrichment process
is not influenced by raindrop impact when soil aggregate sta-
bility is low or SOC within the different soil aggregate classes
is equally distributed. Similarly, this study also showed that
the ERgoc was not significantly different at rainfall intensities
of 50 and 100 mm h ™! either in the SED or RED treatment,
which could be explained by “aggregate stripping” with the
SOC equally distributed within the different soil aggregate
fractions.

Tisdall and Oades (1982) note that water stable aggregates
>2 mm in diameter in soil with high organic carbon content
consist of aggregates and particles held together primarily by a
fine network of roots and hyphae. Additionally, Six et al.
(2000) note that the soil particles in large aggregates are of
low stability and persistence because they are weakly
cemented by organic matter. The aggregate changes (Figs. 1
and 2) might be explained by the aggregate properties. Macro-
aggregates (>0.25 mm) might include particulate, non-

Table 4  Aggregate organic carbon contents for both treatments of sheet erosion and rill erosion dominated

Water erosion pattern Rainfall intensity

Aggregate organic carbon contents in sediment (g kg ")

(mmh™) 0-0.25 mm 025-0.5mm  0.5-1 mm 1-2 mm 2-5 mm >5 mm
Sheet erosion dominated (SED) 50 141+£140b* 14.0+09a 142+1.0a 144+28a 139+30a 13.843.6a
Rill erosion dominated (RED) 18.0£1.8d 153+44Db 162+£0.7¢ 16.5+0.8b 157£09b 140+1.0a
Sheet erosion dominated (SED) 100 14.0£0.2Db 164+£23¢c 16.0£02c 147+30a 141+£21a 140+08a
Rill erosion dominated (RED) 154+1.0c¢ 19.1+£2.0d 17.3£05d 149+0.8a 143+35a 145+£24b
The tested soil / 120+£05a 154+02b 151+06b 143+02a 140+0.1a 13.6+0.6a

# The number after “+™ is the standard deviation (SD); the same letter at the same column is not significantly different at P < 0.05 according to LSD tests
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decomposed and raw organic matter that could be breakdown
and dissolved easily by water; thus, the amount of aggregate
organic carbon loss showed the greatest discrepancy between
the SED and RED treatments (Fig. 2). For the micro-
aggregates (< 0.25 mm), the primary components are colloidal
humic-type substances and stable clay-mineral complexes. As
shown in the time series (Fig. 1), the micro-aggregates (<
0.25 mm) accumulated constantly, and the organic carbon
content was stable (Table 4).

Table 5 shows the SOC cementing agent index, which re-
vealed the relationship between SOC content and soil aggre-
gate stability. The physical protection of SOC afforded by
aggregation is removed by water erosion when disruptive en-
ergy of forces (such as raindrop impact, the shear stress of
flowing water and collision with other aggregates) are applied
to soil (Lal 2003). Then, aggregates are broken down and
labile SOC fractions are released. Therefore, the SOC
cementing agent indexes all decrease compared with those
of the test soil (Wagner et al. 2007). The processes of disag-
gregation expose previously protected aggregate organic car-
bon, which can be transported by surface runoff downward to
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lower horizons (Janeau et al. 2014; Ma et al. 2014). In this
study, in addition to the above-mentioned mechanism, SOC
cementing agent indexes for the RED treatment were all larger
than those for the SED treatment at the same rainfall intensity
(Table 5), particularly under 100 mm h™' rainfall intensity.
These results indicate that different erosion patterns could af-
fect the disaggregation processes, and might further influence

Table 5 Sediment soil organic carbon (SOC) content and its cementing
agent index for both treatments of sheet erosion and rill erosion
dominated

Water erosion pattern Rainfall  SOC SOC cementing
intensity ~ content agent index
(mmh™) (%) (mm)

Sheet erosion dominated (SED) 50 1.30 101.69

Rill erosion dominated (RED) 1.65 110.17

Sheet erosion dominated (SED) 100 1.43 58.70

Rill erosion dominated (RED) 1.52 142.31

The tested soil / 1.38 219.48
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the aggregate organic carbon contents in eroded sediment
(Table 4).

Hemelryck et al. (2010) concludes that rapid wetting
(slaking) treatment mainly results in a strong reduction of
macro-aggregates concomitant with an increase in micro-ag-
gregates, but SOC content in aggregates >0.25 mm was re-
duced in slaking samples. In the Mollisol region of Northeast
China, the mechanisms of aggregate breakdown by water ero-
sion include slaking (rapid wetting) and macro-cracking (slow
wetting) (Le Bissonnais 1996; Le Bissonnais and Arrouays
1997; Wang et al. 2013), which might explain why the aggre-
gate organic carbon contents in sediment of each fraction from
the RED treatment (slow wetting) were higher than those from
the SED treatment (rapid wetting). Moreover, Six et al. (1999,
2004) also found that larger aggregates are less persistent than
small aggregates and are prone to breakdown and varied under
different agricultural practices, and water erosion processes,
among others. Huang et al. (2010) also noted that, in slightly
and moderately eroded Ultisols, the contents of organic car-
bon in aggregate fractions are higher than those in severely
eroded Ultisols. Thus, redistribution of aggregate organic car-
bon content in sediments from different water erosion patterns
also varies, with similar results also found by Hemelryck et al.
(2010).

5 Conclusions

In this study, the effects of sheet and rill erosion on soil ag-
gregates and SOC losses were experimentally quantified.
Sheet and rill erosion produced different amounts of eroded
soil material with different degrees of aggregation, and caused
distinguishing characteristics of SOC and aggregate organic
carbon loss. Both of soil and SOC losses from the RED treat-
ment were significantly higher than those from SED treat-
ment. As the rainfall intensity increased from 50 to
100 mm h™', soil and SOC losses increased by 7.1 and 7.2
times for the SED treatment, whereas those for the RED treat-
ment increased by 17.6 and 16.4 times, respectively. The SOC
enrichment ratios, although not significant, in eroded sedi-
ment caused by the RED treatment were approximately 1,
which was 13.4 and 7.3% less than those caused by the SED
treatment. The sediment aggregate size redistribution showed
that 73.1% of the loss of aggregates was from micro-
aggregates (<0.25 mm) for the SED treatment, whereas
macro-aggregates (> 0.25 mm) were the primary materials lost
for the RED treatment, which occupied 65.2% in the total
aggregate contents. Compared with the tested soil, the organic
carbon contents of 0-0.25 mm aggregates in sediment in-
creased from 14.3 to 33.3% for both SED and RED treatments
under rainfall intensities of 50 and 100 mm h™". These results
showed that the different mechanisms of aggregate break-
down and transport by sheet and rill erosion could affect the

aggregate organic carbon content. Therefore, in further study,
the erosion pattern could be used as one factor in modelling
erosion-induced SOC dynamics for agricultural ecosystem
carbon flux.
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