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A B S T R A C T

Soil erosion significantly affects the dynamics of the terrestrial carbon (C) cycle. Erosion removes C-rich topsoil
and deposits it in lower-elevation areas and exposes deeper C-poor horizons at the surface. However, the me-
chanisms responsible for the mobilization and deposition of microaggregate soil organic carbon (SOC) due to soil
erosion at the catchment scale remain unclear. The main objective of this study is to illustrate the effects of
different erosion processes on the distribution and deposition of microaggregate SOC. The activity of 137Cs and
extreme rainfall events were used as dating methods Based on the microaggregate size distribution and the K-
means clustering approach, 75 flood couplets were identified in an 11.3-m sediment deposit profile of the check
dam in the Nianyangou catchment and classified into three couplet types. In each flood couplet, the SOC con-
centrations and amounts in three microaggregate fractions (250–50, 50–20 and<20 μm) were quantified. The
following results were obtained. (1) 137Cs activity and a record of extreme rainfall events can be used to
characterize the sediment deposition process. (2) Sediments with fine microaggregate fractions (Couplet Type I)
contained abundant SOC and were mainly associated with low-intensity rainfall conditions, whereas sediments
with coarse microaggregate fractions (Couplet Type III) had higher SOC concentrations and were mainly asso-
ciated with high-intensity rainfall conditions. (3) Couplet Type I sediments were most likely related to sheet and
interrill erosion, whereas Couplet Type III sediments were likely associated with rill and gully erosion. Our study
contributes to the understanding of the effects of soil erosion on microaggregate SOC dynamics at the catchment
scale and further illustrates the carbon sequestration mechanism active in check dams of the Loess Plateau.

1. Introduction

The biogeochemical cycle of carbon (C) in terrestrial ecosystems has
received increasing attention worldwide recent decades because of the
emission of carbon dioxide (CO2) into the atmosphere (Fu et al., 2010).
Soil C is a critical component of the C cycle and is two times more
abundant than atmospheric C and three times more abundant than
vegetation C; thus, it accounts for approximately two-thirds to three-
fourths of the terrestrial C pool (Smith et al., 2008). Soil organic carbon
(SOC), an active component of the soil C pool, has received substantial
attention in the field of global change research (Lü et al., 2012). Soil
erosion and deposition have been reported to strongly affect the soil C
pool of a catchment by removing SOC-rich topsoil, depositing it in low-
lying depositional environments (Berhe et al., 2007; Lal, 2003; Starr
et al., 2000), and exposing SOC-poor subsoil at the surface. Therefore,

elucidating the dynamics of the SOC retained in sediments affected by
soil erosion and deposition is necessary to understand the important
role of soil erosion in the terrestrial C cycle (Berhe et al., 2007; Harden
et al., 1999; Van Oost et al., 2007).

Soil erosion is a complex process (Gregorich et al., 1998) that causes
transport and deposition of sediment with accompanying SOC (Wang
et al., 2014a, 2014b). Previous studies have revealed that different
erosion processes lead to different sediment SOC concentrations
through selective particle size mobilization (Nadeu et al., 2011). For
instance, sheet and interrill erosion selectively remove fine particles
from SOC-rich topsoil, whereas rill and gully erosion are less selective
(or non-selective) and mobilize large amounts of sediment from the
topsoil and deeper horizons (Durnford and King, 1993; Issa et al.,
2006). Consequently, erosion processes that affect only topsoil will
result in relatively high SOC values, as found for sheet and interrill
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erosion (Schiettecatte et al., 2008). In contrast, lower SOC values are
expected in eroded sediments resulting from rill and gully erosion
(Schiettecatte et al., 2008). These erosion processes are characterized
by their aggregate size distributions, which provide information on
erosion mechanisms and the depositional size selectivity (Slattery and
Burt, 1997). Additionally, these distributions have been used to assess
the types of processes resulting in sediment deposition (Beuselinck
et al., 2000). Soil aggregates physically protect SOC from rapid de-
composition by soil microbes (Razafimbelo et al., 2008; Six et al.,
2000), and aggregate formation appears to be closely linked to soil
carbon storage and stability (Barreto et al., 2009; Golchin et al., 1995;
Salomé et al., 2010). A study conducted by Six et al. (2004) confirmed
that the turnover time of macroaggregates is shorter than that of mi-
croaggregates; thus, microaggregates are more important for the phy-
sical protection of SOC. Although macroaggregates allow greater SOC
storage, this storage is temporary; in contrast, microaggregates promote
the long-term fixation of SOC. However, the reported relationships
between SOC and sediments have mainly focused on dispersed particle
distributions and overlooked the implications of how clay is trans-
ported. The transport form of clay fraction is dispersed or within ag-
gregates, which is critical to assessing the fate of SOC (Nadeu et al.,
2011).

The Loess Plateau of China is internationally recognized as suffering
from severe soil erosion (Fu et al., 2011). Over 60% of the land area is
susceptible to soil and water losses, and the soil in this region is the
“most highly erodible soil on earth” (Laflen and Tian, 2000). Soil
conservation measures are needed to control soil and water losses and
improve productivity levels. Approximately 110,000 check dams have
been constructed in the Loess Plateau region and now store
21 × 109 m3 of sediment and 0.0952 Gt (1 Gt = 109 Mg = 1015 g) of
SOC (Wang et al., 2011, 2014c). The sediments deposited behind the
check dams, are believed to protect SOC from decomposition by
creating unfavourable conditions for SOC mineralization (increased
wetness and reduced oxygen) (Berhe et al., 2007; Harden et al., 1999;
Stallard, 1998). Thus, the sediments retained by the check dam play a
significant role in carbon sequestration in the agro-ecosystems of the
Loess Plateau (Cao et al., 2009, 2010; Yang et al., 2010). In addition,
the sediments exhibit a clear sedimentary sequence, with the thickness
of each couplet varying from a few centimetres to several decimetres
(Chen et al., 2016). The different thicknesses of the sediment couplets
reflect the degree of rainfall erosion intensity (Yang et al., 2006; Zhang
et al., 2006). Such situations provide ready access to flood couplet re-
cords, without the need for laborious excavation or coring. The re-
lationship between sediments and evolution of the environment has

been mainly studied in reference to lacustrine, littoral, and sublittoral
habitats (Girardclos et al., 2005; Jennings et al., 2001; Wasson et al.,
2002), and high-resolution results based on the sediments in these de-
positional sites are lacking.

Sediments trapped by check dams can serve as natural archives for
reconstructing the environmental history of soil erosion in a small
catchment (Dearing et al., 2001, 2008; Sritrairat et al., 2012). These
sediments have great potential for high-resolution environmental
change research based on soil erosion in the hilly Loess Plateau. The
main objectives of this study are as follows: (1) to quantify distributions
of different microaggregate fractions (250-50, 50-20 and< 20 μm) and
the accompanying SOC dynamics of each flood couplet and (2) to fur-
ther clarify the relationship between microaggregate SOC transport and
related erosive rainfall events and thereby reveal the effects of different
erosion processes on the distribution of microaggregate SOC. Based on
the results, we can elucidate the effects of accelerated erosion on SOC
storage in check dams of the Loess Plateau.

2. Study area and methods

2.1. Study area

This study was conducted in the Nianyangou catchment
(37°35′33′′N to 37°35′54′′N, 110°22′4′′E to 110°22′28′′E), which is lo-
cated in Suide County, Shaanxi Province, on the Loess Plateau. The
elevation within the catchment ranges from 1027 m to 1118 m, and the
slope gradient ranges from 0 to 19.7°, with an average value of 12.5°.
Areas in which gradients exceed 10° constitute 49.2% of this catchment.
The drainage basin is characterized by terrain fragmentation and
complex topography. The soil is mainly derived from loess formations
with textures ranging from fine silt to silt, and it is vulnerable to erosion
(Fu et al., 2000). The catchment experiences a temperate continental
monsoon climate with a mean annual precipitation level of 513 mm, of
which more than 70% falls in the rainy season (June to September),
primarily in the form of high-intensity rainstorms (Yang et al., 2006).

The sampling area, a check dam in the Nianyangou catchment, has a
well-documented history. It was constructed in the catchment in 1960
and had completely filled with sediment by 1990. This check dam
controls an area of approximately 18.1 ha, and the silted-in area cur-
rently covers approximately 6000 m2 (Fig. 1). High-precision global
positioning system (GPS) data combined with QuickBird imagery were
used to create a topographic catchment map (1:10,000 scale). During
the check dam siltation period, land use in the catchment was mainly
characterized by sloping cropland which covered 77.2% of the

Fig 1. Location of the study area.
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catchment area, and only a small fraction of the land was occupied by
shrubs, which were mainly located on gullies.

2.2. Sediment sample collection

Sediment samples were collected for analysis in September 2009.
We selected a sediment deposit profile with a height of 11.3 m and
carefully sectioned it to identify the flood couplets. The sediment pro-
file was undisturbed, as indicated by the clear water-sediment interface
and preserved fine sediment laminations. The boundaries between
couplets associated with individual floods were easily defined because
each couplet featured a bottom layer composed of coarse sediment and
an upper layer composed of fine sediment (Wang et al., 2014b). The
thickness of each couplet was measured in situ, and the thicknesses
varied from 1 cm to 122 cm (Fig. 2). We collected 76 sediment samples
from the deposit profile, obtaining the first sample from the cultivated
layer (Fig. 2). In addition, 10 randomly selected undisturbed sediment
samples (rings of 100 cm3) along the deposit profile were collected to
estimate bulk density.

2.3. Sediment volume and sediment yield estimation

We estimated the capacity curve of the check dam using the “3D
Analyst Tool” in ArcGIS10.1 combined with the depth and sedimentary
thickness. According to the 10 measured values of bulk density de-
termined from the randomly selected undisturbed sediment samples,
we calculated the simulation curve of the bulk density (Eq. (1)) of the
check dam (Xue et al., 2011). The capacity curve of the check dam (Eq.
(2)) illustrates the relationship between the accumulative reservoir
storage capacity and the depth. Using Eqs. (1) and (2), we determined
the sediment yield of each sediment couplet and the total sediment
yield of the check dam (Table S1).

= + =D RBD 0.1409Ln( ) 0.7068, 0.99182 (1)

= − + =RASV 0.0167(D) 75.563(D) 63959, 0.99992 2 (2)

The parameters BD, D and ASV refer to the bulk density (g cm−3), depth
(cm), and accumulative sediment volume (m3), respectively.

Fig. 2. Depth distributions of 137Cs, rainfall precipitation and specific sediment yield in the deposit profile. Figures in brackets refer to the number of couplets in the respective couplet
type. The dotted line denotes the layer between the 137Cs distributions and the sampling profile or between the rainfall precipitation and the sampling profile.
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2.4. Laboratory analysis

The collected sediment samples were sealed in clean plastic bags
and transported to the laboratory. The samples were air-dried for ap-
proximately 3 days in a dry and well-ventilated room until a constant
weight was reached. All of the samples were dry-sieved through a 2-mm
sieve to remove stones, roots, and other debris before conducting 137Cs
activity and microaggregate fractionation analyses. 137Cs activity levels
were determined via gamma spectrometry using a hyperpure coaxial
germanium detector connected to a multi-channel digital analyser
system (ORTEC, Oak Ridge, Tennessee, United States). All of the sample
weights exceeded 300 g, and 137Cs was measured at 661.6 keV with a
counting time of ≥28,800 s (Xue et al., 2011; Zhao et al., 2015).

The distribution of microaggregates in the 2-mm sieved, air-dried
samples was determined via a pipette method adapted from Liu et al.
(1996). Ten grams of soil was rapidly immersed in 150 mL of deionized
water in a 250 mL plastic bottle for 24 h, and the bottle was then
subjected to a reciprocal shaker oscillation for 2 h. The contents of the
bottle were then passed through a 250 μm sieve to a 1 L glass sedi-
mentation cylinder. Due to the soil texture, all of the fractions passed
through the 250 μm sieve. We then used a stirring rod to mix the sus-
pension for 1 min while ensuring vertical motion (up and down 30
times), and each suspension was left to stand for the appropriate set-
tling time for the< 50 or< 20 μm fraction. Aliquots of the<50
and<20 μm fractions were siphoned from the upper 13 cm of the
suspensions and into beakers with known and constant weights. We
then dried the beakers to a constant weight at 60–70 °C and determined
the microaggregate fraction ( < 50 and< 20 μm) contents relative to
the cylinder volume. The content of the 50–20 μm fraction was calcu-
lated based on the difference between the<50 and<20 μm fractions,
and the content of the 250–50 μm fraction was determined based on the
difference between the total soil and the< 50 μm fraction. Three re-
plicates per sample were analysed. The traditional pipette method de-
pends on the physical fractionation of the soil based on the soil particle
sizes, which affect subsequent SOC analyses less significantly than al-
ternative methods, such as dry-sieving, ultrasonication or chemical
dispersion (Saviozzi et al., 1997; Stemmer et al., 1998).

To measure the total organic carbon (TOC) concentration, an air-
dried, undisturbed sub-sample from each sediment layer, was ground to
pass through a 0.25-mm sieve. The SOC concentrations of the total soil
and microaggregate fractions ( < 50 and<20 μm) were analysed
using a VARIO EL III CHON elemental analyser (Elementar, Germany)
at the Testing and Analysis Center of Northwest University, China. Prior
to the analysis, carbonates were removed from the samples using hy-
drochloric acid. The relative SOC amount in each microaggregate was
calculated by multiplying the SOC concentration per size fraction by the
mass of microaggregates per fraction. The SOC amounts of 250-50 and
50–20 μm fractions were calculated based on the difference between
the total soil and< 50 μm fraction and the difference between the<50
and<20 μm fractions, respectively. The SOC concentrations of the
250-50 and 50–20 μm fractions were determined by dividing the SOC
amount by the content of each fraction.

2.5. Statistical analysis

A clustering approach was used to classify the flood couplets into
different types according to the mass fractions of the different micro-
aggregate fractions. The clustering approach has been widely used in
various scientific fields (Anderberg, 1988; Yeh et al., 2000), especially
in classifying numerous rainfall events into different groups for statis-
tical analysis (Fang et al., 2012; Peng and Wang, 2012). There are two
methods of clustering, the hierarchical clustering method and the non-
hierarchical method, i.e., K-means clustering. The K-means clustering
method was applied to this study. This method is suited to a large
number of cases (Hong, 2003), and a cluster number is required before
classification. To determine the number of clusters in a dataset,

numerous criteria have been proposed (Perruchet, 1983). In our study,
the most suitable clusters were chosen by trial and error. The classifi-
cations satisfied the analysis of variance (ANOVA) significance criterion
(p < 0.001).

All statistical, cluster and variance analyses were performed using
SPSS (version 18.0) for Windows. A one-way ANOVA conducted via
Tukey’s test and a mean comparison according to the lowest sig-
nificance level were used for multiple comparisons of the examined
rainfall, sediment and organic carbon variables among the different
couplet types.

3. Results

3.1. Characteristics of the deposit profile and related historical rainfall
events

According to the sediment particle size distribution, 76 couplets (1
cultivated layer and 75 flood couplets) were identified in the 11.3-m
profile. The field survey suggested that the check dam began to accu-
mulate silt from 1960 and had become completely filled by 1990.
Consequently, the top couplet in the profile had developed by ap-
proximately 1990, and the bottom couplet developed in approximately
1960 (without considering the upper cultivated layer, Fig. 2).

The 137Cs activity profile distribution (Fig. 2) includes two peaks
(4.898 Bq kg−1 in S67 and 2.149 Bq kg−1 in S21). These two values
reflect a period of global fallout in the northern hemisphere associated
with weapons testing in 1963 (Collins et al., 1997; Ritchie and
McHenry, 1990; Walling and He 1997) and the Chernobyl-associated
tertiary peak in 1986 (Klaminder et al., 2012), respectively. Thus, the
corresponding flood couplets can be dated to rainstorms in 1963 and
1986. A study conducted by Xie et al. (2000) showed that precipitation
levels exceeding 12 mm can be erosive on the Loess Plateau. Accord-
ingly, 75 related erosive rainstorms were identified in the 11.3-m
profile (Table S1). The rain storm parameters, sediment volume, sedi-
ment yield and specific sediment yield for each couplet are shown in
Table S1. Couplets related to extreme floods with high specific sediment
yields formed in 1963 (S67), 1964 (S65), 1977 (S53) and 1985 (S22)
(Fig. 2). Relatively small flood couplets were identified between these
large floods.

This dating provided a good opportunity for identifying other flood
events. Among the 75 sediment couplets, two couplets, i.e., S65 and
S68, were> 100 cm in thickness and correspond to the largest floods
(Table S1). The sediment volume (yield) was positively correlated with
precipitation and maximum 60-min rainfall intensity (I60) at the
p < 0.0001 level. The sediment yields of S65 and S68 were more than
7000 t and were related to the high values of precipitation (138.4 mm)
and I60 (0.85 mm min−1). Furthermore, the specific sediment yields of
S65 and S68 were estimated to be 568.5 and 412.8 t ha−1, respectively.
The wettest year was 1963, which featured two extreme rainfall events
(6/15/1963 and 8/26/1963), whereas no floods occurred in 1965. The
annual sediment yields varied from 0 in 1965 to 1.5 × 104 t in 1963,
and the total value of the sediment trapped by the check dam was
9.9 × 104 t.

3.2. Couplet classifications and types corresponding to rainfall events

The profile distributions of the mass fractions of the micro-
aggregates fractions (250-50, 50-20 and< 20 μm) are shown in Fig. 3.
The mass fractions of 250-50, 50-20 and< 20 μm fractions were
54–381 g kg−1, 289–693 g kg−1 and 96–560 g kg−1, respectively, with
means of 239 g kg−1, 541 g kg−1 and 219 g kg−1, respectively. The 75
flood couplets were divided into three types via K-means clustering and
were named Couplet Type I, Couplet Type II and Couplet Type III
(Table 1 and Fig. 2).

The mean mass of the<20 μm microaggregate fraction decreased
in the following order: Type I > Type II > Type III, while that of the
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250–50 μm fraction exhibited the opposite trend. For the 50–20 μm
microaggregate fraction, Type II had the highest mean values, followed
by Types III and I. The general characteristics of each Couplet Type are
as follows: Couplet Type I includes couplets with the finest micro-
aggregates, whereas Couplet Type III includes couplets with the coar-
sest microaggregates. Couplet Type II comprises moderately sized mi-
croaggregates and features the highest mean mass value of the
50–20 μm microaggregate fraction (Table 1, Fig. 4c).

Among the 75 couplets examined, 48 couplets were classified as
Type III, with a total sediment volume of 52,239 m3 and a total sedi-
ment yield of 80,910 t (Table 2). Additionally, 20 couplets were clas-
sified as Type II, with a total sediment volume and sediment yield of
8698 m3 and 13,305 t, respectively. However, only 7 couplets were
classified as Type I, with a total sediment volume of 2851 m3 and a total
sediment yield of 4282 t. Type III presented the highest sediment vo-
lume and yield and was significantly larger than Types II and I, whereas
no significant difference was found between Types II and I (Table 2).

Table 3 shows the rainfall events corresponding to the three couplet
types. The values of accumulated rainfall precipitation (AP) and dura-
tion (AD) of Types II and III were much higher than those of Type I.
Type III exhibited the highest values of mean rainfall precipitation (MP)
and mean maximum 60-min intensity (MI60), whereas the mean rainfall
duration (MD) for Type III was slightly smaller than that of Type II. The
MP values of Types I and III were significantly different (p < 0.05),
whereas the values of MD and MI60 were not significantly different
among the three types. The main eigenvalues of related rainstorms were
different among the three types, especially the value of MP.

3.3. Microaggregate SOC in different couplet types

The average SOC concentrations and SOC amounts of different mi-
croaggregate fractions in different couplet types are shown in Fig. 4.

Fig. 3. Sediment microaggregate size distribution in the deposit pro-
file.

Table 1
Statistical features of different couplet types.

Couplet
Type

Microaggregate
size (μm)

Mean
mass
fraction
(g kg−1)

Standard
deviation

Variation
coefficient
(%)

Couplet
number

I 250–50 119.7 50.16 41.91 7
50–20 456.4 85.74 18.79
< 20 423.9 63.08 14.88

II 250–50 163.7 36.61 22.37 20
50–20 582.0 67.90 11.67
< 20 254.3 59.36 23.34

III 250−50 288.6 36.14 12.52 48
50−20 537.2 45.16 8.41
< 20 174.2 38.18 21.91
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The average SOC concentrations of the 250–50 μm and 50–20 μm mi-
croaggregate fractions of the different couplet types exhibited the fol-
lowing order: Type I> Type II> Type III (Fig. 4b). In contrast, Type III
had the highest mean SOC concentration for the<20 μm fraction,
followed by Types II and I. Decreasing trends in the average SOC
amount were found for all three microaggregate fractions (Fig. 4a). The
50–20 μm fraction contained the highest mean amount of SOC in all
three couplet types (Fig. 4a). For Types II and III, the< 20 μm fraction

had the second highest mean SOC amount, and the 250–50 μm fraction
had the lowest mean SOC amount. However, in Type I, the average SOC
amount in the 250-50-μm fraction was higher than that in the<20 μm
fraction.

The amount of TOC in the eroded sediments was estimated to be
172.6 t over a 30-year period, and the specific eroded SOC yield was
9.5 t ha−1. The microaggregates of the 250-50, 50-20 and<20 μm
fractions contained 39.0 t, 85.2 t and 48.5 t, respectively, and ac-
counted for 22.6%, 49.4% and 28.1% of the TOC amount, respectively.
The distribution of eroded SOC varied among the three couplet types. In
Type I, which was related to 7 erosive rainfall events, the TOC amount
was 14.3 t, which was equivalent to a production of 2.0 t in each event.
For Type II, which corresponded to 20 erosive rainfall events that
produced 28.2 t of eroded SOC, the average erosion rate of each rainfall
event was 1.4 t. The TOC amount produced by Type III (48 rainfall
events) was 130.1 t, and each event transported approximately 2.7 t of
eroded SOC.

Our correlation analysis revealed that TOC levels in sediments
under different couplet types were related to the mass fraction, SOC
concentration and amount of different aggregate size fractions
(Table 4). Overall, TOC was negatively correlated with coarser mass
fractions (250–50 μm and 50–20 μm) and positively correlated with the
finer mass fraction ( < 20 μm), especially the significant correlation in
Type I. For all 75 sediment samples in the profile, the TOC correlated
positively with SOC concentration and amount in all microaggregate
fractions, especially the 50–20 μm fraction.

4. Discussion

4.1. Effects of soil erosion on sediment aggregate size distribution and
deposition

Check dam sediments may serve as an important indicator for re-
constructing the environmental history of soil erosion in a given loca-
tion (Wang et al., 2014b). Our findings indicate that sediment

Fig. 4. SOC amount (a), SOC concentration (b) and mass fraction (c) for each micro-
aggregate fraction of the different couplet types. The values for the same microaggregate
size in different couplet types followed by the same uppercase letter and the values for
different microaggregate sizes of one couplet type followed by the same lowercase letter
are not significantly different at p<0.05. Values are means ± stand errors. The dashed
line in this figure denotes the mean value.

Table 2
Main statistical features of flood couplets for different couplet types.

Couplet Type Main statistical features

N TSV (m3) TSY (t) *Log (MSV) *Log (MSY)

I 7 2851 4282 2.41 b 2.58 b
II 20 8698 13305 2.46 b 2.63 b
III 48 50418 78798 2.80 a 2.99 a

Note: N, the number of couplets in each couplet type; TSV, total sediment volume; TSY,
total sediment yield; MSV, mean sediment volume; MSY, mean sediment yield.

* Different letter designations indicate significant difference at p < 0.05; to satisfy the
Test of Homogeneity of Variances requirements, data were analysed via logarithmic
transformation.

Table 3
Main eigenvalues of related rainfall storms for different couplet types.

Couplet
Type

Main rainfall eigenvalues

N AP (mm) AD (min) MD (min) MI60
(mm min−1)

*Log(MP)

I 7 179.8 4084 583 0.23 1.39 b
II 20 783.4 20966 1103 0.24 1.52 ab
III 48 2277.8 44343 1031 0.29 1.62 a

Note: N, the number of related rainfall storms for each couplet type; AP, accumulated
rainfall precipitation; AD, accumulated rainfall duration; MD, mean rainfall duration; MP,
mean rainfall precipitation; MI60, mean maximum 60-min rainfall intensity.

* Different letter designations indicate significant difference at p < 0.05; to satisfy the
Test of Homogeneity of Variances requirements, data were analysed via logarithmic
transformation.
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aggregate size distributions are strongly affected by soil erosion. In this
intensively cultivated catchment, the sediments are sorted by each
erosive rainfall event in the upstream watershed then deposit behind
the check dam. Therefore the sediments can be correlated with different
erosion processes in the upstream watershed.

In this study, the sediment size distribution changed significantly
among the three couplet types (p< 0.05) (Fig. 4). However, this result
could not be explained by particle size differences in the original soils
because the sediments of the three couplet types came from the same
original soils. In addition, although the sedimentary periods of each
flood couplet varied substantially, sediment deposition processes ex-
erted limited effects on the aggregation of different size fractions be-
cause of the less-favourable conditions of soil microbial activity (Berhe
et al., 2007; Wang et al., 2014a). Consequently, we conclude that dif-
ferent erosion processes affect the sediment size distribution and de-
position (Panuska et al., 2008; Rose et al., 2007; Shi et al., 2013).
Previous studies have shown that sheet and interrill erosion selectively
remove fine particles, whereas rill and gully erosion are less selective,
mobilizing large amounts of coarse particles (Durnford and King, 1993;
Issa et al., 2006). Therefore, we speculate that the most relevant erosion
process of Couplet Type I is sheet and interrill erosion because of the
sediments are predominantly fine (< 20 μm). In contrast, the sediments
in Couplet Type III contain coarse (250–50 μm) components and are
probably related to rill and gully erosion. Couplet Type III included 48
flood couplets accounting for 64% of the total. Consequently, in this
intensively cultivated catchment, the dominant erosion processes were
rill and gully erosion, which were also the primary erosion processes
found in the Loess Plateau gully area (Wang et al., 2014b).

The varying flow transport capacities contributed to the different
levels of selectivity between the two erosion processes (Nadeu et al.,
2011; Shi et al., 2012). The transport of sediment particles in the form
of large aggregates or coarse fractions requires high flow transport
capacity levels (Nadeu et al., 2011). Therefore, rainfall events char-
acterized by large precipitation amounts, long durations and/or high
rainfall intensities generate high flow transport capacity levels (e.g., the
rainfall characteristics associated with Couplet Type III). The
250–50 μm microaggregate fraction exhibited the lowest mass fraction
among the three size fractions in Couplet Types I and II (Fig. 4c). These
results are mainly attributable to the presence of lower transport forces
than those of Type III. Indeed, in this case, the forces were not sufficient
to carry sand-sized particles and/or disintegrate many large aggregates
during transport. In contrast, the sediments in Type III contained the
fine sand size fraction (250–50 μm) due to large rainfall amounts and
high rainfall intensities.

4.2. Relationship between SOC and microaggrete size distribution

Palis et al. (1990) noted that nutrient and carbon distributions are
non-uniform over different size fractions of sediment particles: fine
sediments are usually richer in nutrients and carbon than coarse sedi-
ments. In this study, the 250–50, 50–20 and<20 μm microaggregate
fractions contained 22.6, 49.4 and 28.1% TOC on average, respectively.
A similar trend was also found in a previous study reviewed by Barthès
et al. (2008) that examined 18 topsoils in low-activity clay soils and

demonstrated that the TOC proportions in the>200, 200–20 and<
20 μm fractions were 8, 17 and 65%, respectively. These results illus-
trate that different size fractions have different effects on SOC dis-
tributions. This study also showed that among the three different cou-
plet types, TOC was positively correlated with SOC amount in each
microaggregate fraction, especially the fine fraction. Consequently,
changes in the TOC result from changes in different size fractions but
depend more heavily on those fine fractions. This finding is also in
agreement with the results of a study conducted by Barthès et al. (2008)
that showed that TOC is especially positively correlated with the<
20 μm fraction. Roscoe et al. (2001) also found positive correlations
between the TOC and SOC amounts for a clayey Oxisol under bush
savannah and pasture conditions. Moreover, the SOC concentrations in
the 50–20 and 250–50 μm fractions are positively correlated with one
another but negatively correlated with that in the<20 μm fraction.
This pattern is mainly due to the different organic components among
the microaggregate fractions. Several previous works support the con-
clusion that the organic constituents of the> 20 μm fraction mainly
include plant debris and that these components are less decomposed
and exhibit more recognizable morphologies in the coarser fractions
than in the finer fractions. However, the organic components in
the< 20 μm fraction are more humified and present a slower turnover
time (Baldock and Skjemstad, 2000; Feller and Beare, 1997;
Guggenberger and Haider, 2002).

The 250–50 μm fraction has the highest mean SOC concentration,
primarily because fine microaggregates are bound together into larger
ones by transient (i.e., microbial- and plant-derived polysaccharides)
and temporary (roots and fungal hyphae) binding agents (Six et al.,
2000). The SOC concentrations of the three microaggregate fractions
showed an inverse tendency related to the respective mass fraction
which was mainly due to the dilution effects (Amelung et al., 1998).
This finding may partly explain why the fine fraction (< 20 μm) had a
high SOC concentration value, while the coarser ones (250–50 and
50–20 μm) had lower values in Couplet Type III.

The present study confirmed that the dominant controlling factor
for SOC amount was SOC concentration in the coarse fractions (250–50
and 50–20 μm) and the mass fraction in the fine fraction ( < 20 μm).
These results are partly inconsistent with those of a study conducted by
Cambardella and Elliott (1993), which showed that the main control-
ling factor of SOC amount is the mass fraction rather than the SOC
concentration for all aggregate fractions (> 2000, 2000–250, 250–53
and< 53 μm) in cultivated and grassland soils. This difference is
mainly attributable to the different soil textures of the study areas ex-
amined (Barthès et al., 2008). Meanwhile, particle enrichment can be
expected to result in SOC enrichment. Couplet Type I had the highest
mean amount of SOC among the three couplet types primarily because
fine particles are associated with a larger surface area, which is con-
ducive to retaining/binding organic matter (Palis et al., 1997; Zinn
et al., 2007).

4.3. Effects of soil erosion on the distribution and deposition of
microaggregate SOC

Soil erosion and deposition induced by erosive rainstorms facilitates

Table 4
Pearson correlation coefficients between TOC and the studied microaggregate variables of different couplet types.

TOC Microaggregate mass fraction Microaggregate SOC concentration Microaggregate SOC amount

250–50 μm 50–20 μm < 20 μm 250–50 μm 50–20 μm < 20 μm 250–50 μm 50–20 μm <20 μm

a I −0.108 −0.777* 0.970** 0.370 0.985** 0.020 0.753 0.858* 0.643
a II −0.349 −0.167 0.406 0.573** 0.623** 0.489** 0.547** 0.646** 0.740**
a III −0.059 −0.189 0.279 0.526** 0.694** 0.432** 0.540** 0.738** 0.566**

*and ** donate significance at p < 0.05 and 0.01, respectively.
a I, II and III refer to Couplet Type I, Couplet Type II and Couplet Type III, respectively.
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the modification of aggregate size distributions and associated organic
carbon in aggregate fractions (Wang et al., 2014a). Our results con-
firmed that the diversity distributions of SOC in different couplet types
were mainly related to the selectivity of different rainfall events. Ero-
sion processes induced by different erosive forces may lead to different
SOC concentrations in sediments through selective particle size mobi-
lization. Indeed, an erosion process affecting only the topsoil should
produce relatively high SOC concentrations (Owens et al., 2002), as
seen for sheet and interrill erosion (Schiettecatte et al., 2008). For non-
selective erosion processes, such as rill and gully erosion, lower SOC
concentrations are excepted because SOC-rich topsoil is mixed with
deeper SOC-poor horizons (Schiettecatte et al., 2008). In our study, we
found that the average SOC concentrations of Couplet Types I, II and III
were 2.61, 1.89 and 1.57 g kg−1, respectively. However, regardless of
whether selective or non-selective erosion processes are involved, the
mobilized material is affected by the preferential transport of fine silt-
and clay sized particles detached from the source soil (Starr et al.,
2000). This observation is consistent with our findings that the 50–20
and<20 μm fractions have higher mass fraction values than the
250–50 μm fraction. Furthermore, the 50–20 and<20 μm micro-
aggregate fractions contribute 77.5% of the TOC and play an important
role in carbon sequestration in this check dam.

In the Loess Plateau gully region, organic carbon transport and
storage are essentially linked to the differently sized fractions arising
from erosive rainfall events (Wang et al., 2014c). During these events,
large sediments loads can be transported from upper slopes to lower-
elevation regions. When the precipitation level is high, large volumes of
water flow towards rills and gullies, and rill and gully erosion gradually
increase (Shi and Shao, 2000; Xu et al., 2004). In the context of such
rapid transport, the eroded C has little opportunity to decompose
during transport, and a significant fraction of the C is delivered to de-
positional areas (Berhe et al., 2007). Consequently, the high C storage
levels in check dam deposits are attributed to the large volume of se-
diments generated by rill and gully erosion.

5. Conclusions

In this study, we explored the effects of different erosion processes
on the SOC dynamics of microaggregate fractions in the check dam-
controlled Nianyangou catchment on the Loess Plateau based on ag-
gregate size distributions and rainfall events. The microaggregate
fractions and associated SOC distributions were closely related to either
sheet and interrill erosion or rill and gully erosion. Sediments with fine
microaggregate fractions (Couplet Type I) had the highest amount of
SOC and were most likely related to sheet and interrill erosion, whereas
sediments with coarse microaggregate fractions (Couplet Type III) had
the highest SOC concentration and were related to rill and gully ero-
sion. Our results indicate that two main typical erosion processes affect
the microaggregate fractions and the related SOC mobilization and
deposition in this intensively cultivated catchment. Rill and gully ero-
sion are the dominant erosion processes affecting the abundance SOC in
the check dam.

The examined check dam serves as a carbon storage and seques-
tration structure, and its soil erosion-derived sediments could serve as
an important indicator of environmental change. The advantages of
investigating environmental changes based on sediments collected from
check dams include the higher time resolution of the reconstructed
information. Additionally, the check dams on the Loess Plateau feature
broad temporal and spatial distributions, and approximately 80% of the
SOC in the sediments trapped by check dams are present within the 50-
20 and<20 μm microaggregate fractions, representing a physically
protected form of SOC. Consequently, check dams appear to play a key
role in environmental protection by mitigating greenhouse gas emis-
sions by storing large volumes of well-protected sedimentary organic
carbon.
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