Agriculture 2013, 3, 726-740; doi:10.3390/agriculture3040726

OPEN ACCESS

agriculture

ISSN 2077-0472
www.mdpi.com/journal/agriculture

Article

Temporal Variation of SOC Enrichment from Interrill Erosion
over Prolonged Rainfall Simulations

Yaxian Hu "+, Wolfgang Fister "and Nikolaus J. Kuhn '

1

Physical Geography and Environmental Change Research Group, Department of Environmental
Sciences, University of Basel, Klingelbergstrasse 27, Basel 4056, Switzerland;
E-Mails: wolfgang.fister@unibas.ch (W.F.); nikolaus.kuhn@unibas.ch (N.J.K.)

Author to whom correspondence should be addressed; E-Mail: yaxian.hu@unibas.ch;
Tel.: +41-612-670-743; Fax: +41-612-670-740.

Received: 5 July 2013, in revised form: 3 October 2013/ Accepted. 15 October 2013/
Published: 23 October 2013

Abstract: Sediment generated by interrill erosion is commonly assumed to be enriched in
soil organic carbon (SOC) compared to the source soil. However, the reported SOC
enrichment ratios (ERsoc) vary widely. It is also noteworthy that most studies reported that
the ERsoc 1s greater than unity, while conservation of mass dictates that the ERgoc of
sediment must be balanced over time by a decline of SOC in the source area material.
Although the effects of crusting on SOC erosion have been recognized, a systematic study on
complete crust formation and interrill SOC erosion has not been conducted so far. The aim of
this study was to analyze the effect of prolonged crust formation and its variability on the
ERsoc of sediment. Two silty loams were simultaneously exposed to a rainfall simulation for
6 h. The ERgoc in sediment from both soils increased at first, peaked around the point when
steady-state runoff was achieved and declined afterwards. The results show that crusting
plays a crucial role in the ERgoc development over time and, in particular, that the
conservation of mass applies to the ERgoc of sediment as a consequence of crusting. A
“constant” ERgoc of sediment is therefore possibly biased, leading to an overestimation of
SOC erosion. The results illustrate that the potential off-site effects of selective interrill
erosion require considering the crusting effects on sediment properties in the specific
context of the interaction between soil management, rainfall and erosion.

Keywords: interrill erosion; SOC enrichment ratio; temporal variation; crust formation;
prolonged rainfall duration
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1. Introduction

Although the on-site soil loss by interrill erosion is many times smaller than that from rill erosion, it
literally affects all arable land (globally, 14.2 million km?) [1]. Due to the limited raindrop kinetic
energy and lack of concentrated runoff, interrill erosion is associated with selective entrainment and
transport of sediment [2]. As a consequence, fine and/or light particles and associated substances (e.g.,
soil organic carbon, phosphorus and nitrogen) are entrained and transported away from eroding sites in
greater proportions than their concentration in the source soil suggests. The eroded sediment is thus
generally enriched in substances, such as soil organic carbon (SOC) [3], phosphorous [4], nitrogen [5]
and clay [6], when compared to the source soil. Interrill erosion may therefore play a great role as a
source of non-point pollution for rivers and lakes [7]. In addition, globally a potentially significant amount
of between 0.6 to 1.3 petagram of organic carbon is affected annually by interrill erosion processes,
including aggregate breakdown, crust formation, rainsplash and rainwash [1]. The susceptibility of soil
organic carbon in interrill sediment to mineralization [8] also emphasizes the necessity to improve our
understanding of the role of interrill erosion and the associated crust formation in interrill
SOC enrichment.

The reported SOC enrichment in sediment compared to source area soil, expressed as the
enrichment ratio (ERgoc), varies largely in the literature, ranging from 0.74 to 6.2 [9—14]. Discrepancies
are attributed to soil properties, such as texture, aggregation, initial SOC content or initial soil
moisture [15-19], as well as to rainfall intensities, kinetic energy, duration [20-22] and, finally, to diverse
local micro-topography and deposition processes [9,23]. The ERsoc also varies during an erosion event
as a consequence of selective erosion and crust formation [20,24,25]. While most papers report the
ERgoc in sediment greater than unity, Polyakov and Lal [10], Schiettecatte ez al. [12], as well as Kuhn
and Armstrong [15] observed decreasing the ERgoc in sediment after certain rainfall durations. This is in
accordance with the conservation of mass, which dictates that the observed enrichment of particles must be
a non-steady-state phenomenon [26], particularly on the eroding site, where no repletion comes from
adjunctive areas (e.g., slope shoulder). Failure to recognize this among other factors may lead to
overestimating the loss of organic carbon, fine mineral particles, nutrients and other chemicals when
soil is eroded by interrill processes [15,26].

The enrichment and subsequent depletion of SOC in interrill sediment is attributed to crust formation,
as well as the duration of erosion [9]. Chen ef al. [27] developed a three-stage conceptual model of crust
formation by interrill erosion processes: at the beginning of an erosion event, the formation of a
structural crust is initiated by the aggregate slaking and micro-cracking. Patches of depositional crust
are formed by displaced small stable particles composed of minerals [15] or aggregates [28,29], the
latter of which are often enriched in SOC. As rainfall proceeds, the loose depositional material is removed
by raindrop-impacted flow, and structural crust grows, progressively covering the soil surface. Its cohesive
surface reduces the erodibility of the soil surface, but also increases runoff and, thus, flow erosivity [29].
After achieving steady-state runoff, the equilibrium between crust formation and removal is achieved
for the given rainfall and runoff conditions [30]. Achieving the dynamic balance between soil erodibility
and runoff erosivity is thus highly likely to cause changes in the ERgoc of sediment. As long as rainfall
and runoff have not produced a steady-state crust, the increasing runoff transport capacity and
abundant erodible SOC-rich particles easily lead to an ERgoc of sediment greater than unity [31]. Once
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the crust formation has reached a steady state, the ERgoc of sediment should develop towards unity
between crust and sediment, because the amount of easily erodible particles enriched in SOC has
declined [15]. Apart from the few studies on declining sediment SOC cited above, the effect of crust
completion on the ERgoc of sediment has not been investigated systematically. Therefore, this study
aims to analyze the effect of prolonged crust formation and its variability on the ERgoc of sediment.

2. Experimental Section
2.1. Soil Samples and Preparation

Two silty loams from Moéhlin (47°33°N, 7°50°E) near Basel, Switzerland, one from the conventionally
managed (CS) Baumlihof Farm and the second from the organically managed (OS) Eulenhof Farm,
were used in this study. Soils of A-horizons (about 100 kg for each) from a gentle shoulder slope
(<5%) were sampled in April, 2010, on each farm. Previous research conducted in the region of
Mohlin showed that the silty loams used in this study have structural stability and are prone to form
crusts [32]. The two soils were of almost identical texture (wet-sieving after dispersion by 1% sodium
hexametaphosphate), but different in SOC content (LECO RC 612 at 550 °C), aggregate stability (method
adapted from [33]) and tillage management (Table 1). In addition, SOC was not equally distributed in
aggregate classes, but more concentrated in small particles (<20 pum) and macro-aggregates (>250 um)
than in other classes (Figure 1). Similar distribution, but less SOC concentration, in macro-aggregates
(>250 pm) was also observed in aggregate fractions of eroded sediment [34]. Their similarity in
texture, but different aggregation, was considered suitable for observing the differences in crusting
and, thus, the ERgoc in eroded sediment, as well as to ensure that during the rainfall simulation, the
presumed decline of the ERgoc in eroded sediment would occur. After sampling, the soils were dried at
40 °C until a constant dry weight was reached and then sieved to 1 to 8 mm. On the one hand, this
resembled the seedbed conditions on the field. On the other hand, excluding over-sized clods largely
reduced the variation of surface roughness, both within each flume and between replicates, ensuring
the dominance of interrill erosion processes rather than the differences in initial roughness in
the results.

Table 1. Texture, percentage of stable aggregates greater than 250 um, soil organic carbon
concentration (SOC) and tillage management of conventionally farmed (CS) and organically
farmed (OS) silt loams. Different superscripted letters in each column indicate significant
differences (#-test, p < 0.05). The subscripted numbers after each average value show the
standard deviation (n = 10).

Stable aggregates

SoC
Clay (%) Silt (%) Sand (%) greater than . Tillage operation Rotation Fertilizer
(mg-g™)
250 pm (%)
Plowing (at least once a year) Maize, rape, Chemical fertilizer
Cs 16.80 % | 35 T1AT® 26 11.50 % 1 09 66.85% 47 10.9 % g5
and other tillage operations wheat, grass and manure
Pumpkin, carrot, Sheep manure,
0S  1439%.5,  7584°.5  9.77° (3 77.76° 15 16.9° 010 Non-plowing, harrowing

salad, pea, bean horn shavings
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Figure 1. Distribution of soil organic carbon concentration in aggregate size classes of
conventionally farmed (CS) and organically farmed (OS) silt loams. Aggregates were
fractionated by settling velocities following the method described in [35]. Error bars indicate
the minimum and maximum values observed during three replicate measurements.
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Dry soils were placed in a round flume (Figure 2a) with an outside diameter of 50 cm and a center
opening of 10 cm (Figure 2b). These flumes were designed to limit the effect of increasing flow depth
on interrill erosion, as well as to ensure a sufficiently large area to generate sediment for sampling and
further analysis. To assist drainage, the floor of the flume was perforated, covered by a fine cloth and a
layer of sand (~2 cm). The soils were placed on the sand and molded into a straight slope of 10%
between the outer and inner rim. Preliminary tests had shown that achieving a complete crust, indicated
by constant runoff rates, required more rainfall than could be feasibly applied during one day. Therefore, a
30 min rainfall corresponding in intensity to the one used for the actual test (described below) was applied
one day prior to the simulation event. This short pre-wetting, on the one hand, enabled the observation
of the effects of aggregate breakdown during the crusting process; on the other, an initial crusting and
soil settling was induced, which facilitated faster runoff development during the actual test.

Figure 2. Conventionally-farmed soil (CS) and organically-farmed soil (OS) in round
flumes were simultaneously subjected to rainfall simulation. (a) A round flume filled with
soils; (b) the cross-section profile of the round flume; (¢) the layout of the rainfall simulation
experiment. The white containers were used to monitor the rainfall intensity.
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2.2. Rainfall Simulation

Two flumes, one of each filled with CS and OS, were exposed to a rainfall of 30 mm-h! for 6 h
simultaneously (180 mm of rain in total) (Figure 2¢). An event of precipitation of 180 mm is not a
frequent phenomenon in the Basel region. The monthly precipitation during April, May and June
(corresponding to periods with bare soil after tillage) varied widely over the past three decades,
ranging from 6 to 241 mm [36]. Preliminary tests and field observations had shown that the two silty
loams used in this study required between 90 and 120 mm of rainfall (i.e., 180 and 240 min) to
complete crust formation, and roughly 180 mm rainfall (i.e., 360 min) to develop the presumed
decreasing SOC erosion rates [32]. The return frequency of such monthly rainfall is 0.65 years for
90 mm, 1 year for 120 mm and 7 years for 180 mm. The selected rainfall therefore suited the objective
of this study of observing the effect of prolonged crust formation on the ERsoc using rainfall intensity
and kinetic energy, as well as an amount that can be experienced by the soil in the Basel region. This
therefore leads to a quasi-natural sequence of crust formation, except for the effect of drying between
rainfall events. Drying is likely to rejuvenate the granular structure of the crust [18]; however, the
effects of drying on the ERgoc are unknown. Ignoring the drying effect does not limit the objective of
this study, which aimed to test the sensitivity of the ERgoc to crust formation in principle.

A FullJet nozzle (4 HH14WSQ), installed 2 m above the soil surface, was used to generate multiple-sized
raindrops (Dsp of 2.3 mm). The kinetic energy of the raindrops was detected by a
Joss-Waldvogel-Disdrometer (average energy of 113.9 J ‘m *-h™"). Tap water was used for each
rainfall. The electric conductivity of the tap water was 2220 ps-cm ', which was five times higher than
the rainwater in Basel (462 ps-cm '). In general, the increased electric conductivity of the tap water
enhances dispersion during rainfall simulation tests [37]. A comparative aggregate stability test (Wet
Sieving Apparatus, Eijkelkamp, Netherlands) using tap water and rainwater from Basel had shown that
tap water had only a minor effect on aggregates greater than 250 um after 20 min of continuous
oscillating movement (67.24% in rainwater and 73.59% in tap water for CS, while 70.60% and 68.84%
for OS). Therefore, the use of tap water was considered acceptable. During the simulation event, runoff
and sediment were sampled in intervals of 30 min, and all runoff and sediment generated during the
interval were collected. Sampling at intervals of 30 min produced enough runoff and sediment for
further analysis and still enabled us to record the temporal changes of the erosional response. In
addition, no supplement was applied to replenish the on-site soil and SOC loss, which although unlike
natural conditions (i.e., with vegetation, litter input or upland deposition), served our purposes well for
observing the potential of the ERsoc varying against time. The rainfall simulation tests were repeated
10 times for each soil (two pairs of flumes used 5 times) to generate a dataset that would enable the
statistical analysis of the variability of the erosional response.

2.3. Soil and Sediment Analysis

The runoff samples were weighed immediately after collection to acquire the amount of discharge.
Sediment transported by splash was not considered relevant in this study, since a preliminary test
revealed that its effect was negligible to merit carrying out further measurements. After the simulation
events, sediment in all runoff samples was allowed to settle for more than 48 h. The supernatant was
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then decanted off, and the sediment was dried at 40 °C and weighed. Surface roughness was used as an
index of crust formation. Twenty-centimeter transects from the outside rim to the center of the flume
were scanned stepwise at a 1 mm resolution by a laser scanner before and after each rainfall simulation.
The scanner was controlled by the Stepper Motor Controller CSD 315 (Isel Automation, Germany) and
programmed using MatLab 2007. The surface relative roughness was expressed as the standard deviation
of the differences between the actual height of the individual point and its theoretical height along a
straight slope. The flumes were also dried at 40 °C until constant dry weight was obtained. Loose
aggregates left on the dry soil surface were swept and collected by a vacuum pump. A 1-2 mm layer of
dry crust was carefully scratched off the soil surface. The thickness of the crust, as a secondary source
of confirmatory information, was measured using a ruler. Soils below the crusts were also collected for
each replication, for use as a reference for the original soils. The soil organic carbon concentration of
the original soils, eroded sediment, loose aggregates on the surface and crusts were measured by
LECO RC 612 at 550 °C. Enrichment ratios were calculated between the SOC concentration of the
eroded sediment and the original soil, between the crust and the original soil and between the soils
below the crust and the original soil. The grain size distributions of sediments and crusts were
measured with a Mastersizer 2000 (Malvern, Germany) after dispersion with 4 mL of sodium
hexametaphosphate and ultrasound at 9 J'mL™' (i.e., energy = output power 30 W x time 300
s/suspension volume 1000 mL). Statistical analyses were calculated using Microsoft Excel 2010 and
SPSS.

3. Results
3.1. Erosional Response during Rainfall Time

Both CS and OS showed a similar temporal pattern of runoff and erosion (Figure 3). However, CS
responded more rapidly and was significantly more pronounced than OS (z-test, p < 0.05). The runoff
of CS started after 60 min and kept increasing until a steady state was achieved at 180 min (Figure 3a),
indicating the completion of structural crust formation [27,30]. The runoff on OS started 60 min later
than for CS and reached a steady state after 240 min of rainfall, but with a relatively lower runoff rate
than CS (Figure 3a). By the end of the six hour rainfall simulation, the runoff coefficients of CS and
OS were, on average, 29.4% and 18.1%. Soil erosion from CS was also higher than from OS. The
temporal pattern of soil erosion rates for both soils corresponded with their runoff rates (Figure 3b).
The slight decline of soil erosion rates on CS implies the depletion of erodible materials. The sediment
concentration of CS and OS roughly stayed constant after the runoff reached steady-state conditions
(Figure 3c). Due to the limited amount of soil erosion at the beginning of the tests, the sediment
concentration could not be calculated accurately and is therefore not shown here. The inter-replicate
variations of runoff and soil erosion rates (indicated by the error bars in Figure 3a, b and the standard
deviation in Table 2) were between 10% and 38% after reaching runoff steady state. This is mostly due
to the unavoidable inherent variability of the erosion process [38,39]. However, the temporal patterns
of runoff, soil erosion rates and the ERgoc of each replicate corresponded with each other (detailed
data shown in [40]). Meanwhile, the erosional response for CS significantly differed from that for OS
in almost all the cases (Table 2). The erosion data observed in our study is, therefore, considered capable
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of drawing representative conclusions on the effect of crusting on the ERgpoc. Detailed erosional
responses during the 360-min rainfall simulation are summarized in Table 2.

Figure 3. Development of (a) runoff rate, (b) soil erosion rate and (c¢) sediment concentration
of conventionally-farmed soil (CS) and organically-farmed soil (OS) over 360 min of
rainfall time. Error bars indicate the standard deviation. n = 10.

15

Runoff rate
(mm-h)
=

O]

(a

A

w A
oS O

Soil erosion rate
(gmh)
[\®]
(e

—
(e

®

A

(g1h

N
1

Sediment concentration

(c) 0 T

0 60 120 180 240 300 360
Rainfall time (min)

Table 2. Summary of the erosional responses of conventionally-farmed soil (CS) and
organically-farmed soil (OS) over 360 min of rainfall time (an average of 10 replicates).
The erosion area is 1884.96 cm”. Different superscripted letters in each column indicate the
significant differences (z-test, p < 0.05). The subscripted numbers after each average value
show the standard deviation. n = 10.

Steady state Soil SoC
Total Runoff
Sediment Total soil concentratio Total SOC concentratio
Soil Time Runoff rate Erosion rate runoff coefficient
concentrati erosion (g) n in runoff erosion (mg) n in runoff
(min) (mm-h) (g'm™h™) (mm) (%)
on (g'L™) (mg-mm™) (mg-mm™)

CS 180 129%+0.2 31.7%+25 24%+£0.2 55.6%+9.1 2947450 274°+7.6 4847°+69.1 369.1°+385.1 6.6"+0.6

(o 240 10.7°+0.2 203°+0.5 19°£0.02  341°+6.0 181°+3.0 16.1°+3.0 476.1°+£57.7 326.0°+59.1 9.6°+1.0

3.2. Temporal Variation of ERsoc in Sediment during Rainfall Time

The ERgoc in sediment changed for both CS and OS during the simulated rainfall (Figure 4). On
both soils, the ERgoc in sediment initially increased, peaked around the time when steady-state runoff
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was achieved and, thereafter, declined. The maximum ERgoc in CS sediment was 1.86 and occurred
between 120 and 150 min, while the peak ERgoc of OS sediment was only 1.37 and occurred around
240 to 270 min. At the end of the simulated rainfall, the CS ERgoc of seven out of ten replicates
approached unity. Enrichment of SOC in sediment <l compared to the original source soil was
observed for the remaining three replicates. Overall, the total amount of eroded SOC was 369.1 mg for
CS and 326.0 mg for OS, which were not significantly different from each other (#-test, p > 0.05,
n = 10). Detailed data on the SOC erosion are shown in Table 2.

Figure 4. Development of the enrichment ratio for soil organic carbon (ERgoc) in eroded
sediment from a conventionally-farmed soil (CS) and organically-farmed soil (OS) over
360 min of rainfall time. Error bars indicate the standard deviation. n = 10.
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3.3. Interrill Erosional Response and SOC Erosion

The relationship between runoff and soil erosion rates differed noticeably for CS and OS
(Figure 5a,b): soil erosion rates for the CS increased rapidly from 20 to 50 g'm >h" after runoff rates
exceeded 10 mm-h™', while the soil erosions rate for OS stabilized around 20 g-m *-h™" for runoff rates
ranging from two to 14 mm-h™'. The power regression between runoff and soil erosion rate also
showed that CS was more sensitive to runoff erosivity (exponent 0.34 versus 0.28) and soil erodibility
(constant factor 12.12 versus 10.27) than OS (Figure 5a,b). In addition, the constant relationship for
OS and the cloud above the tail of the power regression line of the CS imply that the erosion was
non-selective at great runoff rates (Figure 5a). There was no consistent relationship between the ERgoc
of sediment and runoff rate or erosion rate for either soil (Figure 5c—f), indicating that there must be
some other factors (e.g., duration or stage of crust formation [9,15]) affecting the ERgoc of sediment
other than just the runoff erosivity or soil erodibility.

3.4. Crust Formation and Surface Properties

Both soils experienced the formation of distinct crust features during the simulation. After 6 h of
rainfall, only a limited amount of large aggregates remained embedded on the CS, surrounded by a
coherent depositional crust (Figure 6). In contrast, the extent of the structural crust on the OS was
much greater than CS, and the depositional crust also contained visibly distinguishable aggregates
(Figure 6). This indicates that the crusting process on CS progressed further than that on OS. A typical
pattern of surface roughness changes are shown in Figure 7. The difference in surface relative
roughness before and after all rainfall events was significant (Mann-Whitney Test, p < 0.05) for the
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CS, but not for the OS. This result reflects the progressed crusting on the CS, which generated a
stronger elevation contrast between flat extended depositional crusts and embedded crumbs. On the
OS, the soil surface was still interspersed by more coarse aggregates, and a smaller area was covered
by depositional crust. A similar effect of crusting on roughness was observed by Anderson and
Kuhn [41]. The texture of sediments and crusts was similar to the original soil, which indicates
non-selective erosion [32]. The SOC content in the crust after six hours of rainfall was not significantly
different from that in their original source for either soil (p = 0.47 for CS and p = 0.08 for OS)
(Figure 8).

Figure 5. Correlation of soil erosion rate with runoff rate (a,b), correlation of the ERgoc
with runoff rate (c¢,d) and correlation of the ERgoc with soil erosion rate (e,f) of
conventionally-farmed soil (CS) and organically-farmed soil (OS). Data from all 10
replicates are presented.
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Figure 6. Soil surface after 6-h rainfall on conventionally-farmed soil (CS) on the left and
organically-farmed soil (OS) on the right. On both soils, the dark patches are formed by
structural crust consisting of degraded crumbs. Light-colored areas are depositional crusts
consisting of fragments detached from structural crust by raindrop impact and wetting.

(Picture size: 10 cm x 10 cm).

Figure 7. Typical pattern of surface roughness on the flume transects before and after
rainfall. The 10th replicate from conventionally-farmed soil (CS) on the left and
organically-farmed soil (OS) on the right is shown here as an example.

11

—— Before rainfall —— Before rainfall
After rainfall After rainfall

105 - Em gt

o
(%]
1

Height of soil surface (cm)
=)

CS '"“'-", 0S

0 50 100 150 200 0 50 100 150 200
Transect of half flume(mm) Transect of half flume (mm)

N}

Figure 8. The enrichment ratio of soil organic carbon (SOC) in soils below the crust,
depositional crust and eroded sediment at 360 min from a conventionally-farmed soil (CS)
and from an organically-farmed soil (OS) compared to their initial SOC contents. Error

bars indicate the standard deviation. n = 10.

_[I g TI

Soils b%low the crust Depon]tional crust Sedimint at 360 min

1.3

Enrichment ratio of SOC

o o <o < |l

(=3 e | oo el — — b2
L



Agriculture 2013, 3 736

4. Discussion

Our results confirm the a priori rationale that the ERgoc is influenced by crusting. For both soils
used in this study, a cohesive structural crust and a depositional crust were formed (Figure 6). This
pattern of crust formation follows the model developed by Chen ef al. [27]. The loose particles
forming the depositional layer were eroded once runoff started. This leads to a distinct pattern of soil
erodibility during the simulation event: increasing until shortly after the runoff rate reaches maximum
and declining when the depositional layer is removed (Figure 3). The erodibility peaks shortly after the
steady-state runoff is achieved, because runoff becomes more competent, and the preceding
destruction of aggregates has produced a temporally unlimited supply of particles that can be eroded
by raindrop-impacted flow. The erodibility peak was less pronounced and delayed on the OS compared
to the CS (Figure 3). Such differences are attributed to the greater aggregate stability of the
OS (Table 1), which leads to slower aggregate breakdown (Figure 7), less erodible particles, slower
crusting and less runoff [23,42,43].

The ERgoc showed a similar pattern: increasing first, peaking around when the steady-state runoff
conditions were obtained and declining afterwards (Figure 4). We attribute this pattern to the depletion
of SOC in the source soil induced by the effect of crusting on the selectivity of erosion. At the end of
the rainfall event, the texture and SOC content of the soil and sediment did not differ for CS (Figure 8).
This indicates that erosion was non-selective, and therefore, soil and sediment also had the same SOC
content, i.e., an ERgoc of one. Schiettecatte ez al. [12] also observed an ERgoc equal to one on a silt
loam when unit sediment discharge exceeded a certain rate (1.7 g's”'*m ). They attributed this to the
decreasing selectivity of the erosion process at greater sediment transport rates. We speculate that in
our study, at the beginning of interrill erosion, the soil surface consisted of a mixture of aggregates of
various sizes, promoting selective erosion of small and light particles. As indicated by the high SOC
concentration in small-sized aggregates in the original soils (e.g., <20 um in Figure 1), as well as in
eroded sediment [34], sediment enriched in small-sized aggregates was also likely enriched in SOC.
This explanation is consistent with the observation by Schiettecatte et al. [12].

Kuhn and Armstrong [15] also reported selective erosion of fine particles from a sandy soil.
However, in their study, a non-erodible sandy layer was developed on the surface, armoring the lower
lying soil, and, thus, preventing the achievement of non-selective erosion. In the end, provided that no
supplement from adjacent areas or litter input occurred, interrill soil and SOC erosion eventually
declined to zero. On the soils used in this study, aggregate destruction continued as the rainfall
proceeded. Therefore, the particles forming the depositional crust became finer, while erosivity
increased with higher runoff. As a consequence, erosion was increasingly non-selective, and the ERgoc
declined over time again (Figure 4). This declining trend suggests that the ERgoc in sediment must be
balanced over time by a decrease of SOC in the source area material. This further implies that scaling
the ERgoc obtained from short rainfall events up to overall SOC erosion may be misleading. A similar
declining pattern of the ERgoc over time was also observed by Polyakov and Lal [10] on both the
erosional and depositional positions on a 4 m-long slope. Although the temporal variation of the ERsoc
observed in our study applies, in a strict sense, only to laboratory conditions (without the effects of
drying, vegetation growth and pronounced roughness elements), it points to the necessity of assessing



Agriculture 2013, 3 737

the degree of crust formation in the field, so as to determine the relevance of crusting for the ERgoc
under more complex natural conditions.

The effect of soil management practices on crusting also affected SOC. The SOC concentration in
the runoff of the OS was greater than on the CS (9.6 versus 6.6 mg-mm ', Table 2). While such a
difference in concentration reflects the SOC of the two soils (16.9 mgg' of CS versus
10.9 mg-g ' of OS, Table 1), it does not correspond to the observed total soil erosion of 16.1 g from
OS and 27.4 g from CS (Table 2). As a consequence, total SOC loss from the OS (326.0 mg) was only
slightly lower than from the CS (369.1 mg) (Table 2). Overall, the loss of SOC from the OS is greater
than its lower soil erodibility would suggest, highlighting the necessity of including the effect of
crusting, which is often ignored in current SOC erosion modeling, in the assessment of SOC erosion.
We attribute the difference in the erosional response of CS and OS to the stronger aggregation on the
OS, which delayed crust formation. This reduced, but stretched, the peak of the ERsoc compared to the
CS (Figure 4).

5. Conclusions

Interrill erosion, due to its universal occurrence, location at the soil-atmosphere interface and the
assumed preferential erosion of SOC, potentially plays a great role in global carbon cycling [1]. The
enrichment of SOC in interrill sediment observed in several studies is thus a potentially crucial
parameter for assessing soil-climate interaction, as well as the off-site impacts of interrill erosion on
water courses. However, the ERsoc of sediment is temporally variable as a consequence of crust
formation and erosion. Conservation of mass also questions the use of a quasi-constant average
(annual) value of the ERgoc of sediment to estimate the carbon erosion for a prolonged erosion time.
The ERgoc of sediment must be balanced over time by a decline of SOC in the source area material.
Therefore, extrapolation of enrichment ratios of organic carbon (ERgsoc) obtained from short rainfall
events up to overall SOC erosion may bear non-ignorable errors. The results of this study confirm
these risks by illustrating that the ERgoc is closely related to the duration of rainfall events and the
associated extent of crust formation and erosion.

While the prolonged rainfall (6 h) applied here is very limited in its feasibility under natural conditions,
the temporal variation of the ERgoc of sediment proves that the ERgoc 1s dependent on the degree of
crust formation and interrill erosion during the period when the soil is vulnerable to erosion by
raindrop-impacted flow. Comparing our results with other observations [10,12,15] on ERgoc dynamics
caused by crusting, we observe two basic patterns: (1) particles at the surface eventually become small
enough for non-selective transport, due to continuous aggregate breakdown, so that the ERgoc will
achieve unity; or (2) the erosion remains selective, and a non-erodible layer (e.g., armored by crust or
by over-sized particles) is formed at the surface. In this case, provided that no supplement from
adjacent areas occurs, interrill and SOC erosion will eventually decline to zero. For both scenarios, a
“constant” ERgoc of sediment is biased, leading to an overestimation of SOC erosion, unless the ERsoc
was determined for the entire crust formation. This conclusion applies in a strict sense only to
laboratory conditions without the effects of drying, vegetation growth and pronounced roughness
elements. Observations in the field are now required to determine the relevance of crusting for the
ERsoc under more complex natural conditions. Nonetheless, the results of our study show the need for
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assessing the degree of crust formation in the field, both to ensure that rainfall simulation in the field
reflects a typical degree of crust formation under given natural rainfall conditions and that monitoring
covers the entire crusting process.
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