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ABSTRACT
The net effect of soil erosion on global carbon cycling, especially as a source or sink for greenhouse gas
emissions, has been the subject of intense debate. The controversy arises, to a large degree, from the inadequate
understanding of the variation of soil organic carbon (SOC) in eroded sediment, and from the limited information on
the fate of eroded SOC whilst in-transit from the site of erosion to the site of deposition. During a slope-scale erosion
event, soil fractions and associated SOC will be transported away from eroding sites mainly by overland flow. If by
interrill erosion, eroded sediment is often enriched in SOC. While the reported SOC enrichment ratios (ERSOC) are
mostly greater than unity, they vary widely. Conservation of mass dictates that the ERSOC of sediment must be
balanced over time by a decline of SOC in the source areas material. Although the effects of crust formation on SOC
erosion have been discovered, a systematic study on crust formation over time and interrill SOC erosion has not been
conducted so far. In addition, the inherent complexity of soil properties and SOC erosion process may inevitably
introduce variations between replicates in SOC erosion data. Yet, the significance of such variation has not been
systematically investigated.
Even after erosion, SOC distribution in eroded soil also can change during transport. Regardless of selective
interrill erosion or non-selective rill erosion, eroded soil will be either gradually re-deposited along hillslopes or
further transferred to river systems. Under given flow conditions, the site of SOC deposition depends on the transport
distances of sediment particles where the SOC is stored. Very often, soil and SOC erosion risk is assessed by
comparing the SOC stock on eroding and colluvial depositional sites, or by applying the mineral particle specific
SOC distribution observed from either site to estimate the SOC stock of its counterpart. However, soil is not always
eroded as dispersed mineral particles, but mostly in form of aggregates. Aggregates possibly have distinct settling
velocity from individual mineral particles, which may considerably change the transport distance of the associated
SOC. In addition, SOC concentration in different aggregates probably differs from soil average SOC concentration,
which also complicates the spatial re-distribution of eroded SOC. Yet, little has been known about the potential
effects of aggregation onto the movement and fate of eroded SOC. Mineralization during transport may add an extra
risk to SOC loss. Some reports claimed that most of the SOC transfer occurs during large-scale erosion events,
rapidly transporting eroded SOC into depositional sites. Mineralization of eroded SOC during such rapid transport,
therefore, is of minor importance and thus can be ignored when calculating carbon balances between eroding and
depositional sites. Meanwhile, some other reports argued that erosion and transport tend to break down aggregates,
expose previously protected SOC to microbes and atmosphere, and hence accelerate mineralization of eroded SOC
during transport. To solve this discrepancy, it is required to understand the susceptibility of eroded SOC to
mineralization during transport, especially for erosion events that mobilize soil but do not necessarily move it far
enough to reach permanent depositional sites.
The above-described debate on the fate of eroded SOC highlights four knowledge gaps: 1) how does SOC
enrichment in eroded sediment vary with crust formation over rainfall time, and how the accordingly derived
systematic variability affects soil and SOC erosion prediction; 2) how does the inherent complexity of interrill
erosion processes affect the variability of SOC enrichment in eroded sediment; 3) how aggregation affects likely
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transport distance of eroded SOC; 4) whether or not erosion and transport induce acceleration of eroded SOC
mineralization. In this study, a series of experiments was conducted to address the above-identified knowledge gaps:
SOC-Variability experiment, SOC-Settling velocity experiment (SOC-Settling), SOC-Aggregation effects
experiment 1 (SOC-Aggregation 1) and SOC-Aggregation effects experiment 2 (SOC-Aggregation 2).
The SOC-Variability experiment was conducted to identify the temporal variation of SOC enrichment with
crust formation during prolonged rainfall time, by applying a simulated rainfall to two silty loams placed in round
flumes for 6 hours. A two-step erosion model was developed, based on the erosional response data obtained from six
selected sub-events, to examine the systematic variability derived from crusting evolvement over rainfall time. In
addition, the simulated erosion events were repeated ten times, enabling reliable statistical analysis for inter-replicate
variability. Key results are: 1) the temporal variation of SOC enrichment ratio shows that ERSOC of eroded sediment
cannot be always greater than unity, but varies with rainfall time, in agreement with conservation of mass; 2) the
gradually improved systematic variability of SOC erosion prediction over rainfall time shows that observations from
short events cannot be directly extrapolated to predict soil and SOC loss over prolonged events and vice versa; 3) the
significant inter-replicate variability at maximum runoff and soil erosion rates suggests that variability remains
significant even under ideal laboratory conditions. A settling tube apparatus was built up in the SOC-Settling
experiment to fractionated soil samples according to the potential transport distances of various fractions. To further
examine the aggregation effects onto the likely transport distance of eroded SOC, this settling tube apparatus was
then applied in the experiment SOC-Aggregation 1, to fractionate eroded sediment generated from a silty loam.
Results show that aggregation of source soil considerably reduces the likely transport distance of eroded SOC, and
potentially increases its likelihood to be re-deposited along hillslopes. Based on this observation on a single soil in
the experiment SOC-Aggregation 1, SOC-Aggregation 2 was then carried out with two types of soils, a silt loam and
silt clay. Furthermore, the fractionated sediments were incubated for 50 days to assess their long-term mineralization
potential. Key results from the experiment SOC-Aggregation 1, and SOC-Aggregation 2 show that: 1) Aggregation
of source soil and preferential deposition of SOC-rich coarse sediment fractions potentially skew the re-deposition of
eroded SOC into the terrestrial system. 2) Erosion and transport tend to accelerate mineralization of eroded SOC,
demonstrating their potential to contribute additional CO2 to the atmosphere.
Overall, this study demonstrates that both the temporal variation of SOC erosion and the spatial variation of
SOC deposition on hillslopes have to be considered when assessing the role of soil erosion on net CO 2 emissions.
Applying “constant” SOC enrichment ratios in erosion models will lead to bias estimation of SOC loss. Aggregation
effects of source soil considerably reduce the likely transport distance of eroded SOC, potentially skewing the redeposition of SOC-rich coarse sediment fractions towards the terrestrial system. Erosion and transport processes tend
to accelerate mineralization of eroded SOC, and hence potentially contribute additional CO2 to the atmosphere. Such
findings may profoundly alter our current accounting for erosion-induced lateral SOC transfer, further suggesting
that current recognition on deep burial of SOC on long-term depositional sites and the accordingly derived CO2 sink
strength would be over-estimated. Significantly accelerated mineralization of eroded SOC during transport adds a
further error into current carbon sink balances. Therefore, results from this study suggest that soil erosion is more
likely to be a source of atmospheric CO2.
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Chapter 1
Introduction
1.1. Soil erosion and global carbon cycling
1.1.1. Global carbon budget
The terrestrial carbon pool is the third largest carbon pool on the Earth. Within in the terrestrial
carbon pool, dead organic matter in litter and soils contain about 1500 to 2400 petagram carbon (Pg C),
three times as organic compounds in living biomass (450 to 650 Pg C) (IPCC, 2014). In addition, the soil
carbon pool is actively interconnected with other carbon pools. For example, the cumulative net CO2
emissions from land use changes between 1750 and 2011 are estimated at 180 ± 80 Pg C (IPCC, 2014).
Accelerated soil erosion, as one of the most widespread forms of soil degradation in the terrestrial system,
is potentially responsible for the net CO2 emission of about 1 Gt C·yr-1(Lal et al., 2004). Quinton et al.
(2010) estimated that globally about 0.08 Pg C is delivered to river systems every year by soil erosion.
Van Oost et al. (2007) proposed that if 26% of the lost carbon is replaced on eroding sites through
biomass incorporation, a global carbon sink of 0.12 Pg C·yr-1 could result from erosion in the world’s
agricultural landscapes. All these observations suggest that any changes in soil erosion processes, no
matter being alleviated or accelerated, will have a significant impact onto global carbon cycling.
1.1.2. Soil erosion
There are four manners of soil erosion: mass wasting, water erosion, wind erosion and tillage
erosion. In this study, we mainly investigate soil erosion by water. Within soil erosion by water, three
types are generally recognized: interrill, rill and gully erosion. Linear erosion by concentrated flow on
agricultural land is called rill erosion, while erosion by non-concentrated runoff, enhanced by the impact
of raindrops, is referred to as interrill erosion (Kuhn et al., 2012). When the volume of runoff is further
concentrated, the rushing water cuts deeper into the soil, deepening and coalescing the rills into larger
channels termed gullies (Brady and Weil, 2002). Gully erosion is out of the scope of this study.
1.1.3. General impacts of soil erosion onto global carbon cycling
Substantial literature has discussed the impacts of soil erosion by water onto global carbon cycling
(Pimentel et al., 1995; Stallard, 1998; Harden et al., 1999; Smith et al., 2001; Jacinthe and Lal, 2001;
Jacinthe et al., 2001; Lal, 2003; Berhe et al., 2007; van Oost et al., 2007; Kuhn et al., 2009; Lal and
Pimentel, 2008; Quinton et al., 2010; Berhe, 2011; Nadeu et al., 2012; Doetterl et al., 2012). The effects of
soil erosion on soil organic carbon (SOC) dynamics can be summarized into seven processes (Figure 1-1):
1) slaking or disruption disintegrates macro-aggregates into smaller and easily transportable fractions by
1
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Soil erosion and carbon dynamics

On-site effects
SOC depletion:
1) preferential
removal
2) increased
mineralization due
to change in
temperature and
moisture regimes
3) acidification of
calciferous layer

Landscape effects
1) Increase in
mineralization of soil
organic matter due to
breakdown of
aggregates
2) Exposure of SOC
released to climatic
elements

Depositional site effects

Emissions by:
1) Mineralization
2) Methanogensis

Depositional site effects

Sequestration by:
1) Re-aggregation
2) Deep burial

Erosion included emissions of CO2 (and CH4 and N2O)

Emissions by:
Oxidation of labile
POC and DOC

Sequestration by:
1) Deep burial
2) Complexation of
chelation

Erosion-included sequestration
of carbon

Erosion impact on global carbon cycling

Figure 1-1 Processes affecting soil organic carbon (SOC) dynamics. Arrows pointed upward indicate emissions of CO 2 into the
atmosphere. This figure is adopted from Lal et al. (2004).

runoff (Le Bissonnais et al., 1989; Le Bissonnais, 1990; Darboux and Le Bissonnais, 2007); in addition,
slaking or disruption of aggregates exposes the previously protected SOC accessible to microbes and
hence accelerating mineralization (Six et al., 2002; Lal and Pimentel, 2008; van Hemelryck et al., 2010); 2)
preferential removal of carbon in runoff water or dust storms, facilitating soil carbon loss and significantly
deteriorating soil quality (Sharpley, 1985; Moore and Singer, 1990b; Singer and Shainberg, 2004; Kuhn,
2007; Schiettecatte et al., 2008; Kuhn et al., 2009); 3) partial replacement of lost SOC by inputs of
decomposing plants on the surface of eroding sites (Stallard, 1998; Harden et al., 1999; van Oost et al.,
2007); 4) re-distribution of displaced SOC over the landscape and transported in rivers, resulting in a great
scale of lateral transfers (Starr et al., 2000; Lal, 2003; Mora et al., 2007; Dlugoß et al., 2012); 5)
mineralization of SOC on eroding sites, during transport and on depositional sites(Gregorich et al., 1998;
van Hemelryck et al., 2010, 2011; Fiener et al., 2012); 6) re-aggregation of soil through formation of
organo-mineral complexes at the depositional sites, protecting the freshly deposited SOC back into
aggregates (Berhe et al., 2007; Berhe, 2011); 7) deep burial carbon-enriched sediments in depositional
sites, flood plains and reservoirs and ocean floor (Stallard, 1998; van Oost et al., 2012; Hoffmann et al.,
2013). Although a great amount of research has been devoted to study these processes, our knowledge on
SOC dynamics is still very limited. A detailed discussion on the knowledge gaps in current studies of SOC
erosion on hillslopes will follow in section 1.3. Out of the numerous unaddressed knowledge gaps, crust
formation evolvement over time, the accordingly induced variations of SOC erosion, and the
biogeochemical fate of displaced SOC during transport, will be the major issues addressed in this study.
2
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1.2. Carbon dynamics in the terrestrial system
1.2.1. Carbon dynamics on eroding sites
A considerable amount of literature has reported that SOC erosion is dependent on numerous
factors: 1) soil erodibility which is related to soil texture, aggregate stability, initial SOC content, and soil
moisture (Tisdall and Oades, 1982; Le Bissonnais et al., 1995; Fitzjohn et al., 1998; Barthes and Roose,
2002; Darboux and Le Bissonnais, 2007; Zehe et al., 2010); 2) rainfall erosivity associated with intensity,
kinetic energy, frequency, raindrop size and distribution (Beuselinck et al., 2000; Jacinthe et al., 2004;
Kuhn and Bryan, 2004; Assouline and Ben-Hur, 2006; Jin et al., 2009; Berhe et al., 2012; Martínez-Mena
et al., 2012; Iserloh et al., 2013); 3) soil surface conditions such as crust formation and surface roughness
(Moore and Singer, 1990b; Le Bissonnais et al., 1998; Römkens et al., 2002; Kuhn and Bryan, 2004; Le
Bissonnais et al., 2005; Anderson and Kuhn, 2008); 4) topography such as slope gradient, length and
connectivity (Cerda and Garcia-Fayos, 1997; Fox et al., 1997; Fox and Bryan, 2000; Assouline and BenHur, 2006; Olson, 2010; Armstrong et al., 2011); and 5) land use (Bradford and Huang, 1994; Govers et
al., 1996; Jacinthe et al., 2002b; van Oost et al., 2005; Boix-Fayos et al., 2008; Wang et al., 2008; Olson,
2010). By integrating these factors in one way or another, different approaches have been developed to
predict SOC erosion. For instance, SOC loss can be log-linearly related to soil loss, or simply obtained by
multiplying soil loss with the percent of SOC in the near-surface soil and a SOC enrichment ratio
(Sharpley, 1985; Schiettecatte et al., 2008), or estimated by extrapolating particle size specific SOC
distribution in a runoff plot scale to that in river watershed scales (Massey and Jackson, 1952; Starr et al.,
2000). Parameters in these approaches are often based on average values obtained over a certain
monitoring setting. But both soil loss and the percent of SOC in near-surface soil may change with time
(Vanmaercke et al., 2012), rainfall conditions (Jacinthe et al., 2004), topography (Le Bissonnais et al.,
2005; Armstrong et al., 2011), and land use (Leys et al., 2007). Furthermore, given the inherent complex
interactions between soil properties and erosion process, variation between replicates may also inevitably
compromise the reliability of soil and SOC erosion data as input to erosion models. In addition, these SOC
erosion models are often too specialized in SOC loss prediction to incorporate the partial replacement of
lost SOC by inputs of decomposing plants into calculations (Figure 1-2).
Harden et al. (1999), after comparing soil samples from undisturbed slopes and slopes cropped for
100 years, stated that soil erosion amplifies both SOC loss and SOC recovery. On one hand, soil erosion
decreases soil productivity by reducing available water capacity, decreasing effective rooting depth, and
reducing water and nutrient use efficiencies (Lal, 2003). Declined productivity then reduces the amount of
plant residues, thus less organic SOC is returnable to the soil, which could have partially replaced the lost
SOC. This ultimately depletes SOC stock on eroding sites (Figure 1-2). On the other hand, the removal of
topsoil material from eroded sites exposing subsoil material can also lead to rapid SOC replacement
3
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through roots and litter input in the soil (hereafter termed as dynamic replacement) (Figure 1-2) (Stallard,
1998; Harden et al., 1999; Berhe et al., 2007). This is because many mineral surfaces in the deeper layers
of the soil profile are under-saturated with SOC, as little SOC input from plants occurs in these deeper
layers (van Oost et al., 2012). However, the magnitude of dynamic replacement rates reported in the
literature varies largely. For instance, Smith et al. (2001) assumed a steady state SOC content at eroding
sites (i.e., 100% replacement of eroded SOC), when calculating the budgets of SOC erosion and
deposition across United States. But van Oost et al. (2007) suggested that dynamic replacement of eroded
carbon is limited to the active carbon pools, i.e. pools have relatively high average C/N ratios and short
half-lives. These active carbon pools constitute on the order of 25% rather than 100% of the eroded carbon.
Different replacement rates then result in widely varying CO2 sink strength ranging from 1 to 0.12 Pg·yr-1
(Stallard, 1998; van Oost et al., 2007). The field investigation by Berhe et al. (2012) and the modeling
results from Billings et al. (2010) both suggested that higher rates of plant productivity are needed to
create and maintain a CO2 sink in eroding watersheds. This at least in part is managed by adding artificial
fertilizers. However, greenhouse gases generated during artificial fertilizers production potentially
correspond to 15 to 30% of the organic carbon buried owing to soil erosion (Kuhn, 2010a). This would, to
a certain extent, offset against the CO2 sink effects potentially induced by soil erosion. Meanwhile,
Billings et al. (2010) also stressed that the sink strength resulted from dynamic replacement of eroded
SOC could be cancelled out by the fraction of eroded SOC oxidized during transport and burial. Therefore,
it requires accounting for all the lateral and vertical fluxes of SOC during erosion, transport and deposition
to accurately identify the contribution of soil erosion to global carbon cycling.

Figure 1-2 Carbon dynamics along a slope profile, showing interactions between biomass production, soil formation, erosion and
deposition processes and their effects on lateral and vertical carbon fluxes on landscape scale in a terrestrial system with an
adjacent aquatic environment. This figure is adopted from Kirkels et al. (submitted).
4
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1.2.2. Carbon fate during transport
In-transit from eroding sites to depositional sites, eroded SOC will be gradually re-deposited after
different transport distances (Figure 1-2). Understanding the fate of eroded SOC during transport is an
essential component to close our carbon balances, but so far no compatible perception has been achieved
on its significance. The re-distribution of eroded SOC during transport is not always uniform, but very
often affected by preferential deposition (Kuhn et al., 2009; Hu et al., 2013a; Kuhn, 2013). The site of
deposition is dependent on the transport distance of the sediment fraction containing a specific amount of
SOC. The potential transport distances of sediment fractions are reflected by their settling velocities
(Beuselinck et al., 1999a; Loch, 2001; Tromp-van Meerveld et al., 2008), as well affected by sediment
discharge and hydraulic conditions (Beuselinck et al., 1998, 2000). Starr et al. (2000), after comparing
stable aggregate size distribution in the runoff from plots and that in rivers in watersheds, inferred that
more than 73% of eroded SOC is likely to be deposited on the landscape because it is associated with
aggregates greater than 62 µm. Only 8% of eroded SOC has the highest likelihood to be lost from
watershed soils to aquatic ecosystem with fine silt and clay domain. However, Wang et al. (2010), based
on the aggregation index derived from dispersed mineral particle size distribution, found that the carbon
delivery ratios out of the two small agricultural catchments in the Belgian Loess Belt ranged from 48.6 to
82.4%. These inconsistent observations, to a large extent, result from different assessments on transport
distance of eroded sediment and the associated SOC.
The fate of SOC during transport is also determined by its susceptibility to mineralization.
However, current investigations on the fate of eroded SOC are either deduced from SOC stock on eroding
and depositional sites, or conducted after arbitrary transport distances, and thus cannot reflect the actual
mineralization potential of SOC during transport. For instance, Jacinthe et al. (2004) only measured
respiration rates of SOC collected from outlets at the end of each watershed, conveniently disregarding
potential effects of various transport processes on accelerating SOC mineralization. In another case, Wang
et al. (2014) monitored the in-situ respiration rates of SOC on different positions of a 3.75 m long flume,
each time after it was subjected to simulated rainfall events. Even though this methodology is improved
compared to that in Jacinthe et al. (2004), soil in Wang et al. (2014) only experienced arbitrary transport
processes (certain slope gradient and length). Thus, observations from such experiments are of little
relevance to predict the fate of eroded SOC in other erosion and transport scenarios. This requires an
approach to effectively fractionate SOC according to transport distance to identify the mineralization
potential of different SOC fractions during transport.
1.2.3. Carbon dynamics on depositional sites
Decomposition of SOC in the buried sediments of depositional basins is generally accepted to be
slower than that in the source profiles on the eroding slopes (Figure 1-2). Deposition of eroded SOC
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downslope is often accompanied with increased water content, reduced oxygen availability, compaction,
and physical protection within inter-or intra-aggregates spaces. These conditions collectively can retard
the decomposition rate of buried SOC (Berhe et al., 2007). Post-deposition remobilization and
transformations are also reduced in wetter depositional basins, favoring SOC preservation over
mineralization (Stallard, 1998; Harden et al., 1999; McCarty and Ritchie, 2002). However, other reports
argued that SOC in depositional sites may be more biologically active than in erosional sites because of
the accumulation of light and small particles (Gregorich et al., 1998; Fiener et al., 2012). Gregorich et al.
(1998) reported that labile fractions of organic matter such as mineralizable carbon reflected the effects of
soil re-distribution, with the lowest levels found at the mid-slope position and highest levels at the lowest
slope position. Similarly, Fiener et al. (2012) observed a tendency that CO2 effluxes at erosional sites were
smaller than that at depositional sites in a small agricultural watershed subjected to water and tillage
erosion processes. After a controlled experimental study, van Hemelryck et al. (2010) agreed that a
significant fraction of eroded SOC was mineralized after deposition. However, they also pointed out that
deposition produced a dense stratified layer of sediment that capped the soil surface, leading to a decrease
in SOC decomposition in deeper soil layers. These diverging views highlight our limited knowledge of
carbon dynamics at depositional sites, demanding great efforts in the future to enhance current
understanding. However, even if carbon dynamics on depositional sites had been thoroughly investigated,
because of the unaccounted SOC loss during transport, building up slope-scale carbon balances merely
based on observations from depositional sites still bears great uncertainties. This, therefore, requires a
comprehensive understanding of all the possible SOC fluxes during erosion, transport and deposition.

1.3. Four knowledge gaps in current studies of SOC erosion on hillslopes
1.3.1. Crusting and erosion-induced temporal variation of SOC erosion
Findings on SOC erosion reported in the literature discussed in section 1.2.1 have often been
observed on a wide range of soils under relatively tight patterns of rainfall conditions (selected literature
in Table 1-1), without adequately accounting for the potential effects of crusting over time. The results of
such tests are useful, when comparing the reaction of a soil to a “standard” stress. But they provide only a
snapshot out of all possible soil and rainfall scenarios. Such snapshots may therefore not be reliable to
predict the reaction of soils to a wider range of naturally occurring rainfalls, let alone the rainfall scenarios
of future climate and land use (Meyer, 1994). This problem extends to the quality of eroded sediments
(Palis et al., 1990; Kinnell, 2012), particularly those from selective interrill erosion. Although on-site soil
loss by interrill erosion is many times smaller than that from rill erosion when both occur at the same
eroding site, it literally affects all arable land (globally, 14.2 million km2) (Kuhn et al., 2009). Due to
6
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limited raindrop kinetic energy and lack of concentrated runoff, interrill erosion is associated with
selective entrainment and transport of sediment (Parson and Abrahams, 1992). 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 SOC (Sharpley,
1985), phosphorous (Quinton et al., 2001), nitrogen (Teixeira and Misra, 2005) and clay (Warrington et al.,
2009), when compared to the source soil. Overall, between 0.57 and 1.33 Pg C yr-1 may be affected by
interrill erosion, potentially influencing global carbon cycling (Kuhn et al., 2012). The delivery of SOCenriched sediments into wetlands and water courses can also have profound off-site impacts (Lal, 2003).
However, most of the recently published data on selective interrill erosion (reviewed by Kuhn and
Armstrong, 2012) show only snapshots of SOC enrichment in eroded sediment, namely reactions to a
particular rainfall out of complete crust formation. While most studies report a positive enrichment of
SOC in interrill sediment, the enrichment ratios of SOC (ERSOC) varies largely in the literature, ranging
from 1.0 to 6.2 (Kuhn, 2007; Polyakov and Lal, 2004b; Schiettecatte et al., 2008; Sharpley, 1985).
Discrepancies are attributed to soil properties, such as texture, aggregation, initial SOC content or initial
soil moisture (Darboux and Le Bissonnais, 2007; Heil et al., 1997; Kuhn and Armstrong, 2012; Kuhn and
Bryan, 2004; Ramos et al., 2000), as well as to rainfall intensities, kinetic energy, duration (Jacinthe et al.,
2004; Martínez-Mena et al., 2012; Palis et al., 1990) and, finally, to diverse local micro-topography and
deposition processes (Le Bissonnais et al., 2005; Kuhn, 2010b).
Table 1-1 Selection of literature studying enrichment ratio of soil organic carbon (ER SOC), and the rainfall and slope conditions
used in these investigations.
Rainfall
duration
(min)
Natural rainfall
120

Slope
gradient
(%)
Not reported
10

Slope
length (m)

ERSOC in
sediment

Silt loam
Silt

Rainfall
intensity
(mm h-1)
Natural rainfall
45

Not reported
1

1.2 to 2.9
1.2 to 1.49

Polyakov and Lal, 2004

Silt loam

80

90

1 to 8

1 to 4

1 to 1.70

Polyakov and Lal, 2008

Clay loam

Natural rainfall

Natural rainfall

4 to 10

10 to 30

1.10 to 1.89

Kuhn and Armstrong,
2012

Sandy loam

25, 45

120, 180

10

1

0.77 to 1.46

Wang et al., 2010

Loess

45

Not reported

< 10

0.85

1.2 to 3.0

Wang et al., 2014

Silty loam

42

18

2 to 15

1.75 to 2

0.94-1.67

Literature

Soil type

Jacinthe et al., 2004
Kuhn 2007

Apart from the factors identified above, some of the uncertainties on SOC erosion prediction are
introduced by extrapolating constant or average SOC enrichment ratio to long-term or large-scale SOC
erosion. The practical limitations of using one enrichment value for SOC in sediment are questioned from
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a theoretical point of view: conservation of mass dictates that perpetual enrichment is not possible.
Polyakov and Lal (2004b), Schiettecatte et al. (2008), as well as Kuhn and Armstrong (2012) observed
decreasing ERSOC 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
(Kinnell, 2012). 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 (Kinnell, 2012; Kuhn and Armstrong, 2012). Ignoring crust-induced temporal variation of
ERSOC is also likely to introduce systematic variability when comparing SOC erosion observed from
rainfall events of distinct durations. However, such systematic variability has not been adequately
accounted for in current erosion models.
1.3.2. Inter-replicate variability induced by the inherent complexity of interrill erosion
The second knowledge gap identified in this study is the potential variability between replicates,
which also questions the accuracy of using an average ERSOC to assess SOC erosion. Major variability
between replicates caused by differences in soil properties, rainfall conditions or plot set-up has been
extensively discussed (Agassi and Bradford, 1999). The interrill erosion processes are also very sensitive
to minor interactions between the impact angle, speed, and size of individual raindrops (Agassi and
Bradford, 1999), the characteristics of particle units resulting from aggregate breakdown (Le Bissonnais,
1990), the changes of surface roughness (Anderson and Kuhn, 2008), as well as initial soil moisture (Le
Bissonnais et al., 1995; Heil et al., 1997). Uncertainties coming from these sources are inherent in erosion
processes, which are impossible or very difficult to eliminate even under ideal experimental conditions
(Bryan and Luk, 1981; Nearing et al., 1999; Wendt et al., 1986). Such uncertainties hereafter are termed as
inter-replicate variability. In addition, the significance of inter-replicate variability on runoff rates has
been reported to differ from that on soil erosion rates, respectively up to 75% and 35% in Luk and Morgan
(1981), while up to 105% and 173% in Rüttimann et al. (1995). This may imply a different extent of
variability on SOC erosion rates than on runoff or soil erosion rates, as SOC erosion involves more factors,
such as SOC distribution in eroded sediment and mineralization during crusting. However, the
significance of inter-replicate variability on SOC erosion has not yet been systematically investigated.
1.3.3. Aggregation effects onto the likely transport distance of eroded SOC
As discussed in section 1.2.2, no compatible perception has been achieved on the fate of eroded
SOC during transport. The major difficulty is to acquire the re-distribution pattern of eroded SOC, which
is strongly related to the transport distance of the sediment fraction where the SOC is stored. Under given
overland flow conditions, the transport distances of displaced soil particles are strongly related to their
settling velocities (Dietrich, 1982; Kinnell, 2005, 2001). The settling velocity of mineral particles is
determined by their size, density and shape (Dietrich, 1982). But soil particles are mostly eroded in the
8
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form of aggregates rather than as mineral particles (Walling, 1988; Slattery and Burt, 1997; Beuselinck et
al., 2000). For eroded soil particles composed of aggregates, settling velocities generally do not
correspond to the average or median mineral grain size, because aggregates differ in size, density and
shape from mineral particles (Johnson et al., 1996; Tromp-van Meerveld et al., 2008). Hence, the third
knowledge gap identified for this study is the potential effects of aggregation onto the likely transport
distance of eroded SOC on hillslopes.
The distribution of settling velocities based on mineral particle size classes has already been
included in some erosion / deposition models (Aksoy and Kavvas, 2005; Fiener et al., 2008a; Morgan et
al., 1998; van Oost et al., 2004). However, inconsistencies such as over-prediction of clay in sediment
fractions or under-prediction of sand and silt in sediment samples are often present in their results
(Beuselinck et al., 1999b; van Oost et al., 2004). This is because soil particles are mostly eroded in the
form of aggregates rather than as mineral particles (Walling, 1988; Slattery and Burt, 1997; Beuselinck et
al., 2000). The average or median mineral particle size can be the same for a range of soils, but the
aggregate size distribution can differ, especially when clay enhances the formation of aggregates.
Furthermore, SOC is more likely to be accumulated in macro-aggregates (Tisdall and Oades, 1982;
Cambardella and Elliott, 1994), which probably have different settling velocities from individual mineral
particles. This implies that aggregation can potentially change the settling velocities of individual mineral
particles that are clued into aggregates, and thus alter the likely transport distance of the associated SOC.
As a consequence, aggregation can lead to aggregate specific, rather than mineral grain specific SOC
distribution across a landscape by preferential deposition (Kuhn, 2007; Kuhn and Armstrong, 2012).
However, potential effects of aggregation on the likely transport distance of eroded SOC on hillslopes
have not yet been investigated.
1.3.4. Mineralization of eroded SOC during transport
The fourth knowledge gap identified for this study is the mineralization of eroded SOC during
transport. Many reports had described accelerating SOC mineralization during the detachment and
transport of eroded soils, because structural aggregates are broken down, thereby exposing the previously
protected SOC to microbial processes (Six et al., 2002; Lal and Pimentel, 2008; van Hemelryck et al.,
2010). Lal (2003) estimated that with 20% mineralization of the displaced carbon, erosion-induced
emission may be 0.8 – 1.2 Pg C yr-1 on the earth. Therefore, Lal and his colleagues proposed that SOC
mineralization during transport should be included in SOC erosion models (Jacinthe and Lal, 2001;
Jacinthe et al., 2004; Polyakov and Lal, 2004a). But other reports argued that large loads of sediment are
moved during rapid transport, thus SOC loss by mineralization during transport is of minor importance,
and hence could be ignored when calculating carbon balances (van Oost et al., 2007; Quinton et al., 2010).
To solve these discrepancies, it is required to identify the quality of eroded SOC of different transport
9
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distances. As discussed in section 1.3.3, under given overland flow conditions, the transport distance of
eroded SOC is strongly related to the settling velocity of sediment fraction that carries the SOC. Therefore,
in this study, the quality of eroded SOC can be identified by fractionating sediment according to settling
velocity and measure the mineralization potential of fractionated sediment.

1.4. Objectives of this study
After identifying the four knowledge gaps in section 1.3, the two main aims of this study can be
identified as: 1) to evaluate the potential impact of the temporal variation of SOC erosion on estimating
slope-scale SOC loss; 2) to investigate the influence of the potential spatial variation of deposition onto
the fate of eroded SOC. Six objectives were formulated in order to address the two aims:
1. To capture the crusting and erosion-induced temporal variation of SOC enrichment ratio in eroded
sediment;
2. To assess the potential risk of bias estimation induced by crusting-induced systematic variability
in SOC erosion prediction;
3. To examine the significance of inherent variability of runoff, soil and SOC erosion rates;
4. To establish an approach to effectively fractionate aggregated soils according to their likely
transport distances;
5. To examine the potential effects of aggregation on the likely transport distance of eroded SOC;
6. To detect the susceptibility of eroded SOC to mineralization during erosion and transport.

1.5. Experiments rationale
All the above-listed objectives were investigated in this study by a series of experiments (Table 12). The first three objectives of this study, namely crusting and erosion-induced temporal variation of SOC
enrichment ratio in eroded sediment, the potential risk of systematic variability in SOC erosion prediction,
and the significance of inter-replicate variability of runoff, soil and SOC erosion rates, were investigated
by the SOC-Variability experiment. The fourth objective, to establish an approach to efficiently fractionate
aggregated soils according to their likely transport distances, was addressed by building a settling tube
apparatus in the SOC-Settling experiment. The fifth and sixth objectives to examine the potential effects of
aggregation on the likely transport distance and the mineralizability of eroded SOC were investigated in
the SOC-Aggregation 1 and 2. In order to exclusively monitor the specific variations during SOC erosion,
transport and deposition (i.e., temporal, systematic, inter-replicate and spatial variation), which otherwise
10
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might be disguised or interfered by complex situations on natural field, all the experiments in this study
were carried out under controlled laboratory conditions. Field investigations will be carried out in the
future research, once all the presumed variations of SOC erosion have been detected in laboratory
experiments.
In the SOC-Variability experiment, simulated rainfalls were applied for six hours on two silty
loams of different tillage managements. Small round flumes each with an opening in the center were
chosen to limit the effect of increasing flow depth and transport process on interrill erosion, as well to
ensure a sufficiently large area to generate sediment for sampling and further analysis. Simulated rainfalls
were on purpose prolonged to six hours to ensure the completion of crust formation. On one hand, this
enabled the occurrence of temporally varying SOC enrichment ratios in eroded sediment; on the other
hand, six hours of rainfall allowed the possibility to divide the entire event into several collective subevents, and hence to investigate the potential of crusting-induced duration-related systematic variability.
In addition, the SOC-Variability experiment was repeated for ten times under the most achievably uniform
conditions, which also offers a possibility to evaluate the significance of the inter-replicate under ideally
controlled conditions.
Table 1-1 An overview on the aims, experiment rationale, objectives and chapter structure of this study.
Aim

Potential
temporal
variation of
SOC erosion

Potential
spatial
variation of
SOC
deposition

Experiment

Objective

Chapter

SOC-Temporal Variability

To capture the crusting and erosion-induced temporal variation
of SOC enrichment ratio in eroded sediment

2

To assess the potential risk of crusting-induced systematic
variability in SOC erosion prediction
SOC-Systematic Variability

To quantify the significance of inter-replicate variability of
runoff, soil and SOC erosion rates

3

SOC-Settling Velocity

To establish an approach to efficiently fractionate aggregated
soils according to their likely transport distances

4

SOC-Aggregation Effects 1

To examine the potential effects of aggregation on the likely
transport distance of eroded SOC

5

SOC-Aggregation Effects 2

To detect the susceptibility of eroded SOC to mineralization
during erosion and transport

6

In order to reflect the actual settling behavior of aggregated fractions, rather than rely on bias
estimation derived from mineral particle size distribution, a settling tube apparatus was designed in the
SOC-Settling experiment to fractionate aggregated soils according to their settling velocities. This offered
an opportunity to assess the quality of soil fractions of different likely transport distances. The distinct
distributions of SOC by aggregate size and by mineral particle size illustrate that aggregation effects can
facilitate the settling velocity of individual particle, and thus reduce the likely transport distance of the
associated SOC. Assuming similar effects would also occur to eroded sediment fractions, this settling tube
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apparatus was then applied in the SOC-Aggregation 1 experiment to fractionate eroded loess generated
from a 1.5 m long flume. A flume of this length was chosen to generate sufficient runoff to initiate nonselective erosion, meanwhile to limit the effects of transport process onto preferential deposition of eroded
sediment. Key results show that aggregate effects can reduce the transport distance of eroded SOC and
thus potentially skew the re-deposition of eroded SOC towards the terrestrial system. Based on the
findings of the SOC-Aggregation 1, the SOC-Aggregation 2 aimed at assessing the likely fate of SOC
eroded from two types of soils with different textures, structures and SOC contents. The susceptibility of
eroded SOC to mineralization was also determined by measuring the long-term mineralization potential of
fractionated SOC.

1.6. Thesis structure
The remaining part of this thesis consists of six chapters, which are outlined as in the following:
Chapter 2 presents the first part results observed from the SOC-Variability experiment: the
temporal variation of SOC enrichment from two silty loams. This chapter was published as an article in
Agriculture (Agriculture 2013, 3, 726-740; doi:10.3390/agriculture3040726).
Chapter 3 is a manuscript describing the second part results observed from the SOC-Variability
experiment: the significance of inter-replicate variability and crusting-induced systematic variability of
SOC erosion. This manuscript is planned to submit to Journal of Soils and Sediments.
Chapter 4 describes the design and operation rationale of a settling tube apparatus in the SOCSettling experiment. Different distributions of SOC between aggregates fractionated by the settling tube
apparatus and mineral particles dispersed by ultrasound were then compared to examine the efficiency of
such fractionation approach. This chapter was published as a technique note in Geomorphological
Techniques (Online Edition) (Hu et al., 2013. Section 1.1.1: Particle size analysis. In: Clarke, L.E & Nield,
J.M. (Eds.) Geomorphological Techniques (Online Edition). British Society for Geomorphology; London,
UK. ISSN: 2047-0371).
Chapter 5 presents the results from the experiment SOC-Aggregation 1. It mainly discusses the
effects of aggregation to reduce the likely transport distance of SOC, and the potential of such reducing
effects to skew the re-deposition of eroded SOC into the terrestrial system. This chapter was published as
a research article in Biogeosciences, 11, 6209-6219, 2014.
Chapter 6 is a manuscript presenting the results from the experiment SOC-Aggregation 2. As an
extension of the SOC-Aggregation 1, this experiment compares the skewing effects of different
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aggregation degrees onto the spatial re-distribution of eroded SOC. It also focuses on the long-term
mineralization potential of eroded SOC. This manuscript is planned to submit to Global Biogeochemical
Cycles.
Chapter 7 summaries the primary results observed from each experiment, and evaluates if all the
knowledge gaps identified in Chapter 1 are properly addressed. General conclusions are then drawn to
stress the contribution of this study to current understanding of erosion-induced carbon sink or source
effects. At the end, potential research opportunities in the future are discussed.
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Chapter 2
Temporal Variation of SOC Enrichment from Interrill Erosion over
Prolonged Rainfall Simulations
Yaxian Hu, Wolfgang Fister and Nikolaus J. Kuhn
Published in Agriculture, 3(4), 726–740, 2013

Abstract: Sediment generated by interrill erosion is commonly assumed to be enriched in soil organic
carbon (SOC) compared to the source soil. But the reported SOC enrichment ratios (ERSOC) vary widely.
It is also noteworthy that most studies reported that ERSOC is greater than unity, while conservation of
mass dictates that ERSOC 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 hours. ERSOC 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 ERSOC development over time, and in
particular, that the conservation of mass applies to ERSOC of sediment as a consequence of crusting. A
“constant” ERSOC of sediment is therefore possibly biased leading to an overestimation of SOC erosion.
The results illustrate that 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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2.1. 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 mil. km2) (Kuhn et al., 2009). Due to the limited raindrop
kinetic energy and lack of concentrated runoff, interrill erosion is associated with selective entrainment
and transport of sediment (Parson and Abrahams, 1992). 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) (Sharpley,
1985), phosphorous (Quinton et al., 2001), nitrogen (Teixeira and Misra, 2005) and clay (Warrington et al.,
2009) when compared to the source soil. Interrill erosion may therefore play a great role as source of nonpoint pollution for rivers and lakes (Lal, 2003). In addition, a potentially significant amount of between
0.6 to 1.3 Pg·-of organic carbon is affected annually by interrill erosion processes including aggregate
breakdown, crust formation, rainsplash and rainwash (Kuhn et al., 2009). The susceptibility of soil organic
carbon in interrill sediment to mineralization (van Hemelryck et al., 2010) also emphasizes the necessity
to improve our understanding of the role of interrill erosion and the associated crust formation onto
interrill SOC enrichment.
The reported SOC enrichment in sediment compared to source area soil, expressed as enrichment
ratio (ERSOC), varies largely in the literature, ranging from 0.74 to 6.2 (Kuhn, 2007, 2010b; Polyakov and
Lal, 2004b; Rodrı́guez Rodrı́guez et al., 2004; Schiettecatte et al., 2008; Wang et al., 2010). Discrepancies
are attributed to soil properties such as texture, aggregation, initial SOC content, or initial soil moisture
(Darboux and Le Bissonnais, 2007; Heil et al., 1997; Kuhn and Armstrong, 2012; Kuhn and Bryan, 2004;
Ramos et al., 2000), as well as to rainfall intensities, kinetic energy and duration (Jacinthe et al., 2004;
Martínez-Mena et al., 2012; Palis et al., 1990), and finally to diverse local micro-topography and
deposition processes (Le Bissonnais et al., 2005; Kuhn, 2010b). ERSOC also varies during an erosion event
as a consequence of selective erosion and crust formation (Hairsine et al., 1999; Palis et al., 1990; Walker
et al., 1978). While most papers report ERSOC in sediment greater than unity, Polyakov and Lal (2004),
Schiettecatte et al. (2008) as well as Kuhn and Armstrong (2012) observed decreasing ERSOC in sediment
after certain rainfall durations. This is in accordance with conservation of mass, which dictates that the
observed enrichment of particles must be a non-steady state phenomenon (Kinnell, 2012), 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 (Kinnell, 2012; Kuhn and
Armstrong, 2012).
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The enrichment and subsequent depletion of SOC in interrill sediment is attributed to crust
formation as well as the duration of erosion (Kuhn, 2010b). Chen et al. (1980) 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 (Kuhn and
Armstrong, 2012) or aggregates (Le Bissonnais, 1996; Slattery and Bryan, 1992), the latter of which are
often enriched in SOC. As rainfall proceeds, the loose depositional material is removed by raindropimpacted 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 (Le Bissonnais,
1996). After achieving steady state runoff, the equilibrium between crust formation and removal is
achieved for the given rainfall and runoff conditions (Moore and Singer, 1990b). Achieving the dynamic
balance between soil erodibility and runoff erosivity is thus highly likely to cause changes in ER SOC 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 a ERSOC of sediment greater
than unity (Kuhn et al., 2012). Once the crust formation has reached a steady state, ERSOC of sediment
should develop towards unity between crust and sediment because the amount of easily erodible particles
enriched in SOC has declined (Kuhn and Armstrong, 2012). Apart from the few studies on declining
sediment SOC cited above, the effect of crust completion on ERSOC of sediment has not been investigated
systematically. Therefore, this study aims to analyze the effect of prolonged crust formation and its
variability on the ERSOC of sediment.

2.2. Experimental Section
2.2.1.

Soil samples and preparation

Two silty loams from Möhlin (47˚ 33’ N, 7˚ 50’ E) near Basel, Switzerland, one from the
conventionally managed (CS) Bäumlihof 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 Möhlin showed that the silty loams used in this study are of structural stability and prone to form
crusts (Hu and Fister, 2011). 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 (Nimmo and Perkins, 2002)) and tillage management (Table 2-1).
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Figure 2-1. 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 Hu et al. (2013c). Error bars indicate the minimum and maximum values observed during three replicate
measurements.

In addition, SOC was not equally distributed in aggregate classes, but -more concentrated in small
particles (< 20 μm) and macro-aggregates (> 250 μm) than in other classes (Figure 2-1). Similar
distribution, but less SOC concentration in macro-aggregates (> 250 μm), was also observed in aggregate
fractions of eroded sediment (Hu and Kuhn, 2014). Their similarity in texture, but different aggregation
was considered suitable to observe the differences on crusting and thus ERSOC in eroded sediment, as well
as to ensure that during the rainfall simulation the presumed decline of ERSOC in eroded sediment would
occur. After sampling, the soils were dried at 40 ˚C until constant dry weight was reached and then sieved
to 1 to 8 mm. On 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 2-1 Texture, percentage of stable aggregates greater than 250 μm, 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 (T-test, P ≤ 0.05). The subscripted numbers after
each average value show the standard deviations (n=10).
Clay
(%)

a

Silt
(%)

a

16.80

OS

14.39 b 0.52 75.84 b 0.56 9.77 b 0.38

1.76

11.50

a

CS

1.38

71.47

Sand
(%)

1.00

Stable aggregates
greater than 250
μm (%)

66.85

a
0.47

77.76 b 1.87

SOC
(mg·g-1)

10.9

a
0.05

16.9 b 0.10
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Tillage operation

Rotation

Plowing (at least once
a year) together with Maize, rape,
other tillage
wheat, grass
operations
Non-plowing,
harrowing

Fertilizer

Chemical
fertilizer and
manure

Pumpkin, carrot, Sheep manure,
salad, pea, bean horn shavings
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Dry soils were placed in a round flume (Figure 2-2a) with an outside diameter of 50 cm and a
center opening of 10 cm (Figure 2-2b). These flumes were designed to limit the effect of increasing flow
depth on interrill erosion, as well 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 to achieve a complete crust, indicated by
constant runoff rates, required more rainfall than that 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 one hand, enabled the observation
of the effects of aggregate breakdown during crusting process; on the other, an initial crusting and soil
settling was induced, which facilitated the faster runoff development during the actual test.

(a)

3 cm

5 cm

10 %

Ø 10 cm
Ø 50 cm

(b)

(c)

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

2.2.2.

Rainfall simulation

Two flumes, one of each filled with CS and OS, were exposed to a rainfall of 30 mm·h-1 for 6
hours simultaneously (180 mm rain in total) (Figure 2-4c). An event precipitation of 180 mm is not a
frequent phenomenon in 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 (MeteoSwiss, 2013). Preliminary tests and field observations had shown that the two
silty loams used in this study required between 90 and 120 mm 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
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erosion rates (Hu and Fister, 2011). 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 to observe the effect of prolonged crust formation on ERSOC using rainfall intensity and kinetic
energy as well as an amount that can be experienced by the soil in 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 (Kuhn and Bryan, 2004); however, the effects of
drying on ERSOC are unknown. Ignoring the drying effect does not limit the objective of this study, which
aimed at testing the sensitivity of ERSOC to crust formation in principle.
A FullJet nozzle (¼ HH14WSQ), installed 2 m above the soil surface, was used to generate
multiple-sized raindrops (D50 of 2.3 mm). Kinetic energy of raindrops was detected by a Joss-WaldvogelDistrometer (average energy of 113.9 J·m-2·h-1). Tap water was used for each rainfall. The electric
conductivity of tap water was 2220 µs·cm-1, which was five times higher than the rainwater in Basel (462
µs·cm-1). In general, increased electric conductivity of tap water enhances dispersion during rainfall
simulation tests (Borselli et al., 2001). 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 µm 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 minutes 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 to record
the temporal changes of erosional response. In addition, no supplement was applied to replenish the onsite soil and SOC loss, which although unlike natural conditions (i.e. with vegetation or litter input or
upland deposition), served our purpose well to observe the potential of ERSOC varying against time. The
rainfall simulation tests were repeated 10 times for each soil (two pairs of flumes used for 5 times) to
generate a data set that would enable the statistical analysis of the variability of the erosional response.
2.2.3.

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 hours. The supernatant was
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 Stepper Motor Controller CSD 315 (Isel Automation, Germany) and
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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 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 to the original soils. Soil organic carbon concentration of the original
soils, eroded sediment, loose aggregates on surface, and crusts were measured by LECO RC 612 at 550
˚C. Enrichment ratios were calculated between 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-1 (i.e. energy
= output power 30 W × time 300 s / suspension volume 1000 ml). Statistical analyses were calculated
using Microsoft Excel 2010 and SPSS.

2.3. Results
2.3.1.

Erosional response during rainfall time

Both CS and OS showed a similar temporal pattern of runoff and erosion (Figure 2-3). However,
CS responded more rapidly and significantly pronounced than OS (T-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 2-3a),
indicating the completion of structural crust formation(Chen et al., 1980; Moore and Singer, 1990b). 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 2-3a). By the end of the 6 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 2-3b). 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 runoff reached steady
state conditions (Figure 2-3c). Due to 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 interreplicate variations of runoff and soil erosion rates (indicated by the error bars in Figure 2-3a, b and
standard deviation in Table 2-2) were between 10 and 38% after reaching runoff steady state. This is
mostly due to the unavoidable inherent variability of erosion process (Bryan and Luk, 1981; Wendt et al.,
1986). However, the temporal patterns of runoff, soil erosion rates and ERSOC of each replicate
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corresponded with each other (detailed data shown in (Hu et al., In preparation)). Meanwhile, the
erosional response for CS significantly differed from that for OS in almost all the cases (Table 2-2). The
erosion data observed in our study is, therefore, considered capable of drawing representative conclusions
on the effect of crusting on ERSOC. Detailed erosional responses during the 360 min rainfall simulation are
summarized in Table 2-2.
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Figure 0-1. 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.

2.3.2.

Temporal variation of ERSOC in sediment during rainfall time

ERSOC in sediment changed for both CS and OS during the simulated rainfall (Figure 2-4). On
both soils, ERSOC in sediment initially increased, peaked around the time when steady state runoff was
achieved and thereafter declined. Maximum ERSOC in CS sediment was 1.86 and occurred between 120
and 150 min., while the peak ERSOC of OS sediment was only 1.37 and occurred around 240 to 270 min.
At the end of the simulated rainfall, the CS ERSOC of 7 out of 10 replicates approached unity. Enrichment
of SOC in sediment < 1 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 (t-test, P > 0.05, n=10). Detailed data on SOC erosion are
shown in Table 2-2.
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Table 2-2. Summary of erosional responses of conventionally farmed soil (CS) and organically farmed soil (OS) over
360 min of rainfall time (average of 10 replicates). The erosion area is 1884.96 cm2. Different superscripted letters in
each column indicate the significant differences (T-test, P ≤0.05). The subscripted numbers after each average value
show the standard deviation (n=10).
Steady state
Soil

Time Runoff rate Erosion rate Sediment
(min)
(mm·h-1 )
(g·m-2·h-1) conc. (g·l-1)

Total
runoff
(mm)

Runoff
coef.
(%)

Total soil Soil conc. in Total SOC SOC conc. in
erosion
runoff
erosion
runoff
(g)
(mg·mm-1)
(mg)
(mg·mm-1)

CS

180

12.9 a ±0.2

31.7 a ±2.5

2.4 a ±0.2

55.6 a ±9.1 29.4 a ±5.0 27.4 a ±7.6 484.7 a ±69.1 369.1 a ±85.1

6.6 a ±0.6

OS

240

10.7 b ±0.2

20.3 b ±0.5

1.9 b ±0.02

34.1 b ±6.0 18.1 b ±3.0 16.1 b ±3.0 476.1 a ±57.7 326.0 a ±59.1

9.6 b ±1.0

Enrichment ratio of SOC

2.5

CS sediment
OS sediment

2

1.5

1
0

60

120

180

240

300

360

0.5

0

Rainfall time (min)

Figure 2-4 Development of enrichment ratio for soil organic carbon (ER SOC) 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).

2.3.3.

Interrill erosional response and SOC erosion

The relationship between runoff and soil erosion rates differed noticeably for CS and OS (Figure
2-5a, b): soil erosion rates for the CS increased rapidly from 20 to 50 g·m-2·h-1 after runoff rates exceeded
10 mm·h-1, while the soil erosions rate for OS stabilized around 20 g·m-2·h-1 for runoff rates ranging from
2 to 14 mm·h-1. The power regression between runoff and soil erosion rate also showed that CS was more
sensitive to runoff erosivity (exponent 0.34 vs. 0.28) and soil erodibility (constant factor 12.12 vs. 10.27)
than OS (Figure 2-5a, b). In addition, the constant relationship for OS and cloud above the tail of the
power regression line of the CS imply that the erosion was non-selective (Figure 2-5a). There was no
consistent relationship between ERSOC of sediment and runoff rate or erosion rate for either soil (Figure 25c, d, e, f), indicating that there must be some other factors (e.g. duration or stage of crust formation
(Kuhn and Armstrong, 2012; Kuhn, 2010b)) affecting the ERSOC of sediment than just the runoff erosivity
or soil erodibility.
23

Chapter 2: SOC Erosion - Temporal Variability

CS

OS

Soil erosion rate
(g·m-2·h-1)

60

60

(a)
50

y = 12.13x0.34
R² = 0.80

50

40

40

30

30

20

20

10

10
0 2 4 6 8 10 12 14 16 18
Runoff rate (mm·h-1)

0 2 4 6 8 10 12 14 16 18
Runoff rate (mm·h-1)
2.5

Enrichment ratio of SOC
in sediment

y = 10.27x0.28
R² = 0.73

0

0

2.5

(c)

2

2

1.5

1.5

1

1

0.5

0.5

0

(d)

0
0 2 4 6 8 10 12 14 16 18
Runoff rate (mm·h-1)

Enrichment ratio of SOC
in sediment

(b)

2.5

0 2 4 6 8 10 12 14 16 18
Runoff rate (mm·h-1)

2.5

(e)

2

2

1.5

1.5

1

1

0.5

0.5

0

(f)

0
0

10
20
30
40
50
Soil erosion rate (g·m-2·h-1)

0

10
20
30
40
50
Soil erosion rate (g·m-2·h-1)

Figure 2-5. Correlation of soil erosion rate with runoff rate (a, b), correlation of ER SOC with runoff rate (c, d) and
correlation of ERSOC with soil erosion rate (e, f) of conventionally farmed soil (CS) and organically farmed soil (OS).
Data from all 10 replicates are presented.

2.3.4.

Crust formation and surface properties

Both soils experienced the formation of distinct crust features during the simulation. After 6 hours
of rainfall, only a limited amount of large aggregates remained embedded on the CS, surrounded by a
coherent depositional crust (Figure 2-6). 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 2-6).
This indicates that the crusting process on CS progressed further than that on OS. A typical pattern of
surface roughness changes is shown in Figure 2-7. The difference in surface relative roughness before and
after all rainfall events was significant (Mann-Whitney Test, P ≤ 0.05) for the 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
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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 (2008). The texture of sediments and crusts
was similar to the original soil, which indicates non-selective erosion. The SOC content in the crust after 6
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 2-8).

CS

OS

Figure 2-6. Soil surface after 6-hour 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 × 10 cm).
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Figure 2-7. 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 are shown here as an
example.
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Figure 2-8. 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.

2.4. Discussion
Our results confirm the a priori rationale that ERSOC is influenced by crusting. For both soils used
in this study, a cohesive structural crust and a depositional crust were formed (Figure 2-6). This pattern of
crust formation follows the model developed by Chen et al. (1980). 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 2-3). 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 2-3). Such
differences are attributed to the greater aggregate stability of the OS (Table 2-1), which leads to slower
aggregate breakdown (Figure 2-8), less erodible particles, slower crusting, and less runoff (Barthes and
Roose, 2002; Le Bissonnais et al., 2005; Singer and Le Bissonnais, 1998).
The ERSOC showed a similar pattern: increased first, peaked around when steady state runoff
conditions were obtained, and declined afterwards (Figure 2-4). We attribute this pattern to the depletion
of SOC in source soil induced by the effect of crusting on selectivity of erosion. At the end of the rainfall
event, texture and SOC content of the soil and sediment did not differ for CS (Figure 2-8). This indicates
that erosion was non-selective, and therefore soil and sediment also had the same SOC content, i.e. ERSOC
of 1. Schiettecatte et al. (2008) also observed ERSOC equal to 1 on a silt loam when unit sediment
discharge exceeded a certain rate (1.7 g·s-1·m-1). 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
26

Chapter 2: SOC Erosion - Temporal Variability

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 μm in Figure 2-1) as well as in eroded sediment (data not published),
sediment enriched in small-sized aggregates was also likely enriched in SOC. This explanation is
consistent with the observation by Schiettecatte et al. (2008).
Kuhn and Armstrong (2012) 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 no
supplement from adjacent areas or litter input, 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 ERSOC declined over time again. This declining
trend suggests that the ERSOC in sediment must be balanced over time by a decrease of SOC in the source
area material. It further implies that scaling the ERSOC obtained from short rainfall events up to overall
SOC erosion may be misleading. Similar declining pattern of ERSOC over time was also observed by
Polyakov and Lal (2004b) on both the erosional and depositional positions on a 4 m long slope. Although
the temporal variation of ERSOC observed in our study apply, in strict sense, only to laboratory conditions
(without effects of drying, vegetation growth and pronounced roughness elements), they point to the
necessity of assessing the degree of crust formation in the field, so as to determine the relevance of
crusting for ERSOC 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 vs. 6.6 mg·mm-1, Table 2-2). While such a difference
in concentration reflects the SOC of the two soils (16.9 mg·g-1 of CS vs. 10.9 mg·g-1of OS, Table 2-1), it
does not correspond to the observed total soil erosion of 16.1 g from OS and 27.4 g from CS (Table 2-2). .
As a consequence, total SOC loss from the OS (326.0 mg) was only slightly lower than from the CS
(369.1 mg) (Table 2-2). Overall, the loss of SOC from the OS is greater than its lower soil erodibility
would suggest, highlighting the necessity to include the effect of crusting, which is often ignored in
current SOC erosion modeling, into the assessment of SOC erosion. We attribute the difference in
erosional response of CS and OS to the stronger aggregation on the OS, which delayed the crust
formation. This reduced, but stretched the peak of ERSOC compared to the CS (Figure 2-4).
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2.5. Chapter conclusion
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 (Kuhn et al.,
2009). The enrichment of SOC in interrill sediment observed in several studies is thus a potentially crucial
parameter to assess soil-climate interaction, as well as off-site impacts of interrill erosion to water courses.
However, 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 ERSOC of
sediment to estimate the carbon erosion for a prolonged erosion time. ERSOC 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 (ERSOC) obtained from short rainfall events up to overall SOC erosion may bear nonignorable errors. The results of this study confirm these risks by illustrating that ERSOC is closely related to
the duration of rainfall events and the associated extent of crust formation and erosion.
While the prolonged rainfall (6 hours) applied here is very limited in its feasibility under natural
conditions, the temporal variation of ERSOC of sediment proves that ERSOC is 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 (Kuhn and Armstrong, 2012; Polyakov and
Lal, 2004b; Schiettecatte et al., 2008) on ERSOC 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 ERSOC 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” ERSOC of sediment is biased, leading to an overestimation
of SOC erosion unless ERSOC was determined for the entire crust formation. This conclusion applies in
strict sense only to laboratory conditions without effects of drying, vegetation growth and pronounced
roughness elements. Observations in the field are now required to determine the relevance of crusting for
ERSOC under more complex natural conditions. Nonetheless, the results of our study show the need for
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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Inter-Replicate Variability and Crusting-Induced Systematic Variability in
Organic Carbon Erosion Modeling
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Abstract: Sediment generated by interrill erosion processes is often reported to be enriched in soil organic
carbon (SOC). To assess SOC loss by erosion, the amount of eroded sediment is often multiplied with the
average organic carbon content in the eroding soil and the average enrichment ratio of SOC in sediment.
However, the complex interaction between rainfall, runoff and soil crusting renders SOC erosion is highly
variable over time. Apart from the inherent variability of crust formation and soil erosion that may affect
SOC enrichment, conservation of mass dictates that the enrichment ratio of SOC in sediment must be
balanced over time by a decline of SOC in the source area material. The use of average enrichment values
or values from short erosion events is therefore likely to generate a great uncertainty in estimating SOC
loss over longer events. Similar errors are also likely to occur if applying SOC erosion data based on
current rainfall characteristics to estimate SOC loss in the future with changing rainfall magnitudes.
To evaluate the relevance of inherent variability, crusting evolvement over time and the
accordingly derived systematic variability to soil and SOC erosion, two silty loams were subjected to a
simulated rainfall of 30 mm h-1 for 360 min. Runoff and soil erosion rates were recorded every 30 min.
The whole rainfall event was repeated 10 times to enable statistical analysis of the variability of the
erosional response. Two-step erosion models were developed based on the infiltration, runoff and soil
erosion data obtained from six selected event durations: 60, 120, 180, 240, 300 and 360 minutes. The
results show that: i) the enrichment ratios of SOC dropped to unity or even below 1 during prolonged
crusting, confirming that preferential erosion is limited by depletion of SOC on the eroding soil surface; ii)
the inter-replicate variability of runoff and soil erosion rates considerably declined over rainfall time. Yet,
even after maximum runoff and erosion rates were reached, the inter-replicate variability still remained
between 15 and 39%, indicating the existence of significant inherent variability; and iii) the increasingly
improved predictions with extending event durations suggested that observations from short events cannot
be directly extrapolated to predict soil and SOC loss over longer events, and vice versa.
Keywords: interrill erosion, soil organic carbon enrichment, inherent variability, systematic variability
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3.1. Introduction
Soil erosion by water is strongly influenced by rainfall characteristics and thus potentially affected
by climate change (Moore and Singer, 1990a; Parson and Abrahams, 1992; Wang et al., 2012; Wan et al.,
2013). Runoff and erosion generally occur within the domain of one or two processes: non-concentrated
and raindrop-impacted sheet flow, or concentrated flow with sufficient shear forces to incise into rills.
Both processes, in sequence, involve the effects of raindrop impact, wetting, soil resistance to erosion
(erodibility) and the erosivity of the flow (Govers and Poesen, 1988; Kimaro et al., 2008). During a
rainfall event, the soil surface is affected by the temporal pattern of infiltration, runoff erosivity and soil
erodibility. One of the most obvious changes of a soil surface during a rainfall event is the crusting
process. Crust formation not only alters the surface roughness, infiltration, runoff speed and runoff
erosivity (Moore and Singer, 1990a; Kuhn et al., 2003), but also affects the abundance of depositional
particles, selective entrainment and transport of depositional particles, as well as the SOC erosion over
rainfall time (Kuhn and Armstrong, 2012; Hu et al., 2013a). In this study, all the processes influencing soil
surface changes are summarized as crusting. However, current findings on soil and SOC erosion in the
literature discussed above have often been observed on a wide range of soils under relatively tight patterns
of rainfall conditions, without adequately accounting for the potential effects of crusting over time (Bryan
and de Ploey, 1983; Agassi and Bradford, 1999; Iserloh et al., 2013). The results of such tests are useful,
when comparing the reaction of a soil to a “standard” stress. But they provide only a snapshot out of all
possible soil and rainfall scenarios. Such snapshots may therefore not be reliable to predict the reaction of
soils to a wider range of naturally occurring rainfalls, let alone the rainfall scenarios of future climate and
land use (Meyer, 1994).
The problem of inadequately accounting for the potential effects of crusting over time also
extends to the quality of eroded sediments (Palis et al., 1990; Kinnell, 2012), particularly those from
selective interrill erosion. Although on-site soil loss by interrill erosion is many times smaller than that
from rill erosion when both occur at the same eroding site, it literally affects all arable land (globally, 14.2
million km2) (Kuhn et al., 2009). Due to limited raindrop kinetic energy and lack of concentrated runoff,
interrill erosion is associated with selective entrainment and transport of sediment (Parson and Abrahams,
1992). 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 SOC (Sharpley, 1985), phosphorous (Quinton et al., 2001), nitrogen (Teixeira and
Misra, 2005) and clay (Warrington et al., 2009), when compared to the source soil. Overall, between 0.57
and 1.33 Pg C yr-1 may be affected by interrill erosion, potentially influencing global carbon cycling
(Kuhn et al., 2012). The delivery of SOC-enriched sediments into wetlands and water courses can also
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have profound off-site impacts (Lal, 2003). However, most of the recently published data on selective
interrill erosion (reviewed by Kuhn and Armstrong, 2012) show only snapshots of SOC enrichment in
eroded sediment, namely reactions to a particular rainfall out of complete crust formation. While most
studies report a positive enrichment of SOC in interrill sediment, the enrichment ratios of SOC (ERSOC)
varies largely in the literature, ranging from 1.0 to 6.2 (Sharpley, 1985; Polyakov and Lal, 2004b; Kuhn,
2007; Schiettecatte et al., 2008). Discrepancies are attributed to soil properties, such as texture,
aggregation, initial SOC content or initial soil moisture (Heil et al., 1997; Ramos et al., 2000; Kuhn and
Bryan, 2004; Darboux and Le Bissonnais, 2007; Kuhn and Armstrong, 2012), as well as to rainfall
intensities, kinetic energy, duration (Palis et al., 1990; Jacinthe et al., 2004; Martínez-Mena et al., 2012)
and, finally, to diverse local micro-topography and deposition processes (Le Bissonnais et al., 2005; Kuhn,
2010b).
Apart from the influences of soil properties, rainfall properties and local micro-topography, some
of the uncertainties on SOC erosion prediction are introduced by extrapolating constant or average SOC
enrichment ratio to long-term or large-scale SOC erosion. The practical limitations of using one
enrichment value for SOC in sediment are questioned from a theoretical point of view: conservation of
mass dictates that perpetual enrichment is not possible. Polyakov and Lal (2004b), Schiettecatte et al.
(2008), as well as Kuhn and Armstrong (2012) observed decreasing ERSOC 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 (Kinnell, 2012). 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 (Kinnell, 2012; Kuhn and Armstrong, 2012).
Ignoring crust-induced temporal variation of ERSOC is also likely to introduce systematic variability when
comparing SOC erosion observed from rainfall events of distinct durations. However, such systematic
variability has not been adequately accounted for in current erosion models.
The potential variability between replicates also questions the accuracy of using an average ERSOC
to assess SOC erosion. Major variability between replicates caused by differences in soil properties,
rainfall conditions or plot set-up has been extensively discussed (Agassi and Bradford, 1999). The interrill
erosion processes are also very sensitive to minor interactions between the raindrop impact angle, speed,
and size of individual raindrops (Agassi and Bradford, 1999), the characteristics of particle units resulting
from aggregate breakdown (Le Bissonnais, 1990), the changes of surface roughness (Anderson and Kuhn,
2008), as well as initial soil moisture (Le Bissonnais et al., 1995; Heil et al., 1997). Uncertainties coming
from these sources are inherent in erosion processes, which are impossible or very difficult to eliminate
even under ideal experimental conditions (Bryan and Luk, 1981; Wendt et al., 1986; Nearing et al., 1999;
Hu et al., 2013a). Such uncertainties hereafter are termed as inter-replicate variability. In addition, the
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significance of inter-replicate variability on runoff rates has been reported to differ from that on soil
erosion rates, respectively up to 75% and 35% in Luk and Morgan (1981), while up to 105% and 173% in
Rüttimann et al. (1995). This may imply a different extent of variability on SOC erosion rates than on
runoff or soil erosion rates, as SOC erosion involves more factors, such as SOC distribution in eroded
sediment, SOC characteristics in the particle units resulting from aggregate, and availability of SOC
fractions during crusting. However, the significance of inter-replicate variability on SOC erosion has not
yet been systematically investigated.
The aims of this paper are therefore: 1) to capture the temporal variation of SOC erosion, and then
evaluate the effects of the accordingly derived systematic variability onto SOC erosion prediction; 2) to
identify the significance of the inherent complexity of interrill erosion processes onto the inter-replicate
variability of SOC enrichment in eroded sediment; and 3) to assess the risk of linearly scaling models
developed from current rainfall characteristics up to predict the SOC erosion under climate conditions in
the future.

3.2. Materials and Methods
3.2.1. Soil samples and preparation
Two silty loams from Möhlin (47˚ 33’ N, 7˚ 50’ E) near Basel, Switzerland, one from the
conventionally managed (CS) Bäumlihof Farm and the second from the organically managed (OS)
Eulenhof Farm, were used in this study. The conventionally managed farm has planted crops over decades,
and has been applied chemical fertilizer and plowed at least once a year (Table 3-1). Meanwhile, the
organically managed farm mainly plants vegetables and applies only organic fertilizer (Table 3-1). Soil of
A-horizon (about 100 kg for each) from a gentle shoulder slope (< 5%) was sampled in April 2010 on
each farm. Previous research conducted in the region of Möhlin showed that the silty loams used in this
study are likely to experience non-selective erosion, as raindrop-impacted flow is sufficiently competent
to remove all the transportable materials (Hu and Fister, 2011). 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), and aggregate stability (method adapted from (Nimmo and Perkins, 2002)).
Therefore, their similarity in texture but unalike aggregation was thus considered suitable to observe the
differences on crusting, as well as to ensure that during the rainfall simulation the presumed decline of
ERSOC in eroded sediment would occur (Hu et al., 2013a).
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Table 3-1 Texture, percentage of stable aggregates greater than 250 μm, 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 the significant differences (P <= 0.05, T-test). The subscripted numbers
after each average value show the standard deviation (n=10).
Clay (%) Silt (%) Sand (%)

Stable aggregates
greater than 250 μm
(%)

CS

16.80 a 1.38 71.47 a 1.76 11.50 a 1.00

66.85 a 0.47

OS

14.39 b 0.52 75.84 b 0.56 9.77 b 0.38

77.76 b 1.87

SOC
(mg·g-1)

Tillage operation

Rotation

Fertilizer

Plowing (at least once
Chemical
Maize, rape,
10.9 a 0.05 a year) together with
fertilizer and
wheat, grass
other tillage operations
manure
Pumpkin,
Non-plowing,
Sheep manure,
16.9 b 0.10
carrot, salad,
harrowing
horn shavings
pea, bean

After sampling, the two soils were dried at 40 ˚C until constant dry weight was reached and then
sieved to 1 to 8 mm. 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 in the
results rather than the differences in initial roughness. Then, dry soils were placed in a round flume with
an outside diameter of 50 cm and a center opening of 10 cm. These flumes were designed to limit the
effect of increasing flow length and thus depth on interrill erosion, as well as to ensure a sufficiently large
area to generate sediment for sampling and further analysis. The soils rested on the sand and were molded
into a straight slope of 10% between the outer and inner rim. Preliminary tests had shown that slight soil
compaction/settlement via pre-wetting was necessary to ensure that once subjected to rainfall, soils would
not to sink below the center rim and hence block the transportation path. Besides, preliminary tests also
indicated that achieving a crust with constant runoff on such dry silt loams required more rainfall than that
could feasibly be applied during one day. Therefore, a 30 min rainfall of 30 mm h-1, corresponding to the
intensity used for the actual test, was applied one day prior to the simulation event. This short pre-wetting,
on one hand, enabled the observation of the effects on aggregate breakdown during crusting process; on
the other, induced an initial crusting and soil settling, which facilitated the faster runoff development
during the actual test.
3.2.2. Rainfall simulation
Two flumes, one of each filled with CS and OS (Figure 3-1), were simultaneously exposed to a
simulated rainfall of 30 mm·h-1 for 360 min (in total about 180 mm of rainfall). An event precipitation of
180 mm is not a frequent phenomenon in the region of Möhlin. The monthly precipitation during April,
May and June (corresponding to periods with bare soil after tillage) varied widely over the past three
decades (Figure 3-2), ranging from 6 to 241 mm (MeteoSwiss, 2013). Preliminary tests and field
observations had shown that the two silty loams used in this study required between 90 and 120 mm
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 (Hu and Fister, 2011). The return period of such
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monthly rainfall is 0.65 years for 90 mm, 1 year for 120 mm, and 7 years for 180 mm. The selected
rainfall, therefore, was suitable to observe all the potential effects of prolonged crust formation onto the
variability of erosional response that would possibly be experienced by the soil in the region of Möhlin,
except for the effects of drying between rainfall events. Drying is likely to rejuvenate the granular
structure of the crust (Kuhn and Bryan, 2004); however, the effects of drying on ERSOC are unknown.
Ignoring the drying effect does not limit the objective of this study which aimed at testing the sensitivity
of ERSOC to inter-replicate and systematic variability in principle (likewise stated in Hu et al., 2013a).

Figure 3-1 Conventionally farmed soil (CS) and organically farmed soil (OS) in round flumes were simultaneously
subjected to simulated rainfall. The white boxes were used to monitor the rainfall intensity. This picture was also
presented in (Hu et al., 2013a).

Figure 3-2 Monthly total precipitation during April, May, and June in the region of Möhlin over the past 28 years.
Three lines mark the monthly precipitation of 90 mm, 120 mm and 180 mm, respectively. Data source: Station
Arisdorf (47°30' N, 7°46' E, the closest climate station near Möhlin, Switzerland), MeteoSwiss, Federal Office of
Meteorology and Climatology, Zürich, Switzerland.
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A FullJet nozzle (¼HH14WSQ), installed 2 m above the soil surface, was used to generate
multiple-sized raindrops (D50 of 2.3 mm). The rainfall intensity was measured every 30 minutes by
monitoring the rainfall amount collected in four gauges (area: 0.1 m × 0.1 m) that were placed on the four
corners of each flume (Figure 3-1). Kinetic energy of raindrops was detected by a Joss-WaldvogelDistrometer (average energy of 113.9 J·m-2·h-1). The preliminary tests had showed that the nozzle used in
this experiment was by nature apt to produce spatially varying raindrop distribution. Therefore, the two
soils were alternatively placed on the left and right positions for five times (positions as noted in Figure 33). This manner ensured that the any distinct patterns observed in erosional responses were reflecting the
actual differences in soil properties between CS and OS, rather than being misled by the persistent spatial
variation of rainfall properties. However, doing so may, as a side effect, introduce extra inter-replicate
variation within each soil. In order to minimize such variation, strict operations were carried out with
greatest care, such as identical preparation for each replicate, application of the rainfall with accurate
pressure, and precise installation of the cleaned and dried nozzle with the same orientation. Numerically,
the spatial variability of the rainfall intensity within each flume was ≤ 5%, and that of the kinetic energy
was about 15%. Such spatial variability persisted in the same pattern between different replicates, leading
to low inter-replicate variability of rainfall intensity and kinetic energy on the same position (Figure 3-3,
Table 3-2). Moreover, in order to provide the most constant conditions practicably achievable in
laboratory, all the experiments were conducted by the same operator using the same flumes.
3.2.3. Soil and sediment analysis
During the simulation events, all the runoff and sediment discharges were sampled in intervals of
30 min. Sampling at intervals of 30 min produced enough runoff and sediment for further analysis and
also enabled to record the temporal changes of the erosional response. The runoff samples were weighed
immediately after collection to record the amount of discharge. After the simulation events, sediments in
all runoff samples were allowed to settle for 48 h. The supernatant was then decanted off, and the
sediments were dried at 40 ˚C and weighed. Soil organic carbon concentration of original soils and eroded
sediment were measured by a LECO RC 612 at 550 ˚C. The enrichment ratio of SOC (ERSOC) was
calculated between the SOC concentration of eroded sediment and original soil (as described in Hu et al.,
2013a).
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RI 31.31.0
Ekin 118.58.8

RI 31.0 1.3
Ekin 94.6 7.8

RI 31.9 1.3
Ekin 134.114.2

RI 31.3 0.7
Ekin110.6 8.5

Rear

Front

Rear

RI 32.1 0.9
Ekin 113.69.7

RI 31.1 0.9
Ekin122.314.1

RI 32.8 0.8
Ekin 124.98.5

Front

RI 29.9 0.9
Ekin 92.512.3

Left
Right
Figure 3-3 The spatial distribution of rainfall intensity (RI, mm·h-1) and kinetic energy (Ekin, J·m-2·h-1) in the area of
the two round flumes centered by the position of nozzle. Lower base numbers indicate the standard deviation at each
corner between 10 replicates.

Table 3-2 The correlations of runoff and erosion rates with the spatial distribution of rainfall intensity (RI) and
kinetic energy (Ekin). Values in the table represent the Pearson product-moment correlation coefficient (r). For
conventionally farmed soil (CS), only runoff and erosion rates after 180 min were processed (n = 70), and
accordingly the critical value of r is 0.235 at significance level of 0.05 for a two-tailed test. For organically farmed
soil (OS), only runoff and erosion rates after 240 min were processed (n = 50), and accordingly the critical value of r
is 0.279 at significance level of 0.05 for a two-tailed test. The shaded values indicate the significant correlations at
significance level of 0.05 for a two-tailed test.
Correlation coefficient (r) of
Pearson product-moment Front
Left
CS
(n=70)
OS
(n=50)

Rainfall intensity (RI)
Front
Right

Rear
Left

Rear
Right

Kinetic energy (Ekin)
Average of Front
four corners Left

Front
Right

Rear
Left

Rear
Right

Average of
four corners

Runoff

0.123

0.403

-0.078 -0.183

0.127

0.420

0.497

-0.414

-0.142

0.319

Soil Erosion

0.245

0.501

-0.060 -0.309

0.165

0.233

0.658

-0.478

-0.381

0.159

Runoff

0.426

0.531

-0.058

0.045

0.503

-0.419

0.520

-0.509

-0.458

-0.121

Soil Erosion

0.158

-0.018 -0.031

0.118

0.078

0.381

-0.062

0.166

0.080

0.335

3.2.4. Variability analysis
Analysis of inter-replicate variability by ten replicates
The whole rainfall simulation experiment was repeated 10 times (two pairs of flumes used for 5
times) to generate a large enough data set to enable the statistical analysis of the variability of erosional
response. Generally, greater numbers of replicates improve the accuracy of erosion data, especially when
erosion loss is relatively small (Nearing et al., 1999). Ten replicates were thus considered as a compromise
between being sufficient to obtain reliable statistics and being feasible to be conducted (Bryan and Luk,
1981; Rüttimann et al., 1995). The coefficient of variation (CV), i.e., the standard deviation divided by the
mean value, was applied to evaluate the inter-replicate variability of rainfall intensity, kinetic energy,
runoff rates, erosion rates and ERSOC. Since the coefficient of variation (CV) is independent of
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measurement units, the inter-replicate variability (i.e., CV) of the above-mentioned parameters can be
directly compared.
Analysis of systematic variability of soil erosional response by erosion modeling
In order to assess the relevance of crusting-induced systematic variability to predict erosional
response and SOC erosion, the entire rainfall event (360 min) was divided into six sub-events with
increasing durations: 60, 120, 180, 240 and 360 min. Erosion data from the beginning (i.e. 0 min) up to the
end of each of the six sub-events were used to develop models for runoff, soil erosion and SOC erosion.
Six sets of models were then respectively extrapolated to estimate the erosional response of the entire 360
min event. All the modeling and statistical analyses were carried out by R Studio software packages (R
version 2.15.1).
The modeling comprises two steps (Figure 3-4): first, an infiltration model was developed based
on the regression between the measured runoff and rainfall time (Eq. 3-1).
𝑰𝒕 = 𝒂 ∗ 𝒆−𝒅𝒕 ……………………………………….……Eq. (3-1)
Where, 𝐼𝑡 = infiltration rate (mm·h-1) at time 𝑡 , 𝑡 = erosion time (min), 𝑎 = constant value
depending on the initial and final infiltration rate, 𝑑 = infiltration decay factor. The best-fitted exponential
curve (Eq. 3-1) from each sub-event was then applied to predict infiltration and in turn runoff rates over
the entire 360 min event: Afterwards, r was used to represent the coefficient of determination of the
infiltration model from each sub-event. R indicates how well the predicted runoff rates match the
measured values by pairwise comparison.
The second step involved developing a model for soil erosion based on the regression between the
measured runoff and measured soil erosion rates during each sub-event (Figure 3-4).
𝒒𝒔𝒐𝒊𝒍 = 𝒌 ∗ 𝒒𝒓𝒖𝒏𝒐𝒇𝒇 𝒔……………………………………Eq. (3-2)
Where, 𝑞𝑠𝑜𝑖𝑙 = soil erosion rate (g·m-2·h-1), 𝑞𝑟𝑢𝑛𝑜𝑓𝑓 = runoff rate (mm·h-1), 𝑘 = constant factor for
erodibility, 𝑠 = constant factor for runoff erosivity. The best-fitted power function from each sub-event
(Eq. 3-2) was driven by the previously predicted runoff rates (from Eq. 3-1) to predict the soil erosion
rates over the entire 360 min event. The same as for runoff rates, r was used to represent the coefficient of
determination of erosion model from each sub-event, and R was to indicate how well the predicted soil
erosion rates match the measured values by pairwise comparison.
Analysis of systematic variability of SOC erosion by erosion modeling
The SOC erosion rates were computed by multiplying the predicted soil erosion rates with the
measured ERSOC and the soil original SOC content at each runoff collection interval (Figure 3-4). The total
SOC losses from the entire rainfall events were calculated by summing up the SOC loss from all intervals.
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The systematic variability of SOC erosion induced by crusting evolvement over time can then be
evaluated by comparing the measured SOC erosion with the SOC erosion predicted by models developed
from the six sub-events (Figure 3-4). Such modeling approach (Figure 3-4), although not exquisite, serves
well enough to capture the relevance of crusting-induced systematic variability to soil and SOC erosion.
Where other erosion scenarios are of interest, different models should be developed accordingly (Agassi
and Bradford, 1999).

Measured infiltration rate

Measured runoff rate

Rainfall time

Erosion model

Infiltration model

Rainfall intensity

Predicted runoff rate

Measured soil erosion rate

Measured SOC erosion

Measured soil erosion rate

Predicted soil erosion rate

Enrichment ratio of SOC

?
=

Predicted SOC erosion

Figure 3-4 Flow chart of the modeling procedure. The box on upper left represents the package of the infiltration
model. The dash-lined box on upper right represents the package of the erosion model. The dash-lined box at bottom
represents the outcomes of the whole modeling process.

3.3. Results
3.3.1. Soil erosional responses over rainfall time
Runoff and soil erosion on the conventionally managed soil (CS) responded more pronounced and
rapidly than on the organically managed soil (OS) (Figure 3-5a, b, c, d). The runoff started after 60 min
for the CS and 120 min for the OS, then increased and achieved steady state after 180 min for the CS and
240 min for the OS (Figure 3-5a, b). The soil erosion rates for the CS peaked around runoff steady state
and slightly decreased afterwards (Figure 3-5c), whilst the soil erosion rates for the OS roughly
maintained steady until the end of the rainfall event (Figure 3-5d). The declining trend of soil erosion rates
on the CS from 300 to 360 min (Figure 3-5c), as opposed to the steady runoff rates (Figure 3-5a), reflects
the depletion of erodible materials. The ERSOC on both soils increased at first, peaked around the
achievement of runoff steady state, and declined afterwards (Figure 3-5e, f). This indicates that
preferential erosion of SOC depends on the extent of crusting and the associated aggregate breakdown
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over rainfall time (Hu et al., 2013a). It also highlights the deficiency of applying one average or annual
ERSOC to assess SOC erosion over longer events.
CS
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18
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10 replicates
Average

Runoff rate ( mm·h-1)

16
14
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4

2

2

(a)

0

Erosion rate ( g·m-1·h-1)

(b)

0
0
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(f)

(e)
0

300

10

(c)

0

Enrichment ratio

10 replicates
Average

16

0

Rainfall time (min)

Rainfall time (min)

Figure 3-5 Comparisons between conventionally farmed soil (CS) and organically farmed soil (OS) over 360 min of
rainfall in terms of runoff rates of 10 replicates and their average (a, b), erosion rates of 10 replicates and their
average (c, d) and ERSOC of 10 replicates and their average (e, f).

3.3.2. Inter-replicate variability
The inter-replicate variability (coefficient of variation, CV) of runoff rates as well as soil erosion
rates considerably decreased with rainfall time for both the CS and the OS (Figure 3-6a, b). At the
beginning of the rainfall events, the inter-replicate variability of the runoff rates was high up to 82% for
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the CS and 163% for the OS. But they kept declining to 18 and 17%, until the runoff rates reached
maximum (around 180 min for the CS and 240 min for the OS) (Figure 3-6a, b). The inter-replicate
variability of soil erosion rates experienced a similar trend but with smaller differences, decreasing from
48 to 39% for the CS, and from 51 to 18% for the OS (Figure 3-6a, b). However, even with 10 replicates
under the most ideally controlled laboratory conditions, the lowest achievable inter-replicate variability of
runoff rates and soil erosion rates in this study still remained as high as 12 to 19% for the CS, and 9 to 15%
for OS (Figure 3-6a, b). Relatively, the inter-replicate variability of ERSOC did not vary that much over
time (Figure 3-6a, b), ranging between 8 and 20% for the CS, 7 and 27% for the OS.
180%
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Erosion
ERsoc

160%
140%

Coefficient of inter-replicate variation

Coefficient of inter-replicate variation
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120%
100%
80%
60%
40%
20%

Runoff
Erosion
ERsoc

160%
140%
120%
100%
80%
60%
40%

20%
0%

0%
0

60

120
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240

300

0

360

Rainfall time (min)

60

120
180
240
Rainfall time (min)

300

360

(b)

(a)

Figure 3-6 Variability (coefficient of variation) of runoff rates, variability of erosion rates and variability of ER SOC of
(a) conventionally farmed soil (CS) and (b) organically farmed soil (OS) over 360 min of rainfall.

3.3.3. Prediction of erosional response by models
Results of the infiltration and erosion models are presented in Table 3-3 and Table 3-4. The
infiltration decay factors (𝑑) for the CS increased first when the sub-events extended from 60 to 180 min,
and then declined when the sub-event durations prolonged from 180 to 360 min (Table 3-3). Similar, but
delayed and a lesser extent pattern, was also observed for the infiltration decay factor 𝑑 on the OS (Table
3-3). In addition, the erodibility factor 𝑘 increased with extending durations for both the CS and the OS
(Table 3-4). A similar pattern was also observed for the runoff erosivity factor 𝑠 (Table 3-4), illustrating
the relevance of crusting evolvement over time to predict erosional response. Both the erodibility factor 𝑘
and the erosivity factor 𝑠 for the CS were greater than that for the OS for almost all the sub-events (Table
3-4).
In both the infiltration and erosion models, the r2 (coefficient of determination of the modeling)
increased with prolonging sub-event durations (Table 3-3 and 3-4), illustrating the improved modeling
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efficiency. The R2 of the pairwise comparison between the predicted and measured values also increased
(Table 3-3 and 3-4), showing that the quality of model predictions was also improved with extending subevent durations. However, even the best R2 of soil erosion rates for the CS was rather low (only 0.257
from sub-events of 360 min) (Table 3-4), implying the existence of other elements than event durations
affecting erosional response (e.g., the counterbalance between runoff erovisity and soil erodibility). Hu et
al. (2013a) explained that the loose particles forming the depositional layer were eroded once runoff
started, leading to a peak in soil erodibility shortly after the steady-state runoff was achieved. With the
removal of the depositional layer, soil erodibility declined as runoff speed and thus erosivity increased.

Table 3-3 Parameters of infiltration models developed from six sub-events of different durations for the
conventionally farmed soil (CS) and the organically farmed soil (OS). The r2 represent the coefficient of
determination of the infiltration models, and n mean the sample size for modeling. The R2 indicate the coefficient of
determination by pairwise comparison between the predicted and measured runoff rates, and N mean the sample size
for pairwise comparison.
CS
OS
Duration
Modeling
Pairwise comparison
Modeling
of subInfiltration
decay
Infiltration
decay
events
r2
n
R2
N
r2
n
factor 𝒅
factor 𝒅
−5
−5
-0.056 20
-0.305
120
-0.056 20
60 min
1.9 × 10
3.8 × 10

Pairwise comparison
R2

N

-0.698

120

2.9 ×

10−3

180 min

3.5 ×

10−3

0.781

60

0.680

120

8.5 ×

0.298

60

-0.135

120

240 min

2.9 × 10−3

0.790

80

0.726

120

1.7 × 10−3

0.649

80

0.780

120

300 min

2.4 ×

10−3

120

1.9 ×

10−3

0.800

100

0.646

120

1.9 ×

10−3

1.7 ×

10−3

0.839

120

0.791

120

120 min

360 min

0.545

0.762
0.702

40

0.741

100

120

0.719

120

0.596

120

−5

-0.026

40

-0.675

120

10−4

2.3 × 10

Table 3-4 Parameters of erosion models developed from six sub-events of different durations for the conventionally
farmed soil (CS) and the organically farmed soil (OS). The r2 represent the coefficient of determination of the
erosion models, and n mean the sample size for modeling. The R2 indicate the coefficient of determination by
pairwise comparison between the predicted and measured soil erosion rates, and N mean the sample size for pairwise
comparison.
CS
Duration
Modeling
of subevents Erodibility Erosivity
r2
factor 𝒌
factor 𝒓
10.809
0.268
0.305
60 min

OS
Pairwise
comparison
n

R2

N

Pairwise
comparison

Modeling
Erodibility Erosivity
r2
factor 𝒌
factor 𝒓
2.296
-0.106
-0.002

n

R2

N

20

-0.471

120

20

-0.526

120

120 min

11.464

0.292

0.793

40

-0.296

120

6.281

0.123

0.045

40

-0.755

120

180 min

11.602

0.305

0.802

60

-0.175

120

10.264

0.282

0.512

60

0.733

120

240 min

11.907

0.325

0.788

80

0.066

120

10.176

0.279

0.644

80

0.716

120

300 min

12.114

0.339

0.792

100

0.230

120

10.233

0.281

0.703 100

0.731

120

360 min

12.130

0.342

0.796

120

0.257

120

10.269

0.283

0.729 120

0.739

120
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Figure 3-7 Comparison between the measured amounts of soil organic carbon (SOC) eroded from the entire event
(360 min) and the amounts predicted by models based on six sub-events (60 min, 120 min, 180 min, 240 min, 300
min and 360 min) from conventionally farmed soil (CS) on the left and the organically farmed soil (OS) on the right.
The black line right through the diagonal of each figure implies the 1:1 ratio of the predicted values to the measured
values. The other dashed line represents the aspects of the regression lines (y intercept = 0) formed by the predicted
values and the measured values.
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3.3.4. Prediction of SOC losses by models
The quality of the prediction of SOC erosion rates was progressively improved with increasing
sub-event durations (Figure 3-7). If the models were built on the data from the sub-events of 60 min, the
SOC erosion rates would have been under-predicted by 30% for the CS, and even by 90% for the OS (see
the aspects of the dash lines in Figure 3-7a and b). Considerable improvement on SOC erosion prediction
occurred when the durations of sub-events exceeded 120 min for the CS (Figure 3-7c). Similar patterns
were observed for the OS when the durations of sub-events were longer than 180 min (Figure 3-7).
Similar to the measured ERSOC, the predicted SOC erosion rates for the CS and the OS also showed
temporal patterns over rainfall time (Figure 3-8a, b): increased first, peaked around the achievement of
runoff steady state (after 180 min for the CS, and 240 min for the OS), and declined afterwards. Overall,
the total amount of SOC losses predicted from six prolonging sub-event was progressively advancing
towards the total amount of measured SOC losses (Table 3-5).

Figure 3-8 Comparison between the temporal pattern of the measured amounts of soil organic carbon eroded over the
entire rainfall events (360 min), and the temporal pattern predicted by models based on six sub-events (60 min, 120
min, 180 min, 240 min, 300 min and 360 min). Figure on the left is from the conventionally farmed soil (CS) and
figure on the right is from the organically farmed soil (OS). Error bars on the line of “Measured” indicate the
standard deviations of 10 replicates.
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Table 3-5 The comparison between measured total soil organic carbon loss over entire 360 min rainfall and the
predicted loss by models of six different durations (60 min, 120 min, 180 min, 240 min, 300 min and 360 min) for
the conventionally farmed soil (CS) and the organically farmed soil (OS).
Total soil organic carbon loss (mg)

Soil
Measured

60 min

120 min

180 min

240 min

300 min

360 min

CS

342.67

254.50

286.35

298.64

321.78

338.72

341.66

OS

303.36

30.46

129.22

292.35

287.70

290.90

292.99

3.4. Discussion
3.4.1. Inter-replicate variability introduced by inherent complexity of interrill erosion
The existence of high inter-replicate variability of runoff and erosion rates clearly demonstrates
the significance of the inherent variability in affecting interrill erosion (Figure 3-6). The inter-replicate
variability declined over time primarily because the numerically increasing runoff and erosion rates
(Figure 3-5) lead to a decreasing ratio of the standard deviation to the mean value. Therefore, as a result of
the barely detectable runoff and erosion rates at the initial stage (Figure 3-5a, b, c, d), the inter-replicate
variability of erosional response was fairly high before 90 min for the CS and 150 min for the OS (Figure
3-6). Nevertheless, even after runoff and erosion rates reached the maximum values (after 180 min for the
CS and 240 min for the OS), the inter-replicate variability still remained 10 to 18% for runoff rates, and 15
to 39% soil erosion rates (Figure 3-6a, b). About 5 to 10% of such inter-replicate variability can be
explained by the spatial and inter-replicate variation of the applied rainfall (Figure 3-4, Table 3-2). But
there still remained 5 to 29% inter-replicate variability unexplained. Similar unexplained variability was
also reported by Bryan and Luk (1981) and Wendt et al. (1986). They attributed it to the minor variables
in interrill erosion process, such as changes aggregate size on the soil surface, micro-relief and aggregate
stability. Armstrong et al. (2011) also reported that interrill soil erosion of a silt loam at low slopes is
highly variable, and attributed it to variation in soil properties, variable surface sealing and connectivity
controlled by the micro-topography. The relevant dominance of these factors is impossible or very
difficult to determine, as they are interrelated and cannot be controlled independently. The high interreplicate variability of erosional response in this study confirms such conclusion, and proves the existence
of inherent complexity of interrill erosion processes even under sophisticated experiment conditions. Such
inherent complexity could be even more significant on natural field, where far more complicated factors
are involved to affect the inter-replicate variability in soil erosion data (Wendt et al., 1986; Rüttimann et
al., 1995; Nearing et al., 1999).
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3.4.2. Systematic variability induced by crusting development over rainfall time
The predictions of runoff, soil and SOC erosion rates were systematically improving with models
developed from short to long sub-events (Table 3-3, 3-4, and 3-5, Figure 3-8 and 3-9). This illustrates the
relevance of crusting evolvement and the accordingly derived systematic variability to predict soil
erosional response and SOC erosion. However, even based on the data from the longest sub-event (360
min), the soil erosion rates for the CS were still poorly projected (R2 from the pairwise comparison was
only 0.257) (Table 3-4). This seems conflicting with the good prediction of total SOC loss for the CS
(Table 3-5). It may result from two factors: 1) the failure of the erosion model to represent the rapidly
increase of soil erosion rates after the runoff rates on the CS exceeded 10 mm h-1 (as discussed in Hu et al.,
2013a). Therefore, the erosion model used in this study (Eq. 3-2), albeit best fitted, is apt to under-predict
soil erosion at great runoff rates, while over-predict soil erosion at low runoff rates. 2) The temporal
variation of ERSOC, induced by crusting formation and thus the depletion of SOC on the eroding site over
time, resulted in great values at low runoff rates and dropped to unity at great runoff rates (Figure 3-5).
This means, the under-predicted soil erosion rates had ERSOC of unity (Figure 3-5), while the overpredicted soil erosion rates featured high ERSOC (Figure 3-5). As a consequence, the poor estimates
introduced by the erosion model were cancelled out by the temporally varying ERSOC, resulting in
practicable predictions on SOC losses. This, therefore, gives a general precaution that crusting-induced
systematic variability of soil erodibility, runoff erosivity and SOC availablity should be taken into account
when interpreting erosion data from events of different durations.
3.4.3. Potential systematic variability to predict soil erosion in the future
Systematic variability is also likely to occur when extrapolating the models generated from
current rainfall characteristics to predict soil and SOC loss under future conditions. As observed in this
study, the return period of the critical monthly rainfall amount under current precipitation conditions in the
region of Möhlin is quite high, i.e., 0.65 years for 90 mm to start crusting, and 1 year for 120 mm to
complete crust formation. Therefore, soils in the region of Möhlin may experience different progressions
of crusting during different tillage seasons. This renders the bare soils after tillage very sensitive to even
minor differences in rainfall amount and intensity. In the future, further uncertainties may be brought
about by the high likelihood of increase in the frequency, intensity, and/or amount of heavy precipitation
(IPCC, 2014). These uncertainties may not only exacerbate the extent of soil and SOC erosion by heavier
or more frequent precipitation, but may also alter the crusting processes by complicating the history of soil
surface, e.g., different pre-wetting rates, aging durations, or drying cycles between storms (Le Bissonnais
et al., 1989; Kuhn and Bryan, 2004; Levy et al., 1997). Without determining the dominance of soil surface
changes during crusting, or the preceding history of the soil surface, erosion data may bear great
systematic variability, and thus lead to biased estimation on soil and SOC erosion. Such biased estimation
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on SOC losses, in further step, would mislead the assessment of the impact of SOC erosion on the aquatic
system and global carbon cycling.

3.5. Chapter conclusion
This study aimed at evaluating the relevance of inherent variability, crusting formation over time
and the accordingly derived systematic variability for soil and SOC erosion prediction. Two silty loams, of
different structures and SOC contents, were subjected to a simulated rainfall of 30 mm h-1 for 360 min.
The results show that the inter-replicate variability (coefficient of variation between ten replicates) of both
runoff and soil erosion rates considerably declined over rainfall time. But even after runoff and soil
erosion rates reached maximum values, the inter-replicate variability of soil erosional response still
remained between 10 and 39%. This indicates the existence of inherent variability during interrill erosion
process, and also points out that the complex interaction at the soil surface remains significant even under
ideally controlled laboratory conditions.
The enrichment ratios of organic carbon dropped to unity or even below 1 during prolonged
crusting, confirming that preferential erosion is limited by depletion of organic carbon on the eroding soil
surface. While the continuous 360 min rainfall (more than 180 mm) applied in this study is very limited in
reality under natural conditions, the progressively improved predictions with extending sub-event
durations demonstrate the relevance of crusting evolvement and the accordingly derived systematic
variability to soil and SOC erosion assessment. Similar variability may also occur when models built
based on current rainfall characteristics are used to predict soil and SOC erosion loss in future events.
Simple extrapolation of the parameters may not be sufficient to reflect the potential influence of everchanging rainfall magnitudes and frequencies onto the soil and SOC loss in the future. The preceding
history of the soil surface and the potential evolvement of crusting over time should also be accounted for,
to accurately assess the on-site and off-site impacts of SOC erosion onto global carbon cycling.
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Abstract: In a given layer of surface runoff, particle transport distance declines with increasing settling
velocity. Settling velocity itself is determined by the size, density and shape of the particles. For sediment
composed of aggregates, settling velocity does not only vary due to texture, but also due to aggregation,
aggregate size and stability. Therefore, aggregation can strongly affect the transport distance of the
sediment and the substance specific redistribution of the eroded material, such as organic matter.
Understanding the effect of aggregation, for example, on redistribution of eroded organic matter is
therefore essential for understanding local, regional and global carbon cycles. To capture and establish the
relationship between aggregation, settling velocity and aggregate specific organic matter content, a
settling tube apparatus, based on a previous design, was constructed and applied to fractionate soils by
water stable aggregate size classes. To illustrate the effect of aggregation on settling velocity, the results
were compared with mineral grain sizes after ultrasound dispersion. Five settling velocity classes were
distinguished based on the Equivalent Quartz Size (EQS) of particles ≥ 250 µm, 125 to 250 µm, 63 to 125
µm, 32 to 63 µm, and ≤ 32 µm. Fractionation of a silty loam by settling tube illustrates that aggregation
strongly affects settling velocities and should be considered in erosion models, as opposed to the texture of
mineral grains. An analysis of sediment organic matter in the five settling velocity classes also showed
that settling velocity is a suitable parameter to physically connect the redistribution of eroded soil organic
matter to overland flow transport processes.

Keywords: settling tube apparatus, settling velocity, transport distance, aggregate fractionation
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4.1. Introduction
Soil particles displaced by erosion experience selective deposition along their flow paths across
watersheds (Walling, 1983). Understanding the effect of this selective deposition on the redistribution of
particle-bound substances (e.g. soil organic carbon, phosphorous or other contaminants) within watersheds
requires a discrimination of particles and their properties by their respective transport distances. The
transport distances of displaced soil particles are related to their settling velocities (Dietrich et al., 1992;
Kinnell, 2001, 2005) For eroded soil particles composed of aggregates, settling velocities generally do not
correspond to the average or median mineral grain size, because aggregates differ in size, density and
shape from mineral grains (Johnson et al., 1996; Tromp-van Meerveld et al., 2008). The average or
median grain size can be the same for a range of soils, but the aggregate size distribution can differ, e.g.
when clay enhances the formation of aggregates. The distribution of settling velocities therefore can
provide more accurate information on the quality and behavior of eroded and aggregated sediment than
just texture (Loch, 2001). The distribution of settling velocities based on grain size classes has already
been included into some erosion / deposition models (Morgan et al., 1998; van Oost et al., 2004; Aksoy
and Kavvas, 2005; Fiener et al., 2008b). However, inconsistencies such as over-prediction of clay
fractions or under-prediction of sand and silt fractions in sediment samples are often present in their
results (Beuselinck et al., 1999b; van Oost et al., 2004), because soil particles are mostly eroded as
aggregates rather than as individual mineral grain (Walling, 1988; Slattery and Burt, 1997; Beuselinck et
al., 2000). Aggregation potentially increases settling velocities and reduces transport distances. As a
consequence, aggregation can lead to aggregate specific, rather than mineral grain specific, distribution of
particle-bound substances across a landscape by selective deposition (Kuhn, 2007; Kuhn and Armstrong,
2012). The settling velocities of aggregates are therefore crucial to determine the effect of erosion on
redistribution of substances (such as eroded soil organic carbon, phosphorous, nitrogen or metals) across
landscapes, as well as their delivery into aquatic systems. By further identifying the lability of the eroded
soil organic carbon, and quantifying the relative proportion mobilised into or out of different ecosystems,
it also can substantially improve our understanding of the role of erosion / deposition on global carbon
cycling.
The settling velocity of mineral particles is determined by their size, density and shape (Dietrich,
1982). For aggregated soils, their irregular shape, porosity, permeability, interaction with organic matter
of low density, aggregation, and the relative fragility of wet aggregates (Le Bissonnais et al., 1989;
Dietrich, 1982; Johnson et al., 1996; Tromp-van Meerveld et al., 2008) can all affect their settling
velocities. Therefore, a conceptual approach based on Equivalent Quartz Sizes (EQS), modified from the
equivalent sand size used by Loch (2001), is developed to address the effect of aggregation on the
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potential redistribution of eroded soil organic matter across a hill-slope. EQS represents the diameter of a
spherical quartz particle that would fall with the same velocity as the aggregated particle for which fall
velocity is measured (Loch, 2001). Therefore, EQS represents an integrated index to indicate the settling
behavior rather than to represent the specific size of the soil particles. In this manner, our current
understanding of the effects of mineral grain size on sediment behavior can be applied to aggregated
sediment particles based on the concept of EQS. Although the accurate size of aggregated particles needs
to be validated by field data, the accuracy of soil erosion models can also be largely improved by applying
the distribution of settling velocities based on EQS compared to grain size distribution.

4.2. Use of settling tubes to fractionate sediment particles
The settling tube (column) is a traditional technique used to measure the settling characteristics of
aquatic solids (Droppo et al., 1997; Wong and Piedrahita, 2000; Rex and Petticrew, 2006), but the settling
tubes used in river and marine environment are often short and with small openings. Consequently, they
are unable to allow coarse particles to pass through, so they cannot be directly applied to fractionate
sediment that is often in the form of aggregates. Settling tubes, such as the 20 cm long example used in
(Johnson et al., 1996), cannot be used to fractionate the aggregated sediments either, because such a short
settling distance is not capable of accurately distinguishing the velocities of fast settling particles.
In order to fractionate aggregated soils, Hairsine and McTainsh (1986) designed a top-entry
settling tube apparatus (The “Griffith Tube”), which was adapted from the “Siltometer” developed by Puri
(1934). In this design, soil samples were introduced into a 200 cm long vertical tube from the top by an
injection barrel. After falling through the static water column by gravity, soil fractions were collected over
predetermined time intervals into sampling dishes situated in a turntable under the widely-open bottom of
the tube. This design was then improved by Kinnell and McLachlan (1988) using a more reliable injection
barrel, and further by Loch (2001), who employed an electric motor to raise the tube and rotate the
turntable. Unlike other physical fractionation methods, for instance, wet and dry sieving (Cambardella and
Elliott, 1994; Christensen, 2001), where aggregates would inevitably experience abrasion, settling through
a water column preserves fragile aggregates. However, such a technique has not been widely
implemented, because the lack of details in describing the existing settling tube apparatus makes it very
difficult to reconstruct one without detailed knowledge of their design specifications. Such information
could only be obtained by personally contacting the authors, which is often not possible. In particular,
measurements linked to modeling the redistribution of organic carbon and their implications on the carbon
cycle are missing (Kuhn, 2013). It is also noteworthy that soil particles depositing through a column of
static water neglects the potential effects of, for instance, flow turbulence during transport processes.
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Other information (e.g. topography, and flow velocity) is required, therefore, in order to further calibrate
the realistic transport distances of eroded soil particles.

4.3. Settling tube apparatus developed by Basel University
The settling tube apparatus built at Physical Geography and Environmental Change Research
Group from Basel University consists of four components (Figure 4-1a): the settling tube, through which
the soil sample settles (Figure 4-1b); the injection device, by which the soil sample is introduced into the
tube (Figure 4-2); the turntable, within which the fractionated subsamples are collected (Figure 4-3); and
the control panel, which allows an operator to control the rotational speed and resting / moving intervals
of the turntable (Figure 4-4).

(a)

(b)

Figure 4-1 (a) Overview of the complete setup of the Basel University settling tube apparatus; (b) The settling tube.
Measurement units in mm.

4.3.1 The settling tube
The settling tube is made of transparent PVC, has a length of 180 cm and an internal diameter of 5
cm (Figure 4-1b). The tube can hold approx. 4 liters of water, through which the soil sample is free to
settle. In most cases, the soil particles are smaller than 2 mm in diameter, so the diameter ratio of the tube
(50 mm) to a particle (< 2 mm) is greater than 25 to 1. According to Loch (2001), such a ratio largely
50

Chapter 4: SOC Erosion – Settling Velocity

eliminates concerns associated with edge effects and the variability introduced by wall effects is expected
to be < 10%.
4.3.2 The injection device
An injection device is used to insert the soil sample into the top of the settling tube. It consists of a
central chamber and a ca. 30 cm long metal rod connected to a Teflon cone at the lower end, a Teflon
piston in the middle and a rubber plug attached to a handle at the upper end (Figure 4-2, based on the
design of (Kinnell and McLachlan, 1988)).
Push down

Figure 4-2 The injection device used in the Basel University settling tube apparatus. Measurement units in mm.

The soil sample is placed into the central chamber before injection, the 80 cm3 capacity of which
limits the mass of dry soil to 25 g. This leads to a soil concentration of approximately 6 g L -1 in the water
column. Following Loch (2001), the concerns associated with particle interactions during settling are
therefore minimal. The metal rod passing through the chamber opens the Teflon cone at bottom of the
chamber, releasing the soil sample while the piston and plug keep the chamber sealed to prevent water
flowing out at the bottom of the pipe. Kinnell and McLachlan (1988) used a pin inserted into the rod to
prevent the piston from moving downwards before release. In our injection device the deformation of the
Teflon is used to seal the chamber and prevent the movement of the piston (Figure 4-2). This design seals
the chamber more effectively; however, it requires a much greater force to open it. A slow opening of the
chamber can lead to inaccurate settling times. It is also noteworthy that the cone frequently represents an
obstacle in the pathway of falling particles and small amounts (< 1 g) have been observed on the surface
of the cone. Further improvements on the design of the injection device are required in order to solve this
problem.
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4.3.3 The turntable
The turntable is placed under the settling tube and is used to collect the soil fractions that settle
out of the tube. It consists of a circular tank (Figure 4-3a, PVC transparent), and a set of sampling dishes
(Figure 4-3b, PVC grey). The circular tank is 50 cm in diameter, 20 cm deep, and has a volume of 40 L.
The net volume of each sampling dish is ca. 290 cm3. When settling, the water level in the tank must be
higher than the bottom opening of the tube to prevent the water from flowing out of the tube. The
turntable tank rests on a layer of plastic ball bearings placed in a tray beneath the tank. This tray rests on
three pillars (Figure 4-3c). An electric motor, affixed to the pillars, enables a timed and stepwise rotation
of the turntable and thus places each respective sampling dish precisely underneath the settling tube, e.g.
at time intervals corresponding to the settling times of the EQS. Where motor installation is not available,
manual operation to replace the sampling dishes is also feasible.
4.3.4 The control panel
A plug-in time delay relay (© Comat, RS 122-H) is used to control the rotational speed and
resting / moving intervals of the turntable (Figure 4-4). The control panel primarily consists of three parts:
the main switch, the speed-control knob, and the interval-control buttons.

100
8

60

100
50

15

(a)

(b)

(c)

Figure 4-3 The turntable (a), the sampling dish (b), and the supporting frame (c) of the Basel University settling tube
apparatus. Measurement units in mm.

Variable adjustment of
resting intervals

Speed-control

Variable adjustment of
moving intervals

Main switch

Grades of resting intervals
Grades of moving intervals

Figure 4-4 The control panel of the Basel University settling tube apparatus
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4.4. Potential transport distance of eroded organic carbon based on texture and
aggregation
4.4.1. Soil selection and preparation
A silty loam from Möhlin, northwest Switzerland (47˚ 33’ N, 7˚ 50’ E) was used to compare the
differences between the potential transport distance of eroded organic carbon predicted based on soil
texture and that predicted by aggregate fractionation. The soil was sampled from Bäumlihof Farm with a
wheat-grass-maize rotation in August 2011. Sampling directly from the field, rather than from
depositional sites after a certain extent of preferential transportation, provides an opportunity to evaluate
the likely transport distance of all classes of eroded particles. Its total organic carbon concentration is 10.9
mg g-1, and the aggregate stability (based on Nimmo and Perkins, 2002) is 66.85%. This degree of
aggregation and organic carbon content were considered appropriate to investigate the effects of
aggregation onto the potential redistribution of eroded soil organic carbon by deposition across the
landscape.
4.4.2. Calculation of Equivalent Quartz Size
Stokes’ Law covers the range of the mineral grain sizes dominating the silty loam used for this
study. Their terminal settling velocities can be calculated by:
𝑉=

ℎ
𝑡

=

𝑑 2 𝑔(𝐷𝑠 −𝐷𝑓 )

(Eq. 4-1)

18𝜂

Where: 𝑉 = settling velocity (m·s-1), ℎ = settling distance = 180 cm with this settling tube
apparatus, 𝑡 = settling time (s), 𝑑 = diameter of settling particle (mm), 𝑔 = gravitational force = 9.81 N·kg1

, 𝜂 = viscosity of water at 20˚ C = 1 × 10−3 Ns·m-2, 𝐷𝑠 = average density of the solid particles, for most

soils = 2.65 ×103 kg·m-3, 𝐷𝑓 = density of water = 1.0×103 kg·m-3.
The use of Stokes’ Law to calculate EQS is, in the strictest sense, limited to particles < 0.07 mm
(Rubey, 1933). For soils dominated by larger mineral grains, different relationships should be used
(Ferguson and Church, 2004; Wu and Wang, 2006). Five size fractions were selected according to their
likely transport distance once eroded (Starr et al., 2000): ≥ 250 µm, 125 to 250 µm, 63 to 125 µm, 32 to 63
µm, ≤ 32 µm (Table 4-1).
4.4.3. Soil fractionation by settling tube and wet sieving
The soil samples were dried at 40˚C until constant weight was achieved and then gently drysieved with an 8 mm sieve to avoid over-sized clods. Prior to settling / wet-sieving, 25 g of dry soil were
immersed into 50 ml tap water for 15 min. This fast-wetting emphasizes slaking and slight clay dispersion
and simulates the destruction of aggregates during an erosion event (Le Bissonnais, 1996). For all tests,
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tap water was used. The electric conductivity of tap water was 2220 µs·cm-1, which was five times higher
than the rainwater in Basel (462 µs·cm-1). In general, increased electric conductivity of tap water enhances
dispersion during rainfall simulation tests (Borselli et al., 2001). A comparative aggregate stability test
(Wet Sieving Apparatus, Eijkelkamp, Netherlands) using tap water and rainwater from Basel had shown
that tap water only had a minor effect on aggregates greater than 250 µm after 20 min of continuous upand-down movement (67.24% in rainwater, 73.59% in tap water). Therefore, the use of tap water was
considered to be acceptable.

Table 4-1 Settling times and velocities of the Möhlin silty loam, based on the Equivalent Quartz Size (EQS) classes,
and the likely transport distance of soil particles once eroded based on the conceptual function developed by Starr et
al., 2000. The settling distance is 1.8 m.
EQS (µm)

Settling velocity (m·s-1)

Settling time (s)

> 250

> 4.5 × 10−2

< 40

125 - 250

1.5 ×

10−2

40 - 120

63 - 125

3.0 × 10−3 - 1.5 × 10−2

120 - 600

32 - 63

1.0 × 10−3 - 3.0 × 10−3

600 - 1800

Possibly transferred into rivers

> 1800

Likely transferred into rivers

< 32

10−2

Likely transport distance

- 4.5 ×

< 1.0 ×

10−3

Deposited across landscapes

A 25 g of fast-wetted soil sample was fractionated using the Basel University settling tube
apparatus into five settling velocity classes (Table 4-1). A typical settling pattern of soil particles in the
water column is shown in Figure 4-5. The finest particles correspond to those that remain in suspension
after 1800 s of settling (i.e. EQS < 32 µm). Fractionated samples were dried at 40°C and dry weights as
well as total organic carbon concentration (by Leco RC 612 at 550°C) were measured.
A second 25 g of fast-wetted soil sample was subjected to ultrasound using a Sonifier 250 from
Branson, USA. The energy dissipated in the water / soil suspension was ca. 60 J·ml -1 (i.e. Energy = output
power 70 W × time 85 s / suspension volume 100 ml) (North, 1976). According to Kaiser et al. (2012),
although the aggregates were probably not thoroughly dispersed at this level of energy, the coarse mineral
and organic particles (> 250 µm) were prone to be damaged if higher energy than 60 J·ml -1 was further
applied. The dispersion energy level of 60 J·ml-1 was thus considered to be satisfactory, in the context of
distinguishing the size distribution of aggregates from grains. The dispersed fractions were then wetsieved into the five size classes corresponding to the five EQS classes used for the fractionation by settling
tube. The weights and total organic carbon concentrations of each class were then measured in the same
way as for the settling tube fractionated samples.
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Figure 4-5. A typical settling pattern of soil particles through the water column: coarse particles settle fastest, while
the fine particles stay suspension at upper part.

4.5. Effect of aggregation on settling velocity
The results of the two fractionation approaches are shown in Figure 4-6. The effect of aggregation
on settling velocity is pronounced: 68.61% of the aggregated soil behaved like particles of EQS greater
than 63 µm (Figure 4-6a). The mineral particle size distribution, on the other hand, shows that 89.65% of
soil grains were smaller than 63 µm (Figure 4-6a). This difference between proportion of EQS and
corresponding mineral grain size classes illustrates that aggregation has a great effect on the particle
settling velocity of the silty loam tested in this study.
The relevance of this finding is further illustrated by the distribution of total organic carbon in
aggregates and mineral grains. The distribution of total organic carbon concentration follows a similar
pattern for both grain size and aggregate size classes (Figure 4-6b). However, multiplying the organic
carbon concentration of each size class with its weight (Figure 4-6c) shows that 73% of the organic carbon
stock is contained in particles > 63 µm, while 79% of the organic carbon stock was associated with grains
< 32 µm. This implies that aggregation strongly affects the potential transport distance of the eroded
organic carbon. Basically, the amount of deposition across the landscape would be tripled as the soil
texture suggests. By contrast, the exportation of eroded organic carbon to watercourses would be reduced
to a third. In consequence, the effect of aggregation on transport distances would fundamentally change
our perspective on the environmental impact of eroded organic carbon as well as other nutrients and
contaminants.
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Figure 4-6 (a) Weight distribution, (b) organic carbon concentration distribution, and (c) organic carbon stock
distribution of the Möhlin silty loam across aggregate size classes fractionated by the Basel University settling tube
apparatus, and across grain size classes dispersed by ultrasound. Error bars indicate the range of minimum and
maximum values. n=3.
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4.6. Chapter conclusion
The settling tube fractionation provides settling velocity as a ‘tool’ to physically connect the
redistribution of eroded soil organic carbon in an agricultural landscape with a soil transportability
parameter used in current erosion models. While the initial test reported in this paper is very limited in its
applicability to real erosion events, the results prove that a more accurate settling velocity of aggregated
soil particles can be measured based on Equivalent Quartz Size than solely based on grain size
distribution. The results also indicate that selective transport of aggregated sediment potentially has a great
impact on the redistribution of eroded organic carbon in terrestrial ecosystems and its delivery to aquatic
ecosystems. Such differentiation of sediment movement could, in turn, be highly significant for the effect
of soil erosion on the global carbon cycle (Kuhn et al., 2009). As a consequence of the results of the
settling velocity fractionation procedure presented in this study, we conclude that the settling tube
apparatus can be further applied to determine the realistic settling velocities of eroded soil generated in the
field. The application of a settling tube to fractionate sediment particles according to settling velocities
makes a significant contribution to our understanding of local, regional and global geochemical fluxes
within terrestrial ecosystems, and also of their interaction with atmospheric and aquatic systems.
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Chapter 5
Aggregates Reduce Transport Distance of Soil Organic Carbon: Are Our
Balances Correct?
Yaxian Hu, Nikolaus J. Kuhn
Published in Biogeosciences, 11, 6209-6219, 2014

Abstract: The effect of soil erosion on global carbon cycling, especially as a source or sink for
greenhouse gases, has been the subject of intense debate. The controversy arises mostly from the lack of
information on the fate of eroded soil organic carbon (SOC) whilst in-transit from the site of erosion to the
site of longer-term deposition. Solving this controversy requires an improved understanding of the
transport distance of eroded SOC, as this is principally related to the settling velocity of sediment fractions
carrying SOC. Although settling velocity has already been included in some erosion models, it is often
based on mineral particle size distribution. For aggregated soils, settling velocities are affected by their
actual aggregate size rather than by mineral particle size distribution. Aggregate stability is, in turn,
strongly influenced by SOC. In order to identify the effect of aggregation of source soil on the transport
distance of eroded SOC and its susceptibility to mineralization after transport and temporary deposition, a
rainfall simulation was carried out on a silty loam. Both the eroded sediments and undisturbed soil were
fractionated into size different classes using a settling tube apparatus according to their settling velocities.
Weight, SOC concentration and instantaneous respiration rates were measured for each of the six class
fractions. Our results indicate that: 1) 41% of the eroded SOC was transported with coarse aggregates that
would be likely re-deposited down eroding hill-slopes, rather than with fine particles likely transferred to
water courses; 2) erosion was prone to accelerate the mineralization of eroded SOC and thus might
contribute more CO2 to the atmosphere than current estimates predict, as these often neglect the effects of
aggregation of source soil on SOC transport distance; 3) the net erosion-induced carbon sink effect would
be close to zero, if preferential deposition causes a reduction of SOC flux to the aquatic system and an
increase of SOC flux into the terrestrial system.

Keywords: eroded organic carbon, instantaneous respiration rate, transport distance, carbon source
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5.1. Introduction
The net effect of soil erosion as a source or sink of CO2 in the global carbon cycle has been the
subject of intense debate (Lal, 2003; van Oost et al., 2007; Quinton et al., 2010; Dlugoß et al., 2012;
Doetterl et al., 2012). On one hand, erosion exposes the previously incorporated soil organic carbon
(SOC), which may accelerate the mineralization of eroded SOC (Jacinthe et al., 2002a, 2004; Kuhn, 2007;
Mora et al., 2007; Lal and Pimentel, 2008). On the other hand, deposition limits the decomposition of
SOC upon burial, while inputs of decomposing plant material on the surface of eroding sites partially
replaces the lost SOC (van Oost et al., 2007; Harden et al., 1999; Wang et al., 2010). So far, effects of
erosion on CO2 emissions have mostly been assessed by comparing SOC stocks at the assumed site of
erosion and the site of colluvial deposition (Stallard, 1998; Berhe, 2011; van Hemelryck et al., 2011;
Nadeu et al., 2012; van Oost et al., 2012). One underlying assumption associated with this approach is that
the redistribution of eroded SOC across landscapes is non-selective. However, several recent publications
showed (at least) temporary enrichment of SOC in sediment, as well as preferential deposition of
aggregates with size distribution and SOC concentration that differ from original soils (Schiettecatte et al.,
2008; Kuhn et al., 2009; Hu et al., 2013a; Kuhn, 2013). As a consequence, carbon balances drawn only
from the SOC stocks on sites of erosion and colluvial deposition may not adequately consider the potential
SOC re-deposition into terrestrial systems.
The SOC redistribution, regardless after selective or non-selective erosion, is strongly depending
on the transport distance of eroded SOC. This is thus related to the respective settling velocities of
sediment fractions carrying the eroded SOC (Dietrich, 1982; Kinnell, 2001, 2005). Although settling
velocity has already been included in some erosion models, it is often based on mineral particle size
distribution (Morgan et al., 1998; Beuselinck et al., 1999a; Flanagan and Nearing, 2000; van Oost et al.,
2004; Aksoy and Kavvas, 2005). But for aggregated soils, settling velocities are affected by the actual
size, irregular shape, porosity of soil fractions and their incorporation with light-dense SOC (Kinnell and
McLachlan, 1988; Loch, 2001; Hu et al., 2013c). Hence, the mineral particle size classes, no matter how
efficiently applicable in erosion models, are not the decisive factor that determines the actual settling
behavior or movement of aggregates. Aggregation of original soil potentially increases the settling
velocities of soil particles, and thereby likely reduces their transport distances after erosion (Hu et al.,
2013c). This, in theory, would also reduce the transport distance of eroded SOC incorporated into soil
aggregates.
The effect of aggregation of source soil may also affect the movement of SOC down eroding hillslopes. Aggregation is related to SOC content, and SOC is often increased in both macro- and microaggregates (Tisdall and Oades, 1982; Cambardella and Elliott, 1994). The quality and stabilizing
mechanisms of SOC in the soil matrix also vary with different aggregate conditions. For instance,
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physically-stabilized SOC within macro- and micro-aggregates is protected from mineralization by
forming physical barriers between microbes, enzymes and their respective substrates (Six et al., 2002). In
turn, SOC is very susceptible to mineralization after aggregate break-up, as often occurs during erosion
and transport (Starr et al., 2000; Lal and Pimentel, 2008; van Hemelryck et al., 2010). Therefore, erosion,
either detaching aggregates from the soil matrix or disintegrating larger aggregates, may have diverse
impacts on mineralization of eroded SOC (van Hemelryck et al., 2010; Fiener et al., 2012). In this study,
as the first step to unfold the complex effects of aggregation onto SOC erosion, transport, and deposition,
we aim to test the theoretical deductions made above by fractionating eroded loess sediments, generated
during a laboratory rainfall simulation, according to their settling velocities, and then measure their SOC
concentration and respiration rates.

5.2. Materials and Methods
5.2.1. Soil sampling and preparation
A silty loam from the conventionally managed Bäumlihof Farm in Möhlin (47˚33’ N, 7˚50’ E),
near Basel in northwest Switzerland, was used in this study. The soil supports a maize-wheat-grass
rotation. A-horizon material (top 20 cm) was sampled from a gentle shoulder slope (< 5%) in March 2012.
Previous research on the same silty loam showed that aggregation increased the settling velocity of
original soil fractions, particularly the medium sized fractions, in comparison with that expected based on
the texture of the original soil (Hu et al., 2013b). The mineral particle specific SOC distribution, average
SOC content (LECO RC 612 at 550°C), and aggregate stability of original soil (method adapted from
Nimmo and Perkins, 2002), are shown in Table 1. The mineral particle size distribution was fractionated
by wet-sieving, after dispersion by ultrasound using a Sonifier Model 250 from Branson, USA. The
energy dissipated in the water/soil suspension was 60 J·ml-1 (i.e. Energy = output power 70 W × time 85 s
/ suspension volume 100 ml). The SOC mass proportions across mineral particle size classes were
calculated only from average values of individual weight and SOC content. Although the ultrasound
energy used in Hu et al. (2013b) was not enough to thoroughly disperse the original soil into real mineral
particles (Kaiser et al., 2012), such extent of dispersion was notable enough to demonstrate the potential
under-estimation of applying mineral particle size distribution to predict the settling velocity of eroded
SOC. Hence, it is speculated that similar increasing effects would also occur to sediment fractions, and
thus make the silty loam suitable to investigate the potential effects of aggregation of original soil on the
transport distances of differently sized sediment fractions. While this study investigated only one soil,
similar loess soils cover about 10% (ca., 14.9 million km2) of the global land area (Sartori, 2000). This
study was thus considered relevant as it generally reflects the erodible nature of similar loess soils under
similar management regimes. In the future, more experiments with soils of different aggregation status
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and various SOC contents will be carried out, once our theoretical deduction of aggregation effects on this
silty loam has been verified.
Table 5-1 Mineral particle size distribution, soil organic carbon (SOC) concentration distribution across mineral
particle size, general SOC concentration, and the percentage of stable aggregates greater than 250 μm in the silty
loam used in this study.
Mineral particle size (µm)a
Weight (%)
SOC (mg·g-1)
SOC mass (%)d

< 32
62.0 ±0.3
13.7 ±0.7
80.8

32-63
29.1 ±0.4
3.0 ±0.3
8.3

63-125
6.6 ±0.3
8.9 ±2.6
5.6

125-250
1.2 ±0.1
21.9 ±0.8a
2.5

> 250
1.1 ±0.1
26.4 ±1.3a
2.8

General SOC Aggregates greater
(mg·g-1)b
than 250 μm (%)c
10.8 ±0.4

67.2 ±6.9

NOTE: a). It might be over-estimated due to the mixture of minute amount of residue or straw, which was previously incorporated
into the aggregates but then released by dispersion and blended with coarse particles.
Lower case numbers indicate the range of minimum and maximum values (n = 3).

5.2.2. Rainfall simulation
The experiments consisted of three separate components: 1) rainfall simulation to sufficiently
destroy aggregates, so as to ensure that the eroded sediments were less likely to experience further
breakdown during the subsequent settling velocity measurements; 2) fractionation of the eroded sediments
by a settling tube apparatus into six settling velocity classes; and 3) measurements of the instantaneous
respiration rates of each settling class. The experiments were repeated three times in order to generate
reliable erosion and respiration data.
Soils (0 - 5 cm depth) were placed in a 150 × 80 cm flume, which was pitched at a 15% gradient
(Figure 5-1a). Preliminary tests revealed that a flume of this size could generate sufficient runoff to initiate
non-selective erosion on this particular silt loam. The soil was sieved into aggregates of a diameter less
than 10 mm and over-sized clods were excluded in order to reduce variations in surface roughness, both
within the flume and between replicates. Levelling the surface also ensured that large roughness elements,
in particular depressions, did not inhibit movement of aggregates across the flume and thereby prevent
selective deposition on the soil surface. To assist drainage, the base of the flume was perforated and
covered with a fine cloth and a layer of sand (c.a., 5 cm). A nozzle of FullJet ¼ HH14WSQ, installed 1.8
m above the soil surface, was used to generate rainfall (Figure 5-1). Soil of each replicate was then
subjected to simulated rainfall at an intensity of 55 mm·h-1 for 3 h. The kinetic energy of the raindrops,
detected by a Joss-Waldvogel-Disdrometer, was on average 200 J·m-2·h-1.
Natural precipitation events of 55 mm·h-1 are unlikely in the Möhlin region, where precipitation
intensity is mostly less than 35 mm·h-1 (MeteoSwiss, 2013). But increased intensity is often considered
necessary to compensate for the deficiency of kinetic energy associated with simulated rainfalls in order to
recreate conditions that were as comparable as possible with natural rainfalls (Dunkerley, 2008; Iserloh et
al., 2012, 2013). A previous study had shown that full crust formation on the Möhlin silty loam
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(aggregates < 8 mm) requires a cumulative kinetic energy of about 340 J·m-2 (Hu et al., 2013a). This
corresponds to natural precipitation of 35 mm·h-1 for 30 min (Iserloh et al., 2012). Therefore, a simulated
rainfall of 55 mm·h-1 lasting for 3 h with a cumulative kinetic energy about 600 J·m-2 was chosen in this
study to make sure that the aggregates (coarser than those in Hu et al., 2013a) would experience full crust
formation to equilibrium conditions, i.e. resistance of crust against erosion equals the erosive force of
raindrops and runoff.
Tap water, with an electric conductivity of 2220 μs·cm-1, which is five times higher than natural
rainwater in Basel, was used during each rainfall simulation. In general, the increased electric conductivity
associated with tap water increases soil dispersion during tests using simulated rainfall (Borselli et al.,
2001). Despite this, however, comparative aggregate stability tests showed only a 7% difference between
rainwater sampled in Basel and ordinary tap water; thus making it acceptable.

(a)

(b)

Figure 5-1 The rainfall simulation flume (a), and the settling tube apparatus (b). The settling tube apparatus consists
of four components: the settling tube, through which the soil sample settles; the injection device, by which the soil
sample is introduced into the tube; the turntable, within which the fractionated subsamples are collected; and the
control panel, which allows an operator to control the rotational speed and rest intervals of the turntable (operations
see Hu et al., 2013c).
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5.2.3. Sediment collection and fractionation by a settling tube apparatus
During each rainfall event, runoff and sediment were continuously collected over 30 min
intervals. A 1.8 m settling tube (Figure 5-1b), which is described in detail in (Hu et al., 2013c) was used to
fractionate the eroded sediment fractions according to their respective settling velocities. The injection
device within this particular settling tube has a volume of 80 cm3. As this limits the amount of sediment
used during each test, only sediment collected during the first 10 min of each 30 min interval was used to
determine settling velocities. Prior to being subjected to settling fractionation, the eroded sediment was
allowed to settle for 1 h in collection beakers (height of 20 cm). Measurements confirmed that > 95% of
the total mass settled after this pre-treatment. The supernatant and remaining suspended sediment
(corresponding to EQS < 8 μm) was then decanted off and added to the < 20 μm fraction remaining in
suspension in the settling tube (described as following).

Table 5-2 Six settling velocities based on the Equivalent Quartz Size (EQS) classes, and the likely fate of eroded
fractions based on the conceptual model developed by Starr et al. (2000). The settling distance was 1.8 m.
EQS (µm)

Settling velocity (m·s-1)

Settling time (s)

> 250

> 4.5 × 10−2

< 40

125 - 250

1.5 ×

10−2

40 - 120

63 - 125

3.0 × 10−3 - 1.5 × 10−2

120 - 600

32 - 63

1.0 × 10−3 - 3.0 × 10−3

600 - 1800

Possibly transferred into rivers

> 1800

Likely transferred into rivers

< 32

10−2

Likely transport distance

- 4.5 ×

< 1.0 ×

10−3

Deposited across landscapes

Six particle size classes, based on the concept of Equivalent Quartz Size (EQS) described in (Hu
et al., 2013c), were selected according to their likely transport distances after erosion (Table 5-2). The six
EQS classes were converted to six settling velocities and corresponding settling times using Stokes’ Law
(Hu et al., 2013c). The use of Stokes’ Law to convert EQS into settling velocity is, in the strictest sense,
limited to particles < 70 µm (Rubey, 1933). From the perspective of terrestrial and aquatic systems,
however, sediment fractions coarser than 63 µm are considered as one group that is likely to be redeposited along hill-slopes. Hence, the potential error when using Stokes’ Law to calculate the settling
velocities of fractions of all sizes is considered rational. In addition, fine suspended fractions are
considered as one group “export” out of the terrestrial system. Hence, with the current settling tube (length
of 1.8 m), any fractions finer than 20 µm (settling time longer than 1.5 h) were not further fractionated to
practically save the experiment time. Where settling tubes of different lengths are applicable, sediment
fractions of distinct settling velocities should be separately treated. After fractionation, the six EQS classes
were air-dried for 72 h in a dark environment at ambient temperature (20°C). Despite the possibility of
biasing the mineralization SOC potential through the process of air-drying, as the first step to unwrap the
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complex effects of aggregation onto SOC erosion, transport, and deposition, our aim was to produce
quasi-natural sediments, i.e., subjecting to a single rainfall event, successively re-deposited after
increasing transport distances and immediately dried afterwards. Further effects of multiple rainfall
events, other soil moisture conditions (e.g., wet sediments) and long-term incubation will be investigated
in future research, once the role of aggregation on eroded SOC has been studied.
5.2.4. Instantaneous respiration rate measurement
Instantaneous respiration rates were measured, based on the method described in Robertson et al. (
1999) and Zibilske (1994). In brief, two grams (dry weight) of each EQS size fraction were placed into a
30 ml vial and re-wetted using distilled water in order to obtain a gravimetric moisture content equivalent
to ca. 60%. Preliminary tests revealed that the gravimetric moisture of 60% represented a proper
intermediate moisture level for sediment fractions of various surface areas, and thus exerted comparable
effects on soil respiration rates (Xu et al., 2004; Bremenfeld et al., 2013). All the re-wetted fractions were
then incubated over night at 25˚C (vials open). Two grams of original undisturbed soil were also prepared
in the same way and used to generate reference measurements. Prior to soil respiration measurements, all
vials were sealed using rubber stoppers. Gas from the headspace of each sealed vial was extracted by a 1
cc syringe at the beginning and end of the 1 h sampling period. Differences in CO2 concentrations between
these two measurements, as measured on a SRI8610C Gas Chromatograph (SRI Instruments, etc.), were
used to calculate the instantaneous respiration rate.
5.2.5. Laboratory measurements and data analyses
Soil erosion rates for each 30 min interval were estimated by the mass of sediment samples both
from the beginning 10 min (sum of the six EQS classes) and the late 20 min (not fractionated by the
settling tube). Runoff samples collected during the late 20 min of each 30 min interval were allowed to
settle for more than 48 h. The supernatant was then decanted off and the sediment was dried at 40°C and
weighed. The SOC concentration of all the samples was measured by a LECO RC 612 at 550˚C. Data
analysis was carried out using Microsoft Excel 2010 and R studio software packages (R version 2.15.1).

5.3. Results
Runoff began after 20 min. of rainfall and attained steady state conditions equivalent to 18 mm·h-1
after 120 min. Sediment discharge rates followed a similar pattern and reached steady state of 168.7 g·m 2

·h-1. Detailed erosional responses are listed in Table 5-3.
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Table 5-3 Summary of the erosional responses of Möhlin soil over 180 min of rainfall time. Subscripted numbers
indicate the minimum and maximum range of the parameters (n=3).
Steady state (after 120 min)
Runoff rate
(mm·h-1)

Sediment discharge rate
(g·m-2·h-1)

Sediment concentration
(g·L-1)

18.0 ±0.9

168.7 ±14.4

9.4 ±0.1

Total runoff Runoff coefficient Total sediment
(kg)
(%)
yield (g)

40.7 ±3.1

20.6 ±1.6

475.8 ±74.6

The fraction mass and SOC in the six EQS classes of sediment are presented in Figures 5-2 and 53. Preliminary data analysis had shown that the proportional composition of six EQS classes in each
sediment collection interval did not significantly differ over rainfall time. Hence, each EQS class was
considered to have 18 replicates (6 sediment collection intervals during each of the 3 rainfall events), and
only proportional values (not absolute values) are presented. Nevertheless, the distribution of fraction
mass and SOC concentration considerably differed across six EQS classes: about 61% of the sediment
fractions were in EQS of 32 to 63 µm and 63 to 125 µm, containing about 65% of the SOC. Such
aggregate specific SOC distribution in eroded sediment also contrasts against the association of SOC with
mineral particles in the original soil (Table 5-1).

Figure 5-2 The weight distribution of the different Equivalent Quartz Size (EQS) classes of the sediment. Bars in the
boxes represent median values. Whiskers indicate the lowest datum within 1.5 interquartile range of the lower
quartile, and the highest datum within 1.5 interquartile range of the upper quartile (n = 18).
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Figure 5-3 The distribution of soil organic carbon (SOC) concentration (a), and soil organic carbon (SOC) mass (b)
in different Equivalent Quartz Size (EQS) classes of the sediment. The line in (a) denotes the average soil organic
carbon (SOC) concentration of the original soil. Bars in the boxes represent median values. Whiskers indicate the
lowest datum within 1.5 interquartile range of the lower quartile, and the highest datum within 1.5 interquartile range
of the upper quartile (n = 18).

The instantaneous respiration rates from EQS classes of 32 to 63 µm and 63 to 125 µm were on
average lower than that from other fractions (Figure 5-4a). However, after multiplying the respiration rate
from each class with its fraction mass (Figure 5-2), EQS classes of 32 to 63 µm and 63 to 125 µm on
average released even more amount of CO2 than all other finer or coarser classes did (Figure 5-4b). The
instantaneous respiration rates per gram of SOC also differ among different EQS classes. In EQS classes <
20 µm and 20 to 32 µm, the instantaneous respiration rates per gram of SOC were lower than that in the
original soil (Figure 5-5). In contrast, all the other four EQS classes (> 32 µm) had higher instantaneous
respiration rates per gram of SOC than the original soil (Figure 5-5). We attribute the increased respiration
rates per gram of SOC in EQS classes > 32 µm to the detachment and transport of eroded soils, during
which time the structural aggregates were broken down, thereby exposing the previously protected SOC to
microbial processes (Six et al., 2002; Lal and Pimentel, 2008; van Hemelryck et al., 2010).
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Figure 5-4 The distribution of instantaneous respiration rate (a); and potential CO 2 emission (b) in different
Equivalent Quartz Size (EQS) classes of the sediment. The line in (a) denotes the average instantaneous respiration
rate of the original soil (n = 18).

Figure 5-5 The distribution of instantaneous respiration rate per gram of soil organic carbon (SOC) in different
Equivalent Quartz Size (EQS) classes of the sediment. The line denotes the average instantaneous respiration rate per
gram SOC of the original soil (n = 18).
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5.4. Discussion
5.4.1. Likely fate of eroded SOC in the terrestrial and aquatic system
Fractionation of eroded sediment by settling velocity shows that aggregation of source soil has a
clear potential to affect movement of sediment fractions and thus the fate of associated SOC after erosion.
According to the conceptual model developed by Starr et al. (2000) (Figure 5-6), the six EQS classes can
be further grouped into three separate groups, each with a different likely fate: EQS < 20 µm would be
likely remain suspended in runoff and hence, transferred to rivers, and all EQS > 63 µm would be redeposited along eroding hill-slopes (Table 5-2). The intermediate EQS of 20 to 32 µm and 32 to 63 µm
can have either fate, depending on localised flow hydraulics. In accordance with this model,
approximately 41% of the eroded SOC from the silt loam used in this study would be re-deposited along
eroding hill-slopes (Figure 5-7b). This proportion strongly contrasts against the approximately 11% SOC
mass associated with coarse mineral particles > 63 µm in the original soil (Table 5-1), and is also contrary
to the high SOC concentration (24.3 mg·g-1) in sediment fraction of EQS < 20 µm (Figure 5-3a). These
results support our theoretical deduction that aggregation of source soil reduces the likely transport
distance of eroded SOC. This would then decrease the likelihood of SOC being transferred from eroding
hill-slopes to aquatic systems, but increase the amount of SOC being re-deposited into terrestrial systems.
These findings are also consistent with those reported by Hu et al. (2013c), in which 79% of the SOC
mass in a silty loam was associated with mineral particles of size < 32 µm, whereas 73% of the SOC mass
was actually contained in aggregates of EQS > 63 µm. The distinct SOC distribution across aggregate size
classes also agrees with the field investigation by Polyakov and Lal (2008), where the coarse aggregates (1
to 0.5 mm) fractionated by wet-sieving, contained up to 4.5 times more SOC than the finest fraction (<
0.05 mm). More experiments are in demand to verify the reducing effects on soils of different aggregation
status and SOC contents.

Figure 5-6 Likely fate of eroded soil organic carbon (SOC) as a function of aggregate size, re-drawn from the
conceptual model developed by Starr et al. (2000). Two vertical dotted lines represent the aggregate sizes of 6.3 µm
and 63 µm and represent convenient cut-off points to determine the likely fate of eroded SOC.
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Figure 5-7 The likely fate of sediment fractions (a), eroded SOC (b), and potential share of CO 2 emission (c) by
fractions that would have been likely transferred to rivers, possibly transferred to rivers, and deposited along eroding
hill-slopes. The bar in box represents the median value, while numbers written in each box denote the average value.
Whiskers indicate the lowest datum within 1.5 interquartile range of the lower quartile, and the highest datum within
1.5 interquartile range of the upper quartile (n = 18).

5.4.2. Erosion as a source of CO2 flux
The effect of aggregation on the likely fate of SOC may also cast new light on understanding the
effect of soil erosion on global carbon cycling. Based on the EQS specific SOC content (Figure 5-3), the
potential SOC stock of a nominal 25 cm layer of topsoil on the foot-slope of a colluvial depositional site,
assumingly composed of aggregates EQS > 63 µm, would be 5.1 kg·m-2 on average (Table 5-4). The
potential SOC stock from the same 25 cm layer of original soil would be only 4.5 kg·m-2, or 15.5% lower
than that on the foot-slope of a colluvial depositional site. Such a large difference implies that a combined
model approach (Eq. 5-1), integrating the effects of aggregation on the likely fate of SOC, is demanded to
adequately distinguish the proportion of SOC likely re-deposited along hillslopes from the portion
potentially transferred to aquatic systems.
𝑆𝑑 × 𝐶𝑑 = 𝑆𝑒 × 𝐶𝑒 − 𝑆𝑎 × 𝐶𝑎 − 𝐶𝑚𝑖𝑛

(Eq. 5-1)

Where, Sd : mass of sediment likely to be re-deposited along hillslopes ; Cd : carbon content of
sediment likely to be re-deposited along hillslopes ; Se : mass of eroded soil; Ce : carbon content of eroded
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soil; Sa : mass of sediment potentially to be transferred to aquatic systems; Ca : carbon content of sediment
potentially to be transferred to aquatic systems; Cmin :carbon mineralized during transport.
Table 5-4 Comparison between soil organic carbon (SOC) stock in top layer of 25 cm from a temporary depositional
site which is theoretically composed of only three Equivalent Quartz Size (EQS) classes, and SOC stock of average
original soil in the same top layer of 25 cm, as often applied in previous literature.

Re-distributed
fractions
Original soil

EQS

SOC
concentration
(mg·g-1)

SOC stock
(kg·m-2)a

Differences
(%)b

> 250

12.2

5.0

-11.1

125 - 250

15.7

6.5

-44.4

63 - 125

9.6

4.0

+11.1

NA

10.8

4.5

NA

Average SOC
stock (kg·m-2)

Average
differences
(%)b

5.1

-15.5

4.5

NA

-3

NOTE: a) Bulk densities for sediment fractions of different sizes are not available, so only particle density 1.65 g·cm is applied here to have a
preliminary comparison.
b) Minus (-) means underestimation compared to original soil; Plus (+) means overestimation compared to original soil.

In previous reports, 𝐶𝑚𝑖𝑛 was considered to be a minor constituent in the overall carbon budget,
and 𝐶𝑑 was often assumed equivalent to the average of 𝐶𝑒 (Stallard, 1998; Harden et al., 1999; Berhe et
al., 2007; van Oost et al., 2007; Quinton et al., 2010). However, if presuming that 𝐶𝑒 equals 𝐶𝑑 observed
in topsoil of colluvial depositional sites (e.g., in van Oost et al., 2012), then the 𝐶𝑑 would lead to an
overestimation of total SOC loss from eroding sites, because 𝐶𝑑 is likely enriched by SOC-rich aggregates
compared to 𝐶𝑒 due to preferential deposition. Conversely, assuming 𝐶𝑑 corresponds to 𝐶𝑒 observed in
topsoil at eroding sites (e.g., in Dlugoß et al., 2012), would neglect the potential enrichment of SOC in
sediment fractions preferentially deposited on hillslopes. This would thus lead to an underestimation of
𝐶𝑚𝑖𝑛 during transport. In both cases, SOC transferred to aquatic systems would be overestimated. The
observed enrichment of SOC by 15.5% in sediment fractions composed only of EQS > 63 µm, indicates
that the potential error of above-described estimates could be considerable. A 15.5% SOC enrichment of
sediment re-deposited in the terrestrial system corresponds to the proportion of eroded SOC estimated to
be deposited in permanent sinks (e.g., 0.12 Pg of SOC eroded per year by van Oost et al. 2007). While the
effects of aggregation on SOC redistribution and subsequent fate cannot be assessed based on one
experiment, most sediment is transported in form of aggregates (Walling, 1988; Walling and Webb,
1990). Ignoring the effect of aggregation on erosion and redistribution of SOC, therefore, bears the risk of
overestimating the erosion-induced carbon sink effect. As a consequence, the behavior of aggregated
sediment requires a reconsideration of existing approaches of sediment behavior in erosion models.
Further study of different soil types, their aggregation and aggregate breakdown while moving through
landscapes of varying topography during rainfall events of different intensity, frequency and duration, is
required to assess the relevance of aggregation for SOC movement and fate identified in this study.
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The risk of falsely estimating SOC losses during transport is further exacerbated by the observed
instantaneous respiration rates. The instantaneous respiration rates probably merely represent a spike of
SOC mineralization after erosion, and therefore, should not be extrapolated over longer periods of time.
However, the 41% proportion of eroded SOC, which would likely be re-deposited along hillslopes,
generated 53% of the entire instantaneous respiration (Figure 5-7c). This implies that the immediately
deposited SOC is more susceptible to mineralization than both the mass of coarse sediment fractions and
their SOC content would suggest. These findings are consistent with those observed by van Hemelryck et
al. (2010), who reported that a significant fraction of SOC eroded from initially dry soil aggregates is
mineralized after deposition. As a consequence, the preferentially deposited SOC could potentially
generate a further error in the carbon source-sink balance. Such error would be particularly significant,
when repeated erosion and deposition processes along hillslopes cause further disintegration of large
aggregates (Kuhn et al., 2003; van Hemelryck et al., 2010). This would thereby result in additional SOC
exposure and mineralization (Jacinthe et al., 2002; Six et al., 2002). Overall, as a result of preferential
deposition of SOC-enriched sediment fractions and enhanced mineralization during transport, the carbon
losses during transport, so far assumed to be small (van Oost et al., 2007; Quinton et al., 2010), would
actually be underestimated.

5.5. Chapter conclusion
This study aimed to identify the effects of aggregation of source soil on the likely transport
distance of eroded SOC and its susceptibility to mineralization after single-event transport and deposition.
Our data show that 41% of the eroded SOC from a silty loam was incorporated into aggregates of EQS >
63 µm, and hence would likely be re-deposited into the terrestrial system rather than being transferred to
the aquatic system. This proportion is much greater than the approximately 11% SOC mass associated
with coarse mineral particles > 63 µm in the original soil (Table 5-1), and the high SOC content (24.3
mg·g-1) in sediment fraction of EQS < 20 µm would suggest. Respiration rates from sediment fractions of
EQS > 63 µm also increased immediately after erosion and deposition. Both results indicate that
aggregation of source soil and preferential deposition of SOC-rich coarse sediment fractions may skew the
re-deposition of eroded SOC towards the terrestrial system, rather than further transfer to the alluvial or
aquatic system. Consequently, a risk of overestimating lateral SOC transfer exists when mineral grain size
rather than actual size of aggregated sediment is applied in erosion models. Our very limited data indicates
that this error could be potentially within the same range as the current estimate of annual net erosioninduced carbon sink rate.
While based on a laboratory experiment and thus with very limited applicability to real
landscapes, the potential effects of aggregation of source soil on reducing the transport distance of eroded
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SOC appear to be considerable. This illustrates the need to integrate the effect of aggregation of source
soil on SOC transport distance into soil erosion models (e.g., as a soil erodibility parameter), in order to
adequately distinguish SOC likely re-deposited in the terrestrial system from the portion potentially
transferred to aquatic systems, and further assess the implications to the global carbon cycle. Further
research should, therefore, focus on the effects of preferential deposition of eroded aggregates and the fate
of SOC in these aggregates whilst in-transit and during multiple rainfall events. More simulations as well
as field experiments are also needed to examine the effects of various transport processes (such as slope
length, slope gradients, field barriers) onto the mechanism of aggregate breakdown and aggregate specific
SOC distribution. The effects of varying rainfall characteristics, crust formation, soil management and
topography (e.g., Wang et al., 2008; Hu et al., 2013a) onto SOC transport should also be investigated.

73

74

Chapter 6
Different Degrees of Aggregation: How Diversely Do They Affect Likely Fate
of Eroded SOC?
Manuscript in preparation, planned to submit to Global Biogeochemical Cycles

Abstract: During slope-scale erosion events, soil fractions and the associated soil organic carbon (SOC)
are transported away from eroding sites mainly by overland flow. Eroded soil will be either gradually redeposited along hillslopes or further transferred to river systems. Yet the re-distribution of eroded SOC
during transport is not always uniform, but very often affected by preferential deposition. Under given
flow conditions, the site of SOC deposition depends on the transport distances of sediment particles where
SOC is stored. Very often, soil and SOC erosion risk is assessed by applying mineral particle specific
SOC distribution to erosion models. However, soil is not always eroded as dispersed mineral particles, but
mostly in form of aggregates. The aggregates possibly have settling velocity distinct from individual
mineral particles. This may considerably change the transport distance of sediment fractions and the
associated SOC. In addition, aggregation status differ SOC content in different aggregate fractions also
differs from the average SOC content of original soil. Yet, little has been known about the potential effects
of aggregation onto the movement and fate of eroded SOC.
In order to examine the potential effects of aggregation on the likely transport distance and the
mineralizing susceptibility of eroded SOC, a simulated rainfall was applied to two soils of different
texture, structure and SOC content. The eroded sediments were fractionated by a settling tube apparatus
according to their likely transport distances. The mineralization potentials of the fractionated sediments
were measured for 50 days. Our results show: 1) the re-deposition of eroded SOC into the terrestrial
system was increased up to 64% compared to that suggested by the mineral particle specific SOC
distribution. This indicates that using mineral particle specific SOC distribution, as often applied in
current erosion models, would lead to under-estimation on terrestrial SOC re-deposition. 2) Over 50 days,
the mineralization of SOC in the Möhlin sediment was increased by 114%, compared to the same amount
of SOC in original Möhlin soil. The mineralization of the Movelier sediment was roughly equivalent to
the original Movelier soil. This necessitates further investigation on the potential effects of different
aggregation degrees onto the quality of eroded SOC. Overall, our results suggest that soil erosion is more
likely to be a source of atmospheric CO2.
Keywords: erosion, aggregation, transport distance, fate of eroded SOC, carbon sink/source effects
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6.1. Introduction
During slope-scale erosion events, soil fractions and the associated soil organic carbon (SOC) are
transported away from eroding sites mainly by overland flow. Afterwards, eroded SOC will be either redeposited along hillslopes after increasing transport distances or further transferred to river systems (Starr
et al., 2000; Walling, 1983). Very often, slope-scale soil and SOC erosion risk is assessed by comparing
the SOC stock on eroding sites to that on colluvial depositional sites, or by applying mineral particle
specific SOC distribution observed from either site to estimate the SOC stock of its counterpart (van Oost
et al., 2007; Quinton et al., 2010; van Hemelryck et al., 2011; Dlugoß et al., 2012; van Oost et al., 2012).
However, the re-distribution of eroded SOC during transport is not always uniform, but very often
affected by preferential deposition (Kuhn et al., 2009; Hu et al., 2013b; Kuhn, 2013). The spatial variation
of SOC re-distribution is strongly related to the transport distance of eroded SOC, which is dependent on
the transport distances of sediment fractions. Apart from sediment discharge and hydraulic conditions
(Beuselinck et al., 1998, 2000), the potential transport distances of sediment fractions are associated with
their settling velocities (Beuselinck et al., 1999; Loch, 2001; Tromp-van Meerveld et al., 2008).
The distribution of settling velocities based on mineral particle size classes has been applied in
some erosion / deposition models (Morgan et al., 1998; van Oost et al., 2004; Aksoy and Kavvas, 2005;
Fiener et al., 2008). However, soil is not always eroded by dispersed mineral particles, but mostly in form
of aggregates (Walling, 1988; Slattery and Burt, 1997; Beuselinck et al., 2000). For eroded soil particles
composed of aggregates, settling velocities generally do not correspond to the average or median mineral
grain size, because aggregates differ in size, density and shape from mineral particles (Johnson et al., 1996;
Tromp-van Meerveld et al., 2008). Furthermore, SOC is more likely to be accumulated in macroaggregates (Tisdall and Oades, 1982; Cambardella and Elliott, 1994), which probably have distinct
settling velocities from individual mineral particles. This implies that aggregation may potentially change
the settling velocities of individual mineral particles that are incorporated into aggregates, and thus alter
the transport distance of the associated SOC. As a consequence, aggregation can lead to aggregate specific,
rather than mineral grain specific SOC distribution across landscapes (Kuhn, 2007; Kuhn and Armstrong,
2012). Ignoring the effects of aggregation to the likely transport distance of eroded SOC would have a risk
of miscalculating carbon source/sink balances (Hu and Kuhn, 2014).
The mineralization of eroded SOC during transport may add a further error to current carbon
source/sink balances (Billings et al., 2010). Many reports had described accelerating SOC mineralization
upon detachment or during transport of eroded soils (Jacinthe et al., 2004; Jacinthe and Lal, 2001;
Polyakov and Lal, 2004). They mostly attributed it to structural breakdown of aggregates, thereby
exposing the previously protected SOC to microbial processes (Six et al., 2002; Lal and Pimentel, 2008;
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van Hemelryck et al., 2010). Therefore, Lal and his colleagues proposed that SOC mineralization during
transport should be included in SOC erosion models (Jacinthe et al., 2004; Jacinthe and Lal, 2001;
Polyakov and Lal, 2004). But other reports argued that large loads of sediment are moved during rapid
transport, thus SOC loss by mineralization during transport is of minor importance, and hence could be
ignored when calculating carbon balances (van Oost et al., 2007; Quinton et al., 2010). To solve these
discrepancies, it is required to identify the quality of eroded SOC that has different transport distances.
Our previous studies (Hu et al., 2013b; Hu and Kuhn, 2014; Xiao et al., submitted), after
examining the SOC content in sediment fractions of different likely transport distances, had found that 41%
of the eroded SOC would be likely re-deposited down eroding hillslopes with coarse aggregates. The
results also show that erosion and transport tend to accelerate the mineralization of eroded SOC
immediately after erosion. While their findings confirm the necessity to account for the mineralization of
eroded SOC during transport when calculating slope-scale carbon balances, the results were observed with
only one type of soil after instantaneous mineralization potentials. Long-term monitoring on a wider range
of soil is required to examine the effects of different degrees of aggregations, so as to quantify the
potential contribution of eroded SOC to atmospheric CO2. Therefore, this study, as a follow-up
experiment to previous studies (Hu et al., 2013b; Hu and Kuhn, 2014), aims to examine the potential
effects of different degrees of aggregation onto the likely transport distance of eroded SOC, as well to
examine the long-term mineralization potential of eroded SOC during transport.

6.2. Materials and Methods
6.2.1. Soil sampling and preparation
Two Luvisols, a sitly loam from Möhlin (47˚ 33’ N, 7˚ 50’ E) and a silty clay from Movelier (47˚
24’ N, 7˚ 18’ E), near Basel in northwest of Switzerland, were used in this study. Both soils were sampled
from farmlands in December, 2012, and were immediately air-dried after sampling. They had distinct
mineral grain size distribution, SOC content (LECO RC 612 at 550°C) and aggregate stability (method
adapted from Nimmo and Perkins, 2002) (Table 6-1). The mineral particle size distribution was
fractionated by wet-sieving, after dispersion by ultrasound using a Sonifier Model 250 from Branson,
USA. The energy dissipated in the water/soil suspension was 60 J·ml-1 (i.e. Energy = output power 70 W
× time 85 s / suspension volume 100 ml). The SOC mass proportions across mineral particle size classes
were calculated only from average values of individual weight and SOC content. Previous studies on the
same Möhlin soil had shown that aggregation potentially facilitates the settling velocities of individual
mineral particles and thus reduces the likely transport distance of the associated SOC (Hu et al., 2013c; Hu
and Kuhn, 2014). Hence, it is speculated that similar effects would also occur to other types of soil,
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provided SOC is the dominant binding agent to form aggregates. This thus makes the silty loam from
Möhlin and the silty clay from Movelier suitable to investigate the potential effects of different aggregate
degrees onto the fate of eroded SOC.
Table 6-1 Selected properties of the original Möhlin and Movelier soil
Mineral Particle Size (µm)
<32
Möhlin

Weight (%)
SOC (mg·g-1)
SOC mass (%)

Movelier

Weight (%)
SOC (mg·g-1)

32-63

63-125 125-250

>250

60.6±1.3 29.1±1.6

6.4±0.1

1.9±0.1

17.9±0.7

4.9±1.0

10.3±2.6 14.9±2.4 23.1a ±4.4

79.3

10.3

62.2±1.5 12.7±0.5

2.0±0.2

4.8

2.2

3.3

9.8±1.8

4.5±0.7

10.7±1.0

46.8±6.3 42.0±9.7 47.3±1.9 68.0±5.4 30.3a ±2.5

General SOC Aggregates > 250
(mg·g-1)
µm (%)

14.0±0.2

67.24±7.9

42.8±1.0

91.37±1.0

SOC mass (%)
64.0
11.7
10.3
6.8
7.1
NOTE: a) Might be over-estimated due to the mixture of minute amount of residue or straw, which was previously incorporated
into the aggregates but then released by dispersion and blended with coarse particles. Lower case numbers indicate the range of
minimum and maximum values (n = 3)

6.2.2. Rainfall simulation
The experiments consisted of three components (Figure 6-1): 1) rainfall simulation to generate
sediments; 2) fractionation of the eroded sediments by a settling tube apparatus into six settling velocity
classes; and 3) incubation of each settling class for 50 days to observe their long-term mineralization
potentials. The experiments were repeated three times in order to generate reliable erosion and respiration
data.
Two parallel halves of a 150 × 80 cm2 flume (40 cm wide for each half) were pitched at a 15%
gradient (Figure 6-1). One of each half was filled with the Möhlin and Movelier soil (depth of 5 cm). To
assist drainage, the base of the flume was perforated and covered with a fine cloth and a layer of sand (c.a.,
5 cm). Preliminary tests had revealed that a flume of this size could generate sufficient runoff to initiate
non-selective erosion on the two soils. The soils were sieved into aggregates of a diameter less than 5 mm.
Over-sized clods were excluded in order to reduce variations in surface roughness, both within the flume
and between replicates. Leveling the surface was also managed to ensure that large roughness elements, in
particular depressions, did not inhibit movement of aggregates across the flume and thereby prevent
selective deposition on the soil surface.
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(a)

(b)

(d)

(c)

Figure 6-1 The experimental set-up: the rainfall simulation flume (a), the settling tube apparatus (b), the turntable to
collect the fractionated sediment (c), and the incubation of the fractionated sediments (d).

A FullJet nozzle of ½ HH 50WSQ, installed 2 m high above the soil surface, was used to simulate
the rainfalls (Figure 6-1a). The simulated rainfalls had an intensity of 200 mm h-1. Previous studies on the
same Möhlin soil had shown that it required about 90 mm of rainfall to develop non-selective erosion (Hu
et al., 2013a). Hence, the simulated rainfalls lasted for 30 min for the Möhlin soil, and the runoff (and
sediment) samples were collected every 2 min. For the Movelier soil, given its much greater aggregate
stability (Table 1), the same simulated rainfalls were lasted for 2 h. The runoff (and sediment) samples
from the Movelier soil were collected every 10 min. A rainfall of intensity 200 mm h -1 and lasting for 30
min or 2 h is unlikely in either Möhlin and Movelier region, where precipitation intensity is around 35 mm
h-1 (MeteoSwiss, 2013). But increased intensity is often considered necessary to compensate for the
deficiency of kinetic energy associated with simulated rainfalls, so as to create comparable conditions to
natural rainfalls (Dunkerley, 2008; Iserloh et al., 2013). Therefore, the simulated rainfall used in this study
was particularly chosen to sufficiently destroy aggregates, so that the eroded sediments were less likely to
experience further breakdown during the subsequent settling velocity fractionation.
Tap water, with an electric conductivity of 2220 μs·cm-1, which is five times higher than natural
rainwater in Basel, was used during each rainfall simulation. In general, the increased electric conductivity
associated with tap water increases soil dispersion during tests using simulated rainfall (Borselli et al.,
2001). Despite this, however, comparative aggregate stability tests showed only a 7% less for the Möhlin
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soil and 1% less for the Movelier soil between rainwater sampled in Basel and ordinary tap water, thus
making tap water acceptable.
6.2.3. Sediment fractionation by a settling tube apparatus
The sediment fractionation was conducted with a 1.8 m long settling tube apparatus (Figure 6-1b).
The settling tube apparatus consists of four components: the settling tube, through which the soil sample
settles; the injection device, by which the soil sample is introduced into the tube; the turntable (Figure 61c), within which the fractionated subsamples are collected; and the control panel, which allows an
operator to control the rotational speed and resting/moving intervals of the turntable. Detailed descriptions
about the settling tube apparatus can refer to Hu et al. (2013b). To control the number of subsamples
under practical size, during each rainfall event, only the sediment samples collected at 6 min, 16 min and
30 min from the Möhlin soil, and those collected at 20 min, 60 min, and 120 min from the Movelier soil,
were used to carry out settling fractionation. Sediments collected in such manner were assumed
representative to reflect the sediment compositions over simulated rainfalls. After collected from the
eroding flume, these sediments were allowed to settle for 1 h in collection beakers (height of 20 cm),
before fractionated by the settling tube apparatus. The supernatant and remaining suspended sediment
(corresponding to EQS < 8 μm) was then decanted off and added to the < 20 μm fraction remaining in
suspension in the settling tube (described as following). Previous measurements confirmed that > 95% of
the total mass settled after this pre-treatment (Hu and Kuhn, 2014).

Table 6-2 The six settling velocities based on the Equivalent Quartz Size (EQS) classes, and the likely fate of eroded
fractions based on the conceptual model developed by Starr et al. (2000). The settling distance was 1.8 m.
EQS (µm)

Settling velocity (m·s-1)

Settling time (s)

Likely fate

Landscape deposition

10−2

> 250
125 - 250

>4.5 ×
1.5 × 10−2 − 4.5 × 10−2

< 40
40 - 120

63 - 125

3.0 × 10−3 − 1.5 × 10−2

120 - 600

32 - 63
20 - 32
< 20

1.0 × 10−3 − 3.0 × 10−3
3.3 × 10−4 − 1.0 × 10−3
< 3.3 × 10−4

600 - 1800
1800 - 5400
> 5400

Possible transfer to rivers
Likely transfer to rivers

Six particle size classes, based on the concept of Equivalent Quartz Size (EQS) described in Hu et
al. (2013a), were selected according to their likely transport distances after erosion (Table 6-2). EQS
represents the diameter of a nominal spherical quartz particle that would fall with the same velocity as the
aggregated particle for which fall velocity is measured (adopted from Loch, 2001). The six EQS classes
were converted to six settling velocities and corresponding settling times using Stokes’ Law (Hu et al.,
2013b). The use of Stokes’ Law to convert EQS into settling velocity is, in the strictest sense, limited to
particles < 70 µm (Rubey, 1933). From the perspective of terrestrial and aquatic systems (Starr et al.,
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2000), all fractions of EQS > 63 µm are considered as one group that is likely to be re-deposited along
hill-slopes (Table 6-2). Hence, the potential error when using Stokes’ Law to calculate the settling
velocities of fractions of all sizes is considered rational. In addition, with the current settling tube (length
of 1.8 m), any fractions finer than 20 µm (settling time longer than 1.5 h) were not further fractionated to
save time.
6.2.4. Sediment respiration rate measurement
After fractionation, the sediment samples were transferred into flasks (60 cm3), and incubated at
20˚C (flasks open) (Figure 6-1d). Soil respiration rates of different sediment fractions were measured
based on the method described in Robertson et al. (1999) and Zibilske (1994). Ten replicates of original
undisturbed soils (about 10 g for each replicate) were also prepared and measured in the same way to
generate references. Prior to respiration measurements, all flasks were sealed using rubber stoppers. Gas
from the headspace of each sealed flask was extracted at the beginning and end of the 1 h sampling period.
The differences of CO2 concentrations between the two times were used to represent the soil respiration
rate during the period of 1 h. Such respiration rate measurements were repeated at day 1, 2, 3, 6, 10, 18, 26,
34, 42, and 50. Concentrations of CO2 were measured using a SRI8610C Gas Chromatograph (SRI
Instruments, etc.). During the 50 days of incubation, the wet weight of each fraction was monitored every
3 days, and the variation of soil moisture was constrained within 1%.
6.2.5. Laboratory measurements
The sediment samples that were not used for settling fractionation were allowed to settle for 48 h.
The supernatant was then decanted off, and the sediments were dried at 40°C and weighed. The SOC
contents of the original soils, the fractions of six EQS, and the sediments samples were measured by a
Leco RC 612 at 550˚C. The SOC mass of each settling class was calculated from its SOC content and
weight. Data analysis was carried out using Microsoft Excel 2010 and R studio software packages (R
version 2.15.1).

6.3. Results
6.3.1. Spatial distribution of eroded SOC
The SOC contents in six EQS classes of the sediment from both soils are shown in Figure 2. For
the Möhlin sediment, the eroded fractions of EQS > 63 µm in general had equivalent SOC content to the
original Möhlin soil (Figure 6-2a). Yet, in the Movelier sediment (Figure 6-2b), the SOC contents in EQS
classes of 63 to 250 µm were much greater than that of the original Movelier soil. After multiplying the
weight distribution of eroded fractions with their SOC contents, the likely re-distribution of eroded SOC
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from the two soils is shown in Figure 6-3. Out of the total 5622 mg SOC eroded from the Möhlin soil, 63%
was likely to be re-deposited along hillslopes, while only 6% was likely to be transferred into rivers
(Figure 6-3a). For the Movelier sediment, the effects of aggregation to generate terrestrial re-deposition
were even more pronounced (Figure 6-3b). Out of the total 3463 mg eroded SOC, 88% was potentially redeposited along hillslopes, whereas only 4% likely transferred into rivers.

Figure 6-2. The soil organic carbon (SOC) content of different eroded fractions from the Möhlin (a) and Movelier
soil (b). The two straight lines across the figure denote the SOC content of the original Möhlin and Movelier soil.
The colors of the boxes correspond to their likely fate. See section 6.2.3 for the definition and explanation of the
three manners of likely fate of sediment and eroded SOC (n=9).

(b
)

(a)

Figure 6-3. The likely spatial re-distribution of eroded soil organic carbon (SOC) from the Möhlin (a) and Movelier
soil (b) after a slope-scale erosion event. The curves represent a hillslope profile, helping to visualize the likely
transit of eroded sediment from the eroding site on the slope shoulder, to the colluvial depositional site on slope tail,
and further to the alluvial or aquatic system. The colors of the boxes correspond to their likely fate. See section 6.2.3
for the definition and explanation of the three manners of likely fate of sediment and eroded SOC (n=9).
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(b)

(a)

Figure 6-4. The respiration rates of eroded soil organic carbon (SOC) associated with different Equivalent Quartz
Size (EQS) fractions from Möhlin (a) and Movelier (b) soil (n=9).

6.3.2. Long-term mineralization potential of eroded SOC fractions
The respiration rates of different SOC fractions from the two soils show similar temporal
tendencies over the 50 days (Figure 6-4a, b): high rates at the beginning 10 days, followed by a rapid
decline, and stayed constant during the last 30 days. The cumulative respiration rates (Figure 6-5a, b)
show that most of the SOC in both the Möhlin and the Movelier sediment were more susceptible to
mineralization than that in the original soils. In addition, the respiration potentials differed distinctively
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across different EQS classes (Figure 6-5a, b). Among the six EQS classes, eroded SOC in the Möhlin
sediment class of EQS < 20 µm was most susceptible (Figure 6-5a), while in the Movelier sediment, it
was the classes of EQS from 63 to 250 µm that had the highest respiration rates (Figure 6-5b).
(a)

(b)

Figure 6-5. The cumulative respiration rates of eroded soil organic carbon (SOC) associated with different EQS
fractions from Möhlin (a) and Movelier (b) soil over 50 days. Colors of the boxes and lines correspond to the likely
fate of different eroded fractions. See section 6.2.3 for the definition and explanation of the three manners of likely
fate of sediment and eroded SOC (n=9).

6.3.3. Erosion-induced additional SOC mineralization
The potential shares of CO2 emission from SOC in different EQS classes are shown in Table 3.
Overall, about 272 mg or 4.8% of the SOC eroded from the Möhlin soil was mineralized into CO 2 (Table
6-3). Out of that, about 63% was potentially released from the SOC that was likely to be re-deposited
along hillslopes (Figure 6-6a). While the finest particles of EQS < 20 µm from the Möhlin sediment had
the highest susceptibility to mineralization, they were of limited mass and hence only responsible for 12%
of the entire CO2 emission (Figure 6-6a). From the Movelier sediment, about 85 mg or 2.5% of the eroded
SOC was mineralized into CO2 (Table 6-3). Out of that, 78% was potentially released from the SOC that
was likely to be re-deposited along hillslopes (Figure 6-6b). In addition, the extents of erosion-induced
additional SOC mineralization differed greatly between the two soils. The CO2 from the eroded Möhlin
sediment (272 mg) was 114% more than that of the same amount of original soil (127 mg) (Table 6-3).
Yet, the CO2 released from the Movelier sediment (85 mg) was roughly equivalent (9% less) to that from
the same amount of the original soil (93 mg) (Table 6-3).
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Table 6-3. The summary of the amount of sediment fractions, eroded soil organic carbon (SOC), and entire CO2
emission, and their likely spatial distribution and potential shares from fractions of three different likely fates. The
additional SOC mineralization represents the additional CO2 emissions compared to the same amount of SOC if
stored in original soils.
Fractions
430 g

Möhlin
SOC
5622 mg

CO2-C
272 mg

Fractions
57 g

Movelier
SOC
3463 mg

CO2-C
85 mg

Eroded sediment
Likely spatial re-distribution

Likely spatial re-distribution

Re-deposited along hillslopes

60%

63%

63%

87%

88%

78%

Possibly transferred into rivers

36%

31%

25%

9%

8%

14%

Likely transferred into rivers

4%

6%

12%

4%

4%

8%

Original soil

127 mg

93 mg

Additional CO2 emission

+114%

-9%

Figure 6-6. The potential shares of CO2 emission from eroded soil organic carbon (SOC) of different likely fates
after eroded from the Möhlin (a) and Movelier soil (b). The curves represent a hillslope profile, helping to visualize
the likely transit of eroded sediment from the eroding site on the slope shoulder, to the colluvial depositional site on
slope tail, and further to the alluvial or aquatic system. The colors of the boxes correspond to their likely fate. See
section 6.2.3 for the definition and explanation of the three manners of likely fate of sediment and eroded SOC (n=9).

6.4. Discussion
6.4.1. Aggregation skewing the spatial re-distribution of eroded SOC
The contrasting SOC distributions between the six EQS classes and the mineral particle size
classes of both the Möhlin and Movelier soil clearly demonstrate the potential effects of aggregation to the
fate of eroded SOC. The results show that 63% of eroded SOC from the Möhlin sediment is likely be re85
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deposited along hillslopes (Figure 6-2a). This is strongly contrasting against the mineral particle specific
SOC distribution of original Möhlin soil, which suggests that 79% SOC would be likely to be transferred
into rivers with mineral particles finer than 32 µm (Table 6-1). Such contradictory estimates on the spatial
re-distribution of eroded SOC are mostly attributed to the effects of aggregation in facilitating the settling
velocity of individual mineral particles, and thus reducing the likely transport distance of the associated
SOC. These findings confirm the observations in previous reports (Hu et al., 2013b; Hu and Kuhn, 2014),
where the terrestrial SOC deposition from the same Möhlin soil is 31% greater than the mineral particle
specific SOC distribution would suggest. An even more pronounced skew of SOC distribution was
observed in the Movelier sediment (Figure 6-2b compared with Table 6-1). Such effects of aggregation
onto the transport distance of eroded SOC illustrate that current slope-scale carbon balances should
ascribe more credits to the terrestrial SOC deposition, and accordingly attribute less to loss SOC to the
aquatic system.

Table 6-4 Comparison between the soil organic carbon (SOC) stock of a nominal 25 cm layer of Movelier topsoil on
the foot-slope of a colluvial depositional site, which is theoretically composed of only three Equivalent Quartz Size
(EQS) classes, and the SOC stock of average original Movelier in the same top layer of 25 cm, as often applied in
previous literature.
SOC
EQS class
concentration
(µm)
(mg·g-1)
> 250
38.1
Re-deposited
sediment fractions

Density
(g·cm-3)
1.5

SOC stock Relative
Relative
Depth SOC stock
on average differences difference on
-2
(cm)
(kg·m )
(kg·m-2)
(%)a
average (%)a
25
14.3
4.9

125 to 250

49.6

1.8

25

22.3

63 to125

49.1

1.3

25

16.0

17.5

-32.9

-11.4

-6.1

NA
42.8
1.4
25
15.0
15.0
NA
NA
Original Movelier
NOTE: a) Minus (-) means underestimation compared to original Movelier soil; Plus (+) means overestimation compared to
original Movelier soil.

The potential SOC stock of a nominal 25 cm layer of Movelier topsoil on the foot-slope of a
colluvial depositional site, assumingly composed of aggregates EQS > 63 µm, would be 17.5 kg·m-2 on
average (Table 6-4). The potential SOC stock from the same 25 cm layer of the original Movelier soil
would be only 15.0 kg·m-2, or 11.4% lower than that on the foot-slope of a colluvial depositional site. This
11.4% SOC enrichment of the Movelier sediment re-deposited in the terrestrial system in general agrees
with the 15.5% enrichment estimated from the Möhlin sediment in Hu and Kuhn (2014). As a second type
of aggregated soil, the SOC enrichment of the Movelier sediment re-deposited in the terrestrial system
confirms the skewing effects of aggregation onto SOC re-distribution. While two types of soil such as the
Möhlin and Movelier cannot fully represent the global soil diversities, such 15.5% and 11.4% SOC
enrichment in re-deposited sediment implies that under-estimation of terrestrial SOC deposition in current
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carbon balances (e.g., Berhe et al., 2007; Dlugoß et al., 2012; van Oost et al., 2012) could be considerable.
Consequently, ignoring the effects of aggregation onto re-distribution of eroded SOC would bear a
considerable risk of overestimating the erosion-induced carbon sink effects. Our results reaffirm the
possibility that preferential re-deposition of SOC-enriched aggregates into terrestrial systems might be
roughly on the same magnitude of the currently estimated carbon sink strength van Oost et al. (2007),
thereby making the erosion-induced sink effects approach zero.
6.4.2. Erosion induced additional CO2 to the atmosphere
The erosion-induced mineralization of eroded SOC would add a further error onto the currently
estimated carbon sink effects. Our data show that the mineralization of the Möhlin sediment was
significantly increased by 114%, compared to the same amount of original Möhlin soil (Table 6-3). It can
be attributed to the relatively poor aggregation of the Möhlin soil (Table 6-1), which was apt to break
coarse aggregates into finer fractions upon raindrop impact, releasing the otherwise encapsulated SOC to
the environment. Such observation agrees with the statement made by Lal and his colleagues that erosion
and transport processes tend to break down aggregates, thereby exposing previously protected SOC to the
environment and thus potentially contributing additional CO2 to the atmosphere (Polyakov and Lal, 2004;
Lal and Pimentel, 2008; Polyakov and Lal, 2008). Further disintegration of aggregates after repeated
erosion and deposition processes are speculated to induce more additional CO2 emissions (van Hemelryck
et al., 2010; Kuhn, 2013). However, the total CO2 emissions from the Movelier sediment were not as
appreciably accelerated by erosion as those from the Möhlin sediment (Table 6-3). It can be explained by
their different degrees of aggregation of the two soils (Table 6-1). Among the six EQS classes of the
Movelier sediment, the eroded aggregates of EQS between 63 and 250 µm had the highest respiration
rates. These aggregates, suggested by the great aggregate stability of the original Movelier soil (Table 6-1),
probably barely broke down during erosion and transport. They thus were less likely to introduce extra
exposure of SOC to be mineralized. Under the same simulated rainfall conditions, the distinct degrees of
sensitivity to erosion-induced mineralization demonstrate the diverse effects of aggregation to the likely
fate of eroded SOC. Similar discrepancies can also be captured from the two reports from Polyakov and
Lal. On the silt loam used in Polyakov and Lal (2004), the mineralization rate in mid-size sediment
fractions (53 to 250 µm) was 2 to 4 times greater than that from coarse and fine fractions. Nevertheless, on
the clay loam investigated in Polyakov and Lal (2008), the amount of CO2 released from coarse size
sediment fractions (0.282 g C·kg-1 soil·d-1) was 9 times greater than that in fine fractions (0.032 g C·kg-1
soil·d-1). Overall, the mineralization potential of eroded SOC differed from that of SOC stored in intact
soil. The significance of erosion-induced additional SOC mineralization is dependent on the degrees of
aggregation and the quality of SOC in different fractions. This thus urges further investigation on the
potential effects of different aggregation degrees onto the fate of eroded SOC.
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6.5. Chapter conclusion
This study aimed to identify the significance of the aggregation effects onto the re-deposition of
eroded SOC and its susceptibility to mineralization during transport. The results demonstrate that effects
of aggregation considerably reduced the likely transport distance of eroded SOC, and hence potentially
skewed its re-distribution towards the terrestrial deposition. The skewing pattern of SOC re-distribution
was more pronounced in the better-aggregated silty clay from Movlier than in the silty loam from Möhlin.
Such findings may profoundly alter our current understanding of erosion-induced lateral SOC transfer
from eroding to depositional sites. Since soil is mostly eroded in form of aggregates, our results
necessitate that current slope-scale carbon balances should incorporate the terrestrial SOC deposition. The
effects of aggregation on the re-distribution and subsequent fate of eroded SOC were also exacerbated by
the mineralization of eroded SOC. Over 50 days, the mineralization of the Möhlin sediment significantly
increased compared to the same amount of original soil. This could add a further error onto current carbon
sink effects. Yet the roughly equivalent CO2 emissions from the Movelier sediment to the original
Movelier soil indicate that more research is required to get a full understanding of the effects of different
degrees of aggregation onto the fate of eroded SOC. Overall, the potential terrestrial SOC re-deposition
and the increased mineralization of eroded SOC suggest that soil erosion is more likely to be a source of
atmospheric CO2. More field sampling along hillslopes on a wider range of soils under various rainfall
regimes across larger erosion scales are required.
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Chapter 7
Summary and Conclusions
7.1. Summary of primary results from each experiment
The aim of this study was to investigate the potential impacts of the temporal variation of SOC
erosion and the spatial variation of SOC deposition on the fate of eroded SOC on hillslopes. By addressing
these aims, this study is intended to improve our current understanding of the potential role of soil erosion,
as a sink or source to atmospheric CO2. Four specific knowledge gaps were thus identified: 1) crusting and
erosion-induced temporal variation of SOC erosion; 2) significance of inherent inter-replicate variability
under ideally controlled conditions; 3) aggregation effects on the likely transport distance of eroded SOC;
4) erosion-induced mineralization of eroded SOC during transport. A series of experiments was conducted
to address these knowledge gaps (Table 1-2). Experimental designs, results, discussions and conclusions
of each experiment were described in different chapters. Primary results and conclusions of all the
experiments are summarized here as an overview of this study.
Chapter 2 described the temporal variation of SOC enrichment during prolonged rainfall events
observed from the SOC-Variability experiment. Two silty loams of different tillage managements were
subjected to a simulated rainfall of intensity 30 mm h-1 for 6 h. Runoff and sediment were sampled every
30 min, and the entire rainfall events were repeated for ten times. The SOC enrichment ratio (ER SOC) of
eroded sediment from both soils varied with rainfall time, increased first, peaked around achieving runoff
steady-state, and declined afterwards (Figure 2-4). The variation of ERSOC from the organically farmed
soil always delayed and was less pronounced than that from the conventionally managed soil. The results
of this SOC-Variability experiment illustrate that the ERSOC of eroded sediment cannot be constant or
always greater than unity, but varies with rainfall time due to the evolvement of crusting and erosion. This
agrees with conservation of mass that the ERSOC of sediment must be balanced over time by a decline of
SOC in the source area material. While the prolonged rainfall (6 h) used here is very limited in its
applicability under natural conditions, observations in this study caution that a “constant” ERSOC of
sediment is biased, leading to an overestimation of SOC erosion, unless the ERSOC was determined for the
entire crust formation.
Chapter 3 mainly examined the significance of two types of variability during SOC erosion events
conducted in the SOC-Variability experiment: 1) the simulated rainfall was repeated ten times under most
achievably uniform conditions, to enable statistical analysis of inter-replicate variability caused by the
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non-eliminable variations of rainfall characteristics, soil properties, erosion, crusting and their
interactions; and 2) a two-step erosion model was developed based on the infiltration, runoff and soil
erosion data obtained from six selected sub-events to examine the systematic variability derived from
crusting evolvement over rainfall time. The results show that: i) the inter-replicate variability of runoff and
soil erosion rates considerably declined over rainfall time (Figure 3-6). Yet, even after maximum runoff
and erosion rates were reached, the inter-replicate variability still remained between 15 and 39%,
indicating the existence of significant inter-replicate variability even under ideally controlled conditions;
and ii) the increasingly improved predictions with extending event durations (Figure 3-7 and 3-8) suggest
that SOC erosion may inevitably bear a systematic variability, due to crusting evolvement and temporally
varying SOC enrichment ratios. Thus, observations from short events cannot be directly extrapolated to
predict soil and SOC loss over prolonged events and vice versa.
Chapter 4 mainly described the design and operation rationale of a settling tube apparatus in SOCSettling experiment. In order to exclude the bias estimation in current soil erosion models induced by
mineral particle size distribution, a settling tube apparatus was built up to fractionate soils according to the
settling velocities of actual aggregate fractions. By comparing the different distributions of SOC between
aggregates and dispersed mineral particles (Figure 4-6), the results show that aggregation strongly affects
settling velocities as opposed to the texture of mineral grains. Soil aggregation status, therefore, should be
considered in erosion models. This also illustrates that settling velocity is a suitable parameter to
physically connect the re-distribution of eroded SOC to overland flow transport processes.
In Chapter 5, the settling tube apparatus was applied to fractionate eroded sediment generated
from the experiment SOC-Aggregation 1. The results indicate that: 1) aggregation effects considerably
facilitate the settling velocities of individual mineral particles, and thus reduce the likely transport distance
of the associated SOC, potentially skewing the re-deposition of SOC-rich aggregates towards the
terrestrial system. In current slope-scale carbon balance calculations, SOC stock at eroding sites is often
presumed to equal the SOC stock observed in the topsoil of colluvial depositional sites (Table 5-4). Thus,
the preferentially deposited SOC-rich aggregates in topsoil of colluvial depositional sites would lead to an
overestimation of total SOC loss from eroding sites. Conversely, assuming SOC stock observed in the
topsoil of colluvial depositional sites corresponds to SOC stocks observed in the topsoil at eroding sites,
would neglect the potential enrichment of SOC in sediment fractions that is preferentially deposited on hill
slopes. This would thus lead to an underestimation of SOC mineralization during transport. In both cases,
SOC transferred to the aquatic system would be overestimated. 2) Erosion was prone to accelerate the
mineralization of eroded SOC immediately after erosion, and thus might contribute additional CO 2 to the
atmosphere (Figure 5-5 and 5-7). This would potentially generate a further error into the carbon source-
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sink balances, particularly when repeated erosion and deposition processes along hill-slopes prompt
further disintegration of large aggregates, thereby resulting in advanced SOC exposure and mineralization.
The experiment SOC-Aggregation 2 in Chapter 6 was mainly an extension of the experiment
SOC-Aggregation 1, to compare the results observed from a single soil to two types of soil (a silty loam
and silty clay). The experiment SOC-Aggregation 2 also monitored the long-term mineralization potential
of eroded SOC fractions. The results once again demonstrate that aggregation of source soil and thus that
of sediment considerably reduces the likely transport distance of eroded SOC, and hence potentially skews
its re-distribution towards the terrestrial system (Figure 6-3). In addition, over 50 days, about 5% of the
eroded SOC from the silty loam were mineralized into atmospheric CO2, which was 114% more than the
same amount of SOC if stored in original soil would potentially release (Figure 6-5, Table 6-3). An even
more considerable skewing pattern of SOC spatial distribution was observed on the silty clay. But the
eroded SOC fraction from the silty clay was not as significantly increased as that from the silty loam
(Table 6-3). This is principally attributed to the greater SOC content and aggregate stability in this silty
clay, better resisting aggregates breakdown and thus protecting the encapsulated SOC during erosion and
transport. Compatible performance observed from the two soils suggest that erosion and transport process
tend to significantly accelerate the mineralization of eroded SOC, and thus may contribute extra
atmospheric CO2 than erosion would have not occurred. However, the diverse significances of such
accelerating effects observed from the two soils further highlight the need to study the potential effects of
different aggregation degrees onto the fate of eroded SOC.

7.2. General conclusions
This study aimed to detect the potential impacts of temporal variation of SOC erosion and spatial
variation of SOC deposition on the fate of eroded SOC on hillslopes. A series of laboratory experiments
were conducted to address these aims. Results observed in this study cast a new light onto our current
understanding of slope-scale carbon balances. The crusting and erosion-induced temporal variation of
SOC enrichment ratios observed in this study cautions the use of constant or average SOC enrichment
ratios to estimate long-term or large-scale selective carbon erosion. It also illustrates the potential risk of
bias estimation induced by temporal and inter-replicate variability during linear extrapolation in erosion
modeling. Hence, the evolvement of crusting formation over time must be assessed in the field to fairly
reflect the possible variation of SOC erosion against time.
The spatial variation during SOC re-deposition observed in this study shows that aggregation
effects reduce the likely transport distance of eroded SOC considerably, and hence potentially skew the
preferential deposition of SOC-rich coarse sediment fractions toward the terrestrial system. Slope-scale
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carbon balances, drawn only from the SOC stocks either on site of erosion or colluvial deposition, may not
adequately distinguish the SOC likely re-deposited in terrestrial systems from the portion potentially
transferred to aquatic systems. Hence, the potential effects of aggregation onto the likely transport
distance of SOC must be included into erosion models (e.g., as a soil erodibility parameter). This then
demands current slope-scale carbon balances to ascribe more credits to the terrestrial deposition of eroded
SOC, and accordingly less share of eroded SOC transferred to the aquatic system. Such findings may
profoundly alter our current understanding of erosion-induced lateral SOC transfer, further suggesting that
current recognition on the deep burial of SOC at long-term depositional sites and the accordingly derived
CO2 sink strength would be over-estimated. Significantly accelerated mineralization of eroded SOC
during transport adds a further error onto current carbon sink effects. Overall, results from this study
suggest that soil erosion is more likely to be a source of atmospheric CO 2. More field investigations on a
wider range of soils under various rainfall regimes across larger scales are required in the future to
ascertain and further quantify the effects of soil erosion as a source of atmospheric CO2.

7.3. Potential research in the future
This study was based on laboratory experiments with a limited range of soil types under certain
patterns of simulated rainfalls. Erosion plots were relatively small, and transport distances were rather
short. Elements in soil erosion and deposition processes, such as transport processes, vegetation coverage,
and SOC uptake, were not accounted for. This limits the application of the observations in this study to
other erosion scenarios. Therefore, potential research can focus on following directions in the future:
1) Field experiments and monitoring are required to determine the relevance of crusting for the
ERSOC under more complex natural conditions, and to examine the applicability of the temporal variation
of ERSOC to other erosion scenarios.
2) Soils of different texture, structure and various SOC contents should be examined systematically
to investigate the potential of different degrees of aggregation onto the potential transport distance of
eroded SOC.
3) Effects of varying rainfall characteristics (e.g., rainfall intensity, multiple rainfall events), a range
of crust and moisture conditions of the soil surface, as well as soil management onto SOC transport should
also be investigated to extend the findings observed under controlled simulated rainfall conditions to more
patterns of natural transport processes.
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4) Dissolved SOC transfer and its mineralization potential should also be included in future
experiments to fully account for all the relevant elements of carbon fluxes, especially the potential impacts
of erosion onto carbon dynamics in the atmosphere and the aquatic system.
5) After obtaining sufficient data from different soil types, rainfall patterns, and soil management,
aggregation effects on the likely transport distance of eroded SOC should be included as a soil erodibility
parameter to strengthen current soil erosion models.
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