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A B S T R A C T

Soil organic carbon (SOC) is the largest pool of non-sedimentary terrestrial carbon (C) and small changes in
vertical SOC fluxes in the erosion-transport-deposition system could have a significant effect on atmospheric C
levels. The ongoing sink/source discussion related to SOC seems to depend on which mechanisms are dominant
during each of the three stages of soil erosion: detachment, transportation and deposition. Understanding C
dynamics during each phase of soil erosion is essential to accurately assess the net effect of erosion. Currently,
there is a knowledge gap when it comes to the movement of mobilized SOC from the site of detachment to the
depositional site. This review provides an overview on the current understanding of the fate of eroded SOC
during the transport phase of soil erosion. The stability of SOC appears to be a logistic interplay between SOC
accessibility, presence of decomposers and suitable abiotic conditions. The main protection mechanisms of SOC
are physical and/or chemical protection, which both make SOC inaccessible to decomposers and hence prevent
mineralization. Transport subjects the SOC to disturbances and changing environmental conditions which in-
terfere with the effectiveness of the protection mechanisms. The vulnerability of these mechanisms to erosive
transport are not yet known. Increased physical impact is associated with disaggregation which releases pre-
viously protected SOC. Changes in geochemical composition of soil potentially changes the extent of organo-
mineral bindings and hence either strengthen or weaken chemical protection. Complex chemical structures
might result in more resistant C called biochemical stable SOC and is vulnerable to destabilization during
transport due to changes in (a)biotic conditions along the trajectory. A complete understanding of the fate of
mobilized SOC during transportation is essential to assess the net effect of soil erosion under different conditions.
Standardization of both methodology and terminology in the field of soil erosion will further contribute to
resolving the controversy on the net effect of erosion. The focus for future research should be on documenting
the different interacting processes active during erosive transport and their effect on SOC fluxes.

1. Introduction

Soil organic carbon (SOC) is the largest pool of non-sedimentary
terrestrial carbon (C), storing more C than the aboveground vegetation
and atmosphere combined (Houghton, 2007). Since the SOC pool is
relatively large, even small changes in the SOC stock could have sig-
nificant effects on the levels of atmospheric C concentration, which,
under the current conditions could further increase atmospheric C le-
vels (Stockmann et al., 2013). Increased C mineralization can occur
during soil erosion resulting in an increased vertical C flux towards the
atmosphere. Globally, soil erosion is the most important form of soil
degradation, with estimates of more than 1600 million hectare world-
wide to be affected by either severe water or wind erosion (Lal, 2003).
This review will inventorise and synthesize the existing knowledge

regarding the stability and fate of SOC during the transport phase of soil
erosion.

The effect of soil erosion on C dynamics is an ongoing scientific
debate referred to as the C sink/source discussion (Van Oost et al.,
2007; Lal and Pimentel, 2008). Soil erosion consists of 3 distinct phases:
detachment, transport and deposition (Fig. 1, Doetterl et al., 2016).
Most research is focused on either the detachment or the deposition
phase, however SOC is affected during each phase of soil erosion
(Kirkels et al., 2014). Thus, there is a knowledge gap when it comes to
the sensitivity of C to mineralization during specifically the transpor-
tation phase of soil erosion. This knowledge gap has been indicated by
several reviews as future challenges, however no indepth review re-
garding the C dynamics during erosive transport has yet been presented
(Table 1). Understanding which mechanisms are influencing the C
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stability during transport will help in closing the knowledge gap and
improve the predictive understanding of global C cycling. This will help
scientists to better assess the potential consequences of climate change
by improving the soil C component of global climate models. Further-
more, it will contribute to the sustainable management of vulnerable
areas.

The aim of this review is to investigate the vulnerability of the
different mechanisms influencing SOC stability during the transport
phase of soil erosion within the discussion on the effects of soil erosion.
This will be discussed by addressing, (1) the characteristics of stable
organic C and which factors influence the stability of SOC; (2) how the
stability of SOC is influenced during the transport phase of soil erosion;
and lastly (3) how these findings on the stability of SOC during trans-
port fit within the discussion on soil erosion and its contribution to the
global C cycle. Since the process of erosion covers a broad range of
spatial scales an integrative approach of soil science, biogeochemistry
and geomorphology was applied.

2. SOC stability: definition and mechanisms

2.1. Stable soil organic carbon

SOC is a substantial part of soil organic matter (SOM) and is seen as
a continuum ranging from; the labile fraction (i.e. active) to the stable
fraction (i.e. passive) (Dungait et al., 2012; Lehmann and Kleber, 2015).
The latter fraction can be encapsulated in aggregates or form

associations with soil minerals, both mechanisms protect the C from
mineralization and are therefore defined as stable. The labile fraction
does not profit from either of these mechanisms and thus experiences
rapid turnover times. Within the field of biogeochemistry, SOC is con-
sidered stable when both the amount of C and/or composition of SOC
remain constant following the definition of Doetterl et al. (2012) and
Berhe and Kleber (2013). However, this can change rapidly in response
to disturbances (Morgan, 2005). Decomposition is the breakdown of
substances via physical, chemical or biological processes. Mineraliza-
tion is a form of decomposition where, in this case, SOC is completely
converted into the inorganic compounds CO2, H2O and nutrients.

2.2. Mechanisms influencing SOC stability

The mechanisms influencing SOC stability have been a subject of
discussion since new analytic methods did not support the standing
paradigm (Schmidt et al., 2011; Lehmann and Kleber, 2015). Pre-
viously, the presence of stable SOC was assigned to the recalcitrance of
the molecular structure and/or large molecule size (Schmidt et al.,
2011; Doetterl et al., 2016). The emerging understanding is that stable
SOC is not merely the result of its intrinsic characteristics but rather
influenced by accessibility for decomposers governed by an interaction
between a set of physical, chemical and biological drivers. Decom-
position rates decline when one of the conditions required for optimal
decomposition is not met, which might result in the presence of un-
decomposed, but decomposable C in soils (Dungait et al., 2012).

Fig. 1. The C dynamics along a hillslope profile, showing the three phases of soil erosion; detachment, transportation and deposition (from Doetterl et al., 2016).

Table 1
Overview of the main review papers on SOC stability during erosive transport.

Reference Main topic Future challenges

Doetterl et al., 2016 Soil C erosion and deposition ‘Close the gap between small scale process understanding and large-scale representation of lateral C fluxes in
global models’

Berhe et al., 2018 Role of soil erosion in biogeochemical
cycling

Improving understanding of key processes associated with soil erosion and their implications for
biogeochemical cycling

Kirkels et al., 2014 Role of soil erosion in C dynamics on
agricultural soils

To gain insight into the fate of SOC in agricultural landscapes during erosion and depositional processes

Xiao et al., 2018a C dynamics in relation to agricultural soil
erosion

Improve quantification and understanding of SOC dynamics during transport, priming effects, stability of
buried SOC and interaction of SOC dynamics with microbial properties

Lal, 2019 Effects of soil erosion on C stocks Quantitative research regarding the fate of SOC at all different erosional stages
Kuhn et al., 2009 Effect of agricultural (inter)rill erosion on C Three key issues: Erosive transport studied from an eco-geomorphological perspective, changes in C erosion

over time, fate of C in surface sinks
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The stability associated with a complex chemical composition of C
components can both be a property inherent to the origin or be attained
during the decomposition trajectory through condensation and com-
plexation processes (Six et al., 2002). Complex chemical composition
can both slow down the decomposition process and influence the che-
mical stabilization mechanism, where certain compounds are unable to
profit from organo-mineral bonds (Lutzow et al., 2006; Wang et al.,
2014a). Overall, the concept of recalcitrance appears to be relevant for
C stability in soils when discussing persistence in terms of years rather
than long-term stability (Dungait et al., 2012).

Long-term SOC stability is currently considered to be governed
mainly via the chemical and physical protection mechanisms.
Prevention of decomposition leads to stable SOC under these specific
circumstances. Chemical protection is driven by the association of C
with mineral surfaces, in different forms such as adsorption, com-
plexation or precipitation (Berhe and Kleber, 2013). The affinity of the
associations of C with mineral surfaces exceeds that of an enzyme,
which makes the C unavailable as a resource for decomposers and
hence the bonded C is called stable. The presence of sorptive mineral
surfaces is essential for organo-mineral bonding, the extend of protec-
tion is thought to be dependent on soil characteristics such as miner-
alogy, texture and surface area (Six et al., 2002; Dungait et al., 2012;
Doetterl et al., 2016). Weathered soils are an example where mineral
surfaces are well represented through accumulation of reactive metal
oxides, resulting in an environment promoting SOC stabilization
(Doetterl et al., 2016). A high clay content might indicate the presence
of suitable sorptive surfaces, however this is strongly dependent on the
minerology of the clay-fraction. Organo-mineral associations are for
example more dominant with swelling clay minerals compared to non-
swelling clay minerals (Regelink et al., 2015). Physical protection is
driven by the spatial separation from decomposers, such as en-
capsulation of C within soil aggregates or burial in deep soil (Schmidt
et al., 2011). Furthermore, it limits the diffusion of enzymes, oxygen
and moisture, which are in varying importance all needed for decom-
position. Physical and chemical protection strongly interact in several
ways, the complexed fraction of SOC is for instance protected via strong
associations with organo-minerals and can further be physically iso-
lated through its feature of enhancing aggregation (Dungait et al.,
2012).

2.3. Interactions and the emerging view on C stability

Stabilization mechanisms are interactive and strongly dependent on
site-specific conditions. Organo-mineral bindings, for example, enhance
the formation of aggregates, and complex molecules can get in-
corporated within aggregates thus further enhancing protection of C
from decomposition (Berhe et al., 2012; Dungait et al., 2012; Doetterl
et al., 2016). Chemical protection is dependent on the availability of
mineral surfaces and physical protection on the formation and stability
of aggregates. Furthermore, the abiotic conditions influence the effi-
ciency of decomposers and hence their effectiveness.

The extent and efficiency of the main C stabilization mechanisms is
dictated by the geochemical composition of the soil and environmental
conditions. The mineralogy of a soil is often not uniform along a hill-
slope and hence influences the sorption effectiveness caused by the
changing saturation levels of chemically associated SOC (Six et al.,
2002; Doetterl et al., 2016).

Soil structure is one of the factors involved in C stabilization and
refers to the organization of primary soil particles which, when as-
sembled, are called aggregates (Morgan, 2005). Soil aggregates isolate
SOC from decomposers and realise unsuitable conditions within the
aggregate for decomposition (Six et al., 2004; Doetterl et al., 2016). The
stability of aggregates accounts for the stability of the encapsulated C
and is influenced by various factors which all show spatial variability.
Due to the inversed relation with energy needed for breakdown, macro-
aggregates are usually more easily disrupted compared to micro-

aggregates (Kuhn et al., 2009; Dungait et al., 2012). The hierarchical
aggregate concept of Oades (1984) states that micro-aggregates are
necessary for the formation of macro-aggregates but that at the same
time micro-aggregates develop within macro-aggregates, hence incep-
tion alongside the sequential formation of macro-aggregates. Micro-
aggregates are found to experience enhanced stability due to en-
crustation with inorganic materials, so a combination of physical and
chemical protection (Oades and Waters, 1991). With the formation of
stable soil aggregates different mechanisms of binding are at play at
different hierarchical levels, thus soil aggregate stability cannot be
described as a sliding scale (Regelink et al., 2015).

The stability of aggregates is influenced by several factors which
illustrate the complex interplay. The pH of a soil influences aggregate
stability, a more alkaline soil has, under most circumstances, a higher
mineral surface concentration and thus enhances formation of organo-
mineral associations. Furthermore, a decreased pH increases the
strength of these bindings and their tendency to coagulate and thus
form aggregates (Regelink et al., 2015). However, soils with high levels
of calcium carbonate often have low association potency. This is once
again the outcome of an interactive process where these soils often
occur in arid areas with low biomass production and OM addition to the
soil is a prerequisite for aggregate stability (Fernández-Ugalde et al.,
2009). SOC levels declined drastically in a study were soils were de-
prived of OM input for an extended period of time due to a decrease in
aggregate stability (Hirsch et al., 2009; Regelink et al., 2015). The
current concept of the formation of stable aggregates is the hierarchical
order of aggregation with SOM as main binding agent (Six et al., 2004).
Currently it is widely accepted that the stable micro-aggregates are
responsible for the long-term protection of SOC (Oades and Waters,
1991; Six et al., 2004).

The effectiveness of decomposers is influenced by the abiotic cir-
cumstances such as the relative levels of moisture, oxygen availability
and temperature which are subjected to change during transport
(Doetterl et al., 2016). Unsuitable abiotic conditions are achieved with
the encapsulation in aggregates and burial in subsoils (Schmidt et al.,
2011). The importance of oxygen availability does not appear to be
crucial. Wang et al. (2013) found that oxygen (O) levels were not
driving C mineralization in the Belgian Loess Belt. Their study showed
that oxygen levels do play an important role in topsoil decomposition
but can be excluded as ruling control on subsoil decomposition. De-
composition of complex stable SOC is often sensitive to rising tem-
peratures since their higher resistance is associated with an increased
activation energy (Dungait et al., 2012; Stockmann et al., 2013). Fi-
nally, the biological process of priming or co-metabolism affects the
decomposition rates of SOC. When readily available (‘labile’) C sources
become available they speed up the decomposition of more complex
(‘stable’) C components (Stockmann et al., 2013). This easily accessible
energy stimulates the growth of previously depleted microbial com-
munities which in turn leads to increased C mineralization rates
(Doetterl et al., 2016). Physical and biological factors change during
erosive transport influencing the effectiveness of decomposers and
hence the extent of mineralization.

Within this emerging view on C stability, mineralization of SOC
could be described as a logistic interplay where water, oxygen, SOC and
decomposers have to be available at the same spatial and temporal
point (Six et al., 2002; Dungait et al., 2012). When one of the conditions
is not met, C is not decomposed and hence considered stable (Fig. 2.).

3. SOC stability during erosive transport

3.1. Forms of erosion

Erosional processes, either physical, biological or chemical weaken
a soil and thereby increase the susceptibility of a soil for detachment
and transportation (Morgan, 2005; Dungait et al., 2012). There are
several ways in which subsequent erosive transport can occur. Different
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types of erosion cause slightly diverse disturbances and hence interact
with SOC stability mechanisms in relatable, but still diverging ways. All
mechanisms governing potential mineralization are affected by the
disturbances associated with transport processes and the interactions
between these mechanisms (Kirkels et al., 2014). To make an educated
guess about the vulnerability of SOC protection mechanisms during the
transport phase, an overview of erosion types is required.

Water and wind are the most common erosive agents causing de-
tachment of soil particles and provide energy to transport the soil
particles. Transporting agents subject sediments to physical perturba-
tions and transfer the sediments along sites with different biological and
chemical characteristics which all might lead to changing decomposi-
tion rates. Limited studies are available on the effect of wind erosion on
the SOC pool. Yan et al. (2005) found losses of SOC on catchment scale
due to wind erosion, however more quantitative research is needed
before accurate conclusions can be drawn.

Water driven erosive transport can be divided in three main groups;
interrill erosion, rill & gully erosion and splash erosion. These occur
respectively in the form of sheet erosion, channel formation or via the
impact of raindrops (Morgan, 2005). Each erosion process is associated
with different transport velocities, resulting in either selective or non-
selective mobilization of SOC. Interrill erosion is selective and often has
low flow velocities resulting in the preferential mobilization of SOC to
mineral soil, resulting in SOC enriched sediments (Kuhn et al., 2009).
Rill and gully erosion are non-selective and with the channeled water
flow results in higher flow velocities. The deposited sediment is in
theory identical to the soil from the detachment site (Morgan, 2005;
Kuhn et al., 2009). Splash erosion is caused by the impact from rain-
drops on soil particles where the momentum of a raindrop is transferred
to a soil particle. The transfer of energy to the soil particles results in
the detachment of particles and delivers a disruptive force which po-
tentially causes disaggregation (Morgan, 2005). Tillage erosion is in-
duced by the anthropogenic activity of redistributing soil through
plowing and mainly operating at the detachment site (Beniston et al.,
2015).

The type of erosion process and associated flow velocity results in
shifting SOC concentrations along a hillslope. This is supported by a
study which showed that the relative abundance of the fine size ag-
gregate fraction and SOC enrichment increased in the sediments further
down the slope (Wei et al., 2017). Finally, as mentioned earlier, the
geomorphological aspects of the landscape strongly influence the im-
pact of the disturbances. Both longer slopes and increased slope
steepness lead to an increase in the effect of gravity (Morgan, 2005).
This results in higher transport velocities and thereby detachment of
more soil particles and potentially increase the power of perturbations
such as physical impact resulting in aggregate destruction.

3.2. SOC movement through landscapes

The stability of SOC is often discussed within a stable state situation,
where the different mechanisms act and interact at a specific spatial
location (Doetterl et al., 2016). However, in the case of erosion, spatial
displacement plays an important role during the transport phase which
is likely to influence stabilization mechanisms of SOC. Very little is
known about the sensitivity of SOC to the processes associated with
sediment displacement.

Three mechanisms are identified which are thought to be the main
drivers behind the net SOC flux during an erosion process at catchment
scale. The first mechanism is the replacement of SOC at the eroding
sites, decreasing the amount of available SOC for rapid decomposition
(Berhe et al., 2008). The second mechanism concerns the deep burial of
SOC leading to decreased decomposition and lastly, enhanced miner-
alization of SOC due to both physical and chemical disturbances during
detachment and transport (Van Oost et al., 2007). The specific catch-
ment conditions determine the dominance and interaction of these
mechanism, and hence the resulting C flux. Researchers who argue that
soil erosion is a net source of SOC put emphasize on the importance of
the breakdown of aggregates during detachment and transport and tone
down the effects of SOC replacement at the eroding sites (Lal and
Pimentel, 2008). The lack of consensus is reflected in the problems with
quantifying the effects of these interacting mechanisms on a global
scale.

Kuhn et al. (2009) contradict the theory of increased SOC miner-
alization during erosive transport, they looked at the effects of isolated
erosion types on fine scales to increase the understanding of SOC
movement through landscapes. Their study showed that both selective
and non-selective erosion influences the SOC concentrations of the
mobilized sediment whether or not preferentially mobilized. The pre-
ferentially mobilized SOC through interrill erosion is usually deposited
relativity nearby in the form of depositional crusts. Depositional crusts
are formed by the deposition of soil particles in puddles (Morgan,
2005). This C-rich crust can be vulnerable to mineralization due to the
exposed location at the earth's surface where physical protection is
limited. Normal rill erosion is non-selective but the movement of se-
diment through landscapes does result in the separation of sediments
based on texture and aggregate size. The combination of earlier de-
position of larger particles and the variation of SOC content of sediment
with particle size results in an enrichment of SOC content further along
the hillslope.

There are other studies which identified fine scale erosion processes
altering the behavior of SOC in ways which are not in line with the
conventional mineralization perspective (Schiettecatte et al., 2008;
Kuhn et al., 2009; Nadeu et al., 2011; Wei et al., 2017). Whether these
processes contribute strongly to the net C flux depends on the location,
environmental conditions and spatial extent at which the measurements
are conducted. Nadeu et al. (2011) found for instance C content im-
poverishment in the sediments on catchment scale for all researched
forms of erosion (i.e. gully, interrill, bank and tillage erosion) in SE
Spain, hence suggesting that SOC mineralization during erosion is en-
hanced. However, in this specific situation the environmental circum-
stances (e.g. high erosive activity and lack of stable depositional sites)
could have facilitated mineralization and led to results representing a
more extreme situation. But Wan and El-Swaify (1997), Wang et al.
(2010), Wei et al. (2017) on the other hand found that erosion led to
SOC enrichment in the delivered sediment indicating high selectivity of
erosion processes with regard to the preferred size of aggregates
transported. Stacy et al. (2019) found that the amount of precipitation
played an important role in the type of SOC being mobilized, high
annual precipitation resulted in relatively more mineral associated SOC
to be mobilized. This was support by Jacinthe et al. (2004) who found
that labile C was preferentially detached during low-intensity storms.
However, overall erosive impact is strongly influenced by high-energy
storms resulting in increased soil loss (Jacinthe et al., 2004). These

Fig. 2. Schematic overview of the process of SOC mineralization seen as a lo-
gistic interplay of factors which all three need to be positive (AND gate) at the
same spatial and temporal moment for mineralization to occur. A NOR gate
only gives a positive output when both inputs (physical and chemical protec-
tion) are negative. If one of these requirements in not met, SOC mineralization
will not take place.
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controversial results once again emphasize the importance of an in-
tegrated eco-geomorphological approach when researching the effects
of erosion (Kuhn et al., 2009).

3.3. Potential SOC mineralization during transportation

During transport, stable SOC is subjected to physical, chemical and
biological processes which influence the different protection mechan-
isms. The interplay between water, gravity and site-specific conditions
is complex and often have interactions, where combined action might
lead to increased C mineralization.. If we recall the emerging view on
SOC stability, we can describe SOC stability as an interplay of accessible
SOC, decomposers, water and oxygen. The protection mechanisms set a
priori limits to decomposition by limiting substrate availability and
hence mineralization potential. Transport subjects the SOC to dis-
turbances which might interfere with the effectiveness of the protection
mechanisms and thus enhance decomposition.

3.3.1. Physical perturbations
Physical perturbation can lead to disaggregation making previously

occluded SOC susceptible to decomposers (Yue et al., 2016; Wei et al.,
2017). The expected changes in pH, SOM turnover rates and rainfall
impact during transport also influence aggregate stability. The extent to
which aggregate destruction contributes to C mineralization is con-
troversially discussed with estimates from ranging from minor to 20%
or even complete mineralization (Table 1 in Kirkels et al., 2014). These
values are strongly influenced by the local conditions, i.e. hillslope
length, steepness, soil type, rainfall intensity and type of transporting
agent (Berhe and Kleber, 2013; Xiao et al., 2018a). These site-specific
factors and the different approaches to the inclusiveness of catchments
are often not included when comparing studies, resulting in a skewed
view on the processes involved. Furthermore, the methods currently
used for soil erosion research and upscaling are associated with in-
consistencies in methodology and unreasonable assumptions (Xiao
et al., 2018a).

3.3.2. Biological processes
Environmental conditions change during transport which results in

transitions of (a)biotic conditions such as decomposer abundance, SOM
availability, pH, temperature and soil mineralogy. Changes in biolo-
gical processes might affect SOC which is stable due to its chemical
composition. Soil conditions can become more favourable, such as a
higher temperature resulting in higher energy levels and might thereby
cross the threshold for decomposition of the more complex molecules
(Dungait et al., 2012). Furthermore, the provision of labile SOC can
have a significant influence. The accessible C can set decomposition in
motion through the process of priming or co-metabolism (Schmidt
et al., 2011; Dungait et al., 2012). An interactive situation could be
disaggregation releasing complex C molecules in a changed environ-
ment where labile SOC is present, potentially leading to enhanced de-
composition. Besides, the growth of previously depleted microbial
communities can hereby be stimulated and might further increase mi-
neralization rates (Doetterl et al., 2012).

3.3.3. Chemical and physicochemical processes
The chemical protection mechanisms can either be strengthened or

weakened by variation in the geochemical composition of a soil along
the slope. If changes occur in the direction of increased presence of clay
minerals, the freshly exposed SOC could benefit from this resulting in
enhanced SOC sequestration. On the other hand, chemically protected
SOC could also suffer from the breakdown of aggregates caused by the
physical impact as a result of the transportation. With water as the
erosive agent a balance between chemical reactions and organo-mineral
associations is likely to establish. A combination of translocation and
physical disturbance in a water driven environment could expose the
organo-mineral associations to chemical weathering resulting in

leaching of the formerly protected C. The mobilized C could leach from
the soil into groundwater or be transported further downhill and po-
tentially be buried in sediments at the depositional site (Kindler et al.,
2011). Specific research conducted on the susceptibility of the break-
down of the chemical protection mechanism during erosive transport
has not yet been carried out. Research has shown that C leaching differs
strongly between different land-use systems, with the sorption capacity
for the SOC as one of the important controlling factors for the magni-
tude of C leaching (Kindler et al., 2011). Erosive transport is likely to
partially break down the aggregates and hence expose SOC, but the SOC
which is also chemically associated is still protected and hence not
immediately accessible to the decomposers. Another physicochemical
process interaction that may give access to occluded SOC is the process
of soil aggregate disintegration upon wetting in situ by rainfall and
wetting during transport. Clay dispersion might occur because of wet-
ting by rainwater with a low electrolyte content (Blume et al., 2016;
Koorevaar et al., 1983), and especially at the onset of overland (sheet
and rill) flow, may induce swelling and dispersion and hence contribute
to aggregate disruption. This is however also related to the type of clay
minerals involved in the soil assemblage. An overview of processes
involved in the physical and physicochemical disintegration of soil
aggregates is given in i.a. Le Bissonnais (1996) and Xiao et al. (2018b).

The location in the landscape is another important factor to consider
when assessing potential SOC mineralization. Soil erosion on a catch-
ment scale is a process of alternation between detachment and de-
position, resulting the temporal storage of C along the transport line
(Van Hemelryck et al., 2010). This implies that the three phases of soil
erosion cannot be treated in isolation. For example, since both erosive
detachment and deposition takes place mid-slope, the lowest levels of
SOC are often found here (Ritchie et al., 2007). This could expose
subsoil SOC and depending on the erosive intensity result in immediate
mineralization, mobilization or enhanced SOC sequestration due to the
relatively low SOC concentrations (Kirkels et al., 2014).

The extent to which physical, biological and (physico)chemical
processes influence protection mechanisms of SOC during transporta-
tion are unknown, while both quantitative and qualitative knowledge
on this matter is necessary to quantify the extent of potential SOC mi-
neralization.

4. Discussing the fate of mobilized SOC

The fate of mobilized SOC during erosive transport is largely un-
known and causes uncertainties within the controversial discussion on
the C related effects of soil erosion. Specifically, the effects of inter-
active processes influencing the stability of eroded SOC during trans-
port need to be considered within the field of soil erosion and its con-
tribution to the global C cycle. The lack of knowledge and data in
regard to the different aspects of SOC transportation were identified
and suggestions for future research are provided.

So far, this review provided an overview on the different mechan-
isms stabilizing SOC and how these can be affected by the different
interacting processes during erosive transport. The protection of SOC is
under pressure during transport, potentially leading to enhanced mi-
neralization rates. Physical perturbation could lead to disaggregation
and changing environmental conditions might lead to enhanced mi-
crobial activity, but the effects of changes in geochemical composition
and physicochemical disaggregation are far less understood. The ob-
stacle with assessing the role of mobilized C to the vertical C flux is
linked to the limited availability of studies focussing on specifically the
transport phase of soil erosion. Different physical, biological & (phy-
sico)chemical processes take place and interact during erosive transport
but the knowledge regarding these mechanisms is limited (Table 2).

The effect of erosive transport was studied by Wang et al. (2014b)
who looked at C mineralization from a loess soil upon discharge in
surface water. Their results indicated that only a small portion of
eroded SOC mineralized during transport. This was supported by a
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study from Van Hemelryck and Govers (2011) who measured the extent
of increased mineralization on an agricultural field on the loess belt of
Belgium, after an erosion event. During a 112-day period the CO2-efflux
was measured in situ and the results indicated an additional emission of
CO2 of less than 10% of the total deposited SOC caused by the process
of soil redistribution. However, a meta-analysis on studies focussing on
the effect of erosive transport resulted in the broad range of observed
mineralization levels, estimates of mineralization fell between 0 and
43% of the eroded SOC (Xiao et al., 2018a). This wide range was partly
caused by dissimilarities in site-specific conditions and methodology
and stress the need for further research.

The importance of location within a catchment is essential to con-
sider since detachment and deposition alternate with transportation
along the transport line. Aggregate stability during detachment and
deposition was investigated in the Belgium loess belt by Wang et al.
(2014a) who found that erosion-induced aggregate disruption resulted
in increased SOC sequestration via both protective mechanisms at the
depositional site. They hypothesised that the encapsulation of SOC in
aggregates serves as way for eroded SOC to be chemically stabilized
later on. This is supported by studies which showed that increased
abundance of mineral surfaces at the depositional site resulted in more
chemically protected SOC (Doetterl et al., 2012; Wang et al., 2014a).
This chemically protected SOC in turn enhances the formation and
stabilization of aggregates (Berhe et al., 2012; Dungait et al., 2012;
Doetterl et al., 2016). Changing water availability could also result in
disaggregation via the interactive process of aggregate slaking and clay
dispersion. Overall, physical and physicochemical processes are ex-
pected to result in increased aggregate disruption, but it is likely that
the availability of charged mineral surfaces and suitable soil water
content determines the net C flux (Hu and Kuhn, 2014; Wang et al.,
2014a; Lal, 2019).

Another uncertainty comes from the lack of knowledge regarding
the susceptibility of organo-mineral associations to dissociation caused
by the conditions characteristic for transportation. Laboratory experi-
ments could give insight into the behaviour of C-binding organo-mi-
neral associations to the different perturbations sediments are subjected
to during erosive transport. One experiment to analyse this could be
mixing sediment rich in organo-mineral associations with rainwater,
subjecting the suspension to a physical disturbance via for instance
shaking and subsequently remeasuring the equilibrium between the
associated C and dissolved C. These types of laboratory-controlled ex-
periments could clarify the fate of chemically protected SOC in eroded
sediment.

The sink/ source debate of soil erosion seems to be driven by a
combination of shortage of experimental data and differential use of
concepts related to soil erosion processes. To enable comparative ana-
lyses it is important to put the focus on standardizing both the termi-
nology and methodology (Berhe and Kleber, 2013; Lal, 2019; Xiao
et al., 2018a). The scarcity and incomparability of studies resulted in
the debate on whether soil erosion is a C sink (Van Oost et al., 2007;
Berhe et al., 2018) or source (Lal, 2003; Lal and Pimentel, 2008; Olson
et al., 2016). Jacinthe and Lal (2001) demonstrated that the net

modelled effect of soil erosion could change from a C source to a C sink
by changing the parametrization of the mineralization magnitude. The
dominating processes vary strongly per landscape unit, biogeochemical
soil composition and their interaction, which makes the development of
accurate predictive models for the global C cycle even more compli-
cated. A better understanding of the effect of soil erosion will help in
assessing the potential effects of climate change, since the predicted
increase in intensive rainfall events is associated with elevated erosive
activity (Dai, 2013; IPCC, 2013; Morgan, 2005).

The research challenges regarding the fate of SOC during erosive
transport lie within increasing our understanding of the interacting
processes during erosive transport as well as gathering quantitative
data on the extent of the potential mineralization effect. The identified
knowledge gaps represented in Table 2 provide a starting point for
future research directions. The experiments should be set up in a way it
could be replicated under different conditions and ecosystems by other
research groups.

The stability of eroded SOC during the transport phase of soil ero-
sion is underexplored in the literature and mostly overlooked in the
discussion on the contribution of soil erosion to the global C cycle. To
accurately assess the net effect of C exchange between the mobilized
sediment and atmosphere, all processes taking place during each stages
of soil erosion should be understood and quantified.

5. Conclusion

The aim of this review is to assess the effects of transport on the
stability of mobilized SOC during the transport phase of soil erosion and
its contribution to the global C cycle. Whether soil erosion leads to SOC
mineralization or sequestration is widely discussed and so far no con-
sensus has been reached. This controversy is driven by the effect of the
relative stability of SOC during each of the three stages of soil erosion,
and hence it is striking to see that the fate of SOC during the trans-
portation phase is underexplored in research. SOC stability is mainly
driven via an interplay of SOC accessibility, presence of decomposers
and suitable abiotic circumstances, mineralization will not take place
when one of these conditions is not met. Physical and chemical pro-
tection mechanisms prevent mineralization by making SOC inaccessible
to the decomposers. The physical disturbance caused by translocation
results in disaggregation and hence deterioration of the physical pro-
tection mechanism. Geochemical soil composition changes along the
trajectory and could potentially change the extent of organo-mineral
bindings and hence either strengthen or weaken chemical protection.
Studies on the net effect of erosive transport and the interaction be-
tween the process mechanisms are scarce, and hence no accurate pre-
dictions can be made. Relatively simple laboratory experiments on the
effect of erosive perturbation on the stability of organo-mineral asso-
ciations could give insight into potential effects of soil erosion on the
chemical protection mechanism. This review indicated severe knowl-
edge gaps in the process of erosive transport, this knowledge is essential
to assess the net effect of soil erosion at different landscape units and
under different circumstances. The opposing views on whether soil

Table 2
Overview of interaction processes during the transport of SOC.

Process interaction during transport Identified knowledge gap Reference

Physical Disaggregation Extent to which disaggregation contributes to mineralization Kirkels et al., 2014; Berhe and Kleber, 2013;
Xiao et al., 2018a

Particle size selectivity Particle size relation with SOC stability Wang et al., 2019; Nie et al., 2018
Biological Changing (a)biotic circumstances The interaction between ‘complex’ stable SOC & labile SOC input

& microbial activity
Dungait et al., 2012; Doetterl et al., 2012;
Schmidt et al., 2011

(Physico)Chemical Variation in geochemical soil composition Vulnerability of organo-mineral associations to transport &
potential increase in bonding

Kindler et al., 2011

Aggregate slaking / clay dispersion in (rain)
water

Extent to which this process gives access to occluded SOC Xiao et al., 2018b
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erosion is a net C sink or source is caused by contradictive outcomes on
the magnitude of the mineralization of mobilized SOC. There is a lot to
gain from increasing our understanding of the sensitivity of SOC pro-
tection mechanisms to erosive transport and the consequences for C
fluxes which is shown to be driven by site-specific conditions.
Standardizing both methodology and terminology in the field of soil
erosion will further contribute to resolving the controversy on the net
effects of soil erosion. Future research should focus on the processes
involved in erosive transport and their interacting effects on SOC in
mobilized sediment. The challenge for the coming years will be to
translate insights obtained from small-scale laboratory experiments on
the fate of mobilized SOC to field circumstances in order to improve
global C flux predictions.
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