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Abstract: Soil erosion is a selective process which removes the light fraction comprised of soil organic
carbon (SOC) and colloidal particles of clay and fine silt. Thus, a large amount of carbon (C) is
transported by erosional processes, and its fate (i.e., emission, redistribution, burial, and translocation
into aquatic ecosystems) has a strong impact on the global carbon cycle. The processes affecting the
dynamics of soil C emission as greenhouse gases (i.e., CO,, CHy, N,O), or its deposition and burial,
vary among different stages of soil erosion: detachment, transport, redistribution, deposition or
burial, and aquatic ecosystems. Specific biogeochemical and biogeophysical transformative processes
which make erosion-transported carbon a source of C emission are determined by the type of erosion
(rill vs. inter-rill in hydric and saltation erosion vs. air-borne dust in aeolian erosion), soil temperature
and moisture regimes, initial SOC content, texture, raindrop-stable aggregates and water repellency,
crusting, slope gradient, physiography and the slope-based flow patterns, landscape position, and
the attendant aerobic vs. anaerobic conditions within the landscape where the sediment-laden C is
being carried by alluvial and aeolian processes. As much as 20-40% of eroded SOC may be oxidized
after erosion, and erosion-induced redistribution may be a large source of C. In addition, human
activities (e.g., land use and management) have altered—and are altering—the redistribution pattern
of sediments and C being transported. In addition to O, availability, other factors affecting emissions
from aquatic ecosystems include sub-surface currents and high winds, which may also affect CHy
efflux. The transport by aeolian processes is affected by wind speed, soil texture and structure,
vegetation cover, etc. Lighter fractions (SOC, clay, and fine silt) are also selectively removed in the
wind-blown dust. The SOC-ER of dust originating from sand-rich soil may range from 2 to 41. A
majority of the C (and nutrients) lost by aeolian erosion may be removed by saltation. Even over
a short period of three seasons, wind erosion can remove up to 25% of total organic C (TOC) and
total N (TN) from the top 5 cm of soil. A large proportion of C being transported by hydric and
aeolian erosional processes is emitted into the atmosphere as CO, and CHy, along with N,O. While
some of the C buried at the depositional site or transported deep into the aquatic ecosystems may
be encapsulated within reformed soil aggregates or protected against microbial processes, even the
buried SOC may be vulnerable to future loss by land use, management, alkalinity or pH, the time lag
between burial and subsequent loss, mineralogical properties, and global warming.

Keywords: hydric and aeolian erosion; enrichment ratio; selective removal; erosion as a source;
positive feedback to climate change; deep burial; re-aggregation; saltation; dust blown carbon;
emission of greenhouse gases; stages of erosion

1. Introduction

Accelerated soil erosion, in which the magnitude of soil loss exceeds the rate of new
soil formation, is a major anthropogenic-induced process. Borrelli et al. [1] estimated
the global potential rate of soil erosion by water at 43 &+ 9.2 Pg/y and suggested that
site-specific conservation agricultural practices should be adopted to reduce the risks of
accelerated soil erosion. With projections for a more vigorous hydrological cycle due to
climate change, the water erosion hazard may increase +30 to +66% by 2070 [1], which
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will increasingly jeopardize agronomic productivity and drastically affect the global C
budget [2]. In comparison with fossil fuel emissions of ~36.7 Pg CO, eq. per year [3], global
net annual soil emissions are large [4] and are not being considered in the estimation of the
global C budget. At the catchment scale, Bouchoms et al. [5] estimated that the landcover
change over the last 1000 years decreased the soil organic carbon (SOC) stock of the top
1 m of soil by 31.1 Mg C/ha (32% loss) compared to the initial SOC stock. However, the
global C budget [3] does not specifically consider pedological processes (e.g., accelerated
soil erosion) as sources and sinks of greenhouse gases (GHGs). In this regard, the fate of soil
C being transported laterally over the landscape has a strong impact which is not presently
accounted for, even in the analysis by Oertel et al. [4]. Pedological processes involved
as sources and sinks of GHGs differ among stages of the soil erosion process. These
stages (Figure 1) include: (I) disruption of soil aggregates, detachment of soil particles, and
exposure of C and soil previously encapsulated and protected against microbial processes,
(II) transport of detached particles by alluvial and aeolian processes, (III) redistribution of
sediments and the associated C in the landscape, (IV) deposition of sediments and C on
foot slopes and other locations within the landscape, (V) possible re-aggregation of clay
and C to form organo-mineral complexes which undergo burial in the subsoil, and (VI)
translocation into aquatic ecosystems. Dominant pedomorphic processes depend on soil
temperature and moisture regimes during specific stages, as well as the physiographic
characteristics. The latter are comprised of slope shape (convex, concave, complex), aspect
(north or south facing), gradient (steepness or incline), and the landscape position (summit,
side slopes, toe, or foot slope).
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Figure 1. Fate of carbon transported by erosional processes at different stages.

The idea that soil erosion leads to sequestration of atmospheric C is contradictory to
the definition of soil C sequestration. Olson et al. [6] defined soil C sequestration as, “the
process of transferring CO, from the atmosphere into the soil of a land unit through unit
plant residues and other organic solids which are derived or retained in the unit as part of
the soil organic matter (SOM or humus). Retention of sequestered C in the soil (terrestrial
pool) can range from short-term (not immediately released back to atmosphere) to long-
term (millennia) storage. The sequestered SOC process should increase the net SOC storage
during and at the end of a study to above the previous pre-treatment baseline.” Thus, the
deposition and burial of the lateral transport of SOC by erosion involves redistribution,
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and not a new sequestration, of atmospheric CO,. Labeling the redistribution of the
erosion-induced lateral transport of SOC confounds the issue.

The literature on soil erosion and the impact of land use and management on soil
erosion hazard is voluminous. Therefore, this article has a limited scope of addressing
specific examples of the impact of erosional processes on the fate of SOC being transported
at different stages of soil erosion. The specific objective of this article is to collate and
synthesize pertinent research information regarding the impact of hydric and aeolian
processes at different stages on the fate of SOC being transported over the landscape
and the attendant emission of GHGs into the atmosphere. The goal is to identify specific
biophysical mechanisms that impact GHG emissions at different stages of the erosional
process, making soil erosion an emission source, and thus create positive feedback to
climate change.

The specific hypotheses tested in this review are: (a) the erosional processes at stages 1
to 3 are sources of GHG emissions, (b) the pedological processes at stages 4 to 6 six may
stabilize C by deep burial and the reformation of aggregates, (c) the net effect of erosional
processes at all six stages is a source of GHGs, and (d) the identification of site-specific
conservation-effective measures and their implementation is a prudent strategy to reduce
risks of erosion-induced emission of GHGs and minimize the positive feedback to climate
change.

In view of the specific objectives and hypotheses outlined above, references cited in
the article which addressed the fate of C being transported at different stages of accelerated
erosion were specifically chosen. About 60 references were purposely chosen because of
their focus on pedological processes at different stages and the impact on SOC dynamics and
the emission of GHGs. Some articles were also chosen because these provided information
on the enrichment ratio of SOC and indicated selectivity of the erosional process and
preferential removal of the light colloidal fractions.

2. Criterion for Erosion-Induced Lateral Transport as a Source of Gaseous Emissions

The strategy is to identify specific biophysical processes at different stages of the
erosion process which make the liberated material vulnerable to microbial processes,
thus rendering the SOC released as a source of GHGs. It is important, however, that
SOC mineralization during transport, which has significant implications regarding the
impact of erosion on creating climate change feedback [7], is not overlooked. Similarly,
reduction in mineralization at the deposition stage, deep burial, and re-aggregation must be
appropriately accounted for. Indeed, the C sink/source at different stages depends on the
mineralization rate of SOC along the transport pathways (stages I to III),at depositional sties
(stages IV and V), and within the aquatic ecosystems (stage VI). It is, therefore, important
to identify the control factors that affect the mineralization or stabilization of the SOC being
transported.

The control factors at the eroding sites are those which affect agronomic productivity,
the attendant dynamic replacement, and the net effect on the soil C budget. The dynamic
replacement can also accentuate the priming effect and accelerate the mineralization of the
exposed SOC. Vulnerability to decomposition at the eroding site is also affected by any
changes in the microbial community. The mineralization of SOC during the transport is an
important factor that can never be overlooked, and it is determined by the soil temperature
and moisture regimes. Similarly, deep burial and reaggregation are important determinants
of the fate of SOC at the depositional sites [7]. Enrichment of the sediments is an important
indicator and a determinant of the fate of SOC being transported by erosional processes.

3. Enrichment of Sediments by Soil Organic Carbon

Accelerated soil erosion, due to water and wind, is a predominant process with a
strong impact on the global C cycle and budget. Indeed, accelerated soil erosion, both
by water and wind, affect properties of the land, atmosphere, and rivers (Figure 2), and
erosional risks must be minimized through the adoption of judicious land use and of
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site-specific best management practices (BMPs). Climate change and the ever-increasing
demands of the growing and progressively affluent human population will aggravate the
soil erosion hazard. Globally, between 0.57 and 1.33 Pg C may already be transported by
inter-rill soil erosion [8] because of its selectivity. Indeed, soil erosion leads to a preferential
removal of the SOC fraction because it has a low bulk density (0.6-0.8 Mg/m?), and it is
concentrated in the vicinity of the soil surface [9,10].

Soil Erosion
and Carbon
Transport

Figure 2. The soil erosion process impacting the exchange of Carbon (C) between the land, atmo-
sphere, and rivers after the global C budget, which must be duly accounted for.

It is widely recognized that sediments have a high SOC enrichment ratio (SOC-ER)
and soil organic nitrogen enrichment ratio (SON-ER), and thus are enriched in SOC/SON
contents and other light fractions, which are selectively transported by hydric and aeolian
processes. Based on a study of a grazed watershed of South Africa, Juarez et al. [11]
observed that eroded sediments were enriched in SOC by a factor of 1.85 and in lignin
by a factor of 3.7. The high lignin concentration indicated that it was less decomposed in
eroded sediments than in the original soils. Further, a negative relationship was observed
between the C:N ratio of eroded sediments and soil CO; production, indicating that the
microbial biomass could be N-limited. Juarez et al. [11] concluded that the SOC in eroded
sediment consists primarily of undecomposed plant material, and it is mineralized to
a greater extent, regardless of the landscape position. This is an important observation
indicating the mineralization of eroded SOC and the emission of GHGs.

For dryland calcareous soils, Cunliffe et al. [12] observed that eroded sediment was
significantly enriched in SOC. For a study located in the Tertiary Hills, about 40 km north
of Munich, Germany, Wilken et al. [13] observed that sediments are highly enriched in
SOC compared to the parent soil. In northeast China, Wei et al. [14] also observed that
SOC was enriched in sediments, indicating a high selectivity of the erosion processes.
Holz and Augustin [15] also observed that eroded sediments were enriched in C and N
by 51.3% and 50.6%, respectively, and that both elements are stored in soil fractions that
are selectively eroded. Both SOC-ER and SON-ER are affected by slope gradient and soil
texture. However, the C:N ratio increased by 9.9%, indicating the preferential movement of
C-rich particulate organic matter (POM) compared to N-rich mineral-associated organic
matter (MAOM).
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4. Enrichment Ratio for Rill versus Inter-Rill Erosional Processes

Despite the overall selectivity of hydric erosion, rill and inter-rill processes may have
contrasting impacts on the SOC-ER of sediment. In general, inter-rill erosion (or soil splash)
may indicate preferential removal over the rill process. Based on a laboratory rainfall and
flume experiment, Schiettecattle et al. [16] observed that SOC-ER was not affected by rill
erosion but varied between 0.9 and 2.6 for inter-rill (splash) erosion, and it was inversely
related to the unit sediment discharge. In addition, physicochemical differences between
the liberated and mobilized material and the residual raindrop-stable soil aggregates can be
an important determinant of the composition of sediments. Moreover, based on a rainfall
simulation study, Hou et al. [17] observed that liberated particles in all tilled (plowed)
soil contained higher a concentration of oxidized lignin phenols, a lower proportion of
cinnamy] to vanillyl lignin, and a trend toward a higher proportion of microbially processed
N, which indicates a more decomposed microbial processed SOC. These characteristics
indicate the preferential removal of some constituents by inter-rill erosion.

The water repellency of aggregates, caused by SOC content, may also affect aggregate
stability [18] and thus, the properties of the liberated and mobilized materials during
different erosional stages. For an oxisol from Hawaii, Sutherland et al. [19] observed the
preferential detachment and transport of splashed aggregates within the size range of 250
to 2000 um. They also observed that the kinetic energy required to detach 1 g SOC varied
from a median of 1870 J for the 2000-4000 um fraction to 120 J for the 425-850 um fraction.
Crust formation by the raindrop impact is another factor that affects SOC-ER [8], and the
loss of biocrust can increase the loss of SOC by erosion [20]. The SOC loss by inter-rill
erosion is also affected by the initial SOC content, rainfall pattern, and the primary particle
size distribution [21].

5. Soil Carbon Dynamics at Different Stages of Soil Erosion and the Attendant
Emission of Greenhouse Gases

The multi-stage process of soil erosion has a variable effect on the properties and the
fate of the liberated and mobilized constituents.

5.1. Stage I: Detachment and Disruption of Soil Aggregates

Raindrop-induced disruption of soil aggregates, the first stage of the erosional process
(Figure 1), is the dominant cause of splash, or inter-rill soil erosion. The SOC entrapped
within the aggregates is exposed to microbial processes by the disruption of aggregates and
the liberation of some materials. Change in pore-size distribution and soil-water matric
potential may also affect microbial activity and thus, the vulnerability of the liberated
material to decomposition and emission of GHGs. Mordhorst et al. [22] indicated that
the mechanical disturbance of the soil structure can alter pore systems and thus, the
CO, effluxes. Physical influences may be overlapped by biological effects due to the
higher energy supply to the microbes. Thus, the susceptibility of physical protection
mechanism to SOC by the disruption of aggregates (structure) may also aggravate CO,
effluxes [22]. Wilken et al. [23] used the event-based multi-class sediment transport model
regarding a 100-year time series of rainfall observation on a 3-ha agricultural catchment
in Belgium. Based on the modeling analysis, Wilken et al. [23] concluded that: (a) inter-
rill erosion is a selective process which erodes primary particles, (b) rill erosion is non-
selective and erodes secondary particles (aggregates), (c) particulate organic carbon (POC)
is mostly encapsulated within aggregates, and (d) the export of SOC-ER is the highest in
events comprised primarily of inter-rill erosion. Holz and Augustin [15] observed that the
breakdown of aggregates by rainfall energy may release POM, which is then preferentially
eroded. Thus, SOC and plant nutrients are selectively moved during erosion.

5.2. Stage 1I: Redistribution over the Landscape

The second stage, involving redistribution of sediments over the landscape, depends
on physiography and the slope-based flow patterns. In the Loess hilly-gully catchment
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of China, Liu et al. [24] observed that although check dams served as C and N storage
and sequestration structures in the Loess hilly-gully region, erosion-induced C and N
redistribution may be a major source of atmospheric CO, and N,O. Based on an 11.3 m
check dam sediment profile in the Loess Plateau region of China, Wang et al. [25] observed
that check dams intercepted 98.5 Gg of eroded soil and 172.6 Mg of SOC. Between 1960
and 1990, a total of 89.7 Mg of SOC were lost during the soil erosion process at a rate of
0.17 Mg/ha. y, and accounted for approximately 30% of the total eroded SOC exported
from the eroding areas. Wang et al. [25] concluded that the soil erosion process is an
important net source of GHGs. In a Mediterranean catchment, Nadeu et al. [26] observed
that over a 28-year period, 26% of the eroded C remained within the catchment’s hill slopes
and was not homogenously distributed over the landscape. A modeling study conducted
in the Nelson Farm watershed in Mississippi by Liu et al. [27] documented that those
soils were consistently indicated as C sources to the atmosphere at all landscape positions.
Nadeu et al. [26] observed that between 1870 and 1950, the lowest source strength was
located at the eroding sites (13 to 24 gC/m?. y), the intermediate was at ridge-top (34 gC/m?.
y), and the highest was at the depositional sites (42 to 49 gC/m?. y). Between 1950 and 1997,
the soils at all landscape positions became C sinks because of the changes in management
practices (e.g., genetic improvement, fertilization). The sink strengths were the highest at
eroding sites (42 to 44 gC/m?. y), intermediate at the ridge top (35 gC/m?. y), and the
lowest at the depositional site (26 to 29 gC/m?. y).

5.3. Stages 11 to V: Deposition, Deep Burial, and Re-Aggregation of Dispersed Soil

The discussions on the fate of C in stages III to V are combined because these involve
inter-dependent processes of deposition, deep burial, and reaggregation of dispersed
soil through the formation of organo-mineral complexes. The SOC-laden sediments are
deposited on depressional sites, concave slopes, and foot slopes. The fate of SOC deposited
on these sites depends on a range of factors such as soil temperature and moisture regimes,
burial in the subsoil, and the degree of re-aggregation and the attendant formation of
organo-mineral complexes or soil aggregates. The burial of transported C at the depositional
sites is of critical importance. In the Yellow River Basin of China between 1950 and 2010,
134 &+ 24.7 Pg of soil and 1.07 £ 0.15 Pg of SOC have been eroded. Approximately 63% of
eroded soils were deposited in the river system and 37% were discharged into the ocean [28].
For SOC, approximately 0.53 &= 0.21 Pg (49.5%) was buried in the river systems, 0.25 + 0.14
Pg (23.5%) was delivered into the ocean, and the remaining 0.289 + 0.294 Pg (27%) was
decomposed during the erosion/transport processes. Thus, Ran et al. [28] concluded that
20-40% of eroded SOC is oxidized after erosion, that the erosion-induced redistribution
of soil is a significant source of SOC, and that human activities have and are altering its
redistribution pattern.

Understanding the fate of the buried SOC is critical to compiling a credible and
accurate global C budget. Wang et al. [29] used a numerical model to simulate long-term C
dynamics in colluvial soils and observed that the C-burial efficiency (the ratio of current C
content of the buried sediments to the original C content at the time of sedimentation) of
deposited sediments may decrease over time, reaching a level of equilibrium. Half of the
buried C at depositional sites may be lost over ~300 y, and the rate of depletion of SOC at the
depositional site may be accelerated by agricultural management [29]. He et al. [30] studied
the fate of SOC across two topo-sequences (convex and concave) over a long gentle slope in
the northeast China. He et al. [30] observed that the net loss of surface soil along the eroding
convex segment resulted in a greater depletion of SOC than that along the depositional
concave segment. Soil re-aggregation at the deposition site can transform highly mobile-
C rich fine primary particles into rather immobile soil aggregates [23]. Wang et al. [29]
observed that buried SOC in colluvial profiles was more stable with a turnover time at
the centennial scale. However, Ma et al. [31] observed that SOC at the depositional sites
may be vulnerable to severe losses due to change in environmental factors. For example,
a study in the karst graben basin of China by Lan et al. [32] showed that there was a
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higher concentration of SOC at the depositional sites relative to the upland soils. However,
there was also a higher decomposition rate of SOC at the depositional sites than at the
eroding sites, particularly under the farmland conditions. Similarly, Mao et al. [33] also
observed that deposition increased C emission under both drying and wetting conditions
for Ultisol and Entisol. In a Mollisol, however, C emissions increased under drying, but
decreased under wetting conditions. Therefore, the effects of deposition on C emissions are
regulated by soil texture and moisture regimes, and the development of macropores due to
shrinkage in depositional soils increased both soil water evaporation and the attendant C
emissions [33].

5.4. Stage VI: Fate of Soil Carbon in Aquatic Ecosystems

There are several factors that affect CO, emission from reservoirs or aquatic ecosystems.
Important among these are temperature, oxygen level, properties of SOM and sediments,
primary production, etc. For a study in a sub-tropical hypoxic reservoir in southeastern
China, Yan et al. [34] observed that an increased supply of organic matter from storm
runoff and to a lesser extent, primary production in summer, enhanced subsequent oxygen
consumption. Yan et al. [34] also observed that the surface reservoir was usually a source
of CO;,, except in summer, due to high primary productivity. The anaerobic respiration of
OM can lead to CH,4 emission. Townsend-Small et al. [35] estimated that Lake Erie emits
1.3 £ 0.6 x 10° kg CHy -C/d in late summer, with 30% of CHy derived from natural gas
infrastructure. In addition to O, availability, other factors included sub-surface currents
and high winds, which may also affect CHy efflux. The potential increase in precipitation,
algal biomass, and the attendant incidence of hypoxia may aggravate the efflux of CHy,
leading to positive climate change feedback [35].

River ecosystems have also been reported to generate N,O efflux. A study in the
Yellow River of China by Ma et al. [31] indicated N, O concentrations in the lower reaches
of 8.78 to 24.26 nmol /L. Total N, O flux from the Yellow River to the Bohai Sea was about
2.27 x 10° mol/y. Ma et al. [31] observed an 8-fold increase in N,O flux at the beginning of
the water sediment regulation, and the increase may be due to stimulation of nitrification
in the water column.

Crawford et al. [36] measured CO, and CH4 concentrations and emissions in a head-
water stream network of interior Alaska and identified consistent areas of elevated CO,
and CHy. Likewise in Alaska, Ko et al. [37] also observed that watershed slope and pre-
cipitation interact to control gaseous C fluxes from the stream, reporting the highest efflux
from low-gradient watersheds following rainstorms.

Riparian ecosystems and flood plains also impact the global C cycle. A study in
a Thur River flood plain (northeastern Switzerland) by Shrestha et al. [38] showed that
soil-water content and C availability were the key determinants controlling N pools and
processes. These two factors strongly depended on the sedimentation and inundation
dynamics. Shrestha and colleagues also observed locally high N,O efflux. A study in the
Prairie Pothole Region of Manitoba, Canada, by Gao et al. [39] showed that spring thaw
increased the concentrations and contents of N,O at 15 to 35 cm in the lower and riparian
area before reaching the soil surface. Furthermore, the riparian area consistently exhibited
the highest CH4 emissions. Gao et al. [39] observed that these spikes in CHy occurred
after the spring thaw N;O emissions, with the accumulation of CH4 and a decline in O,
concentration. Whereas lakes are considered as sinks for sediment-laden C, Yang et al. [40]
reported that lakes can be super-saturated with CO, and CHy, thus emitting these GHGs.
The ratio of C emission into the atmosphere to C burial into the sediment was 0.08 for Lake
Donghou, China. Yang et al. [40] estimated that gaseous C emission accounted for 15% of
the total C output.
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6. General Discussion on the Fate of Soil Organic Carbon Transported by
Hydric Erosion

The review presented indicates that the impact of erosion on SOC dynamics differs
among sites of erosion and deposition, as well as during transport, along with the confound-
ing effects of soil and crop management practices (Table 1). The important determinants
of the fate of SOC being transported by erosional processes on a landscape are: (a) the
detachment of sediments and SOC, (b) the net primary production at the eroding site, and
(c) the changes in mineralization upon transport and deposition because of aggregate break-
down and deep burial, respectively. Thus, Kirkels et al. [41] proposed an eco-geomorphic
approach. The latter includes a physical and biological approach to understand the fate of
SOC transported by erosion.

Table 1. Research studies which indicate the efflux of CO, and other greenhouse gases at different
stages of hydric erosion.

Stage

Pedological Process References

I. Detachment

Mordhorst et al. [22]

Increased access of SOC to microbial processes. e  Wilken et al. [23]

Holz and Augustin [15]

II. Redistribution

Liu et al. [24,27]

L]
GHG emission is affected by physiography and slope-based ¢  Nadeu et al. [26]
flow patterns.

Wang et al. [25]

e Ranetal. [28]
o Efflux of gases is controlled by soil temperature and e Wangetal. [25,29]
II-V. Deposition moisture regimes, burial of SOC in subsoil, and e Heetal [30]
re-aggregation. e Maetal. [31]
e  Maoetal. [33]
e  Townsend-Small et al. [35]
) O; levels, CO, and CHy4 concentration, temperatures, o  Crawford etal. [36]
VL. Aquatic Ecosystems properties of sediments and SOM, watershed slope, e Koetal. [37]
supersaturation of lakes. e Gaoetal [39]
e Yangetal. [39]

The sink/source phenomena depend on which mechanisms are dominant during
different stages (Figure 1). Thus, understanding SOC dynamics during specific stages of
soil erosion is essential to accurately assess the net effect of erosion on the soil C budget.
There is a strong knowledge gap regarding the fate of SOC between the disruption of
soil aggregates from the eroding site (stage I) through the transport and redistribution
stage (stage II) and depositional /burial site (stage III). The transport of SOC subjects it
to changing moisture and temperature regimes (environmental conditions) which alter
the protective mechanisms (physical, chemical, biological, ecological). Thus, a thorough
understanding of the fate of SOC during the transport and redistribution stages is critical
to assessing the source/sink phenomena [42].

Re-aggregation at the depositional sites may also enhance the stabilization of SOC.
In the Belgian Loess Belt, for example, Wang et al. [43] observed that the deposition of
eroded soil material significantly increased SOC content, as well as the microbial biomass
C, throughout the 2 m depth of the soil profile. Wang et al. [43] also reported reduced
C mineralization that contributed to C accumulation, as was observed in depositional
sites. They attributed the reduced C mineralization to the composition of the microbial
community after burial of the SOC-rich material. Reduced mineralization may partly be
due to encapsulation of SOC within stable aggregates, thereby reducing physical access to
microbial processes [44,45].

Vandenbygaart et al. [46] reported significant effects of erosion on both the lateral and
vertical distribution of soil in agricultural landscapes in different agroecosystems across
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Canada over a 50-year period. The deepest aggraded profile was observed in potato fields,
which contained more than 70 cm of deposited soil, accounting for 152 Mg/ha. y. The rate
of deposition in some fields was as much as 4090 Mg/ha. y. Vandenbygaart et al. [46] also
reported the largest stock of SOC at a 463 Mg/ha. y. to 60 cm depth, and the attendant SOC
deposition rate was 2 to 4 Mg C/ha. y. across all sites. Furthermore, a large increase was
observed in SOC concentration near the bottom of the A horizon, and there was also some
evidence of the dynamic replacement of SOC in eroded soils. Analytical data show that the
mineralization of buried SOC has been constrained since burial.

The buried SOC in alluvial depositional zones, accounting for 75% of the total SOC
pool, may serve as a centennial to a millennial time scale C sink [47]. Soil alkalinity may
be another factor affecting the resilience of buried SOC against microbial activities [47].
However, the quality rather than quantity of SOC is an important determinant of soil
biological properties and the fate of C after its burial in depositional sites [48]. Furthermore,
the time lag between burial and the subsequent loss of SOC can be an important factor
affecting the mean residence time (MRT) of the deposited SOC.

Van Oost et al. [49] reported that the C buried in eroded terrestrial deposits during
the agricultural expansion of the last 150 y. cannot be assumed to be inert to further
destabilization, and thus, it may become a significant C source. Indeed, the buried SOC
may be vulnerable to future loss by land use, management, alkalinity or pH, the time lag
between burial and subsequent loss, mineralogical properties, and global warming. Miner-
alogical attributes of sediments are also important because of their effects on continuous
soil weathering, along with mineral alterations and the breakdown of aggregates, which
temporarily limit the protection of SOC by minerals and within aggregates. Continuous
soil weathering can weaken the protection mechanisms and render the deposited SOC a
source of emission [45]. Thus, the best option is to minimize the risks of the accelerated soil
erosion of agroecosystems through the adoption of conservation-effective practices.

7. Fate of Soil Carbon Transported by Aeolian Processes

Aeolian processes are dominant in arid regions, but both hydric and aeolian processes
are causes of accelerated erosion in semi-arid regions. Globally, wind erosion may affect
0.6 B ha of land [50]. Wind erosion also involves different stages: detachment, saltation,
wind-blown dust, and deposition. Similar to hydric erosion, wind erosion is also a selective
process which leads to a significant lateral transport of C and fine clay fraction. Wind-blown
dust leads to a long-range transport on an inter-continental scale. Examples include North
African dust plumes over the Atlantic Ocean, summer dust plumes from the Arabian
Peninsula over the Arabian Sea and the Indian Ocean, and spring dust plumes from East
Asia over the Pacific Ocean [51]. These dust plumes strongly affect the radiation budget,
the hydrologic cycle, and the global C budget. Depending on the magnitude of C being
transported, distributed, and deposited /buried, a significant amount may be emitted as
CO; (and other GHGs) into the atmosphere.

SOC stocks are strongly reduced in soils prone to wind erosion. In Western Aus-
tralia, Chappell and Baldock [52] estimated that the mean net SOC erosion was up to
0.2 Mg C/ha. y for the period of 1990 to 2013. Moreover, in southwestern Australia, wind
erosion resulted in the loss of up to 3% of the total stock of C to 1-m depth or 3.6 Mg C/ha
for the eroded soils. In the Texas High Plains, McDonald et al. [53] observed that a greater
amount of CO,-C was being assimilated by the wheat cover crop from the atmosphere
than was lost from the soil, which reduced the net C losses from the soil. However, the
erosion-related loss of SOC from wind erosion could be more severe during the fallow
phase of the rotation cycle. Thus, farmers must be especially judicious in protecting the soil
against SOC loss by wind erosion during the fallow phase in the Pacific Northwest region
of the U.S. [54]. Similar to the high risks of wind erosion from croplands on plowed fields
during the fallow phase, overgrazing can also reduce SOC content in the long term.

The loss of nutrients (N, P, K, and C) by wind erosion is mostly attributed to losses by
suspension, because suspension preferentially removes the finest—and thus the lightest—
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fractions. However, the greatest mass of the sediment is removed by saltation. Thus, the
majority of the nutrients and C may also be moved by saltation. Visser and Sterk [55]
observed that nutrient losses from one field during one event in the Sahel realm of Africa
can be as much as 73% of the N and 100% of the P requirements of crop production. A study
conducted in a desert grassland of Southern New Mexico, USA, by Li et al. [56] showed
the dramatic increase in wind erosion between 75% grass cover reduction and 100% grass
cover reduction, suggesting that sparsely distributed mesquites are rather ineffective at
reducing wind erosion and nutrient loss compared to grasses.

8. Selectivity of the Aeolian Process

Similar to hydric erosion, gaseous emissions are also affected at different stages of wind
erosion (Table 2). Lighter fractions (SOC, clay, and fine silt) are also selectivity removed in
wind-blown dust. Towards an attempt to understand the magnitude and mechanism of
SOC-ER in dust, using Big Spring Number Eight (BSNE) wind-vane samplers across five
land types in rangelands of Western Queensland, Australia, Webb et al. [57] observed that
sandy soils and finer particulate quartz-rich soils are more efficient at SOC emission and
have larger SOC-ER in dust than that in clay-rich aggregated soils.

Table 2. Gaseous emissions at different stages of aeolian erosion processes.

Stage

Processes References

I. Detachment

Webb et al. [57]

Munch et al. [58]

Stovern et al. [59]

Touré et al. [60] Li et al. [56]

Sandy and particulate quartz-rich soil, local
topography, wind velocity.

II. Saltation

Mobile sand dunes, vegetation cover, soil temperature. o  Wang et al. [61]

III-V. Deposition, Deep Burial,
and Re-Aggregation

Buried SOC; climate change, anthropogenic »  Chaopricha et al: ['62]
perturbations, fallow phase of the rotation cycle. Sharratt and Schillinger [54]

The SOC-ER of dust originating from sand-rich soil ranged from 2-41. Webb et al. [57]
observed that two dust samples from regional transport events contained 15-20% SOC.

In addition to texture, wind speed also affects SOC-ER. Using a wind tunnel on a
manured sandy soil, Munch et al. [58] observed that wind erosion caused a preferred
release of manure particles at wind speeds close to the threshold of 7 m/s, with the greatest
sorting effects in size, shape, and density the of particles. Munch and colleagues concluded
that wind erosion immediately leads to the loss of added organic material. At higher wind
speeds, Munch et al. observed that the sediment composition corresponds to the entire soil
or soil-manure mixture. Depending on the wind speed and the magnitude of erosion, the
loss of manure ranged from 1.7-14% of the fertilization rate.

Wind velocity interacts closely with the local topography, as a factor affecting sediment
transport by wind erosion. Based on studies involving simulation or dust transport from a
mine tailing using a computational fluid dynamics model, Stovern et al. [59] observed that
local topography and wind velocity profiles are the major factors that influence deposition.

In a study involving sandy dunes in Southeastern Niger, Touré et al. [60] observed
that saltation flux on the bare mobile dune was 2-40 times higher than that observed from
cultivated fields and rangelands. Touré and colleagues measured the annual fluxes on the
dune to be from 2000 to 6000 kg/m?, due to the variability of the wind from year to year.

Soil temperature is also among the major factors controlling desert soil CO; flux [61]. In
the Horgin Sandy Land, northeastern China, Luo et al. [63] observed that soil temperature
at a depth of 20 cm was significantly correlated with soil respiration. The autotrophic
respiration (R,) was more sensitive to soil temperature than the heterotrophic respiration
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(Rp), and the temperature-sensitivity coefficients (Q0) were 3.39, 2.52, and 2.79 for R,, Ry,
and Ry, respectively.

Vegetation cover plays an important role in wind erosion and loss of SOC by dust-
blown sediments. In a desert grassland of southern New Mexico, USA, Li et al. [56]
observed that wind erosion rates and loss by dust emissions (nutrients including C) are
strongly affected by plant cover. The observed dramatic increase in wind erosion between
75% grass cover reduction and 100% grass cover reduction may be due to the ineffectiveness
of sparsely distributed mesquites in reducing wind erosion and nutrient loss. Over three
windy seasons (March 2004 to July 2006), wind erosion removed up to 25% of total organic
C (TOC) and total N (TN) from the top 5 cm of soil, and about 60% of TOC and TN during
the first windy season (March—July 2004). They estimated that the lifetime of surface soil
TOC and TN was about 10 y on these plots because of the 100% grass cover reduction. This
drastic impact indicates the disastrous effects of accelerated wind erosion on soil resources
which can occur even over short times periods [56]. Belnap et al. [64] estimated that aeolian
deposition can provide up to 75% of essential plant nutrients (N, P, K, Mg, Na, Mn, Cu,
Fe) through the mineralization of the deposited SOC. Therefore, understanding fate of
deposited /buried SOC is critical.

9. Fate of Buried Soil Organic Carbon

Understanding the fate of C buried at depositional sites during stages III to V of
the erosional process is important for determining the fate of C transported by erosional
processes driven by water and wind. Knowing whether the buried soil C is a source or
sink and determining the dominant processes which govern its turnover time is critical to
understanding the fate of C transported by erosional processes. Despite being a globally
important process, its fate under site-specific conditions is not widely understood. Chao-
pricha et al. [62] observed that the buried SOC concentration on a global scale can rival
those of surface soils. Indeed, buried soils can contain significant regional SOC reservoirs
which are not accounted for in current inventories and biogeophysical or biogeochemical
models. Chaopricha et al. [62] hypothesized that buried SOC stocks may cycle biologically
on annual to decade timescales because of the alteration of processes that contribute to
their protection. Buried SOC can be vulnerable to emissions because of climate change and
anthropogenic perturbations. The fate of buried SOC must be duly considered in terms of
its role in creating positive feedback to climate change.

10. Conclusions

Accelerated erosion is among the most dominant soil degradation processes globally.
It is a selective process involving preferential removal of SOC along with fine particles.
Thus, erosion leads to the lateral transport of SOC over the landscape, which may be
vulnerable to decomposition and the attendant gaseous emissions (CO,, CHy, N>O), with
positive feedback to climate change. The synthesis of the literature supports the following
conclusions.

The synthesis of the literature presented herein proves the specific hypotheses that the
SOC transported during stages I to 11l is a major source of GHGs, and the magnitude of
the emission depends on site-specific temperature and moisture regimes and other physio-
graphic and pedological conditions. The deep burial and reformation of aggregates (stages
IV and V)can reduce the rate of mineralization. However, the prevalence of anaerobic
conditions at depositional sites may aggravate methanogenesis, leading to the emission of
CHy and the nitrification and denitrification processes leading to the emission of N,O. The
net effect of the erosional process, from stage I through the transport in aquatic ecosystems
(stage VI), may lead to the emission of GHGs. Despite the local and global significance,
the magnitude of soil C being transported by the erosional processes is not currently be-
ing accounted for in local, regional, national, and global C budgets, but it must be duly
accounted for. Furthermore, the re-distribution of C over the landscape and its deep burial
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does not indicate a sequestration of new C within the landscape. Any redistribution of SOC
or SIC over the landscape is not to be confused with sequestration.
Key conclusions from the review are as follows:

a. Sediment transported by the hydric and aeolian process are enriched with SOC and
have a high SOC-ER and SON-ER;

b.  Whereas erosion-induced transport of SOC is prone to mineralization and exposure
to microbial processes, emissions are relatively high at stages I to III of the hydric
processes;

c.  Gaseous emissions are also observed at the depositional sites and in the aquatic

ecosystems (e.g., river, riparian zone, lakes, and oceans, stage VI);

Loess deposits are also prone to mineralization and GHG emissions;

Re-carbonatization and deep burial of SOC may limit mineralization of SOC;

f.  Lateral transport of SOC by erosional processes to deposition and burial in depres-
sional sites (stages III to V)and aquatic ecosystems(stage VI) is redistribution rather
than a new sequestration of atmospheric COy;

g.  Buried SOC may be vulnerable to decomposition because of the climate change and
other anthropogenic activities, leading to the emission of CO,, CHy, and N,O;

h.  Thus, a prudent strategy is to minimize the risks of soil erosion through the adoption
of judicious land use and site-specific BMPs.

o o
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