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The Earth's land surface is dominated by sloping landscapes. Every year, soil
erosion laterally distributes on the order of 75 Gt of topsoil (Berhe et al. 2007). The
coupled biogeochemical cycles of carbon (C) and nitrogen (N) are strongly
influenced by soil erosion as it affects their fluxes in and out of the soil system,
storage, distribution within the soil matrix, and residence time in soil. At the global
scale, it is estimated that erosion can account for a net sink for atmospheric
carbon dioxide (Stallard 1998).

Erosion of Soil Carbon and Nitrogen
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Soil erosion has three distinct phases — detachment, transport, and deposition — which can have
profound impacts on soil carbon (C) and nitrogen (N) dynamics. To initiate erosion, particles are
detached from the soil through physical processes involving rain, wind, or burrowing of soil by
meso- and macrofauna. Detachment exposes soil to lateral movement. During the detachment
phase, soil aggregates are disrupted, exposing organic matter (OM, including C and N) that had
been physically protected inside aggregates to loss by decomposition and transport in dissolved
or particulate forms. During the lateral transport phase of soil erosion, more aggregates can be
disrupted and constituent biochemical compounds dissolved. The transport phase renders
organic matter and inorganic ions of nitrogen (nitrate, NO3~, and ammonium, NH,*) more
accessible to microbes and leaching, thereby increasing their loss from the eroding landform
positions of a given hillslope. Conversely, the mixing of mineral and organic matter during
transport and the subsequent formation of new aggregates can slow down loss of C and N. To
what extent C or N is lost from hillslope soil profiles through decomposition or total dissolved
loss of eroded OM will depend on the type and intensity of the erosive processes, duration of
transport, and the type of depositional environment in which the eroded material accumulates
(Nadeu et al. 2012). In the final phase of deposition, eroded particles and dissolved constituents
of runoff enter downhill (concave or flat) depositional landform positions, river systems, or other
water bodies where C and N can be stored and protected from loss.

Erosion induces terrestrial sequestration of atmospheric carbon dioxide (CO,) if at least some of
the C eroded from slopes is replaced by production of fresh photosynthate and/or stored in
more stable OM pools in depositional landform positions (Berhe et al. 2007, Harden et al. 1999,
Stallard 1998). Over the last two decades, some studies argued that erosion leads to increased
loss of OM from the soil system, suggesting that erosion is a net source of CO, to the
atmosphere (for example, Bajracharya et al. 2000, Jacinthe & Lal 2001, Lal 2003, Lal 2005).
However, numerous experimental and modeling studies have since verified the potential for
erosion to induce a net CO, sink in the terrestrial biosphere if C balance (Figure 1) is computed at
an appropriate watershed scale by taking into account the total amounts of C stored and
exchanged to/from soil profiles in eroding versus depositional landform positions (Figure 2)
(Berhe et al. 2007, Berhe et al. 2008, Van Oost et al. 2007).
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Figure 1: C balance.
Effect of lateral soil distribution by soil erosion on watershed carbon balance, as mediated by changes in C input to
soil, soil thickness, soil texture, and organic matter stabilization and/or decomposition.
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a. Carbon Balance in an Eroding Soil Profile
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Figure 2: Depositional landform positions.

Organic matter dynamics in eroding landscapes that experience lateral transport of topsoil and associated OM from
divergent slopes to convergent and flat depositional landform positions. (a) carbon balance in an eroding soil
profile and (b) implication of soil erosion for soil profile development and burial of OM in topsoil of eroding profiles
in depositional positions over time. Soil on the ridge-top experiences high rates of erosion during centuries of
cultivation, exposing subsoil material. At lower landform positions in the hillslope, deep soils are formed with

partial deposition of A- and B-horizon material that eroded from upslope positions.

© 2014 Nature Education All rights reserved.

In some agricultural landscapes, anthropogenically accelerated rates of erosion can lead to rapid
and significant loss of up to 22% C over 50 years (Doetterl et al. 2012). But at the same time that
Cis lost from eroding hillslopes, enhanced rates of plant productivity in depositional positions,
along with physical and chemical stabilization of OM in these landform positions, is likely to
result in higher stocks of OM in depositional environments post-erosion and terrestrial
sedimentation (Berhe et al. 2012). Deposition of eroded material is likely to preserve the
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deposited OM for a few decades or centuries (Van Oost et al. 2012).

Temporal and Spatial Patterns of Soil, and Associated C and N Erosion

The biogeochemical implications of soil erosion partly depend on the travel distance of topsoil
and dissolved soil constituents, and whether erosion is a continuous or episodic process for a
given ecosystem. Large, episodic events may bury large amounts of organic-rich material below
the surface, decreasing its decomposition rates relative to what would have occurred had the
material remained on hillslopes or on the top part of the depositional landform position's soil
profiles. The distance that eroded sediments travel is a function of the type of erosion, the
degree of disturbance experienced by the soils, and the connectivity to water channels. Most
material mobilized by overland or sheet erosion is deposited nearby in a matter of seconds or
minutes during a storm, often resulting in a rapid input of C and N into the deposited area and
potentially altering the nutrient cycles in both source and deposition areas. Sediment that
reaches a water channel or is eroded in that channel can travel much further over longer time
periods. Overall, sediment export out of the eroding watersheds decreases as basin size
increases, and most (70-90%) of the sediment is deposited within the source watershed or nearby
watersheds (Stallard 1998).

In the absence of anthropogenic disturbances such as tillage, estimates of long-term erosion
rates around the world suggest that mass transport is highly episodic. Cosmogenic nuclides
from rocks, for example, yield long-term estimates of ~0.02-0.06 mm soil eroded annually. By
contrast, disturbances such as fire or intensive agriculture mobilize large amounts of sediment
and associated nutrients within a very short period of time. For example, in 2002, a single severe
storm in the Sierra Nevada Mountains near south Lake Tahoe removed 10 mm of topsoil in just a
few hours from a forested hillslope that had been burned by wildfire several weeks before (Carroll
et al. 2007).

Intensively cultivated lands are also highly susceptible to erosion, especially where the need for
higher yields overrides the implementation of recommended soil and water conservation
techniques (Table 1). The rate of soil erosion in intensively cultivated agricultural systems is
estimated to be an order of magnitude higher than natural rates of erosion. Rates of agriculture-
induced erosion are influenced by varying site characteristics, but are estimated to range from an
average of 0.13 + 0.02 mm/yr for conservation agriculture to 3.94 + 0.321 mm/yr for
conventional agriculture(Montgomery 2007).

. . sample size, median, mean, standard error,
Rates of soil erosion
mm/yr mm/yr mm/yr

Conventional 448 1.537 3.939 0.321
agriculture

Conservation 47 0.082 0.124 0.022
agriculture

Native vegetation 65 0.013 0.053 0.016
Geological 925 0.029 0.173 0.029
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Soil production 188 0.017 0.036 0.004

Table 1: Rates of soil erosion for land under conventional agriculture, conservation agriculture,
and native vegetation compared to typical rates of soil production and geologic rates of soil
erosion, from Montgomery (2007).

The magnitude of topsoil and associated C and N erosion is further controlled by factors such as
slope, vegetation, precipitation, and parent material. These factors determine the structural
stability and hydraulic conductivity of soil as well as the magnitude of erosion that is likely to
result from different types of disturbances. The type of parent material of a given soil influences
the composition of the soil, its susceptibility to erosion, its effectiveness as a plant and microbial
growth medium, and its potential to stabilize soil C and N against losses (Berhe & Kleber 2013,
Cerda 1999). At any given time, the amount of topsoil eroded is greater for soils on moderate
slopes compared with those on very steep slopes, partly because soils on moderate slopes are
thicker than those on steep slopes, where most of the soil mass is eroded soon after it is formed
(Alewell et al. 2008). Erosion can also reduce soil C and N stocks by reducing the rate of input
associated with new photosynthetic productivity and biological N fixation, and through lateral
redistribution of C and N from topsoil of eroding positions (Gregorich et al. 1998). The combined
result of these processes is that in steep slope positions, especially ones that are continuously
cultivated, erosion is the dominant loss mechanism for C and N (Gregorich et al. 1998).

Implications of Soil Erosion for Persistence of C and N in Soil

Soil erosion affects both the rate of inputs and persistence (residence time) of C and N in the soil
system. Erosion affects production of new photosynthate and consequently input of C into soil
due to its effect on soil fertility. The redistribution of topsoil and associated nutrients due to soil
erosion changes the spatial distribution and rates of plant productivity in eroding watersheds.
Typically, erosion leads to reduced rates of plant productivity in slopes (especially when
production is not augmented by supplements such as fertilizers and irrigation water) and higher
rates of productivity in downslope depositional environments (Parfitt et al. 2013), where most of
the topsoil and associated nutrients and OM eroded from the slopes is deposited (Stallard 1998).
Reduction in net primary productivity and input of residue to soil further affects the long-term
susceptibility of the topsoil and associated C and N to loss by soil erosion. Erosivity (i.e., the
type, temporal distribution, and intensity) of precipitation controls how much material is
detached and how far it is transported (Alewell et al. 2008). Above-ground vegetation serves to
slow down the kinetic energy of rain drops, which reduces the impact of precipitation; with lower
energy, fewer soil aggregates are disrupted and less particulate matter is detached for erosional
transport. Soil is stabilized by formation of aggregates and peds, which are held together by
plant roots, fungal hyphae, and mycorrhizal associations that microorganisms form with plant
roots. Mulching, composting, and other means of recycling biomass increase the stock of OM in
soil along with formation of micro- and macro-aggregates that increase the water- and nutrient-
holding capacity of soils. This in turn, facilitates higher productivity of vegetation in a positive
feedback loop (Kosmas et al. 2000).
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Erosion can also affect the physical and chemical mechanisms that stabilize C and N, and slow
down their losses from the soil system. Eroded OM that is deposited on land is physically
stabilized by burial, aggregation, and/or high water content, which restrict the activity of aerobic
microorganisms and reduce its rate of decomposition, compared with points higher on the slope
(Berhe et al. 2012). However, erosion-induced reduction in CO5 loss from soil may not always
occur with reduction in efflux of all greenhouse gases from the soil system. In depositional
landform positions that remain waterlogged for long periods of times, the eroded material
deposited may also experience anaerobiosis — which can increase the rate of methane
production — and denitrification (compared with the slope profiles), which leads to higher rates
of efflux of methane (CH,) and oxides of nitrogen (Schlesinger 1997). On the other hand,
deposition in a lake or the ocean is expected to lead to lower rates of oxidative decomposition
compared with the slopes where eroded soil OM originated.

The balance between decreased decomposition rates (reduced C emissions) and higher
methanogenesis (increased C emissions) is likely to be temporally and spatially heterogeneous.
On the other hand, exposure of subsoil material on slopes by erosion creates opportunity for
mineral-OM associations in the clay-rich subsoil profiles, facilitating stabilization of both C and N
in the eroding slopes. In the lower-lying depositional environments, selective transport and
deposition of smaller, lighter, and reactive soil minerals and OM also creates the possibility for
additional physical and chemical mineral-OM associations through direct bonding of organic
functional groups with surfaces of minerals through electrostatic attractions, ligand exchange
reactions, and/or complexation, leading to reductions in the rates of C and N loss from the
depositional soil profiles (Berhe & Kleber 2013).

Exposure of physically protected OM during the detachment or transport phases of soil erosion
can serve to increase decomposition of other soil OM by prompting the soil microbial community
to use the energy created from the fresh OM to decompose the older OM that was previously
present in the soil — a process known as priming (Kuzyakov 2010). This increased decomposition
of OM and mineralization of organic N in soil is driven by the microbes' need for energy
substrates and nutrients (including C and N), which ensures the coupling of these two
biogeochemical cycles (Batlle-Aguilar et al. 2011). Erosion can also lead to elevated
concentrations of C, N, and other nutrient elements in sediment and downstream water bodies,
which can significantly alter the ecology and biogeochemical cycling in those aquatic systems
(Miller et al. 2005).

Implication of Anticipated Changes in Climate

Over the next 50-100 years, Earth's average temperature is projected to rise an average of 1.5 to
4.8° C, leading to an intensification of the hydrologic cycle (IPCC 2013). Changes in vegetation
cover and in the amount and intensity of rainfall are among the major controls that will determine
how climate change will affect soil C and N erosion. Of these two, vegetation cover, which is
affected by biomass production, is more difficult to predict because of the complex ecosystem
interactions and functional traits of the different types of biomass (Nearing et al. 2004, Nearing
et al. 2005). Change in land use, specifically intensification of agricultural production at the
expense of forests and/or perennial pastures, is projected to increase rates of soil erosion
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(O'Neal et al. 2005).

Rising temperatures can theoretically increase biomass production by increasing the number of
Growing Degree Days for plants (O'Neal et al. 2005). Higher productivity generally results in
slower soil erosion rates as vegetation cover protects against soil erosion. However, in cases
where the temperatures rise too much,, temperature stress can have the reverse effect and
decrease biomass, increasing soil erosion (Nearing et al. 2004). Higher temperatures can also
enhance rates of residue decomposition-thereby increasing atmospheric CO, concentration and
soil N availability — as long as other factors do not limit the activity of decomposing
microorganisms (Davidson & Janssens 2006). In turn, the increase in atmospheric CO,
concentration can have a fertilizing effect on biomass production, while at the same time
suppressing transpiration from plant leaves by enhancing stomatal resistance, which increases
the water-use efficiency of plants. Rising temperatures can also increase rates of evaporation
(and evapotranspiration) from the terrestrial ecosystem, leading to changes in the rates of
infiltration and runoff (O'Neal et al. 2005).

The frequency of extreme precipitation events is predicted to increase, as is the time between
large events (Knapp et al. 2008). This could increase the frequency and magnitude of rainfall-
driven erosion events. Based on simulation studies, it is expected that the global rate of erosion
will grow by 1.7% for each 1% change in total amount and intensity of rainfall (Pruski & Nearing
2002). In addition, periods of prolonged drought, which is expected in some areas, can lead to
large fire events, which would accelerate the rate of soil erosion in fire-affected upland
ecosystems (Pierce 2004). Fire and burning of biomass lead to the removal of the litter layer or
soil O-horizon, which is responsible for some soil stabilization (i.e., keeping natural erosion
levels lower) (Morgan 2009). Fire also may create a hydrophobic (water-repelling) layer within the
soil, which may speed the movement of material downslope, especially with large or high-
intensity rainfall events (Morgan 2009). In combination, these two aspects of climate change are
likely to change erosion rates worldwide.

Conclusion

Lateral distribution of topsoil and associated C and N with soil erosion can affect fluxes, stocks,
and persistence of C and N in the soil system. Even though erosion induces a net terrestrial sink
for atmospheric CO,, this is not a reason to relax erosion-prevention measures. Minimizing rates
of anthropogenically accelerated erosion is critical to protecting our natural soil resource and
maintaining its multiple ecological roles, including carbon sequestration.

Glossary

aggregates: a soil structural unit made up soil mineral and organic constituents that are held
together by reactive minerals such as iron oxides, organic compounds such as polysaccharides,
and/or plant roots and fungal hyphae (see definition below).

biogeochemical cycles: the pathways for movement and transformations of chemical elements
or molecules within or among the biotic and abiotic components of the Earth System as a result
of biological, physical, geological, and chemical processes.
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cosmogenic nuclides: are isotopes created when cosmic rays of very high energy interact with
the nucleus of an atom in the solar system leading to cosmic ray spallation.

denitrification: is a microbially facilitated process in the nitrogen cycle that converts nitrate
(NO3") to dinitrogen (N,), generally proceeding through the formation of a sequence of
intermediate compounds such that NO3™ = NO,™ = NO + N,O — N,.

erosion: the process by which topsoil material is moved about the surface of the earth by the
action of water, wind, gravity driven diffusive transport, glacial ice, etc.

erosivity: the ability of any agent of erosion (wind, water, or gravity) to laterally transport soil
material.

evapotranspiration: the sum of the movement of water from soil, plants and water bodies to the
atmosphere through the processes of evaporation and transpiration.

fungal hyphae: typically long and branched threadlike filamentous structures that form the
mycelium of a fungus.

greenhouse gas: a gas in the atmosphere that has the capacity to absorb and radiate energy in
the infrared partition of the electromagnetic spectrum, and thereby leading to warming of the
atmosphere and the earth's surface. Some common greenhouses gases include carbon dioxide,
methane, nitrous oxide, tropospheric ozone, chlorofluorocarbons, and water vapor.

methanogenesis: is the process of formation of methane from the decomposition of organic
matter by a group of microbes known as methanogens that are in the domain Archaea.

mineralization: is the process responsible for production of mineral or inorganic substances. In
soil science and biogeochemistry mineralization can refer to the conversation of organic
compounds such as carbohydrates to carbon dioxide, or the conversion of organic forms of
nitrogen to ammonium and nitrate.

mycorrhizal associations: a symbiotic association of fungi with roots of vascular plants that
serves to facilitate the exchange of sugars, water and nutrients between the plants and microbes.

net primary production (NPP): the amount of plant biomass produced per unit area typically
over a year or growing season. NPP is the difference between the total amount of plant biomass
produced by the process of photosynthesis and cellular respiration.

nutrient: is an element or ion that supplies nutrition to living organisms, for example nitrogen,
phosphorous, and potassium that are critical for plants to complete their growth cycles and
undertake other physiological functions.

organic: a class of chemical compounds with a carbon backbone, includes compounds derived
from living or dead organismes.

peds: large aggregates (see definition of aggregates above).
photosynthate: a carbohydrate or biomass produced by the process of photosynthesis. Where
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photosynthesis is the process responsible for synthesis of organic compounds (that is,
carbohydrates) from the combination of carbon dioxide, water, and sunlight as a source of
energy. The process of photosynthesis is carried out with the aid of nutrients in the environment,
and chlorophyll and associated pigments.

sheet-erosion: a form of soil erosion where a thin film of water transports topsoil material
evenly from the surface of soil.

stomatal resistance: the resistance of passage of carbon dioxide entering a leaf or water vapor
leaving a leaf through the stomata on plant leaves.
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