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Cultivated lands in the U.S. Midwest have been affected by soil erosion, causing soil organic carbon (SOC) redistri-
bution in the landscape and other environmental and agricultural problems. The importance of SOC redistribution
on soil productivity and crop yield, however, is still uncertain. In this study, we used a model framework, which
includes the Unit Stream Power-based Erosion Deposition (USPED) and the Tillage Erosion Prediction (TEP)
models, to understand the soil and SOC redistribution caused by water and tillage erosion in two agricultural fields
in the U.S. Midwest. This model framework was evaluated for different digital elevation model (DEM) spatial res-

gfé':ivg;ds' olutions (10-m, 24-m, 30-m, and 56-m) and topographic exponents (m = 1.0-1.6 and n = 1.0-1.3) using soil
Deposition redistribution rates from *’Cs measurements. The results showed that the aggregated 24-m DEM, m = 1.4 and
Water erosion n = 1.0 for rill erosion, and m = 1.0 and n = 1.0 for sheet erosion, provided the best fit with the observation
Tillage data at both sites. Moreover, estimated average SOC redistributions were 1.3 + 9.8 ¢ Cm~—2 yr~ ' in field site 1
Cs-137 and 3.6 + 143 g Cm~2 yr~ ! in field site 2. Spatial distribution patterns showed SOC loss (negative values) in

Organic carbon the eroded areas and SOC gain (positive value) in the deposition areas. This study demonstrated the importance

of the spatial resolution and the topographic exponents to estimate and map soil redistribution and the SOC dy-
namics throughout the landscape, helping to identify places where erosion and deposition from water and tillage
are occurring at high rates. Additional research is needed to improve the application of the model framework for
use in local and regional studies where rainfall erosivity and cover management factors vary. Therefore, using this
model framework can help to improve the information about the spatial distribution of soil erosion across agricul-
tural landscapes and to gain a better understanding of SOC dynamics within eroding and previously eroded fields.

© 2014 Elsevier B.V. All rights reserved.

1. Introduction

Projected global warming and degradation of land resources by ero-
sion are critical environmental challenges (Jacinthe and Lal, 2007). Soil
erosion is a natural process; however, it can be accelerated by human ac-
tivities, such as intensive and conventional agricultural practices.
Furthermore, soil erosion can become a major environmental and agricul-
tural problem and cause reductions in soil productivity and deterioration
of water and air quality (Pimentel et al., 1995; USDA NRCS, 1997). Erosion
is defined as the detachment or movement of soil caused by water, wind,
or human activities (e.g., tillage operations). The magnitude of erosion,
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however, is mostly determined by rainfall intensity, soil type, ground
cover, and landscape characteristics (Arriaga and Lowery, 2007;
Flanagan, 2007; Romkens et al., 2002). Soil erosion can have several ef-
fects on crop yield and soil productivity, including reductions in effective
rooting depth, available nutrients and water for plants, and loss of surface
soil structure and infiltration due to exposure of subsoil (Schumacher,
2007). Water erosion consists of three recognized types: sheet, rill, and
gully (Brady and Weil, 2008). Sheet erosion occurs when raindrops im-
pact the soil surface, uniformly dislodging soil particles in the top soil
layer (Brady and Weil, 2008; Nelson, 2002; Pimentel, 2006). Rill erosion,
which is especially common on bare land, happens as the sheet flow is
concentrated into small channels (Brady and Weil, 2008). Gully erosion
occurs when runoff is further concentrated, cutting deeper into the soil
and creating larger channels that can become an obstacle for machinery
operations (Brady and Weil, 2008). Tillage erosion can be defined as the
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downslope displacement of soil through the actions of tillage operations
and gravity (Lindstrom, 2007). The location of soil erosion and deposition
zones along the hillslope is dependent on the erosion process and hill-
slope characteristics. Net soil loss from water erosion occurs in the mid
to lower back-slope positions primarily as a result of concentrated flow
in rills, while soil displacement resulting from tillage erosion occurs pri-
marily on shoulder positions. Hence, a mix of erosion processes is likely
to occur on most landscapes with complex slope configurations
(Schumacher et al., 1999).

In the United States, soil erosion on agricultural lands is one of the
major causes of land degradation and water quality deterioration
(Blanco and Lal, 2008; Nelson, 2002). Model estimates have shown that
the rate of total erosion has declined since the 1970s (Blanco and Lal,
2008) because of federal regulations and guidelines, such as the Soil and
Water Conservation Act of 1977 and the Food Security Act of 1985
(“Farm Bill”), aimed at controlling soil erosion and sediment delivery to
streams and rivers (Toy et al., 2002). Despite this declining rate, erosion
is still a serious problem in the United States—about one-third of U.S.
croplands have continued eroding and losing topsoil at increasingly
rapid rates (Blanco and Lal, 2008). The intensively cultivated and cropped
lands that produce corn and soybean in the U.S. Midwest have been par-
ticularly affected by soil erosion (Schmidt and Ham, 1999). For example,
Pimentel (2006) argued that one-half of the fertile topsoil in lowa has
been lost through erosion during the last 150 years of farming, and ero-
sion continues today at a rate of about 30 t ha—! yr~! because of the
rolling topography and the type of agricultural practices. One of these
practices, moldboard plowing, which inverts the soil and buries the resi-
due, was widely used in the Midwest and was thought to have contribut-
ed substantially to erosion and reduction of soil organic carbon (SOC) in
croplands (Olson, 2013). Conversely, other management practices, such
as no-till, conservation tillage, buffer strips, and terraces, have been ap-
plied to reduce erosion and loss of SOC. For example, conservation tillage
systems have been proposed as one way to sequester 0.50 Mg ha™' yr—!
of C in agricultural soil in the United States (Lal, 1998).

SOC plays a considerable and unique role in the global carbon (C)
cycle because it is part of the total soil carbon pool of about 2300 Pg,
which is three times the atmospheric pool (770 Pg) and 3.8 times the
biotic pool (620 Pg) (Lal, 2002). Ito (2007) argued that SOC displace-
ment by erosion may have a considerable impact on terrestrial carbon
storage and that water erosion will be strongly influenced by future cli-
mate change and land use activities in many regions of the world. In ad-
dition, Smith et al. (2005) and Liu et al. (2003) showed that erosion can
redistribute SOC within a landscape, moving soil and SOC from upland
sites and depositing this eroded soil and SOC into lowland areas. There-
fore, soil erosion may be a dominant force in the redistribution of SOC
within agricultural landscapes, and this redistribution may impact C ox-
idation or sequestration (McCarty and Ritchie, 2002). However, the ef-
fect of soil redistribution from erosion on SOC dynamics is still
uncertain. Some studies have shown that agricultural erosion can act
as an important stimulant of CO, emissions (Lal, 2003; Lal and
Pimentel, 2008), promote C sequestration (Harden et al., 2008; Liu
et al,, 2003; Smith et al.,, 2005), or do both (Van Oost et al., 2007).

Modeling soil erosion is the process of mathematically describing
soil particle detachment, transport, and deposition on land surfaces.
The goals of erosion models are to (1) simulate the total detachment
and movement of soil particles caused by rainfall, runoff, and tillage in
an area, (2) predict soil loss or gain for a specific area, (3) estimate the
hazard or risk associated with the removal of topsoil, both onsite (fertil-
ity loss, gullying) and offsite (muddy floods and downstream pollution),
and (4) simulate the effects on erosion of a change in land use, applica-
tion of soil conservation measures, or a change in climate (Jetten and
Maneta, 2010).

Three types of models have usually been used to simulate soil
erosion: empirical, physically-based, and conceptual (Nearing et al.,
1994). An example of an empirical model is the Tillage Erosion Predic-
tion (TEP) developed by Lindstrom et al. (2000). Additionally, stream

power models have become standard for large-scale erosion modeling
in geographic information systems (GIS) (Mitas and Mitasova, 1998),
such as the Unit Stream Power-based Erosion Deposition (USPED)
model developed by Mitasova et al. (1996). In GIS-based erosion
models, the choice of digital elevation model (DEM), resolution, and
flow routing may vary the quality of the output (Wilson and Lorang,
2000). For example, several studies have indicated that DEM cell size
can affect the modeling of landscapes with complex terrain (Claessens
et al,, 2005; Schoorl et al., 2000; Zhang et al., 2009).

When modeling erosion, calibration and validation are important
components for model evaluation. Calibration helps to improve the pre-
dictive quality and usefulness of models (Jetten and Maneta, 2010). Val-
idation can verify that the model is rational and can give reasonable
prediction when compared with observed information (Morgan,
2010), and it can be applied in different areas. Jetten and Maneta
(2010) noted that model validation is often ignored in many modeling
studies after calibration has been completed. Regardless of the model
type used for modeling soil redistribution, calibration and validation re-
quire field measurements of erosion and deposition.

Over the past 50 years, the use of natural and non-natural radioiso-
topes to study erosion and sedimentation has drawn considerable at-
tention. Cesium-137 ('3’Cs) is one of the non-natural radioisotopes
introduced into the atmosphere from nuclear weapons tests in the
1950s and 1960s. This radionuclide moves from the stratosphere back
to the earth's surface (fallout) where it is strongly absorbed by soil par-
ticles, so it is a unique tracer for erosion and sedimentation in terrestrial
systems over a broad range of spatial and temporal scales (Fang et al.,
2012; Fornes et al., 2005; Ritchie and McHenry, 1990). Recently, many
studies have used '*’Cs to assess soil and SOC redistribution and to
find spatial patterns across agricultural landscapes (Fornes et al., 2005;
Ritchie and McHenry, 1990; Ritchie et al., 2007; Schumacher et al.,
2005; Van Oost et al., 2007; Warren et al., 2005).

The main objective of this study was to evaluate a soil modeling
framework and to estimate and understand the soil and SOC redistribu-
tion caused by water and tillage erosion in two agricultural fields in
lowa of the U.S. Midwest where corn-soybean rotation and different
tillage practices have been applied since about 1957. Specific objectives
of this study were to (1) calibrate and validate the model framework,
which includes the USPED and the TEP models, using different DEM
cell size and topographic parameters, (2) evaluate simulated results
with observed information from *’Cs measurements, and (3) estimate
SOC redistribution to assess carbon gain and loss from erosion and de-
position by water and tillage.

2. Materials and methods

For this study, a model framework was used to understand the spa-
tial distribution of soil and SOC caused by water and tillage erosion. This
model framework consisted of two models: USPED and TEP. The models
required different information including precipitation, soil, topography,
land use and land cover, and management, which was collected in a re-
lated study by Schumacher et al. (2005). In this study, the DEM cell size
was evaluated in two field sites (field sites 1 and 2). Based on these re-
sults, the best fit was selected to calibrate the topographic parameters in
field site 1. The simulated estimates of soil redistribution (erosion and
deposition) rates for each of the possible combinations of the calibrated
parameters were compared with those derived from 3’Cs measure-
ments by Ritchie et al. (2007) and used by Schumacher et al. (2005).
The topographic parameters with the best fit in field site 1 were used
in field site 2 to validate the model framework. The results from each
site were then used to estimate SOC redistribution.

2.1. Study area

Two agricultural fields in lowa were selected for this study, where
different studies and measurements had been conducted, including
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elevation mapping, yield variability, soil mapping, farming system com-
parisons, and 3’Cs measurements (Colvin et al., 1997; Karlen and
Colvin, 1992; Kaspar et al., 2004; Ritchie et al., 2007; Schumacher
et al,, 2005; Steinwand et al., 1996). These two lowa farm fields are lo-
cated in the Des Moines Lobe Till Plain in central lowa near Ames, and
each has an area of about 15 ha (Fig. 1). Mean annual precipitation is
about 835 mm and mean annual temperature is approximately 8 °C,
ranging from — 6 °CinJanuary to 22 °CinJuly; soil types are Hapludolls,
Endoaquolls, and Calciaquolls; and both fields have tile drains with no
surface inlets (Ritchie et al., 2007). The native vegetation in the study
areas is tallgrass prairie (Weaver, 1920). In addition, the fields are in a
corn and soybean rotation, alternating each year.

The first study field (field site 1) is located between Boone and Ames,
IA (Fig. 1). This field site is characterized by low relief swell and swale
topography with poorly developed surface drainage (Kaspar et al.,
2004). Moreover, conventional farming practices have been applied
since 1932. A corn-oats-hay rotation was applied from 1932 to 1957,
then a corn-soybean rotation from 1957 to present. Tillage practices
in this field were fall moldboard plowing followed by spring disking
and harrowing between 1932 and 1981; after 1982 fall chisel plowing
or disking followed by spring harrowing has been the primary tillage
practice; in recent years fall tillage after soybean harvest was replaced
by two disking or harrowing operations in the spring before corn planting
(Karlen and Colvin, 1992; Kaspar et al., 2004; Schumacher et al., 2005). El-
evation at this field site, based on measurements with a kinematic differen-
tial global position system receiver, ranges from 293 to 296 m with an
average and standard deviation of about 294 + 0.8 m (Fig. 2a). Percent
slope, derived from the elevation, ranges from 0.13 to 5.4% with an average
and standard deviation of about 2 + 1.1% (Fig. 2c).

The second study field (field site 2) is located in an agricultural area
south of Ames, IA (Fig. 1). The management practices have been similar
to field site 1, including corn-soybean rotation and moldboard plowing
in the fall after corn (even years) and fall chisel plowing after soybean

(odd years), with one or two field cultivator passes in the spring before
planting and one row cultivation during summer before 1992. Manage-
ment after 1992 continued to be the same except for replacing fall
moldboard plowing with fall chisel plowing (Al-Smadi, 2007). Hence,
in this study, the cover and management factor (C) for crop and tillage
practices was assumed to be the same for both field sites. The elevation
in this field site, measured with the same methods as field site 1, ranges
from 312 to 316 m with an average and standard deviation of 313 £ 1m
(Fig. 2b). Percent slope derived from the elevation ranges from 0 to 9.6%
with an average and standard deviation of 2.6 + 1.7% (Fig. 2d).

2.2. Model framework

Fig. 3 shows a flow diagram of the model framework used in this
study, including inputs and outputs. This model framework was built
using Python programming language, ArcGIS desktop with the
geoprocessing module for Python (Esri, 2011), and the R statistical
package scripts (R Development Core Team, 2010).

2.2.1. Unit Stream Power-based Erosion Deposition (USPED) Model

The USPED model is a two-dimensional model that predicts the spa-
tial distribution of soil erosion and deposition for a steady state overland
flow with uniform rainfall excess conditions for a transport capacity
limited case of the erosion process (Mitas and Mitasova, 1998;
Mitasova et al., 1996). The USPED model is an improvement over the
one-dimensional Universal Soil Loss Equation (USLE) and the Revised
USLE (RUSLE) models because it accounts for deposition using four of
the one-dimension model factors (R, Ky, Cy, Py) and flow convergence,
which is calculated based on upslope contributing area (Liu et al.,
2007; Mitasova et al., 1996). Therefore, the sediment transport capacity
(T) is defined in the following equation (Eq. (1)):

T =Ry x K; x C; x Py x A" x (sinp)" (1)

South Minnesota
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Fig. 1. Location of the Des Moines Lobe Till Plains, Boone and Ames in lowa where the study sites (field sites 1 and 2) are found.
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Fig. 3. Flow diagram of the model framework used in this study, including inputs and outputs.
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where Ry is the rainfall factor, Ky is the soil erodibility factor, Cyis the
cover and management factor, Pris the conservation practice factor, A
is the upslope contributing area, and £ is the slope inclination angle
in degrees. The exponents m and n control the relative impact
of water and slope terms and reflect different erosion patterns for
different types of flow (rill or sheet erosion), where m = 1.0-1.6 and
n = 1.0-1.3. Previous studies have used the recommended m = 1.6
and n = 1.3 for rill erosion and m = 1.0 and n = 1.0 for sheet erosion
(Garcia Rodriguez and Gimenez Suarez, 2012; Liu et al., 2007; Warren
et al., 2005). However, these exponents can be calibrated if data are
available for a specific prevailing type of flow and soil conditions (Leh
et al.,, 2011; Mitasova and Mitas, 2001; Mitasova et al., 1999). For this
study, a modification of the upslope contributing area calculation was
applied, where m and n values increased as percent of slope increased.
This approach is used by the Integrated Valuation of Environmental Ser-
vices and Tradeoff (InVEST) model for the topographic (LS) factor calcu-
lation in the USLE equation for the sediment retention model (Tallis
et al., 2011). Then, based on T in Eq. (1), erosion and deposition (ED)
can be calculated using the divergence equation according to Mitas
and Mitasova (1998) as a change in sediment flow rate expressed by a
divergence in the sediment flow (Eq. (2)):

ED — d(T xd;os a) +d(T xdysm a) 2
where q, the aspect of the elevation surface, and dx = dy, the grid reso-
lution, are used to determine contribution area upstream (Oliveira et al.,
2013). Simulation results from the USPED model can be positive, indi-
cating soil deposition, or negative, indicating soil erosion. To be consis-
tent with units in the model framework, the USPED results were
converted from tons per acre per year (tons acre”! yr—!) to metric
tons per hectare per year (t ha~! yr—!) based on Foster et al. (1981).

2.2.2. Tillage Erosion Prediction (TEP) model

Soil movement from tillage operations also has been identified as a
cause of soil erosion (Lindstrom et al., 2000). Tillage erosion is a problem
that has been present since the dawn of cultivation, and evidence of till-
age erosion is commonly observed as a difference in soil color between
hilltops and adjacent lower slope positions (Lindstrom, 2007). A simple
model developed by Lindstrom et al. (2000) can be used to describe the
soil redistribution along a hillslope transect in cultivated fields that re-
sults from tillage action. The tillage erosion prediction (TEP) model is
based on Eq. (3):

kﬁ” = _prB (3)

where kg is the tillage transport coefficient (kg m™1), D is the depth of
tillage (m), py, is the soil bulk density (kg m~3), and B is the average soil
displacement (m) as a function of the slope gradient (m m™!). This
model estimates the net soil movement for individual hillslope seg-
ments across a field transect for individual tillage operations
(Lindstrom et al., 2000). Therefore, this model can identify areas,
based on landscape configuration, of excessive soil loss (erosion) or
gain (deposition) caused by tillage operations. A geographic informa-
tion system (GIS) implementation of the TEP model by Lindstrom
et al. (2000) provides relative values that describe varying tillage ero-
sion potential at the field scale. In this GIS approach, two-dimensional
tillage erosion values are determined with a simplified equation:

EDy; = {kﬁ,, X (%) + Ky x <(S%AXSN))} x 10 (4)

where Ax is the distance (m) between the midpoints of two consecutive
slope segments on a projected grid (N-S and E-W vectors), S is the slope
gradient (m m~ ") which is positive in the upslope direction and nega-
tive in the downslope direction, and k;, is the tillage transport coeffi-

cient (kg m™!). The estimated tillage erosion rate (EDy;) in kg m—2 is

multiplied by 10 to get results in metric tons per hectare (t ha~'). The
two-dimensional tillage erosion estimates using the model in Eq. (4)
can be solved using the ArcGIS general curvature tool in the Spatial An-
alyst extension. These estimates can be calculated by multiplying the
DEM general curvature and the ki value. To keep uniformity with the
ArcGIS curvature functions in dealing with direction and curvature
units and to express tillage erosion in units of metric tons ha™!, the
key value in kg m~! is divided by the negative value of the DEM
cell size (m) (e.g., if kg = 330 kg m~ ' and DEM cell size = 10 m,
then ky;; = —33). An example of the TEP process for estimating tillage
erosion is described in Schumacher et al. (2005).

2.3. Input model settings

Inputs for the models used in this study are summarized in
Table 1 for field site 1 and in Table 2 for field site 2. The R and C factors
(Rrand C5) and ki values were based on Schumacher et al. (2005). For
the K factor (Ky), the data were extracted from the Soil Survey Geo-
graphic (SSURGO) Database (USDA NRCS, 2012). A DEM was derived
from elevation and position measurements taken with a kinematic dif-
ferential global positioning system (DGPS) receiver mounted on an all-
terrain vehicle, so that a 2-m regularized DEM was generated using the
ArcInfo kriging interpolation tool (Jaynes et al., 2011) (Fig. 2). For this
study, the 2-m DEM was aggregated to 10-m, 24-m, 30-m, and 56-m el-
evation datasets to evaluate the effect of spatial resolution in the model
framework. We used the spatial resolution that provided the best fit
(R?) when compared with the *’Cs erosion estimates.

24. Fallout *Cs radionuclide as a soil redistribution tracer

Spatial patterns of '>’Cs concentration and mass were measured at
the two field study sites, where derived soil redistribution was estimat-
ed by Ritchie et al. (2007). Soil samples were collected on a grid pattern
across the field using a 3.2-cm-diameter push probe in May 2003 in field
site 1 (Schumacher et al., 2005) and in June 2003 in field site 2. The sam-
ples were collected for the 0-30-cm layer on a 25-m grid, and deeper
soil samples were collected for the 30-50-cm layer at sites of deposition
(Ritchie et al., 2005). At least six reference soil samples were collected in
undisturbed natural areas where no apparent soil redistribution had oc-
curred since the mid-1950s, and they were used to determine baseline
137Cs input to the field sites. The composite soil samples were dried
and analyzed for '3’Cs by gamma-ray analysis using a Canberra Genie
2000 Spectroscopy System (Ritchie et al., 2007; Schumacher et al.,
2005). Total carbon (%) and nitrogen (%) were measured by dry com-
bustion using a Leco CNS 2000 elemental analyzer on a sub-sample of
the dried composited soil sample that was ground to a very fine powder
with a roller grinder (Ritchie et al., 2007). Calcium carbonate (CaCO3)
was determined by ashing the soil samples in a furnace at 400 °C for
16 h and reanalyzing the ashed sample for the remaining C in CaCOs.
SOC was estimated as the difference between total carbon and carbon-
ate carbon (Ritchie et al., 2004). The '3’Cs soil redistribution estimates
were used as observation data to calibrate and validate the model
framework. The calculated SOC content percentage by Ritchie et al.
(2007) from each sample location was used to estimate SOC redistribu-

tion ratesing Cm ™2 yr— .

2.5. Model calibration, validation, and evaluation

Model calibration is intended to improve the predictive quality and
usefulness of models for their intended purposes or goals. In this
study, calibration was applied to the model framework for the different
spatial resolutions from a 2-m DEM (10 m, 24 m, 30 m, and 56 m) for
both sites and the topographic exponents (m and n) in field site 1
using *’Cs soil redistribution estimates. To evaluate the model frame-
work results, graphical techniques and different statistical analyses
and statistics were used. To evaluate the linear association between
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Table 1

Input settings used in field site 1.
Input Value Units Source
R factor 150 hundreds_of f—tonfin. Schumacher et al. (2005)
K factor 0.24-0.28 et SSURGO (USDA NRCS, 2012)
C factor 031 Dimensionless Schumacher et al. (2005)
P factor 1 Dimensionless Schumacher et al. (2005)
k-till 718 kgm™'yr! Schumacher et al. (2005)
DEM 2939 + 0.88 m (original spatial resolution 2 m) Kaspar et al. (2004)
m 1.0-16 Dimensionless Mitasova and Mitas (2001)
n 1.0-13 Dimensionless Mitasova and Mitas (2001)
SOC content 224 + 1.04 Percentage Ritchie et al. (2007)

DEM: digital elevation model, SOC: soil organic carbon. Value information for DEM and SOC content include mean and standard deviation.

simulated and observed information, a correlation analysis was applied
using a 95% confidence interval (o = 0.05) to find the best fit
of the simulated results with the observed information based on
the coefficient of determination (R?). To evaluate the model
framework performance, three quantitative statistics recommended
by Moriasi et al. (2007) were included: (1) Nash-Sutcliffe efficiency
(NSE), (2) percent bias (PBIAS), and (3) ratio of the root mean square
error (RMSE) to the standard deviation of measured data (RSR).
Moriasi et al. (2007) considered satisfactory ratings of NSE > 0.5 for
simulation trends, RSR < 0.7 for simulation of residual variation, and
PBIAS < + 55 for performance in simulation of average of magnitudes
for evaluation of model simulation related to sediments in watersheds.
Based on these statistics, the DEM cell size was first evaluated in
both fields to get the best results; then the topographic combination
(m and n) with the best fit and satisfactory model performance was se-
lected from field site 1 and applied to field site 2 for validation. For ob-
served and predicted datasets from each field site, the Shapiro-Wilk
test was applied to test for the normality of the data. If the datasets
were non-normal, a Wilcoxon test, a non-parametric test, was applied
to compare the model framework predictions and the '3”Cs soil redistri-
bution estimates for each field. Graphical techniques used for evaluation
included (1) the Taylor Diagram (Taylor, 2001) for the evaluation of the
different simulated results from the combinations of topographic expo-
nents with the best fit from the DEM cell size in field site 1, and
(2) scatterplots to assess the linear association between the model
and '37Cs soil redistribution estimates using the DEM cell size and topo-
graphic validated parameters for both field sites.

2.6. Soil organic carbon estimation

Based on the validation process of the model framework in both field
sites described in the previous section, the results from each site were
used to estimate and evaluate the spatial distribution of SOC redistribu-
tion (C mass per unit area). A simple calculation was applied using the
simulated net erosion and deposition results with the SOC content mea-
sured with the '*’Cs information. Liu et al. (2003) and Milne and

Heimsath (2009) provided simple calculations to estimate SOC redistri-
bution from erosion and deposition, so for this case, the SOC redistribu-
tion calculations were combined using Eq. (5):

So1 X X X enrici
1 100) P59 i

SOCyp =

where SOCgp is the redistributed SOC (g C m—? yr—1); soilgp is the
estimated soil erosion and deposition from water and tillage erosion
(t ha=! yr— 1), multiplied by 100 to convert units to g m~2 yr—;
% S0C is the SOC content percentage from Ritchie et al. (2007); and en-
rich is an enrichment factor expressed as the ratio of SOC concentration
in the eroded soil to that in the topsoil layer for the study area (Liu et al.,
2003). The SOC content percentage used in this study was interpolated
spatially using Surfer software algorithms from locations and SOC mea-

surements made on the '3’Cs samples (Ritchie et al., 2007).
3. Results and discussion
3.1. DEM spatial resolution effects in soil erosion and deposition

In the USPED model, water erosion in a DEM cell is dependent on the
surface runoff in that cell, which in turn depends on the upstream con-
tribution area; this upstream contribution area generates the erosion
network calculated as the convergence of the sediment flow, and
the deposition network is obtained by alteration in the sediment trans-
port capacity (Oliveira et al,, 2013). Some previous studies have used a
10-m DEM because it is a rational compromise between grid size reso-
lution, data volume, and computing time needed to use hydrological
process modeling to simulate erosion changes when conservation prac-
tices are implemented at different scales (Mitasova et al., 1999; Tamene
and Vlek, 2007). Other studies have observed that DEM spatial resolu-
tion between 2 m and 20 m provided reasonable results for soil erosion
analysis (Warren et al., 2000, 2005). An interaction is expected between
the grid scale in the DEM and the appropriate values of the parameters
calibrated to a particular area (Quinn et al., 1991). Table 3 shows the

Table 2
Input settings used in field site 2.
Input Value Units Source
R factor 150 hundreds of ft tonfin Schumacher et al. (2005)
K factor 0.24-032 e ey SSURGO (USDA NRCS, 2012)

C factor 031

P factor 1

k-till 718

DEM 31458 + 1.04
m 1.0-16

n 1.0-13

SOC content 234 4+ 0.88

Dimensionless
Dimensionless
kgm~'yr! Schumacher et al. (2005)
m (original spatial resolution 2 m)
Dimensionless

Dimensionless

Percentage

Schumacher et al. (2005)
Schumacher et al. (2005)

Kaspar et al. (2004)
Mitasova and Mitas (2001)
Mitasova and Mitas (2001)
Ritchie et al. (2007)

DEM: digital elevation model, SOC: soil organic carbon. Value information for DEM and SOC content include mean and standard deviation.
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Table 3

Statistic results from different DEM spatial resolutions compared with observed
information using the recommended topographic exponents: m rill = 1.6, nrill = 1.3,
m sheet = 1.0, and n sheet = 1.0.

R? RMSE  PBias NSE RSR Min Max Mean Stdev

Field site 1

DEM10m 042 263
DEM24m 0.61 245
DEM30m 050 258
DEM56 m 033 295

—878 04 08
—1341 05 07
—1354 04 08
—180.1 03 09

—593 89.7 04 196
—279 663 —11 155
—325 640 -—11 163
—182 445 -—-26 131

Field site 2

DEM10m 034 202
DEM24m 049 173
DEM30m 042 19.1
DEM56m 038 19.0

—80.6 0.1 09
—1196 04 08
—1399 02 09
—1176 02 09

—589 637 —-09 220
—322 600 09 209
—26.5 572 1.8 213
—298 451 08 199

R%: R square, RMSE: root mean square error, PBias: percent bias, NSE: Nash-Sutcliffe effi-
ciency, RSR: ratio of the root mean square error to the standard deviation of measured
data, Min: minimum, Max: maximum, and Stdev: standard deviation.

results from the DEM spatial resolution analysis using aggregated 10-m,
24-m, 30-m, and 56-m DEMs to estimate soil redistribution from water
and tillage. These results show that the aggregated 24-m DEM provided
the best fit in the two field study areas when they were compared with
the '3’Cs soil redistribution information. The 24-m results predicted soil
erosion and deposition with R? = 0.61 for field site 1 and R?> = 0.49
for field site 2 when using the default values of the m and n exponents
(m = 1.6 and n = 1.3 for prevailing rill erosion and m = 1.0and n =

Field Site 1

1.0 for sheet erosion) recommended by Mitasova and Mitas (2001).
The linear regression equations between the simulated and observed
information were statistically significant in both cases (p < 0.05)
using ANOVA. In addition, the overall performance using the aggregated
24-m DEM provided unsatisfactory simulation trends (NSE = 0.5),
satisfactory simulation of residual variation (RSR = 0.7), and over-
estimation model bias (PBIAS = —137.5) in field site 1, but unsat-
isfactory results for the three measurements (NSE = 0.3, RSR =
0.8, and PBIAS = —119.2) in field site 2. These initial analysis re-
sults based on the DEM cell size have two possible causes: (1) the
cell size is close to the grid-point sample spacing of about 25 m
used for the '*7Cs measurements in the field sites (Ritchie et al.,
2007) or (2) this resolution was closer to the 22.4-m slope length
used in the derivation of the topographic factors for USLE, from
which the USPED model is derived (Oliveira et al., 2013). The over-
all performance results could occur because we focused the analy-
sis just on DEM cell size while other erosion factors, such as the
rainfall erosivity, soil erodibility, and topographic cover manage-
ment factors, were constant, so additional work can be applied to
improve the current results.

3.2. Model results from calibration to validate the model framework

Based on the previous results, the 24-m aggregated DEM was used
for the calibration process for the m (1.0-1.6) and n (1.3-1.0)

0.1
0.2

standard deviation (normalised)

centred
RMS error

Zoomed Area

standard deviation (normalised)

model

1.31.01.01.3 e 14101.010

2 —
~
N
\
L N
|
2
161.31.01.0 ® 161.0161.0

Fig. 4. Calibration of the upslope contributing area parameters in the model framework, where m = 1.0-1.6 and n = 1.0-1.3 for rill and sheet erosion in field site 1. Black dots represent the
combinations of the topographic parameters defined for every 0.1 increase in these parameters.
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Table 4

Statistics analysis results for lowa field 1 (n = 224).
Field site 1 R? RMSE PBias NSE RSR Min Max Mean Stdev
137Cs estimated soil erosion/deposition —89.8 1726 32 343
mrill 1.3, nrill 1.0, m sheet 1.0, n sheet 1.3 0.60 29.32 —1105 027 0.85 —22.7 239 —-03 7.1
m rill 1.4, nrill 1.0, m sheet 1.0, n sheet 1.0 0.61 24.14 —1375 0.50 0.70 —289 72.9 —12 16.4
m rill 1.6, nrill 1.0, m sheet 1.6, n sheet 1.0 034 287.70 —1129.2 —69.5 8.38 —747.8 1989.4 —33.1 304.8
m rill 1.6, n rill 1.3, m sheet 1.0, n sheet 1.0 0.61 2451 —1341 049 0.71 —279 66.3 —1.1 155

R?: R-square, RMSE: root mean square error, PBias: percent bias, NSE: Nash-Sutcliffe efficiency, RSR: ratio of the root mean square error to the standard deviation of measured data, Min:

minimum, Max: maximum, and Stdev: standard deviation.

exponents, where variability of these exponents was calculated based
on the percent of slope, resulting in about 784 simulations for field
site 1. The Taylor Diagram summarizes how closely a set of patterns
matches observations in terms of correlation, centered RMSE, and the
amplitude of variations by the standard deviation (Taylor, 2001). Fig. 4
shows the Taylor Diagram for field site 1, where the different simula-
tions for each of the combinations of the exponents are represented in
black, and the selected parameter combinations that showed the best
and worst results, based on the three model performance statistics,
are in color. In this case, the purple and cyan dots overlay because of
the same R? = 0.61 and close RMSE values (24.14 and 24.51 tha™ ! yr
~—1). Close to these two dots, the green dot can be found with R? =
0.60. On the other hand, the red dot shows the worst fit with R? =
0.34.In addition, Table 4 shows the statistical summary of selected com-
binations of parameters, where the highest statistically significant linear
association was found when using m = 1.4 and n = 1.0 for prevailing rill
erosion, and m = 1.0 and n = 1.0 for prevailing sheet erosion in field
site 1 with R? = 0.61, r = 0.78, and p < 0.05. Based on the calibration
process for field site 1, the model framework topographic exponents
from field site 1 were validated using field site 2. Table 5 shows the sta-
tistical summary with R? = 0.49, r = 0.70, and p < 0.05 for the calibrat-
ed topographic parameters from field site 2. Moreover, these tables
show that the overall performance did not improve when using the cal-
ibrated topographic exponents for rill erosion and sheet erosion. Fig. 5
shows the linear associations between the observed and simulation

information for field site 1 (a) and field site 2 (b) using scatterplots
along with their coefficient of determination (R2 = R?) for m = 1.4
and n = 1.0 for prevailing rill erosion, and m = 1.0 and n = 1.0 for pre-
vailing sheet erosion.

3.3. Spatial patterns in soil erosion and deposition from water and tillage
erosion

Spatial distributions of simulated total (water + tillage) and *”Cs-
derived soil redistribution are shown in Fig. 6 for both sites, along
with 37Cs sampling points and DEM-derived contour lines and
hillshade. The total erosion derived from the '*’Cs measurements in
Fig. 6 (c and d) includes all types of erosion processes, such as water,
wind, and tillage. The '3”Cs soil redistribution surface map was derived
using regularized spline spatial interpolation in ArcGIS and the sam-
pling points (n = 224 for field site 1 and n = 134 for field site 2). For
this study, the comparison was made only between *’Cs soil redistribu-
tion and the model estimates from water and tillage erosion. The simu-
lated total soil erosion and deposition showed high erosion in the top
elevation and hillslope areas whereas deposition occurred in the
lower elevation areas. Similar spatial patterns over the landscape on
the two fields were found between the simulated and the observed
soil redistributions (surface and sampling points); however, there are
differences between them. For example, the 3’Cs soil redistribution
map shows larger areas with the highest erosion and deposition rate

Table 5

Statistics analysis results for lowa field 2 (n = 134).
Field site 2 R? RMSE PBias NSE RSR Min Max Mean Stdev
137Cs estimated soil erosion/deposition —535 58.1 —45 217
m rill 1.4, n rill 1.0, m sheet 1.0, n sheet 1.0 0.49 17.75 —119.2 03 0.8 —32.8 63.8 09 219
m rill 1.6, n rill 1.3, m sheet 1.0, n sheet 1.0 0.49 17.31 —119.6 04 0.8 —32.2 60.0 09 209

R%: R-square, RMISE: root mean square error, PBias: percent bias, NSE: Nash-Sutcliffe efficiency, RSR: ratio of the root mean square error to the standard deviation of measured data, Min:

minimum, Max: maximum, and Stdev: standard deviation.
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Fig. 5. Comparison of the simulated and observed soil redistributions in field site 1 (a) and field site 2 (b).
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a Water + Tillage soil redistribution

Field Site 1

Field Site 2

137Cs soil redistribution Cc

Soil redistribution
{ tha'yr!
-<-33
[]-32--28
[ -27-22
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a [ ]12-17
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Fig. 6. Soil redistribution from simulated water and tillage (a and b) and interpolated '3’Cs estimates (c and d) along with DEM-derived contour lines and hillshade, and '*’Cs sampling

points for field site 1 (a and c) and field site 2 (b and d).

classes than the simulated results. Schumacher et al. (2005) discussed
that some of the differences can be attributed to the effect of water
ponding, overland water flow onto the field sites from outside of the
field boundaries, and modeling limitations. In addition, another differ-
ence between the estimates can be related to the dynamic landscape
and topographic changes that can occur over time. For example, the
137Cs measurements imply that the topography in the late 1950s and
early 1960s was different with higher and steeper hills and lower and
larger depressions. In addition, the '3’Cs measurements also suggest
that the erosivity of soil on the summit and shoulders probably de-
creased over time as subsoil was exposed. For both sites, we assumed
that field areas with high elevation and slope greater than 3.5% had
high erosion rates, whereas areas with low elevation and slope less
than or equal to 1% had high deposition rates. Tables 6 and 7 show the
mean and standard deviation for soil redistribution between simulated
and observed information for field site 1 and field site 2, respectively. In

Table 6

both cases, net deposition was found in areas with slopes less than or
equal to 1% and net erosion in areas with slopes greater than 3.5%. In ad-
dition, field site 2 had the steepest areas (with slope greater than 5%)
where simulated results showed higher estimated erosion rates than
the '3’Cs information. Ritchie et al. (2007) postulated that the change
in pattern for soil redistribution from the '3’Cs information for slopes
greater than 4% may be a statistical anomaly because of a limited num-
ber of grid cells in that slope category and the way Surfer's algorithms,
which were used to generate grid maps, calculate grid cell values for
edge grid cells.

Fig. 7 shows the relationship between slope percentage with '*’Cs
and simulated soil redistribution for (a) field site 1 and (b) field site 2.
In this figure, patterns of soil redistribution from observed and simulat-
ed were similar; however, in field site 1 for low slope areas the '>’Cs
measurements were higher than the model predictions, and this could
have happened because of the water ponding and the off-site effects

Mean and standard deviation for soil and SOC redistribution from '*’Cs and simulated results in field site 1. Negative values indicate erosion while positive values indicate deposition.

Slope (%) Number of 137Cs soil redistribution water + tillage soil redistribution Estimated soil organic carbon
sample points rates (t ha= ' yr= 1) rates (t ha=! yr™1) (SOC) (gCm~2yr ')

Slope <1 49 32.8 + 476 154 + 194 102 £+ 149

1 < slope <35 157 —22 4217 —43 + 115 —1.0 + 6.0

3.5 <slope <5 18 —30.0 &+ 246 —19.1 £ 52 —28+23

All 224 32 4+ 343 —12 £+ 164 134+ 98
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Table 7

Mean and standard deviation for soil and SOC redistribution from '*’Cs and simulated results in field site 2. Negative values indicate erosion while positive values indicate deposition.

Slope (%) Number of 137Cs soil redistribution water + tillage soil redistribution Estimated soil organic carbon
sample points rates (t ha=! yr1) rates (t ha= ' yr= 1) (SOC) (gCm~2yr ')

Slope < 1 43 6.7 + 24.6 124 + 26.1 11.8 +£ 19.7

1 < slope < 3.5 71 -7+ 171 —16 +17.2 08 + 89

3.5 <slope <5 18 —213+ 176 —14.1 + 10.5 —40 4+ 33

Slope > 5 2 —42+23 —25.1 + 46 —83+ 15

All 134 —45 4+ 21.7 09 + 21.8 36 + 143

mentioned previously. A comparison of the percentage of erosion and
deposition areas over the landscape in field site 1 showed that 56% of
the sampling points from the '*’Cs soil measurements were from
eroded areas, whereas the simulation model estimated that 63% of the
points were in eroded areas. Similarly, in field site 2, the '*’Cs soil
measurements showed that 62% of the sampling points were in
eroded areas, and the model estimated that 60% of the points
were in eroded areas. Additionally, for field site 1, both *’Cs soil mea-
surements and the model simulation showed that 31% of the sampling
points had erosion rates that exceeded the soil tolerance limit (T) of
11tha~lyr~ ! (5tac”!yr— 1), which is similar to the 36% estimated
by Schumacher et al. (2005). In field site 2, the '’Cs soil measurements
showed that 37% of the sampled areas exceeded the T value while the
model estimated 35%. In both cases, the simulated results showed sim-
ilar eroded areas to the observed information.

Additional analysis was applied using the soil redistribution from
137Cs and the simulated soil redistribution to test for differences be-
tween the '*’Cs and simulated means in each field site. First, a
Shapiro-Wilk test was applied to both estimates using the sampling
point information to test the normality. The results showed that both
simulated and observed datasets were not normally distributed for
field site 1 (p < 0.05), but for field site 2, the '3’Cs data were normally
distributed (p = 0.1377) while the simulated results were not normally

o

Field Site 1

(erosion -, depoisiotn +)

Soil redistribution in t ha"! uyr-!

Slope (%)

o

Field site 2

(erosion -, deposition +)

Soil redistribution in t ha-! yr-!

Slope (%)

® observed (137Cs) O simulated (model framework)

Fig. 7. Relationships between observed ('*’Cs) and simulated (USPED + TEP) erosion
(negative) and deposition (positive) by slope percentage in field site 1 (a) and in field
site 2 (b).

distributed (p < 0.05). Based on these results, the Wilcoxon signed-
ranked test, a non-parametric statistical method, was applied in
each field to determine if both estimates differed significantly in
each field. The results showed that the means from the simulated
and observed estimates were not significantly different in field site
1 (W = 23,810.5, p = 0.3513) or in field site 2 (W = 9574.5,p =
0.23475).

3.4. SOC redistribution from water and tillage soil erosion and deposition

Simulated soil redistribution rates, SOC content (%) from the '37Cs
measurements, and an enrichment factor of 2.0 (enrich = 2.0) were
used to estimate SOC redistribution in both sites based on Eq. (5).
Fig. 8 shows the spatial pattern of SOC redistribution on the landscape
of field site 1 (c) and of field site 2 (d). Tables 6 and 7 show the mean
and standard deviation of the simulated SOC redistribution for all the
sampling points and by slope percentage ranges for field site 1 and
field site 2, respectively. Averaged over the entire field, SOC redistribu-
tionwas 1.3 + 98 gCm 2yr 'and 3.6 + 143 gCm 2 yr~ ! for
field sites 1 and 2, respectively. Spatial distribution patterns and sum-
mary information by slope percent ranges showed SOC loss (negative
values) in the eroded areas and SOC gain (positive value) in the deposi-
tion areas, so soil loss increases and SOC decreases as slope in the fields
increases. On the other hand, in the lower elevation areas where percent
slope is less than or equal to 1 (slope < 1%), there were high deposition
values for both soil and SOC. The results of this study were similar to
other studies that have shown that reduction of SOC occurred in upland
eroded areas, and this eroded SOC was added to deposition areas
(Liu et al., 2003; Ritchie et al., 2007; Smith et al., 2005).

4. Conclusions

In this study, a model framework that included the USPED and TEP
models was used to estimate soil erosion and deposition from water
and tillage processes. The results from this model framework provided
information on the spatial estimates of soil and SOC redistribution by
water and tillage erosion in two agricultural fields in lowa. The model
framework was evaluated for different DEM spatial resolutions (10-m,
24-m, 30-m, and 56-m) and topographic exponents (m = 1.0-1.6 and
n = 1.0-1.3) using soil redistribution rates from '>’Cs measurements.
First, the DEM spatial resolution evaluation showed that the aggregated
24-m DEM provided the best fit in the two field study areas (field
sites 1 and 2). Second, the topographic exponents evaluation showed
that m = 1.4 and n = 1.0 for rill erosion, and m = 1.0 and n = 1.0 for
sheet erosion, provided the best fit with the '3’Cs data at both field
sites. Spatial patterns between the simulated and observed soil redistri-
butions were similar over the landscape on the two field sites; however,
some differences were found that could be related to model limitations
and to the effect of the dynamics of hydrology and topography on the
landscape. The estimated soil redistribution rates from each field site
were used to calculate SOC redistribution on the landscape. The results
showed where carbon loss and gain occurred because of soil erosion and
deposition from water and tillage erosion. Spatial distribution patterns
showed SOC loss (negative values) in the eroded areas and SOC gain
(positive value) in the deposition areas. Estimated average SOC redistri-
butions were 1.3 + 9.8 gCm~2yr~in field site 1and 3.6 + 143gCm
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Fig. 8. Simulated soil (a and b) and SOC (c and d) redistribution from water and tillage in field site 1 (a and c) and field site 2 (b and d).

~2yr~!in field site 2. Therefore, this study demonstrated the impor-

tance of the spatial resolution and the topographic exponents to esti-
mate and map soil redistribution and the SOC dynamics throughout
the landscape, helping to identify places where erosion and deposition
by water and tillage are occurring at high rates. Additional work is need-
ed to improve the current results for these sites by better characterizing
the rainfall erosivity and cover management factors and by considering
the effect of changes in topography over time caused by erosion and de-
position. Future work also would include applying the model frame-
work over larger agricultural areas. Improving predictions about soil
erosion and deposition in agricultural landscapes and assessing their
impacts on soil carbon redistribution and dynamics may help to under-
stand where and why soil and SOC redistribution is happening. This im-
proved understanding may lead to better management to control
erosion in the future and better assessments of the impact of erosion
and deposition on C loss and sequestration at local or regional scales
through SOC redistribution.
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