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The Future of Soils in the Midwestern United States
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Abstract Soil is the source of the vast majority of food consumed on Earth, and soils constitute the largest
terrestrial carbon pool. Soil erosion associated with agriculture reduces crop productivity, and the redistribution
of soil organic carbon (SOC) by erosion has potential to influence the global carbon cycle. Tillage strongly
influences the erosion and redistribution of soil and SOC. However, tillage is rarely considered in predictions
of soil erosion in the U.S.; hence regionwide estimates of both the current magnitude and future trends of

soil redistribution by tillage are unknown. Here we use a landscape evolution model to forecast soil and SOC
redistribution in the Midwestern United States over centennial timescales. We predict that present-day rates

of soil and SOC erosion are 1.1 + 0.4 kg - m~2-yr~'and 12 + 4 g - m~2 - yr~!, respectively, but these rates
will rapidly decelerate due to diffusive evolution of topography and the progressive depletion of SOC in
eroding soil profiles. After 100 years, we forecast that 8.8 (+1.9/-2.1) Pg of soil and 0.17 (+0.03/—0.04) Pg

of SOC will have eroded, causing the surface concentration of SOC to decrease by 4.4% (+0.9/—1.1%). Model
simulations that include more widespread adoption of low-intensity tillage (i.e., no-till farming) determine

that soil redistribution, SOC redistribution, and surficial SOC loss after 100 years would decrease by ~95% if
low-intensity tillage is fully adopted. Our findings indicate that low-intensity tillage could greatly decrease soil
degradation and that the potential for agricultural soil erosion to influence the global carbon cycle will diminish
with time due to a reduction in SOC burial.

Plain Language Summary Plow-based agriculture has accelerated soil erosion rates by one to
two orders of magnitude, which diminishes crop productivity and has the potential to impact the carbon cycle.
Using a numerical model, we calculate that present-day rate of soil and soil organic carbon (SOC) erosion

are 1.1 +04kg-m2-yr~'and 12 +4 g- m~2 - yr~!, respectively and predict that 8.8 (+1.9/=2.1) Pg of
soil and 0.17 (+0.03/—-0.04) Pg of SOC will be eroded in the Midwestern United States over the next century.
Compared to other measured rates of soil and SOC erosion, the predicted rates are relatively high and have the
potential to degrade soil and influence the carbon cycle. With our model, we simulated the more widespread
adoption of low-intensity tillage (i.e., no-till farming) and found that the full adoption of low-intensity tillage
would reduce soil and SOC erosion by ~95% over the next 100 years. Therefore, our results indicate that further
adoption of low-intensity tillage has the potential to greatly reduce soil and SOC erosion and contribute to soil
sustainability.

1. Introduction

Healthy soils provide essential ecosystem services and supply most of the food for human livelihood (Kopittke
etal., 2019; Shukla et al., 2019). Rates of human-induced, agricultural soil erosion are estimated to outpace natu-
ral soil production rates by one to two orders of magnitude (Evans et al., 2019; Montgomery, 2007b; Quarrier
et al., 2022; Reusser et al., 2015; Shukla et al., 2019). The imbalance between rates of production and erosion
means that the quality of soil in agricultural fields has declined (Montgomery, 2007b; Thaler et al., 2021).
Degraded soil quality can lead to geopolitical conflict, food insecurity, and increased dependence on synthetic
fertilizers that impair aquatic ecosystems and human health (Amundson et al., 2015; Borrelli et al., 2017; Weyer
et al., 2001). Therefore, decision making that ensures human security (Amundson et al., 2015) requires careful
consideration of the future of soil.

Agricultural soil erosion first removes the uppermost A-horizon soils (Lindstrom et al., 1990; Thaler et al., 2021).
A-horizon soils contain the largest fraction of soil organic carbon (SOC) and are essential for nutrient and water
retention and crop productivity (Fenton et al., 2005; Lal, 2006). Because soils provide 95%—-98.8% of the food
required by humans (FAO UN, 2015; Kopittke et al., 2019), forecasts of soil erosion and changes in SOC are
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needed to predict the long-term trends in soil productivity, and such predictions are required to guide decision
making regarding food security in light of the growing global population (Shukla et al., 2019).

Soil stores the largest pool of terrestrial organic carbon (Doetterl et al., 2016), and accelerated rates of soil erosion
and SOC redistribution have the potential to impact the global carbon cycle (Lal, 2003; Quinton et al., 2010;
Stallard, 1998). However, there is debate about the magnitude and direction of the exchange of carbon between
soil and the atmosphere (Berhe et al., 2007; Billings et al., 2010, 2019; Doetterl et al., 2016; Lal, 2019; Van Qost
et al., 2007; Van Oost & Six, 2023). Mineralization of displaced agricultural soils could lead to CO, emissions
(Lal, 2003). However, if SOC transported with soil is buried before it can mineralize, and dynamic replacement
of carbon occurs where soils have been eroded (Harden et al., 1999), CO, is sequestered (Berhe et al., 2007; Liu
et al., 2003). Therefore, to assess whether agricultural soil erosion acts as a net sink or source of atmospheric CO,,
the transport and fate of SOC in the landscape must be considered (Amundson et al., 2015; Billings et al., 2019;
Blair et al., 2022; Doetterl et al., 2016; Lal, 2003; Van Oost et al., 2007). Hence, understanding the potential
impacts of future soil erosion on the global carbon cycle requires detailed predictions of SOC redistribution.

2. Midwestern United States (U.S.) Soils and Erosion Modeling

In this study, we focus on the agricultural landscape of the Midwestern U.S. (Figure 1). The Midwestern U.S.
is one of the most agriculturally productive regions in the world (U.S. Department of Agriculture, 2020) due to
the abundance of fertile, organic carbon-rich mollisol soils that developed primarily from Pleistocene glacial till
and loess deposits (Natural Resources Conservation Service, 2021). During the Pleistocene, ice sheets repeatedly
covered much of this region. The most recent glaciation occurred ~14.5 ka, when the Des Moines Lobe of the
Laurentide Ice Sheet reached its southernmost extent (Dalton et al., 2020). The present-day distributions of SOC
and tillage practices are strongly influenced by the regional glacial history, with more SOC and less low-intensity
tillage in the most recently glaciated areas (Figure 1). The post-glacial climate facilitated the development of
tallgrass prairie vegetation (Samson & Knopf, 1994), but the conversion from prairie to agricultural fields has

Hoffman
Stinson
willis

LGM extent

0,02 0,03

Surficial 50C [g=cm™3] Pur [-]

Figure 1. The study area in the Midwestern United States showing surficial soil organic carbon (SOC) concentrations (a) and the proportion of area in each county
that uses low-intensity tillage, Py (b). Surficial SOC data are the concentration from the upper 5 cm of soil from the gridded Soil Survey Geographic Database (Soil
Survey Staff, 2020). The colored counties define the spatial extent of our regional modeling. P, ;r values are remote sensing-based data from Azzari et al. (2019). The
squares in (a) show the location of three sites (Hoffman, Stinson, Willis) where we conducted field-scale modeling. The dashed red line denotes the maximum ice sheet
extent during the Last Glacial Maximum (Dalton et al., 2020).
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led to a drastic acceleration in erosion rates (Quarrier et al., 2022; Thaler et al., 2022) and the removal of roughly
one-third of the A-horizon soils from agricultural fields (Thaler et al., 2021). Soil degradation in the region is
estimated to reduce crop yield by 6%, leading to $2.8 billion in economic losses annually (Thaler et al., 2021).

Soil erosion rates in the U.S. are often predicted with empirically-based models, such as the Revised Universal
Soil Loss Equation (Borrelli et al., 2017; Nadeu et al., 2015; Renard et al., 1997; U.S. Department of Agri-
culture, 2018) or the physically-based Water Erosion Prediction Project model (Gelder et al., 2018; Laflen
et al., 1991). However, here we use the landscape evolution model—soil organic carbon (LEM-SOC) model
(Kwang et al., 2022). Unlike other models, LEM-SOC allows us to track the 3-dimensional movement of soil and
SOC as they are redistributed across the landscape. Our model differs from soil erosion models that estimate the
export of sediment, that is, sediment yield (Arnold et al., 1998; Laflen et al., 1991; Van Oost et al., 2000); instead,
LEM-SOC predicts the internal redistribution of soil and SOC. In the Midwestern U.S., the majority of soil that is
eroded is transported only a short distance before it is deposited, or redistributed; less than 10% of eroded soil is
estimated to be exported from watersheds (Blair et al., 2022). Hence, our modeling focusses on the redistribution
of soil and SOC that occurs within agricultural fields. Predictions of large-scale SOC fluxes often assume soil
erosion rates are constant in time (Lal & Pimentel, 2008; Van Oost et al., 2007), but the impact of soil erosion
on the global carbon cycle requires the consideration of long-term changes in both soil erosion rates and SOC
concentrations in the eroded soil (Kuhn et al., 2009). LEM-SOC simulates such long term-changes and captures
the fine-scale changes in topography that strongly influence the distribution of SOC in the Midwestern U.S.
(Kwang et al., 2022; Thaler et al., 2021, 2022), which are not captured by models that do not explicitly simulate
landscape evolution or topographic change.

Here we forecast soil erosion and SOC redistribution over the next 500 years but focus our analysis on predictions
for the next century, which are most relevant for policy making. We model the redistribution of SOC via diffusive
soil transport without also simulating water erosion, because this approach well-explains spatial patterns of soil
and SOC loss in agricultural fields in the Midwestern U.S. (Kwang, Thaler, Quirk, et al., 2022). Conceptually,
our model predicts soil redistribution caused by tillage, which is the primary driver of diffusive soil transport
in agricultural settings (Doetterl et al., 2012, 2016; Kwang, Thaler, Quirk, et al., 2022; Van Oost et al., 2005).
The main inputs of the model are digital elevation models (DEMs) and a 3-dimensional SOC pedostratigraphy.
The model only requires the specification of two physical parameters: a hillslope diffusion coefficient, D, and a
plow layer thickness, L,. SOC dynamics, such as dynamic replacement and mineralization, are not simulated in
LEM-SOC, but LEM-S0C has been shown to accurately predict spatial patterns of SOC with transport mechan-
ics only (Kwang, Thaler, Quirk, et al., 2022).

3. Materials and Methods
3.1. Input Data

The initial topography was generated by merging and resampling LiDAR-derived DEMs from individual state
repositories to create a regionwide DEM with 4-m pixel resolution. We limited our analysis to areas that are
agricultural fields and removed areas with anomalous topographic curvature values from the DEM. Agricultural
croplands were selected by clipping the DEM to the Herbaceous Agriculture raster from the U.S. Geological
Survey Gap Analysis Program data set (Jennings, 2000), which removed areas with non-agricultural land from
the analysis. We also removed streams and rivers from the DEM using a 50-m buffer around flowlines identified
by the National Hydrography Data set (U.S. Geological Survey, 2021), transit lines (e.g., roads, railways) using a
30-m buffer around transit lines from the National Transportation Data set (U.S. Geological Survey, 2020), and
property boundaries (which often coincide with fence lines or rows of trees that have anomalous curvature values,
even in bare-earth DEMs) delineated by the Agricultural Conservation Planning Framework data set (Tomer
et al., 2017). Areas with slope gradients that exceed 3.0 (tangent of slope) or 300% (percent slope) with a 5-m
buffer were also removed, as such topographic anomalies represent features such as power lines and electrical
towers that were still present after the previous filters were applied. Such areas are also too steep to cultivate.

The initial 3-dimensional distribution of SOC is based on the gridded Soil Survey Geographic Database
(gSSURGOQ) (Soil Survey Staff, 2020). The gSSURGO database contains SOC values for depth intervals of
0-5, 5-20, 20-50, 50-100, 100-150, 150+ cm at a spatial resolution of 10 m. The deepest increment extends
from 150 cm to the deepest reported depth in the soil profile, which varies. We resampled the gSSURGO data
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to a 4-m pixel resolution grid using bilinear interpolation, to match the spatial resolution of the DEM. Although
the gSSURGO data set is based on soil surveys conducted over decades, we assume its values represent current
(2020 CE) distributions of SOC. Past research found that field measurements of SOC compared adequately
with SSURGO values in Louisiana, USA (R? = 0.63) (Zhong & Xu, 2011) and soils derived from glacial parent
materials in New York (R? = 0.53) (Mikhailova et al., 2016). Further, SSURGO estimates of SOC have been
shown to accurately capture the range of SOC values at field scales (Gelder et al., 2011) in central lowa. We also
ran field-scale simulations at three sites (see Text S1 in Supporting Information S1) to compare field estimated
and gSSURGO SOC values and found correlations comparable to those from prior studies (R? = 0.47 to 0.69)
(Figures S1 and S2 in Supporting Information S1).

3.2. Landscape Evolution Model—Soil Organic Carbon (LEM-SOC)

‘We simulate the erosion, transport, and deposition of soil and SOC using the LEM-SOC model (Kwang, Thaler,
Quirk, et al., 2022). In LEM-SOC, the evolution of topography is modeled using a linear diffusion equation:

on 2

— =DV 1
o n ¢y
where # is elevation, D is a diffusion coefficient, and ¢ is time. In Equation 1, regions with concave-upward
topography experience deposition and regions with convex-upward topography erode. Soil flux by tillage, g, is a
function of slope gradient (tangent), V#, and D.

g=—DVy @

The mass flux of SOC is the product of the flux of soil and the SOC concentration in the soil that is being
transported. Within the model, the plow layer, or depth of tillage, defines the soil that is transported in each time-
step. The redistribution of SOC in the plow layer is determined with the following equation:

aS0C,

L
P ot

= SOCinV - g— V - (S0C,q) 3
where L, is a plow depth, SOC, is the soil organic carbon concentration in the plow layer, and SOC,,, is an inter-
face term. At each point in the landscape, the soil column is vertically partitioned into a plow layer and a subsoil
layer (e.g., weathered glacial till or loess i.e., beneath the plow layer). The plow layer extends to distance, L,,
below the surface and is assumed to be well-mixed, such that the SOC concentration does not vary as a function
of depth within the plow layer. We assume that soil and SOC within the subsoil layer does not undergo transport;
however, the subsoil layer interacts with the plow layer. The interaction between the plow and subsoil layer is
captured by the inclusion of the interface term, SOC,_,, which is determined by a piecewise equation that depends

int?

on whether the landscape is degrading or aggrading:

d
SOC|ayz, a—’: <0 "
o
SOC, a—’: >0

SC’Cinl =

where z is the vertical coordinate. When the landscape degrades (dn/dt < 0), soil and SOC in the upper region of
the subsoil are incorporated into the plow layer. When the landscape aggrades (dn/dt > 0), soil and SOC from the
plow layer are buried and incorporated into the subsoil. The version of LEM-SOC originally reported by Kwang,
Thaler, Quirk, et al. (2022) utilized a vertical grid that tracked the 3-dimensional evolution of SOC. However, it
is not necessary to track the 3-dimensional evolution of SOC for our regionwide analysis nor is it computationally
efficient. Therefore, we modified the original LEM-SOC model to make regionwide predictions. Details about
the numerical implementation can be found in Text S2 in Supporting Information S1.

Due to the closed boundary conditions for the model, soil does not leave the domain, and the volume of eroded
and deposited soil are equal. Hence to evaluate the magnitude and rate of soil and SOC redistribution, our anal-
ysis focuses on two parts of the landscape; erosional areas with convex-upward topography and areas where soil
is deposited and buried, which have concave-upward topography (Figure 2a). The buried SOC mass is defined
as the SOC that is deposited via tillage and is beneath the plow layer (Figure 2a) and is equal to the sum of the
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Figure 2. Diagram that depicts an idealized cross-section of Midwestern United States topography and soil organic carbon
(SOC) distribution (a). The medium-dark brown and dark brown areas represent soil and SOC that have been eroded and
buried, respectively. The white inset plot with the red line shows a typical initial SOC distribution where SOC decreases
with depth. Time series showing region-averaged surficial SOC in the erosional (b), total (c), and depositional area (d), using
D =0.5m?-yr~! and D, ;; = 0.005 m? - yr~'. The red line represents a scenario where conventional tillage is employed
across the entire region. The black line shows the present-day county level use of low-intensity tillage (Figure 1b). The blue,
green, and orange lines display three different scenarios where a minimum proportion of low-intensity tillage, Py . . is
specified (0.50, 0.75, 1.00, respectively). For each line, an envelope represents ranges of D (0.33-0.67 m? - yr~') and Dy jr
(0.0033-0.0067 m? - yr-1).

eroded SOC mass and the change in SOC mass within the plow layer in the depositional area (see Text S2 in
Supporting Information S1).

3.3. Region-Scale Simulations

Across 403 counties that span 10 states, we employ LEM-SOC to forecast landscape evolution and SOC redistri-
bution. We first estimate the reduction in soil and SOC redistribution by the current use of low-intensity tillage,
relative to a hypothetical situation where the entire study area was farmed using conventional tillage. We then
forecast how increasing the proportion of farmland employing low-intensity tillage would alter the redistribution
of soil and SOC.

Compilations of soil transport coefficients for conventional tillage have a consistent and narrow range of
400-800 kg - m~! - yr~! when the topographic gradient is calculated using the tangent of slope (or equivalently,
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4-8kg-m~!-yr!- %! when the topographic gradient is calculated using percent slope) (Lobbet al., 1995, 1999;
Van Muysen et al., 2006; Van Oost et al., 2006). This range of soil transport coefficients represents soil erosion
that occurs from a typical sequence of tillage operations (Van Qost et al., 2006). Govers et al. (1994) related the
tillage coefficient to landscape evolution with the following equation (modified to be 2-dimensional):

0

2 = ka2 )

Pb ot

where p, is a bulk density, and k,, is a tillage coefficient. By comparing Equation 1 with Equation 5, the value
of D, in units of m? - yr~!, is the quotient of the tillage transport coefficient and the soil bulk density. A value
of 1,200 kg - m~2 is the median bulk density value from the USDA Rapid Carbon Assessment (RaCA) samples
within our study area (Soil Survey Staff, 2013; Wills et al., 2014). Dividing the upper and lower values of
published tillage transport coefficients (400-800 kg - m™' - yr™!) by bulk density (1,200 kg - m~3), yields D
values that range from 0.33 to 0.67 m? - yr~! with D = 0.5 m? - yr™! as the center value. We use the center value
of D = 0.5 m? - yr™! for our simulations and quantify the uncertainty of our prediction using the range of D
(0.33-0.67 m? - yr!). We use a plow layer thickness, L,= 0.2 m, the median thickness of the A, (plowed A hori-
zon) for 140 soil profiles located in the Western Corn Belt Plains Level III ecoregion (US EPA, 2015) from the
RaCA data set (Soil Survey Staff, 2013). Although L, varies from 0.06 to 0.38 m, we use L, = 0.2 m because the
results of LEM-SOC are insensitive to values within this range (Kwang, Thaler, Quirk, et al., 2022).

Roughly 40% of our study area (Figure 1a) contained fields that are currently farmed using low-intensity till-
age (Azzari et al., 2019; Claassen et al., 2018), where using a D value for conventional tillage is inappropriate.
Therefore, we use a diffusion coefficient that describes low-intensity tillage, D, |, for these areas. Low-intensity
tillage includes strip-till and no-till practices, but the majority (~95%) of the areas with low-intensity tillage
are farmed using no-till practices (Azzari et al., 2019). Measurements indicate soil transport coefficients for
no-till are at least 2 orders of magnitude lower (<5 kg - m~! - yr™!) than coefficients for conventional tillage
(Mollinedo, 2008; Petr & Josef, 2018). For simplicity, we simulate soil transport for no-till farming using a
value of 6 kg - m~! - yr~! (tangent of slope) or 0.06 kg - m~! - yr~!' - %! (percent slope), which corresponds to
Dyyr = 0.005 m? - yr~!. In addition, we compute uncertainty in our predictions with a range of D, that corre-
sponds to D (0.0033-0.0067 m? - yr~!). Because no-till is the predominant low-intensity tillage technique, we
apply D, to all areas that are classified as using as low-intensity tillage.

‘We determine tillage erosion for each county in our study area (Figure 1) using soil transport coefficients for
both conventional (D = 0.5 m? - yr~!) and low-intensity tillage (D, ;; = 0.005 m? - yr~!). For each county, we
estimate the county-averaged statistics, for example, total volume of soil eroded, mass of SOC eroded, mass of
SOC buried, and change in surficial SOC stocks (see Text S2 in Supporting Information S1). We simulate the
extent of low-intensity tillage in each county by specifying the proportion of the cultivated land area that uses
low-intensity tillage, P, ., using data from Azzari et al. (2019) (Figure 1b). For each simulation, we estimate
the county-averaged statistics and assume that they are an area-weighted sum of the conventional tillage and
low-intensity tillage simulations.

X(t)=(1-Am)Xr#)+ PurXur(t) (6)

where X is the county-averaged statistic, Py, is the area proportion that uses low-intensity tillage, X is the
county-averaged statistic from the tillage simulation, and X ; is the county-averaged statistic from the low-intensity
tillage simulation. We simulate scenarios where the use of low-intensity tillage is increased by imposing a mini-
mum area-proportion value of low-intensity tillage, Pyt .- For a given value of Py ;... we use the original P, |1
values in counties where Py > Py r ., and increase the Py to Py, in counties where Py < Py -

The masks used for preprocessing the DEM remove some areas that are actively farmed, resulting in an under-
estimate of the total amount of soil and SOC redistribution. To reintegrate these areas to our estimate without
reintroducing error from topographic anomalies, we multiply each county-averaged result by the ratio of the area
that is categorized as Herbaceous Agriculture (Jennings, 2000) and the area that has the preprocessing filters
applied. This calculation assumes that the landscape in the filtered area evolves similarly to the rest of the county.
For our entire region of interest, the Herbaceous Agriculture area with the filter applied is 3.52 x 103 km? and the
Herbaceous Agriculture Area is 4.01 x 10° km?, for a regionwide ratio of 1.14.
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3.4. Historical Soil Erosion and SOC Redistribution

Lastly, to determine how much soil and SOC have already been redistributed, field-scale (<1 km?) simulations
were conducted to compare historical (1860-2020) and future (2020-2520) agricultural erosion. We study three
field sites (Hoffman, Stinson, Willis) (Figure 1a) in northern lowa, where pre-agricultural (~1860) topographic
and SOC conditions have been reconstructed (Kwang, Thaler, Quirk, et al., 2022). Using the reconstructions, we
simulate tillage erosion at the Hoffman, Stinson, and Willis sites using a plow depth, L,, = 0.2 m and D = 0.21,
0.40, 0.14 m? - yr™!, respectively, from 1860—2520. These D values were independently estimated for each site
(Kwang, Thaler, Quirk, et al., 2022). We refer to this set of simulations as the Reconstruction Case. In addition,
we ran a set of simulations where the initial pedostratigraphy at each site was generated from the gSSURGO
data set, named the gSSURGO Case. We assume that gSSURGO represents the present-day pedostratigraphy
and simulate soil and SOC redistribution from 2020-2520. Between 20202520, we assessed how well the two
cases agree (Figures S1 and 52 in Supporting Information S1). Further details regarding the reconstruction can
be found in Text S1 in Supporting Information S1.

‘We simulated an additional scenario to account for the transition from non-mechanized to mechanized agriculture
that occurred in the early 20" century (see Text S1 in Supporting Information S1). The calibrated values of D
from Kwang, Thaler, Quirk, et al. (2022) are lower than the D values compiled by Van Oost et al. (2006) because
they average over a time period (1860-2020) that includes non-mechanized tillage with draft animals, rather than
tractors (Kwang, Thaler, Quirk, et al., 2022), and soil transport coefficients for non-mechanized tillage are gener-
ally lower than mechanized tillage values (Van Oost et al., 2006). Since future soil transport by tillage at these
three field sites may be underestimated by the D values calibrated with historical data, we ran a set of simulations
that has a step increase in D to 0.50 m? - yr~! after 2020 to simulate mechanized tillage.

4. Results
4.1. Conventional Tillage Only

By simulating conventional tillage across the entire region, we quantify a hypothetical maximum soil erosion rate
for the Midwest. Furthermore, by comparing results from the conventional tillage-only simulation with a simu-
lation based on the present-day low-intensity tillage use, we determine the current effectiveness of low-intensity
tillage in reducing regionwide erosion. The initial average SOC concentration in the plow layer from the gSUR-
RGO data set, which we term the surficial SOC, is 0.028 g - cm~? (Figure 2c) and the concentrations are lower
in erosional versus depositional areas (0.027 vs. 0.029 g - cm >, respectively, Figures 2b and 2d). With time, our
model predicts that the surficial SOC decreases across the entire landscape (Figure 2c) as well as in both erosional
(Figure 2b) and depositional (Figure 2d) areas. With only conventional tillage, we predict the region-integrated
surficial SOC concentration will decline by 7.6% (+1.6/—1.8%) in the next 100 years (Table 1). We also find that
erosional areas experience a greater SOC reduction, and the depositional areas have a smaller SOC reduction than
the entire region combined (Table 1).

In the entire region, the gSSURGO data set indicates there is 7.31 Pg of SOC in the uppermost 2-m of soil. If the
entire landscape were to be tilled conventionally, we estimate that 3.9% (+0.7%/—0.8%) and 4.6% (+0.9%/—1.0%)
of the total SOC stock would erode and be buried in the next 100 years (Table 2; Figures 3a and 3b), respectively.
SOC is only a fraction of the soil mass transported by tillage, and correspondingly, soil erosion is estimated to be
17 + 4 Pg in the next 100 years (Table 3; Figure 4a). The rates of SOC and soil redistribution are unsteady during
the simulation; the rates of SOC erosion and burial quickly decelerate (Figures 3c and 3d). For example, the
inset images in Figures 3c and 3d show that rates of erosion and burial more than halve within the first 25 years
of the simulation. Initial region-averaged rates of SOC erosion and burial are 21 + 7and 22 +7 g - m=2 - yr~!,
respectively, but quickly decelerate (Table 2; Figures 3c and 3d). Region-averaged soil erosion rates are initially
2.2+ 0.7 kg - m2- yr!, but also decelerate throughout the simulation (Table 3; Figure 4b).

4.2. Present-Day Use of Low-Intensity Tillage

Future estimates of soil and SOC erosion are lower than predicted by the scenario with conventional tillage
only, because roughly 40% of the agricultural land area of the Midwestern U.S. is farmed with low-intensity
tillage (Azzari et al., 2019) (Figure 1b). Under current use of low-intensity tillage, we predict there will be a
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Table 1

Regionwide Surficial (0~20 cm) Soil Organic Carbon (SOC) Loss

Time® (yr) Conventional tillage Present-day LIT use Pm.mn =0.5 Pyt =075 Pm.m“ =1
SOC surface loss, negative curvature region (%)

25 4.8% (+1.0/-1.2%) 2.7% (+0.6/-0.7%) 1.9% (+0.4/-0.5%) 1.2% (+0.3/-0.3%) 0.08% (+0.03/-0.03%)
50 7.4% (+1.4/-1.7%) 4.2% (+0.8/—1.0%) 3.0% (+0.6/-0.7%) 1.8% (+0.4/—0.4%) 0.16% (+0.05/—0.05%)
100 11.0% (+1.8/-2.2%) 6.4% (+1.1/-1.3%) 4.6% (+0.8/-1.0%) 2.8% (+0.5/-0.6%) 0.31% (+0.10/-0.10%)
250 17% (+2/—3%) 10.3% (+1.5/—1.9%) 7.5% (+1.1/—1.4%) 4.6% (+0.7/-0.9%) 0.7% (+0.2/-0.2%)
500 24% (+3/—4%) 14.2% (+1.9/-2.4%) 10.4% (+1.4/-1.8%) 6.5% (+1.0/-1.2%) 1.4% (4+0.4/-0.4%)

SOC surface loss, full region (%)

25
50
100
250
500

SOC surface loss, positive curvature region (%)

2.9% (+0.7/-0.8%)
4.8% (+1.0/—1.2%)
7.6% (+1.6/—1.8%)
14% (+3/-3%)
20% (+3/—4%)

1.6% (+0.4/—0.4%)
2.7% (+0.6/—0.7%)
4.4% (+0.9/-1.1%)
7.9% (+1.5/—1.8%)
12% (+2/-3%)

0.6% (+0.2/—0.2%)
1.2% (+0.4/—0.4%)
2.4% (+0.8/—0.8%)

1.2% (+0.3/—0.3%)
1.9% (+0.4/—0.5%)
3.1% (40.7/-0.8%)
57% (+1.1/—1.3%)
8.5% (+1.4/—1.8%)

0.46% (+0.15/-0.14%)

0.9% (+0.3/-0.3%)
1.8% (+0.6/-0.6%)

0.69% (+0.17/-0.19%)

1.2% (+0.3/~0.3%)
1.9% (+0.4/—0.5%)
3.4% (+0.7/—0.8%)
5.2% (+0.9/—1.1%)

0.27% (+0.09/-0.09%)
0.53% (+0.17/-0.17%)

1.0% (+0.3/-0.3%)

0.045% (+0.015/-0.015%)
0.09% (+0.03/-0.03%)
0.18% (+0.06/—0.06%)
0.43% (+0.13/-0.13%)

0.8% (+0.2/-0.2%)

0.013% (+0.004/—0.004%)
0.03% (+0.01/-0.01%)
0.053% (+0.018/-0.018%)

4.0% (+1.1/-1.2%)
6.8% (+1.4/—1.8%)

2.4% (+0.6/—0.7%)
4.0% (+0.8/~1.0%)

0.13% (+0.04/-0.04%)
0.25% (+0.08/-0.08%)

5.7% (+1.5/—1.7%)
10% (+2/—3%)

4.4% (4+0.9/—1.1%) decline in surficial SOC in the next 100 years (Table 1; Figure 2). Hence, we predict that the
current implementation of low-intensity tillage will nearly halve the loss of surficial SOC relative to the hypothet-
ical scenario where the entire landscape is farmed using conventional tillage.

The application of low-intensity tillage reduces the total amount and pace of soil (Table 3; Figure 4a) and
SOC redistribution (Table 2; Figures 3a and 3b). The region-integrated SOC erosion is estimated to be 0.17
(+0.03/-0.04) Pg, and SOC burial is estimated to be 0.20 (+0.04/—0.05) Pg after 100 years. The total amount
of soil erosion is also reduced to 8.8 (+1.9/-2.1) Pg after 100 years. Therefore, we estimate that the current use
of low-intensity tillage will prevent 48% of soil erosion and 41% of SOC redistribution compared to simula-
tions using the hypothetical case with only conventional tillage in the next 100 years. Furthermore, the model
predicts that region-averaged SOC redistribution rates (Table 2; Figures 3c and 3d) and soil erosion rates
(Table 3; Figure 4b) are approximately half the rates of those from the simulation that assumes only conven-
tional tillage. We find initial rates of SOC erosion to be 12 + 4 g - m~2 - yr~!, and soil erosion rates to be
1.1+04kg-m2.yr !

4.3. Increased Use of Low-Intensity Tillage

Soil and SOC erosion can be further reduced by increasing the implementation of low-intensity tillage. We simu-
lated wider use of low-intensity tillage by increasing the minimum proportion of that land area of each county
with low-intensity tillage to 0.50, 0.75, 1.00 (Pyr ;) (Table 1). Increasing low-intensity tillage to Py, = 0.50
and Pyyp .. = 0.75, will result in a 30% and 57% reduction in surficial SOC loss after 100 years, respectively.
If low-intensity tillage is used on all the cultivated acreage in the Midwestern U.S. (Ppp i = 1.00), it would
prevent 96% of the surficial SOC loss predicted to occur relative to the current use of low-intensity tillage after
100 years.

As expected, increasing the application of low-intensity tillage also reduces predictions of SOC erosion and burial
(Table 2; Figures 3a and 3b). By converting the entire region to low-intensity tillage, SOC redistribution (both
erosion and burial) is decreased by 95% and 96% after 100 years, respectively. Similarly, total soil erosion is also

25 1.2% (+0.4/-0.4%)

50 2.3% (+0.7/-0.8%)

100 4.4% (+1.3/-1.4%)

250 10% (+3/-3%)

500 17% (+3/—4%)

*Time from present (2020).
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Table 2

Regionwide Soil Organic Carbon (SOC) Erosion and Burial: Cumulative Amount and Instantaneous Rates

Time® (yr)

Conventional tillage

Present-day LIT use

P

LiTmin = 0-3

Lilmin = 0-73

LIT,min —

Cumulative SOC erosion (Pg)

25
50
100
250
500

0.12 (+0.03/—0.03)
0.19 (+0.04/—0.04)
0.29 (+0.05/—0.06)
0.47 (+0.07/—0.09)
0.66 (+0.08/—0.12)

Cumulative SOC burial (Pg)

25
50
100
250
500

Instantaneous SOC erosion rate (g - m™

0
25
50
100
250
500

Instantaneous SOC burial rate (g - m™

0
25
50
100
250
500

0.14 (+0.03/—0.03)
0.22 (+0.05/—0.05)
0.34 (+0.07/—0.08)
0.58 (+0.10/—0.12)
0.85 (+0.13/—0.16)
2
22 (+7/-T)
82 (+1.3/-1.6)
5.9 (+0.9/-1.1)
4.1 (+0.6/-0.8)
2.4 (+0.2/-0.4)
1.49 (+0.08/—0.15)
2
22 (+7/-T)
9.6 (+1.8/-2.1)
7.1 (+1.3/~1.5)
5.3 (+0.9/-1.1)
3.3 (+0.4/-0.6)
2.12 (40.15/—0.26)

-yr )

0.070 (+0.015/—0.017)
0.11 (+0.02/-0.03)
0.17 (+0.03/—0.04)
0.28 (+0.05/—0.06)
0.40 (+0.06/—0.07)

0.076 (+0.017/—0.020)
0.12 (+0.03/-0.03)
0.20 (+0.04/—0.05)
0.35 (+0.06/—0.08)
0.51 (+0.08/-0.10)

12 (+4/—4)
4.8 (+0.8/~1.0)
3.5 (+0.6/-0.7)
2.5 (+0.4/-0.5)

1.50 (+0.16/—0.23)

0.93 (+0.06/—0.10)

12 (+4/—4)
5.5 (+1.1/~1.2)
4.2 (+0.8/-0.9)
3.2 (+0.6/-0.7)
2.0 (+0.3/-0.4)

1.32 (+0.11/-0.18)

0.050 (+0.011/-0.012)

0.078 (+0.015/-0.018)
0.12 (+0.02/-0.03)
0.20 (+0.03/-0.04)
0.29 (+0.04/—0.05)

0.055 (+0.012/—0.014)

0.088 (+0.019/-0.021)
0.14 (+0.03/-0.03)
0.25 (+0.05/-0.05)
0.37 (+0.06/—0.07)

9 (+3/-3)
3.4 (+0.6/-0.7)
2.5 (+0.4/—0.5)
1.8 (+0.3/~0.4)

1.10 (+0.13/-0.18)

0.70 (+0.05/—0.08)

9 (+3/-3)
3.9 (+0.8/-0.9)
3.0 (+0.6/-0.7)
2.3 (+0.4/-0.5)
1.5 (+0.2/-0.3)

0.97 (+0.09/-0.14)

0.030 (+0.006/—0.007)

0.047 (+0.009/—0.011)

0.072 (+0.014/—0.016)
0.13 (+0.02/-0.03)
0.18 (+0.03/-0.04)

0.033 (+0.007/—0.008)

0.053 (+0.011/—0.013)

0.084 (+0.017/—0.020)
0.15 (+0.03/-0.03)
0.23 (+0.04/—0.05)

5.1 (+1.7/-1.7)
2.1 (+0.4/-0.4)
1.5 (+0.3/-0.3)

1.11 (+0.18/-0.22)

0.70 (+0.09/-0.12)

0.46 (+0.05/—0.07)

52 (+1.7/-1.7)
2.4 (+0.5/-0.5)
1.8 (+0.4/-0.4)
1.4 (+0.3/-0.3)

0.91 (+0.13/-0.17)

0.62 (+0.07/-0.10)

0.0022 (+0.0007/—0.0007)
0.0043 (+0.0014/—0.0014)
0.008 (+0.003/—0.003)
0.020 (+0.006/—0.006)
0.036 (+0.010/—0.011)

0.0022 (+0.0007/—0.0007)
0.0044 (+0.0014/—0.0014)
0.009 (+0.003/—0.003)
0.021 (+0.006/—0.007)
0.038 (+0.011/—0.012)

0.22 (+0.07/-0.07)
0.22 (+0.07/-0.07)
0.21 (+0.07/-0.06)
0.20 (+0.06/—0.06)
0.18 (+0.05/-0.05)
0.15 (+0.03/-0.04)

0.22 (+0.07/-0.07)
0.22 (+0.07/-0.07)
0.21 (+0.07/-0.07)
0.21 (+0.06/—0.07)
0.19 (+0.05/—0.06)
0.17 (+0.04/—0.05)

*Time from present (2020).

reduced by 95% after 100 years (Table 3; Figure 4a). The corresponding region-averaged rates of SOC erosion
and burial are dramatically lower with the increased application of low-intensity (Table 2; Figures 3c and 3d). If
low-intensity tillage is applied across the entire region, we calculate initial rates of SOC erosion, SOC burial, and
soil erosion (Table 3; Figure 4b) would all be 98% less than the estimate based on current tillage trends.

4.4. Regional Distribution of SOC Erosion

Maps of county-integrated predictions reveal the areas with the greatest rates and amount of SOC redistribution
(Figure 5). The simulation that assumes only conventional tillage depicts a relatively even spatial distribution
of SOC erosion (Figure 5a). Under current use in low-intensity tillage, SOC erosion over the next 100 years
is greatest in counties that are north of the Last Glacial Maximum (LGM) ice margin (Figure 5b), where SOC
(Figure la) and use of conventional tillage (Figure 1b) is high. If P, . = 0.50, counties north of the LGM in
Figure 4b experience a decrease in SOC erosion while the SOC erosion in the counties south of the LGM ice
margin are mostly unchanged (Figure 5c). This occurs because P, in most of the counties south of the LGM
already exceeds 0.50. Reductions in SOC erosion are predicted to occur throughout the Midwestern U.S. when
Py i1 min 18 equal to 0.75 (Figure 5d) and 1.00 (Figure Se). The spatial distributions of county-integrated soil
erosion, surficial SOC reduction, and SOC erosion after 100, 300, and 500 years are shown in Figures S3-S5 in
Supporting Information S1.
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Figure 3. Regionwide integrated time series of total soil organic carbon (SOC) erosion (a) and burial (b) using

D =0.5m?-yr! and D, ;. = 0.005 m? - yr-!. The red line shows results from a hypothetical situation where all farms use
conventional tillage. The black line shows results from the simulation that assumes the present-day use of low-intensity
tillage (Figure 1b). The blue, green, and orange lines are results from simulations where P, ;. . values of 0.50, 0.75, and 1.00
are specified, respectively. The corresponding envelopes for each line represent ranges of D (0.33-0.67 m?- yr' and Dy
(0.0033-0.0067 m? - yr~!). The corresponding SOC erosion rates (c) and SOC burial rates (d) are normalized by area. The
inset plots show an expanded view of the rates between 2020-2070.

4.5. Historical Soil Erosion and SOC Redistribution

Simulations that estimate SOC redistribution from the time of European settlement (1860) to 500 years in the
future (2520) predict that the total amount of erosion over the next 500 years will be of the same order as the
amount of erosion that occurred during the past 160 years at our three field sites in lowa (Figure 6). Patterns of
SOC redistribution (Figures S6-S8 in Supporting Information S1) and total SOC erosion and burial (Figure 6)
agree well between the Reconstruction Case and gSSURGO Case. From 1860-2520, we estimate SOC erosion
to range from 2.3 to 3.1 kg - m~2 and SOC burial to range from 3.1 to 4.4 kg - m~2 (Figure 6). Over the 660-year
simulation, 45%—52% of SOC erosion and 40%47% of SOC burial occur between 1860-2020. Although a
large portion of SOC has been lost from upper soil horizons (Thaler et al., 2021, 2022), there is still SOC that is
vulnerable to future erosion. Between 1860-2020, surficial SOC declines by 12%—15%, and between 2020 and
2520, it declines by 16%—26% (Figure S9a in Supporting Information S1). Therefore, between 37% and 48% of
the surficial SOC loss predicted to occur from the start of farming to 500 years in the future has already occurred.
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:::::ni'ide Soil Erosion: Cumulative Amount, Instantaneous Mass Rate, and Instantaneous Volume Rate

Time® (yr) Conventional tillage Present-day LIT use Pt min =03 Pyt in = 075 Pirmn=1
Cumulative soil erosion (Pg)

25 6.5 (+1.5/-1.7) 3.3 (+0.8/~0.9) 2.5 (+0.6/~0.7) 1.5 (+0.4/—-0.4) 0.10 (+0.03/-0.03)
50 11 (+2/-3) 5.5 (+1.2/—1.4) 4.1 (+0.9/-1.0) 2.6 (+0.6/—0.6) 0.21 (+0.07/-0.07)
100 17 (+4/—4) 8.8 (+1.9/~2.1) 6.6 (+1.4/—1.6) 4.2 (+0.9/-1.0) 0.41 (+0.13/-0.14)
250 31 (+6/—T) 16 (+3/—4) 12 (+3/-3) 7.7 (+1.6/-1.8) 1.0 (+0.3/~0.3)

500 48 (+9/—10) 25 (+5/—-5) 19 (+4/—4) 12 (+2/-3) 1.9 (+0.5/0.6)
Instantaneous mass-based soil erosion rate (kg - m=2 - yr—!)

0 2.2 (+0.7/-0.7) 1.1 (+0.4/-0.4) 0.8 (+0.3/~0.3) 0.50 (+0.16/-0.16) 0.021 (+0.007/—0.007)
25 0.98 (+0.19/-0.22) 0.50 (+0.10/-0.11) 0.38 (+0.08/-0.09) 0.23 (+0.05/-0.05) 0.021 (+0.007/—0.007)
50 0.75 (40.15/-0.17) 0.39 (+0.08/—0.09) 0.29 (+0.06/—0.07) 0.18 (+0.04/-0.04) 0.021 (+0.007/—0.007)
100 0.57 (+0.11/-0.13) 0.30 (+0.06/—0.07) 0.23 (+0.05/-0.05) 0.14 (+0.03/-0.03) 0.020 (+0.006/—0.006)
250 0.40 (+0.07/-0.09) 0.21 (+0.04/-0.04) 0.16 (+0.03/-0.03) 0.103 (+0.019/—-0.023)  0.018 (+0.005/—0.006)
500 0.29 (+0.04/—0.06) 0.15 (+0.02/-0.03) 0.117 (+0.018/—0.023) 0.077 (+0.013/~0.016)  0.016 (+0.004/—0.005)
Instantaneous volume-based soil erosion rate (mm - yr—')

0 1.8 (+0.6/—0.6) 0.9 (+0.3/~0.3) 0.7 (+0.2/-0.2) 0.41 (40.14/-0.14) 0.018 (+0.006/—0.006)
25 0.81 (+0.16/-0.18) 0.42 (+0.08/-0.10) 0.31 (+0.06/-0.07) 0.20 (+0.04/-0.05) 0.018 (+0.006/—0.006)
50 0.62 (+0.12/-0.14) 0.32 (+0.07/-0.07) 0.24 (+0.05/-0.06) 0.15 (+0.03/-0.04) 0.017 (+0.006/—0.005)
100 0.48 (+0.09/-0.11) 0.25 (+0.05/-0.06) 0.19 (+0.04/-0.04) 0.12 (+0.03/-0.03) 0.017 (+0.005/—0.005)
250 0.33 (4+0.06/—0.07) 0.17 (+0.03/-0.04) 0.13 (+0.02/-0.03) 0.086 (+0.016/~0.019)  0.015 (+0.004/—0.005)
500 0.24 (4+0.04/-0.05) 0.125 (+0.018/—-0.023) 0.098 (+0.015/—0.019) 0.064 (+0.010/—-0.013)  0.014 (+0.003/—0.004)

*Time from present (2020).

The site-calibrated D values likely underestimate future tillage because they were calibrated over a period when
the farms operated with both non-mechanized and mechanized tillage. Results from the simulations that account
for the shift in mechanization show that total SOC erosion and burial increase to 2.9-4.0 and 4.2-6.0 kg - m~2,
respectively (Figure S10 in Supporting Information S1). The historical SOC redistribution (1860-2020) makes
up a smaller percentage of SOC redistribution throughout the entire simulation (28%—49% of SOC erosion and
25%—44% of burial) relative to the simulations that only use D values calibrated from historical data. In simula-
tions that account for the transition to mechanization, surficial SOC declines by 18%—46% between 2020-2520
(Figure S9b in Supporting Information S1).

5. Discussion

Agriculture greatly accelerated soil erosion in the period following the initiation of farming. Our model predicts
that the present-day region-averaged rate of soil erosion is 0.9 + 0.3 mm - yr~'or 1.1 + 0.4kg - m~2 - yr~! (which
converts to 4.9 + 1.8 ton - acre™! - yr™!) under current use of low-intensity tillage. Nearly half of this forecast
range exceeds the maximum tolerable soil erosion rate for the region, which is 5.0 tons - acre - yr~! (U.S. Depart-
ment of Agriculture, 2018). Under current use of low-intensity tillage, we predict 190 (+80/—130) out of 403
counties have county-averaged soil erosion rates that outpace this soil tolerance value. However, soil loss toler-
ance values are much too high to sustain soils, as rates of agricultural soil erosion in the Midwestern U.S. outpace
soil production rates by orders of magnitude (Quarrier et al., 2022). Even after 100 years, our model predicts
soil erosion rates will decelerate to 0.25 (+0.05/—0.06) mm - yr~! or 0.30 (+0.06/—0.07) kg - m~2 - yr~! (which
converts to 1.3 + 0.3 ton - acre~! - yr~!) a rate that still outpaces soil production rates in the Midwestern U.S. (see
Figure 2 in Quarrier et al., 2022).

The rapid initial rate of erosion is not permanent; the diffusive nature of tillage erosion causes the rate of soil erosion
to decelerate over time (Figure 4). Because SOC flux is dependent on soil flux, we also predict a deceleration in
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a 60 SOC redistribution (Figure 3). In addition, SOC erosion decreases with time
Pur = 0.0, Conventional Tillage Only because surface SOC concentrations decline over time (Figure 2). As erosion
Pur = 0.4, Present LIT Utilization occurs, the concentrations of SOC on the hilltops decrease because relatively
50
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Figure 4. Total regionwide soil erosion assuming a bulk density of

1,200 kg - m~3, D = 0.5 m? - yr~! and Dy;r = 0.005 m? - yr~! (a). The red line
represents a simulation where all farms use conventional tillage. The black
line shows the simulation that assumes the present-day county level use of
low-intensity tillage (Figure 1b). The blue, green, and orange lines are results
from simulations where Pyt i, values of 0.50, 0.75, and 1.00 are specified,
respectively. The corresponding envelopes for each line represent ranges of D
(0.33-0.67 m? - yr ') and D, ;r (0.0033-0.0067 m” - yr—!). The corresponding
soil erosion rates normalized by area (b). The inset plot shows an expanded
view of the rates between 2020-2070.

low SOC soil from deeper in the profile is exhumed (Figure 2b). Because
SOC flux is a product of soil flux and SOC concentration, a decrease in SOC
concentration in the source material will also decelerate SOC redistribution.
After 100 years, we predict rates of soil and SOC erosion to decrease by 73%
(Figure 4b) and 79% (Figure 3), respectively, while surficial SOC concentra-
tion in the erosional areas decrease by 6.4% (+1.1/—1.3%) (Figure 2). There-
fore, the deceleration in SOC erosion is dictated primarily by deceleration
in soil erosion due to topographic diffusion, rather than reduction in SOC
concentrations at the soil surface in eroding parts of the landscape.

Quantifying the impact of soil erosion on the global carbon cycle typi-
cally involves an assumption that the rate of soil and SOC redistribution is
steady with time (Berhe et al., 2007; Doetterl et al., 2016; Kuhn et al., 2009;
Lal, 2003; Van Qost et al., 2007). A decline in rates in SOC redistribution
implies that the highest rates occurred in the past, shortly after the inception
of agriculture (West et al., 2004). In our simulations of historical erosion,
we estimate that the amount of SOC erosion from the time of European
settlement of the Midwestern U.S. to the present (1860-2020) is roughly the
same as the amount of SOC erosion forecasted to occur in the next 500 years
(2020-2520). Our model results hence indicate that the influence of SOC
redistribution on the global carbon cycle is time-dependent, with the largest
potential for SOC burial taking place in regions where the initiation of farm-
ing has occurred more recently. In other regions, where plow-based agricul-
ture has been implemented at much longer timescales, such as Eurasia and
Africa (Lal et al., 2007), rates of SOC redistribution have had more time
to decline. In contrast, SOC redistribution in North America has a greater
potential to affect the global carbon cycle because relatively carbon-rich soils
are being actively transported (Doetterl et al., 2016).

Our model results indicate that reducing erosion in the immediate future has
the greatest potential to reduce SOC redistribution. By including the effects
of landscape evolution, we find that agriculturally driven soil and SOC redis-
tribution is temporally unsteady and is forecasted to substantially decrease
with time (Figures 3 and 4). Hence, our results indicate that previous esti-
mates of the impact of agricultural erosion on the global carbon cycle may
only apply to the immediate future and that the potential for redistributing
SOC via erosion or burial will diminish with time. Therefore, our results
support those of Li et al. (2018), who concluded that to assess long-term
changes in the global carbon cycle, estimates of SOC redistribution need to
account for topographic dynamics and the effects of landscape evolution.

The region-averaged SOC erosion and burial rates at the at the start of the
simulation (the present-day) are both 12 + 4 g - m™2 - yr~'. Though we
do not assess the net C flux associated with soil redistribution, a value of
12 + 4 g - m™2 - yr~! exceeds 92.9% of previously reported positive and
negative C fluxes for agricultural uplands, based on a compilation of results
from field- to global-scale studies (Van Oost & Six, 2023). One of the 14
SOC fluxes compiled by Van Oost and Six (2023) that exceeded our result
was estimated from a field within the Midwestern U.S. (22.4 g - m~2 - yr™!;
Manies et al., 2001). Hence, relative to the rest of the Earth, our results and
those from prior work indicate the Midwestern U.S. is a hotspot for SOC
erosion. The Midwestern U.S. is therefore a region where there is a high
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Figure 5. Map of county-averaged soil organic carbon (SOC) erosion after 100 years of simulated agricultural erosion from 2020-2120, using D = 0.5 m? - yr~! and
Dy r = 0.005 m? - yr~!. Eroded mass of SOC per area is calculated by dividing the total mass of SOC in the eroded soil by the area that experiences erosion. SOC
erosion is shown for the following scenarios: all farms are tilled conventionally (a), farms use present-day levels of low-intensity tillage (b), a value of Py ;. of 0.50 is
imposed so all counties have a Py of at least 0.50 (c), Pyyy i, = 0.75 (d), and all farms use low-intensity tillage, that is, Py, = 1.00 (e)-
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Figure 6. Soil organic carbon (SOC) erosion from 1860-2520 for the Hoffman, Stinson, and Willis field sites in Iowa (a).
The solid lines show simulations from the Reconstruction Case (1860-2520) and the dashed lines show simulations from the
gridded Soil Survey Geographic Database Case (2020-2520). Erosion is driven by D values of 0.21, 0.40, and 0.14 m® - yr~!
for the Hoffman, Stinson, and Willis sites, respectively. SOC burial from 1860-2520 (b). (c) and (d) depict the rates of SOC
erosion and burial associated with (a) and (b), respectively. The inset images show expanded views of erosion and burial rates
between 1860-1910 and 2020-2070.

potential for reducing the release of C to the atmosphere by implementation of practices that reduce soil redistri-
bution and for generating a C sink via practices that return C to eroded soils.

Predictions of SOC redistribution in our model are only a function of SOC transport by diffusive tillage erosion.
SOC dynamics such as mineralization/decomposition (Lal, 2003) and dynamic replacement (Harden et al., 1999)
are not implemented in our model. As soil is eroded and transported on the surface of the landscape, minerali-
zation of SOC can generate a source of atmospheric CO, (Lal, 2003). Our model indicates that the potential for
mineralization may decline because SOC is buried, reducing decomposition (Berhe et al., 2007), and the surficial
stock of SOC that is susceptible to decomposition decreases over time (Figures 2b and 2d). Dynamic replacement
has the potential to increase carbon sequestration in soils (Berhe et al., 2007) by restoring SOC stocks in eroded
soils. The inclusion of dynamic replacement in our model would increase the amount of eroded SOC because
SOC concentration in the actively eroding areas would be partially replenished. However, dynamic replacement
seems to play a small role compared to erosional SOC transport in the Midwestern U.S. because there is a wide-
spread and persistent absence of A-horizon soils on the hilltops (Thaler et al., 2021, 2022), which indicates SOC
loss via erosion far outpaces its replacement by crops. Additionally, Kwang, Thaler, Quirk, et al. (2022) found that
the spatial pattern of SOC erosion can be reproduced by soil transport dynamics alone, which is also consistent
with SOC reduction via soil erosion greatly outpacing dynamic replacement.

KWANGET AL.

14 of 20

'S ETOT LLTFRTED

wog

csdy) sInpuo ) pue s 2y o5 [SToz/e0001] we ArRqrT SUD A0 © SHEMRESEA JO ANSRAN - USSIET sSumRp ] A p01 E00IHCT0T6T01 01 0P/ oy 2w L

fopm i

ST PTG SATES L) jqearjdde ap Aq peu=acd ame spnme o S o sm10) ATEqr] U A ue



F ad |
AGU

ADVANCING EARTH
AND SPACE SCIENCE

Earth’s Future 10.1029/2022EF003104

Unlike most soil erosion models (Arnold et al., 1998; Laflen et al., 1991; Renard et al., 1997; Van Qost et al., 2000;
Wischmeier & Smith, 1978) that incorporate water erosion, LEM-SOC only simulates soil erosion via diffusive
transport caused by tillage. In convex-upward regions, where small amounts of flow accumulate, the incorporation
of water erosion does not significantly improve the prediction of SOC erosion (Kwang, Thaler, Quirk, et al., 2022).
‘Whereas in topographic concavities where flow accumulates, water erosion has the potential to remove soils from
the field to the stream network, decreasing SOC burial within fields. However, the majority of eroded soil is likely
stored locally with fields (Blair et al., 2022; Stallard, 1998) because soil deposition due to agricultural erosion
outpaces soil export via water erosion (Pennock & De Jong, 1987; Van Oost et al., 2000). Rill and gully erosion
can also increase rates of hillslope erosion by drainage network expansion and local base-level lowering, but their
effect would be small within our simulation's timescales (Text S3 in Supporting Information S1) (Fernandes &
Dietrich, 1997). Importantly, water erosion can selectively transport fine-grained, low-density aggregates with
high SOC content (Doetterl et al., 2016; Nadeu et al., 2012) that can lead to SOC enrichment in topographic
depressions (Berhe et al., 2012; Gregorich et al., 1998; Quine & Oost, 2007). It is possible that our model only
predicts net reductions in surficial SOC in depositional areas because it omits water erosion and selective transport.
However, our model predictions are consistent with other studies that observe soil profile inversion caused by the
burial of SOC-rich soils by relatively SOC-poor soils that are transported from the erosional areas (Kwang, Thaler,
Quirk, et al., 2022; VandenBygaart, 2001; Yan et al., 2019). Nevertheless, our model predictions indicate that water
erosion, also a function of slope (Laflen et al., 1991; Renard et al., 1997), will become less influential because topo-
graphic gradient decreases over time. In contrast, changes in the hydrologic cycle due to climate change have been
predicted to increase water erosion in the future (Borrelli et al., 2020; O’Neal et al., 2005). Because those models
assume a constant topographic gradient, they are most suitable for near-term predictions.

Historically, agricultural erosion is estimated to have resulted in 133 Pg of SOC loss globally, with rates of
loss dramatically increasing in the past two centuries (Sanderman et al., 2017) due to an increase in the area of
cultivation. Past SOC erosion has reduced crop yields, jeopardized global food security, and caused significant
economic losses (Amundson et al., 2015; Montgomery, 2007a). To understand future stresses on crop yields, it is
important to compare historical and future SOC erosion. Historical soil and SOC erosion in the Midwestern U.S.
are estimated to be responsible for reducing crop yields by 6%, costing $2.8 billion annually (Thaler et al., 2021).
‘We find that within 250-300 years, the forecasted surficial SOC loss (post-2020) will equal the historical surfi-
cial SOC loss (1860-2020) (Figure S9a in Supporting Information S1), but this initial analysis assumes steady
D values that were calibrated to represent landscape evolution between 18602020 (Kwang, Thaler, Quirk,
et al., 2022). Modern-day tillage operations are more intense (higher D or k) than historical methods due to
the transition from non-mechanical to mechanical agricultural practices (Olmstead & Rhode, 2001; Van Oost
et al., 2006). Therefore, calibrations of D from fields prepared with older, less intense tillage implements lead to
conservative predictions of soil and SOC redistribution. By accounting for this transition, we find that the fore-
casted surficial SOC loss (post-2020) accelerates and will equal the historical surficial SOC loss (1860-2020)
within 70-250 years (Figure S9b in Supporting Information S1). Although the mechanical power of tillage has
increased in the past decades (Van Oost et al., 2006), tillage intensity has also been decreasing (lower D or k)
because farmers have been transitioning from more aggresive implements (e.g., moldboard plow) to less aggres-
sive implements (e.g., chisel plow, strip-till) in the last 50 years (De Jong-Hughes & Daigh, 2017). Because our
scenarios assume a constant value of D, our forecasts of soil and SOC redistribution could be overestimations,
especially if less-aggressive tillage impliments are more widely adopted in the future. However, D values for less
aggressive tillage impliments are larger than values for non-mechanized tillage. Even if the less aggressive tillage
impliments are used more widely, soil transport rates will still be greater than they were during the first several
decades of non-mechanized farming. Hence we expect that future SOC loss will still equal historical values on
similar, centennial timescales.

Because future predictions of surficial SOC loss are of similar magnitude to historical loss, we expect economic
losses will continue to rise and that crop yields will further decline as the land area with SOC-poor soil expands
(e.g., Figures S6-S8 in Supporting Information S1). With current low-intensity tillage use, we predict a 4.4%
(4+0.9/-1.1%) loss in surficial SOC in the next 100 years, but total regionwide implementation of low-intensity
tillage can substantially decrease losses to only 0.18 + 0.06%. Not only will further adoption of low-intensity
tillage decelerate future increases in crop yield and economic losses, it may facilitate yield improvement and SOC
replacement, if coupled with soil regenerative farming methods (Lal, 2006; Loisel et al., 2019; Montgomery, 2017;
Montgomery et al., 2022).
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Low-intensity tillage reduces both soil and SOC redistribution and decreases the burial of SOC-rich soils.
We find that the current use of low-intensity tillage will prevent 0.17 (+0.03/—0.04) Pg of SOC erosion, 0.20
(+0.04/—0.05) Pg of SOC burial, and 8.8 (+1.9/-2.1) Pg of soil erosion over the next 100 years. If the Midwest-
ern U.S. were only tilled conventionally, there would be 71% more SOC loss. Therefore, the application of
low-intensity tillage is effective and a first-order farming practice that can reduce soil and SOC redistribution.
‘We find that the total amount of SOC erosion, SOC burial, soil erosion, and surficial SOC loss would decrease
between 95% and 96% in the next 100 years if the entire region were to adopt low-intensity tillage practices
such as no-till farming. The subregion that would most benefit from the full adoption of low-intensity tillage
is the area north of the LGM ice limit. This subregion has counties with the lowest use of low-intensity tillage
(Figure 1b) but have the highest stocks of SOC (Figure 1a; Figure S11 in Supporting Information S1). Soils north
of the LGM ice limit are tilled more often because the soils are heavy, fine-grained, and poorly drained (Azzari
et al., 2019). But because these counties both heavily use conventional tillage and contain high SOC stocks
(Figure 1), they are potential hotspots for reducing region-averaged soil and SOC erosion through incentivized
soil conservation programs, such as the USDA Conservation Reserve Program (National Science and Technol-
ogy Council, 2016).

Prior work has shown the efficacy of no-till farming methods in reducing soil erosion rates (Montgomery, 2007b).
By simulating soil erosion and deposition, we have estimated—at the regional scale of the Midwestern U.S.—
the magnitude by which wider adoption of no-till farming could reduce the transfer of SOC from hillslopes to
depositional areas where it is buried. Burial of SOC and its replacement contribute to sequestration of atmos-
pheric CO, (Berhe et al., 2007; Georgiou et al., 2022). Our findings and those of others suggest there has been
substantial burial of SOC within the Midwestern U.S. (Li et al., 2018; Papiernik et al., 2009; Smith et al., 2001;
Young et al., 2014). Given that a large extent of the Midwestern U.S. has soils where SOC stocks have been
degraded (Thaler et al., 2021, 2022), there is potential to restore agricultural soils via regenerative practices
(Montgomery, 2017; Schneider et al., 2021). Whether adoption of no-till farming can also return atmospheric
SOC to soils is a matter of debate; field trials have shown that no-till farming can increase SOC (Kumar
et al., 2012; West & Post, 2002) and regionwide studies and compilations have shown that no-till increases SOC
in upper soil horizons (Christopher et al., 2009; Luo et al., 2010; Nunes et al., 2020). However, no-till may not
necessarily increase SOC stock for the entire soil profile relative to conventional tillage (Christopher et al., 2009;
Luo et al., 2010). Hence it has been advocated that no-till farming should be adopted primarily for soil sustain-
ability benefits, rather than CO, sequestration (Powlson et al., 2014). However, there have been few studies that
have assessed the role of soil regenerative agriculture, which includes no-till, but also planting cover crops and
diverse crop rotations (Montgomery, 2017), on whole-profile SOC stocks (Montgomery et al., 2022), and such
methods may result in more CO, sequestration than no-till alone.

6. Conclusion

‘We use a landscape evolution model to simulate agricultural soil erosion and SOC redistribution in the Midwest-
ern U.S. over century timescales. Our model predicts that present-day region-averaged rates of soil and SOC
erosion are 1.1 + 0.4 and 12 + 4kg - m~2 - yr™!, respectively. Nearly half of the uncertainty range of the predicted
soil exceeds the maximum soil tolerance values for the region, and the SOC erosion rate outpaces most of the
previously measured SOC fluxes in agricultural uplands (Van Oost & Six, 2023). Unlike other models, our land-
scape evolution modeling approach gives insight into how these rates will change in the future as topography and
soil profiles evolve. Due to the diffusive nature of agricultural erosion, our model predicts that rates of soil and
SOC redistribution will both decelerate.

Our findings also indicate that enhanced adoption of no-till farming has the potential to greatly reduce the erosion
of soil and SOC. Regardless of any benefits for CO, sequestration, decreasing the rate of SOC redistribution will
slow declines in crop yields caused by erosion and reduce the economic and environmental costs associated with
soil erosion and the use of synthetic fertilizer to replace the function of degraded soils (Amundson et al., 2015;
Montgomery, 2007b; Pimentel et al., 1995; Tilman et al., 2002). Because the fastest rates of soil redistribution
due to tillage are occurring at present, and SOC concentrations in eroding soil are greater now than they will be in
the future (Meersmans et al., 2009; Rosenbloom et al., 2001, 2006; Sulman et al., 2020), no-till farming will have
a disproportionally larger impact on soil sustainability if it is adopted sooner, rather than later.
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County-level datafiles (Kwang, Thaler, & Larsen, 2022) are available through Scholarworks at UMass
Ambherst: https://doi.org/10.7275/tgmw-s318. The code files for the model (Kwang, 2022) can be found at
https://doi.org/10.5281/zenodo.6647033.
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