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Abstract: Agricultural residues are the largest near term source of cellulosic
biomass for bioenergy production, but removing agricultural residues sustainably
requires considering the critical roles that residues play in the agronomic system.
Determination of sustainable removal rates for agricultural residues has received
significant attention and integrated modeling strategies have been built to evaluate
sustainable removal rates considering soil erosion and organic matter constraints.
However, the current integrated model, comprised of the agronomic models
WEPS, RUSLEZ2, and SCI, does not quantitatively assess the impacts of residue
removal on soil organic carbon and long term crop yields. Furthermore, it does not
evaluate the impact of residue removal on greenhouse gas emissions, specifically
N,O and CO, gas fluxes from the soil surface. The DAYCENT model simulates
several important processes for determining agroecosystem performance. These
processes include daily nitrogen gas flux, daily CO, flux from soil respiration, soil
organic carbon and nitrogen, net primary productivity, and daily water and nitrate
leaching. Each of these processes is an indicator of sustainability when evaluating
emerging cellulosic biomass production systems for bioenergy. This paper couples
the DAYCENT model with the existing integrated model to investigate additional
environmental impacts of agricultural residue removal. The integrated model is
extended to facilitate two-way coupling between DAYCENT and the existing
framework. The extended integrated model, including DAYCENT, is applied to
investigate additional environmental impacts from a recent sustainable agricultural
residue removal dataset. Results show some differences in sustainable removal
rates compared to previous results for a case study county in lowa, US. The
extended integrated model also predicts that long term yields will decrease .32%—
1.43% under sustainable residue removal management practices.

Keywords: Bioenergy; model integration; agricultural residues; soil organic carbon.

1 INTRODUCTION

In the United States, biomass feedstocks are receiving attention as a renewable
alternative for liquid transportation fuels. The Energy Independence and Security
Act of 2007 has set national goals of producing 227 billion liters of biofuel annually
by 2030 with more than 170 billion liters produced from lignocellulosic biomass
resources. Agricultural residues (i.e., materials other than grain including stems,
leaves, and chaff) provide the largest near-term source of biomass to meet this
target. A recent study performed by the US Department of Energy projected that
under certain economic and productivity scenarios nearly 160 million metric tons of
agricultural residues could be available by 2030 (US DOE, 2011). However,
sustainable use of agricultural residues must consider their critical roles within the
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agronomic system. Six environmental factors can potentially limit sustainable
residue removal: soil organic carbon, wind and water erosion, plant nutrient
balances, soil water and temperature dynamics, soil compaction, and off-site
environmental impacts (Wilhelm et al., 2010). A number of previous efforts have
examined potential sustainable residue removal considering a subset of these
factors. Nelson (2002) performed a county-level assessment investigating residue
retention requirements considering soil erosion from rainfall and wind using the
Revised Universal Soil Loss Equation (RUSLE) and the Wind Erosion Equation
(WEQ), respectively. The methodology determined the potential annual availability
of corn stover and wheat straw for the 37 states analyzed to be 50 million metric
tons for the years 1995 to 1997. In 2004, Nelson et al. used an updated
methodology for calculating residue retention requirements for the top 10 corn
producing states in the US. This included performing assessments at the soil type
scale and investigating a subset of crop rotations and tillage practices. The study
found that nearly 34 million metric tons of corn stover and wheat straw were
available annually for the span of 1997 to 2001. Gregg and lzaurralde (2010)
performed a study using the Erosion Productivity Impact Calculator/Interactive
Environment Policy Integrated Climate (EPIC) model (Williams, 1995) to
investigate the relationships between crop yield, soil erosion, and carbon and
nitrogen balance with respect to residue removal. Although the study addressed
more limiting factors than previous studies, it was computationally limited in the
number of management scenarios and spatial extent that could be represented.

Muth and Bryden (2012a) developed an integrated modeling framework for
determining sustainable agricultural residue removal that overcame several of the
computational limitations of previous modeling approaches. The integrated model
performs sustainable residue removal investigations considering water erosion,
wind erosion, and soil organic matter constraints. Three models are integrated into
the framework: The Revised Universal Soil Loss Equation, Version 2 (RUSLEZ2);
the Wind Erosion Prediction System (WEPS); and the Soil Conditioning Index
(SCI). The modeling framework used for the integrated model is VE-Suite
(McCorkle and Bryden, 2007). Muth et al. (2012b) used the integrated model to
perform a spatially comprehensive national assessment on the conterminous US
considering multiple environmental factors. Spatial assessments were performed at
the Soil Survey Geographic (SSURGO) (NRCS, 2012a) database map unit level
(10 — 100 m) using a local SSURGO database to enhance performance. Three
climate databases were required to perform the assessment—NRCS managed
RUSLE2 climate database, the CLIGEN daily climate generator (USDA, 2009), and
the WINDGEN daily wind speed and direction generator. The integrated models
identify the county using the SSURGO map unit and load the appropriate climate
data. Crop rotations were determined using cropland data layers that have a spatial
resolution of 30 — 54 m. Management scenarios were selected using the Natural
Resources Conservation Service (NRCS) defined crop management zones (CMZ).
Managements were built at the county-level using remotely sensed crop rotation
data. Currently, the integrated model does not quantitatively address the impacts of
residue harvest on long term grain yields, N,O gas fluxes, and CO, fluxes through
soil respiration.

The DAYCENT model quantifies soil organic carbon changes, long term crop vyield
impacts, and trace gas fluxes considering soil characteristics, management
practices, and climate. DAYCENT has been used and validated across a range of
agricultural scenarios. Del Grosso et al. (2005) investigated the impact of tillage
practices on greenhouse gas emissions for 63 agricultural regions in the
conterminous US and concluded that implementing no-till practices could reduce
the US agricultural emissions by approximately 20%. In 2006, Del Grosso et al.
performed a national assessment at the county-level to assess N,O emissions. In
the study, soil characteristic data was obtained from the State Soil Geographic
Database (STATSGO), and the dominant soil type in the county was used for the
simulation. Although this study provides a broad overview of N,O fluxes, it does not
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account for the wide range of soil characteristics that can occur over a county or
the impact of erosion on the system. An additional study has used DAYCENT to
predict greenhouse gas emissions and changes in soil organic carbon for
agricultural systems used for biofuels production (Kim et al., 2009).

This paper integrates DAYCENT into the existing framework through the
development of a DAYCENT model wrapper and two-way coupling between
DAYCENT and other integrated models. This creates an integrated, multi-factor
model for residue removal. Using the extended integrated model, this paper
investigates additional environmental impacts associated with the residue removal
management practices identified as sustainable by Muth et al. (2012b). This study
uses the sustainable residue removal scenarios from Boone County, lowa, US from
the previous study to quantitatively investigate soil organic carbon, long term crop
yield, and greenhouse gas emission impacts of the residue removal scenarios.

2 MODELS AND METHODOLOGY

This paper extends the integrated model developed by Muth and Bryden (2012a),
which integrates the models RUSLE2, WEPS, and SCIl. RUSLE2 simulates daily
changes in conditions including soil water and temperature dynamics to quantify
the impacts of water erosion processes. It has been applied to a wide range of land
management scenarios including cropland, pastureland, rangeland, and disturbed
forestland (Muth and Bryden 2012a). WEPS is a process-based daily time-step
model that simulates how field conditions including soil water and temperature
interact with wind forces including direction and magnitude. WEPS models a three-
dimensional region to resolve mass balance equations and project wind erosion
impacts. WEPS has been used for cropland scenarios (Hagen, 2004), including
previous studies for evaluating the impacts of corn stover removal (Wilhelm et al.,
2007). The SCI utilizes parameters contributed by RUSLE2 and WEPS to provide
qualitative prediction of the impact of land management practices on soil organic
carbon. The SCI has been used for a broad range of soil quality assessments
(Karlen et al., 2008).

There are two extensions required to the integrated model to support inclusion of
DAYCENT. First, the DAYCENT model wrapper has to be developed for seamless
data exchange between the framework and the DAYCENT model. Second, the
framework has to be enhanced to support two-way data exchange between the
integrated models. DAYCENT utilizes soil erosion inputs from the other integrated
models to calculate long term changes in crop yields and soil conditions. These
changes can subsequently impact future soil erosion within the agronomic system.
Because of this, integrating DAYCENT requires two-way data coupling and
iterative model execution to resolve the long term impacts of agricultural residue
removal management practices.

21 DAYCENT Model Wrapper

DAYCENT is comprised of several submodels that together enable quantitative
assessments of soil organic carbon, N gas fluxes, CO2 flux from soil respiration,
net primary productivity, and daily water and nitrate leaching. These submodels
include plant productivity, decomposition of dead plant material and soil organic
matter, soil water and temperature dynamics, and trace gas fluxes (Del Grosso et
al., 2006). DAYCENT is a file driven model using multiple files to parameterize the
site, vegetation, and land use events. Additional files containing soil characteristics
at multiple layers and daily climate data are also used during the simulation. A
schedule file providing the timing and descriptions of agricultural operations is
required for DAYCENT simulations. The schedule file is divided into blocks
containing a series of operations for a specified time period. The schedule file can
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Climate Data
Daily Min. and Max.
Temperature
Daily Precipitation
Daily Solar Radiation
Daily Relative Humidity
Daily Wind Speed

. Key Output Data
Soils Data Above and Below Ground Carbon
Sand, Silt, and Clay Content 4 Projected Crop Yield
Bulk Density A~ DAYCENT —>| Quantitative Soil Organic Carbon
Organic Matter Daily N-gas Fluxes
pH Daily CO, Flux
Net Primary Production

Management Data
Field Operations
Dates of Operations
Crop Rotation -
Duration
Residue Added/Removed
Erosion

Figure 1. Data required for DAYCENT.

contain as many blocks as required to replicate the changes in land uses over time.
The schedule file also determines the output frequency per block, contains
references to the climate and site file, and options to scale certain simulation
functions. Figure 1 shows the minimum data requirements for DAYCENT to run
within the integrated model. The DAYCENT API wrapper retrieves the climate, sall,
and management data from existing files and databases and converts them into
the native DAYCENT format. Climate and management data are gathered from
CLIGEN and the NRCS skel files, respectively. The CLIGEN data is formatted to
create the weather file while the XML skel file is parsed into the operations and
dates of the operations. Erosion data is then retrieved and aggregated to a monthly
value from the results of the erosion models. These values are integrated into the
operation events chronologically, occurring at the beginning of each month. Soil
data is retrieved from a local SSURGO database and parsed into the defined soil
layer depths with respect to the soil component horizon depths and thicknesses.
The soil data, along with calculations for soil characteristics using the soil inputs,
are formatted for each soil layer within the soil file.

2.2 Extended Integrated Model with DAYCENT

The integrated model is supported by a coupled set of multi-scale databases (Fig.
2). A detailed description of the format, size, and spatial scale of the databases can
be found in Muth and Bryden (2012a). The databases communicate with three data
modules for soils, climate, and management data. The data modules are
responsible for formatting the data inputs for each of the models integrated in the
framework. The input data is provided to each model through the individual model
wrappers. The WEPS and RUSLE2 wrappers are discussed in detail by Muth and
Bryden (2012a). The DAYCENT wrapper handles the assembling and loading of
climate, soil, and management data. Climate data is assembled from the CLIGEN
database and formatted for DAYCENT. Soil data is extracted from the SSURGO
database to populate the DAYCENT soil file. Management operations and dates
are acquired from the NRCS management database (NRCS, 2012b). The
management data is used with erosion data from RUSLE2 and WEPS to assemble
the DAYCENT schedule file. The schedule file is initialized, querying a suite of
parameterized management and vegetation files executing the model scenario.
Figure 2 shows the initialization process and the flow of data within the framework
for the integrated models. The iterative spatial loops identify areas within the
simulation where datasets and models iterate over spatial components. Within
iterative spatial loop 1 geoprocessing tools are used to organize the databases
around the spatial extent and discretization for the analysis. lterative spatial loop 2
initiates the data and models to simulate the environmental processes for each
spatial location and management scenario. lterative spatial loop 3 provides two-
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way coupling where results generated from the integrated models are distributed to
other integrated models and results are recalculated.
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Figure 3. Modeling process within iterative spatial loop 3 from Fig. 2.

Figure 3 shows the modeling process and data flow within iterative spatial loop 3
from Fig. 2. The modeling process begins with execution of the WEPS model
producing wind erosion values and soil conditioning index parameters. Upon
completion, RUSLE2 data inputs are adjusted with the required WEPS model
output, and RUSLE2 is executed. Total erosion is then delivered to DAYCENT.
DAYCENT retrieves climate and soil data assembled by the respective data
modules and uses the WEPS and RUSLE2 model outputs to adjust the schedule
file. DAYCENT is then executed producing vyield and agricultural residue
projections. If long term grain yields differ from initial yield inputs, then the iterative
loop passes that data back to WEPS and RUSLE2 so that erosion rates can be
recalculated under the adjusted agronomic conditions. Because erosion affects soil
characteristics, which results in impacts on yield, and yield and agricultural residue
affect erosion rates, two-way coupling within the framework is required to
comprehensively investigate a specific agricultural residue removal scenario. The
time dimension for a single iteration of the integrated models is dependent on the
length of the crop rotation.
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3 RESULTS

The extended integrated model with DAYCENT is used in this study to investigate
sustainable agricultural residue removal scenarios developed by Muth et al.
(2012b). The scenarios are representing residue removal from standard agricultural
practices in Boone County, lowa, US. The seven dominant SSURGO soails, in
terms of area, from Boone County are selected for investigation with the extended
integrated model. Sustainable residue removal practices are defined by soil erosion
less than tolerable limits for each soil and maintaining or increasing long term soil
carbon levels in the soil. The management practices considered for these soils are
a corn-soybean crop rotation with reduced tillage practices. The sustainable
residue removal results reported by Muth et al. (2012b) are compared with the
sustainable removal rates from the extended integrated model in Table 1 in
columns two and three. While the sustainable removal rates differ between the
integrated models, the soils that have higher sustainable removal rates from the
previous study generally have higher sustainable rates with the extended
integrated model. The original integrated model results show greater variability in
sustainable removal rates across the selected soils as compared to the extended
integrated model. This result requires further investigation because it is not clear
whether the original integrated model is overly sensitive to local soil and
management conditions, or whether the extended integrated model is not capturing
these effects sufficiently.

The extended integrated model with DAYCENT quantifies the long term impact on
soil organic carbon. Table 1, columns four and five, show the projected soil organic
carbon after ten years under no residue removal, and under the sustainable
residue removal management practices. The extended integrated model projects
that soil organic carbon for each of the seven soils investigated will increase under
no residue removal management practices. This is an important consideration for
land managers. Residue removal rates are considered sustainable when soil
carbon levels are not decreasing, but residue removal operations can impact
potential long term gains in soil organic carbon.

Changes in soil organic carbon over ten years can also impact grain yields. Table
2, columns two and three, shows the projected ten-year impact on grain yield from
sustainable residue removal management. For each of the soils investigated in this
study the extended integrated model projects ten-year yield decreases from

Table 1. Sustainable residue removal results and its impact on soil organic

carbon.
. Annual . . Soil Organic
National Sustainable Soll Orgar.'nc Carbon with
. Assessment . Carbon with .
Soil Types Residue Sustainable
Study R A No Removal R I
(Mg/ha) emova (Mg/ha) emova
(Mg/ha) (Mg/ha)
Canisteo silty clay loam, 0 to 3.35 219 29 40 26.88
2 percent slopes
Clarion loam, 2 to 5 percent 120 195 2343 2195
slopes
Nicollet loam, 1 to 3 percent 216 126 2400 2984
slopes
Webster silty clay loam, 0 to 3.35 218 29 14 26.51
2 percent slopes
Harps loam, 0 to 2 percent 3.35 201 2520 29 91
slopes
Clarion loam, 5 to 9 percent 0.00 195 2259 2044
slopes, moderately eroded
Clarion loam, 5 to 9 percent 0.00 125 2259 2130
slopes
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Table 2. Impacts of residue removal on long term grain yield and N,O flux.

. Corn Grain Annual N,O
Corn Grain | vy with | Annual N.O Flux with
. Yield with . Flux with No .
Soil Types Sustainable Sustainable
No Removal R I Removal R I
(Mg/ha) emova (Mgw/ha x 10%) emoval
(Mg/ha) (Mgn/ha x 107)
Canisteo silty clay loam, 0 to 11.87 11.75 0.340 0343
2 percent slopes
Clarion loam, 2 to 5 percent 10.97 10.90 0.323 0.320
slopes
Nicollet loam, 1 to 3 percent 10.26 10.11 0.246 0.244
slopes
Webster silty clay loam, 0 to 12.01 11.88 0.309 0312
2 percent slopes
Harps loam, 0 to 2 percent 11.06 11.00 0.373 0.379
slopes
Clarion loam, 5 to 9 percent 10.92 10.79 0.316 0.312
slopes, moderately eroded
Clarion loam, 5 to 9 percent 10.88 10.85 0.315 0.316
slopes

sustainable residue removal management practices. This is again an important
consideration for land managers that can impact economic viability of the
agronomic system. The greenhouse gas emissions from the agronomic system are
also modeled with the extended integrated model. Columns four and five of Table 2
compare the projected N,O gas flux from no residue removal and sustainable
residue removal management practices. The initial case study shows that changes
in N,O flux are another parameter to investigate further because of the significance
of greenhouse gas emissions.

4 CONCLUSIONS

This study extended an integrated model developed to investigate sustainable
agricultural residue removal to include the DAYCENT model. Two extensions to the
integrated model were developed to integrate DAYCENT. The first was the
development of the DAYCENT model wrapper that passes the required data to and
from the DAYCENT model. The second was an additional iterative spatial loop that
handles the two-way information exchange between DAYCENT and the other
models integrated within the framework. Erosion parameters are calculated by the
RUSLE2 and WEPS models and provided to DAYCENT. DAYCENT then
calculates yield impacts and changes in soil conditions and provides that data back
to the other models to recalculate erosion. This iteration continues until the
agronomic system reaches an equilibrium state. Integration of DAYCENT allows
investigation of additional environmental factors that may be affected by residue
removal. These include quantifying long term trends in soil organic carbon levels,
projecting impacts on long term yield, and projecting impacts on greenhouse gas
emissions. Results from the extended integrated model were compared to previous
sustainable residue removal data. Differences in the sustainable removal rates
were found. Furthermore, by using the extended integrated model it was found that
sustainable residue removal management can have long term impacts on soil
organic carbon levels and grain yields when compared to no residue harvest
operations.
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