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ABSTRACT

Large quantities of biofuel production are expected from bioenergy crops at a national scale to meet US biofuel
goals. It is important to study biomass production of bioenergy crops and the impacts of these crops on water
quantity and quality to identify environment-friendly and productive biofeedstock systems. SWAT2012 with a
new tile drainage routine and improved perennial grass and tree growth simulation was used to model long-
term annual biomass yields, streamflow, tile flow, sediment load, and nutrient losses under various bioenergy
scenarios in an extensively agricultural watershed in the Midwestern US. Simulated results from bioenergy
crop scenarios were compared with those from the baseline. The results showed that simulated annual crop
yields were similar to observed county level values for corn and soybeans, and were reasonable for Miscanthus,
switchgrass and hybrid poplar. Removal of 38% of corn stover (3.74 Mg/ha/yr) with Miscanthus production on
highly erodible areas and marginal land (17.49 Mg/ha/yr) provided the highest biofeedstock production
(279,000 Mg/yr). Streamflow, tile flow, erosion and nutrient losses were reduced under bioenergy crop scenarios
of bioenergy crops on highly erodible areas and marginal land. Corn stover removal did not result in significant
water quality changes. The increase in sediment and nutrient losses under corn stover removal could be offset
with the combination of other bioenergy crops. Potential areas for bioenergy crop production when meeting
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the criteria above were small (10.88 km?), thus the ability to produce biomass and improve water quality was not
substantial. The study showed that corn stover removal with bioenergy crops both on highly erodible areas and
marginal land could provide more biofuel production relative to the baseline, and was beneficial to water quality
at the watershed scale, providing guidance for further research on evaluation of bioenergy crop scenarios in a typ-
ical extensively tile-drained watershed in the Midwestern U.S.

© 2017 Elsevier B.V. All rights reserved.

1. Introduction

One of the grand challenges in meeting the US biofuel goal is supply-
ing large quantities of cellulosic materials for biofuel production at a na-
tional scale (Cibin et al., 2016). Based on productivity and adaptability in
different regions, the selection of biofeedstocks will vary geographically.
It is necessary to evaluate potential environmental impacts before con-
sidering implementation of bioenergy crops on a large scale (Love and
Nejadhashemi, 2011). Land cover change, management practices and
climate change have impacts on water quantity, sediment and nutrient
losses. Thus, it is challenging to take advantage of the opportunity
bioenergy crops offer, while safeguarding against their potential envi-
ronmental disadvantages.

Bioenergy crops, such as corn (Zea mays L.), corn stover, switchgrass
(Panicum virgatum L.), Miscanthus (Miscanthus x giganteus) and Populus
‘Tristis #1' (Populus balsamifera L. x P. tristis Fisch), are biofeedstock
sources for biofuel production in U.S. (Cibin et al., 2016; Gamalero
et al,, 2012; Guo et al., 2015; Kiniry et al., 2012; Mclsaac et al., 2010;
Parajuli et al., 2017; Thomas et al., 2014). Using marginal land to grow
non-grain bioenergy crops helps minimize impacts on food security
while reducing ecological restoration costs (He et al., 2017; Zhuang
et al., 2010).

Bioenergy crops have different yields estimated by simulation
models under different scenarios. For example, simulated biofeedstock
production from the same bioenergy crop, such as Miscanthus, switch-
grass or corn stover, differed when growing on pasture, agricultural
marginal land or highly erodible areas (Cibin et al., 2016). Additionally,
simulated biomass yields of five forest scenarios (clear cutting at 10%,
20%, 30%, 55% and 75% of the total forest area) increased as the forest
area clearcut increased (Khanal and Parajuli, 2013). Simulated annual
average biomass yields for corn stover with 38%, 52% and 70% removal
rates were 4.1 Mg/ha, 6 Mg/ha and 7.5 Mg/ha (Cibin et al., 2012).

Bioenergy crop planting in large areas can affect hydrology and
water quality (Guo et al., 2012a; Guo et al., 2012b; He and Guo, 2012;
Liu et al.,, 2015; Ng et al., 2010; Srinivasan et al., 2010; Yan et al.,
2015). For example, simulated streamflow was reduced, and nitrate
and mineral phosphorus loading were reduced at the watershed outlet
with 38%, 52% and 70% corn stover removed in watersheds in Indiana
(Cibin et al., 2012; Thomas et al., 2011). Additionally, corn stover re-
moval can reduce soil cover (Delgado, 2010), reduce organic carbon
and total nitrogen and increase soil erosion, and additional fertilizer
was recommended to compensate for nutrient reduction by corn stover
removal. However, 30 to 50% of corn stover could be removed without
significantly impacting soil erosion and crop production (Brechbill and
Tyner, 2008; Graham et al., 2007; Hoskinson et al., 2007; Kim and
Dale, 2004; Lindstrom, 1986). Moreover, Hickman et al. (2010) predict-
ed that switchgrass could increase evapotranspiration by 25% during
the growing season compared with corn. Switchgrass and Miscanthus
scenarios could reduce sediment and nutrient loadings at the watershed
outlet simulated by SWAT (Boles, 2013; Love and Nejadhashemi, 2011;
Parajuli and Duffy, 2013). Additionally, measured sediment loss and nu-
trient movement from a Populus tree plot was lower than that from a
conventional cotton plot in Mississippi (Thornton et al., 1998; Tolbert
et al,, 1997). Moreover, fast growing hybrid poplar trees were also pre-
dicted to decrease total nitrogen and phosphorus loading (Sood and
Ritter, 2010).

Tile drainage of agricultural fields in the Midwestern U.S. provides
the majority of the nitrate that enters the Mississippi River and contrib-
utes to hypoxia in the northern Gulf of Mexico (Jaynes and James, 2007;
Kalita et al., 2007). Models that link Mississippi River discharge with
Gulf of Mexico hypoxia have shown that a decrease of nutrient loading
can alleviate hypoxia in the Gulf of Mexico (Rabalais et al., 1999). The
Little Vermilion River (LVR) watershed is a typical tile-drained water-
shed with altered hydrology from subsurface drainage systems in east
central Illinois, USA (Kladivko et al., 2001). Surface runoff rarely occurs
in the LVR, and the removal of water from soils was mainly by subsur-
face drainage systems (Kalita et al., 2006).

Subsurface drainage systems can increase hydrological connectivity
to the channels (Basu et al,, 2010; Evans et al., 1999; Kuzmanovski et al.,
2015), enhance water transport through soils and serve as major trans-
port pathways for soluble chemicals such as nitrate-N and atrazine and
affect plant growth (Buhler et al., 1993; Kalita et al., 1998; Randall and
Iragavarapu, 1995). Plant growth also influences nutrient transport in
the tile drainage system. For example, nitrate-N concentrations in tile
drains were higher from fields with more N fertilization, particularly
when fertilization occurred prior to planting (Borah et al.,, 2003;
Mitchell et al., 2000). Thus, it is important to take tile drainage system
into consideration for examination of hydrologic and water quality im-
pacts of bioenergy crop scenarios in watersheds in the Midwest.

Some researchers have simulated bioenergy crop growth and its im-
pacts on water quantity and quality at a watershed scale using SWAT
globally (Boles, 2013; Cibin et al., 2012; Cibin et al., 2016; Gush, 2010;
Liu et al., 2014; Love and Nejadhashemi, 2011; Valcu-Lisman et al.,
2016; Yasarer et al., 2016), but few of them incorporated woody
bioenergy crops, such as Populus into bioenergy crop scenarios, or
under tile drainage systems. The objective of this study was to quantify
biomass yields of bioenergy crops scenarios, including woody bioenergy
crops, and their impacts on streamflow, tile drain flow and nutrient
losses under consideration of tile drainage systems in a typical tile
drained watershed. The results of this study can help determine optimal
bioenergy scenarios with high biomass yields, and water quality bene-
fits in the LVR watershed and even the Mississippi River system and
Gulf of Mexico.

2. Materials and methods
2.1. Study area

The LVR watershed is a typical flat upland watershed in east-central
Illinois and drains approximately 518 km?, at the boundary of Cham-
paign and Vermilion counties. The LVR watershed has an average
slope about 1%, with elevation ranging from approximately 235 m in
the headwaters to 174 m at the outlet of the watershed (Zanardo
et al.,, 2012). About 90% of the LVR watershed is agricultural land used
for corn and soybean production, and the remainder consists of grass-
land, forest land, roadways and farmsteads (Kalita et al., 2006). Based
on agricultural statistical data for the LVR watershed, the cropland
was equally subdivided between corn and soybeans (Algoazany et al.,
2007). The dominant soil associations are Drummer silty clay loam
(fine-silty, mixed, superactive, mesic Typic Endoaquolls) and Flanagan
silt loam (fine, smectitic, mesic Aquic Argiudolls) (Keefer, 2003;
Zanardo et al., 2012). Annual average precipitation at the watershed
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outlet was 1016 mm from 1985 to 2008. The LVR watershed has altered
hydrology from an extensive subsurface drainage system network
(Algoazany et al., 2007).

2.2. Bioenergy crop scenarios

In the current study, the primary goal was to estimate biofeedstock
production of plausible bioenergy scenarios and their impacts on water-
shed hydrology and water quality. The purpose of scenario planning
was to place bioenergy crops with high biomass yields on the LVR wa-
tershed and explore hydrologic and water quality impacts. Thus, there
were several concerns about bioenergy scenario planning (Peterson
et al., 2003):

1. It was significant to design bioenergy scenarios favoring the
growth of high yielding bioenergy crops (switchgrass, Miscanthus and
hybrid poplar), and also have minimal impacts on food production
(grain production of corn and soybeans).

2. Marginal land with steep slopes, low soil productivity or not suited
for corn and soybean growth, which has low crop productivity could be
chosen for bioenergy crop placement.

3. Minimal nutrient or sediment export to the outlet of the LVR wa-
tershed should also be taken into consideration.

To meet the aforementioned goals of bioenergy crop scenario plan-
ning, biofuel crop scenarios were formulated and simulated on highly
erodible areas, and marginal land in the LVR watershed (Fig. 1). The
corn and soybean areas with >5% slope were considered as potential
highly erodible areas. The areas with soil non-irrigated unit capability
class of 3 and 4 (may be more profitable used for grasses or trees), 6 (ex-
cess or lack of water), 7 (soil damage) and 8 (soil and climatic limita-
tions) were considered as marginal land (Table 1) (Klingebiel and
Montgomery, 1961). Based on these criteria, areas for bioenergy crop
scenarios were small (Table 1).

Eighteen bioenergy crop scenarios were formulated (Table 2) con-
sidering bioenergy crop production on highly erodible areas (Scenarios
1,2 and 3), on marginal land (Scenarios 4, 5 and 6), with stover removal
with various nutrient replacement amounts (Scenarios 7, 8 and 9), com-
bination of stover removal and bioenergy crop production on highly
erodible areas (Scenarios 10, 11 and 12), combination of stover removal
and bioenergy crop production on marginal land (Scenarios 13, 14 and
15), and combination of stover removal and bioenergy crop production
on highly erodible areas and marginal land (Scenarios 16, 17 and 18).

Shawnee switchgrass (Panicum virgatum L.), Miscanthus (Miscanthus
x giganteus) and Populus ‘Tristis #1° (Populus balsamifera L. x P. tristis
Fisch) were included as high yielding bioenergy crops due to high pro-
ductivity, availability and adaptability and corn stover as crop residue
for biofuel production (Behrman et al., 2014; Boles, 2013; Casler,
2010; Cortese et al., 2010; Hansen, 1991; Kiniry et al., 2013; Schmer
et al,, 2010; Thomas et al., 2014; Thomas et al., 2011; Tilman et al.,
2009; Trybula et al., 2015). The stover removal rate of 38% proposed
by Brechbill and Tyner (2008) was used for the study, representing po-
tential corn stover that can be collected from baling a windrow
(Brechbill and Tyner, 2008), which has been widely used for agricultural
land.

2.3. SWAT model setup

Guo et al. (2015) improved leaf area index and biomass yield simu-
lation of Populus tree growth simulation in SWAT, and determined pa-
rameter sets for hybrid poplar growth, which can be used to
accurately model biofeedstock production of hybrid poplar growth
and its impacts on hydrology and water quality from planting to har-
vest. SWAT2012 (Revision 615) with the improved tree growth simula-
tion (Guo etal,, 2015) was used for modeling. The 30 m Digital Elevation
Model (DEM) was used to create a clipped stream layer for the LVR wa-
tershed into the simulation and subbasins in LVR watershed were

- Marginal Land

- Other crops slope < 5%

- Corn stover areas i
- Highly erodible areas +

0 5 10
| ] ] ] |

20 Kilometers
] ] ] |

Fig. 1. Potential lands for bioenergy crop scenarios in the LVR watershed.
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Table 1
Potential area for bioenergy crop scenarios®.

Potential lands Land use Slope Soil capability class (non-irrigated) Area (km?) Percent of the watershed (%)
Corn stover areas Corn/soybeans <5% - 177.53 43

Highly erodible areas Corn/soybeans soybean >5% - 2.10 0.50

Marginal land® - - 3,4,6,7,8 8.78 2.11

@ Klingebiel and Montgomery (1961).

delineated (Table 3). The National Map Viewer and SSURGO from USDA
Web Soil Survey were also added into ArcSWAT (Table 3). Crop data
layer (CDL 2014) for the study area was obtained from USDA National
Agricultural Statistics Service (NASS) (Table 3). The delineated 17 sub-
basins yielded 990 total hydrologic response units (HRUs) based on
the following thresholds: 0% land, 10% soil, and 0% slope. Daily maxi-
mum and minimum temperature, solar radiation, wind speed and rela-
tive humidity data were obtained from an Illinois State Water Survey
(ISWS) station (Champaign Station, Latitude: 40.08°, Longitude: —
88.24°, Elevation: 219 m) closest to the LVR watershed (Table 3).
Daily precipitation data from 01/01/1985 to 12/31/2008 for the SIDELL
4N ILUS weather station (GHCND: USC00117952, Latitude: 39.98°, Lon-
gitude: —87.88°, Elevation: 206 m) in the watershed was downloaded
from National Climatic Data Center (NCDC CDO) and added into
ArcSWAT (Table 3).

Tile drainage was assumed in areas where corn or soybean were the
current land use, slope was lower than 5%, and soil drainage was some-
what poorly drained, poorly drained, or very poorly drained (Boles et al.,,
2015; Sugg, 2007; Sui and Frankenberger, 2008), and 75% of the water-
shed was tile drained. The model ran for a total of 23 years (1985-2008)
to allow for sufficient warm-up (1985-1989) before reaching the simu-
lation years (1990-2008).

The SWAT2012 model (Revision615) was calibrated/validated for
monthly tile flow and nitrate in tile flow at subsurface stations, for
monthly surface runoff, sediment and nitrate in surface runoff at surface
stations, and for monthly streamflow, and sediment and nitrate in
streamflow at a river site in the LVR watershed in a previous study
(Guo et al., 2017). Calibrated parameter sets can be used to model hy-
drology and water quality results reasonably at both field site and
river basin levels in the LVR watershed (Table 4). Moreover, tile flow pa-
rameters, tile depth (DDRAIN), drainage coefficient (DRAIN_CO), the
maximum depressional storage selection flag/code (ISAMX) and static
maximum depressional storage (SSTMAXD) defined in previous
DRAINMOD studies on simulation of daily tile flow at field sites in the
LVR watershed (Singh et al., 2001) and on the selection of parameter
set during calibration and validation of DRAINMOD (Skaggs et al.,

Table 2
Description of biofuel scenarios evaluated in this study.

2012), and SWAT study on parameterization of tile drainage simulation
in an Indiana watershed using SWAT2012 (Boles et al., 2015) were also
used. The calibrated/validated model representing the current land
cover was considered the baseline scenario. The calibrated model pa-
rameter set for the baseline was also applied to bioenergy crop scenarios
(Table 2).

SWAT simulated annual corn and soybean yields were compared
with measured National Agricultural Statistics Service (NASS) county
level yield data. County level annual corn and soybean yield data for
Vermilion, Champaign and Edgar Counties in Illinois from NASS statis-
tics were area weighted to obtain watershed average yield data. Mois-
ture content for NASS corn and soybean yields were assumed as 15.5%
and 13.0%, respectively (Schroeder, 2004). Nineteen-year average simu-
lated streamflow, sediment, nitrate, total nitrogen, soluble nitrogen, or-
ganic nitrogen, total phosphorus, mineral phosphorus, and organic
phosphorus results at the watershed outlet, and tile flow and nitrate
in tile flow across the entire watershed from 1990 to 2008 were com-
pared with the baseline scenario, and percentage changes were calcu-
lated to determine biofeedstock production of bioenergy crop
scenarios and their hydrologic and water quality impacts.

2.4. Bioenergy crop scenarios representation in the model

The plant growth parameters for corn (Zea mays L.), soybean
(Glycine max L. Merril), Shawnee switchgrass (Panicum virgatum L.),
Miscanthus (Miscanthus x giganteus) and Populus ‘Tristis #1' (Populus
balsamifera L. x P. tristis Fisch) were adjusted in the model. The present
study used SWAT version Revision 615, incorporating modification of
corn and soybeans (Cibin et al., 2016), perennial grasses (Cibin et al.,
2016; Trybula et al., 2015) and hybrid poplar tree growth (Guo et al.,
2015) with calibrated growth parameter values (Table S1).

Planting and harvest date, rotation, tillage practice, and fertilization
and pesticide application of corn, soybean, corn stover, Tall Fescue,
switchgrass, Miscanthus, and hybrid poplar in the LVR watershed varied
(Table 5). Rotation years for switchgrass, Miscanthus, and hybrid poplar
were set as 10, 10 and 14 years, respectively, since perennial grasses

Name Corn stover areas Highly erodible areas Marginal land
Baseline - - -

Scenario 1 - Miscanthus -

Scenario 2 - Switchgrass -

Scenario 3 - Populus -

Scenario 4 - - Miscanthus
Scenario 5 - - Switchgrass
Scenario 6 - - Populus
Scenario 7 38% stover (no nutrient replacement) - -

Scenario 8 38% stover (more nutrient replacement) - -

Scenario 9 38% stover (less nutrient replacement) - -

Scenario 10 38% stover Miscanthus -

Scenario 11 38% stover Switchgrass -

Scenario 12 38% stover Populus -

Scenario 13 38% stover - Miscanthus
Scenario 14 38% stover - Switchgrass
Scenario 15 38% stover - Populus
Scenario 16 38% stover Miscanthus Miscanthus
Scenario 17 38% stover Switchgrass Switchgrass
Scenario 18 38% stover Populus Populus

Note: Baseline scenario represents the current land use in the watershed and the developed scenarios changing corresponding land use from the baseline.
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Table 3

Data for bioenergy crop scenario simulation by SWAT.
Data type Source Format Date
Elevation AUSGS The National Map Viewer 30 m raster
PSSURGO “USDA Web Soil Survey Polygon shapefile
dcpL “USDA NASS Raster 2014
Maximum and minimum temperature, solar radiation, relative humidity and wind speed fIsws Tabular data 1985-2008
Precipitation ENCDC Tabular data 1985-2008

@ USGS: USS. Geological Survey.

b SSURGO: Soil Survey Geographic Database.

€ USDA: U.S. Department of Agriculture.
CDL: Cropland Data Layer.

USDA NASS: United States Department of Agriculture National Agricultural Statistics Service.

d
e

T ISWS: Illinois State Water Survey.

& NCDC: National Climatic Data Center.

would produce biomass yield once established with proper manage-
ment, and poplar trees could resprout vigorously after harvest for a pe-
riod longer than 10 years (Hansen, 1991; Pyter et al., 2007). Hybrid
poplar with population of 500 trees/100 m? was selected as short-
rotation woody crops (Riemenschneider et al., 2001; Zalesny et al.,
2009; Zalesny et al.,, 2012), which could reach maturity at the 6th year
since planting (Hansen, 1983). Corn stover removal was set as 38% stover
biomass removal after corn grain harvest (Brechbill and Tyner, 2008) in
the model, including no (218 kg/ha Anhydrous Ammonia and 67 kg/ha
P,05) more (250 kg/ha Anhydrous Ammonia and 78 kg/ha P,0s5) and
less (234 kg/ha Anhydrous Ammonia and 72 kg/ha P,0s) additional fertil-
izer application to account for nutrient replacement associated with sto-
ver removal (Table 5). Tall Fescue (Schedonorus arundinaceus (Schreb.)
Dumort) with hay cut and rotational gazing (Table 5) was selected for
pasture areas. Consumed and trampled biomass were both considered
as 37 kg/ha/day during grazing, and 60% of the consumed biomass was
considered as the manure deposited back in these areas (Cibin et al.,
2016). Kentucky bluegrass (Poa pratensis) was selected as the grass in
urban areas for this study, and the details about management practice
setup for its growth were described in Data S1.

3. Results and discussion
3.1. Biofeedstock production of bioenergy crop scenarios

Simulated corn and soybean yields were similar to observed county
level values (Fig. 2), except that simulated values of corn and soybean

yields for years 1996, 2002, 2005 and 2007 were lower than observed
values. Precipitation was low during the growing seasons for corn and
soybeans during these years, which caused higher water stress during
the growing seasons and underestimated crop yields.

Simulated yields of Miscanthus, switchgrass, and hybrid poplar on
highly erodible areas (corn and soybean areas with slope >5%) (Scenar-
ios 1-3, and Scenarios 10-12) averaged 19.5, 9.4 and 8.2 Mg/ha/yr re-
spectively (Table 6). Simulated Miscanthus and switchgrass yields on
highly erodible areas were similar to measured yields at the Purdue
Water Quality Field Station (WQFS) in the same region as the LVR wa-
tershed (Table 6) (Trybula et al,, 2015). Simulated yields of Miscanthus,
switchgrass, and hybrid poplar on marginal land (soil capability class as
3,4, 6,7 and 8) (Scenarios 4-6, and Scenarios 13-15) averaged 17.0, 8.1,
and 7.2 Mg/ha/yr, respectively (Table 6). Simulated yields of Miscanthus,
switchgrass, and hybrid poplar on highly erodible areas and marginal
land (Scenario 16-18) averaged 17.5, 8.3 and 7.4 Mg/ha/yr, respectively
(Table 6). Simulated Miscanthus and switchgrass yields on marginal
land were lower than measured yields at the Purdue WQFS (Table 6)
(Trybula et al., 2015). This could be expected given that soil properties
of marginal land in the LVR watershed were less fertile and had higher
ability to restrict plant growth than those from the WQFS. Simulated an-
nual average Miscanthus and switchgrass yields on highly erodible areas
and marginal land were within simulated ranges of Miscanthus (15-20
Mg/ha/yr) and switchgrass (8-11 Mg/ha/yr) yields by Feng (2016).
Simulated hybrid poplar yields on highly erodible areas and marginal
lands were lower than measured yield at the USDA Forest Service
Harshaw Experimental Farm (HEF) near Rhinelander, Wisconsin

Table 4
Description of parameter values for water quantity and quality processes in the LVR watershed.
Parameter Description Values Process
CN2 Soil moisture condition II curve number 2b_0.20 Surface runoff
SURLAG Surface runoff lag coefficient “1.03
DEP_IMP Depth to impervious layer (mm) 42700 Tile drain
Tile depth DDRAIN (mm) 1075
DRAIN_CO Drainage coefficient (mm/d) ©420
ISAMX Maximum depressional storage selection flag/code 0
SSTMAXD static maximum depressional storage (mm) €12
LATKSATF Multiplication factor to determine lateral saturated hydraulic conductivity 1.05
SDRAIN Tile spacing (mm) 238000
ESCO Soil evaporation compensation factor 40.98 Evapotranspiration
ADJ_PKR Peak rate adjustment factor for sediment routing in the subbasin (tributary channels) 1.16 Sediment losses
SPEXP Exponent parameter for calculating sediment re-entrained in channel sediment routing 1.94
CH_Cov1 Channel erodibility factor 20.31
CMN Rate factor for mineralization for the humus active organic nutrients (N) 40.03 Nitrate losses
RCN Concentration of nitrogen in rainfall (mg N/L) 0.10
NPERCO Nitrogen concentration reduction coefficient 20.99
SDNCO Denitrification threshold water content 1.46
CDN Denitrification exponential rate coefficient 40.00

2 The calibrated parameter set from Guo et al. (2017)'s research.
" The relative change to default value (Guo et al., 2017).

¢ Defined in Singh et al. (2001)'s research.

4" Defined in Skaggs et al. (2012)'s research.

¢ Defined in Boles et al. (2015)'s research.
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Table 5
SWAT management practices for corn, soybean, pasture, lawn grass, corn stover, switchgrass, Miscanthus and hybrid poplar in the LVR watershed.
Management Corn (corn stover) Soybean Tall fescue Switchgrass  Hybrid poplar
operations (pasture) (Miscanthus)
Planting date May 5 May 24 Mar 1 Apr 1 May 22
Harvesting date  Oct14 Oct7 May 30 (Hay cut) Oct 30 Dec 30 (7th, 14th
years)
Rotation (year) 2 2 1 10 14
Tillage Apr 15 Nov 1 - - Aprl
Spring chisel plow Fall chisel Roto-Tiller
May 5 plow (1st year)
Offset disk plow
Nitrogen Apr 22 - May 1 & Aug 1 Apr 15 Aprl
fertilizer Anhydrous Ammonia no (218 kg/ha), more (250 kg/ha) and less (234 kg/ha) Urea Urea Urea
nutrient replacement 61 kg/ha 122 kg/ha 110 kg/ha (every other
year)
Phosphorus Apr 24 May 10 May 1 -
fertilizer P,05 P,05 P,05
No (67 kg/ha), more (78 kg/ha) and less (72 kg/ha) nutrient replacement 56 kg/ha 11 kg/ha
Pesticide May 2 - - - Aprl
application Atrazine Linuron 2.2 kg/ha
2.2 kg/ha (1st year)
Grazing - - July 15, 14 days 1 - -
cow/acre
Sep 1, 14 days 2
cows/acre

(Table 6) (Hansen, 1991). Given that the soil, slope and climate condi-
tions at and the LVR watershed in Illinois were different from those at
the HEF in Wisconsin, the simulated hybrid poplar yields were reason-
able. Simulated yields of corn stover on highly erodible areas with no,
more and less additional nutrient replacement (Scenarios 7-9) aver-
aged 3.65, 3.81 and 3.74 Mg/ha/yr, respectively (Table 6). More nutrient
replacement (Scenario 8) resulted in higher corn stover production
(3.81 Mg/ha/yr) and corn grain production (8.38 Mg/ha/yr), and no nu-
trient replacement (Scenario 7) resulted in lower corn stover produc-
tion (3.65 Mg/ha/yr) and corn grain production (8.04 Mg/ha/yr).
Average annual biofeedstock production for bioenergy areas varied for
different scenarios, and quantity of potential biofeedstock production
was not large (Table 6) since bioenergy areas were small (Table 1).
Corn stover (66,000 Mg/yr) with combination of Miscanthus both on
highly erodible areas and marginal land (19,000 Mg/yr) provided the
highest biofeedstock production (Scenario 16) (Table 6).

Only one NOAA station with usable precipitation data was located in
the LVR watershed. Corn and soybean management practice data for the
whole watershed were represented by management data from several
field sites. Limited precipitation and corn and soybean growth manage-
ment data may influence the accuracy of biomass yield simulation for
corn and soybeans, as well as corn stover, switchgrass, Miscanthus and
hybrid poplar.

3.2. Impacts of bioenergy crop scenarios on hydrology

Annual flow partitioning for the LVR watershed from 1990 to 2008
for the baseline was plotted (Fig. 3). Simulated annual tile flow values
ranged from 163 mm to 257 mm with an average value as 209 mm
over the period. Simulated tile flow fluctuated from 16% to 24% of
total precipitation with an average of 20%. Percent of total precipitation
as simulated average evapotranspiration values ranged from 41% to
62%, with an average of 51%. Simulated water yield ranged from 34%
to 59% of precipitation, with an average of 48%. Flow partitioning was
reasonable for simulated water quantity results for the LVR watershed
for the baseline period, which was similar to that for simulated water
balance results at the Matson Ditch watershed in Indiana (Boles et al.,
2015).

Simulated annual average streamflow for the baseline and bioenergy
crop scenarios at the LVR watershed outlet ranged from 3.79 to
3.82 m>/s over the period from 1990 to 2008 (Table 7). Streamflow
was slightly reduced under bioenergy crop scenarios relative to the

baseline (Table 7). The percentage reduction in streamflow ranged
from 0.05% (Scenario 3, hybrid poplar on highly erodible areas) to
0.76% (Scenario 16, stover with Miscanthus on highly erodible areas
and marginal land) (Table 7). Generally, streamflow reduction was
slightly more under scenarios with corn stover with a combination of
bioenergy crops on marginal land (Scenarios 13-18) (Fig. 4(c)) than
under scenarios with bioenergy crops on marginal land (Scenarios 4-
6) (Fig. 4(a)). Scenarios with bioenergy crops on marginal land (Scenar-
ios 4-6) (Fig. 4(a)) had more streamflow reduction than those on highly
erodible areas (Scenarios 1-3) (Fig. 4 (a) and Table 7).

Simulated annual average tile flow for the baseline and bioenergy
crop scenarios across the entire LVR watershed ranged from 204 to
206 mm over the period from 1990 to 2008 (Table 7). Tile flow was
slightly reduced under bioenergy crop scenarios (Fig. 4 and Table 7).
The percentage reduction in tile flow ranged from 0.01% (Scenario 3, hy-
brid poplar on highly erodible areas, and Scenario 6, hybrid poplar on
marginal land) to 0.89% (Scenario 7, stover with no nutrient replace-
ment) (Table 7). Generally, tile flow reduction was slightly more
under scenarios with corn stover removal (Scenarios 7-18)
(Fig. 4(b) and (c)) than under scenarios without corn stover removal
(Scenarios 1-6) (Fig. 4(a) and Table 7).

Reduction of streamflow and tile flow under bioenergy crop scenar-
ios occurred mainly because of higher infiltration, percolation, and
evapotranspiration, and lower soil moisture under bioenergy crop sce-
narios (Fig. 3 and Table 7) (Hickman et al., 2010; Mclsaac et al., 2010).
Planting of bioenergy crops in riparian zones could yield high biomass
and also help trap and filter concentrated flow (Meehan et al., 2013;
Pankau et al., 2012). However, the impacts on trapping concentrated
flow was small; since surface runoff rarely occurred in this extensively
tile-drained watershed, flow in channels, streams and the river was
largely due to tile flow, and the function as a buffer is minimal.

Reduction in streamflow and tile flow under the scenario with corn
stover removal may be due to increased evaporation from soil cover loss
and reduced soil water holding capacity caused by corn stover removal
(Cibin et al., 2012; Donk et al., 2010). The impacts of corn stover remov-
al, switchgrass, Miscanthus, and hybrid poplar scenarios on streamflow
and tile flow were minimal, since potential areas for bioenergy crop sce-
narios were small (Table 1). Corn stover removal (43 km?) had a larger
potential area than marginal land (2.11 km?), which was slightly higher
than that of highly erodible areas (0.50 km?) (Table 1). The difference in
potential area for bioenergy scenarios caused the difference in ability to
reduce streamflow and tile flow. The larger the potential area for
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Fig. 2. Comparison of simulated corn (a) and soybean (b) yields with measured National Agricultural Statistics Service (NASS) yield data from Vermilion, Champaign and Edgar Counties in

Illinois.

Miscanthus had the highest biomass yields and capability of water inter-

bioenergy scenarios, the higher the reduction in streamflow and tile

ception among three bioenergy crops, followed by switchgrass, and
then hybrid poplar (Table 6). Reduction in streamflow under the sce-

flow. Thus, streamflow reduction was slightly more under scenarios

with corn stover removal with combination of bioenergy crops on mar-
ginal land than under scenarios on marginal land, which had more
streamflow reduction than scenarios on highly erodible areas.

nario with Miscanthus on highly erodible areas (Scenario 1) was slightly

higher than that with switchgrass on highly erodible arears (Scenario

2), which had a slightly higher reduction in streamflow than the scenar-

io with hybrid poplar (Scenario 3) (Table 7 and Fig. 4(a)).

Streamflow reduction under scenarios with corn stover removal was

slightly more than that for scenarios without corn stover removal.
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Table 6
Potential grain and biomass production for bioenergy crop scenarios in the LVR watershed?.

731

Crop Corn Corn stover Miscanthus Switchgrass Hybrid poplar Area of bioenergy Total biomass Measured biomass
Yield Mghajyr Mgyr Mghayyr Mg/yr Mghayr Mglyr Mghayr Mgjyr Mghajyr Mgyr P (") (Meiyn) - vields

Baseline 7.95 141,000 0 189,000 Miscanthus®
Scenario1l  8.01 142,000 1949 4000 210 194,000 25 Mg/ha/yr
Scenario2  8.01 142,000 9.39 2000 210 192,000 (Trybula et al., 2015)
Scenario3  8.01 142,000 8.17 2000 210 192,000

Scenario4  7.95 141,000 17.01 15,000 878 204,000

Scenario5  7.95 141,000 8.06 7000 878 196,000

Scenario6  7.95 141,000 7.16 6000 878 195,000

Scenario7  8.04 143,000 3.65 65,000 17,753 256,000 Switchgrass®
Scenario8  8.38 149,900 3.81 68,000 17,753 265,900 10 Mg/ha/yr
Scenario9  8.22 146,000 3.74 66,000 17,753 260,000 (Trybula et al., 2015)
Scenario 10 8.22 146,000 3.74 66,000 19.49 4000 210 264,000

Scenario 11 8.22 146,000 3.74 66,000 9.39 2000 210 262,000

Scenario 12 8.22 146,000 3.74 66,000 8.17 2000 210 262,000

Scenario 13 8.22 146,000 3.74 66,000 17.01 15,000 878 275,000 Hybrid poplar®
Scenario 14 8.22 146,000 3.74 66,000 8.06 7000 878 267,000 10 Mg/ha/yr
Scenario 15 8.22 146,000 3.74 66,000 7.16 6000 878 266,000 (Hansen, 1991)
Scenario 16 8.22 146,000 3.74 66,000 17.49 19,000 1088 279,000

Scenario 17 8.22 146,000 3.74 66,000 8.32 9000 1088 269,000

Scenario 18 8.22 146,000 3.74 66,000 7.36 8000 1088 268,000

2 Annual average soybean yields were 2.72 Mg/ha/yr and 48,000 Mg/yr for baseline and all bioenergy crop scenarios.
> The measured yields for Miscanthus and Switchgrass were at the Purdue Water Quality Field Station (WQFS).
¢ The measured yield for hybrid poplar was at the USDA Forest Service Harshaw Experimental Farm (HEF) near Rhinelander, Wisconsin.

3.3. Impacts of bioenergy crop scenarios on erosion

Simulated annual average sediment load for baseline and bioenergy
crop scenarios for the LVR watershed outlet ranged from 39,613 to
43,783 Mg/yr over the period from 1990 to 2008 (Table 7). Sediment
was reduced under bioenergy crop scenarios of Miscanthus, switchgrass,
and hybrid poplar on highly erodible areas and marginal land (Scenarios
1-6) (Fig. 4(a) and Table 7), with the percentage reduction in sediment
load ranging from 2.69% (Scenarios 4 and 5, Miscanthus and Switchgrass
on marginal land) to 4.76% (Scenario 3, hybrid poplar on high erodible
land). Sediment load reduction was slightly more under bioenergy

crop scenarios on highly erodible areas than scenarios on marginal
land, and Miscanthus and switchgrass were equivalent in reducing sed-
iment load (Fig. 4(a) and Table 7). Sediment load reduction from sce-
narios with hybrid poplar on highly erodible areas (Scenario 3) or
marginal land (Scenario 6) was higher than these areas with Miscanthus
and switchgrass. Soil erosion and sediment loss were more severe on
highly erodible areas, and bioenergy crops had the potential to reduce
sediment load.

Corn stover removal scenarios increased sediment load and ranged
from 5.34% for stover removal with more nutrient replacement (Scenar-
io 8) to 5.65% for stover removal without nutrient replacement
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Fig. 3. Simulated annual flow partitioning for the baseline case for the LVR watershed.
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Average annual impact of bioenergy crop scenarios on streamflow, sediment losses, total nitrogen, nitrate losses, and total phosphorus losses at the LVR watershed outlet and evapotrans-
piration (ET), water yield, tile flow and nitrate losses in tile flow in the LVR watershed.

Scenario Streamflow Tile flow ET Water yield Sediment Total nitrogen Nitrate Total phosphorus Nitrate in tile flow
(m?/s) (mm) (mm) (mm) (Mg/yr) (kg/yr) (kg/yr) (kg/yr) (kg/yr)
Baseline 3.818 206.26 518.90 503.40 41,573 281,502 266,115 46,576 191,310
Scenario 1 3.813 206.18 519.05 503.25 39,655 275,497 261,195 45,242 189,308
Scenario 2 3.815 206.19 519.04 503.26 39,696 274,080 259,902 45,284 189,391
Scenario 3 3.816 206.23 519.02 503.28 39,571 274,997 260,695 45,326 189,725
Scenario 4 3.802 206.19 519.22 503.09 40,447 275,497 260,903 45,826 189,475
Scenario 5 3.805 206.19 519.19 503.12 40,447 273,996 259,485 45,784 189,350
Scenario 6 3.805 206.23 519.19 503.12 40,363 275,706 260,987 45,868 189,725
Scenario 7 3.806 206.23 519.22 503.09 43,908 256,191 242,097 47,244 180,051
Scenario 8 3.807 204.43 519.17 503.14 43,783 272,787 257,984 48,161 191,935
Scenario 9 3.807 204.52 519.15 503.15 43,824 264,406 250,020 47,619 185,930
Scenario 10 3.802 204.49 519.15 503.15 41,906 263,488 250,020 46,285 185,472
Scenario 11 3.804 204.44 519.22 503.09 41,948 262,112 248,602 46,326 185,555
Scenario 12 3.805 204.44 519.20 503.11 41,823 263,113 249,395 46,368 185,930
Scenario 13 3.791 204.49 519.19 503.12 42,699 263,405 249,686 46,827 185,597
Scenario 14 3.793 204.45 519.34 502.97 42,699 261,987 248,310 46,827 185,514
Scenario 15 3.794 204.44 519.32 503.00 42,615 263,780 249,812 46,910 185,930
Scenario 16 3.789 204.45 519.30 503.01 40,697 262,696 249,686 45,617 185,597
Scenario 17 3.791 204.44 519.37 502.95 40,739 261,112 248,102 45,617 185,514
Scenario 18 3.792 204.49 519.34 502.97 40,614 262,404 249,311 45,659 185,930

(Scenario 7) (Fig. 4(b) and Table 7). Corn stover removal may accelerate
soil nutrient losses and intensify wind and water soil erosion (Kenney
et al., 2015). The increase in sediment load by corn stover removal
could be offset under scenarios with corn stover removal with combina-
tion of Miscanthus, switchgrass and hybrid poplar (Scenarios 10-18)
(Fig. 4(b) and (c), and Table 7). Corn stover removal combined with
Miscanthus, switchgrass and hybrid poplar both on highly erodible
areas and marginal land, could reduce sediment load (Scenarios 16-
18) (Fig. 4(c) and Table 7). Corn stover removal had the potential to in-
crease soil erosion but not by a considerable amount, since soil erosion
was small given the watershed is mildly-sloped (Table 7). Perennial
grasses and hybrid poplar trees in highly erodible areas and marginal
land can reduce erosion slightly, since the areas for bioenergy crops
were small.

3.4. Impacts of bioenergy crop scenarios on nutrient losses

Simulated annual average nutrient load for baseline and bioenergy
crop scenarios at the LVR watershed outlet ranged from 256,024 to
281,460 kg/yr for total nitrogen, from 242,264 to 266,031 kg/yr for ni-
trate load, from 180,134 to 191,810 kg/yr for nitrate in tile flow, and
from 45,451 to 47,952 kg/yr for total phosphorus over the period from
1990 to 2008 (Table 7). Simulated nitrate load at the watershed outlet
is reasonable when compared to nitrate load (10 kg/ha) at the outlet
of the county line river station (69 km?) inside the watershed
(Zanardo et al., 2012). Generally, nitrate load, nitrate in tile flow, and
total nitrogen were reduced under bioenergy crop scenarios (Scenarios
1-18) (Fig. 4), except that nitrate in tile flow was increased by 0.33%
under corn stover removal with more nutrient replacement (Scenario
8) (Fig. 4(b)). The percentage reduction ranged from 1.84% (Scenario
1, Miscanthus on highly erodible areas) to 9.02% (Scenario 7) for nitrate
load, and from 2.06% (Scenario 6) to 8.99% (Scenario 7) for total nitro-
gen (Fig. 4 and Table 7). Miscanthus, switchgrass and hybrid poplar
yielded more biomass than corn and soybeans, and amount of below
ground biomass of bioenergy crops are higher than that of corn and soy-
beans, thus bioenergy crops are able to conserve nutrients from shoots
to roots (Trybula et al,, 2015).

Total phosphorus load was reduced under bioenergy crop scenarios
of Miscanthus, switchgrass, and hybrid poplar on highly erodible land
and marginal land (Scenarios 1-6) (Fig. 4(a) and Table 7), and the per-
centage reduction ranged from 1.59% (Scenario 6) to 2.85% (Scenario
1) (Fig. 4(a)). Reduction in total phosphorus load was slightly more
under bioenergy crop scenarios on highly erodible areas than scenarios

on marginal land (Fig. 4(a) and Table 7), since more phosphorus may
move with sediment loss on highly erodible areas with steeper slopes
(slope > 5%).

Generally, corn stover removal scenarios increased total phosphorus
load (Fig. 4(b)). Increase in total phosphorus load was slightly more
under corn stover removal with more nutrient replacement than less
nutrient replacement, which had more phosphorus increase than stover
removal without nutrient replacement (Fig. 4(a)). The increase in total
phosphorus for corn stover removal could be offset under scenarios
with corn stover removal with the combination of Miscanthus, switch-
grass and hybrid poplar (Scenarios 10-18) (Fig. 4(b) and (c)). With
the combination of Miscanthus, switchgrass and hybrid poplar both on
highly erodible areas and marginal land, corn stover removal scenarios
reduced total phosphorus load (Scenarios 16-18) (Fig. 4(c) and
Table 7). Corn stover removal with nutrient replacement had the poten-
tial to increase nutrient loss (Fig. 4(b)), and perennial grasses and hy-
brid poplar trees on highly erodible areas and marginal land could
reduce nutrient losses slightly (Fig. 4(b) and (c)). Miscanthus, switch-
grass, and hybrid poplar yielded higher biomass yields than corn and
soybeans and they can store nutrients in below ground biomass, and
nutrient requirements for bioenergy crops were lower than those for
corn and soybeans. Additionally, less nutrient mass was applied to
bioenergy crops than those for corn and soybeans. Thus, bioenergy
crop scenarios can reduce nutrient losses in subsurface drainage sys-
tems and at watershed outlets generally (Cibin et al., 2016; Heaton
et al., 2009). Corn stover removal could reduce soil cover, increase sed-
iment and nutrient losses, and with the combination of more nutrient
replacement, it could increase nitrate losses in subsurface drainage sys-
tems (Cibin et al,, 2012; Delgado, 2010). Switchgrass had the highest re-
duction in total nitrogen and phosphorous on marginal land (Scenario
5) among the three bioenergy crops (Table 7 and Fig. 4(a)), possibly be-
cause switchgrass could yield high below ground biomass during the
early growing period and could store more nutrients than Miscanthus
and hybrid poplar on marginal land (Scenarios 4 and 6). Reduction of
nutrient losses by bioenergy crop scenarios at the watershed scale in
this study was lower than reported values in previous studies (Boles,
2013; Cibin et al., 2016), since the potential areas for bioenergy crop
scenarios were very small. In terms of reduction of nutrient losses per
unit of changed area, reduction of nitrate load under scenario 16, 17
and 18 for the changed area for bioenergy crop scenarios (10.88 km?)
were 15.1, 16.6 and 15.4 kg/ha, respectively.

Limited observed precipitation data and crop management practices
data, such as planting and harvest date and fertilizer application
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Fig. 4. Average annual impacts of bioenergy crop scenarios on hydrology and water quality for the LVR watershed. Numbers 1 to 18 represent Scenarios 1 to 18 (Table 2).

amount, could be used in the watershed, which may impact accuracy of biomass, and to improve water quantity and quality was limited. Corn
crop growth, hydrology and water quality simulation. Potential areas for stover removal with bioenergy crops both on highly erodible areas
bioenergy crop scenarios were small, thus the ability to produce and marginal land could yield high biofeedstock production, and could
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be beneficial to water quality in the watershed. The research results pro-
vide guidance for further research on assessment of bioenergy crop sce-
narios at a large scale in the Mississippi River system in the U.S. and
other countries or regions, such as China with large areas of marginal
land.

4. Conclusions

SWAT2012 (Revision 615) with improved perennial grass and tree
growth and the new tile drainage routine (DRAINMOD routine) was
used to simulate annual biomass yields, streamflow, sediment, nitrate,
total nitrogen, soluble nitrogen, organic nitrogen, total phosphorus,
mineral phosphorus, and organic phosphorus results at the watershed
outlet, and tile flow and nitrate in tile flow across the entire watershed
under various bioenergy scenarios from 1990 to 2008. Simulated annual
average results from different bioenergy crop scenarios were compared
with those from the baseline.

The results showed that simulated annual corn and soybean yields for
the baseline were similar to observed values. Simulated annual average
yields for Miscanthus, switchgrass and hybrid poplar were reasonable
compared to simulated results in the same region from previous studies.
Annual average biofeedstock production for bioenergy areas varied for
different bioenergy crop scenarios. Thirty eight percent of corn stover re-
moval (66,000 Mg/yr) with a combination of Miscanthus both on highly
erodible areas and marginal land (19,000 Mg/yr) provided the highest
biofeedstock production. Biofeedstock production was not considerable,
since the potential areas of bioenergy crop scenarios were small.

Sediment load was reduced under bioenergy crop scenarios of
Miscanthus, switchgrass, and hybrid poplar on highly erodible land,
and marginal land. Corn stover removal scenarios (as high as 38%) in-
creased sediment load, and the increase in sediment load for corn stover
removal could be offset under scenarios with corn stover removal with a
combination of Miscanthus, switchgrass and hybrid poplar.

Generally, streamflow, tile flow, sediment load, and nutrient losses
were slightly reduced by switchgrass, Miscanthus and hybrid poplar
for scenarios on highly erodible areas and marginal land. Corn stover re-
moval did not result in significant water quality alterations. Adverse im-
pacts of corn stover removal on sediment load and nutrient losses could
be offset by bioenergy crop production in the watershed on highly erod-
ible areas and marginal land. Corn stover removal with a combination of
perennial grasses and hybrid poplar both on highly erodible areas and
marginal land could slightly reduce streamflow and tile flow and im-
prove water quality. Bioenergy crops could produce more biofeedstock
than corn and soybeans, and store more nutrients in below ground bio-
mass, and reduce sediment and nutrient losses in soil and drainage sys-
tems. Potential areas for bioenergy crop scenarios were very small, and
thus the ability to improve water quantity and quality in the LVR water-
shed was small and lower than reported values in previous studies.

Corn stover removal with bioenergy crops both on highly erodible
areas and marginal land could provide more biofuel production relative
to the baseline, and could improve water quality at the watershed scale.
Further research on quantification of biofeedstock production of
bioenergy crop growth and its impacts on water quantity and quality
from larger areas can be considered in mildly-sloped watersheds. It is
also important to investigate the loss of pasture during bioenergy crop
planting and its impacts on biomass production and water quality in fur-
ther study. Additionally, field experiments can be performed to quantify
water quality impacts of bioenergy crop scenarios. Moreover, there is
need to monitor nutrient reduction efficiencies, and assess the cost and
economic benefits of bioenergy crop scenarios at a large scale in the Mis-
sissippi River system to alleviate hypoxia in the Gulf of Mexico.

Appendix A. Supplementary data

Supplementary data to this article can be found online at http://dx.
doi.org/10.1016/j.scitotenv.2017.09.148.
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