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ABSTRACT: We apply a land surface model to evaluate the
interplay between potential bioenergy grass (Miscanthus,
Cave-in-Rock, and Alamo) production, water quantity, and
nitrogen leaching (NL) in the Central and Eastern U.S. Water
use intensity tends to be lower where grass yields are modeled
to be high, for example in the Midwest for Miscanthus and
Cave-in-Rock and the upper southeastern U.S. for Alamo.
However, most of these regions are already occupied by crops
and forests and substitution of these biome types for ethanol
production implies trade-offs. In general, growing Miscanthus consumes more water, Alamo consumes less water, and Cave-in-
Rock consumes approximately the same amount of water as existing vegetation. Bioenergy grasses can maintain high productivity
over time, even in water limited regions, because their roots can grow deeper and extract the water from the deep, moist soil
layers. However, this may not hold where there are frequent and intense drought events, particularly in regions with shallow soil
depths. One advantage of bioenergy grasses is that they mitigate nitrogen leaching relative to row crops and herbaceous plants
when grown without applying N fertilizer; and bioenergy grasses, especially Miscanthus, generally require less N fertilizer
application than row crops and herbaceous plants.

1. INTRODUCTION

Mitigation of anthropogenic climate change motivates interests
in the expansion of bioenergy, including the production of
ethanol for transportation fuels in the U.S. Corn has been the
dominant feedstock, which raises issues regarding land use,1

food-for-fuel,2 life-cycle carbon (C) emissions,3 and other
environmental effects such as nitrogen (N) runoff.4 The use of
cellulose to produce ethanol has not achieved a significant scale
to date. Yet the production of cellulosic feedstocks is often
assumed to perform better than corn with higher yields on land
not suitable for agriculture,1 and less N runoff - although
cellulosic feedstocks may consume more water than corn.5

Perennial grasses, such asMiscanthus × giganteus Greef et Deu.
(hereafter Miscanthus) and Panicum viragatum (hereafter
switchgrass), have been identified as potential alternatives for
corn in the U.S. due to their low input demand and high
biomass productivity.6−8 Previous studies suggest climate
variability, water quantity, and soil nutrient levels control
biomass productivity of perennial grasses.9−14 There is a
growing concern that expanding the spatial scale of biofuel
feedstocks is likely to decrease water quantity through increased
consumption of water due to the vegetation structure,
morphology, and physiological properties of these grasses.15−17

Water quality, specifically due to nitrogen leaching (NL), is
expected to be affected by changes in land cover due to the
production of biofuel feedstocks, which necessitates a change in
agricultural inputs such as nitrogen fertilizers and may affect

nutrient and sediment loads to water bodies.5,18 To ensure the
production of emerging perennial grasses is sustainable, the
interplay between bioenergy grass production, water quantity,
and N leaching must be understood.
Several studies have examined the implications of growing

bioenergy crops on water quantity and water quality in the U.S..
These studies have focused either on a particular
site,5,15,17,19−26 a watershed,18,27−31 or a small region.16,32−36

According to these studies, the impacts of growing bioenergy
crops on water quantity and NL mainly depend on the location,
existing land cover type, and N fertilizer application amount.
Studies in the southern Midwest suggest that growing

Miscanthus/switchgrass on crop land (corn/soybean), might
have greater water use efficiency (WUE),14,15,21,34 decreased N
leaching (NL) and therefore decreased riverine nitrate load, but
increased water consumption.5,18,26,27 Overall, converting large
areas of corn to Miscanthus/switchgrass could improve water
quality but reduce surface water availability through decreased
local streamflow in the southern Midwest.17 However, studies
in the northern Midwest (e.g., Michigan)22,23 suggest
Miscanthus/switchgrass has higher WUE than row crops;23

these energy crops have negligible impact on water balance.22,23
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In addition to spatial variability in water consumption in the
Midwest, studies also suggest that evapotranspiration (ET)
depends on precipitation patterns. For example, studies,5,15,17

show a higher ET for switchgrass than corn during the dry years
in IL, but almost the same magnitude of ET for corn and
switchgrass during the year with normal precipitation patterns.
Studies suggest that quantitative estimates of NL as a result

of growing Miscanthus/switchgrass on grasslands and crop-
lands highly varies with the intensity of N fertilizer
application.5,18,24,26,27,29−31

While the results for water quantity vary widely among
different studies across the U.S. due to temporal and spatial
differences in biomass yield patterns, the ethanol productivity
(EP) is influenced by changes in soil water quantity, due to
changes in phenology, C allocation, and structural development
of bioenergy grasses.37,38 For example, if the growth of
bioenergy grasses depletes available soil water, bioenergy
grasses may attempt to mitigate its water stress by allocating
more C to growing roots toward deeper and moister soil
layers.39 This water-EP feedback has a potential to mitigate the
water limiting effect on EP, but simultaneously root growth
may come at the cost of shoot growth. Currently, the effect of
this feedback on the amount of biomass available for EP is
uncertain. Previous modeling studies have not included
adaptability of the crops to environmental stresses, thus not
fully accounting for the water-EP feedback.40

The objective of this study is to evaluate the complex
interaction between the production of bioenergy grasses, water
quantity and NL across the eastern and central U.S. while
accounting for the feedback effects of not only the spatial and
temporal characteristics of environmental variables, but also
progressive water-EP feedbacks. We expect the outcome of this
study to support scientifically sound national policy decisions
on bioenergy development especially with regards to cellulosic
grasses. To accomplish our objective, we apply an integrated
model-data framework, the Integrated Science Assessment
Model (ISAM)12,41−43 to simulate the dynamic growth patterns
of bioenergy grasses (e.g., C allocation, vegetation structure,
and phenology.). This dynamic approach inherently accounts
for the impact of temporal and spatial climate variability, water
quantity and NL.12,43 Our analysis is focused on four spatial
zones12 across central and eastern U.S., which are characterized
by their average yield amplitude and temporal yield variance (or
stability) over 2001−2012. Specifically, this study evaluates
three factors important to producing bioenergy feedstocks in
each yield zone: (1) the potential demand of land and water use
intensity on a per unit of ethanol production basis, (2) the
progressive interaction between water quantity and biomass
feedstock production over time, and (3) the spatial changes in
soil water quantity and NL as a result of producing bioenergy
grasses relative to the existing land cover (e.g., row crops,
herbaceous plants, and forests).

2. MATERIALS AND METHODS
2.1. Model Description and Extensions. 2.1.1. General

Description. To accomplish the objectives of this study ISAM
has been employed and improved upon. ISAM is a coupled
biogeochemical and biogeophysical model with 0.5° × 0.5°
spatial resolution and multiple temporal resolutions ranging
from half-hour to yearly time steps12,41,43−45 and calculates
terrestrial C, N, water and energy fluxes (e.g., evapotranspira-
tion) through the soil-vegetation-atmosphere system. ISAM
accounts for 22 natural plant function types (PFTs) and 5

specific food/bioenergy crops, including corn, soybean,
Miscanthus, and two cultivars of switchgrass, Cave-in-Rock,
and Alamo.12,43 Each land grid cell of the model is occupied by
a combination of fractional PFTs, including primary and
secondary temperate and boreal deciduous/evergreen forests,
C3 and C4 grasslands, shrubland, C3 and C4 pastureland, C3
and C4 crops. The historical data for land cover and land use
change (LCLUC) for our study time period (1999−2012) is
taken from ISAM-HYDE land cover data,46 which is based on
the HYDE 3.1 reconstruction for cropland and pastureland
transitions,47 and wood harvest from FAO (specifically, we
include three types of wood harvest from land-use harmo-
nization database that are provided as fractional area of each
grid cell: wood harvest from primary forested land, mature
secondary forested land, and young secondary forested land).
When the model is run for the bioenergy grasses, the existing
vegetation in each model grid cell is replaced by the bioenergy
crop, as described in Section 2.2. The changes in existing land
cover (i.e., replacement of the existing vegetation by prescribed
bioenergy grasses) and its effects on water and energy balance,
and C and N cycles can be calculated through fully coupled
biogeophysical and biogeochemical processes in the model.

2.1.2. Model Extensions. Brief descriptions of biogeophys-
ical and biogeochemical components can be found in the
Supporting Information (SI) Section 1. Here we briefly discuss
the processes added to these two components of the model for
the present study.
ISAM’s biophysical component used in the previous studies

assumed unrealistic distribution of bedrock depth, which
extends up to 3.5m depths globally, and overestimates soil
water in certain regions (Figure S2, ISAM-Original case). Here,
we implement the bedrock depth distribution based on
conterminous USA multilayer soil characteristics data set
(CONUS-SOIL)48 (SI Section 1.1). In addition, we also
account for soil structure effect on the thermal and hydrological
properties of soils49 by assuming that root growth alters soil
structure and thus changes soil hydraulic conductivity and the
minimum suction, mainly in fine-textured soils (SI Section 4.1),
because fine-textured soils have microspores, which are usually
found in structural aggregate.
To better simulate N availability and its impact on biomass

yields for bioenergy crops, we implement the model biological
N fixation (BNF) by Miscanthus, temporally varied N demand
for per unit of carbon assimilation and spatially varied N
translocation rate for three bioenergy grasses (SI Section 4.2).

2.2. Study Region and Model Simulations. This study
aims to assess the interaction between biomass production of
bioenergy grasses and water quantity and N leaching in the
central and eastern U.S. (see Figure S1). We selected this
region based on the survival rates of three energy grasses,50

which depend upon the latitude-of-origin and their varied
adaptability to edaphic conditions, such as winter hardiness, day
length, heat, dry and cold conditions etc.12

We performed four model simulations over the time period
of 1999−2012. The first two years of each simulation are the
establishment years when both biomass feedstocks and water
fluxes are unstable. Therefore, model results are analyzed for
the period 2001−2012. The base case model simulation,
ISAMveg, is carried out over the entire research domain with
existing vegetation types (e.g., forest, herbaceous plants, row
crops, etc.) in each 0.5° × 0.5° grid cell and calculate the
carbon, energy and water fluxes. In three additional model
simulations we replace existing vegetation types assumed in
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ISAMveg with one type of energy crop at a time: Miscanthus
(ISAMm), Alamo (ISAMa) and Cave-in-Rock (ISAMc). The
results are presented in Section 3.3 as differences (Δ) in water
fluxes between ISAMm/ISAMc/ISAMa and ISAMveg. The
seedling/rhizome, irrigation and N fertilization rates applied
in each model simulation are described in Table S6. We applied
the N fertilizers only for the row crops in ISAMveg case, but not
for bioenergy crops in ISAMm, ISAMa and ISAMc, because N
fertilizer application rates with time and location for bioenergy
crops are highly uncertain51,52 (See further discussion in
Section 4.1.1).
Each model simulation is driven by hourly climate data from

NLDAS climate database.53 The soil texture data is specified
based on the State Soil Geographic Database.54 Before
performing model simulations, we first spin up the model to
bring soil moisture, temperature, and soil C and N contents to
a steady-state using the procedure discussed in SI Section 3.
2.3. Estimates of Biomass Yields and Spatial Yield

Zones. The biomass yields for energy crops are calculated
using ISAM which accounts for dynamic crop growth processes
specific for energy grasses, including phenology development,
dynamic carbon allocation, vegetation structure and root
distribution, and different removal rates for fresh and old
standing brown leaves.12 The estimated yields are converted to
aboveground dry biomass by dividing accumulated above-
ground carbon (the sum of leaf and stem carbon) by carbon
content in the dry biomass. Unlike row crops, which are
planted and harvested every year, bioenergy grasses are planted
only in year 1999 and aboveground biomass is harvested each
year during the late winter.
Using the method discussed in our previous study,12 we

divide the total growing area for each energy grass into four
spatial yield zones characterized by modeled average yield
amplitude and temporal yield variance over the period 2001−
2012: High-Stable (HS), High-Unstable (HU), Low-Stable
(LS) and Low-Unstable (LU) (Figure S9j−l).
Due to model extensions (see Section 2.1.2), the estimated

yields and the areas for the four yield zones differ slightly as

compared to the results presented in our previous study.12 In
particular, Miscanthus and Cave-in-Rock yields have slightly
increased, whereas Alamo yields have slightly decreased in the
N-limited southern U.S., where improvements in N dynamic
better capture N availability and its effect on bioenergy grass
yields (Figure S9a−f). HS and HU zones for Miscanthus and
Cave-in-Rock increase at the cost of the decrease in LU zones,
whereas HS zone for Alamo slightly decreases at the cost of the
increase in area of HU and LU zones (Figure S9g−l). The
details of updated modeled averaged yield amplitude and
updated distribution of spatial yield zones can be found in SI
Section 5.

2.4. Model Calibration and Validation. Previous studies
have validated ISAM’s ability to simulate C, N, water, and
energy fluxes between the atmosphere and the existing current
vegetation types and row crops.43−45 Site level data has also
been employed to calibrate and validate the modeled carbon
assimilation rates, leaf area index (LAI), aboveground and
belowground biomasses, biomass yield for the three bioenergy
grasses.12 ISAM estimated spatial and temporal variability in
bioenergy grass biomass yields have been evaluated with
observed biomass yields at 17 planting sites for Miscanthus, 28
sites for Cave-in-Rock, and 22 sites for Alamo across the U.S.
These sites cover geospatial area of the U.S., ranging from
26.22°N to 46.88°N.
In addition, in this study we evaluated the modeled ET for

bioenergy grasses with field measured ET from three sites for
Miscanthus, five sites for Cave-in-Rock, and one site for Alamo
(Table S5, Figure S1, and SI Section S4.1); soil water content
(SW) from 1 site for Miscanthus and 1 site for Cave-in-Rock.
In addition, N dynamic effect on bioenergy grasses was
evaluated by examining the model’s ability to capture the
response of observed yields of bioenergy grasses to different
levels of N fertilizer application from 15 sites for Miscanthus,
15 sites for Cave-in-Rock and 8 sites for Alamo (Table S5,
Figure S1 and Section 4.2 of SI); modeled NL from 7 sites for
Miscanthus and 3 sites for Cave-in-Rock (Table S5, Figure S1,
and SI Section 4.3.1). Since the model was further extended in

Figure 1. (a) Land demand for producing per unit of ethanol production (LDe); (b) water use intensity due to producing per unit of ethanol (ETe),
(c) areas for water stressed (portion of bar filled with no color) and water unstressed regions (portion of bar filled with color) (A); and (d) annual
mean soil water (SW) for water stressed (bar filled with no color) and water unstressed region (bar filled with color) for three bioenergy grasses
(Miscanthus, Cave-in-Rock, and Alamo) in four yield zones: HS: High-Stable, HU: High-Unstable, LS: Low-Stable, and LU: Low-Unstable. Error
bars shown are standard deviation (SD) of all grid cell values within each yield zone.
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this study, ISAM estimated spatial and temporal variability in
biomass yields for bioenergy grasses were re-evaluated with
measured data (SI Table S1).12 Overall, the improved ISAM is
able to capture seasonal and interannual variability in ET, SW,
and NL and bioenergy grasses yields in the study region (SI
Figures S2−S8). Our model estimated results for changes in
water fluxes at regional scale are also compared with other
published modeling studies (See SI Section 6).

3. RESULTS

3.1. Estimates of Land and Water Demand to Grow
Bioenergy Grasses. We estimate the potential demand of
land (LDe), defined as the area per unit liter of ethanol, and the
potential amount of water use intensity (ETe), defined as the

annual total water evapotranspiration per unit liter of ethanol
for producing bioenergy grasses (see SI Section 2 for
calculation of LDe and ETe). Our results suggest that both
LDe and ETe have significant differences across the four yield
zones. Overall, LDe in HS and HU zones would be 2−3 m2

(Figure 1a) and ETe 1.7−2.5 m3 (Figure 1b), which are about
57−90% and 30−80% less than in LU and LS zones (Figure
1a,b).
The LDe and ETe for Miscanthus in HS and HU zones are

19−30% and 19−20% lower than that for other two bioenergy
grasses (Figure 1a,b). However, the total land to produce
Miscanthus in these two high yielding zones is only 1.45 million
km2, which is 21−23% less than two switchgrasses in these two
zones (Figure 1c).

Figure 2. Time series and trends of annual accumulated precipitation (P),44 evapotranspiration (ET), surface runoff (Rsurface), groundwater recharge/
discharge (GWR/GWD) (positive values refers to annual net GWR), soil water storage in entire soil column (SW), and ethanol productivity (EP)
calculated based on model for three bioenergy grasses (Miscanthus, Cave-in-Rock and Alamo) in four spatial yield zones: HS: high-stable, HU: high-
unstable, LS: low-stable, LU: low-unstable. Values for each variable are averaged values over each yield zone.
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In each yield zone, we further identify the water limiting area
(WLA) to produce bioenergy grasses based on mean water
stress over the growing season (see SI Section 2 for the
description). Our results indicate that WLAs are mainly located
in HU, LU and LS zones (Figure 1c). WLA for Miscanthus in
these three zones are about 0.1, 0.3, and 0.6 million km2

(Figure 1c), whereas the remaining area in each zone is limited
by other environmental factors, such as N availability, high/low
temperature etc. Miscanthus is primarily water limited in the
central and southern Great Plains (Figure S10a). The dominant
WLA for Alamo is southern Great Plains in HU (0.2 million
km2) and LU (0.3 million km2) zones (Figures 1c and S10c).
The WLAs for Cave-in-Rock are the Great Plains in HU (0.1
million km2), LU (0.2 million km2), and LS (0.5 million km2)
zones (Figures 1c and S10b). On average, the WLAs for
switchgrasses have less than 0.45 m3/m2 of available SW,
whereas Miscanthus can be limited by water up to 0.51 m3/m2

of available SW in HU zone (Figure 1d). These results suggest
that two switchgrasses have greater tolerance to dry conditions
than Miscanthus.
3.2. The Progressive Interaction Between Soil Water

and the Production of Biomass Feedstocks. The biomass
production of bioenergy grass over its lifetime (10−15 years)
with changes in precipitation rates can progressively change the
hydrological cycle and thus SW, which depends on the trade-off
between precipitation (P), ET, surface runoff (Rsurface) and
groundwater flux. The positive (negative) groundwater refers to
annual net groundwater recharge (GWR) (discharge, GWD).
The higher rates of P may increase Rsurface and/or GWR, but
growing bioenergy grasses increases ET, leading to a decrease
in Rsurface plus GWR (or increase GWD). Also, root growth of
bioenergy grasses may change soil structure properties49 and
increase the infiltration of P toward deeper soil layers and
increase GWR. These temporal changes in ET, Rsurface, and
GWR/GWD finally change SW and thus water stress
conditions over time. In addition, the changes in P rates also
impact the rate of change for SW, ET, and GWR/GWD over
time.55 The change in SW may in turn impact ethanol
productivity (EP) over time, defined here as the ethanol

production from bioenergy grasses per unit of land area (see SI
Section 2 for its calculation). To evaluate this progressive
interaction between SW and EP after the establishment of
bioenergy grasses, we analyze trends of annual total P, ET,
Rsurface, and GWR/GWD, and annual mean SW and EP over
the time period 2001−2012.
While there is no significant change in P rates over the time

period 2001−2012 for Miscanthus’ HS and HU zones (Figure
2a) and Cave-in-Rock’s HS zone (Figure 2g), ET increases at
an annual average rate of 3−6 mm yr−1 for Miscanthus and 6
mm yr−1 for Cave-in-Rock (Figure 2b,h) due to increased
transpiration by a greater canopy cover and deeper roots over
the same time period. This increased ET first reduces SW, but
then compensated by increased GWD (Figure 2d,j), finally
leading to no significant effect on SW (Figure 2e,k). However,
production of Miscanthus in LS and LU zones (Figure 2e),
Cave-in-Rock in LS zone (Figure 2k) and Alamo in HS, HU,
and LU zones (Figure 2q) significantly decrease SW over the
same period. The decreasing trend for SW for Alamo in HS
zone results from decreasing P rates (Figure 2m), increasing ET
rates (Figure 2n), and due to SW extraction by deeper growing
roots, which also tends to decrease GWR and Rsurface by 12 mm
yr−1 and 0.94 mmyr−1 respectively (Figure 2i,o,p). Our results
suggest that a decreasing trend of P in the water-limiting
regions of Miscanthus (LS and LU) and Alamo (HU and LU)
(Figure 2a,m) decrease SW (Figure 2e,q) and limit water
availability and significantly decrease ET from 2001 to 2012
(Figure 2b,n). The decreasing trends in ET in WLA are lower
than the decreasing trends in P, leading to a decreasing of GWR
over the same period (Figure 2f,r). These results suggest that
production of Miscanthus and Alamo can greatly aggravate
groundwater depletion in currently water-limiting areas.
In general, continuous production of bioenergy crops

reduces SW and limits EP over time. Our modeling results
show that, in certain cases, roots respond to reduced SW by
growing toward deeper moist soil layers and partially mitigate
the effects of reduced SW. For example, there is no apparent
change in modeled EP for Alamo (Figure 2r) in HS zone due to
this effect. In contrast, Miscanthus and Cave-in-Rock in LU

Figure 3. (a) Total area of each existing vegetation type (A), (b) change in annual total (soil and unconfined aquifer) water quantity change (ΔWQ)
and (c) change in annual Nitrogen leaching (ΔNL). The change (Δ) in panels (b) and (c) represents the difference between each energy grass
model simulation (ISAMm, ISAMc, ISAMa) and base model simulation case (ISAMveg). The values plotted are the average values for the time period
2001−2012. In figure (a) stacked bars, M, A, and C, for each zone are for Miscanthus, Alamo, and Cave-in-Rock, respectively. Error bars in panels
(b) and (c) show standard deviation (SD) of values of all cell grids within each yield zone.
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zones and Alamo in HU and LU zones are not able to avail this
benefit due to the shallow bedrock depths in these regions,
which limit the root growth, leading to progressively enhanced
water stress conditions for the grasses. Our results indicate that
EP from Miscanthus in LU zone and for Alamo in LU and HU
zones can significantly decrease (0.02 Liter m−2 yr−1 for
Miscanthus and 0.01 Liter m−2 yr−1 for Alamo) (Figure 2f,r).
Cave-in-Rock EP in HS and HU zones (Figure 2l) decreases,
possibly due to progressive N limitation.56

Overall, our results suggest that growing Miscanthus and
Alamo in LU zone and Alamo in HU zone would experience
enhanced dry conditions over time and limit EP. Growing
bioenergy grasses in HS yield zones could decrease total SW
over time, but without impacting EP. This is because deeper
roots of bioenergy crops could use water from deeper moist soil
layers to mitigate water stress conditions under normal climate
conditions.
3.3. Water Implication of Producing Bioenergy

Grasses on the Existing Vegetation Land. This section
discusses the Δresults (differences between the bioenergy grass
modeling simulations, ISAMm/ISAMc/ISAMa, and the base
case, ISAMveg) for annual total soil water quantity (WQ = P −
ET − R), ET, runoff (R = Rsurface + Rsub_surface, where Rsurface
stands for surface and Rsub_surface, subsurface runoff) and NL
fluxes over the period 2001−2012. The Δwater fluxes (ΔWQ,
ΔET, and ΔR) and ΔNL are then averaged over all grids in
each yield zone of the study region. Positive Δfluxes refer to
increased water fluxes due to conversion of existing vegetation
to the bioenergy grasses. The objective here is to quantify the
spatially averaged effects of bioenergy grasses on water quantity
and NL when they are grown in area of existing vegetation (row
crops, herbaceous plants (e.g., grass, pasture, shrub) and
forests) over the period 2001−2012 (see SI Section 2 for the
details).
The net effect of replacing row crops (Figure S11a) and

herbaceous plants (Figure S11b) with energy grasses on water
quantity depends on the trade-off between ET and R. For
example, replacing shallow-rooted row crops and herbaceous
plants with deep-rooted bioenergy grasses57−61 could lead to
increased ET, but decreased R.
Overall, our study finds high yielding zones (HS and HU) for

Miscanthus and Cave-in-Rock are primarily consist of crop and
herbaceous, but Alamo’s HS occupies approximately equal area
of crop, herbaceous and forest, whereas HU occupies mainly
crop and herbaceous lands (Figure 3a). Growing Miscanthus in
HS and HU zones decreases WQ by 2.5 mm yr−1 and 2.9 mm
yr−1, whereas Alamo production in these two zones increases
WQ by 5.6 mm yr−1 and 2.2 mm yr−1, respectively (Figure 3b
and Table 1).
Growing Cave-in-Rock on croplands and temperate

deciduous forests increases WQ, but on grassland decreases
WQ (Figure 3a), such as in the southeastern Midwest region in
HS and HU (Figure S12d−f). In contrast, productions of three
energy crops in LS, which occupies large areas for herbaceous
plants and forests, and Miscanthus in LU, which occupies large
areas for cropland and forests (Figure 3a), increase WQ due to
a larger decrease in ET and smaller increase in R (Table 1).
Overall, the maximum increase in WQ is for Alamo in LS of 8.3
mm yr−1 (Figure 3b and Table 1).
Our results suggest that producing Miscanthus on all

cropland (Figure S11a) can decrease WQ by up to 16 mm
yr−1 (Figure S12a), except for the northern part of the central
Midwest in HS and HU zones (Figure S12a). Cave-in-Rock on

cropland decreases WQ by 10 mm yr−1 or less, except for in the
southern Midwest (Figure S12d). The reduction in WQ with
the replacement of row crops by Miscanthus and Cave-in-Rock
is because Miscanthus and Cave-in-Rock under favorable
environmental conditions can develop larger canopy and
deeper root systems than row crops and thus canopy water
interception and root water extraction increase, leading to a
positive ΔET (Figure S12j,m) and negative ΔWQ for Cave-in-
Rock. Unlike Miscanthus and Cave-in-Rock, growing Alamo on
the cropland does not decrease WQ, except for in eastern Texas
and part of southern Atlantic region (Figure S12g), because
negative ΔET (Figure S12p) offsets positive ΔR (Figure S12y).
The positive ΔET and negative ΔR with growing Alamo on the
cropland and herbaceous is due to N limitation, which
constrains the growth of Alamo and thus ET. Modeling results
shown in Figure S6 suggests that Alamo productivity is more
sensitive to N fertilizer than the productivity of Miscanthus and
Cave-in-Rock, indicating that Alamo needs more N fertilizer to
maintain high productivity than Miscanthus and Cave-in-Rock.
Therefore, growing Alamo without N fertilizer application
induces N limitation on the Alamo growth, leading to less
Alamo productivity and lower ET and higher R as compared to
the case where row-crops are grown with N fertilizer
applications.
Similar to growing bioenergy grasses on croplands, growing

energy crops on herbaceous lands (Figure S11b) leads to a
decrease in WQ by 16 mm yr−1 in most area of the Great Plains
for the three bioenergy grasses and the central Midwest for
Miscanthus and Cave-in-Rock (Figure S12b,e,h) due to
increase in ET (Figure S12k,n,q) over a longer growing season
and increase in soil evaporation after harvest of bioenergy
grasses.29 Similar to the crops, the loss of soil N in the process
of growing Alamo on herbaceous lands introduces a lower ET
and higher R for Alamo.
In general, producing bioenergy grasses on temperate

evergreen forest, especially in the southeast (Figure S11c),

Table 1. Water Budget Change Due to Growing of
Bioenergy Grasses on Existing Vegetation (Crops,
Herbaceous Plants and forest) in Each Spatial Yield Zonea

bioenergy
crop

yield
zone

ΔET (mm
yr−1)

ΔR (mm
yr−1)

ΔWQ (mm
yr−1)

Miscanthus HS 36.0 −33.5 −2.5
HU 44.3 −41.4 −2.9
LS −48.4 42.1 6.3
LU −1.4 −1.9 3.2

Alamo HS −85.3 79.7 5.6
HU −26.0 23.8 2.2
LS −107.0 98.7 8.3
LU −1.6 2.8 −1.2

Cave-in-Rock HS −21.0 22.0 −1.0
HU 0.5 −0.6 −1.1
LS −58.7 55.8 2.9
LU 5.8 −2.9 −2.9

aHere Δ is difference between model simulations for bioenergy crops
(ISAMm, ISAMa, ISAMc) and base model simulation case (ISAMveg)
for evapotranspiration (ET), runoff (R) and water quantity (WQ, the
sum of soil water and unconfined aquifer water) and ΔWQ = ΔET +
ΔR. HS, HU, LS, and LU are high and stable, high and unstable, low
and stable, low and unstable yield zones. All values in the table are
averaged values over each yield zone and for the period 2001−2012.
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increases WQ (Figure S12c,f,i), because (i) smaller canopy of
bioenergy grasses withdraws less water through ET than for
forests (Figure S12l,o,r); (ii) R increases due to increased
throughfall rates; and (iii) water infiltration decreases due to
higher WQ for bioenergy grasses than for forests, which further
increases R (Figure S12u,x,za). Unlike temperate evergreen
forests, production of bioenergy grasses on temperate
deciduous forest land (Figure S11c), in general, has no
significant impact on WQ, because decreased ET is almost
the same as increased R (Figure S12c,f,i).
Our modeling results for NL suggests that production of

bioenergy grasses without N fertilizer application in their HS
and HU zones decreases NL by around 1.4−2.8 gN m−2 yr−1,
which is usually higher than the reduction in NL in LU and LS
zones (Figure 3c). Our modeling results also suggest a decrease
in NL by maximum 2 gN m−2 yr−1 due to production of
bioenergy grasses on the croplands and grasslands in the study
regions (Figure S14a,b,d,e,g,h). Finally, our results suggest that
growing bioenergy grasses on forest land do not significantly
impact NL (Figure S14c,f,i).
Since the NL rates can vary with different N fertilizer

application rates, in Section 4.1.1 we further investigate the
sensitivity of effects of different nitrogen (N) application rates
on our model estimates rates for NL.

4. DISCUSSION
4.1. Limitations and Uncertainties. 4.1.1. Growing

Energy Crops with Nitrogen Fertilization Application. This
study suggests that production of energy grasses, particularly
when they are grown on herbaceous and row croplands, can
mitigate NL based on the assumption that N fertilizer is applied
for row crops but not for bioenergy grasses. Our assumption for
growing bioenergy crops without N fertilizer applications, as
discussed in Section 3.3, is based on the understanding that
these crops need to be grown at least cost and with least impact
on water quality and N2O emissions. Energy crops are expected
to require minimal fertilizer input, because they recycle
nutrients to belowground roots and rhizomes, before the dry
shoots are harvested in late fall and early winter.51 While these
crops are highly efficient at extracting soil nutrients, studies also
suggest that limited application of N fertilizer may make some
bioenergy crops nitrogen stressed and constrain biomass yield
production.56,62,63 Field experiments24 have also shown a
significant increase in NL with N fertilizer input, suggesting
that our original assumption of zero N fertilizer rates possibly
underestimates ethanol productivity, ET and NL rates in N-
limited regions.
Here we perform additional model simulations to assess the

response of biomass yield and NL for three bioenergy grasses
to N fertilizer application. The N fertilizer application rates for
bioenergy grasses for these model simulations are compiled
based on previous studies (see detailed description in SI
Section 4.3.2), which vary spatially from 20 to 60 kg N ha−1yr−1

for Miscanthus, 40−120 kg N ha−1yr−1 for two switchgrasses
(Figure S13a−c).
Our analysis suggests that model estimated spatial distribu-

tion of ΔNLN (same as ΔNL, but calculated with N fertilizer
application) is approximately of the same magnitude as ΔNL
when Miscanthus is grown without N fertilizer application
(Figure S14a−c, j−l), suggesting that the additional amount of
N does not impact Miscanthus NL.
However, NL for two switchgrasses changes spatially due to

N fertilizer applications. Our model results show that growing

Cave-in-Rock and Alamo with N fertilizer application on the
cropland (Figure S14m,p) increases ΔNLN by 10−50% and 5−
100% as compared to their respective ΔNL values. In case of
Cave-in-Rock, changes are observed especially in the southern
U.S. and the central Great Plains (Figure S14m), whereas for
Alamo changes occur mainly in southern Midwest and middle
Atlantic region (Figure S14p). Similar as on the cropland,
ΔNLN for two swichgrasses on the herbaceous land is also
higher than ΔNL, especially in most of the southern USA
region (Figure S14n,q).
Our modeling results suggest that ΔNL on forest land for

two switchgrasses almost negligible in study region (Figure
S14f−i). However, application of N fertilizer increases ΔNLN
by 1−15 times for Cave-in-Rock and 3−20 times for Alamo as
compared to their respective ΔNL values. This is because
added N fertilizer amount is leached due to higher ΔR values
when switchgrasses are grown on forests (Figure S12,x,za).
Our analysis suggests that assessing the impact of bioenergy

grasses production on NL could vary with application of N
fertilizer, particularly for two switchgrases. The spatial
variability in recommended N fertilization rate needs to be
further studied in the future in order to mitigate increased NL
with application of N fertilizer for bioenergy grasses.

4.1.2. Model Limitations. This study has made efforts to
calibrate and validate the model for various model output
variables based on available site-specific observed data within
the research domain. Overall, these efforts indicate that the
model is able to capture spatial and temporal variability in
biomass yield of bioenergy grasses and their responses to N
fertilizer over the most of research domain. The model is also
able to capture interannual variability in ET and NL fluxes with
the growth of Miscanthus and Cave-in-Rock in the Corn-Belt
region ranging from 34.90°N to 42.40°N. However, there could
be some uncertainty when applying the model to grow these
two bioenergy grasses out of the Corn-Belt region due to the
limitation of available observed data. In addition, impacts of EP
from Alamo on ET and NL across the whole research domain
needs to be further assessed when more measured data is
available.
Despite accounting for many processes and feedback

mechanisms, there remain some important feedback processes,
which are not currently considered in our model. In particular,
our model has not accounted for the effect of changes in ET on
precipitation, although the model accounts for the effect of
changes in precipitation patterns on ET. The decrease in ET
due to growing bioenergy grasses in forest-dominated region
possibly decreases local convective moisture transport and
cloud formation, leading to a decrease in precipitation.64,65

Conversion of row crops to bioenergy grasses possibly increases
precipitation and decreases air temperature due to increased ET
and higher albedo.66 The lack of this feedback may result in the
overestimation of change in WQ. It is most likely possible that
exclusion of some of the important feedbacks may impose
limits on the accuracy of model simulated water fluxes.
Therefore, we plan to include them in our future work by
coupling ISAM land surface model with a regional climate
model.
While these modeling limitations impose some limits on the

accuracy of simulated water processes, the modeling framework
we applied in the present study is a reasonable and powerful
tool to study the implications of growing bioenergy crops on
water quantity and quality.
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4.2. Maximizing Yield and Minimizing Water Impacts
of Bioenergy Grasses. Here we use a well calibrated and
validated ISAM land surface model to evaluate the impact of
the production of the biomass feedstocks of three different
bioenergy grass on water quantity and NL in the central and
eastern U.S. First, we reconstructed four yield zones to identify
the regions with high ethanol productivity and limited impact
on water quantity and NL.
It is important to note that the HS zone is able to maintain

high productivity for growing bioenergy grasses over the time
period 2001−2012. Although growing Alamo in HS yield zone
decreases total SW with time, water extraction from deeper
moist soil layers by its roots mitigates water stress conditions
under normal climate conditions. However, growing energy
crops in two unstable zones (HU and LU) aggravates soil water
depletion over time and in turn limits the ethanol productivity.
We identify spatial regions within two high yield zones as

“likely”, “less likely” and “not likely” to grow each of the three
bioenergy crops from the perspective of water impacts (Table
S7). Overall, most common “likely” regions are eastern Ohio,
eastern Kentucky, eastern Tennessee and the Northern Atlantic
regions (Table S7), where growing bioenergy grasses almost
has negligible impact on WQ (Figure S12a−i). In addition,
compared with Miscanthus and Cave-in-Rock, Alamo has larger
likely region within HS zone, which is mostly occupied by
forests (Table S7). However, substitution of forest in this
region is not recommended, considering other important
economic and ecosystem services of forest ecosystem, such as
wood products, and carbon sequestration.
The “less likely” regions for Miscanthus and Cave-in-Rock

include Missouri, southern Illinois and the Mississippi River
watershed regions of eastern Arkansas. (Table S7 and Figure
S12a−f). Miscanthus and Cave-in-Rock in these regions deplete
more WQ than the existing row crops and herbaceous plants
(Figure S12a−f).
In addition, most of the “less likely” and “not-likely” regions

for bioenergy grasses are located in the Great Plains region of
HU zones (Table S7) due to the fact that drier conditions in
this region limit the production of bioenergy grasses.
While HS and HU zones may be able to attain optimal

distribution of the three bioenergy grasses in regards to highest
EP with limited impacts on water quantity, substitution of
existing land cover types (row crops, herbaceous plants and
forests) for bioenergy grasses in these two zones may raise
other issues involving, food and wood production, C
sequestration, land degradation etc., which needs to be studied
in future research.
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