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a b s t r a c t

Expansion of ethanol production has led to regional-scale cultivation of cellulosic biofuel crops, such as
switchgrass (Panicum virgatum L.), on agriculturally marginal lands. A range of forest-based solutions are
also being evaluated, especially in the southeastern U.S. However, there may be unanticipated envi-
ronmental consequences, including changes in water export when managing forests to accommodate
biofuel demands at a regional scale. We used the Soil Water Assessment Tool (SWAT) to simulate effects
of regional-scale conversion of loblolly pine (Pinus taeda L.) plantations to switchgrass biofuel production
on stream flow in the ~5 million ha Tombigbee River Watershed in the southeastern U.S. Greater than
50% of the Tombigbee Watershed is forested, with 20% of the watershed supporting primarily loblolly
pine forests. We modified the SWAT model by adding five age classes of loblolly pine trees, to more
accurately represent existing forested systems. We found that maximum conversion of loblolly pine to
switchgrass, affecting 7% of the watershed, represented an extreme land-use change and resulted in a 4%
increase in annual stream flow. The more operationally and economically feasible option of converting
young (�4 yrs) and old (�16 yrs) loblolly pine stands to switchgrass on <8% slope (2% of the watershed)
resulted in a 2% increase in stream flow. Changes in annual stream flow were driven primarily by al-
terations in evapotranspiration (ET). Seasonal changes in stream flow were attributed to complex in-
teractions among water-balance components of ET, surface flow, and groundwater flow.

© 2015 Elsevier Ltd. All rights reserved.
1. Introduction

Fluctuations in oil prices and strong interest in achieving energy
independence have led to a dramatic expansion in ethanol pro-
duction and alteration of the agricultural landscape [1,2]. Currently,
in the U.S., ethanol biofuel production is predominately from the
fermented sugars in corn (Zea mays L.); of the approximately 50.3
billion liters of ethanol produced in the U.S. in 2012, >95% came
from corn starch [3]. However, competition of feed and food de-
mands on grain supplies will eventually limit expansion of corn
ethanol capacity [4,5]. Energy production from cellulose-based
biomass (such as corn stalks and wheat straw, native grasses,
trees, and forest residues), rather than from sugar-based materials,
ity of Notre Dame, Environ-
h Bend, IN 46617, USA.
S.F. Christopher), stephen.
i.nettles@weyerhaeuser.com
can provide an alternative non-food, non-feed-based feedstock [3].
Early studies indicate warm-season C4 perennial grasses such as
switchgrass (Panicum virgatum L.) retain soil and nutrients in place,
require lower fertilizer inputs, and are efficient water users, thus
reducing water quality and quantity impacts often associated with
corn production [6e11].

Demand for dedicated energy crops is expected to grow with
development of bioenergy markets [12], resulting in significant
alterations to current land-use [13]. Large-scale cultivation of
cellulosic biofuel crops, such as switchgrass, on agriculturally
marginal land or surplus lands using standard agricultural practices
is one option being considered to meet biofuel demand [14].
Intensively managed forested lands could also be converted to
agro-forestry systems for biofuel production [15]. Production of
switchgrass from forested systems could diversify economic
returns for land-owners while maintaining soil quality and biodi-
versity without significant diversion of agricultural crops from food
production [16].

The southeastern and Gulf Coast regions of the U.S. have >15
million ha of pine (Pinus spp.) plantations [17] and some of themost

Delta:1_given name
Delta:1_surname
Delta:1_given name
mailto:sheila.christopher@nd.edu
mailto:stephen.schoenholtz@vt.edu
mailto:stephen.schoenholtz@vt.edu
mailto:jami.nettles@weyerhaeuser.com
http://crossmark.crossref.org/dialog/?doi=10.1016/j.biombioe.2015.08.012&domain=pdf
www.sciencedirect.com/science/journal/09619534
http://www.elsevier.com/locate/biombioe
http://dx.doi.org/10.1016/j.biombioe.2015.08.012
http://dx.doi.org/10.1016/j.biombioe.2015.08.012
http://dx.doi.org/10.1016/j.biombioe.2015.08.012


Fig. 1. The Tombigbee Watershed encompasses approximately five million ha and is a
major subwatershed of the Mobile River Basin, draining portions of Mississippi (MS)
and Alabama (AL), U.S. Approximately 53% of the watershed is forested, 23% is agri-
cultural, 6% is urban, and 12% contains other land-use categories.
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rapid population growth in the country, along with increasing
pressure to develop these forested lands [17,18] to accommodate
cellulosic biofuel demands [19]. This region of the U.S. could be a
vital source of cellulosic biofuel because of its long growing season,
favorable temperature, sufficient water, and suitable soil [20].
However, expansion of biofuel production may cause unintended
environmental consequences that are not yet understood
[13,21e24], especially at large regional scales [25e27].

One of the primary concerns with switchgrass is its potential to
increase water export from watersheds [28,29]. The few studies
that have looked at conversion of pine forests to grasslands
observed higher annual stream flow (e.g., [30,31]), attributed to
reductions in evapotranspiration (ET) and interception by vegeta-
tion, increased storm flow, and increased baseflow via increased
groundwater recharge [30e32]. To date, there are no reports
directly assessing impacts on stream flowof large-scale switchgrass
production replacing pine forests. Given the expected differences in
stream flow from pine forests versus switchgrass plantations, it is
important to consider potential changes in regional water output
that are likely to occur if hundreds of thousands of hectares of land
are converted to switchgrass production, especially given the po-
tential for associated environmental responses such as water-
quality degradation that are often integrally linked with stream
flow changes [25,26,28].

Field experiments using paired watersheds are commonly used
to assess effects of changes in land use on stream flow, but are
limited to smaller basins where applying land-use treatments on a
watershed scale are possible. In single-watershed experiments,
effect of land-use change on water resources is assessed by
measuring conditions before and after the change in land use. In
these experiments, it is more difficult to separate effect of land-use
change from effects of changes in weather and climate patterns.
Regional field-scale measurements to examine large-scale effects of
vegetation land-use change onwater resources are cost-prohibitive
and, in most cases, it is also difficult to control experimental
boundary conditions and to measure precipitation and stream flow
accurately at these larger spatial scales.

In recent years watershed-scale hydrologic models have
frequently been used to simulate effects of land-use change and
management scenarios at a range of spatial scales [25,26,33e37].
The Soil and Water Assessment Tool (SWAT) can model effect of
regional-scale switchgrass production on water resources, but has
several limitations that make it difficult to apply to land-use change
involving forests, as SWAT assumes all trees on the landscape are
even-aged and mature.

To examine potential effects of large-scale conversion of forests
for biomass production of a perennial herbaceous crop, we evalu-
ated regional-scale impacts to stream flow of converting existing
pine forests to a switchgrass bioenergy cropping system under a
gradient of conversion scenarios. In a unique collaboration with
Weyerhaeuser Company, who are assessing potential impacts of
large-scale conversion of loblolly pine (Pinus taeda L.) forests to
biofuel production in the southeastern U.S., we modified the SWAT
model by inserting loblolly pine stands of varying age classes in the
five-million-ha Tombigbee Watershed of the southeastern U.S.
(Fig. 1), where large-scale commercial loblolly pine plantations
currently exist and where switchgrass production is feasible.

We used the model to predict effects on stream flow of three
land-use-change scenarios recommended by Weyerhaeuser,
ranging from maximum conversion of pine plantations to switch-
grass to a more operationally and economically realistic and
modest conversion of pine plantations to switchgrass. We pre-
dicted that changes in seasonal and annual stream flow, compared
to the baseline model using existing land-use categories, would be
highest with the maximum conversion and least with more
conservative conversion invoking more operational limitations. We
hypothesized that changes in stream flow among the conversion
scenarios would be controlled primarily by differences in the ET
component of the water balance equation for the Tombigbee
Watershed in Alabama and Mississippi, U.S.
2. Materials and methods

2.1. Study watershed

The Tombigbee Watershed encompasses approximately five
million ha and is a major subwatershed of the Mobile River Basin,
draining portions of Mississippi and Alabama (Fig. 1). Cities within
the Tombigbee Watershed with populations of �100,000 include
Birmingham and Tuscaloosa, Alabama. Approximately 53% of the
watershed is forested, 23% is agricultural, 6% is urban, and 12%
contains other land-use categories. Rural land-use activities include
row crops such as cotton, corn, and soybeans; aquaculture; poultry
and cattle production; and silviculture. Major industries in the
basin include power production; and chemical, pulp, paper, iron,
steel, coal, and textile production [38].

The major physiographic province in the Tombigbee Watershed
is Coastal Plain with some Piedmont and Valley and Ridge phys-
iographic provinces located in the northeastern corner of the
watershed [38]. Piedmont is generally characterized by igneous and
metamorphic rocks, whereas Valley and Ridge consists of a series of
parallel ridges and valleys, all having a northeast orientation and
underlain by sandstone, shale, limestone, and dolomite rocks. The
Coastal Plain is primarily underlain by unconsolidated or poorly
consolidated sands, gravels, clays, and limestone. Elevation in the
study unit ranges from 76 to 231 m and mean annual precipitation
is 1397 mm (2001e2008) [38]. Mean annual stream flow of the
Tombigbee River Basin is 866 m3/s (2001e2008) [39]. The principal
tributary to the Tombigbee River is the Black Warrior River Basin
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(1.6 million ha), which has a mean annual stream flow of 278 m3/s
and is about 32% of the mean annual stream flow from the Tom-
bigbee River Basin [38].
2.2. The Soil and Water Assessment Tool (SWAT) set-up and
parameterization

We calibrated and validated a baseline SWAT model [40] in the
Tombigbee Watershed to evaluate effects of regional-scale cellu-
losic biofuel conversion scenarios on stream flow. We compiled the
baseline SWATmodel for the TombigbeeWatershed using ArcSWAT
version 2009.93.7b. This allowed derivation of model parameters
from readily-available geographic data within ArcGIS geographic
information system (GIS) software (Table 1). A summary of all input
data is listed in Table 1. We obtained topography data from the
National Elevation Dataset (NED) 30 m Digital Elevation Model
(DEM) [41] to delineate stream channels and sub-basins. We ob-
tained daily maximum temperature (�C), minimum temperature
(�C), and precipitation (mm) from the National Climatic Data Center
[42]. We used 19 climate stations with daily temperature and
precipitation data for model calibration (2001e2008) and valida-
tion (1994e2000). We obtained soil data from the United States
Department of Agriculture (USDA) Natural Resource Conservation
Service [43] State Soil Geographic Database (STATSGO). The
STATSGO data have a scale of 1:250,000, are designed to be used for
large basin modeling, and have been shown to be adequate for
modeling largewatersheds [44]. The TombigbeeWatershed has 131
different soil types, 71 in Alabama and 60 in Mississippi, based on
the STATSGO database.
2.3. Modification of loblolly pine data for SWAT

We modified the loblolly pine land cover data in SWAT because
the SWAT model assumes all trees are even-aged and mature. We
obtained land-cover data from the National Land Cover Dataset
[45]. Using Hawth's Tools Random Selection Sampling Module for
ARCGIS 9.3.1 [46], we first divided pine land cover in the Tombigbee
Watershed into ~five equal and randomly selected parts. We then
assigned one age class to each part representing tree ages of 1, 4, 8,
12, and 16 years for loblolly pine.

In the SWAT management input files, for each of the five age
classes, we assigned parameter values based on either data from
the literature or modeled data (Table 2). We obtained initial January
leaf area index (LAI_INT) for each age class (Fig. 2, Table 2) using a
model described in Rojas et al., 2005 [47]. Because our model
started in January 1 of each year, this required that each pine age
class was assigned a winter LAI value. Briefly, this model was
developed using 86 forest nutrition studies across 10 states in
loblolly pine plantations, where leaf area index (LAI) is described
as:
Table 1
Summary of input datasets for the SWAT model used for the Tombigbee Watershed.

Data type Dataset

Geospatial data layer DEM-30 m
Soils
Land cover

Climate data Precipitation and temperature-19
Measured data Stream flow, at Coffeeville, AL

a United State Geological Survey.
b State Soil Geographic Database.
c United State Department of Agriculture-Natural Resources Conservation Service
d National Land Cover Dataset.
e National Climate Data Center.
LAI ¼ VG=GE (1)

where VG is stemwood biomass and GE is a growth efficiency
parameter (slope). In an attempt to describe variation found across
sites, we allowed the GE parameter to vary as a function of edaphic,
stand, foliar, and climate variables. We obtained VG using a forest
growth and yield model (Nettles, Unpublished data) using typical
silvicultural conditions for a southern loblolly pine plantation with
a site index25 of 21 m, thinning after canopy closure (when trees
were 10 years old), and fertilization twice during the 30-yr rotation
with 135 kg ha�1 N þ 13 kg ha�1 P. Thinning is a silvicultural
practice that decreases stand density to allocate site resources to
remaining crop trees [48].

Potential heat units (PHU) are an estimate of the thermal
timeframe of the growing season, i.e., the energy needed to support
a plant from budding to leaf senescence. In SWAT, once vegetation
reaches total growth in a growing season in the model, the LAI for
the vegetation is set to zero and the vegetation no longer intercepts
rainwater, takes up water from the soil, or evapotranspires. Because
evergreen loblolly pine does not stop transpiring or intercepting
rainwater, we utilized the method of von Stackelberg [49] and we
extended the active season by assigning PHU a value of 3,500, more
than twice the default value of 1432.5, representing the highest
allowable value for this parameter in the model.

We obtained total biomass (kg ha�1-the sum of leaf, stem,
branch, fine-root and coarse-root biomass) values for loblolly pine
using a loblolly pine forest growth and yield model, FASTLOB [50].
Because this forest growth and yield model did not include tree age
<6 yr, a simple regression model was created that predicted total
tree biomass (y) from stem biomass (VG) to accommodate all pine
ages:

y ¼ 1:411VGþ 7756:6; R2 ¼ 0:99; ðp<0:0001Þ (2)

where pine stemwood biomass (VG) was obtained as mentioned
above. Predicted total biomass (y) from Equation (2) for each age
class (BIO_INIT) was then used in the SWAT model (Table 2, Fig. 3).
2.4. Model calibration and validation implementation

We conducted a sensitivity analysis to identify the most influ-
ential parameters affecting modeled stream flow to avoid over-
parameterization [51] and to determine parameters for successful
model calibration [52]. We performed the sensitivity analysis using
the ArcSWAT interface for the period of 2004e2006, representing a
wet year in 2004, a medium year in 2005, and a drier year in 2006
(mean annual precipitationwas 1649mm,1463 mm, and 1310 mm,
respectively).

We calibrated and validated the baseline model on a monthly
time step by comparing modeled versus measured stream flow at
Source

USGSa

STATSGObdUSDA-NRCSc

NLCDd 2001dUSGS
climate stations NCDCe

USGS gauging station 02469761

.



Table 2
Parameters used in the SWAT model for each pine age-class in the Tombigbee Watershed.

Parametera Age-class (years) Data source

1 4 8 12 16

LAI_INIT (January) 0.01 0.22 1.34 0.79 1.34 Fig. 2
BIO_INIT (Kg/ha) 8278 10,587 42,559 51,844 99,111 Fig. 3
PHU_PLT 3500 3500 3500 3500 3500 [48]
CHTMX (m) 30 30 30 30 30 [81,82]
BLAI 5 5 5 5 5 [83]
ALAI 0.01 0.22 1.34 0.79 1.34 Fig. 2
Mat years 30 30 30 30 30 [81]
RDMX (m) 5 5 5 5 5 [84]
CURYR_Mat (yr) 1 4 8 12 16 Age at start of the model

a LAI_Int ¼ Initial leaf area index, BIO_Int ¼ Initial dry weight biomass, PHU_PLT ¼ Total number of heat units or growing degree days to bring the plant to maturity,
CHTMX¼Maximum height, BLAI¼Maximum potential leaf area index, ALAI¼Minimum leaf area index for planting during dormant period, Mat Years¼ Number of years for
tree to reach full development, RDMX ¼ Maximum rooting depth, and CURYR_Mat ¼ Current age of tree.
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the outlet of the Tombigbee Watershed during a calibration period
(2001e2008) and validation period (1994e2000), with the first
two years as a “warm-up” period [53]. “Warm-up” ensured
reasonable starting values for model variables after model initiali-
zation and is common for hydrologic models. We obtained
observed stream flow data from the USGS gauging station
02469761 on the Tombigbee River, at Coffeeville, AL (Alabama
Hydrologic Unit Code 03160203). We used a public-domain pro-
gram (SWAT-CUP 3.1.3), which links the SUFI-2 (Sequential Un-
certainty Fitting, version 2) procedure to SWAT for calibration and
validation. We calculated the goodness-of-fit for both calibration
and validation periods using linear regression and the Nash-
Sutcliffe Efficiency (NSE) coefficient [54]. The NSE can range from
-∞ to 1 with a negative value indicating that the mean of observed
values is a better predictor then the model and generally indicates
an unacceptable performance. Values > zero are often considered
acceptable and values � 0.5 are considered to be good-to-excellent
model performance for stream flow [52].
2.5. Land-use scenarios

We calibrated a baseline model based on existing land-cover
conditions and simulated three land-use-change scenarios using
the calibrated SWAT model to evaluate hydrologic effects of
regional-scale loblolly pine land-use conversion to switchgrass
Fig. 2. January leaf area index (LAI) values for loblolly pine used in the SWAT model at
ages 1, 4, 8, 12, and 16 years. The decrease in LAI in Year 10 coincides with a stand
thinning. Because our model started on January 1 of each year, this required that each
pine age class was assigned a winter LAI value.
biofuel production within the Tombigbee Watershed. This study
was conducted in conjunction with ongoing research of Weyer-
haeuser Company, who studied operational methods and sustain-
ability of growing switchgrass in a forested setting; scenarios were
based on actual operational methods for growing switchgrass in
Mississippi and Alabama [19,55e57].

2.5.1. Baseline model
The calibrated model represented current baseline conditions

where we simulated current land cover and management practices
that are common in managed loblolly pine forests in Mississippi
and Alabama. We allocated ~20% of the pine land use in each
subwatershed to streamside management zones (SMZs e silvicul-
tural buffer zones with restricted forest management activity to
protect stream habitat condition and water quality) based on
Weyerhaeuser ownership patterns in Mississippi and Alabama. The
other 80% of the pine land use in each subwatershed was allocated
as managed loblolly pine plantation (with five age classes present).
We placed the oldest loblolly pine tree class (i.e., age � 16 years) in
the SMZs to represent mature pine, based on current forestry best
management practices [58].

2.5.2. Scenario 1 (maximum conversion)
All pine land-cover on <15% slope was converted to switchgrass.

We chose a threshold of 15% as an upper limit for unacceptable
erosion and operability based on experience and visual examina-
tion of operational tracts [59]. This scenario represents an extreme
case e maximum operational conversion of loblolly pine of all age
Fig. 3. Predicted total biomass values for loblolly pine used in the SWAT model at age
1, 4, 8, 12, and 16 years. The decrease in LAI in Year 10 coincides with a stand thinning.
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classes to switchgrass, including very young pine, almost mature
pine, and those in between (mid-rotation pine). Conversion could
occur in the pine that was close to the beginning (very young) or
close to the end (almost mature) of the typical rotation. However,
harvesting mid-rotation pine trees for sawtimber under this sce-
nario would be economically infeasible. Mid-rotation pine trees
have considerable investment in time and management resources
(e.g., fertilization and thinning) that could not be monetized and
investment would be lost if harvested before it could be sold for
sawtimber. We retained SMZs (primary buffer) in this model. In
addition to the primary SMZs prescribed by silvicultural BMPs, in
the bioenergy scenarios, secondary SMZs were allocated. These
secondary SMZs were based on a survey of operational-scale
intercropped tracts in Mississippi and Alabama [59] that found
switchgrass planting contractors left an additional unplanted buffer
approximately equal to the primary silvicultural SMZ (~20%) to
protect water resources during biofuel establishment. We assigned
an even distribution of the five loblolly pine age classes to the
secondary, bioenergy buffers.

2.5.3. Scenario 2 (young and old pine converted, <15% slope)
We converted youngest (�4 year) and oldest (�16 years) lob-

lolly pine age classes to switchgrass on <15% slope. This scenario
represented a more realistic economic situation, where conversion
would only occur after standing mature pine was harvested or
where pine stands were very young. For this scenario, we also
retained 20% primary and 20% secondary riparian buffers as
described above.

2.5.4. Scenario 3 (young and old pine, <8% slope)
We converted youngest (�4 year) and oldest (�16 years) lob-

lolly pine age classes on <8% slope to switchgrass. This represented
the most feasible economic scenario and more operationally real-
istic slopes. We also retained primary and secondary riparian
buffers as described above.

We used the default parameters for Alamo variety of switch-
grass in our simulations with a few modifications. Switchgrass was
planted as a mature stand with an initial biomass of 500 kg ha�1,
winter LAI of 0.01, and 2.2 m rooting depth. Each year, we assumed
switchgrass required 1432 PHU to reach maturity. Growth param-
eters included radiation-use efficiency of 47 kg MJ�1, base tem-
perature of 12 �C, and an optimal temperature of 25 �C [60]. We
simulated growth by increasing LAI over the growing season from
the initial value of 0.01 to a maximum value, BLAI, of 5.0, followed
by decrease to senescence. To allow crop drying, we delayed har-
vesting until reaching 120% of heat units required to reach maturity
(which occurred in August) and harvested 80% of above-ground
biomass each year.

2.6. Water balance

We examined SWAT water-balance components to determine
what components of the water balance controlled changes in
stream flow in response to the three biofuel management scenarios
described above. Observed stream flow changes associated with
Table 3
SWAT parameters selected for calibration based on sensitivity analysis and final calibrat

Parameter code Parameter description

CH_N2a Mannings “n” for the main channel
CH_K2a (mm/h) Channel effective hydraulic conductivity
CN2 Curve number
GWQMNa (mm) Threshold water table depth in the shallow aquifer

a Parameter chosen for calibrating across the entire watershed.
land-use change can be evaluated by considering the water balance
over long enough time periods whereby net changes in storage
approximate zero and can be defined as:

Q ¼ P� ET� DA±DS (4)

where Q is stream flow, P is precipitation, ET is evapotranspiration,
DA is percolation to the deep aquifer, and DS is change in storage
(assumed to be zero).

Assuming no long-term change in P, and because Q is composed
of ground water flow in the shallow aquifer, lateral shallow sub-
surface flow, and overland surface runoff, increasing Q in the
watershedwould be a result of increasing groundwater flow, lateral
flow, and/or surface runoff, or decreasing ET. Decreasing Q in the
watershed would be from decreasing flow components (ground-
water flow, lateral flow, and/or surface runoff) or increasing ET.

3. Results and discussion

3.1. Calibration and validation

We selected four parameters for calibration based on the
sensitivity analysis (Table 3). Monthly stream flow was most sen-
sitive (with a rank of 1) to Manning's N (CH_N2), the channel
roughness coefficient. Channel effective hydraulic conductivity
(CH_K2), which characterizes the relationship between stream
hydrology and the groundwater system, dictating whether a stream
is losing or gaining volume from groundwater, was ranked second
most-sensitive. The curve number (CN2) was ranked third most-
sensitive, and threshold water table depth in the shallow aquifer
for return flow (GWQMN) was ranked fourth most-sensitive.
Groundwater flow returned to the stream is allowed by SWAT
only if the depth in the shallow aquifer � GWQMN.

Comparison between observed and modeled monthly flow
showed generally good agreement, both during baseflow and high
flows (Fig. 4). Analysis of calibration and validation periods indi-
cated more than adequate prediction capabilities of the model with
NSE values for stream flow at 0.83 and 0.91 for the calibration and
validation, respectively. These values are considered indicative of
good model performance for stream flow [52]. Regression results
were also satisfactory, with R2 of 0.90 (p < 0.0001) and 0.93
(p < 0.0001), for calibration and validation, respectively.

3.2. Land-use scenario results

Converting maximum possible loblolly pine to switchgrass
(Scenario 1) in areas of <15% slope resulted in conversion of
349,727 ha or 7% of the Tombigbee Watershed. Converting young
(�4 yr) and old (�16 yr) loblolly pine age classes to switchgrass on
<15% slope (Scenario 2) resulted in 163,900 ha or 3% of the
watershed converted to switchgrass, whereas converting young
and old loblolly pine age classes to switchgrass on <8% slope
(Scenario 3) resulted in 108,097 ha or 2% of the watershed in
switchgrass (Table 4).

On an annual basis, large-scale conversion of loblolly pine to
ed value or range.

Sensitivity rank Value or range

1 0.054
2 0.94
3 52.3e87.4

for return flow 4 46.1



Fig. 4. Observed stream flow at the outlet of the Tombigbee Watershed versus
modeled stream flow during the a. calibration period (2003e2008) b. validation period
(1996e2000).
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switchgrass resulted in higher stream flow in the Tombigbee
Watershed under all three conversion scenarios when compared to
existing baseline condition. Mean annual stream flow increases
ranged from 3.0% (17 mm) to 7.7% (23 mm) from 2003 to 2008
when converting all possible loblolly pine on slopes <15% to
switchgrass (Scenario 1) with a mean annual 4.2% (21.0 ± SE
0.9 mm) increase during the six-year study period (Table 4). Con-
version of young and old pine to switchgrass resulted in a mean
annual increase of 2.3% (13 ± SE 1.2 mm) and 1.9% (10 ± SE 1.2 mm)
for Scenario 2 (<15% slopes) and Scenario 3 (<8% slopes),
respectively.

Conversion of young and old loblolly pine age classes (Scenarios
2 and 3) to switchgrass also generally resulted in increased mean
monthly stream flow (Fig. 5). Mean monthly increases in stream
flow ranged from 1 e 5% in the <15% slope conversion (Scenario 2)
and 1e4% in the <8% slope conversion (Scenario 3). Maximum
conversion of all pine age classes on <15% slopes to switchgrass via
Table 4
Change in Tombigbee Watershed land-cover and associated change in stream flow in th

Scenario Area of
convert

1. Maximum loblolly pine to switchgrass, <15% slope (Scenario 1) 349,727
2. Youngest (�4 yr) and oldest (�16 yr) age classes of loblolly pine to

switchgrass, <15% slope (Scenario 2)
163,900

3. Youngest (�4 yr) and oldest (�16 yr) age classes of loblolly pine to
switchgrass, <8% slope (Scenario 3)

108,097
Scenario 1 resulted in a 1e9% increase in stream discharge during
all times of the year except summer (Fig. 5). In contrast, during
summer months, mean stream flow was 1% lower in June and 2%
lower in July in the Scenario 1 model with maximum conversion to
switchgrass than in the baseline model with no conversion to
switchgrass.

3.3. Water balance and land-use change

3.3.1. Mean annual stream flow
For annual water balance components, the most notable dif-

ference among the scenarios was in mean annual ET (Fig. 6), which
decreased 3% (23 mm), 2% (14 mm), and 1% (11 mm) relative to the
baseline model for Scenario 1, 2, and 3, respectively. Evapotrans-
piration is a major component of the water balance in pine forests
[61e66]. We suggest that this decrease in ET could explain most
variability in stream flow among scenarios on an annual basis.
These results support our hypothesis that the primary reason for
the lower mean annual stream flow in the baseline model was
caused by higher ET from trees compared to switchgrass. That is,
higher ET from the baseline watershed that contained more pine
stands resulted in lower mean annual stream flow than the sce-
narios where pine was converted to switchgrass. The most
commonly used comparison of plant and grass water use, the
Zhang curve [67], gives an estimate of annual stream flow based on
a large global data set. Although the curve is based on a broad
aggregation of data and makes other simplifying assumptions, es-
timates of ET change based on the Zhang curve for our three sce-
narios were similar to our SWAT-modeled values of ET change. At
an average annual rainfall of 1400 mm, the curve shows the ET of
grass to be 310 mm yr�1 lower than a pine forest, representing 22%
of rainfall. Using this value, converting 7%, 3%, and 2% of the
watershed from pine forest to grass would yield ET decreases of 22,
9, and 6 mm, respectively. Our model similarly predicted decreases
of 23, 14, and 11 mm yr�1, respectively.

Our results are consistent with other studies that suggest land-
use change can have significant affect on annual stream flow, which
is mainly driven by changes in ET [15,37,65,68,69]. In particular, a
recent plot-scale study associated with the same experimental
treatments in the North Carolina Coastal Plain found modeled
mean annual ET rates of switchgrass to be 4e22% lower than lob-
lolly pine ET [70]. Furthermore, our modeled mean annual values of
ET for Alamo switchgrass were in agreement with other measured
ET values for switchgrass in the southeastern U.S [47] and in the
midwestern and northeastern U.S [71e75]. Finally, our results are
consistent with other studies that have conversely converted
perennial C4 grasslands (though not specifically switchgrass) to
tree plantations and have shown lower stream flow associated with
higher ET in tree plantations versus grasslands (e.g., [49,67,76,77]).

3.3.2. Mean monthly stream flow
We compared monthly water balance components between the

two extreme models: the baseline model versus Scenario 1 (all
possible pine on slopes <15% converted to switchgrass) to assess
e Tombigbee River for three model scenarios.

watershed
ed (ha)

% Tombigbee land cover converted
to switchgrass

% Mean annual stream
flow increase

7% 4.2 ± 0.8%
3% 2.3 ± 0.2%

2% 1.9 ± 0.1%



Fig. 5. Mean monthly stream flow (þSE) in the Tombigbee Watershed for the baseline model and the three scenarios: maximum conversion of loblolly pine to switchgrass on <15%
slope (Scenario 1), conversion of young (�4 yr) and old (�16 yr) loblolly pine to switchgrass on <15% slope (Scenario 2), and conversion of young and old loblolly pine to switchgrass
on <8% slope.
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the most extreme changes in stream flow associated with conver-
sion from loblolly pine forests to switchgrass biofuel production. In
most months, Scenario 1 had lower mean monthly ET, yet higher
mean monthly surface flow, lateral flow, and groundwater flow,
which culminated in higher stream flow compared with the base-
line model (where the landscape had considerably more pine trees)
(Fig. 7). Mean monthly precipitation ranged between 86 and
162 mm, and mean monthly temperature was highest in July
(27 �C) and lowest in December (7 �C); within-month variability for
precipitation and temperature among the 19 climate stations in the
Tombigbee Basin was very low. In May and June only, mean
monthly ET was higher in the Maximum-conversion model (Sce-
nario 1) versus the Baseline model, while surface runoff was
concomitantly lower in the Scenario 1 model in May, June, and July
(Fig. 7). Groundwater flow was lower only in July in the Scenario 1
versus the Baselinemodel, while stream flowwas lower in Scenario
1 versus the Baseline model in June and July (Fig. 7).

Our results suggest that during the summer months, changes in
stream flow in association with large conversion of pine forests to
Fig. 6. Annual water balance components in the Tombigbee Watershed for the baseline m
<15% slope (Scenario 1), conversion of young (<4 yr) and old (>16 yr) loblolly pine age class
pine age classes to switchgrass on <8% slope. (Mean annual precipitation is 1370 mm).
switchgrass was not only driven by changes in ET, but also by
interaction among watershed components. Peak switchgrass LAI
(~5) occurred in May and June, resulting in more ET in Scenario 1
versus the Baseline model. This higher ET in the Scenario 1 model
resulted in concomitantly lower surface runoff but there was likely
a lag time for higher ET to affect groundwater flow, a major
component of the water balance (Fig. 6; 15) and thus a concomitant
lower stream flow in Scenario 1 compared to the Baseline model
did not occur until July, when the groundwater flow component
was lower. We attribute differences in monthly water balance
components to differences in ET among different degrees of pine-
to-switchgrass conversion in our scenarios and resultant effect on
soil storage, surface flow, subsurface flow, and stream flow rather
than local differences in weather within the watershed because
within-month variability in precipitation and temperature datawas
low during our study period (Fig. 7).

Our results are consistent with other studies that have sug-
gested changes in vegetation result in a cascade of changes in the
water balance components most noticeable on shorter rather than
odel and the three scenarios: maximum conversion of loblolly pine to switchgrass on
es to switchgrass on <15% slope (Scenario 2), and conversion of young and old loblolly



Fig. 7. Weather and water balance components in the Tombigbee Watershed showing a. mean monthly precipitation (þSE, 2003e2008), b. mean monthly temperature (þSE,
2003e2008), and c. difference in mean monthly water balance components (þ1 SE) in the Tombigbee Watershed between Scenario 1 (maximum conversion of loblolly pine to
switchgrass) minus the Baseline model (2003e2008). Positive values indicate a water balance component is greater in Scenario 1 than in the Baseline model; negative values
indicate water balance component is less in Scenario 1 than in the Baseline model. Timing of simulated switchgrass harvest in August is indicated by an arrow.
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annual time-scales [30e32,78e80]. The plot-scale study in North
Carolina found higher transpiration rates in switchgrass (maximum
daily rate of 2.1e2.3mm) versus loblolly pine plots (maximumdaily
rate of 1.4e2.3 mm) during summer only, as we did in our model
[70]. Others have suggested that seasonal stream flow dynamics are
not solely affected by changes in ET, but also by certain seasonal
factors, such as changes in soil moisture and resultant changes in
surface and groundwater flow [15,31,70,81].

Most forest/grassland conversion studies report annual rather
than monthly water balance components and stream flow [80].
Generalizing changes in stream flow in response to a change in a
specific vegetation type (e.g., pine trees to switchgrass) is chal-
lenging because changes can vary considerably depending on the
climate [79,80]. However, according to a review of 166 paired-
watershed studies, effects of vegetation change on seasonal
stream flow can be as or more important than impact on annual
stream flow [80] because short-term changes in seasonal export
can lead towater quality, water supply, ecological, and/or economic
problems [80]. Our study highlights potential impacts of vegetation
change on both annual and seasonal stream flow in the south-
eastern U.S. and the need for more field research in various climates
that would inform regional-scale hydrologic models. There is a
specific need to not only measure ET dynamics associated with
vegetation change over the entire year, but to also measure asso-
ciated soil moisture, surface flow, groundwater flow, and stream
flow [15].
4. Conclusions

We used a SWAT model for the Tombigbee Watershed to
simulate effects of regional-scale conversion of loblolly pine plan-
tations to switchgrass biofuel production on stream flow. Large-
scale conversion of loblolly pine to switchgrass as modeled in
Scenario 1 and affecting 7% of the 5 million-ha Tombigbee Water-
shed represents an extreme land-use change that is not economi-
cally rational. However, it does provide an extreme end-member
indicating potential changes in regional stream flow if large-scale
conversion of the current land use (in this case, pine forests) to a
deciduous, non-irrigated perennial bioenergy crop such as
switchgrass were to occur. The more operationally and economi-
cally feasible option of converting land currently supporting
youngest and oldest stands of loblolly pine trees to switchgrass on
<8% slope resulted in a 2% increase in annual stream flow. Changes
in annual stream flow were driven by changes in ET. Seasonal
changes in stream flow were more complex and were attributed to
changes in ET and the subsequent responses of surface flow and
groundwater flow contributing to stream flow. Further field and
modeling studies are needed to advance our understanding of
mechanisms of seasonal changes in hydrology related to regional-
scale changes in vegetation and land-use.

Understanding regional-scale water quantity effects of cellulosic
biofuel systems and developing effective management methods
that mitigate environmental effects will be important to the
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ultimate success and sustainability of cellulosic biomass production
strategies. These efforts will rely on hydrologic modeling for com-
parison of various management scenarios such as presented here.
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