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SOIL AND WATER ASSESSMENT TOOL HYDROLOGIC AND

WATER QUALITY EVALUATION OF POULTRY LITTER

APPLICATION TO SMALL‐SCALE SUBWATERSHEDS IN TEXAS

C. H. Green,  J. G. Arnold,  J. R. Williams,  R. Haney,  R. D. Harmel

ABSTRACT. The application of poultry litter to agricultural land has become a topic of interest for policy makers due to public
concern about its effects on water quality. The Soil and Water Assessment Tool (SWAT) version 2005 is designed to assess
nonpoint and point sources of pollution. In this study, six subwatersheds in Texas (HUC‐8; 12070101) are used to evaluate
the model's ability to simulate water quality at a small scale. Each of these subwatersheds randomly received poultry litter
rates of 0.0 to 13.4 Mg ha-1. Monthly and daily data from 2002 were used for calibration purposes, while 2000, 2001, 2003,
and 2004 were used for validation. The SCS runoff curve number for moisture condition II (CN2) and the soil evaporation
compensation factor (ESCO) parameters were found to be more sensitive than the surface runoff lag time (SURLAG) and
initial soil water content expressed as a fraction of field capacity (FFCB). The monthly and daily runoff model simulations
for the six subwatersheds resulted in calibration Nash‐Sutcliffe efficiency (NSE) values of 0.59 and 0.53 and validation NSE
values 0.82 and 0.80, respectively. The monthly and daily R2 runoff values for the six subwatersheds resulted in calibration
values of at least 0.60 and 0.53 and validation R2 values of 0.86 and 0.81, respectively. The observed trends included SWAT's
overestimation of runoff in the dry periods and underestimation in the wet periods. The monthly NSE and R2 values for sediment
and nutrient losses were generally above 0.4 and 0.5, respectively. Paired t‐tests for the monthly manually adjusted parameter
simulation of sediment, organic N and P, NO3-N, and soluble P for the 2000‐2004 period losses showed that their respective
SWAT means were not significantly different from the measured values (� = 0.05), except for NO3-N losses for the Y10
subwatershed (p‐value 0.042). The control subwatershed's measured and simulated water quality results were significantly
different (� = 0.05) from the treated subwatersheds, most likely due to the amount of inorganic N present. Almost all of the
subwatersheds that had poultry litter applied resulted in higher sediment, organic N, organic P, and soluble P losses than the
control subwatershed upon averaging the monthly validation values. High NO3-N losses may have been a function of poultry
litter and commercial fertilizers being applied before a large rainfall event occurred. The subwatersheds that received smaller
amounts of commercial fertilizer and/or poultry litter lost more sediment, organic N, and organic P than the subwatersheds
that received the higher litter and/or fertilizer treatments. Overall, the SWAT simulated the hydrology and the water quality
constituents at the subwatershed scale more adequately when all of the data were used to simulate the model, as evidenced
by statistical measures.
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and application of manure can cause environmental
concerns when not properly managed.Public con‐
cern regarding the water quality impact of animal
wastes has driven policy regulators to scrutinize its

application on agricultural land. Duda and Finan (1983)
stated that watersheds with intensive animal manure applica‐
tion have the greatest potential to pollute adjacent surface
waters. Agricultural practices are commonly regarded as be‐
ing sources of water and soil contamination (Sharpley, 1995;
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Abbozzo et al., 1996; Burkholder et al., 1997). The shift in
animal production practices toward larger confined animal
feeding operations (CAFOs) has resulted in attention di‐
rected toward agricultural waste disposal techniques that
minimize environmental impairment (Abbozzo et al., 1996;
Gburek and Sharpley, 1998; Ribaudo et al., 2003). The poul‐
try industry continues to be challenged with finding an envi‐
ronmentally safe disposal method for large amounts of
poultry litter. Land application of manure provides nutrients
and organic matter that enhance crop growth and can improve
soil physical properties; however, when applied in excess,
runoff from manured lands can result in the impairment of
nearby water resources. Phosphorus (P) is a recognized con‐
taminant that can cause adverse conditions in surface waters
(Sharpley et al., 1994; Grobbelaar and House, 1995; Sims et
al., 1998; Daniel et al., 1998). In addition, the incorporation
of manure alters soil properties, which can lead to changes in
runoff and soil erosion.

Environmental regulation has expedited the necessity of
agricultural producers to design and implement more envi‐
ronmentally suitable practices. There is a need to identify
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critical nutrients and their loss/transport potentials. A phos‐
phorus index exists that aids in the assessment of site vulnera‐
bility (Lemunyon and Gilbert, 1993), and computer models
can simulate multiple watershed management scenarios that
can help environmental policy managers make decisions that
could ultimately reduce P loss from agricultural lands. Mod‐
els are an inexpensive tool that can identify optimum wa‐
tershed management practice scenarios for pollutant
transport reduction.

Limited data exist at the small watershed scale for poultry
litter application monitoring due to naturally inherent com‐
plexities such as rainfall variation, the requirement for a large
amount of land, and the equipment and personnel required to
collect data and monitor the sampling sites (Harmel et al.,
2003; Gilley and Risse, 2000). Wang et al. (2006) used Envi‐
ronmental Policy Integrated Climate version 3060
(EPIC3060) to assess crop yield, runoff, sediment, and nutri‐
ent losses from small watersheds with poultry litter applied.
The Nash‐Sutcliffe efficiency (NSE) values for annual,
monthly and daily simulations were above 0.5. EPIC‐
simulated monthly runoff, sediment, and nutrient losses were
not significantly (� = 0.05) different from the measured val‐
ues, except for soluble P losses in one subwatershed.

The ability of water quality models to accurately estimate
environmental impacts from manure application needs to be
determined.  Grayson et al. (1992) provided guidelines for
analyzing models, which included testing measured data
against simulated data and testing a model's hydrologic pro‐
cesses over a wide range of watersheds and conditions, with
both positive and negative results reported (Arnold et al.,
1999; Chu and Shirmohammadi, 2004; Rosenthal et al.,
1995). Small‐scale watershed studies have been conducted
by Fohrer et al. (2001) and Srinivasan et al. (2005) at 26 ha
and 39.5 ha, respectively. Fohrer et al. (2001) successfully
analyzed the Soil and Water Assessment Tool (SWAT; Arnold
et al., 1998; Arnold and Fohrer, 2005) for sensitivity to crop
parameters and land use change. Srinivasan et al. (2005)
found that SWAT was able to predict time series streamflow
better than the Soil Moisture Distribution and Routing
(SMDR) model. However, seasonal variations impacted the
watershed behavior, which led to runoff underprediction dur‐
ing the winter and spring and overprediction at the end of
summer and fall. These studies are indicated as being small
scale due to the relative size of watersheds that have been
simulated with SWAT. This study evaluates the ability of
SWAT (Arnold et al., 1998; Arnold and Fohrer, 2005) to sim‐
ulate stream discharge, sediment, organic nitrogen (N) and P,
soluble P, and nitrate-N (NO3-N) loss after poultry litter ap‐
plication to small‐scale agricultural land at a research site in
central Texas. The purpose of applying the SWAT model to
these watersheds was to test if the hydrologic response unit
(HRU) output components (soil leaching, evapotranspira‐
tion, sediment, and nutrients) are reasonable at this smaller
scale.

MODEL BACKGROUND
The SWAT model is a continuation of modeling efforts by

the USDA Agricultural Research Service (USDA‐ARS) (Ar‐
nold et al., 1998; Arnold and Fohrer, 2005) and has become
an effective means for evaluating nonpoint‐source water re‐
source problems (flow, sediment, and nutrients) for a large
variety of water quality applications nationally and interna‐

tionally. The model is part of the U.S. Environmental Protec‐
tion Agency (USEPA) Better Assessment Science
Integrating Point and Nonpoint Sources (BASINS) software
package (Di Luzio et al., 2002) and is being used by many
U.S. federal and state agencies. For example, SWAT is being
used to validate flow, sediment, and nutrients in the Bosque
River subwatershed in Texas for Total Maximum Daily Load
(TMDL) analyses (Srinivasan et al., 1998; Santhi et al.,
2001), and it is one of the models selected by the Conserva‐
tion Effects Assessment Project (CEAP), which was estab‐
lished in 2003 by the USDA‐ARS and the USDA Natural
Resources Conservation Service (USDA‐NRCS) to measure
environmental  impacts of conservation efforts at the national
level and benchmark subwatershed scale (Mausbach and De‐
drick, 2004).

SWAT is a continuous time watershed model that operates
on a daily time step. The model is physically based, uses
readily available inputs, is computationally efficient for use
in large watersheds, and is capable of simulating long‐term
yields for determining the impact of land management prac‐
tices (Arnold and Allen, 1996). Components of SWAT in‐
clude: hydrology, weather, sedimentation/erosion, soil
temperature,  plant growth, nutrients, pesticides, and agricul‐
tural management. Detailed descriptions of SWAT model
components can be found in Neitsch et al. (2002a, 2002b).

SWAT contains several hydrologic components (surface
runoff, ET, recharge, and stream flow) that have been devel‐
oped and validated at smaller scales within the EPIC, the
Groundwater Loading Effects of Agricultural Management
Systems (GLEAMS), and the Simulator for Water Resources
in Rural Basins (SWRRB) models. Interactions between sur‐
face flow and subsurface flow in SWAT are based on a linked
surface‐subsurface flow model developed by Arnold et al.
(1993). Characteristics of this flow model include non‐
empirical recharge estimates, accounting of percolation, and
applicability  to basin‐wide management assessments with a
multi‐component  basin water budget. Surface runoff volume
and infiltration are computed with the curve number equa‐
tions or the Green‐Ampt equation. The peak rate component
uses the Manning formula to determine the (sub) subwa‐
tershed time of concentration and considers both overland
and channel flow. Lateral subsurface flow can occur in the
soil profile from 0 to 2 m, and groundwater flow contribution
to total streamflow is generated by simulating shallow aqui‐
fer storage (Arnold et al., 1993). Flow from the aquifer to the
stream is lagged via a recession constant derived from daily
streamflow records (Arnold and Allen, 1996).

The previous SWAT model flow versions have been vali‐
dated in many river basins throughout the U.S. Current SWAT
reach and reservoir routing schemes are based on the ROTO
(a continuous water and sediment routing model) approach
(Arnold et al., 1995), which was developed to estimate flow
and sediment yields in large basins using subarea inputs from
SWRRB. Configuration of routing schemes in SWAT is
based on the approach given by Arnold et al. (1994). Water
can be transferred from any reach to another reach within the
basin. The model simulates a basin by dividing it into subwa‐
tersheds that account for differences in soils and land use. The
subbasins are further divided into HRUs. These HRUs are the
product of overlaying soils and land use.

SWAT is a complex model with many parameters that can
complicate manual model calibration. A parameter sensitiv‐
ity analysis method is embedded in SWAT to determine the
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relative ranking of those parameters that most affect the out‐
put variance due to input variability (van Griensven et al.,
2002). The SWAT model, version 2005 (SWAT2005), also
has an autocalibration procedure embedded that is used to ob‐
tain an optimal fit of process parameters. This procedure in‐
corporates the shuffled complex evolution method, which
uses a global optimization standard for calibration in which
multiple output parameters can be integrated concurrently
(van Griensven et al., 2002). A statistical method uses the fit
of the observed series to its related simulated series and trans‐
lates the normalized values of the objective functions (van
Griensven and Bauwens, 2003) per variable. These objective
functions are then aggregated to a single global criterion de‐
termined by optimal fit, which considers all of the participat‐
ing variables rather than by means of a weighted sum. van
Griensven and Bauwens (2003) describe the details of the op‐
timal fit and the weighting dilemma for global optimization
measures. Green and van Griensven (2007) describe the use
of the parameter sensitivity analysis and autocalibration tools
with the data set from this study site.

INPUT DATA
Data used in this study were obtained from an experimen‐

tal research site located at the USDA‐ARS Grassland, Soil,
and Water Research Laboratory near Riesel, Texas (31.48°
N, 96.89° W) (Harmel et al., 2004) in the Blackland Prairie
EPA Level III ecoregion (Griffin et al., 2004). The subwa‐
tersheds are denoted Y6, Y8, Y10, Y13, W12, and W13
(fig.�1; HUC‐8; 12070101). These subwatersheds are ter‐
raced, corn and wheat rotations are planted on the contour,
and each has an established grassed waterway. Each subwa‐
tershed was simulated as one subbasin and one HRU because
of the homogeneous land use and dominant soil combination.
The areas and upland slopes range from 4.0 to 8.4 ha and
1.1% to 3.2%, respectively (table 1). Houston Black is the
dominant soil series (fine, smectitic, thermic Udic Haplus‐
terts); its physical and chemical properties are listed in
table�2. The soil layer properties, including depth, bulk den‐
sity, texture fractionation, soil pH, and percent organic C, sat‐
urated conductivity, and available water capacity, were
obtained from the USDA‐NRCS Soil Survey Geographic

Figure 1. Locations of the six cultivated subwatersheds near Riesel, Texas.

Table 1. Site features of the six subwatersheds near Riesel, Texas.

Feature

Subwatershed

Y6 Y8 Y10 Y13 W12 W13

Upland slope (%) 3.2 2.2 1.9 2.3 2.0 1.1
Area (ha) 6.6 8.4 7.5 4.6 4.0 4.6
Channel slope (%) 2.1 2.2 1.4 1.5 1.3 0.8
Channel length km) 0.44 0.46 0.52 0.35 0.32 0.4

Table 2. Houston Black soil series properties.

Soil
Layer

Soil Characteristic

Depth
(m)

Bulk
Density
(g cm-3)

Sand
(%)

Silt
(%)

Clay
(%)

Soil
pH

Organic
C

(%)

1 0.01 1.25 7.3 35.7 57 8.0 1.50
2 0.18 1.25 7.3 35.7 57 8.0 1.50
3 0.48 1.20 5.4 39.3 55.3 8.3 1.28
4 0.71 1.25 4.9 37.1 58.0 8.2 1.09
5 0.91 1.30 3.8 36.8 59.4 8.0 0.84
6 1.12 1.26 6.0 35.1 58.9 8.0 0.84
7 1.35 1.30 6.4 38.2 55.4 8.1 0.47
8 1.51 1.36 5.7 40.2 54.1 8.3 0.38
9 2.00 1.32 6.6 41.9 51.5 8.2 0.28

Database (SSURGO). The clays and silty clays present in the
Houston Black soil have a shrink‐swell potential of 1.3 to
10.2 cm, and cracks can occur to a depth of 30.5 cm or more
(USDA‐NRCS, 2005). These cracks exist throughout each of
the six subwatersheds.

PRECIPITATION AND TEMPERATURE DATA

Daily precipitation totals were obtained from onsite
gauges present at each of the six subwatersheds for the five‐
year (2000‐2004) simulation period. The additional climatic
inputs of solar radiation, average relative humidity, and aver‐
age wind velocity were generated in SWAT using historical
monthly weather statistics. The mean and standard deviation
for the annual precipitation from 2000 to 2004 ranged from
1055 to 1062 mm and 226 to 260 mm, respectively, regarding
all six subwatersheds. These ranges reflect the variability in‐
herent in the rainfall that occurs at this site, where there is
only a 2 km distance among the subwatersheds. Average rain‐
fall for this area is about 890 mm per year. The Hargreaves
potential evapotranspiration method (Hargreaves and Sama‐
ni, 1985) was used for all model simulations due to its robust‐
ness and because it does not require data for relative
humidity, wind speed, and solar radiation.

FERTILIZER APPLICATION

The year 2000 is considered the control year in which ini‐
tial conditions were established; fertilizer was not applied
during this year. The initial soil N and P levels ranged from
0.11% to 0.13% and 0.05% to 0.07%, respectively. The poul‐
try litter nutrient analysis is presented in table 3. The range
of poultry litter application rates was selected based on those
used by agricultural producers. The application rates were
determined a priori and were randomly assigned to the sub‐
watersheds (Harmel et al., 2004). Table 4 includes the poultry
litter and additional N and P commercial fertilizer inputs.

The control subwatershed, Y6, did not have poultry litter
applied and was compared to the five treated subwatersheds,
which received varied rates of poultry litter. A target N rate
of 170 kg ha-1 is common for this Blackland Prairie region
and follows corn production recommendations (Gass, 1987).
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Table 3. Poultry litter chemical and physical property analysis.

Year

Total
N

(%)

Total
P

(%)

Water Extractable
(mg kg-1)

Moisture
(%)

Organic
C

(%)NO3
- NH4

Organic
P

2001 2.3 2.1 210 1170 900 50.0 28.4
2002 3.1 3.5 850 3780 1230 9.8 31.2
2003 3.3 1.7 270 4730 780 32.1 na
2004 2.3 2.0 510 2920 800 28.0 na

Table 4. Average poultry litter and inorganic commercial fertilizer
rates applied to the six cultivated subwatersheds

near Riesel, Texas from 2001‐2004.
Subwatershed

Y6 Y8 Y10 Y13 W12 W13

Litter rate
(Mg ha-1 year-1)

0.0 13.4 6.7 4.5 9.0 11.2

Mean N rate[a]

(kg ha-1 year-1)
168 370 278 237 296 328

Mean P rate[b]

(kg ha-1 year-1)
19 358 196 122 229 286

[a] Mean N rate is the mean of N inputs, including poultry litter and
inorganic commercial fertilizer, for the 2001‐2004 crop years.

[b] Mean P rate is the mean of P inputs, including poultry litter and inorganic
commercial fertilizer, for the 2001‐2004 crop years.

This N rate was accomplished via the addition of supplemen‐
tal N in the form of urea and ammonium nitrate (1:1 liquid
urea:ammonium nitrate). Additional N was applied in Febru‐
ary 2002 and January 2003. The Y6 subwatershed also re‐
ceived supplemental P (36 kg ha-1) in January 2003. For the
wheat crop, the Y6 control subwatershed had additional in‐
puts of 67 kg N ha-1 and 34 kg P ha-1 in October 2003. Com‐
mercial fertilizer additions followed crop production
recommendations  for the Blackland Houston Black soils and
addresses the common practices of local farmers. The man‐
agement operations are presented in table 5.

From 2002 through 2004, management for each of the six
subwatersheds included tillage, planting, harvesting, and nu‐
trient supplementation from poultry litter and/or inorganic N
and P inputs (table 5); 2001 was a fallow year. The tillage sys‐
tem included one or two field cultivation operations for
seedbed preparation; fertilizer was incorporated using a disc
and sweep chisel. Corn was planted in March and harvested
in August for the 2002 and 2003 field years. Wheat was
planted in October 2003 and harvested in May and June 2004.
The potential heat unit (PHU) (growing degree days in °C
from planting to maturity) was set to an average of 1800 for
corn and wheat. Table 6 presents the crop yields.

HYDROLOGIC DISCHARGE AND WATER QUALITY DATA

Each of the six subwatersheds contained a flow control
structure through which the flow rate was recorded in 10 min
intervals and water quality samples were obtained (fig. 1).
More than 70 water quality samples were taken during each
field year, with additional samples taken during the com‐
mencement of a rainfall event in order to capture the initial
flush of nutrients. Water quality samples were analyzed for
NO3-N, soluble reactive P (SRP), organic N and P, and sedi‐
ment (Harmel et al., 2004).

SWAT simulates the organic and mineral N and P fractions
by separating each nutrient into component pools that can in‐
crease or decrease depending on the transformation and/or

Table 5. Management operations for the six
cultivated subwatersheds near Riesel, Texas.

Date Management Operation

2000
Aug 1 Research commences
Aug 3‐8 Harvest corn, shred stalks (watersheds Y6, Y13,

W12, and W13)
Aug 14‐Sept 22 Tillage
Oct 2‐4 Tillage
Oct 11‐13 Terrace work

2001
Mar 27‐Apr 27 Tillage
May 29‐Jun 1 Tillage
Jul 11‐17 Poultry litter application
Sept 18‐21 Tillage (incorporation) and herbicide application
Sept 26‐28 Tillage
Oct 29‐30 Tillage
Nov 2 Herbicide application

2002
Feb 20‐21 Inorganic commercial fertilizer application and

incorporation
Mar 6‐7 Plant corn (Pioneer 31R88, 27 in. rows, 64250

seeds ha-1)
Mar 11 Herbicide application
Apr 22‐24 Tillage
Aug 19‐24 Harvest corn
Aug 28‐30 Shred stalks
Sept 3‐5 Poultry litter application and tillage

(incorporation)
Sept 23‐27 Tillage

2003
Jan 30‐31 Inorganic commercial fertilizer application and

incorporation
Mar 17‐19 Tillage
Mar 17‐20 Plant corn (Pioneer 31R88, 27 in. rows, 57180

seeds ha-1) and herbicide application
Apr 29 Pesticide application
Aug 20‐25 Harvest corn and shred stalks
Sept 9 Tillage (Y6)
Sept 25‐27 Poultry litter application
Sept 29‐30 Tillage (Y8, Y10, Y13, W12, W13)
Sept 30‐Oct 2 Tillage
Oct 1 Inorganic commercial fertilizer application and

incorporation
Oct 21‐22 Tillage
Oct 22‐24 Plant wheat (247 seeds ha-1 Coronado hard

wheat)
Oct 23‐24 Herbicide application

2004
May 21‐Jun 7 Harvest wheat (Y8, Y10, Y13, W12, W13)
Jun 29 Shredded wheat (Y6); yield estimated by plot

data
Jul 16 Herbicide application
Aug 4‐5 Tillage
Aug 30‐Sept 1 Poultry litter application
Aug 30‐Sept 2 Tillage (incorporation)

Table 6. Crop type and yield for 2002‐2004
for the six subwatersheds near Riesel, Texas.

Crop Yield (kg ha-1)

Year (crop type) Y6 Y8 Y10 Y13 W12 W13

2002 (corn) 6600 7100 7900 8250 7000 8050
2003 (corn) 5400 6700 6100 5100 7050 6450
2004 (wheat) 1650 2400 2700 2650 2500 2300
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the additions/losses occurring within each pool. A mass bal‐
ance is calculated on a daily time scale to capture the series
of changes addressed through the respective processes' equa‐
tions. Neitsch et al. (2002a, 2002b) describe the details of the
nutrient process equations.

MODEL EVALUATION METHODS
The performance of SWAT was evaluated using statistical

analyses to determine the quality and reliability of the predic‐
tions when compared to observed values. Summary statistics
included the mean and standard deviation (SD), which were
used to assess SWAT's ability to reproduce the distribution of
the observed data and to measure the variability between the
observed and simulated data. The goodness‐of‐fit measures
used were the coefficient of determination (R2) (eq. 1) and
the Nash‐Sutcliffe efficiency (NSE) (eq. 2) (Nash and Sut‐
cliffe, 1970). The percent error (PE) (eq. 3) was used to assess
the systematic over‐ or underprediction and when the abso‐
lute value was applied; it showed the magnitude of error:
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where n is the number of observations during the simulated
period, Oi and Pi are the observed and predicted values at
each comparison point i, and O and P  are the arithmetic
means of the observed and predicted values.

The NSE value was used to compare predicted values to
the mean of the average monthly observed values for the sub‐
watershed, where a value of 1 indicates a perfect fit. The NSE
describes the explained variance of the observed values over
time that is accounted for by the SWAT model. The R2 was
used to evaluate how accurately the model tracks the varia‐
tion of the observed values. The difference between the NSE

and the R2 is that the NSE can interpret model performance
in replicating individually observed values, while the R2 does
not. For this study, the criteria of NSE > 0.4 and R2 > 0.5 were
chosen to assess how well the model performed (Green et al.,
2006). Results greater than 0.4 for NSE and 0.5 for R2 meant
the model performed satisfactorily, and results below those
numbers indicated that the model did not perform well. San‐
thi et al. (2001a, 2001b) and Ramanarayanan et al. (1997)
used criteria of R2 > 0.6 and NSE > 0.5 to determine how well
the model performed. Chung et al. (1999; 2002) used stan‐
dards of NSE > 0.3 and R2 > 0.5 with EPIC simulations to de‐
termine if the model results were satisfactory.

Model performance was also evaluated using a paired
t‐test. This was used to determine if the difference between
observed and simulated monthly means were significantly
different from zero (� = 0.05) and to determine if the control
subwatershed water quality data were significantly different
(� = 0.05) from the subwatersheds that received poultry litter.

CALIBRATION METHODS
The SWAT hydrologic model requires parameter input for

soil bulk density, soil available water capacity, soil texture,
soil organic matter content, soil saturated conductivity, land
use (crop and rotation), management (tillage, irrigation, nu‐
trient and pesticide applications), weather (daily precipita‐
tion, temperature, solar radiation, wind speed), channel
geometry (slope, length, bankfull width and depth), and the
shallow aquifer (specific yield, recession constant, and revap
coefficient) (Arnold, 1992). The soil‐related data were based
on the USDA‐NRCS SSURGO database, which provided the
data for available water holding capacity, saturated conduc‐
tivity, soil depth, bulk density, texture, soil pH, and percent
organic carbon. The initial N and P values were extrapolated
from the percent organic carbon values, and model defaults
were utilized for the nutrient pools. The model was initialized
and calibrated with the subwatersheds' 2002 data, and model
defaults were used when values were not obtainable. The pa‐
rameter values were allowed to vary within reasonable uncer‐
tainty ranges (table 7) to calibrate for monthly and daily
discharge, and annual and monthly sediment and nutrient loss
values. All of the sediment and nutrient data available for
these subwatersheds were used in this study.

Calibration parameters that impact runoff, and therefore
water quality values, include the SCS runoff curve number
for moisture condition II (CN2), the soil evaporation com‐
pensation factor (ESCO), the surface runoff lag time (SUR‐
LAG), and initial soil water content expressed as a fraction
of field capacity (FFCB). Using SWAT's parameter sensitiv-

Table 7. Calibrated values of adjusted parameters for discharge, sediment and nutrient
calibration of the SWAT2005 model for the six subwatersheds near Riesel, Texas.

Parameter Description Range Calibrated Value Range

ESCO Soil evaporation compensation factor 0.01 to 1.0 0.95
FFCB Initial soil water storage expressed as a fraction of field capacity water content 0 to 1.0 0.8

SURLAG Surface runoff lag coefficient (days) 0 to 4 0.2
NPERCO Nitrogen percolation coefficient (10 m3 Mg-1) 0 to 1 0.2
PPERCO Phosphorus percolation coefficient (10 m3 Mg-1) 10 to 17.5 17.5
ERORGN Nitrogen enrichment ratio for sediment loading 0.5 to 3.0 Varies with rainfall event
ERORGP Phosphorus enrichment ratio for sediment loading 0.5 to 5.0 Varies with rainfall event

CN2 Initial SCS runoff curve number to moisture condition II 30 to 100 74 to 78
PHOSKD Phosphorus soil partitioning coefficient (m3 Mg-1) 100 to 175 175
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ity analysis procedure, which was run on a daily basis, re‐
sulted in slight variability among the six subwatersheds, with
CN2 and ESCO alternating as the most responsive parameter.
The CN2 and ESCO parameters were found to be more sensi‐
tive to input variability than the SURLAG and FFCB parame‐
ters. Water quality parameters, such as sediment, N, and P
fractions, are not yet included in SWAT's parameter sensitiv‐
ity analysis procedure.

The CN2 parameter was calibrated from the Y6 subwa‐
tershed data to a value of 78, which is close to the value (81)
recommended by the SCS Handbook (USDA SCS, 1972) for
these hydrological soil groups. All of the remaining parame‐
ters used SWAT default values except for SURLAG, which
required a shorter surface runoff lag time.

RESULTS AND DISCUSSION
RUNOFF

The observed and simulated monthly discharge data from
2000 to 2004 are presented in figure 2, and the related calibra‐
tion and validation daily and monthly summary statistics are
in tables 8 through 11. The model performed well, using the
criteria previously stated of NSE > 0.4 and R2 > 0.5. The
monthly and daily runoff model simulations for the six sub‐

watersheds resulted in calibration NSE values of 0.59 and
0.53 and validation NSE values 0.82 and 0.80, respectively.
The monthly and daily R2 runoff values for the six subwa‐
tersheds resulted in calibration values of at least 0.60 and 0.53
and validation R2 values of 0.86 and 0.81, respectively. The
number of years available for simulation and how they are
distributed for calibration and validation periods can impact
the results. The calibration included parameter initialization,
which impacted the statistical results. The validation period
used the calibrated parameters and had more time to simulate
the watershed runoff, leading to higher statistical values.
SWAT's validation of discharge followed the observed values
well, as evidenced by the average subwatershed monthly and
daily PE values of 9.1% and 11.6%, respectively, which is
within an acceptable range of error for those time scales.
When only the 2002 calibrated data were used for model run‐
off simulation, the monthly and daily NSE values were at least
0.59 and 0.53 and had monthly and daily R2 values of 0.60
and 0.53, respectively.

Evaluation of the annual data in figure 3 shows that the
SWAT trends were to overestimate in dry periods and under‐
estimate in wet periods. These results are good considering
that only a five‐year period of runoff was available and cal‐
ibration was performed with one year of data. As illustrated

Figure 2. Observed and simulated monthly discharge for the six subwatersheds near Riesel, Texas, during 2000‐2004.

Table 8. Daily calibration observed and simulated runoff summary
statistics for the six subwatersheds near Riesel, Texas, for 2002.

Sub‐
water‐
shed

Observed
(mm day-1)

Simulated
(mm day-1)

NSE R2
PE
(%)Mean SD Mean SD

Y6 0.56 3.3 0.64 2.9 0.69 0.70  14.3
Y8 0.49 2.7 0.50 2.5 0.68 0.69    2.0

Y10 0.81 4.5 0.56 2.9 0.63 0.66 -30.9
Y13 0.63 3.6 0.53 3.1 0.74 0.74 -15.9
W12 0.45 2.9 0.49 2.7 0.61 0.63    8.9
W13 0.53 3.9 0.49 2.7 0.53 0.53  -7.5

Table 9. Monthly calibration observed and simulated runoff summary
statistics for the six subwatersheds near Riesel, Texas, for 2002.

Sub‐
water‐
shed

Observed
(mm month-1)

Simulated
(mm month-1)

NSE R2
PE
(%)Mean SD Mean SD

Y6 17.2 30.0 16.8 23.2 0.87 0.90  -2.3
Y8 15.0 24.6 14.4 22.7 0.92 0.92  -4.0

Y10 24.7 40.9 17.5 23.5 0.72 0.88 -29.1
Y13 19.1 31.5 16.8 23.3 0.88 0.93 -12.0
W12 13.5 22.1 14.2 21.7 0.76 0.77    5.2
W13 16.2 30.2 14.2 21.5 0.59 0.60 -12.3
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Table 10. Daily validation observed and simulated runoff
summary statistics for the six subwatersheds near

Riesel, Texas, for 2000, 2001, 2003, and 2004.

Sub‐
water‐
shed

Observed
(mm day-1)

Simulated
(mm day-1)

NSE R2
PE
(%)Mean SD Mean SD

Y6 0.68 4.6 0.63 3.9 0.81 0.82   -7.4
Y8 0.59 3.6 0.51 3.3 0.85 0.85 -13.6

Y10 0.81 4.6 0.75 4.1 0.84 0.84   -7.4
Y13 0.78 4.9 0.63 3.9 0.81 0.83 -19.2
W12 0.62 4.7 0.55 3.8 0.80 0.81 -11.3
W13 0.64 4.5 0.57 3.9 0.86 0.86 -10.9

Table 11. Monthly validation observed and simulated runoff
summary statistics for the six subwatersheds near

Riesel, Texas, for 2000, 2001, 2003, and 2004.

Sub‐
water‐
shed

Observed
(mm month-1)

Simulated
(mm month-1)

NSE R2
PE
(%)Mean SD Mean SD

Y6 21 40 20 34 0.94 0.96   -3.9
Y8 18 33 16 27 0.90 0.93 -13.1

Y10 25 43 21 33 0.89 0.94 -15.1
Y13 24 43 21 31 0.82 0.86 -12.7
W12 20 36 17 27 0.82 0.86   -9.4
W13 20 36 20 31 0.86 0.87   -0.6

Figure 3. Annual observed and predicted discharge and annual precipitation.

by figure 2, 2001 and 2004 are considered the wet years as
compared to 2000 and 2003; 2002's runoff amount is in the
middle of the range for the five‐year period, which contrib‐
uted to it being selected as the calibration year. If runoff was
evaluated each year: in 2000, runoff was overestimated in
four subwatersheds; in 2001, runoff was consistently under‐
estimated in all of the subwatersheds; runoff was overesti‐
mated in five of the six subwatersheds during 2002 and 2003;
and during the wettest year (2004), five of the six subwa‐
tersheds underestimated runoff. Although the annual results
are more general, the detail, as presented in table 8, shows
that the monthly and daily PE remained below 20%.

A comparison between the observed and predicted dis‐
charge indicated that SWAT followed the observed data well
for all the subwatersheds, with a trend toward underestima‐
tion (tables 8 through 11, fig. 3). The predicted annual runoff
vs. annual precipitation ratios ranged from 10% to 30%,
while the observed annual discharge vs. precipitation ranged
from 10% to 40%, with the largest variation during the
drought in 2001. A paired t‐test of the entire five‐year period
indicates no significant difference (� = 0.05) between the ob‐
served and simulated annual discharge data for all of the sub‐
watersheds. The exclusion of the calibration year (2002) also
shows no significant difference (� = 0.05) between the ob‐
served and simulated annual discharge data.

WATER QUALITY CONSTITUENTS
Figure 4 illustrates the average annual runoff, sediment,

and nutrient losses for 2000‐2004. The solid line is the
1:1�line, and the dashed line is the linear regression line. Most
of the regression lines are close to the 1:1 line, indicating that
the averaged annual measured data closely matches the simu‐
lated data.

Although SWAT's monthly simulation of NO3-N with
manually adjusted parameters only yielded one subwa‐
tershed p‐value indicating a significant difference in means
(table 12), the NSE and R2 values are lower than 0.5, indicat‐
ing that SWAT did not adequately simulate the measured data
(fig. 4). Two NSE values for the W13 and Y8 subwatersheds
are slightly above 0.4, and all of the R2 values are below 0.5,
which according to the criteria established for this study
means that the model did not perform acceptably. Corn was
planted in March and wheat was planted in October for these
subwatersheds. Fertilizer was applied while the plants were
not growing (July 2001, February and September 2002, Janu‐
ary and September 2003, and August 2004), leaving the nutri‐
ents exposed to movement with sediment (P) or by water
(nitrate). The subwatershed with the highest crop yield was
W13, which received the second highest fertilizer/poultry lit‐
ter inputs (Y8 had the highest fertilizer/poultry litter inputs).
The subwatersheds that received the highest total N rates
(Y8�> W13 > W12 > Y10 > Y13 > Y6) were not the ones with
the most NO3-N measured (tables 12 and 13). The three sub‐
watersheds with the lowest amount of N or poultry litter ap-
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Figure 4. Measured and simulated annual runoff, sediment, and nutrient losses for the six subwatersheds for the period 2000‐2004.

plied (Y6, Y10, and Y13) had the highest NO3-N concentra‐
tions measured in runoff (Y10 > Y13 > Y6 > W13�> Y8 >
W12).

A possible explanation for these results is the amount of
inorganic N present. In addition, Y10, Y13, and Y6 had the
highest runoff amounts, which may have attributed to the in‐
creased amounts of NO3-N available for transport, especial‐
ly due to application near a large rainfall event. The disparity
between the measured and simulated values may be attribut‐
able to the proximity of large rainfall events that occurred
soon after poultry litter had been applied. Rainfall events that
resulted in greater than 50 mm runoff followed fertilizer/
poultry litter applications in August 2001, October 2002,
February 2003, and September and October 2003. The W13
subwatershed had the highest yields of all the subwatersheds
(table 6), received the second highest fertilizer inputs
(table�4),  and has the lowest slope (table 1).

Sediment loss was most likely due to land management
practices rather than slope, since the control watershed has
the steepest gradient and four of the subwatersheds had high‐
er monthly sediment loss means. The NSE and R2 sediment
values were affected by SWAT's overestimation of sediment
in 2000 and 2001. None of the sediment‐related p‐values
were significant (table 13). The N and P simulated organic
loads were not significantly (� = 0.05) different from the
measured loads. Organic N and organic P followed the trend
of sediment loss (Y13 > W12 > W13 > Y8 > Y6 > Y10) in
both the measured and simulated data. The subwatersheds
with the highest soluble P applied via poultry litter and com‐
mercial fertilizer also had the highest soluble P measured in
runoff (W13 and Y8, respectively). The control watershed

had the lowest soluble P runoff concentration. The model was
able to track measured soluble P concentrations due to its pre‐
dominant transport in surface runoff rather than leaching.

Comparing the simulated data for the control subwa‐
tershed (Y6) with the five treated subwatersheds resulted in
a significant difference (� = 0.05) in the average water quali‐
ty parameters (organic N, organic P, soluble NO3-N, soluble
P, and sediment). The SWAT model does not differentiate be‐
tween manure particles and soil particles, so the term sedi‐
ment refers to all soil and/or soil amendment particles from
land processes. When commercial fertilizer was applied and
followed by large rainfall events, high measured soluble N
losses were not accounted for by the model due to the in‐
creased amount of NO3-N leached. Soluble P was simulated
well due to its predominant transport in surface runoff rather
than leaching. The Y10 subwatershed had poor statistical re‐
sults (table 10; NSE and R2) due to SWAT's overestimation of
sediment in 2000 and 2001. While none of the sediment‐
related p‐values were significant, W12 is close to being sig‐
nificant (p‐value 0.051), which may be related to the inability
of SWAT to account for the channel being cleared of sediment
in 2002. Organic N and P loss accompanied sediment trans‐
port in both the measured and simulated data. The N and P
simulated organic concentrations were not significantly (� =
0.05) different from the measured concentrations.

Almost all of the subwatersheds that had poultry litter ap‐
plied resulted in higher sediment, organic N, organic P, and
soluble P losses than the control subwatershed upon averag‐
ing the monthly validation values. High NO3‐N losses may
have been a function of poultry litter and commercial fertiliz‐
ers being applied before a large rainfall event occurred. The
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Table 12. Monthly measured and validation simulation from manually
adjusted parameters of water quality constituent summary statistics

per subwatershed in Riesel, Texas for the years 2000‐2004.

Statistical
Measure

Subwatershed

Y6 Y8 Y10 Y13 W12 W13

Sediment

Measured
(Mg ha-1)

Mean 0.14 0.16 0.11 0.29 0.26 0.22
SD 0.34 0.59 0.25 0.92 0.82 0.72

Simulated
(Mg ha-1)

Mean 0.13 0.15 0.25 0.15 0.17 0.16
SD 0.30 0.39 0.60 0.35 0.33 0.35

NSE 0.50 0.60 -2.92 0.48 0.46 0.60
R2 0.53 0.61 0.44 0.72 0.62 0.74

P‐value[a] 0.97 0.73 0.94 0.11 0.41 0.23

Organic N loss

Measured
(kg ha-1)

Mean 0.28 0.33 0.24 0.55 0.39 0.34
SD 0.63 0.98 0.50 1.51 1.05 0.83

Simulated
(kg ha-1)

Mean 0.26 0.34 0.25 0.55 0.40 0.36
SD 0.56 0.88 0.57 1.25 0.78 0.82

NSE 0.57 0.66 0.28 0.80 0.67 0.78
R2 0.58 0.67 0.48 0.80 0.67 0.79

P‐value[a] 0.66 0.52 0.93 0.39 0.28 0.90

NO3-N loss

Measured
(kg ha-1)

Mean 1.2 0.94 1.8 1.26 0.67 0.91
SD 4.3 2.1 4.96 3.29 1.8 2.4

Simulated
(kg ha-1)

Mean 1.1 0.94 1.7 1.30 0.70 0.93
SD 1.3 1.7 2.52 2.29 1.2 1.7

NSE 0.22 0.46 0.069 -0.62 0.13 0.42
r2 0.26 0.46 0.10 0.092 0.19 0.42

P‐value[a] 0.39 0.30 0.047[b] 0.17 0.18 0.26

Organic P loss

Measured
(kg ha-1)

Mean 0.09 0.12 0.066 0.21 0.16 0.13
SD 0.21 0.42 0.14 0.66 0.46 0.34

Simulated
(kg ha-1)

Mean 0.09 0.12 0.064 0.21 0.16 0.12
SD 0.20 0.34 0.15 0.56 0.35 0.32

NSE 0.59 0.65 0.47 0.82 0.61 0.89
R2 0.61 0.65 0.56 0.83 0.61 0.89

P‐value[a] 0.81 0.50 0.77 0.34 0.39 0.91

Soluble P loss

Measured
(kg ha-1)

Mean 0.023 0.12 0.11 0.081 0.07 0.13
SD 0.049 0.31 0.23 0.17 0.16 0.33

Simulated
(kg ha-1)

Mean 0.024 0.12 0.10 0.073 0.07 0.13
SD 0.054 0.25 0.20 0.16 0.15 0.27

NSE 0.29 0.80 0.81 0.87 0.80 0.90
R2 0.47 0.80 0.81 0.87 0.80 0.92

P‐value[a] 0.75 0.23 0.67 0.98 0.88 0.98
[a] P‐value: Ho: the mean of the measured monthly values is not

significantly different from the mean of the simulated values; Ho is not
accepted if the P value is less than the level of significance (α = 0.05).

[b] The only value that failed to be accepted (α = 0.05).

subwatersheds that received smaller amounts of commercial
fertilizer and/or poultry litter lost more sediment, organic N, and
organic P than the subwatersheds that received the higher litter
and/or fertilizer treatments. Overall, SWAT simulated the
hydrology and the water quality constituents at the subwa‐
tershed scale more adequately when all of the data were used
to simulate the model, as evidenced by statistical measures.

CONCLUSIONS
The SWAT model, version 2005, was used to assess its

ability to simulate runoff, sediment, and nutrient loss data

Table 13. Measured and simulated water quality constituent
monthly summary statistics per subwatershed in

Riesel, Texas for the years 2000, 2001, 2003, and 2004.

Statistical
Measure

Subwatershed

Y6 Y8 Y10 Y13 W12 W13

Sediment

Measured
(Mg ha-1)

Mean 0.14 0.16 0.11 0.29 0.26 0.22
SD 0.34 0.59 0.25 0.92 0.82 0.72

Simulated
(Mg ha-1)

Mean 0.13 0.15 0.25 0.15 0.17 0.16
SD 0.30 0.39 0.60 0.35 0.33 0.35

NSE 0.50 0.60 -2.92 0.48 0.46 0.60
R2 0.53 0.61 0.44 0.72 0.62 0.74

P‐value[a] 0.97 0.73 0.94 0.11 0.051 0.23

Organic N loss

Measured
(kg ha-1)

Mean 0.28 0.33 0.24 0.55 0.39 0.34
SD 0.63 0.98 0.50 1.5 1.1 0.83

Simulated
(kg ha-1)

Mean 0.26 0.34 0.25 0.55 0.40 0.36
SD 0.56 0.88 0.57 1.2 0.78 0.82

NSE 0.57 0.66 0.28 0.80 0.67 0.80
R2 0.58 0.67 0.48 0.80 0.67 0.79

P‐value[a] 0.66 0.52 0.93 0.39 0.28 0.90

NO3-N loss

Measured
(kg ha-1)

Mean 1.2 0.94 1.8 1.3 0.67 0.91
SD 4.3 2.1 5.0 3.3 1.8 2.4

Simulated
(kg ha-1)

Mean 1.1 0.94 1.7 1.3 0.70 0.93
SD 1.3 1.7 2.5 2.3 1.2 1.7

NSE 0.22 0.46 0.07 -0.60 0.13 0.42
R2 0.26 0.46 0.10 0.09 0.19 0.42

P‐value[a] 0.39 0.30 0.023[b] 0.17 0.18 0.26

Organic P loss

Measured
(kg ha-1)

Mean 0.09 0.12 0.07 0.21 0.16 0.13
SD 0.21 0.42 0.14 0.66 0.46 0.34

Simulated
(kg ha-1)

Mean 0.09 0.12 0.06 0.21 0.16 0.12
SD 0.20 0.36 0.15 0.56 0.35 0.32

NSE 0.59 0.65 0.47 0.82 0.61 0.89
R2 0.61 0.65 0.56 0.83 0.61 0.89

P‐value[a] 0.81 0.50 0.77 0.34 0.39 0.91

Soluble P loss

Measured
(kg ha-1)

Mean 0.02 0.12 0.11 0.08 0.07 0.13
SD 0.05 0.31 0.23 0.17 0.16 0.33

Simulated
(kg ha-1)

Mean 0.02 0.12 0.10 0.07 0.07 0.13
SD 0.05 0.25 0.20 0.16 0.15 0.27

NSE 0.29 0.80 0.81 0.87 0.80 0.90
R2 0.47 0.80 0.81 0.87 0.80 0.92

P‐value[a] 0.75 0.23 0.67 0.98 0.88 0.98
[a] P‐value: Ho: the mean of the measured monthly values is not

significantly different from the mean of the simulated values; Ho is not
accepted if the P value is less than the level of significance (α = 0.05).

[b] The only value that failed to be accepted (α = 0.05).

from small‐scale watersheds in Texas. Six subwatersheds
(HUC‐8; 12070101) were evaluated for sediment and nutri‐
ent water quality effects from poultry litter randomly applied
at rates of 0 to 13.4 Mg ha-1. Monthly data from 2002 were
used for parameter initialization and calibration purposes,
while 2000, 2001, 2003, and 2004 were used for validation.
The autocalibration and parameter sensitivity analysis proce‐
dure embedded in SWAT was used to obtain an optimal pa‐
rameter fit to determine the relative ranking of the most
sensitive parameter to input variability. The analysis resulted
in a slight variability among the six subwatersheds, with CN2
and ESCO alternating as the most responsive parameter and
with the SURLAG and FFCB parameters being less sensitive.
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The model simulated monthly and daily runoff well with
all of the subwatersheds; monthly and daily NSE and R2 run‐
off values were at least 0.82 and 0.86, and 0.81 and 0.80, re‐
spectively. Percent error measurements showed that the
SWAT model tended to overestimate runoff in the dry periods
and underestimation in the wet periods. The goodness‐of‐fit
measures demonstrated that SWAT simulations explained the
monthly and daily runoff variations in the measured data well
(NSE > 0.4 and R2 > 0.5).

The monthly simulated sediment and nutrient (organic N
and P, NO3-N, and soluble P) NSE and R2 values were gener‐
ally above 0.4 and 0.5, respectively, with deviations ex‐
plained by field management issues (cleaning channels of
sediment, supplemental fertilizer applications) or a model
simulation inability (NO3-N leaching when a large rainfall
event occurs following commercial fertilizer application on
bare soil). Paired t‐tests for monthly sediment and nutrient
losses and soluble P losses showed that their respective
SWAT means were not significantly different from the mea‐
sured values (� = 0.05), except for NO3-N losses for the Y10
subwatershed.

The control subwatershed's water quality results were sig‐
nificantly different (� = 0.05) from the treated subwa‐
tersheds. Almost all of the subwatersheds that had poultry
litter applied resulted in higher sediment, organic N, organic
P, and soluble P losses than the control subwatershed upon av‐
eraging the monthly validation values. Organic N and P fol‐
low sediment movement in both the measured and simulated
values when runoff events occur. The subwatersheds that re‐
ceived smaller amounts of commercial fertilizer and/or poul‐
try litter lost more sediment than the subwatersheds that
received the higher litter treatments due to more groundcover
exposure. With NSE values above 0.8 for the monthly and dai‐
ly runoff and generally above 0.4 for sediment and nutrients,
this study has shown that SWAT's runoff and water quality
processes and output are reasonable and can be used at the
subwatershed level. Currently, SWAT does not differentiate
between manure/poultry litter sediment and soil‐sediment
transport. Having a longer period of discharge and nutrient
and sediment data records may improve the simulation re‐
sults in that anomalies in the data may not be abnormal in the
long term.

REFERENCES
Abbozzo, P., A. Boggia, and M. Brunetti. 1996. Environmental

quality and hog production. Environ. Monit. Assess. 41(2):
171‐182.

Arnold, J. G. 1992. Spatial scale variability in model development
and parameterization. PhD diss. West Lafayette, Ind.: Purdue
University.

Arnold, J. G., and P. M. Allen. 1996. Estimating hydrologic budgets
for three Illinois subwatersheds. J. Hydrol. 176: 57‐77.

Arnold, J. G., and N. Fohrer. 2005. SWAT2000: Current capabilities
and research opportunities in applied subwatershed modeling.
Hydrol. Process. 19(3): 563‐572.

Arnold, J. G., P. M. Allen, and G. Bernhardt. 1993. A
comprehensive surface‐groundwater flow model. J. Hydrol. 142:
47‐69.

Arnold, J. G., R. Srinivasan, and R. S. Muttiah. 1994. Large‐scale
hydrologic modeling and assessment. In Effects of
Human‐Induced Changes on Hydrologic Systems, Proc. AWRA
Annual Summer Symp., 1‐16. American Water Resources
Association Tech. Pub. Ser. TPS‐94‐3. Bethesda, Md.: AWRA.

Arnold, J. G., P. M. Allen, R. S. Muttiah, and G. Bernhardt. 1995.
Automated base flow separation and recession analysis
techniques. Groundwater 33(6): 1010‐1018.

Arnold, J. G., R. Srinivasan, R. S. Muttiah, and J. R. Williams.
1998. Large‐area hydrologic modeling and assessment: Part I.
Model development. J. American Water Res. Assoc. 34(1):
73‐89.

Arnold, J. G., R. Srinivasan, T. S. Ramanarayanan, and M. Diluzio.
1999. Water resources of the Texas gulf basin. Water Sci. Tech.
39(3): 121‐133.

Burkholder, J. M., M. A. Mallin, H. B. Glasgow, L. M. Larsen, M.
R. McIver, G. C. Shank, N. Melia‐Deamer, D. S. Briley, J.
Springer, B. W. Touchette, and E. K. Hannon. 1997. Impacts to a
coastal river and estuary from rupture of a large swine waste
holding lagoon. J. Environ. Qual. 26(6): 1451‐1466.

Chu, T. W., and A. Shirmohammadi. 2004. Evaluation of the SWAT
model's hydrology component in the piedmont physiographic
region of Maryland. Trans. ASAE 47(4): 1057‐1073.

Chung, S. W., P. W. Gassman, L. A. Kramer, J. R. Williams, and R.
Gu. 1999. Validation of EPIC for two subwatersheds in
southwest Iowa. J. Environ. Qual. 28(3): 971‐979.

Chung, S. W., P. W. Gassman, R. Gu, and R. S. Kanwar. 2002.
Evaluation of EPIC for assessing tile flow and nitrogen losses
for alternative agricultural management systems. Trans. ASAE
45(4): 113‐122.

Daniel, T. C., A. N. Sharpley, and J. L. Lemunyon. 1998.
Agricultural phosphorus and eutrophication: A symposium
overview. J. Environ. Qual. 27(2): 251‐257.

Di Luzio, M., R. Srinivasan, and J. G. Arnold. 2002. Integration of
watershed tools and SWAT model into BASINS. J. American
Water Res. Assoc. 38(4): 1127‐1141.

Duda, A. M., and D. S. Finan. 1983. Influence of livestock on
nonpoint‐source nutrient levels of streams. Trans. ASAE 26(6):
1710‐1716.

Fohrer, N., S. Haverkamp, K. Eckhardt, and H.‐G. Frede. 2001.
Hydrologic response to land use changes on the catchment scale.
Phys. Chem. Earth B 26(7‐8): 577‐582.

Gass, W. B. 1987. Plant, soil, and water testing laboratory
recommendations, College Station, Tex: Texas Agricultural
Extension Service.

Gburek, W. J., and A. N. Sharpley. 1998. Hydrologic controls on
phosphorus loss from upland agricultural subwatersheds. J.
Environ. Qual. 27(2): 267‐277.

Gilley, J. E., and L. M. Risse. 2000. Runoff and soil loss as affected
by the application of manure. Trans. ASAE 43(6): 1583‐1588.

Grayson, R. B., J. D. Moore, and T. A. McMahon. 1992. Physically
based hydrologic modeling: 2. Is the concept realistic? Water
Resour. Res. 28(10): 2659‐2666.

Green, C. H., M. D. Tomer, M. Di Luzio, and J. G. Arnold. 2006.
Hydrologic evaluation of the soil and water assessment tool for a
large tile‐drained watershed in Iowa. Trans. ASABE 49(2):
413‐422.

Green, C.H. and A. van Griensven. 2007. Evaluation of an
autocalibration tool in hydrologic and water quality modelling:
Using SWAT2005 in small-scale watersheds. Environmental
Modelling and Software (in press).

Griffin, G. E., S. A. Bryce, J. M. Omernik, J. A. Comstock, A. C.
Rogers, B, Harrison, S. L. Hatch, and D. Bezanson. 2004.
Ecoregions of Texas (color poster with map, descriptive text, and
photographs). Map scale 1:2,500,000. Reston, Va.: U.S.
Geological Survey.

Grobbelaar, J. U., and W. A. House, 1995. Phosphorus as a limiting
resource in inland waters: Interaction with nitrogen. In
Phosphorus in the Global Environment: Transfers, Cycles, and
Management, 255‐276. H. Tiessen, ed. New York, N.Y.: John
Wiley and Sons.

Hargreaves, G. H., and Z. A. Samani. 1985. Reference crop
evapotranspiration from temperature. Applied Eng. in Agric.
1(2): 96‐99.



1209Vol. 50(4): 1199-1209

Harmel, R. D., K. W. King, and R. M. Slade. 2003. Automated
storm water sampling on small subwatersheds. Applied Eng. in
Agric. 19(6): 667‐674.

Harmel, R. D., H. A. Torber, B. E. Haggard, R. Haney, and M.
Dozier. 2004. Water quality impacts of converting to a poultry
litter fertilization strategy. J. Environ. Qual. 33(6): 2229‐2242.

Lemunyon, J. L., and R. G. Gilbert. 1993. The concept and need for
a phosphorus assessment tool. J. Prod. Agric. 6(4): 483‐486.

Mausbach, M. J., and A. R. Dedrick. 2004. The length we go:
Measuring environmental benefits of conservation practices. J.
Soil Water Cons. 59(5): 96‐103.

Nash, J. E., and J. V. Sutcliffe. 1970. River flow forecasting through
conceptual models: Part I. A discussion of principles. J.
Hydrology 10(3): 282‐290.

Neitsch, S. L., J. G. Arnold, J. R. Kiniry, J. R. Wiliams, and K. W.
King. 2002a. Soil and water assessment tool theoretical
documentation version 2000. GSWRL Report 02‐01, BRC
Report 02‐05, TR‐191. College Station, Tex.: Texas Water
Resources Institute.

Neitsch, S. L., J. G. Arnold, J. R. Kiniry, R. Srinivasan, and J. R.
Wiliams. 2002b. Soil and water assessment tool user's manual
version 2000. GSWRL Report 02‐02, BRC Report 02‐06,
TR‐192. College Station, Tex.: Texas Water Resources Institute.

Ramanarayanan, T. S., J. R. Williams, W. A. Dugas, L. M. Hauck,
and A. M. S. McFarland. 1997. Using APEX to identify
alternative practices for animal waste management: Part II.
Model application. ASAE Paper 972209. St. Joseph, Mich.:
ASAE.

Ribaudo, M. O., N. R. Gollehon, and J. Apagoff. 2003. Land
application of manure by animal feeding operations: Is more
land needed? J. Soil Water Cons. 58(1): 30‐38.

Rosenthal, W. D., R. Srinivasan, and J. G. Arnold. 1995. Alternative
river management using a linked GIS‐hydrology model. Trans.
ASAE 38(3): 783‐790.

Santhi, C., J. G. Arnold, J. R. Williams, W. A. Dugas, R. Srinivasan,
and L. Hauck. 2001a. Validation of the SWAT model on a large
river basin with point and nonpoint sources. J. American Water
Res. Assoc. 37(5): 1169‐1188.

Santhi, C., J. G. Arnold, J. R. Williams, L. M. Hauck, and W. A.
Dugas. 2001b. Application of a watershed model to evaluate
management effects on point and nonpoint source pollution.
Trans. ASAE 44(6):1559‐1570.

Sharpley, A. N. 1995. Dependence of runoff phosphorus on
extractable soil phosphorus. J. Environ. Qual. 24(5): 920‐926.

Sharpley, A. N., A. N. Paul, and J. A. Withers. 1994. The
environmentally‐sound management of agricultural phosphorus.
Fert. Res. 39(2): 133‐146.

Sims, J. T., R. R. Simard, and B. C. Joern. 1998. Phosphorus loss in
agricultural drainage: Historical perspective and current research.
J. Environ. Qual. 24(2): 267‐276.

Srinivasan, R. S., J. G. Arnold, and C. A. Jones. 1998. Hydrologic
modeling of the United States with the soil and water assessment
tool. Int'l J.  Water Resources Development 14(3): 315‐325.

Srinivasan, R. S., P. Gerard‐Marchant, T. L. Veith, W. J. Gburek,
and T. S. Steenhuis. 2005. Watershed‐scale modeling of critical
source areas of runoff generation and phosphorus transport. J.
American Water Res. Assoc. 41(2): 361‐375.

USDA‐NRCS. 2005. Official Soil Series Descriptions (OSD).
Washington, D.C.: USDA Natural Resources Conservation
Service. Available at:
http://soils.usda.gov/technical/classification/osd/index.html.
Accessed in 2005.

USDA‐SCS. 1972. Section 4: Hydrology. In SCS National
Engineering Handbook. Washington, D.C.: USDA Soil
Conservation Service.

van Griensven, A., and W. Bauwens. 2003. Multiobjective
autocalibration for semidistributed water quality models. Water
Resour. Res. 39(12): 1348‐1356.

van Griensven, A., A. Francos, and W. Bauwens. 2002. Sensitivity
analysis and autocalibration of an integral dynamic model for
river water quality. Water Sci. Tech. 45(9): 325‐332.

Wang, X., R. D. Harmel, J. R. Williams, and W. L. Harman. 2006.
Evaluation of EPIC for assessing crop yield, runoff, sediment
and nutrient losses from subwatersheds with poultry litter
fertilization. Trans. ASABE 49(1): 47‐59.




