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ABSTRACT 

 
Identifying critical source areas of sediment and phosphorus nonpoint pollutant loads under 

alternative land use scenarios is aided by the use of hydrologic models.  We applied the Soil and 

Water Assessment Tool (SWAT) to the Willow River watershed in St. Croix County, Wisconsin, 

to examine the effects of possible future scenarios and best management practices.   The model 

was calibrated and validated to water year (WY) 1999 and WY2006 datasets, respectively, with 

land use configured for each year.  The model performed well in calibration, but could not 

simulate conditions outside of the calibration conditions in the validation dataset.   Sediment and 

phosphorus trapping was influenced by trapping between the landscape source and the watershed 

outlet in closed-drainage lakes, flow-through wetlands, and on-stream reservoirs.  The relative 

contributions of pollutants were related to the landscape position of the source area and the 

number and trapping efficiency of the intermediate traps in the flow path.  We simulated best 

management practices including lowered soil-test phosphorus, increased conservation tillage, 

lowered cattle dietary phosphorus, and changed agricultural crop rotations.   Simulations 

demonstrated that conversion to mulch tillage and no-till from conventional tillage could reduce 

sediment yield on the converted lands by 3% to 27% and phosphorus yield by 5% to 21%.  For 

the current mix of agricultural land management in the Willow Watershed, converting all 

cropland to mulch tillage would reduce watershed export of phosphorus by 1% and sediment 

export by 1%.  Converting all of the agricultural land to no-till produced a modeled decrease in 

watershed export of sediment of 2% and a decrease in phosphorus of 7%.   Simulations also 

demonstrated a 22% reduction watershed phosphorus export by reducing average agricultural 

soil-test phosphorus to 20 ppm.  Converting all farm land from a mixture of cash grain rotations 

to a dairy rotation that included two years of corn and three years of alfalfa caused a modeled 

reduction in watershed phosphorus export of 15% and a modeled reduction in sediment export of 
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5%. Continued conversion of agricultural land to rural residential land uses produced lower 

modeled loads of watershed sediment export up to 13% and phosphorus export up to 27% 

depending on the area developed and the average lot size.  Changes in point source phosphorus 

because of better wastewater treatment caused a decrease in modeled phosphorus delivery of 13% 

between the calibration and validation time periods.  Alternative climate scenarios were also 

simulated, showing that evapotranspiration was the driver of the altered hydrologic cycle, and 

thus the driver of reduced sediment and phosphorus export. 
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Chapter 1.  Configuration and calibration of the SWAT model in the Willow River watershed 

Introduction 
 
 The Willow River Watershed is a mixed land-use watershed that drains into the St. Croix 

River at Hudson, WI.  The Willow River is a valued resource that includes reaches classified as 

Class 2 and Class 3 trout streams and three on-stream reservoirs.  Willow River State Park is also 

located along the banks of the Willow River and includes one of the reservoirs, Little Falls Lake.  

The two other on-stream reservoirs, Lake Mallalieu and the New Richmond Flowage, are also 

valued recreational resources.  Water quality in the Willow River is important both for the health 

of the river and also for its receiving waters, the St. Croix River.   

The United States Congress named the upper St. Croix River a National Scenic River as 

part of the 1968 National Wild and Scenic Rivers Act; the lower St. Croix was later included in 

1972 (Waters, 1972).  The St. Croix National Scenic Riverway extends along the mainstem of the 

St. Croix from Gordon Dam near Gordon, WI, to the confluence of the Mississippi River at 

Prescott, WI, and also includes the lower 158 km of the Namekagon River.  The lower 40 km of 

the St. Croix River is a broad, naturally dammed riverine lake, Lake St. Croix.  With federal 

funds, the National Park Service (NPS) acquired land and purchased easements along the 

riverway to preserve the scenic qualities of the river from impairment by residential and 

commercial development.  The lower St. Croix River is within a one hour drive of approximately 

three million people in the Twin Cities metropolitan area and the NPS estimates over one million 

people visit the St. Croix for recreational purposes each year (Lenz et al., 2003). The St. Croix is 

prized for its natural beauty, water quality and diverse flora and fauna, including several species 

of endangered mussels.   

The St. Croix River drains a watershed of 20,010 km2.  The northern portion is forested 

and sparsely populated, while the southern portion includes widespread agriculture and increasing 
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residential development.  The St. Croix has not been immune to changing water quality because 

of this human influence.  Triplett et al. (2004) collected a transect of sediment cores from the 

lower reach of the St. Croix River, the naturally occurring riverine lake, Lake St. Croix.  Using 

diatom populations to reconstruct water-column phosphorus, sediment phosphorus to reconstruct 

phosphorus retention, and lead-210 to date the cores, Triplett determined that phosphorus inflow 

to the St. Croix has tripled since 1850 when substantial European settlement of the St. Croix 

Watershed began.  Diatom community structure also shifted from dominance by benthic diatoms 

to planktonic species in approximately the 1950s (Triplett, 2004). 

 Excess phosphorus in river systems can lead to eutrophication of lacustrine receiving 

waters.  Phosphorus is a constituent of concern for the St. Croix River: Lake St. Croix was listed 

in 2008 on the Minnesota 303(d) list of impaired waters for excess nutrients, with phosphorus as 

the pollutant of concern.  Phosphorus in the St. Croix River and its tributaries comes from a 

combination of point and nonpoint sources.  Point sources include discharges from waste-water 

treatment plants and some industrial operations, and nonpoint sources include agricultural 

fertilizer transported from farm fields, residential runoff, and naturally-occurring rock 

weathering.  When phosphorus is the limiting nutrient in an aquatic ecosystem, a given weight of 

phosphorus input can spur the production of 500 times that weight as algal matter (Wetzel, 2000).  

Nuisance algae blooms are unsightly and occasionally toxic, and algal decomposition can lead to 

oxygen depletion in the hypolimnion of a stratified lake.  Algal growth responds not only to 

inputs of dissolved phosphorus, but also to inputs of suspended sediment from which phosphorus 

can desorb.  Thus reducing inputs of both dissolved and particulate forms of phosphorus is 

important in curbing eutrophication. 

 Decreasing phosphorus delivery to the St. Croix is a priority for the St. Croix Basin 

Water Resources Planning Team (Basin Team), an interagency group formed in 1994 as an 

outgrowth of a memorandum of understanding between the NPS, Wisconsin Department of 
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Natural Resources (WDNR), Minnesota Pollution Control Agency (MPCA), Minnesota 

Department of Natural Resources (MDNR), and the Minnesota-Wisconsin Boundary Area 

Commission. (Lenz et al., 2003)   Other relevant concerns about the St. Croix addressed by the 

Basin Team are excess suspended sediment, groundwater contamination, toxic contamination, 

invasive species, and other biological issues.  Phosphorus is a primary focus, though, and was the 

subject of the 2005 nutrient agreement memorandum of understanding between the MPCA and 

WDNR.  The nutrient agreement officially declared the goal of decreasing phosphorus delivery to 

the mainstem of the St. Croix by 20% of 1990s levels by 2020.  Reducing phosphorus loads from 

the Willow River is an important step toward achieving this goal. 

Setting 

The Willow River was one of the 15 major tributaries to the St. Croix River studied in a 

water quality survey completed by a partnership between the United States Geologic Survey 

(USGS), WDNR, and MPCA from 1997-1999 (Lenz et al., 2003).  During a 1997 reconnaissance 

study, Lenz et al. (2003) identified the Willow River along with the Kinnickinnic, Apple, and 

Kettle rivers as major contributors of nutrients and suspended sediment to the St. Croix River 

both during storm events and baseflow.  The Willow was selected with nine other tributaries for 

continuous streamflow monitoring and approximately biweekly nutrient monitoring from October 

1, 1998 to September 30, 1999, water year (WY) 1999, with a gaging station established near 

Burkhardt, WI just upstream of Hudson and North Hudson (Figure 1-1). 

The Willow River watershed includes land area in three counties in western Wisconsin: 

St. Croix County, Polk County, and Barron County with the majority of the watershed (72%) in 

St. Croix County.  The most significant urban area above the gage is New Richmond, WI, with a 

2000 population of 6,310.  Land cover in the Willow watershed in 1999 was 44% agriculture, 
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18% forest (including forested wetlands), 36% grassland and low-density rural residential, 1% 

open water, <1% urban,  and <1% open meadow wetlands.  (Almendinger and Murphy, 2005)  

 

 
 
Figure 1-1.  Locator map for the Willow River watershed.  The Wisconsin DNR defined the 
watershed outline, which includes some land areas that drain directly to the St. Croix River.   

 

The Willow River watershed differs in topography between the eastern and western 

halves of the basin.  The eastern half of the basin is characterized by greater slopes, greater 

drainage density, and fewer lakes and enclosed basins.  The western half of the basin includes 
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numerous lakes on shallower slopes with lower drainage densities.  Glacial landforms also differ 

between the two halves of the basin, with the eastern half consisting of end moraine and the 

western half ground moraine, with the Willow River generally as the dividing line. The entirety 

of the Willow River watershed is underlain by nearly flat-lying Ordovician sandstones and 

limestones (Borman, 1976).  Soils are derived from glacial parent material and are predominately 

loamy, ranging from moderately poorly-drained to well-drained (Langton, 1978).   

Prior to European settlement, the Willow River watershed landscape included wetlands, 

prairie and heavily wooded land (Weatherhead, 1978) with forests of white pine, oak, and jack 

pine.  In 1840, the first settlement in the Willow River watershed was established at the mouth of 

the river, at the present site of Hudson, WI.  The first sawmill on the Willow River was near the 

current site of the stream gage in 1851.  Several saw mills and flour mills on the Willow and its 

tributaries were built and destroyed by floods and fires during the late 1800s and 1900s.  The dam 

retaining Mounds Pond above Boardman was removed in 1997 and the Willow Falls Dam in 

1991; the two remaining dams on the mainstem of the Willow River above the stream gage at 

Burkhardt are the New Richmond Dam impounding the Widespread at New Richmond, and Little 

Falls Dam creating Little Falls Lake in Willow River State Park.  Both Little Falls Dam and the 

New Richmond Dam are maintained for recreational purposes.  A third reservoir, Lake Mallalieu, 

lies between the gage and the confluence of the Willow River with the St. Croix.  It is also 

maintained for recreational purposes. 

Wheat was the first large-scale non-subsistence crop in the Willow River watershed, 

replacing both prairie and forest.  As wheat declined in the late 1800s because of falling yields, 

dairying rose in importance in St. Croix County (Weatherhead, 1978).  Current major crops in the 

Willow watershed are corn for grain, corn-silage, alfalfa and other hays, and soybeans.  

Throughout the 1990s to the present, acreage of traditional dairy crops such as alfalfa declined in 

St. Croix County while acreage of soybeans grew and acreage of corn grown for grain remained 
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steady (Figure 1-2).  The total number of acres of land in agricultural production is declining in 

St. Croix County with the land being converted to rural residential and other uses. 

 

Figure 1-2. Total acres harvested of the major crops in St. Croix County between 1990 and 2006 
(NASS, 2008). 
 

Soil and Water Assessment Tool 

Model Description 

The Soil and Water Assessment Tool (SWAT) is a partially physically-based and 

partially empirically-based watershed model (Neitsch et al., 2002) developed at the U.S. 

Department of Agriculture Agricultural Research Service and is currently supported by the 

Blacklands Research and Extension Center at Texas A&M University.  SWAT runs on a daily 

time step and is intended to model large agricultural watersheds.  It has been calibrated and 

validated to numerous watersheds in the United States and around the world.  SWAT has 

progressed through several development releases.  The release selected for this project, ArcView 
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SWAT 2000 (AVSWAT 2000), runs SWAT through an ArcView interface, using an extension 

for the ESRI ArcView 3.2 software. 

As described in more detail in Arnold et al. (1998), SWAT simulates the hydrologic cycle 

accounting for the following processes: precipitation, overland runoff, infiltration, percolation 

through one or more soil layers, evaporation, plant transpiration, interaction with the shallow 

aquifer, and loss to a deep aquifer.  Water delivered to the stream through overland runoff 

generation, lateral flow, and groundwater flow is routed through defined stream channels to the 

watershed outlet. SWAT also models impoundments such as reservoirs, wetlands, and ponds. 

Sediment export from uplands is calculated in SWAT with the Modified Universal Soil 

Loss Equation (MUSLE) (Williams, 1975).  While the Universal Soil Loss Equation (USLE) 

predicts annual erosion on a field, the MUSLE includes a peak flow component that can be used 

to determine the amount of eroded sediment reaching the stream from a uniform land area during 

a single storm event.  Factors that control sediment export predicted by the MUSLE are surface 

runoff, peak flow, soil erodibility, biomass and residue present, cropping practices, slope length, 

and percentage of coarse soil fragments (i.e. stones). 

The phosphorus and nitrogen cycles are simulated in SWAT with inputs of inorganic 

fertilizer, organic fertilizer, plant residue, and, for nitrogen, rainwater.  Nitrogen is partitioned 

between five mineral and organic pools within the soil and is transferred between and out of these 

pools through export, decay, mineralization, nitrification and denitrification, volatilization, and 

plant uptake.  Similarly, SWAT models six soil phosphorus pools, with transfer between and out 

of these pools through export, decay, mineralization, immobilization, and removal by plant 

uptake.  Nitrogen and phosphorus are exported via overland runoff, lateral flow, and groundwater 

flow to the stream channel, though they are only tracked through overland runoff and lateral flow.  

In the stream reaches, in-stream nutrient processes can be simulated with the imbedded QUAL2E 

submodel, or the nutrients can be delivered to the reach outlet undisturbed.  Plant growth is 
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modeled directly in SWAT based on simplified crop growth equations from the Erosion 

Productivity-Impact Calculator (EPIC) with controlling inputs including temperature, solar 

radiation, nutrient availability, and water. 

A SWAT model includes one watershed divided into subbasins of differing size.  

Parameters and equations describing channel properties, pond routing and storage, consumptive 

water use, channel water quality, and weather generation are defined at the subbasin level. 

Subbasins are partitioned into hydrologic response units (HRUs), unique combinations of soil and 

land use.  In each subbasin, all land areas with the same combination of soil and land use are 

lumped into one HRU (Neitsch et al., 2002). With this aggregation, the spatial relations between 

the HRUs are lost.  Each HRU is described by a set of ASCII files that include parameters and 

control variables for groundwater flow, overland runoff, land management practices, and soil 

properties.   

Modified SWAT executable 

The SWAT2000 executable we used initially was the April, 2001 code release.  However, 

we would not have been able to complete this project or have any confidence in the results if we 

did not use a modified SWAT executable produced by Paul Baumgart from the University of 

Wisconsin, Green Bay.  Three parts of the crop submodel had significant errors that, when fixed, 

allowed a realistic representation of cropping conditions in the Willow watershed.  Also, one of 

the components that control sediment export was modified.  The model modifications are 

described by Baumgart (2005) among other changes that were not implemented in the version of 

the model we applied to the Willow watershed. 

   In the unmodified version of the SWAT2000 executable, when the day length shortens 

to the point that it triggers plant dormancy, 95% of any standing biomass for perennial crops, 

such as alfalfa, is converted into residue.  The modified version of the executable reduces the 
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proportion converted to residue to 80% to represent more realistic amounts of biomass that persist 

to the start of the next growing season.  Also, in the modified version, daily amounts of residue 

and biomass for each HRU were added to the output file (basins.sbs).   

 In the original SWAT2000 executable, alfalfa was not removed from an HRU when the 

harvest/kill option was applied.  Rather, even when another crop was planted the following year, 

SWAT applied the crop properties for alfalfa resulting in some odd situations, such as nitrogen 

fixation occurring in a corn crop.   A code modification fixed the problem, though currently only 

the kill operation will stop alfalfa from growing.  Separate harvest and kill operations on the same 

day are required to harvest the last cutting of alfalfa and kill it to stop further growth. 

The original version of the SWAT2000 executable calculates denitrification using the 

following equations: 

 

Ndenit,ly = NO3 ly · (1-exp[-1.4 · γtmp,ly · orgCly])  if γsw,ly ≥ 0.95  (1-1) 

Ndenit,ly = 0.0      if γsw,ly < 0.95 

 

where Ndenit,ly is the amount of nitrogen lost to denitrification (kg N/ha), NO3 ly is the amount of 

nitrate in layer ly (kg N/ha), γtmp,ly is the calculated nutrient cycling temperature factor for layer ly, 

γsw,ly is the calculated nutrient cycling water factor for layer ly, orgCly is the amount of organic 

carbon in the layer (%) (Nietsch et al., 2002).  Initial use of this version showed excessive 

denitrification leading to uncontrollable amounts of nitrogen fertilizer being lost to denitrification 

and suppression of corn yields.  Baumgart’s modified SWAT executable allows the user to set the 

threshold value for γsw,ly, the soil denitrification point parameter (SDCO), and the denitrification 

parameter (CDN), -1.4 in Equation 1-1.   

 Baumgart (2005) observed that using the current method of calculating time of 

concentration in SWAT, changing the number of HRUs contained in a subbasin, or changing the 
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relative areas of the HRUs in a subwatershed would alter time of concentration and change model 

results in unexpected ways.  The modified version of SWAT includes an option to calculate time 

of concentration on a subbasin basis, which eliminates any effects of the number of HRUs in a 

subbasin.  The MUSLE equation used in the modified version was also changed to reflect the 

subbasin area rather than the HRU area.   

 

Initial model setup 

 The basic model inputs that are required to construct a functioning SWAT model are 

spatial datasets for elevation, land use, and soils.  An optional dataset that can be included during 

initial model setup is a vector dataset of the location of the stream network.   The AVSWAT 

interface allows direct input of the spatial data using ArcView.  The AVSWAT extension extracts 

relevant model input and creates database files that can be edited by the user.  Finally, the 

extension creates ASCII files from the database files for use by the SWAT executable. All other 

data are entered into the model through database or text files.   

Several options for the spatial model inputs were evaluated for use in this project.   The 

datasets and sources selected for the Willow River are included in Table 1-1.  Spatial data were 

preprocessed using ArcGIS; all spatial datasets were projected into Universal Transverse 

Mercator Projection, Zone 15 North American Datum, 1983.  The combined upper and lower 

Willow River watersheds from the WDNR Wisconsin Watersheds spatial dataset were used as the 

base spatial area for gathering model input data, though it includes some land area that 

contributes directly to the St. Croix River.  The digital elevation model (DEM), land-use dataset, 

and soils dataset were clipped to the WDNR-delineated watershed border with a one kilometer 

buffer to eliminate edge effects.   
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Table 1-1.  Spatial datasets used for model input and input data processing. 

 

Digital Elevation 

Digital elevation data were available for download from the United States Geologic 

Survey Seamless Data Distribution System at http://seamless.usgs.gov in both 10-meter and 30-

meter resolution for the Willow watershed.  Elevation values were rounded to the nearest meter 

using Spatial Analyst before processing with AVSWAT.  The automatic watershed delineation 

tool in AVSWAT produced a delineated watershed of 717 km2 from the 10-meter dataset and 

produced a watershed of 706 km2 from the 30-meter dataset.  Both of these areas were less than 

the 756 km2 watershed listed by the USGS (USGS, 2007), primarily because of excluded closed 

drainages along the northern edge of the watershed.  Lenz and others (2003) delineated the 

Dataset Source
Vector or Raster 
(Resolution) Purpose

Digital Elevation   
Model

USGS Raster (10 meters) Direct model input, 
locating sinks

Wisconsin 1:24k 
Rivers and Shorelines

WDNR Vector Direct model input

1992 WISCLAND 
Land use dataset

WDNR Raster (30 meters) Direct model input, 
locating wetlands

SSURGO soils dataset, 
St. Croix County

USDA Vector Direct model input

SSURGO soils dataset, 
Polk County

USDA Vector Direct model input

SSURGO soils dataset, 
Dunn County

USDA Vector Direct model input

Wisconsin 1:24k Open 
Water

WDNR Vector Pond area calculations

1:24k Digital Raster 
Graphic Quadrangles

GIS Data 
Depot

Raster Identifying watersheds of 
closed depressions

Wisconsin Watershed 
Boundaries

WDNR Vector Clipping input datasets to 
the Willow Watershed
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watershed that directly contributes to the Willow River as 720 km2, similar to the watershed 

defined from the 10-meter dataset.  The 10-meter dataset was chosen for modeling because it 

excluded fewer closed drainages along the watershed boundary.   

Streams 

Stream-channel locations in the Willow Basin were derived from the 1:24k Rivers and 

Shorelines spatial datasets from the WDNR.  The stream-channel vector dataset for input into 

SWAT was clipped from the Rivers and Shorelines dataset with the WDNR-delineated watershed 

polygon for the Willow River.  The dataset was then filtered to remove all lake and river 

shorelines and segments of streams that did not provide flow paths to the outlet. 

Automatic delineation 

To delineate the watershed boundary and internal subwatersheds, the AVSWAT interface 

processes the DEM to determine flow paths and artificially lowers the DEM along the provided 

stream-channel network to force flow through known channel locations. Automatic delineation of 

the Willow watershed and subbasins yielded a watershed of 717 km2 draining to the gaging 

station.  The watershed was subdivided into 27 subbasins based on a stream definition threshold 

area of 1500 hectares as suggested by the interface.  Each subbasin was assigned an average 

calculated slope and slope length, computed from the DEM.  The subbasins range in size from 

1.86 km2 to 113.4 km2.  Stream channels were also automatically delineated with the AVSWAT 

interface and closely reproduced the input stream-channel network. 

Soils 

 Two soil spatial datasets were available for the Willow watershed: the State Soil 

Geographic Database (STATSGO) and the Soil Survey Geographic Database (SSURGO).  Both 

datasets are produced by the United States Department of Agriculture, Natural Resource 
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Conservation Service (USDA-NRCS) and were downloaded at http://soildatamart.nrcs.usda.gov/.  

STATSGO includes soils generalized at 1:250,000 scale and was intended for modeling and 

decision making over wide areas.  The SSURGO dataset included soils mapped at scales from 

1:12,000 and 1:63,360 nationwide and was more detailed and useful at local levels such as 

townships and individual landowners.  The SSURGO soil-series dataset contained 181 numbered 

soils whereas the STATSGO soil-association dataset contained only six units.   

The STATSGO dataset could be an adequate input dataset to SWAT if the properties of 

the soil associations closely reflect the aerially weighted average of the SSURGO soils.  

However, in the Willow River watershed, the STATSGO soils are not representative of the 

SSURGO soils particularly for soil hydrologic group.  Soils are classified into four hydrologic 

groups, A (well-drained) through D (poorly drained).   In the Willow River watershed, the 

STATSGO dataset underrepresents the proportion of B soils given in the SSURGO dataset (Table 

1-2).  In the curve-number method of infiltration used in SWAT, the hydrologic group describing 

a particular soil dictates the default curve number and thus the infiltrative capacity of the soil in 

the model.   

 

Table 1-2. Comparative distribution of the percent land area assigned to each hydrologic group in 
the STATSGO and SSURGO soil datasets.   

 

 

Input tables for SWAT were generated from SSURGO database tables with the 

SSURGO-SWAT 2.0 extension for ArcView (Peschel et al., 2006).  The SSURGO-SWAT 

Hydrologic 
Group STATSGO SSURGO
A 2.3%
B 41.6% 60.1%
C 58.3% 33.5%
D 0.3%
Undefined 3.8%
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extension creates a usersoil.dbf file that includes the required SWAT parameters for each soil in 

the watershed that has defined properties.  In the SSURGO dataset, there are soils delineated for 

all areas, but not necessarily having defined soil properties. Soils with undefined properties 

occupied about 3.8% of the Willow watershed and were predominately land areas covered by 

open water and wetlands.  These undefined soils were assigned properties of the STATSGO soil 

type WIW, Wisconsin water. 

 To contain the number of HRUs generated by using the unaltered SSURGO dataset, the 

SSURGO soils can be averaged into larger aggregate units.  In previous studies in Wisconsin 

(Kirsch and Kirsch, 2002 and Baumgart, 2005) SSURGO soil properties were aerially weighted 

at the subbasin level to provide one average soil for each subbasin.  The disadvantage of any 

spatial aggregation is the loss of information through separating specific soil properties from their 

geographic location.  Curve number, which depends on the soil hydrologic group and land use, is 

a very sensitive parameter in SWAT.  Because of that sensitivity, the SSURGO soil dataset was 

aggregated in the Willow watershed to preserve the spatial relationship between the hydrologic 

group and land use.  For each subbasin, the SSURGO soils were grouped by hydrologic group 

and number of soil layers. For subbasins spanning county borders, soils were further grouped by 

county.  Within these groupings, all other soil properties were aerially averaged. Each subbasin 

contained approximately six aggregate soils.   

Land Use 

 The Wisconsin Initiative for Statewide Cooperation on Landscape Analysis 

(WISCLAND) created a gridded land use dataset for Wisconsin based on LANDSAT Thematic 

Mapper satellite imagery from 1991 to 1993, which was available for download at 

http://dnr.wi.gov/maps/gis/datalandcover.htm. The WISCLAND dataset had a grid size of 30 

meters and a minimum mapping unit of 5 acres.  Urban areas and wetland extents were not 
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generated wholly from satellite imagery, but through combining other vector data sources such as 

the Wisconsin Wetlands Initiative dataset.   The WISCLAND dataset was divided into several 

more categories than SWAT accepts as land uses; the WISCLAND input dataset was assigned 

SWAT land use codes as shown in Table 1-3.  We also evaluated the National Land Cover 

Dataset (NLCD) to use as a land-use dataset.  In the NLCD, grassland and forage crops, such as 

alfalfa, were given the same code.  Distinguishing between grassland and alfalfa was important 

for this project, so we selected WISCLAND as the land-use input dataset. 
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Table 1-3. Translation between land-use categories in WISCLAND and SWAT.  

 

 

HRU creation 

In the last step of the initial model setup, AVSWAT overlays the soil and land-use spatial 

datasets to create HRUs.  Incidence thresholds to model land uses and soils in a subbasin were set 

at 5% and 1%, respectively, resulting in 532 HRUs.  HRUs with a WIW soil and a land use other 

WISCLAND 
Land-Use 
Code WISCLAND Description

SWAT 
Land Use 
Code SWAT Description

101 Urban/Developed: High Intensity URHD Urban, High density

104 Urban/Developed: Low Intensity URLD Urban, Low density

105 Urban/Developed: Golf Course BLUG Bluegrass

113 Agriculture: Corn CORN Corn

118 Agriculture: Other Row Crops SOYB Soybeans

124 Agriculture: Forage Crops ALFA Alfalfa

150 Grassland BROM Brome grass

163 Forest: Coniferous, Red Pine FRSE Forest, Evergreen

173 Forest: Coniferous, Mixed/Other 
Coniferous

FRSE Forest, Evergreen

176 Forest: Broad-leaved Deciduous, Aspen FRSD Forest, Deciduous

177 Forest: Broad-leaved Deciduous, Oak FRSD Forest, Deciduous

187 Forest: Broad-leaved Deciduous, 
Mixed/Other Borad-leaved Deciduous

FRSD Forest, Deciduous

200 Open Water WATR Water

211 Wetland: Emergent/Wet Meadow WETL Wetland

218 Wetland: Emergent/Wet Meadow, Broad-
leaved Deciduous

FRSD Forest, Deciduous

223 Wetland: Forested, Broad-leaved 
Deciduous

FRSD Forest, Deciduous

229 Wetland: Forested, Coniferous FRSE Forest, Evergreen

240 Barren PAST Pasture
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than water were given a negligible area and the original areas of such HRUs were redistributed to 

all other HRUs with the same land use in that subbasin based on the proportional area of these 

receiving HRUs. 

 

Model configuration 

 After initial model setup, the model can be run but will not be entirely representative of 

the watershed. Model configuration includes changes in the model to reflect real or assumed 

conditions on the landscape based on theoretical considerations or literature values.  

Configuration is distinct from model calibration; the goal of calibration is to fit the model output 

to a set of comparison data specific to a watershed.  Ponds, wetlands, reservoirs, slope, land use, 

land management and land properties were configured in the model after the initial setup.  SWAT 

can be run with generated weather inputs, but specific climate data is required to calibrate the 

model. 

Climate  

 Precipitation and temperature data were acquired from the National Climatic Data Center 

(NCDC, 2005) for three Cooperative Network weather stations near the perimeter of the Willow 

River watershed in Baldwin and Amery, WI, and Stillwater, MN.  The climatic data from the 

closest weather station was applied to each subbasin (Figure 1-3).  The Amery and Stillwater 

stations provided maximum and minimum daily temperatures and daily precipitation; the 

Baldwin site provided only precipitation.  Missing data points were replaced with the mean of the 

observations from the other stations; trace precipitation measurements were set to zero.   Table 1-

4 gives the average annual temperatures and precipitation totals for the three stations, and Figure 

1-4 shows the average monthly distribution of precipitation for Amery, WI.   
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Figure 1-3. Location of the 27 subbasins within the Willow River Watershed the corresponding 
gages that supply the precipitation input for the SWAT model.   
 
Table 1-4a.  Precipitation for the calibration and validation water years compared to the average 
annual precipitation and the annual precipitation range for the three cooperative observer climate 
stations used for modeling.   Average annual and annual range values were computed from 1948 
to 2007 observations. 

 

 

!

!Baldwin

Amery

Stillwater

0 3 6 9 121.5
Kilometers ! Precipitation gages

N

Station

Average Annual 
WY Precipitation 

(mm)

Annual WY 
Precipitation Range 

(mm)
Calibration, 

WY1999
Validation, 
WY2006

Amery, WI 788 523 to 1099 865 662
Baldwin, WI 792 583 to 1144 792 720
Stillwater, WI 805 529 to 1216 935 826
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Table 1-4b.  Temperature values for the calibration and validation water years compared to the 
average annual temperatures and the annual temperature range for two cooperative observer 
climate stations used for modeling.   Average annual and annual range values were computed 
from 1948 to 2007 observations. 

 

 

Figure 1-4. Average monthly total precipitation for Amery, WI, between 1948 and 2006 arranged 
on a water year basis. 
 

 Measured solar radiation for St. Paul, MN, 45 kilometers southwest of the watershed, was 

provided by the Minnesota Climatology Working Group.  Wind speed, rainfall intensity, and 

relative humidity were generated in the model based on the closest National Weather Service long 

term weather station averages.  The closest stations to the watershed are St. Croix Falls, WI, and 

Ellsworth, WI. 
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Ponds and wetlands 

The Willow River watershed included 391 landlocked open water bodies in the Open 

Water dataset.  The smallest water body was unnamed at 0.021 ha and the largest water body was 

Bass Lake at over 150 hectares.  The areas delineated as landlocked open water bodies in the 

Open Water dataset were compared to the areas classified as open water in the WISCLAND 

dataset.  The major lakes coincided in both location and extent, but many small water bodies that 

are included in the Open Water dataset were not represented in WISCLAND. 

 Significant areas of the Willow River watershed deliver runoff into closed depressions 

instead of to the stream network.  Off-channel lakes, isolated wetlands, and low areas on the 

landscape collect water during runoff events where it either remains as open water, evaporates, or 

infiltrates.  Lakes were identified as landlocked water bodies in the Open Water dataset.  Isolated 

wetlands were defined from the WISCLAND dataset areas classified as forested and wet meadow 

wetlands that were not connected to the stream network by either continuous wetland area or a 

stream.  Closed depressions, or sinks, were identified by analyzing the DEM with the Identify 

Sinks tool in the ArcGIS hydrology toolkit.  The sub-watershed for each sink, isolated wetland, 

and landlocked lake was hand-delineated from 1:24,000 digital topographic maps.  For each 

subbasin, SWAT allows one pond with a user-defined fraction of the subbasin draining to it. The 

total area of open water in each subbasin was calculated by aggregating areas of off-stream open 

water bodies in the open water dataset.  The fractional area of each subbasin not draining to the 

stream network was summed from the delineated sub-watersheds and calculated based on the area 

of each subbasin.  Overall, thirty percent of the land in the Willow watershed drains into closed 

depressions with less than 1% to 94% of the individual subbasins draining into closed 

depressions. 

 Wetlands are common throughout the Willow River watershed.  WISCLAND indicated 

that the main channel and tributaries of the Willow have wetlands along the banks in many 
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places.  These near-channel connected wetlands were assumed to allow surface-water flow 

through to the stream.   Flow-through wetland areas were determined from the WISCLAND 

dataset and aggregated into one wetland area in each subbasin.  The same procedure was used to 

delineate the sub-watersheds of these connected wetlands as the sub-watersheds of open water 

areas and isolated wetlands.  Flow-through wetland watersheds were aggregated into one 

watershed per subbasin with a fractional contributing area relative to the total area of the 

subbasin. Nineteen percent of the land in the Willow watershed drains to the stream through a 

wetland area, with less than 1% to 48% of the land area in individual subbasins draining through 

wetlands. 

Ponds were initially configured to reflect areas and volumes on the landscape.  The 

aggregate pond normal water volume in each subbasin was calculated by assuming an average 

depth of one meter in all open water area.  Ponds have two volume and area parameters: 

emergency surface area and volume and primary surface area and volume.  Water does not spill 

when the volume is below the primary volume and water spills above the primary volume.   The 

emergency volume and surface areas are the maximum storage parameters for the ponds.  

Emergency surface areas were set equal to the normal surface areas and emergency water 

volumes were set to 50 times the normal water volume to prevent the ponds from spilling 

significantly.  The pond bottoms were initially given an arbitrary hydraulic conductivity of 5 

mm/hr to provide seepage to groundwater.  Wetland normal water volume was calculated 

assuming an average depth of 0.3 m.  Emergency surface areas and volumes were set equal to the 

normal surface areas and volumes so that water would flow directly through.  Wetlands were 

assigned a hydraulic conductivity of 0 mm/hr to obviate loss to infiltration.   

Ponds were configured to act as complete traps for sediment and nutrients.  Pond 

equilibrium sediment concentrations were set to 0 mg/l to settle all suspended sediment, and 

phosphorus settling rates were left at the default values of 4 meters per day.  Wetlands were 
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assumed to trap all sediment but to let phosphorus pass through.  Wetland equilibrium sediment 

concentrations were set to 0 mg/l to settle all sediment, and wetland phosphorus settling rates 

were set to 0 meters per day.  

Reservoirs 

There are two control structures for reservoirs on the main channel of the Willow in the 

study area.  The upper control structure was originally built to power saw mills in New 

Richmond.  Frequently, this structure proved insufficient to allow the passage of water during 

large storms and snowmelt events resulting in flooding in downtown New Richmond.  In 1998, 

the City of New Richmond completed a new control structure which uses computer-operated 

gates to hold the “Widespread” (officially, New Richmond Flowage) at a constant elevation for 

recreational purposes.  The lower reservoir on the Willow is Little Falls Lake which is held by 

Little Falls Dam in Willow River State Park.  No flow records are available for either of the 

dams.  Table 1-5 lists the normal and maximum volumes for the two reservoirs used for 

modeling.   

Table 1-5. SWAT input parameters for the two upstream reservoirs. 
         

Reservoir Subbasin

Primary 
Surface 
Area, ha

Primary 
Volume, 104 

m3 H2O

Emergency 
Surface 
Area, ha

Emergency 
Volume, 104 

m3 H2O
Widespread 12 95.5 101.8 95.5 105 
      
Little Falls Lake 27 69.6 165.6 69.6 210 

 
The reservoirs on the Willow River were configured in SWAT to release based on the 

target release option.  The target release option can simulate reservoir operation for two seasons, 

a specified flood season and the remaining non-flood season.  The Willow River was simulated 

with no flood season specified.  During the non-flood season, SWAT sets the target storage to a 

value between the principle and emergency spillways depending on the soil water level.  The 



23 
 

maximum value for target storage is half way between the principle and emergency spillways.  

When water is delivered to the reservoir raising the level above the target storage, water is 

released in proportion to the user-defined number of days to target storage (Neistch et al., 2002).  

The modeled number of days to target storage was adjusted to 2 for both reservoirs.  Sediment 

and nutrient settling in the reservoir was adjusted using monitored data and is discussed in the 

calibration section. 

Point sources 

Four point sources contribute wastewater effluent to the Willow River.  Three point 

sources are municipal wastewater treatment plants (New Richmond, Clear Lake and Deer Park) 

and the other discharger (Chiquita Food Processing) is industrial.  The largest discharger is New 

Richmond; estimated yearly discharges for the calibration and validation periods are shown in 

Table 1-6.  Daily discharge of total phosphorus and flow were available for the New Richmond 

wastewater treatment plant from the plant operator whereas more irregular data, usually monthly 

or biweekly grab samples and corresponding discharges, were available for the other three plants 

from the WDNR.   From each record an average monthly discharge file was created for flow and 

total phosphorus.  Improvements in treatment between 1999 and 2006 resulted in lower 

phosphorus loads from the point sources in 2006. 
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Table 1-6. Contributions of flow and phosphorus by the point sources during the model 
calibration and validation periods. 
          
  Calibration, WY1999  Validation, WY2006

Point Source Subbasin
Total 

Flow, m3

Total 
Phosphorus, 

kg  
Total 

Flow, m3 

Total 
Phosphorus, 

kg

Clear Lake WWTF 3 314,753 3,629  247,375 126 

Chiquita Processed 
Foods, New Richmond 12 39,631 16  70,844 28 

Deer Park WWTF 15 61,891 108  28,404 49 
New Richmond 
WWTF 19 993,259 1,531  800,242 617 

       
Total 49 1,409,534 5,284  1,146,865 820

 

Slope and slope length 

 AVSWAT calculates the average slope for each subbasin and assigns that slope to every 

HRU in that subbasin.  An average subbasin slope does not reflect variations in slope between 

land uses, which can be significantly different.  For example, cropland tends to be on flatter lands 

than forest, which persists on slopes too steep to farm.  Slope was derived with Spatial Analyst 

from the buffered 10-meter DEM, and area-weighted slopes were calculated for each land use in 

each subbasin.  The averaged slope was assigned to all of the HRUs of that land use in each 

subbasin (Table 1-7).  Slope length, the distance overland runoff travels before it concentrates 

into gullies and streams, was recalculated by Equation 1-2 for each HRU based on the calculated 

slopes (Baumgart, 2005).   

                             slope length (in meters) = 91.4 meters / (% slope + 1)0.4                  (1-2) 
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Land use changes 

 Land use in the model must correspond to land use in the watershed for the times when 

calibration and validation monitoring data were collected.  The land-use spatial dataset, 

WISCLAND, was generated based on 1992 and 1993 aerial photography, but the calibration and 

validation monitored data was collected during water years 1999 and 2006.    The quantities of 

land in each land use during the calibration and validation years were determined by analyzing 

several sources of land-use data for the Willow River watershed regarding suburban and rural 

residential development as a consequence of population increases and shifting agricultural 

practices. 
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Table 1-7. Slope values for HRUs with the given land use within each subbasin.  Slopes were calculated with ArcGIS Spatial Analyst. 

Subbasin URHD URLD BLUG CORN SOYB ALFA FESC PAST FRSD FRSE WATR WETL
1 3.2 3.0 3.8 4.5 3.7 4.7 6.4 3.8 2.1
2 3.4 3.2 3.9 3.6 3.8 4.2 4.1 1.4
3 3.1 2.9 2.8 2.8 3.1 3.2 2.6 3.3 4.0 3.4 2.6
4 4.0 3.7 4.3 3.8 1.9 4.2 5.4 4.4 5.1
5 3.0 3.6 4.3 4.4 4.0 6.4 9.0 1.7
6 3.9 4.3 4.5 5.0 3.7 5.6 4.4 4.6 3.8
7 3.3 3.3 3.7 3.9 2.5 3.6 3.3 2.3 1.9
8 3.8 4.0 4.5 4.7 5.2 4.9 4.9 2.6 2.8
9 2.2 1.3 2.7 2.6 2.7 3.5 2.0 4.2 4.5 2.6 2.5

10 0.9 1.8 2.9 3.0 3.2 4.2 3.3 4.5 4.6 1.8 1.7
11 1.9 0.7 4.7 1.9 1.8 2.2 2.9 3.7 4.4 5.6 1.8 2.8
12 1.4 1.8 4.4 2.9 1.8 5.2 2.1
13 3.6 3.7 3.9 4.0 3.5 4.7 6.1 2.0 2.7
14 3.6 2.6 3.7 4.4 2.1 5.0 7.0 1.9 3.8
15 4.1 5.4 2.9 2.7 3.4 3.7 2.8 3.7 5.1 2.8 1.5
16 2.0 0.5 5.4 4.4 3.9 2.8 0.7
17 2.3 2.6 3.5 4.0 4.2 5.2 3.3 4.5 2.2
18 4.0 4.5 4.9 5.4 4.6 5.4 5.4 2.4 4.4
19 1.9 2.1 5.2 1.7 3.0 3.6 4.0 2.7 4.9 3.6 1.2 1.7
20 2.1 2.8 3.3 4.1 3.6 4.6 2.6 5.1 4.6 4.4 3.0
21 2.6 3.0 3.1 3.4 2.7 4.2 3.5 3.0 3.2
22 1.9 2.0 2.0 2.9 2.5 4.1 5.0 4.0 5.2 1.9
23 3.2 3.0 2.5 3.7 2.4 5.2 6.3 7.3 7.2
24 3.5 3.9 5.0 5.6 5.4 9.1 5.9 3.2 3.1
25 3.7 4.0 4.3 5.1 3.6 6.4 7.1 3.3 2.4
26 3.6 3.7 5.3 5.6 1.2 10.5 17.5 8.4 3.3
27 4.5 3.4 6.2 6.3 1.6 11.7 14.5 4.1 3.3

Slope by SWAT Land Use, degrees
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The process we used to determine changes in land use and land management is explained 

in detail in Almendinger and Murphy (2005).  Land-use changes in the Willow watershed were 

assumed to be proportional to land use changes in St. Croix County with considerations made for 

the distribution of land use and land-use changes in the county and watershed.   First, the 

WISCLAND area under cultivation in 1992 was compared to the National Agricultural Statistics 

Service (NASS) dataset for the same year (NASS, 2008).  The NASS dataset lists yearly acres of 

each crop planted and harvested in a county based on self-reported data from producers.  

Harvested acres of corn in the county listed by NASS were comparable to the area of corn in St. 

Croix County in WISCLAND.  Areas of soybeans listed in NASS were comparable to “other row 

crops” in WISCLAND, and the total acres listed as oats, alfalfa, and hay and haylage in NASS 

were equivalent to “forage crops” in WISCLAND.  Oats are commonly grown as a nurse crop 

over first year alfalfa to provide rapid ground cover before alfalfa emerges.  The NASS and 

WISCLAND datasets agreed to within 5% of the total cultivated acres and to within 1-4% each 

for corn, soybeans and forage crops.  Agreement between WISCLAND and NASS datasets were 

deemed sufficient to use NASS data to track areas of each crop throughout the period of interest. 

 The St. Croix County Land and Water Conservation Department (SCC-LWCD) conducts 

an annual survey of agricultural land by traversing a set of specified locations, estimating the 

acres of each crop, and recording the levels of residue remaining on the fields from the previous 

year’s crops.  The survey is conducted in early June, approximately one month after planting. 

(Steve Olson, SCC-LWCD, pers. comm.)  Transect survey data were available from 1999-2004 

for the area that the Wisconsin DNR delineated as the Willow watershed.   Results from the 1999 

SCC-LWCD transect estimated 15% less total cultivated area in the Willow watershed than 

interpolated from the NASS dataset.  However, the relative percentage of crops between the two 

datasets was consistent, with only 1-4% differences.  The SCC-LWCD transect was used 

primarily for determining cropping practices, not total acreage. 
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 During the summer of 2004 the SCC-LWCD sent out a mail survey to determine 

agricultural practices for the SWAT modeling project (SCC-LWCD, 2004).  The survey asked 

about tillage, fertilizer, crop rotations, livestock, and conservation practices and was sent to all 

landowners with parcels greater than 30 acres with an agricultural tax designation in the 

watershed.  Forty percent of the surveys were returned to the SCC-LWCD with 94 responses 

from producers covering 20% of the actively farmed area in the watershed.  The crop percentages 

reported by survey respondents were not comparable to the NASS or SCC-LWCD transect 

percentages and were not used in the analysis.  Information gleaned from the survey about timing 

of practices, common tillage implements and fertilizers was incorporated in model input. 

 A comparison of the WISCLAND spatial dataset clipped to the SWAT-modeled 

watershed and the 1999 NASS dataset scaled to the same watershed area indicated that between 

1992 and 1999 approximately 1,500 ha of agricultural land was converted to other land uses.  

When land use changes between 1999 and 2004 were analyzed by Almendinger and Murphy 

(2005), NASS data for 2004 were not yet available.  Reduction in agricultural land between 1999 

and 2004 was calculated by extrapolating the same rate of land-use loss from 1992 to 1999.   We 

assumed that our estimated 2004 land-use distribution was close enough to the 2006 distribution 

for use in validating the model to water year 2006 data.  Changes in agricultural areas and crop 

rotational areas used for modeling are given in Table 1-8. 

 
Table 1-8.  Area of land in hectares in each land use class for the Willow River watershed 
modeled area.  

 

Scenario Year Urban Rural Development Forest Grassland Agriculture
WISCLAND 1992 194 11,953 24,040 34,553
Scaled NASS 1992 33,061
Calibration 1999 248 5,875 12,961 20,125 31,532
Validation 2004 274 6,392 13,366 20,439 30,269
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Agricultural land in the Willow watershed taken out of cultivation was converted into 

residential development, commercial land, forested land, or recreational land. The St. Croix 

County Development Plan details land-use changes in St. Croix County with some information 

about changes in the individual townships between 1973 and 1993.  Land use was analyzed from 

aerial photos with ArcGIS, and population trends were determined from census records from 

1990 and 2000.  Specific information about land-use changes in the City of New Richmond was 

available in the City of New Richmond’s Comprehensive Planning Program.  During the 

analyzed period, 70% of converted agricultural land was developed, 20% transitioned into forest, 

and 10% became recreational land.  Land-use change from 1992 to 2004 was configured to 

conform to this pattern. 

 Agricultural land that was removed from cultivation was not spread evenly across the 

watershed.   We divided the watershed into three units, the lower watershed, the upper watershed 

and New Richmond as shown in Figure 1-5.  The lower watershed lost agricultural land more 

rapidly than the upper watershed because of its proximity to the Twin Cities and the rapidly-

expanding city of Hudson; during the period 1973-1993, 80% of the agricultural land converted 

to other land uses was located in the townships in the lower watershed subbasins (SCC 

development plan).  We assumed this trend continued through the calibration and validation 

periods.  The only subbasins in the model that had urban land use from WISCLAND over the 5% 

threshold were the two that contained the City of New Richmond.  All land conversion into urban 

land use from 1999 to 2004 was assumed to have occurred in these two subbasins.     
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Figure 1-5. Subbasin groupings in the Willow River Watershed to implement land use changes. 
 

Rather than create land-use maps for 1999 and 2004, land-use areas were adjusted in the 

ASCII files that were created for each HRU.  Transformations between land uses were divided 

between all of the subbasins by proportional subbasin area within each grouping that contained 

both the land use that was losing and the land use that was gaining land area.  Within each 

subbasin, the land-uses changes were partitioned between HRUs proportionally based on the 

original areas of the HRUs that were losing area in the subbasin.   

Agricultural land management 

 Three crop rotations were defined for the Willow River watershed based on analyzing the 

SCC-LWCD survey, SCC-LWCD transect data, data from the National Agricultural Statistics 
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Service (NASS), and data from county officials (Almendinger and Murphy, 2005).  Cropping in 

the Willow River was divided between dairy rotations and grain rotations.  Dairy rotations 

included corn-grain, corn-silage, alfalfa, and limited soybeans; grain rotations included corn-grain 

and soybeans.  The most common dairy rotation included one year of corn-grain, one year of 

corn-silage, and three consecutive years of alfalfa (C2A3, Table 1-10a).  A secondary dairy 

rotation included two years of corn-grain, one year of corn-silage, one year of soybeans, and three 

years of consecutive alfalfa (C3S1A3, Table 1-10b).  The grain rotation comprised two years: one 

year of corn-grain and one year of soybeans (C1S1, Table 1-10c).  Determining the area of land 

under each rotation was accomplished by trial and error to match the area of land in each crop for 

1999 and 2004.  The areas in each rotation for the calibration and validation model runs are 

shown in Table 1-9. 

 

Table 1-9.  Area of land under each agricultural rotation for the Willow River watershed modeled 
area for the calibration and validation model runs. 

 
   

 Starting the simulation with each rotation in its first year would not be representative of 

the conditions in the watershed.  Consequently, each rotation was divided into subrotations based 

on the number of years in the rotation.  For example, in the subrotation C1S1-a, the first crop 

planted is corn and in C1S1-b soybeans are planted in the first year.  We applied the subrotations 

to HRUs in the model based on the crops in the rotation and the initial land use associated with 

the HRU from the WISCLAND dataset.  HRUs with alfalfa as the land use were assigned C2A3 

or C3S1A3 subrotations, HRUs with soybeans as the land use were assigned C1S1 or C3S1A3 

Scenario C1S1 C2A3 C3S1A3
Calibration 6,306 18,919 6,306
Validation 10,190 14,180 5,899
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subrotations and corn HRUs were assigned a subrotation from any of all three rotations. For a 

given rotation, each subrotation was applied to an equal area of HRUs in the watershed.   

 Land-management practices for the rotations were determined through the SCC-LWCD 

mail survey (SCC-LWCD, 2004), conversations with the county agriculture agents, and the SCC-

LWCD annual transects.   We defined representative sets of tillage and fertilizer applications for 

each rotation based on typical practices in the watershed.   We also determined average dates for 

planting, harvesting, tillage, and fertilizing from the SCC-LWCD mail survey with additional 

input from county agents. Table 1-10 shows the timing and application of the operations for each 

rotation under conventional tillage.   
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Table 1-10a.  Details of the management for the C2A3 dairy rotation.  

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Year Date Operation Detail Rate Units
Year 1 15-Apr Fertilize 46-0-0 337 kg/ha

30-Apr Tillage Disk
7-May Plant Corn-grain
7-May Fertilize 9-23-30 225 kg/ha
10-Jun Tillage Cultivate
15-Oct Harvest&Kill Corn-grain
1-Nov Fertilize Manure-Dairy 3148 kg/ha
1-Nov Fertilize Manure-Beef 328 kg/ha
5-Nov Tillage Chisel

Year 2 15-Apr Fertilize 46-0-0 112 kg/ha
25-Apr Fertilize Manure-Dairy 3148 kg/ha
25-Apr Fertilize Manure-Beef 328 kg/ha
30-Apr Tillage Disk
7-May Plant Corn-silage
7-May Fertilize 9-23-30 112 kg/ha
10-Jun Tillage Cultivate
15-Sep Harvest&Kill Corn-silage

Year 3 20-Apr Tillage Chisel
30-Apr Tillage Disk
7-May Plant Alfalfa
10-Sep Harvest Alfalfa

Year 4 25-Jun Harvest Alfalfa
10-Aug Harvest Alfalfa
10-Sep Harvest Alfalfa

Year 5 25-Jun Harvest Alfalfa
10-Aug Harvest Alfalfa
10-Sep Harvest Alfalfa
1-Nov Tillage Moldboard Plow
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Table 1-10b. Details of the management for the C3S1A3 dairy rotation. 
 

Year Date Operation Detail Rate Units
Year 1 25-Apr Fertilize 46-0-0 337 kg/ha

30-Apr Tillage Disk
7-May Plant Corn-grain
7-May Fertilize 9-23-30 225 kg/ha
10-Jun Tillage Cultivate
15-Oct Harvest&Kill Corn-grain
1-Nov Fertilize Manure-Dairy 3148 kg/ha
1-Nov Fertilize Manure-Beef 328 kg/ha
5-Nov Tillage Chisel

Year 2 15-Apr Fertilize 46-0-0 112 kg/ha
25-Apr Fertilize Manure-Dairy 3148 kg/ha
25-Apr Fertilize Manure-Beef 328 kg/ha
30-Apr Tillage Disk
7-May Plant Corn-silage
7-May Fertilize 9-23-30 112 kg/ha
10-Jun Tillage Cultivate
15-Sep Harvest&Kill Corn-silage

Year 3 20-Apr Tillage Chisel
10-May Fertilize 9-23-30 225 kg/ha
15-May Tillage Disk
20-May Plant Soybeans
15-Oct Harvest&Kill Soybeans

Year 4 20-Apr Tillage Chisel
25-Apr Fertilize 46-0-0 337 kg/ha
30-Apr Tillage Disk
7-May Plant Corn-grain
7-May Fertilize 9-23-30 225 kg/ha
10-Jun Tillage Cultivate

Year 5 15-Oct Harvest&Kill Corn-grain
20-Apr Tillage Chisel
30-Apr Tillage Disk
7-May Plant Alfalfa

Year 6 10-Sep Harvest Alfalfa
25-Jun Harvest Alfalfa
10-Aug Harvest Alfalfa

Year 7 10-Sep Harvest Alfalfa
25-Jun Harvest Alfalfa
10-Aug Harvest Alfalfa
10-Sep Harvest Alfalfa
1-Nov Tillage Moldboard Plow
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Table 1-10c. Details of the management for the C1S1 cash crop rotation. 

 

 

 The SCC-LWCD transect surveys define four levels of residue left on the fields which we 

infer are the results of four tillage regimes: conventional tillage (CT), mulch tillage (MT), 

conservation tillage, and no-till (NT).  The classifications for the different tillage classes are 

based on the residue coverage present on the field at the date of the transect survey, 

approximately June 1st.   Fields are classified as follows: conventional tillage leaves 0-15% 

residue, mulch tillage leaves 15-30% residue, conservation tillage leaves 30-50% residue, and no-

till leaves more than 50% residue. For the purposes of modeling, we lumped MT and 

conservation tillage together and refer to the category as MT.  The adoption of no-till and reduced 

tillage has been increasing over the past decade in St. Croix County.    Producers are using 

reduced tillage more frequently with soybean crops than corn, but acreages of corn with reduced 

tillage are also increasing. For corn and soybean crops in our model, conventional tillage included 

three tillage operations: chisel plowing either after harvest or in the spring before planting as the 

primary tillage, disk plowing in the spring as secondary tillage, and a pass with a field cultivator 

after planting.  The disk plowing operation was eliminated under MT, and all tillage operations 

Year Date Operation Detail Rate Units
Year 1 20-Apr Tillage Chisel

25-Apr Fertilize 46-0-0 337 kg/ha
30-Apr Tillage Disk
7-May Plant Corn-grain
7-May Fertilize 9-23-30 225 kg/ha
10-Jun Tillage Cultivate
15-Oct Harvest&Kill Corn-grain

Year 2 20-Apr Tillage Chisel
10-May Fertilize 9-23-30 225 kg/ha
15-May Tillage Disk
20-May Plant Soybeans
15-Oct Harvest&Kill Soybeans
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were eliminated under NT.  Before alfalfa was planted in the model, tillage by chisel plow and 

disk plow were used to prepare the fields.  After the last year or alfalfa in the rotation, alfalfa 

fields were plowed under with a moldboard plow.  Under MT, alfalfa fields were prepared with 

chisel plowing and no disking.  All tillage operations were eliminated in NT alfalfa.  Table 1-11 

shows the observed percentages of the crops in each tillage system applied in the model for the 

calibration and validation model runs. 

 
Table 1-11.  Percentages of corn and soybean crops observed in the SCC-LWCD annual transect 
survey with levels of residue that indicate the crops are under reduced tillage systems. 

        

Year Crop 
Conventional 

Tillage
Mulch & 

Conservation Tillage No-Till 
2000 Corn 63% 31% 6% 
 Soybeans 30% 20% 50% 
     
2006 Corn 49% 44% 7% 
  Soybeans 12% 12% 61% 

 

On no-till agricultural fields, residue from the previous crop is left on the surface of the 

field and the soil is not disturbed by tillage.  Reduced tillage or conservation tillage includes 

practices that result in less soil disturbance and less residue incorporation than standard tillage 

practices that leave fields bare.  Surface residue can intercept raindrops and prevent soil 

detachment, detain water in small pools, and retard the smooth flow of water over the surface of 

the soil (Unger and Kaspar, 1994).  Increased roughness and decreased soil detachment can 

decrease the amount of sediment exported from a field.  Soil macropores, created by root 

channels and burrowing insects and worms, are not disturbed by tillage in a no-till field, though 

they may be compacted by equipment during planting and harvesting operations. Earthworm 

populations in conservation and no-till fields have been reported to be significantly greater than in 

conventionally tilled plots (Kladivko and Timmenga, 1990).  Continuous soil macropores 
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increase infiltration, thereby decreasing overland runoff from fields.  Once tillage ceases on a 

field, increased infiltration because of soil macropores can take several years to establish.   

No-till agriculture does have some environmental drawbacks.  One of these is the need 

for alternate weed control, such as herbicides.  The cost of herbicides can be offset by reductions 

in labor required to prepare the field.  Weed control can be aided by crop rotations, which can 

limit or interrupt weed and disease propagation on a field (Moldenhauer, 1995).  SWAT cannot 

model effects of either weed competition or unpredictable disease.  Residue cover of agricultural 

fields can result in slower emergence after planting because of lower soil temperatures.  Soil 

temperature is directly modeled in SWAT to include the effects of residue cover.  Soil organic 

matter has been shown to increase in no-till systems, a process that is not modeled in SWAT.  

Residue remaining on no-till fields also has the potential to deter the formation of surface seals 

(Moldenhauer, 1995) which are not modeled in SWAT. 

 Implementing reduced tillage was a multi-step process in the Willow SWAT model.  

Solely eliminating tillage operations in the management files increased the quantity of residue 

remaining on the soil surface, which in turn decreased the cover and management factor (CUSLE) 

of the MUSLE.  Manning’s N for overland flow was incrementally raised to simulate the increase 

in roughness of the land surface because of residue.  For corn and soybean crops, we raised the 

initial Manning’s N of 0.12 for CT to 0.22 for MT to 0.32 for NT (DiLuzio et al., 2002 after 

Engman, 1983).  Infiltration was increased for MT and NT by decreasing curve number at 

planting by 1 point for MT crops and 2 points for NT crops.  SCS curve number 

recommendations for row crops list decreases from 1 to 4 points to account for additional 

infiltration on fields with reduced tillage (residue remaining)  (DiLuzio et al., 2002, after SCS 

Engineering Division, 1986). Biological mixing was raised from the default value of 0.2 to 0.3 for 

MT and 0.4 for NT (Baumgart, 2005). 
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Other agricultural adjustments 

The fraction of phosphorus in corn-grain yield (CPYLD) varies.  Heckman et al. (2001) 

reports a range of 0.0031 to 0.0041 from other agricultural literature and found values from 

0.0022 to 0.0053 in his own samples.  The phosphorus content of corn-grain was also reported to 

vary with soil-test phosphorus.  Based on these studies, the SWAT-default value of 0.0016 was 

changed to 0.0033.  CPYLD for corn-silage was raised from 0.0016 to 0.0023.  Soybean and 

alfalfa CPYLD were left at the default values, 0.0091 and 0.0035, respectively.   

The phosphorus content of manure from dairy cows was changed from the default value 

of 0.08% dry weight to 0.11% to match the values used by Baumgart (2005) which were based on 

the average nutrient values of solid dairy manure submitted for analysis to the University of 

Wisconsin Soil Testing Laboratory between 1998 and 2000.  In the Willow River model, we also 

enriched the phosphorus content of beef cattle manure, from 0.11% to 0.13%, the same 

percentage increase as for dairy manure. 

Rural residential 

The average configuration of rural residential development in the Willow River 

watershed is 4.77 acres per house (Steve Olson, pers. comm).  The assumed footprint of the 

house, garage, and driveway on each rural residential plot of land is 5 to 10%, too low for 

SWAT’s urban land-use classes, which assume between 12% and 98% coverage by connected 

impervious surfaces.  Furthermore, most houses on rural roads are not connected to the 

stormwater drainage system, and water does not generally flow directly from gutters and 

driveways to the stream.  The WISCLAND dataset identifies rural residential land as grassland.  

However, grassland is also an unrealistic characterization of rural residential because houses with 

lawns do not have the same hydrologic properties as native grassland or pasture.  In addition to 

the imperviousness of the house, garage, and driveway, the process of grading soil and erecting 
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dwellings causes soil compaction which decreases the infiltration properties of the soil.  The 

amount of grassland in rural residential development was calculated by dividing the rural 

residential population into households of 2.66 people occupying 4.57 acres each.  We further 

assumed that about half of each lot, or about 1 ha, was “impacted” by compaction and 

construction.  These impacted areas were modeled as grassland with a soil hydrologic group one 

category less well-drained than indicated in the SSURGO dataset, with higher curve numbers and 

increased runoff relative to unimpacted grasslands. 

Soil phosphorus 

We initialized the soil solution phosphorus (SOL_LABP) in the first soil layer on 

agricultural and rural residential land to 41 ppm (mg/kg), the average current soil-test phosphorus 

level for agricultural land in St. Croix County (UW Soil Testing Labs, 2007).  Data more specific 

than a county-wide average were not available.  Wetlands, forest, and other land uses were left at 

the default value of soil solution phosphorus, 5 ppm. A study in Dane County, WI, of soil-test 

phosphorus levels reported mean soil extractable phosphorus levels of 100 mg/kg in dairy and 

cash cropped corn fields, 56 mg/kg lawn sites, and 17 mg/kg in unmanaged prairie sites (Bennett 

et al, 2004).  From the initial soil solution phosphorus level, SWAT initializes the active and 

stable pools of inorganic phosphorus based on the phosphorus availability index.  Organic 

phosphorus and other soil nutrients were initialized with default values. 

Manning’s N 

Overland roughness is a component that controls the velocity and the time of 

concentration of overland flow.  Manning’s N has a lower bound of zero for a completely smooth 

surface and typical values of 0.06 to 0.5 for vegetated land surfaces.  Values for Manning’s N are 

initialized in SWAT to a value within the range for each land use and are defined for each HRU.  
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These values are set for each HRU for the duration of the simulation and cannot be changed 

during a crop rotation or according to tillage.   

 Because there are different values for row crops than perennial crops, such as alfalfa, a 

different Manning’s N value was defined for each rotation.  The Manning’s N value was 

weighted based on the proportion of years each crop occupied in the rotation.  Manning’s N was 

also altered to account for the presence of residue remaining on the surface of fields with reduced 

tillage.  The applied values for Manning’s N are listed in Table 1-11. 

 

Table 1-12.  Applied values for Manning’s N for overland runoff by rotation and tillage level. 

 

Curve number 

We chose the curve number infiltration method in SWAT over the Green-Ampt 

infiltration method because we did not have the required data available to use the Green-Ampt 

method.  Curve number, the main infiltration parameter, varies with land cover and soil 

hydrologic group.  The curve number for each HRU can be set once, or adjusted each time there 

is an agricultural operation.  Curve numbers for agricultural operations (CNOP) were assigned at 

planting for each crop based on the crop and the soil hydrologic group.  Because SWAT did not 

consistently apply these CNOPs, the same CNOP was redundantly entered for each operation 

from planting to the last operation of the calendar year. 

Rotation Tillage Manning's N
C1S1 CT 0.12

MT 0.22
NT 0.32

C2A3 CT 0.102
MT 0.122
NT 0.142

C3S1A3 CT 0.107
MT 0.15
NT 0.193



41 
 

 

Model calibration 

The goal of model calibration is to tune the model so that its output matches measurable 

quantities from the watershed.  While SWAT has been considered by some adequate without 

calibration, calibration has been demonstrated to improve model performance drastically. Using 

the Nash-Sutcliffe Coefficient of efficiency (COE) we compared daily discharge and monthly 

total phosphorus and sediment loads for water year 1999 and annual crop yields for 1997 to 2006.  

We also examined intermediate model output including gross landscape sediment and phosphorus 

yield from different land cover classes and total sediment accumulation in the two reservoirs to 

keep these quantities within reasonable bounds.  The crop, water yield, and sediment submodels 

of SWAT are interdependent, and calibration was a process that required calibrating one portion, 

then recalibrating the other parts changed by the alterations in the first.   The general process we 

employed was to calibrate the water yield, crop yields, sediment loads, and phosphorus loads 

sequentially.  A final fine-tuning of the daily water yield was completed to achieve the best 

hydrologic fit.   

Goodness-of-fit 

Daily and monthly model fits for hydrology were evaluated with the Nash-Sutcliffe 

Coefficient of Efficiency (COE) (Nash and Sutcliffe, 1972). Values for COE range from negative 

infinity to one where one is a perfect model fit, zero is a model fit equivalent to a model 

consisting simply of the mean of the observations, and negative values indicate a poor model fit.  

For this study, we considered 0.5 an adequate model representation of the data.  Model COE 

values were calculated for daily mean streamflow, yearly crop yields, monthly sediment loads, 

and monthly phosphorus loads at the gaging station.   



42 
 

Hydrologic calibration 

 Groundwater hydrology, snowmelt hydrology, and overland flow quantities were not well 

simulated for the Willow River watershed under default model parameterization.  To calibrate the 

modeled hydrology, the modeled streamflow below the reservoir in subbasin 27 was compared to 

the daily mean streamflow recorded at the gage below Little Falls Dam at Burkhardt, WI, (USGS 

gage 05341752) from October 1, 1998 to September 26, 1999.  Estimated flows were reported for 

September 27-30, 1999.  

Evapotranspiration is the largest loss of water from the watershed.  In western Wisconsin, 

evapotranspiration accounts for approximately 80% of annual precipitation.  Three 

evapotranspiration methods are available for use in SWAT.  Penman-Monteith is the most data 

intensive of the three methods, requiring input of temperature, wind speed, solar radiation, and 

relative humidity, whereas the Priestly-Taylor method requires temperature and relative humidity 

and the Hargreaves method just temperature.  A study in northern Minnesota (Wang et al., 2007) 

indicated that any of the three methods could produce adequate results in their test watershed.  

With each evapotranspiration method their model could be calibrated to fit streamflow by using a 

parameter set that differed only for the values of curve number and the soil evaporation 

coefficient (ESCO).  Previous studies in eastern Wisconsin used the Hargreaves method (Kirsch 

and Kirsch, 2002) or a modification of it (Baumgart, 2005). Under default parameterization for 

the Willow River watershed, the Hargreaves and the Penman-Monteith evapotranspiration 

methods produced hydrographs closer to the observed streamflow than did the Priestly-Taylor 

method, which overestimated streamflow considerably.  Baumgart (2005) also observed that the 

Priestly-Taylor method overestimated water yield and concluded the cause was underestimation 

of evapotranspiration during the winter months.  The Penman-Monteith method was chosen for 

modeling evapotranspiration in the Willow River watershed over the Hargeraves method and the 

Priestly-Taylor method. 
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Shallow groundwater in SWAT is modeled as a pool with a volume that is calculated for 

each HRU.  Recharge enters the groundwater pool after percolating beyond the bottom of the soil 

profile.  Water in the shallow aquifer is affected by the following SWAT parameters: alpha 

baseflow, groundwater delay, the minimum water level required for return flow, percent 

percolation to the deep aquifer, the groundwater revaporation coefficient, and the minimum water 

level required for revaporation.  Baseflow in the uncalibrated Willow model varied from winter to 

summer, whereas, in the monitored hydrograph for WY1999, it is consistently approximately 3 

m3/s.  A more consistent baseflow was achieved through raising the groundwater delay to 400 

days.  Alpha baseflow was adjusted to 0.1 to match the recession curves on the calibration 

hydrograph.  Losses from the shallow aquifer were minimized by eliminating percolation to the 

deep aquifer and setting the revaporation parameters to prevent shallow groundwater from 

entering the soil profile.  The minimum water level required in the shallow aquifer for return flow 

to occur was set to zero mm.     

The uncalibrated model overestimated runoff from storm events because infiltration was 

underestimated.  Infiltration in SWAT is controlled by curve number, with lower curve numbers 

resulting in greater infiltration.  The SWAT-assigned curve numbers (Neitsch et al., 2002) were 

empirically determined from field-scale studies and commonly need adjustment for extrapolation 

to the subbasin scale, as is needed in SWAT.  Curve numbers (parameters CN2 and CNOP) were 

decreased to 90% of the original values to bring storm runoff volumes down to the observed 

levels.  In the glacially pocked landscape of St. Croix County, even small depressions on fields 

can cause water to pool, infiltrate, and evaporate.  Increasing infiltration in the model was 

reasonable to account for landscape irregularities and heterogeneous soil properties.   

The model default spring snowmelt occurred too early and at lower air temperatures.  

Four parameters control snowmelt in SWAT: the snowmelt temperature (SMTMP), the maximum 

(SMFMX) and minimum (SMFMN) snowmelt rates, and the snow pack temperature lag factor 
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(TIMP).  The snowmelt parameters are interdependent; different combinations of the parameters 

can result in very similar hydrographs.  To determine the best combination of the snowmelt 

parameters, a matrix of all possible combinations of the parameters was executed with a Java 

program and we used the parameter values that produced the modeled hydrograph with the largest 

COE.    

 Closed depressions are a significant hydrologic control in the Willow River watershed.  

Incident precipitation converted to overland runoff, lateral flow, and groundwater flow in the 

watershed of a closed depression will not contribute to storm peaks in the stream.  Rather, if this 

water ever reaches the stream it will be as groundwater discharge.  The ponds in the Willow 

watershed model were originally configured to capture all of the surface runoff, lateral flow, and 

groundwater flow from their draining areas and to infiltrate the remainder after evaporation as 

groundwater recharge.  A code error prevented this infiltrated water from properly recharging the 

groundwater system. To circumvent this error, we calculated the quantity of water that should be 

recharging the system and proportionally added artificial groundwater flow for the remainder of 

each subbasin as a point source.   

Ponds in the model were also consistently overflowing into the stream network under a 

parameterization that reflected actual estimated depth of water in lakes on the landscape.  The 

average normal depth of the ponds was changed from 1 meter to 100 meters and the emergency 

volume was changed to 100,000 104 m3 for all subbasins.   The pond output file (basins.wtr) 

confirmed the ponds did not spill into the stream network. 

The daily hydrograph for modeled and monitored streamflow in WY1999 is shown in 

Figure 1-6.  Model performance was adequate, with a COE of 0.51.  Summer storm flows were 

modeled more closely than winter peaks with the exception of an early July storm.  Modeled 

baseflow from October to December and February through May was low for unknown reasons.  
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Figure 1-6. SWAT-modeled streamflow and USGS-monitored streamflow for water year 1999. 
 

Crop calibration 

Simulating agricultural production correctly in SWAT is critical to simulate the nutrient 

imports and exports from the agricultural landscape.  The sediment cycle is also impacted by the 

quantity of biomass that is converted to residue after harvest that provides cover to prevent soil 

erosion.  Finally, the hydrologic cycle is influenced by evapotranspiring plants uptaking water 

from the soil.   

Crop yields from SWAT were compared to yearly National Agricultural Statistics 

Service (NASS) published yields for corn-grain, corn-silage, soybeans, dry hay, and haylage in 

St. Croix County (NASS, 2008). NASS yields are reported in English units of short tons or 
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parameters, SDCO and CDN, included in the modified version of SWAT2000 reduced 

denitrification to average 10% of applied fertilizer, a more reasonable amount than the 50% 

observed in the unmodified SWAT executable.  Still, corn yields remained low and from nitrogen 

stress because up to 20% of the applied nitrogen was leeching to the groundwater as nitrate.  This 

loss of nitrate was impossible to control without moving the system out of hydrologic calibration.  

The early season nitrogen fertilizer, 46-0-0, was switched to an autofertilization beginning on the 

original date of application.  Under autofertilization, when the crop experiences nitrogen stress, 

the model adds fertilizer in increments of 30 kg until the full application of fertilizer is complete.   

The total amount of fertilizer the model could apply to a corn crop based on crop need was raised 

to 300 kg of NO3-N as 46-0-0 fertilizer.    

Other than water and nutrient availability, the biological radiation use efficiency (BIOE) 

controls the amount of biomass created per unit input of solar radiation for each crop.  Increasing 

BIOE increases biomass linearly.  BIOEs were altered from the default values of 39, 25, and 20 

(kg/ha)/(MJ/m2) for corn (grain and silage), soybeans and alfalfa, respectively to 50, 22, and 9 

(kg/ha)/(MJ/m2) to calibrate crop yields.  Potential heat units (PHU) were set at planting to 1300 

for corn and soybeans and 1000 for alfalfa (Baumgart, 2005).  

The modeled average corn, soybean and alfalfa yields for 1997 to 2006 all differed 

slightly from NASS-published yields (Figure 1-7).  During the calibration process, we could not 

calibrate SWAT to simulate the time series crop yields with a high COE.  Instead, we focused on 

matching the average yield over the period of calibration.  Initially, we tried to calibrate the crop 

yields for 1990 to 2000 but found that the same set of parameters would not adequately simulate 

yields at both the beginning and the end of the decade.  We attributed this problem to changed 

hybrids that resulted in increased crop yields and instead calibrated crop yields to 1997 to 2006 

values.  SWAT modeled soybeans the most effectively, with a COE of 0.23.   
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Figure 1-7.  Modeled and reported crop yields. 
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Wheat was not a significant crop in the Willow watershed during the calibration and 

validation periods, but it is a crop of interest for future scenarios because the price of wheat is 

currently rising.  When winter wheat is planted in the Willow, it is added as a third year in the 

C1S1 cash crop rotation and planted in the fall after soybeans are harvested.  The plant sprouts, 

provides some vegetative cover throughout the winter, matures in the spring, and is harvested in 

July.   Simulating over-wintering crops is a known problem in SWAT; planting wheat in the 

winter and leaving it to grow into the next calendar year will cause the modeled wheat crop to 

fail.  This problem can be avoided by planting wheat shortly after the year change in early 

January whereafter the crop will grow normally.  Providing modeled protective cover in the fall 

through December can be accomplished by also planting wheat on the typical planting date, 

November 5th, and killing it at the end of the year.   The residue acts as protective cover before 

the January wheat crop is reestablished.  The drawback to this method is the movement of 

nutrients added to the surface as residue in the first iteration of the crop, but to simulate protective 

cover this effect is unavoidable.  PHUs for wheat were set to 1000 and BIOE was set to 20 to 

produce wheat crops from 60 to 90 bushels per acre.   

Sediment calibration 

The primary equation that calculates sediment movement from the landscape to the 

stream channels in SWAT is the Modified Universal Soil Loss Equation (MUSLE).  The MUSLE 

is based on the Universal Soil Loss Equation (USLE) but with changes implemented to calculate 

single-event soil loss and to calculate sediment delivery to a receiving waterbody, not annual 

gross erosion.  The MUSLE (Williams, 1995) as used in the unmodified version of SWAT is: 

 

        sed = 11.8(Qsurf · qpeak · areahru)0.56 · KUSLE · CUSLE · PUSLE · LSUSLE · CFRG      (1-2) 
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where sed is the sediment yield on a particular day (metric tons), Qsurf is the surface runoff 

volume (mm H2O/ha), qpeak is the peak runoff rate (m3/s), areahru is the area of the HRU (ha), 

KUSLE is the USLE soil erodibility factor (0.013 metric ton m2 hr/(m3-metric ton cm)), CUSLE is the 

USLE cover and management factor, PUSLE is the USLE support practice factor, LSUSLE is the 

USLE topographic factor, and CFRG is the coarse fragment factor. (DiLuzio et al., 2002)   The 

modified version of SWAT changes the area term to reflect the subbasin area rather than the HRU 

area, but the remainder of the factors still scale linearly. 

 The effects of reduced sediment transport because of residue and crop cover are 

calculated in the CUSLE factor of the MUSLE.  The CUSLE is: 

 

        CUSLE = exp([ln(0.8) - ln(CUSLE,mn)] · exp[-0.00115 · rsdsurf] + ln[CUSLE,mn])         (1-3) 

 

where CUSLE,mn is the minimum value for the cover and management factor for the crop or 

vegetation present in the HRU, and rsdsurf   is the amount of residue on the soil surface (kg/ha).  In 

addition to residue left after harvesting crops, aboveground biomass is also included in rsdsurf 

(“residue”).  SWAT updates the amount of residue daily and recalculates the CUSLE.  For all 

values of CUSLE,mn, the maximum value of CUSLE is 0.8 which declines as a function of residue to 

CUSLE,mn, which in the case of corn is 0.2.  As shown in Figure 1-8, the effects of the additional 

protective cover of residue diminish as residue levels climb.  Eighty percent of the total possible 

residue benefit is achieved with 1000 kg/ha of residue.  
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Figure 1-8. Dependence of CUSLE on the weight of residue present on a corn field.  The range of 
CUSLE is from CUSLE,mn to 0.8.  The C USLE,mn for corn is 0.2. 
 

Residue 

Modeled sediment export depends on modeled residue levels.  A challenge in modeling 

sediment export was to calibrate the residue levels for the three tillage regimes: CT, MT and NT.  
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lower values of CUSLE,mn to simulate reduced sediment export.  While this method produces lower 
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erosion from the impact of residue in SWAT, and the percent residue cover observed by county 
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another scaling factor for erosion, and percent ground cover of residue are given by Moldenhauer 
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relationship between CUSLE and percent residue cover, we added the range of CUSLE to the 

secondary Y-axis on Figure 1-10a and shaded the ranges of percent ground cover for the three 

tillage practices: CT (0-15% residue cover), MT (15-50% residue cover), and NT (>50% residue 

cover).   

The relationship between CUSLE and residue in Figure 1-9b is the same as in Figure 1-8, 

but with the ranges of residue cover shaded for each of the tillage practices.  We calculated the 

bounds of these ranges from the intersection between the residue limits for each tillage practices 

and the CUSLE in Figure 1-9a.  So, from Figure 1-9a, a CUSLE of 0.8 to ~0.62 is CT, a CUSLE of 

~0.62 to ~0.38 is MT and less than ~0.38 is NT.  Applying these ranges to the relationship 

between CUSLE and kg/ha residue, as given by the MUSLE, generates the target weights of residue 

for each of the tillage practices at the beginning of the growing season. 
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Figure 1-9a,b.  Relationship between percent ground cover and soil loss ratio and the translation 
between CUSLE and residue weight.   
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loss) and tillage.  Chisel plowing and disk plowing leave 50-80% and 10-20% of the pre-

operation residue amount on the surface, respectively.  The SWAT default for chisel plow 

incorporation is 70% residue remaining, which we calibrated to 15% to fit the results of tillage 

regimes by percent residue remaining to the residue levels for different tillage regimes as reported 

in the SCC-LWCD annual transect survey.  The SWAT default for disk plow leaves 15% residue 

remaining, which we calibrated to 10%.  The calibrated value for chisel plow incorporation leaves 

significantly less residue on the soil surface compared to the default chisel plow value.  Without 

changing chisel plow to this higher incorporation, a much greater amount of modeled residue 

would still be present and the effects of changing tillage would not be simulated properly.  

Residue decomposition was calibrated to ensure that residue did not build up year to year 

over the course of the simulation. The residue decomposition factor (RSDCO) was set to 0.07 

from the default 0.05 for corn, soybeans, corn-silage and alfalfa.   On June 1st, approximately 150 

kg/ha residue remains on the field when corn or soybeans are followed by conventional tillage.  

Under mulch tillage the June 1st residue level for corn and soybeans is approximately 500 kg/ha, 

under no-till it rises to 1400 kg/ha. 

Landscape sediment export 

Calibrating sediment export in SWAT required adjusting gross sediment erosion from the 

landscape and tracking the amount of sediment trapped in reservoirs, with the goal of matching 

modeled and monitored sediment export from the watershed.  Here, gross erosion refers to field-

scale erosion, which we equate to HRU-scale erosion.  In contrast, herein net erosion refers to 

watershed-scale erosion, yields of which are reduced from gross erosion by intermediate sediment 

traps, such as ponds and wetlands.  After adjusting residue levels to allow effective modeling of 

the three tillage systems, we examined the relative gross sediment erosion from each land use.  

Within the agricultural and pasture land uses, we expected sediment erosion to be largest for 
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corn-silage followed by soybeans, corn-grain, alfalfa, and brome grass (pasture).  This 

relationship held for continuous plantings of the crops and so we concluded SWAT was 

functioning properly.  In our rotations, however, erosion from corn-grain HRUs exceeded that 

from corn-silage HRUs.  This reversal of expected erosion rates resulted simply from the order of 

crops in our rotations.  Corn-silage always followed corn-grain and hence benefitted from the 

previous crop’s residue, whereas corn-grain always followed alfalfa or soybeans which left much 

less residue.  Alfalfa erosion was expected to be slightly less than half of conventionally tilled 

crops (USDA, 2000) and brome grass or pasture was expected to erode at half the rate of alfalfa. 

Consequently, the CUSLE,mn for alfalfa was adjusted to 0.05 from 0.01 and the CUSLE,mn for was 

raised to 0.04 from 0.003 for brome.  Baumgart (2005) also raised the CUSLE,mn for alfalfa. 

After adjusting the residue controls on erosion and the relative amounts of erosion 

expected for each land-use type, we scaled the gross erosion using the MUSLE practice factor 

(PUSLE).  PUSLE is intended to model the effects of different conservation practices, such as strip 

cropping and terracing to reduce soil erosion.  For the Willow River model, PUSLE was used to 

scale total landscape sediment delivery to the rates expected by the NRCS (2000).  The MUSLE 

is intended to model land areas that slope evenly to the stream.  Again, the irregular topography 

that is present in much of the Willow watershed and Wisconsin as a formerly glaciated province 

detains sediment on the landscape in excess of that calculated by the MUSLE, so scaling the 

sediment export can be appropriate.  PUSLE was set to 0.49. 

Modeled sediment export from SWAT is largely from erosion of inorganic soil material.   

Total suspended solids, the field parameter measured in the Willow River, includes both this 

inorganic material and organic material such as plant detritus and algae produced in the streams 

and two reservoirs.  Volatile suspended solids (VSS), which includes autochthonous algal and 

other organic material, is of particular importance in the Willow because the monitoring point is 

directly below the outlet of the second reservoir, Little Falls Lake. We measured VSS on a 
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baseflow day and found that VSS was 39% of TSS.  A monthly average baseflow VSS load was 

calculated from the WY 1999 TSS data by applying this percentage.  This load was then 

subtracted from each month in the calibration and validation monitored monthly loads.  Because 

baseflow is relatively constant in the Willow, approximately the same amount of VSS was 

subtracted from each month’s monitored TSS load.  

Because we had no data on bank erosion or overbank deposition, we parameterized 

channels to disallow channel scour or deposition.  Experimental radiometric techniques are 

currently being developed to distinguish sediment recently eroded from agricultural fields and 

sediment that enters the river through bluff collapse.  A study of this nature has not been 

conducted in the Willow watershed and would likely be complicated by the irregular topography.  

If some of the monitored TSS originated as bank erosion, then sediment delivery from the 

uplands was less than in our calibrated model, and our PUSLE should have been lower than 0.49. 

The two reservoirs along the channel, Little Falls Lake and the Widespread, trap 

sediment moving through the river system.  We adjusted the modeled reservoirs to simulate the 

long-term average sediment accumulation rate in these reservoirs.  In the absence of net bank 

erosion, the amount of sediment that is delivered annually to the outlet equals the amount of 

sediment delivered to the stream from the landscape minus the amount of sediment trapped in the 

two reservoirs.  Reservoir trapping efficiencies depend on the type of sediment delivered to the 

reservoir, the hydraulic residence time of the reservoir, and the morphology of the reservoir.  

Sediment accumulation in a reservoir is difficult to measure without analyzing a transect of 

sediment cores or repeated yearly accumulation surveys.  There are several methods for 

estimating the trapping efficiency of reservoirs; we examined the Brown, Brune, and Churchill 

methods as described in USACE (1995).    Trapping efficiencies from these methods ranged from 

40% to 80%; we chose 75% as the trapping efficiencies for the Widespread and Little Falls Lake.  

To check the reasonableness of this choice, we calculated an annual sediment accumulation rate 
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for each reservoir, assuming a sediment bulk density of 0.5 g/mL (dry mass per in situ wet 

volume) and two meters of sediment deposition over the area of each reservoir during 

approximately 80 years of operation.  We adjusted NSED, the equilibrium reservoir sediment 

concentration in mg/l, by trial and error in the model to calibrate reservoir sediment 

accumulation.  The higher NSED is set, the less trapping occurs in the reservoir.   

Sediment concentration in the water exported from the lower reservoir in the Willow 

watershed is highly dependent on the calibrated value of NSED, 13 mg/l.  Figure 1-10a shows the 

continuous modeled sediment concentration at the monitoring point at the outfall of Little Falls 

Lake during the calibration period.  As Figure 1-10a illustrates, NSED functions as a maximum 

sediment concentration leaving the reservoir.  This seems to be a poor model for small reservoirs 

that can flush variable concentrations of sediment through, especially during storms and 

snowmelt.  In SWAT, sediment from reservoir inflow is added to the load of suspended sediment 

in the reservoir.  If the sediment concentration in the reservoir is larger than the NSED, sediment 

is settled out from the water column according to a decay constant (Neitsch et al., 2002) and the 

concentration of sediment leaving the reservoir is equal to NSED. If the concentration of 

sediment entering the reservoir is less than NSED, once the reservoir sediment concentration falls 

below NSED, the concentration of sediment leaving the reservoir begins to decline below NSED.  

Figure 1-10b shows the relationship between the monitored grab sample concentrations at the 

outlet of Little Falls Lake and the modeled concentrations for those days.  The lower monitored 

sediment concentrations, while few, were better represented in the model.  Above monitored 

values of 8 mg/l, the modeled values were not representative. There is a clear platform of 

concentration values at the NSED, 13 mg/l, which is a situation unlikely to occur in nature. On a 

load basis, shown in Figure 1-11a and b, the concentration platform effect is not as visible 

because of the influence of streamflow.   
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Figure 1-10a,b. Comparison between modeled and monitored (USEPA, 2008) daily suspended 
sediment concentrations.  The monitored TSS includes VSS.  Neither figure shows the 4/1/1998 
reading of 414 mg/l. 
 



58 
 

 

Figure 1-11a,b. Comparison between modeled and monitored daily suspended sediment loads.  
The monitored TSS includes VSS.   

 

Sediment monthly loads were calculated by the USGS using Load Estimator 

(LOADEST) (Runkel et al., 2004).  Figure 1-12 shows the modeled and estimated monthly 

sediment loads for WY1999.  The COE for the monthly values is 0.62.  Overall, the 

correspondence between modeled and estimated monthly sediment loads was good, with the 

largest differences in the loads for July, December and March. 
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Figure 1-12.  Monthly modeled and estimated sediment export for the Willow River at 
Burkhardt, WI, during water year 1999. 
 

Phosphorus calibration 

 Calibrating the phosphorus export from the Willow River in SWAT required balancing 

the phosphorus inputs, outputs, and landscape storage.  In the configuration step, we configured 

phosphorus inputs of manure and inorganic fertilizer using the SCC-LWCD survey, information 

from county officials, and average manure phosphorus content in Wisconsin.  Crop removal of 

phosphorus was adjusted through crop calibration and literature values of phosphorus 

concentrations in the harvested fraction of the major crops. Landscape phosphorus storage 

depends on the soil-test phosphorus and model parameterization, which is addressed in this 

section.   Finally, we examined landscape phosphorus export and trapping in the reservoirs to 

match monitored phosphorus loads for the calibration year.    

Explaining how the model was calibrated for phosphorus requires an understanding of 

how SWAT partitions and transports phosphorus on the landscape.  In SWAT, phosphorus in the 

soil is divided into the labile (solution), active mineral, stable mineral, fresh organic, active 

organic, and stable organic pools as shown in Figure 1-13.   The quantities of phosphorus in each 

pool are not directly reported in the output file; rather, transformations between select pools are 

output for each timestep.  Consequently, tracking labile phosphorus and total phosphorus pools 
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was difficult and involved summing the transformations among pools through the simulation.  

Phosphorus export from the landscape is reported in the output (.sbs and .bsb) files as sediment-

bound phosphorus (SedP), organic phosphorus (OrgP) and soluble phosphorus (SolP).  Once the 

phosphorus reaches the stream, it is reported in the output (.rch) file as mineral phosphorus 

(stream-MinP) and organic phosphorus (stream-OrgP).  From the landscape pools, all of the OrgP 

plus approximately 80% of the SedP is included in the stream-OrgP, with the remainder of the 

SedP and the SolP summed as stream-MinP.  The reservoirs report phosphorus the same way as 

in the stream.  SWAT documentation interprets the stream-OrgP as particulate phosphorus 

(including inorganic phosphorus) and the stream-MinP as dissolved phosphorus. 
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Figure 1-13.  Schematic diagram of phosphorus pools in SWAT, their interactions, their inputs, 
and their contributions to surface-water export of phosphorus. 
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considering here to be equivalent to soil-test phosphorus (STP).  In St. Croix County, the average 

STP value was 41 ppm in 2007.  From the soil-solution phosphorus, SWAT initializes the 

quantity of phosphorus in the active inorganic phosphorus pool.  The stable inorganic phosphorus 

pool is set as four times the active inorganic phosphorus pool.  The dependence of total inorganic 

soil phosphorus on PSP in the first layer for the C1S1 rotation with a solution phosphorus level of 

41 ppm is shown in Figure 1-14.  The quantity of phosphorus in the soil profile will strongly 

affect phosphorus export and the length of time it will take to draw down the STP to 

recommended levels.  

 

 

Figure 1-14.  Dependence of modeled inorganic phosphorus for a typical soil in the Willow River 
watershed with 41 ppm soil-test phosphorus on the phosphorus availability index, a SWAT 
parameter. 
 

One way to estimate the PSP is from the total phosphorus content of the soil.  

Agricultural soils in Wisconsin commonly have total phosphorus values of 500 mg/kg, with 60% 

being inorganic and 40% being organic (John Panuska, UW-Madison, pers. comm.).  If 40% of 

the total phosphorus is organic phosphorus (about 200 mg/kg), the pools of inorganic phosphorus 

should total 300 mg/kg of phosphorus.  A PSP of 0.45 approximately results in the expected total 

inorganic soil phosphorus (Figure 1-14).  A smaller PSP results in a larger quantity of soil 
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phosphorus which will increase the number of years of lowered phosphorus fertilization to draw 

down the soil phosphorus pool.  Letting SWAT initialize organic phosphorus based on the 

quantity of organic carbon in the soil yields a slightly low organic phosphorus content, 

approximately 125 mg/kg. 

Once PSP is set, phosphorus export from the landscape can be adjusted using the 

phosphorus percolation coefficient (PPERCO) and the phosphorus soil partitioning coefficient 

(PHOSKD).  The PPERCO and PHOSKD are set at the watershed level and both parameters have 

a constant effect: higher landscape phosphorus export occurs with lower PPERCO and higher 

PHOSKD.  PHOSKD was set to 200 from a default of 175 and PPERCO was left at the default of 

10. 

 To estimate the amount of phosphorus trapped in the reservoirs, we attempted to calibrate 

the concentration of phosphorus on sediment settled in the reservoirs.  Triplett et al (2004) 

measured phosphorus contents of sediments in the Lake St. Croix at 1400 mg/kg.  Lake St. Croix 

is a large riverine lake and we expect the phosphorus content of its sediment would be higher than 

in smaller reservoirs because of smaller grain sizes and higher organic content from in-lake algal 

production.   We estimated phosphorus content of sediment in the two reservoirs at 1000 mg/kg 

and used the average annual sediment deposition to calibrate the reservoir phosphorus settling 

parameters.  In the final configuration, Little Falls Lake and the Widespread had phosphorus 

trapping efficiencies of 15% and 35%, respectively.    

In SWAT, phosphorus can be settled in reservoirs during a continuous subset of months 

or throughout the year.  We defined the phosphorus settling season in the Widespread and Little 

Falls Lake as March to June because there was a much larger differential between the landscape 

phosphorus export from SWAT and the monitored loads leaving the watershed during this period 

than the remainder of the year.  We set the phosphorus in groundwater to 0.01 mg/l to raise the 
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amount of modeled phosphorus export in the months in which streamflow was dominated by 

baseflow.   

Sediment and phosphorus settling in the reservoirs are decoupled in the implementation 

of SWAT and in our choice of a shorter phosphorus settling season than sediment settling season.  

Phosphorus settling in SWAT is accomplished through specifying a settling rate in each reservoir 

in meters per day.  Both mineral (presumably dissolved) and organic (presumably particulate) 

phosphorus settle out of the reservoirs during the phosphorus settling season, and phosphorus is 

not transferred between the organic and mineral pools while in the modeled reservoirs (Nietsch et 

al, 2002).  In an actual water body, dissolved phosphorus can be uptaken by algae and used in the 

creation of biomass which can then settle to the bottom.  Phosphorus attached to or incorporated 

in particles can also settle.  A better implementation of phosphorus settling in reservoirs would be 

to tie sediment settling to sediment-bound phosphorus settling. 

Monitored and modeled daily phosphorus concentrations, while not drastically dissimilar, 

show some differences.  Monitored baseflow phosphorus concentrations for the calibration 

dataset were consistently slightly less than 0.1 mg/l.  Modeled baseflow phosphorus was lower 

than the monitored values during the reservoir phosphorus settling months but was higher than 

monitored values during winter baseflow.  The platform effect that was witnessed in sediment 

concentrations because of the reservoir parameterization did not occur with phosphorus 

concentrations.  Overall, there was a wider range of modeled phosphorus concentrations than 

there was in the monitored data.   As with sediment data, modeled and monitored phosphorus 

values showed greater coherence for load data than for concentration data.  Figure 1-15 shows the 

time series and point data for monitored and modeled phosphorus concentrations and Figure 1-16 

shows the same graphs with load data beginning on October 1, 1998, the start of flow 

measurements. 
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Figure 1-15a,b.  Monitored and modeled phosphorus concentrations, 1998 - 1999. 
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Figure 1-16a,b.  Modeled and monitored daily total phosphorus export for the calibration water 
year, 1999. 
 

 Monthly modeled and monitored loads for water year 1999 corresponded adequately with 

a COE of 0.51 (Figure 1-17).  There was no distinct pattern to the differences between the 

monitored and modeled monthly phosphorus export.  Overall, phosphorus export was highest in 

the spring months, though the highest monthly export was only approximately twice the 

minimum monthly export. 
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Figure 1-17. Modeled and monitored total phosphorus monthly loads for the calibration year, 
water year 1999. 
  

Model validation 

 We validated the model with a second set of monitoring data collected by the WDNR and 

the USGS between June 23, 2005 and October 26, 2006.  The WDNR collected and analyzed 

biweekly water-quality samples, and the USGS recorded daily flows and calculated monthly 

sediment and total phosphorus loads.  Between 1999 and 2006, the Willow watershed continued 

to experience conversion of agricultural land into residential and urban land uses, increased 

conservation tillage, and conversion to a larger percentage of soybeans.   Areas of each land use 

and rotation used in the model validation runs are given in Tables 1-8 and 1-9.   

 Daily mean flows were validated adequately with a COE of 0.51 (Figure 1-18).  The two 

largest peaks, a large storm in October and snowmelt in the end of March, were not simulated 

well by the model.  The October 4-5, 2005 storm was an intense storm that moved from west to 

east and resulted in the varied precipitation measurements among the four stations shown in Table 

1-12.  The station with the largest total storm measurement and westernmost location, Stillwater, 

MN, recorded 128 mm of rain on October 5th and very little rain on October 4th.  In addition, a 

National Weather Service weather station was added at the New Richmond, WI, airport in 2000.  
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While this new station was not used in modeling because of its unavailability during the 

calibration period, it provided a check on the weather data at the three cooperative stations 

surrounding the watershed because it is in the center of the watershed. The New Richmond 

station recorded nearly 100 mm less rainfall over the duration of the storm as the Stillwater 

station and reported the larger rainfall on the first day of the storm, similarly to the Baldwin and 

Amery stations.  Consequently, we concluded the Stillwater station may have been 

unrepresentative for this storm.  The second largest total storm rainfall was recorded at the Amery 

station.  The model was rerun with the Amery rainfall values and distribution substituted in the 

Stillwater record, which lowered the modeled stormflow peak from 30 m3/s to 25 m3/s, very close 

to the monitored peak flow. 

 

 

Figure 1-18.  Modeled and monitored daily streamflow for the validation period. 
 
 
Table 1-13.  Daily precipitation totals in mm for the three cooperative stations around the Willow 
watershed and the New Richmond National Weather Service climate station.  

 

Date Amery, WI Baldwin, WI Stillwater, MN New Richmond, WI

October 4, 2005 45 21.1 4.3 32.5

October 5, 2005 67.3 47.2 128 8.6

October 6, 2005 5.6 1.8 10.4 0



69 
 

 The model matched monthly sediment and phosphorus loads reasonably well during the 

validation period, except for the month of October because of its large storm event (Figures 1-19 

and 1-20).  The October 4th and 5th storm has a notable effect on these plots: both modeled 

sediment and phosphorus loads are much greater than the USGS-estimated loads.  COE values 

demonstrate the magnitude of the errors in October loads.  For monthly sediment loads, the COE 

was only 0.2 for all of WY2006 but increased to 0.69 when October was excluded.  Similarly, the 

COE for phosphorus load was -3.5 for WY2006 but increased to 0.8 when October was excluded. 

 
Figure 1-19. Monthly modeled and estimated suspended sediment loads for the validation period, 
WY 2006. 
 

 
Figure 1-20. Monthly modeled and estimated total phosphorus loads for the validation period, 
WY 2006. 
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Summary and Conclusions 

 

Our purpose in this study was to create a calibrated and validated SWAT model of the Willow 

watershed that performed acceptably for daily streamflow, monthly sediment loads, and monthly 

phosphorus loads.   To accomplish this, we gathered climate, soil, elevation, reservoir, stream 

location, land-use and land-management data for model input.  We input specific agricultural 

rotation data and defined a process for simulating conservation tillage and no-till.  Input data 

quality had a large effect on model output in the case of the soils dataset, and so we used the 

SSURGO soils dataset, the highest resolution dataset available.   With only one year of 

monitoring data for calibration, the model adequately simulated daily flow and monthly sediment 

and phosphorus loads for the calibration year and most of the validation year, the exception being 

a very large rainfall event in October 2005. 

 We found that parameterization of the on-stream reservoirs played a critical role in 

shaping model output.  Options for reservoir parameterization in SWAT were limited and the 

decoupling of sediment and phosphorus settling strained the credibility of the model.  

Additionally, the parameter that controls the sediment settling, NSED, created a ceiling for the 

concentration of sediment leaving a reservoir, which is an unrealistic representation.   

 There were several significant modeling challenges during the course of this project.  

Several model errors were fixed by Paul Baumgart (2005) and his SWAT executable allowed 

denitrification and alfalfa harvesting to function properly in the model.  Infiltration from 

waterbodies contributing to baseflow in the stream was not implemented properly in SWAT2000, 

and so we calculated this contribution separately and added the missing water as discharge from 

point sources.  Also, because of uncontrolled phosphorus inputs from the landscape when the 
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QUAL2E stream nutrient submodel was turned on, stream channel processes could not be 

simulated. 

 Model success demonstrated that SWAT can be applied to an agricultural watershed in a 

glacial landscape, though further model development is needed.  A suite of parameters was 

assembled that modeled reduced tillage practices as physically as possible.  Problems with model 

validation emphasized the importance of having a calibration dataset that spans the range of 

precipitation regimes and hydrologic conditions.   
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Chapter 2.  Using SWAT to model phosphorus and sediment export under alternative 

agricultural scenarios in the Willow River watershed, western Wisconsin 

Introduction 

Excess phosphorus is a significant cause of waterbody impairment in Wisconsin, with 128 

waterbodies classified impaired based on the water quality standard for the associated designated 

use in 2006 according to section 303(d) in the Clean Water Act, with phosphorus as a named 

pollutant.  The Willow River in St. Croix County, Wisconsin, empties into two such impaired 

waters, Lake Mallalieu, a reservoir on the mainstem of the Willow River, and Lake St. Croix.  

Lake St. Croix is a riverine lake on the St. Croix River that forms part of the border between 

Minnesota and Wisconsin and was added to the 303(d) lists for both states in 2008.   Both Lake 

Mallalieu and Lake St. Croix are popular recreational-use waterbodies.  In addition, the St. Croix 

River is a National Scenic and Recreational River that receives one million visitors per year 

(National Park Service, 1995).  Reducing the phosphorus inputs to the St. Croix River and its 

tributaries is a priority for the federal, state, and local agencies that compose the St. Croix Basin 

Water Resources Planning Team (SCBWRPT, 2004), including the National Park Service (NPS), 

the United States Geologic Survey (USGS), the Wisconsin Department of Natural Resources 

(WDNR), the Minnesota Pollution Control Agency (MPCA), the Minnesota Department of 

Natural Resources (MDNR), and various counties and non-profit organizations interested in the 

St. Croix watershed. 

 Nonpoint sources dominate the phosphorus loads in the St. Croix watershed.  Although 

the percentage contributed by nonpoint sources varies from 25% to 90% among the principal 

tributaries (Lenz et al., 2003), for the basin as a whole nonpoint sources contributed about 90% of 

the total phosphorus load during the 1990s (Edlund et al., 2009).  The identification of 

opportunities for nonpoint source phosphorus reduction is aided by the use of hydrologic models.  
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The Soil and Water Assessment Tool (SWAT) is a partially physically-based and partially 

empirically-based watershed model (Neitsch et al., 2002) developed at the U.S. Department of 

Agriculture Agricultural Research Service and currently supported by the Blacklands Research 

and Extension Center at Texas A&M University.  SWAT runs on a daily time step and is intended 

to model large agricultural watersheds.  It has been calibrated and validated to numerous 

watersheds in the United States and around the world (Gassman, 2007).  SWAT has progressed 

through several development releases.  The release selected for this project, ArcView SWAT 

2000 (AVSWAT 2000), runs SWAT through an ArcView interface, using an extension for the 

ESRI ArcView 3.2 software. 

 This study calibrated and validated a SWAT model of the Willow River watershed and 

developed a protocol to use the physical parameters of the model to simulate reduced tillage.  In 

particular, SWAT was carefully parameterized to accurately simulate crop residue, infiltration, 

and surface roughness so that reductions in sediment and phosphorus export resulting from 

conservation tillage were simulated more mechanistically than relying on empirical reduction 

factors in the soil loss equation. We then examined changes in modeled loads of nonpoint source 

pollutants as a result of altering land-use practices.  Best management practices (BMPs) that 

reduced tillage and soil-test phosphorus were effective in reducing the modeled nonpoint source 

sediment and phosphorus loads to the Willow River.  Conversely, increasing soil-test phosphorus, 

adopting increased levels of cash crops, and lowering levels of conservation tillage were found to 

increase sediment and phosphorus loads to the Willow River. 

  

SWAT Model 

As described in Arnold et al. (1998), SWAT simulates the hydrologic cycle accounting 

for the following processes: precipitation, overland runoff, infiltration, percolation through one or 
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more soil layers, evaporation, plant transpiration, interaction with the shallow aquifer, and loss to 

a deep aquifer.  Water delivered to the stream as overland runoff, lateral flow, and groundwater 

flow is routed through defined stream channels to the watershed outlet. SWAT also models 

surface-water bodies such as reservoirs, wetlands, and ponds. 

Sediment export from uplands is calculated in SWAT with the Modified Universal Soil 

Loss Equation (MUSLE) (Williams, 1975).  While the original Universal Soil Loss Equation 

(USLE) predicts annual erosion on a field, the MUSLE includes a peak flow component that can 

be used to determine the amount of eroded sediment reaching the stream from a uniform land area 

during a single storm event.  Factors that control sediment export predicted by the MUSLE are 

surface runoff, peak flow, soil erodibility, biomass and residue present, cropping practices, slope 

length, and percentage of coarse fragments (i.e. stones) of soil. 

The simulation of phosphorus and nitrogen cycles in SWAT begins with inputs of 

inorganic fertilizer, organic fertilizer, plant residue, and, for nitrogen, rainwater.  Nitrogen is 

partitioned between five mineral and organic pools within the soil and is transferred between and 

out of these pools through export, decay, mineralization, nitrification and denitrification, 

volatilization, and plant uptake.  Similarly, SWAT models six soil phosphorus pools, with 

transfer between and out of these pools through export, decay, mineralization, immobilization, 

and plant uptake.  Nitrogen and phosphorus are exported via overland runoff, lateral flow, and 

groundwater flow to the stream channel, though they are only tracked through overland runoff 

and lateral flow.  In the stream reaches, in-stream nutrient processes can be simulated with the 

imbedded QUAL2E submodel, or the nutrients can be delivered to the reach outlet unaltered.  

Plant growth is modeled directly in SWAT based on simplified crop growth equations from the 

Erosion Productivity-Impact Calculator (EPIC) with controlling inputs including temperature, 

solar radiation, nutrient availability, and water. 
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Several changes to the April 2001 release of the SWAT executable were implemented by 

Paul Baumgart (University of Wisconsin-Green Bay) and used for the Willow River SWAT 

model.  Three parts of the crop submodel had significant errors that, when fixed, allowed a 

realistic representation of cropping conditions in the Willow watershed.  The agricultural changes 

included correcting a problem with alfalfa where the crop was not properly killed with the harvest 

and kill function, changing the percent of the standing crop converted to residue at dormancy 

from 95% to 80%, and changing two quantities in the denitrification equation from set values to 

adjustable parameters.  The Baumgart version of the model also printed daily output of crop 

residue. In addition, the time of concentration calculation was changed to depend on subbasin size 

rather than HRU size thereby affecting modeled sediment export.  The model modifications are 

described by Baumgart (2005) among other changes that were not implemented in the version of 

the model we applied to the Willow watershed. 

SWAT allows input of specific management rotations for agricultural land, providing 

opportunities for modeling alternative scenarios to guide management decisions.  Each day, the 

crop biomass, weight of residue present, and soil moisture are recalculated for each hydrologic 

response unit (HRU), the basic model unit that includes a unique combination of soil and land 

use.  Agricultural crops can be rotated by year, and crops that continue to grow over several 

years, such as alfalfa, can be represented in the model. 

 

Setting 

The Willow River watershed (Figure 2-1) includes 719 km2 (Lenz et al., 2003) above the 

USGS gage 05341752 at Burkhardt, WI (45o00’42”N, 92o42’30”W, 216.4 m elevation).  The 

watershed includes land area in three counties: St. Croix County, Polk County, and Barron 

County, with the majority of land (72%) in St. Croix County.  Soils in the watershed are 
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predominately loamy and moderately poorly to well-drained and were formed from glacially-

derived parent material. Lakes and wetlands are common in this glacial landscape with 30% of 

the Willow watershed draining into closed depressions and an additional 17% draining into 

wetlands before entering the stream network.  Also, two reservoirs above the stream gage, Little 

Falls Lake and the New Richmond Flowage, affect water, sediment, and phosphorus transport 

through the mainstem of the Willow River.   

 

Figure 2-1.  The Willow River watershed.   
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Land cover in the Willow watershed in 1999 was 44% agriculture, 18% forest (including 

forested wetlands), 36% grassland and low-density rural residential, 1% open water, <1% urban,  

and <1% open meadow wetlands (Almendinger and Murphy, 2005).  Land use in the Willow 

watershed shifted throughout the 1990s and early 2000s with conversion of agricultural land into 

rural residential development and the remaining agricultural operations partially replacing alfalfa 

with corn and soybeans.   

 The climate of the Willow watershed is continental with approximately 800 mm of 

precipitation per year, two-thirds of which falls during the growing season of May to September.  

Three National Weather Service Cooperative Observer (NWS Coop) stations around the 

perimeter of the Willow watershed collected precipitation data from 1948 to 2007; two of these 

stations also recorded temperature data (Table 2-1).  Winter precipitation is predominately snow 

and summer precipitation is often the result of rainstorms moving from the west to east across the 

watershed.   

Table 2-1.  Average annual precipitation, daily maximum and minimum temperatures and the 
annual precipitation range for the three NWS Coop stations closest to the Willow watershed.   
        

Station 

Average Annual 
WY Precipitation, 

mm 

Annual WY 
Precipitation 
Range, mm

Average Annual 
Temperatures, oC 

Daily High Daily Low
Amery, WI 788 523 to 1099 11.8 0.1 
Baldwin, WI 792 583 to 1144   
Stillwater, 
MN 805 529 to 1216 13.1 1.5 

Notes: WY = Water year, from October of the previous year through September 
 

SWAT Model Configuration 

Primary spatial model inputs for the Willow watershed included the 10-meter resolution 

USGS National Elevation Dataset, the Wisconsin Initiative for Statewide Cooperation on 

Landscape Analysis (WISCLAND) 1992 gridded land-use dataset, and the Soil Survey 
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Geographic Database (SSURGO) soil dataset (Table 2-2).  Additional spatial datasets were used 

to identify the location and watersheds of closed depressions on the landscape, to “burn in” the 

stream channel dataset to guide streamflow through known channels, and to clip the spatial 

datasets to the Willow watershed for faster processing by SWAT. 

 
Table 2-2.  Spatial datasets used for model input and input data processing. 

 

 

Daily water yield from the SWAT model was compared to daily mean streamflows 

monitored by the USGS at the gage at Burkhardt, WI from October 1, 1998, to September 26, 

1999, and June 23, 2005, to October 26, 2006, with estimated flows reported for September 27-

30, 1999.  The first period, Water Year 1999 (WY1999) was used as the calibration hydrologic 

dataset and the second period, which included WY2006 plus approximately four additional 

months, was used as the validation hydrologic dataset.  In addition to streamflow data, the USGS 

Dataset Source
Vector or Raster 
(Resolution) Purpose

Digital Elevation   
Model

USGS Raster (10 meters) Direct model input, 
locating sinks

Wisconsin 1:24k Rivers 
and Shorelines

WDNR Vector Direct model input

1992 WISCLAND Land 
use dataset

WDNR Raster (30 meters) Direct model input, 
locating wetlands

SSURGO soils dataset, 
St. Croix, Polk and 
Dunn Counties

USDA Vector Direct model input

Wisconsin 1:24k Open 
Water

WDNR Vector Pond area calculations

1:24k Digital Raster 
Graphic Quadrangles

GIS Data 
Depot

Raster Identifying watersheds of 
closed depressions

Wisconsin Watershed 
Boundaries

WDNR Vector Clipping input datasets to 
the Willow Watershed
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collected periodic water-quality data and estimated monthly sediment and phosphorus loads using 

Load Estimator (LOADEST) (Runkel et al., 2004).   Sediment and phosphorus loads were 

calculated for WY1999 (Lenz et al., 2003) and WY2006 (WDNR, pers. comm.) and used for the 

water-quality calibration and validation, respectively.   

The ArcView interface for SWAT2000 delineated a watershed of 717 km2 for the Willow 

River to the gage, or outlet point, at Burkhardt, WI, which compared favorably to the 719 km2 

watershed delineated by Lenz et al. (2003) for the gage.  The SWAT-defined watershed was 

subdivided into 27 subbasins ranging in size from 1.9 km2 to 113.4 km2 based on a stream 

initiation threshold area of 1500 hectares as suggested by the interface.  Each subbasin was 

assigned an average calculated slope and slope length, computed from the DEM by the model.  

Because of the relationship between some land uses to slope, the slopes and slope lengths were 

subsequently recalculated based on land use in each subbasin and entered into the model to 

replace the averages for each subbasin.  Stream channels were also automatically delineated with 

the AVSWAT interface and closely reproduced the input stream-channel network except where 

DEM processing filled a known closed depression and created a channel to it. 

Land use in the Willow watershed was updated from the 1992 WISCLAND dataset to 

represent land use in 1999 and 2006, the calibration and validation years.  Land use changes in 

the Willow watershed were assumed to be proportional to land use changes in St. Croix County 

with considerations made for the distribution of land use and land-use changes in the county and 

watershed.  The National Agricultural Statistics Service (NASS) summary of crop acreage in the 

county, the St. Croix County Land and Water Conservation Department (SCC-LWCD) annual 

agricultural transect survey, a mail survey sent to all landowners with agricultural parcels greater 

than 30 acres, and guidance from St. Croix County agricultural agents were used to determine 

areas under agricultural production and the agricultural practices in 1999 and 2006.  Three 

modeled agricultural rotations combine to represent agricultural practices in the Willow 
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watershed: a two year rotation of corn-grain and soybeans (C1S1); a five year rotation of three 

years of alfalfa, one year of corn-silage, and one year of corn-grain (C2A3); and a seven year 

rotation of three years of alfalfa, two years of corn-grain, and a year each of corn-silage and 

soybeans (C3S1A3).   Changes in land-use distribution and crop rotational areas for the relevant 

dates for modeling are given in Table 2-3. 

Table 2-3.  Areas of land uses and agricultural rotations that changed between the 1999 
calibration and 2006 validation time periods. 

 
 
 Residue levels on the agricultural fields are simulated in SWAT on a daily basis and used 

in the MUSLE to calculate sediment detachment.  Reduced tillage or conservation tillage includes 

practices that result in less soil disturbance and less crop-residue incorporation than standard 

tillage practices that leave fields bare.  Tillage in SWAT was modeled in three categories: 

conventional tillage (CT), mulch and conservation tillage (MT), and no-till (NT) that correspond 

to residue coverages of 0-15%, 15-50%, and greater than 50%, respectively. The adoption of no-

till and reduced tillage increased over the past decade in St. Croix County (Steve Olson, St. Croix 

County Land and Water Conservation Office, pers. comm., 2006).  Producers used reduced tillage 

more frequently with soybean crops than corn, but acreages of corn with reduced tillage also 

increased between 2000 and 2006 as observed in the agricultural transects conducted by the St. 

Croix County Land and Water Conservation Office (Table 2-4).  

 

Land Use Calibration Area, ha Validation Area, ha
Urban 248 274
Rural Residential 5,875 6,392
Forest 12,961 13,366
Grassland 20,125 20,439
Agriculture 31,532 30,269
     C1S1 6,306 10,190
     C2A3 18,919 14,180
     C3S1A3 6,306 5,899



81 
 

Table 2-4.  Percentages of corn and soybean crops observed in the SCC-LWCD annual transect 
survey with levels of residue that indicate the crops are under reduced tillage systems. 

 

 

For corn and soybean crops in the SWAT model, conventional tillage included three 

tillage operations: chisel plowing either in the fall after harvest or in the spring before planting as 

the primary tillage, disk plowing in the spring as secondary tillage, and a pass with a field 

cultivator after planting.  The disk plowing operation was eliminated under MT, and all tillage 

operations were eliminated under NT.  For alfalfa, conventional tillage by chisel plow and disk 

plow was modeled before the alfalfa crop was planted.  After the last year of alfalfa in the 

rotation, alfalfa fields were tilled with a moldboard plow.  In MT alfalfa, the moldboard plow 

operation was eliminated and for NT alfalfa, all tillage operations were eliminated.   

Two reservoirs and four wastewater treatment facilities (WWTFs) were represented in 

the SWAT model.  Three WWTFs were municipal wastewater treatment plants (New Richmond, 

Clear Lake, and Deer Park), and the other discharger (Chiquita Food Processing) was industrial 

(Table 2-5).  Facility upgrades resulted in reductions in phosphorus loads from these point 

sources from 1999 to 2006.   The two reservoirs, the New Richmond Flowage and Little Falls 

lake were configured in the model to match the normal (primary) and maximum (emergency) 

areas and volumes as listed in the Wisconsin Dam Inventory (WDNR, 2008) (Table 2-6).  Based 

on the target release option in SWAT, the modeled number of days to target storage was adjusted 

to 2 for each reservoir.  

 

Year Crop
Conventional 

Tillage
Mulch & Conservation 

Tillage No-till
Corn 63% 31% 6%
Soybeans 30% 20% 50%

Corn 49% 44% 7%
Soybeans 12% 27% 61%

2000

2006



82 
 

Table 2-5. Contributions of flow and phosphorus by the point sources during the model 
calibration and validation periods. 

 

 
Table 2-6. SWAT input parameters for the two upstream reservoirs. 

 
 

 Significant areas of the Willow River watershed deliver runoff into closed depressions 

instead of to the stream network or deliver runoff to the stream network through riparian 

wetlands.  Off-channel lakes, isolated wetlands, and low areas (modeled as “Ponds”) on the 

landscape collect water during runoff events where it remains as open water, evaporates, or 

infiltrates.  We identified these ponds from the DEM, the Wisconsin Open Water dataset, and the 

WISCLAND land-use dataset.  Flow-through riparian wetland areas (modeled as “Wetlands”) 

were identified as wetlands adjacent to the stream in the WISCLAND dataset.  For each subbasin, 

SWAT allows one aggregate Pond and one aggregate Wetland with user-defined areas of the 

subbasin draining to each.   To determine those areas, we summed the drainage areas of all closed 

depressions and riparian wetlands as delineated from the 1:24,000 topographic quadrangles.  

Point Source
Model 

Subbasin
Total 

Flow, m3
Total 

Phosphorus, kg
Total 

Flow, m3

Total 
Phosphorus, 

kg
Clear Lake WWTF 3 314,753 3,629 247,375 126

Chiquita Processed 
Foods, New Richmond 12 39,631 16 70,844 28

Deer Park WWTF 15 61,891 108 28,404 49

New Richmond WWTF 19 993,259 1,531 800,242 617

Total 1,409,534 5,284 1,146,865 819

Calibration, WY1999 Validation, WY2006

Reservoir
Model 

Subbasin
Primary 
Area, ha

Primary 
Volume, ha-m

Emergency  
Area, ha

Emergency 
Volume, ha-m

Widespread 12 95.5 101.8 95.5 105

Little Falls 
Lake 27 69.6 165.6 69.6 210



83 
 

Overall, thirty percent of the land in the Willow watershed drained into Ponds; for individual 

subbasins, the area that drained to Ponds ranged from about 1% to 94%.   Nineteen percent of the 

land in the Willow watershed drains to the stream through Wetlands, with about 1% to 48% of the 

land area in individual subbasins draining through wetlands. 

Ponds, wetlands, and reservoirs act as sediment and phosphorus traps in the Willow 

watershed.  In the Willow River SWAT model, Ponds were configured to act as complete traps 

for sediment and nutrients and Wetlands were assumed to trap all sediment but to let phosphorus 

pass through to the stream.  After sediment and phosphorus are delivered to the stream network 

they can also be trapped in reservoirs along the main channel.  Reservoir trapping in the Willow 

River SWAT model was adjusted to allow the two reservoirs to capture sediment and phosphorus 

to match an estimated accumulation of about 1.8 to 1.9 m of sediment in each reservoir over an 

80-year period with a bulk density of 0.5 t/m3 (dry mass per unit volume of wet sediment) and a 

phosphorus concentration of 1 mg/g. 

 

Conservation Tillage in SWAT 

Reducing tillage on agricultural fields has the potential to reduce sediment export, 

sediment-attached phosphorus export, and runoff.  The degree of water-quality change because of 

the adoption of reduced tillage and no-till varies across field studies, but the qualitative effects of 

surface residue and reduced tillage have been described repeatedly (Fawcett, 2008).  Surface 

residue intercepts raindrops and prevents soil detachment (Unger and Kaspar, 1994).  In addition, 

reduced tillage promotes the stability of soil aggregates, which, when not broken apart, decrease 

the amount of erosion and particulate phosphorus in runoff (Ulén and Jakobsson, 2005).   

The relationship between runoff and surface residue from decreased tillage is less clear.  

Continuous macropores created by burrowing insects and worms, which have been shown to 
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occur in larger populations under no-till fields (Kladivko and Timmenga, 1990), increase 

infiltration (Zachmann et al., 1987).  Also, increased surface residue and organic matter have 

been implicated in decreasing the amount of runoff (Charman, 1985, Bundy et al., 2001) and 

preventing the formation of soil crusts that impede infiltration (Moldenhauer, 1995). 

The only effect of tillage change that is directly modeled in SWAT is the residue 

component of the MUSLE.  With the Baumgart version of SWAT2000, modeled residue levels 

on June 1st averaged 150 kg, 600 kg, and 1400 kg for CT, MT, and NT corn, respectively.    

Infiltration is modeled through the SCS Curve Number (CN) method, with default values 

corresponding to conventional tillage.  These curve numbers were decreased for mulch tillage and 

no-till crops by 1 and 2 units, respectively, to increase infiltration under increased residue levels 

(SCS, 1972).   Recommendations in the SWAT manual for the value of Manning’s N for overland 

flow also change with residue levels.  Manning’s N was set to 0.22, 0.27, and 0.32 for CT, MT, 

and NT, respectively, for both corn and soybeans.   

 

SWAT Model Calibration and Validation 

Model goodness-of-fit was evaluated using the Nash-Sutcliffe Coefficient of Efficiency 

(COE).  We calibrated the SWAT model of the Willow River watershed to daily mean 

streamflow and monthly loads of sediment and phosphorus for water year (WY) 1999 with COEs 

of 0.51, 0.62, and 0.51, respectively.   We performed a hydrologic and water-quality validation of 

the model using the WY2006 estimated monthly loads for sediment and phosphorus.   However, 

the first month (October 2005) of the validation period included a massive rainfall event, far 

exceeding those during the calibration period.  The model performed poorly during this month, 

overestimating flows and loads of sediment and phosphorus.  Consequently, the sediment COE 

was only 0.2 for the complete WY2006, but improved to 0.69 for November 2005 to September 
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2006.  Similarly, the phosphorus COE was -3.5 for WY2006 but increased to 0.8 when October 

was excluded.  The validation model run demonstrated that the model did an adequate job within 

the range of precipitation events present in the calibration time period but overestimated runoff, 

sediment export and phosphorus export associated with larger, more infrequent events. 

Alternate Scenarios 

We tested a variety of alternative scenarios to determine the limits of phosphorus and 

sediment export under different agricultural management practices and possible future conditions.  

Each scenario was run from 1987 to 2006 with observed weather.  Excluding the first five years 

for model warm-up, we averaged yearly sediment and phosphorus exports from 1992 to 2006 to 

arrive at the average annual values reported here.  For each set of scenarios, the results were 

compared to the baseline condition, which, in most cases, was the validation dataset based on the 

current land use in the Willow River Watershed.  While the validation dataset was used to 

determine changes from present, the goal of the St. Croix nutrient agreement (SCBWRPT, 2004) 

is to reduce average phosphorus delivery to the St. Croix River by 20% of the 1990s load. We 

assumed the 1999 model configuration was representative of sediment and nutrient export from 

the Willow River in the 1990s, the baseline for the nutrient agreement.   

Sediment and phosphorus in the model were eroded from the landscape and delivered to 

either the river system or to ponds and wetlands, where these constituents could be trapped or 

transmitted.  Once the sediment and phosphorus reached the river channels, a portion of each 

constituent was trapped in each of the two reservoirs, and the remainder traveled through the river 

system to the outlet.   Based on these modeled paths, we defined several categories of erosion for 

purposes of discussion.  Upland erosion is the load from the uplands to a waterbody.  It is less 

than field-scale gross erosion by the amounts of sediment and phosphorus trapped in swales and 

field edges dispersed across the landscape.  Landscape delivery is the load of phosphorus and 
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sediment that is introduced to the river system; it is less than upland erosion and by the amount of 

sediment and phosphorus trapped in the ponds and wetlands.  The final quantity is the net 

watershed export, the load of sediment and phosphorus exported at the gage; it is less than the 

landscape delivery by the amount of sediment and phosphorus trapped in the reservoirs.  The 

ponds, wetlands, and reservoirs mute the changes in sediment and phosphorus export from the 

landscape and it is instructive to examine how changes in total loading to the system alter 

sediment and phosphorus export at the gage.  While the primary goal is the reduction of total 

sediment and phosphorus export into the receiving waters of the Willow River, including Lake 

Mallalieu and the Lake St. Croix, improving water quality in the two reservoirs is also a favorable 

outcome of reductions in loading to the stream.  For select scenarios, we also report yields (loads 

per unit area) for comparison between landscape units of different size. 

Quantities of phosphorus calculated and output by the model are comparable to 

monitored dissolved and total phosphorus.  Phosphorus export from the landscape is reported in 

the output (.sbs and .bsb) files as sediment-bound phosphorus (SedP), organic phosphorus 

(OrgP), and soluble phosphorus (SolP).  Once the phosphorus reaches the stream, it is reported in 

the output (.rch) file as mineral phosphorus (stream-MinP) and organic phosphorus (stream-

OrgP).  From the landscape export quantities, all of the OrgP plus approximately 80% of the SedP 

is included in the stream-OrgP, with the remainder of the SedP and the SolP summed as stream-

MinP.  The reservoir subroutines report phosphorus the same way as in the stream.  SWAT 

documentation interprets the stream-OrgP as particulate phosphorus (including inorganic 

phosphorus) and the stream-MinP as dissolved phosphorus (Neitsch et al., 2002).  The sum of 

these two quantities is total phosphorus.   
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Results 

Calibration and Validation Scenarios 

Between the calibration and validation periods, 1999 to 2006, sediment and phosphorus 

export (Tables 2-7a and 2-7b) were affected by land-use trends and wastewater treatment facility 

changes.  The key land-use trends were adoption of conservation agriculture, conversion to grain 

crops from alfalfa and corn silage, and conversion of agricultural land into rural residential uses.   

Adoption of improved wastewater treatment methods also led to a significant reduction of point-

source phosphorus delivered to the Willow River by the four treatment facilities. 

 

Table 2-7a. Average annual watershed export from running SWAT with the land use and 
management as it existed in during the calibration and validation time periods. 
           

 Net watershed export

  Average Flow, m3/s Total Phosphorus, kg
Suspended Sediment, 

tons 
        
Calibration: 1999 
conditions 4.81 21,646  1366   

      
Validation:  2006 
conditions 4.86 18,899  -13% 1387   +1.5% 

  
 
Table 2-7b. Landscape delivery from the model using the land use and land management from 
the calibration and validation model configurations.   

              

 Landscape delivery

  Total Phosphorus, kg Suspended Sediment, tons
       
Calibration:   
1999 conditions 27,097  17254   

    
Validation:     
2006 conditions 27,596  +1.8% 17395   +0.8% 
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The most prominent change between the 1999 and 2006 land use and management 

scenarios is the 13% decrease in phosphorus export at the gage.  This decrease is entirely due to 

the lower quantity of phosphorus delivered to the river from point source treatment facilities.  

Landscape delivery differences between 1999 and 2006 are not significant, and the small change 

in sediment and phosphorus export could have been either positive or negative depending on 

which subbasins we chose in the model to apply the shifted land-use practices. 

 Modeled average annual upland erosion of sediment and phosphorus on a yield basis 

differed considerably between land uses (Table 2-8).   Phosphorus and sediment yields were 

greatest from the agricultural land uses, with urban, suburban and grasslands yielding more 

sediment and phosphorus than forested land and wetlands.  These phosphorus and sediment yields 

were not entirely the results of differences in management; they were also due to differences in 

soil type, average slope, and the average slope length of the land.   

 

Table 2-8.  Average annual upland erosion yields from specific land uses and rotations under the 
validation configuration.   

 

Rotation or Land use Area (km2) Sediment Yield, T/km2 Phosphorus Yield, kg/km2

Agriculture (crop land)
C1S1 101.9 54.6 78.6
C2A3 141.8 41.7 60.2
C3S1A3 59.0 53.7 74.0

Other rural land uses
Grassland (includes grazed areas) 201.2 8.3 15.4
Deciduous Forest 133.3 0.4 0.7
Evergreen Forest 0.4 0.2 0.6
Wetland 3.4 0.5 2.1
Water 5.9 0.0 0.0

Urban and suburban land uses
Impacted Grassland (Rural 
Residential) 66.6 15.3 50.0
Bermuda Grass (Urban) 2.7 5.7 56.1
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 One of the goals of this project was to identify subbasins that export large loads of 

phosphorus and sediment to target those subbasins for remediation.  The glacially-formed 

topography of the Willow River Watershed exerts a large control on sediment and phosphorus 

export.  As noted in the Model Configuration section, closed depressions were modeled as Ponds 

that trapped all incoming sediment and phosphorus, and riparian wetlands were modeled as 

Wetlands that trapped all sediment but allowed phosphorus to pass through.  Because subbasins 

had widely different fractional areas draining to closed depressions (Ponds) and riparian wetlands 

(Wetlands), sediment and phosphorus export from subbasins could differ widely even if land use 

was similar.  In Table 2-9, the influence of Ponds is noticeable in subbasins that have values that 

drop significantly between the phosphorus and sediment upland erosion and the landscape 

delivery of these constituents to the channel.  For example, subbasin 24 had one of the top five 

rates of upland erosion of phosphorus but had among the bottom five rates of phosphorus 

delivered to the channel because of phosphorus trapped in the Ponds.   

The two reservoirs trapped sediment and phosphorus from the subbasins upstream of 

each reservoir.  The upper reservoir trapped sediment and phosphorus from subbasins 1 to 12, and 

the lower reservoir trapped sediment and phosphorus from all of the subbasins.  Thus, sediment 

and phosphorus from the upper twelve subbasins were deposited in both reservoirs.  This dual 

trapping affected the sediment exported at the gage more than the phosphorus because a greater 

proportion of sediment was deposited in the reservoirs.  The influence of reservoir trapping is 

demonstrated in Table 2-9 by the clustering of the larger values of sediment delivered to the 

outlet in the lower subbasins, whereas the larger values of upland erosion and landscape delivery 

were spread throughout the watershed.  Subbasins with large phosphorus yields delivered to the 

outlet also clustered in the lower subbasins, but in contrast to the sediment-yield pattern, the 

larger upland erosion and landscape delivery yields of phosphorus were also located in the lower 
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subbasins.  The model results indicated that subbasins 4, 20, and 23 contributed high yields of 

both phosphorus and sediment to the Willow River and are candidates for targeted remediation to 

improve water quality.   
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Table 2-9.  Sediment and phosphorus yields moved off of the landscape, delivered to the channel and delivered to the outlet from each subbasin.  
The top five yield values in each column are highlighted in bold.  Subbasins are numbered, approximately, from upstream to downstream, with the 
watershed outlet in subbasin 27. 

 

Subbasin

Land area 
draining to 

Ponds

Land area 
draining to 
Wetlands

Upland erosion 
(delivered to 
waterbodies)

Landscape 
erosion 

(delivered to 
channel)

Watershed 
erosion 

(delivered to 
outlet)

Upland erosion 
(delivered to 
waterbodies)

Landscape 
erosion 

(delivered to 
channel)

Watershed 
erosion 

(delivered to 
outlet)

1 34% 27% 0.53 0.35 0.21 0.43 0.21 0.010
2 4% 44% 0.31 0.29 0.17 0.24 0.13 0.007
3 12% 16% 0.50 0.43 0.26 0.35 0.26 0.012
4 2% 5% 0.82 0.80 0.47 0.90 0.85 0.043
5 1% 39% 0.51 0.50 0.29 0.56 0.34 0.018
6 14% 3% 0.66 0.57 0.33 0.65 0.54 0.026
7 3% 22% 0.53 0.51 0.29 0.43 0.33 0.017
8 3% 7% 0.43 0.42 0.24 0.40 0.36 0.018
9 97% 1% 0.97 0.03 0.02 0.49 0.02 0.001

10 20% 46% 0.43 0.34 0.20 0.30 0.13 0.006
11 72% 0% 0.58 0.16 0.13 0.24 0.07 0.016
12 1% 30% 0.57 0.55 0.33 0.11 0.08 0.004
13 9% 8% 0.42 0.38 0.23 0.34 0.28 0.015
14 13% 22% 0.53 0.46 0.27 0.50 0.34 0.017
15 26% 28% 0.45 0.33 0.20 0.35 0.19 0.009
16 0% 6% 0.38 0.38 0.23 0.32 0.30 0.014
17 93% 4% 0.69 0.05 0.03 0.42 0.03 0.001
18 4% 9% 1.03 0.99 0.59 0.68 0.59 0.030
19 1% 48% 0.49 0.49 0.40 0.19 0.10 0.022
20 16% 7% 0.91 0.77 0.63 0.40 0.31 0.069
21 19% 14% 0.56 0.45 0.37 0.28 0.19 0.044
22 14% 25% 0.44 0.38 0.32 0.18 0.12 0.026
23 15% 2% 0.87 0.74 0.61 0.43 0.35 0.081
24 86% 0% 0.88 0.13 0.10 0.47 0.07 0.015
25 94% 0% 0.38 0.02 0.02 0.32 0.02 0.004
26 80% 3% 1.13 0.22 0.18 0.57 0.11 0.025
27 39% 5% 0.66 0.40 0.34 0.33 0.19 0.044

Phosphorus, kg/ha Sediment, T/ha
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Conservation Agriculture 

Conservation agriculture is increasing in prevalence in the Willow watershed.  At any 

given time there is a mix of conservation practices occurring on the landscape.  However, to test 

the effects of different tillage practices, they were each applied uniformly to the 2006 land-use 

configuration, leaving the rotation distribution alone.   

 

Table 2-10. Average annual modeled landscape delivery and watershed export from applying 
each tillage system to all of the agricultural land in the Willow watershed.  Percentage change is 
relative to validation conditions. 
 

 
 

 
 
 
 
 
 
 
 
 
 
 
 
 

Average
Flow, m3/s

Validation:
2006 conditions

4.86 27,596 18,899 17,395 1387

Scenarios:

Conventional
Tillage (CT)

4.85 29,473 +7% 19,977 +6% 18,855 +8% 1405 +1%

Mulch Tillage
(MT)

4.85 27,344 -1% 18,728 -1% 17,470 0% 1380 -1%

No Till (NT) 4.88 25,130 -9% 17,549 -7% 14,773 -15% 1355 -2%

Suspended Sediment, tons

Landscape delivery
Net watershed

Export Landscape delivery
Net watershed

Export

Total Phosphorus, kg
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Table 2-11. Average annual landscape delivery from land areas under each of the rotations for 
each modeled tillage practice.   Percentage change is relative to conventional tillage. 

 

 

For all rotations and the whole watershed, sediment and phosphorus yields and loads 

decrease under reduced tillage systems (Tables 2-10 and 2-11).  The validation conditions, with a 

mix of conventional till (CT), mulch tillage (MT), and no-till (NT), are approximately equivalent 

to the phosphorus and sediment export under 100% mulch tillage.  Conversion to greater 

proportions of NT could decrease phosphorus and sediment export further if there were no 

changes in the relative proportion of land in the different rotations.  While sediment and 

phosphorus export decreased with reduced tillage within each rotation, differences between 

rotations C1S1 and C2A3 under conventional tillage in the Willow watershed were larger than the 

decrease in export within C1S1 from reduced tillage (Table 2-11).  Consequently, conversion of 

land under the C2A3 dairy rotation to the C1S1 cash grain rotation will result in an increase in 

sediment and phosphorus yield, even if the C1S1 is no-till. 

Rotation
Conventional Tillage
C1S1 68.7 96.8
C2A3 41.7 60.2
C3S1A3 54.1 74.5

Mulch Tillage
C1S1 59.6 -13% 83.8 -13%
C2A3 40.4 -3% 57.3 -5%
C3S1A3 49.5 -9% 68.0 -9%

No-Till
C1S1 49.9 -27% 76.1 -21%
C2A3 31.9 -24% 50.7 -16%
C3S1A3 41.1 -24% 59.5 -20%

Phosphorus Yield kg/km2Sediment Yield, T/km2
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The effects of the SWAT configuration of reservoirs can be seen in the difference in 

decreased sediment export under NT from the landscape and at the gage.  While the decreases in 

phosphorus export under all three conservation regimes were similar from the landscape and at 

the gage, the sediment decrease was severely muted at the gage because of the plateau in 

sediment concentration in the outflow from the reservoirs at the value of the parameter for the 

normal reservoir sediment concentration (NSED), a result that could be real or artificial.  In 

SWAT, the NSED parameter controls the partitioning between deposited and transmitted 

sediment in a reservoir (Neitsch et al., 2002).  During the calibration process for the Willow River 

we set the NSED to a value that resulted in the appropriate amount of sediment settling in and 

being transmitted through the reservoir for that period.  Because NSED effectively sets the 

concentration of sediment in reservoir outflow, flow controls sediment export.  It is unclear 

whether this parameter can be considered constant for a given reservoir, or whether it could 

change as a function of flow and sediment input into the reservoirs, which could eliminate the 

plateau effect. 

Conversion to other agricultural rotations 

The corn-grain/soybean rotation (C1S1) is increasing in prevalence in the Willow 

watershed at the expense of traditional dairy operations, which include alfalfa and corn-silage 

crops.  This section examines the modeled effects on total phosphorus and sediment load if the 

entire area under agricultural production changed to each of the dominant rotations.  In addition 

to the dairy rotation C2A3 and the grain rotation C1S1, we also examined continuous corn (CC) 

and a corn, soybean, and wheat rotation (CSW).   While these additional rotations are not 

currently common in the Willow watershed, the demand for corn is increasing because of ethanol 

production, and rising wheat prices are encouraging more producers to plant wheat (Steve Olson, 

St. Croix County, pers. comm., 2006).  Each rotation was split into subrotations that were varied 
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by the crop planted on the first year and distributed across the watershed.  All of the crops were 

cultivated with conventional tillage for comparative purposes. 

 

Table 2-12.  Average annual landscape delivery and net watershed export of sediment and 
phosphorus to the Willow River with all of the agricultural land changed to a single rotation. 
 

 
 

 When applied to all of the agricultural land, whole watershed landscape delivery of 

sediment and phosphorus was minimized under the C2A3 dairy rotation (Table 2-12).   The 

application of CSW, C1S1 and CC rotations all resulted in higher phosphorus delivery than the 

validation conditions; the C1S1 and CC scenarios also produced higher sediment delivery from 

the landscape than the validation conditions.  These phosphorus increases associated with 

converting to solely cash crop scenarios were substantial, which illuminates the importance of 

alfalfa in the watershed as crop that moderates phosphorus export from agricultural land. 

Average
Flow, m3/s

Validation:
2006 conditions

4.86 27,596 18,899 17,395 1387

Scenarios:

Change all farm
land to C2A3

4.77 23,363 -15% 16,143 -15% 15055 -13% 1313 -5%

Change all farm
land to C1S1

5.01 38,926 41% 26,184 39% 24682 +42% 1513 9%

Change all farm
land to
continuous corn

5.15 38,531 40% 26,146 38% 24748 +42% 1549 12%

Change all farm
land to CSW 5.15 31,322 14% 22,440 19% 16604 -5% 1469 6%

Total Phosphorus, kg Suspended Sediment, tons
Landscape

delivery Export
Landscape

delivery
Net watershed

Export
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Soil-test phosphorus 

Elevated soil-test phosphorus (STP) increases the amount of phosphorus that could be 

introduced to the river system as soluble phosphorus or attached to particles (Carpenter et al., 

1998).  Optimum STP levels for corn, soybeans, and alfalfa grown in St. Croix County soils are 

13-18 ppm, 6-10 ppm, and 16-23 ppm, respectively (Kelling, 1998). Average STP in St. Croix 

County increased from 25 ppm in the 1970s to 41 ppm 1995-99 (UW Soils Lab, 2008) because of 

producers adding phosphorus fertilizer to agricultural fields in excess of crop removal.  Recent 

STP analyses for St. Croix County show a miniumum of 1 ppm, maximum of 553 ppm, and a 

median of 30 ppm.  Because the distribution of STP across the watershed was unknown, we 

simply used the average of 41 ppm as the STP for crop land in the model.  In Wisconsin, the 

upper regulatory limit for STP before remediation must take place is 50 ppm.  County agricultural 

agents estimated that an achievable level of STP in the Willow watershed is 25 ppm on 

agricultural land, and in recent years, STP on agricultural land has been decreasing by 1 to 2 ppm 

per year because of phosphorus fertilization below crop removal. 

 We tested the effects of different average steady-state levels soil-test phosphorus over all 

of the agricultural land in the watershed (Table 2-13).  Even slight drawdowns in STP 

substantially decreased landscape delivery to the stream and export at the gage.  An STP of 25 

ppm, the accepted achievable level, produced a modeled reduction at the gage of 17%, nearly the 

entire desired 20% reduction.  Additional reductions to 20 ppm, while not necessarily currently 

achievable, would keep soil phosphorus levels within the required STP windows for all of the 

agricultural crops in the Willow River Watershed and produced further modeled reductions in 

phosphorus export.  
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Table 2-13. Average annual modeled landscape delivery with differing agricultural soil-test 
phosphorus levels. 

 

Summary and Conclusions 

The SWAT model was calibrated and validated for the Willow River Watershed in St. 

Croix County, Wisconsin and used to examine geographic sensitivity to phosphorus and sediment 

loading and alternative agricultural management scenarios.   The calibration of the model was 

adequate for daily flow, monthly sediment load and monthly phosphorus load.  The validation 

period included a large rain event that influenced the validation COEs for sediment and 

phosphorus considerably, which otherwise were acceptable for the remainder of the validation 

period.  The model performed well under normal conditions, but overestimated sediment and 

phosphorus export for this extreme event.   

Major agricultural trends in the Willow River watershed between 1999 and 2006 included 

trends that decreased phosphorus export: conversion of agricultural land into residential land 

uses, increased adoption of conservation tillage practices, and trends that increased phosphorus 

Average 
Flow, m3/s

Validation:  
41 ppm 4.86 27,596 18,899 17,395 1387

Scenarios:

50 ppm 4.86 30,511 11% 20,713 10% 17,486 1% 1386 0%

35 ppm 4.86 25,678 -7% 17,710 -6% 17,333 0% 1387 0%

30 ppm 4.86 24,087 -13% 16,721 -12% 17,275 -1% 1387 0%

25 ppm 4.86 22,558 -18% 15,766 -17% 17,259 -1% 1388 0%

20 ppm 4.86 21,032 -24% 14,821 -22% 17,221 -1% 1388 0%

Total Phosphorus, kg Suspended Sediment, tons
Landscape 

delivery
Net watershed 

Export
Landscape 

delivery
Net watershed 

Export
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export: conversion to cash cropping of corn and soybeans from rotations that included alfalfa.  

The net effects of these trends between 1999 and 2006 were negligible with approximately the 

same average landscape delivery of sediment and phosphorus modeled from each land use 

configuration.  The dominant change between the two years was the reduction in phosphorus due 

to upgrades of wastewater treatment facilities. 

 Ponds, wetlands, and reservoirs influence relative sediment and phosphorus yields from 

the subbasins in the Willow River.   The two reservoirs allow sediment and phosphorus to settle 

from the Willow River, thus the loads from subbasins above the first reservoir are treated twice 

and less landscape-derived sediment and phosphorus reach the outlet.  Targeted remediation 

could be carried out in the subbasins identified as large contributors, either with agricultural best 

management practices (BMPs) or with structural BMPs, such as on-stream detention ponds. 

Within a single rotation, results from this study indicate that reduced phosphorus yields 

are possible under mulch tillage and no-till relative to conventional tillage.  Percentage reductions 

in phosphorus and sediment yield from conversion to mulch tillage and no-till vary between field 

studies (Fawcett, 2008), so this modeling result is uncertain.  Changes in sediment and 

phosphorus yields are highly dependent upon changes in infiltration under mulch tillage and no-

till, a process we modeled through reductions in curve number.  If we had specific regional field 

estimates of increases in infiltration after the establishment of no-till, the curve-number 

reductions could be refined.    

To avoid additional nonpoint-source inputs of sediment and phosphorus into the Willow 

River, retaining acreage of perennial agricultural crops on the landscape is of critical importance.  

Among rotations, even the C1S1 rotation under no-till produces larger sediment and phosphorus 

yields than C2A3 under conventional tillage.  Thus, the trend of planting less alfalfa in favor of 

more corn and soybeans will be detrimental to water quality, even if the corn and soybean 

rotation includes optimal tillage.   The cash crop rotation that included wheat, CSW, was 



99 
 

preferable for reducing phosphorus yields over C1S1, but the yields were still larger than the 

C2A3 rotation. 

 Soil-test phosphorus levels present an opportunity for large phosphorus export 

reductions.  Lowering the mean soil-test phosphorus to the accepted achievable level or to the 

optimum level for corn would take ten to twenty years, but incremental decreases in soil-test 

phosphorus will have beneficial impacts on water quality and should be considered in agricultural 

management plans in the Willow River watershed.  For producers purchasing phosphorus 

fertilizer, this BMP would also save money. 

 This study has demonstrated there are several effective agricultural BMPs for managing 

phosphorus export in the Willow River watershed.  Both decreasing tillage and drawing down 

soil-test phosphorus produce modeled decreases in phosphorus load to the Willow River close to 

the 20% phosphorus reduction goal set by the Basin Team.  We believe that these practices in 

combination will produce the 20% load decrease.   Other agricultural BMPs that were not 

examined in this study, such as buffer strips, strip cropping, grassed waterways and terraces could 

also be employed for further phosphorus load reductions.   Also, the emplacement of urban and 

suburban BMPs such as rain gardens, detention ponds, and porous pavement could result in 

additional phosphorus load reductions.  
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Chapter 3.  Using SWAT to simulate past conditions, combined best management practices, and 

future scenarios 

Introduction 

Chapter 1 presents model construction for the current conditions in the Willow River watershed 

and Chapter 2 illustrates alternative agricultural scenarios and their potential impact on nutrient 

and sediment export.  This chapter provides context for the current land use through modeling the 

watershed under current conditions with combinations of best management practices, past 

conditions, and possible future conditions.  Past conditions illustrated the natural loads of 

sediment and phosphorus in the Willow River.  Present conditions with combinations of best 

management practices illuminated the interactions between best management practices.  A range 

of future conditions were examined to understand the general trends that will impact future 

sediment and phosphorus loads in the Willow River.  The future trends included adoption of 

lower phosphorus cattle feed, increased rural residential development, potential for future climate 

change, and probable land use configurations in 2010 and 2020. 

 Past, present, and future conditions were examined with specific inputs to the calibrated 

Willow River model changed to reflect the tested scenario.  Past conditions were modeled as the 

conditions in approximately 1850, pre-European settlement.  Prior to widespread land use change, 

a large scale map of the original vegetation (WDNR, 1990) of Wisconsin was compiled. Using 

this land use map and removing the dams from the river, we created a model of the Willow River 

watershed to approximate pre-settlement, or natural, conditions. Current conditions with 

combined best management practices were modeled by applying groups of practices outlined in 

Chapter 2.  Future conditions for 2010 and 2020 were modeled with projected land use and land 

management practices.  Increased rural residential development was modeled with changed land 

use inputs. Reduced dietary phosphorus was modeled as a reduction in the phosphorus content of 
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applied manure.  Finally, possible climate scenarios were modeled using generated climate data 

for locations in other climatic regions of the Midwest. 

 These assorted scenarios expanded the scope of the Willow River model and provided 

results for additional model applications.  A discussion of the base model configuration and 

calibration is found in Chapters 1 and 2; these details were not included in this chapter.  Principle 

findings from the scenarios in this chapter are the following: the relationship between climate 

change and phosphorus and water yields depended on the water balance, specifically the increase 

in evapotranspiration; increased areas of rural residential development decreased phosphorus and 

sediment export; and the future scenarios for 2010 and 2020 resulted in lower phosphorus and 

sediment export, primarily because of increased rural residential development.  Finally, this 

chapter presents a summary figure that compares phosphorus loads under nearly all scenarios 

modeled, including those from earlier chapters. 

Past: Native Vegetation Conditions 

 Nearly the entire Willow watershed has been impacted by logging, housing, or 

agriculture.  Robert W. Findlay created an original vegetation map of Wisconsin using survey 

notes taken in the mid-1800s (WDNR, 1990), around the time of initial European settlement in 

Wisconsin.  A digital vector version of this map was used as the land-use map input into SWAT 

for the Willow River under native vegetation conditions (Figure 3-1).  In pre-settlement times, the 

Willow watershed included prairie, brush, wetlands, and forests of deciduous, mixed, and 

coniferous trees. 

 We constructed a new SWAT model to examine the sediment and nutrient output under 

native vegetation.  The original vegetation land cover dataset was overlain on the spatially 

averaged SSURGO soil dataset that was used for the current conditions model and the 10-meter 

DEM as described in Chapter 1.  The subbasins boundaries and pond inputs remained the same as 
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in the current conditions model and all hydrologic parameters were transferred to the new model.  

Snowmelt parameters, channel erosion parameters, watershed parameters, and groundwater 

parameters were set to the same values as in the current conditions model.  Likewise as before, 

curve numbers were reduced from default by 10% and the PUSLE was set to 0.49 for all land areas.  

Reservoirs were not included for the native conditions model.  Slopes were left at the SWAT-

calculated values and slope lengths were recalculated as described in Chapter 1.   

 

 

Figure 3-1.  Vegetation distribution in the Willow River Watershed in the mid-1800s. (WDNR, 
1990) 
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Table 3-1. Modeled landscape delivery of phosphorus and sediment to the Willow River channel 
under native conditions and model validation conditions (current conditions). 
 

 
Note: For the validation conditions, the difference between landscape delivery and watershed 
export is due to trapping by reservoirs.  For the native conditions, these differences were 
insignificant because reservoirs were removed. 
 

 Modeled landscape export of phosphorus decreased by 78% under pre-settlement land 

use compared to current conditions (Table 3-1).  These results correspond well with the findings 

of Triplett (2004), who analyzed lake sediment cores to determine the past loading of total 

phosphorus to Lake St. Croix, the eventual receiving waters for the Willow River watershed.  

Triplett found that the total phosphorus load to Lake St. Croix was approximately 150 tons per 

year in the mid 1800s, a decrease of 68% from the current load of 470 tons per year.  Lake St. 

Croix is the receiving water for all of the watersheds tributary to the St. Croix River in eastern 

Minnesota and western Wisconsin, including some watersheds that have substantially less human 

influence than the Willow.  We expect the Willow River to have larger phosphorus exports 

relative to pre-settlement times compared to other less impacted subwatersheds of the St. Croix 

River. 

 Sediment export at the gage under pre-settlement conditions was larger than the modeled 

export under current conditions because of the absence of the two current reservoirs.  The two 

reservoirs act as intermediate traps of sediment and do not allow the majority of the sediment to 

Average
Flow, m3/s

Validation:  2006
conditions

4.86 27,596 18,898 17,395 1387

Native Conditions 4.85 6155 -78% 6144 -67% 9,864 -43% 9865 611%

Total Phosphorus, kg Suspended Sediment, tons
Landscape

delivery
Net watershed

Export
Landscape

delivery
Net watershed

Export
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reach the outlet.  Under pre-settlement conditions, all sediment that reached the channel was 

translated to the stream outlet.  Phosphorus trapping was also affected by the reservoirs, but not to 

the same extent as sediment.  Though less sediment was eroded from the landscape, all of the 

sediment delivered to the channel was transported through the river system to the outlet.       

To circumvent the effect of trapping by reservoirs, we can compare pre-settlement and 

modern rates of landscape delivery of sediment to the channel.  In this case, modeled landscape 

export of sediment decreased by 43% under pre-settlement conditions when compared to current 

conditions in the Willow watershed.  For the St. Croix basin as a whole during this time period, 

Triplett (2004) found a 75% decrease in sediment accumulation rate in Lake St. Croix, which is a 

measure of sediment export for all tributaries.  We suspect, therefore, that the model has 

overestimated sediment export in pre-settlement times by perhaps a factor of two or more. 

Present: Combined Agricultural Scenarios 

In Chapter 2 we presented modeled phosphorus and sediment yield reductions after 

implementing individual agricultural best management practices. However, in seeking more 

reductions in these pollutants, watershed managers would like to know the effect of combining 

these best management practices (BMPs).  Because the reductions are not likely to be simply 

additive, we modeled combined tillage and soil phosphorus levels to examine the range of 

possible outcomes.   

 Model results from individual scenarios showed that reduced soil-test phosphorus and 

reduced tillage each decreased the quantity of phosphorus exported from the Willow River 

watershed.  In combination, the lowest sediment and phosphorus export was under no-till and 

with a soil-test phosphorus of 20 ppm (Table 3-2).  While 20 ppm of soil-test phosphorus is 

within the optimum range for all of the agricultural crops grown in the Willow River watershed, it 

would be a difficult value to achieve.  A soil-test phosphorus of 25 ppm is probably a more 
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realistic goal (Steve Olson, SCC-LWCD, pers. comm.) that could be achieved in 10 to 20 years of 

management reducing soil-test phosphorus by 1-2 ppm per year.  Several other intermediate 

improvements were also modeled. 

Results from combined tillage and soil-test phosphorus scenarios were not purely 

additive results for the individual scenarios.  For example, when compared with the 2006 baseline 

conditions, net watershed export of phosphorus declined by 22% for the 20 ppm soil-test 

phosphorus scenario and by 7% for the no-till scenario.  However, the combined results from 

those scenarios, while the most effective in phosphorus reduction, reduced net watershed export 

of phosphorus by only 23%.  The worst case scenario included all crops under conventional 

tillage and the soil-test phosphorus level at 50 ppm, the maximum amount allowed under 

Wisconsin regulation NR-151 before remediation must take place.  Under the worst case 

scenario, phosphorus export increased by 16% from 2006 baseline conditions. 

   

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 



106 
 

Table 3-2.  Results for combined agricultural scenarios compared to the 2006 baseline condition. 
 

 

Future: Dietary Phosphorus Reduction in Dairy Feed 

 Manure is a significant source of phosphorus applied to the Willow watershed; therefore 

decreasing the phosphorus content of manure could decrease phosphorus loading to the Willow 

River.  Presumably to boost milk production, dairy feed is commonly amended with phosphorus, 

which adds to the phosphorus content of manure.  The NRCS recommendation for dairy feed 

phosphorus content is 0.32% to 0.38% phosphorus, depending on milk production (NRCS, 2001), 

but dairy feed regularly contains 25% more phosphorus than recommended (Sutter and Wu, 

1999).   Additional phosphorus beyond the dietary and milk requirements raises the phosphorus 

content of manure without providing any benefit to the cow.  Reducing phosphorus in feed can 

result in large reductions of phosphorus export at the field scale.  In an experimental field study in 

Wisconsin (Ebeling et al, 2002), manure with lower phosphorus content was shown to produce 

Average
Flow, m3/s

Validation:  2005
conditions

4.86 27,596 18,898 17,395 1387

Scenarios:
No Till
Soil Test P 20 ppm

4.88 20,247 -27% 14,507 -23% 14,681 -16% 1357 -2%

No Till
Soil Test P 25 ppm

4.88 21,384 -23% 15,214 -19% 14,713 -15% 1356 -2%

Mulch Till
Soil Test P 25 ppm

4.86 22,397 -19% 15,668 -17% 17,261 -1% 1380 -1%

Mulch Till
Soil Test P 30 ppm

4.86 23,924 -13% 16,612 -12% 17,335 0% 1380 -1%

Conventional Till
Soil Test P 50 ppm 4.85 32,710 19% 21,976 16% 18,960 9% 1405 1%

Total Phosphorus, kg Suspended Sediment, tons
Landscape

delivery
Net watershed

Export
Landscape

delivery
Net watershed

Export
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90% less phosphorus export than conventional manure.  However, at the watershed scale, such 

reductions can be muted.  Baumgart (2005) modeled a 25% reduction in manure phosphorus that 

reduced total watershed loading by 5.4%.    

 Reducing manure phosphorus content for cattle did not have a large modeled impact in 

watershed phosphorus export for the Willow watershed (Table 3-3).    The modeled scenario 

reduced the phosphorus content of manure by 25% from the enriched value of 0.11% and 0.13% 

to 0.08% and 0.11% for dairy and beef manure, respectively.  These decreases resulted in only a 

2% decline in watershed export.   

Current trends in the Willow watershed point to cattle manure declining in importance as 

a phosphorus source.  The number of dairy cattle in St. Croix County decreased consistently by 

500 to 1000 cows per year between 1990 and 2007 (NASS, 2008).  Additionally, based on the 

amount of cattle and the amount of land available in dairy crop rotations to spread manure, dairy 

producers in the Willow watershed are currently applying manure at rates that supply phosphorus 

close to crop phosphorus uptake over the dairy rotation, if the manure were spread evenly over 

the available cropland.  However, to the degree manure is spread unevenly, some fields (namely 

those close to the barn) are likely receiving phosphorus in excess of crop removal. 

Table 3-3.  Results from the reduced dietary phosphorus scenario compared to the model results 
from the model run with 2006 conditions.  
 

 
Note: The difference between landscape delivery and net watershed export is the amount trapped 
by reservoirs. 

Average
Flow, m3/s

Validation:
2005 conditions

4.86 27,596 18,899 17,395 1387

Reduced dietary
phosphorus

4.86 27,075 -2% 18,570 -2% 17,346 -13% 1387 -5%

Total Phosphorus, kg Suspended Sediment, tons
Landscape

delivery
Net watershed

Export
Landscape

delivery
Net watershed

Export
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Future: Rural Residential Development 

 The Willow River watershed, with its close proximity to the Twin Cities metropolitan 

area, is experiencing growing residential development.  This residential development is largely 

occurring on land that was formerly cultivated.  The rural residential scenarios we modeled 

divided the subbasins of the Willow River Watershed into four groups based on their proximity to 

Hudson and New Richmond (Figure 3-2).  To examine the effects of converting agricultural land 

into rural residential land, we converted all of the agricultural land in each group into rural 

residential land sequentially.  Each additional phase included the development in all previous 

phases.  These scenarios were run twice, with rural residential land configured as either one house 

per hectare (approximately two and a half acres) or one house per two hectares (approximately 

five acres).   
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Figure 3-2. The subbasins of the Willow River Watershed divided into four phases for testing 
rural residential development scenarios. 
 
 As described in Chapter 1, the configuration of rural residential land, or “impacted” land, 

was the same as grassland, with brome grass simulated as the land cover but with the curve 

number increased to the curve number for the hydrologic group that is the next less infiltrative to 

account for the impervious area of the house and driveway and for soil compaction during 

development.  For the two hectare lot sizes, half of the land was considered impacted and 

included the curve number changes, while the other half of the converted area was modeled as 

standard grassland.  The entire area in the one hectare lot size scenarios was modeled as 

impacted.   
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Though these curve-number changes produced more modeled direct runoff, modeled 

sediment export decreased, both at the gage and delivered to the stream, because the land was in 

perennial vegetation (Table 3-4).   Sediment export decreases differed considerably between the 

landscape delivery and the export at the gage for the third and fourth phase because of the 

influence of the reservoirs.  Phosphorus export also decreased with residential development, with 

the largest decreases in the later phases.  The decreases were due to a large decline in particulate 

phosphorus; in contrast the dissolved phosphorus export increased.  Because dissolved 

phosphorus is more readily available for use by algae, even if total phosphorus export is reduced 

runoff, an increase in dissolved phosphorus could be problematic for water quality. 
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Table 3-4.  Model results from scenarios converting all agricultural land to rural residential land 
in phases. 
 

 
 

 
 
 Phase one included the areas that are closest to Hudson and New Richmond, the two 

population centers of residential growth in the Willow watershed.   Phase two added the 

remaining land in the lower watershed, where land is being removed from cultivation more 

quickly than in the upper watershed (Almendinger and Murphy, 2005).  Phases three and four 

added the influence of converting land in the upper watershed into rural residential, a change that 

Average
Flow, m3/s

Validation:  2005
conditions

4.86 27,596 18,898 17,395 1387

Scenarios:
Phase 1,
2 ha lot size

4.87 27,020 -2% 18,477 -2% 16,930 -3% 1381 0%

Phase 1,
1 ha lot size

4.87 27,171 -2% 18,600 -2% 16,963 -2% 1383 0%

Phase 2,
2 ha lot size

4.94 26,758 -3% 18,430 -2% 15,893 -9% 1382 0%

Phase 2,
1 ha lot size

4.94 26,913 -2% 18,557 -2% 15,928 -8% 1384 0%

Phase 3,
2 ha lot size

5.01 23,703 -14% 16,842 -11% 12,466 -28% 1357 -2%

Phase 3,
1 ha lot size

5.01 24,620 -11% 17,529 -7% 12,686 -27% 1372 -1%

Phase 4,
2 ha lot size

5.13 17,910 -35% 13,784 -27% 5,377 -69% 1206 -13%

Phase 4,
1 ha lot size 5.12 19,965 -28% 15,273 -19% 5,909 -66% 1278 -8%

Total Phosphorus, kg Suspended Sediment, tons
Landscape

delivery
Net watershed

Export
Landscape

delivery
Net watershed

Export
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will occur at a much slower rate.  The total conversion of the upper watershed into rural 

residential land is not likely to occur, while the lower watershed (phase two) could be converted 

by 2030.  The lower watershed conversion, though, will not accompany a large change in water 

quality, only about a 2% reduction in phosphorus export.  This small reduction is due to our 

assumption that rural residential developments begin with the elevated soil-test phosphorus level 

of the agricultural land upon which they were built.  Over time phosphorus export should decline 

if no phosphorus fertilizer is added to lawns.     

Future: Forecast 2010 and 2020 

One of the questions we examined with the model was how phosphorus and nutrient 

exports would change if current land use and management trends continue to 2010 and 2020.  To 

accomplish this, we projected current land use and management trends into the future.  Past 

trends of wastewater phosphorus and soil-test phosphorus were not linear like the land use trends, 

so we based future trends on expert advice and current conditions. 

The main land-use change driver is the loss of agricultural land.  To determine land use 

distributions for 2010 and 2020, we plotted National Agricultural Statistics Service (NASS) data 

for St. Croix County from 1994 to 2006 for the major crops (NASS, 2008).  We then fit a linear 

regression to each crop and projected the line to 2010 and 2020.  Four trends in agricultural land 

use that have persisted over more than the last decade are reduction of acres harvested of alfalfa 

and corn grain and increase of acres harvested of soybeans and slight increase of corn silage.  It is 

not known how long the current trends will continue into the future.  It is unlikely, for example, 

that greater areas of soybeans will be planted than corn or that a larger area of corn silage will be 

planted than alfalfa.  Overall, acreage of agricultural land is decreasing with formerly agricultural 

land converting to forest, grassland, rural residential lots, and urban development.   



113 
 

The balance of losses and gains from the individual crops leads to a reduction in the total 

acreage of agricultural land (Figure 3-3).  We analyzed the correspondence between each of the 

crops and the total amount of agricultural land over the period 1994 to 2006 and found the 

greatest correlation between the quantity of alfalfa and hay and the total agricultural land (r2 = 

0.91).   To determine the total amount of agricultural land in 2010 and 2020, we projected the 

linear regression for the total quantity of agricultural land to each of the dates.  We then projected 

the total quantity of alfalfa and hay to each of the dates and used that as the basis for the total 

amount of land under the C2A3 dairy rotation.  We assigned proportional amounts to corn and 

corn silage crops to fill out the C2A3 rotation and apportioned the remaining amount of cropland 

into corn and soybeans in a C1S1 grain rotation.     

 

 

Figure 3-3. Harvested acres of the main agricultural crops for 1990 to 2006 (NASS, 2008) and 
projected harvested acres for 2010 and 2020.   
 

 Between 1992 and 2006 land use did not change uniformly across the Willow watershed.  

As described in Chapter 1, 80% of the agricultural land that was converted to other land uses was 
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located in the lower subbasins of the watershed.  We assumed in the 2010 and 2020 scenarios that 

this trend continued.  We also assumed that the pattern of which land uses were increasing in the 

upper and lower portions of the subbasin continued into 2010 and 2020.  The majority of 

agricultural land in the subbasins in the upper watershed that was taken out of cultivation was 

converted to forested land (72%) with a smaller percentage converted to rural residential 

development (28%) (Almendinger and Murphy, 2005).  In the lower watershed subbasins, 

however, most of the converted agricultural land went into rural residential development (63%) 

with smaller areas converted to forest (25%) and recreational lands (12%). 

Data about the quantity of corn and soybeans under conservation agriculture was 

available for 2000 and 2006.  Although it can be misleading to project future trends from two data 

points, we extrapolated from the trend between tillage types for corn-grain in 2000 and 2006 to 

determine the percent of each practice in 2010 and 2020.  Determining the percentages of each of 

the tillage types for soybeans was not as straightforward.  The percentage of conventional tillage 

of soybeans is zero in 2010, so the only practices in 2010 and 2020 were mulch tillage and no-till.  

We used a linear projection of to determine the percentage of the soybean crop under no-till in 

2010 and 2020 and assumed the remaining percentage was under mulch till.   
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Table 3-5.  Percentages of the corn and soybean crops that are managed using conservation 
tillage practices for 2006 and 2006 and projected for 2010 and 2020. 

 

*  Extrapolated values 

Between the years used for model calibration (1999) and validation (2006), agricultural 

land was lost and converted to other land uses; we used the same conversion percentages to 

forest, urban, rural residential and grassland in the future scenarios as during 1999 to 2006.  

During this time, the human population in the Willow watershed increased, driving the 

conversion to urban and rural residential uses.  Wastewater phosphorus can also depend on the 

human population in the absence of changing treatment, but this was not the case between the 

calibration and validation scenarios for the treatment plants that discharged to the Willow River.   

While the population of the watershed increased, the wastewater phosphorus load to the Willow 

River decreased because of treatment plant upgrades.  The wastewater contribution of phosphorus 

was left at the 2006 levels for the 2010 and 2020 scenarios. 

Soil-test phosphorus in the Willow watershed increased from the 1970s to the 1990s and 

has been reported to be on the decline from the peak of 41 ppm.  County agricultural agents 

(Steve Olson, SCC-LWCD, pers. comm.) estimated that average soil-test phosphorus levels in the 

Willow watershed were declining by 1 to 2 ppm per year; from these values and the starting value 

Year Crop
Conventional 

Tillage
Mulch & Conservation 

Tillage No till
2000 Corn 63% 31% 6%

Soybeans 30% 20% 50%

2006 Corn 49% 44% 7%
Soybeans 12% 27% 61%

2010 * Corn 39% 53% 8%
Soybeans 0% 32% 68%

2020 * Corn 16% 75% 9%
Soybeans 0% 13% 87%
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of 41 ppm we estimated future average soil-test phosphorus levels.  Based on a decline of about 1 

ppm per year, the soil-test phosphorus for cropland was set to 35 ppm in the 2010 scenario and 25 

ppm in the 2020 scenario.   

Table 3-6.  Modeled sediment and phosphorus exported from the Willow River watershed under 
projected 2010 and 2020 conditions. 
 

 

 The model predicted that phosphorus and sediment export from the landscape will 

decline under 2010 and 2020 projected land use conditions (Table 3-6), with a large change for 

phosphorus in 2020.  Phosphorus exported at the gage also showed modeled reductions while 

there were slight increases of modeled suspended sediment export at the gage.  The increased 

suspended sediment at the gage was due to increased streamflow (i.e., water yield) under 2010 

and 2020 land use and the dependence of suspended sediment outflow from the reservoirs on 

streamflow.  Overall, the trends of changing agricultural land uses from dairy crops to cash crops 

and the removal of land from agriculture to rural residential, grassland, and forest land uses had 

offsetting effects that acted in concert to produce a net change that was smaller than each trend 

was examined alone.  The projected change that had the largest effect on the 2010 and the 2020 

scenarios are the reduction in agricultural soil-test phosphorus from the current levels to 35 ppm 

and 25 ppm in 2010 and 2020, respectively.  Without this decrease in soil-test phosphorus, the 

modeled phosphorus exports remain approximately the same as in the 2006 conditions.  Thus, 

Average
Flow, m3/s

Validation:  2006
conditions

4.86 27,596 18,898 17,395 1387

Scenarios:
Projected 2010
Conditions

4.88 25,899 -6% 17,884 -5% 17,131 -2% 1411 2%

Projected 2020
Conditions 4.85 23,123 -16% 16,171 -14% 16,782 -4% 1435 3%

Total Phosphorus, kg Suspended Sediment, tons
Landscape

delivery
Net watershed

Export
Landscape

delivery
Net watershed

Export
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decreasing soil-test phosphorus is critical to improving water quality in the Willow River 

watershed. 

Future: Climate change 

Land-use changes in the Willow River Watershed are occurring within a greater context of 

climate change.  The potential change in the climate under greenhouse-gas warming for 

Minnesota and Wisconsin has been described as becoming like the climate of more southern and 

western states, such as Iowa, Missouri, and Nebraska, to correspond with rising temperatures and 

increasing storm intensities.  To investigate the possible effects of climate change we ran the 

SWAT model with climate input typical of Des Moines, IA, Jefferson City, MO, St. Louis, MO, 

and Columbus, NE, (near Omaha) (Table 3-7) using a weather generator program.   

 The weather generator included with SWAT is WXGEN (Sharpley and Williams, 1990).  

WXGEN can be used to generate all of the necessary climatic data to run SWAT: precipitation, 

maximum and minimum temperature, solar radiation, relative humidity, and wind speed (Neitsch 

et al., 2002).  The weather generator uses statistics calculated from National Weather Service 

(NWS) weather stations around the country.  The closest weather stations to the Willow 

watershed are in Ellsworth and St. Croix Falls, WI.  For each execution of SWAT, the weather 

statistics for St. Croix Falls and Ellsworth were replaced with the weather statistics from the 

station of the target weather city. 

 Exports of phosphorus and sediment under changed climatic conditions in the Willow 

River watershed were influenced by the difference between simulated annual precipitation and 

evapotranspiration, which determines the amount of runoff.  The largest difference between 

precipitation and evapotranspiration (Table 3-8) were under observed climate and in Jefferson 

City, MO simulated climate; these scenarios also had the largest he largest modeled exports of 

sediment and phosphorus (Table 3-9).  The smallest difference between annual precipitation and 
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evapotranspiration was with the Columbus, NE, simulated climate, which had the lowest modeled 

sediment and phosphorus export.  This balance between precipitation and evapotranspiration 

depends on the temperature and the quantity of precipitation.  If the temperature increases in the 

watershed and causes an increase in evapotranspiration, the average annual sediment and 

phosphorus export could decrease.  Also, if precipitation increases while evapotranspiration 

remains steady, sediment and phosphorus export could increase.   

 Precipitation and evapotranspiration are large controls on sediment and phosphorus 

export, but storm intensity and timing also contribute to differing phosphorus and sediment export 

between the simulated and actual climate scenarios.  For example, a series of small storms would 

generate less overland runoff than one large storm that produces the same cumulative amount of 

precipitation.  This could be the cause of the greater sediment and phosphorus export from the 

validation 2006 observed climate than the Jefferson City, MO, simulated climate as the observed 

climate included several unusually large storm events and the weather generator does not 

generate unusual events. 

Table 3-7.  Average annual precipitation and temperature values for the three climate stations 
used for modeling current conditions and the National Weather Service (NWS) statistics for the 
stations used for modeling alternative climates. 
 

 

Precipitation, mm Temperature, oC

Amery, WI 811 6.5
Baldwin, WI 809 -
Stillwater, MN 842 8.0

Ellsworth, WI 745 6.8
St. Croix Falls, WI 790 6.1
Des Moines, IA 786 9.8
St. Louis, MO 804 13.0
Jefferson City, MO 962 12.8
Columbus, NE 635 10.0

Average Annual Climate Values

Weather stations used for modeling, 1992-2006

NWS weather station statistics
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Table 3-8.  Precipitation, potential evapotranspiration, actual evapotranspiration and the 
difference between precipitation and actual evapotranspiration for each of the climate scenarios. 
 

 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Precipitation,
mm/yr

PET,
mm/yr

ET,
mm/yr

Precip - ET,
mm/yr

Validation:  2006
conditions

815 1106 594 222

Ellsworth/St.
Croix Falls, WI

749 1141 583 166

Des Moines, IA 753 1328 616 137

St. Louis, MO 752 1498 595 157

Jefferson City,
MO

919 1481 694 225

Columbus, NE 613 1529 568 44
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Table 3-9.  Average annual flow, total phosphorus load and suspended sediment load for each of 
the climate scenarios.  
 

 
 

Suggestions for Further Work 

 Other best management practices have been demonstrated to be effective in controlling 

phosphorus and sediment export from various land uses.  Some manure applications (Bundy et 

al., 2001) and buffer strips (Reed and Carpenter, 2002) are two examples of management 

practices that can reduce phosphorus and sediment export from agricultural fields but are not 

modeled well with SWAT.  Manure in SWAT is treated as an addition of solely nutrients without 

organic matter and thus does not replicate the qualities of manure that are similar to crop residue 

on the soil surface, which can retard overland runoff and thus reduce export of phosphorus and 

sediment.  Buffer strips in SWAT reduce sediment and phosphorus using an equation that 

assumes sheet flow and bases the reductions on the width of the buffer strip.  While buffer strip 

Average
Flow, m3

Validation:  2006
conditions

4.86 27,596 18,898 17,395 1387

Scenarios:
Ellsworth/St.
Croix Falls, WI

3.71 27,882 1% 17,740 -6% 17,288 -1% 1093 -21%

Des Moines, IA 3.17 20,714 -25% 13,345 -29% 13,863 -20% 882 -36%

St. Louis, MO 3.38 20,910 -24% 14,832 -22% 13,909 -20% 850 -39%

Jefferson City,
MO

4.59 22,767 -17% 18,133 -4% 15,433 -11% 1353 -2%

Columbus, NE 1.68 5,767 -79% 4,069 -78% 3,980 -77% 385 -72%

Total Phosphorus, kg Suspended Sediment, tons
Landscape

delivery
Net watershed

Export
Landscape

delivery
Net watershed

Export



121 
 

effectiveness has been correlated with buffer strip continuity (Reed and Carpenter, 2002), there 

was no way to calibrate the buffer strip equation in SWAT and determine its veracity.   

Other proven agricultural and residential best management practices would require 

modeling at smaller scale to calibrate the effectiveness of the management practices and could not 

be addressed in this study.  Grassed waterways, cover crops, strip cropping, and streambank 

protection have been cited as sediment and phosphorus management strategies in the Upper 

Midwest (Branch, 1989).  Also, residential best management practices such as stormwater 

detention ponds, rain gardens, permeable pavements, and stormwater diversion away from storm 

drains can reduce runoff volumes and decrease the quantity of sediment and phosphorus.  

Developments in St. Croix County have begun to incorporate stormwater detention ponds, and 

rain garden effectiveness has been demonstrated in the nearby city of Burnsville, MN where 

stormflow was reduced by 83% in a paired watershed study (Barr Engineering, 2006). 

Summary and Conclusions 

The objective of this study was to use the calibrated SWAT model to examine water yield, 

phosphorus export, and sediment export under a variety of alternative scenarios.  The validated 

model was used to examine individual BMPs in Chapter 2, and the scenarios in Chapter 3 

broadened the scope to include not only combinations of these BMPs, but past and future 

scenarios as well.  The past condition was run under a land use of native pre-settlement 

vegetation.  Future conditions included changes in livestock feed, rural-residential development, 

combined land-use changes projected to 2010 and 2020, and change to warmer climates.   

Modeled phosphorus loads exported at the gage for the BMP scenarios, residential scenarios, and 

future projections are compared in Figure 3-4. 

Simulated phosphorus export under the alternative scenarios should be useful for future 

land-use and management considerations.  When the scenarios that created individual phosphorus 
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declines in Chapter 2 were combined, the results were not additive; rather, the additional 

phosphorus benefits of combining scenarios such as no-till and reduced soil-test phosphorus were 

minimal.  This could have policy implications for directing money towards projects that cover a 

broader area with one BMP rather than those that use multiple BMPS in a smaller area.  In the 

increased rural residential scenarios, while water yields increased, phosphorus export decreased 

under every scenario.  The reduction of phosphorus exports in agricultural land converted to rural 

residential was a factor in the reduction of phosphorus exports in the 2010 and 2020 future 

scenarios.  The decrease of phosphorus export under rural residential development could lead to 

strategies where policymakers set large lot sizes for development and depend on developing land 

to decrease the total phosphorus load to the Willow River.  Also, the importance of the reservoirs 

along the Willow River as intermediate traps for sediment and phosphorus could impact dam 

removal decisions, which would increase the amount of phosphorus transmitted through the 

system. 

The question of how global climate change will affect Wisconsin is still a subject of 

debate.   The balance of precipitation and evapotranspiration will impact the amount of 

phosphorus and sediment exported from river systems such as the Willow River.   In general, a 

climate change that reduces runoff will tend to reduce export of sediment and phosphorus.  

However, another important factor will be the frequency and intensity of large storms that can 

erode soils and transport sediment and phosphorus to the river system in large quantities. 
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Figure 3-4.  Comparison between the major land use and management scenarios for the Willow River Watershed.  The 1999 and 2006 dotted lines 
are provided for comparison to the 1990s conditions and the baseline scenario, respectively. 
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