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Targeting land-use change for nitrate-
nitrogen load reductions in an  
agricultural watershed
M.K. Jha, K.E. Schilling, P.W. Gassman, and C.F. Wolter

Abstract: The research was conducted as part of the USDA’s Conservation Effects Assessment 
Project. The objective of the project was to evaluate the environmental effects of land-use 
changes, with a focus on understanding how the spatial distribution throughout a watershed 
influences their effectiveness. The Soil and Water Assessment Tool (SWAT) water quality model 
was applied to the Squaw Creek watershed, which covers 4,730 ha (11,683 ac) of prime agri-
culture land in southern Iowa. The model was calibrated (2000 to 2004) and validated (1996 
to 1999) for overall watershed hydrology and for streamflow and nitrate loadings at the water-
shed outlet on an annual and monthly basis. Four scenarios for land-use change were evaluated 
including one scenario consistent with recent land-use changes and three scenarios focused on 
land-use change on highly erodible land areas, upper basin areas, and floodplain areas. Results 
for the Squaw Creek watershed suggested that nitrate losses were sensitive to land-use change. 
If land-use patterns were restored to 1990 conditions, nitrate loads may be reduced 7% to 47% 
in the watershed and subbasins, whereas converting row crops to grass in highly erodible land, 
upper basin, and floodplain areas would reduce nitrate loads by 47%, 16%, and 8%, respectively. 
These SWAT model simulations can provide guidance on how to begin targeting land-use 
change for nitrate load reductions in agricultural watersheds.

Key words: calibration—Conservation Effects Assessment Project (CEAP)—land-use 
change—Soil and Water Assessment Tool (SWAT)—watershed modeling
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Excessive nitrate-nitrogen (nitrate) loads 
are a major cause of surface water impair-
ment in the United States (USEPA 2003) 
and contribute to hypoxic conditions in 
the Gulf of Mexico (Turner and Rabalais 
1994). Public water supplies that utilize 
surface water intakes are also threatened 
when nitrate concentrations exceed the US 
Environmental Protection Agency maximum 
contaminant level of 10 mg L–1. For example, 
the City of Des Moines in central Iowa uti-
lizes the Raccoon River for a portion of its 
water supply, and the river, like many other 
Midwestern river systems, has been negatively 
impacted by excessive nitrate loads. A recent 
assessment indicated that a 48% reduction 
in nitrate loads is needed for the river to be 
in compliance with its total maximum daily 
load (Schilling et al. 2008b).

Manipulation of land use is one of the most 
promising practices for achieving nitrate load 
reductions sufficiently large enough for rivers 

to meet water quality criteria. Considerable 
research has demonstrated that introducing 
perennial vegetation into an agricultural 
landscape dominated by annual crops of 
corn and soybeans can improve water qual-
ity (Schulte et al. 2006; Dinnes et al. 2002). 
Nitrate leaching beneath perennial vegetation 
is substantially reduced compared to annual 
crops (Randall et al. 1997) because perennial 
vegetation maintains or increases soil organic 
nitrogen content (Drinkwater et al. 1998), 
maintains greater soil water content (Brye et 
al. 2000, 2001), and provides more evapotrans-
piration during vulnerable leaching periods in 
the spring and fall (Schilling et al. 2008a).

Although many studies have been con-
ducted at a plot scale (e.g., Randall et al. 1997; 
Brye et al. 2000), fewer studies have been 
conducted to evaluate the effectiveness of 
perennial vegetation to reduce nitrate loads at 
a watershed scale. A recent watershed moni-
toring project at the Neal Smith National 

Wildlife Refuge in Iowa demonstrated that 
stream nitrate concentrations were reduced 
1.2 mg L–1 during reintroduction of native 
prairie vegetation in 23% of the watershed 
over a 10-year monitoring period (Schilling 
and Spooner 2006). Such field evaluations of 
changes in land use are generally very diffi-
cult to perform at a watershed scale. However, 
water quality models such as the Soil Water 
Assessment Tool (SWAT) model (Arnold et 
al. 1998; Arnold and Forher 2005; Gassman 
et al. 2007) offer an efficient alternative 
approach for evaluating the effectiveness of 
land use or best management practice (BMP) 
changes to reduce nitrate and other pollut-
ant loads from a watershed. SWAT has been 
used extensively to evaluate BMP impacts 
on nutrient loads in streams at a watershed 
scale and has also been used to evaluate 
watershed-scale impacts of land-use changes, 
although primarily just on hydrologic indi-
cators (Gassman et al. 2007). Several recent 
studies have focused on a targeted evaluation 
approach of BMP with SWAT (e.g., Schilling 
and Wolter 2009; Maringanti et al. 2009; 
White et al. 2009); such strategies are needed 
to identify areas where pollutant loading 
rates can be reduced with greater efficiency 
(Walter et al. 2007). Thus a targeted approach 
is used in this study for assessing the effects of 
land-use change for reducing nitrate loss.

This study presents hydrologic and water 
quality modeling efforts using SWAT for the 
Squaw Creek watershed to identify loca-
tions in the watershed where conversion of 
annual crops to perennial grassland would 
have the greatest potential for achieving 
nitrate load reductions. This watershed was 
selected because it was the site of a 10-year 
water quality monitoring project, serving as 
the control basin for the large-scale land-
use changes implemented at the Neal Smith 
National Wildlife Refuge in adjacent Walnut 
Creek watershed (Schilling et al. 2006). The 
Squaw Creek watershed was also a com-
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Figure 1
The Squaw Creek watershed and subbasin delineation for the Soil and Water Assessment Tool 
modeling.
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ponent of the USDA Cooperative States 
Research, Education, and Extension Service 
Conservation Effects Assessment Project 
assessment study for watersheds represent-
ing three distinct landform regions in Iowa 
(Schilling et al. 2007). The monitoring study 
results and the modeling findings reported here 
directly support the goals of the Conservation 
Effects Assessment Project, which seeks to 
evaluate the effectiveness of different conser-
vation practices in mitigating water quality 
problems in a variety of watershed conditions 
across the United States (Richardson et al. 
2008; Duriancik et al. 2008).

The Squaw Creek watershed was desig-
nated as a control in the original monitoring 
study (Schilling and Spooner 2006). However, 
land-use change occurred in the water-
shed during the monitoring project, with 
substantial portions of the basin converted 
from Conservation Reserve Program (CRP) 
grasslands to annual row crops. Hence the 
watershed provides a suitable backdrop to 
evaluate the effects of past and future land-use 
change involving perennial vegetation. The 
designation of Squaw Creek watershed as a 
control for the region implies that basin char-
acteristics, land use, and management practices 
are typical of the Western Corn Belt Plains 
Level III Ecoregion (47), which encompasses 
most of Iowa (Omernick et al. 1994).

The specific objectives for this study were 
to (1) calibrate and validate SWAT based 
on testing with streamflow and nitrate data 
collected at the outlet of Squaw Creek; (2) 
simulate scenarios of converting CRP land 
back to row crops, similar to historical trends 
that occurred in the watershed during the 
past two decades; and (3) simulate scenarios 
of row crop conversion into CRP land to 
determine the most effective targeting of 
increased grassland in Squaw Creek and sim-
ilar watersheds.

Materials and Methods
Squaw Creek Watershed. Squaw Creek is a 
third-order stream, draining 4,730 ha (11,683 
ac) above its confluence with the South 
Skunk River in Jasper County, Iowa (figure 
1). The watershed is located in the south-
ern Iowa Drift Plain Landscape Region, an 
area characterized by steeply rolling hills and 
well-developed drainage. Soils consist mainly 
of silty clay loams, silt loams, or clay loams 
formed in loess and pre-Illinoian till overly-
ing Pennsylvanian Cherokee Group shale, 
limestone, sandstone, and coal (Schilling 

et al. 2006). The study area is in a humid, 
continental region with average annual pre-
cipitation of 750 mm (29.5 in). As of 2005, 
land use in Squaw Creek watershed con-
sisted of 75.1% row crop (3,535 ha [8,735 
ac]), 16.3% grassland (pasture and CRP 765 
ha [1,890 ac]), 5.2% urban (243 ha [600.5 
ac]), 1.4% forest (66 ha [163 ac]) and less than 
2% roads, water, and other unclassified land 
covers. The proportion of land in row crop 
increased from 69.8% to 75.1% between 
1990 to 2005, along with a corresponding 
decrease in grassland.

Monitoring Data. As part of the Walnut 
Creek paired watershed study, discharge was 
measured daily at a US Geological Survey 

(USGS) gaging station located at the Squaw 
Creek outlet (figure 1). The stage was moni-
tored continuously with bubble-gage sensors 
and was recorded by a data collection plat-
form at 15-minute intervals. A rating curve 
was developed to compute stream discharge 
according to standard USGS methods 
(Kennedy 1983). Daily mean discharge was 
compiled as monthly and annual totals in this 
study for model calibration.

Surface water samples were collected 
in Squaw Creek watershed on a weekly to 
bimonthly basis from 1996 to 2005. Nitrate 
concentrations ranged from 2.1 to 15 mg 
L–1 at the watershed outlet and 74.3% (150 
out of 202 samples) exceeded the maximum 
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Figure 2
2005 common land unit (CLU)–based land-use data for the Squaw Creek watershed.
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contamination level of 10 mg L–1 (Schilling et 
al. 2006). Mean annual nitrate concentrations 
ranged from 8.2 to 11.5 mg L–1 and aver-
aged 9.5 mg L–1, whereas nitrate export from 
Squaw Creek averaged 26.1 kg ha–1 (23.3 lb 
ac–1) (standard deviation 11.8 kg ha–1 [10.5 
lb ac–1]) for the 10-year monitoring period. 
Nitrate concentrations at the Squaw Creek 
outlet were found to have increased 1.9 mg 
L–1 during the monitoring project when 
row crop land use increased from 3,282 ha 
(8,110 ac) to 3,535 (8,735 ac) (Schilling and 
Spooner 2006).

Nitrate concentrations were also measured 
in two smaller subbasins corresponding to 
subbasins 19 and 24 in this study (figure 1). 
Surface water samples were collected weekly 
to bimonthly during the April to September 
period only. In the two monitored subba-
sins, annual nitrate concentrations increased 
significantly between 1996 and 2005 due to 
land-use conversions. In subbasins 19 and 24, 
29.8 ha (73.6 ac) and 64.3 ha (158.9 ac) of 
CRP grasslands were converted to row crop 
production between 1996 and 2000, corre-
sponding to 26% and 29% of their respective 
watershed areas. Mean annual nitrate con-
centrations in subbasin 19 increased from 2 
to 3 mg L–1 in the 1996 to 1998 period to 
values greater than 10.2 mg L–1 in 2003 to 
2005. Similarly in subbasin 24, mean annual 
nitrate concentrations increased from values 
less than 5 mg L–1 prior to 2000 to annual 
concentrations greater than 15 mg L–1 in 
2005. Since flow was not measured at the 
subbasin sites, we could not calculate nitrate 
loads for these areas.

Soil and Water Assessment Tool Model. 
SWAT is a watershed-scale water quality 
model that operates on a daily time step and 
is capable of simulating detailed land use and 
land management operations. It was developed 
by the USDA Agricultural Research Service 
and has experienced continuous evolution 
with several hundred peer-reviewed publica-
tions since the first releases in the early 1990s 
(Gassman et al. 2007; CARD 2009b). In 
SWAT, a watershed is divided into multiple 
subbasins, which are further subdivided into 
hydrologic response units (HRU) that consist 
of homogeneous land use, management, and 
soil characteristics. Streamflow generation, 
sediment yield, and nonpoint-source loadings 
from each HRU are summed, and the result-
ing loads are routed through channels, ponds, 
and/or reservoirs to the watershed outlet. 
Key components of SWAT include hydrol-

ogy, plant growth, erosion, nutrient transport 
and transformation, pesticide transport, and 
management practices. Outputs provided by 
SWAT include streamflow and in-stream load-
ing or concentration estimates of sediment, 
organic nitrogen, nitrate, organic phosphorous, 
soluble phosphorus, and pesticides. Previous 
applications of SWAT for streamflow and/or 
pollutant loadings have compared favorably 
with measured data for a variety of watershed 
scales (Gassman et al. 2007).

Input Data and Modeling Setup. A mod-
eling framework was established for the 
Squaw Creek watershed using SWAT, the 
i_SWAT interface (CARD 2009a), the 
ArcView SWAT interface (AVSWATX) (Di 
Luzio et al. 2004), other software such as a 
baseflow separation program and a load esti-
mator regression analysis tool, and an input 
database containing topography, land use, 
soil, and land management information. A 5 
m (16.4 ft) digital elevation model (USGS 
2008a), used to generate topographic data, 
and Soil Survey Geographic (SSURGO) data 
(USDA NRCS 2008) were obtained from 
the Iowa Department of Natural Resources 
(IDNR 2008). Measured precipitation data 
was obtained from two sources (figure 1): 

a tipping-bucket rain gage located at the 
mouth of the watershed and a climate station 
located near the City of Newton outside of 
the watershed boundaries, which is operated 
by the National Weather Service (NWS) 
Cooperative Observer Program (COOP) 
(ISU 2009). Daily maximum and minimum 
temperature data were also obtained from 
the Newton NWS COOP station.

A detailed land-use and conservation 
practice dataset was created on the basis of 
a field-level survey completed in May and 
June 2005 (C. Kiepe 2005. Personal com-
munication. Private consultant, Hampton, 
Iowa). Using a map of common land units 
(CLU), a tablet personal computer was 
used with a geographic information system 
interface to enter land use and conserva-
tion practices descriptions for each CLU 
into the geographic information system 
database. Conservation practices mapped 
included tillage practices, grass waterways, 
terraces, CRP grasslands, and other com-
mon USDA–funded conservation practices. 
Figure 2 shows CLU–based land-use infor-
mation for year 2005.

Typical fertilizer application rate data were 
obtained for the watershed. Nitrogen fertil-
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Table 1
List of calibrated parameters and their final values.

Parameter	 Default	 Range	 Calibrated	value

For watershed hydrology and streamflow
Curve number (CN2)* Standard list ±10% –10%
Soil available water capacity (SOL_AWC) Soil database ±0.04 Reduced by 0.02
Groundwater delay coefficient (GW_DELAY) 31 days 0 to 100 days 9 days
Baseflow recession coefficient (GW_Alfa) 0.048 0.1 to 1.0 0.7
Surface runoff lag coefficient (SURLAG) 4 0.1 to 10 6
For	nitrate-nitrogen
Organic N enrichment ratio (ERORGN) 0 1 to 4 3.5
Organic N settling rate (RS4) 0.05 0.001 to 0.10 0.1
Hydrolysis of organic N to NH4 (BC3) 0.21 0.2 to 0.4 0.25
Biological oxidation of NH4 to NO2 (BC1) 0.55 0.1 to 1.0 0.9
Biological oxidation of NO2 to NO3 (BC2) 1.1 0.2 to 2.0 2.0

Notes: N = nitrogen. NH4 = ammonia. NO2 = nitrite. NO3 = nitrate.
* Abbreviations in parentheses indicate the notation used in the Soil and Water Assessment Tool model.

izer rates were consistent with application 
rates reported for Jasper County in the USDA 
NASS Annual Agricultural Statistics (2009), 
whereas the phosphorus rate information 
was obtained from a survey of local fertil-
izer dealers in the Raccoon River watershed 
(Schilling et al. 2008b). Nitrogen applications 
are typically applied for corn production in 
the form of anhydrous ammonia at a total 
rate of 190 kg ha–1 (169.6 lb ac–1), while 
phosphorus is usually applied in the form of 
diammonium phosphate at a rate of 187.5 kg 
ha–1 (167.4 lb ac–1). It was assumed that the 
anhydrous ammonia was applied in the fall 
on October 25 and that diammonium phos-
phate was applied in the spring on April 26 
before corn planting.

The digital elevation model–derived top-
ographic data and a 1:100,000 scale National 
Hydrography Dataset (USGS 2008b) were 
used to delineate the stream network and 
subbasins for the SWAT simulations, result-
ing in a watershed configuration of 27 
subbasins (figure 1). The HRUs were then 
created by combining the 2005 CLU–based 
land-use data with the SSURGO soil data. 
All together, a total of 1,662 HRUs were 
created for modeling. The appropriate pre-
cipitation data was assigned to each subbasin 
using AVSWATX, based on the proxim-
ity of the two climate stations (figure 1) to 
the centroid of each subbasin. The Newton 
NWS COOP temperature data were dis-
tributed across all of the SWAT subbasins. 
The SWAT model was then run on a daily 
time step for 1994 to 2004 with three dis-
tinct simulation periods: a two-year (1994 to 
1995) initialization period, five-year (2000 

to 2004) calibration period, and four-year 
(1996 to 1999) validation period. Other 
important SWAT simulation options that 
were invoked for this study included using 
the Hargreaves method to estimate potential 
evapotranspiration, the Muskingum method 
for channel flow routing simulation, and the 
USDA Natural Resources Conservation 
Service runoff curve number method for 
partitioning daily precipitation between sur-
face runoff and infiltration.

Daily streamflow data collected from a 
sampling site located at the watershed outlet 
were used for flow calibration and validation. 
The model was first calibrated for annual flow 
volumes, then for monthly flow volumes and 
seasonal trends. Several model parameters, 
which affect the seasonal trends, recession, 
daily peaks, and other flow characteristics, 
were adjusted within the recommended 
ranges to obtain final calibrated values (table 
1). The nitrate calibration was performed in 
a manner to match SWAT simulated nitrate 
loads to the measured values at the monitor-
ing site. It should be noted that “measured” in 
this case does not refer to the actual measured 
nitrate loads, but rather to loads estimated 
from weekly or biweekly samples using the 
USGS Load Estimator (LOADEST) regres-
sion model (Runkel et al. 2004). Statistical 
evaluation of modeling results was assessed 
using two performance criteria: coefficient 
of determination (r 2) and Nash-Sutcliffe’s 
coefficient (E) (Nash and Sutcliffe 1970). 
The r 2 value is an indicator of the strength 
of relationship between measured and simu-
lated values, whereas the E value measures 
how well the simulated values agree with the 

measured value. Values of r 2 can range from 
zero to one while the E ranges from –∞ to 1. 
A value of one is considered a perfect match 
with the measured data for both statistics. 
The mean of the measured data would be 
considered to be a better predictor than the 
model output when an E value is equal to 
or less than zero. These statistics have been 
used in many previously published studies 
for verifying the SWAT simulation accuracy 
(Gassman et al. 2007).

The SWAT model calibration required 
adjustment of several model parameters within 
their recommended ranges. The calibration 
process included adjusting the baseflow ratio 
to the surface runoff, amount of evapotrans-
piration, and total water yield. Table 1 listed all 
parameters used in the calibration with their 
typical defaulted values, recommended ranges, 
and final calibrated values. For example, the 
curve number values were reduced by 10% of 
the standard curve number values for a given 
land use, soil type, and antecedent moisture 
condition. The calibration of nitrate transport 
in the watershed also required adjustments of 
the SWAT model parameters (within the rec-
ommended ranges) related to nitrogen cycle 
dynamics and in-stream nitrogen. Table 1 lists 
all the nitrate-related calibration parameters, 
including the final values determined for the 
Squaw Creek watershed simulations.

Land-Use Change Scenarios. In this 
study, four spatial configurations of land-
use change in the Squaw Creek watershed 
were modeled to improve understanding of 
targeting strategies for the period of 1990 
to 2005, using the measured precipitation 
and temperature data distributed across the 
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Figure 3
Average precipitation and monthly streamflow comparison at the watershed outlet for the calibration (2000 to 2004) and validation  
(1996 to 1999) periods. 
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simulated subwatersheds in the manner pre-
viously described. In scenario 1, the observed 
land-use change in the watershed was mod-
eled to assess the impact of conversion of 
CRP grasslands back to row crop. While the 
trajectory of land-use change with the sce-
nario is opposed to the goals of this study to 
evaluate effects of perennial reintroduction 
to reduce nitrate loads, the model scenario 
allows the comparison of the observed rela-
tion between land use and nitrate loads at 
two points in time (and thus also serves as a 
further verification of the SWAT accuracy). 
One can use this scenario to, in essence, turn 
the pages of a book back and forth in time to 
see the effects of land-use change on water 
quality. Scenario 1 was expanded specifically 
to examine the effects of land-use change on 
nitrate loads in subbasins 19 and 24, where 
land-use changes occupied a much greater 
proportion of the overall watershed areas and 
greatly impacted water quality as described 
in Schilling et al. (2006).

In scenario 2, all row crops defined as 
highly erodible lands (HEL) were converted 
to grassland (see Dick and Putnam [1986] 

for a description of HEL land). While it is 
commonly understood that crops farmed on 
HEL soils may have severe erosion potential, 
this scenario was used to estimate the degree 
of load reduction that could be achieved if 
these areas were also conservation targets for 
nitrate. There may be dual benefits for reduc-
ing nitrate loads from HEL areas planted into 
grasslands, while also reducing potential soil 
loss. In scenario 3, grassland reintroduction 
was targeted in five subbasins located in the 
upper portion of the watershed (subbasins 
1 through 5) (figure 1). During the 10-year 
monitoring project, downstream nitrate 
concentrations were significantly related 
to upstream concentrations, and the results 
indicated that upper basin areas exerted a 
proportionally large effect on the overall 
watershed export. Hence, scenario 3 was 
used to gauge the magnitude of nitrate load 
reduction that could be achieved if land-use 
change occurred only in the upper regions 
of a watershed. In scenario 4, grassland rein-
troduction was targeted to subbasins that 
included the floodplain of Squaw Creek 
(subbasins 6, 11, 12, 20, 21, 23, and 27). 

SWAT identifies floodplains at the HRU level 
based on the soil properties. Even though 
the HRUs are not spatially defined within 
a subbasin, subbasins within a watershed are 
spatially referenced. Here we did not target 
landscape position specifically, but we did tar-
get floodplains using the subbasin approach. 
In adjacent Walnut Creek watershed, recent 
analysis suggested that groundwater recharge 
may be concentrated in the floodplain of 
the watershed, with the floodplain com-
prising 17% of the land area but producing 
34% of the watershed groundwater recharge 
(Schilling 2009). Thus, the objective of sce-
nario 4 was to evaluate whether planting 
grasslands in floodplains would sufficiently 
reduce groundwater recharge and result in 
proportionally larger nitrate load reductions 
in the watershed.

Results and Discussion
Calibration and Validation. The annual 
water balance for the Squaw Creek water-
shed computed with SWAT found that, on 
average, streamflow comprises 29% of pre-
cipitation (223 mm [8.8 in]), and annual 
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Table 2
Statistical evaluation of simulated and measured flow and nitrate results.

Variable	 Time	step	 r2	 E

Streamflow
Calibration (2000 to 2004) Annual 0.47 0.44
 Monthly 0.71 0.69
Validation (1996 to 1999) Annual 0.80 0.78
 Monthly 0.65 0.56
Nitrate	load
Calibration (2000 to 2004) Annual 0.42 0.82
 Monthly 0.61 0.72
Validation (1996 to 1999) Annual 0.54 0.91
 Monthly 0.67 0.77
Notes: r2 = the coefficient of determination.  E = the Nash-Sutcliffe’s coefficient.

Figure 4
Comparison of monthly nitrate-nitrogen loadings at the watershed outlet for the calibration (2000 to 2004) and validation (1996 to 1999) periods.

120,000

100,000

80,000

60,000

40,000

20,000

0

M
on

th
ly

	n
itr

at
e	

(k
g)

Legend
Measured Simulated

Year

1996 1997 1998 1999 2000 2001 2002 2003 2004

evapotranspiration comprises 71% of precip-
itation (545 mm [21.5 in]). The streamflow 
component includes surface runoff, lateral 
flow, and groundwater flow. Groundwater 
recharge contributes to lateral flow, shallow 
aquifer (groundwater flow), and deep aqui-
fer. SWAT assumes 5% of the recharge as a 
loss to the deep aquifer. Figure 3 shows the 
graphical comparison of the measured and 
the SWAT–simulated monthly streamflow 
at the watershed outlet for both the calibra-
tion and validation periods. Visual inspection 
indicates that the SWAT monthly flow pre-
dictions replicated the measured data well, 
except for a few of the months. Statistical 
evaluation (table 2) yielded monthly r 2 and 
E values of 0.71 and 0.69 for the calibration 
period (2000 to 2004) and 0.65 and 0.56 for 
the validation period (1996 to 1999). The 
monthly statistics were stronger than the 
annual statistics for some of the time periods; 
the annual statistics can be strongly affected 
by a large bias during a single year over the 
short time comparisons of four or five years.

It was evident during calibration that 
there were a few months when precipitation 
and discharge were not in sync, mainly for 
conditions when discharge was elevated but 
little or no precipitation was recorded (i.e., 
February, May, and June of 1996; February 

and May of 1997; and March of 2001). This 
is likely due to the occurrence of localized 
storms that may have missed the sparsely 
located weather stations. Because the water-
shed is small and streamflow is very flashy, 
localized rainfall hotspots may have rapidly 
contributed to discharge peaks with little 
or no rainfall measured at regional weather 
stations. The model performance increased 
significantly both on an annual and monthly 
basis if the poor months were removed from 
the comparison, resulting in r 2 and E sta-
tistics ranging from 0.61 to 0.97 with the 
majority of statistics exceeding 0.80. Overall, 

the statistical analysis of calibration/valida-
tion results can be viewed as quite strong for 
the annual and monthly results, when viewed 
in the context of the suggested criteria by 
Moriasi et al. (2007).

The simulated nitrate load generally fol-
lowed a similar pattern as that of streamflow 
and replicated well the measured data trends 
(figure 4). Monthly r 2 and E statistics (table 
2) of 0.61 and 0.72 were computed for the 
calibration period (2000 to 2004), and cor-
responding values of 0.67 and 0.77 were 
determined for the validation period (1996 
to 1999). The monthly r 2 statistics were 
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Figure 5
Spatial distribution of average annual (a) water yield and (b) nitrate loading across the watershed.
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somewhat stronger than the annual r 2 values, 
similar to what was found for the stream-
flow evaluations. The model performance 
increased again if the previously described 
poor months were removed from the com-
parison, resulting in the r 2 and E statistics 
ranging from 0.56 to 0.94. Overall, the nitrate 
loading predictions were considered reason-
able on an average annual and monthly basis, 
considering that the measured nitrate loads 
were estimates developed from weekly and/
or biweekly samples. The results are strong 
relative to statistics reported by Gassman et 
al. (2007) for several SWAT studies, which 
included testing of the model for nitrate 
movement, and are also consistent with cri-
teria suggested by Moriasi et al. (2007).

Water Yield and Nitrate Loading Patterns. 
Average annual water yield in Squaw Creek 
ranged from 189 to 284 mm (7.4 to 11.2 in) 
with greater water yield near the watershed 
outlet. This area of the basin is sandier than 
more distant areas in the watershed because 
of its proximity to the sandy floodplain of 
the South Skunk River. The subbasins along 
the Squaw Creek floodplain corridor had 
the lowest average water yield in the basin. 
Average annual nitrate load from subbasin 
outlets under the calibrated baseline con-
dition in 2005 indicated minor variation 
among the 27 subbasins (figure 5). Subbasins 
with nitrate loads greater than 20 kg ha–1 

(17.9 lb ac–1 ) were located in the upper and 
lower regions of Squaw Creek watershed, 
whereas three subbasins in the central por-
tion of the basin containing more pasture 
exhibited nitrate losses less than 14.5 kg ha–1  
(12.9 lb ac–1 ) (figure 5). Overall, the average 
annual nitrate loss from the 27 subbasins was 
18.1 kg ha–1  (16.2 lb ac–1 ) with a standard 
deviation of only 2.5 kg ha–1  (2.2 lb ac–1 ).

Thus, while the modeling results suggested 
that some subbasins may be contributing more 
nitrate load than other subbasins, the range of 
average annual nitrate loads exported from 
the subbasins was not particularly large. This 
was not surprising given the similar land-use 
patterns exhibited across the watershed. In 
the case of Squaw Creek, it would be dif-
ficult to use the model to identify and target 
specific “hot spots” most responsible for the 
elevated nitrate export when none stand out 
above the background. However, this is not 
an uncommon occurrence when modeling 
watersheds dominated by a single land use 
(in this case, row crop). In Squaw Creek, the 
amount of grassland in a subbasin provided a 

(a)

(b)
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Table 3
Land-use changes between 1990 and 2005 and their estimated impacts on nitrate loads (scenario 1).

	 	 Subbasin	19	 	 Subbasin	24	 	 Squaw	Creek	watershed

	 	 1990	 2005	 1990	 2005	 1990	 2005

Row crops (ha) 38.1 67.9 119.5 183.8 3,282 3,535
 (corn and soybean)
Grassland (ha) 74.8 45.0 97.8 33.4 1,013 765
 (pasture and CRP)
Urban (ha) 1.2 1.2 8.1 8.2 243 243
Forest (ha) 0 0 0 0 71 66
Nitrate load at the 778 1,464 2,772 4,244 108,199 115,830
 outlet (kg)
Nitrate increase per  26  23  30
 new row crop area
 added (kg ha–1)
Note: CRP = Conservation Reserve Program.

measure to differentiate subbasins with lower 
nitrate loads from subbasins with higher loads 
typical of background conditions. Thus, the 
goal of the targeting scenarios was to identify 
where grasslands could be better targeted in 
Squaw Creek watershed to achieve nitrate 
load reductions at the watershed outlet.

Land-Use Changes and Nitrate Load 
Scenarios. The calibrated model was first 
run for 10 years (1995 to 2004) to establish 
a baseline for comparison of scenario results. 
Each land-use change scenario was run for 
the same period, and then average annual 
changes were compared with the baseline 
results. For scenario 1, modeled nitrate loads 
increased substantially in the Squaw Creek 
watershed, resulting from increasing row crop 
land use from 1990 to 2005 (table 3). At the 
watershed outlet, average annual nitrate loads 
increased over 7,600 kg (16,720 lb), equating 
to additional loss of approximately 30.2 kg 
of nitrate ha–1 of new row-crop land use. In 
the two smaller subbasins (19 and 24), nitrate 
loads of row crop conversion increased 26.1 
and 22.9 kg ha–1 (23.3 and 20.5 lb ac–1) from 
1990 to 2005 (table 3). These nitrate loss rates 
were similar to values reported in western 
Iowa (Burkart et al. 2005), where watersheds 
were found to yield nitrogen losses of 18 
to 43 kg ha–1 (16.1 to 38.4 lb ac–1) with a 
median loss of 32 kg ha–1 (28.6 lb ac–1).

While the trajectory of land-use conver-
sion was opposite to the goals of this study, it 
is worthwhile to consider this counterfactual 
scenario. Had the CRP grassland present in 
1990 remained in Squaw Creek watershed 
and in subbasins 19 and 24, modeling results 
suggest that nitrate loads would have been 
6.6% lower in Squaw Creek compared to 
current average annual loads. Similarly, 

nitrate loads at subbasins 19 and 24 may have 
been 46.9% and 34.7% lower than they are 
today. These results demonstrate the impli-
cation of converting grasslands to row crops 
on nitrate export.

It is interesting to note that the increase in 
nitrate loss per area of row crop conversion 
was slightly higher in the entire watershed as 
compared to the smaller subbasins (table 3). 
However, water quality data from the 10-year 
monitoring project indicated only a 1.9 mg 
L–1 increase in stream nitrate concentrations 
at the watershed outlet, as compared to more 
than a 10 mg L–1 increase in subbasins 19 and 
24. The difference between unit-area loading 
increases and measured increasing watershed 
nitrate concentrations likely stems from the 
relative sizes of the watershed areas. At the 
watershed outlet of Squaw Creek, an increase 
in nitrate loading rates in various watershed 
areas was averaged over the entire basin, 
effectively diluting the impact. In small sub-
basins like 19 and 24, increasing nitrate loss 
with land-use change was rapidly translated 
to increasing stream nitrate concentrations. 
Modeled annual flow-weighted nitrate con-
centrations increased from 2.1 to 4.4 mg L–1 
at the outlet of subbasin 19 and increased 
from 3.9 to 6.4 mg L–1 at subbasin 24 from 
1990 to 2005. Hence, modeled nitrate con-
centrations approximately doubled from the 
conversion of CRP grassland to row crop. 
While these increases are substantial, they 
were, in fact, less than the increases observed 
during the monitoring project (an increase of 
10 mg L–1 over four to five years). This indi-
cates that SWAT is not able to fully replicate 
this relatively quick and substantial increase 
in nitrate loss due to the conversion back to 
row crops and suggests that future improve-

ments may be needed to the model to better 
capture this phenomenon. The effects of 
land-use conversion on stream nitrate loads 
and concentrations is noteworthy if rapid 
expansion of the ethanol industry continues 
to occur in the future, which could provide 
the impetus for future land-use conversions 
of CRP to row crops (Schilling et al. 2008; 
Secchi et al. 2008).

The same scale effect, although in reverse, 
was observed in the adjacent Walnut Creek 
watershed. The rate of nitrate concentra-
tion decrease following prairie restoration of 
row crop lands was much greater in small 
watersheds than measured at the watershed 
outlet (Schilling and Spooner 2006). A 1.2% 
decrease in stream nitrate concentration 
over 10 years was observed at the watershed 
outlet, compared to as much as a 3.4 mg 
L–1 reduction observed in smaller subbasins. 
By the same token, should the response of 
stream nitrate loads to decreasing row crop 
land use in Squaw Creek be the same as the 
increasing response, the hypothetical nitrate 
concentration reduction should be greater 
in the smaller subbasins. However, Schilling 
and Spooner (2006) cautioned that the rate 
of nitrate concentration increase in Squaw 
Creek was more than double the rate of 
nitrate concentration decrease in Walnut 
Creek. Thus, it would be unlikely that the 
nitrate decrease following land conver-
sion would result in the same magnitude of 
decrease as observed for the nitrate concen-
tration increase.

Table 4 presents nitrate loading reduction 
due to land use change proposed in scenarios 
2, 3 and 4. In scenario 2, nitrate loads at the 
Squaw Creek outlet were reduced 47.4% 
from the baseline condition by converting 
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Table 4
Scenarios 2 to 4: Estimated effects of land-use changes in nitrate-nitrogen loading in the watershed.

	 Scenario	2	 Scenario	3	 Scenario	4
 (All HEL soil row (All row crops in upper (All row crop in floodplain
	 crops	to	grassland)	 basin	to	grassland)	 subbasins	to	grassland)

Affected subbasins All 1, 2, 3, 4, 5 6, 11, 12, 20, 21, 23, 27
Row crop area (ha) 1,915      898         692
Nitrate load at the watershed outlet (kg) 60,897 97,234 106,344
Nitrate load reduced from baseline (kg) 54,933 18,596      9,486
Percent nitrate reduction 47.4         16.1              8.2
Nitrate reduction per row crop area treated (kg ha–1)   29         21            14
Note: Baseline nitrate at the watershed outlet is 115,830 kg. HEL = highly erodible lands.

all row crops on HEL to perennial grassland. 
This reduction translated to a nitrate load 
reduction of 28.7 kg ha–1 (25.6 lb ac–1). In 
other words, converting 40.7% of the land 
area in Squaw Creek from row crop to grass-
land resulted in a nitrate load reduction of 
47.4%. Converting land in upper regions 
of the Squaw Creek watershed (scenario 3) 
and in the floodplain (scenario 4) was less 
efficient based on the area of land affected 
and the nitrate load reduction achieved. The 
nitrate reduction per land area converted was 
substantially less for scenarios 3 and 4, rang-
ing from 20.7 kg ha–1 (18.5 lb ac–1) to 13.7 
kg ha–1 (12.2 lb ac–1), respectively. Scenario 3 
reduced nitrate loads by 16.1% by convert-
ing 19.1% of the land area, whereas scenario 
4 reduced nitrate loads by 8.2% by con-
verting 14.7% of the land area. The results 
suggest that converting HEL land from row 
crop to perennial grassland could achieve a 
greater nitrate load reduction for a propor-
tionate land area treated than targeting lands 
in upper watershed subbasins or along the 
floodplain. Thus existing programs already 
targeting HEL lands for land retirement to 
reduce sediment erosion may serve a double 
purpose by being the lands most appropriate 
for reducing nitrate loading rates to streams. 

The effectiveness of targeting nitrate load 
reductions by HEL and floodplain area in the 
Squaw Creek watershed was compared to a 
similar SWAT modeling effort completed 
for the much larger South Raccoon River 
watershed (253,900 ha [627,387 ac]), located 
in Ecoregion 47 in west central Iowa (Jha et 
al. 2010). In the South Raccoon River water-
shed, HEL row crops comprised 36.1% of 
the watershed area. Converting all the HEL 
row crops to grassland resulted in a nitrate 
load reduction of 28.8% at the watershed 
outlet. The nitrate load reduction associated 
with HEL conversion at a larger scale in the 
South Raccoon was similar to the local effect 
modeled for Squaw Creek. However, the 

impact of converting floodplain row crops 
in the South Raccoon was much greater 
than observed in Squaw Creek. In the South 
Raccoon, floodplain row crops comprised 
11.9% of the watershed area. Converting all 
the floodplain row crops to grassland resulted 
in a 15.7% reduction in nitrate loads. This 
would suggest that, for the same amount of 
land treated, converting floodplain row crops 
to grassland in the South Raccoon River 
watershed would result in a proportionally 
larger nitrate load reduction compared to 
targeting HEL ground. However, it should 
be noted that the SWAT assessment of the 
South Raccoon River watershed used soil 
types to target only soils classified as alluvium 
for land-use change, whereas for Squaw 
Creek, all row crop lands in the entire subba-
sin containing the floodplain were converted 
from row crop to grass. Hence, the difference 
between the two models may be a result of 
using different targeting criteria. Despite mixed 
effectiveness, targeting floodplains for row crop 
conversion should be considered a viable BMP 
for agricultural watersheds because these areas 
provide other ecosystem services in addition to 
nitrate load reductions, like floodway buffering 
and wildlife corridors. Overall, the comparison 
of the Squaw Creek results with the South 
Raccoon results suggests that targeting solu-
tions using land-use change for nitrate load 
reductions may be unique to watershed areas, 
implying that caution should be used before 
applying a one-size-fits-all approach to land-
scape management.

Summary and Conclusions
The Squaw Creek watershed in south central 
Iowa is an intensively cropped agricultural 
landscape typical of much of Iowa and the 
Corn Belt region of the United States. Like 
many other watersheds, nitrate loads are an 
environmental concern, and targeting strat-
egies are needed to identify areas where 
nitrate loading rates can be reduced with 

greater efficiency. The use of perennial cover, 
such as CRP, for nitrate reduction is a proven 
BMP, but studies are needed to provide 
guidance for selecting areas for land-use con-
version that may achieve the greatest nitrate 
load reduction for the land area treated. 
Results from a SWAT model simulation for 
the Squaw Creek watershed suggested that 
nitrate losses are sensitive to land-use change. 
Monitoring data demonstrated and modeling 
results confirmed that changing land use from 
CRP to row crop increased nitrate loads sub-
stantially at the watershed and subbasin scales. 
Nitrate leaching in excess of 23 kg ha–1 (20.5 
lb ac–1) occurred in response to land-use con-
version to row crop. Had the same watershed 
regions remained in grassland, nitrate export 
may have been 7% to 47% lower than mea-
sured today.

Modeling results suggested that targeting 
row crops on HEL for land-use conversion 
to perennial cover may provide an efficient 
solution to reduce nitrate loads. In Squaw 
Creek, nitrate loads were expected to be 
reduced by 47.4%, following conversion 
of 40.7% of the HEL land area. While this 
amount of conversion is certainly not fea-
sible, results suggest that targeting HEL 
may be an efficient means of achieving 
nitrate reduction while serving other non-
point source pollution reduction efforts. 
Converting row crops to grasslands in upper 
basin regions reduced nitrate losses at the 
watershed outlet by reducing nitrate loads 
where they tend to be highest. Finally, tar-
geting floodplains for grassland conversion 
was not as effective in Squaw Creek, nor 
as effective as observed elsewhere, but the 
approach holds promise for achieving nitrate 
load reductions while providing other eco-
system services. In conclusion, results from 
the SWAT model simulations provide much 
needed guidance on how to begin targeting 
nitrate load reductions more effectively in 
agricultural watersheds.
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