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Abstract Agricultural non-point source (NPS) pollution,

primarily sediment and nutrients, is the leading source of

water-quality impacts to surface waters in North America. The

overall goal of this study was to develop geographic infor-

mation system (GIS) protocols to facilitate the spatial and

temporal modeling of changes in soils, hydrology, and land-

cover change at the watershed scale. In the first part of this

article, we describe the use of GIS to spatially integrate

watershed scale data on soil erodibility, land use, and runoff for

the assessment of potential source areas within an intensively

agricultural watershed. The agricultural non-point source

pollution (AGNPS) model was used in the Muddy Creek,

Ontario, watershed to evaluate the effectiveness of manage-

ment strategies in decreasing sediment and nutrient [phos-

phorus (P)] pollution. This analysis was accompanied by the

measurement of water-quality parameters (dissolved oxygen,

pH, hardness, alkalinity, and turbidity) as well as sediment and

P loadings to the creek. Practices aimed at increasing year-

round soil cover would be most effective in decreasing sedi-

ment and P losses in this watershed. In the second part of this

article, we describe a method for characterizing land-cover

change in a dynamic urban fringe watershed. The GIS method

we developed for the Blackberry Creek, Illinois, watershed

will allow us to better account for temporal changes in land use,

specifically corn and soybean cover, on an annual basis and to

improve on the modeling of watershed processes shown for the

Muddy Creek watershed. Our model can be used at different

levels of planning with minimal data preprocessing, easily

accessible data, and adjustable output scales.

Keywords AGNPS �Soil erosion �Watershed assessment �
Non-point source � Land use

Introduction

Agricultural non-point source (NPS) pollution is the lead-

ing source of water-quality impacts to surface water in

North America (The Conference Board of Canada 2010;

United States Environmental Protection Agency 2002;

David and Gentry 2000). The primary pollutants are eroded

sediment and fertilizer-derived nutrients, particularly

phosphorus (P). Agricultural lands constitute 50 % of land

use in the United States, and with a projected doubling of

agricultural yield by 2050 (United States Department of

Agriculture 2009), agronomic systems may become

increasingly dependent on fertilizer and pesticide inputs.

The long-term consequences of these increases are largely

unknown (United States Department of Agriculture 2009).

Although inputs of P are essential for profitable crop and

livestock agriculture, they accelerate eutrophication of

receiving waters (Sharpley and others 2003). This cultural

eutrophication results in rapid increases in the rate of bio-

logical production and a wide range of undesirable water-

quality changes in freshwater and marine ecosystems

(Ghadouani and Coggins 2011; National Research Council

2000). Communities are burdened with increased costs of

water treatment and decreased recreational and tourism uses

associated with algal blooms (Hoagland and others 2002).

A significant portion (B80 %) of P transported in runoff

to receiving water is transported as sediment-bound P
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during storm events (Sharpley and others 1992). P load-

ings, therefore, are a function of the same factors affecting

soil erosion. Management practices to decrease sediment-

associated P loss in agricultural runoff must be twofold:

source and transport control strategies. The efficiency of

use, e.g., fertilizer-application rates, must be improved.

Conservation practices, such as decreased tillage, cover

crops, and buffer strips, must be targeted to areas where P

availability, soil erosion potential, and surface runoff is

high (Sharpley 1995). The determination of priority source

areas (PSAs) (Shen and others 2011) of NPS pollution is

essential for risk assessment and the effective implemen-

tation of best-management practices (BMPs) aimed at

decreasing the input of pollutants to surface waters.

This article focuses on two pilot examples of geographic

information system (GIS) methods to examine the relative

importance of land use change on stream water quality and

NPS pollution potential in agricultural watersheds. Dis-

tributed-parameter NPS pollution models have been useful

tools in producing comprehensive watershed models able

to simulate the effects of alternative control measures (Wu

and others 2005). We use a modified version of one such

model, the AGNPS pollution model, developed by the

USDA’s Agricultural Research Service (Young and others

1994), to investigate alternative management strategies in a

small watershed (Muddy Creek) in southwestern Ontario,

Canada. An understanding of the dynamics of land use

change and water quality under a range of scenarios is

essential for sustainable and adaptive water resources

management (Praskievicz and Chang 2011).

Increasingly, agricultural watersheds are experiencing

urban development pressures (Barco and others 2008). The

spatial patterns of urban development have a significant

impact on the timing and magnitude of runoff and water

quality (Randhir and Hawes 2009). We built a GIS-based

model to examine long- and short-term changes in land-

cover in an urban fringe watershed (Blackberry Creek)

located in northeastern Illinois.

The overall goal of this study was to develop GIS proto-

cols to facilitate the spatial and temporal modeling of

changes in soils, hydrology, and land-cover change in agri-

cultural watersheds. We develop and apply methods that

integrate remotely sensed data, GIS-based data, and dis-

tributed-parameter model output data to assess the potential

for sediment and nutrient runoff in the study watersheds.

The specific objectives of this study were to use GIS as

follows:

1. To generate GIS layers for the hydrophysical resources

of the Muddy Creek watershed;

2. to spatially represent AGNPS model results and

potential sources areas of NPS pollution in the Muddy

Creek watershed; and

3. to characterize land-cover change for the Blackberry

Creek watershed to better account for land use change

as well as corn and soybean crop coverage.

Muddy Creek Watershed

Study Area

The study site is located along the northern shore of Lake

Erie in Southwestern Ontario, Canada (Fig. 1). Muddy

Creek is a Lake Erie tributary that flows south through the

Muddy Creek wetland into Wheatley Harbour (Fig. 2). In

the upper reaches, the natural drainage has been modified

by municipal drains, open ditches, and dredge cuts. These

modifications serve as outlets for tile drains and may

accelerate the rate of subsurface runoff during spring thaw

and storm events (Huber 1992).

The watershed (8.75 km2) is under predominantly

agricultural land use, with \8 % of the land under non-

agricultural uses. Crop types consist of mainly market

gardening and cash crops with corn, soybeans, winter

wheat, and tomatoes dominating (Fig. 3). Land use chan-

ges to a combination of industrial and commercial at the

adjoining harbor, where commercial fisheries and a fish-

and food-processing plant are located. Sandy beaches

flanking the harbor support recreational facilities, such as a

park, camp grounds, and cottages.

Approximately 90 % of the wetland consists of an

embayment of open water with shoreline vegetation of

cattail marshes and lowland swamp forests of Silver Maple.

The marshes are an important staging area for migratory

waterfowl, and the wetland system provides habitat for

provincially significant flora and fauna.

The harbor was previously designated as an area of

concern (AOC) due to a history of oxygen depletion,

increased bacterial levels, nutrient enrichment, and organic

contamination of harbor sediments (Huber 1992). After

several phases of remedial action, the AOC designation has

been lifted. The improvements to water quality have lar-

gely been the result of improved wastewater treatment by

the fish- and food-processing plant and sewage treatment

by the local township (Environment Canada 2010a).

The average daily temperature is 9.2 �C, with July being

the warmest month (daily mean 22.3 �C) and January the

coldest (daily mean -4.5 �C). The average length of the

growing season is 216 days with an average frost-free

period of 165–169 days. Mean annual rainfall is

809.3 mm, 42 % occurring in June through September.

The greatest daily maximum rainfall occurs from July to

September (111.6, 91.4, and 106.4 mm, respectively;

Environment Canada 2010b).
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The watershed drains a smooth clay veneer till plain

with scattered sandy knolls. The underlying bedrock

comprises Devonian limestone, dolomite, and gypsum.

Overlying soils (Fig. 4) in the upper reaches are poorly

drained Brookston clay sands intermixed with Brookston

clays classified as clayey, mixed, and mesic Typic Ar-

giaquolls. Two lenses of Berrien sandy loams (sandy,

mixed, and mesic Paleudults) are found in the upper and

middle sections of the watershed. These soils are

imperfectly drained. Well drained Plainfield sands (mixed

and mesic Typic Udipsamments) occur as a sand ridge

running northeast/southwest across the middle of the

watershed. In the lower reaches, drainage is poor on the

heavily textured Brookston clays. Soils immediately

around the wetlands and harbor are variably drained

bottom lands subject to flooding. The topography is

generally flat.

Research Approach

To develop a GIS protocol for the modeling of spatial–

temporal changes in land use and associated sediment- and

P-pollution potential at the watershed scale, we needed a

comprehensive data set for land use and farming practices

for our study watershed. Furthermore, we needed a com-

prehensive data set of sediment and P loadings for model

verification. We used an unpublished historical data set

collected by the first author (L. A. E.) from which we

selected all resource data and GIS layers appropriate for

that time period.

Data were derived from a combination of GIS methods

(using ArcInfo 10.0 ESRI Redlands, California) and

topographic maps because many of the available GIS lay-

ers for the study area were not at the spatial resolution

needed and/or did not possess attribute data of adequate

Fig. 1 Location of the Muddy

Creek watershed within the

Great Lakes Basin
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detail or delineation. GIS spatial techniques were used to

generate terrain based layers for the Muddy Creek water-

shed. Specifically, digital elevation models (DEMs)

(Ontario Ministry of Natural Resources 2006) were used to

estimate topographical and hydrological attributes for the

determination of slope, drainage/streamflow, and water-

shed boundaries (Fig. 5). The AGNPS model was initially

run without the use of an ArcGIS interface. ArcInfo was

then used to overlay and populate the existing grid with

model output data to facilitate spatial analysis and

representation.

Water Sample Collection and Analytical Methods

Six sampling stations were established along Muddy Creek

(Fig. 2). Stations 1 through 4 drain the primarily agricul-

tural portion of the watershed, with station 4 being located

adjacent to the riparian wetland. Stations 5 and 6 are

located within the harbor. Samples were taken bimonthly,

with increased frequency during rain events, from April to

November 1993. At each station, pH was measured using

an Oaklon microprocessor-based pH tester with automatic

temperature compensation calibrated to pH 4 and 7 (±0.1

pH). Dissolved oxygen concentration (DO) and surface

water temperature were determined using a YSI Model 58

DO meter calibrated to local barometric pressure. Where

depth and flow conditions permitted, a Teledyne Gurley

velocity meter was used to measure stream flow.

Surficial sediment samples were collected at five sam-

pling stations using a Petite-Ponar grab sampler

(6 9 6 cm). Each sample was homogenized by hand by

mixing with a prewashed (pesticide-grade hexane) spoon in

a prewashed 2-L glass container (also prewashed).

Homogenized samples were collected into plastic ointment

jars for freeze-drying and subsequent determination of

particle-size distribution and sediment geochemistry. Par-

ticle-size distribution was determined using sieving and

sedigraph methods (Duncan and LaHaie 1979) at the sed-

imentology laboratory at the National Water Research

Institute (NWRI) of Canada in Burlington, Ontario. The

analysis of sediment samples for the determination of

major elements was performed by inductively coupled

plasma–atomic emission spectroscopy with a multichannel

Jarrell-Ash AtomComp 1100. Samples for the determina-

tion of major elements (silicon, aluminum [Al], calcium

[Ca], magnesium [Mg], potassium, sodium, P, Ti, iron, and

Fig. 2 Muddy Creek watershed with wetland areas and water-quality

sampling stations/AGNPS model output locations
Fig. 3 Crop types in the Muddy Creek watershed displayed as

AGNPS model grid input
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manganese) were ground before analysis. Approximately

0.100 g of the sample was mixed with 0.8 g of Spectroflux

100 B (4:1 lithium meta- and tetraborate) in a graphite

crucible. The molten fusion mixture was poured into a

container and dissolved with aqua regia. Measurements of

the elemental concentrations were performed using a

multichannel analyzer.

Two sediment cores were taken at station 4 using a

modified hand-operated Kajak-Brinkhurst corer of 6.6 cm

diameter. The sediment cores were subsampled vertically

into 1-cm sections using a stainless steel slicer and knife.

Each subsection from the first core was freeze-dried,

homogenized by sieving through a 20 mesh–size sieve, and

used in the determination of particle-size distribution and

sediment geochemistry (per the method described previ-

ously). Subsections from the second core were stored in

wet plastic vials for sediment dating. These latter subsec-

tions were analyzed by the Paleoenvironmental Research

Laboratory at the NWRI for polonium activity for further

dating using the lead (Pb)-210 (210Pb) method (Turner

1994).

At each station, a grab sample of water was collected in

a 1-L polyethylene bottle for the determination of the

concentrations of suspended particulate matter (SPM) by

centrifugation and evaporation. Samples were centrifuged

on-site by a Westfalia continuous-flow separator at an

average rate of 4 L/min and a running time of 5 min. The

centrifuge bowls were removed and scrubbed with a plastic

cleaning brush and rinsed into a 2-L polyethylene bottle.

Any remaining water in the centrifuge bowls was also

decanted into the 2-L bottle. Samples were transferred from

the 2-L bottles to 1-L preweighed containers. The sample

bottles and lids were rinsed with distilled water, and the

rinsings were collected with the original sample. The

containers were placed in a drying oven at temperature of

38–43 �C and allowed to evaporate to dryness. The con-

tainers were cooled to room temperature and weighed.

Water samples were also collected into 500-mL poly-

ethylene bottles for the determination of alkalinity, tur-

bidity, hardness, and concentrations of Ca and Mg.

Quantitative determination of these parameters was per-

formed at the National Laboratory for Environmental

Testing of the NWRI of Canada. Water hardness was

determined by the summation of concentrations of Ca and

Mg as determined by atomic absorption spectroscopy.

Alkalinity was expressed as the equivalent of calcium

carbonate (CaCO3). CaCO3 was dissolved in deionized

Fig. 4 Soil series of the Muddy Creek watershed

Fig. 5 DEM for the Muddy Creek watershed (Provincial DEM v200,

10-m resolution UTM Zone 17)
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distilled water and then diluted to volume with the same

solution. Alkalinity was then determined by electrometric

titration with a standard solution of strong acid or base.

Turbidity was determined by comparing the intensity of

light scattered by the sample with a standard reference

(formazin polymer) under the same light conditions.

Samples for the determination of dissolved organic

carbon (DOC) and total filtered and unfiltered P (TP–FP

and TP–UF, respectively) were collected in glass jars and

acidified with 1 mL 30 % sulfuric acid. TP samples were

filtered on-site using a portable stainless steel Fujikin

positive-pressure filtration system. The reservoir chamber

and filter holder had been prewashed with 1 N nitric acid

rinsed with distilled water. A pressure of 103.3 kPa nitro-

gen was applied. Cellulose nitrate filters (142-mm diame-

ter, 0.45-lm pore size) with glass fiber prefilters were used.

All samples were stored at 4 �C until analysis.

DOC was measured by high-temperature combustion

using a Dohrmann DC-190 high-temperature total carbon

(C) analyzer (0.5 mg/L SEM) at the National Laboratory

for Environmental Testing of the NWRI. Soluble (dis-

solved) and total P levels were determined using a colori-

metric method. The organic matter in the sample was

destroyed by digestion with a mixture of sulfuric acid and

persulfate during which the organic P is released as phos-

phate. The acid digestion also hydrolyzes polyphosphates

to orthophosphates. The orthophosphate was then reacted

with ammonium molybdate to form heteropoly phospho-

molybdic acid, which was reduced using stannous chloride

in an aqueous sulfuric acid medium to form molybdenum

(Mo) blue. The Mo blue color was measured using a

Technicon Autoanalyzer unit with colorimeter (50 mm

flow cell and 660 nm filters) set at a wavelength of 660 nm.

Rainfall was recorded (May through September) using a

polyethylene storage rain gauge with an aperture of

41.5 cm2 positioned 45 cm above the ground surface

300 m west of station 1.

Spatial Modeling: AGNPS Model Inputs

The AGNPS model is a single event, basin-scale model that

operates on a grid (cell) basis (Young and others 1994).

Each cell homogeneously represents the landscape within

the respective cell boundary. A cell size of 16.2 ha was

selected to match the size of land ownership parcels. Basic

model components include hydrology, erosion, sediment

transport, and chemical transport.

Each cell is characterized by 22 input parameters,

including cell number (54 total for the Muddy Creek

watershed), division, receiving cell number, aspect/flow

direction, curve number (CN), land slope, land slope shape

factor, field-slope length, channel slope, channel side slope,

Manning’s roughness coefficient (n-factor), soil erodibility

factor (K-factor), cropping factor (C-factor), conservation-

practice factor (P-factor), surface condition constant, soil

texture, fertilizer level, fertilizer-availability (incorpora-

tion) factor, point source indicator, gully source level,

chemical oxygen demand (COD) factor, impoundment

factor, and channel indicator. Standard values for the

model inputs were used as indicated by the user’s guide

(Young and others 1994). Where more than one land use

condition existed within a cell, a weighted average was

used. Where nonuniform conditions existed within a cell

for the following input parameters—CN, channel slope,

channel sideslope, n-factor, K-factor, C-factor, P-factor,

surface condition constant, fertilizer-availability factor, and

COD—the predominant condition in the cell was used.

COD is a measure of the oxygen required to oxidize

organic and oxidizable inorganic compounds in water and

is often used as an indicator of the degree of water pollu-

tion by organic material (Wang and others 2011).

Slope aspect, slope length, slope shape, channel slope and

channel side slope for the Muddy Creek watershed were based

on topographic map interpretation. Seasonal values for spring,

summer, and fall were used for the n-factor (=0.039, 0.025,

0.039) and the C-factor (=0.35, 0.40, 0.29, respectively)

(Young and others 1994). There were no point sources,

impoundments, or significant gully inputs to the creek.

Input cell data for fertilization level and availability

were obtained from existing records, visual reconnaissance,

and a farmer questionnaire. Field reconnaissance consisted

of manual rainfall data collection as well as measurement

of basic meteorologic (temperature and wind) and water

conditions (stream velocity, depth, and temperature).

In-person interviews were conducted throughout the sam-

pling season. Survey questions included crop-management

practices (e.g., seed date, harvest date, rotation, treatment,

and tillage) and fertilizer and pesticide application (e.g.,

type, rate, and timing). The survey response rate was 76 %.

Regarding cells for which there were no survey response

data, recommended fertilization levels (Ontario Ministry of

Agriculture, Food and Rural Affairs 1994) according to

crop type were used. In addition, where possible, the fer-

tilizer-availability factor was based on field observation of

tillage practices; for unknown conditions, an availability

factor of 50 % was used.

Watershed level inputs for total precipitation of the

storm events May 15, July 8, and November 1, 1993, were

27.9, 55.9, and 17.8 mm, respectively. Energy intensity for

these same three events was determined as 3.4, 18.0, and

4.0 according to Rudra and others (1986). Assigned CN

values were adjusted for individual storms depending on

the antecedent moisture condition (AMC) before each

storm event in the AGNPS input file. The AMC of a

watershed was determined by the 5-day antecedent rainfall

amount (Soil Conservation Service 1968).
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Of the AGNPS model (version 5.00; Young and others

1994) runs, three dates were selected as being representative

of crop-stage period for a growing season (May 15

[spring] = spring conditions, crops planted, and fertilizers

applied; July 8 [summer] = midseason conditions; Novem-

ber 1 [fall] = completion of growing season, crops harvested,

winter wheat planted) under four scenarios: existing condi-

tions, worst case conditions (summer fallow), alternative

management option 1 (winter wheat for year-round soil

cover), and alternative management option 2 (combined use

of no-till on clay soils and maintenance of a corn residue).

Output was generated at the watershed outlet and at six

locations along Muddy Creek (Fig. 2).

Although fallow conditions are not standard practice, in

mixed use and particularly in agricultural watersheds

experiencing urban development, previously tilled and

cultivated agricultural land is unused or left fallow between

the time that it has been purchased for development and the

onset of construction (Manonmani 2010). In some com-

munities, there is a requirement that agricultural land must

be left fallow for a designated period before urban devel-

opment (Manonmani 2010). In Illinois specifically, the

economic downturn has resulted in the delay or termination

of subdivision construction, leaving former agricultural

land at varying stages of development where the land may

have been cleared and/or utilities or roadways installed.

Data Acquisition and Development of GIS Layers

The provincial boundary, municipal boundaries, hydrog-

raphy (water lines and polygons), quaternary watershed

boundaries, and soil survey layers were acquired through

the Land Information Ontario (LIO) Geospatial Warehouse

Data Subscription Service (Ontario Ministry of Natural

Resources 2010). Wetland area was derived as a subset of

the hydrography.

Multiple 10-m DEMs for the Province of Ontario were

also acquired from the LIO warehouse (Ontario Ministry of

Natural Resources 2006), and the watershed boundary was

used to delineate extent. The watershed boundary was

delineated using the Spatial Analyst hydrology tools in

ArcInfo 10.0. Any internal boundaries were eliminated by

converting the raster layer to polygons and dissolving.

The AGNPS model operates on a grid (cell) basis. Input

and output data are routed through the grid of cells repre-

senting the watershed area. A scanned version of the model

output grid was imported into Aroma, georeferenced, and

rectified (bilinear interpolation). The extent of the grid was

digitized as a new feature. The internal cell divisions were

created using the Cut Polygon feature in the editing mode.

Information on land use and farming practices, such as

crop type, crop dates, tillage techniques, and fertilizer-

applications, was obtained through field reconnaissance

and interviews with local farmers as detailed previously.

These input data were used to produce the model output

presented later in the text. Fields for crop type, soil erod-

ibility, fertilizer-availability, and sediment P output data

were added to the model attribute table, and the grid cells

were populated for these values. Each cell was then

selected and the information added as an integer repre-

sentative of specific crop type, erodibility (K), and fertil-

izer-availability.

The GIS soil layer is based on original soil maps and

surveys performed in 1949 and digitized by the Ontario

Ministry of Agriculture, Food and Rural Affairs (2004).

Based on aerial photos, topographic maps, and field study,

the bottomland soil boundary was determined to be inac-

curate. ArcInfo 10.0 editing tools were used to reposition

the vertices of the boundary line and topological rules (e.g.,

polygons must not overlap and must not have gaps) were

used to maintain data integrity. All layers were projected to

Universal Transverse Mercator Zone 17, NAD 1983, for

further analyses.

Table 1 pH values (±0.1 pH accuracy) for Muddy Creek

Sampling dates Station 1 Station 2 Station 3 Station 4 Station 5 Station 6

19–21 April 7.6 – 7.8 7.6 – 8.1

25–27 May 7.5 – 7.8 7.5 7.9 8.1

7–9 June 7.3 7.1 7.4 7.4 7.6 8.3

28–29 June 7.5 7.2 7.6 7.0 7.6 8.3

12–14 July 8.2 7.7 7.6 7.7 7.8 8.2

27–30 July 7.9 7.7 7.6 8.4 7.8 8.2

9–10 August 7.6 8.2 8.6 7.9 6.9 7.1

28–30 August – – 7.6 7.7 7.6 7.8

28–29 September 7.4 7.4 7.2 7.8 7.4 7.9

3–4 November 5.2 5.2 5.5 – 7.1 7.1
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Water Quality

Several water-quality parameters were investigated in

the Muddy Creek watershed. These parameters are

interdependent and indicative of the pollution potential of

the watershed. The pH values (Table 1) fell within the

range (6.5–9.0) recommended for the protection of fresh-

water aquatic life (Canadian Council of Ministers of the

Fig. 6 DO (mg/L) concentrations versus surface water temperature (�C) for stations 1, 3, and 4 through 6 at Muddy Creek watershed

Table 2 DO (mg/L) for Muddy Creek

Sampling dates Station 1 Station 2 Station 3 Station 4 Station 5 Station 6

19–21 April 11.55 – 11.05 – 7.13 8.13

25–27 May 5.85 – 7.93 9.93 8.87 8.80

7–9 June 7.38 7.40 7.32 6.47 4.14 8.52

28–29 June 9.50 6.07 7.09 4.21 5.40 8.47

12–14 July 8.35 5.31 4.12 4.38 6.65 6.59

27–30 July 4.80 – 6.80 13.52 6.07 5.40

9–10 August 2.45 9.53 18.86 5.37 8.49 7.72

28–30 August – – 2.68 8.59 4.84 4.86

28–29 September 7.39 8.72 5.49 8.83 7.98 9.71

3–4 November 8.80 7.03 3.45 9.80 8.34 9.55
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Environment 2011) with the exception of stations 1–3 in

November.

Dissolved Oxygen

The DO content of surface water is an indicator of a water

body’s ability to support aquatic organisms; values

\4.0 mg/L threaten aquatic life (Canadian Council of

Ministers of the Environment 2011). DO concentrations in

Muddy Creek (Table 2) were at or lower than this guide-

line concentration throughout the summer months,

particularly in mid-July and late August through early

September. These low concentrations corresponded to late

summer and early fall dieback and decomposition of algae.

The maximum DO concentrations of 13.52 mg/L (station

4) and 18.86 mg/L (station 3) occurred in late July and

early August, respectively, and were associated with an

increase in photosynthetic oxygen from mid-summer algal

blooms.

Station 6 exhibited an inverse relationship between DO

and water temperature throughout the entire sampling

season (Fig. 6e). Stations 1 through 5 exhibited varying

trends. The water at these stations is shallow, wind-mixed,

and influenced by air temperature. An increase in water

depth at stations 4 through 6 appeared to dampen the effect

of air temperature on water temperature.

In general, for stations 1 through 5, DO and water

temperature exhibited opposite trends in mid- to late June

and showed similar trends in spring (Fig. 6a, d). These

trends indicated an increase in light and temperature con-

ditions favoring algal growth and increased photosynthetic

oxygen, with an early summer dieback preceding a second

mid- to late summer algal bloom and decomposition in late

summer through early fall.

Dissolved Organic Carbon

At all stations, with the exception of station 3, spring

concentrations of DOC (Table 3) were greater than those in

the late summer peak. At station 4, high concentrations of

DOC in spring (33 mg/L greater than the next closest high

concentration) were observed compared with the other

stations. The peak in DOC in May at this station may be a

measurement error due to the large amount of colloidal

material that bypassed the centrifuge used to separate SPM

from the water. The lowest concentrations of DOC for

stations in the upper watershed occurred in February,

whereas minimum DOC concentrations for lower water-

shed stations occurred in mid-July. Low DOC may be

attributed to one or all of the following conditions: stagnant

water, decomposition of organic matter, and low water

levels. DOC concentrations peaked in early June and late

July or August for stations 1 through 4. DOC at stations 5

and 6 peaked in spring and decreased throughout fall. Light

conditions in the spring may have favored increased pro-

ductivity despite lower water temperatures.

Turbidity

Turbidity is a measure of water clarity and can indicate

increased erosion and/or algal blooms. According to

drinking-water standards (Canadian Council of Ministers

of the Environment 2011), turbidity in Muddy Creek was

excessive. For stations 1 through 5, peaks in turbidity

Table 3 DOC (mg/L) in Muddy Creek

Sampling date Station 1 Station 2 Station 3 Station 4 Station 5 Station 6

10 February 2.0 – 3.4 5.5 5.7 3.5

20 April 3.4 – 7.1 – 7.3 6.1

26 May 8.3 10.1 12.5 68.8 4.8 –

27 May – – – 71.5 – 4.7

7 June 11.8 12.2 10.2 9.2 7.2 4.0

28 June 9.2 8.5 8.1 – – –

29 June 9.3 – 8.0 8.3 4.3 3.3

30 June 7.6 – 8.2 – – –

12 July 6.3 – – – – –

13 July 7.1 – 6.3 8.7 4.1 22.1

14 July 7.6 – 8.3 – 3.1 –

27 July 9.1 – 14.1 11.5 4.3 2.4

28 July 11.5 12.1 16.7 – – –

10 August 9.9 14.4 17.1 10.4 4.1 2.6

30 August – 19.9 19.9 12.0 3.7 2.4

28 September 8.5 – 9.5 6.8 4.9 3.1
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(Table 4) occurred in spring, early summer, and late

summer. Summer increases in turbidity were greater than

spring turbidity, with concentrations reaching six times

those found in the spring. With the exception of station 2,

late summer turbidity exceeded early summer turbidity.

Comparatively low turbidity levels were maintained from

mid-July to mid-August, were decreased in September, and

were increased in November. This pattern in turbidity

followed erosion events with initial increases in turbidity

after snowmelt and seedbed preparation. Summer increases

followed rainfall events. In September, erosion potential

was lower because crop coverage was at a maximum,

rainfall events were less intensive, and no crop

maintenance was practiced. The increase in turbidity in

November followed soil disturbance by crop harvesting.

The spike in turbidity at station 1 is most likely attributed

to extensive drain-reconstruction activities at this site

during the sampling period. Station 6 turbidity levels were

lower than 100 JTU due to the dilution effect of Lake Erie

water.

Suspended Particulate Matter

Suspended particulate matter concentrations (Table 5) at

station 6 were also low due to dilution by Lake Erie water.

There is also no farmland adjacent to this station. The

Table 4 Turbidity concentrations (JTU) in Muddy Creek

Sampling date Station 1 Station 2 Station 3 Station 4 Station 5 Station 6

10 February 7.3 – 0.27 4.6 0.85 7.6

20 April 300 – 150 – 50 22.4

26 May 235 300 18.5 210 45 –

27 May – – – 17.2 – 7.6

8 June 275 300 660 750 – 21

9 June 240 – 195 – 412 –

28 June 800 500 1,175 – – –

29 June 31 – 41 590 215 4.3

30 June 288 – 39.5 – – –

12 July 4.6 4.2 – – – –

13 July 0.45 – 9.0 16 3.1 –

14 July 6.25 – 9.0 – 7.4 19.5

27 July – – 32.5 10 40 21.5

28 July 33.5 225 40 – – –

10 August – 225 37.5 375 48.5 20

31 August – – 143 380 250 8.7

1 September – 975 450 – – –

28 September \0.05 8.7 34 42 37.5 21.5

3 November 6,500 25 – 160 150 87

Table 5 SPM concentrations (mg/L) in Muddy Creek

Sampling date(s) Station 1 Station 3 Station 4 Station 5 Station 6

10 February 9.3 5.7 8.4 34 22

20 April 126 92 – 80 35

26–27 May 137 29 139 68 34

8–9 June 110 127 305 347 29

28–30 June 506 671 229 92 20

12–14 July 63 42 165 84 29

26–28 July – – 156 68 24

9–11 August – 118 189 90 26

30–31 August – 163 155 47 27

27–28 September – 32 – 101 24

2–4 November 881 46 89 190 102
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concentrations of SPM were greater at station 4 in Muddy

Creek compared with the other stations. These greater

concentrations may be the result of bottom sediment

resuspension caused by fish movements and wind-driven

seiches. Sampling at this site also involved wading out into

the creek to suspend the centrifuge pumps. This movement

could also have caused resuspension of bottom sediment.

Attempts were made to limit this influence by placing the

pumps upstream of the person handling the pumps.

In general, concentrations of SPM increased in late

spring and late fall after soil disturbance caused by plowing

and harvesting, respectively. The lack of an increase in

SPM at station 4 may indicate the ability of riparian wet-

land to trap sediments. SPM increases in June and August

Table 6 Concentrations (mg/L) of hardness (CaCO3) in Muddy Creek

Sampling date Station 1 Station 2 Station 3 Station 4 Station 5 Station 6

10 February 384 – 385 284 141 126

20 April 255 – 230 – 179 114

26 May 263 385 314 229 154 –

27 May – – – 228 – 116

8 June 229 225 203 174 – –

9 June 226 – 251 – 147 –

28 June 193 212 199 – – –

29 June 310 – 286 214 132 111

30 June 348 – 308 – – –

12 July 273 251 – – – –

13 July 390 – 268 183 132

14 July 193 – 221 – 130 112

27 July 503 285 311 199 128 116

28 July 523 – 310 – – –

10 August 654 – 254 170 118 115

30 August – 252 272 198 133 115

28 September 392 663 235 177 149 115

3 November 574 528 182 125 114

Table 7 Concentrations (mg/L) of alkalinity (CaCO3) in Muddy Creek

Sampling date Station 1 Station 2 Station 3 Station 4 Station 5 Station 6

10 February 185 – 228 174 111 93

20 April 156 – 150 – 131 94.6

26 May 208 226 212 168 112

27 May – – – 167 – 89.1

8 June 86.5 87.8 83 75.6 – 86.1

9 June 114.5 – 117 – 78.4 –

28 June 75.5 94.5 96.1 – – –

29 June 155 – 159.5 124 94 82.4

30 June 189 – 179 – – –

12 July 158 158 – – – –

13 July 242 – 181 133 106 –

14 July 97 – 135 – 104 87.7

27 July 260 – 271 179 108 92.8

28 July 267 233 276 – – –

10 August 280 284 264 152 93.9 87.5

30 August – 224 310 186 108 91

28 September 209 138 160 161 130 90.3

3 November 245 208 – 208 146 101
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at stations 1 through 5 followed seasonally large rainfall

events, 33 and 15 mm, respectively. Because stations 1

through 3 have much shallower water depth than the other

stations and are bordered by field on either side of the

creek, they may be more susceptible to land use and cli-

matic influences and therefore greater increases in SPM,

notably the 506 and 671 mg/L peaks in late June.

Water Hardness

Water hardness can reflect biological activity with hardness

increasing as productivity increases. The hardness of

Muddy Creek water (Table 6), however, did not exhibit

statistically significant relationships with DO or DOC.

Hardness also reflects the geochemistry of underlying

bedrock and soil. The Muddy Creek watershed is located

on a till plain with underlying limestone, dolomite, and

gypsum. Muddy Creek waters ranged from moderately

hard (50–150 mg/L as CaCO3) to very hard ([300 mg/L as

CaCO3) with hardness decreasing with progression down-

stream. Drinking-water standards for hardness (Canadian

Council of Ministers of the Environment 2011) were

exceeded at stations 1 and 3.

Alkalinity

Waters with high alkalinity are undesirable for domestic

uses primarily because of the associated hardness. Alka-

linity levels (Table 7) in Muddy Creek fell within the

acceptable range for drinking-water (30–500 mg/L as

CaCO3). The lowest alkalinity occurred in June at all sta-

tions. This decrease is associated with precipitation of

CaCO3 and the production of organic C and consumption

of HCO3
- by photosynthesizing phytoplankton (Schle-

singer 1991). Maximum levels occurred in August at sta-

tions 1 through 3 and in November at stations 4 through 6.

Increases in alkalinity follow from the consumption of CO2

by bacterial decomposition. The increase in alkalinity at

downstream stations in November may have been due to

decomposition because it takes more time for phyto-

plankton to settle in deeper waters.

Fig. 7 Particulate P

concentrations (mg/L) for the

Muddy Creek watershed

Fig. 8 Dissolved P

concentrations (mg/L) for the

Muddy Creek watershed
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Particulate and Dissolved P

In general, particulate P concentrations exceeded dissolved

P concentrations (Figs. 7, 8). On few occasions, dissolved

P concentrations exceeded particulate P concentrations in

late summer. In late summer, bacteria consume particulate

P, with carbon (C) as a food source, during the degradation

of organic matter. The bacteria then excrete P and C in

their dissolved form. The concentrations of dissolved P

during late summer in Muddy Creek varied from station to

station. Sharpley and Menzel (1987) suggested that the

leaching of nutrients from vegetation in different stages of

growth and decomposition may partly account for seasonal

fluctuations in dissolved P. Late summer dissolved P con-

centrations were greater than those in late May and early

June (after fertilization of fields).

Increases in particulate P concentrations in June, July,

and September were coincident with increases in primary

productivity. A large portion of soluble P may be incor-

porated into algal tissues and organic debris rather than

inorganically bound (Driscoll and others 1993).

Ratios of the percentage of dissolved P to the percentage

of particulate P ranged from 0.005–16.732. At each of the

stations, the percent that dissolved and particulate forms

contributed to the TP concentration was similar in July and

August and varied among stations. The ratios indicated that

the relative contribution of each type of sediment P to TP

were comparable. The importance of particulate P relative

to dissolved P was different for each site. The most similar

ratios occurred in spring and fall corresponding to erosion

events, such as plowing and harvesting activities.

Total Phosphorus

The concentration of TP is important, in general, as an

indicator of a water body’s eutrophication potential. TP

(Fig. 9) concentrations in Muddy Creek exceeded critical

concentrations (0.02 mg/L) with respect to surface water

eutrophication (Sugiharto and others 1994). TP concen-

trations in Muddy Creek exceeded this criterion by at least

one order of magnitude.

Environment Canada water-quality guidelines for TP

concentrations range between 0.035 and 0.100 mg/L for

the protection of freshwater aquatic life and 0.100 and

0.065 mg/L for drinking-water supplies (Canadian Council

of Ministers of the Environment 2011). With the exception

of station 6, concentrations of TP in Muddy Creek excee-

ded these guidelines. Concentrations of TP were greatest at

station 3 and lowest at station 6. Concentrations of TP at

these stations fluctuated throughout the sampling season,

with the greatest concentrations occurring in the summer

months (June through August).

Fig. 9 TP concentrations

(mg/L) for the Muddy Creek

watershed

Table 8 Distribution of major elements in surficial sediments in Muddy Creek (% dry weight)

Sampling

station

SiO2 Al2O3 Fe2O3 MnO MgO CaO K2O Na2O P2O5

1 48.11 10.81 4.23 0.05 3.14 9.85 2.23 0.66 0.20

3 47.13 12.26 4.71 0.05 3.24 9.67 2.18 0.54 0.20

4 45.72 12.69 4.84 0.06 3.05 9.51 2.29 0.59 0.30

5 46.33 13.07 3.93 0.06 3.35 10.19 2.22 0.65 0.20

6 48.81 10.89 4.25 0.07 3.46 9.53 2.08 0.63 0.20

Detection limits: K2O 0.05 %, P2O5 0.03 %, and all others 0.01 %
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Sediments

Surifical sediments were composed of primarily clay-sized

particles. Surficial sediment composition ranged from 0 to

16.07 % gravel, 4.2–10.5 % sand, 16.8–32.8 % silt, and

57.5–72.7 % clay. Particle-size distribution of SPM could

not be quantitatively determined due to distortion of par-

ticles during centrifuging.

The concentrations of major elements in surficial sedi-

ments were similar among the sampling stations (Table 8)

and indicated a similar geochemical composition within

Muddy Creek (Bourgoin and others 1994). Silica, Al2O3,

and CaO represented the largest part of the sediments’

geochemical composition. High concentrations of Ca were

expected because Muddy Creek drains a watershed

underlain by limestone. The concentration of Al, a con-

stituent of clay minerals (Mudroch and Duncan 1986),

reflected the predominant soil type in the watershed, i.e.,

Brookston clays. The concentrations of P in surficial sed-

iments were similar at stations 1, 3, 5, and 6 with slightly

greater concentrations at station 4. The concentrations of P

in SPM were up to three times greater than those in sur-

ficial sediments. Mudroch (1984), with similar results in

several southern Ontario marshes, found that the greater

concentration of P in SPM indicated regeneration of P

within the water column. The predominance of fine-

grained–sized particles also indicated the settling out of

SPM during low-flow conditions; this can serve as a

potential source of P through desorption from surficial

sediments in the streambed during anoxic conditions

(Driscoll and others 1993) or when algal consumption

reduces the dissolved P concentration in the water lower

than that of the equilibrium P concentration between par-

ticulate and dissolved P (Oloya and Logan 1980).

The geochemical composition of the sediment core

collected at station 4 (Table 9) indicated past inputs of

geochemically similar material (Bourgoin and others

1994). 210Pb dating indicated that either little sediment

accumulation had occurred at this site in the last 150 years

or that this site is an area with cyclic deposition and

removal of fine-grained sediments with subsequent trans-

port downstream (Turner 1994). Bourgoin and others

Table 9 Concentration profiles of major elements in core sediments at station 4, Muddy Creek (% dry weight)

Depth (cm) SiO2 TiO2 Al2O3 Fe2O3 MnO MgO CaO Na2O K2O P2O5

0–1 57.03 0.76 14.33 4.97 0.05 1.75 1.72 0.66 2.97 0.42

1–2 57.44 0.77 14.16 4.86 0.04 1.72 1.70 0.63 2.98 0.44

2–3 56.90 0.75 13.99 4.74 0.04 1.68 1.61 0.68 2.99 0.39

3–4 57.78 0.73 13.82 4.64 0.04 1.64 1.61 0.64 2.95 0.36

4–5 58.02 0.75 13.99 4.85 0.04 1.77 1.67 0.66 2.93 0.34

5–6 58.66 0.75 14.24 4.95 0.04 1.79 1.66 0.64 2.95 0.37

6–7 60.03 0.70 13.61 4.38 0.04 1.56 1.66 0.74 2.86 0.32

7–8 58.59 0.72 13.55 4.47 0.04 1.58 1.63 0.84 2.96 0.32

8–9 59.09 0.72 13.72 4.52 0.04 1.60 1.70 0.73 2.96 0.35

9–10 59.88 0.75 13.99 4.65 0.04 1.64 1.67 0.75 2.90 0.30

10–11 59.24 0.72 13.84 4.50 0.04 1.58 1.63 0.67 2.83 0.36

11–12 59.77 0.72 13.62 4.52 0.04 1.60 1.72 0.73 2.82 0.36

12–13 59.24 0.73 13.42 4.45 0.04 1.56 1.68 0.75 2.73 0.35

13–14 59.70 0.73 13.60 4.50 0.04 1.58 1.71 0.74 2.74 0.38

14–15 60.00 0.74 13.69 4.51 0.04 1.60 1.68 0.84 2.78 0.33

15–16 59.30 0.72 13.41 4.41 0.04 1.56 1.67 0.75 2.72 0.34

16–17 58.11 0.72 13.62 4.48 0.04 1.61 2.07 0.67 2.81 0.36

17–18 57.95 0.71 14.37 4.71 0.04 1.71 2.00 0.62 2.82 0.39

18–19 55.40 0.71 14.73 4.76 0.03 1.64 1.43 0.48 2.97 0.45

19–20 55.09 0.73 14.89 4.84 0.03 1.65 1.29 0.45 2.99 0.35

20–21 54.40 0.74 14.86 4.95 0.04 1.65 1.55 0.41 3.01 0.67

21–22 55.07 0.76 15.33 5.10 0.04 1.71 1.28 0.43 3.06 0.43

22–23 54.18 0.74 15.22 5.06 0.04 1.68 1.30 0.48 3.08 0.45

23–24 53.64 0.72 15.08 5.03 0.04 1.66 1.23 0.44 3.08 0.45

24–25 53.90 0.75 15.27 5.47 0.04 1.72 1.26 0.44 3.14 0.66

Detection limits: K2O 0.05 %, P2O5 0.03 %, and all others 0.01 %
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(1994) found that pesticide concentrations in the sediment

at this station supported the second scenario. Station 4 is

located at the point in the creek where wind-induced sei-

ches travelling upstream meet the downstream flow.

NPS-Pollution Potential

Agricultural non-point source pollution model results for

Muddy Creek showed runoff volumes, peak runoff rates, and

total soluble P (an indication of fertilizer loss) concentrations

in runoff comparable with those in spring and summer and

marked decreases in the fall (Table 10). In general, summer

erosion losses and sediment yields exceeded spring and fall

losses and yields, respectively (Tables 11, 12, 13, 14, 15 and

16). The greatest concentrations of the aforementioned

parameters occurred under existing summer and fallow con-

ditions (Tables 11, 12, 13, 14, 15 and 16). The use of a winter

wheat cover crop as an alternative to leaving a field fallow was

most effective in decreasing soil erosion losses (25–30 %) in

summer and fall. Using a no-till/corn residue combination was

most effective at decreasing soil erosion loss during the spring

(20–30 %).

Rainfall intensity and amount were the primary influences

on runoff volume and peak runoff rate, with summer storm

events having the greatest erosive potential and subsequently

the highest predicted total P concentrations (Table 10).

Runoff volume, in turn, was the primary influence on ero-

sional losses. Secondary influences on erosion were soil

erodibility (K-factor) and slope gradients. Total P in sedi-

ment (TPS) and dissolved P followed seasonal trends similar

to erosional loss and sediment yield. In addition to runoff

volume and soil erosion, fertilizer P availability in the

Muddy Creek watershed (Fig. 10) was a function of the

method of fertilizer application. Most fertilizers were

broadcast at the time of application with no incorporation,

leaving fertilizers available for erosion and runoff.

The greatest predicted losses of soils and available P

were from the upper reaches of the watershed associated

with soil K-factors of 0.13–0.16 (Fig. 11). These losses

also reflect land use and management practices in the

adjacent fields, i.e., continuous row cropping, spring

seedbed cultivation, and fall moldboard plowing, which all

expose soil to erosion.

Because the purpose of running the AGNPS model for

the Muddy Creek watershed was to perform an initial

screening of potential source areas, the limited observed

data were used for model validation and not model cali-

bration and sensitivity analysis. AGNPS was designed to

respond to standard input values selected according to

observed watershed conditions and can be run without

calibration (Enright and Madromootoo 1990; Overcash and

Table 10 Summary of seasonal AGNPS output data at the Muddy

Creek watershed outlet for rainfall events: spring (May 15), summer

(July 8), and fall (November 1)

AGNPS output Spring Summer Fall

A. Existing conditions

Runoff volume (mm) 7.6 25.4 2.5

Peak runoff rate (m3/s) 2.7 9.5 1.0

TPS (kg/ha) 0.01 0.03 0.01

Total soluble P in runoff (kg/ha) 0.25 0.61 0.09

Soluble P in runoff (mg/L) 3.85 2.43 4.29

B. Summer fallow conditions

Runoff volume (mm) 33.0

Peak runoff rate (m3/s) 12.5

TPS (kg/ha) 0.03

Total soluble P in runoff (kg/ha) 1.25

Soluble P in runoff (mg/L) 3.78

C. Winter wheat cover crop alternative–management option

Runoff volume (mm) 5.1 20.3 2.5

Peak runoff rate (m3/s) 2.1 8.3 0.7

TPS (kg/ha) 0.01 0.02 0.01

Total soluble P in runoff (kg/ha) 0.11 0.30 0.03

Soluble P in runoff (mg/L) 2.4 1.45 2.19

D. No-till/corn residue alternative–management option

Runoff volume (mm) 7.6 25.4 2.5

Peak runoff rate (m3/s) 2.7 9.5 0.96

TPS (kg/ha) 0.01 0.03 0.01

Total soluble P in runoff (kg/ha) 0.17 0.42 0.06

Soluble P in runoff (mg/L) 2.61 1.66 2.85

Table 11 AGNPS output data at location 1, Muddy Creek watershed

AGNPS output Spring Summer Fall

Existing

conditions

Winter

wheat

No-till/corn

residue

Existing

conditions

Worst

case

Winter

wheat

No-till/

residue

Existing

conditions

Winter

wheat

No-till/corn

residue

Runoff volume (mm) 5.6 3.8 5.6 23.9 34.0 19.8 23.9 1.5 0.8 1.5

Peak runoff rate (m3/s) 0.74 0.51 0.74 2.72 3.71 2.32 2.72 0.20 0.11 0.20

Sediment yield (t/ha) 3.77 1.73 2.85 16.81 10.45 3.21 7.96 1.52 0.45 1.57

TPS (kg/ha) 0.02 0.01 0.02 0.09 0.06 0.02 0.04 0.01 0 0.01

Dissolved P (kg/ha) 0.62 0.27 0.44 1.51 3.06 0.74 1.06 0.22 0.07 0.15
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Davidson 1989). Model performance was evaluated by the

statistical comparison of observed and predicted (modeled)

data.

We employed the Nash–Sutcliffe coefficient to measure

the goodness of fit between model predictions and mea-

sured data (Nash and Sutcliffe 1970):

Table 12 AGNPS output data at location 2, Muddy Creek watershed

AGNPS

output

Spring Summer Fall

Existing

conditions

Winter

wheat

No-till/corn

residue

Existing

conditions

Worst

case

Winter

wheat

No-till/

residue

Existing

conditions

Winter

wheat

No-till/corn

residue

Runoff

volume

(mm)

5.6 3.8 5.6 23.9 34.0 19.8 23.9 1.5 0.8 1.5

Peak runoff

rate (m3/s)

1.53 1.08 1.53 5.81 7.99 4.93 5.81 0.42 0.23 0.42

Sediment

yield (t/ha)

7.91 4.15 5.92 41.3 28.72 6.28 17.93 3.68 0.94 3.70

TPS (kg/ha) 0.03 0.02 0.02 0.12 0.09 0.03 0.07 0.02 0.01 0.02

Dissolved P

(kg/ha)

0.64 0.30 0.40 1.53 3.16 0.74 0.96 0.22 0.07 0.15

Table 13 AGNPS output data at location 3, Muddy Creek watershed

AGNPS

output

Spring Summer Fall

Existing

conditions

Winter

wheat

No-till/corn

residue

Existing

conditions

Worst

case

Winter

wheat

No-till/

residue

Existing

conditions

Winter

wheat

No-till/corn

residue

Runoff

volume

(mm)

5.6 3.8 5.6 23.9 34.0 19.8 23.9 1.5 0.8 1.5

Peak runoff

rate (m3/s)

1.84 1.33 1.84 7.11 9.74 6.00 7.11 0.54 0.28 0.54

Sediment

yield (t/ha)

12.26 5.83 9.03 67.58 48.24 9.01 28.87 5.36 1.26 5.49

TPS (kg/ha) 0.03 0.02 0.02 0.13 0.10 0.02 0.07 0.02 0 0.02

Dissolved P

(kg/ha)

0.59 0.30 0.42 1.41 3.16 0.77 1.01 0.22 0.07 0.15

Table 14 AGNPS output data at location 4, Muddy Creek watershed

AGNPS

output

Spring Summer Fall

Existing

conditions

Winter

wheat

No-till/corn

residue

Existing

conditions

Worst

case

Winter

wheat

No-till/

residue

Existing

conditions

Winter

wheat

No-till/corn

residue

Runoff

volume

(mm)

5.6 3.8 5.6 23.9 34.0 19.8 23.9 1.5 0.8 1.5

Peak runoff

rate (m3/s)

1.84 1.30 1.84 7.16 9.74 6.06 7.16 0.54 0.28 0.54

Sediment

yield (t/ha)

8.52 4.19 6.41 45.59 29.48 6.93 20.53 3.77 0.96 3.83

TPS (kg/ha) 0.02 0.01 0.01 0.07 0.06 0.01 0.03 0.01 0 0.01

Dissolved P

(kg/ha)

0.64 0.27 0.40 1.56 2.99 0.74 0.96 0.25 0.07 0.15
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E ¼ 1� RN
i¼ 1 Oi�Mið Þ2=RN

i¼ 1 Oi��Oið Þ2
h i

;

where Oi is the observed values at station i, Mi is the

modeled value at site i, Ō is the average of the observed

values at all sites, and N is the total number of sites. E can

range from -? to 1. Values between 0.0 and 1.0 are

considered acceptable, with goodness of fit increasing

toward a perfect match of 1. Values \0.0 indicate that the

observed value is a better estimate than the predicted value.

In addition, we used the percent bias to measure the

average tendency of the modeled data to be larger or

smaller than observed data (Meixler and Bain 2010):

Percent bias ¼ RN
i¼ 1 Oi�Mið Þ � 100

� �
= RN

i¼ 1 Oið Þ
� �� �

:

The optimal percent bias value is one, with positive

values indicating model underestimation bias and negative

values indicating model overestimation bias.

We compared observed dissolved and particulate P con-

centrations with the AGNPS model output. The coefficients

for our modeling period (April through November 1993) were

0.35 and 0.08, respectively. According to the model efficiency

classification of Parajuli and others (2009), the model simu-

lation for dissolved P is considered fair (0.25–0.49) and poor

for particulate P (0.00–0.24). According to the percent bias of

?57 and -36 % for particulate and dissolved P concentra-

tions, the values fall within the acceptable but not accurate

range for model simulation (Meixler and Bain 2010). The

positive percent bias for particulate P indicated an underesti-

mation bias, whereas the negative percent bias for dissolved P

indicated an overestimation bias. The range of predicted P

concentrations was comparable with those of observed ranges.

Seasonal trends as predicted by AGNPS did correspond to the

measured data for the watershed.

There is a scarcity of studies regarding validation of the

AGNPS model using measured P data. LimnoTech (2010)

found an underprediction of TP load during late to early

spring and an overprediction during the summer and early

fall. Huang and Hong (2010) found an overprediction of

annual fluxes of TP. These two studies, however, did not

distinguish between particulate and dissolved contributions

to P load. Ng and others (1994) found AGNPS to

Table 15 AGNPS output data at location 5, Muddy Creek watershed

AGNPS

output

Spring Summer Fall

Existing

conditions

Winter

wheat

No-till/corn

residue

Existing

conditions

Worst

case

Winter

wheat

No-till/

residue

Existing

conditions

Winter

wheat

No-till/corn

residue

Runoff

volume

(mm)

5.6 3.8 5.6 23.9 34.0 19.8 23.9 1.5 0.8 1.5

Peak runoff

rate (m3/s)

2.32 1.73 2.32 8.81 11.72 7.56 8.81 0.74 0.45 0.74

Sediment

yield (t/ha)

8.94 2.42 4.82 33.69 27.33 3.97 18.22 2.76 0.67 3.27

TPS (kg/ha) 0.01 0 0.01 0.04 0.03 0.01 0.02 0.01 0 0.01

Dissolved P

(kg/ha)

0.57 0.27 0.37 1.36 2.82 0.69 0.91 0.20 0.07 0.12

Table 16 AGNPS output data at location 6, Muddy Creek watershed

AGNPS

output

Spring Summer Fall

Existing

conditions

Winter

wheat

No-till/corn

residue

Existing

conditions

Worst

case

Winter

wheat

No-till/

residue

Existing

conditions

Winter

wheat

No-till/corn

residue

Runoff

volume

(mm)

7.6 5.1 7.6 25.4 33.0 5.1 25.4 2.5 1.5 2.5

Peak runoff

rate (m3/s)

2.69 2.10 2.69 9.54 12.55 8.30 9.54 0.96 0.68 0.96

Sediment

yield (t/ha)

6.41 6.59 8.85 28.56 22.17 14.39 22.48 2.78 3.18 5.18

TPS (kg/ha) 0.01 0 0.01 0.03 0.03 0.02 0.03 0.01 0.01 0.01

Dissolved P

(kg/ha)

0.54 0.25 0.37 1.33 2.74 0.67 0.91 0.20 0.07 0.12
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overpredict particulate P and dissolved P by a factor of 2.6

and 24, respectively. We found that particulate P was

underestimated on average by a factor of 2.9 and dissolved

P on average by a factor of 50.4. The model may not

accurately represent in-stream losses and transformations

of P (McFarland and Hauchk 2001). The P-cycling algo-

rithms within AGNPS warrant further study.

The inaccuracy in P prediction may have also been a

function of the observed data used for comparison. We

used instantaneous point data at six locations to compare

with 24-h event-based model output data. We expect the

goodness of fit for the model to increase with storm event

data, collected at several more locations, beyond one

sampling season (Liu and others 2008). In addition to

further validation analyses, parameter-sensitivity analysis

is needed to investigate the sensitivity of P concentrations

to spatially controlled physical properties, such as soil

texture and erodibility, as well as temporal processes, such

as land-cover change, including crop type coverage.

Although the AGNPS model did not accurately predict P

loadings in the Muddy Creek watershed, it did predict

seasonal trends and identified areas where BMPs would be

most effective. The model also identified the winter wheat

cropping–management system as the most effective man-

agement option in decreasing runoff volumes and erosion

losses. The decreases were an improvement on observed

cropping practices. The results showed that management

practices that decrease sediment delivery to a surface water

body, such as Muddy Creek, are effective in decreasing

sediment-associated P loadings to these receiving water

bodies.

Blackberry Creek Watershed

Study Area

The Blackberry Creek watershed drains a largely agricul-

tural area of 189 km2 located in northeastern Illinois, just

west of the metropolitan area of Chicago (Fig. 12). The

creek is a south-flowing tributary of the Fox River water-

shed and the greater Illinois–Mississippi River system

spanning both Kane and Kendall Counties. Eleven percent

of the state’s population (Illinois Department of Natural

Resources 2009) lives within the Fox River watershed. The

Fox River and its tributaries provide flood conveyance and

Fig. 10 Fertilizer-availability factor for the Muddy Creek watershed

(AGNPS model output)
Fig. 11 K-factor for the Muddy Creek watershed (AGNPS model

output)
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drinking-water supplies to this population (Illinois

Department of Natural Resources 2009). Among the top

resource concerns in the Blackberry Creek watershed are

flooding, soil erosion, and sediment control (Natural

Resources Conservation Service 2010).

The average daily temperature is 8.8 �C, with July being

the warmest month (daily mean 22.8 �C) and January the

coldest month (daily minimum -3.3 �C). The length of the

growing season is 165–170 days, with an average frost-free

period of 160 days (Illinois State Water Survey 2009).

Mean annual rainfall is 949.5 mm, with 45 % occurring

June through September. Slopes are generally \2 %, and

soils in the watershed are primarily loams, silt loams, and

silty clay loams of moderately slow to slow permeability.

The Blackberry Creek watershed is developing rapidly,

with both population and proportion of urbanized land area

in the watershed expected to double in the next 20 years.

According to United States Census Bureau population

estimates (United States Census Bureau 2010), the popu-

lation in Kane County (currently 515, 269) increased

26.7 % from 2000 to 2009, placing it among the fastest

growing counties in the state of Illinois. Cropland covers

56 % of the watershed with significant areas of natural

grassland (28 %) and wetlands (3.7 %). Urban land use

Fig. 12 Blackberry Creek

watershed land-cover. (Inset)
location of the watershed

relative to Chicago, Illinois
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currently represents 5.7 % of land use in the watershed

(Fig. 12).

Research Approach

The Blackberry Creek watershed’s landscape is still pri-

marily agricultural, but urban land continues to advance

into the watershed, thus decreasing cropland coverage,

which makes our watershed-modeling efforts less accurate

because land-cover is one of the most important model

parameters. Substantial changes in land-cover that urban

fringe watersheds, such as Blackberry Creek are experi-

encing can significantly affect runoff, soil loss potential,

and ultimately P loading to surface waters.

Therefore, the first step in building our watershed model

is the development of a comprehensive spatial and tem-

poral land-cover change component. ArcGIS (ArcInfo 10.0

ESRI Redlands, Calfornia) ModelBuilder was used to

capture land-cover change in the watershed from 2001 to

2010 and to provide an annual update for 2008–2009. We

developed a procedure (described later in the text) for

determining the amount of agricultural land that is lost to

urban development in a 1-year period so we can quickly

feed that information into our model and determine the

effects on model output.

Land-Cover Change

We used two satellite image-derived land-cover data sets for

this analysis. The first was the 2001 National Land Cover

Data set (NLCD). The second was the NASS cropland data

layer (CDL), which was derived from satellite imagery

obtained by the USDA–National Agricultural Statistics

Service (NASS) on an annual basis. We decided to use

NLCD (2001) and CDL (2010) because they both have

national coverage for those years, and therefore this can be

replicated for any location in the United States. The USDA

processed the raw satellite imagery by classifying the

imagery into land-cover categories as listed in Table 17. The

land-cover classification systems for NLCD 2001 and NASS

2010 are standardized to NLCD categories. To illustrate our

procedure, we chose to work with the 2001 NLCD as the

beginning period and the latest available 2010 CDL for the

end of the change period. Before 2009, only selected states

had CDL data available, but now the coverage is national in

scope, which makes our procedure all the more relevant

because it can be replicated across the United States.

The CDL data are in a raster format, so we begin our

land-cover change model in the Spatial Analyst, an ArcGIS

extension used for raster data. In the first process, we select

out the urban land-cover categories for both 2001 and 2010

(Fig. 13). We call these our ‘‘Extract 2001 Urban’’ and

‘‘Extract 2010 Urban’’ tools, which are coded with the

following Spatial Analyst ‘‘Single Output Map Algebra’’

statements:

2001ð Þ con NLCD 2001½ � = = 121 or NLCD 2001½ �ð
= = 122 or NLCD 2001½ � = = 123 or NLCD 2001½ �
¼¼ 124; 1; 0Þ

2010ð Þ con CDL 2010½ � = = 121 or CDL 2010½ �ð
= = 122 or CDL 2010½ � = = 123 or CDL 2010½ �
¼¼ 124; 1; 0Þ:

The operation ‘‘con’’ is a conditional statement, and here

it is stating that if the input land-cover raster layer’s value

Table 17 Land-cover classification codes for NASS cropland data

layer

Code Land-cover

1 Corn

4 Sorghum

5 Soybeans

21 Barley

23 Spring wheat

24 Winter wheat

26 Winter wheat/soybeans double-cropped

27 Rye

28 Oats

36 Alfalfa

42 Dry beans

43 Potatoes

44 Other crops

47 Miscellaneous fruit and vegetables

53 Peas

58 Clover/wildflowers

61 Fallow/idle cropland

62 Grass/pasture/nonagricultural

63 Woodland

87 Wetlands

92 Aquaculture

111 NLCD-open water

121 NLCD-developed/open space

122 NLCD-developed/low intensity

123 NLCD-developed/medium intensity

124 NLCD-developed/high intensity

131 NLCD-barren

141 NLCD-deciduous forest

142 NLCD-evergreen forest

152 NLCD-shrubland

171 NLCD-grassland herbaceous

181 NLCD-pasture/hay

190 NLCD-woody wetlands

195 NLCD-herbaceous wetland
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equals one of four urban categories, then output to a new

raster where pixel values will be one for urban and assign

zero for all other pixels. In the second process, we use the

following Spatial Analyst ‘‘Map Algebra’’ statement to

select out the new urban land that has appeared between

2001 and 2010 and call it our ‘‘Compute Change’’ tool:

con Urban 2001½ � \ [ 1 and Urban 2010½ �¼¼ 1; 1; 0ð Þ:

This conditional operation is stating that if the first

input, the 2001 urban raster, is not equal to urban (value of

one) and the second input, the 2010 urban raster, is equal to

urban (value of one), then output to a new raster where

pixel values will be one for nonurban to urban conversions

for the 2001–2010 period and assign zero for all other

pixels.

Once we ran our land-cover change model, we needed

to evaluate its accuracy. High-resolution digital aerial

photography was available for both 2001 and 2010 for the

entire watershed, which allowed us to ground-truth

the urban change (Fig. 14). Figure 14a shows an area in the

northern part of the watershed, near the village of Elburn,

where in 2001 the urban land is intermixed with agricul-

tural land. Using aerial photo–interpretation techniques,

one can see in the inset for Fig. 14a that the land is all

agricultural, whereas the inset for Fig. 14b shows that by

2010 the area had been converted into urban land. Fig-

ure 14c shows the urban land in 2001 in blue, whereas the

change picked up in our model is shown in red. Our annual

change analysis (2008–2009) shows how our procedures

can capture more subtle urban change during a develop-

ment down cycle. We introduce this annual analysis to

demonstrate how we could capture annual change with

these techniques. Although there was nationwide coverage

of CDL in 2009, we decided not to compare CDL 2009

Fig. 13 Flow diagram

illustrating ArcInfo

ModelBuilder process for

selecting out urban land-cover

categories from 2001 to 2010

cropland data layers

Fig. 14 High-resolution digital area photography (a and b) used to assess the accuracy of the land-cover change model (c)
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with CDL 2010 because they had different cell resolutions,

that is, the 2009 CDL has a 56-m cell size, whereas the

2010 CDL has a 30-m resolution. A test of the latter

showed significant misalignments resulting from these cell

size differences. Misalignments were also noted in a land-

cover change analysis by Thompson and Prokopy (2009),

who provide correction methodologies. The 2008–2009

analysis used consistent pixel sizes (56 m each), but the

change we detected was minimal because the period was

moving downward in the development cycle. Changes

detected were of an infill nature, e.g., land that was in

development transition in 2008 was completed in 2009.

Once the urban change model steps are completed, the

results can be incorporated into our watershed model layer.

A grid polygon (shapefile) was used to capture the spatial

data (DEMs, hydrology, soils, and crop type). Raster data

were converted to polygons, and a spatial intersection was

performed. This process created a ‘‘fishnet’’ (a grid with

cells represented as polygons) containing different param-

eters stored in different fields. Corn and soybean coverage

are key parameters (because they have the most potential

for soil erosion and P availability), so we are able to adjust

our coverages of these crops by subtracting the urban

change hectares from these cropland totals and rerunning

the model (Fig. 15).

Our watershed-model map layer is composed of one-

quarter quarter-section polygons (parcels [16.2 ha]), which

form the basis of farm property boundaries in the Black-

berry Creek watershed. Many states use parcels to identify

land ownership. Parcels are identified by geographic

Fig. 15 Changes to crop

coverage in hectares for corn

(top panel) and soybeans

(bottom panel)
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coordinates and the township and range sections of the

Public Land Survey System (PLSS). Choosing a grid cell

size coincident with a PLSS section allows for applicability

of the model to areas other than the pilot watersheds. These

data are readily available because many counties maintain

parcel geo-databases. In addition, farm management units

comprise individual/multiple contiguous/noncontiguous

parcels that are easily analyzed using the spatially dis-

tributed approach of the grid.

Management Implications

Water quality is affected by a combination of natural and

anthropogenic factors, the relative influences of which

change with spatial and temporal scale. Management

decisions are thus complex and require a distributed

modeling approach. Distributed models, in which input

parameters are specified for individual grid cells, are con-

sidered more spatially accurate in the prediction of NPS

pollution (Leon and others 2002).

Although the linking of distributed-parameter models,

such as AGNPS to GIS, facilitates data input and manipu-

lation and produces a detailed spatially displayed output

(Liao and Tim 1997), the models are time and training

intensive. The task of building extensive parameter input

files and the high requirements for analysis of model results

and computation efficiency due to the complexity of such

models has hindered the effective application and use of

these models by resource managers (Singh and others 2005).

Geographic information systems provide effective tools

to generate, manipulate, and organize the spatially dispa-

rate data needed for modeling NPS pollution (Wu and

others 2005) using readily available spatial data sets with

easily understood graphic outputs. Our GIS protocol rep-

resents individual grid cells as unique polygons based on

quarter-section parcels of land. We integrated various data

sets to this unique set of polygons to allow for the future

evaluation of various BMP scenarios through database

manipulation. The model output is one set of unique

polygons with numerous related data sets; this allows for

the simultaneous modeling of spatial and temporal vari-

ability in multiple landscape attributes. Due to the grid cell

nature of the model, other variables, such as runoff, can be

aggregated to the same quarter-sections or scaled up or

down as needed. The AGNPS model was developed pri-

marily for use in agricultural watersheds. In this study,

sediment and P loadings under baseline crop-stage condi-

tions and several BMP strategies were simulated. We

contribute to the literature on AGNPS validation for P and

despite simulation shortcomings in this regard, we showed

that the model is still a valuable tool in identifying critical

sources areas of NPS pollution and in analyzing the change

in NPS pollution potential as a consequence of alternative

BMPs.

Land-cover change in AGNPS is handled through iter-

ative runs of the model, such as the BMP scenarios

investigated in our study. Land-cover change is accounted

for by changing the model input parameters accordingly.

One of the benefits of the land-cover change model we

developed for the Blackberry Creek watershed is the ability

to link this protocol to our fishnet grid analysis, thus

facilitating the use of satellite imagery to assess land-cover

change by linking it to key parameters (in our case, corn

and soybean crop changes) rather than having to change

multiple input parameters.

By developing a method to assess urban land-cover

change, we have expanded the applicability of our model to

mixed-use watersheds (Hamlett and others 1992). Our

results are relevant to local and regional planners interested

in investigating both short- and long-term responses of

water resources to land use change and BMPs (Praskievicz

and Chang 2011). Land use type is one of the most

important factors that affect uncertainty in NPS pollution

simulation; this is critical to the overall simulation proce-

dure because land use is a critical factor impacting the

variance of NPS (Shen and others 2010). Urban land

advancement is particularly important to parameterize

accurately because it affects both spatial and temporal

variance in NPS-pollution potential (Manonmani 2010).

We have provided a tool that can be used at different

levels of planning from individual farm management to the

watershed scale by key stakeholders, such as local govern-

ment information management offices and county planners,

as a decision support tool for targeting conservation and

mitigation efforts (Huang and Hong 2010). The primary

advantages of our model are minimal data preprocessing,

accessibility of data, useful graphic output and output scale,

and widespread applicability (Wu and others 2005). Meixler

and Bain (2010) provide a comprehensive list of the potential

advantages of GIS NPS models, including their usefulness in

regions with limited current water-quality information, their

ability to be executed by organizations with in-house GIS

capabilities, and their generalizability at the regional scale.

As with other simplified GIS NPS models, we provide

the caveat that our model is not meant for watersheds

where actual concentration level data predictions are nee-

ded or where BMPs will be based solely on model output

(Meixler and Bain 2010). Rather, we propose a method-

ology that may be useful for resource managers in initial

watershed screening and the identification of PSAs where

more in-depth study should occur (Hamlett and others

1992). PSAs of pollution often contribute the greatest

pollution load to a watershed and significantly affect

receiving water quality (Srinivasan and McDowell 2009).

Control measures decrease NPS pollution to a greater
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extent and are most cost-effective if they are implemented

on targeted PSAs (McDowell and others 2001; Hamlett and

others 1992).

Conclusion

We have showed the useful and practical application of GIS

methods for the determination of the relative importance of

land use change on stream water quality and NPS pollution

potential in agricultural and urbanizing watersheds. We

developed a protocol based on grid cell polygons. By

aggregating watershed data to one standard grid cell size,

based on land parcel ownership, we were able to develop GIS

layers for the hydrophysical resources of the Muddy Creek

watershed from disparate sources and scales. In addition, use

of these polygons provides increased model functionality in

terms of applicability to other watersheds and for investi-

gations at varying scale in that numerous parameter values

can be aggregated to the grid. We used this functionality to

predict the relative potential sources of sediment and

P-pollution in the Muddy Creek watershed as well as for

postsimulation, georeferenced graphical display. Although

the AGNPS model did not accurately predict P concentra-

tions, it did provide a relative comparison of pollution

potential severity in the watershed and provides a reasonable

preliminary analysis for additional in-depth studies.

We also established new spatial techniques for the

analysis of agricultural watersheds affected by land con-

version to urban uses. Urban fringe watersheds provide a

means of investigating both agricultural and rural/suburban

residential activities as well as their relationship to each

other and to NPS-pollution generation. We used ArcGIS

ModelBuilder and Map Algebra to estimate change in

short- and long-term land-cover changes in the Blackberry

Creek watershed to better account for land use change,

including changes to corn and soybean crop coverage

where we expect more intensive farming practices and

fertilization levels to affect NPS pollution potential. Future

research will include building on this land-cover change

component as a vehicle for modeling the implementation of

BMPs, associated change in land use, and the effect on

runoff quality at a variety of spatial and temporal scales.

Further model sensitivity analysis will be used to refine

model output for the purpose of site-specific targeting of

NPS pollution where BMPs should be focused for optimal

results; this will aid in soil and water conservation planning

and contribute to more informed decision-making.
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