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ABSTRACT 
 

PHOSPHORUS AND SEDIMENT RUNOFF LOSS: MANAGEMENT CHALLENGES 

AND IMPLICATIONS IN A NORTHEAST WISCONSIN AGRICULTURAL 

WATERSHED 

 

MARTIN D. JACOBSON 

 

The Lower Fox River and Lower Green Bay are impaired by sediment and phosphorus 

and in 2012 a TMDL was approved for this area. TMDL modeling suggested that Plum 

Creek was the highest sediment and phosphorus yielding watershed in the TMDL area. 

This study was undertaken to characterize sediment and phosphorus loss from Plum 

Creek and to increase understanding of how land characteristics and agricultural practices 

influence these losses. 

 

Event flow and low flow total suspended solids (TSS), total phosphorus (TP) and 

dissolved phosphorus (DP) data were collected from October 2010 through April 2012 at 

a fixed-location, automated monitoring station established in 2010. In addition, event 

grab samples were collected near peak flow at 17 multi-field catchments (15 to 212 ha) in 

Plum Creek Watershed. Data from a subset of these catchments were used to assess 

SnapPlus and the Wisconsin Phosphorus Index management tools. 

 

Across all flow conditions, Plum Creek median TSS, TP and DP concentrations were 149 

mg/L, 0.60 mg/L and 0.24 mg/L, respectively. Plum Creek TSS, TP and DP study period 

concentrations and water year 2011 yields were higher than those from Baird Creek 

during the same periods. Water year 2011 Plum Creek TSS, TP and DP yields were 

greater than those from five other agricultural watersheds in the Lower Fox River Basin 

during water years 2004-2006.  

 

Across four multi-field catchment runoff events, median suspended sediment (SSC), TP 

and DP concentrations were 218 mg/L, 1.03 mg/L and 0.33 mg/L, respectively. Median 

DP fraction was 35%. Area-weighted SnapPlus sediment loss and phosphorus index 

values were compared to SSC and P concentrations in MFC runoff. Field management 

input data, including crop rotation, nutrient applications, and tillage practices were 

collected from nutrient management plans. SnapPlus predictions were poorly correlated 

with measured sediment and P concentrations. Insufficient SnapPlus input accuracy 

likely played a role in the poor correlations. SnapPlus and the P index, as they are 

currently used, will not improve Plum Creek water quality.    
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CHAPTER 1 - INTRODUCTION 

 

Lower Fox River Basin 

The Fox-Wolf River Basin (Figure 1.1) drains approximately 16,500 km
2
 of 

northeast Wisconsin. Major rivers include the Upper Fox and Wolf Rivers, which flow 

into Lake Winnebago near Oshkosh, and the Lower Fox River, which flows out of Lake 

Winnebago near the cities of Neenah/Menasha and flows northeast 24 km into Green 

Bay.  The Lower Fox River Basin (LFRB) drains 1,654 km
2
, 50% of which is agricultural 

land.  The LFRB is heavily urbanized and industrialized, especially along the main 

channel of the Lower Fox River (WDNR 2011). 

In 2005, the United States Environmental Protection Agency (US EPA) and the 

Wisconsin Department of Natural Resources (WDNR) began discussing the development 

of a total maximum daily load (TMDL) plan for the LFR and Lower Green Bay 

(Scheberle and Cooper 2008) and in May 2012, a TMDL was approved.  The TMDL 

contains 27 segments of 14 different waters in the basin that are impaired by excessive 

phosphorus and/or suspended sediment (WDNR 2012).  

   

Plum Creek Watershed 

One of the Lower Fox River tributaries included in the TMDL is Plum Creek 

(Figure 1.2). The watershed spans approximately 9,200 hectares (92 km
2
)
 
and includes 

portions of Brown, Calumet, and Outagamie counties. Plum Creek originates in the 

Forest Junction area and flows north to Wrightstown, where it empties into the Lower 

Fox River. The watershed is predominantly agricultural and can be divided into the main 
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branch (63% of the area) and west branch subwatersheds (37% of the area). To meet 

TMDL allocations, reductions of 70% and 77% are needed for sediment and phosphorus, 

respectively (WDNR 2012). 

 

 

 

 

 

 

 

 

 

 

 

 

     

 

 

 

Figure 1.1.  Map showing subwatersheds of the Fox-Wolf  

River Basin (FWWA 2011). 
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Figure 1.2.  Map showing Plum Creek watershed land use and 

point sources (WDNR 2010). 

 

 

 

Literature Review 

Phosphorus 

Phosphorus (P) is an important agricultural nutrient for crop and animal production 

(Hedley and Sharpley 1998). P has more biological functions than any other nutrient 

(Beede and Davidson 1999), being a component of DNA, cell membranes, and 

Adenosine Triphosphate (ATP), which is the molecule responsible for storing and 

providing energy. In plants, P increases seed production, grain yield, stalk strength, root 

growth, and disease resistance (Norfleet 1998).  Despite its beneficial role in food 

production, excessive P levels can negatively affect humans and associated aquatic life 

and human uses. 

Runoff from agricultural fields can deliver large amounts of P to surface waters, 
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where, under natural conditions, it is frequently a limiting nutrient. This P enrichment 

causes prolific aquatic plant and algae growth and subsequent eutrophication of receiving 

surface waters (Corell 1998). Bacterial decomposition of the large amounts of biomass 

produced in eutrophic systems consumes oxygen and causes hypoxic conditions. Chronic 

hypoxia can shift fish community structure towards low oxygen tolerant species (Dauer 

1993), reduce fish fecundity and growth or cause death (Brungs 1971). 

Prolific algal growth negatively affects aquatic systems in other ways as well. Algae 

reduce water clarity, causing a reduction of submerged aquatic vegetation (SAV) (Crosbie 

and Chow-Fraser 1999). SAV provides food, oxygen, and habitat for many organisms 

(Diehl and Kornjow 1998). SAV increases water clarity by reducing turbulence and 

accompanying sediment resuspension (Gregg and Rose 1982; Madsen and Warncke 

1983; Madsen et al 2001). Reduced water clarity can shift fish species composition in 

lakes from desirable species (i.e. sport fish) to less desirable fish (Egertson and Downing 

2004) by inhibiting the hunting success of sight-oriented feeders (Bruton 1985). 

Eutrophication can negatively affect human communities and individuals as well. 

Algal blooms can be unsightly, produce unpleasant odors, and be a health hazard. 

Cyanobacteria, a species commonly present in eutrophic waters, produce neurotoxins and 

hepatotoxins. These toxins can cause a loss of muscle control and liver damage, 

respectively (Carmichael 2001). Toxic algae and nuisance algae can decrease the overall 

aesthetic value of a lake and therefore property values adjacent to it (Pretty et al., 2003). 

Dodds et al. (2009) estimated annual economic costs associated with anthropogenic 

eutrophication in U.S. freshwaters on recreation ($1 billion), waterfront property value 

($0.3-2.8 million), recovery of threatened and endangered species ($44 million), and 
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drinking water ($813 million). 

 

Sediment 

Sediment can also negatively affect aquatic and human communities. Suspended 

sediment reduces water clarity, thereby producing the same negative effects discussed 

above with eutrophication. Studies have shown that suspended sediment can reduce fish 

survival by decreasing reproductive success (Burkhead and Jelks 2001; Sutherland 2007) 

and foraging success (Zamor and Grossman 2007; Sweka and Hartman 2001). Suspended 

sediment also absorbs sunlight, thereby raising water temperature; a problem for 

temperature-sensitive organisms. In addition, sediment accumulation can reduce habitat 

for bottom-dwelling invertebrates. The resulting shift in the invertebrate community can 

negatively affect growth and survival of juvenile fish (Suttle et al., 2004).  

Suspended sediment and any potential attached toxins require higher levels of 

treatment, increasing costs to water treatment facilities (Tegtmeier and Duffy 2004). 

Sediment can also accumulate in reservoirs, depriving communities of maximum flood 

protection, electricity production, and recreational opportunities (Freeman 1982; Vaughan 

and Rusell 1982). Dredging the accumulated sediment is costly and disposing of the 

dredged material is problematic (Morris and Fan 1998).   

 

Agriculture and Phosphorus 

Trends in the Wisconsin dairy industry show that average herd size is increasing. 

From 1997 to 2007, the number of Wisconsin dairy farms with greater than 100 head of 

cattle increased from 15 to 78 (420% increase) (USDA NASS 2012). The result is an 
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increase in animal density in at the locations of these large operations. Greater animal 

density increases manure concentrations on the landscape, leaving landowners and 

operators with an insufficient land base for manure application (Sanford et al. 2009). This 

situation leads to over-application of manure on fields, increasing soil P levels and the 

potential for P loss. The following sections will discuss source and transport factors that 

influence P and sediment loss from agricultural watersheds. 

 

Phosphorus Forms, Sources and Transport 

Without adequate soil P concentrations, crops fail to produce maximum yields 

(Johnston 2005). However, excess P can be an expensive problem for downstream human 

and natural communities when it enters surface waters.  The potential for P to enter 

surface waters is determined by source factors and transport factors. Source factors such 

as soil P levels and manure, biosolids and fertilizer application methods and timing, 

dictate the amount of P available for transport. Transport factors, including erosion, 

surface runoff, and the distance from edge-of-field to the stream, in turn determine P 

transport from land to surface water (Sharpley et al. 2001a). Together, source and 

transport factors determine the total amount and relative proportion of phosphorus forms 

that are lost from a field to surface water (Sharpley et al. 2001b). The three phosphorus 

loss mechanisms (physical, chemical, and acute) are described in more detail below 

(Haygarth and Jarvis 1999).  

 

Loss Mechanisms 

The driving force behind sediment and P loss is runoff events caused by snowmelt 
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and precipitation. Many studies suggest that surface runoff caused by these events 

accounts for the vast majority of phosphorus loss from watersheds (Graczyk et al. 2011; 

Heathwaite and Dils 2000). Sharpley et al. (2008) found that storm flow accounted for 

only 32% of annual flow but accounted for 80% of phosphorus loads from an agricultural 

watershed. The same study also found that P loss increased as storm size increased, most 

likely because larger storms cause larger amounts of surface runoff and soil erosion. 

The primary physical P loss mechanism is soil erosion. P lost in this manner is 

attached to soil particles and is termed particulate P (PP) (Haygarth and Sharpley 2000). 

This study defines PP as P unable to pass through a 0.45µm filter. Rainfall and surface 

runoff detach PP from surrounding soil, making it available for transport. Erosion 

preferentially detaches and transports smaller particles, which have higher P 

concentration than larger particles (Sinaj et al., 1997). This phenomenon, known as the 

enrichment ratio, is a measure of the disproportionate P distribution among different sized 

soil particles (Sharpley 1980; Sharpley 1985), and is dependent on physical (e.g. surface 

area to volume ratio) and chemical properties (e.g. high P retention capacity of clays) of 

soil particles. Finer soils, those with higher clay content, have higher enrichment ratios 

(Sharpley 1985). 

The primary chemical P loss mechanism is dissolution or solubilization. P lost in this 

manner is termed dissolved phosphorus (DP). This chemical loss mechanism occurs in a 

set of desorption-dissolution-extraction reactions that take place between soil P and water 

(Sharpley 1985). A higher surface soil P concentration allows for greater water-soil 

interaction, thereby increasing the likelihood of solubilization and therefore the P 

available for loss (McDowell et al. 2001). Water extracts P from other sources as well, 
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such as crop residues (Schreiber and McDowell 1985), and recently applied manure and 

fertilizer applications. As the time between manure application and runoff increases, the 

risk for P loss decreases (Sharpley 1997; Westerman et al. 1983).  

The third mechanism, acute, differs from the other two conceptually. Whereas 

physical and chemical P loss involves the transport of P from the soil P pool, acute loss 

involves the transport of recently applied P fertilizers and manures by runoff (Haygarth 

and Sharpley 2000). 

Dissolved P forms can be classified in terms of filtration methods and chemical 

reactions (Haygarth et al. 1998). The portion of the sample that passes through a filter, 

commonly 0.45 µm, is termed total dissolved P (TDP). TDP that reacts in the molybdate 

blue reaction is termed dissolved or soluble reactive P (SRP) and consists primarily, 

although not exclusively, of orthophosphorus (PO4
-
) (Haygarth and Sharpley 2000). SRP 

is readily available for plant and algae uptake (Reynolds and Davies 2001). 

 

Managing Phosphorus Loss  

Loss Reduction  

Natural Resources Conservation Service (NRCS) Nutrient management (acre) Code 

590 requires that producers prepare a nutrient management plan (NMP) for all fields 

receiving fertilizer and manure amendments. NMPs are nutrient budgets for individual 

fields, with the 590 standard defining their purpose as “managing the amount, source, 

placement, form, and timing of the application of nutrients and soil amendments” (NRCS 

2005). These plans attempt to create balanced nutrient budgets for individual fields with 

the goal of reducing soil and nutrient loss to surface water and groundwater (NRCS 
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2005). Because the U.S. Environmental Protection Agency recognizes P as the largest 

source of surface water quality problems, NMPs are P-based, a shift from the traditional 

practice of basing application rates on nitrogen levels (Haygarth et al. 1998). In 

Wisconsin, producers can choose to manage a field's P budget by limiting P applications 

based on either soil test P (STP) or a P index (NRCS 2005). 

 

Soil Test Phosphorus 

Agronomic soil P testing measures the amount of P available to plants and was 

originally developed to optimize crop growth. Samples are typically taken at plow depth, 

which is 5-30 cm depending on tillage type (Sharpley et al. 2006). STP is not necessarily 

a complete assessment of the risk of P loss to surface waters because it does not account 

for the processes that control loss risk, soil erosion and surface runoff potential 

(Kleinman et al. 2000). A field with high STP may not pose much of a threat for P loss 

because of low susceptibility to erosion and surface runoff (Sharpley and Tunney 2000). 

Although a reasonably accurate predictor of P loss, soil test values often under predict P 

loss when manure or fertilizer has been recently applied (Sharpley et al. 2001b). To be a 

reliable option for P management, scientists have revised STP recommendations to 

consider threats to surface water quality along with recommendations aimed at meeting 

agronomic needs (Sims and Sharpley 1998). 

 

Phosphorus Index 

Using a P index is another strategy for managing P at the field scale. The NRCS 

developed the P index as a way to assess the risk of P loss in surface runoff from fields 
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(Lemunyon and Gilbert 1993) with the assumption that certain fields pose greater risks 

(Gburek and Sharpley 1998) and therefore should not receive equal applications of 

fertilizer and manure.  Included in the P index calculations are STP, rate and timing of 

fertilizer and manure applications, and susceptibility to soil erosion and surface runoff. 

The majority of U.S. states use the P index approach to manage phosphorus (Sharpley et 

al. 2003). 

 

Loss Reduction Practices 

Landowners and managers can implement best management practices (BMPs) to 

reduce P and sediment loss. One BMP that focuses on controlling the source of P is 

nutrient management. This strategy manages P inputs, such as mineral fertilizer and 

manure applications, at the farm or field scale (Sharpley et al. 2006) to ensure that soil P 

concentrations meet crop requirements while reducing the risk of P loss to surface waters 

(Sharpley et al. 2001b). Dietary P content is a major factor in the P content of manure. 

Eliminating excess dietary P intake and increasing animal P uptake efficiency, done by 

supplementing feed with P in more digestible forms, are two strategies to reduce P inputs 

to fields through manure applications (Sharpley et al 2001). These strategies are 

important in areas with high animal concentrations. These areas have large quantities of 

manure to dispose of, but may have limited land on which to apply it and limited 

resources to address the cost of transporting manure to fields that require P inputs.  This 

scenario causes elevated soil P in fields closest to manure sources. An option to reduce 

transportation costs, allowing producers to apply manure to a larger land area, is to 

reduce its weight by composting it on site (Eghball et al. 1997).  
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Another set of BMPs reduce P transport by controlling erosion and surface runoff and 

include practices such as conservation tillage, contour tillage, cover crops, grass 

waterways and buffers strips. Buffer strips are areas of perennial vegetation bordering 

surface waters and control agricultural runoff in several ways (Schultz et al. 2000). The 

roughness of a buffer's permanent vegetation slows surface runoff, causing the deposition 

of particles and associated PP before entering surface waters (Correll, 1997; Dillaha, et 

al. 1997). Increased infiltration rates caused by slower runoff velocities allow buffer 

strips to reduce DP loads entering surface waters as well. The root systems of buffer strip 

plants also increase infiltration (Lee et al. 2000). Once in the soil, plants can assimilate P, 

in this way acting as a P sink (Uusi-Kamppa et al., 1997). However, when plants are not 

actively assimilating P, buffer strips can act as a P source (Graneli, 1990; Mander et al., 

1991). To reduce this P loss, studies advise periodic harvesting of buffer strip biomass 

(Lee et al., 2000; Stutter et al., 2009).  Because of the relatively high levels of organic 

matter found in buffer strips, these soils harbor large microbe populations, which, like 

plants, act as a P sink through assimilation (Schultz et al. 2000). Other BMPs, such as 

conservation tillage and cover crops, reduce agricultural runoff through essentially the 

same mechanisms as buffer strips, by protecting soil particles and increasing surface 

roughness.  
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Research Objectives 

Problem Statement 

TMDL models suggest that Plum Creek P and sediment yields are the highest in the 

LFRB and that agriculture is the largest source (WDNR 2012). To meet TMDL water 

quality goals, P and sediment loads from Plum Creek watershed must be reduced 

drastically (>70%) (WDNR 2012). In this thesis I attempt to answer the following 

questions: 

1. Plum Creek watershed P and sediment loss 

a. How much P and sediment does Plum Creek contribute to the Lower Fox 

River? 

b. How do Plum Creek and West Plum Creek water quality compare? 

c. How does Plum Creek water quality compare to that of other agricultural 

watersheds in the Lower Fox River Basin? 

2. Multi-field catchment P and sediment loss 

a. What are the characteristic of multi-field catchment runoff in Plum Creek 

watershed? 

b. How is STP related to P and sediment concentrations in runoff at the 

multi-field catchment scale? 

c. How do watershed characteristics (slope, land use and management 

practices) influence P and sediment concentrations in runoff at the multi-

field catchment scale? 

3. Wisconsin P-Index assessment  

a. Can the nutrient management tools, SnapPlus and the Wisconsin 

Phosphorus Index, be used as reliable P and sediment loss predictors in 

Plum Creek watershed? 

4. Point source P contribution 

a. What is the significance of a point source cheese production facility to in-

stream P concentrations in Plum Creek?  

5. Policy Questions 

a. Can the current Wisconsin P-Index standard of 6 achieve water quality 

goals? 

b. What are the challenges associated with the current approach of P 

management? 
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Study Limitations 

This project, like all stream flow and water quality sampling projects, was heavily 

dependent on the amount, intensity and timing of precipitation events. The amount and 

intensity of rainfall can significantly alter concentrations and loads of water quality 

parameters. Samples from only four runoff event samples were collected from the multi-

field catchments during the study period. This small number of events limited the 

statistical analysis that could be performed on the data. In addition, limited availability 

and confidence in the quality of nutrient management plans reduced the number of multi-

field catchments included in the analysis with SnapPlus.   

 

Document Organization 

The remainder of this document is divided into four chapters. Chapter 2 characterizes 

Plum Creek water quality and compares it to other Lower Fox River Basin streams over 

various time periods. Chapter 3 characterizes multi-field catchment water quality and 

assesses SnapPlus and the Wisconsin Phosphorus Index. Chapter 4 examines the P 

contributions of a point source in Plum Creek watershed. Chapter 5 summarizes research 

findings, discusses the implications of this study and examines the future of the 

watershed. 
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CHAPTER 2 –PLUM CREEK WATER QUALITY 

 

Introduction 

Phosphorus (P) and sediment, primarily from agriculture, negatively affect water 

quality in the LFR and its tributaries. P has caused proliferation of algae and a reduction 

in beneficial submerged aquatic vegetation in the waters of the Lower Fox River and 

Lower Green Bay (WDNR, 1993). Hypoxic conditions, a result of algal decomposition, 

have caused fish kills in the river and bay. Additionally, communities must dredge 

sediment deposits that impede navigation of bay and river waters, a costly operation. 

Dredging can also release toxins into water from contaminated sediments (WDNR 1993). 

In 2005, the United States Environmental Protection Agency (US EPA) and the 

Wisconsin Department of Natural Resources (WDNR) began discussing the development 

of a total maximum daily load (TMDL) plan for the LFR and Lower Green Bay 

(Scheberle and Cooper 2008). A TMDL is the maximum load of pollutant that a water 

body can receive and still meet water quality standards. The LFR and Lower Green Bay 

TMDL was approved in May 2012. The TMDL contains 27 segments of 14 different 

waters in the basin that are impaired by excessive P and/or suspended sediment (WDNR 

2012).  

In the recently approved Lower Fox River TMDL, the summer median total P (TP) 

concentration is not to exceed 0.10 mg/L in the main stem of the LFR and the summer 

median total suspended solids (TSS) concentration is not to exceed 18 mg/L at the outlet 

of the Lower Fox River. Summer median TP concentration is not to exceed 0.075 mg/L in 

LFR tributaries, including Plum Creek. In addition to concentration limits, the TMDL 
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allocates TP and TSS loads to each sub-basin in the LFRB. 

Plum Creek watershed spans 9,200 hectares, and agriculture is the dominant land use.  

The watershed is contained within Brown, Calumet and Outagamie counties (Figure 2.1). 

The creek empties into the Lower Fox River in Wrightstown. Its soils are categorized as 

hydro-group C, meaning that infiltration rates are low and surface runoff is high. An 

interesting geologic feature of the watershed is an upland ridge with thin soils underlain 

by the Fort Atkinson Formation of the Maquoketa Group. The Plum watershed can be 

divided into the main branch (63% of the area) and the west branch (37% of the area).  

The Fort Atkinson Formation ridge defines the upper elevation boundary between the 

main branch and west branch sub-watersheds (Figure 2.1).   

TMDL models suggest that Plum Creek is the highest P and TSS yielding watershed 

in the LFRB (WDNR 2012). The TMDL sets annual loads at 3,266 kg (7,200 lb) and 

1,588 metric tons (3.5 million lb) of TP and TSS, respectively. Property owners and 

watershed managers in Plum Creek would need to reduce TP by 77% and TSS by 70% to 

meet TMDL goals (WDNR 2012). 

This chapter characterizes Plum Creek water quality and compares Plum Creek to 

Baird Creek and several other agricultural streams in the LFRB for various time periods. 

This chapter also examines the relationship between watershed characteristics and water 

quality differences among LFRB tributary streams.    
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Figure 2.1.  Map of Plum Creek watershed showing the main Plum Creek and west Plum 

Creek monitoring stations and rain gauges.
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Methods 

Water Quality 

A cooperatively-operated United States Geological Survey (USGS) monitoring 

station was installed on the main branch of Plum Creek (Figure 2.1) in October of 2010 

(USGS 04084911). It is located at the stream’s intersection with County Road D, south of 

Wrightstown, Brown County (Figure 2.1). The station consists of a refrigerated 

automated sampler (ISCO, model 2700R), a gas bubble water level measuring system, 

rain gauge and a datalogger (Campbell Scientific CR1000) and cellular modem. Data 

from a similarly outfitted, operated, and automated USGS monitoring station (USGS 

040851325) at Superior Road on Baird Creek in Green Bay was used for comparison 

purposes in this study (Graczyk et al., 2011).   

A University of Wisconsin-Green Bay (UWGB) operated monitoring station was 

installed on the west branch of Plum Creek (Figure 2.1) in October 2010. This West Plum 

Creek station was located at the stream’s intersection with New Road, Outagamie County 

(Figure 2.1). The West Plum Creek station consisted of a pressure transducer (Campbell 

Scientific PDCR) and datalogger (Campbell Scientific CR10X) that were used to 

measure stream height at five second intervals and record ten minute average stream 

height.   

 

Sample Collection 

Event and low flow samples were collected at the Plum Creek and Baird Creek USGS 

stations and at the West Plum Creek station during the October 2010 through April 2012 

study period. Changes in stream gauge height triggered the automated station to collect 
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representative, discrete samples throughout the rising and falling limbs of the 

hydrograph. The automated sampler collected samples in 1L polyethylene ISCO bottles. 

Event samples were collected manually from West Plum Creek near time of peak flow 

according to USGS methods (Shelton 1994). Low flow samples were manually collected 

at all three sites on a bi-weekly basis using the equal width increment (EWI) method or 

via grab sampling during extremely low flow conditions. The EWI method consists of 

dividing a stream into equal vertical segments that are approximately 5% of the total 

width of the stream and raising and lowering a DH-48 depth integrated wading sampler 

through the center of each vertical segment (Thornton et al. 1999).  

 

Sample Analysis 

All samples were taken to the UWGB laboratory and processed according to USGS 

established protocols (Shelton 1994). Samples were divided into separate bottles for 

analysis of TP, total dissolved phosphorus (DP), and TSS using a teflon cone splitter. DP 

samples were passed through a 0.45μm filter to remove particulate matter. TP and DP 

samples were preserved with 3:1 sulfuric acid to increase storage and then refrigerated at 

< 4°C until transported to Green Bay Metropolitan Sewage District (GBMSD) for 

analysis. The GBMSD laboratory analyzed samples for TSS using Standard Method 2540 

D (Clesceri et al. 1998). The US EPA Automated Block Digester Method 365.4 was used 

to analyze TP and DP samples (US EPA 1983). 

 

Load Calculations 

Phosphorus and TSS loads from the portion of the watershed upstream of the main 
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Plum Creek monitoring station (59% of the total watershed area) were estimated by the 

USGS using the Graphical Constituent Loading Analysis System (GCLAS), a software 

program that relates continuous discharge and instantaneous concentrations from discrete 

samples (Blanchard and Miller 2004). Continuous discharge was estimated by relating 

discrete discharge measurements to continuous stage measurements.   

There were 20 samples analyzed for DP in WY 2011. This small number of DP 

samples did not allow for GCLAS load calculations. Therefore, continuous DP 

concentrations were determined from a regression model developed from TSS, TP, and 

DP concentrations for the entire study period and applied to each five or 15-minute 

output from GCLAS. The continuous DP concentrations were combined with flow to 

estimate DP loads. Load calculations for the Baird Creek station were performed using 

the same procedures. 

The USDA ARS Soil and Water Assessment Tool (SWAT), originally developed by 

Arnold and Williams (Neitsch et al. 2002) was used to extrapolate USGS station loads to 

the entire watershed. This was done by multiplying 2011 USGS station loads by the ratio 

of the long-term SWAT simulated loads for the entire watershed to long-term SWAT 

simulated loads at the USGS station.  

 

Precipitation 

Rain gauges were located at the main station on County Road D, on Crestview Road 

and on Cemetery Road in Plum Creek watershed during the study period (Figure 2.1). An 

average of the three rain gauges was used to obtain a daily total for Plum Creek 

watershed.  Precipitation from the Green Bay National Weather Service station located at 
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the Green Bay Austin Straubel International Airport was substituted when no data were 

recorded from any of the three Plum Creek watershed rain gauges. This substitution 

occurred mostly during frozen precipitation periods. A similar approach was taken with 

data from two rain gauges located within the Baird Creek watershed, which was 

compared to Plum Creek.  

 

Environmental Characteristics 

Characteristics such as slope, soil type and land use/land cover can influence water 

quality. These characteristics were analyzed for agricultural land in Plum Creek 

watershed and five neighboring watersheds. Slope was derived from a 10 m Digital 

Elevation Model (DEM) from the WDNR (USGS 2009). Soil types of each watershed 

were obtained from Soil Survey Geographic (SSURGO) Database (USDA NRCS). Land 

use/land cover characteristics were derived by overlaying wetland features from 

WISCLAND (WDNR 1998) onto 2011 National Agricultural Statistics Service Cropland 

Data Layer (NASS CDL) (USDA 2012). 

 

Statistical Analysis 

 The concentrations of TSS, TP and DP and the DP fraction (portion of TP in the 

dissolved form) were examined for Plum Creek, West Plum Creek and Baird Creek for 

various time periods. The data values were found to be positively skewed and a natural 

log transformation was used for statistical analysis. The effect of flow was investigated 

by classifying samples as event flow or low flow. Samples were classified based on 

visual inspection of hydrographs. All statistical analyses were performed using SAS 9.2 
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computer software (SAS Institute, Cary NC). 

The mean natural logs of concentration data were compared. Concentration 

differences between sites were determined using the PROC TTEST procedure in SAS. 

Plum Creek and Baird Creek low flow samples were paired by sampling date as were 

Plum Creek and West Plum Creek low flow samples.    

A multiple regression equation for the natural log of DP was developed using PROC 

REG and applied to calculate DP loads. To correct for the transformation bias, the mean 

square error was multiplied by 0.5 (Cohn et al. 1989). 

 

Results and Discussion 

During the 19 month study period, 181 samples from the main Plum Creek 

monitoring station were analyzed for TSS and TP. Thirty three Plum Creek TP samples 

were analyzed for DP (Appendix A).  At Baird Creek during the study period, 175 

samples were analyzed for TSS and TP. Thirty four Baird Creek TP samples were 

analyzed for DP (Appendix A). At West Plum Creek during the study period, 19 samples 

were analyzed for TSS and TP.  Fifteen West Plum Creek TP samples were analyzed for 

DP (Appendix A).   

 

Precipitation 

Precipitation totals in Plum Creek watershed were 833 mm and 1,186 mm during WY 

2011 and the study period, respectively. Precipitation totals in Baird Creek watershed 

were 884 mm and 1,218 mm during WY 2011 and the study period, respectively. 

Precipitation in Plum Creek watershed exceeded the National Weather Service 30 year 
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average by 12% during WY 2011 and the study period. Precipitation in Baird Creek 

watershed exceeded the National Weather Service 30 year average by 19% and 15% 

during WY 2011 and the study period, respectively.   

In Plum Creek watershed, monthly departures from the average precipitation were not 

evenly distributed throughout the study period (Table 2.1). November 2010 and August 

2011were far below average and April 2011, June 2011 and November 2012 were far 

above average. Precipitation timing and amount influenced the effect that potential runoff 

events had on stream flow and therefore sample collection. For example, 48% of Plum 

Creek event flow samples were collected in just two of the 19 study-period months (April 

and June 2011). Thirty one percent of the study period samples were collected in June 

2011.   
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 Table 2.1. Summary of monthly precipitation for Plum Creek and Baird Creek watersheds from October 2010 – April 2012.  Data 

obtained from Plum Creek watershed rain gauges and the Green Bay National Weather Service (NWS) station at Green Bay. 

 

  Plum Creek Baird Creek  

 Month 

Watershed 

average (mm) 

Departure from 

30 yr average 

Watershed 

average (mm) 

Departure from 

30 yr average 

Green Bay NWS 

30-year average 

 

Oct. 46.7 -15% 50.7 -8% 55.1 

Nov. 22.4 -61% 32.9 -43% 57.7 

Dec. 48.0 34% 48.0 34% 35.8 

Jan. 31.2 2% 31.2 2% 30.6 

Feb. 34.0 33% 34.0 33% 25.6 

Mar. 81.5 56% 78.2 50% 52.3 

Apr. 135.7 109% 165.1 154% 65.0 

May 66.0 -6% 61.3 -12% 69.9 

June 125.4 44% 126.6 45% 87.1 

July 85.0 -3% 109.6 25% 87.4 

Aug. 48.2 -50% 47.1 -51% 95.8 

Sept. 109.1 38% 99.3 26% 79.0 

WY 2011 Total  833.3 12% 884.2 19% 741.3 

 
Oct. 26.7 -52% 37.6 -32% 55.1 

 
Nov. 95.4 65% 88.3 53% 57.7 

 
Dec. 32.9 -8% 32.5 -9% 35.8 

 
Jan. 35.6 16% 35.6 16% 30.6 

 
Feb. 28.4 11% 28.4 11% 25.6 

 
Mar. 62.3 19% 57.7 10% 52.3 

 
Apr. 72.1 11% 54.2 -17% 65.0 

Study Period Total 1186.7 12% 1218.4 15% 1063.4 
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Concentration Comparisons  

Event flow concentration comparisons were made between Baird Creek and Plum 

Creek during the study period. Event flow comparisons between Plum Creek and West 

Plum Creek were not performed due to the limited number of event samples from West 

Plum Creek.  Low flow concentration comparisons were made between Baird Creek and 

Plum Creek and between Plum Creek and West Plum Creek.   

 

Total Suspended Solids 

Plum Creek mean natural log TSS concentrations were significantly greater than 

Baird Creek for event flow, low flow and combined flow conditions (all samples) (p < 

0.05; Table 2.2 and Figure 2.2).   Seventy five percent of all Plum Creek TSS samples 

were greater than 46 mg/L compared to 16 mg/L for Baird Creek. Maximum TSS 

concentrations from Plum Creek and Baird Creek samples were 5,790 mg/L and 2,180 

mg/L, respectively (Figure 2.2 and Appendix A).  Plum Creek and West Plum Creek 

mean natural log TSS concentrations (Table 2.3 and Figure 2.3) did not differ during low 

flow conditions (p = 0.15).          
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Figure 2.2. Event flow and low flow total suspended solids concentration 

for Baird Creek at Superior Rd and Plum Creek at County Road D during 

the study period. Plum Creek low flow and event flow concentrations are 

significantly greater than Baird Creek. Boxes and bars represent the 

interquartile range and median respectively.  Whiskers represent the 

largest sample values that are not considered outliers.   
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Figure 2.3. Paired low flow total phosphorus and dissolved phosphorus concentration (A) and total suspended solids concentration (B) 

for Plum Creek at County D and West Plum Creek at New Road during the study period.  Plum Creek and West Plum Creek 

concentrations did not differ.  Boxes and bars represent the interquartile range and median respectively.  Whiskers represent the largest 

sample values that are not considered outliers. Outliers (1.5 box lengths from the end of the box) are represented as circles.  
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Total Phosphorus 

Plum Creek mean natural log TP concentrations were significantly greater than Baird 

Creek for event flow, low flow and combined flow conditions (p < 0.05; Table 2.2 and 

Figure 2.4). Plum Creek and West Plum Creek mean natural log TP concentrations 

(Table 2.3 and Figure 2.3) were not significantly different during low flow conditions (p 

= 0.44).  Seventy five percent of all Plum Creek TP samples were greater than 0.41 mg/L 

compared to 0.18 mg/L for Baird Creek. Baird Creek did, however, have a higher 

maximum TP concentration with 6.35 mg/L. The maximum TP concentration for Plum 

Creek was 5.64 mg/L (Figure 2.4 and Appendix A).   
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Figure 2.4. Event flow and low flow total phosphorus concentration for 

Baird Creek at Superior Road and Plum Creek at County Road D during 

the study period.  Plum Creek low flow and event flow concentrations 

are significantly greater than Baird Creek. Plum and Baird low flow 

samples are paired. Boxes and bars represent the interquartile range and 

median respectively.  Whiskers represent the largest sample values that 

are not considered outliers.  Outliers (1.5 box lengths from the end of the 

box) are represented as circles, and extreme outliers (3 box lengths from 

the end of the box) are represented as asterisks. 
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Table 2.2. Comparison of total suspended solids (TSS), total phosphorus (TP) and DP concentrations between Baird 

Creek (BA) and Plum Creek (PL) for various flow conditions during the study period (October 2010 – April 

2012).  Medians with different letters represent statistical significance at the 0.05 probability level. 

 

 TSS (mg/L) TP (mg/L) DP (mg/L) DP Fraction (%) 

 
PL BA PL BA PL BA PL BA 

 
All Flow Conditions 

Median 149
a
 42

b
 0.60

a
 0.34

b
 0.24

a
 0.14

b
 38

a
 52

a
 

No. of Samples 181 175 181 175 33 34 33 33 

 
Low Flow Conditions – Data are Paired 

Median 23
a
 4

b
 0.34

a
 0.13

b
 0.22

a
 0.06

b
 71

a
 62

a
 

No. of Samples 27 27 27 27 13 13 13 13 

 
Event Flow Conditions 

Median 231
a
 58

b
 0.69

a
 0.39

b
 0.24

a
 0.17

b
 28

a
 44

b
 

No. of Samples 153 146 153 146 19 20 19 20 

 

 

Table 2.3. Comparison of total suspended solids (TSS), total phosphorus (TP) and DP concentrations between Plum Creek 

(PL) and West Plum Creek (WPL) for low flow conditions during the study period (October 2010 – April 2012).  Medians 

with different letters represent statistical significance at the 0.05 probability level. 

 

 TSS (mg/L) TP (mg/L) DP (mg/L) DP Fraction (%) 

 
PL WPL PL WPL PL WPL PL WPL 

Median 23
a
 10

a
 0.30

a
 0.32

a
 0.22

a
 0.27

a
 73

a
 78

a
 

No. of Samples 13 13 11 11 11 11 11 11 
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Dissolved Phosphorus 

Plum Creek DP concentrations were significantly greater than Baird Creek for event 

flow, low flow and combined flow conditions (p < 0.05; Table 2.2 and Figure 2.5). 

Seventy five percent of all Plum Creek TP samples were greater than 0.20 mg/L 

compared to 0.06 mg/L for Baird Creek. Maximum DP concentrations for Plum Creek 

and Baird Creek were approximately equal (Figure 2.5 and Appendix A.1). Plum Creek 

and West Plum Creek DP concentrations (Table 2.3 and Figure 2.3) were not statistically 

different during low flow conditions (p = 0.21).    

Event flow DP fraction for Baird Creek (44%) was greater than Plum Creek (28%) (p 

= 0.02). For combined flow conditions, DP fraction for Baird Creek (52%) was greater 

than Plum Creek (38%) but the difference was not significant (p = 0.22; Table 2.2). Baird 

Creek and Plum Creek low flow DP fraction did not differ (p = 0.39). The greatest 

median DP fraction (78%) was observed for the 11 low flow samples collected from 

West Plum Creek (Table 2.3). The low flow DP fraction for Plum Creek was 71%, but it 

was not significantly less than that for West Plum Creek (p = 0.35). 
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Figure 2.5. Event flow and low flow dissolved phosphorus concentration 

for Baird Creek at Superior Road and Plum Creek at County Road D 

during the study period. Plum Creek low flow and event flow 

concentrations are significantly greater than Baird Creek. Plum and 

Baird low flow samples are paired. Boxes and bars represent the 

interquartile range and median respectively.  Whiskers represent the 

largest sample values that are not considered outliers.  Outliers (1.5 box 

lengths from the end of the box) are represented as circles. 

 

 

 

Linear Regression Predicted DP Concentrations  

A linear regression analysis was performed on data from all flows across the entire 

study period to identify whether significant relationships existed between DP and other 

water quality variables such as TP, TSS, discharge (Q), and the ratio of TSS to TP 

(TSS/TP).  Identification of significant relationships between DP and other variables may 

be useful in understanding and therefore reducing DP loss. 
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No significant relationships were found between DP and TSS, discharge or TSS/TP.  

In addition, no statistically significant relationship (r
2
 = 0.06; n = 33) was found between 

the natural log of DP (lnDP) and the natural log of TP (lnTP) when flow conditions were 

combined (Figure 2.6). When separated by flow conditions, however, a significant 

relationship between low flow lnDP and lnTP was found (r
2
 = 0.78; n = 13 

 

 

 
 

Figure 2.6. Natural log of dissolved phosphorus (LnDP) concentration vs. the natural log 

of total phosphorus (LnTP) concentration from all Plum Creek samples during the study 

period. Line depicts linear regression for low flow samples only. 

 

 

 

Multiple Regression Analysis to Predict DP Concentrations and Loads 

Because DP was only analyzed for a relatively small number of samples, a regression 

equation was needed to calculate the DP load for WY 2011. This was done by developing 

a multiple regression equation that predicted a DP concentration every five minutes. Data 
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for the best fit model were derived from the entire study period through the end of April 

2012, which included USGS-approved WY 2011 concentration and flow data, as well as 

estimated flows for WY 2012. The distribution of DP was positively skewed and was 

first natural log transformed to meet the normality assumption of multiple regressions. 

Variables that were incorporated into the model included the natural log of TP, the TSS 

to TP ratio and a seasonality component. The seasonality component consisted of two 

functions, sine and cosine, which were included as a means to account for seasonal 

differences in P concentrations (Helsel and Hirsch 1992). Seasonal differences of in-

stream P concentrations may be due to biological activity (i.e. evapotranspiration), 

managed activities (i.e. nutrient applications) or the dominant source of water (i.e. 

groundwater versus surface runoff). TSS, discharge, discharge squared and the TP to TSS 

ratio were examined but not included in the best fit model. Figure 2.7 graphically 

displays the relationship between LnDP values and values predicted by the multiple 

regression equation. The best fit highest adjusted r-squared four variable model for 

predicting the natural log DP concentration was as follows: 

 

 LnDP = -0.3924 + 0.8046(LnTP) - 0.0023(TSS/TP) - 0.214(sin(day)) - 

0.2209(cos(day)) 
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Figure 2.7. Plot of natural log of dissolved phosphorus (mg/L) against 

values predicted by the multiple regression model. 

 

 

 

The multiple regression equation had an adjusted R-squared value of 0.75 (Figure 

2.7). In other words, the equation explained 75% of the variation of DP across all flow 

conditions in Plum Creek during the study period. As expected, the natural log of DP 

increased as the natural log of TP increased and decreased as the ratio of TSS to TP 

increased. Relatively large TSS to TP values indicates a large in-stream TSS 

concentration, relative to TP concentration. The effect of this was noted in the linear 

regression analysis as no significant relationship was seen between DP and TP for event 

flow samples. Table 2.4 shows the probability values for the intercept and each variable 

in the model.   
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Table 2.4. Probability values for the intercept and 

variables of the multiple regression model used to 

predict dissolved phosphorus concentration. 

  

Variable Probability value 

Intercept 0.0153 

LnTP <.0001 

TSS/TP <.0001 

Sin(Day) 0.0018 

Cos(Day) 0.0152 

 

 

Load Comparisons – WY 2011 

Constituent loads were computed for TSS and TP by the USGS.  DP loads were 

calculated from predicted continuous DP concentrations and five minute discharge. Total 

load depends on watershed area; therefore its usefulness for making watershed 

comparisons is limited. Yield, or unit-area load, which accounts for watershed area, was 

used to compare Plum to other watersheds. WY 2011 flows, precipitation, and yields for 

Plum Creek and Baird Creek are given in Table 2.5.  Plum Creek TSS, TP and DP yields 

at County D during WY 2011 were 1.08 t/ha, 2.54 kg/ha and 0.69 kg/ha, respectively 

(Table 2.6). Baird Creek TSS, TP and DP yields during WY 2011 were 0.24 t/ha, 1.01 

kg/ha and 0.72 kg/ha, respectively (Table 2.6). WY 2011 TSS and TP yields from Plum 

Creek were approximately 530% and 250%, respectively, greater than from Baird Creek. 

However, Baird Creek had a greater flow-weighted DP fraction (71.1%) compared to in 

Plum Creek (26.7%).  

Loads were extrapolated to the entire watershed using SWAT.  Extrapolated WY 

2011 loads for the whole Plum Creek watershed were 14,722 metric tons TSS, 26,701 kg 

TP and 7,279 kg DP.     
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Comparisons with Neighboring Agricultural Watersheds 

The USGS, in cooperation with UWGB, analyzed water quality in five agricultural 

streams in the LFRB and Lower Green Bay watersheds during WYs 2004 to 2006 

(Graczyk et al. 2011). Watersheds included in the study were Apple Creek, 

Ashwaubenon Creek, Baird Creek, Duck Creek and the East River. Combining all 

watersheds, average precipitation from rain gauges across water years 2004-2006 was 

731 mm. Precipitation departures from the 30 year average at the Green Bay airport in 

WYs 2004, 2005 and 2006 were +7%, -2% and -9%, respectively (Graczyk et al. 2011). 

Differences in precipitation timing and intensities across water years did not allow for a 

statistical comparison between Graczyk et al. (2011) results and Plum Creek WY 2011 

results. A qualitative comparison was made, however, between Plum Creek WY 2011 

data and the water quality data presented by Graczyk et al. (2011).   

When examining precipitation amounts, WY 2004 in Graczyk et al. (2011) was 

most similar to WY 2011 in the Plum Creek watershed. P and TSS yields were also much 

higher in WY 2004 than in either WY 2005 or 2006 in all five of the watersheds 

(Graczyk et al. 2011).  As a group, the five watersheds exceeded the 30 year average 

precipitation total by 7%.  Plum Creek watershed during 2011 had a departure from the 

30 year average of +12%.  For these reasons, Plum Creek yields during WY 2011 were 

compared to WY 2004 in Graczyk et al. (2011).  

Plum Creek WY 2011 TSS (1.08 t/ha) and TP (2.54 kg/ha) yields exceeded those 

from any of the comparison watersheds (Table 2.5). During WY 2004, Apple Creek 

exhibited the highest TSS yield (0.93 t/ha), while Baird Creek exhibited the highest TP 

yield (2.34 kg/ha) and DP yield (1.22 kg/ha).  
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The distribution of loads from Plum Creek and the comparison watersheds was non-

uniform throughout their respective water years. Eighty nine percent of the TSS load and 

77% of the TP load from Plum Creek occurred during 14 days in March, April and June 

of 2011. The average for WYs 2004 to 2006 for the comparison watersheds ranged from 

73% to 85% for TSS and 54% to 75% for TP (Graczyk et al. 2011). These data illustrate 

the disproportionate contributions of event flow to annual TSS and TP loads. 

Understanding the factors that influence event flow loads is important in reduction efforts 

and is the focus of Chapter 3. 

 

 

Table 2.5. TSS, TP and DP yields, precipitation and flow in watersheds of six Lower Fox 

River monitoring sites for various water years.  

 

Watershed 
Area 

(km
2
) 

WY 
TSS 

(t/ha) 

TP 

(kg/ha) 

DP 

(kg/ha) 

Precipitation 

(mm) 

Flow 

(mm) 

Plum Creek 54 2011 1.28 2.54 0.69 833 333 

Apple Creek 119 2004 0.93 1.89 0.67 741 318 

Ashwaubenon Creek 52 2004 0.69 1.99 0.84 756 250 

Baird Creek 54 2004 0.73 2.34 1.22 826 363 

Baird Creek 54 2011 0.24 1.01 0.72 884 337 

Duck Creek 280 2004 0.36 1.29 0.60 812 312 

East River 376 2004 0.49 1.63 0.79 828 376 

 

 

 

Environmental Characteristics 

Comparing the environmental characteristics of Plum Creek with the neighboring 

watersheds may explain Plum Creek’s high TSS and P yields and in-stream 

concentrations. Several factors were examined. 
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Analysis of 2011 land use/land cover of each monitoring site’s watershed showed 

Plum Creek has a higher percentage of agricultural land (80%) than Apple Creek (66%), 

Baird Creek (76%), Duck Creek (70%) and the East River (63%) but not as much as 

Ashwaubenon Creek (84%) (Appendix B). Several studies have found a positive 

relationship between the percent of agricultural land in a watershed and in-stream TP 

concentrations (Robertson et al. 2006; Reckinger 2007; Graczyk et al. 2011).   

 Soil texture may also play a role. Reckinger (2007) found a positive relationship 

between soil clay content and in-stream TP concentrations. Clay content (21%) of Plum 

Creek watershed, however, is not as high as that found in Apple (26%) and Ashwaubenon 

Creeks (26%) (Graczyk et al. 2011).   

Slope was also examined for the agricultural areas in the watersheds of each of the 

monitoring sites (Appendix B). The mean slope of agricultural land in Plum Creek 

watershed (3.7%) is higher than in Apple (2.6%), Ashwaubenon (1.7%), Baird (2.6%) 

and Duck Creek (3.1%) watersheds but not as high as in the East River watershed (4.1%). 

Steeper slopes increase the risk of sediment loss and subsequently P loss during runoff 

events.   

Although any one of these factors may not explain Plum Creek’s high yields, the 

combination of these and additional factors, such as management practices (tillage, 

manure applications, etc.) may provide an explanation. 
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Table 2.6. WY 2011 flow, TSS, TP and DP loads and the flow-weighted dissolved fraction of phosphorus at the Plum Creek and Baird 

Creek USGS monitoring stations.  

 

Site 
Area 

(ha) 

Flow 

(mm) 

TSS Load 

(metric ton) 

TSS Yield 

(t/ha) 

TP Load 

(kg) 

TP Yield 

(kg/ha) 

DP 

Load 

(kg) 

DP 

Yield 

(kg/ha) 

DP 

Fraction 

(%) 

Plum Creek 5,435 333 6,979 1.28 13,804 2.54 3,694 0.69 27.3 

Baird Creek 5,385 337 1,292 0.24 5,459 1.01 3,882 0.72 71.1 
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Conclusions  

According to the LFRB TMDL, the Plum Creek watershed had the highest predicted 

TSS (Table 10, WDNR 2012) and TP (Table 9, WDNR 2012) yields of any watershed in 

the LFRB. These predictions were based on long-term simulations with a modified and 

locally validated version of SWAT. Results of this study show that Plum Creek does 

indeed have high TSS and TP yields. Plum Creek TSS and TP yields in WY 2011 were 

much higher than those from Baird Creek during WY 2011 and higher than those from 

Apple Creek, Ashwaubenon Creek, Baird Creek, Duck Creek and the East River during 

WYs 2004-2006.   

Major reductions are needed to meet the water quality goals laid out in the TMDL. 

Plum Creek watershed’s WY 2011 TSS (1,284 kg/ha) and TP (2.54 kg/ha) yields are 

many times greater than the yield goals of 175 kg/ha and 0.35 kg/ha stated in the TMDL 

(WDNR 2012).  Furthermore, the low flow summer median TP concentration for Plum 

Creek (0.35 mg/L) was nearly five times the TMDL target concentration for tributaries of 

0.075 mg/L. When combining all flow conditions, 99% of all Plum Creek samples during 

the study period were greater than 0.1 mg/L and 64% were greater than 0.5 mg/L.    

Analysis of environmental characteristics did not provide an explanation for Plum 

Creek’s high yields. Agricultural practices, such as tillage and manure applications, 

however, may provide some insight. Such factors are examined more in-depth in Chapter 

3.   
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CHAPTER 3 – MULTI-FIELD CATCHMENT SCALE WATER 

QUATLITY AND EVALUATION OF THE WISCONSIN 

PHOSPHORUS INDEX AND SNAP-PLUS 

 

Introduction 

The US EPA recognizes agricultural runoff as a major source of water quality 

impairments (US EPA 1995). Nutrients and sediment are seen as two of the greatest 

causes of impairments (US EPA 2011). Agricultural runoff can contain elevated 

concentrations of P, a nutrient that can lead to surface water eutrophication (Correll 

1998). Land application of P in the form of fertilizer and manure increases the potential 

of P loss in runoff (Daniel et al. 1998). Consequently, the Natural Resources 

Conservation Service (NRCS) requires all states to manage agricultural P under the 

NRCS 590 standard. Many states have responded by developing a P index, a tool that 

rates fields based on the P loss vulnerability (Sharpley 2003).   

 

SnapPlus and the Wisconsin Phosphorus Index  

The Wisconsin Phosphorus Index (WI PI) is a tool that Wisconsin producers can use 

to manage their P loss risk. Wisconsin producers can choose to manage P of individual 

fields via the Wisconsin Phosphorus Index (WI PI) or soil test P (STP). For those using 

the WI PI strategy, fields must have an average PI of 6 or lower for up to an 8 year 

rotation (NRCS 2005). Manure applications must be discontinued on fields exceeding 

this standard unless additional P is needed according to soil test recommendations (NRCS 

2005).      



42 

 

 

The WI PI is a component of SnapPlus, a nutrient management software program 

designed to help producers prepare nutrient management plans (NMPs) in accordance 

with NRCS 590 (Kaarakka et al. 2011). SnapPlus calculates crop nutrient application 

recommendations, Revised Universal Soil Loss Equation 2 (RUSLE2)-based soil loss and 

edge-of-field PIs for single years and multiple-year rotations for individual fields. The PI 

is partitioned into particulate PI (PPI), soluble or dissolved PI (DPI), and an acute PI 

(Kaarakka et al. 2011).    

WI PI equations are based on runoff monitoring data from multiple sites in Wisconsin 

(Good et al. 2010).  The WI PI calculates the PPI by multiplying the mass of each particle 

size class by estimated surface soil TP concentrations and then summing the mass of each 

class. Surface soil TP is the total P in the surface soil adjusted for the total P added from 

fertilizer and manure (Good et al. 2010). 

RUSLE2 takes into account soil type, climate, slope length and steepness, crop 

management, and conservation practices present. The WI PI calculates DP loads 

separately for frozen and non-frozen periods by multiplying surface runoff volume by 

soluble phosphorus concentrations in runoff. Unlike PP and DP, which represent losses 

for an average weather year, acute P loss values represent worst-case scenarios. The WI 

PI incorporates fertilizer and manure application losses from non-frozen ground and 

manure application losses from frozen ground into the acute loss value. To derive a final 

P index value, SnapPlus multiplies the sum of all P loss categories (PP, DP, and acute) by 

a delivery ratio, which is a function of length and steepness of the overland flow path to a 

receiving body of water. 
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Good et al. (In Press) found a strong relationship (r
2
 = 0.87) between PI and measured 

annual P runoff loads from 86 field years when measured runoff and erosion were used in 

the PI calculations. When not adjusted for runoff or erosion, however, the relationship 

between PI and P runoff load relationship was much weaker (r
2
 = 0.24). Good and Bundy 

(2005) also found a strong relationship (r
2
 = 0.79) between PI and measured P runoff 

loads. PI calculations were based on inputs derived from research level crop management 

data.  

Reckinger (2007) compared the PI to measured runoff P concentrations near peak 

flow during five events from 11 source areas. The study’s source areas range in size from 

15 ha to 224 ha. PI inputs were based on NMPs that producers submitted to the WDNR 

and county offices. Reckinger (2007) did not find a significant relationship between PI 

and measured runoff TP concentrations but did find a significant relationship (r = 0.81) 

between DPI and runoff DP concentrations.       

This chapter characterizes P and sediment concentrations measured at the multi-field 

catchment (MFC) scale and compares these observed concentrations to NMP-derived 

SnapPlus P and sediment loss predictions in Plum Creek Watershed. The chapter also 

takes an in-depth look at three of the MFCs. These case studies examine in greater depth 

the effects of land use and practices on P and sediment runoff concentrations.  

 

Methods 

Water Quality 

Sample Collection 

In March of 2011, 17 MFC monitoring sites were selected in Plum Creek watershed 
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(Figure 3.1). These MFC sites were selected because they were predominately 

agricultural, of adequate size for sufficient discharge and had significant NMP coverage. 

Table 3.1 shows the areas and NMP coverage of each of the 17 MFCs. The contributing 

area of each MFC sampling site was delineated using contour maps and LIDAR data in 

ArcGIS 10.  Boundaries of farm fields all or partially within MFCs were digitized based 

on maps included in NMPs.     

MFC runoff samples were manually collected near peak flow of four spatially 

uniform precipitation events. The relative time of peak flow occurrence was expected to 

approximately correspond to MFC area. The order in which MFCs were sampled was 

based on this assumption. Uniform precipitation across the entire watershed was essential 

for valid MFC water quality comparisons. Uniformity of precipitation was determined by 

visual examination of NWS total storm precipitation radar images. All MFC monitoring 

sites were located at road crossings. Tape-down measurements were taken from fixed 

reference points established at each sampling site to ensure that samples were taken at 

approximately peak flow. Results of previous studies suggest that peak flow grab sample 

concentrations correlate closely with event mean concentrations (Reckinger 2007).     
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Figure 3.1. Map of Plum Creek watershed showing multi-field catchments, sampling 

sites and nutrient management plan fields. 
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Sample Analysis 

All MFC samples were transported to the University of Wisconsin-Green Bay 

(UWGB) laboratory and processed according to USGS established protocols (Shelton 

1994) (See Chapter 2). MFC samples were analyzed for TP and DP at UWGB labs using 

QuikChem Method 10-115-01-2-B. MFC samples were analyzed for suspended sediment 

concentration (SSC) using standard methods (USFS 2002).    

 

 

Table 3.1. Area and nutrient management plan (NMP) coverage for crop years 

2011 and 2012 of 17 multi-field catchment (MFC) monitoring sites in Plum 

Creek watershed. 

 

    

NMP Coverage (%) 

MFC 

Area 

(ha) 

Ag Area 

(ha) 

Ag Area 

(%) 

Crop Year 

2011 

Crop Year 

2012 

1 212.3 181.4 85 72 67 

2 66.0 62.1 94 88* 88* 

3 26.6 22.1 83 93* 93* 

4 97.0 74.8 77 96* 91* 

5 21.0 21.3 97 100* 13 

6 50.6 46.1 91 100* 54* 

7 29.0 21.5 74 72* 72* 

8 28.7 26.9 94 55* 55* 

9 162.8 139.2 85 56* 56* 

10 53.9 36.8 68 57* 57* 

11 37.5 30.4 81 58* 58* 

12 15.3 13.5 88 94* 94* 

13 72.3 68.8 95 45 45 

14 16.6 12.8 77 100 100 

15 33.4 28.7 86 80 80 

20 79.5 70.2 88 39 30 

21 40.5 38.9 96 0 0 

*Selected MFCs with >50% NMP coverage used in water quality comparisons. 
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SnapPlus Assessment 

SnapPlus Inputs and Outputs 

Sound SnapPlus P and sediment loss predictions require accurate inputs. Input data 

for SnapPlus includes field area, dominate soil type, field slope and length, below field 

slope to water, distance to water, STP, nutrient applications, crop type, yield goals and 

tillage practices. Typically producers provide a professional crop consultant with field 

data and the consultant develops a NMP for the producers. The consultant uses this field 

data to compute WI PI values for individual fields.  

In this study, NMP data was obtained from the WDNR and Brown, Calumet and 

Outagamie County conservation departments. NMP data for 74 fields in 2011 and 70 

fields in 2012, partially or entirely within the MFCs, were entered into SnapPlus (version 

1.132.8). All SnapPlus inputs used to calculate PI and soil loss values were based on 

information reported in NMPs. Field slope and length were based on dominant soil type. 

P and sediment loss values were calculated over a three year rotation period (2010 - 

2012).  Annual P and sediment loss values for crop years 2011 and 2012 were extracted 

from SnapPlus and used to calculate area-weighted PI and soil loss values for each MFC. 

A crop year is the period of time between harvest of the previous crop and harvest of the 

current crop.   

Reliable and up-to-date data could not be obtained for all fields within each MFC. 

MFCs with less than 50% NMP coverage of agricultural land were not included in 

statistical analyses with water quality results because it was assumed such MFCs were 

not adequately characterized. Eleven of the 17 catchments met this criterion in crop year 

2011 and ten did in crop year 2012 (Table 3.1).   
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Area-weighted MFC SnapPlus Output Values 

For MFCs with greater than 50% NMP coverage of agricultural land, area-weighted 

PI, STP and soil loss estimate values were calculated for crop years 2011 and 2012. The 

area of each field, calculated in ArcGIS, was used to weight annual PI, STP and soil loss 

values for each field with NMP data. Non-NMP agricultural fields within the MFCs were 

assigned the same area-weighted SnapPlus outputs that were calculated for NMP fields in 

their respective MFC. Non-agricultural land within the MFCs was assigned a PI of 0.2 

and a soil loss estimate of 0.1 ton/a (0.225 t/ha). The non-agriculture PI estimate was 

based on a SnapPlus simulation of permanent grassland with no nutrient applications 

during a three year rotation. The soil loss estimate was based on Good et al. (2011) which 

estimated soil loss from un-grazed pastures to be <0.1 ton/a (0.225 t/ha). Overall area-

weighted PI, STP and soil loss value for these selected MFCs for each crop year were 

compared to SSC, TP, PP, and DP concentrations and the fraction of DP measured during 

four runoff events during the study period.   

 

Residue Surveys 

Road-side surveys were performed shortly after MFC sampling events to assess the 

amount of surface residue on fields within the MFCs. Surveys were performed in May 

2011, November 2011 and May 2012 by evaluating surface residue from the road for 

each field. Residue was ranked on a scale from one to six (Table 3.2). A value of six 

represented full residue or cover (alfalfa, pasture, etc.) and a value of one represented no 

residue. Area-weighted residue values were calculated for each MFC and compared to 
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water quality and SnapPlus outputs.  MFCs with less than 50% residue survey coverage 

were not used in comparisons.  

 

 

Table 3.2. Estimated residue cover percentages 

associated with categories used in residue surveys 

in Plum Creek watershed following multi-field 

catchment runoff events. 

 

Value Description Residue Cover 

1 Zero 0-5% 

2 Low 5-15% 

3 Low/moderate 15-30% 

4 Moderate 30-50% 

5 High >50% 

6 Alfalfa, hay, etc. Full 

 

 

Statistical Analysis 

Concentrations of suspended sediment, TP and DP were compared among the four 

runoff events using PROC GLM in SAS. The data values were found to be positively 

skewed and a natural log transformation was used for statistical analysis.  

To assess the relationship between SnapPlus ratings and runoff water quality, a 

correlation was performed on the ranks of the MFC concentrations from crop years 2011 

and 2012 to the area-weighted SnapPlus outputs. The significance of each correlation was 

determined using the Spearman option in PROC CORR of SAS 9.2. Probability values 

(p) of less than 0.05 were considered to be statistically significant. 

 

Limitations and Challenges 

Obtaining complete NMP data from certain producers proved to be challenging. In 
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some instances, assumptions were made for unknown SnapPlus inputs (soil pH, soil 

organic matter, soil potassium, yield goals, field slope, distance to water, etc.). When crop 

rotation data was unavailable, NASS CDL data was used to identify crops.  

 

Results and Discussion 

Water Quality 

Sampling Events 

MFC event samples were collected from four events (Table 3.3) during the study 

period. Event 1 (April 16, 2011) and event 2 (April 26, 2011) occurred during crop year 

2011 and event 3 (November 9, 2011) and event 4 (May 6, 2012) occurred during crop 

year 2012.  Sixteen MFCs were sampled during event 1 and 17 MFCs were sampled in 

events 2, 3 and 4.  One-day and seven-day precipitation and peak flow at the main Plum 

Creek station varied widely among the four events (Table 3.3). A significant snowfall 

event occurred between events 1 and 2 and was a contributing factor to the high peak 

flow observed for event 2. Although event 3 had the highest “day of event” precipitation 

and second highest “7-day” precipitation, it had the lowest peak flow. This is due to 

October 2011 receiving only 26.7 mm (1.1 in) of rain. It is important to note that all 

events occurred when row-cropped agricultural fields were vulnerable to erosion. The 

three spring events (events 1, 2 and 4) occurred when row crop fields were either 

prepared for planting or were already planted and had little to no surface residue. The fall 

event (event 3) occurred when crops had been harvested and the field, in many cases, had 

received manure and had been tilled.   
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Table 3.3. Plum Creek watershed precipitation and flow during four multi-field catchment 

sampling events.  Precipitation totals are an average of the three Plum Creek watershed rain 

gauges.  Event runoff, peak stream heights and peak flows were from the Plum Creek 

USGS station at County D. 

 

Event Date 

Precip. 

Day of 

Event 

(mm) 

Precip. 

7-Day 

(mm) 

Plum Creek 

Estimated event 

runoff* (mm) 

Plum Creek 

Peak Height† 

(m) 

Plum 

Creek 

Peak Flow 

(m
3
/s) 

1 4/16/2011 17.3 49.7 17.6 1.9 11.1 

2 4/26/2011 24.4 32.4 18.9 2.1 17.0 

3 11/9/2011 34.0 58.3 16.2 1.5 6.7 

4 5/6/2012 20.8 94.0 8.2 1.7 9.0 

*Area-weighted runoff estimates are based on subtracting the flow prior to the event from 

the total recorded flow for each day of the event.  Runoff from events 3 and 4 are 

estimates based on preliminary WY 2012 data from the USGS. 

† Stream height (stage) prior to event 1, 2, 3 and 4 were 0.8, 0.9, 0.8, and 0.9 m, 

respectively. 

 

 

Water Quality Characteristics 

MFC runoff samples exhibited very high P and sediment concentrations. Across all 

events, median MFC runoff concentrations of SSC, TP and DP were 218 mg/L, 1.03 

mg/L and 0.33 mg/L, respectively. For comparison, median MFC runoff concentrations in 

Apple Creek, a neighboring agricultural watershed, during 2004 were 0.46 mg/L and 0.19 

mg/L for TP and DP, respectively (Reckinger 2007). The lowest TP concentration 

measured in Plum Creek watershed MFC runoff across all events was 0.38 mg/L. 

Statistical analysis showed that TP was significantly correlated with both SSC (p = 

<0.0001) and DP (p = <0.0001).    

When comparing among the four events, TP and SSC concentrations were similar but 

DP concentrations for event 3 were significantly higher than for events 1, 2 and 4. Event 

3 was the only event that occurred in the fall, the most common time of year for manure 
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applications. This is a likely cause for the higher DP concentrations in event 3 compared 

to the other events. Table 3.4 shows the summary statistics for the four separate events 

and Table 3.5 shows summary data for the combined events. Complete results of the four 

MFC sampling events can be found in Appendix C.   
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Table 3.4. Summary statistics for SSC, TP and DP concentrations for each of the four MFC runoff events*. 

 

 

 
SSC (mg/L) TP (mg/L) DP (mg/L) DP Fraction (%) 

Event 1 2 3 4 1 2 3 4 1 2 3 4 1 2 3 4 

Minimum 35 29 13 26 0.58 0.54 0.57 0.38 0.15 0.05 0.28 0.09 11 4 21 16 

25 Percentile 93 127 59 142 0.77 0.91 1.03 0.62 0.22 0.12 0.44 0.22 27 13 36 24 

Mean 246 356 330 278 0.96 1.20 1.51 1.01 0.36 0.28 0.80 0.32 39 25 52 32 

Median 122 267 131 278 0.89 1.07 1.15 0.99 0.33 0.27 0.57 0.28 41 24 58 34 

75 Percentile 282 525 483 328 1.03 1.36 1.57 1.21 0.47 0.34 0.81 0.36 48 36 66 39 

Maximum 1272 878 1283 640 2.14 2.88 3.83 1.79 0.72 0.75 3.00 0.66 69 54 86 55 

No. of Samples 16 17 17 17 16 17 17 17 16 17 17 17 16 17 17 17 

*Event dates: 16 April 2011 (1), 26 April 2011 (2), 9 November 2011 (3) and 6 May 2011 (4). 

 

 

 

Table 3.5. Combined Summary statistics for SSC, TP and DP concentrations for MFC runoff events. 

 

 SSC (mg/L) TP (mg/L) DP (mg/L) DP Fraction (%) 

Minimum 13 0.38 0.05 4 

25 Percentile 92 0.80 0.23 24 

Mean 303 1.17 0.44 37 

Median 218 1.03 0.33 35 

75 Percentile 469 1.31 0.51 47 

Maximum 1272 3.83 3.00 86 

No. of Samples 67 67 67 67 
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Multi-field Catchment Characteristics 

The total area of the 17 MFCs was 1,044 ha. For crop years 2011 and 2012, 

respectively, 572 ha and 519 ha had NMP data. Land use/land cover (LULC) was 

analyzed for crop year 2011 using NASS CDL data. Plum Creek watershed had 

approximately 12% more agricultural land in corn and soybeans than the combined MFC 

area (Figure 3.2). In addition, Plum Creek watershed above the main monitoring station 

at County D had approximately 13% more land in corn and soybeans than the combined 

MFC area. Given that corn and soybeans are intensive crops in terms of tillage there is a 

greater risk of soil and P loss in the greater Plum Creek watershed compared to the 

monitored MFCs. Therefore the observed sediment and P concentrations from the MFCs 

are likely a conservative estimate of runoff concentrations within the Plum Creek 

watershed as a whole. 

STP values, acquired from NMPs, for fields within MFCs were analyzed and 

classified based on University of Wisconsin Extension STP recommendations for corn 

grown on Plum Creek watershed soils. STP values of 16-20 ppm are optimal for corn in 

Plum Creek watershed soils while values over 30 ppm are considered excessively high 

(Laboski et al. 2006) (Figure 3.3). The area-weighted STP value for all MFC area was 42 

ppm. 68% of the MFC area with NMPs had excessively high STP with 22% having STP 

values greater than 50 ppm. 
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Figure 3.2. 2011 Land use/land cover percentages for all Plum Creek watershed agricultural land area, 

entire MFC area, and for nutrient management planned fields within the MFCs.  Source: GIS analysis of 

NASS CDL (USDA NASS,2012). 



56 

 

 
 

Figure 3.3. Distribution of soil test phosphorus values for fields within multi-field 

catchments in Plum Creek watershed. Also shown are University of Wisconsin Extension 

soil test phosphorus crop recommendation levels for corn.   

 

 

Area-weighted STP values were included in a correlation analysis with measured 

mean MFC runoff concentrations. There was no significant correlation between STP and 

either DP (p = 0.42) (Figure 3.4) or TP concentrations (p = 0.91) (not shown). These 

results are in contrast with Reckinger (2007), who found a strong relationship between 

runoff DP concentration and area-weighted STP (r = 0.91) in Apple Creek MFCs.   

Agronomic STP is P that is available to crops and therefore is not the most effective 

means to identify the risk of agricultural P to water quality (Kleinman et al. 2000). This 

being said, research has showed a relationship between STP and runoff DP (Andraski and 

Bundy 2003; Reckinger 2007; Sharpley et al. 2001c).  
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Figure 3.4. Relationship between event runoff total phosphorus concentration and 

area-weighted soil test phosphorus in selected multi-field catchments. Dots are the 

mean of crop year 2011 event concentrations and asterisks are the mean of crop year 

2012 concentrations. Spearman correlation r = -0.18 (p = 0.42). 

 

 

Case Studies  

Three case studies were chosen to examine the influence that agricultural practices 

can have on water quality at the MFC scale. The measured water quality parameters in 

runoff from three MFCs (5, 8 and 12) differed markedly between spring 2011 and fall 

2011 events and were therefore examined in greater depth in an attempt to explain the 

cause of such differences.  

 

MFC 5 

SSC concentrations in the two spring 2011 events (1 and 2) were 55 mg/L and 29 

mg/L, respectively.  Whereas, SSC concentration in the fall 2011 event (3) was 1,165 

Soil Test Phosphorus (ppm) Soil Test Phosphorus (ppm) 

D
is

so
lv

ed
 P

h
o

sp
h

o
ru

s 
(m

g/
L)

 



58 

 

mg/L nearly 20 times greater than the spring concentrations (Figure 3.5).  TP 

concentrations were also much lower in the spring events relative to the fall event 

(Appendix C; Figure 3.6). A large part of this extreme change in SSC, and therefore TP 

concentrations was likely a result of a change in surface residue/cover. In spring 2011, 

cover was moderate to high and consisted of minimally tilled alfalfa.  The fall 2011 event 

occurred after tillage and the field had very little surface residue/cover.   

 

 

 
 

Figure 3.5. Suspended sediment concentrations (SSC) in multi-field catchment 

runoff for events 1, 2 and 3.  Events 1, 2 and 3 occurred on 16 April 2011, 26 

April 2011 and 9 November 2011.  Note the large differences between events 

1 and 2 and event 3 for MFCs 5 and 8 but not for MFC 15. 
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Figure 3.6. Particulate (brown portion of bars) and dissolved phosphorus (blue 

portion of bars) concentrations in multi-field catchment runoff for events 1, 2 

and 3.  Events 1, 2 and 3 occurred on 16 April 2011, 26 April 2011 and 9 

November 2011.  Note the large differences between events 1 and 2 and event 

3.  

 

 

MFC 8 

SSC concentrations in the two spring 2011 events (1 and 2) were very large (1,272 

mg/L and 795 mg/L, respectively). In contrast, SSC concentration in the fall 2011 event 

(3) was only 108 mg/L. Consistent with SSC, TP concentrations were much higher in the 

spring events than in the fall event (Appendix C; Figure 3.5; Figure 3.6). As with MFC 5, 

surface residue conditions can explain the difference in spring versus fall SSC and TP 

concentrations. In spring 2011, the field was prepared for planting and surface residue 

was minimal. Prior to the fall 2011 event, corn grain had been harvested leaving the soil 

surface nearly 100% covered by plant residue in the form of corn stubble (stalks and 
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leaves). Gaynor and Findlay (1995) showed that conservation tillage (more than 30% 

crop residue; Unger 1990) in southwestern Ontario clay loam soils reduced average soil 

loss by 49% when compared to conventional tillage.    

 

MFC 15 

The case of MFC 15 differs from MFC 5 and 8 in that surface residue/cover was the 

same for both spring and fall 2011 events. The catchment was in alfalfa throughout 2011 

and as a result SSC concentrations did not differ among spring and fall 2011 events 

(Appendix C; Figure 3.5). In addition, TP and PP concentrations did not differ greatly 

among the first two events. DP concentration, however, was much higher in the fall 2011 

event (Appendix C; Figure 3.6). DP concentrations in the two spring 2011 events were 

0.31 mg/L and 0.09 mg/L. The DP concentration observed in the fall 2011 event was 3.00 

mg/L. According to 2011 manure logs, manure applications occurred in June, July and 

August of 2011 to the dominant field (80% of area) within MFC 15. The manure was 

applied on top of alfalfa and was therefore not incorporated into the soil, leaving it to 

interact with rainfall and surface runoff.  The easily solubilized P found in the manure 

likely contributed to the high DP concentration observed in the fall 2011 event. Another 

possible contributor to the high fall 2011 DP concentration that could be considered is P 

leaching from alfalfa. Simulated rainfall studies conducted by Roberson et al. (2006) 

found that alfalfa, following the effects of freezing and drying, contributed significantly 

to runoff P concentrations. In natural runoff studies, however, no significant P 

contributions from alfalfa were observed, which suggests that the primary reason may be 

the manure applications.  
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These case studies demonstrate the influence that type and timing of agricultural 

practices can have on water quality. As seen in MFCs 5 and 8, surface residue has a large 

influence on sediment and PP concentrations in runoff. By using less aggressive tillage 

regimes, sediment and PP loss can be greatly reduced. Similarly, improper manure 

management (i.e. surface applying before runoff events), as seen in MFC 15, can cause 

DP concentrations in runoff to increase.   

 

SnapPlus and Wisconsin Phosphorus Index Assessment 

As previously stated, eleven of the 17 MFCs in crop year 2011 and ten MFCs in crop 

year 2012 were used in the correlation analyses between SnapPlus outputs and water 

quality. For MFCs included in the correlation analyses, the average NMP coverage of 

agricultural land was 79% in crop year 2011 and 72% in crop year 2012.    

Area-weighted SnapPlus PI values from MFCs with greater than 50% NMP coverage 

ranged from 0.1 to 5.5. DPI values ranged from 0.1 to 0.7 and PPI values ranged from 0.1 

to 4.5. Reckinger (2007) observed a larger range of values for both the PI and DPI (PI 

values ranged from 2 to 11 and DPI values ranged from 0.1 to 1.3). This study’s 

calculated PI values were not correlated with measured MFC runoff TP concentrations 

during either crop year (p = 0.18; Figure 3.7). This result agrees with a previous study in 

Apple Creek watershed MFCs (Reckinger 2007). Unlike Reckinger (2007), however, this 

study’s MFC runoff DP concentrations were not correlated (p = 0.89) with DPI (Figure 

3.8). There was no relationship between particulate P and PPI (p=0.22).      
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Figure 3.7. Relationship between MFC event runoff TP concentration and area-

weighted Wisconsin Phosphorus Index in selected multi-field catchments.  Dots 

are the mean of crop year 2011 event concentrations and asterisks are the mean 

of crop year 2012 concentrations.   Spearman correlation r = 0.30 (p = 0.18). 
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Figure 3.8. Relationship between MFC event runoff dissolved phosphorus 

concentration and the area-weighted dissolved portion of the Wisconsin 

Phosphorus Index in selected multi-field catchments.  Dots are the mean of crop 

year 2011 event concentrations and asterisks are the mean of crop year 2012 

concentrations.   Spearman correlation r = -0.03 (p = 0.89). 
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In addition, SnapPlus sediment loss predictions were not correlated with measured 

MFC runoff sediment concentrations during crop years 2011 and 2012 (p = 0.70; Figure 

3.9).   

 

 

 

Figure 3.9. Relationship between MFC event runoff suspended sediment 

concentrations (SSC) and area-weighted soil loss estimates in selected multi-field 

catchments. Multiply soil loss by 0.405 to convert to ton/ha/yr. Red dots are the 

mean of crop year 2011 event concentrations and black dots are the mean of crop 

year 2012 concentrations. Spearman correlation r = 0.09 (p = 0.70). 

 

 

Explanations for Poor SnapPlus Correlations  

There are several possible explanations for the poor correlation between measured 

water quality and SnapPlus outputs. First of all, unlike this study, which measured runoff 

concentrations during 4 events over the course of just one year (April 16, 2011 to May 6, 

2012), the PI component of SnapPlus estimates P runoff loads based on long-term 

weather patterns. Another possibility is that SnapPlus is not adequately parameterized for 
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conditions in the Plum Creek watershed. Although SnapPlus is based on robust data sets 

from studies across Wisconsin (Good et al. 2010), it still may not be sufficiently able to 

capture the unique geomorphic and agronomic conditions of particular watersheds. 

Additionally, the limited range of area-weighted DPI values in this study (0.1 to 0.7), and 

the relatively low percent contribution to the total PI values may not have allowed for the 

detection of a relationship. 

In this study we hypothesized that areas with larger PIs would have higher 

concentrations of event peak flow runoff P and vise-a-versa. However, peak flow runoff P 

and sediment concentrations are not directly comparable to SnapPlus’ predicted annual P 

and sediment yields (mass per unit area: P in lb/acre/year and sediment in tons/acre/year). 

In an attempt to minimize this issue, correlations were estimated between the ranks, 

instead of between the values themselves, of measured water quality values and SnapPlus 

outputs. Still, loads and associated yields were not calculated for the MFCs, so direct 

unit-for-unit comparisons were not possible which can be problematic. The rank order of 

concentrations may be different than if yields were used. For example, when a crop like 

alfalfa is well underway in spring it has markedly influenced soil moisture via 

transpiration; in contrast, corn or soybean have just started to grow, so they have little 

impact on reducing soil moisture via transpiration. If a moderate runoff event occurs, the 

concentrations could be similar from the alfalfa field and corn or soybean fields, but the 

runoff volumes and associated yields should be markedly lower from the alfalfa field. 

Our concentration-based ranks may have been different if we had accounted for runoff 

volume and instead ranked yields. However, for the four events in our MFC study, runoff 

volumes measured at the USGS Plum Creek station were relatively high compared to the 
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estimated average precipitation in the contributing area (Table 3.3); thereby implying that 

runoff from alfalfa fields was not minor during our observed events.  

Another possible reason for poor correlation is that the sampling strategy was not able 

to collect comparable samples at each MFC. For example, if a sample for one MFC was 

collected before peak flow, it may not be comparable to another MFC sample collected at 

or after peak flow. Yet another possibility is that the areas with NMPs in each MFC 

weren’t representative of the entire MFC.  The NMP fields may not be representative 

because they do not constitute enough of the entire MFC area (50% NMP coverage was 

the criterion for a MFC to be included in the SnapPlus assessment). Non-agricultural land 

was assigned PI and soil loss values in an attempt to address this possible issue. Finally, a 

possible, and likely, explanation is that SnapPlus inputs did not accurately reflect actual 

practices occurring in the MFCs.      

 

Tillage 

Accurate inputs are important for obtaining reasonable estimates of P loss risk with 

SnapPlus. Based on personal observations, NMP data did not always reflect actual 

practices in the fields. For example, 48% of the MFC area during spring (following 

events 1, 2 and 4) residue surveys was rated as a 1 or 2 (0-15% residue cover) (Table 

3.5). The most common SnapPlus tillage input was fall chisel no disk (chisel plow in the 

fall, no spring disking, spring field cultivation), which occurred on 69% of MFC area in 

crop year 2011 and on 55% in crop year 2012. The residue surveys suggest that actual 

tillage was more aggressive than SnapPlus inputs. This means that actual surface residue 

was lower than that being used in SnapPlus to calculate soil loss. Without accurate 
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residue cover inputs, SnapPlus estimates of soil loss and therefore P loss would likely be 

inaccurate. 

 

Crop type 

Residue cover is also influenced by crop type. For example, the risk for soil loss from 

an alfalfa field is much less than from a field being prepared (tilled, disked and 

cultivated) for corn or soybeans. Such discrepancies between NMP crops and actual crops 

were observed.  During crop year 2011, NMPs did not match NASS CDL analysis for 9 

of the 78 MFC fields.  The most common error was that fields planned as corn were 

actually alfalfa, or vice versa.  Inaccurate crop type, as with tillage, may explain why 

SnapPlus was poorly correlated with measured water quality. 

 

Manure Applications 

Discrepancies between actual and planned manure applications could be playing a 

role in the poor SnapPlus correlations as well. A study by Cabot and Novak (2005) found 

that manure management discrepancies had a larger effect on PI values than did STP and 

other field factors. A University of Wisconsin–Extension agent stated that producers often 

complete NMPs after the fall manure application, as updated soil tests (or manure tests) 

may not be available to guide application rates. This can result in an unintentional over-

application or under-application of nutrients once test results from the lab are included in 

SnapPlus. Another potential error occurs when the test results are received after the plan 

is written in the winter of the current crop year, which is after fall manure is applied. A 

producer could then modify actual manure application rate inputs to SnapPlus to be in 
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compliance with the PI, but many do not take the time to update the plan. The agent also 

stated that double applications of manure to fields probably occasionally occur, although 

this problem is becoming less common (Kevin Erb, UW-Extension, Personal 

Communication). 

 

Field Slope 

Differences between actual field slopes and SnapPlus field slopes may have also 

played a role in the poor SnapPlus correlations. The field slope reported in NMPs and 

input to SnapPlus was the default slope of the dominant soil type within a field. Of the 

MFC area included in SnapPlus, 84% had a SnapPlus slope of 4% and 0% had slopes 

higher than 4%. The average area-weighted SnapPlus slope for the MFCs in crop year 

2011 was 3.1% and in crop year 2012 was 3.7%. The actual average slope, derived from a 

10m Digital Elevation Model (DEM), was 2.4%. It appears that default, soil type slopes 

in SnapPlus resulted in an underestimate of the actual slope of many catchments. Five of 

the eleven MFCs in the crop year 2011 SnapPlus comparisons and four of the ten MFCs 

in the crop year 2012 SnapPlus comparisons had an average slope of greater than 4%. 

Figure 3.10 shows the SnapPlus slope versus DEM-derived slope for 77 fields within the 

MFCs.  
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Figure 3.10. Digital elevation model-derived slopes and slopes used in SnapPlus for 77 

fields within the multi-field catchments.  

 

 

Other Possible Factors 

Two factors, ephemeral gully erosion and runoff from barnyards, could have also 

affected the relationship between MFC concentrations and SnapPlus predictions. 

Ephemeral gully erosion, a possible source of sediment loss, is not included in RUSLE2 

calculations (USDA ARS 2008) but was observed within the MFCs during runoff events. 

Likewise, barnyards are not included in PI calculations but are present in several of the 

MFCs and could have been additional sources of P loss.     

In summary, limitations and inaccuracies of producer-supplied NMP-based SnapPlus 

inputs, even for individual fields, may have resulted in inaccurate SnapPlus P and 

sediment loss estimates. Therefore it is not surprising that the SnapPlus model estimates 

did not consistently predict relative water quality at the MFC scale in this project. 
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Algorithms in SnapPlus were developed from highly accurate input data (obtained from 

direct observations and measurements), a level of accuracy that could not be obtained in 

this study.  

 

Phosphorus Index and Policy   

Results of this study suggest that the current WI PI standard of 6 will not achieve 

water quality goals in Plum Creek.  Figures 3.11 and 3.12 show the distribution of NMP-

based PI values within the MFC area during crop years 2011 and 2012, respectively. Only 

2% of crop year 2011 and 3% of crop year 2012 fields had TPI values greater than 6. TPI 

is the sum of DPI and PPI and is more precise than PI. The area-weighted MFC TPI was 

1.88 for crop year 2011 and 2.06 for crop year 2012. The measured total phosphorus yield 

at the USGS station was 2.27 lb/acre (2.54 kg/ha) in WY2011.  The watershed yield units 

(lb/ac) are roughly equivalent to the WI PI (Good et al. 2010).  

These statistics, combined with measured MFC runoff water quality data (Appendix 

C), and the water quality data collected at the USGS Plum Creek station (Tables 2.2 and 

2.5), suggest that a much lower PI goal is needed to improve water quality in Plum Creek 

and the Lower Fox River, and achieve the phosphorus targets set forth in the TMDL.  
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Figure 3.11. Distribution of Wisconsin Phosphorus Index values within multi-field 

catchment areas during crop year 2011.  
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Figure 3.12. Distribution of Wisconsin Phosphorus Index values within multi-field 

catchment areas during crop year 2012.  

 

 

 

Conclusions 

Results of this study show that P and sediment concentrations in MFC runoff are very 

high (Appendix C). Across four sampling events, maximum SSC, TP and DP 

concentrations were 1,272 mg/L, 3.83 mg/L and 3.00 mg/L, respectively. Median values 

were 218 mg/L, 1.03 mg/L and 0.33 mg/L, respectively. Minimum values were 13 mg/L, 

0.38 mg/L and 0.05 mg/L, respectively. The TMDL’s summer median TP goal for Lower 

Fox tributaries is 0.075 mg/L (WDNR 2012). Although event concentrations are not 

directly comparable, the particulate phosphorus associated with runoff events 

accumulates in stream substrates and may elevate low flow phosphorus concentrations. 
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Across all four sample events, minimum, median and maximum particulate phosphorus 

concentrations were 0.09 mg/L, 0.52 mg/L and 2.76 mg/L, respectively.      

MFC runoff TP concentrations were correlated with DP and SSC concentrations but 

not with STP.  Rankings of MFCs according to runoff P and SSC concentrations were not 

correlated with NMP-based SnapPlus PI or sediment loss rankings. Insufficient accuracy 

of SnapPlus inputs is a possible reason for the poor correlation. Finally, analysis of MFC 

PI values show that the vast majority of fields within the MFCs met the NRCS PI 

standard of 6, yet Plum Creek watershed’s WY 2011 TP yield of 2.54 kg/ha is many times 

above the yield goal of 0.35 kg/ha stated in the TMDL (WDNR 2012). Furthermore, the 

summer 2011 TP low flow concentration in Plum Creek was 0.35 mg/L, nearly five times 

the target concentration of 0.075 mg/L (WDNR 2012). The magnitude of the disparity 

between the calculated PI and observed impaired state of water quality in Plum Creek 

suggests that a much lower PI goal is needed to meet water quality goals. 
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CHAPTER 4 – PHOSPHORUS CONTRIBUTIONS FROM A POINT 

SOURCE IN PLUM CREEK WATERSHED 

 
 

Introduction 

Nonpoint sources, such as agriculture, are not the only sources of water pollution in 

Plum Creek Watershed. Point sources of P are present within the watershed as well. A 

point source is any discrete, readily identified source of pollution such as a pipe, ditch, 

etc. Examples include outfall from industrial facilities and wastewater treatment plants. 

The WDNR regulates municipal and industrial sources’ pollutant loads to surface water 

or groundwater through the Wisconsin Pollutant Discharge Elimination System Permit 

Program (WDNR 2010). There is one permitted industrial point source facility and two 

permitted municipal point source facilities in the Plum Creek watershed (WDNR 2012).   

This chapter compares P concentrations of sampling sites upstream and downstream 

from an industrial point source discharging directly into Plum Creek. In addition, TP and 

DP loads from the point source were estimated. 

  

Methods 

Sample Collection and Analysis 

Eight low flow grab samples were collected upstream and downstream of a point 

source in Plum Creek watershed from May to November 2011. Samples were processed 

and analyzed according to standard methods (See Chapter 2). Samples were analyzed at 

UW-Green Bay for SSC, TP and DP (See Chapter 3). 
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Load Calculations 

Measured concentrations were combined with daily flow data in Plum Creek and 

effluent volume from the point source to calculate loads for each of the eight sample 

dates. Annual TP and DP loads were calculated from the mean daily loads. Point source 

daily flow data for 2011 were obtained from the WDNR (Schmidt WDNR).   

 

Statistical Analysis 

A paired t-test was performed on the data, using PROC TTEST in SAS 9.2 to 

determine if the differences between upstream and downstream TP and DP concentrations 

were significantly different than zero.   

 

Results and Discussion 

Concentrations 

Upstream and downstream TP values were 0.24 mg/L and 0.44 mg/L, respectively 

(Figure 4.1). Upstream and downstream DP values were 0.19 mg/L and 0.35 mg/L, 

respectively. Results of the paired t-tests showed the difference between upstream and 

downstream TP (p = 0.0056) and DP (p =0.0015) were significant. SSC concentrations 

did not vary much and ranged from 0 mg/L to 7.5 mg/L. 

 

 

 

 



76 

 

 

 

Figure 4.1. TP and DP concentrations upstream and downstream of a 

point source in the Plum Creek watershed.  Upstream TP and DP 

concentrations are significantly greater than downstream 

concentrations.  Boxes and bars represent the interquartile range and 

median respectively.  Whiskers represent the largest unbooked sample 

values.  Outliers (1.5 box lengths from the end of the box) are 

represented as circles.   

 

 

Loads 

Calculated annual loads of TP and DP from the point source in 2011 were 57 kg and 

54 kg.  DP load constituted 94% of the annual TP load.  These match reasonably well 

with reported loads from 2008 (65 kg) (Schmidt WDNR).  Based on this study’s 

calculations, this point source is already meeting its TMDL allocation (WDNR 2012).  

 Based on these load estimates, the point source’s TP contribution to Plum Creek 

was 0.2% of the WY 2011 total load.  The DP contribution was only 0.7% of the WY 
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2011 total load.   

 

Conclusions 

The difference between upstream (0.24 mg/L) and downstream (0.44 mg/L) TP 

concentrations were significant (p = 0.016).  Similarly, the difference between upstream 

(0.19 mg/L) and downstream (0.25 mg/L) DP concentrations were also significant (p = 

0.078).    

Less than 1% of the total annual P load in Plum Creek is contributed by this point 

source.  Much of the P load contribution from nonpoint sources in Plum Creek watershed 

occurs during relatively few days (<20 days in WY2011) during the year when significant 

runoff eventst occur.  During these times of high flow, point source contributions are 

negligible.  During low flow periods, however, point sources have a measurable impact 

on Plum Creek water quality.  Furthermore, almost all of the point source’s discharged P 

(94% of the load) is in soluble forms, making it much more available for biological 

activity. This study showed that the point source had a measureable impact on water 

quality during low flow conditions.  Although, point sources impact water quality in 

Plum Creek, reducing nonpoint source P loads from agriculture should be the number one 

priority for P load reduction efforts in the watershed.        
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CHAPTER 5 – PROJECT SUMMARY 

 

This project was undertaken to more closely examine the water quality and land use 

characteristics of Plum Creek watershed, a high-yielding agricultural watershed in the 

Lower Fox River Basin. This chapter will summarize the findings of chapters 2, 3 and 4 

by answering the questions stated in chapter 1.  

 

Summary of Project Results 

Chapter 2: Plum Creek Water Quality Characteristics and Comparisons 

A cooperatively-operated United States Geological Survey (USGS) monitoring 

station was installed on the main branch of Plum Creek at County Road D in October of 

2010. A similar monitoring station was located on Baird Creek at Superior Road and was 

used for comparison. A UW-Green Bay-operated monitoring station was installed on the 

west branch of Plum Creek (West Plum) in October 2010.   

The objectives of Chapter 2 were to answer the following questions: 

1. How much P and sediment does Plum Creek contribute to the Lower Fox 

River? 

2. How do Plum Creek and West Plum Creek water quality compare? 

3. How does Plum Creek water quality compare to that of other agricultural 

watersheds in the Lower Fox River Basin? 

 

Objective 1 

Sixty three percent of Plum Creek watershed was in the drainage area of the main 

monitoring station. Measured TSS, TP and DP loads at the main station during WY 2011, 

were 6,979 metric tons, 13,804 kg and 3,694 kg, respectively. WY 2011 yields from 

Plum Creek watershed were1.28 t/ha of TSS, 2.54 kg/ha of TP and 0.69 kg/ha of DP.  
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The DP fraction of the TP load in WY 2011 was 27.3%. Estimated TSS, TP and DP loads 

from the entire Plum Creek watershed were 14,722 metric tons, 26,701 kg and 7,279 kg, 

respectively.  

 

Objective 2 

Event flow sample data from West Plum Creek were too limited for comparison with 

Plum Creek event samples; therefore, only low flow samples were compared. Median 

TSS, TP and DP low flow concentrations in Plum Creek during the study period were 23 

mg/L, 0.30 mg/L and 0.27 mg/L, respectively. Median TSS, TP and DP low flow 

concentrations in West Plum Creek during the study period were 10 mg/L, 0.32 mg/L and 

0.27 mg/L, respectively. There were no significant differences in TSS, TP or DP low flow 

concentrations between Plum Creek and West Plum Creek.     

 

Objective 3 

Median TSS, TP and DP concentrations in Plum Creek across all flow conditions 

during the study period were 149 mg/L, 0.60 mg/L and 0.24 mg/L, respectively. Median 

TSS, TP and DP concentrations in Baird Creek across all flow conditions during the study 

period were 42 mg/L, 0.34 mg/L and 0.14 mg/L, respectively.   

Study period Plum Creek TSS, TP and DP concentrations in all flow conditions were 

statistically greater than those from Baird Creek except for event flow DP concentrations, 

where the two streams were similar. WY 2011 Plum Creek loads and yields exceeded 

those from Baird Creek and appear to be greater than those from four neighboring 

agricultural watersheds during water years 2004 to 2006. The interaction of several 
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factors may be causing these relatively high yields from Plum Creek watershed. Such 

factors include the high proportion of agricultural land, soil textures, slope and specific 

agricultural practices (tillage, manure applications, etc.). 

 

Chapter 3: Multi-field Catchment Water Quality and SnapPlus Assessment 

The Lower Fox River TMDL suggests that agriculture is the largest contributor of P 

and sediment to Plum Creek and the Lower Fox River.  To better understand the influence 

of agricultural practices and land characteristics on P and sediment loss, runoff from 17 

multi-field catchments (MFC) was sampled throughout the study period.  These data 

were used to assess SnapPlus, a nutrient management planning software program. 

The objectives of Chapter 3 were to answer the following questions: 

1. What are the characteristic of multi-field catchment runoff in Plum Creek 

watershed? 

2. How is STP related to P and sediment concentrations in runoff at the 

multi-field catchment scale? 

3. How do watershed characteristics (slope, land use and management 

practices) influence P and sediment concentrations in runoff at the multi-

field catchment scale? 

4. Can the nutrient management tools, SnapPlus and the Wisconsin 

Phosphorus Index, be used as reliable P and sediment loss predictors in 

Plum Creek watershed? 

 

Objective 1 

Multi-field catchment runoff samples exhibited high sediment and phosphorus 

concentrations (Appendix C).  Across four sampling events, maximum TSS, TP and DP 

concentrations were 1,272 mg/L, 3.83 mg/L and 3.00 mg/L, respectively. Median values 

were 218 mg/L, 1.03 mg/L and 0.33 mg/L, respectively.  Minimum values were 13 mg/L, 

0.38 mg/L and 0.05 mg/L, respectively. The TMDL’s summer median TP goal for Lower 

Fox tributaries is 0.075 mg/L (WDNR 2012).  
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Objective 2 

The area-weighted average STP concentration within the total MFC area was 41 ppm, 

classified as an excessively high value.  Sixty eight percent of MFC area had excessively 

high STP concentrations. STP was not correlated with MFC runoff TP or DP 

concentrations.  

 

Objective 3 

Case studies of MFCs 5, 8 and 15 provided some insight into how watershed 

characteristics (slope, land use and management practices) influence P and sediment 

concentrations in runoff.  In MFCs 5 and 8, surface residue changed dramatically 

between spring and fall of 2011. Consequently, sediment and TP concentrations changed 

dramatically.  In MFC 15, surface residue remained unchanged over the same time 

period. Runoff DP concentration, however, increased greatly.  Manure logs revealed that 

three unincorporated manure applications occurred from June to August of summer 2011. 

Manure is composed of easily soluble P that can exit fields in the form of DP during 

runoff events.  Therefore, management changes can have a dramatic effect on P and 

sediment concentrations in runoff. 

 

Objective 4 

SnapPlus inputs are often obtained from nutrient management plans (NMPs) and 

include both land characteristics (soils, slope, soil test phosphorus concentrations, etc.) 

and land practices (tillage, crop rotation, fertilizer and manure applications, etc.). Based 
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on these inputs SnapPlus calculates rotational average and annual Wisconsin Phosphorus 

Index (WI PI) and sediment loss values. To be in compliance with NRCS 590, producers 

choosing to manage P via the WI PI must not exceed a rotational average PI of 6.       

SnapPlus inputs were obtained from NMPs that were gathered from the WDNR and 

county conservation departments. SnapPlus calculated PI and sediment loss values for 

individual fields within the 17 MFCs.  Area-weighted PI and sediment loss values were 

then calculated and compared with measured MFC runoff P and sediment concentrations. 

PI and predicted sediment loss values were not correlated with MFC runoff P and 

sediment concentrations during 4 runoff events in crop years 2011 to 2012. The lack of 

correlation may be caused by several factors. The likely major cause is that SnapPlus 

inputs did not reflect actual practices. 

 

Chapter 4: Phosphorus Contributions from a Point Source in Plum Creek 

Watershed 

Although nonpoint sources of P are the major concern in Plum Creek watershed, 

point sources should still be evaluated.  During the summer of 2011, samples were taken 

upstream and downstream of a point source discharging into Plum Creek.  

  The objective of chapter 4 was to answer the following question: 

1. What is the significance of a point source cheese production facility to in-

stream P concentrations in Plum Creek?  

 

Objective 1 

 TP and DP concentrations downstream of the point source were significantly 

higher than concentrations upstream. Annual TP and DP loads from the point source were 

estimated at 57 kg and 54 kg, respectively.  DP was 94% of annual P load. Although, the 
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results of this chapter suggest that point sources have a measurable impact on water 

quality during low flow conditions, their annual load contribution is negligible (7% of 

Plum Creek watershed TMDL baseline P loads) compared to nonpoint sources (93% of 

Plum Creek watershed TMDL baseline P loads).  Future P loading reduction efforts in 

Plum Creek must focus on agricultural nonpoint sources if water quality goals are to be 

achieved.   

 

Implications of Research 

This study confirms that Plum Creek contributes a disproportionately high amount of 

sediment and P to the Lower Fox River and it suggests that it may be the highest yielding 

watershed in the Lower Fox River Basin, as did TMDL models. Results suggest that for 

Plum Creek watershed to meet TMDL goals, greater than 70% reductions of both 

sediment and P loads are needed. Furthermore, the WY 2011 summer low flow median 

TP concentration in Plum Creek was 0.35 mg/L; greater than five times the goal stated in 

the TMDL. 

Analysis at the MFC scale showed that SSC and P concentrations leaving fields in 

runoff are high and that these concentrations are influenced greatly by surface residue and 

manure management. Improved tillage, residue/cover, and manure management can 

therefore greatly reduce sediment and P loss in runoff. 

Although measured water quality was poor, more than 95% of the area within the 

MFCs was at or below the PI standard of 6. In the eyes of the state and agricultural 

industry, producers within these MFCs are managing their fields in a way that sufficiently 

minimizes their impact on surface water quality. Regardless of whether or not the PI is 
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accurately predicting water quality, the current approach of using the PI based upon 

existing standards to improve water quality will not achieve success in Plum Creek 

watershed. 

Accuracy of SnapPlus outputs (the PI and soil loss predictions) could be improved, 

and therefore be a more effective tool for improving water quality, if SnapPlus inputs 

were more accurate. This study found that tillage and field slope values input into 

SnapPlus may not accurately reflect reality.  Other inputs, including dominant critical soil 

type and manure application values, may also not be accurate. Improving the accuracy of 

inputs relies almost entirely on the producers and their consultants. Currently, producers 

submit NMPs to county conservation departments or in the case of permitted operations, 

the WDNR. Permitted operations are those with 1,000 or more animal units (roughly 700 

milking cows) (WDNR 2010b). County and WDNR personnel review the NMPs and 

make sure fields meet the rotational PI average of 6. Funding and staff constraints, 

however, do not allow for physical inspections of all producers to check that what is 

entered into SnapPlus is in fact reality. Recently, however, the WDNR is beginning to 

enforce permitted operations’ implementation of NMPs through on-site audits. As of 

March 2012, six permitted operations were audited by the WDNR. Only two of the six 

operations had fully implemented their NMP.  These types of NMP compliance checks 

and audits have resulted in fines and other legal actions in Maryland’s efforts to meet 

water quality goals for Chesapeake Bay by ensuring farms comply with nutrient 

management rules (Maryland Department of Agriculture, 2012).  

Finally, results of this study place serious doubt on whether or not TMDL goals are 

realistic for Plum Creek. Allocated yields, calculated from the TMDL, to Plum Creek 
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watershed agriculture are 0.18 metric ton/ha/yr (0.08 ton/ac/yr) for TSS and 0.25 kg/ha/yr 

(0.22 lb/ac/yr) for P. The latter is essentially a goal PI for agricultural land within the 

watershed. Only 101 ha (18% of NMP area) in crop year 2011 and 75 ha (15% of NMP 

area) in crop year 2012 had RUSLE2 soil loss values of 0.22 metric ton/ha/yr (0.1 

ton/ac/yr) or less. Similarly, only 20 ha (3.5% of NMP area) in crop year 2011 and 36 ha 

(7% of NMP area) in crop year 2012 had total PI values of 0.2 or less. A hypothetical 

SnapPlus scenario in a typical Plum Creek field shows that a three year alfalfa rotation 

with no nutrient applications yields total PI values from 0.2 – 0.4 and a RUSLE2 soil loss 

value of 0.36 metric ton/ha/yr (0.16 ton/ac/yr). Another SnapPlus scenario shows that un-

harvested, permanent grassland with no nutrient application yields a total PI of 0.2 and a 

RUSLE2 soil loss value of 0.09 metric ton/ha/yr (0.04 tons/ac/yr). These SnapPlus 

scenarios support the idea that to reach a PI of 0.2, drastic changes in land use and/or 

agricultural practices will need to occur.  

 

The Future and Possible Solutions 

Dairy production and the resulting demand on the finite land base is increasing in the 

Plum Creek watershed area. Between 1997 and 2007, the number of dairy cows in 

Brown, Calumet and Outagamie counties increased by 12% while the number of farms 

decreased by 44% (USDA NASS 2012). The amount of land devoted to agriculture in the 

three counties decreased by 4% between 2002 and 2007 (USDA 2007).  

As of 2002, only 15-29% of dairy operations in these counties used pasture for 

milking cows (Taylor and Foltz 2006). These non-pastured dairy operations rely entirely 

on stored feed and often times confine cows for either feeding and/or housing. Stored 
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feed consists of concentrates (i.e. grains) and forage (i.e. corn silage and alfalfa) (Linn et 

al. 2008). These confined, conventional dairy operations intensify land use in their 

vicinity due to the increased demand for land for spreading manure and harvesting 

forage. Harvested silage fields have little soil protection and are vulnerable to erosion. 

Fields receiving large volumes of manure have an increased risk of P loss. As land use 

intensifies in the region, improving water quality in the LFRB will become even more 

challenging.    

This intense land use may be playing a role in Plum Creek’s high sediment and P 

yields. Because 77% of Plum Creek’s P is attached to particles such as sediment, 

reducing soil erosion must be a priority. Erosion can be addressed in a variety of ways 

ranging from simple conservation practices, to innovative policy tools, to drastic changes 

in land use. Absent drastic changes in land use, conservation practices that prevent soil 

erosion will need to be extensively implemented in Plum Creek watershed in order to 

improve water quality. Examples of conservation practices that can reduce sediment and 

P loss include cover crops (Sharpley and Smith 1991), conservation tillage (Gaynor and 

Findlay 1995) contour tillage (Potter et al. 2006) grassed waterways (Feiner and 

Auerswald 2003) and riparian buffer or filter strips (Lee et al. 2003).  

These practices, however, are competing with rising corn prices. A major reason for 

this is 2005 and 2007 legislation that spurred the rapid growth of the ethanol industry 

(Carter et al. 2012). This caused an increased demand for corn among several industries 

(ethanol for fuel, livestock feed, food, etc.) and elevated corn prices. In fact, 38% of 

domestic corn in 2011 was used for fuel ethanol production (Carter et al. 2012). Some 

producers hoping to take advantage of high prices are farming land that was once 
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considered too marginal to plant to crops and/or land enrolled in a conservation program 

(i.e. Conservation Reserve Program) or practice (i.e. grassed waterway or buffer strip). As 

conservation practices are displaced by agriculture, soil and water quality are reduced. 

We have observed this to be the case in Plum Creek watershed. Grassed waterways are 

being plowed through or were nonexistent to begin with and stream buffers are too 

narrow to be effective at filtering runoff. 

 One way to encourage conservation practice implementation is to use a market-based 

policy tool called a cap and trade system. Under such a system, polluters must own 

allowances of a pollutant in order to pollute. Polluters can earn credits by polluting at 

levels below their allowance. Market demand for credits is created by a cap, which is the 

maximum amount of pollutant that can be discharged by all the participants in the system 

(Ribaudo and Gottlieb 2011). Possible caps already exist via the LFRB TMDL and the 

Wisconsin state P standards. For example, GBMSD, a point source, must reduce the P 

concentration of their effluent from 0.2 mg/L to 0.1 mg/L. GBMSD would need to spend 

an estimated $223 million in capital and $2 million per year for operations and 

maintenance at their facility to achieve this reduction (GBMSD 2012). In a trading 

system, instead of spending money upgrading their facility, GBMSD could pay 

agricultural producers within the LFRB to implement conservation practices that would 

reduce P loading to the LFR. The latter strategy could achieve the desired P reduction at a 

much lower cost to GBMSD and its rate payers. Cap and trade systems do have 

problems, however. One major challenge is to determine the P-reducing ability of specific 

conservation practices. Without physical inspections to ensure conservation practices are 

installed and maintained properly, it is difficult to ensure the buyer of P credits that they 
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are getting what they paid for.    

Even though a cap and trade system shows potential to improve LFRB water quality, 

more drastic changes may be needed in the LFRB and Plum Creek watershed. An 

example of a drastic change is the conversion from conventional agriculture (confined 

dairy operations in the case of the LFRB) to alternative forms of agriculture. Alternative 

agriculture could take the form of management intensive grazing (MIG) dairy. In MIG 

systems, dairy cows obtain the majority of their forage from pasture and are moved to 

fresh pasture frequently at least once per week (Taylor and Foltz 2006). MIG systems 

have lower capital investments and reduced machinery and labor requirements and can be 

profitable. A study of Wisconsin dairy operations from 1993 to 2003 found that farmers 

of grazing dairies earned similar income with half as many cows, had less debt and were 

more satisfied with their quality of life than other dairy farmers (Taylor and Foltz 2006). 

Environmental benefits of MIG systems compared to conventional systems include 

increased soil protection (less sediment loss), increased soil organic matter, improved 

nutrient distribution, improved cow health and decreased dependence on fossil fuels that 

are essential to conventional dairy operations (field tillage, planting, harvesting, manure 

hauling, etc.) (USDA NRCS 2007). In a water quality modeling study, Baumgart (2005) 

estimated that by converting 40% of dairy farms to MIG systems in the LFRB, nonpoint 

sources of P exported to the bay of Green Bay would be reduced by >15%.  These 

environmental benefits could in turn yield benefits for residents of the LFRB by 

potentially increasing property value along waterways, recreational opportunities and 

habitat for wildlife (Dodds et al. 2009). Moore et al. (2011) surveyed residents in 14 

townships that bordered Green Bay and found that cumulatively they were willing to pay 
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$10 million annually to improve water clarity in the bay by 1.2 m (4 ft). 

To encourage a switch from conventional to alternative agriculture, policies may need 

to be changed or enacted. For example, a policy could be enacted to limit the number of 

livestock per unit area. Another option would be to either increase subsidies for 

alternative agriculture, reduce subsidies to conventional agriculture, or eliminate all 

agricultural subsidies. Subsidies arose during the Great Depression as a way to alleviate 

farmer poverty. In Wisconsin, agriculture received $4.39 billion in commodity subsidies, 

$1.03 billion in crop insurance, $902 million in conservation subsidies and $352 million 

in disaster subsidies from 1995 to 2011. This totals $6.65 billion of taxpayer dollars 

during that period. Large, commercial farms receive 62% of all farm subsidies (EWG 

2012). Furthermore, the US public spent on average 9.4% of their disposable income on 

food in 2010. In 1947 this value was 23.5% (USDA ERS 2012). The public will also need 

to consider whether they are willing to pay more for food in order to improve and/or 

maintain soil and water quality.  

 

Future Research  

The USGS station on County D Road is funded to continue monitoring until October 

2013. At that point in time, three years of water quality data will have been collected 

from Plum Creek which will provide a better picture of annual sediment and P losses 

under multiple crop and weather conditions. During the study period, TSS and TP were 

highly correlated (r2=0.88) at the Plum Creek USGS monitoring station. Based on this 

relationship, the addition of a turbidity meter at West Plum Creek would allow for TSS 

and TP load calculations at the West Plum Creek monitoring station. This would be done 
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by: estimating TSS and TP concentrations by applying regression equations that are based 

on continuous turbidity data and a limited number of event and low flow samples that are 

analyzed for TSS and TP; coupling the existing pressure transducer data with a larger 

stage/discharge dataset and subsequent stage/discharge relationship to obtain continuous 

flow measurements; and combining the concentration and flow data to produce daily 

loads. In addition, the MFC monitoring should be continued in an effort to obtain at least 

six to eight events at the monitoring sites established in this study.  Ideally four events 

would be monitored within the same crop year so as to minimize field management 

variability within a site.   
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APPENDIX A: WATERSHED WATER QUALITY COMPARISONS 

 

 

 

A.1.  Comparison of median total suspended solids (TSS), total phosphorus (TP) and dissolved phosphorus (DP) concentrations 

between Baird Creek (BA) and Plum Creek (PL) for various flow conditions during the study period (October 2010 – April 

2012).  Medians with different letters represent statistical significance at the 0.05 probability level. 

 

 TSS (mg/L) TP (mg/L) DP (mg/L) DP Fraction (%) 

 
BA PL BA PL BA PL BA PL 

 
All Flow Conditions 

Minimum 1 4 0.02 0.08 0.02 0.05 4 6 

Mean 130 424 0.50 0.85 0.15 0.26 52 45 

Median 42
a
 149

b
 0.34

a
 0.60

b
 0.14

a
 0.24

b
 52

a
 38

a
 

Maximum 2180 5790 6.35 5.64 0.47 0.49 1 91 

No. of Samples 175 181 175 181 34 33 33 33 

 
Low Flow Conditions – Data are paired

 

Minimum 1 4 0.02 0.10 0.02 0.10 6 38 

Mean 6 22 0.17 0.34 0.08 0.25 64 68 

Median 4
a
 23

b
 0.13

a
 0.34

b
 0.06

a
 0.22

b
 62

a
 71

b
 

Maximum 22 58 0.59 0.66 0.24 0.49 1 91 

No. of Samples 27 27 27 27 13 13 13 13 

 
Event Flow Conditions 

Minimum 5 11 0.05 0.12 0.06 0.05 4 6 

Mean 154 497 0.57 0.95 0.19 0.26 43 28 

Median 58
a
 231

b
 0.39

a
 0.69

b
 0.17

a
 0.24

b
 44

a
 28

a
 

Maximum 2180 5790 6.35 5.64 0.47 0.48 74 79 

No. of Samples 146 153 146 153 20 19 19 19 
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A.2.  Median total suspended solids (TSS), total phosphorus (TP) and dissolved phosphorus (DP) concentrations and comparison of 

low flow TSS, TP and DP concentrations between Plum Creek (PL) and West Plum Creek (WPL) for various flow conditions during 

the study period (October 2010 – April 2012).  Medians with different letters represent statistical significance at the 0.05 probability 

level. 

 

 TSS (mg/L) TP (mg/L) DP (mg/L) DP Fraction (%) 

 
PL PLW PL PLW PL PLW PL PLW 

 
All Flow Conditions 

Minimum 4 3 0.08 0.10 0.05 0.05 6 17 

Mean 424 253 0.85 0.92 0.26 0.37 45 65 

Median 149 23 0.60 0.62 0.24 0.27 38 74 

Maximum 5790 1140 5.64 4.43 0.49 1.19 91 87 

No. of Samples 181 19 181 19 33 15 33 16 

 
Low Flow Conditions - Data are Paired 

Minimum 5 3 0.08 0.10 0.10 0.05 55 51 

Mean 21 13 0.32 0.45 0.26 0.40 71 75 

Median 23
a
 10

a
 0.30

a
 0.32

a
 0.22

a
 0.27

a
 73

a
 78

a
 

Maximum 54 28 0.57 1.41 0.49 1.19 91 87 

No. of Samples 13 13 13 13 11 11 11 11 

 
Event Flow Conditions 

Minimum 11 355 0.12 0.80 0.05 0.23 6 17 

Mean 497 773 0.95 1.95 0.26 0.35 27 24 

Median 231 735 0.69 1.55 0.24 0.41 28 19 

Maximum 5790 1140 5.64 4.43 0.48 0.42 79 34 

No. of Samples 153 6 153 6 19 3 19 3 
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APPENDIX B: WATERSHED CHARACTERISTICS COMPARISON 

 

 

 

B.1.  2011 Land use and land cover composition in the watersheds of six Lower Fox River Basin 

monitoring sites.   

 

 
Ag Urban Wetland Forest Grassland/shrubland Water Barren 

Apple Creek 66% 26% 4% 4% 0% 0% 0% 

Ashwaubenon Creek 84% 9% 2% 5% 0% 0% 0% 

Baird Creek 76% 12% 10% 2% 0% 0% 0% 

Duck Creek 70% 7% 13% 9% 0% 0% 0% 

East River 63% 24% 5% 8% 0% 0% 1% 

Plum Creek 80% 9% 4% 6% 0% 1% 0% 

 

 

 

B.2.  Mean overland slopes in the watersheds of 

six Lower Fox River Basin monitoring sites.  

Slopes are in percent.  

 

Watershed Cropland  

Apple Creek 2.6 

Ashwaubenon Creek 1.7 

Baird Creek 2.6 

Duck Creek 3.1 

East River 4.1 

Plum Creek 3.7 
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APPENDIX C: PLUM CREEK SAMPLING EVENTS 

 

 

 

C.1.  SSC, TP and DP concentrations in MFC runoff during event 1. 

 

Event 1 – April 16, 2011 

Site SSC (mg/L) TP (mg/L) DP (mg/L) PP (mg/L) DP Fraction 

2 516 1.22 0.21 1.01 0.17 

3 92 1.21 0.72 0.49 0.6 

4 139 0.8 0.35 0.45 0.43 

5 55 0.95 0.66 0.3 0.69 

6 330 1.03 0.29 0.74 0.28 

7 94 0.58 0.19 0.39 0.33 

8 1272 2.14 0.23 1.91 0.11 

9 130 0.96 0.45 0.5 0.47 

10 234 0.59 0.15 0.44 0.25 

11 115 1.01 0.49 0.52 0.49 

12 218 0.8 0.26 0.55 0.32 

13 41 0.8 0.5 0.3 0.62 

14 469 1.04 0.42 0.62 0.4 

15 35 0.74 0.31 0.42 0.42 

20 96 0.83 0.39 0.44 0.47 

21 98 0.68 0.16 0.53 0.23 
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C.2.  SSC, TP and DP concentrations in MFC runoff during event 2. 

 

Event 2 – April 26, 2011 

Site SSC (mg/L) TP (mg/L) DP (mg/L) PP (mg/L) DP Fraction 

1 183 0.92 0.26 0.67 0.28 

2 878 1.42 0.1 1.32 0.07 

3 85 1.07 0.58 0.49 0.54 

4 686 2.13 0.75 1.38 0.35 

5 29 0.8 0.34 0.46 0.42 

6 781 1.55 0.27 1.28 0.18 

7 58 0.45 0.05 0.4 0.11 

8 795 2.88 0.12 2.76 0.04 

9 274 1.25 0.42 0.83 0.34 

10 485 0.96 0.12 0.84 0.13 

11 218 1.11 0.48 0.63 0.43 

12 525 1.36 0.24 1.12 0.18 

13 127 0.71 0.3 0.42 0.42 

14 460 0.91 0.27 0.63 0.3 

15 72 0.64 0.09 0.54 0.15 

20 267 1.27 0.3 0.97 0.24 

21 134 0.92 0.08 0.84 0.09 
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C.3.  SSC, TP and DP concentrations in MFC runoff during event 3. 

 

Event 3 – November 9, 2011 

Site SSC (mg/L) TP (mg/L) DP (mg/L) PP (mg/L) DP Fraction 

1 131 1.29 0.57 0.72 0.44 

2 483 1.31 0.3 1.01 0.23 

3 45 1.11 0.81 0.3 0.73 

4 1233 2.31 0.49 1.82 0.21 

5 1165 2.71 0.74 1.97 0.27 

6 414 1.15 0.42 0.73 0.37 

7 47 0.78 0.46 0.32 0.59 

8 108 0.82 0.5 0.33 0.61 

9 795 1.03 0.44 0.59 0.42 

10 59 0.57 0.28 0.29 0.49 

11 48 1.06 0.67 0.39 0.64 

12 210 1.04 0.33 0.72 0.31 

13 87 2.95 2.12 0.83 0.72 

14 148 1.57 1.03 0.54 0.66 

15 96 3.83 3 0.83 0.78 

20 535 1.39 0.81 0.58 0.58 

21 13 0.69 0.59 0.1 0.86 
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C.4.  SSC, TP and DP concentrations in MFC runoff during event 4 

. 

Event 4 – May 6, 2012 

Site 
SSC 

(mg/L) 
TP (mg/L) DP (mg/L) PP (mg/L) DP Fraction 

1 128 0.57 0.35 0.22 0.39 

2 300 0.62 0.46 0.16 0.25 

3 345 1.32 0.81 0.51 0.39 

4 278 1.20 0.84 0.36 0.30 

5 328 0.99 0.77 0.22 0.22 

6 593 0.95 0.73 0.23 0.24 

7 79 0.54 0.24 0.30 0.55 

8 640 1.12 0.94 0.18 0.16 

9 497 1.21 1.02 0.19 0.16 

10 272 0.83 0.55 0.28 0.34 

11 224 1.79 1.16 0.63 0.35 

12 228 1.65 0.99 0.66 0.40 

13 292 0.92 0.60 0.32 0.35 

14 289 1.13 0.80 0.33 0.29 

15 142 1.40 0.83 0.57 0.41 

20 62 0.58 0.34 0.24 0.42 

21 26 0.38 0.29 0.09 0.24 

 


