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Abstract 
 
Understanding the legacies of past land and nutrient management in watersheds is 
critical for mitigating eutrophication. Human-driven changes in land use and food 
production systems over decades have altered the phosphorus (P) biogeochemical cycle 
and led to the accumulation of historic, or legacy, P in watersheds. This legacy P is a 
“chemical time bomb” that can act as a chronic, diffuse, non-point source to downstream 
waterbodies for years to centuries (Stigliani et al., 1991; Sharpley et al., 2013).  
 
The watershed of Big Green Lake, Wisconsin’s deepest natural inland lake, is a multi-
functional resource that has long supported both tourism and food production (Chapter 
1). However, like many waterbodies across the Upper Midwest, the lake and five of its 
seven tributaries are impaired for total phosphorus. Despite four decades of widespread 
management practice implementation, P loads to the lake remain elevated. To identify 
whether current or historical legacy P sources may be thwarting improvement to Green 
Lake’s water quality, we reconstructed historical watershed P flows from 1987 – 2017 
using a P mass balance approach at the watershed and subwatershed scale in five-year 
time steps (Chapter 2). We estimated uncertainty in the 2017 flows using a Monte Carlo 
simulation approach. We further quantified legacy P accumulation in watershed wetland 
sediments, lake sediments, and soils using the mass balance and paleolimnological 
analysis (Chapter 3) and evaluated the implications for watershed management (Chapter 
4). 
 
Our results show that between 1987 and 2017, the Green Lake watershed accumulated 
an average of 126,000 kg P/year, or a total of 3,775,000 kg P. Agricultural flows of 
fertilizer, dairy feed supplements, imported manure, and pesticides accounted for 89 – 
93% of annual P inputs to the Green Lake watershed. Around 2007, the net balance of P 
additions minus removals shifted from net annual accumulation to net annual depletion. 
This shift is attributed to decreases in livestock populations, agricultural fertilizer use, and 
dairy P feed supplements, coupled with increases in P removed by crop harvest. Thus far, 
few agricultural watersheds have been documented to be in depletion phases and this is 
an important finding for future research on how decreasing P balances relate to lags in 
water-quality improvements (Stackpoole et al., 2019).  
 
Storage of sediment-bound P is primarily within soils and wetland corridors in the Green 
Lake watershed. Two of the major subwatersheds drain through altered wetlands, or 
shallow reservoirs that have accumulated an estimated 65 and 85 MG of P since 1880. 
Green Lake itself has accumulated approximately 561 MG of sediment-bound P since 
1880. Agricultural soils store significantly more P (an estimated 4720 MG). County and 
subwatershed soil test P values show excessively high levels over the past two decades, 
beyond crop requirements, leading to high P accumulation rates in watershed soils. 
Additional unquantified P is likely stored along riverine and wetland corridors in the 
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watershed, and channelized drainage ditches. Compared to the P mass balance 
calculations, we estimate that 75% of the P stored in agricultural soils and wetland 
corridors has accumulated since 1987 at an average annual rate of 4.4 kg P/ha/year. This 
rate is comparable to other watersheds with intensive agriculture (Mittelstet and Storm, 
2016; Wironen et al., 2018).  
 
These findings have important implications for local watershed management. Large stores 
of legacy P, especially within watershed soils, have likely impeded efforts to reduce P 
loads to Green Lake over the past 30 years and may continue to do so without additional 
management. While they persist, historic pools of watershed P increase the risk of P 
runoff into waterbodies. Therefore, there is an urgent need to continue to reduce soil test 
P levels through decreasing fertilizer inputs and drawing down existing P stores with 
approaches that combine soil P testing with improved nutrient recycling, cover crops, 
livestock grazing, and removing land from production. If business continues as usual 
without management that is focused on P supply reduction, it could take on the order of 
24 years for soil test P levels to decline to the agronomic levels recommended for 
watershed crops. The presence of this legacy P indicates that watershed recovery will be 
slow. Mitigating eutrophication at Green Lake will require sustainable long-term P 
management that reduces both P transport and overall P inputs to the watershed.   
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Chapter 1: Introduction 
 
1. Phosphorus and watershed management 
1.1 Lake eutrophication 
Lakes are vital environmental, economic, and cultural resources. Yet, nationally over 
71% of assessed lakes, ponds, and reservoirs in the United States have impaired water 
quality and are thus unable to serve some of their basic functions of providing habitat, 
drinking water, or recreation (U.S. EPA, 2020). Addressing the pollutants that produce 
poor water quality is an important research and management focus. 
 
Nutrients are the major cause of impairments in lakes. While nutrients like phosphorus 
(P) and nitrogen (N) are essential for all life, in excess they degrade ecosystem services 
and make lakes eutrophic, or over-enriched with nutrients, leading to excess growth of 
phytoplankton, algae, and plants. Then when organisms die and decompose, they use up 
available dissolved oxygen, creating “dead zones”. Eutrophic conditions can lead to murky 
waters, fish kills, odors, nuisance and toxic algal blooms, loss of desirable fish species and 
sensitive invertebrate species, and overall changes to ecosystem structure (Carpenter et 
al., 1998; MA, 2005). In addition to environmental consequences, eutrophication has 
economic costs to public health, fisheries, and tourism (Krysel et al., 2003). Estimates 
suggest that eutrophication costs the US 2.2 billion dollars a year from drinking water 
treatment expenses, the impacts on endangered and threatened species, and decreases 
in property values and recreational activities (Dodds et al., 2009). Once a lake becomes 
eutrophic, it can remain eutrophic for an extended period and recovery can take years to 
centuries (Carpenter, 2005; McCrackin et al., 2017). 
 
1.2 The role of phosphorus 
In freshwater bodies like lakes, P has long been considered the primary limiting nutrient 
for algal growth. Therefore, the rate of supply of P controls the rate of algal 
productivity. Historically P received more attention than N because of the direct 
relationship of P and chlorophyll concentrations (Lewis et al., 2008). Some research in 
the past two decades indicates that unitary P control is overgeneralized and both N and 
P limit productivity in freshwater lakes and streams (Elser et al., 2007; Paerl et al., 2016; 
Dodds and Smith, 2016). Other research suggests evidence that P-only control is 
successful in reducing algal abundance (Schindler, 2012; Schindler et al., 2016). 
Regardless, nationally total P (TP) concentrations in US lakes and streams increased 
dramatically between 2000 and 2014 (Stoddard et al., 2016). Furthermore, P 
accumulates faster than N in human-impacted freshwater ecosystems (Yan et al., 2016). 
Clearly, continued P management is needed.  
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On a global scale, massive human-driven changes in land use and food production 
systems starting in the mid- 1900s changed the phosphorus biogeochemical cycle (Elser 
& Bennett, 2007). Decades of increasing human populations and changes in human diets 
have driven the intensification of land use for residential development, waste 
production, energy consumption, livestock operations, and crop cultivation. Intensive 
urban and agricultural land use in conjunction with climate change has driven the rising 
prevalence of P and its movement into freshwater bodies (Carpenter et al., 1998; 
Filippelli, 2008; Liu et al., 2008; Jenny et al., 2016). Phosphorus is in human diets and 
products and thus also in human waste. The same is true for the food and waste of dogs 
and agricultural livestock. Within a watershed, P can come from specific point-source 
pollution like wastewater treatment plant effluent and feed lot runoff, or diffuse non-
point sources (NPS) like septic system effluent and runoff from agricultural fields. 
 
1.3 Addressing non-point source phosphorus 
Today in many watersheds, non-point sources (NPS) are the main driver of 
eutrophication (Carpenter et al., 1998; U.S. EPA, 2020). Non-point phosphorus sources 
remain notoriously challenging to address because they are diffuse, cross political 
boundaries, and come from multiple stakeholders who collectively affect a watershed. 
Furthermore, NPS phosphorus is mobile. While P may originate in one location, it is 
redistributed as it cycles through living plants and animals, moves with wind, runoff, 
snowmelt, or human activities, and accumulates in biomass, soils, and freshwater 
bodies (Pierrou, 1976). Through this cycle, P can change between organic (bound to 
living or dead tissues) and inorganic (not organic) forms, and between dissolved/soluble 
(<0.45 microns) and particulate (>0.45 microns) forms (Mackey & Paytan, 2009). TP is 
the sum of all of these forms. Dissolved reactive P is the fraction of P that can be directly 
taken up by plant cells. However, because P can change forms, inhibiting eutrophication 
in lakes requires managing all forms of P in a watershed. 
 
Federal, state, and local watershed programs have supported the implementation of 
conservation measures to reduce NPS phosphorus since the 1970s. While the goals of 
these programs are to reduce P loads to freshwater bodies, the results have been 
mixed. Phosphorus management has successfully reduced some TP loads and 
concentrations in rivers, edge-of-field runoff, and farm runoff but it has not been as 
successful with reductions at the watershed scale (Sharpley et al., 2009; Jarvie et al., 
2013). In the past three decades, TP concentrations in lakes across the US Midwest and 
Northeast have stayed consistent despite major changes in management (Oliver et al., 
2017). Water bodies like Lake Erie are in phases of re-eutrophication with increased P 
loads, despite previous load reductions (Kane et al., 2014; Jarvie et al., 2017). 
Increasingly, it is becoming evident that understanding the legacies of past land and 
nutrient management in a watershed are critical for planning future management 
practices. 
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1.4 Legacies of land use and phosphorus management 
Over time phosphorus can build up in watershed soils and sediments as a result of 
management practices and inputs. P easily binds to soil and sediment particles because 
of its chemical structure. However, with repeated additions of P to the same areas, this 
particulate P accumulates in excess. For example, annual fertilizer applications beyond 
what plants are able to uptake as organic P leads to excess P accumulation. If the soil 
becomes saturated with P or there is a change in land use or land management, such as 
physical disturbance, the stored P can be re-released as particulate or dissolved P and 
the risk of P loss to water bodies may increase (Kleinman et al., 2011; Sharpley et al., 
2013). Watersheds that have previously been able to buffer additional P inputs may 
reach a threshold where they are unable to hold more and then accelerate P loss 
through runoff (Goyette et al., 2018). Areas that were formerly nutrient sinks can 
become nutrient sources. This historic anthropogenic and remobilized P is called “legacy 
phosphorus”.  
 
Legacy P is a “chemical time bomb” that acts as a chronic, diffuse non-point source to 
waterbodies and contributes P to downstream waterbodies for years to centuries 
(Stigliani et al., 1991; Sharpley et al., 2013). Rather than flushing out of a watershed, 
accumulated legacy P can be moved, recycled, and redeposited. While in a given year, 
20 – 30% of P applied on agricultural land may leave a watershed, the remaining 70 – 
80% is stored in soils, river sediments, wetlands, estuaries, and lakes (Sharpley et al., 
2013). Legacy P can persist in these storage pools for years to centuries (Jarvie et al., 
2013; Sharpley et al., 2013). Agricultural soils can retain high TP concentrations long 
after humans stop intensively farming the land (MacDonald et al., 2012). In lakes, P 
accumulation in sediments can trigger internal P loading which keeps lakes eutrophic 
for extended periods of time (Carpenter, 2005). Even when other sources of P are 
reduced in a watershed, legacy P can act as a continuous source to waterbodies (Meals 
et al., 2010; Hamilton et al., 2012; Motew et al., 2017; Goyette et al., 2018). Lakes that 
are impacted by legacy P in a watershed may have long recovery periods after 
eutrophication. 
 
 
2. The Big Green Lake watershed 
2.1 Watershed context 
Big Green Lake, located in Wisconsin in the Central USA Plains Ecoregion, is the deepest 
natural inland lake in the state and the fourth deepest lake in the Midwest, excluding 
the Great Lakes (Figure 1). With a surface area of 30 km² (11.5 mi²) and a depth of 72 m 
(236 ft), it holds the second largest volume of freshwater in Wisconsin and has an 
average water retention period of 18 years (Panuska, 1999). Water from Green Lake’s 
267 km² (103 mi²) watershed drains from the lake through the Puchyan River, into the 
Fox River, and ultimately into Lake Michigan. Green Lake has also been the site of 
numerous ecology and limnology studies dating back to the 1890s (Marsh, 1891). 



 
 
 

4 

Like many lakes in Wisconsin and the US, Green Lake’s watershed is a multi-functional 
resource that supports both tourism and food production. Green Lake and its watershed 
have been the location of lake-based recreation and productive agriculture for over 150 
years (History of Northern Wisconsin, 1881). Over this same period water quality in the 
lake and its seven tributaries declined. The glacially formed lake was oligotrophic, low in 
nutrients, before European settlers colonialized the area; however it is now mesotrophic 
(Garrison, 2002). Phosphorus is the major pollutant. Human actions drove these changes 
and led to complicated tradeoffs between agriculture, tourism, and water quality. 

 

Figure 1. The Big Green Lake HUC 10 watershed. The watershed spans three counties: Green Lake 
County (58%), Fond du Lac County (41%), and Winnebago County (1%). Seven creek tributaries 
(sub-watersheds shown) drain into Green Lake. Water leaves Green Lake through the Puchyan 
River to the Fox River (watershed shown on Wisconsin map) to Lake Michigan. 

 

Addressing NPS phosphorus pollution in a mixed-use watershed is challenging. Green 
Lake is predominately fed by rainfall and runoff and thus watershed land use has a direct 
impact on the quality of water entering the tributaries and ultimately the lake. Seven 
major tributaries drain the watershed, and some begin in small lakes (Figure 1). Excess 
phosphorus originates from agricultural and non-agricultural land users and is diffuse 
throughout the watershed. Furthermore, hydrologic and municipal boundaries do not 
align. Green Lake’s watershed spans three counties, two cities, and eight townships. 
 
Nevertheless, collaborative teams of local, state, and federal organizations and agencies 
have implemented millions of dollars’ worth of conservation initiatives in the watershed 
since the 1980s (Puzach, 1997; NRCS, 2015). Efforts have included formalized nutrient 
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management plans, sediment retention basins, vegetative buffers, stream restoration, 
conservation tillage, and education and outreach. While these best management 
practices (BMPs) have reduced some P sources, elevated P loads remain a problem for 
the lake. Green Lake and parts of five of its seven tributaries are currently on the Clean 
Water Act (Clean Water Act, 1972) 303(d) impaired waters list, with total phosphorus as 
a major pollutant (WDNR, 2018) (Figure 2). Understanding watershed historical land use 
and management is essential for identifying previous and present phosphorus sources, 
as well as previous deposits than have become present sources. 
 

 
Figure 2. Impaired waterbodies (red) with total phosphorus as a major pollutant within the Big Green 
Lake watershed.  
 

2.2 Environmental history of the Big Green Lake watershed 
Green Lake and its watershed are long renowned for their cultural, environmental, 
scientific, and economic value. Native people lived near Green Lake for millennia. The 
Ho-Chunk people called the lake Te Čo or Ti-cho-ra for its changing green blue color. 
Other names for Green Lake translate to “sunset”, “wigwams at old campsites”, and 
“corn grows at local camps and villages” (Gard, 2015). 
 
Green Lake was central to the Ho-Chunk people. Ho-Chunk stories name a Great Water 
Spirit who lives in the bottomless places of the lake and rules over the lake (Dieterle, 
n.d.). All Ho- Chunk people felt obligated to visit and make an offering to the Water Spirit 
during their lifetime, and large ceremonies were organized in her honor (Dieterle, n.d.). 
The 200 springs surrounding Green Lake were each named for a special spirit, and each 
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had a trail leading to the spring (Heiple & Heiple, 1977). Over 147 effigy mounds were 
identified in the area around Green Lake in the 1880s, including animal mounds in the 
shapes of turtles, wolves, birds, beavers, lynx, and panthers (Heiple & Heiple, 1977). The 
Ho-Chunk people relied on the life- giving lake and the surrounding land to hunt, fish, 
gather, and grow vegetables. 
  
1830s – 1840s 
In the 1830’s and 40’s, the Ho-Chunk people were coerced into ceding their ancestral land 
by federal and territorial government, forcibly removed, and sent out of state (Jones et 
al., 2014). At the same time, the U.S. government used policies and funding to aid 
European-American settlement and agriculture in Wisconsin (Apps, 2015). This allowed 
colonizing people to move into the Green Lake area starting in 1840 (Dart, 1910). Ho-
Chunk people attempted to return to their ancestral lands, and many personal accounts 
describe people living near Green Lake in the summers (Egbert, 2019). However, the Ho-
Chunk were considered an illegal presence until the 1880s and were ultimately forced to 
move further north because their land was occupied (Heiple & Heiple, 1977). “An untold 
thread running through the early days of white settlement is just how much of their 
ability to live on the land Native people shared with settlers” (Egbert, 2019, p.199). 
 
Green Lake’s watershed underwent major changes in land use and land management 
when settlers from the east coast and Europe arrived in the area. Early survey maps, 
accounts, and studies depict a lake surrounded by “extensive swamps and marshes” 
(Rickett, 1921, p.382) and vast prairies (Dart, 1910). The lake was described as having 
clear water “of a beautiful green color” (Marsh, 1897, p. 181) and being “an unusually 
attractive body of water from a scenic standpoint” (Birge and Juday, 1914, p. 91). Drawn 
to the abundant water resources and rich topsoil left by the glaciers 12,000 years ago, 
settlers quickly established farming communities and the towns of Ceresco (present City 
of Ripon) and Dartford (present City of Green Lake) in the 1840s. To create land suited for 
agriculture, people logged tracts of forest, drained lowland wetlands, and used oxen to 
plow the prairies. In the Green Lake watershed, gristmills were built in the cities of Green 
Lake and Ripon and along Silver Creek to process wheat (Heiple & Heiple, 1977). A 
sawmill was also built in 1845 at the outlet of Green Lake, and the dam permanently 
raised lake water level by five or more feet (Dart, 1910; Birge and Juday, 1914). This 
created accommodation space for legacy P.  
 
1850s – 1900s 
From the 1850s through the 1860s, wheat was Wisconsin’s major economic enterprise 
(Wisconsin Legislative Reference Bureau, 1999; Apps, 2015). When wheat began to 
decline in the 1870s, partly because of nitrogen depleted soils, agriculture grew to a more 
diversified system (Apps, 2015). In the Green Lake watershed this included corn, oats, 
potatoes, hay, horses, cattle, sheep, hogs, and oxen (Heiple & Heiple, 1977). The Green 
Lake area was described as having “some of the richest farms” and one of the best 
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agricultural towns in the State (History of Northern Wisconsin, 1881; Album of Green 
Lake, 1890, p. 192). As wheat production continued to decline, dairy became increasingly 
profitable (Wisconsin Legislative Reference Bureau, 1999; Apps, 2015). Between 1880 and 
1910 the number of dairy cows in Green Lake and Fond du Lac Counties more than 
doubled (USDA 1880, 1900, 1910). Old wheat fields transitioned to pastures seeded with 
clover and grass for milk cows in the summer. Farmers rotated pasture fields with corn, 
oats, and hay to feed the cows in the winter (Apps, 2015). Most dairy herds were small 
with fewer than 20 cows, so some farmers had diversified systems that also included 
hogs, poultry, beef, and vegetables (Apps, 2015). 

At the same time that people were arriving to farm in the watershed, others came to 
vacation near Green Lake. The first resort opened in 1867 and its fame quickly grew 
among those seeking “a refuge from the heat and dust of cities in the cool shades on the 
shore of the lake” (History of Northern Wisconsin, 1881, p. 349). The lake’s location, 
within 180 km (290 mi) of the metropolitan areas of Madison, Milwaukee, and Chicago, 
made it easily accessible. With the extension of the railroad in 1871, the City of Green 
Lake became one of the largest resort towns west of Niagara Falls (Gard, 2015). 
Numerous expansive hotel and lodges drew hundreds of guests annually (Egbert, 2019). 
Seasonal residents and tourists came to fish, golf, steamboat, row, sail, and spend their 
summers near Green Lake. By 1910, six passenger trains and six trains of building supplies 
came through the station each day in the summer (Heiple & Heiple, 1977).  

1900s – 1950s 
Land use in the watershed also changed rapidly through the late 1800s and early 1900s. 
The extensive swamps that formerly surrounded the lake were almost all developed into 
resorts and houses (Birge & Juday, 1914). The City of Ripon continued to grow and 
became the first community in Wisconsin to treat their wastewater in 1895. In upland 
areas, more land was converted into cropland and pasture. Land devoted to agriculture 
increased as a proportion of the watershed (Figure 3). As farmed area increased, after 
peaking around 1900, the number of farms in Green Lake and Fond du Lac Counties 
started to decline (USDA, 1900). The farms that persisted grew larger. Dairy herds 
continued to grow as did pastureland area for cattle to graze, and corn and forage crops 
to feed them (Figure 3) (USDA-NASS, 1900, 1910, 1920). Starting in the 1920s, green peas 
and sweet corn also began to be grown commercially for canning plants (Apps, 2015). 
 
The Green Lake watershed saw a major shift in agricultural production in the 1930’s – 
1950’s. World War II increased demand for dairy, beef, pork, and poultry products in 
Wisconsin (Apps, 2015). New technology with electricity, mechanization, disease-resistant 
high yield crop varieties, and chemical weed control improved production (Apps, 2015). 
Farmed land in the watershed continued to rise as farmers were able to increase tillage 
and yields with tractors and commercial fertilizers (Figure 3). In turn this also increased 
erosion and nutrient runoff into Green Lake. Sediments from the bottom of Green Lake 
record this history, showing that since the 1930’s, there has been increased deposition of 
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nutrients, and that fertilizer is a significant source (Garrison, 2002). Lake residents began 
to observe declining water quality and in response in 1951 formed the Green Lake 
Association (GLA), one of the oldest lake associations in Wisconsin. 
 
Near the lake, resort business remained a mainstay of the local economy throughout the 
mid-1900s. While many of the original lodges and resorts changed use, thousands of 
people still came to Green Lake each summer to vacation. Some of the original lodges and 
hotels became summer camps for children (Twenhofel & Feray, 1945). Others became 
religious and conference centers, including the Green Lake Conference Center which 
hosted over 2,000 people each summer (Egbert, 2019). In the 1950s, more old hotels 
were also turned into modern supper clubs, motels, and private residences around the 
lake (Heiple & Heiple, 1977). 
 

 

Figure 3. Land cover changes in the Green Lake watershed from 1925 – 2017. Land area data are from 
the USDA Agricultural Census and apportioned to the watershed-scale based on the percentage of 
watershed land in the county. Land in forage, grains, and pasture has decreased since 1925 whereas 
land in corn, soy, and non-agricultural covers has increased. Land in vegetables has stayed relatively 
consistent.  
 

1960s – 1980s 
Throughout the 1960s - 1980s, agricultural and urban land use in the watershed 
continued to intensify. Milk production per dairy cow increased with improved genetics, a 
better understanding of animal nutrition, and changes in livestock management (Apps, 
2015). Dairy cattle began to be housed indoors year-round, with feed hauled in. As a 
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result, pastureland decreased and some transitioned to forage crops and corn (Figure 3). 
More concentrated indoor cattle operations had to deal with large volumes of animal 
waste that needed to be hauled and spread on fields. By this time, land around Green 
Lake was almost entirely urbanized and altered. A 1973 study estimated residences on 
95% of the shoreline of Green Lake and areas adjacent to the shore (Litton et al., 1973). 
Another study noted that “low- lying areas of the lake’s shoreline have been affected by 
channels dredged for boat docks and the dredge spoils used as land fill for real estate 
development” (Bumby, 1977, p. 123). 
 
Starting in the 1960s, Green Lake experienced heavy algal blooms and increased signs of 
cultural eutrophication (Lueschow, 1970; Litton et al., 1973; Heiple & Heiple, 1977). 
Watershed management activities started when the GLA created the Green Lake Sanitary 
District (GLSD) in 1964, which is responsible for sanitation and related land, air, and water 
quality. In the 1970s, the GLA and GLSD sponsored new initiatives with varying success, 
including long-term land use planning, carp removal, sewer installations, and cost-sharing 
for soil conservation practices.  
 
1980s – 1990s 
In the 1980s and 1990s, while the number of farms continued to decrease, the size of 
farms continued to increase. This matches larger trends in Wisconsin (Apps, 2015). 
Acreage devoted to corn was maintained and to soy increased (Figure 3). Genetically 
modified crops like Bt corn and glyphosate-resistant (Roundup Ready) corn and soy 
became widely available and increased yields (Apps, 2015). At the same time, the number 
of dairy cows in the watershed decreased, with a small increase in beef cattle. On average 
beef herd sizes are smaller than dairy herd sizes. Overall reduced numbers of cattle in the 
watershed changed cropping patterns, with less land in alfalfa and grass rotations that 
help manage manure, and more land in feed crops (GLCLCD, 1994) (Figure 3). Economic 
changes also made canning crops like corn, peas, and beans more attractive (GLCLCD, 
1994). Both feed and canning crops may lead to increased erosion through excessive 
tillage and low residue cover. 
 
The 1980s and 90s also marked a major change in watershed management. In 1980, 
Green Lake became one of the first Priority Watersheds in the Wisconsin Nonpoint Source 
Water Pollution Abatement Program. The plan set a goal of reducing nutrient input to the 
lake from NPS by 40% (Puzach, 1997). From 1985 – 1992, over a million dollars were 
directed towards cost sharing of agricultural best management practices in the watershed 
for areas with critical soil loss and livestock feedlots (GLSD, 1997). Non-agricultural 
projects included shoreline protection projects and street sweeping programs in the Cities 
of Green Lake and Ripon (WDNR, 1988). Water quality monitoring stations were also 
installed in 1987.  
 
Reviews of the program found mixed results. Upland soil loss control projects only met 
41% of the plan’s reduction goals for TP loading from upland areas, but barnyard runoff 
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reduction projects were estimated to reduce P loading to the lake from barnyard runoff 
by 75% (Kroner et al., 1992). Program participation among farmers was low in Fond du 
Lac County, but high in Green Lake County (Kroner et al., 1992). Soil erosion and sediment 
delivery in the watershed were described as out of control in the late 1980s but seemed 
to level off in the mid-1990s (GLCLCD, 1994). In the lake, bacteria concentrations and lake 
transparency improved while nutrient concentrations stayed stable (Puzach, 1997). 
Overall, the project sparked BMP implementation in the watershed and allowed 
watershed managers to “have a first real go-around of lake improvement activities” (C. 
Marks, personal interview, 2018). 
 
Between 1980 and 2017, more than 480 best management practices have been 
implemented in just the Green Lake County portion of the watershed, with the goal of 
reducing TP loads (S. Prellwitz, personal communication, September 2020) (Figure 4). This 
is the equivalent of millions of dollars in conservation measures. Of these practices, the 
most common were grassed and lined waterways, streambank and shoreline protection, 
barnyard runoff improvements, and grade stabilization structures. In addition, there has 
been widespread nutrient management planning in both Green Lake and Fond du Lac 
county portions of the watershed. Non-agricultural management changes have included 
upgrades to the City of Ripon Wastewater Treatment Plant (WWTP) in 2004, and the 
extension of sewered areas around Green Lake starting in 1995 (WDNR, 2001). 
Previously, high bacteria levels in the lake indicated that some septic systems and holding 
tanks may have been leaking into the lake (WDNR, 2001). 
 

Figure 4. Number of new BMPs implemented by year in the Green Lake County portion of the 
watershed between 1980 and 2017.  
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2000s – 2010s 
Despite the implementation of management practices intended to reduce P loads to the 
lake, poor water quality persisted in the watershed through the 1990s. Two of Green 
Lake’s tributaries were listed as impaired for water temperature, degraded habitat, and 
low dissolved oxygen (Figure 2). In 2014, the WDNR listed Big Green Lake as “impaired” 
for low dissolved oxygen levels, with phosphorus as the major pollutant (WDNR, 2018). A 
3 – 4 meter dead zone forms 20 m below the lake’s surface at the thermocline each year 
and has grown since it was first measured in the 1910s (Birge and Juday, 1914; Watras, 
2014). This band of low dissolved oxygen (DO) is below the state standard of 5 mg/L and 
threatens the lake’s warm and cold-water fisheries and aquatic life. High TP is the cause 
of the low DO layer. 
 
In response to continued water quality issues, members of the GLA, GLSD, county land 
conservation departments, and the WDNR began meeting as an informal lake 
management planning team in the 1990s. Through additional state grants and leveraging 
local funding sources, they created cost-sharing opportunities for additional conservation 
projects. In the 2010s, the informal team coalesced into a Lake Management Planning 
(LMP) team. They drafted a WDNR-approved plan in 2013 that outlined lake water quality 
challenges and restoration activities, sparked additional grant writing, activated 
partnerships, and served as a guiding document (Sessing et al., 2015). The plan outlines a 
10-year goal of a 15% load reduction, a 20-year goal of 30% reduction and a TP 
concentration decrease of 3 ug/L, and a 50-year goal of a summer near surface TP 
concentration of 12 ug/L (Sessing, 2015).  
 
Green Lake’s watershed remains primarily agricultural, with predominately row crops 
and some beef and dairy cattle operations and vegetable canning crops (Figure 5). Best 
management practices are continuing to be used throughout the watershed to reduce 
TP loads (Figure 4). Federal funding combined with contributions from LMP team 
members allowed over 100 projects valued at $1.2 million to be installed just between 
2012 and 2017 in the Green Lake County portion of the watershed (NRCS, 2015; Delta 
Institute, 2016). Projects are typically covered at 100% and maintained by the GLSD. In 
exchange, each project remains with the land in perpetuity. A 2017 survey of 
agricultural landowners in the watershed found that many hold a strong sense of 
stewardship for the environment (Thompson, 2017). But the largest barriers to 
implementing conservation practices are concerns about reduced yields and 
uncertainty about whether money invested will result in water quality improvement 
(Thompson, 2017). 
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Figure 5. 2017 land use in the Green Lake watershed (CDL, 2017).  
 

2.3 Current actions and challenges 
There is still much uncertainty about why previous P reduction strategies have not yielded 
desired results and about how P reduction goals can best be met for Green Lake. Current 
unpublished research suggests that a load reduction of 42% is needed to lower lake 
phosphorus concentrations to meet oligotrophic criteria (D. Robertson, April 2020). The 
history of the Green Lake watershed includes over a century of intensive human use with 
urbanized lakeshore land and row crop and livestock operations: conditions in which P 
can accumulate. Despite extensive efforts from the 1980s to present day to reduce 
nutrient loads to the lake, Green Lake is still over-enriched with phosphorus.  
 
Current or historical watershed P may be hiding the positive impacts of BMPs. 
Accumulated legacy P can be moved, recycled, and redeposited in a watershed over 
time, acting as a chronic non-point source to water bodies.  Remobilized watershed 
stores of legacy P can act as sources of P to the lake and delay improvements in water 
quality despite external load reductions. Climate change can exacerbate the problem, 
as precipitation in central and southwestern Wisconsin has already increased by 10 – 
15% since 1950, with the biggest increases in the summer months of June - August 
(Kucharik et al., 2010). Furthermore, as many earlier studies and reports aptly observed, 
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Green Lake’s 21-year water retention period means that it took a long time for the lake 
to become enriched with nutrients, and so it will also take a long time for those 
nutrients to leave the lake (Litton et al., 1973; Bumby, 1977). 
 
To identify whether current or historical P sources are thwarting improvement of Green 
Lake’s water quality, a greater understanding of historical trends in watershed P flows is 
needed. Currently, agricultural and urban NPS pollution remain understudied in the 
watershed (Delta Institute, 2016) and no watershed studies or models have explicitly 
accounted for historical P dynamics. Recent studies have used P balances to inform 
management decisions in watersheds across the US (Mittelstet and Storm, 2016; 
Peterson et al., 2017; Wironen et al., 2018). Foundational work that quantifies long-term 
changes in P flows and legacy P in the Green Lake watershed can likewise be used to 
inform future management decisions. 
 
 
 
3. Research Objectives 
The goals of this research were to reconstruct historical P flows and to quantify legacy P 
accumulation and storage within wetland sediments, lake sediments, and soils of the 
Green Lake watershed. We use a watershed mass balance model and paleolimnological 
analysis to answer the following questions in Chapters 2, 3 and 4: 

 
1. How have phosphorus flows through the watershed changed over 30 years 

from 1987 – 2017? How certain are we about these values?  
 

2. How much legacy P is stored within wetland sediments, lake sediments, and 
soils of the watershed?  

 
3. Given changes in phosphorus flows and accumulation over time in the Green 

Lake watershed, what are opportunities for more sustainable P management? 
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Chapter 2: Historical phosphorus flows in a midwestern agricultural 
lake watershed, 1987 - 2017 
 
1. Introduction 
Lake watersheds are vital, multifunctional places. Freshwater lakes provide ecosystem 
services of recreation and tourism, fisheries, drinking water, and spiritual and symbolic 
appreciation (Reynaud & Lanzanova, 2017). Their watersheds support services like 
biodiversity, flood regulation, surface water quality, and crop production (MA, 2005). 
Yet, anthropogenic nutrient loads threaten the provisioning of all of these services. 
Phosphorus, when added in excess to freshwater landscapes, creates ecological havoc, 
leading to algal blooms, foul water, and depleted dissolved oxygen levels. 
 
To mitigate eutrophication in agricultural regions, watershed programs over the past 
three decades have focused on setting phosphorus (P) reduction goals and reducing P 
losses through watershed management. However, many of these programs have not 
delivered desired or expected P reductions (Meals et al., 2010; Jarvie et al., 2013). 
Increasingly, it is becoming evident that watersheds have “chemical memories” (Powers 
et al., 2016). Legacies of historical land management practices can lead to stores of P 
within watersheds that act as persistent sources of P to freshwater bodies (Sharpley et 
al., 2013). 
 
Quantifying historical P flows through a watershed can help understand the magnitude 
of P flows and potential legacy stores. But reconstructing anthropogenic P flows is 
challenging with limited historic data and data at coarse scales that do not conform to 
hydrologic boundaries. Numerous studies have utilized mass balance models and 
material flow analyses as tools to quantify P additions, removals, and storage in 
catchments. Some studies have looked at P flows over the period of only one year 
(Bennett et al., 1999; Schussler et al., 2007; Peterson et al., 2017). While this approach 
gives important information about current P loads, the historical nature of legacy P 
requires quantifying flows over longer time periods. More recent studies have been able 
to use a variety of county, province, and state-level data to reconstruct P flows over 
many decades, at basin, regional, and multi-national scales (Han et al., 2011; Jiang & 
Yuan, 2015; Goyette et al., 2016; Mittelstet & Storm, 2016; McCrackin et al., 2017; 
Wironen et al., 2018). 
 
However, lake management takes place at the watershed scale. This smaller scale 
provides both challenges and opportunities for quantifying historical P flows. 
Biogeochemical flows and fluxes of nutrients, like phosphorus, through watersheds 
depend on land use history, hydroclimate, and socio- ecological characteristics. Thus, a 
one-size-fits-all modeling approach may not work. Rather, location- specific information 
is needed and can be gained through collaboration with watershed managers and local 
knowledge experts. Working at smaller scales may also demonstrate faster water quality 
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responses with changes in watershed management (Sharpley et al., 2013). Therefore, it 
is important to use data-rich locations to identify historical patterns in P use and flows. 
 
Big Green Lake, located in the Central USA Plains Ecoregion, is the deepest natural inland 
lake (72 m) in the state of Wisconsin (Figure 1). Like many lakes in the region, the lake’s 
267 km² (103 mi²) watershed is a multifunctional place that supports both recreation and 
tourism and crop production. Additionally, like many lakes in the region, eutrophication 
and elevated TP concentrations in surface waters are persistent concerns. Since the 
1980s, teams of local, state, and federal organizations and agencies have implemented 
millions of dollars’ worth of best management practices in the watershed (Puzach, 1997; 
NRCS, 2015). However, the projects produced limited reductions in P loads to the lake 
(Puzach, 1997; Kroner et al., 2002). Over three decades of conservation practice 
implementation and water quality monitoring, coupled with management data and 
extensive local knowledge make Green Lake an ideal location to study historical P flows 
and legacy accumulation.  
 
 
 

 

 

 

 

 

 

 

 

 

 

Figure 1. The Big Green Lake HUC 10 watershed. The watershed spans three counties: Green Lake 
County (58%), Fond du Lac County (41%), and Winnebago County (1%). Green Lake is within the Great 
Lakes basin and drains to Lake Michigan through the Fox River watershed (light blue). Analysis in this 
study is at the HUC10 watershed scale as well as at the scale of three smaller subwatersheds (shown 
on map). Waterbodies in pink are impaired for TP.  

 

	��� � �� � � ��
����� �


� � �� � � � � �
����� �

� ��� � ��
�
����� �

Ϭ ϰ ϴϮ
<ŝůŽŵĞƚĞƌƐ

�������������

	��� � �� � � ��
����� �


� � �� � � � � �
����� �

� ��� � ��
�
����� �

Ϭ ϰ ϴϮ
<ŝůŽŵĞƚĞƌƐ

�������������

6XEZDWHUVKHGV
'LUHFW�+LOO�:KLWH
5R\�6SULQJ�:XHUFKHV
'DNLQ�6LOYHU



 
 
 

22 

This study uses a P mass balance, informed by location-specific parameters, to quantify 
historical P flows over three decades, 1987 – 2017, in the Green Lake watershed. The 
objectives of this research were to: (1) quantify how P flows changed over three 
decades, (2) quantify how much P accumulated in the watershed over this thirty-year 
time period and (3) estimate uncertainty in P flow estimates for the year 2017. We also 
added a novel component of comparing P flows at the entire watershed scale with 
flows in nested subwatersheds (Figure 1). These findings will aid in sustainable long-
term watershed P management and help inform understanding of nutrient imbalance 
and legacy P dynamics in a region dominated by lakes and intensive agriculture. 
 

2. Methods 
We reconstructed annual historical P flows at the scale of the HUC10 Big Green Lake 
watershed and for three smaller, nested subwatersheds: Roy/Spring/Wuerches Creeks 
(RSW), Direct runoff/Hill Creek/White Creek (DHW) and Silver/Dakin Creeks (SD) (Figure 
1). All major P additions and removals considered were selected from previous mixed-
use watershed mass balance studies and location-specific information for the Green 
Lake watershed. Sources for calculations of agricultural and non-agricultural P additions 
and removals are in Table 1 and Table 2 and detailed methods for all P flow data 
sources, calculations, and assumptions are in Appendix A. Our analysis looked at the 
years 1987 to 2017 in five- year time steps that matched the years of the US Census of 
Agriculture (USDA-NASS, 1987 - 2017). For each discrete year, we subtracted net 
removals from net additions to identify whether the watershed or subwatershed 
retained P, lost P, or stayed constant. While there can be seasonal and annual variability 
in agricultural activities and the timing of P runoff related to those activities, we focused 
on annual changes to understand overall patterns. We did all analysis in Microsoft Excel, 
R Statistics Package (R Core Team, 2020), and ArcMap and ArcPro GIS software (ESRI, 
2020). 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 



 
 
 

23 

Table 1. Data sources used to calculate the watershed and subwatershed phosphorus additions.  
 
P ADDITIONS SUBCOMPONENT SOURCE 
   

AGRICULTURAL    
AG FERTILIZER USGS county fertilizer sales 

estimates 
Brakebill & Gronberg (2017) 

 Cropland cover data 2003 – 2017 USDA NASS Cropland Data Layer 
 County crop acreage, yield USDA NASS Census of Agriculture 
 Wisconsin nutrient guidelines Laboski & Peters (2012) 
 Watershed livestock populations T. Morris and B. Wagner 
 County livestock populations USDA NASS Census of Agriculture 
 Animal herd structures Hutjens (2008); Asem-Hiablie et al. 

(2016); UADARE (2016); Peters et 
al. (2014) 

 Manure characteristics Nennich et al. (2005); USDA 
(2008) 

 Manure application rate Powell et al. (2005) 
 Starter fertilizer application T. Morris 
   

IMPORTED MANURE Animal numbers and spread acres WDNR CAFO permit (2009, 2013, 
2018)  

 Manure characteristics, P content USDA – NRCS  (2008) 
 Acres spread in watershed T. Morris and B. Wagner 
 Typical manure application rate Powell et al. (2005) 
   

LIVESTOCK FEED AND  Dry matter and P intake NRC (2001); Peters et al. (2014) 
DAIRY P SUPPLEMENTS State and county milk 

production/cow 
USDA-NASS 

 % P in diet J. Goham 
   

PESTICIDES USGS county glyphosate sales 
estimates  

Thelin & Stone (2013); Baker and 
Stone (2015); Wieben (2019) 

 Cropland cover data USDA NASS Cropland Data Layer 
 County crop acreage USDA NASS Census of Agriculture 
   

NON-AGRICULTURAL   
ATMOSPHERIC 
DEPOSITION 

Wet and dry deposition rates Anderson & Downing (2006) 
 

   

DOG FOOD Human households in the watershed US Census (2000, 2010) 
 Township dog registration data City and town clerks 
 Dog ownership rate by household AVMA (2018) 
 Typical dog size Greer et al. (2007) 
 Dog food intake and P content Fissore (2011); Baker (2007) 
   

HUMAN FOOD AND Census population US Census 
PRODUCTS Spatial census population data US Census; NHGIS 
 Seasonal housing units US Census; ACS 
 Average family and household size US Census 
 Seasonal occupancy rate Stynes (1997); Marcouiller (1996) 
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HUMAN FOOD AND Rental property rate airdna.co 
PRODUCTS, CONT. Green Lake Conference center 

visitors 
B. Morrell, personal 
communication 

 Hotel, motel, and campground 
capacity 

Green Lake Area Chamber of 
Commerce 

 WWTP effluent and sludge data WDNR; C. Liveris, C. Marks, & L. 
Reas 

 Tax parcels, septic permits County GIS layers, County staff 
 Unsewered human P contribution  Baker et al. (2006); Schussler et al. 

(2011) 
   

NON-AG. FERTILIZER UGSS county fertilizer estimates Brakebill & Gronberg (2017) 
 Developed pervious land areas National Land Cover Database, 

MRLC  
 
 
 
P REMOVALS SUBCOMPONENT SOURCE 

   

AGRICULTURAL    
ANIMAL PRODUCTS P in milk USDA (2011) 

 Herd cull rates Hadley et al. (2006); Ringwall 
(2012); Stalder et al. (2003) 

 Meat yield Peters et al (2014) 
 P in meat USDA National Nutrient 

Database 
   

CROP HARVEST Cropland land cover data 2003 – 
2017 

USDA NASS Cropland Data Layer 

 County crop acreage, harvested 
quantity 

USDA NASS Census of 
Agriculture 

 Wisconsin nutrient application 
guidelines 

Laboski & Peters (2012) 

   

NON- AGRICULTURAL   
AQUATIC PLANTS Aquatic plant harvest data Green Lake Sanitary District 
 Aquatic plant P removal  Carpenter & Adams (1977); 

Bosch et al. (2009) 
   

CARP Carp harvest data Green Lake Sanitary District 
 Carp P removal Roy et al. (2019) 
   

DEER HUNTING County deer harvest estimates Wisconsin DNR (2019) 
 Forested land cover 2001 - 2016 National Land Cover Database, 

MRLC 
 Deer P removal  Roseberry and Klimstra (1975); 

McCullough & Ullrey (1983) 
   

HUMAN WASTE WWTP effluent; sludge management WDNR; WWTP operators 
   

STREAM EXPORT Flow and concentration data USGS & WDNR (1996 – 2017) 



 
 
 

25 

2.1 Agricultural P flows 
Inflows of agricultural products included agricultural fertilizer, imported manure, dairy 
feed supplements, and pesticides (Figure 2). Outflows of agricultural products included 
animal products (milk and meat) and harvested crops for human and livestock 
consumption. Internal flows of manure and livestock feed demand were considered in 
determining inflows and outflows. All are detailed in Appendix D. 
 
 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 2. Agricultural P flows in the Green Lake watershed (represented by the box). Additions are 
orange, removals are blue, and internal flows are black. P moves through two major pools of livestock 
and soils.  
 
 
To estimate agricultural P flows, we first reconstructed watershed land use and land 
cover and livestock populations. Detailed explanations of both can be found in 
Appendix A and Appendix C. Agricultural land area and annual acreage for different 
crops were estimated from county-level harvested cropland areas from the Census of 
Agriculture (USDA-NASS CoA) and apportioned to the watershed area using the 
remotely sensed Cropland Data Layer (USDA-NASS CDL) for years 2002 – 2017. For 
years 1987 – 2002 where we had no spatial data or years with crops with unreported or 
low accuracy CDL data, we apportioned CoA county-scale data to the watershed scale 
using the amount of agricultural land in the watershed relative to the amount in the 
county. Crops considered included corn (grain and silage), soybeans, small grains 
(wheat, barley, oats), forage (alfalfa and non-alfalfa hay and haylage), and vegetables 
(sweet corn, snap beans, lima beans, peas). 
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We reconstructed livestock populations using subwatershed livestock estimates for 
select years from county staff and linearly interpolating between values. For early years, 
we assumed uniform distribution of livestock within the counties and downscaled 
county-level livestock data from the USDA-NASS Census of Agriculture (CoA) using a 
ratio of county to watershed agricultural land (Appendix C). We considered seven 
classes of animals: dairy cows, dairy heifers, beef cows, beef heifers, steers and bulls, 
calves, and hogs. We further split hogs into different sizes. Livestock herd structure is 
important because different age classes of animals have different feed requirements 
and manure production. In the absence of reported classes, we used literature values 
for herd structures to estimate the number of cows, heifers, and calves or age classes of 
market hogs within an operation. For all analyses, we assumed that animal stock is at a 
steady state. In other words, operations maintained the same number of young and 
mature animals throughout the year, and thus there was no change in the net quantity 
of P stored in animals (Wironen et al., 2018). 
 
2.1.1 Agricultural fertilizer 
Synthetic fertilizer is an addition of P to the watershed. To estimate, we first calculated 
internal manure P flows and acreage receiving only manure. We assumed that all dairy 
cows, dairy heifers, steers, and hogs are raised in confinement and produce manure 
that is collected and spread on fields entirely in the watershed. We excluded beef cows, 
heifers, and calves because we assumed that they are pastured. Using the numbers of 
livestock in each age class, we found daily P from manure using average ‘as excreted’ 
values converted into kg P/year (Nennich et al., 2005; USDA-NRCS, 2008). We assumed 
that the crop and livestock systems in the watershed are decoupled and manure can be 
applied on any field in the watershed, except those growing canning vegetable crops, 
and is applied at a rate of 39 kg P/ha (Powell et al., 2005). We found cropland area 
needed to achieve this rate and assumed the crop types receiving manure were 
proportional to overall crop types in the watershed. Acreage in corn and soy receiving 
manure also received starter fertilizer at a typical rate of 12.3 kg P/ha (T. Morris, 
personal communication, July 1, 2019). 
 
The remaining cropland received only synthetic fertilizer. For years 2012 and 2017, we 
used recommended application rates of P205 (Laboski and Peters, 2012) for each crop 
assuming yield goals that were 15% higher than the previous county 5-year crop yield 
average and ‘high’ soil test P. We multiplied crop acreage by the suggested P205 
application rates. Total fertilizer use is equal to the sum of starter fertilizer and 
synthetic fertilizer. For earlier years (1987 – 2007) we used our 2012 estimate as a tie 
point with published USGS county-scale estimates from years 1987 – 2012 (Brakebill 
and Gronberg, 2017). We chose 2012 because it was the most recent year with USGS 
estimates. For years previous, we found the ratio of the USGS data for that year to the 
2012 USGS data and multiplied by our 2012 calculated estimate (Booth et al., 2016). In 
the absence of USGS data for 2017, we also assumed our calculated 2017 value. 
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2.1.2 Imported manure 
Manure produced by livestock in the watershed was assumed to stay in the watershed. 
The only import of manure considered was from the largest confined animal feeding 
operation (CAFO) in the State of Wisconsin, located 6 km east of the watershed. We 
obtained estimates of watershed acres receiving manure in 2012 and 2017 from county 
conservation staff (T. Morris, personal communication, June 30, 2020; B. Wagner, 
personal communication, June 29, 2020). Manure is not spread on all acres and in all 
years, so we applied a contingency factor of 0.75 and assumed an application rate of 39 
kg P/ha (Powell et al., 2005). 
 
2.1.3 Imported feed and dairy feed supplements 
To estimate feed supplements, we first calculated internal feed demand to see if it was 
met by watershed crop production. Feed demand is found by calculating dry matter 
intake (DMI) for each animal class and comparing against harvested crops (Section 
2.1.6). Methods are modeled after those used in Booth et al. (in prep). Feed demand is 
based on animal weight for all livestock except dairy cows, where it is linked to milk 
production (NRC, 2001). Full assumptions and calculations are in Appendix A. In years 
when crop production exceeded livestock feed demand, we assumed that excess crops 
were exported, and that the only import of P to the watershed was from mineral P dairy 
cow feed supplements. 
 
Dairy cow feed supplements were found by multiplying DMI by recommended % P in 
diet and total number of dairy cows. P content in cow diet is based on communication 
with the nutritionist at the feed mill supplying the majority of the watershed (J. Goham, 
personal communication, August 11, 2020). In 1987, 1992, 1997, and 2002 we assumed 
0.52% P, a transition period of 0.45% P in 2007, and then a reduced 0.38% P in 2012 and 
2017. Dairy heifers, beef cows and heifers, and steer in the watershed have a 0.32% P 
demand and are typically not fed supplements (J. Goham, personal communication, 
August 11, 2020). Therefore, we assumed that dairy cows are also able to get 0.32% P 
from crop production, and that any additional P requirements are met by P feed 
supplements. 
 
2.1.4 Glyphosate 
Glyphosate is the most widely used herbicide today and the relative proportion of P 
from glyphosate to P from fertilizer is increasing (Herbet et al., 2019). We found P from 
glyphosate by scaling USGS county-level application estimates to the watershed using 
the ratio of land in corn and soy in the watershed to that in the county (Thelin & Stone, 
2013; Baker & Stone, 2015; Wieben, 2019). We assumed no glyphosate application in 
years earlier than 1992. 
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2.1.5 Animal products 
We assumed that milk and meat from livestock are exported to external markets and 
therefore remove P from the system boundary. P in those brought back into the 
watershed for human consumption is accounted for in the human food stream. 
Average milk production per cow in the watershed for each year is based on county- 
and state-level values of pounds of milk/head. We multiplied this by dairy lactating cow 
numbers and converted into kg. Assuming a standard value of 3.7% milk fat, milk is 
0.0093% P by mass (USDA, 2011). Meat export includes both market animals and culled 
breeding animals. We ignored livestock mortalities. We assumed typical herd culling 
rates (Hadley et al., 2006; Ringwall, 2012; Stalder et al, 2003), meat yields (Peters et al., 
2014), and 155 mg P per 100 g meat, the average of USDA choice and select meats 
(USDA National Nutrient Database, 2011). 
 
2.1.6 Harvested crops 
Harvested crops remove P and include vegetable crops for human consumption and 
feed and forage crops for livestock consumption. All vegetable crops are assumed to be 
exported or go into the human waste stream All feed and forage crops in excess of 
livestock requirements (see Section 2.1.3 Feed demand and dairy feed supplements) 
are assumed to be exported. We calculated P removal by multiplying annual harvested 
area by reported county yield (USDA-NASS, 1987 – 2017) and P2O5 removal rate 
(Laboski and Peters, 2012). For years without sufficient yield data, we assumed the 
average of the crop high and low yields reported in Laboski and Peters (2012). 
 
 
2.2 Non-agricultural P flows 
Primary inflows of non-agricultural P include atmospheric deposition, dog food, non-
agricultural fertilizer, and human food and products (Figure 3). Within the watershed, P 
flows through living organisms including humans, aquatic plants, dogs, deer, and carp. 
Major outflows include harvested aquatic plants, removed carp, hunted deer, stream 
export, and human waste. All are detailed in Appendix E. 
 
Before estimating any of the non-agricultural flows, we first estimated historic human 
populations in the watershed, as these feed into many of the calculations. Human 
populations include permanent residents, seasonal residents, and visitors. Detailed 
calculations for all are in Appendix B. Permanent residents are defined as those who list 
Green Lake as their primary residence and are counted in the US Decennial Census. 
These are estimated from spatial and tabular US Decennial Census data. Seasonal 
residents own a second property at Green Lake where they spend some time during the 
year. Included in the estimate for these residents are their potential guests and those 
who may rent their properties. Seasonal populations are estimated from seasonal 
housing units (US Census Bureau; American Community Survey), average decadal US 
household and family sizes (US Census Bureau), average seasonal occupancy rates 
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(Marcouiller, 1996; Stynes, 1997), and property rental data (airdna.co). Visitors are 
defined as people who come to vacation and spend one or more nights in the vicinity of 
the lake. To estimate this, we used available lodging data from the Green Lake Chamber 
of Commerce, average decadal US household sizes (US Census Bureau), and 
assumptions about use patterns and occupancy rates. We converted all seasonal and 
visitor populations into equivalent year-round residents. 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 3. Non-agricultural P flows. Additions (orange) and removals (blue) are represented by arrows. 
Solid boxes show P flow that was quantified, and dotted boxes show intermediate flows. Aquatic 
plants, carp, and deer recycle P produced in the watershed, whereas dogs and humans receive P from 
outside of the watershed. 
 
 
2.2.1 Atmospheric deposition 
Phosphorus enters the atmosphere through fine soil particles, pollen, burned organic 
material, and fossil fuels (Newman, 1995), is transported, and then added to landscapes 
through precipitation (wet) or wind (dry) deposition. We assume consistent atmospheric 
TP deposition rates over time (Tipping et al., 2014) and different dry deposition rates to 
land and water. The same global review found little systematic spatial variation within 
smaller regions (Tipping et al., 2014). We use rates measured from agricultural areas 
across neighboring Iowa: 0.34 kg/ha/year for dry-land, 0.28 kg/ha/year for dry-water, 
and 0.11 kg/ha/year for wet-land and wet-water (Anderson and Downing, 2006). These 
deposition rates are similar to the measured geometric means for TP deposition across 
North America, Minnesota statewide estimates in 2007, and measured rates in lake 
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watersheds in Ontario and Alberta, Canada (Shaw et al., 1983; Barr Engineering 
Company, 2007; Brown et al., 2011; Tipping et al., 2014). Annual deposition is equal to 
land area multiplied by deposition rate. 
 
2.2.2 Dog food 
Dog food is a net addition of P to the watershed and we assumed all is imported. Dog 
populations are based on 2017 registration numbers from county and municipal clerks, 
human population estimates, and Wisconsin dog ownership rates (AMVA, 2018). 
Historically, we assumed that dog populations have fluctuated relative to human 
populations and that dogs/person is the same for permanent, seasonal, and visitor 
populations (except those staying at hotels, bed and breakfasts, or the Green Lake 
Conference Center). We estimated P in dog food based on average dog weight in the US 
(Greer et al., 2007) and dog P intake equations (Baker et al., 2007). 
 
2.2.3 Non-agricultural fertilizer 
Additions of non-agricultural fertilizer are estimated from USGS county-level estimates 
of P from nonfarm fertilizer (Brakebill and Gronberg, 2017) and apportioned to the 
watershed using developed, pervious land cover. We assumed the median percentage 
of pervious area for each “developed” land cover in the National Land Cover Database 
(NLCD) for years 2003, 2007, 2012, and 2017. For years prior to 2002, we held the 2003 
land cover constant. 
 
2.2.4 Human food and products 
We assumed that human food and products are produced and manufactured outside of 
the watershed and bring in P. Almost all P consumed by humans is excreted (Jönsson et 
al., 2004) and P has been found in 97% of all cleaning and personal care household 
products (Tjandraatmadja et al., 2010). P that enters the watershed through humans is 
routed to septic systems or sewer wastewater streams, however we quantified only the 
combined input to both systems. 
 
For all years of the study, we assumed that all watershed residents contributed 0.72 kg 
P/year (Baker et al., 2007; Schussler et al., 2011). This is close to the average of per 
capita P for small non-metro areas in the Minnesota and Upper Mississippi River basins 
(Mulla & Sekely, 2009) and within the bounds used in similar studies (Mittelstet and 
Storm, 2016). Furthermore, a 1973 study in the watershed assumed 0.77 kg P/capita 
(Litton et al.), which was before P reductions with the regulation of phosphate 
detergents (Pallesen et al., 1985). We multiplied all annual human populations by per 
capita P to estimate total P inputs from human food and products for each year of the 
study. 
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2.2.5 Aquatic plants 
Harvesting aquatic plants removes tissue-bound phosphorus. Annually, nuisance plants 
are harvested from Green Lake and Silver Creek and composted in the watershed. We 
only accounted for aquatic plant removal in the P balance for the Silver/Dakin 
subwatershed because the plants are composted elsewhere. We estimated P removal 
by assuming that collected plants were predominately Eurasian watermilfoil, converting 
from reported wet weight to dry weight (Bosch et al., 2009), and then converting to kg 
of P (Carpenter and Adams, 1977). 
 
2.2.6 Carp removal  
Common carp (Cyprinus caropio) were introduced to Green Lake in the early 1900’s and 
are removed to restore macrophyte communities. The removed carp go to food and 
composting markets outside of the watershed and are thus a net removal of P. Prior to 
1998, we assumed no carp removal. Carp move around the lake and marshes 
throughout the year, so we do not include them in the subwatershed budgets, only the 
budget for the entire lake. We use reported annual harvest weights and convert to P 
mass (Roy et al., 2019). 
 
2.2.7 Deer meat 
Deer recycle P in the watershed and when they are killed, the meat consumed is a net 
removal of P from the watershed since it either is consumed outside of the watershed 
or enters the human waste stream (Flueck, 2009). We estimated P removal from deer 
hunting by using county-level annual harvest data (WDNR, 2019), forested land cover, 
average weights for does and bucks (Roseberry and Klimstra, 1975), and estimated P 
content in muscle tissue (Mccullough & Ullrey, 1983). 
 
2.2.8 Stream export 
TP leaves watersheds through stream flow. At the HUC10 scale, we reconstructed TP 
loads from the Puchyan River using daily USGS monitoring station flow data (November 
1996 – October 2012) paired with TP concentrations linearly interpolated from USGS 
and WDNR grab and storm samples. In the full years (1997 – 2011) that the Puchyan 
River gage overlapped with a gaging station on Silver Creek, we found the average 
monthly ratio of the two flows. For the years before and after this where there was no 
flow data for the Puchyan River, we multiplied these average monthly ratios by the flow 
at Silver Creek to get the daily average flow by month for the Puchyan River. Daily TP 
concentrations outside of the monitoring period are estimated from average daily 
concentrations for each month for the closest five years of available data at the Puchyan 
gage site. 
 
At the Silver/Dakin Creek subwatershed scale, we used reconstructed TP loads from 
Fuller (2019). For the Roy/Spring/Wuerches Creeks subwatershed, we reconstructed TP 
loads to the lake with data from a USGS gage station at the outlet to the lake (2012 - 
2017). We tied flow at the gage to flow at Silver to estimate historic annual loads. 
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2.2.9 Human waste 
P in human waste is removed from the watershed through wastewater treatment plant 
(WWTP) effluent and sludge. The watershed has three current WWTPs, of which only 
two discharge effluent outside of the watershed. For those plants, we reconstructed TP 
loads with daily effluent discharge data and monthly TP sample data from the WDNR 
and the WWTP plant operators. For early years without reported data, we applied the 
average monthly loads from the five closest years of available data. 
 
In all early years of the study (1987-2012), we assumed that all sludge was land applied 
within the watershed. Through conversations with WWTP operators, we learned that 
two of the plants spread sludge outside of the watershed in 2017. To quantify this P 
removal, we used the difference between P demand in human food and products and 
the effluent TP load. Full descriptions are in Appendix E. 
 
 
2.3 Uncertainty analysis 
To understand the impact of uncertainty on P flow estimates, we conducted Monte 
Carlo uncertainty simulations for all P flows in 2017. Uncertainties exist in the 
assumptions of populations and areas and P contents and application rates. Monte 
Carlo analysis is a stochastic approach that allows us to test the propagation of 
uncertainty in input parameters into the final results. When possible, we used reported 
distributions and values from literature, however in the absence of that data we used 
best-judgement estimates for distributions, most likely values, and plausible bounds 
(Table 3; Table 4). Within this, categories for specific crops and livestock are further 
broken down. All distributions are assumed triangular unless noted. ‘Most likely’ values 
are described above in Methods. We ran 10,000 simulations and calculated a mean and 
standard deviation for each of the individually modeled P inputs, outputs, and net P 
balance. 
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Table 3. Uncertainty distributions for all P additions to the Green Lake watershed in 2017. 
Distributions are triangular with assumed minimum and maximum values unless otherwise noted. 
 

ADDITION PARAMETER BOUNDS 

Agricultural 
fertilizer 

Crop area  Min/Max: ± 10 % of most likely value 
Application rate Min: Average of ‘high’ and ‘extremely high’ soil 

test P app rates (Laboski & Peters, 2012) 
Max: ‘Optimum’ soil test P app rate 

Imported 
manure 

Spreading area Min: Best estimate from county data 
Max: Total acres in nutrient management plans 

Application rate Min: 4.9 kg P/ha (Powell et al., 2005) 
Max: 60.0 kg P/ha (Powell et al., 2005) 

Glyphosate 
% of county area applied Min/Max: ± 10 % of most likely value 
Application rate Min: County low estimate (Wieben, 2019) 

Max: County high estimate (Wieben, 2019) 

Dairy feed 
supplements 

Cow population Min/Max: ± 10 % of most likely value 
P / cow Min: 0 

Max: Assume 10% greater cow weight, milk 
production, P in diet, and P from supplements 

Atmospheric 
deposition 

Deposition rate Assumed normal 
Standard deviation: Anderson & Downing (2006) 

Non-ag. 
fertilizer 

Land area Min/Max: ± 10 % of most likely value 
Application rate Min/Max: ± 10 % of most likely value 

Dog food 

Dog population Min/Max: ± 10 % of most likely value 
P / dog Min/Max: Dog weight 1 SD below/above 

average (Greer et al., 2007) and Baker et al. 
(2007) P intake equation  

Human food 
& products 

Human population Min/Max: ± 10 % of most likely value 
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Table 4. Uncertainty distributions for all P removals in 2017 from the Green Lake watershed. 
Distributions are triangular with assumed minimum and maximum values unless otherwise noted. 
 

REMOVAL PARAMETER BOUNDS 

Feed & 
forage 
crops 

Crop area  Min/Max: ± 10 % of most likely value 
Crop removal rate Min/Max: Assume 10% lower/higher yield and P 

removal 
Livestock feed demand Min/Max: ± 10 % of most likely value 

Food crops 
Crop area Min/Max: ± 10 % of most likely value 
Crop removal rate Min/Max: Assume 10% lower/higher yield and P 

removal 

Meat 
Culled animals Min/Max: ± 10 % of most likely value 
P / animal Min/Max: Assume 10% lower/higher weight, meat 

yield, and P  

Milk 
Cow population Min/Max: ± 10 % of most likely value 
Milk P / cow Min/Max: Assume 10% lower/higher milk 

production, 10% lower/higher P 

Carp 
Carp removed Min/Max: ± 10 % of most likely value 
P / carp Min: 0.0043 kg (Roy et al., 2019) 

Max: 0.0055 kg (Roy et al., 2019) 

Deer 
Land area Min/Max: ± 10 % of most likely value 
P / deer Min/Max: ± 10 % of most likely value 

Human 
waste 

WWTP effluent and 
sludge loads 

Min/Max: ± 10 % of most likely value 

Streams Stream load Min/Max: ± 8 % of most likely (Harmel et al., 
2006) 
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3. Results and Discussion 
 
3.1 Changes in watershed P flows over three decades 
Agricultural P additions accounted for 89% of all P additions to the Green Lake 
watershed in 2017. Thirty years ago, they accounted for 93%. Of this, agricultural 
fertilizer is the dominant input (65%), and has been throughout the entire study period 
(65 – 77%). P mass balance studies from other midwestern agricultural watersheds have 
likewise found commercial fertilizer to be the single largest import of P to a watershed 
(Bennett et al., 1999; Kara et al., 2012; Mittelstet & Storm, 2016). 
 

 
 
Figure 4. Phosphorus additions to the Green Lake watershed between years 1987 and 2017. Individual 
agricultural flows are highlighted as well as the sum of all non-agricultural additions.   
 

Since 1987, total kg of P added to the Green Lake watershed through agricultural flows 
has decreased by 36% (Figure 4). This is tied to reductions in agricultural fertilizer and 
feed supplements. Total cropland area in the watershed has stayed relatively constant 
since 1987, although the proportions of each crop have changed (Figure 5). Most 
notably, the acreage in corn and soy has increased while land in forage has decreased. 
This suggests that reduced additions of agricultural P are not solely explainable by 
changes in crop acreage. 
 
A 42% decrease in watershed fertilizer P matches larger state and national trends. A P 
budget for cropland in Wisconsin found a 30% decrease in inputs from P fertilizer 
between 1980 and 1995 (Bundy and Sturgul, 2001). This was ascribed to elevated soil test 
P concentrations that require less P inputs to meet crop needs and improvements in the 
University of Wisconsin’s soil testing recommendations (Bundy and Sturgul, 2001). 
Continued fertilizer P reduction through the early 2000s could also be related to rising 
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costs of phosphate fertilizer. Between 2002 - 2008, US prices of fertilizer nutrients rose 
steadily before reaching historic highs in 2008 (Huang, 2009). In addition, improved 
nutrient management could have reduced the demand for synthetic P fertilizer over the 
entire study period. 
 

 
 
Figure 5. Reconstructed land cover in the Green Lake watershed from years 1987 – 2017. Primary 
agricultural crops are included as well as non-agricultural area. Waterbodies, counting the lake, are not 
included. 
 

Between 1997 and 2017, P from dairy feed supplements entering the watershed 
decreased by 83%. This is attributed to both fewer dairy cows and lower P nutrition 
recommendations. Dairy cow populations in the watershed have decreased by 56% 
since 1987 (Figure 6). While feed demand per animal has increased with greater animal 
outputs, higher weights, and animals that are raised more quickly, fewer overall animals 
result in less food and nutrient demand (Bast, 2009). In addition, dairy cow rations 
contained less supplemental mineral P in 2017 than they did in previous decades. In 
1980s and 1990s, additional P was thought to support milk production and 
reproduction, however there are no detectable benefits beyond recommended P 
concentrations of 0.32 to 0.38% (NRC, 2001; Lopez et al., 2004). A reduction in P 
supplements is critical for watershed P flows because as dietary P increases, so does P 
in manure (Wu et al., 2000; Dou et al., 2003). 
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Figure 6. Estimated Green Lake watershed livestock populations for years 1987 – 2017. Beef cattle 
include beef cows, heifers, steer, and bulls. Calves include beef and dairy animals. Dairy cattle include 
dairy cows and heifers. Hogs include all age classes of animals.  
 

While watershed inputs of P from synthetic fertilizers and dairy feed supplements have 
been decreasing, P from new sources including pesticides and imported manure has 
emerged. Although the pesticide glyphosate is still a minor P source (<1%), it has 
increased since 1992 with more acreage devoted to corn and soybean production. As of 
2017, Roundup Ready crops were 86% of total soybean acreage and 10% of all corn 
acreage in Wisconsin (UW-Extension, 2017). If agricultural fertilizer continues to 
decrease, the relative proportion of P from glyphosate versus P from fertilizer will 
increase (Hébert et al., 2019). Furthermore, since glyphosate binds to the same soil sites 
as phosphate ions (Vereecken et al., 2005), if there are legacy P stores and the soil is 
already saturated with P when glyphosate is applied, the risk of P loss to waterbodies 
increases (Hébert et al., 2019). 
 
Likewise, the growth of a 9,000 cow CAFO outside of the Green Lake watershed 
combined with decreasing livestock populations inside the watershed have created an 
opening for manure import. In 2017, imported manure contributed 20% of the 
agricultural P inflows. If this continues, as with glyphosate, the relative magnitude of 
fertilizer P to other agricultural P sources will continue to decrease. From 1987 to 2017, 
fertilizer P shifted from accounting for 82 to 74% of all agricultural P additions. 
 
Although agricultural P inputs have been decreasing since 1987, non-agricultural P 
inputs have stayed relatively constant (Figure 7). This indicates that non-agricultural 
sources constitute an increasingly greater percentage of the total P budget, from 7% in 
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1987 to 11% in 2017. While non-agricultural sources contributed an annual average of 
26,800 kg of P, the quantity of each input changed. The exception is atmospheric 
deposition, which was assumed at a uniform rate throughout the study period and 
annually contributed between 44 – 46% of total non-agricultural P inputs, and 4 – 6% of 
total P inputs. Atmospheric deposition has been found to be a major nonpoint TP source 
in some watersheds (Brown et al., 2011; Tipping et al., 2014; Mittelstet and Storm, 
2016). Whereas atmospheric deposition of P is largely uncontrollable, the remaining two 
thirds of non-agricultural P inputs - dog food, human food and products, and fertilizer - 
are all directly tied to patterns of human population, use, and consumption. 
 

 
 
Figure 7. Non-agricultural phosphorus additions to the Green Lake watershed between years 1987 – 
2017. Stacked colors show the quantity of individual inputs.  
 

P additions from dog food and human food and products currently account for 1% and 
5% of total P inputs, respectively. In an agricultural watershed, P contributions from 
dogs appear to be relatively minor. However, in urban areas, P from dogs has been 
estimated to account for up to 76% of total watershed P inputs (Hobbie et al., 2017). In 
addition to dog food, human food and products can contribute almost all household P 
inputs (Fissore et al., 2007). Over our study period, both dog and human P additions 
increased by 10%. Growth in the watershed population increased the assumed dog 
population and the P brought in for humans (Figure 8). The greatest growth has 
occurred in the permanent population in the City of Ripon and the seasonal population 
around Green Lake. 
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Figure 8. Permanent, seasonal, and visitor population estimates in the Green Lake watershed from 
years 1980 – 2017, split by subwatershed and population type. The only visitor population is in the 
Direct/Hill/White subwatershed. 
 

At the same time, P additions from non-agricultural fertilizer decreased from 12% in 
1992 to 7% in 2017. Some of this decrease may be attributed to fertilizer supply 
economic and policy changes. Prices of phosphate fertilizer rose sharply in 2002 until 
peaking in 2008 (Huang, 2009). This could help explain the drop in P imports between 
1997 and 2002 and continued low P mass in 2007 (Figure 7). After a slight rebound in 
2012, non-agricultural P fertilizer may have stayed low because of the 2010 Wisconsin 
Zero- Phosphorus Fertilizer Law (Wisconsin Statute, 94.643). The law restricted the use, 
sale, and display of lawn and turf fertilizers containing phosphorus and available 
phosphate. 
 

Total P addition loading rates to the 267 km² Green Lake watershed have also decreased 
over the past three decades. In 1987, the annual P loading rate was 13.1 kg/ha/year 
versus 8.8 kg/ha/year in 2017. Compared with P loading rates in the Lake Mendota 
watershed (686 km²), located 115 km southwest of the Green Lake watershed, the 
annual P addition rates are much lower. In 1995, 19.1 kg/ha were added to the Lake 
Mendota watershed (Bennett et al., 1999) compared to 11.1 kg/ha in 1997 in the Green 
Lake watershed. Likewise, in 2007 the Mendota rate was 12.5 kg/ha (Kara et al., 2012) 
as opposed to 8.3 kg/ha in Green Lake. This variation may be partially explained by 
differences in livestock density. In 2012, livestock density in the Green Lake watershed 
was 0.5 animals/ha, whereas it was 1.5 animals/ha in the Lake Mendota watershed (E. 
Booth, unpublished). Furthermore, Green Lake had 9% of the estimated dairy cow 
population in the Lake Mendota watershed and less urban P contributions (E. Booth, 
unpublished). In more recent years, the Green Lake P addition rate is comparable to 
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those of the Illinois River (6.4 – 8.7 kg/ha/year) and Eucha-Spavinaw (5.6 – 7.5 
kg/ha/year) watersheds (Mittelstet and Storm, 2016). 
 
While P additions to the watershed have decreased, P removals have increased (Figure 
9). The highest removal was in 2017 with a total estimated P removal of 298,000 kg. Of 
this, 96% was from agricultural removals with feed and forage crops accounting for the 
majority (86% of total). Products for human consumption – food crops, milk, and meat – 
accounted for 4%, 5%, and <1%, respectively. Across all years, agricultural removals 
account for between 96 - 99% of total removals. 
 

 
 
Figure 9. Phosphorus removals from the Green Lake watershed for years 1987 to 2017. P mass for 
each agricultural flow is shown as well as cumulative non-agricultural flows.  
 

The increase in P removal is largely tied to changes in livestock populations, crop 
acreage, and yields. Decreased watershed livestock populations (Figure 6), result in 
diminished feed demand. Feed and forage crops that used to be produced and 
consumed locally, are now exported to cash crop markets outside of the watershed 
(Todd Morris, July 1, 2019). Fewer livestock are also slaughtered for meat. However, 
despite a 120% decrease in the numbers of dairy cows, removal of P through milk 
products has stayed relatively consistent because of increases in milk production per 
cow. The approximately 1,970 dairy cows in the watershed in 2017 produced only 20% 
less milk than the approximately 4,350 dairy cows in the watershed in 1987. 

With these changes in watershed livestock populations, it is also important to note that 
there are two stories. County-scale trends in the Census of Agriculture show that, over 
time, the number of farms has continued to decrease while the number of animals per 
farm has continued to increase (Appendix C). Similarly, as cattle populations decreased 
in the Green Lake watershed, they increased in other areas. In the Green Lake region 
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this is seen clearly with the construction of the 8,000 cow Rosendale Dairy outside of 
the watershed. As such, imbalances of manure and nutrients may continue to be 
prevalent and consideration of “manuresheds” in addition to watersheds will be 
increasingly important. 
 

Crop yield also drives the removal of P. Since 1987, reported county-level crop yields 
have been steadily increasing for corn, soybeans, small grains, and vegetable crops, with 
most of the highest yields reported in 2017. Increased yields in later study years are tied 
with increased P removal rates. Of note are the years 1992 and 2012 which show large 
decreases in the quantity of P removed with feed and forage crops. Both years 
correspond with below average annual precipitation, very low yields, and thus 
decreased P removal. In 1992, livestock feed demand could not be met by crops in the 
watershed, so no feed was exported. While P removal from food crops for human 
consumption also decreased in these years, it was more consistent throughout the 
study years, accounting for average of 11,100 kg of P annually. 
 
Over the thirty-year study period, non-agricultural removals of P steadily increased 
(Figure10). The harvest of carp biomass first appears in the 2002 balance and increases 
through 2017 but constitutes a minor portion of non-agricultural removals (3 - 6%). While 
considering invasive species removal as a management practice that removes P has not 
been documented in other P balance studies, carp biomass removal appears to have 
rather negligible impact on P flows from a watershed of this size. Yet, because carp can be 
responsible for increasing sediment-bound phosphorus release, poor water clarity, and 
habitat deterioration, there are other benefits gained by removing them (Bajer et al., 
2009; Bajer et al., 2015; Vilizzi et al, 2015). Likewise, for all years, deer hunting accounts 
for less than 3% of non-agricultural removals. This is consistent with the few other P 
balance studies that considered deer and found them to be insignificant when compared 
with agricultural P removals (Mittelstet and Storm, 2016; Engel et al., 2013). 
 
The greatest changes in non-agricultural P removal are with human waste and stream 
export. In 1987, P in human waste left the watershed only through WWTP effluent 
from the City of Green Lake. When the GLSD was built in 1995 to sewer homes around 
Green Lake, it began discharging effluent into the Fox River. The large increase again in 
2017 is attributed to reports from the WWTPs in the Cities of Green Lake and Ripon 
that sludge was spread on land outside of the watershed. This amounted to a 300% 
increase in human waste P removal between 2012 and 2017, yet in 2017 only accounts 
for 2% of all watershed P removals. 
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Figure 10. Non-agricultural phosphorus removals from the Green Lake watershed between years 1987 
– 2017. Individual colors indicate specific flows. 
 

Stream export of P out of the watershed through the Puchyan River increased over the 
30 years of study. The 2017 TP load is 3.5x greater than the 1987 load. While there was 
no statistically significant increase in streamflow during the monitoring period (1997 – 
2012), TP concentrations increased in all months except January, April, September, and 
November (p < 0.05) (Appendix E). While we do not know the mechanism behind rising 
TP concentrations, it is clear that loads at the outlet are  increasing. 
 
3.2 Nested subwatershed P flows 
Reconstructed phosphorus loads at the scale of Green Lake’s three primary 
subwatersheds show different magnitudes of flows. We split analysis into the 
Roy/Spring/Wuerches Creeks subwatershed (RSW), the Direct runoff/Hill Creek/White 
Creek subwatershed (DHW), and the Silver/Dakin Creeks subwatershed (SD) (Figure 1). 
As with the entire watershed, agricultural additions dominate all P flows (Figure 11). In 
both the RSW and SD subwatersheds, agricultural fertilizer is the primary input. 
However, this is not the case in the DHW subwatershed. Historically, the feed demand 
of a larger livestock population was not able to be met with locally produced crops, so 
feed would need to be imported to meet demand. Other agricultural additions such as 
glyphosate, dairy feed supplements, and imported manure match the trends in the 
larger watershed. Total P additions scale roughly with total area of each subwatershed, 
with RSW as the smallest and SD as the largest. 
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Figure 11. Agricultural phosphorus additions through time from 1987 - 2017 to the three 
subwatersheds: Roy/Spring/Wuerches Creeks (left), Direct/Hill/White Creeks (center), and 
Silver/Dakin Creeks (left). All flows (kgs) are shown at the same scale as those for the full watershed. 
 

Across the subwatersheds, non-agricultural P flows are minor. The exception is the 
DHW subwatershed where non-agricultural flows comprise 9 – 31% of P inflows as 
compared to 3 – 12% in the other subwatersheds. A closer look at this shows that 
stream input from the other subwatersheds into the DSW subwatershed is a large 
contributor to non-agricultural P flows (31 – 48%) (Figure 12). Both RSW and SD have 
relatively stable non-agricultural P contributions through time with the majority in RSW 
from atmospheric deposition (80 – 83 %) and in SD from human food and products (40 - 
42%). This makes sense since the bulk of the watershed population lives in SD and RSW 
is relatively unpopulated. 
 

Figure 12. Non-agricultural phosphorus additions though time from 1987 - 2017 to the three 
subwatersheds: Roy/Spring/Wuerches Creeks (left), Direct/Hill/White Creeks (center), and Silver/Dakin 
Creeks (left). 
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With P removals, the subwatersheds show very different patterns. P removal with 
agricultural products is very low in both the RSW and DHW subwatersheds (Figure 13). 
The calculation for feed and forage crops first considers the feed demand of livestock 
living in the watershed and only exports crops if demand can be met. As was seen in 
Figure 11, in years 1987 – 2012 the DHW subwatershed imported feed to meet demand. 
Given this, the largest removals are still agricultural and as livestock numbers decline, 
more feed may be exported. P removals in the SD subwatershed closely track those of 
the entire watershed. 
 

 
Figure 13. Phosphorus removals from 1987 - 2017 to the three subwatersheds: 
Roy/Spring/Wuerches Creeks (left), Direct/Hill/White Creeks (center), and Silver/Dakin Creeks (left). 
All flows (kgs) are shown at the same scale as those for the full watershed. 
 

Non-agricultural P removals across all subwatersheds show streams as the primary 
exporter of P (Figure 14). Through all years this varies between 44 - 99% of non-
agricultural removals. It is important to note that these flows do not match those for the 
entire watershed because in that balance, some of the stream flows are internal to the 
system. As with the larger watershed, over time more human waste has been removed 
from the DHW and SD subwatersheds because of the construction of sewer lines and 
spreading sludge on land outside of the watershed. 
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Figure 14. Non-agricultural phosphorus removals from 1987 - 2017 to the three subwatersheds: 
Roy/Spring/Wuerches Creeks (left), Direct/Hill/White Creeks (center), and Silver/Dakin Creeks (left).  
 

3.3 Watershed P accumulation 
Between 1987 and 2002, the net P balance in the Green Lake watershed was positive. In 
1987, the Green Lake watershed accumulated 283,000 kg, the equivalent of 81% of all P 
inputs (Figure 15). In the decade after, P retention ranged from 45% to 89% of all P 
inputs. The 45% retention rate in 2002 is similar to a 42% retention in the Lake Mendota 
watershed in Wisconsin in 1995 (Bennett et al., 1999). A study in Minnesota around 
2000 found annual P retention rates in predominately agricultural watersheds to be 12 - 
81% (Schussler et al., 2007). The Green Lake watershed appears to be comparable to 
several studies with much higher P retention rates. The Chaohu watershed in China is 
estimated to have 75% annual P retention (Jiang & Yuan, 2015) and the Lake 
Okeechobee watershed in Florida 80% annual P retention (Fluck et al., 1992). A study in 
the Eucha-Spavinaw and Illinois River watersheds found 81 and 86% annual P retention 
(Mittelstet and Storm, 2016). 
 
From 2007 – 2017, the net P balance in the Green Lake watershed shifted to negative, 
indicating P depletion in the watershed (Figure 15). In 2007, 3% of P inputs were 
depleted. Then, after an increase to 19% P retention in 2012, the balance dropped to 
27% depletion in 2017. As patterns of P use and removal in the watershed have 
changed, so has net P retention. While in the first two decades of the study P was 
accumulating, in the most recent decade excess P stores may have started to be drawn 
down. 
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Figure 15. Net P balance in the Green Lake watershed for years 1987 – 2017. The balance was 
calculated as the difference between cumulative additions and removals for each year. Early years 
indicate net accumulation whereas in the past decade, two years show net depletion. 
 

Green Lake’s subwatersheds show a similar decreasing net P balance over time (Figure 
16). While all have continued to decrease with less P additions and greater P removals, 
the most noticeable change is in the SD subwatershed where the subwatershed may 
have been in a depletion phase in years since 2002. This may largely be related to 
increases in P removal through crop harvest and reduced agricultural fertilizer additions. 
 
 

Figure 16. Net P balance from 1987 - 2017 in Green Lake’s three subwatersheds: 
Roy/Spring/Wuerches Creeks (left), Direct/Hill/White Creeks (center), and Silver/Dakin Creeks (left). 
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Over time watersheds can be in three different phosphorus phases: accumulation, 
depletion, or equilibrium (Haygarth et al., 2014). When phosphorous additions exceed 
removals, a watershed is accumulating stores of legacy P. Conversely, if removals 
surpass additions, the catchment is depleting legacy P stores. While historically many 
predominately agricultural watersheds were in states of equilibrium before the rise of 
intensive agriculture, current research suggests that many are now in accumulation 
phases (Bundy, 1998; Bennett, 1999; Kara et al., 2012; Jiang & Yuan, 2015; Goyette et 
al., 2016; Mittelstet & Storm, 2016; Powers et al., 2016). Watersheds with dense 
livestock operations and specialized crops are more likely to be in accumulation phases 
(Sharpley et al., 2013; Stackpoole et al., 2019). When the commodity market for feed is 
decoupled from land ownership and management, there can be nutrient imbalances as 
more P in feed and fertilizer are brought in than leave though agricultural products 
(Wironen et al., 2017). 
 
Few watersheds have been documented to be in depletion and equilibrium. A study of 
173 watersheds in the US with two decades of monitoring data reported only 7% of 
watersheds are in depletion and 25% are in equilibrium phases (Stackpoole et al., 2019). 
These watersheds tended to have high mean fertilizer and manure application but also 
high crop uptake and harvest removal rates (Stackpoole et al., 2019). In addition, many 
were located in basins that had non-point source reduction programs (Stackpoole et al., 
2019). Likewise, Peterson et al. (2017) found a southern Minnesota watershed, with 
high crop P use efficiency but low livestock density, to be in a depletion phase in 2010. 
The Baltic Sea basin has also been in a depletion phase since the 1990s, which is largely 
attributed to reductions in P fertilizer and improvements in sewage treatment 
(McCrackin et al., 2017). 
 
Thus, it is an important finding that the Green Lake watershed is in a depletion phase, 
and also has important implications for management. When watersheds go into 
depletion phases, legacy phosphorus can become a primary P source to rivers (Haygarth 
et al., 2014; Powers et al., 2016). A negative P balance in years 2007 and 2017 in the 
Green Lake watershed indicates that legacy P sources contributed to stream loads. 
Stackpoole et al. (2019) found that depletion and equilibrium watersheds where legacy 
P was a source to streams had an average river export of 0.86 kg/ha. In the Green Lake 
watershed, export by the Puchyan River has been much lower at 0.05 to 0.21 kg/ha. 
Despite being in a depletion state, an additional management challenge will be the 
approximately 3,775,000 kg of P that has accumulated in the watershed just during the 
thirty years between 1987 and 2017. 
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3.4 Uncertainty  
The Monte Carlo uncertainty analyses revealed substantial uncertainty in the 2017 
additions, removals, and net P passing through the Green Lake watershed (Figure 17). 
All individual component P addition and removal simulations are in Appendix F. In 
general, all component distribution means matched well with our estimates of most 
likely values. The exception is agricultural fertilizer, where our estimate falls well below 
the mean. This is related to the distribution assumptions for fertilizer application. Since 
our most likely value for application rate falls closer to the minimum estimate than the 
maximum estimate in the triangular distribution, the distribution is weighted more 
heavily towards higher values. As a result, our most likely agricultural fertilizer estimate 
may be an underestimate. This would translate into possible underestimated watershed 
net P additions while underestimated net P storage (Table 4). However, the pattern 
remains the same: in 2017 the watershed removed significantly more P than was 
imported and it is highly likely that P stores within the watershed were being depleted 
in 2017. Accessing detailed watershed data for components like fertilizer P application 
and crop harvested was unfeasible, especially for historic years. Error in our estimates 
could be reduced with additional data collection methods such as surveys to individual 
land operators. 
 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 17. 10,000 realizations of Monte Carlo simulations for all 2017 P additions (left), removals 
(right), and net change (bottom). 5% and 95% confidence intervals are shown as red lines.  
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Table 4. 2017 watershed additions, removals, and net P (kg) estimated from Monte Carlo analysis. 
Values rounded to the nearest 1,000 kg.  
 

SIMULATION MOST LIKELY MEAN STANDARD DEVIATION 
Additions 235,000 291,000 42,000 
Removals 298,000 300,000 14,000 

Net -62,000 -9,000 44,000 
 
 
 
4. Conclusions 
Legacies of historical land use and nutrient management can lead to stores of P in 
watersheds that fuel eutrophic conditions in freshwater bodies, despite management 
efforts. Thus, it is important to quantify P flows through watersheds over time to 
understand changes and aid future planning. Analyzing P flows at the scale of a single 
lake watershed has unique opportunities. Local experts can provide valuable 
information to inform modeling assumptions. In return, analysis can produce tools that 
are informative for watershed managers. Furthermore, smaller scales may show faster 
responses to management (Sharpley et al., 2013). 
 
This study quantified P flows over three decades through a 267 km² predominately 
agricultural watershed in central Wisconsin using a mass balance approach with 
uncertainty analysis. Between 1987 and 2017, the Green Lake watershed accumulated 
an average of 126,000 kg P/year or a total of 3,775,000 kg P, with agricultural inputs 
accounting for 89 - 93% of all P additions. This work suggests that agricultural 
watersheds, including those with seasonal residents and tourism economies, should 
emphasize P reduction efforts on agricultural lands. Future multi-decadal P mass 
balance studies in predominately agricultural watersheds should focus on obtaining 
detailed data for land cover, livestock numbers, imported manure, and fertilizer 
application rates as these parameters had the largest influence on the modeled P flows 
of this study. This research showed the advantages of synthesizing spatial and tabular 
data to estimate values. Additionally, it underscored the benefits of collaborating with 
existing non-profits and building working relationships with local government staff to 
aid in both data collection and creating a useful product. 
 
Decreases in livestock populations, agricultural fertilizer use, and dairy P feed 
supplements together with increases in P removed by crop harvest resulted in the 
watershed P balance moving towards net depletion around the year 2007. This is a 
critical finding because few agricultural watersheds have been documented to be in 
depletion phases. Like other agricultural watersheds in the US, the Green Lake 
watershed also has a decoupled crop and livestock production system. However, unlike 
many watersheds, livestock populations are declining. There is lack of understanding of 
how watersheds respond to decreasing agricultural P balances and how this relates to 
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BMP implementation and lags in water-quality improvements (Stackpoole et al., 2019). 
Future research at Green Lake could attempt to tie data on watershed BMP 
implementation starting in the 1980s with long-term water quality monitoring data and 
the historical P mass balance.  
 
Locally, this research has important implications for management in the Green Lake 
watershed. Quantifying P flows is an essential first step in identifying primary P sources 
and understanding watershed-specific imbalance. Although the uncertainty analysis 
showed a large amount of uncertainty in 2017 P additions, removals, and net storage, its 
inclusion does provide watershed managers with more clarity and confidence in the 
findings. The utility of a mass balance tool for watershed management is that it can be 
used to target reductions in P inputs and measure progress in achieving P reduction 
goals. Some of the identified P fluxes, such as fertilizer, feed supplements, pesticides, 
and imported manure, can be more easily controlled with management than non-
agricultural fluxes. For other lake watersheds with similar intensive agricultural land use, 
the findings of this study highlight the importance of focusing management on 
agricultural P flows and continuing to address P source control. Sustainable long-term 
watershed P management will require both reducing P transport to waterbodies and 
reducing overall P inputs to watersheds. 
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Appendix A: Watershed land use and land cover  
 
Source data scale for all watershed and county data is identified in Figure A1.  
 

 
 
Figure A.1 Data sources available at the watershed and county level and used in model calculations. 
Watershed-scale data are broken down by county.  
 
 
Agricultural land use and land cover (LULC) over time is a critical variable that feeds into 
calculations of phosphorus additions and removals. We utilized the National Cropland 
Data Layer (CDL), which is produced by the USDA National Agricultural Statistics Service 
and uses remote sensing to estimate the acreage of targeted agricultural crops (USDA 
NASS CDL, 2003 - 2017). In addition, we used the National Land Cover Database (NLCD), 
which is the definitive land cover database for the US and identifies urban, agricultural, 
and natural land cover areas (Figure A2) (MRLC, 2001 – 2016. We also utilized the 
digitized Wisconsin Land Economic Inventory land use product from 1938 and 1939 to 
understand general spatial changes in watershed land use (FLEL UW-Madison, 1935) 
(Figure A3). All of these LULC products may have error in both undercounts (producer 
error) and overcounts (user error). However, remote sensing accuracy assessments are 
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extremely time consuming and unavailable for all years. Given the broad scope of this 
project, we assume that error from misclassification is negligible for all datasets except 
for the CDL.  
 

 
Figure A2 Watershed land cover in 2016 from the National Land Cover Database. 
 

 
Figure A3 Watershed land cover in 1938 from the Wisconsin Land Economic Inventory. 
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The CDL is created by stacking multiple images at 30 or 56 m2 resolution throughout the 
growing season and using remote sensing methods to identify specific crops. Other 
datasets including NLCD landcover of water and wetlands, Farm Service Agency (FSA) 
crop acreages for producers, and June Area Survey agricultural activity are used to “train” 
the image classification process (Miller et al., 2009). Typically, the CDL is most accurate in 
regions with few crop types, such as corn and soy in the upper Midwest (Larsen et al., 
2015). However, a 2012 study shows discrepancies between CDL acreage and reference 
data in both Green Lake and Fond du Lac Counties (Larsen et al., 2015). One major 
challenge is the misidentification and possible over- estimation of grass-based pasture, 
hay and non-agricultural grassland (Lark et al., 2017).  
 
To address these errors in the CDL and to estimate watershed land cover in years before 
2003, we calibrated CDL pixel area values with independent data. We used the USDA-
NASS Census of Agriculture (CoA) as a “true” reference, a method that has been cited as 
a best practice (Johnson et al., 2013; Lark et al., 2017; Yu et al., 2018). Doing this 
allowed us to correct for bias and a reduction in bias over time with an authoritative 
data source. Every five years the USDA conducts a count of US farms and ranches and 
the people who work on them. The CoA asks detailed questions about land use and 
ownership and production practices and is the only complete source of agricultural data 
at the county scale in the US. If more than $1,000 dollars were raised and sold by a farm 
operation during a CoA year, participation is required by law. The first census was 
conducted in 1840 and has continued since in 4, 5, or 10-year increments. Currently the 
census is published in years ending with 2 or 7 and gives a complete enumeration of 
agricultural products in that year. It is the only source of comprehensive, consistent 
agricultural statistics at the county level.  
 
Although the CDL is a “land cover” estimate and the CoA gives “land use”, land use 
categories reported by the CoA can be assumed comparable to land cover. We estimated 
the total cropland in the watershed by relating the proportion of CDL cropland in the 
watershed to CDL cropland in the county, multiplied by reported county-level harvested 
cropland in the CoA. For each study year of the CDL, we adjusted the area value of pixels 
of each crop type using the CoA. At the county-level we adjusted pixel areas so that when 
totaled they equal the reported CoA acreage for crops with high reported accuracy: corn, 
soy, wheat, alfalfa, and sweet corn. We then applied this weighting factor to pixel areas 
within the watershed area of that county. We used the same methods for subwatershed 
land cover. Since the CDL is available from 2003 – 2017, we related the 2002 CoA with 
2003 CDL data. In years 1987 – 2002 where we had no spatial data, we apportioned CoA 
county-scale data to the watershed and subwatershed scales using the amount of 
agricultural land in the scale of interest relative to the amount in the county. We assumed 
that the crop mix was homogenous across all cropland in a county. For example, we took 
the 2003 watershed value of 13.3% relative to GL County and 5.9% relative to FDL County 
and applied those weighting factors back to 1987. We used this same methodology in 
years 2002 – 2017 for crops that had low reported accuracies with the CDL.   
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Appendix B: Human populations  
 
The number of humans in the Green Lake watershed includes permanent residents as 
well as seasonal residents and visitors. We defined permanent residents as those who 
list Green Lake as their primary residence and are counted in the US Decennial Census. 
Seasonal residents own a second property at Green Lake where they spend some time 
of the year and may bring guests or rent out the property to people who also counted as 
seasonal residents. Visitors are people who come to vacation and spend one or more 
nights in the vicinity of the lake. We further split population estimates into 
subwatersheds. 
 
Permanent resident population 
We retrieved available spatial decennial census population data at the block level from 
the National Historical GIS website (NHGIS) for 1990, 2000, and 2010. The Green Lake 
watershed includes all of the City of Ripon, part of the City of Green Lake, and parts of 
nine townships in three different counties (Figure B1). In ArcMap GIS software (ESRI, 
2020), we identified census blocks that intersect the watershed, clipped them to the 
watershed, and used the ratio of clipped area to total area as a weighting factor to 
calculate watershed population. In years prior to 1990, spatial census block population 
data is not available, and populations are only reported by city and township. Therefore, 
with the 1990 spatial data, we calculated the percentage of the population of each city 
and town that lived in the watershed. We assumed that permanent populations have 
been located in the same areas over time and that this ratio has stayed consistent. We 
applied it to all years back to 1880 to estimate watershed populations and assumed 
linear change between census years. Between census years, we linearly interpolated 
populations and for 2017, we assumed the same annual change as between 2000 and 
2010. 
 

These estimates show that over the past century, the watershed population has grown 
from an estimated 6,073 people in 1880 to an estimated 11,551 people in 2017 (Figure 
B2). The majority of people live within the City of Ripon (2010: 7,733), which is entirely 
enclosed within the watershed. Watershed populations in the Towns of Brooklyn, Ripon, 
and Green Lake have grown slightly over time and have decreased or stayed relatively 
consistent in the other municipal areas. We further split the permanent population into 
subwatersheds through assuming that the percentage of the municipality’s population 
in the subwatershed in 1990 is the same as it was in 1880 – 1990. 
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Figure B1. Municipal boundaries within the Green Lake watershed.  
 
 

 
 
Figure B2. Green Lake watershed permanent population estimated from US Census data 1880 – 2010.  
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Seasonal resident population 
Seasonal residents and their guests are challenging to estimate. Studies typically use 
either very detailed methods (e.g. cell-phone data pings, biomarkers in wastewater, 
usage rates for all rental properties, hotels and campgrounds) or broad assumptions 
based on symptomatic variables (e.g. tax revenue, utility usage) (Goldschmidt and Dahl, 
1976; Daughton, 2012). At Green Lake, we did not have the resources to get detailed 
data on seasonal resident and visitor use and also found that wastewater flows are not 
reasonable population proxies. Daily per capita water use can be highly variable and 
change seasonally, which is why studies use wastewater biomarkers instead of flow 
(O’Brien et al., 2014). Therefore, we utilized available information from local 
municipalities and organizations combined with published values from comparable 
locations in Michigan, Minnesota, and Wisconsin. 
 

We first estimated the number of seasonal residences using total housing units and 
seasonal housing units at the county-scale from the US Decennial Census (U.S. Census 
Bureau, 1950, 1960, 1990, 2000, 2010) and at the town and city-scale from the 
American Community Survey (U.S. Census Bureau, 2010 – 2017). We assumed seasonal 
residences are only in Green Lake County, concentrated around the lake. Since the Town 
of Green Lake also includes Little Green Lake which may have seasonal homes, we 
estimated seasonal housing in the Big Green Lake watershed by weighting housing units 
by the length of residential shoreline. We assume 80% of units are located on Big Green 
as compared to Little Green. Only a small portion of the Town of Marquette is in the 
Green Lake watershed and the town also includes Lake Puckaway, so we assumed no 
seasonal residences in the town. The City of Green Lake, while near the lake, also 
extends outside of the watershed so we adjusted seasonal housing units based on the 
percentage of city area within the watershed. We assumed all seasonal residences in the 
Towns of Brooklyn and Princeton are located within the watershed. 
 
The Decennial Census and American Community Survey data sets overlap for the year 
2010. We found the percent of total county seasonal units within each municipality and 
used these ratios as proxies for other years. We then estimated seasonal units in earlier 
decades by applying the 2010 ratio back to 1950. For unavailable years or years 
between censuses, we linearly interpolated between values. Our estimates match well 
with local estimates. The Green Lake Association compared addresses of homes around 
the lake within the Green Lake Sanitary District (GLSD) against billing addresses and 
found that 75% are seasonal properties (S. Prellwitz, personal communication, February 
11, 2019). The City of Green Lake estimates that 45% of their residences are second 
homes (B. Dugenske, personal communication, 2020, May 15). We compared these 
percentages against the number of residential tax parcels within each boundary and 
found 1,280 around the lake and 119 in the City of Green Lake. This compared well with 
our 2017 estimates of 1,260 seasonal units around the lake and 112 in the City of Green 
Lake. 
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To estimate human populations using seasonal properties, we used local estimates, 
population census information, and data collected from surveys of seasonal residents in 
Michigan, Minnesota, and Wisconsin on seasonal use patterns. The majority of second 
homeowners at Green Lake have an out-of- town utility bill address, or primary 
residence, in Wisconsin (55%) or Illinois (38%) (S. Prellwitz, personal communication, 
July 21, 2020). Going back to 1950, we compared average US household and family 
sizes with Wisconsin and Illinois household and family sizes and found them to be well-
matched (US Decennial Census, 1950 – 2010). We assumed that each seasonal unit has 
residents equal to the average US family size. We assumed that residents brought 
guests with each visit and that the number of guests were equal to the average US 
household size. In 2010, this is 3.2 seasonal residents per unit and 2.6 visitors. This is 
similar to the findings of Stynes, 1997 in northern Michigan that found an average 
seasonal resident population of 3.3 people per unit and an average visiting household 
size of 2.8 (Stynes, 1997). 
 
The same study found an average annual occupancy of 87 days per year on Michigan 
inland lakes for residents plus their guests (Stynes, 1997). A similar study from 
Wisconsin and Minnesota in 1996 found average resident days of use to be 123 and 19 
for guests (Marcouiller, 1996). In the absence of any other information, we assumed 
intermediate values of 105 days of use by owners and 53 days by their guests. 
Anecdotes from people who work near Green Lake suggest that while people do use 
seasonal residences throughout the year, the majority of use occurs between the end of 
May and mid- September. A seasonal resident might use a place for 45 days in the peak 
summer months, assuming they spend all weekends between Memorial Day and Labor 
Day, three-day weekends at Memorial Day, Labor Day, and the 4th of July, and two 
weeks of vacation. 
 
However, from property rental websites it is clear that some seasonal residents rent out 
their homes when they are not using them. We assumed that people renting seasonal 
properties are accounted for in the total annual estimate of seasonal residents and their 
guests. Evaluations from the approximately 100 properties near the lake listed on Airbnb 
and VRBO rental data on airdna.co suggest properties are rented for about 65 days per 
year. This matched well with the estimated 105 total days of usage with likely 45 days by 
owners. The majority of rentals on Airbnb, VRBO, On Green Lake Management Company, 
and Sunrise Management Company are listed as holding 10 – 14 people. While this is 
much higher than the estimated owner family size and guest household size, we assume 
that not every property is rented and ultimately estimated use evens out between owner 
and rental use.  
 
Without historical data, we assumed that total annual days of use by seasonal residents 
and guests has stayed constant since the 1950s. Seasonal residents and their guests are 
then the product of seasonal residences, average family and household sizes, and 
average days of use per year for seasonal residents and guests. We converted estimates 
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into per capita years, or the equivalent number of people if they were permanent 
residents. We further split the population into subwatersheds through using the 
percentage of each municipality’s residential tax parcels within each subwatershed. We 
assumed this has stayed constant through time. 
 
Visitor population 
Visitor populations are even more challenging to estimate. A visitor may stay for a day, 
an overnight, or several days at a lodge, resort, retreat center, campground, motel, 
hotel or other place. As with seasonal residents, tax revenue and wastewater 
production are not reasonable population proxies. Without extensive resources to do a 
detailed analysis of visitor usage of the Green Lake watershed, we make some coarse 
assumptions. We assume that visitors are concentrated either immediately around the 
lake or within the City of Green Lake. We assume that most visitors spend an overnight, 
and thus ignore day users. All lodging locations are located within the direct runoff area 
to the lake. We assume that there are zero overnight lodging areas for visitor 
populations in any of the other subwatersheds. 
 
As of 2017, there were 948 campsites, rooms, or cottages listed on the Green Lake Area 
Chamber of Commerce website. We assumed that average occupancy is either the 
average of the range, if given, or the average US household size, that campgrounds are 
used only for the 153 days in May – September, that cottages and hotel rooms are used 
365 days, and that average occupancy rate at any time is 50% for rooms and cottages 
and 85% for campgrounds. With those assumptions, we got an estimated total of 1284 
per capita years in 2017. This included the approximately 40,000 people that have 
visited the Green Lake Conference Center (formerly American Baptist Assembly) each 
year since it opened in 1944 and stayed for 2 – 7 days (B. Morrell, personal 
communication, September 29, 2020). Historically, we assumed that visitor populations 
in the watershed have been consistent although the composition of visitors and where 
they stay has changed. 
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Appendix C: Livestock populations 

Since 1950, the dominant livestock in the Green Lake watershed have been cattle, both 
dairy and beef, followed by swine. While there have also likely been some sheep, 
horses, and poultry in earlier decades, they are relatively minor, and we do not include 
them in this analysis. Different life stages of livestock have different feed intake, 
nutrient requirements, and ultimately manure production. Therefore, it was important 
that we estimate both total numbers of livestock, as well as their herd structures and 
how many animals are in each age class. We further split estimates into subwatersheds. 
 
Watershed livestock numbers and herd structures 
To estimate watershed livestock populations, we utilized data from the USDA-NASS 
Census of Agriculture (CoA), nutrient management plans, previous barnyard surveys, 
and the knowledge of county land conservation staff. There are no permitted Confined 
Animal Feeding Operations (CAFOs) within the watershed. The Green Lake County Land 
Conservation Department (GLCLCD) provided subwatershed-scale barnyard animal 
inventories from 1998, 2010, and 2020. The Fond du Lac County Land Conservation 
Department (FDLCLCD) provided some nutrient management plan estimates of animal 
numbers and manure production in the watershed from select years between 2012 and 
2020. Some data were provided in animal units and we used the WDNR worksheet form 
2400-025A to convert to animal numbers. We considered seven classes of animals: 
dairy cows, dairy heifers, beef cows, beef heifers, steers and bulls, calves, and hogs. 
Steers and bulls, in addition to beef cows and heifers, are considered “beef cattle”. Beef 
cattle can be either typical beef cattle breeds or dairy cattle breeds raised for meat 
consumption. 
 
Not all of the barnyard inventory and nutrient management plan data included reported 
numbers for animals in different age classes. In those situations, we used literature 
values for herd structures to estimate the number of cows, heifers, and calves or age 
classes of market hogs within an operation. We assumed that operations maintain the 
same number of young and mature animals throughout the year, although it may not be 
the same actual animals. 
 
If a dairy herd was reported as a total unit, we assumed that in a given year there were 
0.8 heifers per dairy cow and 0.2 calves per dairy cow (Hutjens, 2008). We also assume 
that dairy cows have a 60-day dry period, so at any given time during the year, 16% of 
the dairy cows are “dry cows”. For beef calf-cow operations, we assumed 0.23 
replacement heifers per cow (Asem-Hiablie et al., 2016) and 0.9 calves per cow 
(UADARE, 2016). We assumed breeding hogs include boars and sows with 0.11 boars 
per sow (Peters et al., 2014). Young market hogs are estimated by assuming 10.9 piglets 
per litter and dividing into weight categories of < 20 kg, 20 – 50 kg, 50 – 80 kg, and > 80 
kg based on number of days in that life stage (Peters et al., 2014). 
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In years without watershed livestock animal numbers, we linearly interpolated between 
livestock populations for available years and consulted with county staff about 
reasonable estimates for animal numbers. We then found the ratio of within-county 
watershed scale numbers to entire county scale numbers for available years of the CoA. 
We also found the percentage of within-county watershed agricultural land to entire 
county agricultural land (~13% for Green Lake and ~6% for Fond du Lac and Winnebago). 
We assumed that back in time there was a uniform distribution of livestock within the 
county. Starting in either year 1998 (GL County) or 2012 (FDL County), we stepped back 
the ratio of within-county watershed scale livestock numbers to entire county scale 
livestock numbers in increments of 0.01 per year until this ratio reached the land 
percentage ratio (0.13 for Green Lake and 0.06 for Fond du Lac). We then held this 
percentage constant until 1950, and then multiplied county-scale livestock numbers by 
the weighting factor to get watershed livestock populations. 
 
Subwatershed livestock numbers and herd structures 
Next, we needed to know livestock populations in subwatersheds of Green Lake. All of 
the livestock in FDL County are within the Dakin/Silver Creek subwatershed. For GL 
County, all tabular barnyard data included the location subwatershed. With this 
information, we found the ratio of each animal’s population in each subwatershed 
relative to the total animal population in the GL County portion of the watershed in 
1998. For years prior to this, we developed a weighting factor to apportion watershed- 
scale livestock populations to the subwatershed scale. In 1950, we assumed the 
subwatershed livestock populations were proportional to the agricultural subwatershed 
land area within the GL county portion of the watershed. We linearly interpolated 
between this value and the 1998 livestock ratio to get weighting factors for each year in 
between. We then multiplied each year’s watershed population by this factor to get 
estimated animals in each subwatershed. A 1981 map of livestock operation locations 
roughly matches our distribution of animal populations in that year (WDNR, 1981). 
However, the map includes few to no operations in direct runoff areas north of the lake 
and in the GL County portion of the Dakin/Silver subwatershed which we know is 
inaccurate based on the presence of numerous barns in aerial photos. Therefore, 
assuming animals in 1950 are distributed more evenly based on total land area in each 
subwatershed (not including open water or developed areas) seems like an appropriate 
estimation method. Furthermore, CoA data confirms that there were more farms in 
both counties in 1950 and less variability in farm size than at present.  
 
Livestock population comparison 
Our estimates of historic populations show that there have been massive changes in 
livestock production in the Green Lake watershed since 1950 (Figure C1). Total cattle, 
calves, and hog populations were much smaller in 2017 than they were seven decades 
earlier. With this, we also know from map and census data that there are also much 
fewer livestock operations than in previous years. The operations that still exist also had 
more animals in 2017 than they would have had in 1950. The historic total number of 
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dairy cows was likely more than double the current population. Production of hogs has 
decreased by almost 50-fold. At the same time, there has likely been a small increase in 
beef cattle head. By our estimates, steers and bulls reached a high population in the 
watershed in the 1970s – 1990s and have dropped in recent decades, however the 
populations of beef cows and heifers have grown during recent decades. Beef cattle 
may have been lower in earlier decades because of the lack of specialized cattle for milk 
and meat production, and because of the popularity of veal, which translates to fewer 
male calves that reached adulthood (American Meat Science Association, 2017). 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure C1. Livestock populations in the subwatersheds and watershed of Green Lake from 1950 – 
2017. Beef includes cows, heifers, and steers. Dairy includes cows and heifers. A.) 
Roy/Spring/Wuerches subwatershed, B.) Dakin/Silver subwatershed, C.) Direct/Hill/White 
subwatershed, D.) Green Lake watershed (note the different y-axis scale). 
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At the subwatershed scale, population estimates through time are more uncertain and 
variable because of apportionment methods. However, in general all three follow 
similar patterns as the entire watershed (Figure C1D). One notable difference is a spike 
in dairy cattle in the Roy/Spring/Wuerches subwatershed in the mid 1990s (Figure C1A). 
The GL county livestock barnyard survey in 1998 found close to 2,000 dairy cows and 
heifers, predominately in the Roy Creek subwatershed. This accounted for 67% of the 
total estimated dairy cattle population in the GL County portion of the watershed, 
despite being only 32% of the land area. This large dairy population then declined to 
1,000 or less in 2010 and 2020 as operations went out of business. Another interesting 
pattern at the subwatershed scale is that the increase in beef cattle has been mostly 
concentrated in the Direct/Hill/White subwatershed (Figure C1C). In 1998, 2010, and 
2020, direct runoff areas and the Hill Creek subwatershed had the greatest number of 
recorded steers, beef cows, and heifers of any area. Despite being 41% of land area in 
the GL County portion of the watershed, in 2020 they accounted for 71% of the 
population. Also of note is the widely fluctuating hog population in the Direct/Hill/White 
subwatershed in 1954 - 1978 (Figure C1C). This is a result of large fluctuations in 
populations at the GL County level and apportionment methods to the subwatershed. 
In Wisconsin, hog numbers began declining in the 1980s and accelerated in the 1990s 
(Hady et al., 2012). 
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Appendix D: Agricultural P flows  

In the Green Lake watershed, there are four principal agricultural phosphorus additions: 
agricultural fertilizer, dairy cow feed supplements, imported manure, and pesticides, 
two internal flows: manure and feed demand, as well as four principal removals: feed 
and forage crops for livestock, food crops for humans, meat, and milk. 
 
1. Agricultural additions 
1.1 Agricultural fertilizer 
To estimate agricultural fertilizer P, we assume that there are three categories of 
cropland: crops receiving only manure, crops receiving manure and starter fertilizer, and 
crops receiving only synthetic fertilizer. Total fertilizer use is equal to the sum of starter 
fertilizer and synthetic fertilizer. 
 
We first found cropland receiving manure by estimating internal manure production by 
livestock in the watershed. We assume that all dairy cows, dairy heifers, steers, and 
hogs are raised in confinement and produce manure that is collected and spread on 
fields entirely in the watershed. We exclude beef cows, heifers, and calves because we 
assume that they are pastured. Assuming each beef cow-calf pair or heifer requires up 
to two acres of pastureland per year (USDA, 2009), we found that there is enough 
pastureland to support the livestock. Using the numbers of livestock in each age class, 
we found daily P from manure using average ‘as excreted’ values converted into kg 
P/year (USDA-NRCS, 2008). For lactating cows, we used an equation based on daily milk 
yield (See Table D3 in section 1.3: Livestock feed imports and supplements) (Nennich et 
al., 2005). 
 

𝑀𝑎𝑛𝑢𝑟𝑒	𝑃	𝑝𝑟𝑜𝑑𝑢𝑐𝑡𝑖𝑜𝑛	𝑝𝑒𝑟	𝑎𝑛𝑖𝑚𝑎𝑙	 1
𝑘𝑔
𝑑𝑎𝑦

5 = 7𝑀𝑖𝑙𝑘	𝑦𝑖𝑒𝑙𝑑	 1
𝑘𝑔	𝑚𝑖𝑙𝑘
𝑑𝑎𝑦

5 ∗ 0.781> + 50.4 

 

We assume that the crop and livestock systems in the watershed are decoupled and 
manure can be applied on any field in the watershed, except those growing canning 
vegetable crops. However, if manure is applied to corn and soy fields, they also receive 
starter fertilizer and manure is applied at a rate of 39 kg P/ha, the median rate for 
partial manure collection applied on cereal crops in south central Wisconsin (Powell et 
al., 2005). From this, we found cropland area needed to achieve this rate. We took the 
ratio of spread cropland area relative to total cropland area and multiplied that by 
cropland in corn and soy to get estimated acreage receiving manure and thus starter 
fertilizer. A typical watershed starter fertilizer for corn and soy is 10 – 34 – 0 applied at 5 
– 8 gallons per acre (T. Morris, personal communication, July 1, 2019). We assume 
application of 6.5 gallons per acre and 11.42 lb/gallon (University of Maryland 
Extension, n.d.), which converted from lbs. of P205 becomes 12.3 kg P/ha. We add this P 
from starter fertilizer to the manure adjusted P fertilizer. In years 2012 and 2017 
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Rosendale Dairy imported manure into the Green Lake watershed. In those years, we 
estimate manure P as its own addition (see details in Imported manure) and subtract it 
from total fertilizer P. We assumed acres receiving imported manure also received 
starter fertilizer. 
 
We then found fertilizer application on the remaining cropland receiving only synthetic 
fertilizers using recommended application rates of P205 from Laboski and Peters (2012). 
Recommended application rate is based on crop yield and soil test P. Realistic yield goals 
should not be higher than 15% above the previous 5-year field average (Laboski and 
Peters, 2012). We estimated yield goals by calculating each previous 5-year county crop 
yield and multiplying by 1.15. County soil test P data from years with available data, 
1997 to 2012, shows mean soil test P concentrations for both counties exceeding 35 
ppm (Figure D1). Under the application rate guidelines, this is classified as ‘excessively 
high’ and no P fertilizer would be recommended for the crops (Laboski and Peters, 
2012). However, this is an unrealistic scenario based on conservations with county 
conservation staff. We therefore assume that in 2012 and 2017 fertilizer is still applied 
but using the estimated yield goals and ‘high’ soil test P category instead of the 
‘extremely high’ category. 
 
 

 
Figure D1. County soil test P concentrations from 1995 - 2014. Data from DATCP. All county average 
soil test P values for both Green Lake (green) and Fond du Lac (purple) exceed 38 ppm.  
 

With the suggested P205 application based on yield and soil test P, we multiplied by 
crop acreage (discussed in “Watershed land use and land cover section” above) and 
converted to kg of P to get total estimated applied fertilizer P. We scaled our estimate 
using 2012 as a tie point with published USGS county-scale estimates from years 1987 – 
2012 (described in Non-agricultural fertilizer section) (Brakebill and Gronberg, 2017). 
This dataset shows decreasing P application since 1987 with a low point in 2009 and an 
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increase since (Figure D2). In 2012, we assume that our estimate based on application 
rates is reasonable. For years previous, we found the ratio of the USGS data for that 
year to the 2012 USGS data and multiplied by our 2012 calculated estimate. In the 
absence of USGS data for 2017, we also assumed our calculated value. To refine these 
values for future years it might be prudent to gather spatial fertilizer application rates 
from county nutrient management plans. Additionally, variability of starter fertilizer 
application rate was not considered in the 2017 uncertainty analysis, and this would be 
important to include in future studies. 
 
 

 
Figure D2. County-scale fertilizer use (shown in kg of P) for 1987 – 2012. Data from the USGS.  
 

1.2 Imported manure 
We assume that all livestock residing in the Green Lake watershed produce manure that 
stays within the watershed. It is possible that some of this manure is exported outside 
of the watershed and that outside operations import manure, however without 
external livestock operation data we were unable to estimate this and assume that 
these values even out. The exception is Rosendale Dairy, the largest confined animal 
feeding operation (CAFO) in the State of Wisconsin, which is located 6 km east of the 
Green Lake watershed. The dairy opened in 2008. In 2009, it expanded from 533 cows 
to 4000 cows, and then in 2010 to 8000 cows (WNDR, 2009; WDNR 2010). As of 2018 
the dairy housed 8,975 cows (WDNR, 2018). 
 
The operation typically uses 10 – 13,000 acres per year for land application of manure 
and process wastewater (WDNR, 2013). We assume that manure is applied at a rate of 
10,000 gallons/acre (T. Morris, personal communication, June 30, 2020), which 
assuming 8.4 lbs/gallon converts to 38,095 kg of manure. With the livestock numbers 
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from the WPDES permits we estimated total manure P production and total spreadable 
acres by assuming application at a rate of 35 kg P/ha (Powell et al., 2005, WDNR 2003, 
WDNR 2018) and the cropland area needed to achieve this rate. Estimated spreadable 
acres were between 12 – 13,000 acres and matched well with the WDNR report of 10 – 
13,000 acres, and thus we used these methods to estimate manure application in the 
watershed. 
 
Rosendale Dairy has agreements with landowners and operators in the Green Lake 
watershed to spread manure. As of 2019, that included 670 acres in the Green Lake 
county portion of the watershed (T. Morris, personal communication, June 20, 2020). 
However, not all acres are spread on, and manure is not applied every year (T. Morris, 
personal communication, June 30, 2020). We assume 670 acres in 2017 as well and a 
contingency factor of 0.75. Without accurate year-to-year data about how many acres 
are spread on, we selected 0.75 as a conservative adjustment. For Fond du Lac County 
we assume that the 2018 estimate of 2,900 acres in the watershed receiving manure (B. 
Wagner, personal communication, June 29, 2020) holds for 2017 and also apply a 0.75 
contingency factor. For both land areas, we used a 35 kg P/ha application rate to get 
total manure P. For 2012, we assumed the same % of the total manure produced by the 
dairy was applied in the watershed as in 2017. 
 
 
1.3 Livestock feed imports and supplements 
Livestock recycle phosphorus by consuming and excreting crops produced in the 
watershed. However, if their feed demand exceeds local production, crops must be 
imported to meet their dietary demands. In addition, dairy cows receive P supplements. 
We first checked that estimated livestock feed demand was met with food production in 
the watershed for each year of the study. We did this through summing calculated dry 
matter intake (DMI) feed demand for each age class of animal and comparing it to 
harvested crops to see if there was a net deficit. We found harvested crops by 
multiplying watershed land area in each crop area by county-level yield rates for each 
crop in each CoA year (USDA-NASS) and typical crop P removal rates (Laboski and 
Peters, 2012). See ‘Section 2.2: Crop removal’ for more detail. Methods are modeled 
after those used by Eric Booth and Kayla Edwards in the Lake Mendota, Wisconsin 
watershed in 2018. 
 
Dairy cows 
For lactating dairy cows, we used the DMI equation for lactating Holstein cows from 
NRC (2001). The equation is adjusted for each year because of changes in Holstein 
weight and milk production. We estimated weight change over time using several 
sources (Dickson et al., 1969, Brown et al., 1977, NRC, 2001, Schaefer, 2016) (Table D3). 
County milk production was available in 2012 and 2017 (USDA-NASS) and at the state 
level for 1987 – 2007 (USDA-NASS). In 2012, we found the ratio between the county 
value and state value and assumed ratio stayed constant in earlier years.  
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Table D1. Dairy cow weight, Green Lake and Fond du Lac County milk production and assumed % P in 
diet.  
 

YEAR WEIGHT 
(KG) 

GL COUNTY MILK 
PROD (KG/COW/DAY) 

FDL COUNTY MILK 
PROD (KG/COW/DAY) 

% P IN DIET 

1987 665 15.9 18.2 0.52 
1992 674 17.0 20.2 0.52 
1997 682 18.5 22.0 0.52 
2002 691 20.0 23.8 0.52 
2007 699 22.3 26.4 0.45 
2012 708 24.7 29.3 0.38 
2017 716 28.6 32.7 0.38 

 
 
Phosphorus requirements were then found by multiplying DMI by recommended % P in 
diet and total number of lactating cows. P content in lactating cow diet is based on 
communication with the nutritionist at the feed mill supplying the majority of the 
watershed (J. Goham, personal communication, August 11, 2020). In 1987, 1992, 1997, 
and 2002 we assume 0.52% P, a transition period of 0.45% P in 2007, and then a 
reduced 0.38% P in 2012 and 2017 (Table D1). 
 
 

𝐹𝑒𝑒𝑑	𝑃	𝑑𝑒𝑚𝑎𝑛𝑑	 1
𝑘𝑔
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𝑘𝑔

𝑎𝑛𝑖𝑚𝑎𝑙
𝑑𝑎𝑦
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%𝑃	𝑖𝑛	𝑑𝑖𝑒𝑡

100
∗ 𝐿𝑎𝑐𝑡𝑎𝑡𝑖𝑛𝑔	𝑐𝑜𝑤𝑠 

 

Of the total feed demand for lactating dairy cows, we assume that 0.32% P is met by 
crop production and the remaining difference is imported (Table D1). Dairy heifers, beef 
cows and heifers, and steer in the watershed also have a 0.32% P demand and are 
typically not fed supplements (J. Goham, personal communication, August 11, 2020). 
Therefore, we assume that dairy cows are also able to get 0.32% P from crop 
production. In recent years this corresponds with about 16% of P imported in feed 
supplements, whereas in earlier study years it was closer to 39% (Table D1). This is 
consistent with findings from Powell et al. (2002) who found that for cows in Wisconsin 
dairies approximately one third of excreted manure P was from imported mineral and 
protein supplements (Powell et al., 2002). Dry cows, those not currently producing milk, 
have different feed requirements than lactating cows. For dry cows, we used the same 
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weight assumptions as above, but calculated DMI intake assuming DMI is 2.1% of body 
weight (Peters et al., 2014). We assumed the same P intake recommendations as for 
lactating cows (J. Goham, personal communication, August 11, 2020). 

 
Other cattle 
We use heifer and calf weights estimated by Eric Booth (unpublished) based on state 
and national reported live and slaughter weights. We assume heifers are fed a diet with 
0.32% P and do not receive any additional supplements (J. Goham, personal 
communication, August 11, 2020). We assume calf DMI of 2.5% body weight (Peters et 
al., 2014) with a 0.32% P diet with no additional supplements. 
 
Beef cow, heifer, and calf weights are those estimate by Eric Booth (unpublished). For 
beef cows, DMI is assumed to be 2.3% of body weight, for beef heifers 2.1% of body 
weight, and for calves 2.5% of body weight (Peters et al., 2014). We assume beef cows, 
heifers, and calves are either grazing on the 4 – 17 km2 (depending on the year of the 
study) of pastureland in the watershed (Figure 5) or fed a diet with 0.32% P and do not 
receive any additional supplements (J. Goham, personal communication, August 11, 
2020). Steer weights are from Eric Booth (unpublished). DMI intake is assumed 2.2% of 
body weight, the average of beef and dairy beef steers and bulls combined. Steer diet is 
assumed 0.32% P with no additional supplements. 
 
Hogs 
Hog DMI intake is also based on age class. We assume the DMI intakes reported in 
Peters et al. (2014) (Table D2). P intake for breeding hogs and market hogs < 20 kg are 
from Peters et al. (2014) and those for other market hog classes are from NRC (1998).  
 

Table D2. Hog age classes, DMI intakes, and % P in diet.  
 

AGE CLASS DMI (KG/DAY) % P IN DIET 
Breeding 2.30 0.48 
Market hogs (< 20 kg) 0.61 0.65 
Market hogs (20 – 50 kg) 1.86 0.50 
Market hogs (50 – 80 kg) 2.58 0.45 
Market hogs (> 80 kg) 3.08 0.40 

 
 
1.4 Pesticides 
Glyphosate is the most widely used herbicide today (Herbet et al., 2019). First used in the US in 
1974, it is a non-selective herbicide applied to kill broadleaf plants and grasses and can 
help with plant growth (Henderson et al., 2010). Today in the US over 750 products 
contain glyphosate, the most common being RoundUp (Monsanto) and Touchdown 
(Syngenta) (Henderson et al., 2010). When applied, glyphosate binds tightly to soil 
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(Henderson et al., 2010). Glyphosate acid contains 18.3% P by mass. To estimate 
phosphorus from glyphosate in the watershed, we scaled USGS county level application 
estimates to the watershed using the ratio of land in corn and soy (Thelin & Stone, 2013; 
Baker & Stone, 2015; Wieben, 2019). We assume no glyphosate application in years 
earlier than 1992. 
 
 
2. Agricultural removals 
2.1 Animal products 
Milk and meat from livestock in the watershed are exported to markets outside the 
watershed. Some P from these products may re-enter through the human waste stream.  
 
Milk 
We determined average milk production per cow in the watershed for each year based on 
county and state level values of pounds of milk/head (see ‘Section 1.3: Livestock feed 
imports and supplements’). We multiplied this by dairy lactating cow numbers and 
converted into kg. Assuming a standard value of 3.7% milk fat, milk is 0.0093% P by mass 
(USDA, 2011).   
 
Meat 
To estimate meat export, we consider both market animals and culled breeding 
animals. We ignore livestock mortalities. Annually, we assume that 34.8% of all dairy 
cows are culled from the herd, which was the reported average for Wisconsin between 
1993 and 1999 (Hadley et al., 2006). We assume average animal weights (described in 
‘Section 1.3: Livestock feed imports and supplements’), meat yield of 0.669 (Peters et 
al., 2014) and 155 mg P per 100 g meat, the average of USDA choice and select meats 
(USDA National Nutrient Database). We assume that annually 14.1% of beef cows are 
culled from the herd (Ringwall, 2012), but no heifers or calves are culled. We assume 
100% of steers are sent to slaughter. As with dairy, we assume average weights, a meat 
yield of 0.669 (Peters et al., 2014) and 0.00155% P by mass (USDA National Nutrient 
Database). For hogs, we assume that 50% of breeding hogs are culled (Stalder et al., 
2003). Additionally, we assume two swine birth cycles per year. Therefore, the number 
of market hogs > 80 kg sent to slaughter is double the estimated population of market 
hogs > 80. Meat yield is assumed to be 0.729 (Peters et al., 2014) and P content is 
assumed to be 0.00155% P by mass (USDA National Nutrient Database). 
 
 
2.2 Crop removal  
The major crops in the Green Lake watershed include corn (for silage and grain), soy, 
alfalfa, non-alfalfa hay and haylage, oats, barley, wheat, snap beans, lima beans, peas, 
and sweet corn. By watershed area in each county, we took the estimated annual 
harvested area for each crop (described above in ‘Watershed land use and land cover’) 
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and multiplied it by the reported county yield for that crop and year (USDA-NASS, 1987 - 
2017) to get total harvested crop mass. We then multiplied each crop mass by its 
respective P2O5 removal rate (Laboski and Peters, 2012) and converted to kg P/ crop. For 
years without sufficient yield data, we assumed the average of the crop high and low 
yields reported in Laboski and Peters (2012). 
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Reported annual crop yield is an important input into this equation. Since 1987, 
available annual reported yields have increased for both counties for all crops (USDA- 
NASS). However, year-to-year crop yields fluctuate. Yield for corn, soy, snap beans, 
canning peas and sweet corn in both counties dropped in 1992 and 2012, resulting in 
lower crop P removal than the census years before or after. Decreased yields in those 
years are likely the result of weather conditions. Estimated annual precipitation for the 
watershed shows that 2012 was a drought year with total rainfall well below the annual 
average, and especially low precipitation throughout the growing season (Figure D3). 
Likewise, 1992 had low precipitation in the growing season months of May – August 
which could correspond with low yields.  
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Figure D3. Annual precipitation in mm, by month, for the Green Lake watershed 1987 – 2017. Data 
from 1987 – 2014 are from the Ripon 5NE rain gage. Data from 2015 – 2017 are from the Markesan 
WWTP gage. Data accessed from the National Weather Service. Green bars show growing season 
months May – September.  
 
Crops for human consumption 
Vegetable crops for human consumption (snap beans, lima beans, peas, and sweet corn) 
go almost entirely to canning facilities located outside of the watershed, with less than 
1.5% of the total harvest going to fresh market direct human consumption (USDA-NASS 
2012, 2017). Regardless of whether fresh or canned vegetables are consumed locally, 
we assume that all P in the foods is exported and/or accounted for in the human waste 
stream.  
 
Crops for livestock consumption 
We found the feed demand for livestock living in the watershed (described in ‘Livestock 
feed imports and supplements) and assumed that locally supplied feed supplies their 
needs first. Exported livestock feed and forage are then harvested crops in excess of the 
dietary requirements of those local animals.   
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Appendix E: Non-agricultural P flows 
 
On the non-agricultural side, there are four principal P additions: atmospheric 
deposition, dog food, human waste, and non-agricultural fertilizer, as well as five 
principal removals: aquatic plant harvest, carp removal, deer hunting, stream export, 
and human waste.  
 
 
1. Non-agricultural additions 
1.1 Atmospheric deposition 
Phosphorus enters the atmosphere through fine soil particles, pollen, burned organic 
material, and fossil fuels (Newman, 1995). Once in the atmosphere, it is transported 
and then added to landscapes through either precipitation (wet) or wind (dry) 
deposition. Wet deposition is precipitation event-based and has been found to be 
consistent over regions, and over both land and water on an annual basis (Anderson 
and Downing, 2006). Dry deposition is continuous and can be more variable over land 
and water (Anderson and Downing, 2006; Cole et al., 1990). Of these two forms, dry 
deposition delivers more of the annual TP load than wet deposition (Brown et al., 2011; 
Anderson and Downing, 2006; Shaw et al., 1983). In this analysis, we assume different 
rates of dry deposition to land and water, but the same wet deposition rate (Anderson 
and Downing, 2006). 
 
A review of TP monitoring sites around the world with more than 10 years of data 
showed no systematic evidence of changes in TP deposition over time (Tipping et al., 
2014). For this analysis, we assume that deposition rate is constant over the time period 
from 1950 – 2017. Tipping et al. (2014) also found little systematic spatial variation 
within continental regions. In this study, we use different rates for dry and wet 
deposition measured from agricultural areas across neighboring Iowa: 0.34 kg/ha/year 
for dry-land, 0.28 kg/ha/year for dry-water, and 0.11 kg/ha/year for wet-land and wet-
water (Anderson and Downing, 2006). The mean deposition rates are also similar to the 
measured geometric mean for TP deposition across North America, Minnesota 
statewide estimates in 2007, and measured rates in lake watersheds in Ontario and 
Alberta, Canada (Tipping et al., 2014; Barr Engineering Company, 2007; Brown et al., 
2011; Shaw et al., 1983). Annual deposition is then equal to land area multiplied by 
deposition rate. Since the watershed size is 26,670 ha, this amounts to a total of 12,000 
kg per year. Land area is constant over time, and we assume that deposition rates are 
constant over time. 
 

Atmospheric	deposition	(kg) 	= 	Watershed	area ∗ (0.3	kg/ha/y) 
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1.2 Dog food 
Dogs add excess phosphorus to aquatic ecosystems through their waste. We assumed 
that all dog food is imported into the watershed and therefore all dog waste is a net 
addition of P. While there may be outdoor cats, we did not have adequate data on their 
population size and consider the input to be small given their smaller mass and that 
they consume outdoor prey, which is not a net P import. 
 
Dog population 
We obtained 2017 dog registration numbers from county and municipality clerks for 
watershed townships and cities. Compared to 2010 human populations from the US 
Census, all municipalities had approximately 0.1 dogs/capita. However, using registered 
dogs may be an underestimate of dog population since several states, counties, and 
cities have reported that up to 85% of dogs are not licensed (Baker, 2019; Shay, 2017; 
Cavitt, 2018). The American Veterinary Medical Association compiled dog ownership by 
state in 2016. Wisconsin reported 33.6% of households owning a dog with an average of 
1.4 dogs/household (AMVA, 2018). Green Lake and Fond du Lac Counties have an 
average of 2.4 people per household which corresponds to 0.2 dogs/person (US Census 
Bureau, 2019). Therefore, we assume 0.2 dogs/capita is the most likely value. In the 
absence of historical data, we assume that over time, dog populations have fluctuated 
relative to human populations and that dogs/person is the same for permanent, 
seasonal, and visitor populations (except those staying at hotel, B&Bs, or the Green Lake 
Conference Center). 
 
Dog phosphorus contribution 
Dog P contributions depend on two factors: how much P they excrete and how much of 
that waste remains in the watershed. We assume that inputs (food) = outputs (waste), 
and therefore 100% of dog waste stays within the watershed. While it is likely that some 
dog owners dispose of dog waste and send it to landfills outside of the watershed, we did 
not consider that P flux in this study. We used the following equation (Baker et al., 2007) 
to estimate P in excrement based on weight of a dog: 
 
 

P	dog	waste	 7
kg
dog>

= 	 (110 ∗ (weight)!.#$) ∗ 	0.0008 

 
 
The equation accounts for dog food demand based on weight and a typical P content of 
0.8% in dry dog food (Baker et al., 2007). We used this equation with data on the 
averages for dog weights in the US (Greer et al., 2007). Of 77 dog breeds, average 
weight is 23.5 kg (Greer et al., 2007). This yields a mean P contribution of 0.9 kg/dog. 	
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1.3 Human food and products 
Humans contribute phosphorus to watersheds through wastewater streams. Food 
waste, phosphate detergents and dish soaps, and human excrement all contain P. We 
assume that human food and products are produced and manufactured outside of the 
watershed and bring in P. Almost all P consumed by humans is excreted (Jönsson et al., 
2004) and P has been found in 97% of all cleaning and personal care household products 
(Tjandraatmadja et al., 2010). P that enters the watershed through humans is routed to 
septic systems or sewer wastewater streams, however we quantify only the combined 
input to both systems. Each of the three watershed wastewater treatment plants 
(WWTPs) are described below in detail: The City of Green Lake WWTP, the City of Ripon 
WWTP, and the Green Lake Sanitary District WWTP (Figure E1). Some P also goes to 
landfills. However, we did not consider that P flow within this study. 
 
For all years of the study, we assume that all watershed residents contribute 0.72 kg 
P/year (Baker et al., 2007; Schussler et al., 2011). This is close to the average of per 
capita P for small non-metro areas in the Minnesota and Upper Mississippi River basins 
(Mulla & Sekely, 2009) and within the bounds used in similar studies (Mittelstet and 
Storm, 2016). Furthermore, a 1973 study in the watershed assumed 0.77 kg P/capita 
(Litton et al.), which was before P reductions with the regulation of phosphate 
detergents (Pallesen et al., 1985). We multiplied all annual human populations by per 
capita P to estimate total P inputs from human food and products for each study year. 

 

 
Figure E1. Map of WWTP locations and watershed areas within WWTP service boundaries as of 
2017. Blue dots are WWTPs and arrows indicate general flow direction of effluent. All other areas 
are unsewered. 
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Wastewater treatment plants 
Wastewater treatment plants (WWTP) treat wastewater from buildings connected to 
centralized sewer systems, or from septage hauled to the plants from septic and holding 
tanks. Wastewater goes through a treatment process where some of the TP is removed 
from the water by a combination of chemical and biological methods and is separated 
with the solid sludge. Sludge is either land applied or injected into the ground. The 
remaining P is discharged in effluent into water bodies. WWTP discharge is permitted and 
regulated by the National Pollution Discharge Elimination System (NPDES) program. Limits 
in Wisconsin have been becoming increasingly more restrictive with P (Wis. Adm. Code 
NR 217.04).  
 
City of Ripon WWTP (1895 – present) 
The Ripon WWTP sewers the City of Ripon (2010 population: 7,733) and discharges into 
Silver Creek. It was built in 1895 and is the oldest WWTP in Wisconsin. The Ripon WWTP 
has been rebuilt and upgraded numerous times. In December 1976, an advanced 
treatment plant with P removal by iron salts was added (Stauffer, 1985). The plant had 
another upgrade in 2004 that further reduced the P loads to Silver Creek. As of 2018, the 
plant had 3,690 sewer connections (C. Liveris, personal communication, September 14, 
2018).  
 
City of Green Lake WWTP (mid-1960s – present) 
The Green Lake WWTP sewers the City of Green Lake (2010 population: 960), and 
discharges into the Puchyan River upstream of the stream gage at the outlet of the lake. 
The plant was built in the mid-1960s (G. McCarty, personal communication, March 3, 
2020). As of 1970 it had 1,033 sewer lines, sewered some lakeshore residents and a hotel, 
and discharged partially treated sewage at the outlet of the lake (Bumby, 1977). A new, 
larger and modernized plant was built in 1981 at a new location and upgraded again in 
2008 (G. McCarty, personal communication, March 3, 2020).  
 
Green Lake Sanitary District WWTP (1995 – present) 
The GLSD built an aerated lagoon WWTP in 1993 to service homes immediately around 
the lake. All effluent is discharged outside of the watershed to the Fox River and thus 
effluent is not considered a P addition. When first built, the plant serviced the Green Lake 
Conference Center (below), and the north and west shores of the lake, whereas all other 
lake areas had septic systems. The plant also accepts septage from septic and holding 
tanks within the district boundary. GLSD applies 10,000 gallons of sludge annually to 
fields (L., Reas, personal communication, November 13, 2019) and only accepts septage 
from homes within the sanitary district boundary. For homes within the GLSD, septage is 
pumped every 1 – 3 years. Approximately 75% have septic tanks and 25% have holding 
tanks (C. Marks, personal communication, September 26, 2018).  
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Green Lake Conference Center WWTP (1940s - 1995) 
The Green Lake Conference Center (former American Baptist Assembly) had its own on-
site WWTP until the creation of the GLSD in 1995. At that point, all sewage was sent to 
the GLSD plant. Estimates suggest that close to 47,000 people visited the conference 
center annually in 1973 and as of 2017 the number was close to 40,000 (Litton et al., 
1973; B. Morrell, personal communication, September 29, 2020). “The sewage of a large 
portion, but not all, of this population is treated in the private sewage treatment plant” 
(Litton et al., 1973). As of 1971 the plant did send treated sewage effluent into the lake 
at Norwegian Bay (Bumby, 1977). Improvements were made in the mid 1970s that 
included a primary facility with an absorption pond for land disposal of effluent to avoid 
discharge into the lake (Bumby, 1977).  
 
Septic systems 
Septic systems are used to treat human wastewater on-site, in areas without centralized 
sewer systems. Within the Green Lake watershed, there are conventional (non-
pressurized, in-ground), mound, and at-grade systems. These work by first trapping 
solids from the wastewater leaving the building in a septic tank. This septage needs to 
be removed regularly and hauled to a wastewater treatment plant for further 
treatment. The remaining effluent liquid goes into a drainfield, a network of buried 
perforated pipes and chambers, and is slowly released into the soil. Effluent usually 
contains 70 – 80% of the total P in wastewater, with the remaining 20 – 30% in septage 
(Lowe et al., 2007, 2009; McCray et al., 2005). Homes with holding tanks send 100% of 
their sewage to a WWTP.  
 
Historically, many more homes in the watershed utilized septic systems. Bumby (1977) 
describes “septic systems are used in all other areas around the lake, regardless of 
steepness of slope, soil type, and height of land above the water table” (Bumby, 1977, p. 
123). Prior to the construction of the Green Lake Sanitary District sewer in 1995, all 
homes around the lake had septic systems. A 2001 report indicated that previous 
monitoring found lake bacteria levels above water quality standards and attributed 
some of this to residential individual septic systems and holdings tanks around the lake 
(WDNR, 2001).  
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1.4 Non-agricultural fertilizer 
Phosphorus is one of the three key nutrients, the other two being nitrogen and 
potassium, that is included in non-agricultural fertilizer products. All non-agricultural 
fertilizer is produced outside of the watershed. We assume that lakeshore and 
watershed residents have applied fertilizer to turfgrass lawns, parks, and golf courses 
throughout the study. A 2016 lawn care program conducted by the Green Lake 
Association found that only 8% of near-shore lawns were deficient in N and P (S. 
Prellwitz, personal communication, November 1, 2019). Yet, 65% of near-shore survey 
respondents applied fertilizer an average of 2.3 times per year (themselves or a hired 
lawn care operator). 
 
To estimate the mass of fertilizer applied in each year, we first identified available land 
for application. We used the National Land Cover Database (NLCD) to identify the area 
of both county land and county land within the watershed in developed land covers for 
years 2003, 2007, 2012, and 2017. The four developed land covers have different 
median percentages of pervious land cover where P fertilizer could be reasonably 
applied: open land (80%), low intensity (65%), medium intensity (35%), and high 
intensity (10%). At both county and watershed scales, we found total area in each land 
cover type and then adjusted for total pervious area. We found the ratio of watershed 
to county land cover type area to be relatively constant in years 2003 – 2017, so we 
applied the same ratio back to 1950. While developed area in the counties has 
increased over time, we assume that it has been evenly distributed. 
 
The United States Geological Survey published a data set of county-level estimates of 
phosphorus from nonfarm fertilizer and farm fertilizer from 1987 – 2012 (Brakebill and 
Gronberg, 2017). The dataset utilizes state-level estimates of phosphorus in nonfarm 
and farm fertilizer from the Association of American Plant Food Control Officials 
(AAPFCO) fertilizer sales data. These estimates were apportioned to the county-level 
using fertilizer expenditures from the Census of Agriculture for farm fertilizer and 
population densities for nonfarm fertilizer. For years in-between, they estimated with 
linear interpolation. In the years 1987 – 2006, the Wisconsin median ratio of nonfarm to 
total fertilizer was between 0.01 and 0.03. We applied the county-level estimates to the 
watershed using the land area weighting factor described above for years 1987 – 2012. 
In the absence of other information, we assume the same quantity of fertilizer applied 
in 2017 as in 2012. 
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2. Non-agricultural removals 
2.1 Aquatic plants 
Harvesting aquatic plants removes tissue-bound phosphorus. Phosphorus mass 
balances rarely include uptake by aquatic plants, and the harvesting of plants is rarely 
included in phosphorus reduction plans (Bartodziej et al., 2017). The Green Lake 
Sanitary District has removed nuisance submerged aquatic plants from the shorelines of 
lake homes, primarily for aesthetics and recreational use since 1978. The predominant 
species removed is Myriophyllum spicatum, known by its common name of Eurasian 
watermilfoil and comes from the main lake, Silver Creek marsh, and Green Lake 
Millpond (C. Marks, personal communication, September 26, 2018). The sanitary district 
reports removal in pounds per year. Harvested plants are composted at the Green Lake 
Sanitary District in small amounts (L. Reas, personal communication, November 14, 
2019). They are not considered in the full watershed mass balance because they remain 
within the HUC 10 watershed but are considered in the subwatershed balance for Silver 
Creek. 
 
To estimate those removed from the Silver Creek marsh, we multiplied the total amount 
of plants harvested by the ratio of Silver Creek shoreline to the total shoreline in the 
lake and Silver Creek. We assume that all collected plants were Eurasian watermilfoil 
and were 0.051% P by dry mass. We got this value by converting harvested plants into 
kilograms of P through first converting from wet weight to dry weight (Bosch et al., 
2009), and then converting to P (Carpenter and Adams, 1977). 
 
2.2 Carp Removal 
Common carp (Cyprinus caropio) were introduced to Green Lake in the early 1900’s 
(Johnson, 1940). Their presence has been detrimental to the lake ecosystem. Lake 
managers harvest carp to manage the population and restore macrophyte communities. 
Like all living organisms, carp have phosphorus in their biomass. Since they are recycling 
nutrients from the watershed, when they are removed, they are a net removal of P. 
Since 1998, the Green Lake Sanitary District in partnership with the Green Lake 
Association has hired a commercial fisher to remove carp from shallow areas in the lake 
and marshes, and report the removal in tons (GLSD, 2016). Prior to 1998, we assume no 
carp removal. Carp move around the lake and marshes throughout the year, so we do 
not include them in the subwatershed budgets, only the budget for the entire lake.  
 
 
2.3 Deer hunting 
Deer recycle P in the watershed and when they are killed and removed are a net removal 
of P from the watershed (Flueck, 2009). The Green Lake County portion of the Fox River 
Watershed has over-winter population goals of > 25 deer/square mile and had the 
second highest deer damage claims in the state in 1999 (WDNR FOX river report, 2001). 
To estimate how many deer are hunted annually within the watershed, we used county-
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level annual harvest data from the Wisconsin Department of Natural Resources (WDNR, 
2019). The WDNR has data on deer harvest by county for the years 1960 to present. The 
WDNR estimates that an additional 15% of the harvest is not accounted for in the 
registered deer harvest (J. Stenglein, personal communication, February 26, 2019).  
 
We apportioned the county value to the watershed using total forested land cover. 
Forest is a critical habitat for white-tailed deer, and in Illinois was a determining element 
in deer distribution (Roseberry and Woolf, 1988). With these assumptions, deer hunted 
in the watershed is equal to deer hunted in the county multiplied by the ratio of 
forested land cover in the watershed to the county. To determine phosphorus removal 
from deer, we used published data on average deer weights and phosphorus contents. 
We assume that those hunting deer in the watershed live in the watershed and 
consume the deer, so P removed from deer leaves the system (because it is counted in 
the human waste stream). With that, we assume that the only P removed from deer 
comes from the parts of the deer consumed by humans: muscle tissue. All organs and 
blood stay where the deer were killed and “field dressed”. Skin, bone, and antlers do 
not enter the human waste stream. We assume antlerless are does with a mean weight 
of 50.01 kg, and antlered are bucks with a mean weight of 68.66 kg (Roseberry & 
Klimstra, 1975). We apply the same distribution for water content and P content from 
McCullough & Ullrey (1983).   
 
 
Harvested	deer	population	(antlered	or	antlerless) 	∗ 	mean	weight	 ∗ (1	 − 		mean	%	water) 	

∗ 		mean	P	in	dry	weight ∗ 	mean	P	in	muscle	 = 	P	from	deer 
 

2.4 Stream export 
Green Lake drains to the Puchyan River in the City of Green Lake. The Puchyan River 
connects to the Fox River and drains into Lake Michigan. Dissolved and particulate 
phosphorus from the lake and surrounding watershed are exported out of the 
watershed through the river. Starting in November of 1996, the USGS established a 
monitoring station on the Puchyan River to measure daily stream flow. The gage 
remained in place until October 2012. Throughout this time period, both the USGS and 
the WDNR took grab samples approximately once a month to be analyzed for TP 
concentrations. These two datasets together – flow and concentration – were used to 
estimate the load, or mass, of TP leaving the Green Lake watershed. 
 
We took daily average flow (cfs) and matched it with available TP concentrations. We 
then linearly interpolated concentrations between available data points to estimate daily 
TP concentrations. Multiplied with daily flow, we were able to estimate daily TP loads 
and then sum them to get monthly and yearly TP loads leaving the watershed from 1997 
– 2012. Since the gage only existed for part of the study period, we relied on other data 
to estimate recent and historical loads. Nearby Silver Creek, the largest tributary in the 



 
 
 

90 

watershed, has the longest flow record from February 1987 through September 2017. 
For months with missing flow data at the Silver Creek gage (January 1987 and October – 
December 2017), we applied the average flow by month for the five years after and 
before, respectively. 
 
In the full years (1997 – 2011) that the Silver Creek and Puchyan River gages 
overlapped, we found the average monthly ratio between the two flows. Flow at the 
Puchyan River is greater than flow at Silver Creek by a multiplier between 1.1 
(November) and 2.7 (July). We multiplied these monthly ratios by the flow at Silver 
Creek to get the daily average flow, by month, at the Puchyan River for the years 1987 
– 1996 and 2013 – 2017. 
 
To estimate daily average TP concentrations at the Puchyan River for years with no 
gage data, we first attempted to compare concentrations from the river with those 
from Green Lake. However, there was no strong relationship. Therefore, we used 
average daily concentrations, by month, for the closest five years of available data. For 
1987 – 1996 we applied the average daily concentration for each month from the years 
1997 – 2002 measured at the Puchyan River. For 2013 – 2017, we used averages of 
measured concentrations from 2008 – 2012. We then calculated loads for years outside 
the data range by multiplying average daily flow by average daily concentration by the 
number of days in that month to get a monthly load. This resulted in a dataset with 
loads by month at Silver Creek and the Puchyan River from January 1987 – December 
2017 (Figure E2). 
 

 
Figure E2. Annual TP loads (kg) from the Puchyan River and Silver Creek 1987 - 2017. Dark blue shows 
the period when the gage station was in place, and light blue shows estimated loads.  
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Interpretation 
Over the period when the monitoring station was installed on the Puchyan River, 
average monthly stream flows were greater than Silver Creek for 92% of the months. 
The differences were greatest in April – July. Conversely, TP concentrations sampled on 
the same day, were always higher in Silver Creek than in the Puchyan River. The 
extrapolated loads for the Puchyan River show that starting in 2011 there was a shift 
where more TP left through the Puchyan than came in from Silver Creek. There was no 
statistically significant increase in flow leaving the Puchyan. Rather, TP concentration 
data collected over the monitoring period show that TP concentrations increased for all 
months during the monitoring period (Figure E3). Notably, all months except January, 
April, September, and November had statistically significant relationships between year 
and TP concentration (p < 0.05). This helps explain why TP loads from the outlet have 
been increasing. 
 
 

 
 
Figure E3. TP concentrations sampled at the Puchyan River between 1997 – 2012. All months except 
January, April, September, and November have statistically significant positive relationships between 
year and TP concentration (p < 0.05).  
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2.5 Human waste 
P in human waste is removed from the watershed through wastewater treatment plant 
(WWTP) effluent and sludge. The watershed has three current WWTPs: Green Lake 
Sanitary District (GLSD), City of Green Lake, and City of Ripon (Figure E1). We quantify 
human waste for the years and plants where effluent and sludge are removed from the 
watershed. 
 
During the years of operation for the GLSD (1995 – 2017), all effluent was discharged 
into the Fox River outside of the watershed, and all sludge was spread within the Direct 
runoff/Hill Creek/White Creek subwatershed. Septage is not accepted from areas 
outside of the watershed. Prior to 1995, we assume all areas were unsewered and 
serviced with septic systems. We quantified effluent discharge with daily discharge data 
and monthly TP sample data from the WWTP and the WDNR. We then calculated annual 
loads from concentration and flow in years 2000 – 2017. For years 1995 – 1999, we 
applied the average monthly load from the five closest years (Figure E4). 
 
 

 
Figure E4. Annual TP effluent loads from the three WWTPs within the watershed. All loads are 
calculated from monitoring data except estimates for the City of Green Lake between 1987 – 1998 and 
the GLSD from 1995 – 1998. 
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All effluent from the City of Green Lake WWTP is discharged immediately upstream of 
the gage station on the Puchyan River. We consider this a P export and calculate loads as 
described above for the GLSD. The past few years, sludge has been trucked outside of the 
watershed and land applied (G. McCarty, personal communication, July 6, 2020). We 
assume that prior to 2017, all sludge remained in the watershed. In 2017, we quantify P 
in sludge removed by assuming that it equals the difference between P demand in 
human food and products and the effluent TP load. We calculate per capita P 
contributions for all permanent residents within the City of Green Lake, in addition to the 
city’s estimated seasonal population, and all visitors except those staying at the Green 
Lake Conference Center. 
 
Effluent from the City of Ripon WWTP is discharged within the Silver Creek 
subwatershed and thus is not a removal of human waste. In recent years, sludge has 
been land applied or injected into the ground in the watershed in summer months, but 
in winter months has been trucked to storage tanks outside of the watershed (C. Liveris, 
personal communication, September 14, 2018). We assume that in 2017 this amounted 
to 1/3 of all sludge removed from the watershed and that prior to 2017, all sludge 
remained in the watershed. As with the City of Green Lake, we quantified P in removed 
sludge by assuming that it equals the difference between human food and products and 
effluent. However, we used the watershed population to estimate per capita P. 
Although septage can also be hauled to the plant from areas in the county outside of 
the watershed or hauled to other WWTPs from areas within the watershed, in the 
absence of other data we only account for the watershed’s population. Effluent TP loads 
are from Fuller (2017).  
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Appendix F: Monte Carlo simulations 
 
 

 
 
 
 
 
 
 
 
 
 
 

 
Figure F1. Simulations for all P additions in 2017 from 10,000 Monte Carlo realizations. Lines indicate 
‘most likely’ values calculated from methods described in the main body and appendix. 
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Figure F2. Simulations for all P removals in 2017 from 10,000 Monte Carlo realizations. Lines indicate 
‘most likely’ values calculated from methods described in the main body and appendix. 
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Chapter 3: Legacy phosphorus storage in wetland, lake, and soil 
sediments in a midwestern agricultural watershed 
 
 
1. Introduction 
Phosphorus control has been a persistent issue and focus of lake water quality 
management for decades (Carpenter et al., 1998; Schindler 2012; Schindler et al., 2016). 
Yet, despite extensive efforts to reduce total phosphorus (TP) loads to freshwater 
bodies through watershed-based conservation efforts, it has become increasing 
apparent that these efforts have fallen short (Meals et al., 2010; Jarvie et al., 2013). 
Water quality has not responded to P reduction efforts within predicted timescales and 
this has led to questioning of the effectiveness of best management practices (BMPs) 
(Sharpley et al., 2009; Sharpley et al., 2013).  
 
Watersheds have “chemical memories” and over time can accumulate stores of excess 
phosphorus that delay improvements in water quality (Powers et al., 2016). This ‘legacy 
P’ is the portion of P inputs not taken up by plants or lost to runoff in the short term 
(Kleinman et al., 2011; Wironen et al., 2018). When applied to an area, P tends to bind 
to soils and sediments. Of the P applied, plants typically use less than 25% (Syers et al., 
2008). Some of the remaining P is lost to runoff, and how much is lost depends on soil 
test P and factors including hydroclimate, soil type, topography, and management 
practices (Sharpley et al., 1996). However, anything not used by plants or lost to runoff 
can act as a chronic P source to waterbodies. Historic P stores reduce the soil’s ability to 
buffer additional P inputs, corresponding to elevated riverine TP concentrations and 
loads (Goyette et al., 2018). Furthermore, agricultural best management practices 
(BMPs) that were designed to reduce P inputs by retaining P on the landscape can 
become P sources over time. Thus, legacy P can hide the positive benefits of BMPs 
(Hamilton, 2012) and be a significant P source to surface waters (Motew et al., 2017). 
 
Given this, an important question for water quality managers and researchers alike is: 
where is legacy P stored within a watershed? While numerous studies have addressed 
this for individual storage pools (i.e. agricultural soils, lake sediments), few have 
attempted to quantify storage across an entire watershed (Mittelstet & Storm, 2016). 
Pairing holistic P mass balances with paleolimnology methods creates an opportunity to 
quantify P storage (Shaw Chraïbi et al., 2011) and distribution within a watershed. 
While this approach cannot identify landscape “hotspots”, it can provide relative 
magnitudes of storage within key compartments of the landscape. Management actions 
can then be directed towards strategies that reduce P inputs to these locations. 
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The Big Green Lake watershed in central Wisconsin is a unique location to quantify 
legacy P storage (Figure 1). Green Lake is the deepest, natural inland lake in the state of 
Wisconsin (72 m) and its 267 km² watershed has a long history of supporting row crop 
and dairy agriculture as well as seasonal tourism. Since the 1980s, teams of local, state, 
and federal organizations and agencies have implemented millions of dollars’ worth of 
best management practices in the watershed (Puzach, 1997; NRCS, 2015). However, the 
projects produced limited reductions in P loads to the lake (Puzach, 1997; Kroner et al., 
2002). Phosphorus concentrations in the watershed have continued to rise and 
currently the lake and parts of five of its seven tributaries are on the Clean Water 
303(d) impaired waters list with total phosphorus as a major pollutant (Figure 1). 
Decades of P accumulation in the watershed could have created legacy P stores in soils, 
wetland sediments, and lake sediments that are delaying water quality improvements 
(Chapter 2).  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 1. The Green Lake watershed. Waters impaired for TP are highlighted in pink. The Roy 
Creek/Spring Creek/Wuerches (green) drains through the County K altered wetland and the Dakin 
Creek/Silver Creek (purple) which drains through the Silver Creek altered wetland. Dark green areas 
show watershed wetlands, and boxes indicate the wetlands analyzed in this study. The county map 
of Wisconsin shows the Green Lake watershed (purple) and the Fox River watershed that drains to 
Lake Michigan (blue). 
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2. Study Site  
Green Lake has a surface area of 30 km², is fed predominately by rainfall and runoff, and 
has an 18-year water residence time (Panuska, 1999). Five of the lake’s seven tributaries 
enter the lake through two wetland complexes at the southwest and northeast ends of 
the lake (Figure 1). We refer to them as altered wetlands, however both wetland 
complexes have been heavily altered and function as shallow lakes. The County K 
altered wetland has a surface area of 0.94 km² and receives water from Roy, Spring, and 
Wuerches Creeks, which drain 16% (38 km²) of the Green Lake watershed. Mean 
hydraulic residence time is three months (Stauffer, 1985). The Silver Creek altered 
wetland has a surface area of 0.86 km² and receives water from Silver and Dakin Creeks 
which drain 61% (141 km²) of the total watershed. Mean hydraulic residence time is one 
month (Stauffer, 1985). Land use in both subwatersheds and in the entire Green Lake 
watershed is primarily agricultural but includes the cities of Green Lake and Ripon (Table 
1). 
 
 
Table 1. Watershed and subwatershed land areas and current land cover. Data from NLCD (2016). 
Other land cover includes barren, undeveloped, and grass-covered areas. 
 

Watershed 
Land 
area 
(km²) 

Cropland 
(%) 

Forest and 
wetland (%) 

Developed 
land (%) 

Open 
water 

(%) 

Other 
land 

cover (%) 
Green Lake 267 55 17 8 13 7 

Roy/Spring/Wuerches 38 67 21 3 4 5 
Dakin/Silver 141 65 18 10 1 6 

 
 
Watershed land use and management has changed considerably over the past 200 years 
(Chapter 1). Intensive agriculture started in the 1840s with the arrival of white settlers 
from the northeast and the forced removal of the Ho-Chunk people who had lived in the 
watershed for centuries (Dart, 1910). By 1900, forests were logged, lowland wetlands 
were drained, prairies were plowed, and the lake level was raised five feet by a sawmill 
dam at the outlet of the lake (Dart 1910; Birge and Juday, 1914; Heiple and Heiple, 
1977). As watershed land became cropland and livestock pasture, land around the lake 
was developed into resorts and houses. Agricultural activity accelerated through the 
20th century with mechanization and the introduction of commercial fertilizers (Apps, 
2015). This intensification of land use corresponds with an increase in sedimentation 
rates in the bottom of Green Lake starting in the 1920s and continuing through present 
day (Garrison, 2002). Major watershed management efforts began in the 1980s with the 
goal of reducing sediment and phosphorus loads to the lake (Puzach, 1997). Yet these 
management efforts have not yielded desired reductions in TP loads.  
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The objectives of this research were to: (1) quantify TP storage in the sediments of two 
major altered wetland complexes, (2) quantify TP storage in the sediments of Green 
Lake, (3) quantify TP storage in watershed soils, and (4) compare sediment TP storage 
with a phosphorus mass balance for the watershed.  
 
 
 
3. Methods 
3.1 Historical watershed and sub-watershed P mass balances 
We constructed historic agricultural and non-agricultural phosphorus mass balances for 
the entire Green Lake HUC 10 watershed and its primary subwatersheds (Chapter 2). 
The P balances span 1987 – 2017 in five-year time steps that match the years of the US 
Census of Agriculture (USDA-NASS, 1987 – 2017). P additions include fertilizer 
(agricultural and non-agricultural), dairy feed supplements, pesticides, imported 
manure, atmospheric deposition, human waste and dog waste, and P removals include 
crop harvest, animal products, aquatic plants, carp, deer, human waste, and stream 
export. For each discrete year, we subtracted net removals from net additions to 
identify whether the watershed or subwatershed was retaining P, losing P, or staying 
constant. 
 
 
3.2 Paleolimnological and TP analysis 
To quantify sediment TP accumulation in the two altered wetlands and Green Lake, we 
conducted paleolimnological analyses of sediment cores. We collected and analyzed 
data from the altered wetland systems and also utilized data from lake sediment cores 
collected in 1999 and 2016 (Garrison, 2002; Garrison, 2019). 
 
Wetland sediment survey and core collection 
In August 2019 we conducted a survey of sediment depth to refusal in the altered 
wetlands at evenly spaced intervals approximately 100 m apart, using methods from 
Whitmore et al. (1996). Water depth was first measured with a Secchi disk on a metered 
rope lowered to rest on the sediment surface, and then a 3 m metal pole was pushed 
through the sediment and organic layers until there was a crunching sound and 
substantial change in resistance. Depth to refusal was then calculated as the total length 
of the metal pole, with water depth and length of pole above the water surface 
subtracted. In October 2019, we collected five replicate sediment cores from a 25 m² area 
in each altered wetland that had a long depth to refusal (> 2.2 m) and was distant from 
tributary inlets and the main flow path. Cores were collected with a modified Livingston 
piston corer using 1.8 and 2.4 m long, 2 cm diameter polycarbonate tubes (Wright et al., 
1984) (Figure 2). This allowed us to take full sediment cores from a boat with minimal 
disturbance to the sediment-water interface. Each core was collected in a single drive as a 
continuous sediment profile, transported and stored horizontally at 4 °C in split PVC pipe, 
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and then split along its length and characterized. Detailed core descriptions are in 
Appendix A. In all cores, we observed a distinctive change in color and sediment 
composition at a depth of 21 to 43 cm. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 2. Modified piston coring device used to collect sediment cores in the altered wetlands. 
 
 
Wetland sediment composition and TP 
With the longest cores from each altered wetland system, we used laboratory 
techniques of loss on drying and loss on ignition to quantify bulk density and organic 
matter (Dean, 1974; Barillé-Boyer et al., 2003; Santisteban et al., 2004) (Appendix B). 
We sampled the cores at contiguous one cubic centimeter increments from the 
sediment surface to three centimeters below the visible change in sediment 
composition. Bulk density and organic matter analysis confirmed a composition change 
from overlying low-organic soft, reservoir sediment layers to underlying peat sediment 
layers. Because we were interested in TP storage in anthropogenically-derived 
sediments, we focused analysis on the upper portions of the cores. 
 
To quantify TP in the upper core reservoir sediments, we subsampled 1 cm3 of material 
at six-centimeter intervals, separated by unsampled sediment, from the surface to 
immediately above the peat layers. Samples were submitted to the Wisconsin State 
Laboratory of Hygiene for analysis. The lab uses standard methods for digestion of solid 
samples (USEPA Method 750.1, SW846-3050B) and analysis with Inductively Coupled 
Plasma Spectrophotometry (USEPA Method 200.7, SW846-6010B). 
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Wetland reservoir sediment dating 
We used sediment dating to constrain a bottom age for the accumulation of reservoir 
sediments in the altered wetland systems. Using samples of charcoal and plant 
macrofossils from one centimeter into the peat layers, we obtained accelerator mass 
spectrometry (AMS) radiocarbon dates and converted dates to calendar years using 
IntCal13 and the R package ‘CLAM’ (Blaauw et al., 2020; R Core Team, 2013) (Appendix 
C). We further constrained the dates through pinpointing the rise of Ambrosia pollen in 
each core. When Euro-Americans moved into Wisconsin, they destroyed or modified 
much of the natural vegetation. Early-successional species replaced logged mature 
forests and plowed grasslands. Weedy, aggressive annuals like Ambrosia, or ragweed, 
flourished. An increase in the relative abundance of Ambrosia pollen is a well-
established biostratigraphic indicator of human-induced landscape changes in North 
America and Wisconsin (Webb, 1973; Bortelson & Lee, 1975; McAndrews, 1988; Kujawa 
et al., 2016). 
 
We identified the Ambrosia rise in the cores by taking ten 1 cm3 subsamples at 
contiguous 1 cm depth intervals centered on the color change in each of the two cores. 
Acetolyzed marker Lycopodium spores were added to each sample. Samples were boiled 
in 5% KOH for 10 minutes, then centrifuged and rinsed three times in distilled water. 
Sediment was sieved and the > 250-micron fraction was removed and inspected. 
Remaining sample was centrifuged and the solid fraction was resuspended in glycerin and 
mounted under glass cover slips. Pollen was counted at 400x in transects in half-slide 
increments on at least two slides until at least 30 Ambrosia grains were encountered, and 
the ratio of Ambrosia to marker Lycopodium was calculated. The level at which the 
Ambrosia: Lycopodium ratio increased above 0.5 was considered the Ambrosia rise. 
 
 
Wetland sediment and TP accumulation 
Sediment estimates from the depth to resistance survey did not match the length of the 
cores sampled, likely because of compaction within the upper layer of sediments. Since 
the low-organic flocculant layer is partly suspended in water, this layer compressed when 
we collected the cores. Furthermore, depth to resistance measurements did not indicate 
the depth of transition from reservoir sediments to peat sediments. In order to estimate 
the mass of the upper layer of reservoir sediment above the peat, we made some 
corrections. From the total core tube length, we subtracted the length of the core tube 
above the water, water depth, and the length of the extracted core (Figure 3). This gave 
an estimate of length of compaction as these three components should be equal to total 
tube length. There could be error in these measurements because the Secchi disk may 
have sunk into the surface reservoir sediments to different degrees in different places. 
However, we ignored this and assumed that all compaction occurred in the upper soft 
reservoir sediments, not within the peat layers, and we added this correction to the 
reservoir sediment depth. Because of the conditions under which peat forms, we assume 
that historic peat is distributed relatively uniformly throughout the altered wetlands at a 
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consistent depth from the current water level (Figure 3). In each altered wetland we took 
the average depth to peat from all cores and applied it across the entire altered wetland 
to estimate reservoir sediment depth distribution. 
 
 
  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 3. Conceptual diagram of wetland sediment and peat distribution and calculations. Full core 
tube length is shown, with sediment and peat layers visible. The bottommost layer shows the hard 
contact or depth to resistance.  
 
 

In ArcMap, we estimated the total mass of reservoir sediment trapped in each altered 
wetland. Using inverse distance weighted interpolation (IDW) we transformed the 
measured water depths from the depth to refusal survey into a continuous surface. 
Then, with constrained Delaunay triangulation we calculated the volume of reservoir 
sediment in each altered wetland between the top layer of reservoir sediment and the 
start of the peat layer. To this estimate, we calculated and applied the average percent 
compaction of the cores collected in that altered wetland, the average measured bulk 
density, and the average TP concentration. These yielded estimates of reservoir 
sediment mass and TP for each altered wetland. We further bounded this estimate by 
assuming minimum and maximum possible amounts based on our available data. The 
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minimum scenario assumes that the smallest corrected depth to peat across all 
measurements and the lowest measured bulk density and TP are applied to the entire 
altered wetland. The maximum scenario assumes the opposite (longest corrected depth 
and greatest bulk density and TP). Using the timing of the Ambrosia pollen rise as a 
bottom marker, we then calculated uniform TP and reservoir sediment accumulation 
rates for each altered wetland. While this is not a likely scenario, it does provide a 
conservative estimate of accumulation rates. 
 
 
Lake sediments 
Methods for lake sediment core collection and analysis are described in detail in 
Appendix D. Lake sediment cores were collected in 1999 and 2016. The 1999 cores 
included two collected in each of the eastern and western basins of Green Lake at 
depths of approximately 120 ft, that were measured for TP and dated using Pb-210 and 
Cs-137 methods and the constant rate of supply model (CRS) (Figure 4) (Appleby 1998, 
2001; Appleby and Oldfield 1978). In addition, 44 cores were collected throughout the 
lake basin and measured for TP. Dates were extrapolated to these 44 cores using 
changes in color and bulk density. An average basin-wide TP concentration was then 
computed for each date range. The 2016 core was collected in the eastern basin at a 
depth of 137 ft near the 1999 core and was also measured for TP and dated with Pb-210 
and Cs-137 methods (Figure 4). 
 
To estimate basin-wide sedimentation and TP accumulation rates, we utilized data from 
all cores. The cores had a base age of 1860, so all estimates are calculated annually and 
bounded from 1860 – 2016. For a minimum estimate, we assigned the 1999 average TP 
concentrations to the median year of their reported age range and linearly interpolated 
to estimate TP concentration for each year. For years 1999 – 2016 we applied TP 
concentrations from the 2016 core. We estimated annual sedimentation rates in a 
similar manner by applying the estimated rate to the median reported year and linearly 
interpolating between years. We applied the deposition rates over an area where water 
depths are greater than 80 ft, assuming that below that depth sedimentation rate and 
amount are uniform and anything shallower is translocated deeper (Figure 4). For the 
maximum estimate, we applied TP concentrations and sedimentation rates from the 
dated 2016 core and assumed uniform sedimentation rates over time and across the 
area deeper than 60 ft. The most likely estimate is an average of the 1999 and 2016 
calculations. 
 



 
 
 

104 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 4. Green Lake bathymetry map. Dark teal indicates the area greater than 80 ft depth; below 80 
ft deposited sediment rate and depth are considered uniform on a per-area basis since 1860. This is 
the area over which we estimated most likely TP accumulation. Stars show approximate core 
locations. 
 

Watershed soils 
From County Land Conservation staff at Green Lake and Fond du Lac counties, we 
acquired available, blinded soil test P data. This means that we knew the subwatershed, 
but not the specific location or landowner. We grouped data into the three major 
subwatersheds and then found summary statistics for all years with five or more 
reported values. We compared these against annual county-wide soil test P averages 
from DATCP. We calculated accumulation of P in watershed soils with two methods. 
First, we estimated net P storage by assuming the 2014 average soil test P value for 
each county applied over current cropland area and loamy soil buffering capacity of 
1.44 kg P/ ha to increase soil test P level by 1 ppm (Laboski & Peters, 2012). We also 
estimated soil accumulation between 1987 and 2017 as the net difference between our 
phosphorus mass balance and storage in lake sediments since 1987. We did not include 
the altered wetlands because did not have any reservoir sediment depth ages except 
the 1880 transition to peat. 
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4. Results and Discussion 
4.1 Historical and paleolimnological analysis of sub-watershed wetland sediments 
The cores from both altered wetlands indicate a shift in hydrologic regime. Bulk density 
and organic matter are low and relatively uniform with no clear stratigraphy until a 
depth of 41 – 42 cm (Figure 5; Figure 6). This indicates low-organic reservoir sediment 
that may be susceptible to repeated resuspension from wind or high flows. Around 42 
cm depth, bulk density decreases to about 0.19 g/cm3 (0.18 – 0.20 g/cm3), organic 
matter increases to about 70% (68 – 73%), and the material is identifiable as peat. 
Wetland peat forms under conditions of continuous saturation with relatively stable 
water tables. Organic matter slowly builds up at the surface because there is not enough 
oxygen to allow it to decay. In northern temperate regions, peat can accumulate at rates 
of 0.3 – 3.1 mm per year (Crum & Planisek, 1992; Frolkling et al., 2010). The presence of 
peat in the cores, buried by overlying low-organic-matter, indicates that former peat 
wetlands became inundated with water and have remained so since then. Smear slides 
of the transition between upper reservoir sediments and bottom peat material confirm 
that the top layers contain aquatic organisms while the bottom contain terrestrial plant 
material. 
 
The timing of this transition from peat-forming wetlands to shallow, open-water altered 
wetland areas indicates how long reservoir sediment and TP have been accumulating in 
these systems. Radiocarbon analysis of material one centimeter into the peat layers 
yielded weighted mean calibrated dates of 1784 CE in the County K altered wetland and 
702 CE in the Silver Creek altered wetland (Table 2). Small standard deviations indicate 
the samples were not contaminated and returned reliable radiocarbon dates. However, 
dates of 1670, 1800, and 1945 CE are also possible for County K and dates of 675 and 
755 CE are also possible for Silver Creek. Because the ratio of atmospheric 14C to 12C 
fluctuates through time, even with a narrow range of probable radiocarbon dates, there 
can be multiple potential calibrated dates for particular age ranges (Appendix C).  
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Figure 5. County K wetland core bulk density, % organic matter, and total phosphorus. Dotted green 
line shows the start of peat.  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 6. Silver Creek wetland core bulk density, % organic matter, and total phosphorus. Dotted green 
line shows the start of peat.  
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Table 2. Uncalibrated and calibrated radiocarbon dates from wetland sediment cores. 
 

Site Material Depth 
sampled (cm) 

14C date ± 1 
SD 

Weighted mean 
calibrated date 

County K Wood 42 185 15 166 cal BP (1784 CE) 
Silver Creek Charcoal 43 1310 20 1248 cal BP (702 CE) 

 

 
Therefore, we tried to further constrain age with Ambrosia pollen. Samples collected 
above and below the peat to reservoir sediment transition show a clear rise in 
Ambrosia abundance relative to marker Lycopodium spores. At the same point in the 
cores, pine pollen also decreases. The Ambrosia rise was rapid and sustained. This 
indicates that the base of the reservoir sediment indicating increased water depth 
corresponds with approximately 1880 CE. The radiocarbon dates from 1-2 cm into the 
underlying peat were much older than this, which could support a couple of different 
interpretations. First, it is possible that material sampled for radiocarbon analysis 
originated from a different location in the watershed and was deposited on the peat at 
a later date. A small twig could have been carried by water, and charcoal fragments 
could be carried by wind or water; both could have formed earlier, bringing inherited 
age to the sedimentary context where they were deposited. A second possibility is that 
there is an age unconformity between the peat and overlying reservoir sediments. 
Fluctuating water levels or other erosive events could have removed peat or reservoir 
sediment corresponding with intermediate dates. Because of this uncertainty in the 
origin of the radiocarbon material, we used the Ambrosia rise marker for reservoir 
sediment and TP accumulation calculations. 
 
A comparison of Ambrosia horizons across Northern Great Lakes States, which includes 
Wisconsin, found an average age of 1895 with a standard deviation of 26 years (Blais et 
al., 1995). A study in northern Wisconsin assumed the Ambrosia rise occurred in the late 
1800’s (Webb, 1973) and a study in northeastern Iowa assumed widespread intensive 
cultivation by 1880 (Baker et al., 1993). From early accounts in Green Lake and Fond du 
Lac counties (see Chapter 1: Environmental History of the Green Lake Watershed), we 
know that Euro-American settlement started in the 1840’s, there was extensive 
agricultural land use by 1880, and human population and number of farms peaked in 
1900. Lake sediment data shows TP and titanium from soil erosion starting to increase 
rapidly in 1880 (Garrison, 2002). Therefore, we assume that a relative rise in Ambrosia 
pollen counts corresponds with the year 1880.  
 
A reservoir sediment base date of 1880 is also supported by historical documents for 
the watershed. Maps and surveyor records from the U.S. General Land Office in 1834 
describe the area of the present-day County K altered wetland as wetland with streams, 
burr oak and white oak. The Silver Creek altered wetland is described as having a variety 
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of hardwood trees, prairie, marshland, swamp, and streams. In both cases, there is no 
description of standing water. In 1845, a sawmill was built at the outlet of Green Lake 
and the dam permanently raised the lake water level by five or more feet (Dart, 1910; 
Birge and Juday, 1914). At the same time, elevated water levels may have backed up 
and flooded low-lying peat areas. Alternatively, those areas may have been flooded or 
further flooded when the dam was reconstructed in 1900, as a Green Lake bathymetric 
map from 1898 shows both inlets as wetland areas without standing water. Given this 
circumstance, the top of the peat is essentially a ‘pre-reservoir’ marker. 
 
Estimates of total accumulated reservoir sediment mass above the peat vary for the 
two altered wetlands. On average, reservoir sediment depth is greater in the County K 
altered wetland than in the Silver Creek altered wetland (Figure 7). Spatially, the altered 
wetlands have the largest estimated accumulation near tributary inlets, along the 
shores, and in locations away from the main flow path. This pattern is consistent with 
studies that have found variable sediment distributions in shallow and wind-stressed 
lakes (Whitmore et al., 1996). Both coring sites were in locations of long depth to 
refusal, but intermediate reservoir sediment depth. Overall, the County K altered 
wetland has more estimated reservoir sediment mass than the Silver Creek altered 
wetland (Table 3). However, the minimum and maximum bounds for the Silver Creek 
altered wetland are lower and higher, respectively, than those of County K altered 
wetland. 
 
 
 
Table 3. Sediment and TP mass estimates for the County K and Silver Creek wetlands, and Green Lake. 
 

 SEDIMENT MASS (MG) TP MASS (MG) 
Location Min. Most likely Max. Min. Most likely Max. 

County K 26,546 99,170 304,938 21 84 270 

Silver 
Creek  

15,804 83,023 353,004 11 65 317 

Green Lake 535,951 845,468 1,154,985 332 561 820 
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Figure 7. Distribution of reservoir sediment in the County K (top) and Silver Creek (bottom) altered 
wetlands. Darker colors indicate thicker reservoir sediment depths, dots show survey locations, and 
stars show coring sites. 
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Total phosphorus storage is also variable between the two altered wetland systems. 
The County K altered wetland has an estimated 84 MG of P that have accumulated 
since 1880 compared to 65 MG in the Silver Creek altered wetland (Table 3). As with 
reservoir sediment mass, the possible range is greater for Silver Creek. Assuming a 
consistent accumulation rate, this rate corresponds with an average of 606 kg of 
TP/year accumulation in County K and 464 kg of TP/year in Silver Creek. However, TP 
accumulation has not been consistent over the past 140 years. Likely, these rates have 
followed similar patterns to the sediments in Green Lake and distinctly increased 
starting in the 1920s. The disturbed nature of the reservoir sediments prevented 
calculation of annual accumulation rates. Relatively uniform TP concentrations with 
depth also confirm continued disruption and resuspension of reservoir sediment (Figure 
5; Figure 6). 
 
 
4.2 Historical and paleolimnological analysis of Green Lake sediments 
Our most-likely estimate of TP storage within the sediments of Green Lake shows a net 
accumulation of 561 MG since 1860 (Table 3). This is seven to nine times greater than 
the TP storage estimates for the two altered wetland systems over the same time 
period. However, when adjusted for unit area, TP accumulation across all of Green Lake 
is 0.02 kg/m², much lower than 0.09 kg/m² and 0.08 kg/m² in County K and Silver Creek 
altered wetlands. This rate is not surprising given that reservoirs, such as the two 
altered wetlands, have relatively higher sedimentation rates and more variable 
sediment distributions than natural lakes (Van Metre et al., 2004). 
 
Annual TP accumulation in lake-bottom sediments has not been uniform over the time 
period of 1860 to 2017 (Figure 8). Rates began to increase in the 1920s, increased more 
steeply in the 1950s – 70s, decreased through the 1980s and 90s, and then sharply 
increased after 2000. TP accumulation rate is tied to sedimentation rate. From the 
1920s to 1960s, both mass sedimentation rate and sediment TP concentration rose 
(Figure 9). Titanium also increased in the cores, led Garrison (2002) to conclude that the 
increases in sedimentation rate and total phosphorous accumulation in sediment are 
tied with increased land cultivation, soil erosion, and use of fertilizers. 
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Figure 8. Annual net TP accumulation (kg/year) within the sediments of Green Lake. Maximum, most 
likely, and minimum estimates are shown. TP mass is equal to the area under the lines. Data from 
Paul Garrison. 
 
 
 
 

 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 9. Mass sedimentation rate per year (A), TP concentration in sediments per year (B), and TP 
accumulation rate per year for Green Lake sediments (C) used to calculate annual and total P storage 
in lake sediments. Data from cores collected and analyzed by Paul Garrison. Values are averages of 
1999 and 2016 core data. 
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From the 1970s – 90s, mass sedimentation rate decreased while TP concentrations in 
Green Lake sediments stayed constant (Figure 9). This resulted in a slightly decreased TP 
accumulation rate. Best management practices and improved cropping practices that 
reduced soil erosion may explain lower sedimentation rates but continued agricultural 
and non-agricultural fertilizer use could explain elevated TP concentrations (Garrison, 
2002; Garrison, 2019). This pattern of increased sedimentation rates and TP 
concentrations through the 1960s and then decreasing in the 1970s with changes in 
management practices matches findings from other lakes, including Lake Erie (Schelske 
& Hodell, 1995). 
 
However, after 2000 an interesting shift took place where mass sedimentation rate 
continued to decline while sediment TP concentrations, and corresponding TP mass, 
increased dramatically. Deep lakes, like Green Lake, have periods of thermal stratification 
when bottom layers have low dissolved oxygen (DO). Internal loading, or legacy P release, 
occurs from sediments in the anerobic bottom layers. This may be happening in Green 
Lake where anoxic conditions are triggering P release from sediments and P migration 
towards deeper areas (Garrison, 2019). Given this occurrence, our estimates of P 
accumulation in recent years may be overestimates. 
 
When compared to the watershed phosphorus mass balance, P storage in the 
sediments of Green Lake is relatively minor. Between the years of the balance, 1987 – 
2017, annual P accumulation in Green Lake is estimated between 6,000 and 12,300 kg 
(Figure 9c). This P mass translates to 2 – 6% of total P additions to the watershed in 
those years. Yet the fact that there is still a large store of P in the bottom sediments of 
the lake, in addition to signs of internal loading and the lake’s depth, could pose 
challenges for lake legacy P management. Since bottom sediments do not mix with 
upper water layers, it will be more difficult for released P to be flushed out of the lake 
with surface waters. For this reason, once legacy P inputs from a watershed are 
reduced, there can be low export rates of P from deep lakes (Sharpley et al., 2013). 
Recovery can take decades after nutrient loads are reduced (Jeppesen et al., 2005; 
Songergaard et al., 2007). 
 
 
4.3 Watershed soil P storage 
Analysis of soil test P data showed no statistically significant relationships between year 
and mean soil test P at the county or subwatershed level for years 1995 to 2014. 
Nevertheless, it is clear that soil test P levels are elevated beyond agronomic 
recommendations for most years at both scales. Wisconsin nutrient application 
guidelines state that loamy soils testing above 35 ppm of soil test P are classified as 
being “excessively high” (Laboski & Peters, 2012) for all of the primary crops grown 
within the Green Lake watershed. Under these guidelines zero P fertilizer is 
recommended, except as starter fertilizer for some crops, because soil P concentrations 
are so high that the soil is considered “non-responsive”. Adding additional nutrients has 
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only a 2% probability of increasing yield (Laboski & Peters, 2012). Average soil test P in 
both Green Lake and Fond du Lac counties exceeded 35 ppm for all years with available 
data (1995 – 2014) (Figure 10). Furthermore, soil test P also exceeds this level at the 
subwatershed scale for most years with available data. This suggests that nutrients have 
been added in excess to soils in the Green Lake watershed for a long period of time. 
 
We calculated both net P storage within watershed soils and P accumulation in years 
1987 – 2017. Based on the 2014 average county soil test P values, we estimate a 
possible 4,718,000 kg of P currently stored in cropland watershed soils. This mass is the 
equivalent of 371 kg P/ha of cropland. This high value is consistent with assessments 
from other agricultural areas. In intensely farmed arable soils in China, total average P 
accumulation since 1980 is estimated at 242 kg P/ha (Li et al., 2011). Globally, average P 
accumulation in soil since 1965 is estimated to be 550 kg/ha (Sattari et al., 2012). In 
Vermont, state-level accumulation estimates in farmland have been greater than 5 kg 
P/ha/year since 1960, which translates to more than 285 kg P/ha (Wironen et al., 2018). 
 
When compared to our mass balance calculations and annual accumulation in lake 
sediments, we estimate that 3,544,000 kg of P could have accumulated in the 
watershed itself just since 1987. Compared to net P storage, this suggests that up to 
75% of the P stored in agricultural soils has accumulated since 1987. This equates to 133 
kg P/ha stored across all watershed soils or assuming accumulation only in cropland 
areas, 279 kg P/ha. Considered annually, P could have accumulated at a rate of 4.4 – 9.3 
kg/ha/year across the 30-year study. This rate is much higher than the 0.5 kg/ha/year 
found in sub-catchments of the St. Lawrence River basin in Canada (MacDonald and 
Bennett, 2009) but comparable to findings of greater than 5 kg/ha/year since 1960 in 
Vermont (Wironen et al., 2018) and 4.6 – 7.5 kg/ha/year in two Arkansas/Oklahoma 
watersheds since 1991 (Mittelstet & Storm, 2016). However, it is imperative to point out 
the limitations of a mass balance approach to quantify watershed storage pools. This 
study provides annual snapshots at 5-year intervals between 1987 – 2017 and we did 
not quantify P accumulation or storage in the soil pool before this time. Furthermore, P 
accumulation since 1987 may not be all located within cropland but could also be in 
other locations such as streambanks (Fox et al., 2016; Mittelstet & Storm, 2016). In 
addition to agricultural soils, there are 23 km2 of wetlands in the Green Lake watershed 
(Figure 1). These wetlands, like the altered wetlands that drain to the lake, could also 
contain pools of sediment-bound P. Without fieldwork, we cannot quantify this storage. 
However, it is likely that our estimates of P accumulation in the watershed overestimate 
P accumulation in the soil pool since 1987 as some of the P may be stored in watershed 
wetlands and stream corridors. 
 
 
 
 



 
 
 

114 

 
Figure 10. Soil test P data by subwatershed from 1995 – 2017. Box plots show summary soil test P data 
from county conservation department staff. Stars indicate annual means. Dots are outliers. Red 
triangles are annual county averages. Green Lake county is shown for the top two plots and Fond du 
Lac for the bottom plot. Dotted line indicates 35 ppm, the optimum level for watershed crop 
requirements. 
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Evidently, watershed soils can store massive amounts of soil-bound phosphorus. Yet this 
accumulation of P in soils is not sustainable. When soils become saturated with P and 
buffering capacity is reached, the risk of P runoff to waterbodies increases (Kleinman et 
al, 2011). A study of 16 large watersheds in Quebec, Canada over a 30-year time span 
found remarkably low watershed P buffering thresholds of 0.3 – 8.3 kg P/ha (Goyette et 
al., 2018). After the watersheds passed these thresholds, significant acceleration of P 
loss through runoff occurred (Goyette et al., 2018). A study in the nearby Lake Mendota 
watershed likewise found a strong positive relationship between legacy P storage and 
total P transport (Motew et al., 2017). To actively prevent P transport, soil P stores need 
to be drawn down. 
 
We consider three possible scenarios to reduce P storage in watershed soils. First, if all 
agricultural P additions to the Green Lake watershed ceased, while the 2017 agricultural 
P removals stayed constant, it would take 2.8 years for soil P to reach 35 ppm levels. If 
only agricultural fertilizer ceased, it would take a slightly longer 3.3 years. However, if 
business as usual continues with the 2017 P addition and removal values, it could take 
23.3 years for soil test P levels to reach 35 ppm. There is clearly year-to- year fluctuation 
in P additions and removals that could complicate or extend these timelines. 
Furthermore, even once soil P stores are reduced, lake and wetland recovery will take 
time because of sediment-bound P pools that can trigger internal loading. However, it is 
apparent that active management is needed for faster watershed soil recovery. 
 
 
 
 
 
 
4. Conclusions 
This research quantified P storage within altered wetland reservoir sediments, lake 
sediments, and soils of the Green Lake watershed. We found that stores of sediment-
bound P have accumulated within the County K (84 MG) and Silver Creek (65 MG) 
altered wetlands since about 1880. Between these two systems, more P is stored within 
the County K altered wetland. However, when compared to Green Lake (561 MG), the 
amount of P stored in altered wetland and reservoir sediments is relatively minor. 
Sediment and TP accumulation rates in Green Lake suggest that in the past 30 years, 
while sedimentation rates have decreased, P concentration in lake sediments has 
increased. The magnitude of P stored in both the altered wetland and lake sediments 
could exacerbate internal loading in the waterbodies and increase TP concentrations in 
surface waters, even as external P loads decrease. 
 
The majority of legacy P in the Green Lake watershed is stored within agricultural soils 
(4720 MG). Soil test P values in both the counties and subwatersheds show excessively 
high levels over the past two decades, leading to high P accumulation rates. This does 
suggest that the presence of vast legacy P stores in soils could have been impeding 
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efforts to improve downstream water quality. In many areas of the watershed, the 
soil’s buffering capacity has likely been exceeded. Yet, without BMPs designed to trap 
particulate P in place, downstream loads would likely have been much higher. 
 
Drawing down soil P stores is a management approach that has the best potential to 
address watershed legacy P concerns. Not doing so will continue to increase the risk of 
P runoff into waterbodies. Getting soil test P levels back down to recommended 
agronomic levels for crops grown in the watershed could be done with little impact on 
yields and will likely take two or more decades unless agricultural fertilizer inputs are 
dramatically reduced. Soil P reductions would also be accelerated by practices such as 
grazing, harvestable buffers, and cover crops that lessen soil P stores by transferring P 
into livestock feed, without using additional P inputs. In sum, this study of watershed P 
storage highlights the importance of taking a long-term approach to legacy P 
management. It is vital to both reduce current P inputs, while also working to address 
the P that has built up over decades. 
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Appendix A: Core descriptions 
 
The pre-split PVC pipe design allowed us to slice the cores in half using piano wire and a 
utility knife. Once split lengthwise, the cores were laid open, measured, described, and 
photographed. We noted differences in color and texture. 
 
County K wetland sediments 
County K cores varied in length from 62 to 84 centimeters. All cores reached the till 
below the peat. In all four cores, there is an abrupt change from reservoir muck to 
saturated peat at a depth of 40 – 45 cm (Figure A1). The muck in the upper parts of the 
cores is fluffy, brownish-gray material with fine bits of plant matter mixed in. It is likely 
that there was extensive mixing and compaction within this flocculant layer because the 
material appears uniform with depth. Below the transition point, the cores changed to 
dark brown-black peat. Cores 1 and 2 also had clayey layers and layers with some small 
gastropod shells mixed among the peat. 
 

 
 
Figure A1. Cores from the County K altered wetland, numbered 1 – 4 from top to bottom. Scale units 
are cm. Photos are stitched together from photos taken in the lab. Green lines indicate transition from 
reservoir sediment to peat. 
 
 
Silver Creek wetland sediments 
The five Silver Creek sediment cores varied in length from 50 to 86 centimeters (Figure 
A2). Not all cores reached the till below the peat. Similar to those from County K, all 
cores show a hard contact zone between upper mucky reservoir sediments and lower 
peat material at 18 – 42 cm. In this system, upper layers were grayish-brown fine-
grained muck with small pieces of organic matter and gastropod shells and fragments. 
Cores 1, 3, 4, and 5 had a very noticeable layer of gastropod shells and fragments at the 
transition. This could suggest erosion and loss of early-deposited flocculant sediments. 
Layers below the transition are dark brown-black peat. All cores have reddish woody 
material mixed into the peat layers. An additional core (not pictured) was pushed to a 
depth of 2.2 m and reached marl below the peat layers. 
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Figure A2. Cores from the Silver Creek altered wetland, numbered 1 – 5 from top to bottom. Scale 
units are cm. Photos are stitched together from photos take in the lab. Green lines indicate transition 
from reservoir sediment to peat.  
 
 
 
Appendix B: Core composition 
 
We used lab analysis to quantify bulk density, organic matter, and total phosphorus 
concentrations of the cores at depth. Prior to measurement, cores were wrapped and 
stored in a refrigerated room for two months. We selected the longest core from each 
altered wetland (County K – core 4 and Silver Creek– core 2). Loss on drying and loss on 
ignition are widely used laboratory techniques that estimate bulk density and organic 
matter content by heating sequential sediment core subsamples at selected 
temperatures and then measuring weight loss (Dean, 1974; Barillé-Boyer et al., 2003; 
Santisteban et al., 2004). Starting at the core surface, we collected one cubic centimeter 
of material at one-centimeter increments down to one centimeter within the peat layer. 
This yielded about 43 samples in each core. First, we dried ceramic crucibles in a drying 
oven at 100 °C for two hours to remove any atmospheric water. We then weighed each 
crucible using a balance sensitive to 0.0001 g, added one cubic centimeter of material 
from the core, and reweighed to determine the initial, or wet, weight. Samples were 
dried in a 60 °C oven overnight to remove any water within the sediment. Once 
removed from the oven and cooled in a desiccator, we again weighed each sample to 
determine its dry weight, or water loss. The value represents the moisture content, or 
the amount of pore-water within the sample. The dry weight divided by total sample 
volume (1 cm3) is equal to the bulk density of the sample. Next, we placed samples in a 
550 °C muffle furnace for four hours. At this temperature, most organic matter burns off 
the sample. (Heiri et al., 2001). After being removed and cooled in a desiccator, we 
reweighed the samples to determine their organic matter content. 
 
 
Phosphorus in sediments can be in a variety of forms, and forms can change seasonally. 
However, we did not consider the different components or biological and chemical 
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transformations. Rather, we measured the combined magnitude of all of these forms, 
total phosphorus, in a storage pool. For TP analysis, we extracted 1 cm3 samples from 
the sediment surface and at every 6 cm from the top of the core to the contact of the 
soft sediment with peat. Samples were submitted to the Wisconsin State Laboratory of 
Hygiene, which uses standard methods for digestion of solid samples (USEPA Method 
750.1, SW846-3050B) and analysis with Inductively Coupled Plasma Spectrophotometry 
(USEPA Method 200.7, SW846-6010B). 
 
 
 
Appendix C: Radiocarbon dating 
 
Radiocarbon dating is a laboratory analysis method that estimates the age of carbon-
based material from plants and animals. We used this method to determine a bottom 
age marker for the top reservoir sediment that has accumulated in the County K and 
Silver Creek altered wetlands. The element carbon occurs naturally in the atmosphere 
and in organisms in three isotopic forms: carbon-12 (12C), carbon-13 (13C), and carbon- 
14 (14C). Each carbon isotope contains a different number of neutrons, and thus has a 
different mass. 

 
The lightest and most abundant carbon form is 12C. Approximately 99% of carbon on 
Earth is in the form of 12C. The next heavier form, 13C, accounts for about 1% of carbon 
on Earth. Both 12C and 13C isotopes are stable because they do not change over time 
into other elements or carbon forms. The 14C isotope, however, is unstable and 
extremely rare. It is predominately produced by cosmic rays in the upper layers of the 
atmosphere, and this rate of production has not been constant over the past millennia. 
Over time, 14C atoms will change, or decay, into stable forms of 12C and 13C. Unstable 
14C has an estimated ‘Libby half-life’ of 5,568 years, which allows it to be measured and 
dated. After 5,568 years, a sample will contain approximately half of the 14C that it did 
initially. 
 
Plants uptake atmospheric carbon dioxide (CO2) from all three isotopic forms and 
incorporate the carbon into their biomass in the same relative abundance of the 
isotopic forms. This assumes constant mixing of the atmosphere and a constant 
fractionation relative to atmospheric abundances. Throughout their lifetimes, plant 
tissue levels of 12C, 13C, and 14C remain relatively constant. When a plant dies, it stops 
assimilating carbon and 14C begins to decay to 14N. Measuring the 14C concentration of 
plant remains and estimating the original number of 14C atoms in the sample indicates 
how much 14C has decayed and makes it possible to estimate when the plant died. 
  
For each altered wetland, we sampled from the longest core that had a hard contact 
between the top soft reservoir sediment layers and lower peat layers (County K core 4 
and Silver Creek core 2). We took 4 – 5 cubic centimeters of peat material over a two-
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centimeter interval located 1-3 cm below this transition zone to avoid potentially mixed 
material (Figure C1). To disaggregate the samples, we added 40 mL of 10% KOH to each 
cubic centimeter of sample and brought it to simmer on a hot plate. Once heated we 
used a 125- micrometer sieve to remove humic acids. 
 
 

 
 

 
 
Figure C1. Silver Creek (top) and County K (bottom) sediment cores sampled for 14C analysis. Boxes 
indicate sampled material. Discolorations that extend along the top half of the County K core are from 
photo stitching. 
 
 
Using a microscope, we identified useable material. Radiocarbon dating requires 
carbon-based material that originated from a living organism. Terrestrial plant 
macrofossils such as small tree branches, seeds, pine needles, charcoal, and leaves are 
ideal (Hatté and Jull, 2007). Unlike aquatic plants, which assimilate carbon from 
dissolved inorganic carbon (DIC) that reflects the carbon isotope ratios of the water that 
they grow in, terrestrial plants assimilate carbon directly from the atmosphere. Among 
terrestrial plants, the best macrofossils are from plant material that grows aboveground 
in shoots, not roots (Christine and Jull, 2007). 
 

In the core from County K, we were able to use a piece of wood (Figure C2). The wood 
piece did not show the cortex structure of a root, so we assumed that it originated from 
a small branch that grew aboveground. Twigs are reliable material to date because they 
grow in less than five years (Hatté and Jull, 2007). In the core from Silver Creek, we 
selected fragments of charcoal (Figure C3). We cleaned all material with DI water and 
then placed the final samples in weighed, clean, labeled vials (Figure C3). Overnight we 
dried the samples in a low temperature oven (50 °C) to prevent bacteria growth. When 
dried, the Silver Creek sample weighed 0.9 mg and the County K sample weighed 4.1 
mg. We then submitted the samples the National Ocean Sciences Accelerator Mass 
Spectrometry (NOSAMS) facility for analysis. 
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Figure C2. Charcoal and wood samples submitted for 14C analysis. 
 
 
 
 
 
 
 
 
 
 
 
Figure C3. Charcoal pieces from Silver Creek peat. Striped charcoal from aster seed pod (left), lattice 
charcoal from woody material (center), and unclassified charcoal from unknown origin (right).  
 
 
The NOSAMS facility uses Accelerator Mass Spectrometry (AMS) dating to determine 
the amount of 14C in the samples. AMS dating has high precision and uses small sample 
sizes of material. At the NOSAMS facility, the samples are first pre-treated with a series 
of heated acid-base-acid leaches to remove inorganic carbon and mobile organic acid 
phases. Samples are then converted into a solid graphic form, compressed into a small 
cavity, and sputtered with heated, ionized cesium. Ions produced from this process go 
into the AMS and are magnetically separated by mass to quantify the number of 14C 
atoms. Additionally, stable isotope ratios of 12C: 13C are measured by extracting carbon 
dioxide produced through combustion to correct for isotopic fractionation in nature. 
The ratio of the 14C: 12C isotopes is then converted into radiocarbon age 
 
Radiocarbon dating yields an age of material in “radiocarbon years” that then must be 
calibrated to calendar years. Over time, the ratio of 14C to 12C in the atmosphere has 
changed because of variability in solar activity, changes in the carbon cycle, and nuclear 
bombs. An empirical calibration accounts for these changes and converts between 
radiocarbon years and calendar years. After conversion, ages are reported as calibrated 

Silver Creek County K 
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years before present, where “present” is the year 1950 CE. We used the R statistics 
package ‘CLAM’, or Classical Age-Depth Modelling of Cores from Deposits, to calibrate 
the radiocarbon dates and find a weighted mean date (Blaauw et al., 2020; R Core 
Team, 2013) (Figure C4; Figure C5). The mean date is weighted by the probability 
distribution calculated from reflecting the hypothesized laboratory error distribution on 
the radiocarbon calibration curve with one standard error on the empirical curve. We 
used the terrestrial INTCAL13 mid-latitude northern hemisphere atmospheric 
radiocarbon calibration curve. It is the most recently revised international curve and is 
based on 14C datasets from tree rings, plant macrofossils, and cave speleothems (Reimer 
et al., 2013). 
 
 

 
Figure C4. Probability distribution of calibrated dates for the radiocarbon sample from the 
County K altered wetland. On the x-axis, calibrated 14C dates are possible sample ages in 
calendar years before present, where ‘present’ = 1950 CE, and dark gray shows 1 SD. The y-axis 
axis also shows calendar years before present, where ‘present’ = 1950 CE. Red dot is 
uncalibrated 14C date with 1 SD error bars. Green line is the INTCAL13 calibration curve with one 
standard error range.  
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Figure C5. Probability distribution of calibrated dates for the radiocarbon sample from the Silver 
Creek altered wetland. On the x-axis, calibrated 14C dates are possible sample ages in calendar years 
before present, where ‘present’ = 1950 CE, and dark gray shows 1 SD. The y-axis axis also shows 
calendar years before present, where ‘present’ = 1950 CE. Red dot is uncalibrated 14C date with 1 
SD error bars. Green line is the INTCAL13 calibration curve with one standard error range.  
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Appendix D: Field and lab methods and results for lake sediments 
 
To estimate the mass of TP stored in the bottom sediments of Green Lake, we relied 
extensively on sediment core collection and data analysis by paleoecologist Paul 
Garrison with the Wisconsin Department of Natural Resources and Onterra, LLC Lake 
Management Planning. In 1999, he took sediment cores from 44 locations throughout 
the Green Lake basin from water depths of 10 ft to 235 ft and used 210Pb and 137Cs 
sediment dating on two cores, one collected from the eastern basin and one from the 
western basin at depths of approximately 120 feet (Garrison, 2002). Later in November 
of 2016, he took an additional lake sediment core from the eastern basin at a depth of 
137 feet and analyzed it for TP concentration and sediment age (Garrison, 2019). 
Repeat-coring a location can be a useful approach to estimate recent sediment and TP 
accumulation (Blumentritt et al., 2013; Kenney et al., 2016). 
 
Sedimentation rate 
Sediment cores were dated using Lead-210 and Cesium-137 methods and the constant 
rate of supply model (CRS) (Appleby 1998, 2001; Appleby and Oldfield 1978). This 
assumes constant mass accumulation rate and flux of Pb-210 over time. Pb-210 comes 
from radon gas in uranium-238 rocks and escapes into the atmosphere where it decays 
to Pb-210, and then is added to watersheds through dry and wet atmospheric 
deposition. Lead-210 is produced locally. Therefore, it is important to establish local 
background levels and subtract, assuming a constant rate of supply, before calculating 
the decay curve for atmospheric deposition. With a half-life of 22.3 years, lab 
measurements of activity can date sediments that are typically less than 150 years old, 
especially where measurements extend far enough back in time to estimate the 
background production level. Cs-137 is a radionuclide that is a byproduct of nuclear 
weapons testing. It was first found in the atmosphere in 1952 and peaked in 1963. Like 
Pb-210, it falls out through atmospheric deposition and gets incorporated into 
sediments. Subsampling cores for Cs-137 can indicate the years 1952 and 1963 
(Krishnaswami and Lal, 1978). 
 
All cores reached background levels of Pb-210 which indicates that they can be used 
reliably to estimate dates. The Cs-137 peak aligned well with the CRS model and the 
cores had a base age of 1850 (Garrison, 2019). The basin has relatively uniform 
sedimentation at depths greater than 60 feet (P. Garrison, July 10, 2020, personal 
communication) and little evidence of sediment focusing (Garrison, 2019). Some areas 
of the lake have steep bottom morphometry and it is likely that much of the shallower 
sediment is translocated to depths of 80 feet or greater. Therefore, we assumed 
uniform sediment accumulation rate and quantity and depths greater than 80 feet. To 
account for some of the likely uplift and redeposition of shallow-water sediment at 
spring and fall lake turnover, our maximum net sedimentation estimate uses depths of 
60 feet and greater. The estimated sedimentation rate was low in the mid- 1800’s, 
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doubled by the 1920’s, and rapidly increased through the 1940’s and 60’s until peaking 
in the 1980’s (Garrison, 2019). The rate decreased in the 1990’s, likely with widespread 
BMP implementation, and has stayed relatively constant in the two decades since, but 
still remains higher than the rate in the 1970’s or any decade previously (Garrison, 
2019). We used the 1999 sedimentation rate estimates for a minimum value and the 
2016 sedimentation rate for a maximum value. 
 
Sediment TP concentrations 

To estimate the lake-wide P deposition rate, Garrison (2002) used changes in color and 
bulk density of cores collected throughout the lake basin to match depths and estimate 
sediment P content through time (P. Garrison, July 13, 2020, personal communication). 
Dates were extrapolated to these 44 cores using changes in color and bulk density. An 
average basin-wide TP concentration was then computed for each date range. The 2016 
core was collected in the eastern basin near the 1999 core and was also measured for 
TP and dated with Pb-210 and Cs-137 methods. For a minimum estimate, we assigned 
the 1999 average TP concentrations to the median year of their reported age range and 
linearly interpolated to estimate TP concentration for each year. For years 1999 – 2016 
we used TP concentrations from the 2016 core. For a maximum estimate, we used TP 
concentrations from the 2016 core. 
 
TP accumulation 
The CRS model estimates that mass sedimentation rate was low in the mid-1800’s, 
doubled by the 1920’s, and rapidly increased through the 1940’s and 60’s until they 
peaked in the 1980’s (Garrison, 2019). The sedimentation rate decreased in the 1990’s, 
likely with widespread BMP implementation, and has stayed relatively constant in the 
two decades since, but it still remains higher than the rate in the 1970’s or any decade 
previously (Garrison, 2019).  
 
Sediment TP concentrations have increased since the 1850’s and follow the bulk 
sedimentation rate. TP increased through the 1880s, 1920s, and 1960s before peaking 
around 1980 (Garrison, 2019). TP concentration declined in the 1990s and early 2000’s 
but has since increased. While the sedimentation rate has not increased since 1999, 
higher surface sediment TP concentrations in the 2016 core indicate an increase in P 
deposition (P. Garrison, July 13, 2020, personal communication). This is attributed to a 
reduction in dissolved oxygen levels in the lowest layers of the lake that triggers P 
release from sediments and P migration towards deeper areas (Garrison, 2019). Lake TP 
accumulation is the product of sedimentation rate and TP concentration. Therefore, 
increased sedimentation and TP concentration result in increased TP deposition, and 
increased net storage of TP in lake sediments.  
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Chapter 4: Management implications for the Green Lake 
watershed 

 
The purpose of this concluding chapter is to summarize key research findings from 
Chapters 2 and 3 and articulate their relevance to future research and phosphorus (P) 
management in the Green Lake watershed. In Chapter 2, we reconstructed historical P 
flows through the Green Lake watershed using a mass balance approach and analyzed 
how P flows changed over the 30 years between 1987 and 2017. Then, in Chapter 3 we 
quantified potential accumulation and storage of legacy P in wetland sediments, lake 
sediments, and soils of the watershed. Taken together, these findings have important 
implications for sustainable watershed management.  
 
 
1. Key research findings 
Since the Green Lake watershed supports both agriculture and tourism, in 
reconstructing P flows we considered P from both agricultural and non-agricultural 
sources. However, our findings clearly show that agriculture is the primary driver of P 
movement in the watershed. Of all the P added to the watershed, between 89 and 93 % 
was in agricultural fertilizers, imported manures, dairy feed supplements, and 
pesticides. The remaining 7 to 11 % came from non-agricultural sources: atmospheric 
deposition, human and dog food, and non-agricultural fertilizers. In addition, for most of 
the past 30 years, agricultural P use was inefficient, with additions exceeding removals. 
More P was added through fertilizers, imported manure, dairy feed supplements, and 
pesticides than was removed through crop harvesting and exported milk and meat. This 
led to an accumulation of historic, legacy P within watershed soils, lake sediments, and 
the County K and Silver Creek wetlands.  
 
The findings of our research are consistent with many other global and regional studies. 
Intensive agricultural and human use have altered the biogeochemical cycle for 
phosphorus and led to the accumulation of legacy P. Watersheds in the Baltic Sea, 
Canada, and the US all show this pattern of accumulation (McCrackin et al., 2017; 
Goyette et al., 2018; Stackpoole et al., 2019). Watershed studies with similar feed crop-
livestock systems in Vermont and Wisconsin’s Lake Mendota watershed also document 
accumulation of P in watershed soils (Bennett et al., 1999; Kara et al., 2012; Wironen et 
al., 2018). However, unlike these watersheds, the Green Lake watershed underwent a 
noticeable change between 1987 and 2017. Over this time period, P additions began to 
decrease as removals increased, translating to a net depletion of legacy P starting 
around 2007. Identifying a watershed that is drawing down soil stores of legacy P is an 
important finding, and one that has been documented in very few locations (Peterson et 
al., 2017; Stackpoole et al., 2019).  
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Despite this trend towards depletion, there are still large stores of P within the Green 
Lake watershed that are likely delaying improvements to water quality. We estimated a 
possible 371 kg /ha of P stored in watershed soils. The majority of this P has likely 
accumulated in the past 30 years. Relative to storage pools in the lake and the altered 
County K and Silver Creek wetlands, the soils have the highest accumulation rate and the 
greatest magnitude of P storage. We estimate that if the 2017 values for P additions and 
removals to the watershed stayed constant, it would take over 23 years for soil test P 
levels to reach the 35 ppm value needed for most crops. This time frame would be 
dramatically reduced if fertilizer P inputs ceased. However historic and continued P 
additions to watershed soils that already have high soil test P increases the risk of soil 
saturation, and thus P runoff (Kleinman et al., 2011; Motew et al., 2017; Goyette et al., 
2018). While we did not test or measure soil P saturation, high soil test P levels suggest 
that it is very likely that parts of the watershed have already exceeded the P buffering 
capacity of the soils. This ability of watersheds to retain nutrients and buffer effects to 
downstream waterbodies is a critical ecosystem service, and one that technology cannot 
effectively replace (Hale et al., 2005).  
 
 
2. Future research directions at Green Lake  
New research in the Green Lake watershed needs to continue to acknowledge and 
understand the presence and impact of legacy P. Building directly upon this work, future 
research could attempt to tie data on watershed BMP implementation starting in the 
1980s with long-term water quality monitoring data and the historical P mass balance. 
Currently, there is a gap in understanding of how watersheds with decreasing 
agricultural P balances experience lags in water quality improvements (Stackpoole et al., 
2019). Green Lake could be an important place to help fill the knowledge gap. The 
connection between the mass balance, BMPs, and water quality could also extend 
forward by tracking future subwatershed BMP implementation with water quality data 
and detailed subwatershed P balances. Future research could also attempt to quantify 
sediment-bound legacy P in the numerous wetlands and agricultural drainage ditches 
throughout the watershed. 
 
One shortcoming of this work is that it did not consider nitrogen (N). Scientists and 
managers often separate N and P. This is artificial. Both nutrients occur together, affect 
water quality together, and should be managed together (Sharpley and Jarvie, 2012). As 
with P, nitrogen can also have legacy effects and persist in watersheds (Van Meter et al., 
2016; Van Meter et al., 2018). It could be informative to track historical agricultural 
balances of N and compare with the P balance, as both are likely delaying water quality 
improvement. 
 
Future P models in the Green Lake watershed (e.g., SWAT) should, where possible, 
consider P legacy effects because models typically assume that current stream loads are 
only from current human activities (Huang et al., 2018). Without considering historic 
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sources and stores, loads may be underestimated. Additionally, future research at 
Green Lake should continue to build relationships and use the wider knowledge and 
expertise of local stakeholders. This research would not have been possible without 
their support. Green Lake is also an important place to continue to highlight the value of 
community-based research partnerships, a practice that is growing nationally (Bidwell et 
al., 2009; Jarvie et al., 2013). 
 
 
3. P management in the Green Lake watershed 
The P mass balance identifies the most important P flows on which to focus 
management efforts, provides a tool to measure progress, and estimates magnitudes of 
storage in major pools within the watershed. However, results from the P mass balance 
cannot identify specific “hotspots” or provide quick fixes to water quality issues. Not all 
P stored within the watershed poses a risk for water quality. For these reasons, it is 
important to use our results in conjunction with findings from other models that are 
focused on hotspots and delivery of existing P (such as EVAAL, SWAT, and SNAP+). These 
models address P transport whereas the mass balance addresses P supply. Sustainable P 
management will require addressing both P transport and P supply.  
 
Historically, in watersheds throughout the world, Green Lake included, P management 
focused on reducing transport through retention on the landscape. Practices such as 
sediment retention basins, buffers, grassed waterways, and septic systems are designed 
to trap sediment-bound P and protect downstream water bodies. Sediment core data 
from Green Lake show that the BMPs were likely effective at reducing sediment loads to 
the lake (Garrison, 2002). Without these BMPs in place, water quality problems would 
likely be worse today. However, these management practices only addressed part of the 
P problem. Retention practices concentrate P on the landscape that can later become P 
sources. P accumulation is not sustainable indefinitely. For example, if there are large 
stores of P in soils, well-intentioned soil conservation practices like reduced tillage or 
no-tillage can have unintended consequences of increasing dissolved P loads (Jarvie et 
al., 2017). Many lakes currently have high dissolved P loads, and BMPs that target 
erosion and sediment-bound P alone may not be effective in reducing these loads 
(Jarvie et al., 2017; Motew et al., 2017). Therefore, it is important to tackle P supply to 
reduce P accumulation and the impacts of legacy P.  
 
Ultimately for sustainable P use, watersheds need to move towards an equilibrium 
phase, where P additions and removals are balanced. The most feasible ways to do this 
are through reducing nutrient inputs and drawing down existing P stores. Reducing P 
inputs should focus on the largest P sources and the ones that have the greatest ability 
to be targeted with management. In the Green Lake watershed, these are agricultural 
flows. Some previous reductions in the watershed are visible in the P mass balance. P 
inputs from dairy supplements decreased around 2007, timed with changes in nutrient 
recommendations for dairy cows. County-scale fertilizer sales also decreased 
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consistently since 1987, tied with price, agronomic recommendations, and/or 
improvements in soil testing and nutrient management planning. The next reductions 
need to be focused on fertilizer, imported manure, and pesticides. This can be done 
through additional nutrient management planning, extensive soil P testing, and 
continued education and support of producers through financial incentives and working 
relationships with county and extension staff and the Lake Management Planning team. 
 
The second related major opportunity in the Green Lake watershed is to draw down soil 
P reserves by recovering and recycling P. High soil test P levels are reversible, and the 
accumulation of legacy P is a resource that can be utilized (Powers et al., 2016). By some 
estimates, as much as 90% of P applied as fertilizer and manure can eventually be 
exploited by crops (Syers et al., 2008). In fields and areas where soil test P level is above 
the agronomic level required for the crops, legacy P constitutes a “free” source of 
fertilizer. Naturally, producers and landowners may be risk adverse to implementing 
changes that could lower yields (Withers et al., 2019). However, it is well documented 
that legacy P stores in soils can support adequate crop yields for many years (Kamprath, 
1999; Dodds and Mallarino, 2005; Muenich et al., 2016). A review of many studies found 
that fertilizer and manure could be withheld for 2 – 25 years before seeing reductions in 
crop yields (Rowe et al., 2016). To implement this drawdown strategy, additional soil 
testing, nutrient management planning, and education will be needed. P recovery could 
also be increased with the implementation of cover crops and grazing lands. Without 
additional P inputs, these lands could support crop growth that is either harvested or 
consumed by livestock. Long-term gains in water quality improvement may follow only 
after legacy sources are depleted (Zhang et al., 2016). Thus, drawing down soil P 
reserves has both environmental benefits as well as financial benefits with reduced 
dependence on fertilizers and the associated costs.  
 
More transformational opportunities are also needed to address unsustainable P use 
and legacy P accumulation at Green Lake and other watersheds. The current economic 
model for agricultural production in the US is one that values food volume over food 
quality, and food volume over the sustainable production of food (Withers et al., 2019). 
This model of agricultural production has major costs to the environment and the health 
and well-being of producers, consumers, and watershed residents. It would be an 
immense oversight to not acknowledge that this style of agricultural system is at the 
root of today’s water quality problems in Green Lake, and in other watersheds. 
Encouraging and financially supporting farming systems that include multiple, diverse 
crops, and farming practices that support biodiversity and soil health, are important for 
fixing the broken P cycle and improving human health.  
 
As discussed in the key findings, recovery from P additions and legacy P in the Green 
Lake watershed will be slow. Decreasing current P additions will likely not correspond 
with immediate decreases in P loads to Green Lake. Additionally, even if the net P 
balance continues to decline, P loads to the lake may not decrease for many years. 
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Research from other watersheds (Maumee and Thames basins) shows that there are 
time lags between P input reductions and stream load reductions (Powers et al., 2016). 
Climate change will most likely increase these time lags. Models in the Maumee basin 
which drains to Lake Erie indicate that intensified precipitation could increase the lag 
time between ceasing fertilizer P inputs and reaching load targets by 30 – 40 years 
(Muenich et al., 2016). It is also important to acknowledge that time lags can be longer 
than political cycles, and longer than the timeframe that watershed managers are 
working in an area (McCrackin et al., 2017). Since water quality improvement may take 
decades, long-term monitoring, planning, and management is imperative and efforts to 
reduce P inputs must be sustained over many years.  
 
The Green Lake watershed is well positioned to mitigate the challenges of legacy P. The 
watershed already has a successful track record of implementing long-term monitoring, 
planning, and management, upon which future efforts can be built. The P mass balance 
developed in this study should continue to be utilized as a tool to measure progress in 
achieving more sustainable P use in the watershed. Long term water quality 
improvement will likely need a negative P balance for several decades. The watershed 
also importantly has strong collaborations within the Lake Management Planning team 
and between agricultural producers and county conservation staff. These partnerships 
have yielded long-term water quality monitoring, extensive watershed data, and a lake 
management plan, and will be vital in addressing legacy P. Amending conservation 
practice planning to prioritize supply-based P management in addition to transport-
based P management will be critical, as will communicating potentially long recovery 
periods to funders and stakeholders.  
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