
P:\23\62\853\Non-Ag Rural\draft memo\Non-Agricultural Rural Runoff Detailed Assessment of Phosphorus Sources1A.doc 

 

 
 
 

To: Marvin Hora, Minnesota Pollution Control Agency 

Mark Tomasek, Minnesota Pollution Control Agency 

Doug Hall, Minnesota Pollution Control Agency 

From: Jeffrey Lee 

Subject: Detailed Assessment of Phosphorus Sources to Minnesota Watersheds – Non-
Agricultural Rural Runoff  

Date: December 17, 2003 

Project: 23/62-853 NARU 008 

c: Greg Wilson 

Henry Runke     
 

The purpose of this memorandum is to provide a discussion of non-agricultural rural land use runoff 
as sources of phosphorus to Minnesota watersheds.  This discussion is based on a review of the 
available literature, monitoring data and the results of phosphorus loading computations done for 
each of Minnesota’s major watershed basins as part of this study.  This memorandum is intended to: 

• Provide an overview and introduction to this source of phosphorus 
• Describe the results of the literature search and review of available monitoring data 
• Discuss the characteristics of each watershed basin as it pertains to this source of phosphorus 
• Describe the methodology used to complete the phosphorus loading computations and 

assessments for this study 
• Discuss the results of the phosphorus loading computations and assessments 
• Discuss the uncertainty of the phosphorus loading computations and assessment 
• Provide recommendations for future refinements to phosphorus loading estimates and 

methods for reducing error terms 
• Provide recommendations for lowering phosphorus export from this source 
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Overview and Introduction to Non-Agricultural Rural Runoff Sources of 
Phosphorus 
 

The non-agricultural rural land use components of watershed ecosystems investigated in this 
technical memorandum includes native vegetation that still function at an ecosystem level in ways 
that are very similar to their undisturbed natural condition.  The major natural land cover types 
included in this land use group are forests (coniferous, deciduous and mixed), grasslands and 
shrublands.  Rural residential areas, transportation infrastructure, and other typically urban land uses 
such as residential and commercial developed areas outside the boundaries of incorporated urban 
areas are also included in this assessment. 
 
Many of these natural plant communities in Minnesota have undergone change over the last two 
hundred years; in some cases these changes have led to the complete loss of a community type, i.e., 
conversion of native prairie to agricultural production, and in other cases the conversion of one 
community to another, i.e., regrowth of white pineries to mixed forests following extensive logging 
in the late 1800s and early 1900s.  Many areas of native plant coverage have been lost to the growth 
of urban areas; in many instances the invasion of exotic species has altered the hydrologic cycles of 
these urban natural areas. 
 
Within some of the major basins of Minnesota, forests and grasslands still cover up to 60% of the 
watershed area.  The hydrologic cycling of annual precipitation in natural vegetation moves most of 
the water to infiltration and thus promotes stable stream base flows and reduces surface runoff.  
Native plant communities have relatively high rates of evapotranspiration (ET) and the loss of 
vegetation can lead to higher annual water yields due to decreased ET (Brooks et al, 2003). 
 
In natural plant communities, much of the phosphorus pool is retained within the plant community 
and the soil profile, with plant biomass creation, senescence and subsequent decomposition processes 
cycling nutrients back into the soil profile. As a result most of the phosphorus pool is relatively 
immobile (Tester, 1995).  The high soil infiltration rates in these plant communities lead to low 
surface runoff rates and little soil loss via erosion, and thus low rates of nutrient export to surface 
waters.  In most cases the surface runoff rates are less than 10% of the annual precipitation for these 
plant communities and phosphorus export rates are below 0.169 kilograms of phosphorus per hectare 
per year (0.151 pounds per acre per year). 
 



To: Marvin Hora, Mark Tomasek and Doug Hall, Minnesota Pollution Control Agency 
From: Jeffrey Lee 
Subject: Detailed Assessment of Phosphorus Sources to Minnesota Watersheds – Non-Agricultural Rural Runoff 
Date: December 17, 2003 
Page: 3 
 

P:\23\62\853\Non-Ag Rural\draft memo\Non-Agricultural Rural Runoff Detailed Assessment of Phosphorus Sources1A.doc 

Results of Literature Search and Review of Available Monitoring Data 
 
The scientific literature was reviewed to determine the hydrologic regimes, nutrient cycling 
mechanisms and phosphorus loading factors for each of the land use categories included in the Non-
Agricultural Rural Runoff category.  The hydrologic and nutrient export relationships examined for 
the rural land use categories are discussed in the Forest (Deciduous Forest, Evergreen (Coniferous) 
Forest, and Mixed Forest), Shrubland and Grasslands/Herbaceous vegetation below. The hydrologic 
and nutrient export relationships for rural residential areas within the land use categories are 
discussed in the Low Intensity Residential and High intensity residential land use sections of the 
urban runoff technical memorandum (Barr Engineering, 2003). The phosphorus loadings for 
Commercial/Industrial/Transportation land are also discussed in the urban runoff technical 
memorandum.  That discussion will not be repeated here, other than a recap of loading calculations 
included in the methodology section. 
 
Forests 
 
Singer and Rust (1975) is the most frequently cited research for runoff from deciduous forests.  
Based upon runoff and nutrient studies on maple-basswood forest at the Minnesota Landscape 
Arboretum they found that the litter layer was responsible for high infiltration rates and thus little 
water loss to surface runoff occurred.  Spring runoff over frozen soils accounted for most of the 
surface water runoff, and phosphorus loads in surface runoff occurred during the snowmelt period 
and immediately following leaf drop in the fall.  They calculated the rate of phosphorus loss to be 
0.09 kg P per hectare per year.  They also found that the phosphorus export rate exceeded the 
atmospheric inputs of phosphorus on an annual basis.  The authors cautioned that extrapolation of 
these loading rates to large forests areas may misrepresent actual loadings. Vaithiyanathan and 
Correll (1992) found that 77% of the phosphorus exported from forested watersheds was particulate 
phosphorus and primarily organic forms (61%).  The authors suggest that this indicates that sediment 
movement was responsible for a large portion of the phosphorus exported by forests.  St. Onge, et al 
(in press) reported increased total phosphorus concentrations in runoff from forested catchments that 
had been harvested or burnt, but also found that larger basins exported less phosphorus than smaller 
basins on a unit area basis. 
 
Leete (1986) examined the runoff of phosphorus from mixed hardwood forests in the Superior 
Highlands of northeastern Minnesota.  Leete found that phosphorus export from two plots before and 
after harvest to be 0.107 kg P/ha/yr and 0.207 kg P/ha/yr before harvest, and 0.159 kg P/ha/yr and 
.244 kg P/ha/yr post-harvest.  Increased erosion was cited as the cause for the post-harvest 
phosphorus load increase. Leete also reviewed literature values at the time of her work and found 
phosphorus loadings rates for forests in Minnesota to range from 0.090 kg P/ha/yr (Sanger and Rust, 
1975) to 0.71 kg P/ha/yr (Knighton and Steigler, 1980).   
 
Sartz (1971) completed an assessment of runoff from dual-use watersheds (i.e., watersheds with 
agricultural and forested land covers) in the driftless area of southwestern Wisconsin near La Crosse.  
In a very elegantly designed study Sartz was able to document runoff from the upland pasture and 
hillside deciduous forest components of four watersheds to downhill lowland areas.  The study 
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results showed that as much as 33% of the upland flow was retained in the hillside forests and the 
deciduous forest hillsides generated no runoff.   Sartz (1969) also reported that peak flows from 
undisturbed deciduous forests were 0.010 inches per hour compared to 2.42 inches per hour for 
alfalfa for the same 3-hour 4-inch rainfall event. Sartz, et al (1977) reported that driftless area 
catchments smaller than 250 hectares had no perennial streams, and cropland was the major source of 
surface runoff.  These findings have been further confirmed by recent runoff studies in the 
Whitewater River watersheds (Wotzka, 2003).  Peterjohn and Correll (1984) found that phosphorus 
export (loss) from riparian forest systems was divided between surface runoff (59%) and 
groundwater flow (41%). The external phosphorus inputs to riparian forests were calculated to be 
3.8% from bulk precipitation, 94% via surface runoff from and 2.5% via groundwater; the riparian 
forest had a calculated phosphorus retention of 80%. 
 
Hewlett and Hilvey (1970) measured no storm event surface water flow volumes from a 108-acre 
intact mixed hardwood forest over 18 years of monitoring.  Scott, et al, (2001) found that elevated 
phosphorus levels in runoff from early successional forests on abandoned agricultural lands were due 
to previous agricultural inputs of fertilizer.  The authors concluded that this increase in soil 
phosphorus will be detectable in runoff for up to 40 years.  Metcalfe and Buttle (1999) found that 
disturbances to boreal forests could lead to reduced runoff and lower stream flows due to increased 
evapotranspiration rates. 
 
Binkley (2001) reviewed the literature related to harvesting and phosphorus concentrations in stream 
flow.  He found little increase in phosphorus concentration – concentrations increased from 12 ug 
P/L to 13 ug P/L, following logging. Hewlett and Hilvey (1970) found that in mixed hardwood 
forests, following clear cutting, the storm flow volumes increased by 11% but this increase was 
confined to subsurface flow, so the site still provided very little overland flow. Devito, et al, (2000) 
report that in boreal forested lakes, the largest increases in post-harvest total phosphorus 
concentrations were found in areas with groundwater recharge or shallow local discharge to lakes and 
wetlands.   
 
Interception of rainfall occurs at multiple levels within the forest – tree canopy, tree and shrub layer 
stems, shrub canopy, herbaceous layer and ground litter – to reduce overland flows (Brooks, et al, 
2003; Verry 1976). Other authors have reported little or no overland flow from intact deciduous or 
coniferous forests due to interception (Binkley, 2001; Knighton and Steigler, 1980; Metcalfe and 
Butle, 1999; Verry, 1969). Martin, et al, (2000) reported that in northern hardwood forests, clear-
cutting and strip-cutting lead to increased water yield due to decreased transpiration and interception.  
They also noted that the increased water yield disappeared within 4-6 years due to regrowth of 
natural vegetation. Boelter and Verry (1977) reported the phosphorus export rate from peatland 
forests to be 0.08 kg P/ha/yr.   
 
Shrublands and Grasslands 
 
While there exists a fair amount of literature on forest hydrology and nutrients, comparable literature 
for shrublands and grasslands is much less extensive.  Many authors suggest that runoff rates and 
nutrient exports form these communities are low, however the supporting evidence is limited.  In the 
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case of both plant communities, the limited number of studies related to phosphorus export rates 
required that export rates be developed for both plant communities based upon the limited data set.   
 
Brye, et al (2000) and Brye, et al (2002) evaluated the water and phosphorus budgets of a restored 
prairie near Madison WI.  The authors reported that rainfall interception by plant residue was a 
significant component of the annual water budget (nearly 70%).  Higher soil storage and ET rates led 
to lower soil drainage and runoff volumes.  Runoff volumes were 11% to 18% of the water budget, 
with a mean of 14.5% for the test plots.  Snowmelt was responsible for nearly all of the runoff 
volumes.   
 
Shjeflo (1968) reported on water budgets for prairie pothole wetlands in eastern North Dakota, 
including surface runoff from adjoining upland prairies.  He reported that over the 1960 to 1964 time 
period, snowmelt contributed 1.0” of annual runoff and rainfall contributed 0.2” of runoff (ave. 
annual ppt. = 15.84”) for a runoff rate of 7.5%. 
 
Winter and Carr (1980), Winter, et al, (2001) and Winter and Rosenberry (1995 and 1998) examined 
the water budgets for wetlands in eastern North Dakota over a 17 year period.  Their results indicate 
surface runoff rates of 10% or less were common and most of the overland flow occurred as 
snowmelt or during prolonged wet seasons. In all cases, the majority of overland flow occurs in the 
prairie vegetation during snowmelt, which also coincides with the greatest availability of soluble 
phosphorus from dead and dormant above ground plant tissues. 
 
Timmons and Holt (1977) reported that phosphorus losses from grasslands to be in a range of 0.100 
kg P/ha/yr to 0.250 kg P/ha/yr, with a phosphorus concentration in runoff of 0.200 mg P/L. 
Using the water budget data from Brye, et al (2000) and Brye, et al (2002) and phosphorus 
concentration data from Timmons and Holt (1977), an export loading rate of 0.169 kg P/ha/yr for 
ecoregion VIII was calculated.  Using the water budget information from Winter and Carr (1980), 
Winter, et al, (2001), Winter, Rosenberry (1995 and 1998) and Shjeflo (1968) and concentration data 
from USACE (2001), a phosphorus export of 0.060 kg P/ha/yr was calculated for ecoregion VI.  Data 
from Olness, et al (1988) and Menzel, et al (1978) provided an export rate 0.175 kg P/ha/yr for 
grassland pasture. 
 
A search of the literature provided no reported shrubland phosphorus export rates (Holechek, et al, 
1977; Dodds, et al, 1996: Burke, et al, 1990).  Most shrublands are composed of a herbaceous layer 
of grasses and forbs with a sparse over story of trees and/or low shrubs.  MN DNR (1993) and Leach 
and Givnish (1999) suggest that many of the hydrologic and ecologic attributes of forest and prairie 
communities are present in shrublands.  Low runoff rates, high annual evapotranspiration and limited 
nutrient losses of the two shrubland community components of the provide a basis to conclude that 
shrublands are intermediate with regard to phosphorus export.  Based upon these assumptions, the 
nutrient export rate for shrubland was determined from the average of the grassland and deciduous 
forest communities.  The calculated value used for this assessment is 0.129 kg P/ha/yr. 
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Watershed Basin Characteristics    
 
This investigation of phosphorus loadings from non-agricultural rural land uses draws upon 
ecoregion-based loading and export rates for phosphorus in Minnesota.  The basis for this assessment 
of nutrient export from native vegetation and other rural land uses within Minnesota requires an 
understanding of the underlying ecologic and hydrologic conditions of each of these plant 
communities.  The use of ecoregions allows the similarities in underlying ecological conditions to be 
aggregated across basin boundaries and state boundaries to develop accurate estimates of loadings.  
This discussion will overview the concept of ecoregions, and integrate the land use categories and 
Minnesota’s native vegetation to help define the underlying loading mechanisms and basin 
characteristics Within the major basins of Minnesota, forests and grasslands still cover between 10% 
and 60% of the watershed area (see table 1), 
 
Ecoregions are defined as regions of relative homogeneity in ecological systems, such that 
geographic characteristics such as soils, vegetation, climate, geology, and land cover are relatively 
similar within the bounds of each ecoregion (Omernik, 2000). Omernik (1987) recognized that areas 
of the U.S. have naturally different soil and parent material nutrient content, and different 
precipitation regimes. Based upon these distinct patterns the application of sorting criteria allowed 
for the development of a scheme of ecological regions that reflect this regional variation. The 
ecoregional approach was initially completed for the continental United States and has been used for 
regional water quality assessment and plant community management strategies in the US, Canada 
and by a number of international conservation organizations (Omernik, 1995).  The continental U.S. 
was divided into 14 separate Level III aquatic ecoregions for the purpose of aquatic resource 
investigation and management (Omernik, 1977a: Omernik, 1977). 
 
The US EPA has developed generalized “nutrient Ecoregions” that are aggregations of the Level III 
Ecoregions (EPA 2000d, EPA 2000e). Within Minnesota there are seven Level III ecoregions and the 
use of the EPA Level III Aggregate Ecoregions reduces the number to three (see Figure 1 and 2). As 
the number of phosphorus export studies completed in Minnesota is relatively small, the use of 
export rates from the larger Level III aggregate regions provides a wider data set that can be 
extrapolated across the basins (MPCA, 2003).  
 
The US EPA acknowledges that the Aggregate Level III ecoregions have a higher degree of 
variability because of the lumping, but the Level III ecoregions are useful for setting nutrient criteria.  
Recent EPA guidance for development of ambient water quality criteria for lakes, stream and 
reservoirs has proposed the use of the Level III ecoregional framework by states and tribes.  See 
Figure 2, 3, 4 and 5 for the boundaries of the Aggregate Level III and Level III Ecoregions. 
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Land Cover Percentages*

Basin Area (Sq Miles)
Average Precipitation 

(1979-2002)

Average 
Runoff (1979-

2002) Urban Forested
Tilled 

Agricultural
Pasture/ 

Grassland
Wetland/Open 

Water Other
Cedar River 1,028 32.06 9.80 3.4% 3.3% 83.4% 6.2% 3.7% 0.0%
Des Moines River 1,535 27.98 5.68 1.8% 1.8% 79.9% 11.0% 5.5% 0.0%
Lake Superior 6,149 29.11 12.44 1.4% 57.1% 2.6% 3.5% 33.3% 2.1%
Lower Mississippi 6,317 33.29 10.28 2.4% 15.4% 52.2% 24.8% 5.1% 0.1%
Minnesota River 14,943 28.14 5.61 2.2% 4.6% 72.7% 12.6% 7.8% 0.1%
Missouri 1,782 27.16 5.25 1.5% 1.0% 78.9% 16.0% 2.6% 0.0%
Rainy River 11,236 26.20 8.01 0.4% 41.4% 2.0% 2.3% 52.5% 1.3%
Red River 17,741 23.29 3.42 0.7% 12.0% 54.6% 8.8% 23.8% 0.2%
St. Croix River 3,528 30.61 9.71 1.3% 36.8% 10.8% 20.6% 30.1% 0.2%
Upper Mississippi 14,943 28.07 6.87 3.5% 29.1% 20.2% 16.7% 29.7% 0.7%
State Wide 79,202 27.39 6.83 1.9% 22.7% 38.1% 12.0% 24.7% 0.6%

*Based on USGS National Land Cover Database (1992)

Table 1. Basin land use characteristics.

P:\23\62\853\Basin Hydrology_Mass Balance\BASN Tech Memo\Tables.xls
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Figure 2 .Level III national aggregate nutrient ecoregions as delineated by Omernik (2000). 
 



To: Marvin Hora, Mark Tomasek and Doug Hall, Minnesota Pollution Control Agency 
From: Jeffrey Lee 
Subject: Detailed Assessment of Phosphorus Sources to Minnesota Watersheds – Non-Agricultural Rural Runoff 
Date: December 17, 2003 
Page: 9 
 

P:\23\62\853\Non-Ag Rural\draft memo\Non-Agricultural Rural Runoff Detailed Assessment of Phosphorus Sources1A.doc 

The Minnesota Pollution Control Agency has been at the forefront of the use of ecoregions for water 
quality assessment and management work (Heiskary, et al., 1987; Wilson and Walker 1989; 
McCollor, 1993). The MPCA has developed ecoregion-based assessments of lake and stream quality, 
evaluating water quality differences due to distinct ecoregion characteristics. The stream assessment 
information in Table 2 provides a summary of the differences in total phosphorus concentrations in 
Minnesota streams (MPCA, 2003).  The ecoregion differences in stream phosphorus concentrations 
presented in Table 2 further validates the use of ecoregion-based loading rates for this assessment. 
 

 

Table 2. Typical annual stream water quality conditions in Minnesota’s ecoregions (from: 
MPCA, 2003). 

 
A further description of the three Level III Aggregate Ecoregions is warranted so as to allow for a 
more complete understanding of the ecological conditions of each ecoregion and to provide a basis 
for the a discussion of the native vegetation that are found within the Minnesota boundaries of these 
regions (Omernik, 2000).  The three Aggregate Level III ecoregions included in this assessment are 
(see Figure 2): 
 

• VI - Corn Belt and Northern Great Plains 
• VII - Mostly Glaciated Dairy Region 
• VIII - Nutrient Poor Largely Glaciated Upper Midwest and Northeast 

 
The Corn Belt and Northern Great Plains – Aggregate Ecoregion VI – is comprised of rolling plains 
and flat lake beds, dominated by extensive, highly productive cropland (EPA, 2000a).  Nutrient-rich 
soils significantly influence surface and subsurface water quality and high concentrations of nitrate 
and phosphorus cause water quality problems in many basins.  Many of ecoregion VI’s water quality 
problems are the result of nutrient-rich agricultural runoff and wastewater treatment plant effluent. 
High concentrations of suspended sediment are found in many streams especially those in flat, 
agricultural areas with clayey soils and artificial drainage. Many urban, suburban, and industrial 
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areas are also found in Region VI.  Figure 3 presents the boundaries of Ecoregion VI and the Level 
III ecoregions included in this aggregate ecoregion.  The Minnesota Level III ecoregions within the 
Aggregate Ecoregion VI (or 6 as in Figure 3) are described by EPA as: 

 
46. Northern Glaciated Plains 
The Northern Glaciated Plains ecoregion is characterized by a flat to gently rolling landscape 
composed of glacial till. The subhumid conditions foster transitional grassland containing 
tallgrass and shortgrass prairie. High concentrations of temporary and seasonal wetlands 
create favorable conditions for waterfowl nesting and migration. Though the till soils are very 
fertile, agricultural success is subject to annual climatic fluctuations (EPA, 2000a).   
 
47. Western Corn Belt Plains 
Once covered with tallgrass prairie, over 75 percent of the Western Corn Belt Plains is now 
used for cropland agriculture and much of the remainder is in forage for livestock. A 
combination of nearly level to gently rolling glaciated till plains and hilly loess plains, most 
of the annual precipitation occurs in the growing season, and fertile, warm, moist soils make 
this on of the most productive areas of corn and soybeans in the world. The region is also one 
of major environmental concerns regarding surface and groundwater contamination from 
fertilizer and pesticide applications as well as livestock concentrations (EPA, 2000a).   
 
48. Lake Agassiz Plain (MPCA – Red River Valley) 
Glacial Lake Agassiz was the last in a series of proglacial lakes to fill the Red River Valley 
in the three million years since the beginning of the Pleistocene. Thick beds of lake sediments 
on top of glacial till create the extremely flat floor of the Lake Agassiz Plain. The historic 
tallgrass prairie has been replaced by intensive row crop agriculture. The preferred crops in 
the northern half of the region are potatoes, beans, sugar beets and wheat; soybeans, sugar 
beets, and corn predominate in the south (EPA, 2000a). 
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Figure 3.  Level III ecoregions for Aggregate Ecoregion VI - Corn Belt and Northern Great Plains for Minnesota basins (from: US 
EPA 2000a;). 
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The Mostly Glaciated Dairy Region – Aggregate Ecoregion VII (or 7 as in Figure 4) – is dominated 
by forests, dairy operations, and livestock farming (EPA, 2000b). This ecoregion was mostly 
glaciated and includes flat lake plains, rolling till plains, hummocky stagnation moraines, hills, and 
low mountains.  Figure 4 shows the boundaries and Level III ecoregions of Aggregate Ecoregion VII.  
Overall, it is not as flat nor as dominated by cropland as the Corn Belt and Northern Great Plains and 
has fewer lakes and less forests than Region VIII. Ecoregion VII has a mix of nutrient-rich and 
nutrient-poor soils that contrast with the mostly fertile soils of Region VI and the relatively thin, 
nutrient-poor soils of Region VIII. The Level III ecoregions within Minnesota Aggregate Ecoregion 
VII are described by EPA as: 

 
51. Northern Central Hardwood Forests 
The North Central Hardwood Forests is transitional between the predominantly forested 
Northern Lakes and Forests to the north and the agricultural ecoregions to the south. Land 
use/land cover in this ecoregion consists of a mosaic of forests, wetlands and lakes, cropland 
agriculture, pasture, and dairy operations (EPA, 2000b). 
 
52. Driftless Area 
The hilly uplands of the Driftless Area easily distinguish it from the surrounding ecoregions. 
Much of the area consists of a loess-capped plateau, deeply dissected by streams. Also called 
the Paleozoic Plateau, because there is evidence of glacial drift in this region, the glacial 
deposits have done little to affect the landscape compared to the subduing influences in 
adjacent ecoregions. Livestock and dairy farming are major land uses and have had a major 
impact on stream quality (EPA, 2000b). 
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Figure 4.  Level III ecoregions for Aggregate Ecoregion VII - Mostly Glaciated Dairy Region for Minnesota basins (from: US EPA 
2000b). 
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The Nutrient Poor Largely Glaciated Upper Midwest and Northeast – Aggregate Ecoregion VIII (or 8 
as in Figure 5) – is characterized by extensive forests, nutrient-poor soils, a short growing season, 
limited cropland, and many marshes, swamps, lakes, and streams (see Figure 5).  Ecoregion VIII has 
less cropland and fewer people than in neighboring nutrient regions.  Water quality issues center 
around the effects of acid precipitation, logging, lake recreation, and near lake septic systems (EPA, 
2000c). Levels of total phosphorus and suspended sediment are also usually low and stream 
concentrations are typically much less than the more developed nutrient regions.  The Minnesota 
Level III ecoregions within Aggregate Ecoregion VII are described by EPA as: 
 

49. Northern Minnesota Wetlands 
Much of the Northern Minnesota Wetlands is a vast and nearly level marsh that is sparsely 
inhabited by humans and covered by swamp and boreal forest vegetation formerly occupied 
by broad glacial lakes, most of the flat terrain in this ecoregion is still covered by standing 
water (EPA, 2000c). 
 
50. Northern Lakes and Forests 
The Northern Lakes and Forests is a region of nutrient poor glacial soils, coniferous and 
northern hardwood forests, undulating till plains, moraine hills, broad lacustrine basins, and 
extensive sandy outwash plains. Soils in this ecoregion are thicker than in those to the north 
and generally lack the arability of soils in adjacent ecoregions to the south. The numerous 
lakes that dot the landscape are clearer and less productive than those in ecoregions to the 
south (EPA, 2000c). 
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Figure 5.  Level III ecoregions for Aggregate Ecoregion VIII - Nutrient Poor Largely Glaciated Upper Midwest and Northeast for 
Minnesota basins (from: US EPA 2000c). 
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For the purposes of defining and quantifying the phosphorus loads to Minnesota basins, the non-
agricultural rural land uses within these three Aggregate Ecoregions were classified and enumerated 
using the USGS National Land Cover Data (NLCD).  The National Land Cover Data Set for the 
Conterminous United States is derived from the Landsat thematic mapper data system (Vogelmann, 
2001).  While most of the non-agricultural rural land cover is composed of native vegetation, rural 
residential areas, transportation infrastructure, and other typically urban land uses such as residential 
and commercial developed areas outside the boundaries of incorporated urban areas are also included 
in this assessment. The NLDC cover classes included in the non-agricultural rural land uses assessed 
are: 
 

� Unincorporated Urban Areas 
o Low intensity residential (outside incorporated urban areas) 
o High intensity residential (outside incorporated urban areas) 
o Commercial/Industrial/Transportation (outside incorporated urban areas) 

� Deciduous Forest 
� Evergreen Forest 
� Mixed Forest 
� Shrubland 
� Grasslands/Herbaceous 
� Urban / Recreational Grasses 
� Other  

o Quarries/Strip Mines/Gravel Pits  
o Transitional 

 
Figures 6a and 6b presents an overview of the land cover distribution of the non-agricultural rural 
land uses across the Minnesota basins. 
 
The NLCD system of land cover classification defines each of these land use categories as follows: 
 
Developed areas characterized by a high percentage (30 percent or greater) of constructed materials 
(e.g. asphalt, concrete, buildings, etc). 

 
21.Low Intensity Residential - Includes areas with a mixture of constructed materials and 

vegetation. Constructed materials account for 30-80 percent of the cover. Vegetation may 
account for 20 to 70 percent of the cover. These areas most commonly include single-
family housing units. Population densities will be lower than in high intensity residential 
areas. 

22. High intensity residential outside incorporated urban areas - Includes highly developed 
areas where people reside in high numbers.  Examples include apartment complexes and 
row houses.  Vegetation accounts for less than 20 percent of the cover. Constructed 
materials account for 80 to 100 percent of the cover. Population densities will be higher 
than in low intensity residential areas. 
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23. Commercial/Industrial/Transportation - Includes infrastructure (e.g. roads, railroads, 
etc.) and all highly developed areas not classified as High Intensity Residential. 

 
Barren - Areas characterized by bare rock, gravel, sand, silt, clay, or other earthen material, with 
little or no "green" vegetation present regardless of its inherent ability to support life. Vegetation, if 
present, is more widely spaced and scrubby than that in the "green" vegetated categories; lichen 
cover may be extensive.  
 

32. Quarries/Strip Mines/Gravel Pits - Areas of extractive mining activities with significant 
surface expression. 
33. Transitional - Areas of sparse vegetative cover (less than 25 percent of cover) that are 
dynamically changing from one land cover to another, often because of land use 
activities. Examples include forest clear cuts, a transition phase between forest and 
agricultural land, the temporary clearing of vegetation, and changes due to natural causes 
(e.g. fire, flood, etc.).  For transitional areas that are forest clear cuts, the runoff volumes 
and flow regime will be higher, up to twice as high, as for forest land cover for a period 
of 6 to 15 years (Devito, et al, 2000; Martin et al, 2000). 

 
Undeveloped areas with forested upland - Areas characterized by tree cover (natural or semi-natural 
woody vegetation, generally greater than 6 meters (20 feet) tall; tree canopy accounts for 25-100 
percent of the cover.  

 
41. Deciduous Forest - Areas dominated by trees where 75 percent or more of the tree species 

shed foliage simultaneously in response to seasonal change. 
42. Evergreen Forest - Areas dominated by trees where 75 percent or more of the tree species 

are coniferous, i.e., they maintain their leaves all year. Canopy is never without green 
foliage in most locations. 

43. Mixed Forest - Areas dominated by trees where neither deciduous nor evergreen species 
represent more than 75 percent of the cover present. Clear-cut and burned areas are 
classed as “Transitional Bare” areas, 

 
Shrubland - Areas characterized by natural or semi-natural woody vegetation with aerial stems, 
generally less than 6 meters (20 feet) tall, with individuals or clumps not touching to interlocking. 
Both evergreen and deciduous species of true shrubs, young trees, and trees or shrubs that are small 
or stunted because of environmental conditions are included. 
 

51. Shrubland - Areas dominated by shrubs; shrub canopy accounts for 25-100 percent of the 
cover. Shrub cover is generally greater than 25 percent when tree cover is less than 25 
percent. Shrub cover may be less than 25 percent in cases when the cover of other life 
forms (e.g. herbaceous or tree) is less than 25 percent and shrubs cover exceeds the cover 
of the other life forms. 
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Herbaceous upland areas characterized by natural or semi-natural herbaceous vegetation; herbaceous 
vegetation accounts for 75-100 percent of the cover. 
 

71. Grasslands/Herbaceous - Areas dominated by upland grasses and forbs. In rare cases, 
herbaceous cover is less than 25 percent, but exceeds the combined cover of the woody 
species present. These areas are not subject to intensive management, but they are often 
utilized for grazing.   

85. Urban / Recreational Grasses – Vegetation (primarily grasses) planted in developed 
settings for recreation, erosion control, or aesthetic purposes.  Examples include parks, 
lawn areas that include large residential lawns, golf courses, airport grasses and industrial 
grass sites. 

 

Ecologic and Hydrologic Functions 

Intact ecologic and hydrologic functions in natural vegetation control the nutrient export of these 
natural vegetation systems.  Understanding the hydrologic mechanisms involved in the nutrient 
export from these natural vegetation systems requires a brief description of the plants communities.  
Detailed plant community descriptions from Minnesota’s Native Vegetation: A Key to Natural 
Communities (MN DNR, 1993) provides a starting point for the development of the runoff-loading 
relationships and factors that were considered in the selection of export coefficients and the loading 
calculations.  This vegetation classification system is based upon the native plant communities found 
in Minnesota and is used to classify and define land cover based upon plant assemblages.  Many of 
these native plant communities have been highly altered by human activities, such as logging, 
drainage and urban development, but still retain many of their original ecologic and hydrologic 
functions discussed in the literature review section of this report (Brooks, 2003; Tester, 1995).   
 
Within Minnesota there are three natural plant community zones: the prairie zone, deciduous forest-
woodland and the conifer-hardwood forest zone. These three zones generally align with the 
Aggregate Level III ecoregions; with the prairie zone corresponding to the Corn Belt and Northern 
Great Plains (VI) ecoregion, the deciduous forest-woodland zone aligning with the Mostly Glaciated 
Dairy Region (VII) ecoregion and the conifer-hardwood forest zone with the Nutrient Poor Largely 
Glaciated Upper Midwest and Northeast (VIII) ecoregion (see Figure 7).   
 
Deciduous forests occur primarily in the deciduous forest-woodland zone (Mostly Glaciated Dairy 
Region VII); the deciduous forests are less common in the other two zones, but are present over some 
large areas due to changes in the fire disturbance regime. On dry sites, the most common tree species 
present in the canopy are oak, aspen, and birch. Sugar maple, basswood, elm, and ash are common on 
moist sites, with pines, especially white pine, sometimes forming a minor portion of the forest.  In 
oak forests where the canopy may be more broken, there is usually a dense layer of tall shrubs, 
including hazelnuts, dogwoods, prickly ashes, and cherries. In the denser sugar maple forests, the 
shrub layer is sparse or absent. The dominant tree species occur in assemblages that are established 
primarily based upon environmental features that include soil texture, bedrock, firebreaks, and depth 
to the water table. 
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Many of the dry deciduous forests in the Corn Belt and Northern Great Plains (VI) ecoregion and 
Corn Belt and Northern Great Plains (VI) ecoregion have succeeded from deciduous brushland and 
savanna to forest communities over the past 100 to 125 years.  This successional change has been 
attributed to forest fragmentation and fire suppression (MN DNR, 1993). In the Nutrient Poor 
Largely Glaciated Upper Midwest and Northeast (VIII) ecoregion, deciduous forests can be found on 
sites with poor drainage, in areas of locally high precipitation, or areas of high humidity, such as 
along the shore of Lake Superior. The dry deciduous forests of this zone are dominated by aspen, 
aspen-birch, and paper birch forests, occur on fire-prone sites and are considered early successional 
communities. 
 
Coniferous forests are upland forest communities that occur primarily in Nutrient Poor Largely 
Glaciated Upper Midwest and Northeast (VIII) ecoregion, with small stands also found in 
southeastern Minnesota and in some parts of the Mostly Glaciated Dairy Region (VII) ecoregion. 
Generally, red pine forest and jack pine forest occur in dry fire-prone areas, while northern conifers 
such as white spruce, balsam fir, white cedar, and black spruce occur on wetter, fire-protected sites. 
In fire-protected areas, northern hardwoods, such as sugar maple, basswood and yellow birch, are 
commonly associated with these coniferous forests.  The canopy trees sometimes occur in mixtures, 
but regularly form relatively pure stands that require fire for stand regeneration. 
 
The mixed forests are upland forest communities composed of significant numbers of both coniferous 
and deciduous trees. The mixed forests are most common in the Nutrient Poor Largely Glaciated 
Upper Midwest and Northeast (VIII) ecoregion but can also occur in the Mostly Glaciated Dairy 
Region (VII) ecoregion. The logging and burning of coniferous forests that followed European 
settlement caused the loss of pine seed sources over large areas and has led to the conversion of large 
areas of coniferous forests to mixed forest and deciduous forests (MN DNR, 1993). 
 
Shrublands are classified as upland brush-prairies in the MN DNR classification system and were 
originally found in all three ecoregions. Shrublands are open communities composed of various 
amounts of low brush with a ground layer of prairie species.  Shrublands frequently have large 
numbers of small aspens and lesser number of balsam poplars, while on drier sites, bur oak grubs and 
stunted trees are often present. Frequent fire is important in maintaining shrublands, although in the 
past, bison and elk grazing may have maintained shrubland communities. Where they have not been 
converted to agricultural cropland, most remnants of shrubland have succeeded to woodland as the 
suppression of wild fires became widespread.  
 
Grasslands (upland prairies) occur primarily in the Corn Belt and Northern Great Plains (VI) 
ecoregion, with scattered occurrences in the Mostly Glaciated Dairy Region (VII) ecoregion. The 
grasslands are dominated by grasses, with a forb component and a few widely scattered trees and 
shrubs. The variation in species composition in grasslands is due primarily to variation in soil 
moisture. The soil moisture regime is determined by slope, aspect, proximity to the water table, and 
soil texture. On a larger regional scale climatic variation due to the westward decline in precipitation 
and northward decline in temperature in Minnesota also become important. Prior to European 
settlement, the distribution of prairie across the landscape was controlled by local fire frequency and 
the growth rates of woody species. Fragmentation of grasslands since European settlement has 
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reduced fire frequency throughout both Corn Belt and Northern Great Plains (VI) and Mostly 
Glaciated Dairy Region (VII) ecoregions.  Most the current prairie remnants have more brush and 
trees than would have been present in the past (MN DNR, 1993). 
 
Table 3 provides a summary overview of the coverage extent of natural vegetation across the 
Minnesota landscape and the basins.
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Basin land use breakdown 

Tables 4 and 5 provide a breakdown of the land uses included in the non-agricultural rural loading 
phosphorus calculations.  The acreage totals, percentage of total state land cover and percentage of 
total non-agricultural rural lands are presented for the basins and the contributory areas of each basin.  
The original scope of work envisioned four land use classes in the non-agricultural rural assessment.  
The current loading estimates uses eleven land use classifications based upon the 1997 NLDC 
coverage. 

� Unincorporated Urban Areas 
o Low intensity residential (outside incorporated urban areas) 
o High intensity residential (outside incorporated urban areas) 
o Commercial/Industrial/Transportation (outside incorporated urban 

areas) 
� Deciduous Forest 
� Evergreen Forest 
� Mixed Forest 
� Shrubland 
� Grasslands/Herbaceous 
� Urban / Recreational Grasses 
� Other  

o Quarries/Strip Mines/Gravel Pits  
o Transitional 
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Approach and Methodology for Phosphorus Loading Computations    

The development of nutrient loading estimates in the absence of direct monitoring has generally been 
completed by applying areal based nutrient export rates to the watershed area to calculate the annual 
nutrient mass (Beaulac and Reckhow, 1982: Reckhow, et al, 1980; Panuska and Lillie, 1995; Clesceri, et 
al, 1986a; Clesceri, et al, 1986b; McFarland and Hauck, 2001).  Phosphorus export coefficients assume 
100% of phosphorus transported from land will reach surface water. The phosphorous export coefficient 
is part of the total phosphorous loading equation:  

 
L is total phosphorus loading from land (in kilograms per year), m is number of land use types, ci 
is the phosphorus export coefficient for land use i (in kilograms per hectare per year), and Ai is 
area of land use i (in hectares).   
 

Over large watershed areas, the phosphorus export is not proportional to watershed area and some 
attenuation of phosphorus occurs, especially in natural vegetation that have low runoff rates. Recently, 
authors who have examined the nutrient export issue on landscape level scales (large watersheds and 
higher order streams) have raised concerns over the applicability of export coefficients across large 
watershed areas (Birr and Mulla, 2001; Cammermeyer, et al, 1999; Johnson and gage, 1997; Jones, et al, 
2001; Mattson and Isaac, 1999; McFarland and Hauck, 1998; Richards, et al, 2001; Sharpley, et al, 1993; 
Soranno, et al, 1996; Worrall and Burt, 1999).  The underlying issue related to this concern is that not all 
areas in a large watershed contribute nutrients and sediment equally. Novotny and Chester (1989) showed 
that the sediment delivery rate decreases with increasing watershed size.  They report that in humid 
regions only a portion of a watershed contributes to surface runoff; they called these contributory areas of 
a watershed the “hydrologically active areas”. (St. Onge, et al, in press).  Frink (1991) reported that a 
review of the literature revealed a high degree of variability in phosphorus export rates reported.  Johnes 
(1996) found that the application of export coefficients to the Slapton catchment in south Devon, U.K., 
resulted in a 9.12 % error in loads.  The application of a distance decay function to the export rates for 
areas outside the 50 meter riparian corridor reduced the model error to 2.5% of the observed phosphorus 
load.  Johnes (1996) stated that an understanding of hydrologic pathways and variability in transport 
mechanism is important for determining nutrient delivery to surface waters through the use of export 
coefficient models. 
 
Soranno, et al. (1996) and Cammermeyer, et al, (1999) suggest two adjustments to account for the 
attenuation by including a transmission coefficient (T) that represents the proportion of phosphorus 
transported down slope along the path of overland flow and a phosphorus flux coefficient (fi ), that 
represents the phosphorus production and transport that reaches a surface water body. While this equation 
applies more strictly to watershed modeling with GIS software, the underlying premises apply directly to 
the loading assessment methodology used here. The authors suggest that the phosphorus loading equation 
can be modified: 
 

 




