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Abstract
The environmental effects of high intensity row crop agricultural production to
soil and water resources have been documented. Rainfall and snowmelt either infiltrates
into the soil profile, evaporates, or becomes overland surface runoff carrying sediment,
nutrients, and other agronomic chemicals. Changes to land management over the last 150
years, primarily the conversion of natural systems with perennial vegetation to
agricultural production dominated by annual row crops and municipal uses, have greatly
changed soil properties and reduced the soil’s ability to infiltrate and store water in the
soil profile. Recent climate trends have shifted a greater percentage of the annual
precipitation into high intensity rainfall events and increased the likelihood of rapid
transitions between dry and wet periods. Soil that store water and efficiently cycle
nutrients have the potential to better sustain productivity during times of abiotic stress.
Three experiments were conducted measuring the soil properties, hydrology, and water
quality of perennial vegetation on undisturbed soil with no history of row crop
production, an adjacent field with a long history of row crop production, and a recently
converted row crop field.
The conversion of perennial vegetation on undisturbed soil to agricultural row
crop production greatly affected the soil physical and hydrologic properties. Soil bulk
density values were lowest from soil with perennial vegetation on undisturbed soil.
Following the conversion to agricultural row crop production, there was a statistical
significant (p-value= 0.05) increase in soil bulk density at the 0-10 cm, 40-60 cm, 60-80
cm, 80-100 cm, and 100-120 cm soil profile depths. Infiltration rates were reduced
between 39 and 80 percent, respectively, and hydraulic conductivity rates were reduced
between 41 and 67 percent, respectively, at 4 different soil moisture levels. These
changes resulted a net reduction in the amount of water that infiltrated in the soil of a
field recently converted from perennial vegetation to agricultural fields. The soil bulk
density values, infiltration rates, and hydraulic conductivity rates of the recently
converted cropland were similar to an adjacent agricultural field with a long history of

iii

crop production indicating the negative changes to soil physical properties occurred
within 2 years of row crop production.
The second experiment used a paired watershed design with 2 small watersheds
(0.31 ha and 0.4 ha, respectively) of perennial vegetation with no history of soil
disturbance (tillage) to examine surface water hydrology and water quality
characteristics. The control watershed had perennial vegetation on undisturbed soil for
the entire experiment. The treatment watershed was converted to corn (Zea mays)
production following a 2 year calibration period. Runoff was limited throughout the
experiment because of weather variability, soil surface residue, vegetative cover, and well
developed soil, and represented 0.26 and 1.16 percent of the precipitation received in the
control and treatment watersheds, respectively, throughout the 4 year monitoring period.
Runoff from the control watershed was observed only during frozen soil periods during
snowmelt in 2 of the 4 years and totaled 2.21 mm in 2012 and 3.71 mm in 2014.
Runoff from the control watershed did have elevated concentrations of nitrogen
and phosphorus, however, overall export from the watershed was small given the low
runoff volumes. Total suspended solids (TSS) and yield and flow weighted mean
concentration (FWMC) from the control watershed during snowmelt periods were low.
Snowmelt runoff characteristics of the treatment watershed were consistent with the
control watershed during the calibration period. During the treatment period on frozen
soil, the treatment watershed had 81 percent less runoff, 58 percent less total nitrogen
(TN) yield, and 77 percent less total phosphorus (TP) yield than the control watershed.
These reductions were unable to be tested for significance as a result of insufficient
runoff events. It was hypothesized that the corn (Zea mays) residue in the treatment
watershed was less effective than the perennial vegetation in the control watershed in
capturing snow prior to the snowmelt periods. However, TSS FWMC increased with
runoff on frozen soil in the treatment watershed likely due to the soil disturbance (tillage)
that was required during the conversion to corn (Zea mays) production in 2013.
In the first year of corn (Zea mays) production in the treatment watershed, 4
runoff events on non-frozen soil in June resulted in 18.5 mm of runoff, and yields of 2.02
kg ha-1 TN, 0.27 kg ha-1 TP, and 1,060 kg ha-1 TSS. These precipitation events did not
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produce runoff from the control watershed, and the increased runoff and yields are
associated directly with the conversion of perennial vegetation to corn (Zea mays)
production. There was no runoff in the treatment watershed over non-frozen soil in the
second year of corn (Zea mays) production using no till methods highlighting the
importance of management in agricultural production.
The third experiment used nested watersheds to evaluate the differences in surface
runoff, and nutrient and sediment export. This experiment evaluated the differences in
hydrology and water quality of an agricultural watershed nested in a watershed
dominated by perennial vegetation from October 2012 through December 2014 in
southwestern Minnesota. The “above” watershed (0.27 ha) was used for row crop
agricultural production and was nested in the “below” watershed (0.96 ha) that had 72
percent of the watershed composed of perennial vegetation on undisturbed soil. Annual
precipitation values were 24 percent below normal in 2013 and 8 percent below normal in
2014, however, there were 7 individual days with at least 25 mm of precipitation
including 3 days with at least 50 mm of precipitation.
The above and below watersheds exhibited different runoff characteristics,
including differences in the partitioning of runoff observed on frozen and non-frozen soil.
In 2013 and 2014, the above watershed runoff totaled 50.4 mm, including 32.8 mm
runoff on frozen soil (65 percent) and 17.6 mm runoff on non-frozen soil (35 percent). In
2013 and 2014, the below watershed runoff totaled 14.3 mm, including 13.6 mm runoff
on frozen soil (95 percent) and 0.70 mm runoff on non-frozen soil (5 percent). A total of
10 runoff events were measured, with runoff occurring in the both watersheds in only 4
of the 10. Mean runoff event yields of TN, NO3-N, TP, DRMP, and TSS were reduced
75 to 93 percent from the below watershed compared to the above watershed. The yield
reductions were driven by a 72 percent reduction in mean event runoff volume from the
below watershed compared to the above watershed. There was no significant difference
in NH4-N yields from the above and below watersheds. Mean event FWMC of TN, NH4N, TP, DRMP, and TSS showed no significant difference between the above and below
watersheds. Mean event FWMC of NO3-N was reduced 75 percent from the below
watershed compared to the above watershed.
v
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Introduction
Advances in watershed science have expanded our understanding of how land
management affects our water resources. In the United States (U.S.), dramatic changes
have occurred to land management in last 2 centuries. Urban areas have expanded, and
agricultural production has intensified in an effort to meet the demands of a rapidly
growing world population. In the U.S. Midwest, vast amounts of prairie and perennial
vegetation were converted for row crop production in the last 2 centuries. The
conversion to annual row crops affected the soil properties and altered the hydrologic
cycle. These changes are measured in both ground and surface water resources, and a
research focus has expanded to understand hydrology and water quality characteristics
from individual land management practices at the field scale.
There are limited historical records documenting the properties of soil, including
bulk density, infiltration, and hydraulic conductivity, associated with perennial vegetation
on undisturbed soil that existed prior to European settlement. There are also few records
quantifying the natural background levels of runoff and soil and nutrient losses from
native prairie and perennial vegetation on undisturbed soil, including areas enrolled in the
Conservation Reserve Program (CRP). Moreover, there is a lack of data quantifying the
loss of soil and nutrients when the perennial vegetation was initially cultivated. To better
manage our water resources in the future, it is critical to understand the potential
hydrology and water quality impacts associated with our natural landscapes. There is
also growing interest to strategically incorporate small areas of perennial vegetation into
watersheds dominated by annual row crop production to mitigate non-point source
pollution.
This experiment provided an opportunity to document the soil properties and
hydrologic characteristics that occurred prior to the conversion to annual row crop
production. The results from this experiment are not intended to be used for justification
for the wide scale conversion of land used for annual row crop production back to
perennial vegetation. Agriculture provides food, clothing, and energy that benefits
everyone in the world regardless of one’s relationship with the farm. Realistic solutions
1

to our water quantity and water quality problems must include large areas of agricultural
production in most watersheds.
The results of this experiment can be used as an example of possible baseline
levels of soil and water quality characteristics that existed prior to the conversion of
perennial grasses to row crop agricultural production. The results can be used to promote
discussion and develop plans to improve management of our water resources. Perennial
vegetation provides many great benefits including improved soil properties, water
quality, wildlife habitat, and ecological services. Targeting conservation practices and
perennial vegetation into sensitive areas currently in agricultural production and
vulnerable to erosion will allow for continued agricultural production on most areas.
Documenting the characteristics of soil properties from undisturbed and disturbed soil
will help establish realistic benchmarks in agricultural fields that are utilizing alternative
management methods including reduced tillage techniques and cover crops, among
others. In order to find meaningful solutions and set achievable goals, water quality must
be placed in the context of our natural landscapes.
Our research included 3 main experiments that measured soil properties,
hydrology and water quality. The objectives of each experiment included:
1. Changes in soil properties after conversion of perennial vegetation on
undisturbed soil to cropland in southwest Minnesota (Chapter 2).
a. Document soil properties, including bulk density, infiltration and
hydraulic conductivity, associated with perennial vegetation on
undisturbed soil.
b. Measure changes in soil properties, including bulk density,
infiltration and hydraulic conductivity, after the conversion of
perennial vegetation on undisturbed soil to row crop agricultural
production in the second year of production.
c. Compare the soil properties, including bulk density, infiltration and
hydraulic conductivity, of a recently converted row crop
agricultural field and a reference agricultural field with decades of
production history.
2

2. Changes in hydrology and water quality after conversion of perennial
vegetation on undisturbed soil to cropland in southwestern Minnesota
using a paired watershed design (Chapter 3).
a. Document runoff, and losses of nutrients and sediment, from small
watersheds composed of perennial vegetation on undisturbed soil
that may be considered “natural background” losses in similar
watersheds (soil, slope, etc.).
b. Measure the changes in runoff, and losses of nutrients and
sediment, using a paired watershed design after the conversion of
perennial vegetation on undisturbed soil to row crop agricultural
production in the first 2 years.
3. Comparing the hydrology and water quality of an agricultural watershed
nested in a watershed dominated by perennial vegetation.
a. Evaluate the differences in runoff, and losses of nutrients and
sediment, using an above and below design to compare a small
watershed used exclusively for agricultural production that drains
onto a watershed composed of 72 percent of perennial vegetation
on undisturbed soil.

3

Chapter 1– Literature Review.
Background
Agricultural producers are tasked with providing affordable, reliable, and safe
sources of food, fiber, and fuel to a rapidly growing global population (Tilman et al.,
2011). To meet the growing need for agricultural products, productivity must either be
increased on existing cropland areas or new cropland areas must be brought into
production. In addition to increased production, agricultural producers face rising
scrutiny over the effects from agriculture on hydrology and water quality. While
consumer demands have never been greater, agricultural producers have a history of
adaptation and innovation to increase efficiencies of production while reducing inputs
and limiting losses of nutrients and sediment, especially in the last century (Deugd et al.
1998).
Pre-Settlement Conditions and Land Management Changes over Time
Tallgrass prairie once occupied 7.3 million hectares, or almost one-third of the
Minnesota landscape, but less than 1 percent remain today (Sampson and Knopf, 1994).
The tallgrass prairies had perennial vegetation with deep rooting systems and high
biodiversity that lead to the development of fertile soil. The perennial vegetation also
protected soil from falling precipitation and wind erosion, and had an evapotranspiration
based hydrologic cycle that limited overland, surface runoff.
Upon the arrival of European settlers in the early to mid-1800’s, tallgrass prairies
were sought for agricultural purposes, which led to the conversion of vast amounts of
natural ecosystems, composed of perennial vegetation on undisturbed soil into what is
now prime farmland and municipal uses (Rhemtulla et al., 2007). Across the United
States (U.S.), from 1850 to 1950, an estimated 105 million hectares of grassland were
converted primarily to cropland (Conner et al., 2005). An additional 11 million hectares
of grassland were converted from 1950 to 1990 across the United States (Conner et al.,
2005).
The Homestead Act of 1862 led to the establishment of small, manually intensive,
diversified farms across Minnesota. Installation of artificial drainage systems began in
4

the late 1800’s (Imlay and Carter, 2012). Drainage increased productivity and allowed
for the expansion of agriculture onto additional areas once considered too wet to farm
(Schottler et al., 2014); however, some ecological functions were lost. This also shifted
the hydrologic cycle from an evapotranspiration to a runoff based cycle, mainly due to
the replacement of perennial vegetation with seasonal vegetation on the landscape (Zhang
and Schilling, 2006). In the case of municipalities, expanded areas of impervious surface
also impacted the hydrology and water quality (Mundahl et al., 2015). Following the
Second World War, increased availability of inorganic fertilizers, primarily nitrogen, led
to the separation of crop and livestock production with decreased reliance on animal
manures and legumes to supply the necessary nutrients for crop production (Galloway et
al., 2008). The ability of agricultural producers to specialize operations had a significant,
long-lasting, positive impact on agricultural productivity. On the other hand, these
changes drastically altered land management practices associated with crop production
and have contributed to negative changes in soil properties (Six et al., 1998) and water
resources. In some cases, the intensification of production on cultivated agricultural land
led to increased soil erosion, loss of soil carbon and degradation in water quality (Turner
and Rabalais, 2003).
Agricultural Conservation Programs in Minnesota
Conservation practices and programs are used to offset unintended consequences
of agricultural production. Every parcel of land in agricultural production presents some
level of risk including soil and nutrient losses, among others. The level of risk is variable
each year and subject to climate variability and conditions throughout the growing
season. Some agricultural land in Minnesota has low environmental risk when used for
row crop production; however, other areas are much more susceptible and are prone to
periods of runoff and erosion. Environmental risk is extremely site specific, and often
varies within a single field. For example, a small, critical area of a large field with
concentrated, overland surface flow provided a disproportionate amount of sediment and
phosphorus to receiving waters (Galzki et al., 2011) than the rest of field combined.
These critical areas provide both a challenge to production agriculture, and an
opportunity to target conservation practices into strategic locations to minimize
5

environmental harm and maintain normal agricultural operations on the rest of the field.
Agricultural producers account for environmental risks when making decisions regarding
crop selection, conservation practices (Miller et al., 2012), and land set-aside programs
including the Conservation Reserve Program (CRP), among many others. In some
instances, lands that are determined to be Highly Erodible Lands (HEL) or subject to
frequent periods of erosion and crop failure, may be placed into a set-aside program and
taken out of agricultural production.
The balance between agricultural production and land conservation set-aside
programs is in constant flux. Several factors including program requirements, economic
projections, and conservation program availability contributes to varying levels of
participation in land conservation set-aside programs. Within the last decade, the rate of
conversion of perennial vegetation to cropland increased following a period of record
commodity prices (Johnston, 2014), along with several agronomic factors including
improved plant genetics and a changing climate that allowed for agricultural production
into areas once not suitable for row crop production. Since 2006 an estimated 530,000 ha
of grassland has been converted to row crop production in North Dakota, South Dakota,
Nebraska, Minnesota and Iowa (Wright and Wimberly, 2013). A total of 80,000 ha of
grassland was converted to row crop production in Minnesota (Wright and Wimberly,
2013). Data provided by the Minnesota Board of Water and Soil Resources (BWSR)
tracked total conservation program area including both state and federal conservation
programs. In Minnesota, total conservation program area ranged from 6.6 percent to 8.6
percent of the overall cropland area from 2001 to 2014 (Minnesota Board of Water and
Soil Resources, 2015). Total conservation program area peaked at 8.6 percent in 2007,
and was the lowest at 6.6 percent in 2014, a loss of 189,000 ha of total conservation
program area. The popularity of conservation programs increased in the past during
periods of low commodity prices. For accurate accounting of conservation using land
set-aside programs, all state and federal programs should be considered when evaluating
the overall loss of perennial vegetation on the landscape.
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Minnesota Economy
Agriculture is the second largest sector, following manufacturing, of Minnesota’s
economy (Ye, 2010). In 2008, the total employment impact was 149,384 positions, and
the total output impact was 23.3 billion dollars (Ye, 2010). According to the 2012 U.S.
Census of Agriculture, Minnesota farms generated $21.3 billion dollars of agricultural
product sales in 2012 (United States Department of Agriculture– National Agricultural
Statistics Service, 2014). Minnesota is among the national leaders in several areas of
crop and livestock production. Minnesota ranked seventh in livestock and livestock
products and fifth in cash crop receipts in 2012 (United States Department of
Agriculture– National Agricultural Statistics Service, 2014). In addition to agricultural
success, Minnesota has an abundance of water resources and a tourism industry based
largely on fishing and boating that contributes over $4 billion dollars annually to the
Minnesota economy (Minnesota Department of Natural Resources, 2012). Groundwater
availability and sustainability are also an emerging concern across the state. Minnesota
must balance agricultural production and managing its water resources to ensure a stable
and growing economy in the future.
Soil Properties
Changes in land management have altered soil biological, chemical and physical
properties. Perennial prairie vegetation was once the most common land use category
across the U.S. Midwest, and nearly all of these lands have been converted for
agricultural production. Tillage, associated with agricultural production, disturbs the soil
by breaking apart soil aggregates and promotes faster decomposition rates of organic
matter immediately following the initial sod busting. There are strong relationships
between soil quality and water quality of a region. Guzman and Al-Kaisi (2011)
determined that soil bulk density, soil aggregate formation, soil organic matter, and root
biomass are critical in creating conditions favorable for infiltration, thereby reducing the
amount of overland surface runoff entering lakes and streams. This section will provide
background on the soil and water interactions that are relevant in the following chapters.
Soil Quality
7

Soil quality is a reflection of the ability of the soil to perform specific functions. In
agricultural settings, Acton and Gregorich (1995) defined soil quality as “the soil’s fitness
to support crop growth without resulting in soil degradation or otherwise harming the
environment”. Measuring soil quality is difficult because of the complex interactions
between inherent soil properties, changing climate conditions, landscape position and
management decisions (Bremer and Ellert, 2004). Recently, several standardized soil
quality indexes were developed to produce a quantifiable measure of soil health that
incorporates several soil properties including bulk density, carbon/nitrogen ratio, soil
organic carbon, total nitrogen, available water capacity, pH and electrical conductivity
(de Paul Obade and Lal, 2016). Soil quality has been negatively affected by the
conversion from perennial vegetation to agricultural production (Lovell and Sullivan,
2006).
Undisturbed ecosystems allow for the development of high soil quality over
hundreds of years due to limited soil disturbance and high biodiversity. Natural
processes that affect soil quality, such as chemical and physical weathering, occur very
slowly over time. Humans have the ability to greatly change soil quality over short
periods of time with changes in land use and management. Soil quality is often
jeopardized during the initial conversion of natural perennial vegetation based
ecosystems to agricultural production and often soil degradation continues to reduce soil
quality due to water erosion, wind erosion, acidification, salinization, and loss of organic
matter (Acton and Gregorich, 1995) over time. Brye and Pirani (2005) reported that in
the central U.S., intense mechanized agriculture greatly altered soil quality when
compared to soil under native prairies.
All soil have inherent properties that influence soil health including soil texture
class. Soil also have dynamic properties, including bulk density and infiltration, among
others, that can be altered by changes in land management in short periods of time,
reducing the ability of the soil to perform the desired function (Crittenden, 2015).
Improving soil health ensures high productivity, and helps reduce the negative
environmental impacts to water resources from agricultural production (Potter, 2013).
Soil health is believed to be improved with limited disturbance, high organic matter
8

content, and protection from erosion.
Soil quality, often used interchangeably with soil health, is frequently discussed in
in the context of agricultural production, but it is also important to our air and water
resources. Soil serve several ecological functions including the regulation of water flow
and the degradation of unwanted or harmful chemicals (Acton and Gregorich, 1995).
Water resource managers have begun to view improvements to soil quality as a means to
improve the condition of water resources. Improvements to soil quality can be obtained
within the current agricultural production framework, and has the potential to increase
productivity, reduce inputs, and enhance ecological functions (Parr et al, 1992).
Soil Organic Matter and Soil Carbon
Organic matter is an important component of soil. Organic matter provides many
soil quality benefits including increased soil structure and stability leading to lower
erosion rates and higher infiltration rates, increased water retention in soil, and enhanced
microbiological communities that lead to improved nutrient recycling (Bot and Benites,
2005). Soil with high organic matter improve crop production through increased drought
tolerance and reduced nutrient and pesticide losses to surface runoff (Pimentel et al.,
1995). Organic matter builds in the soil overtime as residues are cycled in the soil, and is
enhanced with reduced tillage, cover crops, and a diverse, high biomass producing crop
rotation. Several studies have reported increased soil organic matter after areas of row
crop production are converted back to perennial vegetation (Guzman and Al-Kaisi,
2011).
Soil under perennial vegetation tend to have high organic matter. Brye and Pirani
(2005) found the organic matter concentration of native prairies in Arkansas ranged from
4.6 to 6.5 percent. The organic matter concentrations from tilled agricultural fields
within the same soil map unit ranged from 2.1 to 3.6 percent, representing a significant
reduction to organic matter after tillage. Tillage increased the mixing of organic matter
into the soil with highly aerobic and oxidizing conditions that promoted the rate of
decomposition reducing organic matter levels. In addition, total carbon was lower under
the tilled agricultural fields than the native prairies. Brye and Pirani (2005) also
determined that 10 to 44 years of annual tillage reduced soil carbon levels 41 to 63
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percent compared to the same soil map unit maintained as native prairie. Grace et al.
(1998) reported that soil carbon levels in undisturbed soil in Australia were reduced
approximately 30 percent with 10 to 20 years of tillage, and were reduced 40 to 50
percent with 40 to 50 years of tillage when compared to undisturbed soil. Bowman et al.
(1990) reported soil carbon levels were reduced 40 to 62 percent in eastern Colorado with
3 to 60 years of tillage. Bowman et al. (1990) also reported that 80 percent of the longterm soil carbon losses occurred in the first 3 years after conversion to production
agriculture. Bauer and Black (1981) determined soil carbon levels in North Dakota were
reduced 33 percent after 25 years of tillage. In addition, Bauer and Black (1981) found
no significant change in soil carbon in fields with 40 and 70 years of agricultural
production further providing evidence that soil carbon levels are greatly affected in at
least the first 25 years of agricultural production. Tiessen et al. (1982) reported a 19 to
51 percent reduction in soil carbon in Saskatchewan, Canada after 65 to 90 years of
tillage. Hill (1954) and Hobbs and Brown (1965) determined the greatest rate of soil
carbon loss occurred in the first ten years after the conversion of perennial vegetation on
undisturbed soil to agricultural production. Overall, tillage substantially reduced soil
organic matter, and the highest rate of losses occurred soon after conversion of perennial
vegetation to agricultural production.
Soil Bulk Density
Soil bulk density is the total mass of a soil in a given volume, and is often
considered a reflection of soil compaction. Soil texture class initially affects soil bulk
density, with coarse texture sandy soil having generally higher bulk densities than fine
texture clayey soil due to reduced pore space and limited soil structure. Soil bulk density
increases with profile depth due to reduced amounts of organic matter, aggregation, and
root penetration and increased density from the weight of the overlying soil material.
Compaction from large equipment and livestock can also lead to increases to soil bulk
density. High soil bulk density values restrict root penetration and limit the movement of
water and solutes through the profile resulting in shallow plant rooting, further leading to
reduced yields and reduced soil cover for erosion protection (Hamza and Anderson,
2005). Soil bulk density is lowered with reduced vehicle traffic, especially when soil are
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wet, the use of designated field roads, reduced soil disturbance, and increased levels of
organic matter in the soil.
The soil bulk density of perennial grasslands prior to the conversion to agriculture
is not well documented. Several studies have measured soil bulk density over several
different land use categories including some undisturbed, native prairies (Table 1).
Udawatta et al. (2008) found the lowest soil bulk density in Missouri in a native prairie
(1.18 g cm-3). Soil bulk densities in a restored prairie and CRP field dominated by
bromegrass (Bromus) approximately 15 years since the last cultivation both measured
1.28 g cm-3. The highest bulk density was found in a corn (Zea mays) and soybean
(Glycine max) rotation with mulch till (1.41 g cm-3). Al-Kalsi and Licht (2004) found
lower soil bulk densities in Iowa in native and restored prairies than a corn (Zea mays)
and soybean (Glycine max) row crop field (Table 1). They found that soil bulk density in
Iowa native prairies ranged from 0.83 to 1.15 g cm-3, soil bulk density from 5 fields with
perennial vegetation ranged from 1.07 to 1.18 g cm-3 and soil bulk density of 1 field in a
corn (Zea mays) and soybean (Glycine max) rotation was 1.17 g cm-3. Northup and
Danial (2010) found the average soil bulk density through the top 25 cm in a native
prairie in Oklahoma was 1.04 g cm-3 from 0-5 cm, 1.26 g cm-3 from 5-10 cm, and 1.27 g
cm-3 from 10-25 cm (Table 1). Extensive, low density grazing on native vegetation had
no effect on soil bulk density at all depths, and intensive, high density grazing slightly
increased soil bulk density 0.03 to 0.08 g cm-3 at the 3 depths when compared to the
native prairie and extensive grazing soil, Soil bulk density from a wheat field with
grazing after harvest had the highest soil bulk density and values ranged from 1.26 to
1.40 g cm-3 in the top 25 cm of soil, although it was not determined if grazing had any
effect on the wheat field compared to wheat field without grazing. Row crop agriculture
had higher soil bulk densities when compared to perennial vegetation in these studies
likely due to tillage, compaction, and the loss of soil carbon associated with agricultural
production.
Soil bulk density is dynamic and can be altered rapidly due to changes in land use
or management decisions including crop selection and tillage that cause changes to soil
cover, organic matter, soil structure and porosity. Tillage initially reduces soil bulk
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density in the plow layer by loosening soil, however, overtime the exposed soil at the
surface crusts and reconsolidates devoid of a network of macropores. Brye and Pirani
(2005) commonly found significantly higher (p-value= 0.05) bulk density in the top 10
cm of soil under tilled agriculture (1.13 to 1.37 g cm-3) compared to native prairie (1.01
to 1.13 g cm-3) in a study focused on the effects of tillage on soil in Arkansas (Table 1).
Bauer and Black (1981) reported the soil bulk density, from 0 to 30.5 cm in depth, of
cropland with conventional and mulch tillage were 7 to 20 percent greater when
compared to undisturbed grassland. Scott et al., (1983) and Scott et al., (1986) found
lower bulk density in native prairie than in tilled agricultural fields in Arkansas. Guzman
and Al-Kaisi (2011) found correlation between prairie restoration establishment year and
reduced soil bulk density values, with the lowest soil bulk density values reported from a
native, remnant prairie. Liebig et al. (2005) compared soil bulk density, from 0 to 120
cm, from 42 sets of fields in row crop production and switchgrass across Minnesota,
North Dakota and South Dakota (Table 1). The switchgrass fields averaged 1.07 g cm3

from 0 to 5 cm depths, and 1.33 g cm-3 from 5 to 10 cm depths compared to the cropland

fields that averaged 1.12 g cm-3 and 1.35 g cm-3. Soil bulk density was similar in the 10
to 120 cm depths for both the switchgrass and cropland fields. Brogowski et al. (2014)
determined bulk density was lower under perennial vegetation on undisturbed soil, and
was altered dramatically with tillage and/or compaction associated with production
agriculture.
Soil bulk density is an important factor in water movement. Low soil bulk density
is generally correlated to higher infiltration and hydraulic conductivity rates due to the
vertical natural channels and increased pore space in soil allowing for rapid water
movement (Kooistra et al., 1984). Compacted soil with high soil bulk density values had
reduced infiltration rates (Goldhammer and Peterson, 1984) and increased the amount of
rainfall or snowmelt that became surface runoff leading to increased erosion of sediment
and nutrient. Meek et al., (1992) found correlation between increased bulk density and
decreased hydraulic conductivity and infiltration rates. In disturbed soil, a bulk density
increase, from 1.6 to 1.8 g cm-3 reduced hydraulic conductivity by 86 percent. In
undisturbed soil, a bulk density increase, from 1.6 to 1.8 g cm-3 reduced hydraulic
12

conductivity by 58 percent. Management of soil bulk density is linked to many other soil
characteristics and management decisions. Lowering soil bulk density can improve soil
quality and the functionality of the soil (Brogowski et al., 2014).
Infiltration and Hydraulic Conductivity
Soil infiltration can be described as the movement of water into a soil often
expressed in terms of depth (cm) per time (hour). Soil hydrological properties regulate
many biogeochemical processes in soil that are dependent upon moisture levels (Lin,
2010). Soil hydrologic properties are dynamic and vary both temporally and spatially
(Jarvis et al., 2013). Radke and Berry (1993) stated infiltration characteristics are highly
related to soil structure, however, several factors including slope, soil texture, vegetative
cover, management systems, soil moisture levels and organic matter also influenced
infiltration rates. Soil texture class has a large effect on infiltration as water moves more
rapidly through large pore spaces. Sandy soil have higher infiltration rates than clayey
soil in most situations; however, clayey soil with shrinkage cracks may have high rates as
well. Infiltration rates vary with soil moisture levels, and a dry soil has the highest
infiltration rates as water fills empty pore spaces and then slows dramatically as soil
reaches saturation. Infiltration rates are also reduced when surface crusting, compaction,
or loss of organic matter limits the formation of soil aggregates. Tillage reduces
infiltration rates over time due to reductions in soil cover, soil structure, and organic
matter. Reduced soil disturbance that promoted a diverse soil microorganism population
increased soil organic matter content and improved macro-porosity led to higher
infiltration rates (Martens and Frankenberger, 1992). In general, undisturbed soil with
perennial vegetation and high organic matter content produced the maximum infiltration
rates for each soil class.
The infiltration rates of perennial grasslands prior to the conversion to agriculture is
not well documented. Several studies have measured infiltration rates over several
different land use categories including some undisturbed, native prairies (Table 2).
Udawatta et al. (2008) found infiltration rates of native prairie, restored prairie, CRP
(bromegrass (Bromus)), and row crop production to be 6.1, 6.1, 5.8, and 2.4 cm hour-1,
respectively. Al-Kaisi and Licht (2004) determined infiltration rates in various land uses
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in Iowa. Average infiltration rates of 2 native prairie plots were 4.8 and 7.2 cm hour-1,
respectively, average infiltration rates of 3 restored prairies were 3.6, 15, and 17.4
cm hour-1, respectively, and average infiltration rates for bromegrass (Bromus) and
bluegrass (Poa pratensis)were 12.0 and 19.2, cm hour-1, respectively (Table 2). The same
study measured the infiltration rate of row crop plots to be 6.6 cm hour-1. While there
was variability in infiltration rates in this study, the locations with native and restored
prairie or perennial vegetation generally had higher infiltration rates when compared to
row crop production. Lindstrom et al. (1998) determined the infiltration rate of an alfalfa
(Medicago sativa) and bromegrass (Bromus) mixture to be greater to or equal to 7
cm hour-1. Generally, perennial vegetation resulted in greater infiltration rates when
compared to areas in row crop production.
Soil hydraulic conductivity can be described as the rate at which a soil can transmit
water when a hydraulic gradient is present. Hydraulic conductivity is strongly related to
pore size and connectivity, particle size distribution, and soil structure. As opposed to
infiltration that describes the rate at which water enters the soil, hydraulic conductivity is
the rate at which water moves, away from the surface, once in the soil. Hydraulic
conductivity is a dynamic property that changes both spatially and temporally. Messing
and Jarvis (1993) found hydraulic conductivity rates were reduced when raindrops broke
apart soil aggregates, and when surface capping was present. Infiltration is affected by
hydraulic conductivity as water can only enter the soil at the rate in which water can flow
through the soil. Hydraulic conductivity increases when soil structure is improved by
limiting disturbance, having surface protection, and high organic matter levels.
Increasing soil hydraulic conductivity rates may reduce the amount of overland surface
runoff.
The soil hydraulic conductivity rates of perennial grasslands prior to the conversion
to agriculture is not well documented. Several studies have measured hydraulic
conductivity rates over several different land use categories including some undisturbed,
native prairies (Table 3). Scott et al. (1983) and Scott et al. (1986) found greater
saturated hydraulic conductivity rates in native prairie than in tilled agricultural fields in
Arkansas. Lockett et al. (2011) compared hydraulic conductivity between soil in row
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crop production of a no-till corn (Zea mays) and soybean (Glycine max) rotation, filter
strip, and restored native prairie. The restored native prairie had the lowest hydraulic
conductivity rates when compared to row crop production and the filter strip at the -2 cm
and -3 cm tensions (2.20 cm hour-1 and 2.07 cm hour-1, respectively). It was
hypothesized that the reduced hydraulic conductivity rates in the restored native prairie
were a function of the roots of the dense vegetation that restricted water flow through the
macropores. The only statistical difference between the row crop production of a no-till
corn (Zea mays) and soybean (Glycine max) rotation and the filter strip occurred at the -6
cm and -12 cm tensions (Table 3).
Fuentes et al. (2004) studied the spatial and temporal differences in hydraulic
conductivity in soil with native prairie, conventional tillage (>100 years), and no-till (27
years) management and found temporal differences between the measurements taken in
2001 and 2002. Increased hydraulic conductivity rates in 2002 were attributed to wetter
soil conditions that allowed the organic matter to expand resulting in increased pore
space and reduced bulk density. The native prairie had the highest organic matter
content, and also had the largest increase in saturated hydraulic conductivity in 2002,
along with the most variability in measurements over the 2 year study. The native prairie
had the highest hydraulic conductivity rates for all tensions and depths, and were
generally around 1 order of magnitude higher than conventional till and no-till values
(Table 3). After 27 years of no-till management, minimal improvements to hydraulic
conductivity were measured as a result of the elimination of tillage when compared to the
conventional till soil.
Soil hydrologic properties directly influence the amount of rainfall, or snowmelt
that entered the soil or became surface runoff (Jarvis et al., 2013). Surface runoff occurs
when the rate of water introduced to soil through rainfall and/or snowmelt exceeds the
combined evaporation and infiltration rate, and water begins to move down gradient, over
the surface or ponds on flat areas. Ponded water leads to poor root growth and reduced
nutrient recycling limiting crop yields. Surface runoff reduces plant available water in
the soil, degrades soil quality, and reduces the productivity of the soil in future growing
seasons. Surface runoff also transports nutrients, sediment, and agronomic chemicals
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into water resources that leads to reduced water quality. Surface runoff also leads to an
increased frequency and magnitude of flash floods (Schottler et al., 2014). Runoff occurs
more frequently when soil have reduced infiltration capacity, and/or when rainfall rates
were excessive. An increased infiltration rate reduced nonpoint source pollution to
surface waters (Yang and Zhang, 2011).
Lindstrom et al. (1998) compared runoff volume and soil loss from several plots
in South Dakota including continuous corn (Zea mays) moldboard, continuous corn (Zea
mays) no-till and an alfalfa (Medicago sativa) and bromegrass (Bromus) mixture using a
rainfall simulator with an intensity of 7 cm hour-1 on dry and wet soil (Table 4). The
study was examining the changes in soil structure and infiltration capacity directly with
infiltration measurements, and indirectly by collecting surface runoff. During the initial
test on dry soil, runoff did not occur from the alfalfa (Medicago sativa) and bromegrass
(Bromus) mixture, minimal runoff was observed in only 1 of 2 no-till plots (0 and 3
percent of precipitation), and was substantial in the moldboard plow plot (24 percent of
precipitation). During the second test on wet soil, runoff did not occur from the alfalfa
(Medicago sativa) and bromegrass (Bromus) mixture, minimal runoff was observed in
only 1 of 2 no-till plots (0 and 29 percent of precipitation), and was substantial in the
moldboard plow plot (66 percent of precipitation). Infiltration rates were highest in the
alfalfa (Medicago sativa) and bromegrass (Bromus) plot (>= 7 cm hour-1); infiltration
rates in the no-till plots were higher than the moldboard plow plot. Lindstrom et al.
(1998) concluded that the presence of surface residue and minimal soil disturbance led to
the development of macrospores in the alfalfa (Medicago sativa) and bromegrass
(Bromus) mixture and no-till plots. Lindstrom et al. (1998) confirmed that tillage
changed soil properties and increased the erosion vulnerability to land in row crop
production.
Gilley et al. (1997) compared runoff volume from several plots in Iowa including
undisturbed CRP, no-till corn (Zea mays), no-till soybean (Glycine max), and fall
moldboard plowed soybeans (Glycine max) using a rainfall simulator with an intensity of
9.5 cm hour-1 on dry and wet soil (Table 4). All of the row crop plots were in first year of
production after conversion from perennial vegetation previously enrolled in the CRP
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program. Runoff was measured to indirectly measure infiltration rates of the plots.
During the initial test on dry soil, the undisturbed CRP plot recorded 25 percent of the
precipitation as runoff, the no-till corn (Zea mays) recorded 36 percent of the
precipitation as runoff, the no-till soybeans (Glycine max) recorded 67 percent of the
precipitation as runoff, and the fall moldboard plowed soybeans (Glycine max) recorded
54 percent of the precipitation as runoff. During the second test on wet soil, the
undisturbed CRP plot recorded 31 percent of the precipitation as runoff, the no-till corn
(Zea mays) recorded 57 percent of the precipitation as runoff, the no-till soybeans
(Glycine max) recorded 94 percent of the precipitation as runoff, and the fall moldboard
plowed soybeans (Glycine max) recorded 85 percent of the precipitation as runoff.
Gilley et al. (1997) concluded that soil hydrologic properties, including infiltration, were
greatly altered within 1 year of conversion from perennial vegetation, including CRP
contract acres, to row crop production due to the dramatic loss of soil organic matter and
disruption of soil structure in Iowa.
Negative changes to soil properties occur very rapidly when management changes
to vegetation type or tillage were completed, however, improvements to soil properties
take decades, or longer, to occur in some scenarios. For example, infiltration was be
reduced dramatically with tillage, however, infiltration does not immediately increase
with the transition from moldboard to no-till land management. Lindstrom and Onstad
(1984) noted that infiltration did not significantly increase after ten years of a no-till
system following a moldboard based system. Improvements to soil hydrologic properties
can be accelerated with perennial vegetation. Lindstrom et al. (1998) reported a rapid
increase in infiltration and hydraulic conductivity following a 6 year period of alfalfa
(Medicago sativa) and bromegrass (Bromus) perennial cover. A high priority should be
placed on preserving soil hydrologic properties when transitioning from perennial
vegetation to row crop production to maintain high soil hydrologic properties. In
addition, maintaining and improving soil hydrologic properties on existing row crop areas
should be a goal of agricultural producers.
Soil quality, often used interchangeable with soil health, is deeply connected with
soil hydrologic properties. Soil with high soil health generally have lower soil bulk
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density values, and increased rates of infiltration and hydraulic conductivity that allow
rainfall and snowmelt to enter the soil, as opposed to leaving the area as surface runoff.
Reducing the amount of overland surface runoff limits the occurrence and magnitude of
flash floods, and minimizes the losses of soil, nutrients, and agronomic chemicals from
agricultural fields.
Runoff and Water Quality
Land use and land management are directly related to many environmental
characteristics and processes, including soil properties, water quality, productivity of the
land, species diversity, climate, biogeochemistry and the hydrologic cycle(Tong and
Chen, 2002). Anthropogenic changes in land use have resulted in increased
concentrations of sediment and nutrients in rivers and lakes (Turner and Rabalais, 2003;
Zaimes et al., 2004) and several stream reaches in the Cottonwood River Watershed are
listed as impaired for turbidity (Minnesota Pollution Control Agency, 2014).
Understanding the hydrology and water quality characteristics of the previous dominant
land use, perennial vegetation on undisturbed soil, provides a baseline for assessing
current land management practices. This section focuses on the hydrology and water
quality characteristics of perennial vegetation and agricultural land, with an emphasis on
research conducted in Minnesota.
Monitoring scale is extremely important when land management effects on water
quality are examined. Much of the previous research conducted was focused on small,
plot scale monitoring and used both natural precipitation and rainfall simulation to
generate runoff data. Plot scale research allows for rigorous experimental design,
however, it is unclear how the plot scale data compares to the data collected from an
individual field, or small watershed, due to processes including ponding, infiltration and
deposition, among others, that occur in a watershed. In addition, a wealth of watershed
scale data is available, however, it is extremely difficult to isolate the land management
effects from an individual field at the watershed scale. Edge-of-field (EOF) monitoring
allows for the collection of water quality data from an individual field, or watershed
allowing for natural processes to occur within the field. EOF monitoring measures the
effect of specific land management practices on water quality, however, runoff
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generation is limited to natural precipitation events and replication is extremely difficult
in most locations due to variability in the landscape, land management, and ownership
boundaries.
Within the last decade, the occurrence of EOF monitoring has increased.
Monitoring EOF data collected by the Minnesota Department of Agriculture from the
Minnesota Discovery Farms (DFM) and Root River Field to Stream Partnership (RRFSP)
are presented in this section to provide a general range of losses from agricultural fields
without subsurface drainage in Minnesota. The data collected from these 2 projects
measured the runoff, and nutrient and sediment losses from actual working farms in
Minnesota during the same period as our experiment (Minnesota Department of
Agriculture, 2013; Minnesota Department of Agriculture, 2014; Minnesota Department
of Agriculture, 2015a; Minnesota Department of Agriculture, 2015b). While there is
variability among the monitoring locations including soil, climate, and land management,
this data provides a representative view of current agricultural water quality in
Minnesota. The data from DFM and RRFSP were combined, and each year at each
monitoring location is considered a site year. A total of 26 sites years exists between
DFM and RRFSP. Annual data from each monitoring location are presented individually
(Table 4 through 7). In addition, each crop (i.e. corn (Zea mays), soybean (Glycine max),
alfalfa (Medicago sativa), etc.) was summarized by averaging the site years of each crop
to provide a range of annual losses from each crop grown on agricultural fields in
Minnesota.
Water Quality Characteristics of Perennial Vegetation
There is limited data quantifying the amount of runoff, and losses of nutrient and
sediment that occurred on native prairies prior to European settlement (Timmons and
Holt, 1977). Few opportunities exist in the current landscape to measure the losses from
natural prairie ecosystems due to the mass conversion to agricultural and municipal uses.
This section focuses on surface runoff hydrology and water quality from perennial
vegetation on undisturbed and disturbed soil. Schilling and Drobney (2014) noted
perennial grasses have deep roots that can access water deep in the soil profile reducing
the volumetric water content of soil thereby increasing the capacity of the soil to store
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water, a mulch layer that reduces evaporation losses and protects the soil from raindrop
erosion, and has the ability to intercept and evaporate up to 70 percent of the precipitation
falling onto prairie vegetation.
Runoff
Timmons and Holt (1977) conducted an experiment on a native prairie with
natural precipitation for 5 years on Barnes loam (medium textured) soil with 5 percent
slope in Big Stone County to measure the amount of annual runoff and nutrient losses
from 3 plots (4.05 m by 22.13 m). Annual runoff ranged from 2.0 mm to 80. mm (Table
4), and snowmelt composed 63 to 100 percent of the annual runoff volume during each
year. Annual runoff averaged less than 5 percent, and ranged from 0 to 12 percent, of the
annual observed precipitation. Over the 5 year study, snowmelt generated runoff
accounted for 80 percent of the total runoff volume. There was no correlation between
the amount of snowfall received in a given winter, and the amount of snowmelt runoff
observed the falling spring due to infiltration and the loss of snowpack prior to the runoff
period. On non-frozen soil, surface runoff was only measured in multiple plots on 7 days
over 5 years. Two such events occurred in April (1972 and 1974) after 28.7 mm and 31.8
mm of rainfall fell. The other 5 runoff events occurred later in the season, and were
associated with rainfall events with rainfall totals ranging from 52.6 mm to 83.8 mm.
Runoff volumes were greatest in 1972 when 151.1 mm of rainfall occurred in a 9 day
period in May.
Timmons and Holt (1977) concluded it was likely that most of snowmelt runoff
entered a surface lake or stream because of the limited infiltration capacity of the frozen
soil between their monitoring point and a stream tributary. During the snowmelt periods,
a thin layer of ice on the soil surface was common leading to the assumption that the
source of the nutrients was the decomposing perennial vegetation, mulch, or the
precipitation itself. Timmons et al. (1970) determined some plant species increase water
soluble nutrient, including phosphorus, when frozen.
Burwell et al. (1975) conducted an experiment from 1966-1971 in Minnesota that
measured runoff and nutrient losses from 5 different land uses: fallow, continuous corn
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(Zea mays), corn (Zea mays) in rotation, oats (Avena sativa) in rotation and hay in
rotation. Runoff for the oats (Avena sativa) in rotation and hay in rotation totaled 68.9
mm and 142 mm over the 6 year study (Table 4). Snowmelt accounted for 94 and 100
percent of the total runoff volume for the oats (Avena sativa) in rotation and hay in
rotation.
The DFM and RRFSP completed 2 site years of runoff monitoring of alfalfa
(Medicago sativa). Runoff from alfalfa (Medicago sativa) averaged 76.5 mm annually,
or approximately 11 percent of the observed precipitation. Snowmelt was responsible for
86 percent of the overall runoff volume from alfalfa (Medicago sativa) (Minnesota
Department of Agriculture, 2013; Minnesota Department of Agriculture, 2014;
Minnesota Department of Agriculture, 2015a; Minnesota Department of Agriculture,
2015b).
Nitrogen
Timmons and Holt (1977) measured total nitrogen (TN) losses in surface runoff
from a native prairie. Annual TN losses via surface runoff from a native prairie ranged
from 0.07 to 1.23 kg ha-1 (Table 5). The TN losses were strongly correlated to the
occurrence of runoff, and generally the partitioning of TN losses between snowmelt and
rainfall periods reflected the partitioning of runoff volume during snowmelt and rainfall
periods. Over the 5 year study, snowmelt accounted for 88 percent of the TN losses and
80 percent of the total runoff. Average TN flow weighted mean concentration (FWMC)
over the study was 3.88 mg L-1. Total organic nitrogen comprised 56 to 73 percent of the
annual losses.
Burwell et al. (1975) determined the average TN loss for oats (Avena sativa) in
rotation and hay in rotation to be 6.22 and 4.09 kg ha-1, respectively (Table 5). Hay in
rotation resulted in twice the amount of runoff compared to oats (Avena sativa) in
rotation, however, TN losses from the hay in rotation was approximately two-thirds of
the TN loss from the oats (Avena sativa) in rotation. The majority of the annual nutrient
losses were associated with sediment losses, however, the snowmelt runoff period had the
highest soluble nutrient losses. During the snowmelt runoff period, hay in rotation had
the highest soluble nutrient losses amongst the different crops.
21

The DFM and RRFSP completed 2 site years of runoff monitoring of alfalfa
(Medicago sativa). Annual TN losses from alfalfa (Medicago sativa) averaged
6.05 kg ha-1 (Table 5), and the annual FWMC was 7.15 mg L-1. Snowmelt was
responsible for 86 percent of the overall runoff volume, and 93 percent of the TN losses
from alfalfa (Medicago sativa) (Minnesota Department of Agriculture, 2013; Minnesota
Department of Agriculture, 2014; Minnesota Department of Agriculture, 2015a;
Minnesota Department of Agriculture, 2015b).
Perennial vegetation has been documented to be a source of nitrogen. Liu et al.
(2014) found significantly higher water extractable nitrogen concentrations in perennial
vegetation compared to annual crop residues. Roberson et al. (2007) and Bechmann et al.
(2005) reported the freeze-thaw cycles ruptured plants cells thus allowing for nutrient
release. Perennial vegetation grows later in the fall, and has more biomass on the surface
during the winter, compared to the residues left after the harvest of annual crops.
Nutrient losses from perennial vegetation is correlated with the nutrient content of the
plant itself. Elliott (2013) found that actively growing perennial vegetation had higher
moisture levels, and higher nutrient losses than compared to the residues left after the
harvest of annual crops. The overall impact of perennial vegetation on the water quality
of a watershed is beneficial as a result of reduced runoff and higher evapotranspiration
rates, however, perennial vegetation can be a source of nutrients in overland surface
runoff.
Phosphorus
Timmons and Holt (1977) measured total phosphorus (TP) losses in surface
runoff from a native prairie. Annual TP losses in surface runoff from native prairie
ranged from 0.01 to 0.25 kg ha-1 (Table 6). One hundred percent of TP losses occurred
during the snowmelt period in 4 of the 5 years. Dissolved reactive molybdate phosphorus
(DRMP) comprised 12 to 20 percent of the annual TP losses in each of the 3 years with
quantifiable TP losses and the majority of the DRMP losses occurred with snowmelt
runoff. Over the 5 year study, snowmelt accounted for approximately 91 percent of the
TP losses and 80 percent of the total runoff. TP and DRMP annual FWMC were 0.50
22

and 0.18 mg L-1, respectively for runoff from both frozen and non-frozen soil periods
measured in the study.
Burwell et al. (1975) measured the average TP loss for oats (Avena sativa) in
rotation and hay in rotation to be 0.21 and 0.51 kg ha-1, respectively (Table 6). TP export
aligned with runoff volume between the oats (Avena sativa) in rotation and hay in
rotation. The majority of the nutrient losses were associated with sediment losses,
however, the snowmelt runoff period had the highest soluble nutrient losses. During the
snowmelt runoff period, hay in rotation had the highest DRMP losses amongst the
different crops. At least 95 percent of the TP losses were transported with sediment for
all crops except hay. White and Williamson (1973) found annual average TP FWMC
from oats (Avena sativa) and alfalfa (Medicago sativa) of 7.77 and 27.5 mg L-1,
respectively. Runoff totals were not reported to allow for calculation of normalized
losses with this study.
The DFM and RRFSP completed 2 site years of runoff monitoring of alfalfa
(Medicago sativa). Annual TP losses from alfalfa (Medicago sativa) averaged
0.61 kg ha-1 (Table 6), and the annual FWMC was 0.92 mg L-1. Snowmelt was
responsible for 86 percent of the overall runoff volume, and 88 percent of the TP losses
from alfalfa (Medicago sativa) (Minnesota Department of Agriculture, 2013; Minnesota
Department of Agriculture, 2014; Minnesota Department of Agriculture, 2015a;
Minnesota Department of Agriculture, 2015b).
Perennial vegetation can be a source of phosphorus in regions with freeze-thaw
cycles. Roberson et al. (2007) and Liu et al. (2013) measured increased phosphorus
release from the surface residues of the perennial vegetation after a freeze-thaw cycle.
Bechmann et al. (2005) showed increasing phosphorus losses after multiple freeze-thaw
cycles. These losses are expected to the greatest in snowmelt runoff periods on frozen
soil, and variable each year dependent upon the number of freeze-thaw cycles that occur.
Liu et al. (2014) found significantly higher water extractable phosphorus concentrations
in perennial vegetation compared to annual crop residues. Roberson et al. (2007) and
Bechmann et al. (2005) reported the freeze-thaw cycles ruptured plants cells allowing for
nutrient release. Perennial vegetation grows later in the fall and has more biomass on the
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surface during the winter, compared to the residues left after the harvest of annual crops.
Nutrient losses from perennial vegetation is correlated with the nutrient content of the
plant itself. Elliott (2013) found that actively growing perennial vegetation had higher
moisture levels, and higher nutrient losses than compared to the residues left after the
harvest of annual crops. The overall impact of perennial vegetation on the water quality
of a watershed is beneficial as a result of reduced runoff and higher evapotranspiration
rates, however, perennial vegetation can be a source of nutrients in overland surface
runoff.
Sediment
Burwell et al. (1975) measured the average sediment loss for oats (Avena sativa)
in rotation and hay in rotation to be 580 and 40 kg ha-1, respectively (Table 7). The hay
in rotation did not have quantifiable sediment loss during the snowmelt periods; the only
measureable sediment loss from the hay in rotation occurred with less than 1 percent of
the overall runoff that was generated from rainfall. The oats (Avena sativa) in rotation
had 24 percent of its sediment loss during snowmelt periods, which represented 94
percent of the overall runoff from the plot. Overall, sediment losses were much less
during the snowmelt period than non-frozen soil periods for the perennial crops. White
and Williamson (1973) determined annual sediment losses from oats (Avena sativa) was
298 kg ha-1, alfalfa (Medicago sativa) was 60 kg ha-1, fallow was 1,905 kg ha-1 and corn
(Zea mays) was 1,403 kg ha-1, respectively.
Lindstrom et al. (1998) compared soil loss from several plots in South Dakota
including continuous corn (Zea mays) moldboard, continuous corn (Zea mays) no-till and
an alfalfa (Medicago sativa) and bromegrass (Bromus) field using a rainfall simulator
with an intensity of 70 mm hr-1 on dry and wet soil (Table 7). No runoff occurred from
the alfalfa (Medicago sativa) and bromegrass (Bromus) field in both the dry and wet soil
test, and therefore, no sediment losses were measured. Gilley et al. (1997) compared
sediment losses from several plots in Iowa including undisturbed CRP, no-till corn (Zea
mays), no-till soybean (Glycine max), and fall moldboard plowed soybeans (Glycine
max) using a rainfall simulator with an intensity of 95 mm hr-1 on dry and wet soil (Table
7). All of the row crop plots were in first year of production after a period of perennial
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vegetation with the CRP program. The undisturbed CRP plot had 24 mm and 29 mm cm
of runoff that occurred during the dry and wet soil tests, however, there was no
quantifiable sediment loss that occurred from these plots. These 2 studies demonstrated
that sediment losses from perennial vegetation was very low due to the low runoff
volumes and lack of exposed soil.
The DFM and RRFSP completed 2 site years of runoff monitoring of alfalfa
(Medicago sativa). Annual total suspended sediment (TSS) losses from alfalfa
(Medicago sativa) averaged 39 kg ha-1 (Table 7), and the annual FWMC was 53 mg L-1.
Snowmelt was responsible for 86 percent of the overall runoff volume, and 39 percent of
the TSS losses from alfalfa (Medicago sativa) (Minnesota Department of Agriculture,
2013; Minnesota Department of Agriculture, 2014; Minnesota Department of
Agriculture, 2015a; Minnesota Department of Agriculture, 2015b).
Runoff Water Quality Characteristics of Agricultural Fields
Several studies have documented the hydrology, and losses of nutrients and
sediment, from row crop agricultural fields. These studies often had multiple objectives,
however, this section focuses on presenting key findings and representative runoff and
nutrient loss values from agricultural land in Minnesota.
Runoff
Burwell et al. (1975) conducted an experiment from 1966-1971 in Minnesota that
measured runoff and nutrient losses from 5 different land uses: fallow, continuous corn
(Zea mays), corn (Zea mays) in rotation, oats (Avena sativa) in rotation and hay in
rotation. Annual runoff for the fallow, continuous corn (Zea mays), and corn (Zea mays)
in rotation averaged 140.4 mm, 80.3 mm, and 45.7 mm, respectfully over the 6 year study
(Table 4). Snowmelt accounted for 75 to 82 percent of the total runoff volume for these 3
land uses. Burwell et al. (1975) further analyzed the data, and runoff was separated into
3 runoff periods: runoff that occurred with melting snow and ice, runoff that occurred
between corn (Zea mays) planting to 2 months later, and runoff that occurred at any other
time of the year. The runoff caused by melting snow and ice accounted for most of the
annual runoff volume on all of the plots, however, the majority of the sediment and
nutrient losses occurred with the runoff that occurred from corn (Zea mays) planting to 2
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months after. Runoff that occurred between corn (Zea mays) planting and 2 months later
was generally less than 40 mm annually for all plots.
The DFM and RRFSP completed 13 site years of runoff monitoring of corn (Zea
mays). Annual runoff from corn (Zea mays) averaged 55.4 mm (7 percent of observed
precipitation), and 64 percent of the runoff occurred during snowmelt (Table 4). Corn
(Zea mays) silage was monitored for 5 site years, and runoff averaged 83.2 mm (10
percent of the observed precipitation), and 34 percent of the runoff occurred during
snowmelt. A mixed corn (Zea mays), oat (Avena sativa) and alfalfa (Medicago sativa)
contoured watershed was monitored for 2 site years, and runoff averaged 120.7 mm
annually (12 percent of the observed precipitator), and 80 percent of the runoff occurred
during snowmelt. Soybeans (Glycine max) were monitored for 4 site years, and runoff
averaged 51.1 mm (7 percent of the observed precipitation), and 30 percent of the runoff
occurred during snowmelt. While there are differences in soil, climate, and agronomic
management between the monitoring locations, approximately 7 to 12 percent of the
annual observed precipitation became runoff from agricultural fields in Minnesota. Corn
(Zea mays) silage and soybeans (Glycine max) were the only 2 crops with the majority of
the runoff occurring with runoff events on non-frozen soil (Minnesota Department of
Agriculture, 2013; Minnesota Department of Agriculture, 2014; Minnesota Department
of Agriculture, 2015a; Minnesota Department of Agriculture, 2015b).
Nitrogen
Burwell et al. (1975) measured the annual TN loss for the fallow, continuous corn
(Zea mays), and corn (Zea mays) in rotation to average 54.11, 23.63, and 14.24 kg ha-1,
respectfully, over the 6 year study (Table 5). Approximately 89 percent of the TN losses
were sediment bound. The runoff period from corn (Zea mays) planting to 2 months later
delivered a disproportional amount of TN loss and represented 42, 71, and 81 percent,
respectively, of the annual losses for fallow, continuous corn (Zea mays), and corn (Zea
mays) over the course of the study. The snowmelt runoff period had a higher percentage
of soluble species of nitrogen than rainfall driven runoff.
The DFM and RRFSP completed 13 site years of runoff monitoring of corn (Zea
mays). Annual TN losses from surface runoff averaged 11.33 kg ha-1 (Table 5).
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Snowmelt was responsible for 64 percent of the overall runoff volume from corn (Zea
mays), however, only 39 percent of the TN losses from corn (Zea mays) occurred with
snowmelt events. Corn (Zea mays) silage was monitored for 5 site years, and TN losses
from surface runoff averaged 7.63 kg ha-1. Snowmelt was responsible for 34 percent of
the annual runoff and 43 percent of the TN losses from corn (Zea mays) silage. A mixed
corn (Zea mays), oat (Avena sativa) and alfalfa (Medicago sativa) contoured watershed
was monitored for 2 site years, and TN losses from surface runoff averaged 9.63 kg ha-1.
Snowmelt was responsible for 80 percent of the overall runoff volume, and 69 percent of
the TN losses, from a mixed corn (Zea mays), oat (Avena sativa) and alfalfa (Medicago
sativa) contoured watershed. Soybeans (Glycine max) were monitored for 4 site years,
and TN losses from surface runoff averaged 2.98 kg ha-1. Snowmelt was responsible for
30 percent of the overall runoff volume, and 55 percent of the TN losses from soybeans
(Glycine max) (Minnesota Department of Agriculture, 2013; Minnesota Department of
Agriculture, 2014; Minnesota Department of Agriculture, 2015a; Minnesota Department
of Agriculture, 2015b).
From the DFM and RRFSP dataset, the average annual TN FWMC for corn (Zea
mays), corn (Zea mays) silage, mixed corn (Zea mays), oats (Avena sativa) and alfalfa
(Medicago sativa), soybeans (Glycine max), and alfalfa (Medicago sativa) were 12.82,
7.36, 6.09, 6.80, and 7.15 mg L-1, respectively (Table 5). While there are differences in
soil, climate, and agronomic management between the monitoring locations, average
annual TN FWMC ranged from 6.09 (mixed corn (Zea mays), oats (Avena sativa) and
alfalfa (Medicago sativa)) to 12.82 (corn (Zea mays)) mg L-1 (Minnesota Department of
Agriculture, 2013; Minnesota Department of Agriculture, 2014; Minnesota Department
of Agriculture, 2015a; Minnesota Department of Agriculture, 2015b).
Phosphorus
Burwell et al. (1975) measured the annual TP loss for the fallow, continuous corn
(Zea mays), and corn (Zea mays) in rotation to average 0.15, 0.33, and 0.17 kg ha-1,
respectfully, over the 6 year study (Table 6). Approximately 95 percent of the TP losses
were sediment bound. The runoff period from corn (Zea mays) planting to 2 months later
delivered a disproportional amount of the annual TP loss. The snowmelt runoff period
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had a higher percentage of soluble TP than rainfall driven runoff. White and Williamson
(1973) found TP average annual FWMC from corn (Zea mays) and fallow of 8.77 and
5.35 mg L-1, respectively. Runoff totals were not reported to allow for calculation of
normalized losses.
The DFM and RRFSP completed 13 site years of runoff monitoring of corn (Zea
mays), and annual TP losses averaged 1.48 kg ha-1. Snowmelt was responsible for 64
percent of the overall runoff volume from corn (Zea mays), however, only 45 percent of
the TP losses from corn (Zea mays) occurred during snowmelt. Twenty-five percent of
the TP losses occurred DRMP during snowmelt. Corn (Zea mays) silage was monitored
for 5 site years, and annual TP losses averaged 1.80 kg ha-1. Snowmelt was responsible
for 34 percent of the annual runoff, however, only 15 percent of the TP losses from corn
(Zea mays) silage occurred during snowmelt. On average, 32 percent of the TP was
DRMP annually from corn (Zea mays) silage. A mixed corn (Zea mays), oat (Avena
sativa) and alfalfa (Medicago sativa) contoured watershed was monitored for 2 site years,
and TP losses averaged 2.37 kg ha-1. Snowmelt was responsible for 80 percent of the
overall runoff volume, and 57 percent of the TP losses, from a mixed corn (Zea mays),
oat (Avena sativa) and alfalfa (Medicago sativa) contoured watershed. Soybeans
(Glycine max) were monitored for 4 site years, and TP losses averaged 0.77 kg ha-1.
Snowmelt was responsible for 30 percent of the overall runoff volume, and 29 percent of
the TP losses from soybeans (Glycine max). The majority of the TP losses from corn
(Zea mays), corn (Zea mays) silage, and soybeans (Glycine max) occurred with rainfall
events on non-frozen soil; the majority of the TP losses in fields with perennial
vegetation (alfalfa (Medicago sativa) and corn (Zea mays)/oats (Avena sativa) /alfalfa
(Medicago sativa)) occurred with snowmelt events (Minnesota Department of
Agriculture, 2013; Minnesota Department of Agriculture, 2014; Minnesota Department
of Agriculture, 2015a; Minnesota Department of Agriculture, 2015b).
From the DFM and RRFSP dataset, the average annual TP FWMC for corn (Zea
mays), corn (Zea mays) silage, mixed corn (Zea mays), oats (Avena sativa) and alfalfa
(Medicago sativa), soybeans (Glycine max), and alfalfa (Medicago sativa) were 0.94,
0.59, 0.48, 1.42 and 0.92 mg L-1, respectively (Table 6). While there are differences in
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soil, climate, and agronomic management between the monitoring locations, annual TP
FWMC ranged from 0.59 to 1.42 mg L-1 from agricultural row crop fields in Minnesota
(Minnesota Department of Agriculture, 2013; Minnesota Department of Agriculture,
2014; Minnesota Department of Agriculture, 2015a; Minnesota Department of
Agriculture, 2015b).
Sediment
Burwell et al. (1975) measured the annual sediment loss for the fallow,
continuous corn (Zea mays), and corn (Zea mays) in rotation to average 13,450, 4,890
and 2,790 kg ha-1, respectfully, over the 6 year study (Table 7). The fallow managed plot
lost 15 percent of the sediment during the snowmelt period, and the continuous corn (Zea
mays) and corn (Zea mays) in rotation lost 2 and less than 1 percent during the snowmelt
period. Burwell et al. (1975) found very little sediment loss after crop canopy was
developed each year, and no substantial sediment losses occurred until snowmelt the
following calendar year. The amount of annual sediment loss was inversely related to the
amount of soil cover of each crop during the corn (Zea mays) planting to 2 months later
runoff period. White and Williamson (1973) measured average annual sediment loss
from corn (Zea mays) and fallow of 1,403 and 1,905 kg ha-1, respectively.
Lindstrom et al. (1998) compared soil loss from several plots in South Dakota
including continuous corn (Zea mays) moldboard, continuous corn (Zea mays) no-till and
an alfalfa (Medicago sativa) and bromegrass (Bromus) field using a rainfall simulator
with an intensity of 70 mm hr-1 on dry and wet soil (Table 7). The continuous corn (Zea
mays) moldboard plow plot had the largest sediment losses in both the dry and wet soil
tests (6,078 and 16,510 kg ha-1, respectively). One of the continuous corn (Zea mays) notill plots did not produce runoff, and therefore, no sediment losses were measured. The
second continuous corn (Zea mays) no-till plot had sediment losses for both the dry and
wet soil tests of 181 kg ha-1. No runoff occurred from the alfalfa (Medicago sativa) and
bromegrass (Bromus) field in both the dry and wet soil test, and therefore, no sediment
losses were measured. Gilley et al. (1997) compared sediment losses from several plots
in Iowa including undisturbed CRP, no-till corn (Zea mays), no-till soybean (Glycine
max), and fall moldboard plowed soybeans (Glycine max)using a rainfall simulator with
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an intensity of 95 mm hr-1 on dry and wet soil (Table 7). All of the row crop plots were
in the first year of production after a period of perennial vegetation with the CRP
program. Both the no-till corn (Zea mays) and no-till soybean (Glycine max) plots
recorded sediment losses of 181 kg ha-1 in both the dry and wet soil. The fall moldboard
plowed soybeans (Glycine max) produced the largest sediment losses of 9,072 and 8,074
kg ha-1, respectively. The FWMC values were higher in all plots during the dry soil test
when compared to the wet soil test. The undisturbed CRP plot had 24 mm and 29 mm of
runoff that occurred during the dry and wet soil tests, however, there was no quantifiable
sediment loss that occurred from these plots. These 2 studies show that sediment losses
can be substantial after conversion to row crop production after tillage is re-introduced,
and sediment losses can be reduced in a no-till system.
The DFM and RRFSP completed 13 site years of runoff monitoring of corn (Zea
mays), and annual TSS losses averaged 1,408 kg ha-1. Snowmelt was responsible for 64
percent of the overall runoff volume from corn (Zea mays), however, only 17 percent of
the sediment losses from corn (Zea mays) occurred during snowmelt. Corn (Zea mays)
silage was monitored for 5 site years, and TSS losses averaged 1,297 kg ha-1. Snowmelt
was responsible for 34 percent of the annual runoff, however, only 2 percent of the
sediment losses from corn (Zea mays) silage occurred during snowmelt. A mixed corn
(Zea mays), oat (Avena sativa) and alfalfa (Medicago sativa) contoured watershed was
monitored for 2 site years, and TSS losses averaged 1,567 kg ha-1. Snowmelt was
responsible for 80 percent of the overall runoff volume, and 49 percent of the sediment
losses from a mixed corn (Zea mays), oat (Avena sativa) and alfalfa (Medicago sativa)
contoured watershed. Soybeans (Glycine max) were monitored for 4 site years, and TSS
losses averaged 185 kg ha-1. Snowmelt was responsible for 30 percent of the overall
runoff volume, however, only 5 percent of the sediment losses from soybeans (Glycine
max) occurred during snowmelt. The majority (83 to 98 percent) of the TSS losses from
corn (Zea mays), corn (Zea mays) silage, and soybeans (Glycine max) occurred with
runoff on non-frozen soil. The TSS losses in fields with perennial vegetation (alfalfa
(Medicago sativa) and corn (Zea mays), oats (Avena sativa) and alfalfa (Medicago
sativa)) were split between snowmelt (49 and 57 percent) and non-frozen soil events (51
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and 43 percent) (Minnesota Department of Agriculture, 2013; Minnesota Department of
Agriculture, 2014; Minnesota Department of Agriculture, 2015a; Minnesota Department
of Agriculture, 2015b).
From the DFM and RRFSP dataset, the average annual TSS FWMC for corn (Zea
mays), corn (Zea mays) silage, mixed corn (Zea mays), oats (Avena sativa) and alfalfa
(Medicago sativa), soybeans (Glycine max), and alfalfa (Medicago sativa) were 2,217,
2,935, 833, 570, and 53 mg L-1, respectively (Table 7). Agricultural fields used
exclusively for row crop production had much higher sediment losses and FWMC than
those with perennial vegetation (Minnesota Department of Agriculture, 2013; Minnesota
Department of Agriculture, 2014; Minnesota Department of Agriculture, 2015a;
Minnesota Department of Agriculture, 2015b).
Summary
Several studies have documented the hydrology, and water quality, of varying
land use scenarios including perennial vegetation and agricultural row crops. The
conversion of perennial vegetation, primarily from deep rooted perennial plants, to
intense, annual row crop production has increased the amount of precipitation that
becomes surface runoff. Although the perennial vegetation was found to be a source of
soluble nitrogen and phosphorus, the perennial vegetation limited overall losses due the
reduction in runoff volume compared to annual row crops. The conversion has affected
the hydrology of individual fields and can be measured in much larger watersheds in
areas with a high density of row crop production. The conversion to agricultural land use
has led to increased base flow discharges in streams and has reduced the time it takes a
stream or river to reach peak discharge, which intensifies flash flooding (Schilling and
Drobney, 2014). Schilling and Libra (2003) found that stormflow discharge in streams
has remained constant over the last several decades, however, the percentage of annual
streamflow that occurs as baseflow increased in Iowa. Our experiment measured the
changes in hydrology and soil properties at the field scale, however, calculating the
compounding effects of large scale conversion of perennial vegetation to agricultural row
crops on a watershed scale was not determined.
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Experimental Design
In order to effectively monitor changes between different land uses, well defined
objectives must be established after all available data is reviewed (MacDonald et al.,
1991; United States Department of Agriculture – National Resource Conservation
Service, 1996; United States Environmental Protection Agency 1997). Three
experimental designs were used to complete the objectives of this experiment. The
theory of each design is discussed below, and details from each study are presented in
chapters 2, 3, and 4.
Before and After
Soil properties were evaluated using a before and after design. This design
required the same measurements to be taken, at the same locations, before and after a
change in land use occurred. In our experiment, soil bulk density, infiltration, and
hydraulic conductivity data were collected from the perennial vegetation on undisturbed
soil, and again in the second year of row crop production. This design is better suited for
soil properties than compared to measuring changes in water quality (United States
Department of Agriculture – National Resource Conservation Service, 1996). Analysis
of variance (ANOVA) allowed for statistical comparison of the data collected in this
design (Dressing and Meals, 2005).
Paired Watershed Design
A paired watershed design was selected to compare changes in hydrology and
water quality. The paired watershed design uses 2 watersheds, a control and treatment,
and 2 monitoring periods, a calibration and treatment (Clausen and Spooner, 1993). In
this design, both watersheds are managed identically, and water quality information is
collected from both watersheds during the calibration period. Water quality information
is collected to establish a regression between the control and treatment watersheds. The
calibration period continues until a regression is established for each analyte of interest.
The treatment period begins when management changes are made in the treatment
watershed, while the control watershed is managed in a consistent manner as the
calibration period. Water quality monitoring is conducted to establish a new regression
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between the control and treatment watersheds, and the change in the regression
relationship indicates the effect of the treatment (Dressing and Meals, 2005).
A paired watershed design limits the effects of watershed differences and varying
climate and hydrology over the course of the study. In addition, the paired watershed
design directly measures the management change in the treatment watershed, given the
control watershed is consistently managed. The paired watershed design requires 2
monitoring stations, and several monitoring seasons to complete. Statistical analysis for
the paired watershed design compares the regression relationship between the control and
treatment watersheds for measured component (Clausen and Spooner, 1993; United
States Department of Agriculture – National Resource Conservation Service, 1996).
Analysis of covariance (ANCOVA) can be used to measure the effect of the management
changes in the treatment watershed (Clausen and Spooner, 1993) if the dataset contains
several qualifying runoff events.
Above and Below Design
Water quality properties were evaluated using an above and below design, also
known as a nested design in some experiments (Dressing and Meals, 2005). Two
monitoring stations were deployed to measure the differences in hydrology and water
quality of an agricultural watershed and a watershed dominated by perennial vegetation.
The above station measured the runoff and water quality leaving an agricultural
watershed and the below station measured the runoff and water quality leaving a
watershed composed of 72 percent of perennial vegetation. The proximity of the
monitoring locations eliminated concerns of variability in watershed characteristics that
sometimes confound above and below designs. A non-parametric (Mann-Whitney)
statistical analysis was used to compare the means of the dataset (United States
Department of Agriculture – National Resource Conservation Service, 1996).
Conclusion
The effect of agriculture on hydrology and water quality is a growing concern. In
Minnesota, there are many documented water quality problems in agricultural areas.
Changes to soil physical and hydrological properties, as well as to hydrology and water
quality, have been measured when perennial vegetation on undisturbed soil are developed
33

into agricultural or municipal uses. There are multiple processes that are altered after the
conversion, however, many of these changes are related to the shift in the hydrologic
cycle from an infiltration and evapotranspiration based cycle to a cycle with increased
surface runoff. This runoff also carries nutrients, sediment and agronomic chemicals, and
reduces the amount of soil water used to support crop growth during periods with below
normal precipitation.
Watersheds are complex, and there are countless processes that are continuously
occurring in large watersheds, that may affect regional water quality. Solutions to
improve water conditions must maintain agricultural production on most lands to meet
the growing demand for food, fuel, and fiber. The incorporation of perennial vegetation
into strategic locations of agricultural fields appears promising as 1 possible BMP for
reducing unintended nonpoint source pollution. Our study provides an opportunity to
measure pre-settlement soil properties, hydrology and water quality conditions. This data
will help inform the task of managing our water resources.
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Table 1. Soil Bulk Density Reference Values.
Source

Udawatta et
al, 2008

Al-Kaisi and
Licht, 2004

Northup and
Danial, 2004

Location

Management

Establishment Year

Missouri
Missouri
Missouri
Missouri
Iowa
Iowa
Iowa
Iowa
Iowa
Iowa
Iowa
Iowa
Oklahoma
Oklahoma
Oklahoma
Oklahoma
Oklahoma
Oklahoma
Oklahoma
Oklahoma
Oklahoma
Oklahoma
Oklahoma
Oklahoma

Native Prairie
Restored Prairie
CRP (Bromegrass)
Corn/Soybean (Mulch till)
Native Prairie
Native Prairie
Bromegrass
Bluegrass
Restored Prairie
Restored Prairie
Restored Prairie
Corn/Soybean
Native Prairie
Native Prairie
Native Prairie
Extensively grazed natives
Extensively grazed natives
Extensively grazed natives
Intensively grazed natives
Intensively grazed natives
Intensively grazed natives
Grazed Wheat
Grazed Wheat
Grazed Wheat

n/a
1993
1991
1991
n/a
n/a
1970
1970
2003
1998
1993
1870
n/a
n/a
n/a
n/a
n/a
n/a
n/a
n/a
n/a
n/a
n/a
n/a

42

Bulk Density
Range
(g cm-3)
n/a
n/a
n/a
n/a
1.12-1.22
0.80-0.86
1.15-1.26
1.05-1.15
1.00-1.16
1.10-1.14
1.05-1.10
1.16-1.20
n/a
n/a
n/a
n/a
n/a
n/a
n/a
n/a
n/a
n/a
n/a
n/a

Bulk Density
Average
(g cm-3)
1.18
1.28
1.28
1.41
1.15
0.83
1.18
1.09
1.07
1.11
1.09
1.17
1.04
1.26
1.29
1.04
1.26
1.27
1.12
1.29
1.32
1.26
1.40
1.37

Soil
Depth
(cm)
0-40
0-40
0-40
0-40
0-15
0-15
0-15
0-15
0-15
0-15
0-15
0-15
0-5
5-10
10-25
0-5
5-10
10-25
0-5
5-10
10-25
0-5
5-10
10-25

Source
Brye and
Pirani, 2005

Location

Management

Establishment Year

Arkansas

Native Prairie

Arkansas

Tilled Agriculture

n/a
10-40 Years of
Tillage

42 Row Crop Agricultural
Fields

Liebig et al.,
2005

1-100+ years of
Cultivation

Minnesota, North
Dakota, South
Dakota
42 Fields of Switchgrass
(converted from row crop
agricultural fields)

43

2-19 years since
switchgrass
establishment

Bulk Density
Range
(g cm-3)
1.01-1.13

Bulk Density
Average
(g cm-3)
n/a

Soil
Depth
(cm)
0-10

1.13-1.37

n/a

0-10

n/a
n/a
n/a
n/a
n/a
n/a

1.12
1.35
1.34
1.40
1.43
1.40

n/a

1.42

n/a
n/a
n/a
n/a
n/a
n/a

1.07
1.33
1.34
1.43
1.49
1.40

n/a

1.38

0-5
5-10
10-20
20-30
30-60
60-90
90120
0-5
5-10
10-20
20-30
30-60
60-90
90120

Table 2. Soil Infiltration Rate Reference Values.
Source

Udawatta et al, 2008

Al-Kaisi and Licht,
2004

Lindstrom et al., 1998

Location

Management

Establishment Year

Infiltration Range
(cm hr-1)

Missouri
Missouri
Missouri
Missouri
Iowa
Iowa
Iowa
Iowa
Iowa
Iowa
Iowa
Iowa
South Dakota

Native Prairie
Restored Prairie
CRP (Bromegrass)
Corn/Soybean (Much till)
Native Prairie
Native Prairie
Bromegrass
Bluegrass
Restored Prairie
Restored Prairie
Restored Prairie
Corn/Soybean
Alfalfa-bromegrass

n/a
1993
1991
1991
n/a
n/a
1970
1970
2003
1998
1993
1870
1984

n/a
n/a
n/a
n/a
3.6-7.2
2.4-15.6
8.4-16.2
12.0-23.4
10.2-20.4
2.4-6.0
16.8-19.2
4.8-7.2
na
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Infiltration
Average
(cm hr-1)
6.1
6.1
5.8
2.4
4.8
7.2
12.0
19.2
15
3.6
17.4
6.6
>=7

Table 3. Soil Hydraulic Conductivity Rate Reference Values.
Source

Location

Management

Row Crop (Corn Soybean No-till Rotation)

Lockett el al.,
2011

Iowa

Filter Strip

Restored Native Prairie

Native Prairie, 0-5 cm depth, May 2001

Fuentes et al.,
2004

Washington

Native Prairie, 0-5 cm depth, Nov./Dec. 2001

Native Prairie, 0-5 cm depth, April 2002
Native Prairie, 0-5 cm depth, June 2002
45

Tension (cm)
-2
-3
-6
-12
-2
-3
-6
-12
-2
-3
-6
-12
0
-1
-6
-15
0
-1
-6
-15
0
-1
-6
-15
0

Hydraulic Conductivity
Average (cm/hr-1)
16.36
7.24
0.62
0.14
27.71
16.82
1.43
0.23
2.20
2.07
0.70
0.15
39.23
5.38
2.33
0.85
58.86
6.92
4.56
1.35
174.68
9.24
5.63
1.05
277.11

Source

Location

Management

Native Prairie, 0-5 cm depth, Sept. 2002

Native Prairie, 0-5 cm depth, Dec. 2002

Native Prairie, 5-10 cm depth, May 2001

Native Prairie, 5-10 cm depth, Nov./Dec. 2001
Fuentes et al.,
2004

Washington
Native Prairie, 5-10 cm depth, April 2002

Native Prairie, 5-10 cm depth, June 2002
46

Tension (cm)
-1
-6
-15
0
-1
-6
-15
0
-1
-6
-15
0
-1
-6
-15
0
-1
-6
-15
0
-1
-6
-15
0
-1
-6

Hydraulic Conductivity
Average (cm/hr-1)
8.76
5.25
1.35
267.23
11.45
8.26
1.73
263.77
17.45
12.03
2.44
20.40
5.25
3.40
1.08
17.94
4.05
2.73
0.95
55.61
7.96
5.48
1.53
158.70
7.83
4.58

Source

Location

Management

Native Prairie, 5-10 cm depth, Sept. 2002

Native Prairie, 5-10 cm depth, Dec. 2002

Conventional Till, 0-5 cm depth, May 2001

Conventional Till, 5-10 cm depth, May 2001
Fuentes et al.,
2004

Washington
No-till, 0-5 cm depth, May 2001

No-till, 5-10 cm depth, May 2001
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Tension (cm)
-15
0
-1
-6
-15
0
-1
-6
-15
0
-1
-6
-15
0
-1
-6
-15
0
-1
-6
-15
0
-1
-6
-15

Hydraulic Conductivity
Average (cm/hr-1)
2.05
160.24
9.24
5.27
1.73
153.40
12.75
8.50
4.15
2.56
0.28
0.10
0.05
1.92
0.22
0.07
0.03
3.14
1.03
0.46
0.19
3.73
0.52
0.30
0.18

Table 4. Surface Runoff Reference Values.

Plot
Plot
Plot
Plot
Plot
Field
Field
Field

Year
(Site
Year)
1970
1971
1972
1973
1974
(2)
(13)
(5)

Annual
Precip.
(cm)
67.44
69.09
67.38
47.17
46.63
70.25
79.24
86.97

Total
Runoff
(cm)
2.41
4.18
8.00
0.20
0.35
7.65
5.54
8.32

Field

(2)

96.48

Field
Field
Field
Field
Field
Field
Field
Field
Field
Field
Field

(4)
2011
2012
2013
2014
2015
2011
2012
2013
2014
2015

Soybeans

Field

Corn Silage

Field

Source

Location

Management

Scale

Timmons
and Holt,
1977

Minnesota
Minnesota
Minnesota
Minnesota
Minnesota

Discovery
Farms MN
and Root
River Field
to Stream
Partnership

Minnesota
(2010-2015)

Native Prairie
Native Prairie
Native Prairie
Native Prairie
Native Prairie
Alfalfa
Corn
Corn Silage
Corn/Oats/Alfalfa
Contour Strips
Soybeans
Corn
Soybeans
Corn
Soybeans
Corn
Alfalfa
Alfalfa
Corn
Corn
Corn

Minnesota,
Chisago
County
Discovery
Farms
Minnesota**

Root River

Minnesota,
Goodhue
County
Minnesota,
Rock County
Minnesota,
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% Precip.
as Runoff

Snowmelt
Runoff (%)

4
6
12
0
1
11
7
10

100
100
63
100
94
86
64
34

Rainfall
Runoff
(%)
0
<1
37
0
6
14
36
66

12.07

12

80

20

83.56
71.78
56.74
63.91
96.98
79.48
69.16
71.35
74.78
81.05
73.61

5.11
10.66
5.78
11.50
10.41
2.43
10.96
4.34
12.13
5.38
1.34

7
15
10
18
11
3
16
6
16
7
2

30
89
43
91
22
26
92
79
97
67
39

70
11
57
9
78
74
8
21
3
33
61

2014

71.55

1.82

3

54

46

2010

109.19

7.65

7

0

100

Source

Location

Management

Scale

Field to
Stream
Partnership

Fillmore
County

Corn Silage
Corn Silage
Corn Silage
Corn Silage
Soybeans
Corn
Corn
Corn/Oats
Corn/Alfalfa
Corn
Corn
Corn
Corn
Corn
Fallow
Continuous Corn
Corn - Rotation
Oats - Rotation
Hay - Rotation
Continuous CornMoldboard Plow
Continuous CornNo-till (1991)
Continuous CornNo-till (1993)

Field
Field
Field
Field
Field
Field
Field
Field
Field
Field
Field
Field
Field
Field
Plot
Plot
Plot
Plot
Plot

Minnesota,
Fillmore
County

Minnesota,
Fillmore
County

Burwell et
al., 1975*

Lindstrom et
al., 1998

Minnesota

South Dakota
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Year
(Site
Year)
2011
2012
2013
2014
2010
2011
2012
2013
2014
2010
2011
2012
2013
2014
1966
to
1971

Plot

1993

Plot

1993

Plot

1993

Annual
Precip.
(cm)
63.40
66.27
103.71
92.28
108.97
63.47
67.95
103.35
89.61
102.13
75.06
67.89
110.36
98.63
na
na
na
na
na
7, Rainfall
Simulator
(Dry Soil)

Total
Runoff
(cm)
11.88
1.01
16.01
5.05
2.41
0.46
1.24
19.76
4.37
0.14
0.12
0.31
16.55
9.77
14.04
8.03
4.57
6.89
14.2

% Precip.
as Runoff

Snowmelt
Runoff (%)

19
2
15
5
2
1
2
19
5
0
0
0
15
10
na
na
na
na
na

24
22
71
54
0
48
100
67
92
98
0
92
43
36
82
79
75
94
100

Rainfall
Runoff
(%)
76
78
29
46
100
52
0
33
8
2
100
8
57
64
18
21
25
6
<1

1.7

24

na

na

0.2

3

na

na

0

0

na

na

Source

Location

Management

Scale

Year
(Site
Year)

AlfalfaPlot
1993
bromegrass
Continuous CornPlot
1993
Moldboard Plow
Continuous CornPlot
1993
No-till (1991)
South Dakota
Continuous CornPlot
1993
No-till (1993)
AlfalfaPlot
1993
bromegrass
CRP Undisturbed Plot
1994
No-till Corn
Plot
1994
No-till Soybeans
Plot
1994
Fall Plow
Plot
1994
Soybeans
Gilley et al.,
Iowa
1997
CRP Undisturbed Plot
1994
No-till Corn
Plot
1994
No-till Soybeans
Plot
1994
Fall Plow
Plot
1994
Soybeans
*Reported as average annual value over the course of the study
**Value reported on water year (October 1 through September 30)
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Annual
Precip.
(cm)

7, Rainfall
Simulator
(Wet Soil)

9.5,
Rainfall
Simulator
(Dry Soil)
9.5,
Rainfall
Simulator
(Wet Soil)

Total
Runoff
(cm)

% Precip.
as Runoff

Snowmelt
Runoff (%)

Rainfall
Runoff
(%)

0

0

na

na

4.6

66

na

na

2

29

na

na

0

0

na

na

0

0

na

na

2.4
3.4
6.4

25
36
67

na
na
na

na
na
na

5.1

54

na

na

2.9
5.4
8.9

31
57
94

na
na
na

na
na
na

8.1

85

na

na

Table 5. Surface Runoff Nitrogen Reference Values.

Source

Location

Timmons
and Holt,
1977

Minnesota

Discovery
Farms MN
and Root
River Field
to Stream
Partner-ship

Minnesota
(2010 to
2015)

Discovery
Farms
Minnesota**

Minnesota,
Chisago
County

Minnesota,
Goodhue
County
Minnesota,

Management

Scale

Year
(Site
Years)

Native Prairie
Native Prairie
Native Prairie
Native Prairie
Native Prairie
Alfalfa
Corn
Corn Silage
Corn/oat/Alfalfa
Contour
Soybeans
Corn
Soybeans
Corn
Soybeans
Corn
Alfalfa
Alfalfa
Corn
Corn
Corn
Soybeans

Plot
Plot
Plot
Plot
Plot
Field
Field
Field

1970
1971
1972
1973
1974
(2)
(13)
(5)

2.41
4.18
8.00
0.20
0.35
7.65
5.54
8.32

Total
Nitro-gen
Annual
Loss
(kg ha-1)
0.76
0.72
1.23
0.07
0.09
6.05
11.33
7.63

Field

(2)

12.07

9.63

69

31

6.09

Field
Field
Field
Field
Field
Field
Field
Field
Field
Field
Field
Field

(4)
2011
2012
2013
2014
2015
2011
2012
2013
2014
2015
2014

5.11
10.66
5.78
11.50
10.41
2.43
10.96
4.34
12.13
5.38
1.34
1.82

2.98
4.39
3.23
11.23
3.66
0.64
9.73
2.36
7.37
4.91
3.66
2.05

55
77
62
39
17
35
95
90
87
41
7
85

45
23
38
61
83
65
5
10
13
59
93
15

6.80
4.12
5.59
9.76
3.51
2.64
8.88
5.42
6.07
9.12
27.31
11.29

51

Total
Run-off
(cm)

Total Nitrogen Snowmelt Loss
(%)

Total
Nitro-gen
Rain-fall
Loss (%)

Annual
FWMC
(mg L-1)

100
100
65
100
78
93
39
43

0
0
35
0
22
7
61
57

3.88*
3.88*
3.88*
3.88*
3.88*
7.15
12.82
7.36

Source

Location

Management

Scale

Corn Silage
Corn Silage
Corn Silage
Corn Silage
Corn Silage
Soybeans
Corn
Corn
Corn/Oats
Corn/Alfalfa
Corn
Corn
Corn
Corn
Corn

Field
Field
Field
Field
Field
Field
Field
Field
Field
Field
Field
Field
Field
Field
Field

Fallow

Plot

Continuous Corn

Plot

Corn - Rotation

Plot

Year
(Site
Years)

Total
Run-off
(cm)

Total
Nitro-gen
Annual
Loss
(kg ha-1)

2010
2011
2012
2013
2014
2010
2011
2012
2013
2014
2010
2011
2012
2013
2014
19661971
19661971
19661971

7.65
11.88
1.01
16.01
5.05
2.41
0.46
1.24
19.76
4.37
0.14
0.12
0.31
16.55
9.77

11.42
3.83
17.88
1.37
38.70
19.70

43
43
44
93
12
13

57
57
56
7
88
87

7.13
7.58
9.04
3.13
23.37
20.17

14.04

54.11

na

na

na

8.03

23.63

na

na

na

4.57

14.24

na

na

na

Total Nitrogen Snowmelt Loss
(%)

Total
Nitro-gen
Rain-fall
Loss (%)

Annual
FWMC
(mg L-1)

Rock
County
Minnesota,
Fillmore
County
Root River
Field to
Stream
Partnership

Minnesota,
Fillmore
County

Minnesota,
Fillmore
County

Burwell et
al., 1975*

Minnesota
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Source

Location

Management

Scale

Oats - Rotation

Plot

Hay - Rotation

Plot

Year
(Site
Years)
19661971
19661971

*Reported as average annual value over the course of the study
**Value reported on water year (October 1 through September 30)
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Total
Run-off
(cm)

Total
Nitro-gen
Annual
Loss
(kg ha-1)

Total Nitrogen Snowmelt Loss
(%)

Total
Nitro-gen
Rain-fall
Loss (%)

Annual
FWMC
(mg L-1)

6.89

6.22

na

na

na

14.2

4.09

na

na

na

Table 6. Surface Runoff Phosphorus Reference Values.

Source

Timmons
and Holt,
1977
Discovery
Farms MN
and Root
River Field
to Stream
Partnership

Discovery
Farms
Minnesota**

Location

Minnesota

Minnesota
(20102015)

Minnesota,
Chisago
County

Minnesota,
Goodhue
County
Minnesota,

Management

Scale

Year

Total
Runoff
(cm)

Total
Phosphorus
Annual
Loss
(kg ha-1)

Native Prairie
Native Prairie
Native Prairie
Native Prairie
Native Prairie
Alfalfa
Corn
Corn Silage
Corn/Oats/Alfalfa
Contour
Soybeans
Corn
Soybeans
Corn
Soybeans
Corn
Alfalfa
Alfalfa
Corn
Corn
Corn
Soybeans

Plot
Plot
Plot
Plot
Plot
Field
Field
Field

1970
1971
1972
1973
1974
(2)
(13)
(5)

2.41
4.18
8.00
0.20
0.35
7.65
5.54
8.32

0.12
0.15
0.25
0.01
0.01
0.61
1.48
1.80

Particulate
Phosphorus
Snowmelt
Loss
(%)
83
80
64
na
na
44
20
5

Field

(2)

12.07

2.37

21

36

34

9

0.48

Field
Field
Field
Field
Field
Field
Field
Field
Field
Field
Field
Field

(4)
2011
2012
2013
2014
2015
2011
2012
2013
2014
2015
2014

5.11
10.66
5.78
11.50
10.41
2.43
10.96
4.34
12.13
5.38
1.34
1.82

0.77
1.40
1.00
1.29
1.14
0.19
0.71
0.51
0.96
0.91
0.42
0.45

10
35
17
22
2
12
63
24
31
14
4
22

19
39
27
50
4
12
27
61
51
16
10
43

41
13
31
8
30
33
6
7
16
48
77
21

30
13
25
20
64
43
5
8
2
21
9
15

1.42
1.31
1.74
1.12
1.10
0.79
0.65
1.18
0.79
1.70
3.13
2.46
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Dissolved
Phosphorus
Snowmelt Loss
(%)

Particulate
Phosphorus
Rainfall
Loss
(%)

Dissolved
Phosphorus
Rainfall
Loss (%)

Annual
FWMC
(mg L-1)

17
20
8
na
na
44
25
10

0
0
24
na
na
6
44
68

0
0
4
na
na
6
11
17

0.50*
0.50*
0.50*
0.50*
0.50*
0.92
0.94
0.59

Source

Location

Management

Scale

Year

Total
Runoff
(cm)

Corn Silage
Corn Silage
Corn Silage
Corn Silage
Corn Silage
Soybeans
Corn
Corn
Corn/Oats
Corn/Alfalfa
Corn
Corn
Corn
Corn
Corn
Oats
Oats
Oats
Corn
Corn
Corn

Field
Field
Field
Field
Field
Field
Field
Field
Field
Field
Field
Field
Field
Field
Field
Plot
Plot
Plot
Plot
Plot
Plot

2010
2011
2012
2013
2014
2010
2011
2012
2013
2014
2010
2011
2012
2013
2014
1969
1970
1971
1969
1970
1971

7.65
11.88
1.01
16.01
5.05
2.41
0.46
1.24
19.76
4.37
0.14
0.12
0.31
16.55
9.77
na
na
na
na
na
na

Total
Phosphorus
Annual
Loss
(kg ha-1)

Particulate
Phosphorus
Snowmelt
Loss
(%)

Dissolved
Phosphorus
Snowmelt Loss
(%)

Particulate
Phosphorus
Rainfall
Loss
(%)

Dissolved
Phosphorus
Rainfall
Loss (%)

Annual
FWMC
(mg L-1)

1.40
3.78
0.48
2.37
0.99
0.48
0.06
0.15
4.42
0.32
0.01
0.05
0.08
9.26
4.46
na
na
na
na
na
na

0
2
3
14
8
0
9
62
16
25
39
0
22
3
3
na
na
na
na
na
na

0
2
3
29
13
0
25
37
13
59
38
0
47
2
3
na
na
na
na
na
na

58
86
81
46
69
81
49
0
63
5
20
89
31
92
92
na
na
na
na
na
na

42
10
12
10
10
19
17
0
7
10
2
11
0
4
2
na
na
na
na
na
na

0.77
0.38
0.73
0.59
0.46
0.39
0.54
0.47
0.46
0.50
0.20
0.45
1.26
0.30
0.22
4.5
10.1
8.7
5.2
10.7
10.4

Rock
County
Minnesota,
Fillmore
County

Root River
Field to
Stream

Minnesota,
Fillmore
County

Minnesota,
Fillmore
County

White and
Williamson,
1973

South
Dakota
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Source

Location

Management

Alfalfa
Alfalfa
Alfalfa
Fallow

Dissolved
Phosphorus
Snowmelt Loss
(%)

Particulate
Phosphorus
Rainfall
Loss
(%)

Dissolved
Phosphorus
Rainfall
Loss (%)

Annual
FWMC
(mg L-1)

Scale

Year

Total
Runoff
(cm)

Plot

1969

na

na

na

na

na

na

53.0

Plot

1970

na

na

na

na

na

na

9.0

Plot

1971

na

na

na

na

na

na

20.5

Plot

1970

na

na

na

na

na

na

9.0

na

na

na

na

na

na

1.7

14.04
8.03
4.57
6.89
14.2

0.15*
0.33*
0.17*
0.21*
0.59*

na
na
na
na
na

na
na
na
na
na

na
na
na
na
na

na
na
na
na
na

na
na
na
na
na

Plot 1971
Fallow
Fallow
Plot
Continuous Corn
Plot
Burwell et
1966Minnesota
Corn - Rotation
Plot
al., 1975
1971
Oats - Rotation
Plot
Hay - Rotation
Plot
*Reported as average annual value over the course of the study
**Value reported on water year (October 1 through September 30)
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Total
Phosphorus
Annual
Loss
(kg ha-1)

Particulate
Phosphorus
Snowmelt
Loss
(%)

Table 7. Surface Runoff Sediment Reference Values.
Source
Discovery
Farms MN
and Root
River Field to
Stream
Partnership

Management

Scale

Year

Total
Runoff
(cm)

Alfalfa
Corn
Corn Silage
Corn/Oats/Alfalfa
Contours
Soybeans
Corn
Soybeans
Corn
Soybeans
Corn
Alfalfa
Alfalfa
Corn
Corn
Corn

Field
Field
Field

(2)
(13)
(5)

7.65
5.54
8.32

Sediment
Annual
Loss
(kg ha-1)
39
1408
1297

Field

(2)

12.07

Field
Field
Field
Field
Field
Field
Field
Field
Field
Field
Field

(4)
2011
2012
2013
2014
2015
2011
2012
2013
2014
2015

Minnesota,
Rock
County

Soybeans

Field

Minnesota,
Fillmore
County

Corn Silage
Corn Silage
Corn Silage
Corn Silage
Corn Silage

Field
Field
Field
Field
Field

Location

Minnesota
(2010-2015)

Minnesota,
Chisago
County
Discovery
Farms
Minnesota**

Root River
Field to
Stream
Partnership

Minnesota,
Goodhue
County
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Sediment
Snowmelt
Loss (%)

Sediment
Rainfall
Loss (%)

Annual
FWMC
(mg L-1)

57
17
2

43
83
98

53
2217
2935

1567

49

51

833

5.11
10.66
5.78
11.50
10.41
2.43
10.96
4.34
12.13
5.38
1.34

185
92
143
63
159
14
53
25
230
344
1,158

6
24
3
28
1
7
83
31
12
25
0

95
76
97
72
99
93
17
69
88
75
100

570
86
248
54
153
56
48
57
190
640
8,639

2014

1.82

53

18

82

291

2010
2011
2012
2013
2014

7.65
11.88
1.01
16.01
5.05

686
3,062
937
1,203
597

0
0
0
5
5

100
100
100
95
95

896
2,577
9,268
751
1,182

Source

Location

Minnesota,
Fillmore
County

Minnesota,
Fillmore
County

White and
Williamson,
1973

South
Dakota
South
Dakota
South
Dakota
South
Dakota
South
Dakota
South
Dakota
South
Dakota
South

Management

Scale

Year

Total
Runoff
(cm)

Soybeans
Corn
Corn
Corn/Oats
Corn/Alfalfa
Corn
Corn
Corn
Corn
Corn

Field
Field
Field
Field
Field
Field
Field
Field
Field
Field

2010
2011
2012
2013
2014
2010
2011
2012
2013
2014

2.41
0.46
1.24
19.76
4.37
0.14
0.12
0.31
16.55
9.77

Sediment
Annual
Loss
(kg ha-1)
383
16
30
3,088
45
2
60
16
9,479
6,800

Oats

Plot

1969

na

672

na

na

na

Oats

Plot

1970

na

179

na

na

na

Oats

Plot

1971

na

45

na

na

na

Corn

Plot

1969

na

1,232

na

na

na

Corn

Plot

1970

na

2,531

na

na

na

Corn

Plot

1971

na

448

na

na

na

Alfalfa

Plot

1969

na

45

na

na

na

Alfalfa

Plot

1970

na

45

na

na

na
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Sediment
Snowmelt
Loss (%)

Sediment
Rainfall
Loss (%)

Annual
FWMC
(mg L-1)

0
3
100
12
86
16
0
3
1
1

100
97
0
88
14
84
100
97
99
99

1,588
347
246
1,562
104
161
5,177
536
5,724
6,961

Source

Lindstrom et
al., 1998

Sediment
Snowmelt
Loss (%)

Sediment
Rainfall
Loss (%)

Annual
FWMC
(mg L-1)

Management

Scale

Year

Alfalfa

Plot

1971

na

90

na

na

na

Fallow

Plot

1970

na

1,704

na

na

na

Fallow

Plot

1971

na

2,106

na

na

na

Minnesota

Fallow

Plot

14.04

13,450

15

85

na

Minnesota

Continuous Corn

Plot

8.03

4,890

2

98

na

Minnesota

Corn - Rotation

Plot

4.57

2,790

<1

100

na

Minnesota

Oats - Rotation

Plot

6.89

580

28

72

na

Minnesota

Hay - Rotation

Plot

14.2

40

0

100

na

South
Dakota, 7
cm, Rainfall
Simulator
(Dry Soil)

Continuous CornMoldboard Plow
Continuous CornNo-till (1991)
Continuous CornNo-till (1993)
Alfalfa-bromegrass
control

Location
Dakota
South
Dakota
South
Dakota
South
Dakota

Burwell et
al., 1975*

Sediment
Annual
Loss
(kg ha-1)

Total
Runoff
(cm)
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19661971
19661971
19661971
19661971
19661971

Plot

1993

1.7

6,078

na

na

na

Plot

1993

0.2

181

na

na

na

Plot

1993

0

0

na

na

na

Plot

1993

0

0

na

na

na

Source

Location

Management

Scale

Year

Continuous CornPlot
1993
Moldboard Plow
South
Continuous CornPlot
1993
Dakota, 7
No-till (1991)
Lindstrom et
cm, Rainfall
al., 1998
Continuous CornSimulator
Plot
1993
No-till (1993)
(Wet Soil)
Alfalfa-bromegrass
Plot
1993
control
CRP Undisturbed
Plot
1994
Iowa, 9.5
No-till Corn
Plot
1994
Gilley et al., cm, Rainfall
1997
Simulator
No-till Soybeans
Plot
1994
(Dry Soil)
Fall Plow Soybeans
Plot
1994
CRP Undisturbed
Plot
1994
Iowa, 9.5
No-till Corn
Plot
1994
Gilley et al., cm, Rainfall
1997
Simulator
No-till Soybeans
Plot
1994
(Wet Soil)
Fall Plow Soybeans
Plot
1994
*Reported as average annual value over the course of the study
**Value reported on water year (October 1 through September 30)
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Total
Runoff
(cm)

Sediment
Annual
Loss
(kg ha-1)

Sediment
Snowmelt
Loss (%)

Sediment
Rainfall
Loss (%)

Annual
FWMC
(mg L-1)

4.6

16,510

na

na

na

2

181

na

na

na

0

0

na

na

na

0

0

na

na

na

2.4
3.4
6.4
5.1
2.9
5.4
8.9
8.1

0
181
181
9,072
0
181
181
8,074

na
na
na
na
na
na
na
na

na
na
na
na
na
na
na
na

200
800
400
19,000
100
600
300
11,800

Chapter 2 – Changes in soil properties after conversion of
perennial vegetation on undisturbed soil to cropland in
southwest Minnesota.
Summary
The environmental effects of high intensity row crop agricultural production to
soil and water resources have been documented. Rainfall and snowmelt either infiltrates
into the soil profile, evaporates, or becomes overland surface runoff carrying sediment,
nutrients, and other agronomic chemicals. Changes to land management over the last 150
years, primarily the conversion of natural systems with perennial vegetation to
agricultural production dominated by annual row crops and municipal uses, have greatly
changed soil properties and reduced the soil’s ability to infiltrate and store water in the
soil profile. Recent climate trends have shifted a greater percentage of the annual
precipitation into high intensity rainfall events further increasing the likelihood of rapid
transitions between dry and wet periods. Soil that stores water and efficiently cycle
nutrients have the potential to better sustain productivity during times of abiotic stress.
The conversion of perennial vegetation on undisturbed soil to agricultural row
crop production greatly affected the physical and hydrologic soil properties. Soil bulk
density values were lowest from perennial vegetation on undisturbed soil. Following the
conversion to agricultural row crop production, there was a statistical (p-value=0.05)
increase in soil bulk density at the 0-10 cm, 40-60 cm, 60-80 cm, 80-100 cm, and 100120 cm soil profile depths. Unsaturated infiltration rates were reduced between 39 and
80 percent, respectively, and unsaturated hydraulic conductivity rates were reduced
between 41 and 67 percent, respectively, at 4 different soil moisture levels. These
changes resulted a net reduction in the amount of water that infiltrated into the soil of a
field recently converted from perennial vegetation to agricultural fields. The soil bulk
density values, infiltration rates, and hydraulic conductivity rates of the recently
converted cropland were similar to an adjacent agricultural field with a long history of
crop production indicating the negative changes to soil physical properties occurred with
2 years of row crop production.
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Introduction
Changes in land management have altered soil biological, chemical and physical
properties. Prairie vegetation was once the most common land use across the United
States (U.S.) Midwest and nearly all of these lands have been converted for agricultural
row crop production or municipal uses (Rhemtulla et al., 2007). Tillage, associated with
agricultural production, disturbs the soil by breaking apart soil aggregates and promotes
faster decomposition rates of organic matter. There are relationships between soil quality
and the water quality of a region, and improved soil quality can lead to improved water
quality (Dabney et al., 2001). Guzman and Al-Kaisi (2011) determined that soil bulk
density, soil aggregate formation, soil organic matter, and root biomass were critical in
creating conditions favorable for infiltration, thereby reducing the amount of overland
surface runoff that entered lakes and streams.
The soil bulk density of perennial grasslands prior to the conversion to agricultural
land uses is not well documented. Udawatta et al. (2008) found the lowest soil bulk
density in Missouri in a native prairie (1.18 g cm-3). They also found soil bulk densities
in a restored prairie and Conservation Reserve Program (CRP) field dominated by
bromegrass (Bromus), approximately 15 years after the last cultivation, to be 1.28 g cm-3.
The highest soil bulk density they measured was in a corn (Zea mays) and soybean
(Glycine max) rotation with mulch till (1.41 g cm-3). Al-Kalsi and Licht (2004) found
lower soil bulk densities in Iowa in native and restored prairies than in a field that had a
corn (Zea mays) and soybean (Glycine max) rotation. The soil bulk density in native
prairies ranged from 0.83 to 1.15 g cm-3, the soil bulk density from 5 fields with nonnative, perennial vegetation ranged from 1.07 to 1.18 g cm-3 and the soil bulk density of a
corn (Zea mays) and soybean (Glycine max) rotation was 1.17 g cm-3 (Al-Kalsi and
Licht, 2004). Northup and Danial (2010) found the average soil bulk density through the
top 25 cm of soil in a native prairie in Oklahoma was 1.04 g cm-3 from 0-5 cm, 1.26
g cm-3 from 5-10 cm, and 1.27 g cm-3 from 10-25 cm. Row crop agriculture had higher
soil bulk densities when compared to perennial vegetation in these studies, likely due to
the tillage and compaction associated with row crop production.
Soil bulk density is dynamic and can be altered rapidly due to changes in land use
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or management decisions related to crop selection and tillage. These decisions often
result in changes to soil cover, organic matter, soil structure and porosity. Tillage
initially reduces soil bulk density in the plow layer by loosening soil, however, over time
the exposed soil reconsolidates and may form surface crusts devoid of a network of
macropores. Brye and Pirani (2005) commonly found significantly higher (p-value=
0.05) bulk density in the top 10 cm of soil under tilled agriculture (1.13 to 1.37 g/cm3)
than of soil under native prairie (1.01 to 1.13 g/cm3) in a study focused on the effects of
tillage on soil in Arkansas. Bauer and Black (1981) reported the soil bulk density, from 0
to 30.5 cm in depth, of cropland with conventional and mulch tillage were 7 to 20 percent
greater when compared to undisturbed grassland. Scott et al. (1983) and Scott et al.
(1986) found lower bulk density in native prairie than in tilled agricultural fields in
Arkansas. Guzman and Al-Kaisi (2011) found correlation between prairie restoration
establishment year and reduced soil bulk density values, with the lowest soil bulk density
values reported from a native, remnant prairie in south-central Iowa. Scott et al. (1983)
and Scott et al. (1986) determined bulk density was lower under perennial vegetation on
undisturbed soil, and was altered dramatically with tillage and/or compaction associated
with production agriculture in Arkansas.
Soil bulk density is an important factor in water movement through soil. Low soil
bulk density is generally correlated with higher infiltration and hydraulic conductivity
rates due to the vertical channels and increased pore space in soil allowing for rapid water
movement (Kooistra et al., 1984). Compacted soil with high soil bulk density values
reduced infiltration rates (Goldhammer and Peterson, 1984) and increases the amount of
rainfall or snowmelt leaving as overland surface runoff, further leading to increased
sediment and nutrient losses. Meek et al., (1992) found correlation between increased
bulk density values and decreased hydraulic conductivity and infiltration rates. In
disturbed soil, a bulk density increase, from 1.6 to 1.8 g cm-3 reduced hydraulic
conductivity by 86 percent (Meek et al., 1992). In undisturbed soil, a bulk density
increase, from 1.6 to 1.8 g cm-3 reduced hydraulic conductivity by 58 percent (Meck et
al., 1992). Management of soil bulk density was linked to many other soil characteristics
and management decisions. Lowering soil bulk density improved soil quality and the
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functionality of the soil (Brogowski et al., 2014).
Soil hydrological properties regulate many other biogeochemical processes in soil
that are dependent upon soil water moisture levels (Lin, 2010). Soil hydrologic
properties are dynamic and vary both temporally and spatially (Jarvis et al., 2013).
Radke and Berry (1993) stated infiltration characteristics are highly related to soil
structure, however, several factors including slope, soil texture, vegetative cover,
management systems, antecedent moisture content and organic matter also influenced
infiltration rates. Soil texture class has a large effect on infiltration as water moves more
rapidly through large pore spaces. Sandy soil has higher infiltration rates than clayey soil
in most situations; however, clayey soil with shrinkage cracks may have high infiltration
rates. Infiltration rates vary with soil moisture content: a dry soil has the highest
infiltration rates as water fills empty pore spaces and then infiltration slows dramatically
as soil reach saturation (Radke and Berry, 1993). Infiltration is reduced when surface
crusting, compaction, or a loss of organic matter limits the formation of soil aggregates,
and tillage reduces infiltration rates over time due to reductions in soil cover, soil
structure, and organic matter in soil (Radke and Berry, 1993). Reduced soil disturbance
that promoted the growth of soil microorganisms, increased soil organic matter content
and improved macro-porosity led to higher infiltration rates (Martens and Frankenberger,
1992). In general, undisturbed soil with perennial vegetation and high organic matter
content has high infiltration rates.
The infiltration rate of perennial grasslands prior to the conversion to agriculture is
not well documented. Several studies measured infiltration rates over several different
land use categories including some undisturbed, native prairies. Udawatta et al, (2008)
found infiltration rates from native prairie, restored prairie, CRP (bromegrass (Bromus)),
and row crop production to be 6.1, 6.1, 5.8, and 2.4 cm hour-1, respectively. Al-Kaisi and
Licht (2004) determined infiltration rates in various land uses in Iowa. They found the
average infiltration rates of 2 native prairie plots were 4.8 and 7.2 cm hour-1, respectively,
average infiltration rates of 3 restored prairies were 3.6, 15, and 17.4 cm hour-1,
respectively, and the average infiltration rates for bromegrass (Bromus) and bluegrass
(Poa pratensis)were 12.0 and 19.2, cm hour-1, respectively. The same study measured the
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infiltration rate of row crop production to be 6.6 cm hour-1. While there was variability in
infiltration rates in this study, the locations with native and restored prairie or perennial
vegetation had higher infiltration rates when compared to row crop production.
Lindstrom et al. (1998) determined the infiltration rate of an alfalfa (Medicago sativa)
and bromegrass (Bromus) mixture to be greater to or equal to 7 cm hour-1. Generally,
perennial vegetation resulted in greater infiltration rates when compared to areas in row
crop production.
Hydraulic conductivity is strongly related to pore size and connectivity, particle size
distribution, and soil structure. Hydraulic conductivity is a dynamic property that
changes both spatially and temporally (Messing and Jarvis, 1993). Messing and Jarvis
(1993) found hydraulic conductivity rates were reduced when raindrops broke apart soil
aggregates, and when surface crusting was present. Infiltration is affected by hydraulic
conductivity as water can only enter the soil at the rate in which water can flow through
the soil. Hydraulic conductivity increases when tillage ceases, management decisions
leave surface cover, and organic matter content increases, leading to improved soil
structure. Increased hydraulic conductivity rates of soil reduces overland surface runoff.
The hydraulic conductivity of perennial grasslands prior to the conversion to
agriculture is not well documented. Scott et al. (1983) and Scott et al. (1986) found
greater saturated hydraulic conductivity rates in native prairie than in tilled agricultural
fields in Arkansas. Fuentes et al. (2004) studied the spatial and temporal hydraulic
conductivity in soil under native prairie, conventional tillage (>100 years), and no-till (27
years) management and found temporal differences between the measurements taken in
2001 and 2002. Increased hydraulic conductivity rates in 2002 were attributed to wetter
soil conditions that allowed the organic matter to expand resulting in an increase in pore
space and reduced bulk density. The native prairie had the highest organic matter
content, and also had the largest increase in saturated hydraulic conductivity in 2002,
along with the most variability in measurements over the 2 year study. The native prairie
had the highest unsaturated hydraulic conductivity rates for all tensions and depths, and
were generally around 1 order of magnitude higher than conventional till and no-till
values. After 27 years of no-till management, minimal improvements to hydraulic
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conductivity were measured as a result to the change in tillage when compared to the
conventional till soil (Fuentes et al. 2004).
Soil hydrologic properties directly influence the amount of rainfall, or snowmelt
that infiltrates into the soil or becomes surface runoff (Jarvis et al., 2013). Surface runoff
occurs when the rate of water introduction to soil through rainfall or snowmelt exceeds
the combined evaporation and infiltration rate, and water begins to move down gradient
over the surface or ponds in depressions. Ponded water leads to poor root growth and
reduces nutrient recycling limiting potential yields. Surface runoff reduces plant
available water in the soil, degrades soil quality, and reduces the productivity in the
future. Surface runoff also transports nutrients, sediment, and agronomic chemicals off
the field potentially leading to reduced water quality of lakes and streams. The initiation
of runoff occurs more frequently when soil has reduced infiltration capacity, and/or when
rainfall rates are excessive. An increased infiltration rate helped mitigate nonpoint source
pollution to surface waters (Yang and Zhang, 2011).
Lindstrom et al. (1998) compared runoff volume and soil loss from several plots
in South Dakota including continuous corn (Zea mays) moldboard, continuous corn (Zea
mays) no-till and an alfalfa (Medicago sativa) and bromegrass (Bromus) mixture using a
rainfall simulator with an intensity of 7 cm hour-1 on dry and wet soil. The study
examined the changes in soil structure and infiltration capacity directly with infiltration
measurements, and indirectly by measuring the amount of surface runoff. During the
initial test on dry soil, runoff did not occur from the alfalfa (Medicago sativa) and
bromegrass (Bromus) mixture, minimal runoff was observed in only 1 of 2 no-till plots (0
and 3 percent of precipitation, respectively), and was substantial in the moldboard plow
plot (24 percent of precipitation). During the second test on wet soil, runoff did not occur
from the alfalfa (Medicago sativa) and bromegrass (Bromus) mixture, runoff was
observed in only 1 of 2 no-till plots (0 and 29 percent of precipitation, respectively ), and
was substantial in the moldboard plow plot (66 percent of precipitation). Infiltration rates
were highest in the alfalfa (Medicago sativa) and bromegrass (Bromus) mixture
(>= 7 cm hr-1); infiltration rates in the no-till plots were higher than the moldboard plow
plot. Lindstrom et al. (1998) concluded that the presence of surface residue and minimal
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soil disturbance led to the development of macrospores in the alfalfa (Medicago sativa)
and bromegrass (Bromus) mixture and no-till plots. Lindstrom et al. (1998) confirmed
that tillage changed soil properties and increased the erosion vulnerability to land in row
crop production.
Negative changes to soil properties can occur very rapidly when management
changes to surface cover type or tillage are implemented, however, improvements to soil
properties take decades, or longer, to improve. For example, infiltration can be reduced
dramatically with tillage, however, infiltration does not immediately increase with the
transition from moldboard to no-till land management. Lindstrom and Onstad (1984)
noted that infiltration did not significantly increase after 10 years of a no-till system
following a moldboard based system. Improvements to soil hydrologic properties can be
accelerated with perennial vegetation. Lindstrom et al. (1998) reported a rapid increase
in infiltration and hydraulic conductivity following a 6 year period of alfalfa (Medicago
sativa) and bromegrass (Bromus) perennial cover. A high priority should be placed on
preserving soil hydrologic properties when transitioning from perennial vegetation to row
crop production, and improving soil hydrologic properties on existing row crop areas.
There is a lack of historical records quantifying the soil bulk density, infiltration,
and hydraulic conductivity of an undisturbed soil with perennial vegetation in Minnesota.
Moreover, there is a lack of data quantifying the changes to soil properties when the
perennial vegetation was initially cultivated. To better manage our soil and water
resources, it was critical to understand the impacts to the soil physical properties
associated with our natural landscapes.
This experiment had 3 primary objectives:


Document soil properties, including bulk density, infiltration and hydraulic
conductivity, associated with perennial vegetation on undisturbed soil.



Measure changes in soil properties, including bulk density, infiltration and
hydraulic conductivity, after the conversion of perennial vegetation on
undisturbed soil to row crop agricultural production in the second year of
production.
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Compare the soil properties, including bulk density, infiltration and hydraulic
conductivity, of a recently converted row crop agricultural field and a reference
agricultural field with decades of production history.
Methods and Materials
Site Description and Land Management
This study was conducted from February 2011 through December 2014 in 4

adjacent north-facing watersheds: NVw (referred to as “control” in chapter 3) = 0.31 ha,
NVe (referred to as “treatment” in chapter 3) = 0.40 ha, NVm (perennial vegetation on
undisturbed soil reference) = 0.69 ha, and NVm-field (agricultural field reference) = 0.27
ha, respectively. The NVm-field watershed was nested within the NVm watershed,
however, the watersheds are presented independently in this chapter. The experiment
was conducted on the Nettiewyynnt Farm Limited Partnership near Tracy, Minnesota
(Figure 1). The NVe, NVm, and NVw watersheds were located in the southeast corner of
an approximately 65 ha field composed of a mixture of non-native and native plants,
dominated by smooth brome grass (Bromus inermis) and Kentucky bluegrass (Poa
pratensis), among others. The area of perennial vegetation was never cultivated for crop
production, however the forage was harvested for livestock feed annually in July. The
NVm-field watershed was cultivated in a corn (Zea mays) and soybean (Glycine max)
rotation with many decades of cultivation. The NVm watershed received runoff from
NVm-field watershed, however, the watersheds were presented independently in this
chapter. No artificial drainage was installed in the NVe, NVm, or NVw watersheds;
however, subsurface drain tile was located under the NVm-field watersheds. All
watersheds drained toward the Cottonwood River located approximately 0.5 km north of
the study area. The hydrology and water quality results from these watersheds are
presented in chapter 3 and chapter 4 of this thesis.
The soil in the NVe, NVm, and NVw watersheds was classified in the United
States Department of Agriculture (USDA) Soil Survey as a Storden loam, a well-drained
soil, with moderately high to high saturated hydraulic conductivity (1.44 cm hour-1 to
5.02 cm hour-1), high water storage capacity (about 28.22 cm), and bulk density values of
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1.35 to 1.65 g cm-3 in the upper 1.5 m with 7.2 to 8.4 percent slope (United States
Department of Agriculture-Natural Resources Conservation Service). Slope lengths in
the Nve, NVm, and NVw watersheds were 84 m, 74 m, and 81 m, respectively.
Laboratory analysis of the soil from the watersheds with perennial vegetation reported an
average organic matter content of 6.97 percent from 0 to 10 cm depth, and 4.37 percent
from 10 to 20 cm depth. These watersheds were situated within a transition from flat,
highly productive agricultural fields to the south, and flat lowland riparian land to the
north. This transitional area had similar slopes and landscape position to approximately 9
percent of the greater Cottonwood River Watershed (representing over 30,350 ha), that
hold potential as possible mitigation zones for nonpoint source runoff prior to entering
the river or tributary if best management practices (BMPs) are adopted. The soil in the
NVm-field watershed was classified in the United States Department of Agriculture
(USDA) Soil Survey as a Ves-Estherville-Storden complex, a well-drained soil, with
moderately high to high saturated hydraulic conductivity (1.44 cm hr-1 to 5.02 cm hr-1),
high water storage capacity (about 28.22 cm), and bulk density values of 1.35 to 1.55
g cm-3 in the upper 1.5 m on 2.8 percent slope (United States Department of AgricultureNatural Resources Conservation Service). Laboratory analysis of the soil was not
completed in this watershed. The NVm-field watershed had a slope length of 46 m prior
to entering the NVm watershed. The NVm-field watershed was similar to approximately
65 percent of the greater Cottonwood River Watershed (representing over 219,000 ha)
with slopes of 0 to 3 percent, and is considered a representative agricultural field for the
region.
The experiment occurred in southwestern Minnesota. The average annual
precipitation based on the 30-year record in Lamberton, MN (1981-2010) was 671 mm,
with 52 percent of the annual precipitation occurring in the months of April, May, June
and July (National Oceanic and Atmospheric Administration-National Centers for
Environmental Information). Average annual snowfall was 1,036 mm (snow water
equivalent of approximately 124 mm), with 90 percent of snowfall occurring from
November through March (National Oceanic and Atmospheric Administration-National
Centers for Environmental Information). The average annual temperature was 6.9º C, and
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average monthly temperatures ranged from -10° C in January to 21.9º C in July (National
Oceanic and Atmospheric Administration-National Centers for Environmental
Information).
Watershed Land Management
The management of the NVe, NVm, and NVw watersheds was consistent for at
least several decades, and was owned by the Hicks’ family since 1885. Cattle were
grazed on the field until 2000, and from 2001 through our study period, forage was
harvested annually in July for livestock feed. There was no known record of soil
disturbance (tillage) or crop cultivation in these watersheds. The parcel had modern
forage cutting and harvesting equipment traffic that occurred since 2001. The NVm-field
watershed was used exclusively for corn (Zea mays) and soybean (Glycine max)
production with a long cropping history, and served as a modern agricultural reference
watershed with similar slopes to 65 percent of the Cottonwood River Watershed. The
NVw and NVm watersheds (excluding NVm-field) served as reference watersheds with
perennial vegetation on undisturbed soil.
The NVe and NVw watersheds were composed entirely of perennial vegetation
on undisturbed soil. The NVw watershed was maintained as perennial vegetation on
undisturbed soil throughout the study. In May of 2013, the NVe watershed was
converted to row crop production. The initial sod busting in the NVe watershed was
completed with a moldboard plow, followed by several passes over 2 weeks with a disk
cultivator to prepare a seedbed for corn (Zea mays) planting. Planting was completed on
the contour of the watershed, with rows perpendicular to the water flow path. No starter
nitrogen was applied, however, side dressing of nitrogen (urea) occurred in 2013
(135 kg ha-1) and 2014 (202 kg ha-1). After the initial sod busting in 2013, no additional
tillage was completed in 2013 or 2014. Corn (Zea mays) grain yield data was not
available in 2013, and was 3.1 MT ha-1 in 2014. The Redwood County, Minnesota
average corn (Zea mays) yield was 4.2 MT ha-1 in 2014 (United States Department of
Agriculture-Natural Agriculture Statistics Service, 2015). NVe was seeded with
perennial vegetation in 2015, after the completion of the study.
Data Collection
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The watersheds were divided into a uniform, 0.4 ha grid pattern. Soil
measurement points were located with a hand held global positioning system (GPS) and
flagged prior to each set of measurements. Thirty-five sampling points were established
among the 4 watersheds (Figure 1), and were not targeted to specific landscape positions.
Sampling points were grouped and are summarized by watershed.
Soil Bulk Density
Two soil cores were collected at each sampling point using a truck or tractor
mounted hydraulic soil probe (5.08 cm diameter) to a depth of 120 cm. Core samples
were collected in plastic sleeves and sealed. The cores were divided into profile depths
of 0-10 cm, 10-20 cm, 20-40 cm, 40-60 cm, 60-80 cm, 80-100 cm, and 100-120 cm.
Samples from each profile depth were then sliced to length of 1.35 cm, and dried at
105° C for 24 hours (Klute, 1986) in a laboratory grade oven. Soil bulk density values
were reported as an average of each profile depth for each watershed. Baseline
measurements were completed in the fall of 2012 for the NVe, NVm and NVe
watersheds and in June, 2014 for the NVm-field watershed. Soil bulk density was redetermined in duplicate at the 12 locations in the NVe watershed in June 2014, in the
second year of corn (Zea mays) production.
Infiltration and Hydraulic Conductivity
Infiltration and hydraulic conductivity were determined in-situ at each soil
sampling point, in duplicate simultaneity, using a 0.20 m disc tension infiltrometer (Soil
Measurement Systems, Tucson, Arizona, U.S.). Baseline measurements were collected
for the NVe, NVm, and NVw watersheds in 2012 and in the NVm-field watershed in
2014 and then re-determined in the NVe watershed in June, 2014 in the second year of
corn (Zea mays) production. To complete the measurements, vegetation and residue
were removed from a level surface with minimal soil disturbance. A thin layer of moist
silica sand (1-3 mm) was placed on the soil surface in a ring with the same diameter as
the nylon wrapped tension infiltrometer disc ensuring contact between the soil and disc
membrane. A sequential sequence of supply water potentials were used including -5 mm,
-30 mm, -60 mm, and -100 mm (Reynolds and Elrick, 1991). Pressures were controlled
by adjusting the level of air being introduced into the bubble tower on the tension
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infiltrometer. Water column level from the tension infiltrometer was manually recorded
every 15 seconds through 5 minutes, and then each minute thereafter until a steady state
value was observed. Each measurement began with the most negative pressure (-100
mm), and progressed through the tensions, ending with -5 mm tension. Data was
processed in a spreadsheet and infiltration and hydraulic conductivity were determined.
Given the wide variability observed in the results of the watersheds with perennial
vegetation on undisturbed soil, the infiltration and hydraulic conductivity rates were
reported as the average of the 4 tensions in each watershed.
Infiltration and hydraulic conductivity were challenging to measure in the
perennial vegetation on undisturbed soil in 2012. Measurement preparation included
removing all of the vegetation with a hand scissors at the ground level without causing
soil disturbance. The nylon mesh on the disk was extremely delicate, and susceptible to
damage caused by plant stems that were not properly trimmed. In addition, high
hydraulic conductivity rates in the perennial vegetation often overwhelmed the sand pack
between the disk and soil surface and caused a massive failure during several
measurements. Multiple attempts were needed at many locations to obtain
measurements. The tension infiltrometers performed better on the disturbed soil in 2014
following the conversion of the perennial vegetation to row crop production.
Statistical Analysis
Soil bulk density for defined profile depths was presented for each watershed in a
series of box and whisker plots for visual comparison. Soil bulk density in the NVe
watershed was analyzed using single factor analysis of variance (ANOVA) to determine
if the means were statistically different between the pre (NVe 2012) and post (NVe 2014)
treatment (conversion to row crop production) measurements (p-value = 0.05). Soil bulk
density in the NVe watershed was also analyzed using single factor analysis of variance
(ANOVA) to determine if the means of pre (NVe 2012) and post (NVe 2014) treatment
(conversion to row crop production) were statistically different from the baseline soil
bulk density values of the NVm-field watershed (p-value= 0.05).
Infiltration and hydraulic conductivity rates were extremely variable given the
wide range of data collected with the tension infiltrometers due to the large differences in
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soil macropore occurrence over short differences. To account for this variability, the
tension infiltrometer data for each tension was averaged over each watershed, and
infiltration and hydraulic conductivity rates were calculated at the watershed level. With
this method, rigorous statistical analysis was not possible due to the small population
size. Visual analysis, and rate change percentages at specific points were completed and
are presented.
Results and Discussion
Soil Bulk Density
Baseline soil bulk density values in the watersheds with perennial vegetation on
undisturbed soil (NVe, NVm, and NVw) were consistent among the watersheds for each
soil profile depth (Table 8). Soil bulk density values for the 0-10 cm soil profile depth
for the NVe, NVm, and NVw watersheds ranged from 1.24 to 1.27 g cm-3. In the NVe,
NVm, and NVw watersheds, soil bulk density values from 20 -120 cm soil profile depth
ranged from 1.36 to 1.56 g cm-3. The baseline soil bulk density values for the NVm-field
watershed, the adjacent agricultural field with a long history of crop production, were
higher for every soil profile depth compared to the watersheds with perennial vegetation
on undisturbed soil. The difference between the soil bulk density in the NVm-field, and
NVe, NVm, and NVw watersheds was greatest in the 0-10 cm and 10-20 cm soil profile
depths (Figure 2). The observed soil bulk density values are consistent with soil bulk
density values from perennial vegetation on undisturbed soil reported in the introduction.
Changes in soil bulk density were measured after the conversion of the NVe
watershed from perennial vegetation on undisturbed soil (NVe (2012 pre-treatment)) to
row crop production (NVe (2014 post-treatment)). ANOVA analysis was completed to
determine if the differences in soil bulk density were statistically significant (pvalue=0.05). Following the conversion, there was a statistically significant increase in
soil bulk density in the 0-10 cm, and 40-120 cm soil profile depths (Table 9). Average
soil bulk density values from the 10-20 cm and 20-40 cm soil profile depth did increase,
however, the increase was not statistically significant. The greatest change in soil bulk
density magnitudes occurred in the deeper (40-120 cm) soil profile depths (Figure 3).
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A comparison of soil bulk density values between a recently converted row crop
watershed (NVe (2014 post-treatment)) and an agricultural reference watershed (NVmfield) was completed. ANOVA analysis was completed to determine if the differences in
soil bulk density were statistically significant (p-value= 0.05) between the NVe (2012
pre-treatment) watershed and the NVe (2014 post-treatment) watershed compared to the
NVm-field (2014) watershed baseline measurements. Prior to the conversion, the NVe
(2012 pre-treatment) watershed soil bulk density values were statistically significantly
different than the NVm-field (2014) watershed in the 0-10 cm, 10-20 cm, 60-80 cm, 80100 cm, and 100-120 cm soil profile depths (Table 10). After the conversion, the NVe
(2014 post-treatment) watershed soil bulk density values were significantly different only
in the 0-10 cm and 10-20 cm soil profile depth. The increase in soil bulk density was
likely resulted from several tillage passes with a disk implement was necessary to prepare
the soil for cultivation. These data documented the dramatic change in soil bulk density
that occurred in the first 2 years of row crop production to values consistent with a field
with a long history of agricultural crop production.
The results from the experiment are consistent with Brye and Pirani (2005) who
determined bulk density was lower under perennial vegetation on undisturbed soil
compared to agricultural fields, and was altered dramatically with tillage and/or
compaction associated with production agriculture. Bauer and Black (1981) reported the
soil bulk density, from 0 to 30.5 cm in depth, of cropland with conventional and mulch
tillage were 7 to 20 percent greater when compared to undisturbed grassland. Brogowski
et al. (2014) determined bulk density was lower under perennial vegetation on
undisturbed soil, and was altered dramatically with tillage and/or compaction associated
with production agriculture. Scott et al. (1983) and Scott et al. (1986) found lower soil
bulk density values in native prairies compared to tilled agricultural fields in Arkansas.
Changes in bulk density were likely a result of several factors. The perennial
vegetation had deep roots and macropores that were observed throughout the entire 120
cm soil profile depth. These roots, along with the lack of tillage, allowed the soil to
accumulate organic matter in the profile and develop strong aggregates and an extensive
network of macropores. The conversion of perennial vegetation on undisturbed soil to
74

cropland required several passes with large equipment. Tillage was completed with a
deep moldboard plow, followed by several passes with a field cultivator to prepare the
soil for planting. These tillage passes broke apart soil aggregates, promoted the rapid loss
of organic matter due to mixing and resulted in compaction of the soil due to the farm
equipment. Interestingly, soil bulk density in the NVe watershed in less than 2 years of
crop production was not statistically different in the 20-120 cm soil profile depths than
the NVm-field watershed, an agricultural reference field with a long history of crop
production. The data illustrate how changes in land management can increase soil bulk
density values throughout the soil profile rapidly.
Infiltration and Hydraulic Conductivity
Baseline infiltration rates for surface potentials of -100 mm ranged from 2.8 to 4.9
cm hour-1 for the watersheds with perennial vegetation on undisturbed soil, (NVe 2012,
NVm 2012, and NVw 2012) and was 1.5 cm hour-1 for the NVm-field 2014 watershed
(Table 11; Figure 4). Baseline infiltration rates for surface potentials of -60 mm ranged
from 5.9 to 29.8 cm hour-1 for the watersheds with perennial vegetation on undisturbed
soil (NVe 2012, NVm 2012, and NVw 2012), and was 7.1 cm hour-1 for the watershed
with a long history of crop production (NVm-field 2014). Baseline infiltration rates for
surface potentials of -30 mm ranged from 17.6 to 34.6 cm hour-1 for all of the watersheds.
Baseline infiltration rates for surface potentials of -5 mm ranged from 33.8 to 43.8
cm hour-1 for the watersheds with perennial vegetation on undisturbed soil (NVe 2012,
NVm 2012, and NVw 2012). Infiltration rates were unable to be determined for NVmfield 2014 watershed with a surface potential of -5 mm. Baseline infiltration rates were
highest among the watersheds with perennial vegetation on undisturbed soil in the NVe
(2012) watershed at all surface potentials. These findings are consistent with infiltration
rates from perennial vegetation on undisturbed soil presented in the introduction.
The Nve pre-treatment (2012) watershed and the NVe post-treatment (2014)
watershed infiltration rates were compared at each surface potential (Table 12; Figure 5).
Infiltration rate reductions for surface potentials of -100 mm, -60 mm, -30 mm and -5
mm were 52, 80, 61, and 39 percent, respectively. Watershed infiltration rates in the
NVe (2014 post-treatment) watershed were generally consistent with rates observed in
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baseline measurements collected in the NVm-field watershed indicating a rapid reduction
in infiltration rates occurred in the Nve watershed after the conversion from perennial
vegetation. Lindstrom et al. (1998) documented that tillage altered soil hydrological
properties and increased the erosion vulnerability to land in row crop production.
Udawatta et al. (2008) and Al-Kaisi and Licht (2004) also reported lowered infiltration
rates in areas under crop production when compared to perennial vegetation on
undisturbed soil.
Baseline unsaturated hydraulic conductivity rates for surface potential of -100 mm
ranged from 0.62 to 1.98 cm hr-1 for the watersheds with perennial vegetation on
undisturbed soil (NVe 2012, NVm 2012, and NVw 2012), and was 0.69 cm hour-1 for the
watershed with a long history of crop production (NVm-field 2014) (Table 13; Figure 6).
Baseline hydraulic conductivity rates for surface potential of -60 mm ranged from 4.05 to
7.61 cm hour-1 for the watersheds with perennial vegetation on undisturbed soil (NVe
2012, NVm 2012, and NVw 2012), and was 3.74 cm hour-1 for the watershed with a long
history of crop production (NVm-field 2014). Baseline hydraulic conductivity rates for
surface potential of -30 mm ranged from 7.90 to 12.09 cm hour-1 for the watersheds with
perennial vegetation on undisturbed soil (NVe 2012, NVm 2012, and NVw 2012), and
was 5.28 cm hour-1 for the watershed with a long history of crop production (NVm-field
2014). Baseline hydraulic conductivity rates for surface potential of -5 mm ranged from
14.14 to 17.96 cm hour-1 for the watersheds with perennial vegetation on undisturbed soil
(NVe 2012, NVm 2012, and NVw 2012). Hydraulic conductivity was unable to be
determined for the NVm-field watershed with a surface potential of -5 mm. Baseline
hydraulic conductivity rates were highest for the NVe 2012 watershed and were lowest
for the NVm-field 2014 watersheds at all of the measured surface potentials.
The Nve pre-treatment (2012) watershed and the NVe post-treatment (2014)
watershed hydraulic conductivity rates were compared at each surface potential (Table
14; Figure 7). In the second year of corn (Zea mays) production, hydraulic conductivity
rates for surface potentials of -100 mm, -60 mm, -30 mm and -5 mm were reduced by 67,
54, 47, and 41 percent, respectively. The rates observed in NVe post-treatment (2014)
watershed were generally consistent with the baseline measurements in the NVm-field
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watershed. The reduction of hydraulic conductivity occurred in only the second year of
corn (Zea mays) production. Lindstrom et al. (1998) showed that tillage altered soil
hydrological properties and increased the erosion vulnerability to land in row crop
production.
Changes in infiltration and hydraulic conductivity rates were likely a result of
several factors. The perennial vegetation had deep roots that were observed through the
entire 120 cm soil profile depth. These roots, along with the lack of tillage, allowed the
soil to accumulate organic matter and develop strong soil aggregates with an extensive
network of macropores. The conversion of perennial vegetation on undisturbed soil to
cropland required several tillage passes to prepare the watershed for planting. Tillage
passes included a deep moldboard plow, followed by several passes with a field cultivator
to prepare the soil for planting. These tillage passes broke apart soil aggregates,
promoted the rapid loss of organic matter due to mixing and resulted in compaction of the
soil due to the farm equipment. Interestingly, infiltration and hydraulic conductivity in
the NVe watershed in less than 2 years of crop production were similar to the NVm-field
watershed, an agricultural reference field with a long history of crop production. Our
results are consistent with multiple studies that measured large changes to soil hydrologic
properties when tillage is completed. In addition, Lindstrom and Onstad (1984) noted
that infiltration did not significantly increase after ten years of a no-till system following
a moldboard based system. Improvements to soil hydrologic properties can be
accelerated with perennial vegetation. Lindstrom et al. (1998) reported a rapid increase
in infiltration and hydraulic conductivity following a 6 year period of alfalfa (Medicago
sativa) and bromegrass (Bromus) mixture. A high priority should be placed on
preserving soil hydrologic properties when transitioning from perennial vegetation to row
crop production and improving soil hydrologic properties on existing row crop areas.
The hydrology and water quality of these watersheds are presented in chapter 3
and 4 of this thesis. No runoff occurred on non-frozen soil from the NVe and NVw
watersheds when managed as perennial vegetation. Minimal runoff occurred from these
watersheds on frozen soil during the snowmelt period. The shift in hydrology occurred in
the NVe watershed after the conversion from perennial vegetation to corn (Zea mays),
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with overland surface runoff occurring in June of 2013. The events in June of 2013
resulted in the largest amount of runoff (18.5 mm), and yields of nutrients and sediment.
All of the runoff from the NVe watershed in 2013 occurred in a 28 hour period when the
soil had very limited protection from the recently planted corn (Zea mays) and no surface
residue was present. This runoff occurred as a result of the reduced infiltration and
hydraulic conductivity, in addition to changes in soil cover. No runoff occurred from the
NVe watershed on non-frozen soil in 2014 when corn (Zea mays) was grown using no-till
methods. Annual crops leave the soil vulnerable from seedbed preparation to full
canopy, which typically occurs 2 months after planting. Unfortunately in Minnesota, this
vulnerable period has unpredictable, convective rainfall. Preventing runoff during this
period is critical to reducing annual runoff losses of nutrients and sediment.
Conclusion
This experiment examined soil bulk density, infiltration, and hydraulic
conductivity in several land management scenarios including perennial vegetation on
undisturbed soil, an agricultural field with a long history of production, and an
agricultural field recently converted from perennial vegetation on undisturbed soil to corn
(Zea mays) production. In general, the 3 watersheds composed of perennial vegetation
had much lower soil bulk density values, and higher rates of infiltration and hydraulic
conductivity than the watershed with a long history of crop production. In addition, the
watershed that was converted from perennial vegetation on undisturbed soil to corn (Zea
mays) production had similar bulk density values, infiltration, and hydraulic conductivity
rates to the watershed with a long history agricultural production in the second year of
production.
Soil properties were greatly changed when perennial vegetation on undisturbed
soil was converted to agricultural land use. These changes reduced the soil’s ability to
infiltrate and store plant available water in the profile and led to increased runoff during
in 2013 on non-frozen soil after high intensity rainfall. The hydrology and water quality
characteristics of the NVe and NVw watersheds are presented in chapter 3, and of the
NVm watershed and the NVm-field watershed are presented in chapter 4 of this thesis.
All watersheds composed entirely of perennial vegetation on undisturbed soil did not
78

produce runoff on non-frozen soil. Runoff on frozen soil from all watersheds were
greatly dependent on several factors including snow depth, frost depth, and weather
conditions during the snowmelt period. The largest runoff events and losses of nutrients
and sediment occurred from agricultural watersheds on non-frozen soil. These results are
supported by the reduced infiltration and hydraulic conductivity rates. In addition to soil
hydrological properties, vegetative cover and management likely affected runoff
generation. With increased surface runoff during non-frozen soil period from agricultural
watersheds, downstream water resources are negatively affected with higher transmission
of nutrients and sediments. Management decisions that reduce bulk density values and/or
increase infiltration and hydraulic conductivity rates in the soil may help mitigate
nonpoint source pollution to downstream water resources associated with agricultural
production on non-frozen soil.

79

References (Chapter 2)
Al-Kaisi, M. M and M. A. Licht. “Infiltration Rates for Native and Reconstructed
Prairies across Iowa”. Iowa Deportment of Transportation Project Number 90-00LRTF403. (2004).
Bauer, Armand, and A. L. Black. "Soil carbon, nitrogen, and bulk density comparisons in
two cropland tillage systems after 25 years and in virgin grassland." Soil Science Society
of America Journal 45.6 (1981): 1166-1170.
Brogowski, Zygmunt, et al. "Calculating particle density, bulk density, and total porosity
of soil based on its texture." Soil Science Annual 65.4 (2014): 139-149.
Brye, K. R., and A. L. Pirani. "Native soil quality and the effects of tillage in the grand
prairie region of eastern Arkansas." The American midland naturalist 154.1 (2005): 2841.
Dabney, S. M., et al. "Using winter cover crops to improve soil and water quality."
Communications in Soil Science and Plant Analysis 32.7-8 (2001): 1221-1250.
Fuentes, Juan P., et al. "Hydraulic properties in a silt loam soil under natural prairie,
conventional till, and no-till." Soil Science Society of America Journal 68.5 (2004): 16791688.
Goldhammer, D.A., and C.M. Peterson. “A comparison of linear move sprinkler and
furrow irrigation on cotton: A case study”. Land, Air and Water Resource. Pap. 10012.
University of California-Davis. 1984.
Guzman, J. G., and M. M. Al-Kaisi. "Landscape position effect on selected soil physical
properties of reconstructed prairies in southcentral Iowa." journal of soil and water
conservation 66.3 (2011): 183-191.
Jarvis, N., et al. "Influence of soil, land use and climatic factors on the hydraulic
conductivity of soil." Hydrology and Earth System Sciences 17.12 (2013): 5185-5195.
Klute, Arnold. Methods of soil analysis. Part 1. Physical and mineralogical methods. No.
Ed. 2. American Society of Agronomy, Inc., 1986.
Kooistra, M. J., et al. "Physical and morphological characterization of undisturbed and
disturbed ploughpans in a sandy loam soil." Soil and Tillage Research 4.5 (1984): 405417.
Lin, H. "Earth's Critical Zone and hydropedology: concepts, characteristics, and
advances." Hydrology and Earth System Sciences 14.1 (2010): 25.
80

Lindstrom, M. J., and C. A. Onstad. "Influence of tillage systems on soil physical
parameters and infiltration after planting." Journal of Soil and Water Conservation 39.2
(1984): 149-152.
Lindstrom, M. J., et al. "Tillage effects on water runoff and soil erosion after sod."
Journal of soil and water conservation 53.1 (1998): 59-63.
Martens, D. A., and W. T. Frankenberger. "Modification of infiltration rates in an
organic-amended irrigated." Agronomy Journal 84.4 (1992): 707-717.
Meek, Burl D., et al. "Infiltration rate of a sandy loam soil: effects of traffic, tillage, and
plant roots." Soil Science Society of America Journal 56.3 (1992): 908-913.
Messing, I., and N. J. Jarvis. "Temporal variation in the hydraulic conductivity of a tilled
clay soil as measured by tension infiltrometers." Journal of Soil Science 44.1 (1993): 1124
National Oceanic and Atmospheric Administration-National Centers for Environmental
Information. Data Tools: 1981-2010 Normals. Available online at
http://www.ncdc.noaa.gov/cdo-web/datatools/normals. Accessed 7/30/2014.
Northup, B. K., and J. A. Daniel. "Distribution of soil bulk density and organic matter
along an elevation gradient in central Oklahoma." Transactions of the ASABE 53.6
(2010): 1749-1757.
Radke, J. K., and E. C. Berry. "Infiltration as a tool for detecting soil changes due to
cropping, tillage, and grazing livestock." American Journal of Alternative Agriculture
8.04 (1993): 164-174.
Reynolds, W. D., and D. E. Elrick. "Determination of hydraulic conductivity using a
tension infiltrometer.” Soil Science Society of America Journal 55.3 (1991): 633-639.
Rhemtulla, Jeanine M., et al. "Regional land-cover conversion in the US upper Midwest:
magnitude of change and limited recovery (1850–1935–1993)." Landscape Ecology 22.1
(2007): 57-75.
Scott, H. D., et al. "Effects of tillage on soil physical properties [in the Mississippi Delta
of Arkansas]." Arkansas Farm Research (USA) (1983).
Scott, H. Don, et al. "Long-term effects of tillage on the retention and transport of soil
water." Arkansas Water Resources Research Center. University of Arkansas (USA).
(1986).
81

Udawatta, Ranjith P., et al. "Influence of prairie restoration on CT-measured soil pore
characteristics." Journal of environmental quality 37.1 (2008): 219-228.
United States Department of Agriculture-National Agriculture Statistics Service.
Minnesota Ag News – 2014 Corn County Estimates. 2015.
United States Department of Agriculture-Natural Resource Conservation Service. Web
Soil Survey. Available online at http://websoilurvey.nrcs.usda.gov/. Accessed
03/12/2015.
Yang, Jin-Ling, and Gan-Lin Zhang. "Water infiltration in urban soil and its effects on
the quantity and quality of runoff." Journal of soil and sediments 11.5 (2011): 751-761.

82

Figure 1. Study watersheds and soil measurement points.
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Table 8. Baseline average soil bulk density values.
Soil Profile
Depth (cm)
0-10
10-20
20-40
40-60
60-80
80-100
100-120

NVe (2012)
(g cm-3)
1.25
1.38
1.56
1.50
1.46
1.50
1.46

NVw (2012)
(g cm-3)
1.27
1.30
1.36
1.36
1.36
1.41
1.54
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NVm (2012)
(g cm-3)
1.24
1.23
1.45
1.49
1.46
1.46
1.48

NVm-field
(2014) (g cm-3)
1.81
1.80
1.75
1.66
1.77
1.90
1.84

Figure 2. Soil bulk density box and whisker plots by soil profile depth.
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Table 9. NVe pre and post treatment average soil bulk density values.
Soil Profile
Depth (cm)

†

NVe (2012 pre-treatment)
(g cm-3)

NVe (2014 posttreatment) (g cm-3)

0-10
1.25
1.40
10-20
1.38†
1.42†
20-40
1.56†
1.66†
40-60
1.56
1.66
60-80
1.46
1.75
80-100
1.50
1.76
100-120
1.46
1.87
Values not significantly different based on P-value of 0.05
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F-value

P-value

7.29
0.46
1.82
11.61
21.11
5.73
14.29

0.01
0.50
0.18
<0.01
<0.01
0.02
<0.01

Figure 3. NVe pre and post treatment soil bulk density box and whisker plots.
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Table 10. NVe pre and post conversion comparison to NVm-field average soil bulk
density values.
Soil
NVe (2012, preNVm-field
NVe (2014,
NVm-field
Profile
conversion) (g cm-3)
(2014) (g cm-3)
post(2014)
Depth
conversion)
(g cm-3)
-3
(cm)
(g cm )
0-10
1.25
1.40
1.81
1.81
10-20
1.38
1.42
1.80
1.80
†
†
†
20-40
1.56
1.66
1.75
1.75†
40-60
1.56†
1.66†
1.66†
1.66†
†
60-80
1.46
1.75
1.77
1.77†
80-100
1.50
1.76†
1.90
1.90†
100-120
1.46
1.87†
1.84
1.84†
†
Values not significantly different based on P-value of 0.05
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Table 11. Baseline watershed infiltration rates.

Watershed

-100

NVe 2012
NVm 2012
NVw 2012
NVm-field 2014

4.9
2.8
3.1
1.5

Surface potential (mm)
-60
-30
Infiltration (cm hour-1)
29.8
34.7
5.9
17.6
17.4
29.7
7.1
30.0

89

-5
43.8
33.8
36.2
NA

Figure 4. Baseline watershed infiltration rates by tension.

90

Table 12. NVe pre and post treatment watershed infiltration rates.

Watershed

-100

NVe Pre-treatment (2012)
NVe Post treatment (2014)

0.49
0.23

Hydraulic conductivity reduction (%)

52

91

Surface potential (mm)
-60
-30
Infiltration (cm hour-1)
2.98
3.47
0.59
1.34
80

61

-5
4.38
2.68
39

Figure 5. NVe pre and post treatment watershed infiltration rates.
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Table 13. Baseline watershed hydraulic conductivity rates.

Watershed

-100

NVe 2012
NVm 2012
NVw 2012
NVm-field 2014

1.98
0.62
0.89
0.69

Surface potential (mm)
-60
-30
Hydraulic conductivity (cm hour-1)
7.61
12.09
4.05
7.90
5.32
9.29
3.74
5.28

93

-5
17.96
14.14
14.4
NA

Figure 6. Baseline watershed hydraulic conductivity rates.
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Table 14. NVe pre and post treatment watershed hydraulic conductivity rates.

Watershed
NVe Pre-treatment (2012)
NVe Post treatment (2014)
Hydraulic conductivity reduction (%)

Surface potential (mm)
-100
-60
-30
-5
-1
Hydraulic conductivity (cm hour )
1.98
7.61
12.09
17.96
0.65
3.51
6.45
10.61
67

95

54

47

41

Figure 7. NVe pre and post treatment watershed hydraulic conductivity rates.

96

Chapter 3 -Changes in hydrology and water quality after
conversion of perennial vegetation on undisturbed soil to
cropland in southwestern Minnesota using a paired
watershed design.
Summary
Few opportunities exist to characterize the hydrology and water quality of
perennial vegetation on undisturbed soil in Minnesota, and to monitor changes to
hydrology and water quality during the first 2 years of corn (Zea mays) production. This
field experiment used a paired watershed design with 2 small watersheds (0.31 ha and 0.4
ha, respectively) of perennial vegetation with no history of soil disturbance (tillage) to
examine surface water hydrology and water quality characteristics. The control
watershed had perennial vegetation on undisturbed soil for the entire experiment. The
treatment watershed was converted to corn (Zea mays) production following a 2 year
calibration period. Runoff was limited throughout the experiment because of weather
variability, soil surface residue, vegetative cover, and well developed soil with high
infiltration and hydraulic conductivity rates. Measured runoff represented 0.26 and 1.16
percent of the precipitation received in the control and treatment watersheds,
respectively, throughout the 4 year monitoring period. Runoff from the control
watershed was observed only during frozen soil periods during snowmelt in 2 of the 4
years and totaled 2.21 mm in 2012 and 3.71 mm in 2014.
Snowmelt runoff from the control watershed did have elevated concentrations of
nitrogen and phosphorus, however, overall export from the watershed was small given
the low runoff volumes. Total suspended solids (TSS) yield and flow weighted mean
concentration (FWMC) from the control watershed during snowmelt periods was low.
Snowmelt runoff characteristics of the treatment watershed were consistent with the
control watershed during the calibration period. During the treatment period on frozen
soil, the treatment watershed had 81 percent less runoff, 58 percent less total nitrogen
(TN) yield, and 77 percent less total phosphorus (TP) yield than the control watershed.
These reductions were unable to be tested for significance as a result of an insufficient
number of runoff events. It was hypothesized that the corn (Zea mays) residue in the
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treatment watershed was less effective than the perennial vegetation in the control
watershed in capturing snow prior to the snowmelt periods. The snowmelt period in the
treatment watershed on the conversion to row crop production occurred earlier and had a
shorter duration that the control watershed. However, sediment concentrations increased
with runoff on frozen soil in the treatment watershed likely due to the soil disturbance
(tillage) that was required during the conversion to corn (Zea mays) production in 2013.
In the first year of corn (Zea mays) production in the treatment watershed, 4
runoff events on non-frozen soil in June resulted in 18.5 mm of runoff, and yields of 2.02
kg ha-1 TN, 0.27 kg ha-1 TP, and 1059 kg ha-1 TSS. These precipitation events did not
produce runoff from the control watershed, and the increased runoff and yields are
associated directly with the conversion of perennial vegetation to corn (Zea mays)
production. There was no runoff in the treatment watershed over non-frozen soil in the
second year of corn (Zea mays) production using no till methods highlighting the
importance of residue management in agricultural production.
Introduction
Land use and land management are directly related to many environmental
characteristics and processes, including soil properties, water quality, productivity of the
land, species diversity, climate, biogeochemistry and the hydrologic cycle, among others
(Tong and Chen, 2002). Anthropogenic changes in land use have resulted in increased
concentrations of sediment and nutrients in rivers and lakes (Turner and Rabalais, 2003;
Zaimes et al., 2004) and several stream reaches in the Cottonwood River Watershed have
been listed as impaired for turbidity (Minnesota Pollution Control Agency, 2014).
Understanding the hydrology and water quality of perennial vegetation on undisturbed
soil, provides a historical baseline for assessing current land management practices.
This experiment utilized edge-of-field (EOF) monitoring for the collection of
water quality data from individual fields, in a paired watershed design. This scale
optimizes the ability to measure the effect of a specific change in land management on
water quality. Monitoring conducted at the EOF scale allows for natural watershed
processes to occur, including ponding, infiltration and deposition, among others, and is
representative of watershed hydrology. Runoff generation occurs with natural
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precipitation events, providing an obstacle for experiments conducted during dry periods.
Within the last decade, the popularity of EOF monitoring has increased across the United
States (U.S.) and multiple land management scenarios, including agricultural and urban
settings, are being monitored.
There is limited data quantifying the amount of runoff, and yields of nutrients and
sediment, that occurred on native prairies prior to European settlement (Timmons and
Holt, 1977). Few opportunities exist in the current landscape to measure the runoff and
yields from prairie ecosystems on undisturbed soil due to the vast conversion to
agricultural and municipal uses. Schilling and Drobney (2014) noted perennial grasses
altered hydrology because of extensive roots networks that access water deep in the soil
profile reducing the volumetric water content of soil and increasing the capacity of the
soil to store water. Perennial grasses also allow for the development of a mulch layer that
reduced evaporation losses, protected the soil from raindrop erosion, and intercepted and
evaporated up to 70 percent of the precipitation that falls onto perennial grasses
(Schilling and Drobney, 2014).
Timmons and Holt (1977) conducted an experiment on native prairie with natural
precipitation over 5 years on Barnes loam (medium textured) soil with 5 percent slope in
Big Stone County and measured the amount of annual runoff and nutrient losses from 3
small plots (4.05 m by 22.13 m). Annual runoff ranged from 2 mm to 80 mm. Annual
runoff averaged less than 5 percent and ranged from 0 to 12 percent of the observed
precipitation. Over the 5 year study, snowmelt accounted for 80 percent of the total
runoff volume. There was no correlation between the amount of snowfall received in the
winter, and the amount of snowmelt runoff due to the loss of snowpack prior to runoff
occurring. On non-frozen soil, surface runoff was only measured in multiple plots on 7
days over 5 years. Two such events occurred in April (1972 and 1974) after 28.7 mm
and 31.8 mm of rainfall fell. The other 5 runoff events occurred later in the season, and
were associated with rainfall totals ranging from 52.6 mm to 83.8 mm. Runoff volumes
were greatest in 1972 when 151.1 mm of rainfall occurred in a 9 day period in May.
Timmons and Holt (1977) concluded it was likely that most of snowmelt runoff entered a
surface lake or stream because of the limited infiltration capacity of the frozen soil.
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During snowmelt periods, a thin layer of ice was common on the soil surface that led to
the assumption that the source of the nutrients was the decomposed perennial vegetation
or mulch, or the precipitation itself. Timmons et al. (1970) determined some plant
species increased water soluble nutrient concentrations, including nitrogen and
phosphorus, when frozen.
Perennial vegetation is a source of nitrogen and phosphorus in regions with
freeze-thaw cycles. Roberson et al. (2007) and Liu et al. (2013) measured increased
phosphorus release from the surface residues of the perennial vegetation after a freezethaw cycle. Bechmann et al. (2005) showed increasing phosphorus losses after multiple
freeze-thaw cycles. These losses are expected to the greatest in snowmelt runoff periods
on frozen soil, and vary each year dependent upon the number of freeze-thaw cycles that
occur. Liu et al. (2014) found significantly higher water extractable nitrogen and
phosphorus concentrations in perennial vegetation compared to annual crop residues.
Roberson et al. (2007) and Bechmann et al. (2005) reported the freeze-thaw cycles
ruptured plants cells thus allowing for nutrient release. Perennial vegetation grows later
in the fall and has more biomass on the surface during the winter, compared to the
residues left after the harvest of annual crops. Nutrient losses from perennial vegetation
is correlated with the nutrient content of the plant itself. Elliott (2013) found that actively
growing perennial vegetation had higher moisture levels, and higher nutrient losses than
compared to the residues left after the harvest of annual crops. The overall impact of
perennial vegetation on the water quality of a watershed is beneficial as a result of
reduced runoff and higher evapotranspiration rates, however, perennial vegetation can be
a source of nutrients in overland surface runoff.
There are limited historical records quantifying the natural background levels of
runoff, and losses of nutrients and sediment from native prairie and perennial vegetation
on undisturbed soil prior to European settlement. Moreover, there is a lack of data
quantifying the loss of nutrients and sediment when the perennial vegetation was initially
converted to agricultural or municipal uses. To better manage our water resources in the
future, it is critical to understand the historical hydrology and water quality conditions
associated with natural landscapes. This experiment had 2 main objectives:
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Document runoff, and yields of nutrients and sediment, from small watersheds
composed of perennial vegetation on undisturbed soil that may be considered
“natural background” losses in similar watersheds (soil, slope, etc.).



Measure the changes to runoff, and yields of nutrients and sediment, using a
paired watershed design after the conversion of perennial vegetation on
undisturbed soil to row crop agricultural production in the first 2 years.
Methods and Materials
Site Description
This experiment was conducted from February 2011 through December 2014 in 2

small north-facing watersheds. The control watershed (presented as NVe in chapter 2)
was 0.31 ha and treatment watershed (presented as NVw in chapter 2) was 0.40 ha,
respectively, and were located on the Nettiewyynnt Farm Limited Partnership near Tracy,
Minnesota (MN) (Figure 8). The watersheds were located approximately 80 m apart in
the southeast corner of a 65 ha field that was composed of a mixture of non-native and
native plants, dominated by smooth brome grass (Bromus inermis) and Kentucky
bluegrass (Poa pratensis), among others. The perennial vegetation was never cultivated
for crop production, however the vegetation was harvested for livestock feed annually in
July. Both watersheds drain toward the Cottonwood River located approximately 0.5 km
north of the study area.
The soil in the control and treatment watersheds was classified in the United
States Department of Agriculture (USDA) Soil Survey as a Storden loam, a well-drained
soil, with moderately high to high saturated hydraulic conductivity (14.4 mm hour-1 to
50.2 mm hour-1), high water storage capacity (about 282.2 mm), and bulk density values
of 1.35 to 1.65 g cm-3 in the upper 1.5 m on 7.2 to 8.4 percent slope (United States
Department of Agriculture-Natural Resource Conservation Service). Measured soil bulk
density, and infiltration and hydraulic conductivity rates are presented in chapter 2 of this
thesis. Slope lengths in the control and treatment watersheds were 84 m and 81 m,
respectively. Laboratory analysis of the soil from the watersheds with perennial
vegetation reported an average organic matter content as 6.9 percent from 0 to 10 cm
depth, and 4.3 percent from 10 to 20 cm depth. These watersheds represented a transition
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between flat, highly productive agricultural fields to the south and flat lowland riparian
land to the north. This transitional area had similar slopes and landscape position to
approximately 9 percent of the greater Cottonwood River Watershed (representing over
30,350 ha), and may hold potential as BMP mitigation zones for nonpoint source runoff
prior to entering a river or tributary.
This experiment occurred in southwestern MN. The average annual precipitation
based on the 30-year record in Lamberton, MN (1981-2010) was 671 mm, with 52
percent of the annual precipitation recorded in the months of April, May, June and July
(National Oceanic and Atmospheric Administration-National Centers for Environmental
Information). Average annual snowfall was 1,036 mm (snow water equivalent of
approximately 124 mm), with 90 percent of snowfall occurring from November through
March (National Oceanic and Atmospheric Administration-National Centers for
Environmental Information). The average annual temperature was 6.9° C, and average
monthly temperatures ranged from -10° C in January to 21.9° C in July (National Oceanic
and Atmospheric Administration-National Centers for Environmental Information).
Watershed Land Management
The management of the control and treatment watersheds was consistent for at
least several decades, and was owned by the Hicks’ family since 1885. Cattle were
grazed on the field until 2000, and from 2001 through our study period, livestock feed
was harvested annually in July. There is no known record of soil disturbance (tillage) or
crop cultivation in the control or treatment watersheds. The parcel had modern forage
cutting and harvesting equipment traffic since 2001.
The control watershed was maintained as perennial vegetation on undisturbed soil
throughout the study. In May of 2013, the treatment watershed was brought into row
crop production. The initial sod busting in the treatment watershed was completed with a
moldboard plow, followed by several passes over 2 weeks with a disk cultivator to
prepare a seedbed for corn (Zea mays) planting. Planting was completed on the contour
of the watershed, with rows perpendicular to the water flow path. No starter fertilizer
was applied, however, side dressing of nitrogen (urea) occurred in 2013 (135 kg ha-1) and
2014 (202 kg ha-1). After the initial sod busting in 2013, no additional tillage was
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completed following the corn (Zea mays) harvest in 2013 or in 2014. Corn (Zea mays)
grain yield monitoring was not available in 2013, and was 3.1 MT ha-1 in 2014. The
Redwood County, Minnesota average corn (Zea mays) yield was 4.2 MT ha-1 in 2014
(United States Department of Agriculture-National Agriculture Statistics Service, 2015).
The treatment watershed was seeded back to perennial vegetation in 2015, after the
completion of the study.
Precipitation Monitoring
Tipping bucket rain gauges were installed near the outlets of the control and
treatment watersheds. Due to the close proximity of the watersheds and little variability
in observed values, precipitation values were presented as a mean of both rain gauges.
The precipitation value from a single rain gauge was used if the other rain gauge was
suspected to be plugged until a field visit, or maintenance, was completed to ensure the
accuracy of the gauge. Precipitation values for May through October were collected at
the study site; values for November through April were obtained from University of
Minnesota-Southwest Research and Outreach Center (SWROC) in Lamberton, MN
approximately 25 km southeast of the study watersheds, to include frozen precipitation.
Volumetric Water Content
Volumetric water content (VWC) was monitored in the control and treatment
watersheds. The VWC levels in both watersheds responded to precipitation events,
however, a consistent relationship was not established between the control and treatment
watersheds in the calibration period. The variability in the VWC data did not allow for a
VWC comparison between the control and treatment watershed in the treatment period.
In addition, the overall lack of runoff events during non-frozen soil conditions limited the
analysis of the effect of soil VWC on runoff generation.
Continuous VWC measurements were a challenge to obtain. All probes had
cables that spanned from the data logger and rodent damage to the cables resulted in
missed measurements. In addition, equipment was damaged during the harvest of the
perennial vegetation as the VWC probes were difficult to locate in the dense perennial
vegetation at the time of forage cutting and raking. The VWC probes also had to be
removed several times in each watershed annually to allow for the harvest of perennial
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vegetation or corn (Zea mays) planting, fertilizing and harvest. This resulted in periods
without VWC data that limited analysis capability. Future experiments should consider
rigid conduit to protect the cables and/or trenching of conduit and cable under the surface
to protect the instrument and to allow for continuous data record.
Hydrology and Water Quality Monitoring
Each watershed had a plywood wing wall installed perpendicular to flow near the
bottom of the drainage following methods developed by the United States Geological
Survey (USGS) and the University of Wisconsin - Madison (Stuntebeck et al. 2008.).
The plywood was installed in a trench that ranged from 0.6 m to 0.85 m deep, and was
reinforced was steel fence posts spaced approximately 1.8 m apart. A 0.45 m H-flume
was mounted to the wing wall at the lowest elevation. A flume support system was
installed that allowed for flume leveling. Installation of the wing walls and flumes was
completed on 12 and 13 October 2010. Installation of equipment enclosures and
electronics occurred on 28 January 2011 and flow monitoring began on 16 February
2011. Steel equipment enclosures were installed on stilts near the flume outlet.
A Campbell Scientific CR800 data logger (Campbell Scientific, Inc., Logan,
Utah, U.S.) was used to record data and control water sampling. Data was collected
every minute, and logged on a 15 minute interval during non-runoff periods, and on a 1
minute interval during runoff periods. Several instruments were installed including an
OTT CBS high accuracy bubble sensor (OTT Hydromet, Kempten, Germany) to record
water level, a Texas Electronic TE525 0.25 mm tipping bucket rain gauge (Texas
Electronics, Inc., Dallas, Texas, U.S.) to record rainfall, and multiple Campbell Scientific
CS650 probes (Campbell Scientific, Inc., Logan, Utah, U.S.) per site to record soil
temperature and moisture integrated over 30 cm from the soil surface. An ISCO 6712
automated sampler (Teledyne ISCO, Lincoln, Nebraska, U.S.) was deployed to collect
composite water samples. All electronic components were powered by a 12 volt deep
cycle battery maintained by a solar panel. No water monitoring of the soil vadose zone
or ground water was completed. The sites were operated by SWROC staff.
All one minute time series data was reviewed manually to ensure accuracy
according to the method derived by Stuntebeck et al. (2008). Events that occurred during
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frozen soil conditions routinely had to be manually corrected. These corrections were
related to the buildup of ice in the flume during freeze-thaw cycles commonly observed
during snowmelt. Raw one-minute time series data were reviewed, and corrections were
made based on field notes and ambient temperature data. Corrections to the one-minute
time series data was completed during or shortly after snowmelt periods. Events that
occurred during non-frozen soil conditions (treatment watershed only) did not require
manual corrections.
Water Quality Sampling and Analysis
Water samples were collected using an equal-flow increment (EFI) platform. The
CR800 data logger (Campbell Scientific, Inc., Logan, Utah, U.S.) calculated discharge
every minute, and triggered an automatic sampler after every 0.57 m3 of runoff occurred.
An automated sampler was equipped with 24, 1-L bottles. Each 1-L bottle was filled as a
composite sample consisting of five 180 mL pulses. The volume threshold of 0.57 m3,
along with 120 sample pulse capacity, allowed for sufficient sample volume to complete
water chemistry analysis for runoff events that ranged from 0.55 mm to 22 mm for the
control watershed and from 0.42 mm to 17 mm for treatment watershed. No single event
exceeded these maximum normalized runoff values for either watershed during the entire
project.
Water samples were collected from the automated samplers within 24 hours of
runoff, and immediately cooled to 4° C. Water samples were frozen (-20° C) until
laboratory analysis was conducted. All samples were analyzed at SWROC for
ammonium (NH4-N), nitrate-nitrogen (NO3-N), total nitrogen (TN), dissolved reactive
molybdate phosphorus (DRMP), total phosphorous (TP), and total suspended solids
(TSS), Limited E. Coli samples were analyzed at a private laboratory whenever the 24
hour holding time was achievable. E. coli was reported as the most probable number
(MPN) per 100 mL sample. The short holding time limited the overall number of
samples collected from the watersheds.
To characterize overall export from each watershed and to provide normalized
event concentration data, one minute event time series discharge data was integrated with
laboratory chemistry results. Discharge (volume) was multiplied by concentration
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(mass/volume) to calculate a load (mass). Loads were normalized by calculating a yield
(mass/watershed area). The first sample of each event was assigned from start of the
runoff event to the start of the collection of second sample, and so on until the end of the
event. Event flow weighted mean concentrations (FWMC) were calculated by dividing
the event load (mass) for each pollutant, by the total event discharge (volume). Both
yields and FWMC allowed for event by event comparison amongst the watersheds.
Statistical Analysis
Ideally, a large number of runoff events are observed in watersheds during both
the calibration and treatment periods when using a paired watershed experimental design.
This scenario would allow for strong statistical power, and the ability to report the direct
changes to hydrology and water quality as a result of land management (i.e. a percent
change in a pollutant was observed due to land use change) with a high degree of
confidence. In this experiment, runoff was extremely limited and resulted in a small
runoff event population for statistical analysis. As a result, the reductions presented in
the results sections were derived from the combined 2014 runoff events, and were unable
to be tested for significance as a result of insufficient runoff events.
For frozen soil periods, a relationship between the control and treatment
watersheds was developed for runoff volumes, and yields and FWMCs of TN, NO3-N,
NH4-N, TP, and DRMP. Runoff volumes had the strongest relationship among the
measured parameters, and nitrogen and phosphorus species had weaker relationships.
With this said, a paired watershed approach was used to estimate the differences for the
runoff events on frozen soil during the treatment period. The runoff characteristics in the
treatment watershed on frozen soil changed in the treatment period. As a result, the
relationship between events in the control and treatment watersheds in the calibration
period, was used to estimate the annual losses in 2014 after combining all runoff events.
The percent differences reported is simply the difference in the predicted and actual 2014
annual losses. No advanced statistical analysis was possible given the lack of paired
runoff events.
Runoff events during the non-frozen soil periods only occurred in the treatment
watershed during the treatment period. As a result, all measured changes were assumed
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to be the result of the conversion of perennial vegetation on undisturbed soil to row crop
agriculture. No advanced statistical analysis was possible given the lack of paired runoff
events. Results are presented for frozen and non-frozen soil periods independently for
each variable (runoff, TN, etc.), when applicable, followed by a discussion of the results.
Results and Discussion
Precipitation
Annual precipitation was below normal (671 mm) through all 4 years of the study
(Figure 9) and ranged from 512 mm to 619 mm. Annual precipitation during the
calibration period was 20 percent below normal in 2011 and 10 percent below normal in
2012, respectively. Annual precipitation during the treatment period was 24 percent
below normal in 2013 and 8 percent below in 2014, respectively. Throughout the study,
precipitation was distributed disproportionally in April, May and June. From 1981-2010,
37 percent of the annual precipitation occurred in April, May and June (National Oceanic
and Atmospheric Administration-National Centers for Environmental Information).
During this study period (2011-2014), 54 percent to 60 percent of the annual precipitation
occurred in April, May, and June. July through December precipitation was 36 to 62
percent below normal each year (2011-2014). The distribution of precipitation led to
lowered soil water volumes from July through December and created large water storage
potential in the soil for the following year.
Even though the annual precipitation totals were below normal for the
experiment, there were several large, high intensity rainfall events and several months
with above average precipitation. The wettest May on record in Lamberton, MN was
observed in 2012, when 226 mm of rain was measured in the study watersheds (National
Oceanic and Atmospheric Administration-National Centers for Environmental
Information). Also, June precipitation was above normal in 3 of the 4 years. From 2011
through 2014, there were 12 days with at least 25 mm of precipitation including 4 days
with at least 50 mm of precipitation. The maximum daily precipitation occurred on 14
June 2011 when 57 mm of rainfall was recorded in approximately 13 hours (2 year return
rate). The rainfall on 14 June 2011 had a maximum rainfall intensity of 18 mm hour-1,
however, no runoff was observed with this event. Both the control and treatment
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watersheds had dense stands of perennial vegetation during this rainfall event, and the
undisturbed soil had high infiltration and hydraulic conductivity rates (chapter 2).
Overall, 1,340 mm of precipitation was observed during the calibration period, and 934
mm of precipitation was observed during the treatment period (Figure 10).
Precipitation was the primary driver of surface runoff. Surface runoff occurred
when precipitation (rainfall or snowmelt) was introduced to the soil faster than the
combined infiltration and evaporation rate. Soil hydrologic properties were measured
and high infiltration and hydraulic conducted rates existed in the control and treatment
watersheds in the calibration period (chapter 2). The undisturbed soil and perennial
vegetation created a situation that would have required exceptional rainfall rates,
following a wet period with saturated soil, to generate runoff on non-frozen soil.
Following the conversion to row crop production, the infiltration and hydraulic
conductivity rates were reduced (chapter 2), and runoff on non-frozen soil occurred when
the soil had little protection from residue or the recently planted crop.
Calibration Period
Calibration of the watersheds was limited to 3 runoff events on frozen soil in
February and March 2012. As a result of the limited runoff events, the calibration
relationships on frozen soil were weak. Relationships were established for runoff, and
for yields and FWMCs of TN, NO3-N, NH4-N, TP, and DRMP. No relationship was
established for TSS due to the extremely low sediment concentrations observed in the
calibration period, including TSS values below the method reporting limit (MRL). For
frozen soil periods, the paired watershed relationship developed in 2012 will be used to
compare the changes in watershed management that occurred during the treatment period,
with the acknowledgement of the weak calibration period. The relationship developed in
2012 used individual events, however, the relationship was used to compare the 2014
annual losses due to changes in hydrology to treatment watershed. Runoff on frozen soil
in the treatment watershed in the treatment period occurred sooner and had a shorter
duration compared to the control watershed in 2014.
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At the conclusion of the calibration period, no runoff events had occurred on nonfrozen soil from perennial vegetation on undisturbed soil. Given the differences in runoff
characteristics observed during frozen and non-frozen soil periods, data were grouped
and are presented for each of these periods independently. For non-frozen ground
periods, perennial vegetation on undisturbed soil had no observed runoff in the study.
Therefore, all runoff observed on non-frozen soil in the treatment watershed during the
treatment period were considered the direct result of the conversion of perennial
vegetation on undisturbed soil to corn (Zea mays) production.
Runoff Events
Runoff events were extremely infrequent during the study and runoff periods
represented 0.10 percent and 0.09 percent of the entire monitoring time period in the
control and treatment watersheds, respectively (Table 15). Runoff for the entire study
period represented 0.26 percent and 1.16 percent of the observed precipitation in the
control and treatment watersheds, respectively (Table 16). A total of 10 runoff events
occurred in at least 1 of the watersheds during the 4 year study period; only 4 events had
runoff measured in both the control and treatment watersheds (Table 15). Over the 4 year
study period, a total of 8 samples were collected from the control watershed and 22
samples were collected from the treatment watershed (Table 15).
Runoff occurred most frequently on frozen soil, and no runoff was measured from
perennial vegetation on undisturbed soil during non-frozen soil conditions. For the 4 year
study period, events on frozen soil averaged 5.92 hours in duration, with an average start
time of 14:39, and resulted in an average runoff of 1.37 mm (Table 15). Snowmelt was
slowed by freeze-thaw cycles and required several consecutive days with temperatures
above freezing to initiate runoff. Burwell et al. (1975) found a greater frequency of
runoff events from native prairies on frozen soil compared to non-frozen soil in
Minnesota. Timmons and Holt (1977) reported 80 percent of the total runoff from native
prairie in Minnesota over 5 years occurred as snowmelt on frozen soil.
Four runoff events on non-frozen soil in the treatment watershed during the
treatment period averaged 43 minutes in duration, and all runoff occurred between 23:31
PM and 1:23 AM. The average event runoff was 4.62 mm (Table 15). Runoff events on
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frozen soil occurred more frequently and were longer in duration; however, runoff events
in the treatment watershed on non-frozen soil were shorter duration and produced higher
runoff volumes (Table 15). Burwell et al. (1975) determined runoff on non-frozen soil
resulted in larger nutrient and sediment yields compared to runoff on frozen soil.
Volumetric Water Content
Analysis of the 2013 VWC for the treatment watershed in the first year of corn
(Zea mays) production was completed because this period had the only observed runoff
over non-frozen soil during this experiment. The VWC levels increased from 0.25 to
0.45 in the 45 minutes ending at 22:15 on 21 June 2013 (Figure 11), and overland surface
runoff occurred between 21:39 and 22:40 on 21 June 2013. The 0.45 VWC recording
was the highest VWC reading measured in the treatment watershed in 2013. The VWC
fell to 0.31 at 23:00 on 22 June 2013, and then rapidly increased to 0.38 with the 3 runoff
events that occurred on 22 and 23 June 2013. No other rainfall events generated overland
surface runoff on non-frozen soil during the experiment. The VWC was measured above
0.40 3 times in 2014, however, additional rainfall did not occur when VWC levels were
elevated to generate runoff.
The VWC of soil is an important component of runoff generation. Radatz et al.
(2012) studied runoff generation from naturally occurring rainfall as a function of soil
VWC in southwest Wisconsin. A break point analysis determined an increased
likelihood of runoff with soil pre-rainfall VWC values of 0.35 to 0.40, with the highest
runoff generation rates associated with VWC above 0.40. In addition, the percentage of
the observed runoff as a percentage of the total observed rainfall increased significantly
when VWC were above 0.39 prior to the beginning of the event. Limited runoff events
occurred with soil VWC values below 0.39, however, it required intense rainfall (return
rates (>=1 year)) and was a small percentage of the annual runoff observed at each site.
Soil VWC was determined to be a good indicator of runoff risk, especially when used to
inform the management of manure applications, on agricultural fields.
The soil in the control and treatment watersheds was classified as Storden loam, a
well-drained soil, with moderately high to high saturated hydraulic conductivity (14.4
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mm hour-1 to 50.2 mm hour-1), high water storage capacity (about 282.2 mm), and bulk
density values of 1.35 to 1.65 g cm-3 in the upper 1.5 m (United States Department of
Agriculture-Natural Resource Conservation Service). As described, the soil drains
quickly, and soil VWC are expected to change rapidly. The study period experienced
several transitions between severe and extreme drought to months with above normal
precipitation. As a result of the weather and hydrologic properties, the soil profile in the
control and treatment watershed had a large capacity to infiltrate and store water,
reducing runoff volumes.
Runoff
Frozen Soil

Six of the 10 runoff events occurred on frozen soil. Three events occurred during
the calibration period (February and March of 2012), and 3 events occurred during the
treatment period (March 2014). During the calibration period, both watersheds were
composed of perennial vegetation on undisturbed soil and expressed similar runoff
characteristics including runoff event duration and total runoff (Table 15). During the
calibration period, individual event runoff values on frozen soil from the control
watershed ranged from 0.08 to 1.75 mm and individual event runoff values from the
treatment watershed ranged from 0.13 to 4.87 mm (Table 15). These event runoff values
were used to establish a relationship between the control and treatment watersheds for
paired analysis (Figure 12). Runoff during the calibration period totaled 2.21 mm in the
control watershed and 5.76 mm in the treatment watershed (Table 16).
During the treatment period, runoff on frozen soil in the control watershed
occurred on 3 different days over an 18 day period in March 2014 and totaled 3.71 mm
runoff (Table 15) and runoff in the treatment watershed occurred only on 13 March 2014
and totaled 2.05 mm runoff (Table 15). Runoff events on frozen soil in the control and
treatment watershed expressed comparable peak flow rate, duration of event, total flow,
and total runoff between the calibration and treatment periods (Table 15). Combining all
events during the treatment period on frozen soil, the control watershed had 3.71 mm
runoff and the treatment watershed had 2.05 mm (Table 15).
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A paired watershed analysis was completed for runoff events on frozen soil
(Figure 12). Using this linear relationship, the treatment watershed was predicted to have
11.0 mm runoff on frozen soil in 2014, however, measured runoff on frozen soil in 2014
was 2.05 mm, or 81 percent less runoff than expected (Table 21). This reduction was
unable to be tested for significance as a result of an insufficient number of runoff events.
The difference in runoff volume on frozen soil was likely related to the difference in
winter cover in the watersheds. The perennial vegetation trapped blowing snow
throughout the watershed. The treatment watershed had limited snowpack prior to the
2014 snowmelt with most of the snow was trapped near the wing-wall that performed like
a snow fence. As a result, the control watershed had more snowpack available in the
watershed during the melting process. This was observed and noted when preparing sites
for snowmelt runoff. The second effect of the perennial vegetation capturing snow
related to albedo during the melting process. The snowpack in the control watershed
reflected energy from the sun, whereas, the limited snowpack with the exposed, darker
soil in the treatment watershed captured the light energy from the sun and resulted in a
reduction of the already smaller snowpack through evaporation and sublimation prior to
the runoff period. A reduction in the snowpack was noted in the treatment watershed on
sunny days with high temperatures that never rose above freezing. These 2 factors likely
led to the reduction of snowmelt runoff in the treatment watershed in 2014. Schilling and
Drobney (2014) also noted differences in snowpack and snowmelt hydrology when
comparing perennial vegetation on undisturbed soil to agricultural fields.
Non-Frozen Soil

Runoff events on non-frozen soil only occurred in the treatment watershed in
2013, the first year of corn (Zea mays) production. No runoff was observed in either the
control or treatment watersheds throughout the experiment on non-frozen soil when
managed with perennial vegetation on undisturbed soil. The 4 runoff events in the
treatment watershed on non-frozen soil occurred over a 28 hour period starting on 21
June 2013. The 4 runoff events on non-frozen soil had the 4 highest runoff event peak
flow rates (0.001-0.056 m3s-1) and included the largest single event runoff of 10.4 mm
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(Table 15). In the 3 weeks prior to 21 June 2013, 59.2 mm of rainfall was observed and
an additional 98 mm of rainfall was observed on 21-23 June 2013 (Figure 10). The rain
that occurred from 21 to 23 June 2013 was associated with convective thunderstorms, and
included maximum rainfall rates of 45.2 mm hour-1 on 21 June 2013, 16.8 mm hour-1on
22 June 2013, and 13.7 mm hour-1 on 23 June 2013. The corn (Zea mays) was 0.15 to
0.20 m tall during the 21-23 June 2013 period, with minimal to no residue on the soil
surface as a result of the tillage necessary for the conversation to corn (Zea mays)
production.
A paired watershed analysis was unable to be completed for runoff event values
on non-frozen soil because no such events occurred during the calibration period.
Therefore, all runoff from the treatment watershed observed on non-frozen soil during the
treatment period was considered the direct result of the conversion of perennial
vegetation on undisturbed soil to corn (Zea mays) production. In 2013, the treatment
watershed had a total of 18.5 mm runoff, and was directly attributed to the conversion of
perennial vegetation on undisturbed soil to corn (Zea mays) production.
In the second year of corn (Zea mays) production, 620 mm of precipitation was
observed and no runoff occurred on non-frozen soil (Figure 9). Corn (Zea mays) was
grown in 2014 using a no-till method that allowed for the development of a thick thatch
layer on the soil surface. In 2014, 248 mm of rainfall occurred in approximately 6 weeks
from 8 May 2014 to 22 June 2014 and included convective storms with maximum rainfall
intensities of 16.3 mm hour-1 on 1 June 2014, 20.8 mm hour-1 on 5 June 2014, and 22.6
mm hour-1 on 14 June 2014, respectively. The crop residue from the 2013 season and notill management in 2014 likely prevented runoff generation in the treatment watershed on
non-frozen soil. Lindstrom et al. (1998) also reported reduced runoff volumes with
increased soil surface residue from no-till continuous corn (Zea mays) compared to
moldboard plow continuous corn (Zea mays).
Discussion
Three dominating factors in producing runoff on frozen soil in both the control
and treatment watersheds during the 4 year study period were the amount of frost present,
the rate of warming during the melt, and the occurrence of rain/freezing rain during the
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melt. Winters with an abundant snowpack prevented the development of deep frost that
reduces infiltration rates, and also prevented rapid warm-ups in March during the melting
process. The slow, gradual melting period was conducive to infiltration and evaporation.
Rain and freezing rain over the winter was also hypothesized to increase snowmelt runoff
due to the formation of an ice layer on the soil surface. Timmons and Holt (1977) also
found no correlation between the amount of snowfall received in the winter, and the
amount of snowmelt runoff due to the loss of snowpack prior to runoff occurring.
The winter of 2010-2011 had a large, sustained snowpack present for the entire
winter that prevented the formation of frost in the soil. In addition, no rainfall fell during
the snowmelt period and temperatures warmed gradually in 2011, with the first 10.0° C
high temperature recorded on 21 March 2011. The gradual warming temperatures
allowed for infiltration and evaporation of the snowpack to occur. There was no
snowmelt runoff in the spring of 2011.
The winter of 2011-2012 had a limited snowpack for most of the season and 0.5
m of frost was present at the beginning of the snowmelt period. In addition, 36.8 mm of
rain and freezing rain occurred on 29 February 2012. Minimal runoff was observed with
the rain and freezing rain on this day; however, it formed an ice layer on the soil surface
that essentially sealed the soil surface. An additional 80 mm of wet snow fell onto the icy
soil surface on 6 March 2012, and the high temperature on 7 March 2012 was 16.0° C.
The runoff generated on 7 March 2012 resulted in 88 percent and 83 percent of the
annual runoff in the control and treatment watersheds, respectively.
The winter of 2012-2013 had a moderate snowpack for most of the season and
0.66 m of frost was present at the beginning of the snowmelt period due to the
exceptional cold winter. No rainfall occurred during the snowmelt period, and warming
was extremely slow with the first 10.0° C high temperature recorded on 29 March 2013.
All of the snow in the watershed either infiltrated into the soil through macropores, or
evaporated before becoming runoff. There was no snowmelt runoff in the spring of 2013.
The winter of 2013-2014 had a moderate snowpack for most of the season and
0.14 m of frost was present at the beginning of the snowmelt period. Minimal rainfall
occurred during the snowmelt period, and the first 10.0° C high temperature recorded on
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13 March 2013. The runoff generated on 13 March 2012 resulted in 69 percent and 100
percent of the annual runoff in the control and treatment watersheds, respectively.
Runoff volumes on frozen soil, commonly associated with snowmelt, were difficult to
predict, however the amount of frost present, the rate of warming during the melt, and the
occurrence of rain and freezing rain during the melt were important factors.
The differences in runoff from non-frozen soil in the treatment watershed during
the 2013 and 2014 growing seasons demonstrated the importance of crop residue and
tillage management associated with corn (Zea mays) production. The process of
conversion from perennial vegetation on undisturbed soil created a vulnerable period of
unprotected soil susceptible to runoff after tillage until a full canopy of the corn (Zea
mays) was established. Unfortunately, heavy rainfall was observed during the vulnerable
period, and 4 runoff events occurred in a 28 hour period in 2013. Corn (Zea mays) was
grown using a no-till method in 2014 that left a thick residue layer on the soil surface.
More rain was observed in June 2014 (192 mm) than in June 2013 (157 mm). There
were also 3 periods in 2014 with greater VWC levels than those recorded during nonfrozen soil runoff events (above 0.40) in 2013, however, no runoff was generated in
2014. These results provided an example of how management and climatic variability
can affect water quality.
Nitrogen
Frozen Soil

Six of the 10 runoff events occurred on frozen soil. Three events occurred during
the calibration period (February and March of 2012), and 3 events occurred during the
treatment period (March 2014). Runoff on frozen soil in the calibration period did not
occur in 2011. In 2012, annual TN yields were 0.31 kg ha-1 and 0.79 kg ha-1 (Table 17)
and TN FWMC were 13.46 mg L-1 and 13.66 mg L-1 for the control and treatment
watersheds, respectively (Table 18). In 2012, annual NO3-N yields were 0.07 kg ha-1 and
0.10 kg ha-1 f (Table 17) and NO3-N FWMC were 3.14 mg L-1 and 1.68 mg L-1 for the
control and treatment watersheds, respectively (Table 18). In 2012, annual NH4-N yields
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were <0.01 kg ha-1 and 0.03 kg ha-1 (Table 17) and NH4-N FWMC were 0.14 mg L-1 and
0.49 mg L-1 for the control and treatment watersheds, respectively (Table 18).
Runoff on frozen soil in the treatment period did not occur in 2013. In 2014,
annual TN yields were 0.15 kg ha-1 and 0.17 kg ha-1 (Table 17) and TN FWMC were
4.02 mg L-1 and 8.08 mg L-1 for the control and treatment watersheds, respectively (Table
18). In 2014, annual NO3-N yields were 0.01 kg ha-1 and 0.02 kg ha-1 (Table 17) and
NO3-N FWMC were 0.32 mg L-1 and 0.79 mg L-1 for the control and treatment
watersheds, respectively (Table 18). In 2014, annual NH4-N yields were 0.01 kg ha-1 and
<0.01 kg ha-1 (Table 17) and NH4-N FWMC were 0.19 mg L-1 and 0.20 mg L-1 for the
control and treatment watersheds, respectively (Table 18).
Calibration of the watersheds for the paired analysis was completed for yield and
FWMC for TN (Figure 13A and 13B), for NO3-N (Figure 13C and 13D), and for NH4-N
(Figures 13E and 13F). Based on the paired watershed analysis, TN yield was reduced
58 percent, TN FWMC was reduced 78 percent, NH4-N yield was reduced 69 percent,
and NH4-N FWMC was reduced 97 percent (Table 21). These reductions were unable to
be tested for significance as a result of an insufficient number of runoff events. The
reductions in yield were likely a result of the 81 percent reduction in runoff from the
treatment watershed in 2014 based on the paired watershed analysis. The reduction in
TN and NH4-N FWMC may be explained by the elimination of the perennial vegetation
from the watershed that has been documented to release nutrients during snowmelt
(Timmons et al., 1970). Contrary to the reductions in yield and FWMC with TN and
NH4-N, NO3-N yield increased 61 percent (an absolute increase of 0.006 kg ha-1) and
NO3-N FWMC increased 648 percent (an absolute increase of 0.686 mg L-1) based on the
paired watershed analysis (Table 21). These increases were unable to be tested for
significance as a result of an insufficient number of runoff events. The small relative
increases in NO3-N may have been caused by the nitrogen fertilization that occurred in
the treatment watershed in 2013.
Non-Frozen Soil
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No runoff, and associated TN, NO3-N or NH4-N losses was observed on nonfrozen soil throughout the experiment in any watershed composed of perennial vegetation
on undisturbed soil. As a result, calibration of the watersheds for paired watershed
analysis on non-frozen soil was not possible. An assumption that all of the runoff from
the treatment watershed on non-frozen soil during the treatment period was considered
the direct result of the conversion of perennial vegetation to corn (Zea mays) production.
The only runoff that occurred on non-frozen soil in the experiment occurred with
4 runoff events in a 28 hour period in the treatment watershed in the first year of corn
(Zea mays) production. In 2013, the TN yield was 2.02 kg ha-1, TN FWMC was
10.91 mg L-1, NO3-N yield was 0.13 kg ha-1, NO3-N FWMC was 0.70 mg L-1, NH4-N
yield was 0.17 kg ha-1 and NH4-N FWMC was 0.91 mg L-1 (Table 17 and Table 18). The
4 events occurred from 21 to 23 June 2013, a period when the soil had no residue on the
surface due to tillage required for the conversion of the perennial vegetation to corn (Zea
mays) production. The corn (Zea mays) canopy was also limited with an average corn
(Zea mays) height of 0.15 m to 0.20 m during the runoff period. In the second year of
corn (Zea mays) production, no-till management left a thick thatch of corn (Zea mays)
stover that protected the surface soil and likely prevented runoff generation.
Nitrogen Speciation

Speciation of nitrogen in surface runoff was determined for NH4-N, n NO3-N, and
organic nitrogen for all events. Nitrogen speciation on frozen soil in the control
watershed during the calibration period was 1.0 percent NH4-N, 24 percent NO3-N, and
75 percent organic nitrogen and during the treatment period was 4 percent NH4-N, 9
percent NO3-N, and 87 percent organic nitrogen. Nitrogen speciation on frozen soil in
the treatment watershed during the calibration period was 5 percent NH4-N, 8 percent
NO3-N, and 87 percent organic nitrogen. Nitrogen speciation in the treatment watershed
on frozen soil during the treatment period was 2 percent NH4-N, 10 percent NO3-N, and
88 percent organic nitrogen. The speciation of nitrogen on frozen soil was comparable
throughout the study period for runoff events from perennial vegetation on undisturbed
soil and corn (Zea mays) production. Nitrogen speciation on non-frozen soil in the
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treatment watershed during in 2013 was 7 percent NH4-N, 9 percent NO3-N, and 84
percent organic nitrogen.
The majority of the nitrogen loss in surface overland runoff occurred as organic
nitrogen for all runoff events. The ratio of the nitrogen species were consistent in the
both the calibration watershed and the treatment watershed, in the both the calibration
and treatment watersheds, regardless of vegetation. The treatment watershed received
urea (nitrogen) fertilizer prior to the runoff on 21 to 23 June 2013, however, the nitrogen
speciation in runoff was not greatly different than the runoff from the perennial
vegetation on frozen soil. The urea fertilizer likely migrated into the soil profile before
the runoff occurred in 2013, and was applied after the snowmelt runoff on frozen soil in
2014. No monitoring of the vadose zone or shallow groundwater was completed with
this study to further investigate nitrogen losses.
Discussion

Timmons and Holt (1977) measured TN losses in surface runoff from a native
prairie in MN. Annual TN losses in surface runoff from native prairie ranged from 0.07
to 1.23 kg ha-1. Total nitrogen losses were strongly correlated to the occurrence of
runoff, and generally reflected the amount of runoff volume during snowmelt and rainfall
periods. Over the 5 year study, snowmelt accounted for 88 percent of the TN losses and
80 percent of the total runoff. Average TN FWMC over their study was 3.88 mg L-1, and
organic nitrogen comprised 56 to 73 percent of the annual losses. This experiment had
similar annual TN losses, all TN losses during snowmelt periods on frozen soil, and a
comparable percentage of TN from organic nitrogen for watersheds composed of
perennial vegetation compared to Timmons and Holt (1977).
Overall NO3-N losses were small, however, only overland surface runoff was
monitored during this experiment. Loss of NO3-N typically higher to shallow
groundwater compared to overland surface runoff. This experiment did not collect
vadose zone or shallow groundwater samples to measure NO3-N losses through the soil
profile. The reported values only include NO3-N losses through overland surface runoff,
and likely underestimated total NO3-N losses. Based on the paired watershed analysis,
NO3-N yield and FWMC were greater than predicated on frozen soil in the treatment
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watershed in 2014. This was likely the result of the urea (nitrogen) festination in 2013, or
the change in plant residue from perennial vegetation to corn (Zea mays) that could have
released more NO3-N.
The source of the nitrogen in frozen soil runoff from the watersheds with
perennial vegetation on undisturbed soil was the vegetation itself. Liu et al. (2014) found
significantly higher water extractable nitrogen concentrations in perennial vegetation
compared to annual crop residues. Roberson et al. (2007) and Bechmann et al. (2005)
reported freeze-thaw cycles ruptured plants cells allowing for nutrient release. Perennial
vegetation grows later in the fall and has more biomass on the surface during the winter,
compared to the residues left after the harvest of annual crops. Nutrient losses from
perennial vegetation is correlated with the nutrient content of the plant itself. Elliott
(2013) found that actively growing perennial vegetation had higher moisture levels, and
higher nutrient losses when compared to the residues left after the harvest of annual
crops. The overall impact of perennial vegetation on the water quality of a watershed is
beneficial as a result of reduced runoff volume and higher evapotranspiration rates,
however, perennial vegetation can be a source of nutrients in overland surface runoff.
The change in hydrology on frozen soil in 2014 was the largest difference observed in
regards to overall nitrogen losses in overland surface runoff. The corn (Zea mays)
residue did not trap snow over the winter as observed with the perennial vegetation. As a
result, there was less snow in the watershed to runoff. Additional monitoring must be
completed to further examine the possible changes in hydrology and nitrogen losses.
Phosphorus
Frozen Soil

Six of the 10 runoff events occurred on frozen soil. Three events occurred during
the calibration period (February and March of 2012), and 3 events occurred during the
treatment period (March 2014). Runoff on frozen soil in the calibration period did not
occur in 2011. In 2012, annual TP yields were 0.02 kg ha-1 and 0.10 kg ha-1 (Table 19)
and TP FWMC were 0.75 mg L-1 and 1.80 mg L-1 for the control and treatment
watersheds, respectively (Table 20). In 2012, annual DRMP yields were 0.01 kg ha-1 and
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0.08 kg ha-1 f (Table 19) and DRMP FWMC were 0.43 mg L-1 and 1.34 mg L-1 for the
control and treatment watersheds, respectively (Table 20).
Runoff on frozen soil in the treatment period did not occur in 2013. In 2014,
annual TP yields were 0.02 kg ha-1 and 0.02 kg ha-1 (Table 19) and TP FWMC were
0.66 mg L-1 and 1.01 mg L-1 for the control and treatment watersheds, respectively (Table
20). In 2014, annual DRMP yields were <0.01 kg ha-1 and <0.01 kg ha-1 (Table 19) and
DRMP FWMC were 0.12 mg L-1 and 0.04 mg L-1 for the control and treatment
watersheds, respectively (Table 20).
Calibration of the watersheds for paired analysis was completed for yield and
FWMC for TP (Figure 14A and 14B) and DRMP (Figure 14C and 14D). Based on the
paired watershed analysis, TP yield was reduced 77 percent, TP FWMC was reduced 25
percent, DRMP yield was reduced 97 percent, and DRMP FWMC was reduced 99
percent (Table 21). These reductions were unable to be tested for significance as a result
of an insufficient number of runoff events. The reductions in phosphorus yields were
likely a result of the 81 percent reduction in runoff in 2014 based on the paired watershed
analysis (Table 21). The reduction in TP and DRMP FWMC was caused by elimination
of the perennial vegetation from the watershed. Liu et al. (2014), Roberson et al. (2007),
and Bechmann et al. (2005) reported perennial vegetation can be a source of phosphorus
during freeze-thaw periods.
Non-Frozen Soil

No runoff, and associated TP and DRMP losses, was observed on non-frozen soil
throughout the experiment in any watershed composed of perennial vegetation on
undisturbed soil. As a result, calibration of the watersheds for paired watershed analysis
on non-frozen soil was not possible. An assumption that all of the runoff from the
treatment watershed on non-frozen soil during the treatment period was considered the
direct result of the conversion of perennial vegetation to corn (Zea mays) production.
The only runoff that occurred on non-frozen soil in the experiment occurred with
4 runoff events in a 28 hour period in the treatment watershed in the first year of corn
(Zea mays) production. In 2013, the TP yield was 0.27 kg ha-1, TP FWMC was
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1.45 mg L-1, DRMP yield was 0.02 kg ha-1, and DRMP FWMC was 0.09 mg L-1 (Table
19 and Table 20). The 4 events occurred from 21 to 23 June 2013, a period when the soil
had no residue on the surface due to tillage required for the conversion of the perennial
vegetation to corn (Zea mays) production. The corn (Zea mays) canopy was also limited
with an average corn (Zea mays) height of 0.15 to 0.20 m during the runoff period. In the
second year of corn (Zea mays) production, no-till management left a thick thatch of corn
(Zea mays) stover that protected the surface soil and likely prevented runoff generation.
Phosphorus Speciation

Speciation of phosphorus in surface runoff is presented as a percentage of TP as
DRMP. The DRMP composed 61 percent of the overall TP yield on frozen soil in the
control watershed during the calibration period, and composed 20 percent of the overall
TP in the control watershed during the treatment period (Table 19). DRMP composed 76
percent of the overall TP yield on frozen soil in the treatment watershed during the
calibration period, and composed 9 percent of the overall TP on frozen soil during the
treatment period after the conversion to corn (Zea mays) production (Table 19). Both the
control and treatment watersheds had a much higher percentage of TP as DRMP on
frozen soil in 2012 than in 2014. Bechmann et al. (2005) and Liu et al. (2013) reported
that nutrient loss from perennial vegetation increases with each freeze-thaw cycle. The
variation in the percentages of TP as DRMP in 2012 and 2014 may be explained by fewer
freeze-thaw cycles in 2014. In addition, the runoff on frozen soil from the treatment
watershed in 2014 had higher TSS FWMC, and more of the TP may have been bound to
the sediment resulting in a lower percentage of TP as DRMP. The watersheds with
perennial vegetation on undisturbed soil did have elevated TP and DRMP concentrations
and a high percentage of TP as DRMP on frozen soil; however, the yields were low when
the FWMCs were combined with runoff volumes.
Phosphorus speciation in runoff on non-frozen soil in 2013 had the lowest
percentage of TP as DRMP (6 percent) in the first year of corn (Zea mays) production.
This was the only period that had runoff on non-frozen soil. The 2013 TP FWMC was
still was still elevated (1.45 mg L-1), however, a majority of the TP was bound to
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sediment. The runoff on non-frozen soil in 2013 also had the highest TSS FWMC of the
experiment by several orders of magnitude, and the majority of the phosphorus was
sediment bound. The largest annual TP yield occurred on non-frozen soil in the
treatment watershed in 2013 after conversion of perennial vegetation to corn (Zea mays)
production.
Discussion

Annual TP yields and FWMC from perennial vegetation on undisturbed soil are
consistent with previous studies. Timmons and Holt (1977) found annual TP losses in
surface runoff from a native prairie via surface runoff ranged from 0.01 to 0.25 kg ha-1.
One hundred percent of TP losses occurred during the snowmelt period in 4 of the 5
years. Over the 5 year study, snowmelt accounted for approximately 91 percent of the
TP losses and 80 percent of the total runoff. TP and DRMP average FWMC was 0.50
and 0.18 mg L-1, respectively for all runoff measured in the study. The TP yields and
FWMC in the control and treatment watersheds were consistent with Timmons and Holt
(1977).
Liu et al. (2014) compared snowmelt runoff from perennial vegetation and annual
crops. The perennial vegetation increased TP load by 160 percent and DRMP load by
221 percent when compared to the annual crop residue. TP FWMC also increased by 52
percent and DRMP FWMC increased by 53 percent when perennial vegetation was
compared annual crop residue. Liu et al. (2014) concluded that the perennial vegetation
was the source of the increase in TP and DRMP during snowmelt runoff periods in
southern Manitoba, Canada. Timmons and Holt (1970) determined perennial vegetation
released phosphorus when in water after being frozen or dried. Alfalfa released up to
0.65 kg ha-1 TP, and bluegrass released up to 0.27 kg ha-1 TP. The results of our
experiment indicated a reduction in the TP and DRMP yields and FWMC from the
treatment watershed on frozen soil after conversion from perennial vegetation to corn
(Zea mays) production. The elimination of the perennial vegetation in the treatment
watershed caused the reduction in phosphorus yields and FWMC.
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While the perennial vegetation was a source of TP and DRMP in watersheds
composed of entirely of perennial vegetation, there was no overland surface runoff on
non-frozen soil from these watersheds. There were small losses of TP and DRMP during
snowmelt periods from the watersheds with perennial vegetation, however, the largest
yield of TP occurred in 2013 on non-frozen soil in the treatment watershed. The
perennial vegetation dramatically altered hydrology dynamics between the control and
treatment watersheds. The perennial vegetation benefited the downstream water
resources by reducing runoff volumes, and losses of nutrients.
TP FWMC concentrations from both the control and treatment watersheds were
high relative to water quality standards. The MPCA river eutrophication stressor
response criteria for TP is 0.15 mg L-1, however, this value is used in conjunction with
response variable (i.e. dissolved oxygen, algae, etc.). With this said, the 0.15 mg L-1 TP
value provides a reference value for comparing to the results. The annual TP FWMC
concentrations on frozen soil in the control watershed were 0.66 mg L-1 to 0.75 mg L-1 for
the years when runoff occurred (Table 20). During the calibration period, the treatment
watershed had an annual TP FWMC concentrations on frozen soil of 1.8 mg L-1. After
conversion of the perennial vegetation in the treatment watershed to corn (Zea mays)
production, annual TP FWMCs were 1.45 mg L-1 (non-frozen soil) in 2013 and 1.01
mg L-1 (frozen soil) in 2014. All of the mentioned TP FWMC values are well above the
MPCA TP response criteria for all runoff from both the perennial vegetation on
undisturbed soil and from corn (Zea mays) production. The MPCA water quality
standards do not apply to EOF runoff. EOF runoff typically has higher yield and FWMC
of nutrients and sediment compared to the receiving water. Much of the EOF runoff is
mitigated prior to entering a surface waterbody as a result of treatment in route to the
waterbody. With this said, the water quality standards allow for a comparison of results.
Sediment
Frozen Soil

Six of the 10 runoff events occurred on frozen soil. Three events occurred during
the calibration period (February and March of 2012), and 3 events occurred during the
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treatment period (March 2014). Runoff on frozen soil in the calibration period did not
occur in 2011. In 2012, annual TSS yields were 0.44 kg ha-1 and 0.72 kg ha-1 (Table 19)
and TSS FWMC were 20.0 mg L-1 and 12.5 mg L-1 for the control and treatment
watersheds, respectively (Table 20). Runoff on frozen soil did not occur in 2013. In
2014, annual TSS yields were 1.20 kg ha-1 and 2.19 kg ha-1 (Table 19) and TSS FWMC
were 32.4 mg L-1 and 106.9 mg L-1 for the control and treatment watersheds, respectively
(Table 20). Overall, TSS losses on frozen soil were very low for both perennial
vegetation on undisturbed soil and in the second year of corn (Zea mays) production.
Calibration of the watersheds for paired analysis was unable to be completed for
TSS yield and FWMC (Figure 14E and 14F) due to insufficient data. Two of the 3 events
in 2012 that were used for the calibration of the nitrogen and phosphorus species were
very small. Limited water sample volume was collected due to limited runoff and the
sample was consumed for the analysis of the nitrogen and phosphorus species. One event
in 2012 had enough sample volume for TSS analysis, however, the control watershed was
below the MRL for TSS and the treatment watershed was reported at the method
reporting limit (MRL) of 20 mg/L. As a result, a paired watershed analysis for TSS could
not be completed.
Non-Frozen Soil

No runoff, and associated TSS loss, was observed on non-frozen soil throughout
the experiment in any watershed composed of perennial vegetation on undisturbed soil.
As a result, calibration of the watersheds for paired watershed analysis on non-frozen soil
was not possible. An assumption that all of the runoff from the treatment watershed on
non-frozen soil during the treatment period was considered the direct result of the
conversion of perennial vegetation to corn (Zea mays) production.
The only runoff that occurred on non-frozen soil in the experiment occurred with
4 runoff events in a 28 hour period in the treatment watershed in the first year of corn
(Zea mays) production. In 2013, the TSS yield was 1,060 kg ha-1, and TSS FWMC was
5,730 mg L-1 (Table 19 and 20). The 4 events occurred from 21 to 23 June 2013, a period
when the soil had no residue on the surface due to tillage required for the conversion of
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the perennial vegetation to corn (Zea mays) production. The corn (Zea mays) canopy
was also limited with an average corn (Zea mays) height of 0.15 to 0.20 m during the
runoff period. In the second year of corn (Zea mays) production, no-till management left
a thick thatch of corn (Zea mays) stover that protected the surface soil and likely
prevented runoff generation.
Discussion

Annual TSS losses from perennial vegetation on undisturbed soil over frozen soil
were very low, ranging from 0 to 1.20 kg ha-1. The TSS losses were limited due to the
lack of runoff and the inability of the frozen soil to move off-site. Burwell et al., (1975)
found sediment losses during the snowmelt and outside of the corn (Zea mays) planting
to 2 months later to be minimal, and the amount of annual sediment loss was inversely
related to the amount of soil cover of each crop during the corn (Zea mays) planting to 2
months later runoff period. The incorporation of perennial vegetation into crop rotations
limited sediment losses. Lindstrom et al. (1998) compared soil loss from several plots in
South Dakota including continuous corn (Zea mays) moldboard and an alfalfa (Medicago
sativa) and bromegrass (Bromus) mixture using a rainfall simulator with an intensity of 7
cm hr-1 on dry and wet soil. The continuous corn (Zea mays) moldboard plow plot had
the largest sediment losses in both the dry and wet soil tests (6,078 and 16,510 kg ha-1,
respectively). No runoff occurred from the alfalfa (Medicago sativa) and bromegrass
(Bromus) mixture in both the dry and wet soil test, and therefore, no sediment losses
were measured. Perennial vegetation is extremely effective at protecting soil, and
preventing TSS losses via overland surface runoff.
The highest TSS yield and FWMC was measured in the treatment watershed in
2013 on non-frozen soil with runoff that occurred between corn (Zea mays) planting and
full crop canopy. This period had high vulnerability as the tillage required to convert the
perennial vegetation to corn (Zea mays) did not leave residue on the soil surface. The
TSS yield and FWMC measured in this 28 hour period were several orders of magnitude
greater than any other period in the experiment. The absence of perennial vegetation in
the watershed allowed for runoff to leave the watershed without the resistance provided
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by perennial vegetation. Corn was grown without tillage in 2014, and the soil was
protected by the corn residue from the 2013 crop. No runoff occurred from this
watershed in 2014, highlighting the importance of residue on the soil surface.
Escherichia coli (E. coli)
Control Watershed

A total of 7 samples were collected from the control watershed including 2 from
the calibration period (perennial vegetation) on frozen, undisturbed soil, and 5 from the
treatment period (perennial vegetation) on frozen, undisturbed soil. The E. coli MPN/100
mL was 20 and 31, respectively, during the calibration period (Figure 15). All 5 samples
collected in the treatment period (perennial vegetation on frozen, undisturbed soil) were
below the reporting limit (< 1 MPN/100 mL).
Treatment Watershed

A total of 23 samples were collected from the treatment watershed including 9
from the calibration period (perennial vegetation) on frozen, undisturbed soil, 11 from the
treatment period (corn (Zea mays)) during non-frozen soil, and 3 from the treatment
period (corn (Zea mays)) during frozen soil periods (Figure 15). During the calibration
period in the treatment watershed (perennial vegetation) on frozen, undisturbed soil,
E. coli MPN/100 mL ranged from 136 to 1,046, with a median MPN/100 mL value of
411. During the treatment period in the treatment watershed (corn (Zea mays)) on nonfrozen soil, E. coli MPN/100 mL samples exceeded the reporting limit (> 2,420
MPN/100 mL) in 10 of the 11 samples submitted from several runoff events in June
2013. The single sample with a reportable result was 1,986 MPN/100 mL. E. coli was
detected in runoff on frozen, undisturbed soil from treatment watershed when it was
perennial vegetation. The highest E. coli values from the treatment watershed were
associated with the 21-23 June 2013 runoff events after the conversion to row crop
production on non-frozen soil. During the treatment period in the treatment watershed
(corn (Zea mays)) on frozen soil, E. coli MPN/100 mL sample was below the reporting
limit (< 1 MPN/100 mL) for all 3 samples.
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Discussion

The treatment watershed exhibited higher E. coli MPN bacteria counts than the
control watershed throughout the experiment. During the calibration period, E. coli was
detected in all samples from the control and treatment watershed with perennial
vegetation on undisturbed, frozen soil. The highest E. coli MPN values were associated
with the runoff on non-frozen soil after the conversion to row crop production. This is
consistent with previous work showing increased E. coli counts during months with
higher ambient temperatures (Chandrasekaran et al., 2015). The control watershed did
not have runoff during non-frozen soil periods throughout the experiment. All samples
analyzed during the 2014 snowmelt in both the control and treatment watersheds were
below the reporting limit (< 1 MPN/100 mL).
The watersheds were grazed with cattle until 2000, and manure may have been
the source of the E. coli. With this said, it is uncertain why there was variability between
the control and treatment watershed E. coli MPN results in 2012 with runoff on frozen
soil. Both watersheds were grazed, and it was expected that the E. coli MPN values
would be similar. The spike in E. coli MPN in 2013 on non-frozen soil in the treatment
watershed cannot be directly compared to the runoff on non-frozen soil from the control
watershed as no runoff occurred (Figure 15). E. coli values on non-frozen soil in 2014
were similarly low in the control and treatment watershed. Cattle manure is the likely
source of the E. coli, however, it is unknown why the E. coli results varied between the
control and treatment watersheds in 2012.
Conclusion
A paired watershed study was conducted to document the hydrology and water
quality of perennial vegetation on undisturbed soil, and to quantify the change in
hydrology and water quality after conversion of perennial vegetation on undisturbed soil
to row crop production. Runoff from perennial vegetation on undisturbed soil was
extremely limited over the entire experiment, consistent with previous studies that
examined runoff from native prairies on undisturbed soil (Timmons and Holt, 1977).
Precipitation was the primary driver of surface runoff. Surface runoff occurred
when precipitation (rainfall or snowmelt) was introduced to the soil faster than the
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combined infiltration and evaporation rate. Soil hydrologic properties were measured
and high infiltration and hydraulic conducted rates existed in the control and treatment
watersheds in the calibration period (chapter 2). The undisturbed soil and perennial
vegetation created a situation that would have required exceptional rainfall rates,
following a wet period with saturated soil, to generate runoff on non-frozen soil.
Following the conversion to row crop production, the infiltration and hydraulic
conductivity rates were reduced (chapter 2), and runoff on non-frozen soil occurred when
the soil were saturated and had little surface protection from residue or the recently
planted crop.
No runoff was recorded from perennial vegetation on undisturbed, non-frozen
soil. Therefore, perennial vegetation did not result in any nitrogen, phosphorus, or
sediment export during non-frozen soil periods. Runoff from perennial vegetation on
frozen soil was infrequent, and resulted in low runoff rates. In the control watershed
annual runoff values were 0 mm, 2.71 mm, 0 mm, and 3.71 mm from 2011-2014,
respectively. Prior to corn (Zea mays) production, the treatment watershed was
composed of perennial vegetation in 2011 and 2012, and had annual runoff values of 0
mm and 5.76 mm. Runoff from perennial vegetation during frozen soil periods did have
elevated FWMC of nitrogen and phosphorus, however, the runoff resulted in very low
overall loss given the low runoff volumes. Previous studies have documented that
perennial vegetation can release water soluble nitrogen and phosphorus after freeze-thaw
cycles (Bechmann et al., 2005; Liu et al., 2014). TSS concentrations from perennial
vegetation associated with frozen soil were very low (< MRL). The overall water quality
effect to downstream receiving surface waters from perennial vegetation on undisturbed
soil was minimal, and the effect of perennial vegetation on the prevention of runoff on
non-frozen soil periods serves as a benefit to downstream receiving surface waters.
A paired watershed analysis was completed for the 2014 runoff on frozen soil and
the treatment watershed, following the first year of corn (Zea mays) production, had an
81 percent reduction in runoff compared to the control watershed. This reduction was
unable to be tested for significance as a result of an insufficient number of runoff events.
It was hypothesized that the reduction in runoff was the result of less wind-blown,
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captured snow in the watershed, and a lower albedo that allowed the snow to evaporate
and sublimate prior to runoff. Runoff from frozen soil during the 2014 snowmelt period
resulted in similar overall export rates of nitrogen, phosphorus, and sediment between the
perennial vegetation and corn (Zea mays) watershed.
The runoff events in the treatment watershed in 2013 and 2014 demonstrate the
challenges agricultural producers face when addressing water quality. The process of
conversion from perennial vegetation on undisturbed soil created a vulnerable period
with unprotected soil after tillage through full canopy of the corn (Zea mays). This
process is not unique to the conversion of perennial vegetation, and is similar to
agricultural fields that receive heavy tillage between crops. In 2013, heavy rainfall was
observed during the vulnerable period, and 4 runoff events occurred in a 28 hour period.
The management used to grow corn (Zea mays) in 2014 did not include tillage and left a
heavy residue layer on the soil surface. More rain fell in June of 2014 (19.2 cm) than in
June 2013 (15.7 cm), and there were also 3 periods in 2014 with greater VWC levels than
those recorded during non-frozen soil runoff events (above 0.40) in 2013, however, no
runoff was generated in 2014. These results provided an example of how residue
management and climatic variability can affect runoff generation and ultimately water
quality.
There are periods of time between seedbed preparation and full crop canopy that
leave agricultural fields susceptible to runoff. Unfortunately in Minnesota, May and June
is plagued with frequent rainfall that leads to saturated soil, and high intensity rainfall
events create additional risk. Recent climate trends has shifted more rainfall into April,
May and June. The largest driver of runoff, rainfall, is extremely unpredictable in any
growing season, however, agricultural producers have management options to help
mitigate runoff risks. The adoption of alternative practices and BMP’s lower the
susceptibility of runoff generation allowing for the precipitation to be stored in the soil
for the crop. Measures including residue management, alternative tillage techniques, will
lead to increased rates of soil hydrologic properties and reduce the likelihood of runoff
generation, and will improve surface water quality.
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This study showed the importance of reducing overland surface runoff when
evaluating nutrient and sediment losses. Perennial vegetation is very effective at
protecting the soil and reducing overland runoff due to a longer growing season, and
improving soil health that leads to increased soil infiltration rates and water holding
capacities. Incorporating BMP’s, including the use of cover crops and incorporation of
perennial vegetation into strategic positions in watersheds will reduce nutrient, sediment,
and runoff losses from areas of agricultural production.
This study had a unique opportunity to document the hydrology and water quality
of a landscape that composed much of southern Minnesota prior to European settlement
and the expansion of agriculture. This study provides a meaningful estimate of runoff,
nitrogen, phosphorus, and sediment export values associated with “natural background”.
Agriculture in Minnesota is extremely important, and will continue to be so into the
future given the productive soil and moderate climate that makes Minnesota an
international leader in multiple areas of agricultural production. To protect surface water
resources, and maintain a strong agriculture economy in Minnesota, agricultural
producers must make management decision that protect their soil during snowmelt and in
the critical period between seedbed perpetration and full crop canopy to reduce or prevent
runoff generation.
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Figure 8. Aerial photograph of control and treatment watersheds.
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Figure 9. Observed monthly precipitation (2011-2014) and 30-year average.
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Figure 10. Cumulative daily precipitation, 2011-2014.
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Figure 11. Treatment watershed 2013 soil volumetric water content.
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Table 15. Paired watershed runoff event summary
Peak
Total
Total
Soil
Duration
Event Date
Flow
Flow
Runoff Samples
Condition
(min)
(m3 s-1)
(m3)
(mm)
Control Watershed: Perennial Vegetation
Calibration
2/28/2012
Frozen
<0.001
204
0.246
0.08
0
2/29/2012
Frozen
<0.001
90
1.19
0.38
1
3/7/2012
Frozen
<0.001
349
5.41
1.75
2
Control Watershed: Perennial Vegetation
Treatment
Non6/21/2013
0
0
0
0
0
Frozen
Non6/22/2013
0
0
0
0
0
Frozen
Non6/23/2013a
0
0
0
0
0
Frozen
Non6/23/2013b
0
0
0
0
0
Frozen
3/11/2014
Frozen
<0.001
696
3.15
1.02
1
3/13/2014
Frozen
0.001
440
2.90
2.55
3
3/29/2014
Frozen
<0.001
206
0.438
0.14
1
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Peak
Total
Total
Duration
Flow
Flow
Runoff Samples
(min)
(m3 s-1)
(m3)
(mm)
Treatment Watershed: Perennial Vegetation
<0.001
176
0.535
0.13
1
0.002
65
3.04
0.76
1
0.002
908
19.5
4.87
7
Treatment Watershed: Corn (Zea mays)
0.056

61

41.7

10.4

5

0.023

45

15.3

3.82

3

0.028

25

12.7

3.19

2

0.001

41

4.23

1.06

1

0
0.001
0

0
418
0

0
8.22
0

0
2.05
0

0
2
0

Table 16. Paired watershed annual runoff summary.
Annual

Soil
Condition

Calibration
2011
2012
Treatment

na
Frozen

2013
2014

NonFrozen
Frozen

Peak
Total
Total
Duration
Flow
Flow
Runoff Samples
(min)
(m3 s-1)
(m3)
(mm)
Control Watershed: Perennial Vegetation
0
0
0
0
0
0.001
643
6.85
2.21
3
Control Watershed: Perennial Vegetation

Peak
Total
Total
Duration
Flow
Flow
Runoff Samples
(min)
(m3 s-1)
(m3)
(mm)
Treatment Watershed: Perennial Vegetation
0
0
0
0
0
0.002
1150
23.0
5.76
9
Treatment Watershed: Corn

0

0

0

0

0

0.056

172

73.9

18.5

11

0.001

1340

11.5

3.71

5

0.001

418

8.22

2.05

2
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Figure 12. Paired watershed calibration plot for runoff.
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Table 17. Paired watershed annual runoff and TN, NO 3-N, and NH4-N yields.
Runoff
Phase
Calibration
Calibration
Treatment
Treatment

Year
2011
2012
2013
2014

Runoff Soil
Conditions
na
Frozen
Non-frozen
Frozen

Control

Treatment

---------mm-------0
0
2.21
5.76
0
18.5
3.71
2.05
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TN
Control

Treatment

-------kg ha-1-----0
0
0.31
0.79
0
2.02
0.15
0.17

NO3-N
Control

Treatment

-------kg ha-1-----0
0
0.07
0.10
0
0.13
0.01
0.02

NH4-N
Control

Treatment

-------kg ha-1-----0
0
< 0.01
0.03
0
0.17
0.01
< 0.01

Table 18. Paired watershed annual runoff and TN, NO3-N, and NH4-N FWMC.
Runoff
Phase
Calibration
Calibration
Treatment
Treatment

Year
2011
2012
2013
2014

Runoff Soil
Conditions
na
Frozen
Non-frozen
Frozen

Control

Treatment

---------mm-------0
0
2.21
5.76
0
18.5
3.71
2.05
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TN
Control

Treatment

--------mg L-1------0
0
13.46
13.66
0
10.91
4.02
8.08

NO3-N
Control

Treatment

--------mg L-1------0
0
3.14
1.68
0
0.70
0.32
0.79

NH4-N
Control

Treatment

--------mg L-1------0
0
0.14
0.49
0
0.91
0.19
0.20

A

B

C

D

E
F
Figure 13. Paired watershed calibration plots for runoff, TN, NO 3-N, and NH4-N.
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Table 19. Paired watershed annual runoff and TSS, TP, and DRMP yields.
Runoff
Phase
Calibration
Calibration
Treatment
Treatment

Year
2011
2012
2013
2014

Runoff Soil
Conditions
na
Frozen
Non-frozen
Frozen

Control

Treatment

TSS
Control

Treatment

TP
Control

---------mm-------- -------kg ha-1------ -------kg ha-1-----0
0
0
0
0
2.21
5.76
0.44
0.72
0.02
0
18.5
0
1058.9
0
3.71
2.05
1.20
2.19
0.02
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DRMP

Treatment

Control

-------kg ha-1-----0
0
0.10
0.01
0.27
0
0.02
< 0.01

Treatment
0
0.08
0.02
< 0.01

Table 20. Paired watershed annual runoff and TSS, TP, and DRMP FWMC.
Runoff
Phase
Calibration
Calibration
Treatment
Treatment

Year
2011
2012
2013
2014

Runoff Soil
Conditions
na
Frozen
Non-frozen
Frozen

Control

Treatment

-----------mm----------0
0
2.21
20
0
0
3.71
32.4
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TSS
Control

Treatment

---------mg L-1--------0
0
20
12.53
0
5730.80
32.4
106.85

TP
Control

Treatment

---------mg L-1--------0
0
0.75
1.80
0
1.45
0.66
1.01

DRMP
Control

Treatment

---------mg L-1--------0
0
0.43
1.34
0
0.09
0.12
0.04

A

B

C

D

E
F
Figure 14. Paired watershed calibration plots for runoff, TP, DRMP and TSS.
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Table 21. Paired watershed 2014 results.

†

Net
Actual
Actual
Predicted
Runoff
Change in
Control
Treatment Treatment
Year
Soil
Parameter
Treatment
Watershed Watershed Watershed
Conditions
Watershed
Value
Value
Value
(%)
Runoff
2014
Frozen
3.71
2.05
11.0
- 81†
(mm)
TN Yield
2014
Frozen
0.149
0.166
0.395
- 58†
(kg/ha)
TN
2014
Frozen
FWMC
4.02
8.08
37.0
- 78†
(mg/L)
NO3-N
2014
Frozen
Yield
0.012
0.016
0.010
+ 61†
(kg/ha)
NO3-N
2014
Frozen
FWMC
0.319
0.792
0.106
+ 648†
(mg/L)
NH4-N
2014
Frozen
Yield
0.007
0.004
0.013
- 69†
(kg/ha)
NH4-N
2014
Frozen
FWMC
0.192
0.198
7.03
- 97†
(mg/L)
TP Yield
2014
Frozen
0.024
0.021
0.091
- 77†
(kg/ha)
TP
2014
Frozen
FWMC
0.660
1.01
1.35
- 25†
(mg/L)
DRMP
2014
Frozen
Yield
0.004
0.001
0.034
- 97†
(kg/ha)
DRMP
2014
Frozen
FWMC
0.112
0.042
4.35
- 99†
(mg/L)
TSS
2014
Frozen
Yield
1.20
2.19
na
na
(kg/ha)
TSS
2014
Frozen
FWMC
32.4
106.85
na
na
(mg/L)
Values not able to be tested for significance due to inadequate population of runoff events
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Figure 15. Treatment and control watershed E. coli results.
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Chapter 4 –Comparing the hydrology and water quality of
an agricultural watershed nested in a watershed
dominated by perennial vegetation.
Summary
This experiment evaluated the differences in hydrology and water quality of an
agricultural watershed nested in a watershed dominated by perennial vegetation from
October 2012 through December 2014 in southwest Minnesota. The “above” watershed
(0.27 ha) was used for row crop agricultural production and was nested in the “below”
watershed (0.96 ha) that had 72 percent of the watershed composed of perennial
vegetation on undisturbed soil. Annual precipitation values were 24 percent below
normal in 2013 and 8 percent below normal in 2014, however, there were 7 individual
days with at least 25 mm of precipitation including 3 days with at least 50 mm of
precipitation.
The above and below watersheds exhibited different runoff characteristics,
including differences in the partitioning of runoff observed on frozen and non-frozen soil.
In 2013 and 2014, the above watershed runoff totaled 50.4 mm, including 32.8 mm
runoff on frozen soil (65 percent) and 17.6 mm runoff on non-frozen soil (35 percent). In
2013 and 2014, the below watershed runoff totaled 14.3 mm, including 13.6 mm runoff
on frozen soil (95 percent) and 0.70 mm runoff on non-frozen soil (5 percent). A total of
10 runoff events were measured, with runoff occurring in the both watersheds in only 4
of the 10. Mean runoff event yields of TN, NO3-N, TP, DRMP, and TSS were reduced
75 to 93 percent from the below watershed compared to the above watershed. The yield
reductions were driven by a 72 percent reduction in mean event runoff volume from the
below watershed compared to the above watershed. There was no significant difference
in NH4-N yields from the above and below watersheds. Mean event FWMC of TN,
NH4-N, TP, DRMP, and TSS showed no significant difference between the above and
below watersheds. Mean event FWMC of NO3-N was reduced 75 percent from the
below watershed compared to the above watershed.
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Introduction
The environmental effects of nonpoint source pollution of nitrogen, phosphorus,
and sediment have been linked to water quality degradation in the United States (U.S.)
Midwest region. In addition, a large hypoxia zone has developed in the Gulf of Mexico
with an estimated 75 percent of the nitrogen and phosphorus entering the Gulf of Mexico
originating from 9 states in the U.S. Midwest region (Alexander et al, 2007). Best
management practices (BMP’s) have been implemented in many areas to reduce nutrient
losses, however, reductions are still needed to improve water quality in the Gulf of
Mexico. Studies have reported that changes in land use in agricultural watersheds can
reduce nutrient export (Randall and Mulla, 2001). Zampella et al. (2007) found
conversion of 10 percent land cover in an agricultural watershed can reduce surface
runoff losses. One possible BMP may be the incorporation of vegetated filter strips
(VFS) into agricultural watersheds. The VFS is composed of perennial vegetation that
filters out pollutants by reducing runoff velocity and volume, and by increasing soil
infiltration rates (Dillaha et al., 1989, Duchemin and Hague, 2009, Patty et al., 1997,
Udawatta el al., 2002, and Udawatta el al., 2008). The perennial vegetation also has high
evapotranspiration and nutrient uptake rates throughout the growing season and protects
soil during critical runoff periods of May and June in Minnesota.
Perennial vegetation is effective at reducing overland surface runoff, and sediment
and nutrient export from agricultural areas. Zhou et al. (2014) determined that converting
10 percent of an agricultural watershed used for row crop production to VFS reduced
total nitrogen (TN) and total phosphorus (TP) annual losses by 84 percent and 90 percent,
respectively. In addition, annual TN flow weighted mean concentration (FWMC) were
reduced by 73 percent and annual TP FWMC was reduced by 82 percent after the
inclusion of VFS. Helmers et al. (2012) determined that converting 10 and 20 percent of
an agricultural watershed from row crop production to VFS reduced total suspended
sediment (TSS) losses by 96 percent. There was also no significant difference in TSS
reduction between the watersheds with 10 and 20 percent perennial vegetation, and the
position of the perennial vegetation within the watershed did not have a significant effect
on sediment reduction. The conversion of 10 percent of agricultural watershed to
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perennial vegetation reduced nutrient and TSS losses and FWMCs significantly.
Perennial vegetation can be a source of nitrogen and phosphorus in regions with
freeze-thaw cycles. Roberson et al. (2007) and Liu et al. (2013) measured increased
phosphorus release from the surface residues of the perennial vegetation after a freezethaw cycle. Bechmann et al. (2005) showed increasing phosphorus losses after multiple
freeze-thaw cycles. These losses are expected to the greatest in snowmelt runoff periods
on frozen soil, and variable each year dependent upon the number of freeze-thaw cycles
that occur. Liu et al. (2014) found significantly higher water extractable nitrogen and
phosphorus concentrations in perennial vegetation compared to annual crop residues.
Timmons et al. (1970) determined perennial vegetation released nitrogen and phosphorus
when in water after being frozen or dried. Alfalfa released up to 2.07 kg ha-1 TN and
0.65 kg ha-1 TP, and bluegrass released up to 0.16 kg ha-1 TN and 0.27 kg ha-1 TP
(Timmons et al., 1970). Roberson et al. (2007) and Bechmann et al. (2005) reported the
freeze-thaw cycles ruptured plants cells thus allowing for nutrient release. Perennial
vegetation grows later in the fall and has more biomass on the surface during the winter,
compared to the residues left after the harvest of annual crops. Nutrient losses from
perennial vegetation is correlated with the nutrient content of the plant itself. Elliott
(2013) found that actively growing perennial vegetation had higher moisture levels, and
higher nutrient losses than compared to the residues left after the harvest of annual crops.
The overall impact of perennial vegetation on the water quality of a watershed is
beneficial as a result of reduced runoff and higher evapotranspiration rates, however,
perennial vegetation can be a source of nutrients in overland surface runoff.
Liu et al. (2014) compared snowmelt runoff from perennial vegetation and annual
crops. The perennial vegetation increased TP load by 160 percent and DRMP load by
221 percent when compared to a field used to produce annual crops. TP FWMC also
increased by 52 percent and DRMP FWMC increased by 53 percent when compared to a
field used for annual crops. Liu et al. (2014) concluded that the perennial vegetation was
the source of the increase in TP and DRMP during snowmelt runoff periods in southern
Manitoba, Canada. The results of our experiment did not show an increase in TP and
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DRMP in the below watershed during frozen soil period, however, TP and DRMP
FWMC increases were noted in the non-frozen soil periods.
The objective of the experiment was to evaluate the differences in runoff, and
losses of nutrients and sediment from an agricultural watershed nested in a watershed
composed of 72 percent perennial vegetation on undisturbed soil in southwest Minnesota.
Methods and Materials
Site Description and Management
This experiment was conducted from October 2012 through December 2014 in 2
north-facing watersheds. The “above” watershed (presented as NVm-field in chapter 2)
was 0.27 ha, and the “below” watershed (presented as NVm in chapter 2) was 0.96 ha.
The above watershed was nested within the below watershed. The watersheds were
located on the Nettiewyynnt Farm Limited Partnership near Tracy, Minnesota
(Figure 16). The above watershed was cultivated for corn (Zea mays) and soybean
(Glycine max) production with at least several decades of production history. The below
watershed was composed of 72 percent perennial vegetation on undisturbed soil,
including non-native and native plants dominated by smooth brome grass (Bromus
inermis) and Kentucky bluegrass (Poa pratensis), among others. The remaining 28
percent of the below watershed was the area of the above watershed, used for agricultural
row crop production, located in the uppermost portion of the below watershed. The
perennial vegetation was never cultivated for crop production, however, the vegetation
was harvested for livestock feed annually in July. Subsurface artificial drainage was only
installed in the above watershed. No drainage improvements were completed in the
portion of the below watershed maintained as perennial vegetation on undisturbed soil.
Both watersheds drain toward the Cottonwood River located approximately 0.5 km north
of the study area.
The soil in the above watershed was classified on the United States Department of
Agriculture (USDA) Web Soil Survey as a Ves-Estherville-Storden complex, a welldrained soil, with moderately high to high saturated hydraulic conductivity (14.4
mm hour-1 to 50.2 mm hour-1), high water storage capacity (282.2 mm), and bulk density
values of 1.35 to 1.55 g cm-3 in the upper 1.5 m on 2.8 percent slope (United States
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Department of Agriculture-Natural Resources Conservation Service). Laboratory
analysis of the soil was not completed in this watershed. The soil in the below watershed
under the perennial vegetation was classified on the USDA Web Soil Survey as a Storden
loam, a well-drained soil, with moderately high to high saturated hydraulic conductivity
(14.4 mm hour-1 to 50.2 mm hour-1), high water storage capacity (282.2 mm), and bulk
density values of 1.35 to 1.65 g cm-3 in the upper 1.5 m on 7.2 to 8.4 percent slope
(United States Department of Agriculture-Natural Resources Conservation Service).
Laboratory analysis of the soil from the portion of the watershed with perennial
vegetation reported an average organic matter content of 7.09 percent from 0 to 10 cm
depth, and 4.47 percent from 10 to 20 cm depth. Soil physical and hydrologic properties
were presented in chapter 2 of this thesis.
The above watershed had a slope length of 46 m prior to entering the portion of
below watershed with perennial vegetation, and the below watershed had a total slope
length (including the above watershed) of 120 m. The above watershed was similar to
approximately 65 percent of the greater Cottonwood River Watershed with slopes of 0 to
3 percent, and was considered a representative agricultural field for the region. The
below watershed was located as a transition between flat, highly productive agricultural
fields to the south and flat lowland riparian land to the north. The below watershed was
similar to approximately 9 percent of the greater Cottonwood River Watershed (over
30,350 ha) with slopes of 6 to 12 percent that may be targeted for BMP placement to
mitigate nonpoint source pollution.
This experiment occurred in southwestern Minnesota. The average annual
precipitation based on the 30-year record (1981-2010) in Lamberton, MN was 671 mm,
with 52 percent of the annual precipitation recorded in the months of April, May, June
and July (NOAA-NCEI). Average annual snowfall was 1,036 mm (snow water
equivalent of approximately 124 mm), with 90 percent of snowfall occurring from
November through March (NOAA-NCEI). The average annual temperature was 6.9º C,
and average monthly temperatures ranged from -10º C in January to 21.9º C in July
(NOAA-NCEI).
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Watershed Land Management
The independent management of both watersheds were consistent for at least
several decades, and was owned by the Hicks’ family since 1885. The above watershed
was used for corn (Zea mays) and soybean (Glycine max) production with a long
cropping history, and served as a modern agricultural reference watershed with similar
slopes to 65 percent of the Cottonwood River Watershed. The portion of the below
watershed with perennial vegetation on undisturbed soil was used a cattle pasture until
2000, and from 2001 through our study period, was harvested for livestock annually in
July. This portion of the below watershed had modern forage cutting and harvesting
equipment traffic that occurred since 2001 and served as a reference watershed of
perennial vegetation on undisturbed soil.
Precipitation
Two tipping bucket rain gauges were installed near the watersheds. Due to the
close proximity of the rain gauges, and little variability in observed values, precipitation
values were presented as a mean of both rain gauges. The precipitation value from a
single rain gauge was used if the other rain gauge was suspected to be plugged until a
field visit, and/or maintenance, was completed to ensure the accuracy of the gauge.
Precipitation values for May through October were collected at the study site; values for
November through April were obtained from the University of Minnesota- Southwest
Research and Outreach Center (SWROC) in Lamberton, approximately 25 km southeast
of the study watersheds, to include frozen precipitation.
Hydrology and Water Quality Monitoring
Each watershed had a plywood wing wall installed perpendicular to flow near the
bottom of the drainage following methods developed by the United States Geological
Survey (USGS) and the University of Wisconsin - Madison (Stuntebeck et al, 2008.).
The plywood was installed in a trench that ranged from 0.6 m to 0.85 m deep, and was
reinforced was steel fence posts spaced approximately 1.8 m apart. A 0.45 m H-flume
was used in the below watershed and a 0.91 m H-flume was used in the above watershed.
Flumes were mounted to the wing wall at the lowest elevation, and a flume support
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system were installed and allowed for flume leveling. Installation of the wing wall and
flume was completed at the below watershed on 12 and 13 October 2010. Installation of
the wing wall and flume was completed at the above watershed on 18 October 2012.
Installation of the equipment enclosures and electronics occurred on 28 January
2011 and runoff monitoring was imitated on 16 February 2011 in the below watershed.
Runoff monitoring was imitated with the installation of the equipment enclosures and
electronics on 18 October 2012 in the above watershed. Steel equipment enclosures were
installed on stilts near the flume outlet. A Campbell Scientific CR800 data logger
(Campbell Scientific, Inc., Logan, Utah, U.S.) was used to record data and control water
sampling. Data was logged at a 15 minute interval during non-runoff periods, and at a 1
minute interval during runoff periods. An OTT CBS high accuracy bubble sensor (OTT
Hydromet, Kempten, Germany) was measured water level in both watersheds. An ISCO
3700 automated sampler (Teledyne ISCO, Lincoln, Nebraska, U.S.) was deployed in the
above watershed, and an ISCO 6712 automated sampler (Teledyne ISCO, Lincoln,
Nebraska, U.S.) was deployed in the below watershed to collect composite water
samples. Several additional instruments were installed near the below watershed outlet
including 2 Texas Electronic TE525 0.25 mm tipping bucket rain gauges (Texas
Electronics, Inc., Dallas, Texas, U.S.) to record rainfall, and multiple Campbell Scientific
CS650 probes (Campbell Scientific, Inc., Logan, Utah, U.S.) to record soil temperature
and moisture integrated over the uppermost 30 cm from the soil surface. All electronic
components were powered by a 12 volt deep cycle battery maintained by a 10-watt solar
panel. No water monitoring of the soil vadose zone or ground water was completed. The
sites were operated by the SWROC.
All one minute time series data was reviewed manually to ensure accuracy
according to the method derived by (Stuntebeck et al, 2008). Events that occurred during
non-frozen soil conditions did not require manual corrections. Events that occurred
during frozen soil conditions routinely had to be manually corrected. These corrections
were related to the buildup of ice in the flume during freeze-thaw cycles common during
snowmelt. Raw one minute time series data were reviewed, and corrections were made
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based on field notes and air temperature data. Corrections to the one minute time series
data were completed during or shortly after snowmelt periods.
Water Quality Sampling and Analysis
Water samples were collected using an equal-flow increment (EFI) platform. The
Campbell Scientific CR800 data logger (Campbell Scientific, Inc., Logan, Utah, U.S.)
calculated discharge every minute, and triggered an automatic sampler after every 0.57
m3 of runoff occurred. Both automated samplers were equipped with 24, 1-L bottles.
Each 1-L bottle was filled as a composite sample consisting of five 180 mL pulses. The
volume threshold of 0.57 m3, along with 120 sample pulse capacity, allowed for
sufficient sample volume to complete water chemistry analysis for runoff normalized
events that ranged from 0.21 to 25.3 mm for the above watershed and from 0.08 to 9.91
mm for below watershed. No single event exceeded the maximum normalized runoff
value in either watershed during the entire project and validated the volume threshold.
Water samples were collected from the automated samplers within 24 hours of
runoff, and immediately cooled to 4° C. Water samples were frozen (-20° C) until
laboratory analysis was conducted. All samples were analyzed at SWROC for
ammonium (NH4-N), nitrate-nitrogen (NO3-N), TN, dissolved reactive molybdate
phosphorus (DRMP), TP, and total suspended solids (TSS),
To characterize overall export from each watershed and to provide normalized
event concentration data, one minute event time series discharge data was integrated with
laboratory chemistry results. Discharge (volume) was multiplied by concentration
(mass/volume) to calculate a load (mass). Loads were normalized by calculating a yield
(mass/watershed area). The first sample of each event was assigned from start of the
runoff event to the start of the collection of second sample, and so on until the end of the
event. Event FWMC was calculated by dividing the event load (mass) for each pollutant,
by the total event discharge (volume). Both yields and FWMC allowed for event by
event comparison amongst the watersheds.
Statistical Analysis
Water quality properties were evaluated using an above and below design, also
known as a nested design in some experiments (Dressing and Meals, 2005). The
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proximately of the monitoring locations eliminated concerns of variability in watershed
characteristics that sometimes confound above and below designs. A paired t-test of the
differences between the above and below monitoring stations allows for statistical
comparison of the data collected in this design (United States Department of AgricultureNatural Resources Conservation Service, 1996) when a large dataset is available and
normally distributed. Non-parametric statistical analysis can be used to address small,
and non-normal datasets (Bishara and Hittner, 2012; Good, 1993; Kundzewicz and
Robson, 2000).
Data was presented for all events that had measurable runoff in at least one
watershed in 2013 and 2014. Total runoff (mm), total yield (kg ha-1) and FWMC
(mg L-1) of the various analytes were reported for each individual runoff events. Due to
the differences in flow characteristics of the watersheds during frozen and non-frozen soil
periods, runoff events were grouped based on soil conditions. Combined totals for 2013
and 2014 (frozen and non-frozen soil) were determined by combining all events to allow
for comparisons between the watersheds. The absolute difference is presented for both
frozen and non-soil frozen conditions, however, these reductions were unable to be tested
for significance as a result of an insufficient number of runoff events. When runoff
events were separated based on soil conditions, the small datasets did not have high
statistical power, however, there are stark differences in some of the results between the
frozen and non-frozen soil periods from the above and below watersheds.
To compare the watersheds statistically, the events from the frozen and nonfrozen soil periods were combined to create a larger sample population. A nonparametric permutation test (1,000 repetitions) was used to determine if the means of the
above and below watershed were statistically different (p-value= 0.05) (Bishara and
Hittner, 2012; Good, 1993; Kundzewicz and Robson, 2000). Analysis was completed
using JMP (Visual SAS) software (SAS Institute Inc., Cary, North Carolina, USA).
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Results and Discussion
Precipitation
Annual precipitation was below normal (671 mm) through both years of the study
and totaled 513 mm in 2013 and 620 mm in 2014 (Figure 17). Annual precipitation
values were 24 percent below normal in 2013 and 8 percent below normal in 2014.
Throughout the experiment, precipitation was distributed disproportionally in April, May
and June. From 1981-2010, on average, 37 percent of the annual precipitation occurred
in April, May and June (NOAA-NCEI). During this study period, 54 percent of the
annual precipitation in 2013 and 60 percent of the annual precipitation in 2014 occurred
in April, May, and June. The transition from wet to dry periods occurred several times
throughout the study period and created large water storage potential in the soil between
wet periods.
Even though the annual precipitation totals were below normal during the
experiment, there were several large, high intensity rainfall events and several months
with above average precipitation. June precipitation totals were 67 percent above normal
in 2013 and 104 above normal in 2014. There were 7 days with at least 25 mm of
precipitation including 3 days with at least 50 mm of precipitation in 2013 and 2014
(Figure 18).
Precipitation, including rainfall and snowmelt, was the source of surface runoff.
Surface runoff occurred when precipitation (rainfall or snowmelt) was introduced to the
soil faster than the combined evaporation and infiltration rate. Both precipitation and
infiltration rate were important factors in this experiment. Precipitation was variable
across the study period; however, each year had several high intensity events that had the
potential to produce surface runoff. Infiltration and hydraulic conductivity rates are
presented in chapter 2 of this thesis.
Runoff
Frozen Soil

A single runoff event occurred on frozen soil in 2013. The runoff event occurred
as snowmelt from the above watershed and had a peak flow rate of 0.011 m3 s-1, duration
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of 195 minutes, total runoff volume of 29.8 m3, and a normalized runoff of 11.0 mm
(Table 22). There was no runoff recorded at the below watershed with this event in 2013,
indicating the perennial vegetation on undisturbed soil was able to infiltrate the runoff
and prevent all surface runoff losses. There was 0.66 m of frost under sod and 0.90 m of
frost under bare soil at the SWROC in Lamberton, Minnesota in March of 2013 during
this event.
Runoff occurred on frozen soil on 5 days in an 8 day period in March of 2014
with 0.36 m of frost under sod and 1.3 m of frost under bare soil at the SWROC in
Lamberton, Minnesota. The above watershed had 3 runoff events that occurred on 10
March 2014, 11 March 2014, and 13 March 2014 with a peak flow rate of 0.019 m3 s-1,
average duration of 325 minutes, total runoff volume of 59.1 m3, and total normalized
runoff of 21.8 mm (Table 22). The below watershed had 5 runoff events on 10 March
2014, 11 March 2014, 13 March 2014, 14 March 2014, 17 March 2014 with a peak flow
rate of 0.003 m3 s-1, average duration of 764 minutes, total runoff volume of 86.6 m3, and
total normalized runoff of 12.6 mm (Table 22). The above watershed had a higher peak
flow rate, a shorter average event duration, and 9.2 mm of additional runoff in 2014 than
the below watershed (Table 22).
Runoff over frozen soil in 2013 and 2014 were combined to compare the above
and below watersheds. The above watershed had 4 runoff events and the below
watershed had 5 runoff events on frozen soil in 2013 and 2014. Runoff on frozen soil in
2013 and 2014 combined totaled 32.8 mm from the above watershed and totaled 13.6 mm
from the below watershed (Table 23). There was a total runoff reduction of 59 percent
on frozen soil from a watershed composed of 72 percent perennial vegetation on
undisturbed soil when compared to an agricultural watershed. This reduction was unable
to be tested for significance as a result of an insufficient number of runoff events on
frozen soil.
Non-Frozen Soil

Two runoff events occurred on non-frozen soil in 2013. The above watershed had
a single runoff event that occurred on 22 June 2013 with a peak flow rate of 0.010 m3 s-1,
duration of 145 minutes, total runoff volume of 30.4 m3, and a normalized runoff of 11.2
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mm (Table 22). The below watershed had runoff events on 21 June 2013 and 22 June
2013 and had a peak flow rate of 0.004 m3 s-1, an average duration of 71 minutes, total
runoff volume of 4.83 m3, and a total normalized runoff of 0.70 mm. Two runoff events
occurred during the non-frozen soil period of 2014 only in the above watershed on 5 June
2014 and 14 June 2014 and had a peak flow rate of 0.012 m3 s-1, average duration of 57
minutes, total runoff volume of 17.2 m3, and a total normalized runoff of 6.36 mm.
Runoff over non-frozen soil in 2013 and 2014 were combined to compare the
above and below watersheds. The above watershed had 3 runoff events and the below
watershed had 2 runoff events on non-frozen soil in 2013 and 2014. Runoff on nonfrozen soil in 2013 and 2014 combined totaled 17.6 mm from the above watershed and
totaled 0.70 mm from the below watershed (Table 23). There was a total runoff
reduction of 96 percent on non-frozen soil from a watershed composed of 72 percent
perennial vegetation on undisturbed soil when compared to an agricultural watershed
(Table 23). This reduction was unable to be tested for significance as a result of an
insufficient number of runoff events on non-frozen soil.
Discussion

The difference in runoff values on frozen soil was likely related to the difference
in winter cover, and frost depths, in the watersheds. The above watershed often had
varying snow in the watershed due to its location on the top of a hill. Much of the
snowpack blew off of the field during the winter allowing for the formation of deep frost,
however, the wing-wall served as a snow fence collecting a large dense snowbank
directly in front of the flume. The perennial vegetation in the below watershed trapped
blowing snow throughout the watershed insulating the soil and reducing frost depths.
The deepest snow was present near the flume at the bottom of the watershed. As a result,
the below watershed had more snow available during the melting process, however, the
below watershed had less runoff on frozen soil than the above watershed. The increased
snowpack in the below watershed reflected energy from the sun, whereas, the limited
snowpack with exposed soil in the above watershed captured the light energy from the
sun and resulted in a reduction of the already smaller snowpack through evaporation and
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sublimation prior to the runoff period. A reduction in the snowpack was noted in the
above watershed on sunny days with high temperatures that never rose above freezing.
Counter intuitive to the previous discussion, the above watershed had more runoff
than the below watershed for 3 reasons related to the differences in snowpack. The
below watershed had more snow during the snowmelt process, and the runoff from the
above watershed had to migrate through the snow. This scenario occurred in 2013 when
the above watershed 11.0 mm of runoff in one snowmelt event. This event occurred on
23 March 2013 and the snow in the below watershed reduced the runoff velocity,
optimizing infiltration into the soil. The snow also likely absorbed some of the runoff
itself, and allowed for infiltration to occur over several days. The second factor that led
to additional runoff in the above watershed was the rate of the snowmelt. The exposed
soil in the above watershed allowed for rapid heating, and quickly melted the snow. This
scenario was observed in 2014. In the above watershed, the majority of the runoff
occurred on the first day of the snowmelt (10 March 2014), and the snowmelt finished on
13 March 2014. In the below watershed, the runoff period extended over 8 days, and the
most runoff occurred on 13 March 2014. The third factor that led to additional runoff
from the above watershed was amount of frost present. The above watershed had less
snowpack through the winter leaving the soil exposed to ambient air temperatures and
allowing for deeper frost formation. The below watershed captured windblown snow that
provided insulation to the soil from the ambient air temperatures. Frost depths were 0.34
m and 0.90 m deeper in the above watershed in 2013 and 2014, respectively. The longer
duration snowmelt allowed for increased infiltration and evaporation of the snowpack.
Timmons and Holt (1977) also found no correlation between the amount of snowfall
received in the winter, and the amount of snowmelt runoff in a native prairie due to the
loss of snowpack prior to runoff occurring. Schilling and Drobney (2014) noted similar
differences in snowpack and snowmelt hydrology when comparing perennial vegetation
on undisturbed soil to agricultural fields.
Perennial vegetation altered the hydrology during both frozen and non-frozen soil
periods. Over the study period (2013/2014), a total of 50.3 mm runoff occurred from the
above watershed compared to 14.3 mm from the below watershed (Table 23). The mean
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event runoff volume was 72 percent less from the below watershed compared to the
above watershed (p-value= 0.05). Runoff was only recorded in March from snowmelt on
frozen soil, and in June from rainfall runoff on non-frozen soil during the study period.
June runoff represented 34 percent of the total runoff from the above watershed, and 5
percent of the total runoff from the below watershed. The difference of runoff generation
in June was reflective of soil protection, vegetated cover, and higher infiltration rates in
the perennial vegetation (see chapter 2). Runoff reductions strategies for agricultural
watersheds must address the period from seedbed preparation through full crop canopy to
be effective, however, the majority of the runoff from both watersheds occurred during
frozen soil periods.
Zhou et al (2014), measured surface runoff from small watersheds in Iowa from
2007 through 2011 during non-frozen soil periods. Average annual runoff for an
agricultural watershed without perennial vegetation was 205.9 mm, and average annual
runoff for watersheds with 10 percent prairie filter strips was 81.9 mm, a reduction of 60
percent. While the total overall runoff volume was dramatically less for the above and
below watersheds, large reductions were noted with the inclusion of perennial vegetation
in watersheds. Mean event runoff volumes were reduced 72 percent when the below
watershed was compared to the above watershed for events on both frozen and nonfrozen soil.
The below watershed only recorded 0.70 mm of runoff during non-frozen soil
conditions. This is consistent with nearby monitoring of watersheds composed of
perennial vegetation on undisturbed soil monitored from 2011-2014 (see chapter 3). The
adjacent watersheds composed of perennial vegetation on undisturbed soil did have not
have measurable runoff on non-frozen soil. Soil hydrologic properties were examined in
chapter 2 of this thesis, and found lower infiltration and hydraulic conductivity rates in
the above watershed compared to the below. The differences in hydrology between the
above and below watersheds are a combination of lowered soil hydrologic properties in
the above watershed, and the presence of perennial vegetation in the below watershed.
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Nitrogen
Frozen Soil

Over the duration of the experiment on frozen soil, individual runoff event TN
yields from the above watershed ranged from 0 (no measured runoff) to 1.74 kg ha-1
(Table 24), NO3-N yields ranged from 0 (no measured runoff) to 0.33 kg ha-1 (Table 26),
and NH4-N yields ranged from 0 (no measured runoff) to 0.07 kg ha-1 (Table 28). In the
below watershed, individual runoff event TN yields ranged from 0 (no measured runoff)
to 0.45 kg ha-1 (Table 24), NO3-N yields ranged from 0 (no measured runoff) to 0.08 kg
ha-1 (Table 26), and NH4-N yields ranged from 0 (no measured runoff) to 0.02 kg ha-1
(Table 28) on frozen soil.
Individual runoff event nitrogen yields on frozen soil in 2013 and 2014 were
combined for the above watershed and below watershed because of the differences in
runoff characteristics, including a longer snowmelt period in the below watershed that
often occurred over several days. The above watershed had 4 runoff events and the
below watershed had 5 runoff events on frozen soil in 2013 and 2014 combined (Table
22). Cumulative 2013 and 2014 yields on frozen soil from the above watershed was 3.30
kg ha-1 TN (Table 24), 0.77 kg ha-1 NO3-N (Table 26), and 0.14 kg ha-1 NH4-N (Table
28). Cumulative 2013 and 2014 yields on frozen soil from the below watershed was 0.81
kg ha-1 TN (Table 24), 0.12 kg ha-1 NO3-N (Table 26), and 0.03 kg ha-1 NH4-N (Table
28). Nitrogen yields from the below watershed was directly related to the reduced runoff.
On frozen soil, the below watershed had 59 percent less runoff, 76 percent less TN yield
(Table 24), 85 percent less NO3-N yield (Table 26), and 78 percent less NH4-N
yield(Table 28) compared to the above watershed. These reductions were unable to be
tested for significance as a result of an insufficient number of runoff events on frozen
soil.
Frozen soil runoff event FWMC in the above watershed ranged from 0 (no
measured runoff) to 18.1 mg L-1 (Table 25) for TN, from 0 (no measured runoff) to
4.58 mg L-1 (Table 27) for NO3-N, from 0 (no measured runoff) to 0.58 mg L-1 (Table
29) for NH4-N, In the below watershed, frozen soil runoff event FWMC ranged from 0
162

(no measured runoff) to 9.36 mg L-1 (Table 25) for TN, from 0 (no measured runoff) to
1.56 mg L-1 (Table 27) for NO3-N, from 0 (no measured runoff) to 0.35 mg L-1 (Table
29) for NH4-N, In the above watershed on frozen soil, the average FWMC for TN
FWMC was 7.66 mg L-1 (Table 25), NO3-N FWMC was 1.79 mg L-1 (Table 27), and
NH4-N FWMC was 0.31 mg L-1 (Table 29). In the below watershed on frozen soil,
average TN FWMC was 4.15 mg L-1 (Table 25), NO3-N FWMC was 0.53 mg L-1 (Table
27), and NH4-N FWMC was 0.18 mg L-1 (Table 29).
Nitrogen speciation for yield and FWMC were similar on frozen soil in the above
and below watersheds. Organic nitrogen composed 73 percent, NO3-N composed 23
percent, and NH4-N composed 4 percent of the TN yield in the above watershed on
frozen soil. Organic nitrogen composed 81 percent, NO3-N composed 15 percent, and
NH4-N composed 4 percent of the TN yield in the below watershed on frozen soil. Fierer
and Gabet (2002) also determined organic nitrogen composed at least 50 percent of the
TN losses in overland surface runoff from grassland plots.
Non-Frozen Soil

Over the duration of the experiment on non-frozen soil, individual runoff event
TN yields ranged from 0 (no measured runoff) to 0.45 kg ha-1 (Table 24), NO3-N yields
ranged from 0 (no measured runoff) to 0.09 kg ha-1 (Table 26), and NH4-N yields ranged
from 0 (no measured runoff) to 0.01 kg ha-1 (Table 28) for the above watershed. In the
below watershed on non-frozen soil, individual runoff event TN yields ranged from 0 (no
measured runoff) to 0.18 kg ha-1 (Table 24), NO3-N yields ranged from 0 (no measured
runoff) to <0.01 kg ha-1 (Table 26), and NH4-N yields ranged from 0 (no measured
runoff) to 0.02 kg ha-1 (Table 28).
Individual runoff event nitrogen yields on non-frozen soil in 2013 and 2014 were
combined for the above watershed and below watershed because of the differences in
runoff characteristics. The above watershed had 3 runoff events and the below watershed
had 2 runoff events on non-frozen soil in 2013 and 2014 combined (Table 24).
Cumulative 2013 and 2014 yields on non-frozen soil from the above watershed was 0.85
kg ha-1 TN (Table 24), 0.16 kg ha-1 NO3-N (Table 26), and 0.01 kg ha-1 NH4-N (Table
28). Cumulative 2013 and 2014 yields on non-frozen soil from the below watershed was
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0.24 kg ha-1 TN (Table 24), <0.01 kg ha-1 NO3-N (Table 26), and 0.03 kg ha-1 NH4-N
(Table 28). Nitrogen export from the below watershed was directly related to the reduced
runoff. On non-frozen soil, the below watershed had 96 percent less runoff, 72 percent
less TN (Table 24), 99 percent less NO3-N (Table 26), and 448 percent more NH4-N
(Table 28) compared to the above watershed. These reductions were unable to be tested
for significance as a result of an insufficient number of runoff events on non-frozen soil.
While the NH4-N percentage increase appears to be substantial, the increase in the below
watershed resulted in an approximately 0.02 kg ha-1 additional NH4-N loss. Perennial
vegetation has been documented to increase soluble nitrogen species, including NH4-N,
in runoff (Liu et al., 2014).
Non-frozen soil runoff event FWMC in the above watershed ranged from 0 (no
measured runoff) to 8.19 mg L-1 (Table 25) for TN, from 0 (no measured runoff) to
1.43 mg L-1 (Table 27) for NO3-N, from 0 (no measured runoff) to 0.08 mg L-1 (Table
29) for NH4-N, In the below watershed, non-frozen soil runoff event FWMC ranged
from 0 (no measured runoff) to 33.8 mg L-1 (Table 25) for TN, from 0 (no measured
runoff) to 0.19 mg L-1 (Table 27) for NO3-N, from 0 (no measured runoff) to 4.01 mg L-1
(Table 29) for NH4-N, In the above watershed on non-frozen soil, average TN FWMC
was 3.75 mg L-1 (Table 25), NO3-N FWMC was 0.80 mg L-1 (Table 27), and NH4-N
FWMC was 0.05 mg L-1 (Table 29). In the below watershed on non-frozen soil, average
TN FWMC was 16.9 mg L-1 (Table 25), NO3-N FWMC was 0.10 mg L-1 (Table 27), and
NH4-N FWMC was 2.01 mg L-1 (Table 29).
Nitrogen speciation for yield and FWMC were similar on non-frozen soil in the
above and below watersheds. Organic nitrogen composed 88 percent, NO3-N composed
19 percent, and NH4-N composed 1 percent of the TN yield in the above watershed on
non-frozen soil. Organic nitrogen composed 87 percent, NO3-N composed <1 percent,
and NH4-N composed 13 percent of the TN yield in the below watershed on non-frozen
soil. Fierer and Gabet (2002) also determined organic nitrogen composed at least 50
percent of the TN losses in overland surface runoff from grassland plots.
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Discussion

Hydrology was extremely important in evaluating nitrogen losses. In the above
watershed, events on frozen soil were responsible for 65 percent of the runoff (Table 23)
and 80 percent of the TN yield (Table 24). In the below watershed, events on frozen soil
were responsible for 95 percent of the runoff (Table 23) and 78 percent of the TN yield
(Table 24). Annual nitrogen losses from both watersheds were driven by runoff on
frozen soil.
All runoff events in 2013 and 2014 were combined to test for differences in mean
event yield and FWMC for TN, NO3-N, and NH4-N. The mean runoff event yield in the
below watershed had 75 percent less TN (Table 24) and 87 percent less NO3-N (Table
26) yield compared to the above watershed (p-value= 0.05). There was no statistical
difference in the mean runoff event NH4-N yield (Table 28) between the above and below
watershed (p-value= 0.05). The reductions in TN and NO3-N yields were a function of
the 72 percent reduction in mean event runoff volume (Table 23) for the below watershed
compared to the above watershed (p-value= 0.05).
There was no statistical difference in the mean runoff event TN (Table 25) and
NH4-N (Table 29) FWMC between the above and below watershed (p-value= 0.05).
There was a significant reduction (75 percent) for the runoff event NO3-N (Table 27)
FWMC from the below watershed compared to the above watershed (p-value= 0.05).
The reduction in NO3-N FWMC in the below watershed on frozen soil is likely related to
the long history of nitrogen fertilization in the above watershed completed to optimize
crop production. The below watershed did not receive commercial fertilizer, and relied
on atmospheric deposition and nitrogen cycling in the soil and vegetation.
The frequency, intensity, and duration of runoff events dictated when nitrogen
losses occurred from a watershed. Over the course of the project (2013/2014), the TN
yield from the above watershed was 4.15 kg ha-1 and the TN yield from the below
watershed was 1.04 kg ha-1 (Table 24). This reduction was caused by the significant
reduction (72 percent) in mean event runoff volume from the below watershed compared
to the above watershed (Table 23). Runoff was only recorded in March from snowmelt
on frozen soil, and in June during the study period. The above watershed had 80 percent
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of the total TN losses occur in March, while the below watershed had 78 percent of the
total TN losses occur in March, associated with snowmelt runoff events. In our
experiment, snowmelt carried the majority of the runoff and TN losses. Perennial
vegetation has been shown to release nitrogen after freeze-thaw cycles, and the majority
of the runoff occurred as snowmelt. BMPs to reduce nitrogen losses in overland surface
runoff in Minnesota must address runoff on frozen soil.
Phosphorus
Frozen Soil

Over the duration of the experiment on frozen soil, individual runoff event TP
yields ranged from 0 (no measured runoff) to 0.30 kg ha-1 (Table 30) and DRMP yields
ranged from 0 (no measured runoff) to 0.10 kg ha-1 (Table 32) for the above watershed.
In the below watershed, individual runoff event TP yields ranged from 0 (no measured
runoff) to 0.07 kg ha-1 (Table 30), and DRMP yields ranged from 0 (no measured runoff)
to 0.02 kg ha-1 (Table 32) on frozen soil.
Individual runoff event phosphorus yields on frozen soil in 2013 and 2014 were
combined for the above watershed and below watershed because of the differences in
runoff characteristics, including a longer snowmelt period in the below watershed that
occurred over several days. The above watershed had 4 runoff events and the below
watershed had 5 runoff events on frozen soil in 2013 and 2014 combined (Table 22).
Cumulative 2013 and 2014 yields on frozen soil from the above watershed was 0.56
kg ha-1 TP (Table 30) and 0.20 kg ha-1 DRMP (Table 32). Cumulative 2013 and 2014
yields on frozen soil from the below watershed was 0.13 kg ha-1 TP (Table 30) 0.04 kg
ha-1 DRMP (Table 32). Phosphorus export from the below watershed was directly related
to the reduced runoff. On frozen soil, the below watershed had 59 percent less runoff
(Table 23), 76 percent less TP loss (Table 30) and 82 percent less DRMP loss (Table 32)
compared to the above watershed. These reductions were unable to be tested for
significance as a result of an insufficient number of runoff events on frozen soil.
Frozen soil runoff event FWMC in the above watershed ranged from 0 (no
measured runoff) to 2.24 mg L-1 (Table 31) for TP and from 0 (no measured runoff) to
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0.75 mg L-1 (Table 33) for DRMP. In the below watershed, frozen soil runoff event
FWMC ranged from 0 (no measured runoff) to 1.48 mg L-1 (Table 31) for TP and from 0
(no measured runoff) to 0.45 mg L-1 (Table 33) for DRMP. In the above watershed,
average TP FWMC was 1.22 mg L-1 (Table 31) and DRMP FWMC was 0.40 mg L-1
(Table 33). In the below watershed, average TP FWMC was 0.77 mg L-1 (Table 31) and
DRMP FWMC was 0.20 mg L-1 (Table 33).
Phosphorus speciation for yield and FWMC were similar on frozen soil in the
above and below watersheds. Particulate phosphorus composed 64 percent and DRMP
composed 36 percent of the TP yield in the above watershed on frozen soil. Particulate
phosphorus composed 69 percent and DRMP composed 31 percent of the TP yield in the
below watershed on frozen soil. Bechmann et al. (2005) found that the freeze-thaw
sequence in perennial vegetation can significantly increase the soluble DRMP
concentrations in runoff compared to bare soil and fields that received manure. Liu et al.
(2014) also found nutrient release from perennial vegetation as a result of freezing.
Non-Frozen Soil

Over the duration of the experiment on non-frozen soil, individual runoff event
TP yields ranged from 0 (no measured runoff) to 0.14 kg ha-1 (Table 30) and DRMP
yields ranged from 0 (no measured runoff) to 0.03 kg ha-1 (Table 32) for the above
watershed. In the below watershed, individual runoff event TP yields ranged from 0 (no
measured runoff) to 0.02 kg ha-1 (Table 30) and DRMP yields ranged from 0 (no
measured runoff) to 0.01 kg ha-1 (Table 32).
Individual runoff event phosphorus yields on non-frozen soil in 2013 and 2014
were combined for the above watershed and below watershed because of the differences
in runoff characteristics. The above watershed had 3 runoff events and the below
watershed had 2 runoff events on non-frozen soil in 2013 and 2014 combined (Table 23).
Cumulative 2013 and 2014 yields on non-frozen soil from the above watershed was 0.18
kg ha-1 TP (Table 30) and 0.05 kg ha-1 DRMP (Table 32) Cumulative 2013 and 2014
yields on non-frozen soil from the below watershed was 0.03 kg ha-1 TP (Table 30) and
0.02 kg ha-1 DRMP (Table 32). Phosphorus export from the below watershed was
directly related to the reduced runoff. On non-frozen soil, the below watershed had 96
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percent less runoff, 83 percent less TP yield (Table 30), and 69 percent less DRMP yield
(Table 32) compared to the above watershed. These reductions were unable to be tested
for significance as a result of an insufficient number of runoff events on non-frozen soil.
Non-frozen soil runoff event FWMC in the above watershed ranged from 0 (no
measured runoff) to 1.21 mg L-1 (Table 31) for TP and from 0 (no measured runoff) to
0.31 mg L-1 (Table 33) for DRMP. In the below watershed, non-frozen soil runoff event
FWMC ranged from 0 (no measured runoff) to 4.34 mg L-1 (Table 31) for TP and from 0
(no measured runoff) to 2.29 mg L-1 (Table 33) for DRMP. In the above watershed,
average TP FWMC was 0.65 mg L-1 (Table 31) and DRMP FWMC was 0.23 mg L-1
(Table 33). In the below watershed, average TP FWMC was 2.17 mg L-1 (Table 31) and
DRMP FWMC was 1.15 mg L-1 (Table 33).
Phosphorus speciation for yield and FWMC varied between the above and below
watersheds on non-frozen soil. Particulate phosphorus composed 72 percent and DRMP
composed 28 percent of the TP yield in the above watershed on non-frozen soil.
Particulate phosphorus composed 33 percent and DRMP composed 67 percent of the TP
yield in the above watershed on non-frozen soil. The below watershed had a higher
percentage of TP as DRMP. Although a greater percentage of TP was DRMP in the
below watershed, it is very important to put these results in the context of reduced runoff
volume (Table 23) and yield (Table 30 and Table 32). The above watershed also had
higher TSS FWMC in the runoff from non-frozen soil (Table 35). Bechmann et al.
(2005) found that the freeze-thaw sequence in perennial vegetation can significantly
increase the soluble DRMP concentrations in runoff compared to bare soil and fields that
received manure. Liu et al. (2014) also found nutrient release from perennial vegetation
after a freeze-thaw cycle.
Discussion

Hydrology was extremely important in evaluating phosphorus losses. In the
above watershed, events on frozen soil were responsible for 65 percent of the runoff
(Table 23) and 78 percent of the TP yield (Table 30). In the below watershed, events on
frozen soil were responsible for 95 percent of the runoff (Table 23) and 82 percent of the
TP yield (Table 30). Annual phosphorus yield was driven by runoff on frozen soil.
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All runoff events in 2013 and 2014 were combined to test for differences in mean
event yield and FWMC for TP and DRMP. The mean runoff event in the below
watershed had 77 percent less TP (Table 30) and 76 percent less DRMP (Table 32) yield
compared to the above watershed (p-value= 0.05). The reductions in TP and DRMP
mean event yield was a function of the 72 percent reduction in mean event runoff volume
(Table 23) for the below watershed compared to the above watershed (p-value= 0.05).
There was no statistical difference in the individual mean runoff event TP (Table 31) and
DRMP (Table 33) FWMC between the above and below watershed (p-value= 0.05).
Zhou et al (2014), measured surface runoff TP losses from small watersheds in
Iowa from 2007 through 2011 during non-frozen soil periods. Average annual TP loss
for an agricultural watershed without perennial vegetation was 8.25 kg ha-1, and average
annual TP loss for watersheds with 10 percent prairie filter strips was 0.92 kg ha-1, a
reduction of 89 percent. While the overall TP losses were much less for the watersheds
in this experiment, significant reductions in mean runoff event TP yield were noted with
the inclusion of perennial vegetation in agricultural watersheds on both frozen and nonfrozen soil. Zhou et al (2014) measured an average annual TP FWMC for an agricultural
watershed without perennial vegetation of 5.17 mg L-1, and an average annual TP FWMC
for watersheds with ten percent prairie filter strips of 1.29 mg L-1, a reduction of 75
percent. No statistical difference in TP FWMC was found between the watersheds in our
experiment (Table 31) on both frozen and non-frozen soil.
The frequency, intensity, and duration of runoff events dictated when TP and
DRMP losses occurred from the watersheds. Over the course of the project (2013/2014),
a total TP yield from the above watershed was 0.74 kg ha-1 and the total TP yield from
the below watershed was 0.17 kg ha-1 (Table 30). This reduction was caused by the
significant reduction (72 percent) in mean event runoff volume from the below watershed
compared to the above watershed. Runoff was only recorded in March from snowmelt
on frozen soil, and in June during the study period. The above watershed had 76 percent
of the total TP losses occur in March, while the below watershed had 82 percent of the
total TP losses occur in March associated with snowmelt runoff events (Table 30). In our
experiment, snowmelt carried the majority of the TP losses. Perennial vegetation has
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been shown to release phosphorus when frozen, and the majority of the runoff occurred
on frozen soil. BMPs to reduce annual TP and DRMP losses need to address runoff on
frozen soil.
Sediment
Frozen Soil

The TSS yields from frozen soil periods were measured during the snowmelt
periods in 2013 and 2014. Frozen soil runoff event TSS yields ranged from 0 (no
measured runoff) to 9.53 kg ha-1 for the above watershed and ranged from 0 (no
measured runoff) to 6.76 kg ha-1 for the below watershed (Table 34). Event TSS yields
over frozen soil in 2013 and 2014 were combined to compare the above and below
watersheds. During that period, the above watershed had 4 runoff events and the below
watershed had 5 runoff events on frozen soil. When summarized over the 2 years, a total
TSS yield on frozen soil was 23.2 kg ha-1 from the above watershed and was 11.5 kg ha-1
from the below watershed (Table 34). On frozen soil, the below watershed had 59
percent less runoff (Table 23) and 50 percent less TSS yield (Table 34). These reductions
were unable to be tested for significance as a result of an insufficient number of runoff
events on frozen soil.
The TSS FWMC were similar for runoff events on frozen soil between the above
and below watersheds. Frozen soil runoff event TSS FWMC ranged from 0 (no
measured runoff) to 180.0 mg L-1 for the above watershed and ranged from 0 (no
measured runoff) to 139.4 mg L-1 for the below watershed (Table 35). With the
exception of one event in each watersheds, all event TSS FWMC on frozen soil were
72.0 mg L-1 or below (Table 35). On frozen soil, the above watershed had an average
event TSS FWMC of 55.7 mg L-1 and the below watershed had an average event TSS
FWMC of 58.9 mg L-1 (Table 35).
Non-Frozen Soil

The TSS yields from non-frozen soil periods were measured in 2013 and 2014.
Non-frozen soil runoff event TSS yields ranged from 0 (no measured runoff) to 119 kg
ha-1 for the above watershed and ranged from 0 (no measured runoff) to 2.05 kg ha-1 in
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the below watershed (Table 34). Event TSS yields over non-frozen soil in 2013 and 2014
were combined to compare the above and below watersheds. During that period, the
above watershed had 3 runoff events and the below watershed had 2 runoff events on
non-frozen soil. When summarized over the 2 years on non-frozen soil, a total TSS yield
of 190 kg ha-1 occurred from the above watershed and a total TSS yield of 2.66 kg ha-1
occurred from the below watershed (Table 34). On non-frozen soil, the below watershed
had 96 percent less runoff (Table 23) and 99 percent less TSS yield (Table 34). These
reductions were unable to be tested for significance as a result of an insufficient number
of runoff events on non-frozen soil.
The TSS FWMC on non-frozen soil were higher for the above watershed when
compared to the below watershed (Table 35). Non-frozen soil runoff event TSS FWMC
ranged from 0 (no measured runoff) to 1,580 mg L-1 in the above watershed and ranged
from 0 (no measured runoff) to 380.0 mg L-1 in the below watershed (Table 35). The
average FWMC on non-frozen soil in the above watershed had an average event TSS
FWMC of 734 mg L-1 and the below watershed had an average event TSS FWMC of
190 mg L-1 (Table 35).
Discussion

Hydrology was extremely important when evaluating TSS losses. In the above
watershed, runoff on frozen soil was responsible for 65 percent of the total runoff (Table
23), however, runoff on frozen soil carried only 11 percent of the TSS yield (Table 34).
The above watershed was used for agricultural production and had limited soil protection
in May and June between planting and crop canopy. Runoff that occurred from the above
watershed in June accounted for 35 percent of the overall runoff (Table 23), however, this
runoff was responsible for 89 percent of the TSS yield. The period between seedbed
preparation and crop canopy was a vulnerable period for TSS losses. In the below
watershed, events on frozen soil were responsible for 95 percent of the runoff (Table 23)
and 81 percent of the TSS yield (Table 34). The below watershed had dense cover from
the perennial vegetation during the non-frozen soil periods that protected the soil and
limited runoff. The TSS yield in the below watershed on non-frozen soil was higher than
nearby watersheds composed entirely of perennial vegetation (chapter 3), and it is likely
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that the above watershed was the source of the TSS measured at the outlet of the below
watershed.
All runoff events in 2013 and 2014 were combined to test for differences in mean
event yield and FWMC for TSS. The mean runoff event in the below watershed had 93
percent less TSS (Table 34) yield compared to the above watershed (p-value= 0.05). The
reductions in TSS mean event yield was a function of the significant reduction (72
percent) in runoff volume (Table 23) for the below watershed compared to the above
watershed (p-value= 0.05), and the overall lack of runoff from the below watershed
during non-frozen soil periods. There was no statistical difference in the individual mean
runoff event TSS (Table 35) FWMC between the above and below watershed (p-value=
0.05). Nearby watersheds composed entirely of perennial vegetation (chapter 3) did not
produce runoff during non-frozen soil conditions from 2011-2014, therefore, no TSS
losses occurred from these watersheds.
Helmers et al (2012), measured surface runoff sediment losses from small
watersheds in Iowa from 2007 through 2011 during non-frozen soil periods. Average
annual sediment loss for an agricultural watershed without perennial vegetation was
8,300 kg ha-1, and average annual sediment loss for watersheds with ten percent of the
watershed planted prairie filter strips on the foot slope was 230 kg ha-1, a reduction of 97
percent. Our experiment found a 93 percent reduction in TSS yield when a watershed
composed of 72 percent perennial vegetation was compared to an agricultural watershed.
The frequency, intensity, and duration of runoff events dictated when sediment
losses occurred from a watershed. Over the course of the project (2013/2014), a total
TSS yield from the above watershed was 213 kg ha-1 and the total TSS yield from the
below watershed was 14.2 kg ha-1 (Table 34). Runoff was only recorded in March from
snowmelt on frozen soil, and in June during the study period. The above watershed had
89 percent of the TSS losses occur in June, while the below watershed had 18 percent of
the TSS losses occur in June. During June, the above watershed had limited soil
protection from a newly established corn (Zea mays) crop compared to the below
watershed which had 72 percent of the watershed in perennial vegetation on undisturbed
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soil that was dense, rapidly growing and had an extensive mulch network that greatly
limited runoff.
Conclusion
This experiment evaluated the differences in hydrology and water quality of an
agricultural watershed nested in a watershed dominated by perennial vegetation from
October 2012 through December 2014 in southwest Minnesota. The two main
differences between these watersheds included the change in soil physical and
hydrological properties (see chapter 2) and the vegetation. The above watershed had a
long history of agricultural production that included tillage, fertilizer inputs, and annual
periods with minimal residue on the soil surface. The below watershed was never
cultivated, and had continuous perennial vegetation. The below watershed had higher
infiltration rates and hydraulic conductivity (chapter 2), and a dense stand of vegetation
that protected the soil during non-frozen soil conditions.
During frozen soil conditions, the above watershed produced greater amounts of
runoff than the below watershed. This is counter-intuitive to the field observations of
more snowpack in the below watershed. The key differences in the above watershed
runoff on frozen soil periods was the rapid rate of melt, the reduced infiltration capacity,
the increased frost depth, and the lack of vegetation to slow down the runoff velocity.
The below watershed had a longer snowmelt period that was more conducive to
infiltration and evaporation than the above watershed.
The below watershed only recorded 0.70 mm of runoff during non-frozen soil
conditions (Table 23). This is consistent with nearby monitoring of watersheds
composed entirely of perennial vegetation on undisturbed soil that did not have runoff
during non-frozen soil periods from 2011-2014 (chapter 3). Soil hydrologic properties
were examined and found lower infiltration and hydraulic conductivity rates in the above
watershed compared to perennial vegetation on undisturbed soil (chapter 2). The
differences in hydrology on non-frozen soil between the above and below watersheds are
a combination of lowered soil hydrologic properties in the above watershed, and the
presence of perennial vegetation in the below watershed. The above watershed had 17.6
mm of runoff during non-frozen soil periods (Table 23).
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Mean runoff event yields of TN, NO3-N, TP, DRMP, and TSS were significantly
reduced (75 to 93 percent) from the below watershed compared to the above watershed
(Table 24-34). The yield reductions were driven by a significant reduction (72 percent)
in runoff volume from the below watershed compared to the above watershed (Table 23).
There was no significant difference in NH4-N yields from the above and below
watersheds. Mean event FWMC of TN, NH4-N, TP, DRMP, and TSS showed no
significant difference between the above and below watersheds. Mean event FWMC of
NO3-N was significantly reduced (75 percent) from the below watershed compared to the
above watershed (Table 27).
The targeted placement of perennial vegetation into watersheds has potential as a
low cost, and simple, BMP to mitigate non-point source pollution. To gain widespread
support for the incorporation of perennial vegetation into agricultural fields, it is
understood that most watersheds will still be dominated by agricultural production (at
least 80 or 90 percent) and that the location of perennial vegetation must allow for
agricultural operations, including herbicide applications, with large farm equipment.
While the below watershed had more perennial vegetation on undisturbed soil than is
feasible in current farming operations, the benefits of incorporating perennial vegetation
have been documented to occur with as little as 10 percent of the overall watershed is
converted (Zhou et al, 2014). In addition to water quality benefits, the perennial
vegetation also offered a wide variety of ecosystem services, and habitat for wildlife and
pollinators. The inclusion of perennial vegetation into watersheds provides a simple,
effective means to reduce the current environmental cost of intensive agriculture in some
landscapes.
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Figure 16. Aerial photograph of above and below watersheds.
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Figure 17. Observed monthly precipitation (2011-2014) and 30-year average.
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Figure 18. Cumulative daily precipitation, 2011-2014.
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Table 22. Above and below runoff event summary
Event
Date

Soil
Condition

Peak
Flow
(m3 s-1)

3/23/2013
6/21/2013
6/22/2013
3/10/2014
3/11/2014
3/13/2014
3/14/2014
3/17/2014
6/5/2014
6.14.2014

Frozen
Non-frozen
Non-frozen
Frozen
Frozen
Frozen
Frozen
Frozen
Non-frozen
Non-frozen

0.011
0
0.010
0.019
0.003
0.001
0
0
0.012
0.003

Total
Total
Flow Runoff Samples
(m3)
(mm)
Above Watershed: Corn (Zea mays)
195
29.8
11.0
3
0
0
0
0
145
30.4
11.2
8
96
35.7
13.2
20
373
9.90
3.65
1
505
13.5
4.96
2
0
0
0
0
0
0
0
0
48
11.0
4.06
2
66
6.22
2.30
1
Duration
(minutes)
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Peak
Total
Total
Duration
Flow
Flow
Runoff Samples
(minutes)
(m3 s-1)
(m3)
(mm)
Below Watershed: Perennial Vegetation
0
0
0
0
0
0.002
83
1.11
0.16
0
0.004
59
3.72
0.54
1
0.003
975
31.7
4.61
11
0.001
706
17.6
2.56
6
0.002
611
37.3
5.42
9
0.001
445
4.69
0.68
1
<0.001
269
2.24
0.33
1
0
0
0
0
0
0
0
0
0
0

Table 23. Above and below runoff event total runoff volume.
Event
Date

3/23/2013
3/10/2014
3/11/2014
3/13/2014
3/14/2014
3/17/2014

Runoff Soil
Conditions

Above
Watershed
Total Runoff
(mm)
11.0
13.2
3.65
4.96
0.00
0.00
32.8
0.00
11.2
4.06
2.30
17.6

Below
Watershed
Total Runoff
(mm)
0.00
4.61
2.56
5.42
0.68
0.33
13.6
0.16
0.54
0.00
0.00
0.70

Frozen
Frozen
Frozen
Frozen
Frozen
Frozen
Frozen Total
6/21/2013
Non-frozen
6/22/2013
Non-frozen
6/5/2014
Non-frozen
6/14/2014
Non-frozen
Non-frozen Total
2013/2014
5.03
1.43
Average
2013/2014
50.4
14.3
Total
†
Values not significantly different based on P-value of 0.05
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Difference Between
Watersheds
Percent Change (%)
na
-65%†
-30%†
9%†
na
na
-59%†
na
-95%†
na
na
-96%†
-72%
-72%†

Table 24. Above and below runoff event TN yield.
Event
Date

3/23/2013
3/10/2014
3/11/2014
3/13/2014
3/14/2014
3/17/2014

Runoff Soil
Conditions

Above
Watershed
TN Yield
(kg ha-1)
0.30
1.74
0.66
0.60
0.00
0.00
3.30
0.00
0.45
0.33
0.06
0.85

Below
Watershed
TN Yield
(kg ha-1)
0.00
0.45
0.16
0.17
0.02
0.01
0.81
0.05
0.18
0.00
0.00
0.24

Frozen
Frozen
Frozen
Frozen
Frozen
Frozen
Frozen Total
6/21/2013
Non-frozen
6/22/2013
Non-frozen
6/5/2014
Non-frozen
6/14/2014
Non-frozen
Non-frozen Total
2013/2014
0.415
0.104
Average
2013/2014
4.15
1.04
Total
†
Values not significantly different based on P-value of 0.05
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Difference Between
Watersheds
Percent Change (%)
na
-74%†
-76%†
-72%†
na
na
-76%†
na
-60%†
na
na
-72%†
-75%
-75%†

Table 25. Above and below runoff event TN FWMC.
Event
Date

3/23/2013
3/10/2014
3/11/2014
3/13/2014
3/14/2014
3/17/2014

Runoff Soil
Conditions

Above
Watershed
TN FWMC
(mg L-1)
2.68
13.2
18.1
12.0
0
0

Below
Watershed
TN FWMC
(mg L-1)
0.00
9.36
6.18
3.13
2.24
4.01

Frozen
Frozen
Frozen
Frozen
Frozen
Frozen
Frozen
7.66
4.15
Event Average
6/21/2013
Non-frozen
0
33.8
6/22/2013
Non-frozen
4.02
33.8
6/5/2014
Non-frozen
8.19
0
6/14/2014
Non-frozen
2.79
0
Non-frozen
3.75
16.9
Event Average
2013/2014
6.10
9.25
Average
†
Values not significantly different based on P-value of 0.05
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Difference Between
Watersheds
Percent Change (%)
na
-29%†
-66%†
-74%†
na
na
-46%†
na
740%†
na
na
450%†
150%†

Table 26. Above and below runoff event NO3-N yield.
Event
Date

3/23/2013
3/10/2014
3/11/2014
3/13/2014
3/14/2014
3/17/2014

Runoff Soil
Conditions

Above
Watershed
NO3-N Yield
(kg ha-1)
0.16
0.33
0.17
0.11
0
0
0.77
0
0.09
0.04
0.03

Below
Watershed
NO3-N Yield
(kg ha-1)
0
0.08
0.03
0.01
<0.01
<0.01
0.12
<0.01
<0.01
0
0

Frozen
Frozen
Frozen
Frozen
Frozen
Frozen
Frozen Total
6/21/2013
Non-frozen
6/22/2013
Non-frozen
6/5/2014
Non-frozen
6/14/2014
Non-frozen
Non-frozen
0.16
<0.01
Total
2013/2014
0.093
0.012
Average
2013/2014
0.93
0.12
Total
†
Values not significantly different based on P-value of 0.05
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Difference Between
Watersheds
Percent Change (%)
na
-77%†
-85%†
-87%†
na
na
-85%†
na
na
na
na
-100%†
-87%
-87%†

Table 27. Above and below runoff event NO3-N FWMC.
Event
Date

3/23/2013
3/10/2014
3/11/2014
3/13/2014
3/14/2014
3/17/2014

Runoff Soil
Conditions

Above
Watershed
NO3-N FWMC
(mg L-1)
1.44
2.50
4.58
2.22
0
0

Below
Watershed
NO3-N FWMC
(mg L-1)
0
1.56
1.01
0.26
0.18
0.15

Frozen
Frozen
Frozen
Frozen
Frozen
Frozen
Frozen
1.79
0.53
Event Average
6/21/2013
Non-frozen
0
0.19
6/22/2013
Non-frozen
0.80
0.19
6/5/2014
Non-frozen
0.99
0
6/14/2014
Non-frozen
1.43
0
Non-frozen
0.80
0.10
Event Average
2013/2014
1.40
0.35
Average
†
Values not significantly different based on P-value of 0.05

186

Difference Between
Watersheds
Percent Change (%)
na
-38%†
-78%†
-88%†
na
na
-70%†
na
-76%†
na
na
-88%
-75%†

Table 28. Above and below runoff event NH4-N yield.
Event
Date

3/23/2013
3/10/2014
3/11/2014
3/13/2014
3/14/2014
3/17/2014

Runoff Soil
Conditions

Above
Watershed
NH4-N Yield
(kg ha-1)
0.03
0.07
0.02
0.03
0
0
0.14
0
0.01
<0.01
<0.01

Below
Watershed
NH4-N Yield
(kg ha-1)
0
0.02
0.01
0.01
<0.01
<0.01
0.03
0.01
0.02
0
0

Frozen
Frozen
Frozen
Frozen
Frozen
Frozen
Frozen Total
6/21/2013
Non-frozen
6/22/2013
Non-frozen
6/5/2014
Non-frozen
6/14/2014
Non-frozen
Non-frozen
0.01
0.03
Total
2013/2014
0.015
0.006
Average
2013/2014 Total
0.15
0.06
†
Values not significantly different based on P-value of 0.05
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Difference Between
Watersheds
Percent Change (%)
na
-75%†
-66%†
-69%†
na
na
-78%†
na
320%†
na
na
448%†
-60%†
-60%†

Table 29. Above and below runoff event NH4-N FWMC.

Event Date

3/23/2013
3/10/2014
3/11/2014
3/13/2014
3/14/2014
3/17/2014

Runoff Soil
Conditions

Above
Watershed

Below
Watershed

NH4-N FWMC
(mg L-1)
0.27
0.51
0.50
0.58
0
0

NH4-N FWMC
(mg L-1)
0
0.35
0.25
0.16
0.11
0.22

Frozen
Frozen
Frozen
Frozen
Frozen
Frozen
Frozen
0.31
0.18
Event Average
6/21/2013
Non-frozen
0
4.01
6/22/2013
Non-frozen
0.05
4.01
6/5/2014
Non-frozen
0.08
0
6/14/2014
Non-frozen
0.07
0
Non-frozen
0.05
2.01
Event Average
2013/2014
0.21
0.91
Average
†
Values not significantly different based on P-value of 0.05
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Difference
Between
Watersheds
Percent Change
(%)
na
-32%†
-51%†
-71%†
na
na
-42%†
na
8720%†
na
na
4010%†
430%†

Table 30. Above and below runoff event TP yield.
Event
Date

3/23/2013
3/10/2014
3/11/2014
3/13/2014
3/14/2014
3/17/2014

Runoff Soil
Conditions

Above
Watershed
TP Yield
(kg ha-1)
0.06
0.30
0.07
0.13
0
0
0.56
0
0.14
0.03
0.02
0.18

Below
Watershed
TP Yield
(kg ha-1)
0
0.07
0.02
0.04
< 0.01
< 0.01
0.13
0.01
0.02
0
0
0.03

Frozen
Frozen
Frozen
Frozen
Frozen
Frozen
Frozen Total
6/21/2013
Non-frozen
6/22/2013
Non-frozen
6/5/2014
Non-frozen
6/14/2014
Non-frozen
Non-frozen Total
2013/2014
0.074
0.017
Average
2013/2014
0.74
0.17
Total
†
Values not significantly different based on P-value of 0.05
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Difference Between
Watersheds
Percent Change (%)
na
-76%†
-63%†
-74%†
na
na
-76%†
na
-83%†
na
na
-83%†
-77%
-77%†

Table 31. Above and below runoff event TP FWMC.
Event Date

3/23/2013
3/10/2014
3/11/2014
3/13/2014
3/14/2014
3/17/2014

Runoff Soil
Conditions

Above
Watershed
TP FWMC
(mg L-1)
0.54
2.24
1.83
2.70
0
0

Below
Watershed
TP FWMC
(mg L-1)
0
1.48
0.98
0.65
0.53
0.94

Frozen
Frozen
Frozen
Frozen
Frozen
Frozen
Frozen
1.22
0.77
Event Average
6/21/2013
Non-frozen
0
4.34
6/22/2013
Non-frozen
1.21
4.34
6/5/2014
Non-frozen
0.62
0
6/14/2014
Non-frozen
0.77
0
Non-frozen
0.65
2.17
Event Average
2013/2014
0.99
1.33
Average
†
Values not significantly different based on P-value of 0.05
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Difference Between
Watersheds
Percent Change (%)
na
-34%†
-46%†
-76%†
na
na
-37%†
na
257%†
na
na
334%†
130%†

Table 32. Above and below runoff event DRMP yield.
Event
Date

3/23/2013
3/10/2014
3/11/2014
3/13/2014
3/14/2014
3/17/2014

Runoff Soil
Conditions

Above
Watershed
DRMP Yield
(kg ha-1)
0.05
0.10
0.02
0.03
0
0
0.20
0
0.03
0.01
0.01

Below
Watershed
DRMP Yield
(kg ha-1)
0
0.02
0.01
0.01
< 0.01
< 0.01
0.04
< 0.01
0.01
0
0

Frozen
Frozen
Frozen
Frozen
Frozen
Frozen
Frozen Total
6/21/2013
Non-frozen
6/22/2013
Non-frozen
6/5/2014
Non-frozen
6/14/2014
Non-frozen
Non-frozen
0.05
0.02
Total
2013/2014
0.025
0.006
Average
2013/2014 Total
0.25
0.06
†
Values not significantly different based on P-value of 0.05
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Difference Between
Watersheds
Percent Change (%)
na
-78%†
-64%†
-79%†
na
na
-82%†
na
-62%†
na
na
-69%†
-76%
-76%†

Table 33. Above and below runoff event DRMP FWMC.
Event
Date

3/23/2013
3/10/2014
3/11/2014
3/13/2014
3/14/2014
3/17/2014

Runoff Soil
Conditions

Above
Watershed
DRMP FWMC
(mg L-1)
0.43
0.75
0.54
0.68
0
0

Below
Watershed
DRMP FWMC
(mg L-1)
0
0.45
0.29
0.13
0.11
0.21

Frozen
Frozen
Frozen
Frozen
Frozen
Frozen
Frozen
Event
0.40
0.20
Average
6/21/2013 Non-frozen
0
2.29
6/22/2013 Non-frozen
0.29
2.29
6/5/2014
Non-frozen
0.30
0
6/14/2014 Non-frozen
0.31
0
Non-frozen
Event
0.23
1.15
Average
2013/2014
0.33
0.58
Average
†
Values not significantly different based on P-value of 0.05
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Difference Between
Watersheds
Percent Change (%)
na
-40%†
-48%†
-81%†
na
na
-50%†
na
690%†
na
na
500%†
180%†

Table 34. Above and below runoff event TSS yield.
Event
Date

3/23/2013
3/10/2014
3/11/2014
3/13/2014
3/14/2014
3/17/2014

Runoff Soil
Conditions

Above
Watershed
TSS Yield
(kg ha-1)
2.45
9.53
2.20
8.97
0
0
23.2
0
119.
64.5
6.91

Below
Watershed
TSS Yield
(kg ha-1)
0
6.76
1.66
2.64
0.27
0.20
11.5
0.61
2.05
0
0

Frozen
Frozen
Frozen
Frozen
Frozen
Frozen
Frozen Total
6/21/2013
Non-frozen
6/22/2013
Non-frozen
6/5/2014
Non-frozen
6/14/2014
Non-frozen
Non-frozen
190.
2.66
Total
2013/2014
21.3
1.42
Average
2013/2014
213.
14.2
Total
†
Values not significantly different based on P-value of 0.05
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Difference Between
Watersheds
Percent Change (%)
na
-29%†
-25%†
-71%†
na
na
-50%†
na
-98%†
na
na
-98%†
-93%
-93%†

Table 35. Above and below runoff event TSS FWMC.
Event
Date

3/23/2013
3/10/2014
3/11/2014
3/13/2014
3/14/2014
3/17/2014

Runoff Soil
Conditions

Above
Watershed
TSS FWMC
(mg L-1)
22.3
72.0
60.0
180.
0
0

Below
Watershed
TSS FWMC
(mg L-1)
0
139.
65.2
48.8
40.0
60.0

Frozen
Frozen
Frozen
Frozen
Frozen
Frozen
Frozen
55.7
58.9
Event Average
6/21/2013
Non-frozen
0
380.
6/22/2013
Non-frozen
1060
380.
6/5/2014
Non-frozen
1580
0
6/14/2014
Non-frozen
300.
0
Non-frozen
734.
190.
Event Average
2013/2014
327.
111.
Average
†
Values not significantly different based on P-value of 0.05
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Difference Between
Watersheds
Percent Change (%)
na
94%†
9%†
-73%†
na
na
-6%†
na
-64%†
na
na
-75%†
-66%†

Overall Conclusion
This experiment measured the soil properties, hydrology, and water quality of
several land uses in southwestern Minnesota including perennial vegetation on
undisturbed soil, recently converted row crop agriculture from perennial vegetation, and
row crop agriculture with a long history of production. The results of the three
experiments will be combined and discussed in this conclusion. Significant changes were
noted to soil properties of soil under perennial vegetation compared to soil under row
crops. The changes to hydrology and water quality in the paired watershed design were
unable to be found statistically significant due to the low number of runoff events that
occurred. While significance was not found, the relative changes in some parameters was
large. There were significant differences in runoff volume, and nutrient and sediment
yields when comparing an agricultural watershed to a watershed with 72 percent
perennial vegetation.
There are many connections between soil properties and water quality. The
lowest soil bulk density, and highest infiltration and hydraulic conductivity rates were
measured in perennial vegetation on undisturbed soil. Soil properties were also rapidly
altered after the conversion to row crop agriculture. While this was expected, agricultural
producers should look to improve soil in their fields by addressing the soil properties that
were the subject of this study. Improving soil properties will reduce overland surface
runoff, and will increase the amount of water in the soil profile for crop use during dry
periods. The key to reducing nutrient and sediment losses is reducing the amount of
overland surface runoff. Improving soil properties including lowering bulk density, and
increasing infuriation and hydraulic conductivity rates, will reduce overland surface
runoff and increase the amount of plant available water in the soil profile.
These experiments documented the importance of soil vegetative cover on runoff
generation. The perennial vegetation on undisturbed soil did not produce runoff during
non-frozen soil conditions. In the paired watershed design, the largest runoff events
occurred in June 2013 following tillage that left the soil without protection from rainfall
in the form of surface residue. Corn was grown in 2014 using no-till methods, and no
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runoff was measured with more rainfall than 2013. In the above and below design,
runoff from the non-frozen soil periods resulted in 17.6 mm in the above watershed
(agriculture) and only 0.7 mm in the below watershed (72 percent perennial vegetation
and 28 percent agriculture). Frozen and non-frozen soil mean event runoff volume was
significantly reduced (72 percent), and event yields of TN, NO3-N, TP, DRMP, and TSS
were significantly reduced (75 to 93 percent) from the below watershed compared to the
above watershed. The reduction in yields was the result of the reduction in runoff
volume.
All runoff on non-frozen soil in both experiments occurred in June. In
agricultural fields, the period from seedbed preparation to full crop canopy (April, May,
and June) represents an extremely vulnerable time for runoff. Surface residue is
extremely important to protect the soil and reduce runoff volumes. Reducing runoff will
limit losses of nutrients, sediment, and agronomic chemicals and will limit other
downstream effects such as flooding. Unfortunately, changes in rainfall patterns have
shifted a higher percentage of the annual precipitation into April, May and June that
elevates the risk of runoff. From 1981-2010 at our study sites, 37 percent of the annual
precipitation occurred in April, May and June, however, 54 to 60 percent of the annual
precipitation occurred in April, May and June in 2011 through 2014. The largest
sediment losses, by several orders of magnitude, occurred in June with runoff over nonfrozen soil. Solutions to protect soil resources and reduce overland surface runoff from
agricultural fields in Minnesota must focus on the months of April, May and June.
Snowmelt runoff is an important component of hydrology and water quality in
Minnesota. Snowmelt produced the only runoff in watersheds composed entirely of
perennial vexation on undisturbed soil. Agricultural watersheds often had the majority of
their annual runoff occur as snowmelt. Snowmelt also produced the majority of the
nitrogen and phosphorous losses each year. The amount of snowmelt runoff in any given
year is variable related to snowpack, frost depth and the rate of warming in the spring.
While most agricultural producers do not implement snowmelt specific best management
practices (BMPs), improving soil health and leaving soil residue will likely reduce
snowmelt runoff.
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There is often disagreement when discussing the condition of Minnesota’s water
resources prior to the arrival of the European settlers. These conditions, often referred to
as “natural background” should be included when watershed restoration and management
plans are developed. Unfortunately, most of the “natural background” evidence is
anecdotal. These experiments provided an opportunity to collect actual soil, hydrology,
and water quality data that may represent pre-settlement periods. At the end of our
experiment, it is clear that the conversion of perennial vegetation to annual row crops has
altered the hydrology in Minnesota. Soil bulk density increased, and soil infiltration and
hydraulic conductivity rates were reduced with the introduction of tillage, and annual row
crops produced a vulnerable runoff period in June each year. The perennial vegetation
did not produce runoff on non-frozen soils, and only had snowmelt runoff 2 of 4 years.
The control watershed (perennial vegetation) had 5.92 mm of runoff over 4 years, and the
treatment watershed (agricultural) had 18.5 mm runoff in a 28 hour period in June 2013
in the first year of row crop production. While the perennial vegetation was assumed to
the be the source of elevated nitrogen and phosphorus concentrations in runoff from the
watershed with perennial vegetation, the overall impact to water resources was minimal
when the runoff volumes are included to calculate total loss. The control watershed
(perennial vegetation) lost a total of 1.64 kg ha-1 of sediment over 4 years, and the
treatment watershed (agricultural) lost 1,060 kg ha-1 sediment in a 28 hour period in June
2013 in the first year of row crop production. Agriculture is an extremely important
sector of Minnesota’s economy, and it is recognized that row crop production will
continue to be the dominate land use in many watersheds, however, there has been a shift
in hydrology and water quality from the conversion of perennial vegetation to row crop
agriculture, at least in the study watersheds. In order to find meaningful solutions to
effectively manage and protect our water resources, efforts must be targeted to address
specific opportunities at the individual field scale to reduce runoff and improve water
quality.
This experiment measured the changes to soil properties, hydrology, and water
quality from the conversion of perennial vegetation to agricultural uses. While the
changes are documented, it is important to realize that all of these properties are dynamic
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and will continue to change over time. The management of soil and water resources
should be viewed together to improve the productivity of the land and quality of our
water resources.
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