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On-farm environmental assessment of corn
silage production systems receiving liquid
dairy manure
E.S. Krueger, J.M. Baker, T.E. Ochsner, C.D. Wente, G.W. Feyereisen, and D.C. Reicosky

Key words: corn—cover crop—dairy—manure—subsurface drainage

The trend toward large-scale dairy farming in the United States has come with
an increased reliance on corn (Zea mays
L.) silage and a geographic consolidation
of manure production; cover cropping
with winter rye (Secale cereale L.) is one
means of minimizing negative environmental impacts of these practices.
Environmental concerns posed by corn
silage cropping systems and high-rate
manure application are well recognized.
With its short growing season, corn silage
provides little vegetative cover much of the
year (Krueger et al. 2012), which leaves the
soil prone to erosion by wind and water
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(Lindstrom 1986). Long-term removal of
corn grain and stover can lead to reduced
soil organic matter (Dolan et al. 2006).
Subsurface drainage may be increased
because of lower evapotranspiration (ET),
and nitrate nitrogen (NO3-N) leaching may
be increased compared with perennial cropping systems such as alfalfa (Medicago sativa L.)
(Randall et al. 1997). Without proper management, concentrating manure production
can lead to over application of nutrients
and degradation of environmental quality.
Multiple high-rate manure applications can
result in soil NO3-N accumulation (Munoz
et al. 2003), and elevated soil NO3-N levels
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Abstract: Increased corn (Zea mays L.) silage and manure production accompanying the proliferation of large dairies has prompted concern regarding their environmental impacts. The
objectives of this on-farm, field-scale study were (1) to quantify environmental impacts, e.g.,
soil chemical properties and offsite nutrient transport, of corn silage production with dairy
manure application on artificially drained soils and (2) to assess the environmental benefits of
and agronomic constraints on the adoption of winter rye (Secale cereale L.) cover cropping by
a large dairy in west central Minnesota. From 2007 to 2009, corn for silage was grown on two
adjacent 65 ha (160 ac) fields, with rye planted after corn on one field in 2007. Liquid manure
was fall applied annually at average total nitrogen (N) and phosphorus (P) rates of 410 and 98
kg ha–1 (365 and 87 lb ac–1), respectively. Soil nitrate nitrogen (NO3-N) and Olsen P accumulation did not occur with the studied cropping systems, but average annual NO3-N and
dissolved reactive P (DRP) subsurface drainage loads were 52 and 0.8 kg ha–1 y–1 (46 and 0.7
lb ac–1 yr–1), respectively. Soil organic carbon (C) concentration was maintained on the field
without rye and increased 15% to a depth of 15 cm (6 in) on the field with rye, but C additions with manure likely contributed to the increase. Rye reduced spring soil NO3-N by 46%
and increased ground cover an average of fourfold compared with winter fallow. Subsurface
drainage NO3-N concentration was reduced from 53 mg L–1 (53 ppm) without rye to 39 mg
L–1 (39 ppm) with rye, but rye had no impact on DRP concentration. Rye aboveground dry
matter yield was 2 Mg ha–1 (0.9 tn ac–1). Corn dry matter yield was 16%, or 2.7 Mg ha–1 (1.2
tn ac–1), lower after rye than after winter fallow.This reduced yield and the persistence of high
NO3-N and DRP concentrations in subsurface drainage with rye indicate alternative conservation practices are warranted at this site. In general, cover cropping with winter rye provided
environmental benefits over corn silage alone but also increased economic risks.

can lead to higher NO3-N concentrations
in subsurface drainage (Randall and Mulla
2001). Soil phosphorus (P) accumulation
may also result (Eghball and Power 1999),
with increased soil P being associated with
offsite P transport via surface runoff (Sharpley
1995) and leaching (Heckrath et al. 1995).
Some operators of large dairy farms are
particularly sensitive to these issues in part
because they face different regulatory environments and different public perceptions
than small operations. Dairy farms with more
than 200 mature dairy cows are regulated as
confined animal feeding operations under
the US Environmental Protection Agency’s
National Pollutant Discharge Elimination
System. These farms are subject to special
permitting and annual reporting requirements
and must develop and follow a site-specific
nutrient management plan (USEPA 2008).
Surveys have demonstrated that people in
the United States are more altruistic toward
small farmers than toward other members
of the population (Lusk and Briggeman
2011) and that 50% of respondents favor
banning confined animal feeding operations
completely (Tonsor et al. 2009). Thus, large
operations may attract greater public scrutiny
of management practices and environmental
impacts. For these reasons, some large dairy
operators actively seek management practices to improve the environmental impacts
of their operations. They need reliable information about the likely effects of current
management practices, as well as information regarding conservation practices aimed
at maintaining profitability while also conserving soil, improving nutrient cycling, and
reducing offsite nutrient transport.
Cover cropping with winter rye is one
such conservation practice that may be com-
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ture and NO3-N depletion that increased
with greater rye growth. Thus, timing is
critical in managing these systems, and it
is unclear whether the time constraints
involved are compatible with the realities of
operating a large dairy. There is a pressing
need for on-farm, field-scale research to clarify the benefits and limitations of rye cover
cropping in this context.
The on-farm experiment described here,
done in collaboration with a large dairy farm
in west central Minnesota, allowed us to study
corn silage cropping systems at the scale at
which large farms operate. The cooperating
farmers were interested in understanding
environmental impacts of current management practices as well as the viability of rye
cover cropping for improving environmental
impacts without affecting the productivity
of the dairy. West central Minnesota is home
to an increasing number of large dairies
(National Agriculture Statistics Service 2009)
and is typified by the swell and swale topography of the Upper Midwest prairie pothole
region. Efforts to improve crop production
by draining closed depressional areas began
soon after initial cultivation of native prairie.
This is typical of farmed land in the region
and has resulted in greatly increased crop
yields, but also heightens the need for conservation practices to curtail offsite nutrient
transport. Many dairies, including the farm
in our study, produce corn silage on these
artificially drained, fine-textured soils. These
soils are frequently cold and wet during the
spring, which can make cover cropping more
difficult compared with the well-drained silt
loam of our plot-scale study.While plot-scale
research confirmed the viability of rye cover
cropping, implementing cover cropping on
working farms is an important means of
sharing knowledge with farmers and gaining
farmer support, increasing the probability of adoption of this conservation practice
(Anderson-Wilk 2008). This is an important step to establishing cover crop viability
within this growing segment of agricultural
production, with potential impacts spanning
thousands of acres in Minnesota.
The objectives of this on-farm, field-scale
study were (1) to quantify environmental
impacts, e.g., soil chemical properties and offsite
nutrient transport, of corn silage production
with dairy manure application on artificially
drained soils and (2) to assess the environmental benefits of and agronomic constraints on

the adoption of winter rye cover cropping by a
large dairy in west central Minnesota.
Materials and Methods
Site Description. The study was conducted
on adjacent 65 ha (160 ac) fields on a large
(>5,000 head) privately owned dairy farm
in west central Minnesota (figure 1) from
September of 2006 through October of
2009. Dairy cows were permanently housed
in two large free stall barns, and manure
was removed using a flush system with liquid manure stored for fall application. The
study fields had a long history of agricultural
production, with historical aerial photos
showing a gradual transition from diverse
small-scale farming or wildlands (figure 2a)
to large-scale monocropping (figure 2e).
Efforts to improve crop production by draining depressional areas in these fields began
before 1951 and continued in stages through
2006, with shallow wetlands, or potholes,
visible prior to artificial drainage in figures
2a and 2b. The draining of these potholes,
which originally acted as repositories for
runoff and transported nutrients, highlights
the need for conservation practices aimed at
minimizing offsite nutrient transport.
Research fields designated as east field
and west field were managed as part of the
cooperating dairy, with all management decisions made by the farm operators. Typical
agronomic management on the dairy was
fall manure application and continuous corn
silage production for 5 to 10 years, before
transitioning to 4 years of alfalfa production
without manure. Our research was conducted
during years 2 through 4 of continuous corn.
Management of the research fields was similar
for the 2006 to 2007 and 2008 to 2009 cropping years, but a winter rye cover crop was
planted on the west field for the 2007 to 2008
cropping year. Manure was applied in the fall
of 2005, but the site had no other recent history of manure application.
The soils were formed in calcareous
loamy glacial till, characteristic of the prairie
pothole soils of the Upper Midwest. Soils on
higher landscape positions included a welldrained Forman clay loam and moderately
well-drained Aastad clay loam. The soil on
sideslopes surrounding depressions was primarily a somewhat poorly drained Hamerly
clay loam, while depressional areas were
characterized by poorly drained Parnell silty
clay loam and Parnell-Flom silty clay loam
soils. Mapping of the study site with both
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patible with large dairy operations. Winter
rye can scavenge excess soil NO3-N (Jewett
and Thelen 2007) and reduce NO3-N leaching (Kaspar 2007; Strock et al. 2004), while
rye biomass returned to the soil can maintain or increase soil carbon (C) (Kaspar et
al. 2006; Kuo et al. 1997). Rye can increase
fall and spring ground cover compared with
winter fallow (Krueger et al. 2012), which
can reduce soil erosion (Kaspar et al. 2001)
and off-site nutrient transport. Still, farmers
are hesitant to plant cover crops because of
associated costs, lack of information, and time
constraints arising from the limited growing season in the Upper Midwest, and as a
result, cover crop adoption rates are low in
the region, with only about 18% of farmers
having used cover crops (Singer et al. 2007).
Our approach to studying rye cover cropping in relation to large dairy farms included
concurrent plot-scale and on-farm research
aimed in part at addressing farmer concerns
and establishing farmer-led implementation of rye cover cropping. We chose this
approach because farmers consider information from field-scale studies on actual
operating farms to be more useful than
information based on small plots at research
stations (Duram and Larson 2001). Since corn
silage harvest occurs relatively early in the
year and cover crop effectiveness improves
with earlier planting dates (Feyereisen et al.
2006), we hypothesized that rye cover cropping in corn silage production systems would
not suffer from the same time constraints as
corn for grain. The plot-scale experiments
allowed important rigorous statistical analysis
of replicated treatments, but suffered from
scale limitations. Results confirmed that,
when planted after corn silage harvest, a rye
cover crop can provide environmental benefits (Krueger et al. 2010; Krueger et al. 2011;
Krueger et al. 2012) without impacting
subsequent corn yield even in a cold climate (Krueger et al. 2011). Rye/corn silage
cropping systems prevented soil NO3-N
accumulation and reduced soil solution
NO3-N concentration compared with corn
silage alone, while also increasing ground
cover and soil organic C (SOC) relative to
corn silage without a cover crop (Krueger et
al. 2010; Krueger et al. 2011; Krueger et al.
2012). However, when rye was allowed to
grow until it could be harvested for forage
(i.e., forage double-cropping), significant
reductions in subsequent corn silage yield
occurred, primarily resulting from soil mois-
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the west field to offset potentially poor corn
germination after rye.
Corn was harvested for silage on
August 28, 2007; September 18, 2008; and
September 29, 2009. In 2007, field average
corn dry matter (DM) yield was determined.
Total wet mass of corn silage on each field
was recorded by the farmers by weighing
each truckload of corn silage removed from
the field, and five approximately 1.5 kg (3.3
lb) subsamples were collected from each field
for DM determination. In 2008 and 2009,
corn DM yield was determined by hand
harvesting and weighing 3 m (10 ft) of row
at 16 locations in each field and collecting
a subsample of three plants. The rye variety
“Rymin” was broadcast planted at a rate of
126 kg ha–1 (112 lb ac–1) on September 4,
2007, on the west field.At the farmers’ discretion, approximately half of the west field was
tilled with a field cultivator before planting
to determine if tillage before rye was beneficial to the cover crop. Rye was terminated
on May 6, 2008, by applying glyphosate at
a rate of 1.2 kg acid equivalent ha–1 (1.1 lb

acid equivalent ac–1). An earlier termination
to ensure timely corn planting would have
been preferred, but termination was delayed
because of wet soil conditions. Rye DM
was determined before winter dormancy
on November 19, 2007, and at termination
by hand harvesting at ground level ten 0.25
m2 (2.7 ft2) areas throughout the west field.
A second season of rye cover cropping was
intended for the 2008 to 2009 crop year, but
the cooperating farmers declined the second
year of cover cropping because of poor corn
performance after rye in 2008. Samples of
corn and rye were dried at 65°C (149°F) for
48 hours for DM determination and ground
to pass through a 1 mm (0.04 in) sieve for N
and C analysis by dry combustion (Bremner
and Mulvaney 1982) (Leco TruSpec CHN,
Leco Corp., St. Joseph, Michigan).
Liquid manure was fall applied each year,
a common manure management strategy in
Minnesota that helps ensure timely spring
field operations (Blanchet and Schmitt
2007). Manure management practices at the
cooperating dairy changed over the course
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survey-grade global positioning systems and
light detection and ranging revealed low
relief with elevation varying by approximately 5 m (16 ft) across the 130 ha (320 ac)
research site (figure 1).
Watersheds of 26.6 ha (66 ac) on the east
field and 45 ha (111 ac) on the west field
were identified for sampling of subsurface
drainage (figure 1). The drainage system
included surface inlets designed to quickly
drain depressional areas during spring snow
melt and after large rain events. The east
watershed had 18 surface inlets, while the
west watershed had 24. The east watershed discharged into the subsurface drainage
system of an adjacent field, while the west
watershed discharged directly into a nearby
slough. Agronomic management across a
watershed was generally consistent, with the
exception of approximately 0.74 ha (1.8 ac)
of the east watershed that lay on the west
field and 0.15 ha (0.37 ac) of the west watershed that drains to the east field (figure 1).
Center pivot irrigation was installed on
both fields in October of 2008, and irrigation
began in May of 2009. The irrigation system was installed in response to regulations
requiring the farm to collect all precipitation
runoff from barnyard areas, including runoff
from barn roofs and surrounding paved and
gravel areas. Collected runoff was distributed
over cropped land using the center pivots. A
total of 63 mm (2.5 in) of irrigation water
was applied to the east field and 57 mm (2.2
in) to the west field between May 22, 2009,
and August 22, 2009. Nutrient application
rates with irrigation were approximately 14
and 12 kg ha–1 (12 and 11 lb ac–1) for N and
P, respectively.
Agronomic Management. Corn was
planted after spring field cultivation, with
the same planting dates for each field in
2007 (May 3) and 2009 (May 8). In 2008,
corn was planted on May 16 on the east field
but was delayed until May 22 on the west
field because of excessive soil moisture after
rye. In order to minimize yield suppression
from delayed planting, the farmer planted as
soon as conditions permitted in each field.
The corn cultivar Dekalb DKC 45-82 (95
days, Lauer 1998) was planted in 2007, while
Pioneer 35A34 (106 days) was planted in
2008 and 2009. Corn was planted at 88,920
seeds ha–1 (36,000 seeds ac–1) on 76 cm (30
in) rows, except in 2008 when the farmers
chose to increase planting rate by 10% on

Topographic map, field and watershed delineation, and subsurface drainage pattern for the
study site in west central Minnesota.

Figure 2
Aerial photographs of the study site in west central Minnesota taken in (a) 1938, (b) 1951, (c) 1965, (d) 1973, and (e) 2010. Photo Credits: (a) Minnesota
Department of Natural Resources, St. Paul, Minnesota; (b, c, and d) Farm Service Agency, Stevens County, Morris, Minnesota; (e) Navteq, Chicago, Illinois.
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of our study. In 2006, manure was pumped
from the stirred lagoon, while some solids were removed before injection in 2007
and 2008. Manure was applied by drag-line
injection at 150,000, 140,000, and 109,000
L ha–1 (16,000, 15,000, and 11,700 gal ac–1)
on October 1, 2006; August 28, 2007; and
November 4, 2008, respectively, with rates
determined by desired N rates. Based on
manure analysis reports obtained by the
farmers from an independent testing lab,
total N application rates were 445, 438, and
346 kg ha–1 (397, 391, and 309 lb ac–1), and P
application rates were 92, 125, and 76 kg ha–1
(82, 112, and 68 lb ac–1) in 2006, 2007, and
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2008, respectively. Total manure C added was
12 Mg ha–1 (5.3 tn ac–1). Average available N
rate was 205 kg ha–1 y–1 (183 lb ac–1 yr–1),
similar to the maximum N fertilizer recommendation of 202 kg ha–1 (180 lb ac–1) for
continuous corn production in Minnesota
(Rehm et al. 2006). Both fields were tilled
to a depth of 23 to 30 cm (9 to 12 in) with
a Case International Ecolo-Tiger 870 disk
ripper within one day of manure application
in 2006 and 2007. Tillage occurred before
manure application in 2008 with no additional tillage following application.
Soil Sampling. Fall soil samples were collected on September 8, 2006; August 28,

Copyright © 2013 Soil and Water Conservation Society. All rights reserved.
Journal of Soil and Water Conservation 68(6):438-449 www.swcs.org

(a)

2007; September 18, 2008; and September
29, 2009 after corn silage harvest and before
manure application. Spring soil samples
were collected on May 14, 2007; June 9,
2008; and May 29, 2009. Fall soil samples
were collected at 49 locations in each field
in a grid pattern with approximately 113 m
(371 ft) between sample locations (figure 1).
Spring soil samples were collected from 16
locations in each field from a subset of the
fall locations. Samples were collected to a
depth of 60 cm (24 in) in the spring and 90
cm (35 in) in the fall using a hydraulic sampler with a core inner diameter of 6.5 cm
(2.5 in), except in 2009 when a sampler core

NOV/DEC 2013—VOL. 68, NO. 6

441

442

NOV/DEC 2013—VOL. 68, NO. 6

lected during the crop year that followed this
experiment, a relationship between depth
and velocity was established for the control
section at each location.This relationship was
used to calculate velocities for 2006 to 2009
data. Cross-sectional area was calculated from
2006 to 2009 water depth and multiplied
by calculated velocities to determine final
drainage volumes.
Water samples were collected on a volume
basis using an ISCO 3700 automated sampler
(Teledyne ISCO, Lincoln, Nebraska), with
one 100 mL (6.1 in3) sample collected after
approximately 100 m3 (3,532 ft3) of drainage
and three samples composited in a glass bottle containing 0.6 mL (0.04 in3) concentrated
H2SO4 (Henriksen 1969). Samples were
retrieved weekly, filtered using a 0.2 μm
(7.9 × 10–6 in) nylon filter, and refrigerated.
Determination of NO3-N was by cadmium
(Cd) reduction with an Alpkem RFA300
(Alpkem Corp., Clackamas, Oregon), and
dissolved reactive P (DRP) was determined
with a Lachat QC8500 (Lachat 2000) (Lachat
Instruments, Milwaukee, Wisconsin). Flowweighted concentrations were calculated on
a weekly and annual basis.
Weather
and
Evapotranspiration.
Precipitation, temperature, and ET were
measured at each field beginning on
September 4, 2007. Precipitation data for
2008 were recorded only on the west field,
so west field data were used for both fields.
Weather data were not collected for several
days each year during spring and fall field
operations. Missing data were filled with
data obtained from a weather station located
16 km (10 mi) from the study site and maintained by the University of Minnesota at
the West Central Research and Outreach
Center. Frozen precipitation was not measured at the study site, so October to April
precipitation data from the West Central
Research and Outreach Center were used.
Temperature data were used to calculate
growing degree day (GDD) accumulation
with a maximum temperature of 30°C (86°F)
and a base temperature of 10°C (50°F).
An eddy covariance system was used to
measure ET, using an open-path infrared
gas analyzer (LI-7500, Licor Inc. Lincoln,
Nebraska) and a three-dimensional sonic
anemometer (CSAT-3, Campbell Scientific,
Logan, Utah) positioned on a mast at the
center of each field. Wind speed components and concentrations were measured
at 10 Hz, and fluxes were computed at

30-minute intervals. Postprocessing included
two-dimensional coordinate rotation and
corrections for sensor separation, frequency
attenuation, and the spurious flux contribution caused by sensible heat flux (Webb et al.
1980). The data were screened to eliminate
periods of low turbulence, precipitation, and
sensor malfunction. Gaps were filled with
algorithms described by Baker and Griffis
(2005) using ancillary measurements, including net radiation, soil heat flux, and ambient
humidity. West field ET was not measured
in 2009 due to instrument failure, so east
field data were used for both fields.
Precipitation, ET, and drainage totals
were computed for each crop year and for
individual dormant and growing seasons.
The crop year was defined as the period from
the day after corn harvest until corn harvest
the following year. The dormant season was
defined as the period from the day after corn
harvest until May 1 for the 2007 and 2009
crop years and until rye termination in 2008
(May 6). The growing season was from the
end of the dormant season until corn harvest.
Ground Cover. Ground cover was determined monthly from September through
November in 2007 and April through June
in 2008. Digital photographs were taken
with a downward-facing camera at a height
of 1.2 m (4 ft), resulting in a sample image
of 1 m2 (10.8 ft2). At each sample date, 10
photographs were taken from the east field
and 20 from the west field. On the west
field, 10 photographs were taken from portions of the field with and without tillage
before rye planting. Photographs in the fall
were taken after all field operations had been
completed. Spring photographs were taken
in April before any spring field work, in May
after corn planting, and in June after corn
was well established. Using SamplePoint
software (Booth et al. 2006), a grid of 100
points was overlaid on each photograph, and
the presence of ground cover at each point
was determined by visual inspection.
Statistical Analysis. Soil, yield, and
ground cover data were subjected to the
Shapiro-Wilk test for normality using the
UNIVARIATE procedure of SAS (SAS
Institute 2008), and soil NO3-N and P data
were nonnormal. Further statistical analyses
of these data were performed on log transformed data, but for clarity, geometric means
(Reuss et al. 1977) of nontransformed data
were reported. Data pertaining to corn silage
production, fall soil properties, and ground
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with an inner diameter of 3.8 cm (1.5 in) was
used. One core was collected for chemical
and one for physical analysis, and cores were
subdivided into 0 to 15, 15 to 30, 30 to 60,
and 60 to 90 cm (0 to 6, 6 to 12, 12 to 24,
and 24 to 35 in) layers. The uppermost segment of the cores taken for chemical analysis
was further subdivided into 0 to 5 and 5 to
15 cm (0 to 2 and 2 to 6 in) layers. Samples
for chemical analysis were dried at 37°C
(99°F) and ground to <0.5 mm (<0.02 in),
and samples for physical analyses were dried
at 105°C (221°F).
Soil physical analyses were gravimetric
water content and bulk density, and soil
chemical analyses were NO3-N (Keeney and
Nelson 1982), Olsen P (Olsen and Sommers
1982), total C (Bremner and Mulvaney
1982), soil inorganic C (Wagner et al.
1998), and SOC (total C – soil inorganic
C). Extracts for N and P were measured
colorimetrically using flow injection analysis (Alpkem Corp., Clackamas, Oregon).
Average bulk density determined from samples collected from 2006 to 2008 was used to
calculate soil parameters as mass per unit area.
Measured bulk density in 2009 was excluded
from the average bulk density calculation
because it was greater than previous years,
possibly resulting from compaction caused
by narrower cores. This claim is supported
by the results of bulk density measurements
from the fall of 2010, using a 6.5 cm (2.5 in)
inner diameter core, which were similar to
results from 2006 to 2008.
Water Sampling. Subsurface drainage
volume was recorded, and water samples
were collected in each field beginning in
November of 2006 (figure 1). Sampling was
limited to one location in each field because
of resource constraints and a desire to minimize the impact of sampling stations on
field operations. At each site, a portion of the
drainage pipe was replaced with a precalibrated control section with a weir. Depth
of water on each side of the weir was measured with ISCO 4230 bubble flow meters
(Teledyne ISCO, Lincoln, Nebraska), and
drainage volume was initially calculated from
depth using calibration equations. In the
fall of 2009, ISCO 4250 area velocity (AV)
sensors (Teledyne ISCO, Lincoln, Nebraska)
were added upstream of the weir at each
location. Drainage volumes calculated with
the AV sensors were more reliable than
drainage calculated from the weir calibration
equations. Therefore, using AV data col-

Table 1

ρ0 =

σ δ2
σ δ2 + σ ε2

,

(1)

where ρ0 is the intraclass correlation coefficient, σ δ2 is the variability between the east
and west fields, and σ 2ε is the within-field
variability between sample locations. The
statistic for testing treatment differences was
T=

y1 − y 2

,

(2)

⎛

ρ0
1⎞
2
2 σˆ ε ⎜ 1 − ρ0 + n ⎟
⎝
⎠

where T is the test statistic, ȳ1 – ȳ2 is the difference of treatment means, σ^ 2ε is a pooled
estimate of variability among sample locations within a field, and n is the number
of sample locations within a field. In our
experiment, soil data from spring of 2007
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Variable

Field

2007*

2008

2009

DM yield (Mg ha )

East
10.6
17.1bA†
21.1aB
West
11.1
14.4aA
20.9aB
N removal (kg ha–1)
East
145
176bA
218aB
West
139
143aA
208aB
* Only field averages were available in 2007, so statistical comparisons could not be made.
† For a given year and variable, values followed by the same lowercase letter are not significantly
different at the 0.05 probability level. For a given field and variable, values followed by the same
uppercase letter are not significantly different at the 0.05 probability level.
–1

were used to calculate ρ0 individually for
soil NO3-N and Olsen P for each soil layer,
and the maximum calculated value for each
soil parameter was applied for all soil layers.
This is the maximum rho strategy outlined
by Perrett (2004).The value of ρ0 used in our
experiment was 0.1 for soil NO3-N and 0.33
for soil Olsen P. Spring of 2008 soil data were
then analyzed for rye treatment effects, and
residual effects of rye were tested with spring
of 2009 soil data. Means comparisons were
made using Fisher’s protected least significant
difference test (α = 0.05).
A paired watershed analysis was used to
analyze NO3-N and DRP concentrations in
subsurface drainage using methods outlined
by Clausen and Spooner (1993) and Grabow
et al. (1999). Data were divided into prerye
(calibration) and postrye (treatment) subsets.
There were 16 paired weekly samples during the calibration period and 42 during the
treatment period. These sample numbers
are similar to previous work (Tiessen et al.
2010). Data from weeks where samples were
collected from only one field were discarded
from the analysis. The Shapiro-Wilk test for
normality within the UNIVARIATE procedure of SAS (SAS Institute 2008) was used to
determine normality of residuals for weekly
flow-weighted NO3-N and P concentrations, and each data set was determined to
be nonnormal. Data were log transformed
to approach normality of residuals, and all
subsequent analyses were performed on
log transformed data. The paired watershed
analysis requires that there be a significant
quantifiable relationship between watersheds,
or fields in our study, for each measured
water quality parameter. Therefore, a regression analysis of the relationship between
paired weekly flow-weighted concentrations
during the calibration period was performed,
and the relationship was significant for both
the NO3-N (r 2 = 0.89, p < 0.001) and DRP
data (r 2 = 0.79, p < 0.001). Using the GLM

procedure of SAS (SAS Institute 2008), a
regression analysis was then performed on
the entire data set (calibration and treatment), and changes in slope and y-intercept
between the calibration and treatment periods were identified. Differences in either
slope or intercept indicated a significant rye
treatment effect, and differences were evaluated at α = 0.05.
Results and Discussion
Weather. Average growing season precipitation, including water applied as irrigation,
was well below the 40-year average (1979 to
2009) each year, with precipitation equaling
67% (228 mm [9 in]), 85% (323 mm [12.7
in]), and 67% (276 mm [10.9 in]) of normal in 2007, 2008, and 2009, respectively.
Growing season GDD accumulation was
107% of normal in 2007 but was less than
normal in 2008 (95%) and 2009 (93%).
Dormant season precipitation and GDD
accumulation were above normal each
year. During the 2007 to 2008 dormant
season when rye was grown, precipitation
was 120% (344 mm [13.5 in]) of normal,
and GDD accumulation was 169% of normal (277°C d [531°F d]). In general, GDD
accumulation was sufficient for optimum
corn silage production each year (Darby
and Lauer 2002b), but below-average precipitation during each growing season was
unfavorable for corn production. In 2009,
the first year of irrigation, an average of 60
mm (2.4 in) of irrigation water was applied
to each field during critical periods to minimize the impact of insufficient precipitation
on corn yield.
Yield and Nitrogen Removal. Favorable
growing conditions resulted in good rye
growth in the fall of 2007, when aboveground rye DM yield was 1.4 Mg ha–1 (0.6
tn ac–1) and rye accumulated 66 kg N ha–1
(59 lb N ac–1) before winter dormancy. By
the time of termination on May 6, 2008, rye
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cover were analyzed using the MIXED procedure of SAS (SAS Institute 2008). Field
and year were included as class variables
for analysis of corn silage DM yield and
N removal, with year treated as a repeated
measure. For fall soil data, field, year, and
depth were included as class variables, with
depth and year treated as repeated measures.
Ground cover data were analyzed with date
and field as class variables, with date treated
as a repeated measure. Ground cover was not
significantly different between portions of
the west field with and without tillage before
rye planting, so data were averaged across the
west field. Means comparisons were made
using Fisher’s protected least significance difference test (α = 0.05).
Spring soil NO3-N and Olsen P data were
analyzed using a method appropriate for
detecting treatment effects in unreplicated
agricultural experiments (Perrett and Higgins
2006). With this method, data collected
prior to imposition of a treatment are used to
estimate the ratio of between-class variability
to total variability, or intraclass correlation.
This method assumes that between-class
variability remains relatively constant, therefore allowing observed differences after
imposition of a treatment, in this case a winter rye cover crop, to be attributed to the
treatment rather than inherent between-class
differences. Spring soil NO3-N and Olsen
P data from 2007 were used to estimate the
intraclass correlation coefficient as

Corn silage dry matter (DM) yield and nitrogen (N) removal in 2007, 2008, and 2009 in west
central Minnesota.
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Table 2
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Variable
Field*

Depth
(cm)

2007
(mg kg–1)†

2008
(mg kg–1)

2009
(mg kg–1)

NO3-N

East
0 to 5
12.4
13.4a‡
64.0a
West		
14.4
22.0a
63.9a
East
5 to 15
15.4
21.7b
45.7a
West		
13.5
14.2a
35.4a
East
15 to 30
14.9
21.1b
16.2a
West		
13.1
9.4a
19.5a
East
30 to 60
17.4
25.2b
11.0b
West		
14.1
10.4a
5.9 a
East
0 to 60
16.8
23.0b
24.5a
West		
14.5
12.5a
20.4a
Olsen P
East
0 to 5
39.4
12.7a
17.8a
West		
28.0
13.3a
14.1a
East
5 to 15
43.8
18.4a
17.8a
West		
34.1
19.5a
18.0a
East
15 to 30
33.1
12.6a
15.3a
West		
26.5
8.9a
12.9a
East
30 to 60
19.3
8.0a
10.9a
West		
11.4
10.5a
9.7a
East
0 to 60
38.1
10.5a
10.9a
West		
28.1
8.2a
11.4a
* Rye cover crop was seeded in the west field in fall of 2007 and terminated in spring of 2008.
†Data from 2007 were used to calculate the intraclass correlation coefficient (ICC) for comparison
of data from subsequent years. Therefore, statistical analyses were not performed on 2007 data.
‡ For a given year, depth, and variable, values followed by the same lowercase letter are not
significantly different at the 0.05 probability level.

Table 3
Soil nitrate nitrogen (NO3-N) and Olsen phosphorus (Olsen P) mass measured in the fall of
2006, 2007, 2008, and 2009 in west central Minnesota.
		 Depth
Variable
Field
(cm)

2006
(kg ha–1)

2007
(kg ha–1)

2008
(kg ha–1)

2009
(kg ha–1)

NO3-N

East
0 to 30
43bB*†
23aA
19aA
21aA
West		
26aA
19aA
20aA
19aA
East
30 to 60
21aA
21aA
23aA
18bA
West		
9aA
15aB
16aB
9aA
East
60 to 90
22aA
41aB
56bB
51bB
West		
16aA
36aB
32aB
24aB
Olsen P
East
0 to 30
93aA
84aA
71aA
69aA
West		
97aA
77aA
61aA
54aA
East
30 to 60
47aC
30aBC
15aA
21aAB
West		
30aBC
33aC
15aAB
11aA
East
60 to 90
41aC
28aBC
11aA
16bAB
West		
12aB
30aB
10aA
8aA
* Rye cover crop was seeded in the west field in fall of 2007 and terminated in spring of 2008.
† For a given year, depth, and variable, values followed by the same lowercase letter are not
significantly different at the 0.05 probability level. For a given field, depth, and variable, values
followed by the same uppercase letter are not significantly different at the 0.05 probability level.
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above-ground DM yield was 2 Mg ha–1 (0.9
tn ac–1), N accumulation was 71 kg N ha–1
(63 lb N ac–1), and C accumulation was 0.9
Mg ha–1 (0.4 tn ac–1). Our plot-scale research
conducted concurrently with this study also
found high fall and spring rye DM yields
when rye was planted after high-rate fall
manure application (Krueger et al. 2011).
Corn yield and N removal varied by year
and between fields (table 1), with differences
explained by varying weather and agronomic
management. Both forage production and
N capture were much lower in 2007 than
other years, likely because precipitation from
June 6, 2007, to August 9, 2007, was only
47 mm (1.9 in), or 17% of normal. In 2009,
corn yield was similar between fields and the
highest of any year, even though total growing season precipitation was only 67% of
normal that year; supplemental irrigation in
2009 likely contributed to the relatively high
yields. Nitrogen (N) removal in harvested
biomass represented only 44% of N input in
manure across three years for the east field
under conventional management, indicating
potential for substantial N losses or soil N
accumulation. Nitrogen removal was lower
for the west field in 2008, the year in which
the rye cover crop was produced.
In 2008, corn yield on the west field after
rye was reduced by 16% (2.7 Mg ha–1 [1.2
tn ac–1]), compared with corn after winter
fallow on the east field (table 1). Rye and
management differences associated with the
rye were likely responsible for the reduced
corn yield on the west field. Consequently,
the cooperating farmer chose to forego a
second cover crop year because of the risk of
corn yield loss after rye. Residue remaining
after rye termination provided a mulch that
impeded soil drying and delayed corn planting, likely contributing to corn yield loss
(Darby and Lauer 2002a). Slow soil drying
may be prevented by allowing rye to grow
until harvestable (Krueger et al. 2010) as
with rye/corn forage double-crop systems,
and rye forage may offset corn yield losses
from delayed planting. Field cultivation
after rye did not provide adequate seedbed
preparation before corn planting, and more
aggressive tillage may have been warranted
(Raimbault et al. 1990). Finally, as discussed
below in section 3.3, soil NO3-N was significantly reduced after rye which may also
have suppressed corn yield.
Soil Nitrate Nitrogen. Based on spring
soil NO3-N test recommendations for 0

Soil nitrate nitrogen (NO3-N) and Olsen phosphorus (Olsen P) concentration as affected by rye
cover crop measured in the spring of 2008 and 2009 in west central Minnesota.

Table 4
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SOC (g kg–1)

Field

2006

Depth (cm)

2007

2008

2009

East
0 to 5
37.5bAB*†
37.2bA
35.9bA
39.7bB
West		
29.5aA
31.8aB
31.2aAB
35.0aBC
East
5 to 15
37.6bAB
37.1bAB
36.6bA
39.2bB
West		
30.3aA
32.1aA
31.0aA
34.1aB
East
0 to 15
37.6bAB
37.1bAB
36.4bA
39.4bB
West		
30.0aA
32.0aA
31.1aA
34.4aB
* Rye cover crop was seeded in the west field in fall of 2007 and terminated in spring of 2008.
† For a given year and depth, values followed by the same lowercase letter are not significantly
different at the 0.05 probability level. For a given field and depth, values followed by the same
uppercase letter are not significantly different at the 0.05 probability level.

history of manure application (Laboski and
Lamb 2003). Based on our observed Olsen
P concentrations, P fertilizer application of
at least 5 kg ha–1 (4 lb ac–1) would have been
recommended in 2008 and 2009 (Rehm
et al. 2006), but no P fertilizer would have
been recommended in 2007 when measured
available P was higher. No rye treatment
effect on spring Olsen P concentration was
observed for any soil layer or year (table
2). The lack of rye treatment effect is not
surprising since rye cover crops typically
accumulate little P (Kuo et al. 2004).
Fall soil Olsen P storage was generally
similar between fields, but average Olsen P
storage decreased by 58% in the 30 to 60 cm
(12 to 24 in) layer and 55% in the 60 to 90 cm
(24 to 35 in) layer from 2006 to 2009 (table
3). Similarly, an apparent decrease in Olsen
P concentration with time was observed
for spring samples (table 2). Because P was
applied at an average rate of 98 kg ha–1 y–1 (87
lb ac–1 yr–1) and removed at an estimated 48
kg ha–1 y–1 (43 lb ac–1 yr–1), it is likely that total
soil P accumulation occurred, but the added
P was not measured as Olsen P. Reported
effects on Olsen P of applying manure to calcareous soil at rates beyond crop removal have
varied, with Leytem and Bjorneberg (2009)
reporting increased Olsen P after three annual
manure applications and Lithourgidis et al.
(2007) and Matsi et al. (2003) reporting no
change in Olsen P after four annual manure
applications. These conflicting results, along
with our observed decrease in Olsen P here
and at the plot-scale (Krueger et al. 2012), are
evidence of the difficulty in relating manure
applied P to plant available P.
Soil Organic Carbon. Between-field
differences existed for all years and depths,
with SOC concentration on the east field
being consistently higher than the west field

(table 4). No change in SOC concentration was observed from 2006 to 2009 for
any soil layer on the east field. This result is
contrary to our plot-scale study where we
observed an increase in SOC concentration
with monocrop corn silage production and
annual manure application (Krueger et al.
2012). The absence of an observed increase
in SOC concentration without rye in the
present study may result from the difficulty
in detecting changes in SOC over short time
periods. A decline in soil C storage has been
associated with continuous corn production
with residue removal (Dolan et al. 2006), but
inputs of C from crops and manure were
apparently enough to offset C losses in our
study. We note, however, that detection of
interannual changes in SOC concentration
is difficult in these soils for two reasons: the
large and spatially variable amount of native
SOC that they contain (signal to noise problem) and the calcareous nature of the soil,
which requires a separate determination of
inorganic C (analytical problem).
From 2006 to 2009, west field SOC concentration increased for the 0 to 5 cm (0 to 2
in) and the 5 to 15 cm (2 to 6 in) soil layers,
with an average increase of 15% from 0 to 15
cm (0 to 6 in) (table 4). No statistically significant change in SOC concentration was
observed for soil layers below 15 cm (data
not shown). These results corroborate those
of our plot-scale study which showed a 16%
increase in SOC concentration from 0 to 15
cm after multiple high-rate manure applications and rye cover cropping (Krueger et al.
2012). While the rye cover crop may have
contributed to increased SOC concentration, the SOC in the fall of 2008 after rye was
similar to previous years. This result, along
with the relatively high manure C additions
(12 Mg ha–1 [5.3 tn ac–1]) compared with
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to 60 cm (0 to 24 in) (Rehm et al. 2006),
our spring soil sampling revealed that supplemental N fertilizer would have been
recommended for both fields each year even
with high-rate annual manure applications.
An average of 47 kg N ha–1 (42 lb N ac–1)
would have been recommended after winter fallow, whereas 77 kg N ha–1 (69 lb N
ac–1) would have been recommended after
rye in 2008. We found similar results in our
plot-scale experiment (Krueger et al. 2011).
Based on these recommendations, farmers
would likely have to provide supplemental
spring fertilizer, especially after rye, to meet
corn yield goals. Alternatively, manure application could be split between spring and fall,
but this was not possible on the cooperating farm because of time constraints. Rye
reduced the spring profile (0 to 60 cm) soil
NO3-N concentration by 46% in 2008 (table
2), and the rye treatment effect existed for all
depths below 5 cm (2 in). The absence of a
rye treatment effect for the 0 to 5 cm layer
is likely a result of rye N mineralization, as
soil samples were collected 34 days after rye
termination. Soil NO3-N concentration was
similar between fields for most soil layers in
the spring of 2009, but was lower for the west
field in the 30 to 60 cm (12 to 24 in) layer,
suggesting that the influence of a rye cover
crop on soil NO3-N concentration may persist more than one year after rye termination.
East field fall soil NO3-N storage in the
0 to 30 cm (0 to 12 in) layer was greater in
2006 than subsequent years. Conversely, soil
NO3-N storage in the 60 to 90 cm (24 to 35
in) layer was lower in 2006 compared with
subsequent years for both fields (table 3). Soil
NO3-N storage was greater on the east field
for the 60 to 90 cm layer in 2008 and for the
30 to 60 cm and 60 to 90 cm layers in 2009.
Unlike our plot-scale work where we found
an accumulation of soil profile NO3-N to 90
cm (Krueger et al. 2012), we found that profile storage from 0 to 90 cm did not change
after four annual manure applications for
either field compared with initial soil values (p > 0.05, data not shown). This lack
of NO3-N accumulation may have resulted
from higher field scale drainage volumes
and therefore higher NO3-N leaching loads
compared with the plot-scale experiment.
Soil Olsen Phosphorus. Soil Olsen P
concentrations in spring (table 2) were
below average for dairy farms in Minnesota
(Russelle 1997). Soil test P commonly
exceeds 40 mg kg–1 (40 ppm) in soil with a

Soil organic carbon (SOC) concentration measured in the fall of 2006, 2007, 2008, and 2009 in
west central Minnesota.
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Figure 3
Weekly subsurface drainage flow-weighted nitrate nitrogen (NO3-N) and dissolved reactive phosphorus (DRP) concentration from 2007 to 2009
in west central Minnesota. Dates without data are periods when subsurface drainage did not occur.
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Legend
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rye above-ground biomass (0.9 Mg ha–1 [0.4
tn ac–1]), suggests that one year of rye cover
crop tilled into the soil was not likely the
primary contributor to the observed increase
in SOC concentration.
Subsurface
Drainage
and
Evapotranspiration. The paired watershed
analysis revealed that rye reduced weekly
flow-weighted NO3-N concentration by
26%, with average concentrations of 53 mg
L–1 (53 ppm) and 39 mg L–1 (39 ppm) during the calibration and treatment periods,
respectively (figure 3). A difference in either
slope or intercept of paired watershed regression equations for the calibration period and
treatment periods indicated a significant rye
treatment effect.The slopes were similar (p =
0.09) between periods, with values of 0.58
and 0.88 for the calibration and treatment
periods, respectively. The intercept was sig-
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West field

nificantly lower (p = 0.03) after rye, with a
value of 0.71 log mg L–1 during the calibration period and 0.07 log mg L–1 during the
treatment period. The lower intercept during the treatment period is an indication of
a decrease in NO3-N concentration in subsurface drainage.
The lower concentration after rye was
not surprising, as rye accumulated 71 kg N
ha–1 (63 lb N ac–1) and significantly reduced
spring soil NO3-N concentration (table 2).
The lower subsurface drainage NO3-N concentration in 2008 to 2009 corresponded
with lower soil NO3-N below 30 cm (12 in)
(tables 2 and 3). Similarly, in our plot-scale
study we observed soil solution NO3-N concentrations of 52 mg L–1 (52 ppm) without
rye and 37 mg L–1 (37 ppm) with rye double-cropping (Krueger et al. 2012). Because
total drainage was higher on the west field

(380 mm [15 in]) than the east field (334 mm
[13.1 in]), NO3-N leaching load was similar
between fields, averaging 53 and 50 kg ha–1
y–1 (47 and 45 lb ac–1 yr–1) for the east and
west fields, respectively. While our observed
annual flow-weighted concentrations and
loads were high, they were comparable to
Randall et al. (1997) who reported concentrations ranging from 20 to 40 mg L–1 (20
to 40 ppm) and average loads of 55 kg ha–1
y–1 (49 lb ac–1 yr–1) with continuous corn
production and spring N fertilization at recommended rates. Our results suggest that
the threat of offsite N transport with the
cropping system in our study is similar to
continuous corn production with inorganic
N fertilizer.
The paired watershed analysis revealed no
impact of rye on weekly flow-weighted DRP
concentrations (figure 3), with slopes (p =
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Rye planting

6

Table 5
Water balance components (evapotranspiration [ET], precipitation [P], drainage [D], and change
in soil water [ΔS to 90 cm measured in the fall]) and nitrate nitrogen (NO3-N) and dissolved
reactive phosphorus (DRP) leaching loads for dormant (DS) and growing seasons (GS) in 2006
to 2007, 2007 to 2008, and 2008 to 2009 in west central Minnesota.
Year

ET
(mm)*

P
(mm)†

D
(mm)

DS
GS
DS
GS
DS
GS

—		
—		
185
352
165		
288

243
228
372
323
343
273

DS
GS
DS

—		
—		
192

243
228
379

ΔS
(mm)

NO3-N
(kg ha–1)

DRP
(kg ha–1)

45		
23
–17
53		
92
10
108		
13
55

18
12
33
56
25
7

0.24
0.03
0.39
0.27
0.43
0.09

60		
20
–1
81		

32
11
37

0.37
0.04
0.50

		
GS
329
323
95
23
49
0.21
2008 to 2009 DS
165		
345
104		
21
2.04
		
GS
288
279
20
50
8
0.03
*Evapotranspiration not measured for the 2006 to 2007 crop year or on the west field for the
2008 to 2009 crop year.
† Dormant season data from 2006 to 2007 begin at the time of water sampler installation, and
2008 to 2009 data include water applied as irrigation.
‡Rye cover crop was seeded in the west field in fall of 2007 and terminated in spring of 2008.

Table 6
Ground cover for the east field with winter fallow and west field with a winter rye cover crop in
the fall of 2007 and spring of 2008 in west central Minnesota.
Ground cover (%)
Field

2007			2008
Sept. 24
Oct. 26
Nov. 19
Apr. 4

May 28

June 30

East
15aA*
14aA
10aA
16aA
9aA
31aB
West
25aA
58bB
78bC
68bD
40bE
31aA
* For a given sampling date, values followed by the same lowercase letter are not significantly
different at the 0.05 probability level. For a given field, values followed by the same uppercase
letter are not significantly different at the 0.05 probability level.

0.20) and intercepts (p = 0.15) of regression
equations being similar for the calibration
and treatment periods. Concentrations (figure 3) and loads (table 5) were higher during
the dormant season than the growing season,
likely because snowmelt-induced overland
flow into surface inlets accounted for much of
the dormant season drainage. Concentrations
of DRP were lower during the growing
season when drainage was primarily from
percolation. Annual flow-weighted DRP
concentration was similar each year for the
east field, with concentrations of 0.40, 0.41,
and 0.44 mg L–1 (0.40, 0.41, and 0.44 ppm)
for the 2006 to 2007, 2007 to 2008, and 2008
to 2009 crop years, respectively, while west
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field concentration was 0.50, 0.40, and 1.7
mg L–1 (0.50, 0.40, and 1.7 ppm) for the same
periods. The higher flow-weighted concentration for the west field for 2008 to 2009
resulted from greater DRP concentration in
spring snowmelt runoff than previous years.
Concentrations of DRP were much greater
than the recommended limit of 0.05 mg
L–1 (0.05 ppm) for phosphate-P (PO4-P) in
waters discharging directly into lakes or reservoirs (USEPA 1986), indicating that offsite
DRP transport represents a significant threat
to environmental quality with this cropping
system. The inability of rye to reduce DRP
concentration and loads suggests the need
for alternative conservation practices for this
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East Field
2006 to 2007
		
2007 to 2008
		
2008 to 2009
		
West Field‡
2006 to 2007
		
2007 to 2008

Season

site. Because soluble P loads from surface
inlets can be 3 to 24 times higher than those
from subsurface drainage (Zhao et al. 2001),
removal of surface inlets in favor of French
drains may be one means to minimize P
losses. A French drain is a buried inlet in
which perforated tile is placed in a trench of
rock and buried below a layer of soil. These
drains are designed to slow the flow of water
from depressional areas and reduce sediment
and sediment-bound nutrient contribution
to the subsurface drainage system. French
drains were installed at the site after the conclusion of this study.
Total crop year drainage ranged from 68
to 176 mm (2.7 to 6.9 in) (table 5), which
is comparable to similar work in Minnesota
(Randall et al. 1997). Drainage was greatest
during the dormant period of the 2006 to
2007 and 2008 to 2009 crop years, with most
drainage occurring during spring snow melt.
For the 2007 to 2008 crop year, most drainage occurred during the growing season due
to several large rain events. Because of the
high interannual variation in drainage volume
caused in part by weather differences, it was
not determined what impact, if any, rye had
on the volume of subsurface drainage. Previous
work has shown inconsistent effects of a rye
cover crop on drainage volume, with reports of
similar drainage between winter rye and winter fallow cropping systems (Qi et al. 2011) or
reduced drainage with rye (Qi and Helmers
2010; Strock et al. 2004).The apparent absence
of impact of rye on drainage in our study may
result because rye was terminated in early May
before significant transpiration of soil water
occurred (Krueger et al. 2010).
Average ET was 537 mm (21.1 in) for
the 2007 to 2008 crop year compared with
453 mm (17.8 in) for the 2008 to 2009 crop
year (table 5). Lower ET for 2008 to 2009
was presumably a result of cooler temperatures and lower precipitation that crop year.
Dormant season ET for 2007 to 2008 was
only 4% lower for the east field compared
with the west field, corroborating previous
work that reported minimal impacts of rye
on ET (Qi et al. 2011). Growing season ET
was 7% lower on the west field after rye
compared with the east field, which is not
surprising since silage DM yield was lower
for the west field and transpiration is tightly
coupled to biomass accumulation (Tanner
and Sinclair 1983). The east field crop year
water balance closure errors were 3 and –13
mm (0.1 and –0.5 in) for the 2007 to 2008
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Summary and Conclusions
The field-scale management practices applied
in this study, typical of those used by large
dairies, provide some clear environmental
benefits. Carbon additions from plants and
manure were sufficient to maintain SOC on
the east field and to increase SOC on the
west field by 15% to a depth of 15 cm (6 in),
even though little corn residue remained after
harvest. Another positive and unexpected
outcome was that three consecutive years of
corn silage production with high-rate manure
application did not lead to soil NO3-N or
Olsen P accumulation. However, NO3-N and
DRP concentrations in the drainage water
were high relative to environmental quality
standards, and the cooperating farmers indicated this was their primary environmental
concern with the studied cropping systems.
Rye cover cropping after corn silage resulted
in favorable environmental impacts, reducing
spring soil NO3-N concentration, reducing
subsurface drainage NO3-N concentration,
and increasing ground cover compared with
winter fallow. The reductions in soil NO3-N
concentration and drainage water NO3-N
persisted for more than one year after the single rye cover crop year, a phenomenon that
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has not previously been reported. However,
subsurface drainage NO3-N concentrations
remained high with cover cropping, and
rye had no effect on DRP concentration
or drainage volume, suggesting the need
for other conservation practices at this site.
Unlike our plot-scale work, where corn silage
yield after a killed rye cover crop was similar
to corn after fallow, corn silage yield at the
field-scale was 16% lower on the west field
after rye than after winter fallow because of
slow soil drying and delayed corn planting.
These contrasting results highlight the difficulty in translating plot-scale research to the
field scale, in part because of differences in site
characteristics. While willing to accept costs
associated with rye cover cropping in order
to gain associated environmental benefits, our
cooperating farmers deemed the corn silage
yield reduction after rye unacceptable. For
this reason, as well as the persistence of high
NO3-N and DRP concentrations in subsurface drainage even with cover cropping, they
chose to forego future rye cover cropping in
favor of alternative conservation practices,
such as replacing surface inlets with French
drains and applying a portion of the required
crop nutrients with irrigation water. In general, we found that dairy operators in the US
Upper Midwest may reduce erosion potential
and lower drainage water NO3-N concentrations for corn silage fields by using a rye cover
crop, but the economic costs could be significant due to lower corn yields.
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