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Abstract
Nitrate leaching from agricultural soils can increase groundwater nitrate concentrations. The objectives of the
study were to assess the accumulation and movement of nitrate in the soil profile over a 2-year period under deficit irrigation conditions following a one time application of N in cattle feedlot manure and commercial fertilizer
to corn at rates to achieve yield goals expected under conditions of full irrigation. Cattle manure and ammonium
nitrate were applied in 2002 at the University of Nebraska recommended rate (1M and 1F, respectively) and cattle manure was applied at twice the recommended rate (2M) for N for the 2002 corn (Zea mays L.) crop. The recommended rate was based on expected yields under full irrigation. The manure N treatments were applied to
percolation lysimeters and adjacent plots on a Cozad silt loam soil. Ammonium nitrate was applied only to the
percolation lysimeters. Leachate from the lysimeters was extracted from a depth of 2.1 m and soil samples were
collected from field plots in 0.3 m depth increments to 2.1 m on a periodic basis. Water available to the crop was
sufficient to meet 89 and 79% of the potential crop ET in 2002 and 2003, respectively. When averaged over the manure N treatments, reduced ET resulted in grain yields that were approximately 2.1 and 2.7 Mg ha−1 less than expected in 2002 and 2003. Under deficit water inputs there was leachate movement below the root zone. Leachate
depths averaged over N treatments were, however, reduced by 15% (33 mm) in 2002 and 47% (102 mm) in 2003
compared with those reported under full irrigation. The average nitrate-N (NO3−-N) concentrations in leachate
were higher under the 2M treatment (41 mg L−1) compared to the 1M treatment (17 mg L−1). The average NO3−-N
concentrations in leachate from the 1F treatment (28 mg L−1) was not different than the 1 or 2M treatments. There
were trends for greater NO3−-N mass losses in leachate averaged over all treatments in 2003 compared to 2002,
indicating that NO3−-N derived from the 2002 application leached to at least 2.4 m below the soil surface. There
were no mass loss differences in leachate due to the 2001 crop in 2002. In 2003, mass of NO3−-N in lysimeters
cropped to soybean in 2001 were significantly higher (144 kg NO3−-N ha−1) than the mass in lysimeters cropped
to corn in 2001 (51 kg NO3−-N ha−1). Nitrate-N mass increased in the 0.9–2.1 m soil depth 12–13 months after manure N treatment applications. The 2M treatment had greater soil NO3−-N mass than the 1M treatment for most
sampling dates in the surface 0.9 m. This research shows that there can be significant nitrate losses under deficit
irrigation when manure N is over applied. These losses are likely related to water initially stored below the root
zone and preferential flow of water from irrigation and precipitation. Determining accurate yield expectations
under deficit irrigation conditions, correct scheduling of irrigation, and the use current best management practices for N management can help minimize nitrate losses in leachate.
Keywords: plant available nitrogen, evapotranspiration, deficit irrigation, corn, maize, nitrogen, leaching, percolation lysimeter
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1. Introduction
In the Midwest and Central Great Plains of the USA,
expected yield is often considered in determining nitrogen application rates for corn because yield level is related to N uptake (Ferguson et al., 1991). Determining
an accurate yield goal becomes critical under these circumstances in order to prevent under and over application of N. Under applying N results in decreased yields
and profits while over application can potentially increase nitrate-N (NO3−-N) accumulation in soils and
potential losses to ground and surface waters. Achievable crop yields are also related to the amount of water available for crop evapotranspiration (ET). If water inputs do not meet the crop ET demand, yields will
be reduced (Schneekloth et al., 1991; Payero et al., 2005,
2006). Due to water shortages and limited water allocations in many areas in the Great Plains, determining an
accurate yield goal and the corresponding N application
rate can be difficult due to variation in natural precipitation amounts and timing. For example, many farmers in
western and west central Nebraska are facing challenges
with reduced availability of irrigation water due to: (1)
considerable declines in groundwater levels in the High
Plains Aquifer (McGuire and Fischer, 1999; McGuire,
2004), (2) The Endangered Species Act of 1973 requiring Nebraska to release a portion of stored water, which
would otherwise be used for irrigation, to preserve habitats for several endangered species in the Platte River
(Lingle and Franti, 1998), (3) restrictions in future water use from the basin that were imposed as a result of
a recent out-of-court settlement between Nebraska and
Kansas, and (4) drought conditions that have decreased
water stored in reservoirs to record low levels. This situation has forced irrigation districts to severely limit or
cease water deliveries to irrigators. Also, several areas of
western and west central Nebraska have implemented
water allocation programs for agricultural land irrigated
from ground water. Under these conditions the potential to under and over apply N increases due to difficulty in determining an accurate yield goal as a result
of an uncertainty of the precipitation and irrigation water availability. It is important to conduct research to assess the impacts of N management under deficit irrigation conditions.
In Nebraska there are over 2.1 million cattle on feed
that produce approximately 5.6 million tonnes of manure annually (Eghball, 1998). Manure from livestock
production can serve as a valuable source of N for fields
in corn production that are in close proximity to confined feeding operations, but inefficient use can result in
excessive losses of NO3−-N to surface and ground water. Nitrate movement to ground water is a concern in
many agricultural areas receiving N inputs from both
manure and chemical fertilizer (Jokela, 1992). These concerns are even more relevant in areas where ground
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water is a major source of drinking water. High NO3−N in drinking water supplies is a health concern (Keeney, 1982). In Nebraska, 80% of the public water supply comes from ground water (U.S. Dept. Interior, 1999).
A study conducted in Nebraska found that 19% of over
1800 domestic wells tested exceeded the maximum contaminant level of 10 mg NO3−-N L−1 imposed by the U.S.
Environmental Protection Agency (EPA) (Gosselin et
al., 1997). A major source of these nitrates has been associated with nitrogen fertilizer used in crop production
(Owens et al., 1995).
Most feedlot cattle manure in Nebraska is spread on
corn fields as a solid in the fall or spring prior to planting
and is either left on the surface or incorporated. Based
on the Nebraska Department of Environmental Quality
(NDEQ) Title 130, animal feeding operations that are required to have a nutrient management plan that calculates plant available N (PAN), cannot apply manure in
excess of the current year’s corn N requirement (NDEQ,
2005). Prior to livestock waste control regulations that
were established in 1998, over application of manure
likely occurred to land cropped to corn in some areas.
The determination of crop available N from manures
is based on the contents of NH4+, NO3−, and organic N
in the manures. Solid manures such as cattle manure
collected from feedlot surfaces have a large proportion
of the N in the organic fraction. When determining the
crop available N in these manures, an availability factor is used to estimate the percent of the organic N that
will be available to the crop during the first and subsequent growing seasons. Mineralization of organic N is a
result of microbial decomposition of the organic material, which is influenced by the type of organic material,
soil moisture, temperature, and oxygen content. These
factors vary both spatially and temporally making it difficult to determine exact availability factors from site to
site and year-to-year. Therefore, regional estimates of
these values have been complied by reviewing the relevant literature (MidWest Plan Service, 1998).
Past research has determined that the mineralization
rates of organic N from manure can range from 1 to 50%
(Power and Doran, 1984). Hartz et al. (2000) determined
that over a 3-month period, approximately 13% of the
organic N mineralized from non-composted aged cattle feedlot manure. If the manure was composted, the 3month availability factor was reduced to approximately
5%. Klausner et al. (1994) determined that the annual
decay series of organic N from dairy manure was 21, 9,
3, and 2% over a 4-year period. Chang and Janzen (1996)
concluded that over a 21-year period of annual applications of feedlot manure to irrigated barley the available N from the mineralization of organic N was 56%.
There were no differences in mineralization rates for incorporation and surface applications. The University of
Nebraska recommends that animal producers and farmers assume that approximately 25% of the organic N in
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feedlot solid manure will be available to corn the first
growing season after application (Koelsch and Shapiro,
2006). This factor was obtained from published recommendations from the MidWest Plan Service (MidWest
Plan Service, 1998). The uncertainty and variability in N
mineralization from organic N increases the risk of under or over application of N.
In many areas of the Central Great Plains, drought
and increased water demands are resulting in deficit
irrigation situations. When irrigation amounts do not
to meet crop ET demands, N application rates based on
full irrigation (irrigation is applied to supplement precipitation and stored soil water to ensure the crop is
never under water stress) could result in an over application of N and the potential for future NO3− losses to
groundwater if water moves through the soil. The accumulation and movement of NO3− in soil as a result
of manure N applications and mineralization under
deficit irrigation conditions in semi-arid environments
needs to be assessed. Currently it is unknown what effect deficit irrigation has on manure N mineralization,
and water and nitrate movement through the soil profile. Management recommendations are needed for
crop producers and feedlot operators who have limited
water supplies. The objectives of the study were to assess the accumulation and movement of nitrate in the
soil profile over a 2-year period under deficit irrigation
conditions following a one time application of N in cattle feedlot manure and commercial fertilizer to corn at
rates to achieve yield goals expected under conditions
of full irrigation.
2. Materials and methods
This field study was conducted from 2002 to 2003
on a Cozad silt loam soil (fine-silty, mixed, mesic Fluventic Haplustoll) cropped to corn at the University of
Nebraska West Central Research and Extension Center
(WCREC) in North Platte, NE. Twelve monolithic nonweighing lysimeters measuring 0.9 m in diameter and
2.4 m deep and 12 plots (6.1 m × 12.2 m) located adjacent to each lysimeter were used for the study. The lysimeters were installed in 1981 from undisturbed soil
columns collected from the research site. A detailed description of the lysimeter characteristics was given by
Klocke et al. (1993). Nitrogen was applied as manure
and commercial fertilizer (ammonium nitrate) to the
percolation lysimeters and adjacent plots. Manure treatments applied in 2002 consisted of cattle manure applied at the recommended rate (1M) and cattle manure
at twice the recommended rate (2M) for N for the 2002
corn crop. Ammonium nitrate was applied at the recommended rate for N (1F). The recommended N application rates were based on soil analysis and the University
of Nebraska N fertilizer recommendations for fully irrigated corn (Shapiro et al., 2003).

Cattle manure was collected from cattle pens located
at the WCREC in the spring of 2002 and analyzed for total N content using the total Kjeldahl nitrogen method
(Bremner and Mulvaney, 1982), and KCl extractable
NH4+ and NO3− (Keeney and Nelson, 1982) (Table 1). At
the time of manure collection, the manure was dry (approximately 10% moisture content) due to lack of precipitation. In order to prevent organic N transformations after manure samples for N analysis were collected, and to
prevent increases in moisture in the manure due to precipitation, manure was spread evenly on a cement floor
under a covered barn to a uniform depth of 0.3 m. The
recommended and twice the recommended N rate for
the research site were 197 and 394 kg PAN ha−1, respectively. The application rates for manure were 62 Mg ha−1
(1M) and 124 Mg ha−1 (2M) on an ‘as received’ basis.
These application rates of manure are equivalent to
197 and 394 kg PAN ha−1 based on 95% available NH4+
and 25% available organic N in the first growing season
(MidWest Plan Service, 1998). The three treatments were
replicated four times in a completely randomized design. On 9 May 2002, the treatments were applied to the
lysimeters and field plots and incorporated with a hand
gardening trowel (lysimeter) and disc (plots) to a depth
of approximately 0.1 m. In 2003, the lysimeters and plots
for both treatments did not receive additional N inputs.
Corn was planted to the lysimeters and plots on 13 May
in both 2002 and 2003.
In the year prior to the initiation of this study, six lysimeters and adjacent field plots were cropped to corn,
and six were cropped to soybean [Glycine max (L.)
Merr.]. Each treatment had two replications under the
previous corn crop and two replications under the previous soybean crop. This allowed statistical analysis to
determine the influence of the previous crop on measured factors in leachate and soil.
Table 1. Analysis of beef feedlot manure in 2002
Analysis
Moisture
Total N
Organic N
Ammonium N
NO3−-Nb
Pc
Kc
Ca
Mg
Na
C:N

Applied (kg ha)

10.4		
0.88
547
0.74
460
0.14
87
0.001
0.6
0.6
372
1.1
684
1.6
995
0.55
342
0.13
81
12:1
–

Available (kg ha)
2002a
2003a
–
–
115
82
–
–
–
–
–
–
–

–
–
55
–
–
–
–
–
–
–
–

Analysis is based on the average of two samples and is reported on an
“as received” basis.
a Based on 1M treatment. Availability factors of 25% for organic N and
95% for ammonium N in year 1 (2002) and 2% for organic N in year
2 (2003).
b Assumed to be negligible and was not taken into account when determining the manure applications rates.
c Based on elemental forms.
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In the two manure treatments, a composite sample of
three soil cores (38 mm diameter) were collected from
depths of 0–0.2, 0.2–0.6, 0–0.9, 0.9–1.2, 1.2–1.5, 1.5–1.8,
and 1.8–2.1 m from each plot in 2002 on 11 April, 31 May,
19 June, 1 August, 16 September, 7 November, and on 1
May, 4 June, 24 July, and 28 October in 2003. Soil samples
were air dried, ground to pass through a 2 mm sieve, and
analyzed for NO3−-N concentration (Keeney and Nelson,
1982). Average bulk densities values determined in the
spring of 2002 and the NO3− concentrations for each sampling depth were used to determine the mass of NO3−N in the soil for each sample date. The bulk densities for
depths of 0–0.2, 0.2–0.6, 0–0.9, 0.9–1.2, 1.2–1.5, 1.5–1.8,
and 1.8–2.1 m were 1.33, 1.30, 1.35, 1.29, 1.31, 1.31, and
1.31 g cm−3, respectively. Soil samples were not obtained
from the lysimeters in order to maintain the integrity of
the soil core. Soil analyses from the 1F treatment were not
presented due to potential error in fertilizer application
rates to field plots. Ammonium nitrate was applied to the
percolation lysimeters but not to the adjacent field plots.
Leachate was collected from the lysimeters periodically throughout the study period based on the input
of water to the system and the level of leachate in the
collection pan at the bottom of the lysimeters. The total leachate volume was recorded at each sampling time
and a 500 ml sub-sample was obtained from each lysimeter and for each sampling date and analyzed for NO3−N concentration using the copperized cadmium reduction method (Keeney and Nelson, 1982). The leachate
volumes and concentrations of NO3−-N in leachate for
each sampling date were used to determine the mass
losses of NO3−-N below 2.1 m. The leachate volume in liters collected was converted to a water depth as follows:
Leachate Depth (mm) = LV/A
(1)
where LV is the volume of leachate (L) and the A is the
area of the percolation lysimeter (m2).
The NO3−-N mass in leachate was determined as
follows:
NO3−–N mass (kg ha−1) = [NO3−–NL] × LV/A × 0.01 (2)
where [NO3−-NL] is the concentration of NO3−-N in
leachate (mg L−1), LV the leachate volume (L), A the area
of the percolation lysimeter (m2) and 0.01 is the conversion factor from mg m−2 to kg ha−1.
The percent root zone water depletion data were calculated daily during the growing season in 2002 and
2003 using a computer model (Payero et al., 2005). The
model used the dual crop coefficient method described
by Wright (1982) and Allen et al. (1998) to calculate crop
water use. The model calculated the daily soil water balance for 1.7 m soil depth based on weather, crop, and soil
information. Weather data (precipitation and all the variables needed to calculate reference evapotranspiration,
such as solar radiation, relative humidity, air temperature, and wind speed) were obtained from an automatic
weather station located near the study site. It also calculated the actual cumulative crop evapotranspiration (ETd)
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and the estimated cumulative crop ET assuming water
was not limiting (ETw). Both ETd and ETw were determined from corn emergence to physiological maturity.
Irrigation was provided by a solid set sprinkler irrigation system (Payero and Irmak, in press). Irrigation
scheduling was based on applying approximately 75%
of the estimated irrigation requirements.
Analysis of variance was conducted using the Completely Randomized Model from Statistix 8 (Analytical
and Software, 2003). Main effects of N treatment, previous crop, and N treatment by previous crop interaction were determined for corn grain yields in 2002 and
2003. Main effects of N treatment, previous crop, year
and interactions were determined for lysimeter leachate data. Main effects of manure N treatment, previous
crop, date, and interactions were determined for soil
NO3−-N mass in the 0–0.9 and 0.9–2.1 m depths for sampling dates after manure application in both 2002 and
2003 separately. Treatment effects were determined for
the pre-application sampling date (11 April 2003) to test
for site uniformity. The NO3−-N masses for each depth
increment were summed to give a total mass in the 0–0.9
and 0.9–2.1 m depths. The NO3−-N mass in soil at each
depth was determined as follows:
NO3−–N mass (kg ha−1) = BD × SV × [NO3−–NS] × 10−6 (3)
where BD is the bulk density of the soil (kg m−3), SV the
soil volume (m3), [NO3−-NS] the concentration of NO3−N in soil (mg kg−1) and 10−6 is the conversion factor from
mg ha−1 to kg ha−1.
Comparisons between manure N treatments were
determined for soil NO3−-N mass in the 0–0.9 and 0.9–
2.1 m depths within each sampling date. Differences between sampling dates were determined using LSD (least
significant difference) for each year, treatment and sampling depth. Significance was determined for all analysis at the 0.05 probability level.
3. Results and discussion
3.1. Grain yields
There were no differences in corn grain yields between the N treatments in 2002 and 2003 (Table 2). This
is not surprising since the lowest N application rate was
based on the University of Nebraska fertilizer recommendations for corn (Shapiro et al., 2003) and all plots
Table 2. Corn grain yield and analysis of variance from lysimeters for
nitrogen treatments in 2002 and 2003
2002 (Mg ha−1)

2003 (Mg ha−1)

1M
2M
1F
Average
Percent of yield goal

12.5
11.4
10.3
11.4
84

10.5
11.2
10.6
10.8
80

Analysis of variance (P > F)
N treatment (NT)
Previous crop (PC)
NT × PC

0.346
0.655
0.550

0.721
0.882
0.695

Nitrate
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Figure 1. The root zone water depletion in 2002 and 2003 during the growing season based on water balance model.

did not reach the expected yield on which the recommendations were based in either 2002 or 2003 (13.5 Mg ha−1).
Because the yields for each treatment were similar and the
same variety was planted over the entire experiment, it is
assumed that the N uptake for all treatments was similar and did not influence differences in nitrate concentrations in the soil and leachate between treatments. The reason the grain yields were not closer to the expected yield
at this site was due to water stress. The root zone water
depletion in 2002 and 2003 was greater than the 50% depletion level for 64 and 74% of the days during the growing season in 2002 and 2003, respectively (Figure 1). This
depletion level refers to the point in which 50% of the total plant available water remains in the root zone, which
is commonly used to trigger irrigation under best management practices. To achieve maximum yields not limited by water, the actual soil water depletion needs to be
consistently below the 50% depletion level for the soil. In
2002 and 2003 water stored in the soil at the beginning of
the season, irrigation, and precipitation provided enough
water to provide 89 and 79% of the needed ET to achieve
non-water limiting yields, respectively (Figure 2). Greater
yields in 2002 compared to 2003 when averaged over
treatment were due to more water to supply ET in 2002
(Table 2 and Figure 2).
3.2. Irrigation, soil water, and leachate amounts
Additional supporting evidence that the grain yield
was affected by water stress is shown in Figure 2. The
ETd was consistently less than the ETw for both 2002 and
2003 (Figure 2). This is a result of irrigation not maintaining the root zone depletion level below 50% consistently through the season (Figure 1).
These results emphasize the importance of managing
yield limiting factors to achieve maximum yields (i.e.
irrigation scheduling) when N sources are applied to
reach the maximum yields and matching N inputs to realistic yield potentials due to the increased risk of leaving excessive amounts of NO3−-N in the soil that will be
susceptible to leaching.

Figure 2. Irrigation, precipitation, and evapotranspiration (ET)
data for all research plots in 2002 and 2003. ETd is the actual
crop evapotranspiration. ETw is the estimated crop evapotranspiration assuming water is not limiting.

The leachate depths collected from the lysimeters were
significantly greater in 2003 than in 2002 when averaged
over the manure N treatments (P > F = 0.002, Table 3 and
Table 4). However, in 2002 and 2003 the total cumulative
irrigation and precipitation inputs during the year were
approximately equal with 706 and 713 mm for 2002 and
2003, respectively (Figure 2). The greater leachate depth
in 2003 was most likely due to greater precipitation in
the spring compared to 2002 (Figure 2). This likely led to
more leachate movement through the soil profile prior to
crop use. A portion of the leachate collected from the lysimeters in 2002 was most likely soil water in the lower
part of the soil profile derived from past water inputs. The
volumetric soil water content at field capacity in this soil
was 0.29 m3 m−3 (Klocke et al., 1999). The lower depths of
the lysimeters had greater volumetric water contents than
the surface depths and exceeded field capacity in most lysimeters in early June 2002 based on neutron probe measurements (Figure 3). Preferential flow of water from irrigation and precipitation and stored water below the root
zone likely were the sources of water collected from the
lysimeters during both years. Research has shown that
most water in corn production is extracted in the surface
1.8 m (Schneekloth et al., 1991). Therefore, water stored
below this depth will move to deeper depths as water
from the root zone moves down. Under deficit irrigation
water from preferential flow could play a role in the overall water movement below the root zone.
From January to June, precipitation totaled 51 and
161 mm in 2002 and 2003, respectively (Figure 2). The total precipitation in 2002 and 2003 were, 185 and 318 mm,
respectively. The lower precipitation in 2002 resulted in
greater irrigation applied (521 mm) compared to 2003
(395 mm) (Figure 2).
The leachate depths averaged over N treatment were
33 and 102 mm in 2002 and 2003, respectively. In this
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study, the depth of water leaching through the soil was
limited by insufficient precipitation and irrigation to
meet corn ET demands in 2002 and 2003. However, in
a previous conducted study from 1993 to 1998, the average leachate depth collected from the lysimeters at this
site was 218 mm year−1 under full irrigation (Klocke et
al., 1999). Thus, the annual leachate depth under deficit irrigation was 15 and 47% for 2002 and 2003, respectively, compared with that reported under full irrigation
(Table 4). There were no differences in leachate depths
between the N treatments and the previous crop did not
influence leachate depths (Table 3).
3.3. Nitrate in leachate and soil
The concentration and mass loss of NO3−-N in the
leachate were greater in 2003 than 2002 when averaged
over the three N treatments (Tables 3 & 4). The over application of N in 2002 and subsequent leaching of excess
NO3−-N over time likely resulted in the increased NO3−N concentrations and mass losses in 2003. Reduced crop
uptake of NO3−-N due to more water stress in 2003 may
have also influenced the increased NO3−-N concentration and mass losses in 2003.
There were significant differences in the concentrations of NO3−-N in leachate between the N treatments
(Tables 3 & 4). Mean separations using LSD showed
the concentrations of NO3−-N were greater from the
2M treatment compared to the 1M treatment and there
were no differences between the 1M and 1F treatments
and the 2M and 1F treatments when averaged over both
years. These relationships are highly influenced by N
mineralization from the manure. Due to the great variability associated with N release from manures, determining the correct mineralization rates of N from manures can be problematic (Power and Doran, 1984).

Figure 3. Volumetric soil moisture at different depths in the lysimeters on 2 June 2002. Values at each depth are the average
of all 12 lysimeters. Error bars are the standard error of the averages for the 12 lysimeters. Solid vertical line represents the
volumetric soil water at field capacity. Dashed line represents
the volumetric soil water at permanent wilting point.

There were no differences in mass loss of NO3−-N in
leachate between the three N treatments when averaged
over the 2 years (Tables 3 & 4). In 2003, there was a trend
for greater mass loss of NO3−-N in leachate from the 2M
treatment compared to the 1M and 1F treatments (Table
4). The greater losses of NO3−-N from the 2M treatment
was expected due to the greater application of N.
Although leachate depth and concentration of NO3−N were not significantly influenced by previous crop,
mass losses (a product of these two factors) in leachate
was significantly affected by the previous crop (Table 3).
In 2003, the mass loss of NO3−-N in leachate was significantly higher in the plots cropped to soybean in 2001 than
the plots cropped to corn (Figure 4). In 2002, the previous
crop did not influence the mass loss of NO3−-N in leach-

Table 3. Analysis of variance (P > F) for concentration and mass losses of nitrate-N in leachate and leachate depths collected from lysimeters for
N treatment, previous crop, year, and
N treatment

Leachate depth

N treatment (NT)
Previous crop (PC)
Year (Y)
NT × PC
NT × Y
PC × Y
NT × PC × Y

NO3− concentrations

0.583
0.082
0.002
0.222
0.799
0.417
0.942

NO3− mass losses

0.045
0.091
0.025
0.172
0.261
0.315
0.359

0.079
0.026
0.001
0.014
0.038
0.029
0.042

Table 4. Concentration and mass losses of nitrate-N in leachate and leachate depths collected from lysimeters
N treatment

Leachate depth (mm)
2002
(15.7)a

2003

Average

1M
2M
1F

29.9
93.9 (11.0)
17.7 (9.3) 103.0 (27.2)
51.6 (29.5) 109.6 (30.2)

Average

33.1

61.9
60.4
80.6

102.2		

NO3− concentrations (mg L−1)
2002

2003

Average

15.1 (4.6)
16.6 (3.6)
27.4 (8.9)

18.6 (5.9)
66.1 (18.9)
28.6 (7.6)

19.7

37.8		

ab

16.9
41.4 b
28.0 ab

The values for each treatment are the means of four replications.
a Numbers in parentheses are the standard error of the means.
b Columns with the same letter are not significantly different based on LSD (p = 0.05).

NO3− mass losses (kg ha−1)
2002

2003

Average

15.4 (10.0) 48.9 (24.9)
8.0 (4.4) 166.5 (80.6)
19.4 (7.2)
76.5 (20.6)
14.3

97.3

32.2
87.3
47.9
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ate (Figure 4). The increased NO3−-N in leachate in 2003
was likely due to less immobilization of soil NO3−-N in
lysimeters cropped to soybean compared to corn (Blackmer, 1997). This decreased immobilization of NO3−-N following a soybean crop is because there is less residue to
be decomposed by soil microbes compared to corn. The
soil microbes utilize a greater amount of soil NO3−-N for
amino acid formation during the decomposition of corn
residue compared to soybean residue. This difference in
N immobilization is believed to be associated with the
soybean credit and is taken into account in many N fertilizer recommendations for corn in corn–soybean rotations.
The higher amount of NO3−-N due to reduced immobilization of NO3−-N following soybeans is typically credited
to the corn crop the year following soybean (2002). However, in this study it took an additional year (2003) for this
nitrate to leach below 2.4 m in the leachate.
In 2003, the mass of NO3−-N averaged over all sampling dates and manure treatments in the soil at a depth
of 0–0.9 m was less than in 2002, and at a depth of 0.9–
2.1 m the NO3−-N mass was greater than in 2002. These
results indicate that NO3−-N was leaching below the
0.9 m depth, mineralization rates were decreasing, and
the corn plants were utilizing the available N (Table 5
and Table 6). In 2003, the average mass of NO3−-N in the
0.9–2.1 m depth was 37 and 60% greater for the 1M and
2M treatments compared to masses in 2002, respectively.
In 2002 and 2003, the NO3−-N concentrations in leachate exceeded the EPA critical level of 10 mg L−1. In this
study under deficit irrigation conditions, where leachate
volumes were reduced, over applying N by 12–24% (applied N rate − calculated N rate based on actual yields)
for the 1M and 2M treatments, respectively, resulted in
NO3−-N concentration and mass losses in leachate increasing by 63 and 89% from 2002 to 2003 when averaged over manure N treatment.
Previous crop did not influence concentration and
mass loss of NO3−-N in the soil from field plots adjacent to

Figure 4. Masses losses of NO3−-N in leachate from lysimeters
in 2002 and 2003 as related to the previous year crop (2001,
corn or soybean). For each year the mass losses are averaged
over the nitrogen treatments for each previous crop. Error bars
are the standard error of the treatment means.

the lysimeters (Table 5). In the surface 0–0.9 m, mass
of NO3−-N increased after manure was applied for all
treatments (Table 6). In the 1M and 2M treatments the
mass of NO3−-N increased until the 19 June 2002 and
16 September 2002 sampling dates, respectively. These
increases were likely the result of mineralization of the
organic N in the manure and soil organic matter. Declines in the mass of NO3−-N in the soil for the manure
treatments in 2003 compared to 2002 in the 0–0.9 m
depth was probably due to a combination of NO3−-N
leaching below the 0.9 m depth, decreased N mineralization rates from manure, and plant uptake of N. In
2003, there was reduced mineralization occurring in the
manure treatments compared to 2002 (Table 6). Due to
the higher amounts of manure added, the 2M treatment
had significantly greater, or trends for greater, NO3−-N
mass in the 0–0.9 m soil depth for most sampling dates
after 19 June 2002 compared to the 1M treatment. After
manure applications on May 9, 2002 until June 19, 2002

Table 5. Analysis of variance (P > F)a for mass losses of nitrate-N in the soil profile from 0 to 0.9 m and 0.9 to 2.1 m during periodic sampling dates
in 2002 and 2003 for manure N treatment, previous crop, date, and interaction main effects
Sampling dates:
0–0.9 m
Manure N treatment (MNT)
Previous crop (PC)
Date (D)
MNT × PC
MNT × D
PC × D
MNT × PC × D
0.9–2.1 m
Manure N treatment (MNT)
Previous crop (PC)
Date (D)
MNT × PC
MNT × D
PC × D
MNT × PC × D
a

April 11, 2002a

May 31–November 7, 2002b

0.420
0.759
0.687
–
–
–
–

<0.001
0.148
0.133
0.316
0.027
0.735
0.755

0.002
0.116
0.346
0.474
0.524
0.315
0.411

0.143
0.694
0.455
–
–
–
–

0.004
0.456
0.236
0.364
0.651
0.266
0.485

<0.001
0.256
0.014
0.523
0.169
0.697
0.899

Treatment comparison for 11 April 2002 sampling date (pre-treatment application).
Analysis for post-treatment application sampling dates in 2002.
c Analysis for treatment sampling dates in 2003.
b

May 1–October 28, 2003c

Treatments with the same letter are not significantly different for each sampling date and soil depth based on LSD (p = 0.05).
a

51
Average

50

58

60

56

39		

50

111

151

133

62
160
52 a
214 b
101 a
201 b
63 a
158 b
33 a
66 a
39
64
31 a
46 a
38 a
73 a
48 a
71 a
37 a
78 b
43 a
56 a
39
62
1M
2M

Average
28 October
1 May
1 August
19 June
31 May
11 April

2002 (kg ha−1), 0.9–2.1 m

16 September 7 November

Average

127
203
208
241
235
136
45
Average

195

24 July
4 June

2003 (kg ha−1), 0.9–2.1 m

74

89		

67
180
45 a
133 a
35 a
113 b
72 a
181 a
114 a
291 b
113
240
122 a
293 b
85 a
396 b
151 a
238 a
126 aa
146 a
41
49
1M
2M

19 June

151 a
319 b

Average
28 October
24 July
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31 May

1 August

16 September 7 November

Average

1 May

4 June

2003 (kg ha−1), 0–0.9 m

11 April

Figure 5. Concentrations of soil NO3−-N at depth increments on
selected dates in 2002 and 2003 in plots fertilized with beef feedlot manure at the recommended rate for N (1M) and at twice the
recommended rate for N (2M). Each concentration is the average of four replications. PA is the pre-application sampling date.
For each manure N treatment LSD was used to determine differences between sampling dates over both years at each depth
when there were significant date main effects at each depth.
Dates with the same letter are not significantly different for each
depth. Letters from left to right represent dates in ascending
chronological order (April 11, 2002–October 28, 2003). Statistical
significance was determined at the 0.05 probability level.

2002 (kg ha−1), 0–0.9 m

the NO3−-N masses were not different for the manure N
treatments.
From the June 4, 2003 sampling date to the end of the
study, the 2M treatment had greater NO3−-N mass at the
0.9–2.1 m depth compared to the 1M treatment. In the
0.9–2.1 m depth the masses of NO3−-N from the pre-application sampling date through the 1 May 2003 sampling date remained constant before increasing for both
manure N treatments. These results indicate that, for
both manure N treatments, it took approximately 12–13
months for a sufficiently large quantity of NO3−-N from
the manure application to reach the 0.9–2.1 m depth that
could be measured as significantly different from previous sampling dates.
The average masses of NO3−-N in the soil (0–2.1 m)
after treatment application in 2002 through 2003 for the
1M and 2M treatments were 150 and 338 kg N ha−1, respectively. Irrigation water added 31 and 24 kg NO3−N ha−1 to all manure N treatments in 2002 and 2003, respectively. Irrigation water had an average NO3−-N
concentration of 6 mg L−1 for 2002 and 2003.
There was greater concentration and greater movement of NO3−-N through the soil over time in the 2M
compared to the 1M treatment (Figure 5). The date
and depth main effects and the date × depth interaction were all significant (P < 0.05) (analysis of variance
not shown). Mean separations for each date show that
very little NO3−-N moved below the 0.6–0.9 m sampling
depth for both manure N treatments in 2002 (Figure 5).
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Table 6. Nitrate-N in the soil profile from 0 to 0.9 and 0.9 to 2.1 m during periodic sampling dates in 2002 and 2003 following a one-time application of two rates of cattle manure (1M and 2M)
on May 9, 2002
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However, in 2003 all treatments show NO3−-N movement to a depth of 1.5–1.8 m. At the end of the 2003
growing season the NO3−-N masses in the 1.8–2.1 m
depth were still not elevated for both manure N treatments compared to the pre-application (11 April 2003)
NO3−-N masses. However, the NO3−-N concentrations
in the lysimeter leachate show that some of this NO3−-N
did make it to this depth in the lysimeters due to greater
NO3−-N masses in 2003 compared to 2002 for both manure N treatments (Table 3).
The greater mass of NO3−-N in the soil profile for
the 2M treatment could lead to greater loss of NO3−-N
in leachate in the future, even under deficit irrigation.
If manure application rates exceed plant requirements
NO3−-N can leach under deficit water input conditions.
The NO3−-N mass in the soil from the 2M treatment was
45% greater than the 1M treatment when averaged over
all sampling dates and depths during 2002.
4. Conclusions
An over application of N to the soil in 2002 resulted
from insufficient irrigation applications to reach expected corn grain yields. Water available to the crop was
sufficient to meet 89 and 79% of the potential crop ET
in 2002 and 2003, respectively. Under these conditions
leachate depths were only 15 and 47% in 2002 and 2003,
respectively, compared to data previously reported for
years in which the crop was fully irrigated. Even with
reduced leachate volume, the NO3−-N from both manure N treatments leached through the soil profile and
increased mass of NO3−-N in leachate by an average of
88% from 2002 to 2003. This research shows that there
can be NO3−-N losses when manure N is over applied
and water movement can occur below the crop root
zone under deficient irrigation. The leachate losses were
likely related to water initially stored below the root
zone and possibly preferential flow of water from irrigation and precipitation.
Manure applied at twice the recommended rate under deficit irrigation resulted in greater NO3−-N mass in
the soil and greater movement of NO3−-N compared to
manure applied at the recommended N rate under deficit irrigation. It is important to account for reduced immobilization of N after soybean compared to corn. For
producers to minimize the potential risk of over application of N, they need to match N inputs with crop needs.
Producers who use N recommendations that utilize realistic corn yield goals can balance N inputs and crop
need by adjusting the yield goal to account for deficit irrigation. This process can be problematic because prediction of in-season rainfall amounts is difficult. Most
producers are hesitant to reduce manure N application
rates to account for deficit irrigation because they may
under apply N if water inputs from in-season precipitation are higher than expected and thus reduce yield po-
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tential and economic profits. To better match manure N
application rates to crop needs under deficit irrigation,
continued research is needed to better predict seasonal
weather patterns and precipitation, and develop crop
yield versus water response functions on a site-specific
basis. At the present time, producers can better match
manure N application rates with crop needs by using
a variety of practices. Over application of N from manure can be avoided by applying a reduced pre-season
manure application rate (less than 100% of crop requirement). This can be supplemented by in-season commercial N applications based on the quantity of in-season precipitation and/or use of measurements of plant
N status (e.g. tissue tests, chlorophyll meter readings).
Also, the use of adequate irrigation scheduling techniques can be used and developed to avoid deep percolation of excess water and NO3−-N. Choosing the correct
availability factor for organic N in solid manures is also
critical in this process.
Continued research is needed to assess more factors
influencing the potential for NO3−-N leaching in soils
under deficit irrigation in production agriculture and to
improved irrigation scheduling techniques.
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