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WHEAT COLLABORATIVE ON-FARM TEST (COFT) RESULTS 

J.J. Johnson, W. Trujillo, R. Meyer, D. Kaan, B. Talamantes, K. Roesch, and S. Jones 

PROBLEM:  The objective of the on-farm testing program is to compare the performance of 
wheat varieties that are of most interest to Colorado farmers. The COFT program provides 
unbiased information on varieties that are tested under farm field-scale conditions with farmer 
equipment. The COFT program is in its 20th year and the majority of Colorado’s winter wheat 
acreage is planted to varieties that have been tested in the program. On-farm testing leads to 
more rapid replacement of older inferior varieties and wider and faster adoption of improved 
varieties.   

APPROACH:  In the fall of 2015, over thirty eastern Colorado wheat producers received seed of 
the five varieties and planted them in side-by-side strips under the same conditions as the wheat in 
the rest of the field. Five varieties were tested in 2015-2016: Byrd (popular HRW), Denali (HRW), 
Sunshine (high quality HWW), Avery (newly released HRW) and WB-Grainfield (HRW from 
WestBred). 

RESULTS:  In 2016, there were extremes in yield across Colorado. The highest yielding strip 
was over 105 bu/acre while the lowest recorded yield this year was 21 bu/acre. Twenty viable 
harvest results were obtained. Failed tests were due to drought conditions and hail. Yields were 
affected by stripe rust, winter drought, viruses, and hail. The varieties tested in COFT this year 
fit different farmer needs. Farmers wanting to grow white wheat with high exceptional quality 
should consider Sunshine, the top yielding variety in this year’s COFT.  Denali is a great HRW 
option that is medium-late maturing and has very good test weight.  Avery is a new HRW option 
that is medium-maturing and has above-average test weight.  WB-Grainfield is an early-maturing 
HRW variety that has excellent test weight and good stripe rust resistance.  Byrd is a medium-
maturing HRW variety that has done well in the COFT, especially during drought years.  Don’t 
select a variety to plant based upon the results from a single on-farm test. It is very important to 
use results from multiple locations.  Don’t select a variety to plant based upon the results from a 
single on-farm test. Combined, the 2016 COFT results are a powerful tool for selecting varieties.  

FUTURE PLANS:  More COFT tests have already been planted for the 2016-2017 growing 
season. The following varieties included this year: Avery, Denali, Sunshine, and Langin (new CSU 
release). The results will provide information and unbiased results for wheat producers to assist 
with planting decisions in fall 2017.   
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Table 1. 2016-2017 Collaborative On-Farm Test (COFT) Variety Performance Results 

 
 
  

County/Nearest Town Yieldb
Test 

Weight Yieldb
Test 

Weight Yieldb
Test 

Weight Yieldb
Test 

Weight Yieldb
Test 

Weight Yieldb
Test 

Weight
bu/ac lb/bu bu/ac lb/bu bu/ac lb/bu bu/ac lb/bu bu/ac lb/bu bu/ac lb/bu

Adams/Prospect Valley 52.0 62.4 42.6 62.1 37.5 61.6 47.4 63.7 35.3 60.2 43.0 62.0
Baca/Pritchett 67.0 58.3 64.7 59.0 64.3 57.4 63.5 58.3 63.9 57.4 64.7 58.1
Baca/Two Buttes 53.3 54.4 47.7 54.7 51.1 55.7 52.2 56.0 50.5 54.9 51.0 55.1
Baca/Vilas 78.8 56.4 80.0 56.0 83.7 55.3 68.5 56.4 79.7 56.2 78.2 56.1
Cheyenne/Cheyenne Wells 62.0 59.3 71.4 59.7 58.1 57.6 60.5 58.1 60.0 58.2 62.4 58.6
Kiowa/Haswell 26.1 - 23.6 - 32.7 - 20.6 - 24.8 - 25.6 -
Kit Carson/Bethune 63.5 53.0 70.7 53.8 66.2 53.3 56.5 57.7 61.6 53.5 63.7 54.3
Kit Carson/Burlington N 108.1 57.1 100.9 58.4 104.3 56.8 94.7 58.5 96.3 58.1 100.8 57.8
Lincoln/Arriba 84.8 56.2 78.9 54.9 74.4 55.1 78.1 55.9 72.5 55.0 77.7 55.4
Logan/Leroy 83.3 60.4 74.4 60.8 70.7 60.6 79.9 62.3 60.6 60.5 73.8 60.9
Phillips/Haxtun 80.5 55.5 69.8 55.2 71.3 53.2 77.0 55.5 73.4 54.9 74.4 54.9
Prowers/Lamar 54.9 56.3 51.2 57.1 51.3 55.9 52.7 57.3 59.4 56.0 53.9 56.5
Prowers/Lamar S 80.7 57.2 75.4 57.0 84.4 57.3 74.8 57.8 81.4 57.3 79.3 57.3
Washington/Akron 67.1 62.1 72.8 61.5 63.3 60.3 62.4 61.6 67.3 61.1 66.6 61.3
Washington/Akron S 72.0 61.5 72.3 61.0 72.5 61.3 72.5 61.1 78.8 60.2 73.6 61.0
Washington/Central 79.6 59.6 78.1 60.1 80.1 59.2 74.5 59.3 71.5 59.3 76.8 59.5
Weld/Keenesburg 91.9 65.0 66.0 62.0 62.7 60.7 82.1 64.6 61.2 60.2 72.8 62.5
Weld/New Raymer SE 36.8 59.9 38.3 60.9 36.5 59.4 36.7 59.4 34.3 61.7 36.5 60.3
Weld/New Raymer SW 72.4 59.2 73.3 59.6 - - 78.3 59.1 71.7 58.6 73.9 59.1
Weld/Roggen 64.4 63.1 73.3 62.4 68.2 62.1 61.8 63.0 66.9 61.8 66.9 62.5
Average 69.0 58.8 66.3 58.7 64.9 57.9 64.7 59.2 63.6 58.2 65.8 58.6
Yield Significancec A B B B,C C
Test Weight Significancec B B C A C
LSD (P<0.30) for yield = 1.7 bu/ac  
LSD (P<0.30) for test weight = 0.3 lb/bu
aVarieties are ranked left to right by highest average yield.
bAll yields are corrected to 12% moisture.
cYield and test weight significance: varieties with different letters have yields or test weights that are significantly different from 
one another.

COFT AverageSunshine Denali Avery WB-Grainfield Byrd
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2016 DRYLAND CORN RESULTS AT AKRON: 
DROUGHT TOLERANT CORN PERFORMANCE AT THREE PLANT DENSITIES 

S. Jones, J. Johnson, E. Asfeld, and M.F. Vigil 

SUMMARY: 
Well-timed precipitation and mild temperatures during the 2016 growing season created 

good growing conditions for dryland corn. Average rainfall during the summer led to a yield of 
67.6 bushels per acre at Akron.  There was a significant difference between the drought and 
traditional, non-drought tolerant hybrid groups at Akron, with the traditional hybrid group 
yielding higher than the drought tolerant group.  There was a large difference in yield among the 
12 hybrids in the trials but there was not a difference in yield among the three plant densities. 
Test weight was significantly different at Akron with the 17,000 plants/ac density having a much 
lower weight than the lower plant densities.   Test weight was significantly different among the 
12 hybrids. 

PROBLEM: 

 Akron tends to have warm and dry weather during the summer with poorly timed 
rainfall, restricting the yield potential of dryland corn.  There are often true drought conditions at 
this location. Drought tolerant corn hybrids that are adapted to the region are needed to help 
increase yield potential and to help reduce yield losses due to drought.   
The purpose of our study was to: 
1. Assess the performance of drought tolerant corn hybrids relative to traditional hybrids under
dryland conditions. 
2. Assess the response of drought tolerant hybrids to different plant densities compared to
traditional hybrids under dryland conditions. 

APPROACH: 

We tested three hybrids from each of four companies: NuTech, Dekalb, Golden Harvest, and 
Channel. At least one traditional, non-drought tolerant hybrid and one drought tolerant hybrid 
were tested from each company, for a total of twelve hybrids (NuTech: 5X698, 5F200, and 
5F399; Dekalb: DKC51-20, DKC50-84, and DKC50-64; Golden Harvest: G01P52, G98L17, and 
G01Q76; Channel: 198-00, 200-48, and 197-68).  The hybrids represented three different 
drought tolerance technologies, with Channel and Dekalb using DroughtGard, NuTech using 
AQUAmax, and Golden Harvest using Agrisure Artesian.  The hybrids were thinned to achieve 
three different plant densities (11, 14, and 17 thousand plants/ac). All hybrids were within the 
97-101 CRM range. Trials were planted using a four-row cone planter with 30-inch row spacing. 
Plots were 10 feet wide by 30 feet long and all treatments were replicated four times.  The plots 
were over-seeded and then thinned to achieve the respective plant density for the treatments at 
the V-4 growth stage. Stand counts were taken during early growth (V-4).  Ear-heights were 
taken at harvest.  Grain yield was adjusted to 15.5% grain moisture content.  Statistical analyses 
and comparisons were performed using a mixed model with hybrid, seeding rate, and their 
interaction as the main effects. Replicate and replicate by seeding rate were random effects. 
Differences were determined based on an alpha level of 0.05. 
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The study was planted on an Ascalon sandy loam soil at the USDA Central Great Plains 
Research Station at Akron.  The soil has an average pH of 7.1 and an organic matter content of 
1.0%. The average annual precipitation amount is 16.5 inches.  The previous crop was winter 
wheat and the site is managed as a dryland no-till cropping system.  The trial was planted on 
June 1, 2016.  Nitrogen and phosphorus were applied at planting at a rate of 5 and 6 lb/ac, 
respectively.  Nitrogen was applied as 32-0-0 after planting (June 9) at a rate of 50 lb/ac. 
Cornerstone Plus, Lumax, and atrazine herbicides were applied on June 9 at a rate of 48 oz/ac, 
1.75 pt/ac and 1 pt/ac, respectively.  The trial was harvested on October 10, 2016 using a 
modified Case IH plot combine equipped with a Harvest Master grain weighing system to collect 
grain weight, moisture content, and test weight data. 

RESULTS: 

Weather conditions 
The overall yield level was much higher in 2016 for Akron (68 bu/ac) than the long-term average 
yield (44 bu/ac) due to the timely rainfall, especially in July, and mild temperatures this year.  
There were only two days when the daily high temperature was over 100°F from the planting to 
harvest.  The total rainfall during the growing season (planting to harvest) was 7.3 inches at 
Akron.  We narrowly missed a hail storm early in the season and the trial had consistent and 
good stands. 

Yield Results 
Table 1 shows the average yield results for the 12 hybrids within the two hybrid groupings–
drought tolerant and traditional hybrids at Akron.  There was a difference in yield between 
drought tolerant and the traditional hybrid groups (p=0.023). The drought tolerant hybrid group 
yielded significantly lower (65.4 bu/ac) than the traditional hybrid group (69.2 bu/ac).  In 2014 at 
Akron (trial was hailed-out in 2015), the overall trial yield was much higher (115 bu/ac) but 
there was no statistical difference between the drought tolerant and traditional hybrids, although 
we tested fewer and some different hybrids.  There was not a difference between the drought 
tolerant and traditional hybrids within each company except for Golden Harvest, where the 
traditional hybrids yielded higher than the drought tolerant hybrid (p=0.002).  There was a 
difference in yield among the 12 hybrids (p<0.001).  The highest yielding hybrid was G98L17, a 
traditional hybrid that yielded 75.6 bu/ac.  The lowest yielding hybrid was 5F200, a drought 
tolerant hybrid that yielded 59.4 bu/ac.   

Different plant populations did not affect the grain yield when averaged across all twelve hybrids 
(p=0.87) nor within the drought and traditional groups. The general trend for yield across the 
three plant densities was the hybrids yielded the highest in the 14,000 plants/ac treatment (69.5 
bu/ac) and the lowest in the 11,000 plants/ac treatment (65 bu/ac).  The planting density didn’t 
have a significant effect on any one particular hybrid.   

Test Weight Results 

The planting density had a large effect on the test weight (p=0.009), with the 17,000 plants/ac 
treatment having a much lower test weight (55.7 lb/bu) than both the 14 and 11 thousand 
plants/ac treatments (56.1 and 56.2 lb/bu, respectively).  We did not observe a planting density 
effect on test weight in 2014 at Akron. The traditional and drought tolerant hybrid groups did not 
differ significantly in test weight (p=0.30) and the plant density did not have an effect on the 
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drought or traditional hybrid groups, which is what was noted in 2014 at Akron as well.  There 
was a significant difference among the 12 hybrid test weights (p<0.001), with DKC50-64 having 
the highest test weight and G98L17 having the lowest (57.4 and 54.2 lb/bu, respectively).   

FUTURE PLANS:  This was the final year of the trial. We greatly appreciate the funding and 
support from the Colorado Corn Administrative Committee to conduct this trial. 

Table 1.  2016 average grain yield and test weight across the hybrid and plant density treatments 
at Akron, CO. 

Company Hybrida 11,000 14,000 17,000 Average 11,000 14,000 17,000 Average

Drought Tolerant 62.8 66.7 66.6 65.4 56.3 55.7 55.6 55.9
NuTech 5X698 71.8 73.0 70.6 71.8 56.0 55.6 55.9 55.8
Dekalb DKC51-20 68.2 74.3 70.8 71.1 56.2 55.5 54.8 55.5
Channel 198-00 62.0 62.7 69.4 64.7 56.7 56.8 55.8 56.4
Golden Harvest G01P52 59.2 63.7 56.9 60.0 56.5 55.9 56.0 56.1
NuTech 5F200 52.7 60.1 65.4 59.4 56.0 55.0 55.5 55.5

Traditional 66.5 71.4 69.7 69.2 56.2 56.3 55.8 56.1
Golden Harvest G98L17 73.9 70.7 82.3 75.6 54.1 54.5 53.9 54.2
Channel 200-48 71.1 71.8 71.1 71.3 56.3 56.5 56.0 56.3
Dekalb DKC50-84 62.5 81.6 69.2 71.1 57.0 56.5 55.8 56.4
Dekalb DKC50-64 64.3 69.7 73.9 69.3 57.3 57.9 56.9 57.4
Channel 197-68 62.2 68.3 68.0 66.2 57.0 56.9 56.1 56.7
Golden Harvest G01Q76 68.2 69.8 60.2 66.0 56.3 56.3 57.1 56.6
NuTech 5F399 63.2 68.1 63.1 64.8 55.3 55.3 54.7 55.1

Average 65.0 69.5 68.4 67.6 56.2 56.0 55.7 56.0
aHybrids ranked from highest to lowest average yield across the three plant densities within each drought tolerance group.

bu/ac lb/bu

Yield Test Weight
Plant Density (plants/acre) Plant Density (plants/acre)
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HOW TO GET A SENSEOF FIELD VARIABILITY IN SOIL QUALITY WITH 
CUTTING EDGE SPECTROSCOPIC MEASUREMENTS 

Francisco J. Calderón  
 
PROBLEM: Soils in the Central Great Plains are highly variable in quality, and this is reflected 
in high variability in crop performance, even within a field.  Proso millet is a crop that evolved in 
more tropical regions with acidic soils. For this reason, millet is highly sensitive to changes in 
soil pH, which is often evident in shallow soils where the caliche layer reaches up to the rooting 
zone. The extent to which this variability 
reduces crop yields and farmer incomes 
will be one of the main objectives of our 
CGPRS in the coming years. 
Diffuse reflectance infrared spectroscopy 
(FTIR) is potentially valuable because it 
can give a quick snapshot of the soil 
organic matter content. For example, there 
are absorbance peaks for important soil 
characteristics such as clays, carbonates, 
silicates, as well as several peaks for 
different organic matter chemistries. 
Recent instruments have been made 
portable, enabling direct on-the-go field 
measurements. 
 
APPROACH: The aim of this study was 
to determine if FTIR readings taken in the 
field could be related to the performance of 
a summer crop. We started an experiment 
in the summer of 2016, in which we 
studied sampling grids within proso millet 
fields.  Three grids were set up in different 
fields within the CGPRS. Besides a 
detailed soil total carbon and nitrogen 
sampling, the grids were sampled for FTIR 
spectroscopy (top 1 inch of soil), canopy 
cover, and NDVI. Proso head counts were 
used as a yield parameter and  were carried 
out in August 10th 2016. 
 
RESULTS: Of the three fields studied, the field named 49-SCD showed the most spatial 
variability, with gaps where the millet had poor germination and chlorosis (Figure 1a). This 
variability was reflected in the normalized difference vegetation index (NDVI) measurements 
(Figure 1b). The NDVI is used to evaluate how much live green vegetation is present in the field 
being measured. The next question then becomes how this variability relates to soil quality as 
measured by spectroscopy.  
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The FTIR readings taken at the soil surface were highly variable (Figure 2), and show several 
absorbance bands that provide information about soil quality differences within the grids. 
Absorbance at 2515 cm-1 may be important to this study because it represents the presence of 
carbonates, which are high in the caliche layer and possibly in shallow and low quality soils. 
Figure 2 shows 
clearly that some 
samples have 
carbonate 
absorbance and 
some do not. 
Other spectral 
bands that could 
be informative 
are the three 
peals between 
1750 and 1050 
cm-1, which are 
due to sandy 
material.  These 
bands could be 
used to detect 
textural 
differences between different points in the field. The spectral region bracketed by 1700 to 1300 
cm-1 is especially relevant.  It is called the “organic fingerprint” region because within it, there 
are several spectral bands that can inform us about the chemistry of the soil organic matter. 
Things like proteins, lignin, and carbohydrates have distinctive absorbance patterns within the 
fingerprint region. 
Given that infrared spectra are made up from hundreds of data points, multivarriate analysis is 
used to reduce the data to two components, which represent the variabilty in the data (Figure 3). 
The analysis shows us that one of the main aspects driving differences in soil spectra is between 
fields, 30-S has a different soil than 34-S and 49-SCD.. This is due to slight soil texture 
differences that can have a large influence on FTIR absorbance patterns. The main question then 
becomes whether the FTIR data tells us anything about the field variability in NDVI or the 
Normalized Difference Red Edge (NDRE) which is calculated similar to NDVI, but the formula 
uses slightly different bands for the calculations. The NDVI tends to plateau as plants mature, 
but NDRE doesn’t, so it can be a more valuable index of plant health in mature plants.  
The FTIR data had bands that were positively and negatively correlated with NDVI and NDRE 
data (Fig. 4). The positive correlation occurred at 1300 cm-1, whereas the low correlations 
occurred at 3500, 1630, and 1470 cm-1. Absorbance at 1300 cm-1 is likely from soil organic 
matter, representing overtones from CH bonds. Absorbance from this band alone is capable of 
explaining upwards of 50% of the variability in NDRE readings.  This is remarkable given that 
other factors besides soil quality are bound to be very important in determining millet health, 
such as field variations in water availability, as well as residue cover, among others. The 
negatively correlated bands are also possibly from organics, which shows that soil organic matter 
chemistry, rather than total soil organic matter, might be playing a role in the plant health status.  
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FUTURE PLANS: Soil CHN data forthcoming, so one of the future aspects of the study should 
test whether specific FTIR bands are more important in predicting plant health than total soil C. 
We also have FTIR data collected in the field with a handheld spectrometer. One important 
research project for the coming years will be to determine if field collected data is of sufficient 
quality to do on-the-go FTIR soil quality assessments. 
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Impacts of Residue Removal on Irrigated Corn Production 
Joel P. Schneekloth, David Nielsen and Francisco Calderon 

 
Problem:  Continual removal of corn residue can have significant impacts on soil properties as 
well as the potential productivity without the additional input of nutrients to offset those removed 
in the residue.  A study began in 2014 at Akron, CO looking at the impact of residue removal 
and tillage upon the soil characteristics important to crop production as well as crop production 
and the economics.  Two tillage treatments, No-Till (NT) and Tilled (T) were incorporated with 
residue removal (NR) and no residue removal (R). 
 
Approach:  Tillage and residue management treatments were initiated in 2014 on irrigated 
continuous corn plots at Akron, CO.  Residue was harvested in the spring or fall prior to the 
planting season depending upon conditions after harvest.  Tillage was done after residue removal 
and prior to planting. 
 
Measurements of infiltration rates were taken in the fall (August or September) each year after 
the majority of the irrigation season was over.  A Cornell Infiltrometer was utilized to make 
several measurements of time to first runoff, total infiltration and steady state infiltration. 
 
Results:  One of the benefits of residue and reduced tillage has been the resulting increase in 
infiltration by previous research.  Increasing tillage destroys macro and micro pore structure 
which reduced infiltration of water.  Maintaining or increasing infiltration is important for 
irrigation sprinkler package design to reduce runoff potential without increasing system pressure 
to increase the wetted diameter and reduce the maximum application rate.  In the fall of 2014 to 
2016, a Cornell Infiltrometer was used to measure infiltration patterns of the treatments to 
determine the impact of tillage and residue management. 
 
When looking at what the main impact to total infiltration of tillage or residue management 
(Figure 1), residue was the significant impact.  When comparing NT vs T (average of residue and 
no residue), total infiltration was similar for each tillage management each of the three years.  
However, residue management (average of NT and T), residue removal significantly impacted 
total infiltration.  In each of the three years, leaving residue in the field resulted in greater total 
infiltration as compared to residue harvest.  On average, residue removal reduced total 
infiltration by approximately 0.5 inches in a 30 minute infiltration test.  With similarities of 
infiltration to tillage within a residue management strategy, soil surface conditions appear to 
have the greatest impact on infiltration for the first 30 minutes. 
 
Impacts of main treatments of tillage and residue (Figure 4) show NT having greater steady state 
infiltration compared to T and leaving residue in the field having a similar impact.  This would 
show that residue management and NT having a greater impact on steady state infiltration.  
Steady state infiltration rates were similar when tillage occurred regardless of residue 
management and equal to NT when residue was harvested. This would be indicative of potential 
soil structural changes below the soil surface. 
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Figure 1.  Impact of tillage and residue management on total infiltration. 

 

 
Figure 2.  Impact of tillage and residue management on steady state infiltration. 

Future Plans:  The plan is to continue this study as a long term residue and tillage management 
study.  This study will continue in its current format for at least 2 more years with full irrigation 
management as the primary water management.  We are trying to collect at least 2 years of yield 
data not tainted by either hail or a significant nutrient deficiency.  After that time, water 
management practices will change to a limited/deficit irrigation management to look at the 
impact of water deficiency on residue and tillage management. 
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How to Evaluate Organic Amendment Addition Rate 

Maysoon M. Mikha1 and Jessica G. Davis2 
1 USDA-ARS, Central Great Plains Research Station, Akron, CO 

2 Department of Soil and Crop Sciences, Colorado State University, Fort Collins, CO  
 
PROBLEM:  For several decades, organic amendments are being widely used in agricultural 
production even after the manufacturing of commercial/inorganic fertilizer. Manure as an organic 
amendment provides nutrients for crop production, replenishes soil organic matter (SOM), and 
positively influences different aspects of soil chemical, physical, and biological properties. The 
rate of animal manure or compost used to address crop N needs will depend on the N 
mineralization from the organic amendments.  Composting manure is a useful management tool 
for reducing manure volume and increasing its uniformity, but it would likely stabilize its nutrients 
and lead to the slow N release as the compost applied to land.  The variable rate of N mineralization 
(conversion from organic to inorganic forms of N) throughout the season from the amendment 
sources should meet the N crop need in the first, second, third, etc., years after application. 
However, due to variability in field conditions and manure/compost characteristics, the N 
mineralization can vary depending on the environment, soil type, and management practices.  The 
rates of manure/compost application need to be adjusted to meet the difference between soil N 
supplying capacity from soil tests and crop N needs for the expected yield.  In general, the SOM 
and the organic amendment are a heterogeneous mixture of organic material varying in structure, 
stability, nutrient content, bioavailability, with turnover times that range from days to years and 
even millennia. The SOM mixture consists of labile or active, slow, and resistant pool depending 
on turnover rate and degree of stabilization.  Therefore, it is important to measure the size of the 
SOM and/or the organic amendments pools to evaluate their contribution to crop N needs. 

 
OBJECTIVE:   This study was conducted to evaluate the influence of three organic N sources 
including two forage legumes (alfalfa and sainfoin) and composted dairy manure (CDM) on: 

1) Soil total nitrogen (STN) 

3) Soil N mineralization through short-term incubation.  
 
APPROACH:   This study was established in the fall of 2007 on an alfalfa field in north-central 
Colorado at the Agricultural Research Development and Education Center (ARDEC), Colorado 
State University near Fort Collins.   In the summer of 2007, the growing alfalfa crop was killed by 
incorporating with tillage and compost dairy manure (CDM) was applied over the entire field at 
10 T/ac.  In September of 2007, the plots were seeded with two perennial grass mixtures comprised 
of Wheatgrass-Tall Fescue- Brome (WG-TF-B) and Orchardgrass-Meadow Brome-Smooth 
Brome (OG-MB-SB).  Additional treatment of Tall Fescue grass, as a single grass, was also 
planted.  The grasses were seeded using a no-till drill (Model 3P605NT, Great Plains Mfg., Inc., Salina, 
KS) fitted with a cone seeder attachment (Kincaid Equipment Manufacturing, Haven, KS) and set at a 
17-cm row spacing.  Some plots were planted to legume, either alfalfa or sainfoin, as a nitrogen 
source with the grass mixture. The grass mixture with legumes received no CDM after 2007 
application. In April of 2008, all plots received the second CDM application at 10 T/ac.  In October 
of 2008 some of the grass plots, except the grass-legume mixture, received a third CDM 
application at 10 T/ac.  The compost characteristics used in this study are reported in (Table 1). 
Visual observation of legumes indicated that alfalfa and sainfoin survival was inadequate which 
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was probably due to competition with the grasses and some winterkill. Therefore, in March of 
2009, the legumes were reseeded again into the grasses.  The study site was irrigated once or twice 
per week, as needed, with linear move.  The plots were approximately 10 ft wide by 40 ft long.  
Plots were sampled in the fall of 2008 and 2009 and the soils were homogenized and stored for 
various analysis.  Soil N mineralization was evaluated using 28 days of aerobic laboratory 
incubation at constant temperature (25oC; 77oF) and soil moisture content at field capacity. 
Resistant N pool was evaluated using acid hydrolysis method with 6-Molar hydrochloric acid (6 
M HCl) at 95oC; 203oF for 16 hours.  The slow and active N pool were combined as one pool and 
calculated as: 

 
            (Slow + Active) N = 100% (total N) - % (resistant) N pool               [1] 
 

Table 1. Compost characteristics as received, throughout the study period.  
Parameters Summer 2007 Spring 2008 Fall 2008 

Moisture           (%)           25.20             28.60             20.40 
Total Carbon    (%) 7.40 9.10 3.60 
Total Nitrogen (%) 0.62 1.10 0.29 
      C:N ratio           11.90                8.3              12.40 
Inorganic N      (%)   0.062   0.063   0.034 
Total P             (%) 0.24 0.51 0.11 
Total K            (%) 0.64 1.32 0.47 
EC            (ds m-1) 2.10 5.10 2.70 
PH 7.90 8.60 9.10 

RESULTS:  In this study, the compost dairy manure (CDM) was applied at a constant rate of 10 
T/ac for 2008 and 2009.  However, the CDM added in 2009 appears to be more degraded with 
lower nutrients contents compared with 2008 compost used.  The total N content associated with 
2008 CDM addition was almost 3.8 fold higher than CDM added in 2009 (Table 1). The higher 
amount of total N in 2008 may reflect on the N mineralization and N contribution to the grass 
production throughout the growing season compared with 2009.   

Soil organic matter and/or organic amendments should be decompose/mineralized to inorganic 
form to be available for plant uptake.  The SOM contained different pools of organic materials 
with mean turnover times from days to years and millennia (Figure 1).  These pools can be divided 
into three main pools (active/labile, slow, and resistant).  The sizes of these pools depend on SOM 
and/or organic amendments quality.  The mineralization rate and the amount of available N from 
the SOM and/or organic amendments depend on amendment quality, moisture, temperature, and 
management practices (Figure 2).   
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The N mineralization fraction is defined by the amount of N that can be mineralized within a 
specific period of time under specific incubation conditions (temperature and moisture).  This 
fraction considers an active and a portion of the slow pools that are easily degradable by soil 
microorganisms with short turnover times.  Therefore, this fraction of SOM is very sensitive to 
management practices.  In this study, the amount of N mineralization represents the amount of 
easily degradable materials associated with SOM and CDM sources, which are considered part of 
the active N pool because of the short-term incubation (28 days).  At 4 inch depth, N mineralization 
was approximately 2.6 fold greater in 2008 compared with 2009 (Table 2).  This was probably 
related to the larger amounts of total N contents in the CDM amendment in 2008 compared with 
2009.  Nevertheless, N mineralization represented 3.6% of STN in 2008 and 1.3% in 2009.  These 
results indicate that N contribution from CDM was higher in 2008 than 2009 due to high CDM 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 1:  Soil organic matter and/or organic amendments pools and its associated fractions. 
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content.  Although N mineralization represents a small percentage of soil total N, it is the soil N 
fraction that provides the necessary N for grass growth in this system.  In general, the N content 
in CDM added during the study period influenced N mineralization even under the controlled 
laboratory conditions.  The N mineralization in 2008 associated with legumes was also greater by 
approximately 2.6 fold for sainfoin and by 2.4 fold for alfalfa than 2009 (Table 2).  The high 
amount of N mineralization was probably related to alfalfa crop that was planted and incorporated 
before the initiation of this study in 2007.  In addition, the low alfalfa and sainfoin survivor rate 
and the reseeding in spring of 2009 contribute to the lack of these legumes to N contribution trough 
N-fixation in 2009. 

In this study, the N mineralizable fraction was part of the slow+active pool and could not be 
separated due to the short-term incubation (28 days) procedure. The slow+active pool represents 
the portion of SOM and/or the organic amendment that can be decomposed within days or years 
depending on the soil and weather conditions (Figure 2).  In both years, the slow+active pool 
represents 73-80% of the total N (Table 2).  This data indicates that high percentage of N 
associated with SOM present in this study site could be available for grass production in 
subsequent years.  However, the synchronization between grass N needs and the decomposition of 
SOM also need to be addressed and evaluated.    

The resistant pool was evaluated through chemical extraction and represents 20-27% of the 
total N associated with SOM in this study site.  This pool represents the portion of SOM that can 
be mineralized in 100’s of years where its benefit for crop production could be insignificant.  This 
pool contains degraded organic materials that do not contribute much nutrient to the microbial 
population to support their metabolic activities.  In the meantime, only specific microbial 
population can decompose the resistance form of SOM.  
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Figure 2: Factors affecting organic matter conversion to inorganic form available for plant production  
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Table 2. Soil total N (STN) and different N fractions and pools (Mineralizable, Resistant, and 
Slow + Active), as influenced by different organic amendment forage legumes (Alfalfa and 
Sainfoin) and composted dairy manure (CDM) at 0-4 inches depth for 2008 and 2009 
sampling period on perennial grass system. 

Grass N-source Manure 
rate 

STN Mineralizable 
N 

Resistant 
N 

Slow+Active 

-- 2008 -- -- T ac-1 -- ----------------------------- % ------------------------------
       

HWG-TF-HB†  Compost¶ 10  0.17 3.54 26.79 73.21 
TF†† Compost 10  0.18 3.59 23.31 76.69 
OG-MB-SB‡ Compost 10  0.17 3.57 26.90 73.11 
       HWG-TF-HB Sainfoin 0 0.16 3.12 25.16 74.84 
TF Sainfoin 0 0.17 4.07 26.88 73.12 
OG-MB-SB Sainfoin 0 0.17 3.10 22.54 77.46 
       HWG-TF-HB Alfalfa 0 0.16 2.37 25.79 74.21 
TF Alfalfa 0 0.16 3.35 25.99 74.01 

 OG-MB-SB Alfalfa 0 0.16 3.06 24.28 75.72 

-- 2009 --      

HWG-TF-HB†  Compost¶ 10  0.14 1.44 24.23 75.77 
TF†† Compost 10  0.16 1.65 19.51 80.50 
OG-MB-SB‡ Compost 10  0.15 0.97 22.87 77.13 
       HWG-TF-HB Sainfoin 0 0.14 1.19 21.57 78.43 
TF Sainfoin 0 0.15 1.67 22.16 77.85 
OG-MB-SB Sainfoin 0 0.15 1.08 22.56 77.44 
       HWG-TF-HB Alfalfa 0 0.15 1.28 21.53 78.47 
TF Alfalfa 0 0.15 1.23 23.52 76.48 
OG-MB-SB Alfalfa 0 0.15 1.20 19.52 80.48 
  † Represents Hybrid Wheatgrass-Tall Fescue-Hybrid Brome. 
†† Represents Tall Fescue. 
  ‡ Represents Orchard grass-Meadow Brome-Smooth Brome. 
 ¶ Represents compost dry manure added at different rates. 
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CONCLUSIONS:    
1)  It is important to add the compost and/or manure amendment according to the N content and 

on N contribution to the crop production rather than on the total amount of organic 
amendment. 

 
2) Clearly, the compost N content influenced soil N contribution to the grass production through 

N mineralization. 
 
3) More than two years is required to detect the benefit of the organic amendment in influencing 

soil N pools with adequate amounts of compost addition.  
 

 
FUTURE PLANS:  Continue with the long-term Remediation/Restoration study using manure 
for several more years to evaluate the improvement in soil quality and plant productivity. 
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CROP ROTATION AND TILLAGE EFFECTS ON WATER USE AND YIELD OF 
ALTERNATIVE CROP ROTATIONS FOR THE CENTRAL GREAT PLAINS 

 
D.C. Nielsen, M.F. Vigil, J.G. Benjamin, M.M Mikha, F.J. Calderón, and D. Poss 

 
PROBLEM:  Increased use of conservation tillage practices has made more soil moisture 
available for crop production in the central Great Plains, thereby providing greater opportunities 
for more intensive crop production as compared with conventional wheat-fallow.  Information is 
needed regarding water use patterns, rooting depth, water use/yield relationships, precipitation 
storage and use efficiencies, and water stress effects on crops grown in proposed alternative 
rotations for the central Great Plains. 
 
APPROACH: Nine rotations [W-F(CT), W-F(NT), W-C-F(NT), W-M-F(NT), W-C-M(NT), W-
C(skip row)-PEA(NT), W-Sorg(skip row)-F(NT), W-M-SAF-F(NT), W-SAF-M-PEA(NT)] are 
used for intensive measurements of water use and water stress effects on yield.  (W:winter 
wheat, C:corn, F:fallow,  M:proso millet, Sorg:grain sorghum,  SAF:safflower, PEA:pea; 
CT:conventional till, NT:no  till).  Additionally, several flexible rotations (Flx) are measured in 
which the cropping choice decision is made based on expected yield calculated from measured 
starting soil water content and assumed average growing season precipitation. GC in the W-GC 
rotation stands for grain crop and the choice of grain crop is made similarly to the decision for 
the Flx crops. A rotation consisting only of forage crops (FSor-FM-FTrt) is also included (where 
FSor:forage sorghum, FM:foxtail millet, FTrt:forage triticale). Measurements include soil water 
content, leaf area index, above-ground biomass, grain yield, residue cover, and precipitation. 
 
RESULTS:  

 
Rotation 

 
Crop 

ET 
(in) (lb/a) 

 
Rotation 

 
Crop 

ET 
(in) 

Yield 
(lb/a) 

W-F(CT) wheat 19.32 3739 W-FSor-Flx forage sorghum 10.82 5978 
W-F(NT) wheat 19.56 3859 FSor-FM-FTrt forage sorghum 10.28 5655 
W-C-F wheat 19.27 4117 W-M-SAF-F safflower 16.12 1100 
W-M-F wheat 19.57 3741 W-SAF-M-PEA safflower 18.20 1127 
W-Sorg*-F wheat 19.50 3870 W-C-F corn 15.56 4368 
W-C-M wheat 14.87 2510 W-C*-F corn 14.77 3908 
W-C*-F wheat 19.50 3702 W-C-M corn 14.46 4372 
W-M-SAF-F wheat 18.85 4039 W-GC millet 11.22 2290 
W-SAF-M-PEA wheat 14.65 1769 W-M-F millet 11.45 2027 
W-FSor-Flx wheat 14.77 2271 W-C-M millet 11.50 2201 
W-Flx-Flx wheat 15.48 2675 W-M-SAF-F millet 10.86 2066 
W-GC wheat 14.80 2861 W-SAF-M-PEA millet 7.50 2405 
W-SAF-M-PEA pea 9.23 1612 FSor-FM-FTrt forage millet 9.56 6269 
W-FSor-Flx forage pea 9.36 3444 W-Flx-Flx† forage millet 9.11 5240 
W-Flx†-Flx sorghum 15.78 4068 FSor-FM-FTrt forage triticale 11.19 3846 
W-Sorg*-F sorghum 16.06 3656     

* indicates “plant 2 skip 2” skip row planting configuration 
† indicates the current phase of the rotation 
 
INTERPRETATION:  Wheat yields ranged from 4117 lb/a (69 bu/a) for W-C-F to 1769 lb/a 
(29 bu/a) for W-SAF-M-PEA. Sorghum planted in the skip row configuration yielded 3656 lb/a 
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(65 bu/a), while sorghum planted in conventional 30” rows in the W-Flx-Flx rotation yielded 
4068 lb/a (73 bu/a). Corn yields were 16 to 30% greater than what we would have expected 
based on the amount of water used. Safflower yields were about 28% less than what we would 
expect based on the amount of water used. The proso millet yields were far below what we 
would have expected for a water use of about 11.3”. Pea yield was what we would have 
expected. The forage triticale yield as only 66% of what we should have produced for a water 
use of 11.19”. This was mostly attributable to poor stand. Forage pea yield was similarly only 
75% of what would be expected for the measured water use. On the other hand, the forage millet 
yields were 26 to 51% greater than expected based on the water use.  
 
FUTURE PLANS: The experiment will continue as in past years. The grain sorghum and proso 
millet water use/grain yield relationships will be analyzed in further detail and submitted for 
publication. Wheat yield stability as influenced by crop rotation and cropping intensity is 
currently being analyzed. Effects of substituting pea for fallow in W-C-M-F and W-C-F rotations 
are also being analyzed.  
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DEFINING A CROP WATER USE/YIELD PRODUCTION FUNCTION FOR GRAIN 
SORGHUM 

 
D.C. Nielsen 

 
PROBLEM:  Grain sorghum is a potential alternative crop for the Central Great Plains. 
Advantages for the crop include being less expensive to produce than corn and being less prone 
to catastrophic yield reductions due to very dry conditions during flowering. Having a valid 
water use/yield production function would aid farmers in assessing the risk involved in growing 
grain sorghum under the widely varying precipitation conditions from year to year and across the 
region. However, a published water use/yield production function for northeast Colorado and the 
surrounding areas is not available, and a published relationship from the Texas Panhandle does 
not appear to show grain sorghum yield being as responsive to water use as would be expected 
considering that sorghum is a C4 plant. The objective of this study is to determine the water 
use/yield production function for grain sorghum grown in northeastern Colorado. 
 
APPROACH: Data previously collected from a skip row grain sorghum experiment (2007) and 
from years 2006 to 2016 in the ongoing Alternative Crop Rotation experiment will be combined 
with new data collected from a graded water experiment. The graded water experiment was 
conducted in 2016 in two adjacent areas (SPF1, SPF2) at the Central Great Plains Research 
Station. Each area had four strips with 12 measurement sites in each strip. The four strips in each 
area were irrigated weekly with either 100%, 75%, 50%, or 0% of crop water use during the 
previous week estimated by the Penman-Montieth potential evaportranspiration (PET) multiplied 
by a crop coefficient that varied with growing degree days (Sammis et al., 1985) to produce a 
range of water availability. Soil water was measured with a neutron probe at planting, flowering, 
and harvest to calculate crop water use by the water balance method. In 2016 grain sorghum 
(Dekalb DKS 29-28) was planted in 30” rows (east-west) on 2 June. Seeding rate was 
approximately 46,000 seeds/acre. Fertilizer applied at planting was 60 lb N/a (no P2O5). Weed 
control was accomplished with an application of glyphosate (32 oz/a), Atrazine 4L (24 oz/a), 
Charger Max [s-metolachlor] (12 oz/a) and  Zippsol ammonium sulfate (272 oz/100 gal) applied 
on 6 June 2016. The first irrigation occurred on 23 June 2016. Irrigation was discontinued 
following the September 9 application in order to encourage maturity.  
 
RESULTS:  

The figure on the left shows all of the plot data 
collected in 2016 along with a water-limited 
yield frontier line (French and Schultz, 1984a,b) 
that I eye-fit to the data. There appear to be a 
number of unidentified factors affecting yield 
that are causing points to fall below this line. The 
slope of the frontier line is 850.3 lb/acre per inch 
of water use and the x-axis offset is 6.78 inches 
of water use. The yields for the 50%, 75%, and 
100% water replacement treatments are far 
below what would be expected for the water use 
measured. A water use of 21” should preduce a 
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yield of about 12,000 lb/a (214 bu/a). The 2016 National Sorghum Producers Yield Contest 
Results (http://sorghumgrowers.com/wp-
content/uploads/2016/12/NSPYieldContest_FinalResults.pdf) reported the highest sorghum yield 

of 11,450 lb/acre (208 bu/acre) 
under irrigation and likely 
fertilized at a high N rate.  
 
The 2016 SPF 1 and SPF2 plot 
data were averaged by 
experimental location and water 
treatment and included with 
previously obtained data of 
sorghum water use and yield 
from the 2007 skip row 
experiment and the data from 
2006 to 2016 in the Alternative 
Crop Rotation (ACR) 
experiment and are shown to the 

left. Combining the 2016 SPF1 and SPF2 data with the ACR data (except for 2012 due to severe 
drought and 2014 [likely 3” of runoff from two extreme rainfall events on August 27 and Sept 22 
and frosts on 12, 13 September and 3, 4 October]) produced a relationship with a slope of 540.0 
lb/a per inch of water use and an x-axis offset of 8.51 inches of water use. The slope of this 
relationship is nearly identical to the slope reported by Klocke et al. (2014) of 578.3 lb/a per inch 
in Kansas.  
 
INTERPRETATION: The black line in the second figure above was the production function 
reported by Stewart and Steiner (1990) for grain sorghum grown in Bushland, TX. The slope of 
this line is 351.2 lb/a per inch of water use, which is lower than what we would expect for a C4 
species such as grain sorghum. The blue open circles are from the 2007 skip row grain sorghum 
experiment conducted at Akron. The slope of a line fitted to this data is 787.5 lb/a per inch of 
water use.  
 
It is likely that part of the reason that we did not see yields continue to increase at the rate we 
would have expected for water use above 19” is because of inadequate N fertility or that the plots 
managed under higher water availability did not have enough growing season to fully express 
their higher yield potential (killing freeze on 5 October 2016). Therefore, it may be more 
reasonable to just use the two lowest water treatments from 2016 in addition to the ACR data to 
cover the range of expected dryland grain sorghum water use (up to 19”). Doing so results in a 
water use/yield production function of  
 
Yield (lb/a) = 705.2*(water use [in] – 9.83) R2=0.68 

This relationship derived from the ACR data in combination with the 2016 SPF data is likely a 
good predictive relationship for dryland sorghum production in the central Great Plains. 
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An ancillary result of this 2016 experiment was that the Sammis et al. (1985) crop coefficient 
relationship for grain sorghum based on growing degree days (base temperature of 7 C) worked 
well to simulate grain sorghum water use. We measured 21.6” of water use in the 100% water 
replacement treatment and the simulation method predicted 21.3” of water use. Additionally, 
periodic soil water measurements made throughout the growing season showed that our 
irrigations based on the calculated Penman PET with the Sammis et al. (1985) crop coefficient 
applied maintained the soil water in the 100% water replacement treatment at a constant level.    
 
FUTURE PLANS: No further data will be collected. A manuscript reporting the results will be 
written and submitted for publication in 2017. 
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EVALUATING POTENTIAL DRYLAND CROPPING SYSTEMS ADAPTED TO 
CLIMATE CHANGE IN THE CENTRAL GREAT PLAINS 

 
D.C. Nielsen, M.F. Vigil, and N.C. Hansen 

 
PROBLEM: Climate in the semiarid central Great Plains is expected to become warmer and 
drier in coming decades, with potentially greater variability in precipitation and temperature. 
Cropping systems that include forages and allow flexibility for determining if a crop should be 
planted and which crop to plant (based on available soil water at planting) may provide the 
opportunity to maintain economic viability in a changing climate environment. 
  
APPROACH: Yield and net income data from 2011-2015 from four set rotations (W-F, W-C-F, 
W-M-F, W-S-F) was compared to a set forage rotation producing forage millet, forage triticale 
and forage sorghum (FM-FT-FS) and three flexible rotations (W-GC, W-FS-Flex, W-Flex1-
Flex2). Cropping choices for the GC, Flex, Flex1, and Flex2 phases in the above rotations were 
made be estimating yields based on measured available soil water at several decision points 
during the year (generally early and late spring). The W-GC rotation was a continuously cropped 
system in which the flexible GC choice was either corn, millet, or grain sorghum. The Flex crop 
in the W-FS-Flex rotation could be summer fallow or a short-season crop such as millet, forage 
millet, pea, forage pea, or corn silage. For the W-Flex1-Flex2 rotation, the Flex1 crop could be 
summer fallow or any grain or forage crop, and the Flex2 crop could be summer fallow or a short 
season crop that would provide the opportunity to be followed by winter wheat.  It is not possible 
to compare rotation productivity based upon the mass of seed or forage produced since five of 
the rotations are seed-based, one is forage-based, and two consist of seed crops and forages. 
Therefore, we compared the productivity of rotations based upon their net economic returns. 
 
RESULTS: 

INTERPRETATION:  
Incorporating forage production as a phase in 
dryland wheat rotational systems can add 
profitability and sustainability to the production 
system in the face of climate variability.  
 
FUTURE PLANS: The results of this analysis 
were recently published in Agronomy Journal. 
No further work is anticipated. (Nielsen, D.C., 
M.F. Vigil, and N.C. Hansen. 2016. Evaluating 
potential dryland cropping systems adapted to 
climate change in the central Great Plains. 
Agron. J. 108:2391–2405. 
doi:10.2134/agronj2016.07.0406)
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REPLACING FALLOW WITH FORAGE TRITICALE IN A DRYLAND WHEAT- 

CORN-FALLOW ROTATION MAY INCREASE PROFITABILITY 
 

D.C.Nielsen, D.J. Lyon, and J.J. Miceli-Garcia 
 
PROBLEM: A common dryland rotational cropping system in the semi-arid central Great Plains 
of the USA is wheat-corn-fallow (WCF). However, the 12-month fallow period following corn 
production has been shown to be relatively inefficient in storing precipitation during the summer 
months and in some years could leave the soil vulnerable to wind erosion. The objective of this 
experiment was to determine the effect on system productivity when the fallow period in a WCF 
rotation was replaced with spring-planted forage triticale.  
 
APPROACH: The 3-yr study was conducted at Akron, CO and Sidney, NE under both dryland 
and very limited irrigation conditions (to approximate average precipitation during the growing 
season). Each phase of each rotation was present each year in a split plot experimental design 
with four replications per location. Irrigation treatment was the main plot factor. This resulted in 
16 corn plots and 16 wheat plots (two rotations, two irrigation treatments, four replications), 
eight fallow plots, and eight triticale plots (two irrigation treatments and four replications in each 
of the two rotations) each year at each location. It is not possible to compare rotation 
productivity of systems that are not equally composed of grain and forage by using the mass of 
grain or forage produced. Therefore, productivity of the two rotations was compared based upon 
their net economic returns. 
 
RESULTS: Growing season precipitation during 
the course of the study was above-average in five 
of the six site-years. Over a wide range of wheat 
water use (14.2-23.3 in) wheat yields ranged from 
25 bu/a to 82 bu/a. Wheat yields averaged 17% 
lower when triticale (T) replaced fallow, 
primarily because of reductions in water content 
at wheat planting. The yield/available soil water 
response of 5.36 bu/a per inch of available soil 
water at planting is nearly identical to the 5.33 
bu/a per inch of available water response reported 
by Nielsen et al. (2002) for winter wheat in 
eastern Colorado.  Corn yields were unaffected by 
triticale replacing fallow and ranged from 50.4 
bu/a to 129 bu/a. Triticale forage yields ranged from 2650 lb/a to 6005 lb/a. System productivity 
as quantified by system net returns was greater for WCT than for WCF when growing season 
precipitation was above-average resulting in triticale production over 5360 lb/a, but even in drier 
years net income was not reduced when the fallow phase was replaced with triticale production. 

We noted a fairly consistent tendency in all three years at both locations for greater net 
income from the WCT rotation over the WCF rotation. That net income advantage was only 
significant at Sidney in 2011 when triticale yields (average 5930 lb/a) were higher than in other 
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years. It should be noted that during the drier conditions found at Akron in 2009 and 2010 net 
income was not reduced by replacing fallow with triticale 
 
INTERPRETATION: When fallow was replaced by triticale (terminated by harvesting an 
average of 85 days ahead of wheat planting) the subsequent wheat yields were reduced 17%, 
averaged across years, locations, and irrigation treatments. That average yield reduction was in 
response to a reduction in average available soil water content at wheat planting due to triticale 
water use that was not replenished by precipitation between triticale harvest and wheat planting. 
Replacing the fallow phase with triticale had no effect on corn yield at either location, whether 
dryland or irrigated. This is likely because available soil water at corn planting at both Akron and 
Sidney was not affected by rotation and because corn yield is so strongly influenced by 
precipitation just prior to tasseling through the middle of grain filling (Nielsen et al., 2010). The 
approximately 22.5 months between triticale harvest and corn planting is apparently sufficient 
time to effectively eliminate the effect of the triticale soil water use on the available soil water at 
corn planting. However, there will likely be some times of extended below-average precipitation 
in which the effect of triticale water use will still be seen even after 22.5 months. A WCT 
rotation can be recommended over WCF provided that growing season precipitation is not far 
below average and there is an available market for the triticale forage produced.   
 
FUTURE PLANS: The results of this analysis were recently published in Field Crops Research. 
No further work is anticipated. (Nielsen, D.C., D.J. Lyon, and J.J. Miceli-Garcia. 2017. 
Replacing fallow with forage triticale in a dryland wheat-corn-fallow rotation may increase 
profitability. Field Crops Res. 203:227-237. doi:10.1016/j.fcr.2016.12.005) 
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INTENSIFYING A SEMI-ARID DRYLAND CROP ROTATION BY REPLACING 
FALLOW WITH PEA 

 
D.C. Nielsen and M.F. Vigil 

 
PROBLEM: Increasing dryland cropping system intensity in the semi-arid central Great Plains 
by reducing frequency of fallow can add diversity to cropping systems and decrease erosion 
potential. However elimination of the periodic fallow phase has been shown to reduce yields of 
subsequent crops in this region. The objective of this experiment was to determine how 
productivity of a 4-yr Wheat-Corn-Proso Millet-Fallow (WCMF) rotation was affected when the 
fallow phase was replaced with pea (P).  
 
APPROACH: Data from the long-term Alternative Crop Rotation experiment were analyzed for 
the 20-year period from 1997-2016 from the WCMF and WCMP rotations. Soil water 
measurements made with a neutron probe and TDR system in the 0-180 cm soil profile were 
used to calculate available soil water at planting and crop water use. System productivity is 
evaluated by considering total mass produced, net system income, precipitation use efficiency, 
and economic precipitation use efficiency.  
 
RESULTS: Averaged over the 20-year period 
of the experiment the available soil water at 
wheat, corn, and millet planting was reduced 
when pea production was substituted for fallow 
following corn. The reduction was greatest at 
pea planting and diminished with time (i.e., the 
reduction was less at corn planting and still less 
at millet planting). Water use, biomass, and seed 
yield of wheat were likewise reduced when pea 
substituted for fallow. Corn water use and yield 
were also reduced by pea production two 
growing seasons earlier. Pea production did not 
affect millet water use, biomass, or yield. Pea 
used an average of 8.4” of water to produce 
1040 lb/a of seed and 3180 lb/a of biomass. The 
average net income produced by the WCMF 
rotation was $48/acre compared with $33/acre  
for WCMP (P=0.04). 
 
INTERPRETATION: Pea production offers 
the advantages of producing a ground cover on 
land that could be subject to wind erosion if left 
fallow. However, producing the pea crop will use soil water that may be limited in some years, 
thereby reducing the soil water available to subsequent crops. This will likely lower subsequent 
wheat and corn yields, but is unlikely to affect the millet yields in this four-year rotation. We 
calculated an average 32% reduction in net income for the WCMP rotation compared with the 
WCMF rotation. Intensification of the WCMF rotation by replacing the fallow phase with pea 
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production could be recommended as an alternative production method if pea seed costs and 
nitrogen fertilizer applied to the subsequent wheat crop can be reduced. Therefore, we would 
approach the intensification of the WCMF rotation by adding pea production with some caution.  
 
FUTURE PLANS: The manuscript describing this research is currently in internal review and 
will be submitted to Agricultural Water Management for review and publication. 
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UTILIZING MANURE ON ERODED SOIL FOR IMPROVED 
CROPPING 

D.J. Poss, M.F. Vigil, M.M. Mikha, J. G. Benjamin 
 

 
PROBLEM:  Driving across the Great Plains one can see hilltops and side-slopes that are 
lighter in color than the surrounding soils.  The light colored soils are signs these areas have 
lost topsoil and organic matter through wind or water erosion. Much of the erosion is the 
result of a combination of both multiple years of tillage and exposure of the unprotected land 
to erosive forces of the region’s winds. Corn, proso millet, and sorghum will typically show 
zinc and iron deficiency symptoms when planted in these eroded soils.  The production on 
these eroded areas is significantly less than the rest of the field.  The lower yields are likely a 
result of the crop growing in soil that has lost all of its topsoil to erosion.  The crop is 
essentially growing in subsoil instead of normal topsoil. And this subsoil is usually high in 
pH which causes the zinc and iron deficiency problems. Also these eroded soils are low in 
organic matter which imparts other nutrient limitations.   
 
APPROACH:  An on-farm study site was selected that showed signs of extensive top soil loss 
(erosion).  Proso millet planted on the field in 2005 showed obvious signs of micronutrient 
deficiencies.  The crops that have been planted since we initiated the study are Proso Millet (2007) – 
Forage Winter Triticale (2008) – Winter Wheat (2009) – Proso Millet (2010)—Corn (2011)—Fallow 
(2012)—Wheat (2013)—Corn (2014)—Proso Millet (2015)—Corn (2016).  These crops are planted 
across the entire experimental area including alleys, except for eight grass and grass/legume plots.  
For the grass and grass/legume plots forage sorghum was planted in June 2007 as a cover crop.  The 
grass and grass/legume seed was planted in November 2007.   

Manure is applied in the fall, if possible, to allow for winter precipitation to restore moisture 
lost during tillage operations.  Depending on the treatment, manure was applied either annually, 
biannually or once at the beginning of the study.  For the annual treatments, incorporation methods 
included no-till and sweep till.  The plots that received manure biannually (Dp-2yr) and once at the 
beginning (Dp-6yr), were incorporated using a moldboard plow to a depth of 14 inches followed by a 
chisel to mix the soil. 

Along with the incorporation methods two rates of manure was also applied.  A low rate was 
determined by estimating the amount of nitrogen (N) required to meet crop needs over the next six 
years which was determined to be approximately 30 lb/ac.  Based on past studies, we assumed that 
25% of the organic N would be available to the crop the first year.  The high rate is simply three 
times the low rate.  The high rate, we hope, is excessive enough to significantly increase soil organic 
matter content and change soil physical properties within the next six year cycle of the experiment.  
Chemical N fertilizer rates were 30 and 60 lb/ac.  The chemical N fertilizer treatments are broadcast 
(as urea) on the surface annually to the un-manured plots including the deep tillage plots, just prior to 
planting. 

Starting in 2014, the plots that had manure applications were split in half. Half of the plot 
continues to receive manure and the other half of the plot receives no manure or fertilizer.  This 
allows us to compare yields and N removal from plots that have continued manure application to 
plots that are depending on prior manure application for nutrients. For the deep tilled plots, the soil 
conditions had deteriorated causing yield reductions. Grain yields from plots that were moldboard 
plowed were at best equal to the control (no manure or fertilizer) and often less than the control.  
Thus, we decided to cease using deep tillage with the moldboard plow to incorporate manure. The 
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plots that were moldboard plowed to incorporate manure are now (starting 2014) managed 
exclusively with no-till practices. 
 
RESULTS: 
Statistical Analysis 

Considering that there is a large number of treatments in this study we will first look at the 
statistical analysis of the main effects and their interactions.  One main effect is “nutrient type” (M or 
F); was statistically significant at the 0.10 alpha level every year (Table 1).  One other main effect 
(Incorporation Method) and one interaction (Nutrient type*Tillage) was also significant nearly every 
year and the average across all years for this interaction was significant.  Neither rate nor any other 
interactions were consistently significant.  Our focus now will be on nutrient type (M or F), tillage, 
and the interaction of those effects. 
 

Table 1.  Statistical Analysis by Year for All Main Effects and Their Interactions. 

Source 
2007 
Millet 

2009 
Wheat 

2010 
Millet 

2011 
Corn 

2013 
Wheat 

2014 
Corn 

2015 
Millet 

2016 
Corn Mean 

 p-value 
Nutrient 
type(M or F) 

0.005 0.052 <0.001 0.002 0.007 <0.001 <0.001 <0.001 <0.001 

Rate NS* NS NS 0.001 NS NS NS <0.001 NS 
Tillage NS <0.001 NS <0.001 <0.001 <0.001 0.077 0.001 <0.001 
Block 0.003 NS <0.001 <0.001 0.053 NS 0.001 NS NS 
MorF*Rate NS 0.037 NS 0.073 NS NS 0.080 0.043 NS 
MorF*Tillage <0.001 <0.001 NS <0.001 0.018 0.001 NS 0.006 0.074 
Rate*Tillage NS 0.042 NS NS NS NS NS NS NS 
MorF*Rate* 
Tillage 

0.071 NS NS NS NS NS NS NS NS 

*NS = Not significant at the 0.10 alpha level. 
 
Grain Yields by Incorporation Method (Tillage) 

Grain yields have varied with the variability of precipitation.  The year 2012 was the driest 
year on record for Washington County and due to the dry weather millet was not planted.  Instead we 
fallowed the plots and planted wheat in the fall.  With very limited subsoil moisture and continued 
below average precipitation for the 2013 growing season wheat yields were low that season.  Most of 
the years prior to 2012 had precipitation amounts near the long term average for the area of 16.4 
inches per year. The years following 2013 were mostly above average.  The grain yields reflect these 
precipitation levels with near average grain yields the first four crops, below average for 2013 and 
above average the last four crops (Figure 1).   

There were treatment differences with respect to incorporation method. The two plow 
treatments yields were less than the no-till or sweep treatments most years.  The no-till and sweep 
treatment yields were essentially the same.  The two plow treatments were detrimental to the soil 
having a negative impact on soil structure which resulted in poor emergence.  In time the Dp-6yr 
treatment did recover and stands improved to the point that those yields were not significantly 
different from the no-till and sweep treatment.   However, in 2013, when precipitation was very low 
and there was low subsoil water, the wheat ‘burned up’ due to the excess nitrogen in the soil.  Since 
manure application rates are based on the assumption that 25% of the organic N will be available the 
first year and not accounting for the other 75% there is excess N in the soil profile of the plow 
treatments since the manure us buried and all of the N is captured in the soil.  Whereas for the no-till 
and sweep treatments either all or most of the manure is left on the surface so a percentage of the 
nitrogen in the manure can volatilize and be lost to the atmosphere.  
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The Dp-2yr treatment, which has manure applied and incorporated with a moldboard plow 
bi-annually, continued to have poor emergence and yields due to the continued destruction of the soil 
structure by the plowing operation.  The mean yields for the Dp-2yr treatment for the first six crops 
was 36.4 bu/ac compared to 52.4 and 51.5 bu/ac for the no-till and sweep treatments, respectively.   

Due to the poor soil conditions which resulted in poor yields following the plow treatments 
the plowing treatments were no longer performed after the sixth crop.  Changes were made following 
the sixth crop in 2014 to eliminate the plow treatments learn more about the residual effect of the 
manure we had been applying.  The incorporation method for the original deep plow treatments was 
no incorporation (no-till) with the Dp-6yr treatment receiving manure annually and the Dp-2yr 
treatment receiving manure biannually.  Also, all of the plots that had manure application, regardless 
of tillage, were split in half where half of the plot no longer received any manure relying only on the 
residual fertility. 
 

 
 
Grain Yields by Fertilizer Source 

Since there is only two years of data since the plots were split we will not examine the effect 
of residual fertility verses continued manure application on yields.  We will, however look more 
closely at the impact of manure verses chemical fertilizer on yields using the data from the plots that 
continued to receive manure applications. 

Grain yields where manure was used as the source of fertility averaged 36% more than with 
chemical N (Fig 2).  The yields were 73 bu/ac versus the 53 bu/ac for manure and chemical N, 
respectively.  What is the cause of the increased yield with manure?  Is it nutrition, the impact of 

2007
(Millet)

2009
(Wheat)

2010
(Millet)

2011
(Corn)

2013
(Wheat)

2014
(Corn)

2015
(Millet)

2016 
(Corn) Mean

No-Till 40.0 33.6 44.0 52.8 25.3 118.4 57.5 96.3 58.5
Sweep 36.9 38.0 46.8 52.6 28.4 106.4 57.0 82.2 56.0
Dp-2yr 34.0 28.9 41.6 14.3 10.7 75.6 49.4 71.3 40.7
Dp-6yr 36.2 21.2 47.1 43.6 2.5 108.3 58.5 86.4 50.5
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Figure 1.  Grain Yields from 2007 Through 2016 by 
Incorporation Method (averaged across rate & source)

38%

43



added carbon, or a combination of the two?  This is a question we are still considering.t.  Nutrition is 
certainly improved with manure application since the original source of the manure was plant 
material we are applying all of the same nutrients required for plant growth back to the soil.  This 
would include not only the macronutrients but also all micronutrients.  A manuscript currently being 
written analyzes the plant nutrient content with respect to these treatments. 

There does appear to be some effect on soil water dynamics as well.  Infiltration 
measurements were taken in 2012 after four crops and the results were mixed.  The variability was 
high making it difficult to interpret the data.  Further measurements need to be taken including 
infiltration, possibly by another method, and canopy temperatures to further understand why manure 
applications have had such a large impact on grain yields. 
 

 
 
 
 
CONCLUSIONS:  Manure application to eroded soils in this study significantly improved crop 
yields.  The site used was a highly eroded side slope field typical to many in the western Great Plains 
region. This study has shown an increase in grain yields of nearly 36% with manure application 
compared to chemical N fertilizer.  With regard to the method of incorporation, no incorporation (no-
till) and sweep incorporation provided the best results and produced similar yields.  Using a 
moldboard plow/chisel to incorporate the manure negatively affected yields.  Yields with moldboard 
plow incorporation were 30% lower than yields with no manure incorporation.  This was primarily 
due to the destructive nature of moldboard/chisel tillage on soil structure resulting in poor emergence 
and likely poor infiltration. 

2007
(Millet)

2009
(Wheat)

2010
(Millet)

2011
(Corn)

2013
(Wheat)

2014
(Corn)

2015
(Millet)

2016 
(Corn) Mean

Fertilizer 32 34 74 43 23 90 45 75 53
No F or M 30 34 65 31 25 71 37 51 45
Manure 44 38 92 62 31 135 69 104 73
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Figure 2.  Grain Yields by Fertilizer Source 
(Averaged Across No-Till and Sweep Treatments)

38%
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CANOLA ROTATION STUDY UPDATE 
M.F. Vigil, D.J. Poss 

 
PROBLEM:  Canola studies have been conducted at the Central Great Plains Research Station 
for many years.  These studies primarily examined canola establishment variety screening and N 
rates for canola.  In 2012 we established a study to evaluate the effect different crops preceding 
canola have on stand establishment and yield and the effect canola has on wheat following canola 
verses wheat following fallow. 
 
APPROACH:  A study was established in spring 2011 to compare two possible crop rotations 
containing canola.  The two rotations are: Wheat-Corn-Millet-Canola (WCoMCa) and Wheat-
Canola-Corn-Fallow (WCaCoF).  Since this study followed an existing study every effort was 
made to match the new rotations with the old with regard to cropping history and to have the 
harvest treatment from the previous study be distributed evenly across each of the new rotations.   

Our primary focus of this study are yields, however measurements such as soil water and 
soil N at planting and harvest are also being taken.  We will also measure the total N of the grain 
samples and the oil content of the canola.   
 
RESULTS:  The 2016 crop was the fifth crop from the study.  The results are now more a 
reflection of the current treatments compared to, in the past, the results were tainted due to the 
treatments from the previous study.   
 Yields in 2016 were excellent for wheat, poor for canola, and good for corn and millet.  
Wheat planting conditions in fall 2015 were poor, however starting the middle of October 
precipitation was mostly above average through July.  The period November 2015 through June 
2016 precipitation was 55% above the long-term mean.  Due to this above average precipitation 
wheat yields were exceptional.  There was a 13 bu/ac advantage for the rotation in which wheat 
follow fallow (65.9 bu/ac) compared to following canola (52.3 bu/ac).   
 One would expect canola yields to be decent as well, however for reasons unrelated to 
weather, canola yields were poor.  First, stand establishment was poor, especially in the rotation 
where canola follows wheat.  The 2015 wheat crop yields were also high resulting in high levels 
of crop residue, making it difficult for the canola to emerge through.  The stands in the canola 
following millet were much better which is reflected in the yield of 389 lb/ac vs. 112 lb/ac.  The 
second issue with canola yields was loss at harvest.  Based on our experience the last two years 
with direct harvest vs. swathing first, we decided to direct harvest the canola instead of swathing 
first.  Due to the continued rains in July the canola continued to produce a few new pods keeping 
it too green to harvest even though the earlier maturing pods were mature and shattering.  Similar 
to harvesting millet, direct harvest is possible some, maybe even most years  However the years 
in which you have significant losses, like we did this year, makes it not worth taking the risk. 
 Corn and millet yields were good since there was excellent starting soil water and 
precipitation continued to be above average through July.  Corn yields following canola were less 
than following wheat by nearly 20 bu/ac.   

A rough economic analysis was performed.  Due to the drought in 2012 the analysis was 
performed using all years and also all years except 2012.  For this analysis current prices were 
used and custom rates, published by Colorado State University, were used for the direct costs.  A 
third rotation was added to the analysis, Wheat-Corn-Millet-Fallow.  The yields and costs for this 
rotation were taken from the other rotation keeping the previous crop the same in all cases.  For 
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example for wheat yield we used the wheat yield from the WCaCoF rotation since wheat follows 
fallow in that rotation. 

 
Table 1.  Grain Yield from Canola Rotation Study in 2012-2016.  

        

 
WCaCoF WCMCa 

Year Wheat Canola Corn Wheat Corn Millet Canola 

 
bu/ac lb/ac bu/ac bu/ac bu/ac bu/ac lb/ac 

2012 32.5 0 9.1 21.6 17.2 4.7 0 
2013 19.3 52 51.7 6.2 52.4 71.8 10 
2014 52.4 1044 82.2 46.4 75.5 42.6 679 

2015 53.9 1404 32.1(hail) 40.7 30.4(hail) 6.3(hail) 1383 

2016 65.9 112 59.5 52.3 78.7 44.2 389 

MEAN 44.8 522 46.9 33.4 50.8 33.9 492 
 
Return to land and capital showed a net loss for the rotations containing canola, even 

when 2012 was removed from the analysis (Table 2).  Removing the year 2012 from the analysis 
did improve returns by $15 to $19 per acre, but the return was still negative.  The returns for the 
WCoMF rotation were negative when the year 2012 was included but a profit of $11.54 when it 
was included. 
 

Table 2.  Return to Land & Capital for the 2012 – 2016 and 2013 – 2016 
time periods. 
Years WCaCoF WCoMCa WCoMF* 
2012-2016 $-22.85 $-21.35 $-12.04 
2013-2016 $-7.39 $-2.15 $11.54 
*Hypothetical rotation.  Yields taken from select crop sequences of the 
other two rotations. 

 
 
FUTURE PLANS:  We plan to continue this study examining how canola can fit into our 
systems.  Even though the WCaCoF rotation had the best yields, is it better economically?  This is 
a question we plan to answer within the next few years.  The millet crop yields in the WCoMCa 
rotation has had better yields and may offset the higher yield from the other crops in the WCaCoF 
rotation.  It would be best to evaluate this after at least four years of data, since the residual affect 
of the previous study can last for several years.  Also, after four years, both rotations would have 
completed a complete cycle. 
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Winter Annual Forage Variety Trial 
M.F. Vigil, D.J. Poss 

 
PROBLEM:  While there is a vast amount of information available about varieties or hybrids of 
major field crops there is very limited information about winter annual forage varieties.  From 
personal conversations with producers we have found that when a decision is made to plant 
triticale or other winter annual forages, most producers call a seed dealer and purchase the variety 
they carry.  Also, most seed dealers carry only one variety and often that variety is ‘VNS’ 
(Variety Not Stated) seed.  For the benefit of producers in the Great Plains area that grow triticale 
and other annual forages, an unbiased replicated study of available varieties is needed. 
 
APPROACH: Calls were made to seed dealers in the area who sold triticale seed.  Only three 
triticale varieties and one forage wheat variety was found from contacted dealers ranging from 
Greeley, CO to Burlington, CO.  A call was also made to University of Nebraska’s breeding 
program, which provided ten varieties from their program.  Some of these varieties have been in 
production for over fifteen years, while others have not been released yet. 
 A trial was established in fall 2015 containing fourteen varieties and four replicates in a 
randomized complete block design.  The seeding rate was 60 lbs seed per acre.  Urea fertilizer 
was applied prior to planting also at 60 lbs per ac.  The study was planted with a cone drill with 
plots measuring six feet wide by 30 feet long. 
 Due to planter issues resulting in blank rows, the plots were hand harvested from one row 
(7 ½” spacing), one meter long from rows that did not have a blank row adjacent to them.  The 
triticale was clipped leaving six inches of stubble, dried in an oven, then weighed.  The primary 
harvest was on 10 June when most of the plants were at early anthesis.  Since a few varieties were 
significantly later maturity at this date a second harvest was conducted on 16 June of the later 
maturing varieties along with a few earlier maturing varieties. 
 Forage samples were sent in for analysis to determine the quality of the hay between 
varieties and with respect to date on selected varieties 
 

The first harvest was conducted on 10 June of all varieties and the maturity of the varieties 
varied greatly on this date from early boot to early anthesis (Table 1).  Yields also varied greatly 
from 4,783 lb/ac to 9,094 lb/ac.  The yields were related to maturity with all eight varieties, which 
were at anthesis having yields within 1,000 lbs of each other.   

Due to some of the varieties being later maturing a second sample was taken six days later 
of the later maturing and some selected earlier maturing varieties (Table 2).  Weather conditions 
must have been near ideal for triticale growth during this time period since the increase in yield 
for a six-day period was phenomenal.  There was one precipitation event on 13 June of 0.96 
inches.  Temperatures were good averaging 87.8 deg. F for the high and 56.2 deg. F for the low 
during this time period.  For all seven varieties sampled on both dates there was an increase of 
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2,700 lbs/ac from 7,100 lbs to 9,800 lb per acre.  If one separates out the varieties that had not 
reached anthesis by the first sampling date of 10 June there was an even larger increase in yield.  
The average increase in yield for those four varieties was 3,500 lbs/ac over this six-day period. 
 All samples were analyzed for forage quality and for this paper we will report protein and 
Relative Forage Quality.  Protein levels were good which averaged 12.9% for the 10 June harvest 
date.  The Willow Creek wheat protein levels were significantly higher than any of the triticale 
protein, however its maturity also lagged way behind.  At the second sampling date the Willow 
Creek wheat’s protein level had fallen off as it matured, but was still 14.5%, which is quite 
remarkable since its yield on that date was nearly 9,000 lbs/ac.  This forage wheat variety had 
finer leaves and a much finer stem than any of the triticale varieties.   
 
 
 

Table 1.  Winter Annual Forage Variety Trial at Central Great Plains Research Station at 
Akron, CO on 10 June 2016.  
  

     
  

Variety Growth Stage Yield Protein RFQ** 
   lb/ac %   
NT11406 Early anthesis 9,094 ab* 13.4 bcd 133.0 bcde 
NT11428 Early anthesis 8,879 ab 12.3 cde 132.3 dce 
NT05421 Early anthesis 8,706 ab 11.9 de 126.3 ef 
NT01451 Early anthesis 8,698 ab 13.7 bc 141.8 ab 
Syngenta 718 Early anthesis 8,405 abc 11.8 de 120.5 f 
NT07403 Early anthesis 8,208 abc 11.7 de 127.8 def 
NT094231 Early anthesis 8,075 abc 13.3 bcd 137.5 bcd 
NT06422 Early anthesis 8,071 abc 11.7 de 124.5 ef 
NE422T 1/2 Inflorescence emerged 7,408 bc 11.5 de 131.0 dce 
Pika 3/4 Inflorescence emerged 7,047 bc 12.5 cde 133.5 bcde 
NE426GT Early anthesis 6,993 bc 14.0 bc 142.0 ab 
NE441T Inflorescence emerged 6,587 bc 12.0 de 129.8 dce 
Presto Early anthesis 6,392 bc 13.2 bcd 138.5 bc 
Willow Creek 
Wheat Early boot 4,783 c 17.7 a 148.3 a 

MEAN  7,667 bu/ac 12.9 % 133.3  
*Means followed by the same letter are not statistically different at the 0.10 alpha level using SNK 
mean separation. 
**RFQ = Relative Feed Quality  
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Table 2.  Winter Annual Forage Variety Trial at the Central Great Plains Research Station at 
Akron, CO in 2016. 

Variety Growth Stage Yield Protein RFQ* 
  

  
lb/ac % 

  NE422T 10-Jun 1/2 Inflorescence emerged 7,408  11.5  131.0  
NE422T 16-Jun Early anthesis 10,376  11.2  111.7  
NE441T 10-Jun Inflorescence emerged 6,587  12.0  129.8  
NE441T 16-Jun mid anthesis 10,308  9.6  107.8  
NT11406 10-Jun Early anthesis 9,094  13.4  133.0  
NT11406 16-Jun Anthesis complete 11,730  11.8  132.0  
Pika 10-Jun 3/4 Inflorescence emerged 7,047  12.5  133.5  
Pika 16-Jun Early anthesis 10,337  9.7  102.8  
Presto 10-Jun Early anthesis 6,392  13.2  138.5  
Presto 16-Jun Anthesis complete 7,904  11.0  133.0  
Syngenta 718 10-Jun Early anthesis 8,405  11.8  120.5  
Syngenta 718 16-Jun Anthesis complete 9,134  10.0  113.0  
Willow Creek Wheat 10-Jun Early boot 4,783  17.7  148.3  
Willow Creek Wheat 16-Jun Flag leaf sheath opening 8,848  14.5  136.8  
 *RFQ = Relative Feed Quality 

       

 

FUTURE PLANS:  This trial with six additional entries consisting of winter forage rye was 
planted in fall 2016.  The plots were fifteen feet wide instead of six feet to allow for three harvests 
for all varieties including two forage harvest dates and one grain harvest.  We hope to have 
analysis on all varieties from both harvest dates to get a good estimate on forage quality with 
respect to crop development stage. 
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ANOTHER LOOK AT N RATES FOR WINTER WHEAT 
Vigil M.F., D. J. Poss, D.C. Nielsen and Jay Goos  

 
PROBLEM: Economic optimum nitrogen (N) rates (EONR) are highly dependent on weather, 
residual soil N, native soil organic matter and management. And therefore can vary greatly from 
one year and location to the next. With multiple years of N rate response for winter wheat across 
several Colorado counties we have enough data that we should be able to use the concept of 
“collective intelligence” to come up with a reasonable way to summarize the variability in EONR 
with weather and residual soil N at planting time. 
  
APPROACH:  Winter wheat N response equations are compared from 30 N rate studies (30 
site-years of data). Sixteen were conducted here at the research station and 14 come from several 
other eastern Colorado counties. We were amazed at how well the data from the other locations 
matches the data collected here at the station given that weather, soils, cultivars and management 
were not uniform from the different locations.  

The soil at each of the 30 site-years was sampled to 4 feet for pre-plant inorganic N 
(nitrates and ammonium). Fertilizer N was top-dressed in broadcast applications at incremental 
N rates of 0, 30, 60, and 90 lbs of N/acre as dry urea (46-0-0); or as ammonium nitrate, (34-0-0). 
All experiments were replicated 4 times and so the data is coming from 480 plots. For the studies 
done here at the CGPRS we fertilized the wheat with a phosphorous (P) rate of 15-20 lbs of P as 
P2O5 placed with the seed. Most years we used di-ammonium phosphate DAP (11-52-0) or 
ammonium polyphosphate (10-34-0). The other 14 locations had similar P applications. Grain 
yields were collected and quadratic N response equations were fit to the yield data as a function 
of N rate and pre-plant available nitrate-N from the top 2 feet of the soil profile. We then used 
the “delta yield concept” (Kachinoski (2009) to pull all of the N rate data into a single 
relationship (fig 1). That math manipulation of the data made it easier to look at all of the data in 
one graph to summarize all of the response equations.  
 
RESULTS:  All 30 site years of data fit fairly well onto a single EONR Delta yield curve (Fig 
1). Residual nitrate for the 30 site-years in the top 2 feet of the soil profile ranged from 19.6 to 
72.3 lbs per acre. The EONR calculated for all 30 site years ranged from 0 in drought years and 
with sites that had high residual nitrates to ~130 lbs of nitrogen required. The higher N rates 
tended to be associated with low residual nitrates and good moisture the preceding year or 
adequate to wet growing season conditions. The high EONR tended also be associated with years 
that had a lower probability of occurring.  The EONR rates calculated were linked to both 
residual nitrates, growing season precipitation and root zone available water at planting time. 
 
FUTURE PLANS: The effort to sort out the predictive relationships between EONR magnitude 
and available water at planting time, growing season precipitation, and residual inorganic nitrates 
is ongoing. We hope to summarize the data more adequately here in the next few months. 
 
 
For more information see the following publication which outlines the procedures and math used 
to generate the delta yield graph presented here. 
 
R.G. Kachinoski . 2009. Crop response to nitrogen fertilizer the delta yield concept. Canadian Journal of soil 

Science 89:543-554. 
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Figure 1. Economic optimum N rates for 30 different N rate studies with winter wheat. The 
EONR values are plotted on the vertical axis (Y axis) and the delta yields are plotted on the 
horizontal or x axis. Delta yield is the difference in yield from the zero N rate and the economic 
optimum N rate. The values in red are the probabilities of receiving a given amount of growing 
season moisture plus pre-plant available water stored from the previous year’s fallow season. 
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TRITICALE FORAGE ECONOMIC OPTIMUM N RATES UPDATE 
Vigil M.F., D. J. Poss  

 
PROBLEM: Many dryland farmers in the region are also cattle producers and are looking for a 
competitive cool season forage to serve as an alternative to the standard warm season forages 
sorghum-hay-grazer and forage millet. Winter Triticale is one option that fits nicely into current 
dryland cropping systems because it finishes early in the summer making it easier to get back to 
winter wheat. We have found winter triticale highly responsive to N fertilizer and well suited to 
our climate, soils and wheat based cropping systems. The problem has been that there isn’t any 
published research on economic N requirements for this crop in semi-arid regions of the country. 
Up until this report and our own published work no peer reviewed published literature is available 
for the economic N response of this crop. In this project we present tables and a summary of 
economic N rate relationships for winter triticale grown under dryland conditions at the research 
station from 4 site-years of data. 
 
APPROACH: Winter Triticale (cultivar NE422T) was planted in mid-September to early 
October at a seeding rate of 60 lbs of seed per acre in 1994, 2006, 2008 and 2009. The cultivar 
NE422T was the best yielding cultivar of several others tested in replicated field trials. Presto, 
Boreal, Windrift, NE422T and Pika were in the top half of the varieties tested. The cultivar that 
had the second highest 2-year average yield after NE422T was Presto. Both winter and spring 
varieties are available; however the winter varieties in our studies have outperformed the spring 
varieties.  For example, in 2009 we had both a winter variety trial and a spring variety trial.  The 
best winter variety yield was 2.8 tons/acre compared to the best spring variety yield of 1.7 
tons/acre.  Likewise, the average yield across all varieties was 2.5 tons/acre for the winter 
triticale varieties and just 1.5 tons/acre for the spring triticale varieties.  

The soil at each site, each year of the study was sampled to 4 feet for pre-plant inorganic 
N (nitrates and ammonium). Fertilizer N was top-dressed in a broadcast application at 
incremental N rates of  0, 20, 30, 60, 80, 90 and 120 lbs of N /acre as dry urea (46-0-0); or as 
ammonium nitrate, (34-0-0). At planting time we fertilized the triticale with a P rate of 15-20 lbs 
of P as P2O5 placed with the seed. We used diammonium phosphate (DAP, 11-52-0) or 
ammonium poly-phosphate (10-34-0). Triticale was direct seeded no-till into wheat or millet 
stubble. Hay yields were collected just as the heads were emerging from the boot. And yield N 
response equations were fitted to the collected yield data based on applied N plus residual N 
found in the top 2 feet of the soil profile at planting time. The experiment was conducted over 
several years. Four years of data (1995, 2007, 2009, 2010) are summarized in the fitted equations 
presented here. 
 
RESULTS:  Forage yields, in wet years on dryland, have been as high as 8 dry tons per acre 
(16,000 lbs/acre). Most years yields have averaged around 3-4 tons per acre (7000 lbs/acre). In 
this study the yields ranged between 1590 lbs/acre (2009 at the 0 N rate) to 13,000 lbs/acre in 
1995 at the 90 kg/ha N rate (80lbs of N per acre is equivalent to 90 kg of N/ha) (Table 1). In all 
cases we had a decent N response that tended to peak near the Maximum N applied (Fig 1 and 
Table 1). The regression equation fitted to the 4 years of data (given in figure one) was used to 
generate the economic N rates presented in tables 2 and 3.   

To use the economic optimum N rate tables (EONR tables 2 and 3) we assume that a 
farmer has pulled a soil sample. The sample has been analyzed for lbs of nitrate-N available in 
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the top 2 feet of the soil profile. It is best if the soil sample is pulled in the fall just before 
planting the crop. If in that analysis the farmer finds 10 lbs of available N in the top two feet of 
his soil profile and is confident (based on soil profile moisture) that he/she will grow a triticale 
forage crop of 1 ton per acre, the farmer can then use these tables to help decide on a reasonable 
N rate. 
 
Table 1. Forage yield, tissue N, N uptake and preplant nitrate-N (top 60 cm of soil) the years the study was 
conducted. To convert values to lbs/acre multiply all values by 0.8922. For example in 1995 the 4431 kg/ha is equal 
to 3953 lbs/acre. 

   
--------------------- 1995 -------------------   ---------------------- 2007 ------------------- 

 
N rate 

Preplant 
nitrate-N 

Forage 
yield† 

N 
uptake 

   
N rate 

Preplant 
nitrate-N 

Forage 
yield 

N 
uptake 

 
Tissue N 

       
--------------- Kg ha-1 --------------- - % -  --------------- Kg ha-1 --------------- - % - 

0 14.7 4431 38.6 0.871  0 58.2 5188 64.8 1.198 
22 13.0 5595 42.2 0.755  34 58.2 5420 68.0 1.242 
45 25.1 10849 83.9 0.773  67 58.2 6662 84.9 1.268 
67 38.6 11943 122.2 1.023  101 58.2 6976 105.9 1.534 
90 55.7 14608 187.3 1.282  135 58.2 6381 92.0 1.449 

135 107.3 10569 161.6 1.529       
           

P>F 0.0001 .0010 .0002 .0001   -- 0.2854 0.0843 0.0323 
           

--------------------- 2009 ---------------------   --------------------- 2010 -------------------- 
 

N rate 
Preplant 
nitrate-N 

Forage 
yield 

N 
uptake 

 
Tissue N 

  
N rate 

Preplant 
nitrate-N 

Forage 
yield 

N 
uptake 

 
Tissue N 

--------------- Kg ha-1 --------------- - % -  --------------- Kg ha-1 --------------- - % - 
0 9.7 1784 17.6 1.015  0 69.7 5126 60.8 1.186 

34 9.7 3074 27.6 0.890  34 69.7 5934 73.1 1.233 
67 9.7 4421 39.3 0.894  67 69.7 6570 96.4 1.445 

101 9.7 5000 50.2 1.024  101 69.7 6743 104.8 1.554 
135 9.7 5139 59.8 1.191  135 69.7 7184 110.5 1.539 

           
P>F -- .0001 .0002 0085   -- .0001 .0002 .0085 

           
†  Forage yield at 12.5% moisture. 
 
 
 
Because N currently is costing  only about $0.50 per lb of actual N and if a neighbor has agreed 
to buy the hay at $80/ton, table 2 indicates that this farmer will need about 70 lbs of N (actually 
60 could be applied, because the soil test showed 10 found as residual N in the soil and 70-10 = 
60). 
 
An analysis of the data in the two tables indicate that as N costs go down, and hay prices and 
expected hay yields go up that a farmer can justify putting on more N fertilizer and still make 
money from that investment in fertilizer. If hay prices drop, and N cost increases less N is 
recommended. Also, with a low yield potential, as in dry years, optimal N rates tend to decrease.  
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Figure 1. Triticale hay yields as a function of total N available (N applied as fertilizer, plus nitrate-N in 
the top 2 feet of the soil profile: the top graph (a) Triticale hay yields for each year the study was 
conducted versus total available N; the symbols are the mean of four replications and the line is the fitted 
regression equation on actual yield. The bottom graph (b) all four years of data normalized, relative to the 
maximum yield measured each year, the symbols are the normalized means of four replications and the 
line in each figure is the fitted regression equation of relative yield on total available N. 
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Table 2. The economic optimum N rates (EONR) for fertilizing dryland winter triticale hay in low 
yielding years (dry years), average years and wet years, when N cost 0.50 per lb of actual N. The 
table takes into account the residual N in the top 2 feet of the soil profile. The yields are in English 
tons per acre. 
 Triticale Hay 

yield 
$60/ton 

 
$80/ton 

 
$100/ton 

 
$120/ton 

 
$140/ton 

 
 Tons/acre EONR 

(lbs N/acre) 
EONR 

(lbs N/acre) 
EONR 

(lbs N/acre) 
EONR 

(lbs N/acre) 
EONR 

(lbs N/acre) 
Dry years 0.50 0 0 30 50 70 

 0.75 10 50 70 90 100 
 1.00 50 70 90 100 110 
 1.50 80 100 110 120 130 

Ave years 2.00 100 120 120 130 130 
 2.50 110 120 130 140 140 
 3.00 120 130 140 140 140 
 3.50 130 130 140 140 150 

Wet years 4.00 130 140 140 140 150 
 5.00 140 140 150 150 150 
 6.00 140 140 150 150 150 

 
 
 
 
Table 3. This is the same table as the above table (Table 2) but adjusted for an increase in N cost to 
0.75 per lb of actual N. The table takes into account the residual N in the top 2 feet of the soil profile 
 Triticale Hay 

yield 
$60/ton 

 
$80/ton 

 
$100/ton 

 
$120/ton 

 
$140/ton 

 
 Tons/acre EONR 

(lbs N/acre) 
EONR 

(lbs N/acre) 
EONR 

(lbs N/acre) 
EONR 

(lbs N/acre) 
EONR 

(lbs N/acre) 
Dry years 0.50 0 0 0 20 40 

 0.75 0 0 30 50 70 
 1.00 0 40 60 80 90 
 1.50 40 70 90 100 110 

Ave years 2.00 70 90 110 120 120 
 2.50 90 110 120 120 130 
 3.00 100 120 130 130 140 
 3.50 110 130 130 130 140 

Wet years 4.00 120 130 130 140 140 
 5.00 120 130 140 140 140 
 6.00 130 140 140 140 150 

 
 
 
 
For more information see the following publication which outlines the procedures and math used 
to generate the economic optimum N rates presented here. 
 
Vigil, M.F., and D.J., Poss. 2016. N response of no-till dryland winter triticale forage. Communications in Soil 

Science and Plant Analysis. Vol 47, No 9, 1117-1127. 
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MANAGING SUMMER CROP YIELD VARIABILITY IN THE GREAT PLAINS 
REGION 

M.F. Vigil, D.J. Poss 
 

PROBLEM:  Dryland corn has been a key crop in many producers’ cropping sequence the last 
25 years.  The number of dryland corn acres has varied from year to year due to precipitation 
patterns and grain prices.  Corn yields vary tremendously due to variability in precipitation 
patterns.  Grain sorghum has been grown in the Great Plains region with some success and may 
have less yield variability caused by precipitation patterns.  Also, skip row planting (a change in 
row configuration) of corn has been shown to reduce the year-to-year variability of dryland corn 
yields.  Since precipitation in the Great Plains region will always be variable, utilizing the 
summer crop and row configuration combination that best minimizes yield variability would be 
advantageous to producers. 
 
APPROACH:  A study was established in 2015 to evaluate grain yield variability of corn and 
sorghum, each under conventional (30” row spacing) and plant 1 skip 1 (60” row spacing) row 
configurations.  Two hybrids for each crop were selected and all crop/row configuration 
combinations were planted to each hybrid.  Soil water was measured at planting and harvest to 
evaluate soil water depletion in the row and between the rows for each treatment combination. 
 
RESULTS:  In 2015 a devastating hail caused significant damage to both the corn and sorghum 
crops.  The details of the yield in 2015 can be found in the 2015 annual report. 

 Precipitation in 2016 was very good through July then below average starting in August.  
All yields were excellent with average yields of 104.9 and 81.4 bu/ac for corn and sorghum, 
respectively (Table 1).   

All corn yields were 
significantly higher than any of 
the sorghum yields, though not 
statistically different within a 
row configuration.  The Pioneer 
hybrid P0157 was higher 
yielding than the Dekalb DKC-
43-48 hybrid.  The same is also 
true for row configuration.  The 
yields for the conventionally 
planted corn were higher, 
though not always statistically 
greater than the skip row.  For 
sorghum, however there was not a significant difference with respect to hybrid, but there certainly 
was with respect to row configuration with yield with conventional planting having yields that 
were 16 bu/ac greater than skip row.  Considering that Skip Row planting is considered a drought 
mitigation technique, with precipitation levels like we had this year it is not a surprise to see 
higher yields with conventional 30” row spacing for these crops. 
 
FUTURE PLANS:  We will continue this study since results can very widely from year to year 
and since the hail influenced last year’s data. 

Table 1.  Grain yield by row configuration, crop, and variety in 2016. 

  
Conventional Skip Row Mean 

Corn --------------- bu/ac --------------- 

 
Dekalb DKC43-48 104.2 ab* 101.4 b 102.8 

 
Pioneer P0157 107.8 a 105.9 ab 106.9 

 
Mean 106.0 103.7 104.9 

    
 

Sorghum 
  

 

 
Dekalb DKS29-28 88.5 c 74.3 d 81.4 

 
Mycogen 1G557 90.8 c 71.8 d 81.3 

 
Mean 89.7 73.1 81.4 

*All values within the table followed by a different are statistically 
different at the 0.10 alpha level by SNK mean separation. 
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2016 HISTORICAL REPORT 
 
Events 

• The annual Customer Focus Meeting was held on 21 January 2016 
• Safety Assessment completed by WBSC and location safety team in March 2016 
• Plains Area Leadership Conference attended by Dr. Merle Vigil, Dr. Francisco Calderon, 

Sarah Bernhardt, and Amber Smith in April 2016 
• Facility Assessment completed by FMD personnel in April 2016 
• The annual Field Day was held on 15 June 2016 with attendance of approximately 115 
• The annual Tear Down the Walls Meeting was attended by Dr. Merle Vigil and Dr. 

Francisco Calderon in August 2016 
• The annual Sorghum Field Day was held on September 7th, 2016 
• Dr. Vigil and Dr. Calderon attended the CAWG meeting Dec , 2016 

 
Foreign Visitors to station 

• Dr. Vigil hosted a station visit of Russian and German farmers, 10 visitors total. The 
group was assembled by Dr. Tobias Meinel, who reached out to Dr. Merle Vigil to 
arrange the meeting in order to discuss both no-till and roation management. Visitors 
were from Siberia, Tajickistan and the Federal republic of Germany. Dr. Mikha, Dr. 
Benjamin also were present to answer questions and interact with the guests.

 
Changes to buildings and grounds 

• Irrigation system was updated and repaired and converted from diesel powered to all 
electric. 

• DS3 line was completed to improve the speed and capacity of the stations internet service 
connection 

• Phone upgrade contract was awarded – to be completed in 2017 
• Repairs of the air handling system on the Chemical storage building were completed 

2016. 
• The waste oil heating system for the shop was updated and replaced November 2016.  
• Air handling system for the main office building was repaired in 2016. 

 
New instrumentation and equipment 

• Solo AGCO edition drone for remote sensing and remote photography of field plots. 
Currently being tested and developed by Dr. David Nielsen’s and Cody Hardy. 

• Lachet Quickchem 8500 for Common Lab 
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• Minitrase Kit for Dr. David Nielsen’s team 
• GRAMS Software for Dr. Francisco Calderon 

 
Funding changes 

• Unit is on a Continuing Resolution, with no major funding changes scheduled for this 
fiscal year. 

 
Personnel changes 

• ARS summer students in 2016 were Brock Benson, LeAnna Clarkson, Lynzee 
Dorrenbaucher, Shelby Harms, Taylor Krause, Cameron Lyon, Jillian Shook, Lindsey 
Wagner, Jacob Williams, Morgan Woods, and Ivy Vance. CSU summer students were 
Kiara Guy and Kelsey Guy 

• TERM Employee Thomas DellaRocco resigned in Dec. 2015 and was hired by USDA – 
NRCS in his home state of New York. 

• Joseph Benjamin retired from USDA – ARS with 25 years of service  
• New IT technician positon planned and approved in 2016 to be filled in 2017 
• New Soil Scientist position planned and approved in 2017. To be filled after Oct 1, 2017. 

This position will be for a Soil scientist trained in spatial statistic, and precision farming 
research with an emphasis in variable rate methods for managing on a field-scape scale. 

 
Honors and awards 

• Dr. David Nielsen was co-author on the paper “Increasing the Accuracy and Automation 
of Fractional Vegetation Cover Estimation from Digital Photographs" (Remote Sens. 
8:474-487. doi:10.3390/rs8070474) which received the 2016 Principal’s Award for Best 
Research Publication for the Faculty of Science and Technology at the University of the 
West Indies-Mona, Jamaica. 

• Dr. Joseph Benjamin received a certificate and pin from USDA-ARS for his 25 years of 
federal service. 

 
International travel and significant invitations 

• Dr. Francisco Calderon was selected as a panel member for the peer review panel of the 
Bioenergy and Natural Resources Combined Panel of USDA, National Institute of Food 
and Agriculture (NIFA), Institute of Bioenergy, Climate and Environment (IBCE) in 
November 2016. 

• Dr. Francisco Calderon was selected to serve as the Acting Research Leader during Dr. 
Vigils 4 month detail in Fort Collins. 
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• Dr. Maysoon Mikha was invited to present “Soil Health and Management Practices in the 
Great Plains” for the CSU Crop clinic November 2017.  

• Dr. David Nielsen was invited to present at the Four Corners Agricultural Exposition on 
March 18, 2016 in Cortex, CO on efficient use of water in semi-arid dryland systems. 

• Dr. David Nielsen was invited to present “Future Dryland Cropping Systems Shifts for 
the US and Canadian Great Plains” Symposium on Global Semiarid Cropping Systems 
Adaptation to Climate Variability ASA-CSSA-SSSA International Meeting, 6-9 
November 2016 at Phoenix, Arizona. 

• Dr. David Nielsen was invited to present “Using Cropping Systems Models to Extend 
Field Research Results in Time and Space” Symposium on Honoring the Contributions of 
Laj Ahuja: ASA-CSSA-SSSA International Meeting, 6-9 November 2016 at Phoenix, 
Arizona. 

• Dr. Merle Vigil was invited to present at the 2017 NAICC Annual Meeting and AG Pro 
Expo, January.  The presentation was titled, “The Water Use Cost of Cover Crops on 
Dryland in the Semi-Arid West.” 

• Dr. Vigil. Was invited to give a Guest lecture for the Department of Soil and Crop 
Sciences (Soil Management Class) on “No-till Rotation Managing and Storing 
Precipitation for Crop Growth”, Colorado State University. Dec 5th, 2016. 

• Dr. Vigil was asked to serve as the acting Research Leader for the Water Management 
and Systems Research Unit. April-August 2016. A four month detail in Fort Collins, CO. 

• Dr. Vigil was invited by NPL and attended the Grand Challenge ARS planning meeting 
in Beltsville Maryland. April 2016. 
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PUBLICATIONS 
 
Published 
 
Calderón F.J., Nielsen, D., Acosta Martinez, V., Vigil, M.F. and Lyon, D. 2016. Cover Crop and 
Irrigation Effects on Soil Microbial Communities and Enzymes in Semiarid Agroecosystems of 
the Central Great Plains of North America. Pedosphere 26(2):192–205, doi:10.1016/S1002-
0160(15)60034-0 
 
Coy, A.D., D.R. Rankine, M.A. Taylor, D.C. Nielsen, J.E. Cohen. 2016. Increasing the accuracy 
and automation of fractional vegetation cover estimation from digital photographs. Remote 
Sensing 8:474-487. doi:10.3390/rs8070474 
 
Haddix M., F.J. Calderón, K. Magrini-Bair, R. Conant, E. A. Paul. R. Evans, and S. Morris. 
2016. Progressing Towards More Quantitative Analytical Pyrolysis of Soil Organic Matter Using 
Molecular Beam Mass Spectroscopy of Whole Soils and Added Standards. Geoderma. 283: 88–
100. 
 
Margenot A.J., Calderón F.J., Goyne K.W., Mukome F.N.D and Parikh S.J. (2017) IR 
Spectroscopy, Soil Analysis Applications. In: Lindon, J.C., Tranter, G.E., and Koppenaal, D.W. 
(eds.) The Encyclopedia of Spectroscopy and Spectrometry, 3rd edition vol. 2, pp. 448-454. 
Oxford: Academic Press. 
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Nielsen, D.C., D.J. Lyon, and J.J. Miceli-Garcia. 2017. Replacing fallow with forage triticale in a 
dryland wheat-corn-fallow rotation may increase profitability. Field Crops Res. 203:227-237. 
doi:10.1016/j.fcr.2016.12.005 
 
Schneekloth, J., Calderon, F.J. and Nielsen, D. 2016. Impact of residue management on irrigated 
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