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Summary 
NW07505 excelled for the trait of “nitrogen use efficiency for bread quality.”  NW07505 
ranked with Lyman as the highest yielding cultivar, had a large gain in soil total N, was 
moderately low in soil mineral N depletion per bushel, and excelled for bread baking 
quality at the lowest protein content level.  This distinction comes with a tradeoff:  The 
high bread quality of NW07505 appeared to result from high Short Yield and a 
consequently low Flour Yield, which were consistent traits for NW07505 across years.  
This report should stimulate interest among farmers and bakers for the anticipated release 
of NW07505 on the market, while raising some concerns among millers about the low 
milling yield.  NE06607 emerged as a star performer in this 3 year study, and must be 
resurrected as a potential cultivar for organic production.  This is a welcome 
development, as NE06607 showed promise for its low DON vomitoxin content in trials in 
Vermont.  On the other hand, NE07444, which had appeared to be a top performing line 
with excellent quality at low protein content, performed near the bottom of this set, next 
to our confirmed marginal bread quality cultivar, Overland. 
 
Compost application in the spring and planting wheat after a previous crop of alfalfa were 
investigated as methods to increase wheat grain protein content to capture a higher value 
market.  A minimal compost application (20 lbs total N per acre) at planting time 
revealed a significant increase in protein content only after soybeans (without an impact 
on yield) and only in the third year of this study in which the planting date was a month 
later after soybeans than after alfalfa.  In the second year of this study, in which the date 
of winter wheat planting was the same for both systems, wheat grain yield after alfalfa 
was double that of wheat after soybeans without an impact on protein content.  Wheat 
grain yield was higher after alfalfa than after soybeans both years, indicating that date of 
planting was not entirely responsible for the yield disparity between the two systems.  
 
There were no significance differences among cultivars, previous crops or compost 
treatments for mineral N depletion.  Economic calculations (not completed) would be 
based on the balance between N that was removed from the system in the grain (ie the 
protein yield) and the gain or loss in total N.  Since variation could not be detected for 
total N between production systems, an economic analysis would be meaningless.  
However, there was a significant gain in Total N (1000 lbs./acre) in the soybean system 
where grain yields were quite low, indicating that nitrogen that was not used by the wheat 
crop was added to the Total N rather than being lost. 
 
Selection for bread quality would be simplified greatly if reduction flour (RF) 
mixographs could be used to predict bread quality for stoneground flour (SGF) and 
reconstituted whole flour (WF) as well as RF, or to predict sourdough baking 
performance.  Wheat flour and dough characteristics were examined in each system to 
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find parameters that could be used for early generation selection for RF and WF bread 
quality among experimental wheat lines. Milling and dough characteristics were 
discovered that could predict RF and WF straight dough bread baking performance.  The 
most significant predictors of excellent RF Bread Quality, along with single kernel 
weight (SKWT), were long dough mix time (DMT) and short dough proof time (DPT) 
explaining 51% of the variation in RF bread quality.  A long DMT strongly contributed to 
improved RF bread score despite its negative correlation with specific loaf volume and 
exterior score.  A long DPT was even more detrimental (negatively correlated) to WF 
bread performance than to RF bread performance.   
 
Mixograph tests were performed on wheat cultivars from each environment (wheat after 
soybeans and wheat after alfalfa for two years (see table below).  The search for quality 
characteristics that vary minimally with the environment singled out RFMRV (midline 
right value) as the only variable that was significantly different among cultivars without 
interactions with the environment.  Comparisons of mixograph data with dough mixing 
and baking performance showed RFMTI, RFMTW and RFMRV to be highly correlated 
with protein content.  It appears that these traits contribute to the variation in bread 
baking well beyond their association with protein content.  Because of interactions with 
the environment, RFMTI, RFMTW can only be used to predict RF bread performance 
when tested over contrasting environments and require statistical analysis using protein 
as a covariate.  Breeders can use RFMRV as a predictor for RF bread quality if protein 
content is controlled as a covariate regardless of the sample environment.   
 
Reflecting on artisan baking tests using stone ground flour in 2012, RFMPT (midline 
peak time), RFMTI (midline tail integral), RFMTW (midline tail width) and RFDPT 
were significantly correlated with sourdough bread score. These variables fluctuated 
depending on the previous crop, but were still significantly correlated with sourdough 
score after controlling for ALFPCT (the percent of wheat grain from the alfalfa field), as 
a partial correlate.  Despite variability in stoneground flour sourdough bread scores 
among artisan baker participants, two properties, stoneground flour ash (positive 
correlation) and RFDPT (negative correlation) explained 22% of the overall sourdough 
bread score independently of protein content. Bakers may consider sourcing stoneground 
flour with higher ash content to obtain better sourdough bread performance.  Breeders 
may consider selecting for lower RFDPT as well as higher whole milled flour ash content 
when selecting lines for sourdough baking.  
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Objectives	
By providing farmers and bakers with knowledge of a protein content threshold for 
specific wheat cultivars and the means to reach this threshold for improved cultivars, the 
broad goal was to insure the successful release of improved wheat cultivars to seed 
growers and farmers and to increase the appeal of having wheat in the organic rotation. 
 
Wheat nitrogen use field experiments were conducted: 1) to determine whether the 
combination of change in cropping systems and cultivar choice would deplete N for the 
subsequent crop and; 2) to demonstrate and provide information for agronomic practices 
that will enable organic producers to optimize their systems for selected wheat cultivars 
to meet a protein content threshold. 
 
Quality analyses of grain harvested from the different cropping system and cultivar 
combinations were performed: 1) to determine the protein threshold for good baking 
quality for selected wheat cultivars; and 2) to identify quality test output that can be used 
to identify cultivars that meet baker requirements for whole-wheat bread. 

Overview	of	Activities	 	
Organic farmers who advise the University of Nebraska-Lincoln (UNL) Organic 
Working Group emphasize low protein content as a perennial problem in organic wheat 
production in Nebraska and have asked researchers to address this issue. Building on five 
years of winter wheat cultivar trials and N fertility experiments conducted on certified 
organic UNL experiment station land, we proposed a novel solution to the protein content 
problem. We investigated bread quality in relation to nitrogen use of 12 of our most 
promising experimental lines and released cultivars previously identified as having good 
end-use quality at lower protein content.  Previously, we identified two high-yielding 
low-protein winter wheat experimental lines with excellent bread-making quality that 
perform well in organic systems in Nebraska: NE07444 and NW07505 and two high 
protein experimental lines, NW03681 and NE08457, which appear to require the higher 
protein content to produce acceptable bread.  This is in contrast ‘Karl 92’, widely grown 
in organic systems because it normally has the highest protein content in organic cultivar 
trials and excellent bread quality.  McGill was chosen for its apparent requirement for 
higher nitrogen content to bake well.  Quality tests enabled us to discover the “protein 
content threshold” for each wheat line to make acceptable bread.  To address farming 
systems that are not adequate to produce sufficient protein for the chosen cultivar, we 
investigated three methods for improving the protein content: 1) change from a rotation 
that grows wheat after soybeans to growing wheat after alfalfa, 2) inter-seed tillage radish 
with the wheat to scavenge N and supply it to wheat in late spring, and 3) use a compost 
treatment immediately before planting wheat and tillage radish. We studied the N 
depletion in the new rotation (wheat after alfalfa) and compared it to the traditional 
rotation (wheat after soybeans) as a preliminary task for determining whether the 
proposed changes in cropping system may affect subsequent crops, with the intention of 
providing organic farmers with viable cultivar and cropping system options. 
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Wheat	Nitrogen	Use	Field	Experiments	

Activities for N-Use Field Experiments 
 N Experiments-Year 1 (2011 planting- 2012 harvest- 2013 processing) 
In 2011 twelve experimental lines which had shown positive protein responses to manure 
or top-dressing treatments in organic farming systems in Nebraska, were sown on 2400 
sq. ft. strips under conditions that would produce a wide range of protein contents, 
including environments after either soybeans (October 26) or alfalfa (September 23), and 
treatments with and without Chilean nitrate (applied at jointing stage in April 2012 to 100 
feet of every 400-foot plot after alfalfa only) and/or sheep manure (two years previous).  
The recently released hard red winter wheat cultivar, ‘McGill,’ was planted after alfalfa 
with the same fertility treatments as for the above experiment on two acres with a Great 
Plains no-till drill with additional treatments of radish in front of or behind the press 
wheel in four reps of randomized complete blocks. Radish vegetation cover index was 
measured on Nov. 11 using Greenseeker® spectral reflectance technology. Because of 
low (60%) emergence, due to poor quality McGill seed from our supplier and the 
subsequent infestation and growth of pennycress where the wheat stand was thin, the 
larger plots were abandoned and only small subplots (5 ft x 20 ft) were harvested in late 
June.  The adjacent wheat increases fared well, resulting in high yields of quality seed. 
   
 N Experiments-Year 2 (2012 planting- 2013 harvest- 2014 processing) 
Data from the first year, including the level of common bunt contamination, was used to 
select eight of the experimental lines to be accompanied by four cultivars chosen for the 
range in inherent protein content and known baking ability to optimize our understanding 
of nitrogen-use efficiency for these cultivar types.  Two of the bunt-susceptible lines, 
NE05425 (high protein content) and NE03490 (low protein content), were essential for 
this study.  Since the radish experiment was abandoned in the previous year, both radish 
and non-radish treatments were included in the field that followed alfalfa (strip 2). No 
radish plots were planted in the field that followed soybeans (strip 6) because radishes 
needed to be planted in August and could not be delayed until after soybean harvest. The 
nitrogen use experiment was thus conducted with three main treatments (wheat after 
alfalfa with or without a catch crop of tillage radishes and wheat after soybeans) and two 
soil fertility treatments (with or without compost at the rate of approximately 20 lbs. N 
per acre).  Wheat plots in the alfalfa and soybean fields were planted on October 3 and 
October 4, respectively.  Two types of compost (a high-N turkey manure compost and a 
stable humified compost), from Bio-Ag Solutions of Hershey NE, were prepared for 
spreading with a Barber screw-type spreader by mixing together, sifting and drying to 12 
% moisture. On the alfalfa strip, Nitro® Tillage radishes were planted with a Barber 
screw-type spreader at 4.65 pounds per acre on 8-31-12 shortly after a final disk 
incorporation of alfalfa.  Soil samples were collected at 2 or 3 cores per treatment*rep at 
0-8 inches and 8-24 inches immediately before applying compost on 10-3-12 with the 
Barber spreader at 1700 lbs./acre, followed by planting of wheat with a no-till drill.  
Similarly, a day later, compost was applied on the soybean strip (strip 2) at 1500 lbs./acre 
within hours after disking and culti-packing soybean residue, and before wheat was 
planted. Compost analysis revealed a 9.7:1 C:N ratio and that we had applied 18.7 lbs. 
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total N/acre on the alfalfa strip and 16.3 lbs. N/acre on the soybean strip. Wheat was 
harvested July 8 and 9 from both strips.  Soil cores were collected at 0-8 inches and 8-24 
inches by treatment*rep and by wheat entry.  Two cores were taken in each treatment*rep 
(for 2 reps of the soybean strip and 4 reps of the alfalfa strip) on July 25, and by wheat 
entry for each treatment on July 9 (the day after harvest) for the soybean strip (1 
core/plot, 3 reps composite) and July 25 for the alfalfa strip (1 core/plot, 2 reps 
composite). Ward Labs (Kearney NE) tested the soil for total N, nitrate-N and 
ammonium-N.  Grain protein content was measured on a Perten diode-array NIR.  
  
N Experiments-Year 3 (2013 planting- 2014 harvest- 2015 processing) 
A second year of experiments with 12 experimental wheat lines and cultivars was planted 
after alfalfa and after soybeans, with 3 compost-amended reps compost and 3 reps 
without compost.  Radishes were not planted because of the minimal radish treatment 
effect in the first year. Bunt spore balls were removed by hand from wheat before 
planting.  A stable humified compost with 7 lbs. total N per ton was obtained from Bio-
Ag Solutions of Hershey, NE.  On 9-25-13, a Toro 3200 gravel spreader was used to 
spread 21.9 lbs. total N per acre of the unmodified compost on fallow soil following 
alfalfa. One pass with the spreader was made also on the non-compost strip so that all 
plots had a similar pattern of wheel tracks before wheat was planted later that day.  Five 
weeks later soybeans were harvested after a hard frost desiccated weeds.  Compost was 
then applied onto fallowed, loose soil at 23.0 lbs. Total N per acre and incorporated. Two 
passes with the Toro spreader were also made on the non-compost strip so that both 
treatments had wheel tracks.  Wheat was planted on the soybean strip on the same day. 
Soil samples on the alfalfa field were taken as planned on eight grid areas at two cores 
per grid area at 0-8 and 8-24 inches, the day before spreading compost and planting 
wheat. The regime for sampling soil was later modified; yet, grid sampling data was 
retained to complement a small fraction of samples collected after harvest.  Because of 
the lack of homogeneity of soil N among blocs in the previous year of soil sampling, it 
was decided to sample by plot rather than by treatment both before wheat was actively 
growing in the spring, and again after wheat harvest at one depth.  Soil samples were 
collected from each plot (one core per plot) at 0-24 inches on March 28, 2014 and again 
immediately after wheat harvest. (Harvest was completed 7-18-14 where alfalfa was the 
previous crop and 7-22-14 where soybeans was the previous crop).  In each range after 
harvest, one random sample was taken at 0-8 inch and 8-24 inch depths to complement 
grid samples taken before planting wheat.  

Results for N-Use Field Experiments 
 N Experiments-Year 1 (2011 planting- 2012 harvest- 2013 processing) 
In the wheat/radish experiment at UNL’s South Central Ag Lab near Clay Center, 
emergence of radish evaluated on November 11 after two months of growth was very 
poor for both methods of seeding; direct seeding was a little better (statistically 
significant differences for Greenseeker vegetation index:  broadcast = .231, direct seeding 
= .248, no radish = .228; there was no interaction between seeding and manure 
treatments).  We cannot explain the poor emergence, since it rained soon after planting 
and germination tests on blotter in contact with soil from the field plots revealed nearly 
100% germination. Radishes only grew to about 3 inches of leaves and had very little 
root growth, which, according to other studies, is not enough to scavenge N.  Radishes 
froze in mid-December. The radish portion of this experiment was thus abandoned.  
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However, grain was harvested from small subplots for an unrelated anti-oxidant 
experiment. Chilean nitrate had been spread in plots that had manure two years 
previously.  NIR grain protein analyses for the 18 subplots revealed higher protein for 
higher nitrogen inputs:  13.4 % untreated, 13.9% previous manure, 14.6 % previous 
manure plus Chilean nitrate.  Wheat growth for increase strips was much better on field 7 
(after alfalfa, planted mid-September) than on field 3 (after soybeans, planted late 
October). The wheat stand in strip 7 was adequate to suppress winter annuals and growth 
was about 3 weeks ahead of normal development in the spring.  In strip 3, wheat started 
to germinate on November 11.  Good soil moisture and a mild winter enabled the wheat 
in strip 3 to survive and green up in the spring with an adequate stand. Heavy bunt 
infestations for some harvested wheat lines led us to re-evaluate the list of promising 
lines for organic production.  We compared bunt counts from 1 kg subsamples of 
increase plots with bunt counts from 55-gram subsamples from an organic variety trial 
conducted at the same location.  Bunt ratings for four of our most promising lines, 
NE05496, NE06469, NE05425 and NW03681 were so high that we decided to remove 
them from the list of promising lines.  NE05425, which had a moderately high bunt count 
also had a high percentage of black tip kernels.  Bunt also occurred in our back-up seed 
increases at Mead, making it difficult to put up seed for the 2013 experiment.   
 
 N Experiments-Year 2 (2012 planting- 2013 harvest- 2014 processing) 
Protein Content and Protein Yield 
Analysis of variance (Proc Mixed-SAS, Table 1.1) revealed highly significant differences 
for protein content among treatments (with or without compost), among strips (alfalfa, 
alfalfa/radish or soybeans as previous crops), and among cultivars.   Protein content was 
greatest for the alfalfa strip, averaging 0.50 more than for the soybean strip.  Wheat in the 
radish treatment did not gain any protein over the treatment without radish, and was 
actually 0.13 less than without radishes.  Apparent differences in this pattern for two 
genotypes (NE03490, and NW07505) were not significant.  Protein content was slightly 
higher for the compost treatment. No rank changes or changes in magnitude of 
differences among cultivars for protein content were detected among strips or among 
treatments. There was no date of planting effect, as there would be in a normal year, since 
the plots after soybeans and after wheat were planted only a day apart. 
 
Table 1.1. Grain Protein Content ANOVA and Least Square Means, 2013 
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When a similar analysis was conducted for protein yield (product of protein content and 
grain yield in pounds per acre), interactions were revealed between strip and treatment (P 
< 0.01) and between cultivar and strip (P < 0.10)  (Table 1.2).   No cultivar*treatment or 
cultivar*strip*treatment interactions were detected (data not shown). The non-composted 
treatments resulted in higher protein yield than in the composted treatments of the alfalfa 
and alfalfa/radish strips, but had the opposite response in the soybean strip.  
 
Table 1.2.  Wheat Protein Yield Least Square Means, 2013 

 
 
Grain protein yield patterns for McGill and NE06607 are contrary to the patterns for 
other cultivars (Table 1.3).  Protein yields in the alfalfa-radish strip were higher than the 
other strips, reflecting higher grain yields despite lower grain protein content. 
 
Table 1.3.  Wheat Grain Protein Yield from Alfalfa, Alfalfa-Radish and Soybean 
Environments, 2013 
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Nitrogen Use 
Soil results from the soybean strip could not be analyzed, as the pre-plant soil samples 
were lost in shipment. For the alfalfa strip, even though post-harvest soil samples were 
taken for each cultivar, comparisons among cultivars were not possible given the wide 
range of nitrogen values for the pre-plant treatment plots.  Data for ‘Total Nitrogen’ 
includes total nitrogen in the top 8 inches of the soil profile plus nitrate nitrogen from 8 to 
24 inches.  Data for ‘Mineral Nitrogen’ includes nitrate nitrogen from the top 24 inches 
plus ammonia nitrogen from the top 8 inches.  Soil heterogeneity as indicated by extreme 
interactions among reps for soil nitrogen precluded meaningful statistical analysis. Total 
nitrogen ranged from a loss of 300 lbs/acre to a gain of 1000 lbs/acre for the 4 reps of the 
no compost-radish plots.  Mineral nitrogen ranged from a loss of 47 lbs/acre to a gain of 
15 lbs/acre for the compost-no radish plots.  Median values hint at a single trend: Total 
nitrogen for the compost-no radish plots appears to have declined to a greater extent than 
the other treatments.  Overall, there appears to be either a net loss or maintenance of the 
total nitrogen and mineral nitrogen for all treatments. To deal with soil heterogeneity soil 
sampling was intensified in the following year. 
 
Year 3 (2013 planting- 2014 harvest- 2015 processing) 
Grain Yield and Protein Content 
Wheat grain yield (Table 2.1) was much higher across the board after alfalfa than after 
soybeans, a reflection of the month earlier planting date. Compost did not affect grain 
yield. 
 
Table 2.1.  Grain Yield for Four Treatment Environments, 2014 
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Grain protein content  (Table 2.2) after alfalfa was not affected by compost treatment and 
was similar to grain protein content after soybeans without compost. Compost 
significantly increased protein content after soybeans for most cultivars except Overland 
and those with the highest protein content, Karl 92 and Lyman.  Karl 92 and Lyman grain 
protein content did not vary much with compost or previous crop.  NE07444 and 
FREEMAN (NE06545) protein contents were not affected by previous crop. At the lower 
end of the protein content spectrum were McGill, NE03490, Freeman and NW07505.   
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Table 2.2 Grain Protein Content for Four Treatment Environments, 2014 

 
 
Since grain protein content was not affected by compost treatment, alfalfa samples were 
combined for quality tests.  Protein content for WF and RF samples are shown in Table 
2.3. 
 
Table 2.3. Protein Content by Flour Type as affected by Previous Crop and Treatment, 
2014 

 
 
Cultivars with lower protein content without compost treatment typically responded with 
the highest increase in protein content with the compost treatment.  The phenomena of 
“protein dilution” in which lower protein content is anticipated when yields are high and 
vice versa could explain why protein levels were higher after soybeans than after alfalfa 
in 2014.  A pattern of protein dilution fits the data for Karl 92 (low yield/high protein), 
Freeman (high yield/low protein) and NW07505 (high yield/low protein). Tables 2.4 and 
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2.5 reveal diversions from the protein dilution effect, notably for Lyman and Overland.  
McGill was relatively low in protein regardless of its yield relative to other cultivars.   
 
Table 2.4. Grain Yield and Protein Content after Soybeans, 2014 

 
 
Table 2.5. Wheat Grain Yield and Protein Content for Combined Compost Treatments 
after Soybeans and After Alfalfa, 2014 

 
 
Nitrogen Use 
Mineral N is the sum of nitrate-N and ammonium-N in the soil layer accessed by wheat 
roots.  The depletion of mineral N during the period of planting to harvest of wheat 
averaged 120 lbs. N per acre across all treatments.  As revealed in Table 2.6, there were 
no significant differences for soil mineral N depletion during the period from planting to 
harvest of wheat, except for a marginal difference among cultivars.  However, since there 
were highly significant differences for grain N among cultivars and previous crops, there 
were also significant differences for “Mineral N Loss” (soil mineral N depletion minus 
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grain N) and for “Soil Mineral N Depletion per bushel.”  Grain production used more 
than half of the mineral N (73 lbs.) that was available at planting time.  The remainder of 
mineral N was either was either lost from the soil or incorporated into more stable 
chemical forms. 
 
Table 2.6. ANOVA for Soil Mineral N Depletion and Soil Total N Gain, 2014 

 
Mineral N use and loss during the period between wheat planting and harvest is shown by 
previous crop and fertility treatment in Table 2.7.  Soil after soybeans/wheat lost more 
than twice as much mineral N after accounting for the amount of N in harvested grain as 
for alfalfa/wheat (70 vs. 24 lbs. N/acre, L.S.D. = 13).   On the other hand, soil after 
soybeans/wheat gained more than 3 times as much total N by harvest time as for soil after 
alfalfa/wheat (1401 vs. 333 lbs. N/acre, L.S.D. = 390).  This difference in total soil N was 
very significant despite a high degree of variability among replications (C.V. = 164 
compared to a mean of 867).   
 
Table 2.7. Previous Crop and Fertility Treatment Least Square Means and Significance of 
Differences for Mineral N Use and Loss, 2014 

 
NS = not significant at P < 0.05, * is P < 0.05, ** is P < 0.01, *** is P < 0.001 
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Since soil mineral N depletion was only marginally different among cultivars, the highest 
yielding cultivars had the lowest amount of soil mineral N per bushel of grain.  When 
averaged across environments (Table 2.8), Lyman, with the highest grain yield (along 
with Overland), had the top protein yield per acre and also the least loss of soil mineral N 
(along with NW09421) after accounting for grain N.  Lyman also had the least gain in 
total soil N.  In contrast, Karl 92, with its very low grain yield, resulted in the highest 
gain in total soil N.  The check cultivar, NW09421, was on par with Lyman for loss of 
mineral N.  NW07505, which ranked with Lyman for the highest grain yield, had a large 
gain in soil total N and a moderately low soil mineral N depletion per bushel.  
 
Table 2.8. Least Square Means and Significance of Differences of Mineral N Use and 
Loss for Wheat Cultivars, 2014 

 
NS = not significant at P < 0.05, * is P < 0.05, ** is P < 0.01, *** is P < 0.001 
~  P = 0.0966 
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Tables 2.9 and 2.10 depict higher losses in soil mineral N for wheat after soybeans, which 
is more than made up with significant increases in total N (P < 0.05).  Despite the lack of 
significance between cultivars for total N when averaged across previous crops, a 
significant interaction exists between cultivars and previous crop (P < 0.05), which is 
evident when comparing the patterns for NE07444, Overland, Lyman, Freeman and 
McGill (large differences in total N between the two cropping systems and net losses in 
total N after alfalfa) with Karl 92, NE06607, NE03490 and NE02558 (small differences 
and healthy gains in total N after alfalfa).   
 
Table 2.9.  Nitrogen Gains, Losses and Accumulation in Wheat Grain after Soybeans as a 
Previous Crop, 2014 

 
 
Table 2.10.  Nitrogen Gains, Losses and Accumulation in Wheat Grain after Alfalfa as a 
Previous Crop 
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Wheat	Quality	Tests	

Activities for Wheat Quality Tests	
Blended Samples 
Baking tests were performed on samples blended to achieve a broad range of protein 
content for each cultivar using sourdough baking methods for stoneground flour (SGF), 
and using standard yeasted dough and baking methods for white reduction flour (RF) and 
reconstituted whole flour (WF).  SGF sourdough baking tests and RF farinograph tests 
were conducted only in the first year, as a larger amount of wheat was required than 
could be obtained from the small plots used in the second and third-year nitrogen use 
field experiments.  RF baking tests were conducted all three years.  RF baking tests were 
supplemented with data from micro-quality tests that measured bread, milling, single 
kernel and dough properties (Table 3.1).  Protein content (PRO), ash content (ASH) and 
dough water absorption (DABS) were corrected to 14 % moisture basis.  WF baking tests 
were conducted in the third year in addition to RF baking. WF mixograph tests were 
conducted in the first and third year on blended samples. 
 
Unblended Samples 
Additional RF mixograph tests were conducted on samples that retained the average 
protein content level of cultivars within treatments during the second and third years.   
These are referred to as “unblended samples.”  WF mixographs were conducted on 
unblended samples in the third year. 
 
Table 3.1 Terminology of Quality Test Parameters 
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Wheat Quality Protocols 
RF and WF Mixographs. Ten-gram mixographs (National Manufacturing, Lincoln, NE, 
USA) were run on all flours in triplicate after approved method 50.40.02 (AACC 
International 2012). Water added to the flour was determined following approved method 
54-40A (AACC International) using the regression equation based on the protein content 
provided in the method with a +1.8% adjustment for WF (Bruinsma et al 1978), and is 
recorded as MABS.  The mixograph machine records the torque on an arm that swings in 
response to the viscosity of dough being stirred between mixing pins connected to the 
arm and pins in the mixing bowl for a user-defined duration (an eight-minute period in 
the case for hard winter wheat).  Mixograph software establishes a midline, a topline and 
a bottom line across the peaks and valleys of the resulting graph, and identifies inflection 
points, band widths (ranges between top and bottom lines), and areas under the lines at 
user-defined points in time from the start of mixing. Of the forty four parameters from 
mixograph computer output, nine are sufficient to describe the full range of mixing 
qualities (Elangovan, 2008), while only six of these nine are regularly reported for use by 
the UNL wheat-breeding program and were recorded for all three years:  MPT, MPV, 
MRV, MRW, MTW and MTI. Two individuals visually assessed angles and band width 
across the entire mixograph chart and assigned a mixing tolerance score (MTOLSC) on a 
scale of 0 to 6.  In 2013 and 2014, MRS was also retrieved. 
 
RF Farinographs. Great Plains Analytical Lab conducted farinograph tests in accordance 
with AACC method 54-21.02.   Farinograph analysis provides the following measures of 
dough visco-elasticity in the arbitrary Brabender Unit (BU): “water absorption”—the 
amount of water absorbed by flour to reach 500 BU at a specified mixing time 
(determined prior to conducting the farinograph test); “arrival time” to reach 500 BU (a 
measure of the rate of water absorption by flour of the predetermined water amount); 
“peak time” to reach the peak BU; “MTI” (mixing tolerance index)—BU difference 
between peak time and 5 minutes after peak; “departure time” to fall back to 500 BU; and 
“stability”—the difference between arrival and departure time. 
 
RF Milling.  RF was milled on a Buehler mill in accordance with AACC approved 
method 26-21.02 from grain tempered to 15.0 % moisture content. 
  
RF Bread Production. Baking quality of samples was determined using the Optimized 
Straight-Dough Bread-Baking Method (AACC approved method 10-10.03). Loaf volume 
(LV) was determined according to AACC approved method 10-05.01 using rapeseed 
displacement following cooling for an hour. Loaves were sliced 12.5 mm thick per slice 
using an electric knife and bread slicing guide (Black & Decker Corporation, Towson, 
MD USA), bread firmness (FIRM) was measured according to AACC approved method 
74-10.02 in the center of three 12.5 mm thick bread slices, and images were analyzed 
using a C-Cell imaging system (Calibre Control International Ltd., UK) following the 
manufacturer’s instructions. 
 
WF Milling.  Whole grain flour of unblended samples for mixographs was milled from 
untempered grain on a Quadramat Junior Mill (Doblado-Maldonado et al, 2013). Bran 
was ground to 2 mm on a UDY grinder and was re-mixed with the flour to produce WF.    
WF for blended samples was milled as for RF on a Buehler mill.  Bran was ground with a 
burr mill and was mixed with all other mill streams to reconstitute WF. 
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WF Bread Production.  Baking quality of WF samples was determined using the straight 
dough method for 100% whole wheat in AACC approved method 10-13.02, except 
dough water absorption (DABS) and dough mixing time (DMT) were estimated from 
mixograph data and by making test doughs.  The dough formula includes several 
additives: unemulsified shortening, sucrose, malt syrup, whey, ammonium phosphate and 
ascorbic acid, in addition to water, salt and flour.  
 
Sourdough Bread Production. Thom Leonard, consultant to Heartland Mills and veteran 
artisan baker, developed a sourdough protocol for baking and evaluating whole grain 
loaves, and coordinated artisan bake trials.  Through a two-week period in February and 
early March, bakers communicated as a group by email, offering suggestions and 
obtaining clarification from Leonard. Leonard collected and summarized score sheets 
from each baker.  To address shortcomings in the artisan baking tests, Richard Little 
modified the sourdough protocol to test six samples per week at the UNL Food Industry 
Pilot Plant with four loaves from 640 grams of dough for each sample (two for each 
proofing time allotment).  Sourdough was built at 100% hydration in two stages on day 1, 
retarded at 38° overnight, combined with an autolysed dough, adjusted to an optimal 
hydration rate for each sample, fermented at 75° for four hours, retarded overnight, 
divided, shaped and proofed for 2.5 and 3.0 hours.  One sample of each experimental 
wheat line was tested and scored using this procedure to supplement artisan baker data.  
 
Single Kernel Characterization. “The single-kernel characterization system (SKCS) 
crushes individual kernels and uses algorithms based on the force-deformation profile 
data to classify wheat samples into soft, hard, or mixed market classes.” (Gaines, et al, 
1996.)  Single kernel diameter and weight are also measured. 
  
 Quality Tests-Year 1 (2011 planting- 2012 harvest- 2013 processing) 
Wheat was harvested June 23 on the alfalfa strip a day after a rain and June 25 on the 
soybean strip.  Wheat grain samples were kept in burlap and dried on racks at 90 F. for 20 
days. Cleaned samples of the experimental lines were blended among environments and 
treatments to obtain a bushel at each of 3 protein content levels for most of the wheat 
lines.  The grain protein range varied for each wheat line, making it necessary to assign 
different grain protein categories for each line.  
 
Wheat Quality Tests with SGF Blended Samples 
Large blended samples (40 to 50 pounds) were cleaned on a gravity seed cleaner to 
remove bunt balls and were stone-milled at Heartland Mill (western Kansas) in January.   
Stoneground flour was packaged in 2.5 kg plastic bags and shipped to seven artisan 
bakers around the United States in January and to four other bakers through May 2013. 
Samples were grouped by stoneground flour protein content: A   11.9-12.3 %; B   12.4-
12.8 %; C   12.9-13.2 %; D   13.3-13.7 %; E   13.8-14.0 %; and F   > 14.0 %. SGF 
samples were analyzed by mixograph at the UNL Crop Quality Lab.  Samples were 
paired to obtain as many with both B and D categories, and to overlap so that two bakers 
would analyze each sample.  Six lines could be tested in only two protein categories, 
since the final protein content of the third category was not different than the other two 
categories. (See Table 5.0 for a cultivar list showing WGF, SGF and RF protein content).  
Four samples (26, 28, 29 and 32) that were duplicates of the SGF protein category of 
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other samples for that cultivar were not distributed to artisan bakers.  
  
Wheat Quality Tests with RF Blended Samples 
After bunt spore balls were removed by hand, 35 four-pound samples were milled in the 
UNL Crop Quality Lab on a Buehler mill to produce RF.  RF samples were tested in 
January 2013 using AACC farinograph method 54-21.02 at a laboratory chosen by 
Baystate Milling Co. (Great Plains Analytical Laboratory) and were baked in the UNL 
Crop Quality Lab.  RF and WF from Buehler mill streams (including finely ground bran) 
were analyzed by mixograph in the UNL lab.  
 
 Quality Tests-Year 2 (2012 planting- 2013 harvest- 2014 processing) 
Wheat Quality Tests with RF Blended Samples 
Seed was mixed among reps to obtain three or four protein NIR grain protein levels of 
13.0, 13.5, 14.0 and 14.5.  Protein categories were re-assigned to each sample based on 
WF instead of RF protein content, which had unexplained high values (Table 3.2). Forty-
one composite samples from the 2013 crop representing 3 relative WF protein groups for 
each cultivar (that corresponded to 3 or 4 absolute protein levels) were baked in the UNL 
Crop Quality Lab.  
 
Table 3.2  Protein Content Ranges for Grain measured by NIR, and for WF and RF 
measured by LECO Analyzer, 2013 

 
 
Wheat Quality Tests with RF Unblended Samples 
RF Mixograph tests were performed on 72 samples from the 2013 crop that were 
composites of all four reps for each cultivar*treatment entry.  
 
Year 3 (2013 planting- 2014 harvest- 2015 processing) 
Grain samples for baking tests were assembled from 3 to 6 plots at two grain protein 
content levels for five cultivars (Karl 92, NE05425, NE06607, NE07444, NW03666) and 
at three predicted grain protein levels for the other cultivars.  An equal amount of seed 
was used from each plot to obtain 2700 grams for each of 34 samples.  For lack of 
enough seed, there was no attempt to equalize the amount from each treatment (soy or 
alfalfa, with or without compost).  Nor was it possible to obtain the same predicted 
protein categories for each cultivar.  The higher protein composite samples were usually 
dominated by grain from soybean treatments.  Wheat samples from the soybean treatment 
of the desired protein level were sometimes avoided when they contained very high 
levels of bunt spore balls. 
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Wheat Quality Tests with RF and WF Blended Samples 
Mixograph tests were performed in conjunction with baking tests on WF and RF from 
blended grain samples.  
 
Wheat Quality Tests with RF and WF Unblended Samples 
To increase our ability to discriminate environmental effects on mixograph parameters, 
we conducted standard AACC mixographs on RF and WF on unblended samples from 
alfalfa, soybean and soybean with compost environments. RF and WF for mixographs 
were milled from 100 grams of un-tempered grain on a Quadramat Junior Mill (Doblado-
Maldonado et al, 2013).  Bran was ground to 2 mm on a UDY grinder and was mixed 
with the flour to reconstitute WF.  

Results for Wheat Quality Tests 
Quality Tests-Year 1 (2011 planting- 2012 harvest- 2013 processing) 
 
Wheat Quality Tests with SGF Blended Samples 
Of the eleven artisan bakers who received stoneground wheat samples from UNL, only 
seven followed through, resulting in only one bake test per sample for many of the 
samples. For several reasons, comparisons among bakers’ results were thought to be 
unreliable (Table 4.1).  Differences among bakers in skill for using 100% SGF in 
sourdough bread and in using the scoring method became evident.  Little’s results 
showed very few differences among cultivars for overall bread score or components (with 
only NE08457 receiving an overall score different than 7), indicating that the variability 
in results between bakers was likely due to the baker rather than to the sample.  Despite 
the error from variability among bakers, a few apparent trends may make it worthwhile to 
pursue correlation analysis.  Within each baker’s sample set there was a trend showing 
that the higher protein category had the best baking score.  Two bakers agreed on low 
ratings for NE05425, which corresponded to poor RF bread scores for this cultivar.   
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Table 4.1. SGF Sourdough Baking Properties Compared to Key RF Mixing and Bread 
Properties, for Comparisons based on WFPRO Category. 
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Correlation Analysis 
Several RF farinograph and SGF, WF and RF mixograph parameters were compared with 
sourdough baking parameters using SAS Proc Corr and Proc Reg statements. The 
correlation matrices show the Pearson Correlation Coefficient above the probability level 
for the significance of the correlation (Probability > |r| under the hypothesis that r =0).  
 
Partial Correlates. Surprisingly, no significant correlations were revealed between 
components of sourdough baking performance and protein content or ALFPCT (data not 
shown). Therefore, partial correlations were avoided initially in correlation analysis with 
sourdough baking parameters. 
 
SGF Sourdough Bread and RF Bread. Very few RF baking properties correlated with 
SGF sourdough baking properties (data not shown).  Only one RF bread property, FIRM, 
a measure of the resistance to compression, had a significant (negative) correlation (P < 
0.05) with overall sourdough performance (R = - 0.315) that was reflected in correlations 
with mixing, loaf and crumb components of the sourdough process. 
 
SGF Sourdough Bread and RF Farinograph. RF protein content and percentage of 
sample from the alfalfa strip (ALFPCT) were significantly correlated with farinograph 
output and were thus used as partial correlates, using SAS Proc Corr, in comparing 
sourdough and farinograph properties.  Farinograph output lacked significant partial 
correlations with either sourdough or white dough baking performance.  Thus, for this set 
of cultivars, farinograph analysis appears to lack the potential for detecting or predicting 
dough and baking properties that are not influenced by protein content. 
 
Farinograph data revealed a possible milling error.  Contrary to what was expected based 
on other micro-quality and baking data, NW07505 samples alone were markedly lower 
than 30 minutes for stability (at 9.9, 1.7, and 2.8 minutes) and 32 minutes for departure 
time (at 10.0, 2.8, and 4.1 minutes); had exceedingly high MTI (35, 60 and 90 BU 
compared to a maximum of 33 BU for other samples); were quite low for peak time (4.0, 
1.7, and 2.0 minutes, compared to a minimum of 6 minutes for other samples).  Since 
NW07505 samples were the first to be tested on the farinograph, and there was not 
enough flour for more than one re-run, it is possible that the farinograph test was 
problematic.  An alternative explanation is that a milling error resulted in an abnormally 
high short yield for NW07505 (an average of 9.4% short yield for the three NW07505 
samples compared to a maximum of 7.0% for all other samples).  However, short yield 
lacked correlation with sourdough baking score or components, either with or without 
NW07505 data. NW07505 data was removed from data sets for correlation and 
regression analysis with farinograph data.  
 
SGF Sourdough Bread and SGF ASH and SGF Mixograph. SGF quality tests revealed 
significant correlations between a few milling and mixograph parameters and SGF 
sourdough baking (Table 4.2).  SGFASH (R = 0.413, P < 0.01) in particular and 
SGFMRW (R = -0.263, P < 0.10) and MTI (R = -0.281, P < 0.10) appear to be useful 
correlates with overall sourdough baking performance.  The correlation between 
SGFASH and overall sourdough baking score reflects strong correlations between ash 
content and crumb score (R = 0.452, P < 0.01).  Mixing and makeup appear to have 
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contributed to the correlation of sourdough baking score with SGFASH (R = 0.334 and 
0.356 respectively, P < 0.05), and with MRW (R = 0.253, 0.261, respectively, P < 0.10).    
 
Table 4.2. Pearson Correlations and Significance between SGF Sourdough Baking 
Properties and SGF Ash and Mixograph Properties, 2012 

 
 
SGF Sourdough Bread and RF Milling. The few correlations (P < 0.1) between reduction 
milling characteristics and sourdough baking performance may be important for 
understanding but not for predicting baking performance.  Higher bran yield (R = -0.269) 
may have negatively impacted overall sourdough score (R = -.290). 
 
SGF Sourdough Bread and RF Dough Properties. The impact of the RF fraction on the 
mixing properties of SGF sourdough bread is evident in the significant correlations 
shown in Table 4.3. RFDPT was negatively correlated with sourdough score (R = -0.400, 
P<0.01). RFMPT and RFMPV were correlated with overall sourdough score to a lesser 
extent (P < 0.05, R = - 0.345 and R = 0.334). Correlation between several components of 
the sourdough process and each of these parameters was evident with the strongest 
correlation between sourdough mixing and RFDPT (P < 0.01, R = - 0.438).  Thus, these 
three RF mixograph and dough parameters may substitute for SGF mixograph parameters 
in attempts to predict SGF sourdough baking performance. 
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Table 4.3. Pearson Correlations and Significance between SGF Sourdough Baking 
Properties and Mixograph and Dough Properties of Reduction Flour, 2012 

 
 
SGF Sourdough Bread and WF Mixograph.  WF mixograph analysis revealed very few 
correlations with SGF sourdough baking (data not shown). Small negative correlations (P 
< 1.0) of sourdough baking overall score with WFMPT (R = -0.306) and WFMTI (R = -
0.284), reflected small negative correlations of these mixograph parameters with 
sourdough mixing (P< 0.05, R = -0.374 and P < 0.10, R = -0.298, respectively). 
Otherwise, WF mixograph analysis appears useless for predicting sourdough baking 
performance of SGF samples after controlling for the protein effect. 
 
Partial Correlates. Of note, two key SGF parameters that lacked correlation with protein 
(SGFASH and SGFMTI) also lacked correlation with ALFPCT (Table 4.4).  Of the RF 
parameters that were identified as being potentially useful for predicting sourdough 
baking performance, it is noteworthy that RFMPT, RFMTI, and RFDPT, lack correlation 
with RF protein content (P = 0.105, 0.461 and 0.725). However, these parameters were 
also correlated with ALFPCT. By using ALFPCT as a partial correlate, these parameters 
were still highly correlated with sourdough baking performance and components of the 
sourdough process (Table 4.5). 
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Table 4.4. Protein Correlations with SGF Mixograph Properties, RF Mixograph and 
Dough Properties and WF Mixograph Properties (Pearson Correlations/Pr > r), 2012 

 
 
Table 4.5. Sourdough Baking Correlations with Key RF Mixograph and Dough 
Parameters without NW07505 data using ALFPCT as a Partial Correlate, 2012 
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Only one RF bread property, FIRM, a measure of the resistance to compression, had a 
significant, but negative correlation (P < 0.05) with overall sourdough performance (R = - 
0.317) that was reflected in several correlations with components of the sourdough 
process: mixing, proof, proof condition, loaf and crumb. FIRM, as well as the other 
baking properties do not appear to be correlated with ALFPCT.  Hence, no insight 
regarding baking properties will be gained by doing a separate correlation analyses for 
samples from each environment. 
 
Regression Analysis for SGF Sourdough Bread 
SGF and RF Variables identified through correlation analysis were standardized to a 
mean of 5 and standard deviation of 1. Using the MAXR selection procedure in SAS, 
only SGFASH and SGFMABS contributed to the regression model (P<0.05 for each 
variable) and together accounted for 28.2% (R2) of the overall sourdough bake score 
when NW07505 data was not included in the analysis.  If only the key variables 
identified previously are used in the regression analysis (excluding SGFMABS), then 
DPT and MPT become part of the regression model.  Without NW07505 in the data set, 
DPT and SGFASH accounted for 22.4% (adjusted R2) of the sourdough bake score.  
When NW07505 was added to the data set, MPT replaced DPT in the regression 
equation, also with an adjusted R2  of 22.4% of the overall sourdough bake score. 
 
Wheat Quality Tests with RF Blended Samples 
The high correlations of mixograph and dough properties with the percent of sample from 
the alfalfa strip (ALFPCT) indicate that it will be useful to compare mixographs for 
samples entirely from the alfalfa strip with samples entirely from the soybean strip. As 
shown in Table 4.6, RFPRO was very highly correlated with RFMABS for both previous 
crop sources (P < 0.0001, R = 0.857 and 0.853) but was correlated with RFMPV and 
RFMTI only for the alfalfa source (P < 0.0001, R = 0.624 and 0.630, respectively), 
suggesting that the previous crop had an effect on mixing properties independently of 
protein content.  Thus, the effect of environment is too great to make use of RFMPV or 
RFMTI data for SGF selection or sourcing decisions for use in sourdough baking.  This 
leaves RFMPT as the sole RF variable for this purpose.  However, the independence of 
the mixograph x environment interaction from protein content suggests that the change in 
cropping systems may affect bread quality in unsuspected ways.  Unfortunately, testing 
bread quality vs. cropping system was outside of the scope and resources of this project. 
 
Table 4.6. Pearson Correlations of Reduction Flour Protein Content with Ash Content 
and Mixograph Parameters for Samples Sourced from Strips with Previous Crops of 
Alfalfa and Soybeans, 2012 

 



 27 

 Quality Tests-Year 2 (2012 planting- 2013 harvest- 2014 processing) 
 
Wheat Quality Tests For RF Unblended Samples 
As a lead to discovering protein thresholds for each cultivar for good baking quality, the 
2013 experiment with unblended samples was designed to elucidate the effect of 
environments on protein correlations with mixograph parameters. 
 
RFPRO and Mixograph Correlations. Since there were no correlations between MTW 
and RFPRO, MTW may be a more useful variable than MRW, which was correlated with 
RFPRO in two environments (Table 9.1).  The usefulness of MPT was confirmed for lack 
of protein correlations across environments.  An additional mixograph parameter, right 
slope (MRS), had variable correlations with RFPRO by environment, and will not be 
considered further. 
 
Table 5.1.  Correlations between RF Protein and Mixograph Properties for Split 
Treatment Plots of Previous Crop, Cover Crop, and Compost, 2013 

 
 
ANOVA and Cultivar Means and Interactions for Quality Traits.  Mean separation among 
cultivars was clearly defined for key flour and mixograph properties (Table 5.4) with 
little interaction among environments for MPT and MTW (Tables 5.2 and 5.3) except for 
NW07505 with much lower MPT values in the soybean environments than in the alfalfa 
environments.  The model lacked replications within environments, and hence lacked 
degrees of freedom to detect significance of differences and interactions between 
cultivars within each environment. 
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Table 5.2. MPT for Wheat Cultivars in Six Split-Plot Environments, 2013  

 
 
Table 5.3. MTW for Wheat Cultivars in Six Split-Plot Environments, 2013 
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Table 5.4. Key Flour and Mixograph Properties for Wheat Cultivars Across Treatments 
and Previous Crops, 2013. 

 
 
Wheat Quality Tests For RF Blended Samples 
The purpose of baking in the second year of the study was to confirm the value of 
parameters without significant correlations with protein content for predicting bread 
quality.  RF Mixograph tests were performed in May 2014 on 72 samples from the 2013 
crop that were composites of all four reps for each entry.   
 
RF Bread, Milling and Mixing and WF Protein Categories. Significant differences 
among protein categories were detected only for dough proof time (decreasing with an 
increase in protein) and for MTW (increasing with an increase in protein from categories 
A to C, then dropping off).  Scores for bread texture and overall bread score trended 
upward with an increase in protein (Table 5.5).   
 
Table 5.5. Means for WF Protein Categories and Significance of Differences among RF 
Quality Properties, 2013 
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RF Protein Correlations. The RF mixograph parameters of most interest based on the 
previous year results, MPT and MRW, as well as MABS, FYield, BranY and BranSc 
were correlated with RFPRO (Table 5.6).  Therefore, RFPRO was used as a partial 
correlate for correlation analysis between mixing and baking properties (table 10.3). 
 
Table 5.6. Pearson Correlations between RF Protein Content and RF Quality Parameters, 
2013 

 
 
RF Bread, Milling and Mixing Correlations. While using RFPRO as a partial correlate 
(Table 5.7) for the parameters that are very strongly correlated with RF bread score (P < 
0.001), shorter RFDPT also correlates with greater RF loaf volume, specific volume, cell 
density, cell uniformity, texture score, and crumb score, and lesser firmness, thus with a 
higher RF bread score (P< 0.0001, R = -0.615).  Notable exceptions are specific volume 
and cell elongation.  A greater short yield correlates strongly with bread score (with 
lesser bread firmness, more uniform cells, greater cell elongation, and higher crumb 
score, texture score and overall bread score (P < 0.001, R = 0.531). MTOLSC correlates 
positively with bread score, texture score, crumb score, and cell diameter.  Parameters 
less significantly correlated (P < 0.10) with baking properties include flour yield (R = -
0.330), MTW (R = 0.294), MTI (R = 0.333) and DMT (R = 0.327). 
 
Table 5.7. Significant RFPRO Partial Correlations of RF Milling and Mixing with RF 
Baking Properties, 2013 
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Regression for RF Bread Score. Stepwise regression of unique parameters with strong 
partial correlations with RF bread score resulted in a 4-parameter model that explained 
57.5 % of the bake score.  The equation is RF Bread Score = 4.12137 -0.03761*RFDPT+ 
0.09171*RFMPT + 0.00951*RFMTI+ 0.26146*SHORTY.	
 
ANOVA for WF Protein Group and Interactions with Cultivars. Analysis of variance 
(Table 5.8) that modeled cultivar and WF protein group with key quality parameters 
detected differences among WF protein groups for Bread Score (P < 0.10), DPT (P < 
0.001), MTW (P < 0.05), and Specific Loaf Volume (SPV, P < 0.10).  Cultivars were 
significantly different for MPT, Short Yield and MTW (P < 0.0001) and to a lesser 
degree for Bread Score (P < 0.001), DPT (P < 0.01) and SPV (P < 0.10), but not for MTI 
(P = 0.763) when tested against the interaction between WF protein group and cultivar.  
No significant interactions were detected.   
 
Table 5.8. GLM ANOVA for Cultivar and WF Protein Group (Low, Medium or High for 
that Cultivar) with Key Quality Parameters, 2013 

 
 
RF Bread Score and Quality Parameters for WF Groups. RFMPT and RF Short yield 
varied little between protein groups.  Visual examination of the interaction plots (Table 
5.9) reveals unique features for a few cultivars that might explain some of the correlation 
or lack thereof between these quality parameters and bread score.  Of the cultivars with 
the best RF bread scores: cultivar #6 (NE05425) is distinguished by high MPT; Cultivar 
#11 (NW07505) is distinguished by high short yield at all protein levels and low dough 
proof time at the highest protein level (36 minutes); and cultivar #1 (Karl 92) is also 
distinguished by low dough proof time at the highest protein level (33 minutes), but also 
by relatively low MPT between 5 and 6 minutes.  Overland stands out as having a very 
poor baking score, corresponding to long dough proof time (55 to 70 minutes) and very 
low MPT (2.5 minutes). 
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Table 5.9. Interactions among Cultivars for Key Mixing Parameters and Bread Score at 
Three WF Protein Group Levels, 2013   

               
  

    
Protein Threshold, Year 2 
The following protein threshold analysis (Table 5.10) is based on the cumulative baking 
score for each of the twelve lines.  The threshold for ‘very good’ bread on a 1 – 6 scale 
was arbitrarily set at 4.5.  Above 5 would be considered ‘excellent’.  The patterns for 
protein threshold were quite varied.  Three lines (NW07505, NE02558 and NE06607) 
made very good RF bread in the lower WF protein category of 11.9 – 12.4, which is 
consistent with expectations. NE05425, known as a strong gluten line, reached the 
threshold at 13.1 -13.6 % protein, and increased to excellent at the higher protein 
category.  McGill reached the excellent category at 12.5 to 13.0 % protein, then tapered 
off.  Lyman reached the threshold at 12.5 – 13.0 % protein, and maintained about the 
same score for higher protein levels. Three lines, Freeman, Overland, and NE07444, did 
not reach the threshold and did not contain enough protein to test at the higher level.  
NW03666 reached the threshold at 12.5  - 13.0 % and maintained at the higher protein 
level. Karl 92 reached the threshold at a higher protein level of 13.1-13.6%.  However, 
Karl 92 is a high protein line and could not be tested at lower protein content.  NE03490 
was close to the threshold at the highest protein level. 
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Table 5.10.  Protein Threshold based on Bread Score and WF Protein, 2013  

 
 
 Quality Tests-Year 3 (2013 planting- 2014 harvest- 2015 processing) 
Wheat Quality Traits for Blended Samples 
 
Protein for WF and RF. Protein content percentages (LECO system, N factor of 5.85, 
corrected to 14% moisture content basis) for the targeted (predicted from NIR grain 
protein) protein categories were as follows for Grain (G), Whole Flour (WF), and 
Reduction Flour (RF).  The difference in protein levels between WF and RF for these 
samples was mostly between 1.3 and 2.  Noteworthy anomalies were NE05425 (~0.8), 
Lyman high and mid-protein samples (~1.0), and the Overland mid-protein sample 
(~2.5). 
 
Category G WF RF   RF Outliers 
A   13.2  12.0 – 12.3  10.6 – 10.9  10.2 
B  13.7  12.4 – 12.9  11.1 – 11.2  10.4, 10.6, 12.1 
C  14.2  13.2 – 13.6  11.5 – 12.0  11.3, 12.4 
D  14.7  13.7 – 14.1  12.5 – 12.9  12.0, 13.4 
 
Three samples (for NW07505, NW09421 and NE06545) were not used for comparing RF 
and WF baking and mixograph properties because WF protein contents for these cultivars 
were between the categories and lacked a suitable lower protein category for comparison.  
 
RF Bread and RF Mixographs. The mixograph properties to be compared are those with 
high correlations with bread score and its components of exterior score, crumb score and 
texture score, plus the very important property of specific bread volume.  RF bread 
properties were highly correlated with MPT, MTW, TOLSC, DMT and DPT with (Table 
5.11). 
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Table 5.11. Pearson Correlations of RF Mixing Parameters with Key RF Bread 
Properties, with RF Protein and Single Kernel Hardness Class as Partial Correlates, 2014 

 
 
WF Bread and WF Mixographs. WF baking properties were highly correlated with DPT 
and less correlated with MPT and MTW (Table 5.12).  TOLSC and DMT lacked 
correlation with WF bread properties and are not shown here. 
 
Table 5.12. Pearson Correlations for WF Mixing Parameters vs. Key WF Bread 
Properties, with WF Protein and Single Kernel Hardness Class as Partial Correlates, 2014 

 
 
WF Bread Score and Single Kernel Properties and Mixographs.  Regression was 
performed between bread score components and subsets of mixograph, dough, milling 
and single kernel characteristics.  Covariation is taken into account at each step of the 
“Max R” SAS regression procedure, so it is not surprising that regression models often 
mirrored partial correlation results (Tables 13.2 and 13.3).  SKW and SK Hardness 
components were part of the best regression models explaining WF Bread Score. Along 
with these SK parameters, WFMRW contributed 35% to bread score fairly equally to 
each bread component (crumb score, exterior score and texture score), along with MPV 
for exterior score.  WFPRO along with WFDPT contributed 79% to bread score.  
WFDPT alone contributed 71% to bread score.  DPT was a strong contributor to each 
bread score component. 
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Along with SKClass, MPT and MRW contributed 53% to WF bread score, which 
exceeds the contribution of dough properties.  DMT and DPT contributed 37%.  When 
the above mixograph and dough properties were used as regressors, DMT dropped out 
and MPT and MRW were replaced by MTW.  Together the parameters explained 59% of 
RF bread score.  When only key regressors were used, MTW and DPT contributed 39% 
to RF bread score. 
 
Statistical Analysis Across Years, 2013 and 2014 
 
Wheat Quality Tests for Blended Samples, 2013-2014 
Protein Categories. Since LECO RF protein content in 2013 was problematic, the LECO 
WF category designations for each sample are used for grouping the samples into protein 
categories. WF protein ranges in the four categories were consistent between 2013 and 
2014 quality test samples (Table 6.1). 
 
Table 6.1. Ranges for Protein Categories for 2013 and 2014 Wheat Quality Samples 

 
 
Combined ANOVA for WF Categories, 2013-2014. Combined data for 2013 and 2014 
was analyzed for variance of cultivars and WF category using PROC GLM.  The 
significance of differences among categories and among cultivars is of prime importance 
in this analysis.  This is especially true for bread score, and its components—crumb 
score, exterior score, and texture score. If bread score or its components are different for 
each WF protein category, and at the same time there are differences among cultivars, we 
are closer to finding an optimal level of protein, and it would then be worthwhile to 
perform regression analysis to determine which milling and mixing properties can predict 
the bread score or its components. On the other hand, if an interaction exists between 
year and cultivar for bread score or its components, it would be more difficult to 
determine the inherent quality of a cultivar.  An interaction between cultivar and WF 
category for these traits would indicate that a particular protein category for a particular 
cultivar is not always the best for bread quality or its components or predictors. 
 
Cultivars in the data set in which samples were assigned to these four WF categories did 
not have a full set of 4 samples; several had only 2 samples that matched these categories, 
and some had duplicate entries in a category.   
 
Degrees of freedom were gained by leaving year out of the analysis and treating each 
year*experiment as a separate environment.  Thus, six environments were described: 
previous crop of alfalfa with mixed samples for both years, and soybeans as a previous 
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crop with or without a compost treatment for both years. This allowed the use of 
‘cultivar*WF category’ as an error term to properly correct the mean of each cultivar or 
WF category.  
 
Because of the lack of interaction for cultivar*WF category for most properties, enough 
degrees of freedom were gained by running the analysis without the ‘cultivar*WF 
category’ term in order to use year as a dependent variable in addition to cultivar and WF 
category, along with all possible interaction terms.  
 
To obtain a more balanced data set, samples were re-assigned into low, medium and high 
protein content groups relative to each cultivar. Using cultivar, ‘WF group’ and 
cultivar*WF group and leaving year out of the model, the ANOVA results were similar 
to the model with WF category, thus giving some assurance that both models were 
appropriate. Use of WF group compared to WF category lowered the coefficient of 
variation slightly for most variables, and did not appreciably change the levels of 
significance or R-squared values.  The use of WF group revealed an interaction between 
group and cultivar for DPT and RFEXTSC (both P < 0.10) that was not evident when 
using WF category.  The ANOVA results for WF group will be reported.    
 
RF Bake Test ANOVA Without the Year Term, 2013-2014. RF Bread Score across years 
showed significant differences among cultivars (“entries” in Table 6.2, P < 0.001) and 
WF groups (P <0.001) and low coefficient of variation (7.5) and high R-squared value 
(0.88).  An interaction for RF Bread Score was detected between cultivar and WF group 
(P <0.05), which is most evident in the high bread score for the medium protein group for 
entry 3 (McGill) and for the low protein group for entry 8 (NE06607) and entry 11 
(NW07505).  RF Crumb score, a component of Bread Score, drives this interaction. 
 
Table 6.2.  RF Bread Score and Crumb Score Interaction Plots by Cultivar, 2013-2014 

 
 
RF Bake Test ANOVA With the Year Term, 2013-2014. A general linear model that 
included year and appropriate interactions terms among years, cultivars and WF 
categories showed significance only for RFMTW (P < 0.01) and RFDMT (P < 0.10).  
Year and cultivar terms for RFMTW were both highly significant (P < 0.001), and WF 
category was significant (P < 0.01). For DMT, cultivar was the only dependent variable 
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that was significant (P < 0.05).  A strong interaction between cultivar and environment 
indicates that RFMTW would require testing in multiple environments before it is used 
for evaluating cultivars.  DMT may be a stable property with further value in this quest. 
There were significant interactions of cultivar*WF group for DPT, CRUMBSC and 
BREADSC, indicating that not all cultivars responded in the same manner to an increase 
in protein level.  The ANOVA model was not significant for flour yield or short yield, but 
was marginally significant for bran yield, RFASH and RFSPV (P< 0.1), was significant 
(P < 0.01) for MTOLSC and MTW, and was highly significant (P < 0.001) for MPT, 
DPT, DMT, TEXTSC, CRUMBSC and BREADSC.  In the significant regression 
models, cultivars showed significant differences for each of these parameters. DPT was 
highly significantly different among WF groups, SPV and BREADSC were significantly 
different, and MTW and TEXTSC were marginally significantly different. R-squared 
values for the significant models ranged from 0.70 for RFSPV to 0.95 for RFDMT.  The 
significance levels of these parameters will be used to interpret and confirm the following 
regression analyses. 
 
RF Bake Test Correlation Summary, 2013-2014. A summary of correlation analyses 
using protein content in 2013 and protein content and SKClass in 2014 as partial 
correlates will first be presented. Three correlation analyses (Tables 6.3 and 6.4) 
converged on MPT, DPT and MTW as key mixing properties for further analysis.  Two 
analyses converged on DMT, which also had a high R-squared value for differences 
among WF groups in 2014 bake tests. BREADSC and two of its three components, 
TEXTSC and CRUMBSC showed significant differences among cultivars.  
 
Table 6.3. Summary of Milling and Mixing Parameters Significantly Correlated with 
Bread Scores for 2013 
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Table 6.4. Summary of Milling and Mixing Parameters Significantly Correlated with RF 
Bread Scores with Partial RFPRO (top) and Partial RFPRO and SKClass, 2014 

 
 
RF Bake Test Regression Analysis. Regression analysis was performed using MAXR 
selection criteria of SAS to determine key milling and mixing properties that had promise 
for predicting bread quality. Significant regressors were determined from mixograph, 
dough and milling variables analysed separately and in combination (Table 6.5).  
MTOLSC helps explains 34 % of variation in breadscore in tandem with protein content 
and Single Kernel Hardness score. 
 
Table 6.5. Regression of RF Baking Scores with Milling, SKCS and RF Mixing 
Properties, 2013-2014 
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Wheat Quality Tests for Unblended Samples, 2013-2014 
 
Combined ANOVA for Milling and Mixograph Properties. ANOVA across years revealed 
very few significant differences among cultivars, previous crops or years for quality 
parameters.  Each variable had at least one significant interaction term, except for 
RFMRV, which also had highly significant differences among cultivars.  Flour yield and 
MTW were the only variables affected by previous crop.  Because of the highly 
significant cultivar differences and minimal interaction terms or environmental effect 
(year or cultivar effect), RFMRV and RFMPV may be the most promising candidates for 
use in selection programs, if they can be used to predict baking performance. 
 
Table 6.6. Significance of Differences for Milling and Mixograph Properties of 
Unblended Samples, 2013 - 2014 

 
 
Statistical Analyses Across Years for RF Blended Samples, 2012-2014 
 
Combined data for 2012 through 2014 had seven common cultivars  (Table 7.1). Data 
that was lacking from 2012 (single kernel characterization and some mixograph variables 
- MRS, MRW, MRV AND MTW) was not included in the analysis.  Only two WF 
protein groups (relative for each cultivar) were in common among years for all cultivars, 
designated as “low” and “medium” protein. Dough variables dominated, but mixograph 
variables contributed as much to bread score in a model with Bran Yield and RFASH. 
 
Table 7.1. Regression of RF Bread Scores with Milling and Mixing Properties, 2012-
2014 from Seven Cultivars 
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WF Protein Threshold Across Years, 2013-2014 
A bread score of 4.5 is considered ‘good,’ and 5.0 is ‘excellent.’ Depicted in Table 16.1 
and listed in order of declining bread quality in relation to protein content, the WF protein 
threshold level (Table 8.1) for good bread baking performance of 4.5:   

• was reached at its lowest WF protein level of 12.1 % for NW07505 and NE06607 
and was exceeded (above 5.0) at all protein levels for NW07575;  

• for KARL 92 was reached at its lowest protein level of 13.5 % and was exceeded 
at its highest protein level of 14.3; 

• for NE02558 was reached at its lowest (12.1) and highest (13.5) protein levels, 
but not at its medium protein level;  

• for NW03666 was reached at its medium protein level of 12.9; 
• for MCGILL was reached and exceeded 5.0 only at medium protein level (12.6); 
• for LYMAN was reached at its highest protein level between 13.4 and 13.9;  
• for NE05425 was reached at its highest protein level above 13.5 and 14.2;   
• for NW09421 was reached at its highest level above 13.7;  
• for NE03490 was not reached but was close at its medium protein level of 13.3;  
• for FREEMAN was not reached at its highest protein level of 13.5; 
• for NE07444 was not reached at its highest protein level of 13.3;  
• for  OVERLAND was not reached at its highest protein level of 13.8, with bread 

scores below 4.0 at all protein levels;  

Table 8.1.  RF Bread Score and Baking Component Means by Cultivar and WF Protein 
Group, 2013-2014 

 
Organic Farmer Involvement 
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Year 1 (2011 planting- 2012 harvest- 2013 processing) 
Three organic farmers in Nebraska considered using fall-established tillage radishes sown 
together with wheat to retain soil nitrogen until the wheat needs it in the spring.  Nitro 
tillage radish was sown in early October with the wheat seed on two organic farms. The 
radish stand was acceptable, but lacked much growth, as it froze on Nov. 11.  The 
alternative would be to sow radishes separately in August, and no-till drill the wheat into 
the radish mulch.  Because of the drought, earlier planting of radishes on the western-
most organic farm was considered a bad idea, as the radishes would compete for sparse 
moisture.  The other two farms lacked no-till equipment for planting wheat into the radish 
mulch and preferred to let the university do this type of experiment. 
 
Year 2 (2012 planting- 2013 harvest- 2014 processing) 
The star performing line for organic production that baked well despite low protein 
content, ‘NW07505’, was increased on organic land at UNL’s South Central Ag Lab 
(SCAL). Organic farmer members of OPINS Co-op (Organic Producers in Iowa, 
Nebraska and South Dakota) planted three other high performing lines in this category 
for test marketing (NE07444, NW03666, NE02558). Dry conditions in western Nebraska 
combined with late planting resulted in poor plant stands for NW03666 and NE02558 
that were ultimately abandoned and replanted to spring crops.  NE07444 produced 
enough seed to plant 33 acres the following year. 
 
Of the increases planted by farmer cooperators and presented to two millers, NE02558 
and NW03666 were rejected for an odor of common bunt, leaving only NE07444 as 
favorable to millers. 
 
Year 3 (2013 planting- 2014 harvest- 2015 processing) 
The increased seed of NE07444 was planted on 33 acres in September 2013.  NW07505 
that had been increased at SCAL was color sorted to obtain 30 pounds of 99% white 
seed.  OPINS Co-op planted the 30 pounds on a half-acre after alfalfa.  OPINS had also 
intended to plant 1500 pounds of low purity NW07505 (only 93% white kernels) for test 
marketing, but put it off to the following year pending purification of the seed.  This seed 
was later sorted at the Iowa State Seed Lab, increasing the purity to 97.8 % white kernels, 
which is still far above the maximum of 0.05% allowed for Nebraska certified seed.  
Sorting also removed many seeds with black-point disease.  
 
Dry conditions combined with late planting of NE07444 on 33 acres in western Nebraska 
resulted in poor plant stands that were ultimately abandoned and replanted to spring 
crops. 
 
Year 4 (2014 planting- 2015 harvest- 2015 planting) 
A thousand pounds of 97.8% pure NW07505 was planted in mid-September 2014 in 
western Nebraska by an OPINS coop farm for test marketing purposes.  Additional color 
sorting from 40 pounds on a lab-scale sorter produced 15 pounds of 99.5% pure 
NW07505, which was hand-sorted to produce three pounds of 99.94% pure seed.  This 
seed was planted on October 29, 2014 in Arizona.  The seed increase of 1500 pounds of 
99.94 % pure hard white NW07505 arrived from Arizona in July 2015.  
 
The 1000 pounds of 97.84 % pure hard white NW07505 seed planted by the west 
Nebraska farmer for OPINS Co-op was decimated by hail and yielded only 5 bu/acre.  In 
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a normal year, this variety would have above average test weight, but this year was below 
57 lbs./bu. The farmer decided not to continue growing this variety.  The seed increase of 
1500 pounds of 99.94 % pure hard white NW07505 arrived from Arizona in July 2015.  
A different OPINS farmer in Wyoming planted this seed on October 14, 2015. 
 
Outreach and Target Audiences: 
The Third Organic Wheat Conference, organized by Richard Little and Liz Sarno, 
featured a presentation on the goals of the NUEQ project.  Over 40 people from Iowa, 
Nebraska and Kansas attended the 6-hour conference and field tour held at UNL-ARDC, 
Mead, Nebraska, on June 11, 2012.  At the Bread Baker’s Guild event, WheatStalk 2012, 
June 25-27 in Chicago, Rich Little displayed a poster that explained the NUEQ project to 
the 150 attendees, mostly artisan bakers, and solicited involvement.  A UNL Nebguide 
and related data was published to the web in July 2013, featuring wheat lines included in 
the NUEQ study.  This web address was promoted in an email to over 200 organic 
farmers, researchers and enthusiasts.  See http://cropwatch.unl.edu/web/wheat/organic . 
Richard Little presented an eOrganic seminar in May 2013 on “Breeding for Winter 
Wheat Quality,” http://www.youtube.com/watch?v=wM_n8CROGNM, and delivered a 
similar presentation on December 7, 2013 at the Western Sustainable Ag Conference in 
Ogallala, Nebraska with an update on the NUEQ project.  The presentation included 
preliminary artisan baking results. Little presented at the March 2015 Wheat Quality 
Council Annual Meeting in Kansas City on the topic of breeding wheat for organic 
environments.  This conference brings together a national representation of wheat 
breeders, millers, and other wheat industry personnel.  Key slides comparing yield and 
protein for two organic rotations in contrast with conventional environments were 
gleaned from the CERES Trust NUEQ research. Little presented at the December 8, 2015 
Fall Organic Wheat Conference of the Kansas Organic Producers in Oakley, KS on the 
topic of “Selecting vs. Breeding Wheat for Organic Environments,” with over 30 Kansas 
and Nebraska farmers attending.  Half of the presentation focused on NUEQ research. 
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Financial Summary 
A total of $148,611.71 was spent, leaving a balance of $2,224.29, which was returned to 
CERES Trust via check on 2/12/16.  A final financial report was submitted on 2/5/16 and 
is copied below. 
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