ABSTRACT

WHELAN, JOSHUA CRAIG. Nitrogen Management of Malting Barley in North Carolina.
(Under the direction of Dr. Amy Johnson)

Barley, Hordeum vulgare L. has historically been grown throughout the southeast as a
source of animal feed. However, increases in craft breweries in North Carolina (NC), 300+, has
produced a demand for locally sourced, malt quality barley and an opportunity for farmers to
achieve premium prices. Quality criteria demanded by the malting industry consists of a grain
protein content within 9.5-12.5% and a grain plumpness of greater than 80%. Protein content and
plumpness have been correlated to nitrogen (N) rates with higher N rates causing increased
protein content and decreased plumpness. The objective of this study was to determine N
application rates which optimize both yield and quality parameters across NC. Experimental
plots of Violetta 2-row winter barley were planted at four locations across the state, representing
NC’s different physiographic regions during the 2017/2018 and 2018/2019 growing seasons. A
randomized complete block design was used with experimental treatments consisting of six total
nitrogen (N) rates, ranging from 0 to 167 kg N ha (0-150 Ibs N ac™), split applied at three
different growth stages. Grain yield and malt quality indicators, including grain protein and
kernel plumpness, were measured to determine the optimal N rate with respect to yield and
malting quality goals. Plant tissue N was measured at specific growth stages in order to assess
the potential of using tissue N as a predictor of final yield and protein content. Results
demonstrate that increased N rates generally caused significantly higher barley yields but that
yield plateaued at an N rate of 135 kg N ha (120 Ibs ac™) in all site-years save one. Greatest
yields were found in sites having medium to fine textured soils, while sandier sites did poorly.
Location and year-to-year variability greatly affected barley yield although malt quality

parameters remained within acceptable limits in the majority of site-years except at the highest N



rate regardless of N rate or environmental factors, suggesting that Violetta is well adapted to NC.
Tissue N content was highly variable from year to year and by location and did not consistently
correlate with quality parameters. Additional studies are needed to determine whether N
application timing can be further optimized and to evaluate the adaptability of other malting

barley varieties for NC.
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CHAPTER 1: REVIEW OF LITERATURE
Barley Production Worldwide

Barley, Horedeum vulgare L., is one of 31 Horedeum species from the tribe Triticeae
which also includes wheat, rye, and oats (Bothmer et al. 2003). Barley was domesticated from its
wild relative Horedeum spontaneum and has been cultivated for over 10,000 years with the
likely origin being the Fertile Crescent region (Badr 2000). Barley has been grown more widely
than any other cereal grain and is capable of growing in regions that are unfavorable to other
cereals.

Barley grows best in areas having temperate climates with long, cool and moderate dry
growing seasons (Bothmer et al. 2003). Though barley will withstand heat in dry climates, and
high humidity in cool climates, it struggles in climates that are both hot and humid largely due to
the presence of disease (Klages 1942). Barley’s adaptability has caused it to be the fourth most
cultivated cereal crop worldwide, being grown over much of the Earth (Poehlman 1985,
Newman and Newman 2006, Widmar 2018). The three main uses of barley are animal feed,
human food and alcohol, with the predominant use differing by region.

Barley in Africa and the Middle East has been historically grown as a human food source
(Newman and Newman 2008). Although it has been an important crop throughout history in all
of North Africa, where poor soils and low rainfall often make barley the only harvestable cereal;
barley production has gradually consolidated in Morocco with 40% of total African barley being
produced here (Poehlman 1985).

Barley in Europe has historically prospered due to the cool climate and fertile soils
(Poehlman 1985). This has resulted in the European Union being the number one producer of

barley in the world (Newman and Newman 2008). Although the greatest portion of barley is used



for animal feed, use for the production of alcohol is also important throughout (Newton et al.
2011).

Barley production in North America accounts for around 11% of total world production
and is mainly grown as a spring crop in the cooler climate of Canada (Poehlman 1985). Canada’s
Prairie Province of Alberta, Manitoba, and Saskatchewan produce the bulk of the country’s
barley (Poehlman 1985). Though most of Canadian barley is grown for animal feed as 6-row
varieties, around 20% is grown for the production of alcohol. Traditionally 2-row varieties were
used for producing alcohol in Europe but Canada has primarily uses 6-row varieties for this
purpose as better malting 6-row varieties have been developed (Poehlman 1985).

Similar to Canada, barley in the United States (US) is mostly grown as a spring crop
where cold winters and mild springs are normal, but it can also be grown as a winter crop in the
southeast with a milder winter. Barley is seen as a cheap source of animal feed with 65% of total
barley produced being used as such, although it cannot compare to corn in feed efficiency
(Poehlman 1985, Newman and Newman 2006). Barley, however, is superior to other cereals for
the production of alcohol. Roughly 30% of barley grown in the US is used for alcohol production
(Poehlman 1985, Newman and Newman 2006). Barley production has historically moved
westward across the US, starting in the Northeast, moving to states like Illinois and Ohio, and
finally reaching areas like Minnesota and the Dakotas (Poehlman 1985). This is partially due to
the development of new varieties that are more suited for the cooler environment of the Upper
Midwest and Great Plains. Today, the top barley producing states are Montana, North Dakota,

and ldaho (Mosley 2019).



Barley Growth Cycles

The growth cycle of barley is similar to other cereal grains such as wheat, rye, and oats.
According to the Zadoks system of plant developmental stages, primary and secondary growth
stages are specified and determined by morphological differences in the plant (Zadoks et al.
1974). This system consists of ten primary stages (0-9) and 100 secondary stages, with ten
secondary stages within each primary stage (Fig. 1.1). Primary growth stages recognize large
changes in morphology, such as tillering, stem extension, heading, and grain ripening and consist
of: (0) germination, (1) seedling growth, (2) tillering, (3) stem elongation, (4) booting, (5)
inflorescence emergence, (6) anthesis, (7) milk development, (8) dough development, and (9)
ripening (Zadoks et al. 1974). Secondary growth stages represent slight changes within a primary
growth stage. For example, within the primary stage of tillering, GS 20-29 on the Zadoks scale,
the difference between secondary stages 20 and 21 is an increase of a single tiller (Zadoks et al.
1974, Jackson and Williams 2006; Table 1.1).

Growth stages of interest include Growth Stage (GS) 13, GS 25, GS 30, GS 45, GS 50-
75, and GS 75-100 (Table 1.1). Growth Stage 13 is considered to be the three leaf stage and is
seen shortly after germination (Zadoks et al. 1974, Jackson and Williams, 2006). At Growth
Stage 25 the main stem has five tillers and is seen after the air temperature reaches 50° F (Zadoks
et al. 1974, Jackson & Williams, 2006). At Growth Stage 30 jointing and stem elongation begins,
and this is when the majority of nitrogen (N) is required (Zadoks et al. 1974, Jackson and
Williams, 2006, Weisz et al. 2013). At this growth stage, the grain head begins to form although
it is still underground (Zadoks et al. 1974, Jackson and Williams 2006, Weisz et al. 2013).
Growth Stage 45 is referred to as boot stage, which is when the seed head is completely encased

by the flag leaf, directly before heading occurs (Zadoks et al. 1974). Vegetative growth is



minimal past GS 45 and reproductive growth takes precedence (Jackson and Williams 2006,
Weisz et al. 2013). Seed head emergence, flowering and grain fill occur between GS 50-75,
while grain ripening takes place during Growth Stages 75-100 (Zadoks et al. 1974, Jackson and
Williams 2006). Grain reaches harvest maturity at GS 92 and stems begin to collapse by GS 94
(Zadoks et al. 1974, Jackson and Williams, 2006)

Barley, as well as certain other small grains such as wheat, rye, and triticale, begins
reproductive growth at the boot stage. The inflorescence, or flowering structure, occurs as a
spike, which is made up of individual spikelets. A spike begins to emerge from the flag leaf at
GS 50 and is completely emerged by GS 59 (Zadoks et al. 1974). The spike is composed of
alternating nodes on either side of the rachis along the length of the spike. A spikelet forms at
each of these nodes and is made up of one or more flowers referred to as florets (Fig. 1.2) Barley
contains a single floret per spikelet with three spikelets per node (Jackson and Williams 2006,
Wrigley 2017). The row orientations of barley are determined by the fertility of the florets in
each spikelet. In 6-row barley all florets are fertile resulting in three seeds per spikelet and six
spikelet rows going up the spike (Jackson and Williams 2006, Wrigley 2017). In 2-row barley
the two lateral florets are sterile, giving just one seed per spikelet, giving the impression of only
two rows of spikelets on either side of the spike (Fig. 1.3).

Barley as a Source for Malt

Barley is best known for its use as an ingredient in alcoholic beverages, with 15% of
world barley acreage being grown for alcohol production (Magliano et al. 2014). Barley’s
importance to alcohol is due to its wide geographical adaptation, ease of processing, and
economical pricing (Magliano et al. 2014). In order to produce alcohol, the starches contained in

the endosperm of the barley seed must be converted to simple sugars, a process known as



malting. These sugars are then used by yeast during the fermentation process of the brewing
procedure. The basic malting technique was developed thousands of years ago, but today this
transformation occurs through a controlled germination method.

The malting process consists of three main stages: steeping, germination, and kilning
(Briggs 1998). During the steeping process the barley grain is subjected to cycles of
submergence in water and dry periods of ““air rest” over a period of two days (Briggs 1998,
Freeman 1999). This initiates seed imbibition, which begins the germination process while also
allowing for release of carbon dioxide (Freeman 1999).

After steeping, germination is allowed to proceed at an air temperature of 14-18°C and
high humidity to prevent moisture loss (Freeman 1999). The conversion of endosperm starch to
simple sugars occurs when germination begins, as enzymes that breakdown starch are activated
within the seed (Paterson et al. 2003, Izydorczyk and Edney 2017). This process is referred to as
endosperm modification. Germination must be stopped before the grain begins to sprout, which
is done by drying and heating the seed, a process known as kilning (Briggs 1998, Paterson et al.
2003). The grain is first dried at room temperature, reducing moisture and inactivating seed
enzymes. After air drying, the grain is heated to 100°C, in a process known as curing (Freeman
1999). The degree of curing establishes the color and flavor for a particular finished beer
product. Kilning takes 24 to 36 hours to complete and the grain will have a final moisture content
of around 4% (Freeman 1999). After the last stage of kilning, the barley is considered “malted”
and can be stored until sale to brewers.

Both 6-row and 2-row barley are used for the production of malt with the type used
depending on geography (Briggs 1998, Freeman 1999). In Europe 2-row barley has historically

been grown for malting because of its naturally lower protein content, lighter color and greater



volume of fermentable sugars compared to 6-row barley (Briggs 1998, Freeman 1999). In
contrast, 6-row barley is typically used to make malt in the US and Canada because those
varieties are more suitable for the climate of North America (Freeman 1999). Overall, the choice
of malt barley variety is based on brewer preference, but a recent interest in European style beer
by the craft beer industry has created a market for malt quality 2-row barley in the US.

Quality Standards

Barley grown for malt must meet strict quality standards. These standards are set to
ensure a quality final product and to improve the efficiency of converting the barley into malt
(Briggs 1998, Edney et al. 2012, MacLeod 2016, Izydorczyk and Edney 2017). To assess the
quality of malting barley, the following factors are examined: germination rate, protein content,
grain moisture, grain plumpness, varietal uniformity and disease (MacLeod 2016, Izydorczyk
and Edney 2017, Table 1.2). Less than ideal quality of the raw barley, such as high protein or
low plumpness, can negatively impact the malt, which may cause hazy color, an off taste, and a
decreased volume of usable end product (Briggs 1998, Freeman 1999, MacLeod 2016). Malt
quality barley can demand high premiums by malt houses, up to $8-$12 per bushel of barley,
whereas barley sold for animal feed in the Southeast sells for 90% of the current price of corn.
Producing barley grain that meets the malting quality standards, therefore, offers a farmer a
potentially lucrative value-added product above feed barley.

For malting to be successful, the raw barley seed must have a high germination rate
(MacLeod 2016, Izydorczyk and Edney 2017). The standard germination test performed by the
malting industry is called Germination Energy and is used to determine how much of the barley
seed will germinate in the malt house (MacLeod 2016). This test is completed over a period of

72 hours with any germinated seed being removed each 24-hour period. An acceptable result is



seed having at least 95% germination after 72 hours (MacLeod 2016, Izydorczyk and Edney
2017). Germination also needs to occur uniformly, because uneven germination lowers quality
and quantity of the usable end product (Briggs 1998). Maintaining a uniform germination rate
over an entire malt is often an indicator of varietal purity. Different varieties of barley have
different levels of dormancy, and malts should always use a single variety of barley (Freeman
1999, Paterson et al. 2003). Another reason for the requirement of varietal purity is that many
varieties, even varieties within a specific row orientation, can have naturally varying protein
levels (Grant et al. 1991, McKenzie et al. 2005, Edney et al. 2012, O’Donovan et al. 2015).
Therefore, it is impermissible within the industry to blend grains of different protein contents, as
it leads to uneven germination and differing malt quality (Freeman 1999, AMBA, 2011,
MacLeod 2016, Izydorczyk and Edney 2017).

Plump kernels are desirable because they have a higher starch content, which translates to
a greater amount of malt extract, the fermentable sugars (Freeman 1999, Edney et al. 2012,
MacLeod 2016, Izydorczyk and Edney 2017). High kernel plumpness increases the total volume
of beer produced per weight of malt by increasing the total extract available (Edney et al. 2012,
MacLeod 2016, Izydorczyk and Edney 2017). Ideally, greater than 80% of kernels should be
stopped by a 6/64" sieve for 2-row barley (MacLeod 2016, 1zydorczyk and Edney 2017).
Plumpness levels below this may have insufficient starch to produce a quality malt.

The protein content of malting barley is one of the most important determinants of the
quality of the finished malt. While endosperm proteins are required for the production of starch
degrading enzymes, a strict range for barley protein levels is necessary to prevent the deleterious
effects of excessive protein. High seed protein can lead to poor endosperm modification, a

reduced malt extract volume, and cloudy or discolored beer (Freeman 1999, Izydorczyk and



Edney 2017). Protein and starch occupy the endosperm during grain fill and, thus, protein levels
have an inverse relationship with the amount of convertible starch. On the other hand, low
protein can also be problematic as there may be insufficient enzymatic activity to convert
endosperm starches to fermentable sugars (Freeman 1999, AMBA 2011, MacLeod 2016,
Izydorczyk and Edney 2017). Agronomic practices, such as N fertilization, have been shown to
affect protein content of grain kernels (Freeman 1999, O’Donovan et al. 2011, Sainju et al. 2013,
Stevens et al. 2015) and thus are important considerations when growing barley for the malt
market.
Nitrogen Effects on Yield and Quality

Barley grain’s plumpness and protein content are greatly affected by agronomic practices
such as seeding rate, N fertilization and variety (Wade and Frommet 2003, O’Donovan et al.
2011, Edney et al. 2012, Izydorczyk and Edney 2017). Management of N fertilizer is especially
important to the quality of the barley as it can have the greatest effect of any agronomic practice
(Gooding 2017, Shrestha and Lindsey 2019). Higher N fertilizer applications are not,
surprisingly, associated with greater grain yield of malting barley (Grant et al. 1991, Weston et
al. 1993, O’Donovan et al. 2011, Edney et al. 2012, Sainju et al. 2013, Magliano et al. 2014,
Stevens et al. 2015). However, greater than ideal protein contents and lower plumpness levels
have been shown to result from high N fertilization rates (Wade and Froment, 2003, O’Donovan
etal. 2011, Edney et al. 2012, Magliano et al. 2014, Stevens et al. 2015). This makes malting
barley a difficult crop to fertilize to obtain its full potential yield without sacrificing the quality
required by the malting industry. If barley grain does not meet the quality standards of the
maltsters, the only option is to sell it as livestock feed rather than at the premium price that malt

quality barley can obtain.



While the N rate that satisfies both yield goal and quality requirements will vary
depending on location and climate, O’Donovan et al. (2015) working in western Canada, found
that a total of 90 kg N ha* (80 Ib N ac?) applied at planting met the protein standards set by the
Brewing and Malting Barley Research Institute in Canada for 2-row spring-planted varieties.
However, N rates above 60 kg total N ha™® (54 Ib N ac™?) led to a significant reduction in kernel
plumpness, an indication of reduced malting quality. Also working in western Canada, Edney et
al (2012), showed that the critical N rate at which grain protein reached unacceptable levels was
above 90 kg N hat, which is similar to the findings of O’Donovan et al. (2011, 2015). Working
in western China, Wang et al. (2007) also found that increasing N rates significantly decreased
the amount of malt extract by increasing protein content. While higher N rates may increase
protein content and decrease seed quality, low protein varieties of malting barley exist and would
theoretically allow high yields without sacrificing quality. Weston et al. (1993), compared two
typical malting barley varieties for North Dakota, Robust and Bowman, with two varieties bred
for low protein. Nitrogen rates greater than 150 kg N ha (134 Ib N ac™) led to unacceptably
high protein content in the Robust and Bowman varieties, while the low protein varieties did not
exceed protein limits at rates as high as 200 kg N ha® (178 Ib N ac™) (Weston et al 1993).
However, the low protein varieties had significantly lower yields than that of the normal varieties
(Weston et al. 1993).

Other Nutrients and Seeding Rate

Practices such as seeding rate and additions of nutrients other than N, particularly
phosphorus (P), potassium (K) and sulfur (S), can also impact barley yield and quality.
Phosphorus is important for germination and early plant growth in small grains (Weisz et al.

2013) and also promotes winter hardiness. This is especially important for barley grown in the



winter as it is more susceptible to cold damage than wheat (Poehlman 1985). Phosphorus
additions have been shown to increase yield when applied to barley, although in some cases this
effect can lower the number of plump kernels (McKenzie et al. 2005).

Potassium influences test weight and oil content, prevents lodging, and can increase
drought and disease tolerance in small grains (Weisz et al. 2013). However, without the
pressures of disease or drought, K applications may have no impact on yield or quality
(McKenzie et al. 2003, 2004, 2005).

Sulfur in small grains is important to grain protein, kernel weight, kernel size, yield, and
test weight (Weisz et al. 2013). Sulfur is also needed for utilization of N and, thus, N:S ratios
play an important determining factor in applications of N. Ratios greater than 15 indicate that S
is limiting (Weisz et al. 2013). Although S has shown no effect on the quality of barley in
general (McKenzie et al. 2005), additions of S are known to cause increases in yield for small
grains in NC (Oates and Kamprath 1985).

Seeding rates for hulled barley in NC are recommended at between 0.9 and 1.6 million
seeds ac?, with the higher end being for more intensely managed fields (Weisz et al. 2013). Ohio
State extension recommends a malting barley seeding rate of between 1.2 and 1.6 million seeds
ac™! (Culman et al. 2018). Researchers in Western Canada have found that a seeding rate of
approximately 1.2 million seeds ac™* maximizes yields while maintaining malting quality
(O’Donovan et al. 2015). High seeding rates can lower levels of grain protein, thus improving
endosperm modification and increasing malt extract production, but yields may be greater at

lower seeding rates (Edney et al. 2012).
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Nitrogen Application Timing

Small grains grown in spring in Western Canada and the Northern Great Plains typically
receive all N at or shortly after planting. Winter small grains in the southeast receive N two to
three times during the growing season. Generally a starter application is used and represents only
a fraction of the total N applied. The largest N application generally occurs during “spring green
up” as this is the time of greatest crop uptake. In addition a small winter application in January or
February may be recommended in NC for wheat if tiller density is not ideal (Weisz et al 2013).

Starter N fertilizer applications are typically applied before GS 13 and the beginning of
winter dormancy in order to promote early root growth and prevent winter kill (Alley et al. 2009,
Culman et al. 2018). Winter wheat recommendations in NC call for the application of 17-34 kg
ha! (15-30 Ib ac?) as a starter due to the fact that early N stress can lead to low tillering, thereby
lowering yields (Weisz et al. 2013). A caveat to this is when planting late. In this case, no starter
N is recommended because low temperatures will prevent tillering, thereby making starter N
application uneconomical (Weisz et al 2013).

In terms of barley specifically, research in Virginia has shown a benefit of starter N to
root and stand development, and yield when winter planted (Alley et al. 2009). They found that
28 t0 34 kg N ha! (25-30 Ib N ac?) was an ideal rate of starter N, unless a significant amount of
residual soil N exists, in which case starter N should be reduced (Alley et al. 2009). In Ohio 22 to
34 kg N ha* (20-30 Ib N ac?) is recommended at planting for winter planted malting barley (in
order to promote early root growth and improve winter hardiness (Culman et al 2018)

In the southeastern United States, winter application of N to small grains may be
recommended at Zadoks GS 25, depending on tillering density (Weisz et al. 2013). As no data

exists for a critical tiller density of barley at GS 25, Virginia has suggested that wheat protocols
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be followed (Alley et al. 2009). Virginia and NC recommend that N only be applied at GS 25 if
tiller density is less than 100 tillers per square foot (Alley et al. 2009, Weisz et al. 2013). In NC,
if tiller density is at or below 20 tillers per square foot, 56 to 78 kg N ha* (50-70 Ib N ac™)
should be applied to the crop (Weisz et al 2013). Researchers in Virginia suggest 56 kg N ha™
(50 Ib N ac™®) if tiller density is at or below 50 tillers ft> (Alley et al. 2009). They also state that a
small application of 34 N kg ha* (30 Ib N ac?) can be made if tiller counts are close to 100 tillers
ft> but wheat shows signs of N deficiency such as yellowing. Growth Stage 25 is the last chance
to increase the number of tillers of the crop before stem extension begins (Weisz et al. 2013).

At GS 30, small grains’ requirements for N are greatly increased as vegetative growth
intensifies after winter dormancy via stem elongation (Zadoks et al. 1974). Therefore, this is a
critical time for nitrogen applications (Weisz et al. 2013). For malting barley, Ohio recommends
an 84 to 101 kg N ha* (75-90 Ib N ac™?) application in the spring around GS 30 with the option
of splitting applications between GS 25 and growth stages up to GS 45, cautioning that no N
applications past GS 45 should be used (Culman et al. 2018). The reason for this is because
growth switches from high N-need vegetative growth, to remobilization of N within the plant
during reproductive growth. Virginia’s extension program recommends that no more than 112 kg
N ha (100 Ib N ac™) should be applied to winter barley between GS 25 and GS 30 due to the
potential for lodging (Alley et al. 2009). In the case of heavy rains, especially on sandy soils, N
applications should be adjusted upward by between 11 and 22 kg N ha* (10-20 Ib N ac™).

Plant Tissue analysis for Nitrogen

Because of the concern with high N levels in the production of malt barley, it may be

beneficial to track N uptake in barley vegetative tissue throughout the growing season. Nitrogen

tissue testing has been used to help increase N use efficiency of small grains (Lemaire et al.
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2008) and been shown to be able to predict yield in small grains. There may be a potential for
using an N tissue test in early spring to estimate the amount of N additions needed to reach full
yield potential without exceeding quality standards.

Plant analysis (plant tissue testing or leaf analysis) determines the total elemental content
of a specific plant part (Jones and Case 1990). Plant tissue analysis may indicate if a plant
contains the necessary concentrations of essential nutrients for optimum plant growth (McGinnis
2014). Interpretation of the analysis is usually based upon critical values, which is the value at
which elemental concentrations are considered sufficient to prevent a reduction in growth or
yield (Jones and Case 1999). Measured plant tissue concentration can be compared to these
critical values and recommendations for further nutrient addition can be made. In NC, the North
Carolina Department of Agriculture and Consumer Services (NCDA&CS) provides
recommendations for final spring N application rates on wheat based on biomass N critical
values and total biomass collected at GS 30. These recommendations are based on the work of
Weisz et al (2013) which established three yield response curves depending on the measured
biomass density—low, medium and high. The applicable response curve is then used along with
the measured N% in the leaf tissue to determine the recommended final N application rate
(Fig.1). This approach has worked well in NC for high yielding wheat (Fig. 1.3). Scant research
has been conducted to determine critical levels for barley for optimum yield and less for malt
quality. Zhao (2014) and Alley et al. (2009) were able to create critical curves for plant tissue-N
for winter barley in China and Virginia respectively, although these curves were designed to

optimize yield and not quality.
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CHAPTER 2: NITROGEN RATE AND QUALITY TRIALS

Introduction

Barley, Hordeum vulgare L., is the fourth most grown crop worldwide by acreage, and is
one of the most widely adapted cereal grains (Newman and Newman 2006). The majority of
barley grown in the United States (US) is utilized for animal feed, although roughly 25-30% is
used for alcohol production (Newman and Newman 2006). Barley grown for malt must attain
strict quality standards set by the malting industry which ensures proper flavor and color
development of the final product (AMBA 2011). Two of the most important quality parameters
include grain protein and kernel plumpness with plump barley and minimum levels of protein
leading to the maximum amount of malt extract produced per volume of grain (Edney et al.
2012). Recommendations for 2-row malting barley sold in the US are protein contents of 9.5-
12.5%, and kernel plumpness of less than 80% (AMBA 2011, MacLeod 2016). High levels of
grain protein can lead to a lower starch content and poor endosperm modification (Freeman
1999). Plump kernels contain more starch which relates directly to the amount of available
fermentable sugars released during the malting process (Izydorczyk and Edney 2017).

Protein content and plumpness can be greatly influenced by the variety of barley grown
as well as agronomic practices (Weston et al., 1993, Edney et al. 2012, O’Donovan et al. 2015).
Nitrogen (N) fertilization can be a major determinant of final grain quality. Although yields are
generally increased with higher N fertilization, increasing N rates can also result in decreased
malt quality, namely high grain protein and low plumpness (O’Donovan et al 2015). Producers
aim to maximize yield but must also maintain quality standards in order to receive a price
premium for their barley, making N fertilization challenging in this crop. The majority of

research pertaining to the effect of N rate on the malt quality of barley have been performed in
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colder climates such as Canada and the northern Grain Plains where barley is grown as a summer
crop and on cultivars bred for these colder climates (Poehlman 1985, Weston et al. 1985, Edney
et al. 2012; O’Donovan et al.2015). In the US 80% of the barley grown is spring planted (Dill-
Macky et al. 2015) and little data is available for winter malting barley grown in the Southeast.

North Carolina (NC), as in other states, has experienced rapid growth in the craft beer
industry which has created a potential market for locally sourced malt and an opportunity for
farmers to receive a premium price. A lack of research for winter malting barley grown in the
southeast makes it difficult for growers to produce a quality crop, as well as creating a need for
research of N rates in the Southeast. The objective of this study was to determine N rates which
will maximize winter barley grain yield while maintaining malt quality standards under NC
conditions. A secondary objective involved the investigation of whether plant tissue N can be
used as a tool to predict final yield and/or protein content of barley grain. The results of this
study will provide NC growers with needed recommendations for N rates that optimize both
yield and quality of malting barley.
Materials and Methods

A N rate study on Violetta, a 2-row variety of winter malting barley (Hordeum
vulgare L.) was conducted during the 2017/2018 and 2018/2019 growing seasons, hereafter
referred to as 2018 and 2019 respectively, at agricultural research stations in four different
physiographic regions of North Carolina: (1) Mountains Horticultural Crops Research Station =
mountains; (2) Piedmont Research Station = piedmont; (3) Sandhills Research Station =
sandhills; and (4) Upper Coastal Plain Research Station = coastal plain (Fig 2.1) for a total of
eight site-years. These locations differ by typography and soils and were included to examine

how this variety of malting barley performed under different conditions. At all research stations,
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other than the sandhills, the specific field on which study plots were located changed between the
two study years but care was taken to choose fields with the same mapped soil series. The soil
series and tillage were as follows: mountains: Codorus loam with conventional tillage; piedmont:
Lloyd clay loam with no-till, sandhills: Ailey loamy sand with conventional tillage; and coastal
plain: Norfolk loamy sand with conventional tillage (Table 2.1).

Prior to each growing season, soil samples were taken from each field from a depth of 0-
15 centimeters (0-6 inches) and analyzed by the NC Department of Agriculture & Consumer
Services (NCDA&CS) Soil Testing Lab. Amendments for soil nutrients (other than N) and pH
were added in accordance with North Carolina (NC) recommendations for winter small grains at
each location (Table 2.1). Soil N was not tested as it is not normally tested in NC, and it was
assumed that all study sites started with no residual N. Sulfur (S) was added at a rate of 34 kg S
ha* (30 Ib ac?) to all plots to avoid S deficiencies, which are common in small grains in the
southeast, and to prevent elevated N:S ratios that may inhibit plant assimilation of N and S.
Barley was planted in bulk at a seeding rate of 4.2 million seeds ha* (1.7 mil seeds ac) with a
19 cm (7.5 in) row spacing and at a depth of 2.5 to 4 cm (1-2 in). Planting in the mountains
occurred on 10/167/17 and 10/31/18 following corn and soybeans respectively; in the piedmont
on 10/16/17 and 10/26/17 following grain corn and corn silage respectively; in the sandhills on
10/13/17 and 10/17/18 following sweet potato and barley respectively; and in the coastal plain on
10/13/17 and 10/17/18 following tobacco and cotton respectively (Table 2.2). Plots measured 3m
by 15m (10ft by 50 ft) and 1m (3ft) alleys were established between plots. Plots were laid out in
a randomized complete block design including four replications and treatments consisting of six
total N rates of 0, 34, 67, 101, 135, 168 kg N ha* (0, 30, 60, 90, 120, 150 Ib N ac!) cumulatively

applied at three applications. Nitrogen fertilizer was topdressed as urea ammonium nitrate (30-0-
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0) with a CO2 backpack sprayer having a spray width of 3m. The N rates (Table 2.3) were
applied at three Zadoks’ Growth Stages (GS) GS10 (three leaf) GS10, GS25 (tillering), and
GS30 (jointing).

The GS10 applications were made between early to late November, depending on the
year and location, GS25 applications were made mid to late February and GS30 applications
were made late February to mid-March (Table 2.2).

At GS25 and GS30, fifty to 100 grams of aboveground plant tissue was randomly
collected from a minimum of six locations in each plot in accordance with the NCDA&CS
protocol for winter small grains tissue sampling (McGinnis et al. 2014) (Table 2.2). Samples
were collected prior to, but on the same day as, N applications. At GS45 (boot stage), 100 to 150
flag leaves were randomly collected from each plot, also in accordance with NCDA&CS
protocol for winter small grains tissue sampling. Leaf tissue samples were analyzed by oxygen
combustion gas chromatography (NA1500s2; CE Elantech Instruments; Lakewood, NJ) (AOAC
1990b; Campbell 1992) by the NCDA&CS for tissue N. Tiller counts were taken at GS25 on
only the first rep in both 2018 and 2019. Sampling methodology changed from location to
location in 2018. At the mountains location in 2018, tillers were counted 3 times in 30 cm
increments. At the piedmont location in 2018, tillers were counted 3 times in 1 m increments, but
one counter was listed as overcounting. The sandhills in 2018 was missing all tiller counts. At
the coastal plain location in 2018, tillers were counted 3 times in 1 m increments. In 2019, all
locations were counted 3 times in 30 cm increments. See Table A.2 Due to only the first rep
being sampled, and the variation in sampling methodology mentioned previously the tiller data

was not analyzed or used in the remainder of the study.
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All sites received Prothioconazole (Prosaro® Bayer Crop Science) as a disease (Fusarium
head blight) preventative at a rate of 0.6 L ha™* (8.5 0z ac’) shortly after GS 45 flag leaf sampling
in mid-April (Table 2.2). Herbicide treatments varied by location with the mountain site
receiving 43 ml ha'* (0.6 oz ac) of Thifensulfron-methyl and Tribenuron-methyl (Harmony
Extra SG® FMC) in mid-March of 2018. The piedmont site received a burndown application of
Glyphosate (Roundup® Bayer Crop Science) at a rate of 2.3 L ha* (1 gt ac™) and a
postemergence application of Thifensulfron-methyl and Tribenuron-methyl (Harmony Extra SG®
FMC) at a rate of 43 ml ha (0.6 0z ac™) in late February in both 2018 and 2019. In late
February of the 2019 growing season, the sandhills site received an herbicide application of
Thifensulfron-methyl and Tribenuron-methyl (Harmony Extra SG® FMC) at a rate of 43 ml ha*
(0.6 oz ac). The coastal plain received no herbicide applications in either year of the study.

Barley grain was harvested by NC State Small Grains Extension with a Wintersteiger
small plot combine, equipped with a HarvestMaster® grain gauge on 6/9/18 and 5/29/19 in the
mountains, 6/7/18 and 5/28/19 in the piedmont, 6/8/18 and 5/31/19 in the sandhills, and 6/2/18
and 6/5/19 in the coastal plain (Table 2.2). Only the middle 2-m of each plot were harvested.
Grain samples were obtained from within the combine, and moisture and test weight were
measured by the grain gauge. Yield was calculated using moisture content and sample weight
data and was normalized to a standard moisture content of 14.5%. Grain samples were weighed
and dried in a forced air oven to <13% moisture before being shipped to Hartwick College’s
Craft Food and Beverage Labs (Oneonta, New York) for quality testing.

Grain protein was measured using a near infrared reflectance spectrometer (FOSS
Infratec™ Grain Analyzer) following the American Society of Brewing Chemists (ASBC)

Barley-7D protocol (2009). This method is based upon a Kjeldahl-N digestion procedure. For
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this study, suitable protein levels that would lead to acceptable malt quality were defined as
between 10 and 12% total grain protein. The recommended protein content of the American
Malting Barley Association (AMBA) is between 9.5 and 12.5% grain protein (MacLeod 2016).
To determine kernel plumpness, barley seed was sieved through an industry standard 6/64™ sized
sieve, with the kernels being caught considered to meet plumpness criteria. In the current study, a
goal of 85% of kernels caught by the 6/64" sieve was used, but AMBA recommendations are
that a minimum of 80% of kernels should be caught by the sieve (MacLeod 2014). Plumpness
was measured on sieved samples by a Pfeuffer Sortimat using a 100g sample size and 3-minute
shaking time, following the ASBC Barley-2C protocol (2009).

Other quality parameters including Rapid Visco Analysis (RVA) (ASBC Barley-12B),
Deoxynivalenol (DON), and germination energy at 4 ml (GERM4) (ASBC Barley-3C) were also
analyzed by Hartwick College. Rapid Visco Analysis is used to measure mild to moderate sprout
damage and is given in units of Rapid Visco Units (RVU). The results of this analysis can be
used to determine storability of barley (Macleod 2006). Deoxynivalenol (DON), also known as
vomitoxin, is a mycotoxin that infects grains and is associated with certain species of Fusarium.
Germination energy at 4ml is a measure of germinated kernels with 4ml of water. Acceptable
levels for these quality indicators are: (1) RVU > 120; (2) DON < 1ppm; and (3) germination
energy at 4ml > 95%.

Data Analysis

Grain yield, protein content, kernel plumpness, tissue N, RVU, and GERM4 were
statistically analyzed using analysis of variance (ANOVA), and mean separations were
performed using Tukey’s honestly significant difference (HSD) test at the p = 0.05 level. Protein,

plumpness, yield, tissue N, RVA, and GERM4 were considered random effects. Nitrogen rate
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(treatment), year, and locations were considered independent variables, and the interactions of
treatmentxyear, treatmentxlocation, yearxlocation, and treatmentxyearxlocation were also
analyzed. All analyses were performed using PROC GLM in SAS 9.4 (Cary, NC).

If a significant treatment effect was found for yield as determined by analysis of
variance, the data was fit to a linear and a linear plateau model using PROC GLM and the best fit
was selected to determine the optimum N rate for maximum yield. The PROC GLM function
was chosen over the more common PROC NLIN so that the N rate at which the yield breakpoint
occurs is chosen from one of the discrete experimental N rates based on the best fit rather than
estimating from continuous data.

Results
Grain Yield

Yield was analyzed against the fixed factors of treatment (N rate), year (two-year study)
and location (four). Analysis of variance resulted in a three-way interaction of
treatmentxlocationxyear (p=0.0014) for yield (Table 2.4). Because the experiment was explicitly
established in four different locations (e.g. environments that included differing soil series,
rainfall, and temperature), further analysis was conducted separately for each location.

Nitrogen rate had a significant main effect (p<0.0001) at the mountain, piedmont and
sandhills locations, but there was no effect of N rate at the coastal plain location (p=0.1050)
(Table 2.5). The significant effect of N rate at the three locations was expected as N rate has been
shown to significantly impact the yield of malting barley (McKenzie et al. 2005, O’Donovan et
al. 2011). The lack of a significant N rate effect at the coastal plain site was likely due to the high
variability in yield data seen in 2018. The cause of this variability is unknown and cannot be

attributed to weather or management.
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Mean yield increased with increasing N rates at the mountain, piedmont, and sandhills
locations up to a rate of 135 kg N ha* (120 Ib N ac™) (Table 2.6). There was no significant
difference in yield within a location between the 0 kg N ha* (0 Ib N ac!) and 34 kg N ha* (30 Ib
N ac™) treatments (Table 2.6). This result suggests that 34 kg N ha (30 Ib N ac™) of starter N
did not enhance yield, an outcome that was also seen in tissue N measurements that are discussed
subsequently. Lack of response to starter N has been demonstrated by other researchers (Malik et
al., 2012, Wiesz et al., 2013). Yield from the highest N rate (168 kg N ha™*;150 Ib N ac™) was not
statistically different than the 135 kg N ha™* (120 Ib N ac™?) treatment at the mountain or sandhills
locations, while there was no significant difference between the highest three N rates at the
piedmont site (Table 2.6). Mean yields were highest at the mountain location, followed by the
piedmont location; the sandhills location had the lowest yield, producing 50% or less of the
average yield of the other two locations that had significant N rate effects (Table 2.6). These
lower yields are attributed to the exceptionally sandy nature of soils in this region compared to
the loam and clay loam of the mountain and the piedmont locations, respectively.

Because increasing N rate generally resulted in increased yields at three of the four
locations, yields were fit to linear and linear-plateau models. The linear-plateau model has
historically been used in NC because it is more conservative; that is, it provides for the greatest
yield for the least amount of N (Anderson and Nelson, 1987; Crozier et al., 2014). The coastal
plain location was not fit to either model as N rate was not significant. A linear plateau model
best fit the data at the mountain (r>=0.954, p=0.0008), piedmont (r>=0.961, p=0.0006) and
sandhills (r>=0.974, p=0.0003) sites, and all three location showed a threshold at an N rate of
135 kg N ha? (120 Ib N ac-1) (Figs. 2.2-2.4). The maximum yield at the mountain location was

5218 kg ha* (97 bu act), while the piedmont site had a maximum yield of 4674 kg ha* (87 bu
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ac™). Yield was much lower at the sandhills location compared to the other two sites, with a
maximum yield of 1901 kg ha* (34 bu ac’?). The nitrogen factors were 1.24, 1.38, and 3.53 Ib N
bu! for the mountains, piedmont, and sandhills sites, respectively. The linear plateau models fit
well with results of the mean separation test, which showed no significant difference between the
135 kg N ha* (120 Ib N ac™?) and 167 kg N ha* (150 kg N ac™) treatments (Table 2.6).
O’Donovan et al. (2011) used a quadratic equation to fit yields of barley in Canada because of
yield depression at higher N rates. Their optimum N rate was 120 kg N ha* (107 Ib N ac'!) which
yielded approximately 4800 kg ha* (89 bu ac™) of barley grain. Optimum barley yields at the
NC locations were greater (mountain), approximately the same (piedmont), and lower (sandhills)
than the Canadian yields.

A year main effect was seen at all locations (p<0.0001) (Table 2.5). Mean yield was
significantly lower in 2019 compared to 2018 at all locations with the exception of the mountain
site (Table 2.7). The mean yield at the piedmont location decreased from 4267 kg ha* (79.3 bu
ac™t) in 2018 to 3141 kg ha* (58.4 bu ac?) in 2019. This may have been caused by increased
rainfall at the piedmont in 2019, with over 38 cm (14.9 in) more rainfall than in 2018. The mean
yield at the sandhills location decreased from 1701 kg ha* (31.6 bu ac?) in 2018 to 548 kg ha™*
(10.2 bu ac?) in 2019. As in the piedmont, yield was likely affected by the greater rainfall that
occurred during the 2019 growing season compared to the 2018 growing season, an increase of
59 cm (23 inches). Yield at the coastal plain location decreased from 3817 kg ha* (71.0 bu ac™})
to 1397 kg ha* (26.0 bu ac?) in 2018 and 2019, respectively (Table 2.7). The opposite effect of
year was seen at the mountain location, with 2019 yield (4725 kg ha*; 87.8 bu ac™) being nearly

double that of 2018 (2405 kg ha; 44.7 bu ac?) (Table 2.7).
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Malt Quality Indicators

Grain quality measurements, such as protein content, plumpness, RVA, DON, and
germination energy at 4ml (GERM4) are important factors determining the marketability of
barley used for malting. Some of these quality parameters can be greatly affected by N
application, especially protein content and plumpness. In general, an increase in N rate leads to
lower malt quality (Wade and Froment, 2003, O’Donovan et al. 2011, Edney et al. 2012,
Magliano et al. 2014, and Stevens et al. 2015). Therefore, the challenge for malt barley producers
is to apply adequate N to maintain high yields while still meeting the quality standards set by the
malting industry.

Analysis of grain protein content indicated a significant treatmentxlocationxyear
interaction (Table 2.4); therefore, locations were analyzed separately. Nitrogen rate had a
significant impact on grain protein content at the mountain location (p<0.0001) (Table 2.5), and
although there was a significant treatment effect, only the highest N rate of 168 kg ha (150 Ib
ac™!) had a mean protein content that was significantly different than the other N rates (Table
2.6). Mean protein content at the mountain site fell below the lower protein quality limit of 2000
mg gt (10%) for all N rates with the exception of the highest N rate. The American Malting
Barley Association uses a slightly broader standard for protein content, 950 mg g* to 1250 mg g
1(9.5-12.5%) than was used in the present study. Mean protein content for most N rates still fell
below this standard. While lower protein content is generally valued over higher protein by malt
houses, protein content below 950 mg g* (9.5%) can result in lower enzymatic activity in the
seed leading to less conversion of starches to sugars (MacLeod 2016). Year did not have a
significant effect on protein in the mountain site (p=0.8451) (Table 2.5), and annual mean

protein in both years was below the 1000 mg g* (10%) goal (Table 2.7).
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The piedmont location exhibited a significant treatmentxyear interaction (p=0.0009) for
protein content (Table 2.5), and protein content did not follow a discernible pattern of higher
levels with increasing N rates in either study year (Fig. 2.5). All N rates in each year had protein
contents that fell below the upper standard limit; at N fertilizer rates >101 kg N ha* protein
contents were above 1000 mg g. Nitrogen rates < 67 kg N ha'* were slightly below the
minimum protein content in 2018 (Fig. 2.5). However, in these treatments the upper limit of the
error bars fit in the minimum protein content, indicating this quality requirement could be
reached in these treatments.

At the sandhills location a significant treatmentxyear interaction (p=0.0036) was also
present for protein content (Fig. 2.6). Due to the lack of harvestable yield for the two lowest N
rates at this site in 2019, no protein data was available at the 0 and 34 kg N ha* (0-30 Ib N ac™?)
rates for this year. Protein content exceeded the upper limit of protein levels desired by
commercial maltsters at the highest N rate in both study years, while desired protein levels were
below 1000 mg g* for N rates < 101 kg N ha* (Fig. 2.6).

As in the mountain location, N rate had a significant effect on protein in the coastal plain
(p<0.0001) (Table 2.5). Mean protein increased with N rate as has been seen in previous studies
such as O’Donovan et al. in Canada (2011). Protein content at all N rates, except for the 168 kg
N ha (150 Ib N ac™®) fell within the desired range of 1000 mg g* to 1200 mg g* (10-12%)
(Table 2.6). While the mean of the 135 kg N ha* (120 Ib N ac™) rate met the protein
requirement, the variance reached above the 1200 mg g (12%) requirement. This location also
had a significant year main effect (p=0.0060) with the mean protein in 2018 (1040 mg g*) being
significantly lower than in 2019 (1100 mg g%). This is contrary to the yield results where yield

was significantly higher in 2018 than 2019.
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Kernel plumpness exhibited a significant locationxyear interaction and locations were
analyzed separately. When analyzing by location, no treatment (N rate), year, or treatmentxyear
effects were seen for kernel plumpness in the mountains (Table 2.5). Plumpness levels at the
mountain site were above the set standard of 8500 mg g* (85%) at all N rates and in both years
(Tables 2.6, 2.7).

As was the case with protein content at the piedmont study site, plumpness had a
significant treatmentxyear effect (p=0.0076) (Table 2.5). Kernel plumpness showed a decreasing
pattern with increasing N rate, although mean plumpness values were above the 8500 mg g*
(85%) minimum standard at all N rates in both years (Fig. 2.7).

Significant treatment (p<0.0001) and year (p<0.0001) effects for plumpness were
observed at the sandhills location (Table 2.5). In general, plumpness decreased with increasing N
rate falling below the 8500 mg g (85%) limit at > 135 kg ha (120 Ib ac?) treatments (Table
2.6). Year affected plumpness at the sandhills site, where mean plumpness in 2018 was above the
quality limit at 9410 mg g* (94.1%) but below the 8500 mg g goal in 2019 at 7190 mg g
(71.9%) (Table 2.7). In 2019 the plumpness is also below the broader limit of 8000 mg g (80%)
that the AMBA recommends (MacLeod 2016). The lower plumpness values in 2019 are most
likely related to the extremely low grain yield that occurred at this site as yield and plumpness
are intrinsically linked.

Plumpness was significantly affected by year (p<0.0001) but not N rate (p=0.8377) at
the coastal plain site. This was because plumpness in 2018 (9710 mg g™* or 97.1%) was much
greater than plumpness in 2019 (8610 mg g* or 86.1%) (Table 2.7). While no N rate effect

occurred, mean plumpness at all N application rates was above 8500 mg g (85%).
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Overall, there was a treatmentxlocationxyear interaction for RVA (p=0.0050, Table A.6)
and a significant locationxyear interaction for GERM4 (p=0.0111 Table A.6). When analysis
was performed by location, only the piedmont site showed any significant independent variable
effect, with year having an impact on RVA and GERM4 (p<0.0001) (Table A.7). RVA is
acceptable at levels > 120 RVUs, DON < 1.0 ppm, and GERM4 > 9500 mg g* (95%). While
many of the samples were at acceptable levels there were some exceptions. For the entire study
all but one sample was above the 120 RVU goal for RVA. All but 50 samples were above the
9500 mg g (95%) GERM4 goal, but 39 of those samples were above 9000 mg g (90%). The
DON levels were well below the 1.0 ppm acceptance criteria with all but 28 samples being
below the method detection limit of 0.1 ppm. The 28 samples that exceeded 1.0 ppm were from
the piedmont site in 2019 where fungicide application was immediately followed by a rain event.

Prior studies suggest that malt quality, namely high protein and low kernel plumpness,
suffers at high N rates (Wade and Froment, 2003, O’Donovan et al. 2011, Edney et al. 2012,
Magliano et al. 2014, Stevens et al. 2015). In the current study increasing N rate resulted in
significant increases in protein at all locations except the piedmont site. Significant decreases in
plumpness due to higher N rates only occurred at the piedmont and sandhills locations (Table
2.6). Despite the significant increases in protein with increasing N, only the highest N rate of 168
kg N ha® (150 Ib N ac?) at the sandhills and coastal plain locations had protein contents above
the 1000 mg g (10%) limit (Figure 2.6, Table 2.6 respectively). Kernel plumpness remained
above the 8500 mg g (85%) standard at all rates and three of the four locations (Table 2.6). The
sandhills location was an exception where harvested barley had plumpness values below 8500

mg gt (85%) at > 135 kg N ha* (120 Ib N ac?) N rates (Table 2.6). When results for this study
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location were separated by year, however, only 2019 result showed mean plumpness levels
(7190 mg g*) below the standard limit (Table 2.7).

The lack of consistent results showing increasing protein and decreasing kernel
plumpness as N rate increases suggest that a factor other than N rate may be controlling grain
protein and plumpness. The variety used in this study, Violetta, appears to have a relatively low
protein content and relatively high and stable kernel plumpness that is less affected by N rate
than would be expected when grown in NC. Though there have been few studies examining the
performance of Violetta, other researchers have shown that variety has a significant impact on
the quality of malting barley (Varvel et al. 1987, Edney et al. 2012). Varvel et al. (1987) and
Edney et al. (2012) found that while N rate did have a significant effect on protein and
plumpness, the effect could be greatly lessened if the variety used was bred for high malt quality.
Plant Tissue Nitrogen

Barley tissue N content at three growth stages was analyzed by analysis of variance
similarly to yield and quality. The three growth stages at which tissue N was examined were:
GS25 (tillering), GS30 (jointing), and GS45 (booting). There was a significant
treatmentxlocationxyear interaction at the GS45 sampling (p<0.0001), while there were
significant locationxyear interactions for both GS25 (p<0.0001) and GS30 (p<0.0001) sampling
times (Table 2.4). As with the previous results, further analysis of tissue N concentrations at
different growth stages was conducted by location.

Nitrogen rate had a significant effect on tissue N at GS30 and GS45 for each of the four
locations, but only affected tissue N at GS25 at one of the four sites (Table 2.5). The sandhills
location was the only site where a significant relationship between N rate and tissue N occurred

at GS25 (p=0.0346) (Table 2.5). The lack of an N rate effect at GS25 for the other three
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locations suggests that the starter N fertilizer rate of 34 kg N ha'* (30 Ib N ac™®) applied shortly
after planting (GS10) had little effect on final barley yield tissue N content, a result also found by
Malik et al. (2012). Weisz et al. (2013) states that when winter small grains are planted later than
the recommended dates in NC, starter N may provide no benefit. In this study barley was planted
at the mountain site two and four weeks later in 2018 and 2019, respectively, than the
recommended planting window for the mountain region, September 25-30 (Wiesz et al. 2013). In
2019 the piedmont site was also planted a week later than recommended by Wiesz et al. (2013).
These late planting dates may explain the lack of a treatment effect at GS25 for these two
locations. It is unknown what may have caused the GS25 effect at the sandhills. There was a
general trend of higher tissue N contents as N rate increased for GS30 and GS45 samplings. At
GS30, the mountain and piedmont sites had greater tissue N concentration at N rates of > 67 kg
N ha (60 Ib N ac™) relative to the two lowest N rates, 0 kg N ha* and 34 kg N ha® (30 Ib N
acl) (Table 2.8). The relationship between N rate and tissue N at GS 30 at the sandhills and
coastal plain locations was not consistent. At GS 45, tissue N concentration at all sites showed a
general pattern of higher levels with increasing N rate (Table 2.8).

Tissue N concentrations at GS25 by location ranged from a low of 26 mg g* and 15 mg
gt in 2018 and 2019, respectively, to a high of 35 mg g* and 31 mg g in 2018 and 2019
respectively (Table 2.9). At GS30, tissue N concentrations were variable among locations with
the low ranging from 16 mg g* and 15 mg g* in 2018 and 2019, respectively, and the high
ranging from 41 mg g™ to 31 mg g in 2018 and 2019, respectively (Table 2.9). At GS45, tissue
N was less variable among locations with the low ranging from 27 mg g* and 26 mg g in 2018

and 2019, respectively, and the high ranging from 33 mg g to 30 mg g* in 2018 and 2019,
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respectively (Table 2.9). As was the case with yield, levels of tissue N were higher at the
mountain and piedmont locations than at the lower yielding sandhills and coastal plain sites.

It is noteworthy to examine the change in tissue N content among locations over the
growing season. While tissue N contents varied widely among location at the GS25 (20-45 mg g
1y and GS30 (14-39 mg g*) samplings, the range was much narrower by the GS45 (21-37 mg g™%)
sampling, which occurred just before the plant entered reproductive growth. In addition, while
the piedmont and mountain sites had higher tissue N content than the sandier sites (coastal plain
and sandhills) at the two earlier growth stage samplings (GS25 and GS30), by GS 45 no single
location stood out as having greater concentrations than any other location. This result is despite
the large variation in grain yield by location.

All locations had a significant year effect at GS25 (Table 2.5), exhibiting greater tissue N
concentrations in 2018 than in 2019 (Table 2.9); the range in mean tissue N concentration in
2018 was from a low of 26 mg g™ to a high of 35 mg g, while in 2019 it ranged from a low of
15 mg g* to a high of 33 mg g at this sampling time. Because of the delayed planting at the
mountain location, the first N application was applied 11 days later in 2019 (November 26) than
in 2018 (November 15). However, the sampling at GS25 occurred on nearly the same dates in
both 2018 (February 26) and 2019 (February 24). This resulted in barley grown in the 2018
season having 163 more growing degree days than barley grown in 2019, which may have
influenced the greater tissue N in 2019 at the mountain location.

Unlike results at the GS25 sampling when all locations had a significant year effect, only
the piedmont and sandhills locations showed a significant year effect (p<0.0001) at the GS 30
sampling. At the piedmont location tissue N was greater in 2018 than 2019 while the opposite

was true for the sandhills (Table 2.9).
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Tissue N at GS45 was significantly greater in 2018 as compared to 2019 at the mountains
(p=0.0403), piedmont (p<0.0001), and coastal plain (p<0.0001) locations, but not the sandhills
location (p=0.277) (Table 2.9). In the mountains the higher mean tissue N in 2018 versus 2019
was counter to the higher yield values for this site as there were significantly lower yields in
2018 than 2019.

Conclusions

Yield of malting barley was significantly affected by N rate and generally increased up to
an N rate of 135 kg N ha*. The highest nitrogen rate (168 kg ha) did not result in higher yields
and was negatively affected by lodging at some locations. Linear plateau models consistently
indicated that 135 kg N ha was the best N rate for optimizing yield across locations and years.
Location was a predominant factor as yields were lower at sites having coarser textured soils,
namely the sandhills and coastal plain sites. Year also had a large effect as yield was greatly
increased in the mountains from 2018 to 2018, but yields were greatly reduced in 2019 compared
to 2018 at the other three locations.

Prior studies suggest that malt quality, namely protein and kernel plumpness, are
negatively impacted by high N rates (Wade and Froment, 2003, O’Donovan et al. 2011, Edney et
al. 2012, Magliano et al. 2014, Stevens et al. 2015). The current study showed increasing protein
with increased N content at all locations except the piedmont. Mean protein was only outside the
malt quality index of 1200 mg g (12%) at the sandhills and coastal plain, and then only at the
highest N rate of 168 kg N ha* (150 Ib N ac). Mean plumpness was above the 8500 mg g
(85%) goal at all locations at all rates except at the sandhills at the highest two rates in 2019. The
lack of consistent results showing increasing protein and decreasing kernel plumpness as N rate

increases suggest that a factor other than N rate may be controlling grain protein and plumpness.
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The variety used in this study, Violetta, appears to have a relatively low protein content and
relatively high and stable kernel plumpness that is not greatly affected by N rate. Though there
have been few studies examining the performance of Violetta, other researchers have shown that
variety has a significant impact on the quality of malting barley (Varvel et al. 1987, Weston et al.
1993, Edney et al. 2012). Varvel et al. (1987), Weston et al. (1993), and Edney et al. (2012)
found that while N rate did have a significant effect on protein and plumpness, the effect could
be greatly lessened if the variety used was bred for high malt quality. There was some indication
from these results that quality may start to deteriorate at the highest N rate (165 kg N ha*). This
coupled with the consistent results of linear plateau model points to an N recommendation of 135
kg N ha® for Violetta malt barley grown in NC. It is also suggested that more studies be
performed to determine if other varieties of barley respond to N similarly in NC.

Biomass N at GS25 was not affected by N rate with the exception of the sandhills
location. However, at GS30 and GS45 plant tissue N generally increased with N rate. This result
suggests that tissue sampling at the two later growth stages may result in a more accurate
representation of biomass N. Levels of tissue N at all measured growth stages were generally
higher at the mountain and piedmont locations and lower at the two sandier-textured sites,
namely the sandhills and coastal plain, and were greater in 2018 than 2019.

In addition to researching how other barley varieties perform under varying rates of N as
mentioned above, more site years are needed to account for climatic variability and
unpredictability. Future research should also examine the timing of N applications and whether
the number of split applications can be reduced from three to two. Research is set to continue on
this project for more site-years in hopes of providing more in-depth fertilizer recommendations

to NC growers.
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Table 1.1 - Zadoks' growth
scale adapted from Jackson and

Williams 2006.
Growth Stage  Zadoks Scale
planting 00
emergence 10
first leaf 11
second leaf 12
third leaf 13
tillering 21-29
jointing 31
flagleaf 37-39
boot 40-47
heading 51-59
flowering 61-69
grain formation 71
milk 72-79
soft dough 81
hard dough 85
harvest 92
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Table 1.2 - Quality indicators set forth by the American Malting Barley Association
(AMBA, 2006).

Protein Plumpness Germination Rates Moisture
9.5- 85% Kernals stopped by a 6/64th Greater than 95% Less than
12.5% seive 13.5%
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Table 2.1 — Description of study locations, including: , soil series, tillage, soil test results: humic matter (HM),

weight/volume (W/V), cation exchange capacity (CEC), base saturation (BS), exchangeable acidity (Ac), pH,
phosphorus (P), potassium (K), calcium (Ca), magnesium (Mg), and sulfur (S).

Mountain, Codorus loam (Fine-loamy, mixed, active, mesic Fluvagauentic Dystrudept), conventional tillage

Growing W/V g CEC cmolc Ac cmolc P mg Kmgkg Cacmolc Mg cmolc Smg
Season HM% cm3 kgt BS% kg? pH kgt 1 kgt kg kg
2017/18 0.66 1.06 8.3 84 1.3 6.4 108.7 151.2 4.8 1.8 18.1
2018/19 0.27 151 1.8 67 0.6 5.6 108.9 40.1 0.9 0.2 5.4
Piedmont, Lloyd clay loam (Fine, kaolinitic, thermic Rhodic Kanhapludult), no-till
Growing WIV g CEC cmolc Ac cmolc P mg Kmgkg  Cacmolc Mg cmolc Smg
Season HM% cm3 kg BS% kg! pH kg ! kg kg kgt
2017/18 0.27 0.93 8.9 77 2.0 5.6 127.7 90.4 4.6 2.1 23.7
2018/19 0.32 1.1 7.1 81 1.3 6.2 82.9 152.8 3.6 1.8 13.1
Sandhills, Ailey loamy sand (Loamy, kaolinitic, thermic Arenic Kanhapludult), conventional tillage
Growing W/V g CEC cmolc Ac cmolc P mg Kmgkg Cacmolc Mg cmolc Smg
Season HM% cm3 kgt BS% kg? pH kgt ! kgt kg kg
2017/18 0.36 1.02 11.0 92 0.8 7 112.9 2415 7.0 2.5 13.6
2018/19 0.51 1.38 2.8 75 0.7 5.9 153.0 31.2 1.5 0.5 7.0
Coastal Plain, Norfolk loamy sand (Fine-loamy, kaolinitic, thermic Typic Kandiudult), conventional tillage

Growing WIV g CEC cmolc Ac cmolc P mg Kmgkg  Cacmolc Mg cmolc Smg
Season HM% cm3 kg BS% kg pH kg ! kg kg kg
2017/18 0.51 1.3 4.2 74 1.1 5.8 322.2 90.2 2.2 0.6 17.0
2018/19 0.27 1.51 1.8 67 0.6 5.6 108.9 40.1 0.9 0.2 5.4
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Table 2.2 — Management and rainfall at each location.

Planting Harvest Date Date Date Date Fungicide, date & amount Previous
date date GS10 GS25 GS30 GS45 applied Growing season rainfall Crop
Mountains

Prosaro 4/20/18 0.6 L/ha
10/17/17 6/9/18 11/15/17  2/26/18  3/5/18  4/19/18 (8.5 oz/ac) 133.5¢cm (52.6in) Corn
Presario 4/15/19 0.6 L/ha
10/31/18 5/29/19  11/26/18 2/24/19  3/11/19  4/11/19 (8.5 oz/ac) 145.2 cm (57.2in)  Soybeans
Piedmont
Prosaro 4/14/18 0.6 L/ha
10/16/17 6/7/18 11/14/17  2/16/18 02/28/18 4/13/18 (8.5 oz/ac) 79.7cm (31.41in) Corn
Prosaro 4/12/19 0.6 L/ha Corn
10/26/18 5/28/19  11/27/18 2/23/19  3/10/19  4/11/19 (8.5 oz/ac) 117.7cm (46.3in) silage
Sandhills
Prosaro 4/24/18 0.6 L/ha Sweet
10/13/17 6/8/18 11/7/17  2/16/18  3/12/18  4/23/18 (8.5 oz/ac) 67.8 cm (26.7 in) potato
Prosaro 4/11/19 0.6 L/ha
10/17/18 5/31/19  11/10/18 2/21/19  3/14/19  4/10/19 (8.5 oz/ac) 127.0cm (50.0in) Barley
Coastal Plain
Prosaro 4/12/18 0.6 L/ha
10/13/17 6/2/18 11/12/17  2/16/18  3/16/18  4/16/18 (8.5 oz/ac) 79.3cm (3L.21in) Tobacco
Prosaro 4/11/19 0.6 L/ha
10/17/18 6/5/19 11/9/18  2/20/19  3/14/19  4/9/19 (8.5 oz/ac) 78.6 cm (30.9in) Cotton
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Table 2.3 — Treatment nitrogen rates and timing of applications at three Zadoks’ growth

S‘IE?)?:IS.N applied kg  Growth Stage 10 kg  Growth Stage 25 kg ~ Growth Stage 30 kg
ha! ha! ha! ha!
0 0 0 0
34 34 0 0
67 34 34 0
101 34 34 34
135 34 34 67
168 34 34 101

37



Table 2.4 — P-values from analysis of variance for yield, protein, kernel plumpness, and tissue nitrogen at
three Zadok’s growth stages (GS) with nitrogen (N) rate, location, and year as fixed effects. Significant (p
< 0.05 effects are indicated in bold.

Yield Protein  Plumpness GS25 GS30 GS 45
N Rate <0.0001 <0.0001  <0.0001 0.4071 <0.0001 <0.0001
Location <0.0001 <0.0001 <0.0001 <0.0001 <0.0001 <0.0001
Year <0.0001 <0.0001 <0.0001 <0.0001 0.0086 <0.0001
N Rate x Year 0.5862 0.0114 0.8527 0.1572  0.6698 <0.0001
Location x Year <0.0001  0.0005 <0.0001 <0.0001 <0.0001 0.0222

N Rate x Location x Year 0.0014 0.0004 0.2166 0.8396  0.9548 <0.0001




Table 2.5 — P-values from analysis of variance by location for
yield, protein, kernel plumpness, and tissue nitrogen at three
Zadok’s growth stages (GS) with nitrogen rate and year as fixed
effects. Significant (p < 0.05) effects are indicated in bold.

Mountain
N Rate Year N Rate x Year
Yield <0.0001 <0.0001 0.1869
Protein <0.0001 0.8451 0.0871
Plumpness  0.1817 0.1332 0.0649
GS25 0.744 0.0003 0.3131
GS30 <0.0001 0.8054 0.0984
GS45 <0.0001 0.0403 0.2860
Piedmont
N Rate Year N Rate x Year
Yield <0.0001 <0.0001 0.1226
Protein 0.0011 <0.0001 0.0009
Plumpness  <0.0001 0.0795 0.0076
GS25 0.8308 <0.0001 0.5088
GS30 <0.0001 <0.0001 0.6021
GS45 <0.0001 <0.0001 0.7781
Sandhills
N Rate Year N Rate x Year
Yield <0.0001 <0.0001 0.6724
Protein <0.0001 0.1028 0.0036
Plumpness  <0.0001 <0.0001 0.4457
GS25 0.0346 <0.0001 0.2616
GS30 0.0033 <0.0001 0.9077
GS45 <0.0001 0.277 0.3543
Coastal Plain
N Rate Year N Rate x Year
Yield 0.105 <0.0001 0.6725
Protein <0.0001 0.006 0.4411
Plumpness  0.8337 <0.0001 0.9125
GS25 0.8979 <0.0001 0.7894
GS30 <0.0001 0.5421 0.3453

GS45 <0.0001 <0.0001 0.5375




Table 2.6 - Nitrogen rate effects on mean yield, protein, and plumpness by

location. Standard deviations are shown in parentheses.

Mountain
N rate kg ha- Yield kg ha Protein mg g* Plumpness mg g*
0 2590 (915) ab 910 (32) a 9520 (190)
34 3260 (571) ab 900 (45) a 9510 (120)
67 3580 (1110) be 880 (26) a 9530 (120)
101 4160 (1170) ¢ 900 (47) a 9530 (130)
135 5470 (780) d 955 (53) a 9430 (170)
168 5340 (766) d 1040 (88) b 9290 (440)
Piedmont
N rate kg ha Yield kg ha Protein mg g* Plumpness mg g'*
0 2620 (1246.9) a 1070 (110) ab 9680 (73) a
34 2650 (1025.3) a 1050 (130) a 9580 (82) ab
67 3430 (1097.3) ab 1040 (86) a 9510 (140) ab
101 4010 (687.0) bc 1020 (56) a 9540 (130) ab
135 4710 (823.1) ¢ 1060 (44) ab 9420 (170) b
168 4810 (844.6) ¢ 1150 (68) b 9140 (200) ¢
Sandhills
N rate kg ha Yield kg ha* Protein mg g* Plumpness mg g*
0 170 (249) a 960 (29) ab 9430 (230) a
34 314 (376) a 930 (30) a 9390 (210) a
67 1010 (698) b 970 (120) ab 8120 (1590) bc
101 1400 (843) ¢ 1040 (80) bc 8810 (1010) ab
135 1830 (913) d 1110 (67) ¢ 8480 (1170) be
168 2030 (934) d 1290 (64) d 7780 (1420) ¢
Coastal Plain
N rate kg ha- Yield kg ha! Protein mg g* Plumpness mg g**
0 1890 (1480) 1060 (58) ab 9130 (1010)
34 2660 (1890) 1000 (61) b 9120 (710)
67 2470 (1380) 1000 (49) b 9380 (490)
101 2920 (1920) 1050 (69) ab 9190 (620)
135 2520 (1280) 1110 (110) be 9080 (790)
168 3190 (1330) 1210 (100) ¢ 9050 (700)

Means with the same letter in a column are not significantly different
according to Tukey’s HSD test at p<0.05. * denotes no significant N rate main

effect.
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Table 2.7 - Effect of year on mean yield, protein, and plumpness
by location. Standard deviations are shown in parentheses.

Mountain
Year  Yield kg ha Proteinmg g'*  Plumpness mg g*
2018 2410 (1200) a 930 (91) 9420 (290)
2019 4730 (1210) b 930 (52) 9510 (130)
Piedmont
Year  Yield kg ha Proteinmgg®  Plumpness mg g*
2018 4270 (1100) b 1020 (90) a 9450 (150)
2019 3140 (1220) a 1120 (63) b 9510 (270)
Sandhills
Year  Yield kg ha Proteinmg g™*  Plumpness mg g™
2018 1700 (996) b 1030 (160) 9410 (270) a
2019 547 (540) a 760 (100) 7190 (910) b
Coastal Plain
Year  Yield kg ha Protein mg g Plumpness mg g*
2018 3820 (1190) b 1040 (71) a 9710 (100) a
2019 1400 (596)a 1100 (125) b 8610 (610) b

Means with the same letter in a column are not significantly
different according to Tukey’s HSD test at p<0.05. * denotes no
significant year main effect.
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Table 2.8 - Mean tissue N by N rate at Zadok’s growth stage
(GS) 25, 30 and 45 by location. Standard deviations are shown

in parentheses.

Mountain

Nrate kgha! GS25mgg?* GS30mgg! GS45mgg?

0 33.0 (5.0) 220(L0)a 28.0(L0)a

34 34.0 (6.0) 250(3.0)a 29.0 (2.0)a

67 32.0 (3.0) 31.0(3.0)b  29.0(1.0)a

101 33.0 (5.0) 29.0 (4.0)b  29.0 (2.0)a

135 33.0 (4.0) 320(2.0)b  32.0(2.0)b

168 340(40)  310(20)b  36.0(2.0)c
Piedmont

Nratekgha! GS25mgg?* GS30mgg! GS45mgg?

0 44.0 (6.0) 320(6.0)a 28.0(3.0)a

34 44.0 (9.0) 320(50)a 28.0(3.0)a

67 44.0 (7.0) 37.0(5.00b  30.0 (3.0) ab

101 450(7.0)  37.0(7.0)b  33.0 (3.0) be

135 44.0 (8.0) 39.0(7.0)b  34.0 (2.0) cd

168 450(6.0)  39.0(60)b  36.0(3.0)d
Sandhills

Nrate kgha! GS25mgg! GS30mgg? GS45mgg?

0 250(6.0)b  18.0(40)a 24.0(3.0)a

34 220(5.00ab  17.0(80)a 21.0(3.0)a

67 21.0(40)ab  250(5.0)b 22.0(2.0)a

101 220(6.0)ab  23.0(40)ab 26.0(3.0)a

135 21.0(6.0)ab 22.0(20)ab 32.0(3.0)b

168 200(5.00a 23.0(50)ab 34.0(7.0)b

Coastal Plain

Nratekgha! GS25mgg?* GS30mgg! GS45mgg?

0 21.0(8.0) 15.0(L0)ab 27.0(2.0)a

34 21.0 (7.0) 14.0(1.0)b  27.0(2.0)a

67 21.0 (7.0) 180 (2.0)c  27.0(2.0)a

101 21.0(7.0)  16.0(L0)bc 30.0 (3.0) ab

135 21.0 (7.0) 17.0(2.0)c  32.0(6.0)b

168 22.0 (8.0) 18.0 (L.0)c  37.0(4.0)c

Means with the same letter in a column are not significantly
different according to Tukey’s HSD at p<0.05. * denotes no
significant N rate main effect.




Table 2.9 — Effect of year on mean tissue N at Zadok’s growth stage
(GS) 25, 30, and 45 by location. Standard deviations are shown in

parentheses.
Mountain
Year GS25mgg? GS30mggt* GS45mg g™
2018  35.0(4.0)b 28.0 (3.0) 31.0 (4.0) b
2019 31.0(3.0)a 28.0 (4.0) 30.0 (3.0) a
Piedmont
Year GS25mgg? GS30mgg* GS 45 mg g™
2018 33.0(2.0)b 41.0 (4.0) b 33.0 (3.0) b
2019  30.0(3.0)a 31.0 (4.0)a 30.0 (4.0) a
Sandbhills
Year GS25mgg? GS30mgg* GS 45 mg g
2018 26.0(3.0)b 18.0 (3.0) a 27.0 (7.0)
2019 18.0(3.0)a 25.0 (6.0) b 26.0 (4.0)
Coastal Plain
Year GS25mgg? GS 30 mg g+* GS 45 mg g
2018  28.0(3.0)b 16.0 (2.0) 32.0 (5.0) b
2019 15.0(2.0)a 15.0 (2.0) 28.0 (4.0) a

Means with the same letter in a column are not significantly different
according to Tukey’s HSD test at p<0.05. * denotes no significant year

main effect.
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Figure 1.1 - Zadoks’ system of growth stages for small grains, from Basden 2006.
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Figure 1.2 - Comparison of 2-row and 6-row barley spikelet anatomy, from Hertrich 2013.
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Reproduced from MacGregor 2003.
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Figure 2.1. Map of North Carolina with experiment locations: (1) Mountain Horticultural Crops Research Station. (2) Piedmont
Research Station. (3) Sandhills Research Station. (4) Upper Coastal Plain Research Station.
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Figure 2.2 — Barley yield linear-plateau model for the mountain location.
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Figure 2.3 - Barley yield linear-plateau model for the piedmont location.
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Table A.1 — Treatment nitrogen rates and timing of application at three Zadoks’ growth stages.

English units.
Total N applied Iba*  Growth Stage 10 Iba?  Growth Stage 25 Iba® Growth Stage 30 Ib a!
0 0 0 0
30 30 0 0
60 30 30 0
90 30 30 60
120 30 30 60
150 30 30 90

Table A.2 -Tiller counts methodology

Location 2018 tiller count methods

Mountains 30 cm, 1 rep, 3 counts

Piedmont 1m, 1 rep, 3 counts, one person listed as overcounting
Sandhills Missing counts

Coastal Plain 1m, 1 rep, 3 counts

2019 tiller count methods
30 cm, 1 rep, 3 counts
30 cm, 1 rep, 3 counts
30 cm, 1 rep, 3 counts
30 cm, 1 rep, 3 counts
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Table A.3 - Nitrogen rate effects on mean yield, protein, and
plumpness by location. Standard deviations are in parentheses.

English units
Mountain
N rate (Ibac®)  Yield bu ac? Protein % Plumpness %*
0 48.1 (17.0)a 9.1(0.32) a 95.2 (1.9)
30 60.5(10.6) ab 9.0 (0.45) a 95.1 (1.2)
60 66.5 (20.6) bc 8.8 (0.26) a 95.3 (1.2)
90 77.3(21.7)c 9.0 (0.47) a 95.3 (1.3)
120 101.7 (14.5)d 9.6 (0.53)a 94.3 (1.7)
150 99.3 (14.2) d 10.4 (0.88) b 92.9 (4.4)
Piedmont
N rate (Ibac')  Yield bu ac? Protein % Plumpness %
0 48.7 (23.2) a 10.7 (1.10) ab 96.8 (0.73) a
30 49.3(19.1) a 10.5(1.30) a 95.8 (0.82) ab
60 63.7 (20.4) ab 10.4 (0.86) a 95.1 (1.4) ab
90 74.5 (12.8) bc 10.2 (0.56) a 95.4 (1.3) ab
120 87.6 (15.3) c 10.6 (0.44) ab 94.2 (1.7)b
150 89.4 (15.7) ¢ 11.5(0.68) b 91.4 (2.0)
Sandhills
N rate (Ib ac')  Yield bu ac? Protein % Plumpness %
0 3.2(4.6)a 9.6 (0.29) ab 94.3(2.3)a
30 5.9(7.0)a 9.3(0.30) a 93.9 (2.1) a
60 18.8 (13.0) b 9.7 (1.2) ab 81.2 (15.9) bc
90 25.9(15.7) ¢ 10.4 (0.80) bc 88.1(10.1) ab
120 34.1(17.0) d 11.1(0.67) ¢ 84.8 (11.7) bc
150 37.7 (17.4)d 12.9 (0.64) d 77.8 (14.2) ¢
Coastal Plain
N rate (Ibac')  Yield bu ac? Protein % Plumpness %*
0 35.1 (27.5) 10.6 (0.58) ab 91.3(10.1)
30 49.4 (35.1) 10.0 (0.61) b 91.2 (7.1)
60 45.9 (25.7) 10.0(0.49) b 93.8 (4.9)
90 54.3 (35.7) 10.5 (0.69) ab 91.9 (6.2)
120 46.8 (23.8) 11.1(1.1) be 90.8(7.9)
150 59.3 (24.7) 12.1(1.0) ¢ 90.5 (7.0)

Means with the same letter in a column are not significantly
different according to Tukey’s HSD test at p<0.05. * denotes

variable that
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Table A.4 - Effects of year on mean yield, protein, and plumpness by
location. Standard deviations are shown in parentheses. English units

Mountain
Year Yield bu ac? Protein % Plumpness %
2018 44.7 (22.4) a 9.3(0.91) 94.2 (2.9)
2019 87.8(22.6) b 9.3 (0.52) 95.1 (1.3)
Piedmont
Year Yield bu ac? Protein % Plumpness %
2018 79.3(20.4) b 10.2 (0.90) a 94.5 (1.5)
2019 58.4(22.7)a 11.2 (0.63) b 95.1 (2.7)
Sandhills
Year Yield bu ac* Protein % Plumpness %
2018 31.6(18.5) b 10.3 (1.6) 94.1(2.7)a
2019 10.2 (10.0) a 0.76 (1.0 71.9(09.1)b
Coastal Plain
Year Yield bu ac? Protein % Plumpness %
2018 71.0(22.1) b 10.4 (0.71) a 97.1(1.0)a
2019 26.0(11.0)a 11.0(1.3)b 86.1(6.1) b

Means with the same letter in a column are not significantly different
according to Tukey’s HSD test at p<0.05.
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Table A.5 - Mean tissue N by N rate at Zadok’s growth
stage (GS) 25, 30 and 45 by location. Standard deviations
are in parentheses. English Units

Mountain
N rate (Ib ac?) GS 25 % GS 30 % GS 45 %
0 3.3(0.5) 22(0.1)a 28(0.1)a
30 3.4 (0.6) 25(0.3)a 29(0.2)a
60 3.2(0.3) 3.1(0.3)b 29(0.1)a
90 3.3(0.5) 2904)b 29(0.2)a
120 3.3(0.4) 32(0.2)b 32(0.2)b
150 3.4(0.4) 3.1(00.2)b 3.6(0.2)c
Piedmont
N rate (Ib ac?) GS25% GS 30 % GS 45 %
0 4.4 (0.6) 3.2(0.6)a 28(0.3)a
30 4.4 (0.9) 3.2(0.5)a 2.8(0.3)a
60 4.4 (0.7) 3.7(0.5)b 3.0(0.3)ab
90 45 (0.7) 3.7(0.7)b 3.3(0.3) bc
120 4.4 (0.8) 39(0.7)b 3.4(0.2) cd
150 4.5 (0.6) 39(0.6)b 3.6(0.3)d
Sandhills
N rate (Ib ac?) GS25% GS 30 % GS45%
0 25(0.6) b 1.8(0.4)a 24(0.3)a
30 2.2(0.5) ab 1.7(0.8) a 21(0.3)a
60 2.1(0.4) ab 25(0.5)b 22(0.2)a
90 2.2(0.6) ab 2.3(0.4) ab 26(0.3)a
120 2.1(0.6) ab 2.2(0.2) ab 3.2(0.3)b
150 2.0(0.5)a 2.3(0.5) ab 34(0.7)b
Coastal Plain
N rate (Ib ac?) GS25% GS 30 % GS 45 %
0 2.1(0.8) 1.5(0.1) ab 27(0.2)a
30 2.1(0.7) 1.4(0.1)b 27(0.2)a
60 2.1(0.7) 1.8(0.2)c 27(0.2)a
90 2.1(0.7) 1.6 (0.1) bc 3.0(0.3)ab
120 2.1(0.7) 1.7(0.2)c 3.2(0.6)b
150 2.2(0.8) 1.8(0.1)c 3.7(0.4)c

Means with the same letter in a column are not

significantly different according to Tukey’s HSD at
p<0.05.




Table A.6 — Effect of year on mean tissue N at
Zadok’s growth stage (GS)25, 30, and45 by location.
Standard deviations are shown in parentheses.

English Units
Mountain
Year GS25%N GS30%N GS45% N
2018 35(04)b 2.8 (0.3) 3.1(04)b
2019 3.1(0.3)a 2.8 (0.4) 3.0(0.3)a
Piedmont
Year GS25%N GS30%N GS45% N
2018 3.3(0.2)b 41(04)b 3.3(0.3)b
2019 3.0(0.3)a 3.1(04)a 3.0(04)a
Sandhills
Year GS25%N GS30% N GS 45 % N
2018 2.6(0.3)b 1.8(0.3)a 2.7 (0.7)
2019 1.8(0.3)a 25(0.6) b 2.6 (0.4)
Coastal Plain
Year GS25%N GS30%N GS45% N
2018 2.8(0.3)b 1.6 (0.2) 3.2(05)b
2019 1.5(0.2) a 1.5(0.2) 2.8(0.4)a

Means with the same letter in a column are not
significantly different according to Tukey’s HSD at

p<0.05

Table A.7 — P-values from analysis of variance for RVA, and

germination energy at 4ml (GERM 4) with nitrogen rate, location,

and year as fixed effects. Significant (p < 0.01) effects are
indicated in bold.

RVA GERM4

N Rate 0.2392 0.0697
Location <0.0001 <0.0001
Year <0.0001 <0.0001

N Rate x Year 0.0068 0.7008
Location x Year 0.0002 0.0111

N Rate x Location x Year 0.0050 0.323




Table A.8 - P-values of analysis of variance for RVA, DON and
germination energy at 4ml (GERM4) with nitrogen rate, and year as
fixed effects at the piedmont location. Bold indicates significance at
the p<0.01 level.

Piedmont
N Rate Year N Rate x Year
RVA 0.1557 <0.0001 0.4131
DON 0.2552 <0.0001 0.1158
GERMA4 0.1408 <0.0001 0.6414

Table A.9 Effect of year on RVA, DON, and GERM4
at the piedmont location. Metric Units

Piedmont Research Station

Year RVA DON ppm GERM4 mg g*

2018 184.0(13.3)b <0.1(0.0)b 9800 (110) b
2019 156.7 (9.7) a 1.5(0.6) a 9380 (260) a
Means with the same letter in a column are not

significantly different according to Tukey’s HSD test
at p<0.05.

Table A.10 Effect of year on RVA, DON, and
GERMA4 at the piedmont location. English Units

Piedmont Research Station

Year RVA DON ppm GERM4 %

2018 184.0(13.3)b <0.1(0.0)b 98.0(1.1) b
2019 156.7 (9.7) a 1.5(0.6) a 93.8 (2.6) a
Means with the same letter in a column are not

significantly different according to Tukey’s HSD test
at p<0.05.
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Table A.11 - Correlation of barley tissue nitrogen content measured at three growth stages to
protein content, yield, and plumpness in 2018 and 2019 and at all locations.

2018
Protein Yield Plumpness
GS25 -0.03943 0.46669 -0.23241
NS ** *
GS30 0.00552 0.45167 -0.32534
NS ** *
GS45 0.64415 0.64685 -0.28122
** ** *
2019
Protein Yield Plumpness
GS25 -0.15108 0.64903 0.61059
NS ** **
GS30 -0.03715 0.54635 0.17748
NS *k NS
GSA5 -0.03999 0.66842 0.35727
NS ** *

** * and NS indicate p <0.0001, p < 0.05, and not significant (p > 0.05), respectively
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Figure A.1 - Barley grain yield linear-plateau model for the mountain location. English units.
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Figure A.2 - Barley grain yield linear-plateau model for the piedmont location. English units.
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Figure A.3 - Barley grain yield linear-plateau model for the sandhills location. English units.
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Figure
A.4 - Barley grain protein by treatmentxyear interaction at the piedmont location with standard

deviations. Significant difference between means at the p<0.05 level is indicated by different
letters. English units.
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Figure A.5 - Barley grain protein by treatmentxyear interaction at the sandhills location with
standard deviations. Significant difference between means at the p<0.05 level is indicated by
different letters. English units.
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Figure A.6 - Barley kernel plumpness by treatmentxyear interaction at the piedmont location
with standard deviations. Significant difference between means at the p<0.05 level is indicated
by different letters. English units.
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Figure A.7. Plot map with treatment layout all locations 2018.
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Figure A.8. Plot map with treatment layout all locations 2019. Treatments 7 and 8 left out of

analysis due to being incomparable to previous year’s results.
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