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Barley (Hordeum vulgare L.) has a storied history as a food crop, and it has long been

a dietary staple of peoples in temperate climates. Contemporary research studies have

focused mostly on hulled barley for malt and animal feed. As such, nitrogen (N) and

seeding rate agronomic data for naked food barley are lacking. In this study, we evaluated

the effects of N on ß-glucan and protein content, and N and seeding rate on phenotypic

characteristics of naked food barley, including grain yield, emergence, plant height, days

to heading, days tomaturity, test weight, percent plump kernels, and percent thin kernels.

Experiments were conducted at two no-till farms, located in Almota, WA, and Genesee,

ID, in the Palouse region of the Pacific Northwest from 2016 to 2018. The experiment

comprised two varieties (“Havener” and “Julie”), employed N rates of 0, 62, 95, 129,

and 162 kg N ha−1, and seeding rates of 250, 310, and 375 seeds/m−2. Increased

N fertilization rate was shown to significantly increase all response variables, except

β-glucan content of the variety Julie, days to heading, test weight, and percent plump

and thin kernels. Increased N fertilization resulted in higher mean grain yield of Havener

and Julie in both Almota and Genesee up to 95 kg N ha−1. Havener had higher yields

(3,908 kg N ha−1) than Julie (3,099 kg N ha−1) across locations and years. Julie had

higher β-glucan (8.2%) and protein (12.6%) content compared to Havener (β-glucan

= 6.6%; protein = 9.1%). Our results indicate that β-glucan content is associated

with genotype, environmental, and agronomic factors in dryland cropping systems of

the Palouse.
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INTRODUCTION

Since antiquity, barley (Hordeum vulgare L.) has been a rich source of human nutrition (Newman
and Newman, 2006). It was first domesticated in the Fertile Crescent of Asia over 10,000 years
ago (Zohary and Hopf, 1993; Mohammed et al., 2016), making it among the oldest domesticated
crops (Salamini et al., 2002). Barley is a principal cereal crop in the world’s temperate regions and
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is ubiquitous across many agroecological zones, from 70◦ N
in Norway to 46◦ S in Chile, and often grown at higher
elevations than other cereals (Von Bothmer et al., 1995, 2003;
Leff et al., 2004; Kaso and Guben, 2015). Principal cropping
regions for barley are Europe and Russia, but it is also a
valuable resilient crop in arid and semi-arid areas of Asia, the
Middle East, and North Africa (FAO, 2014; FAOSTAT, 2017;
USDA, 2019). Barley, boasting 140.6 million metric tons (MMT)
globally in 2019, ranked fourth in worldwide grain production
after maize, wheat, and rice with 1,009.61, 734.74, and 495.87
MMT, respectively (STATISTA, 2020). Over half of global barley
production occurred in less-developed nations (Grando and
Macpherson, 2005; Zhou, 2009; Mohammed et al., 2016).

Barley is a major staple food in areas of North Africa, the Near
East, the highlands of Central Asia, the Horn of Africa, Andean
countries, and the Baltic States (Grando and Macpherson, 2005).
Food barley is generally grown in regions where other cereals
grow poorly due to inadequate rainfall, high altitude, or saline
soils. It remains the most viable cereal crop option in arid
regions (<300mm of rainfall) and when alternative non-cereal
cropping options are limited (Grando and Macpherson, 2005).
Furthermore, food barley is a popular relief crop during periods
of food shortage, given its relatively short growing season—it is
also used as a substitute food for wheat when wheat market prices
are too high. Therefore, food barley holds an esteemed position
in the food security of harsh and marginal regions of the world
(Grando and Macpherson, 2005; Zhou, 2009; Mohammed et al.,
2016).

Of late, however, relatively little barley is consumed in human
diets but is instead grown as animal feed and for value-added
markets, such as malting for brewing and distilling (Grando
and Macpherson, 2005; Vasanthan and Hoover, 2009; Meints
et al., 2015). The majority of barley germplasm has a hull that
tightly adheres to the grain, requiring that almost all barley
currently used for food be pearled, which removes the hull
and a significant portion of the pericarp and bran, where
phytonutrients and minerals are predominantly concentrated
(Grando and Macpherson, 2005; Moreau et al., 2007; Bleidere
et al., 2017). Pearling, by default, excludes barley from being
considered a whole grain (Seal et al., 2006; O’Neil et al., 2010).
In some barley varieties, however, the hull does not adhere, and
the grain threshes clean and does not require pearling. These
types are referred to as hulless or naked; Meints and Hayes
(2019) recently proposed that the use of the term “naked” is
preferable for the sake of clarity. Naked barley has the advantage
of allowing the whole grain to be used without pearling the
nutritious bran layers away, and this allows the naked barley to be
labeled as a whole grain (Bhatty, 1995; O’Neil et al., 2010; Bleidere
et al., 2017). Besides the nutritional benefit to consumers, farmers
are also saved the cost of pearling naked barley. Interest from
consumers and food companies in a nutritionally dense and β-
glucan-rich food barley is growing and the time is opportune for
plant breeders and agronomists to capitalize on this whole foods
zeitgeist (Baik and Ullrich, 2008; Thorwarth et al., 2017).

Interest in barley as a food grain is also increasing due to the
presence of constituents in barley known to prevent or alleviate
certain diseases (Slavin et al., 2000; Arndt, 2006; Madhujith et al.,

2006; De Angelis et al., 2015; Baidoo et al., 2019). Barley grain
is an excellent source of soluble and insoluble dietary fiber (DF)
and other bioactive constituents, such as vitamin E, B-complex
vitamins, minerals, and phenolic compounds (Slavin et al., 2000;
Madhujith et al., 2006). β-glucans, the major fiber constituents
of barley, have been implicated in lowering plasma cholesterol,
improving lipid metabolism, and achieving a low glycemic index
(Delaney et al., 2003; Li et al., 2003; Behall et al., 2004, 2005,
2006; Keenan et al., 2007; Garcia-Mazcorro et al., 2018). In 2005,
the US Food and Drug Administration (FDA) allowed whole
grain barley and barley-containing products to carry a claim that
they reduce the risk of coronary heart disease (Wellness Foods,
2005; Food and Drug Administration, 2006). Some anticipate
that the health benefits of barley will stimulate interest among
food producers and consumers in using barley for food purposes
(Quinde et al., 2004; Baik and Ullrich, 2008; Thorwarth et al.,
2017). The development of naked food barley varieties with
high protein combined with β-glucan content would provide
an incentive for the production of barley for non-malt and
non-feed purposes.

Historically, barley has been an important rotational crop
in the US Pacific Northwest (PNW), and notably in the
Palouse region of Washington State and Idaho (Juergens
et al., 2004; McCoy, 2014; Brouwer et al., 2016a,b). Rotations
with barley have been shown to improve yield in its cereal
crop counterpart, wheat, and its fibrous root system enhances
nutrient cycling, benefits soil structure, helps reduce erosion,
improves water infiltration, and helps build soil organic matter
in the winter wheat-centric cropping systems of the PNW
(Guy and Gareau, 1998; Paulitz et al., 2002; Juergens et al.,
2004). There are demonstrated economic and environmental
benefits of incorporating spring barley into the prevailing winter
wheat-summer fallow (WW-SF) cropping systems in the PNW
(Juergens et al., 2004). Those benefits include higher annual
income, reduction of wind erosion, and suppression of weed,
plant pathogens, and insect pests (Smiley et al., 1994; Young et al.,
1994; Juergens et al., 2004). WW-SF is the dominant cropping
system in the low-precipitation (<300mm annual) region of the
PNW. In east-central Washington and north-central Oregon,
where annual precipitation ranges from 150 to 300mm, WW-
SF cropping is practiced on 1.5 million ha (Juergens et al., 2004).
There are environmental disadvantages of WW-SF that include
recurrent wind erosion, especially during drought cycles when
straw production is low (Juergens et al., 2004). Research in the
PNW and elsewhere has shown that no-till cropping mitigates
soil erosion and builds soil quality, by leaving residue on the field
after harvest, where it acts as a mulch to protect the soil from
erosion and foster soil productivity compared with tillage-based
systems (Guy and Cox, 2002; Juergens et al., 2004; Huggins and
Reganold, 2008; Pittelkow et al., 2015).

Alternative cropping systems are needed to reinvigorate
rainfed crop production of the US PNW. To determine the
agronomic requirements of naked food barley in no-till cropping
systems in the Palouse region, we evaluated the effect of N
fertilization and seeding rate on ß-glucan content, protein
content, grain yield, and agronomic and quality traits on two
recently released barley varieties on two no-till farms.
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MATERIALS AND METHODS

Location
A 3-year study (2016–2018) was conducted on two no-till
farms; one in Genesee, ID (Jensen farm) (46.611134◦ N
Lat., −117.009925◦ W Long.) and the other in Almota, WA
(Aeschliman farm) (46.791288◦ N Lat.,−117.438473◦ W Long.).
Both Genesee and Almota soils are part of the Palouse series
soil and are classified as silt loams (Donaldson, 1980; Frazier
and Cheng, 1989). Genesee received total annual precipitation
of 565mm in 2016, 657mm in 2017, and 446mm in 2018 and
Almota received total annual precipitation of 455mm in 2016,
535mm in 2017, and 392mm in 2018. The average maximum
day temperature recorded during the growing season in Genesee
were 23.47◦C in 2016, 24.96◦C in 2017, and 24.14◦C in 2018. The
total precipitation recorded during the growing seasons 2016,
2017, and 2018 was 68.06, 65.45, and 86.36mm, respectively. In
Almota the average maximum day temperature recorded during
the growing season 2016, 2017, and 2018, was 25.55, 26.23, and
25.90◦C, respectively. The total precipitation recorded during
the growing seasons 2016, 2017, and 2018 was 55.12, 61.96,
and 76.75mm, respectively. Most of this precipitation occurred
during the winter and early in the spring (AgWeatherNet, 2021;
Weather Underground, 2021).

Previous crops grown in the field where experiments were
conducted are as follows: in Genesee, winter wheat (WW), winter
peas, and WW in 2016, 2017, and 2018, respectively. In Almota,
WW in 2016, 2017, and 2018.

Experimental Design and Data Collection
Experimental Design

The trial consisted of two food barley varieties (“Havener” and
“Julie”) (Obert et al., 2013). The experiments were arranged in a
randomized complete block design with five replicates. The main
plot treatments were varieties Julie and Havener and sub-plots
were N applicatio N rates (0, 62, 95, 129, and 162 kg N ha−1), and
seeding rates (250, 310, and 375 seeds/m−2). Plot size was 1.5m
by 6.1m. Phosphorus (P) and Sulfur (S) were applied following
recommended practices of the North Idaho fertilizer guide for
Spring barley by Mahler and Guy (2007). The P and S rates were
constant across years and sites and weeds were managed using
best management practices for each location.

Plots were planted using a no-till drill equipped with Flexi-
Coil Stealth openers that allow fertilizer to be banded below and
between paired rows. The openers are spaced 25 cm apart and
seed was placed in paired rows 7.6 cm apart. Fertilizer was banded
below the seed at the time of planting. It was all rainfed fields—no
irrigation was included in this experiment.

Agronomy and Yield Assessment

Agronomic data were as follows: percent emergence was recorded
as a visual observation on a scale of 1–5 with 1 (0% emergence)
and 5 (100% emergence). Days to heading were recorded as
the number of days from sowing to the time when 50% ear
had emerged from the flag leaf sheath (stage 10.3 on the Feekes
scale) according to Wise et al. (2011) and Miller (1992). Days to
maturity were recorded as the number of days from sowing to the

time when kernels could not be split with a fingernail (stage 11.4
on the Feekes scale) according to Wise et al. (2011) and Miller
(1992). Plant height was measured from soil surface to tip of the
spike (excluding awns). Grain yield was measured as the weight
of the grain harvested from the whole plot.

Seed harvesting was conducted using a Wintersteiger Nursery
Master Elite plot combine (Wintersteiger Inc., Austria). Seed
cleaning was conducted using an electrical seed thresher
(Midwest Industry Inc., Bozeman, MT) for one 30 s interval.
Test weight and seed size were recorded for each sample. Test
weight was measured using a cox funnel and collecting a 473ml
sample (Seedburo Equipment Co., Chicago, IL). Seed size was
measured by taking 250 g sub-samples from each test-weight
sample and shaking them for 30 s using a grain sizer model
G-2 (Swenko, Minneapolis, MN) with screen sizes of 2.38 and
2.18mm. Each experimental unit was analyzed for its contents of
β-glucan and protein on a dry basis using previously calibrated
near-infrared spectroscopy (NIR) (Perten DA 7250, Hägersten,
Sweden). Values obtained from wet chemistry using a Megazyme
enzymatic assay kit for mixed β-glucan linkage was used to
calibrate the NIR (Choi et al., 2020). Briefly, 452 barley genotypes
(including those used in this study) with a range of 2.7–10.9%
β-glucan were used to calibrate the NIR. The standard error of
cross-calibration (SEVC) was 0.525 and the RMSEC was 0.533.
Honig’s regression value (R2 = 0.81) verified a strong correlation
between NIR spectra predicted β-glucan and wet chemistry
analysis (Choi et al., 2020). Shapiro-Wilk normality test on the
β-glucan residuals resulted in a p-value of 0.4186 indicating no
significant difference from the normal curve.

Statistical Data Analyses
Statistical analysis was performed using the statistical software
SAS 9.4 University Edition (SAS Institute IN., Cary, NC).
The mixed-effects methodology was used to analyze data and
was performed using a mixed model with PROC GLIMIX.
Model assumptions were verified using marginal and conditional
studentized residuals from PROC MIXED and studentized
residuals from PROC GLIMMIX. A logarithmic transformation
was used for yield and plant height to satisfy the homogeneity
of variance assumption. Contrasts were calculated to show which
of the two varieties differed by N and seeding rates. Means and
least significant differences for all the data in the table were
reported. The statistical significance level was set at α = 0.05
unless otherwise noted. ANOVA was performed with all factors
using a mixed model with PROC GLIMIX. Pearson’s correlation
coefficients were calculated based on mean trait values and used
to estimate phenotypic relationships between traits of interest.
Fisher’s LSD test was used to compare treatment means.

RESULTS

β-glucan
Nitrogen did not have a significant effect on β-glucan across all
3 years and at both locations (Table 1 and Figure 1). However,
there was a significant N × variety interaction for β-glucan
(Table 1). There was a significant difference between varieties for
β-glucan content across all five N rates in Almota and Genesee
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TABLE 1 | Analysis of Variance with F value for β-glucan and protein for food

barley grown under five nitroge N treatments on no-till farms of Almota and

Genesee.

Locations Year Effect DF β-glucan (%) Protein (%)

Almota

2016 N 4

Var 1 388.52*** 267.49***

N × Var. 2 34.39*** 56.03***

2017 N 4 5.03***

Var 1 121.17*** 85.72***

N × Var. 2 20.18*** 52.93***

2018 N 4 4.63***

Var 1 340.96*** 67.15***

N × Var. 2 32.65*** 40.08***

Genesee

2016 N 4 4.53***

Var 1 242.71*** 78.79***

N × Var. 2 35.78*** 68.00***

2017 N 4

Var 1 126.95*** 182.04***

N × Var. 2 18.19*** 42.35***

2018 N 4 8.45***

Var 1 197.08*** 41.12***

N × Var. 2 19.70*** 75.40***

Dissimilar letters in a column are significantly different at p ≤ 0.05.

FIGURE 1 | Effect of N rate on β-glucan and protein content of barley across

all locations and years. Dissimilar letters in a column are significantly different

at p ≤ 0.05.

in all 3 years of the study (Table 1) and grain β-glucan content in
the varieties varied by year (Table 2). When comparing varieties’
β-glucan content, Julie consistently had significantly higher β-
glucan content than Havener in both locations-−1.6% higher in
Almota and 1.5% higher in Genesee (Table 3).

Protein
Nitrogen had a highly significant effect (p < 0.001) on protein
in Almota in 2017 and 2018 (but not 2016) and in Genesee in
2016 and 2018 (but not 2017) (Table 1). Grain protein responded

TABLE 2 | Mean data across six site-years for the effect of N rates on β-glucan

and protein.

N (kg N ha−1) β-glucan (%) Protein (%)

Almota Genesee Almota Genesee

2016

0 6.8 ± 1.0 7.3 ± 0.9 10.7 ± 2.2 9.2 ± 1.5 b

62 6.6 ± 1.0 7.2 ± 0.8 10.9 ± 2.1 9.2 ± 1.6 b

95 6.7 ± 1.0 7.4 ± 1.0 11.7 ± 2.6 10.4 ± 2.2 b

129 6.7 ± 0.9 7.3 ± 1.0 12.1 ± 2.3 10.8 ± 1.9 ab

162 6.8 ± 0.8 7.7 ± 0.8 12.6 ± 2.1 12.2 ± 1.8 a

Mean 6.7 7.4 11.6 10.4

2017

0 6.8 ± 0.8 7.6 ± 0.9 9.4 ± 2.3 c 11.4 ± 2.8

62 7.0 ± 0.8 7.8 ± 0.9 9.5 ± 1.7 c 11.6 ± 2.2

95 7.2 ± 0.6 7.9 ± 0.9 10.4 ± 1.5 bc 12.6 ± 2.3

129 7.2 ± 0.4 7.8 ± 0.7 11.6 ± 1.9 ab 13.5 ± 2.4

162 7.4 ± 0.7 7.9 ± 0.8 12.5 ± 1.8 a 13.6 ± 2.1

Mean 7.1 7.8 10.7 12.6

2018

0 7.7 ± 0.9 7.4 ± 0.8 9.5 ± 1.8 c 8.0 ± 1.4 c

62 7.5 ± 1.0 7.5 ± 1.0 9.1 ± 1.4 c 9.0 ± 1.4 bc

95 7.6 ± 0.8 7.6 ± 0.8 10.0 ± 1.4 bc 9.8 ± 1.4 b

129 8.0 ± 0.7 7.6 ± 0.6 11.0 ± 1.4 ab 10.1 ± 1.4 ab

162 8.0 ± 0.8 7.7 ± 0.5 11.8 ± 1.8 a 11.9 ± 2.0 a

Mean 7.8 7.5 10.3 9.8

Dissimilar letters in a column are significantly different at p ≤ 0.05.

TABLE 3 | Mean data across six site-years for varietal differences in β-glucan and

protein.

Varieties β-glucan (%) Protein (%)

Almota Genesee Almota Genesee

2016

Havener 5.8 ± 0.3 b 6.5 ± 0.4 b 9.5 ± 0.8 b 8.7 ± 1.1 b

Julie 7.6 ± 0.3 a 8.2 ± 0.3 a 13.7 ± 0.9 a 12.0 ± 1.4 a

Mean 6.7 7.4 11.6 10.4

2017

Havener 6.5 ± 0.4 b 7.1 ± 0.4 b 8.9 ± 1.3 b 10.3 ± 1.1 b

Julie 7.7 ± 0.3 a 8.5 ± 0.4 a 12.4 ± 1.3 a 14.8 ± 1.2 a

Mean 7.1 7.8 10.7 12.6

2018

Havener 6.9 ± 0.3 b 6.8 ± 0.3 b 8.9 ± 1.0 b 8.4 ± 1.2 b

Julie 8.6 ± 0.2 a 8.2 ± 0.3 a 11.7 ± 1.3 a 11.1 ± 1.6 a

Mean 7.8 7.5 10.3 9.8

Dissimilar letters in a column are significantly different at p ≤ 0.05.

positively to increasing N rates in both varieties, where the
highest protein content was observed in response to 162 kg N
ha−1 (Table 2 and Figure 1). The average protein content across
all N rates, varieties, and years was 10.9% at both Almota and
Genesee (Table 2 and Figure 2). There was a difference in protein
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FIGURE 2 | Effect of location on β-glucan and protein content of barley across

all varieties and years. Dissimilar letters in a column are significantly different at

p ≤ 0.05.

content between varieties across the N rates in Almota and
Genesee (Table 3). When comparing varieties’ protein content,
Julie had an average of 3.5% higher protein content than Havener
across all years and locations (Table 3).

Grain Yield
In all 3 years, there was a highly significant N × variety
interaction for yield in Almota and Genesee (p < 0.0001)
(Table 4). N rates caused a difference in grain yield across
Havener and Julie and 3 years in Almota and Genesee (Table 4).
In all years at both locations, there was an increase in grain yield
with increasing N rates across both Havener and Julie (Table 5).
The higher N rates increased grain yield of both varieties with the
highest grain yield being observed in response to 129 kg N ha−1

in half of the six site-years, while the maximum yield occurred
with 162 kg N ha−1 at both locations in 2016 and the highest
yield at the 2018 Almota site was with 95 kg N ha−1 (Tables 5,

TABLE 4 | Analysis of Variance with F value for emergence rate, day to heading, days to maturity, plant height, grain yield, test weight, percent plump kernels, and

percent thin kernels for food barley grown under five nitroge N treatments and three seeding rates on no-till farms of Almota and Genesee.

Year Effect DF PE (%) DH (day) DM (day) PH (cm) GY (kg N ha−1) TW (kg hL−1) PPK (%) PTK (%)

Almota

2016 N 4 20.62*** 7.86*** 17.03***

SR 2

Var. 1 126.70*** 319.30*** 116.46*** 97.23*** 91.64*** 1147.25*** 197.01***

N × Var. 2 32.59*** 126.93*** 105.94*** 95.71*** 22.30*** 106.40*** 35.57***

SR × Var. 2 63.69*** 150.79*** 56.55*** 44.28*** 44.49*** 587.31*** 109.91***

2017 N 4 3.48** 3.19* 13.32*** 6.36*** 99.90*** 6.60*** 2.81*

SR 2

Var. 1 14.21*** 88.18*** 6.69** 27.29*** 5.71* 246.78*** 144.04***

N × Var. 2 8.81*** 60.74*** 4.39** 146.57*** 11.54*** 45.21*** 28.14***

SR × Var. 2 7.36*** 42.24*** 13.18*** 139.44*** 74.75***

2018 N 4 21.17*** 51.30*** 35.70***

SR 2 5.94*** 5.48**

Var. 1 250.74*** 152.76*** 13.28*** 129.36*** 83.18*** 83.20***

N × Var. 2 77.81*** 92.41*** 97.68*** 64.92*** 52.84*** 14.64*** 18.51***

SR × Var. 2 117.21*** 71.72*** 7.95*** 56.76*** 44.19*** 45.64***

Genesee

2016 N 4 21.86*** 15.74*** 41.81*** 3.81**

SR 2 4.21*

Var. 1 93.47*** 1232.14*** 84.68*** 48.57*** 150.54*** 144.36***

N × Var. 2 28.03*** 107.18*** 130.35*** 32.29*** 175.53*** 32.59*** 29.65***

SR × Var. 2 53.07*** 513.40*** 40.57*** 23.10*** 73.85*** 72.54***

2017 N 4 5.28*** 14.67*** 9.17*** 6.39*** 4.70***

SR 2 15.72*** 8.03***

Var. 1 61.00*** 134.99*** 38.32*** 27.93*** 210.45*** 261.55***

N × Var. 2 8.30*** 11.32*** 156.87*** 11.62*** 3.29* 66.53*** 54.61***

SR × Var. 2 16.88*** 37.56*** 63.52*** 32.50*** 13.98*** 108.45*** 141.56***

2018 N 4 18.16*** 10.04*** 7.70*** 4.78***

SR 2 3.57* 3.30*

Var. 1 14.48*** 983.76*** 106.15*** 37.81*** 26.41*** 32.58*** 39.43***

N × Var. 2 3.87* 112.44*** 59.79*** 15.25*** 29.78*** 18.07*** 9.42*** 8.99***

SR × Var. 2 7.25*** 400.56*** 48.78*** 19.14*** 13.11*** 20.81*** 25.05***

Significant level at *p < 0.05, **p < 0.01, and ***p < 0.001. DF, Degrees of freedom; PE, percent emergence; DH, days to heading; DM, days to maturity; PH, plant height; GY, grain

yield; TW, test weight; PPK, percent plump kernels; PTK, percent thin kernels.
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TABLE 5 | Mean data across six site-years for nitroge N rates on agronomic traits.

N (kg N ha−1) PE (%) DH (day) DM (day) PH (cm) GY (kg N ha−1) TW (kg hL−1) PPK (%) PTK (%)

Almota Genesee Almota Genesee Almota Genesee Almota Genesee Almota Genesee Almota Genesee Almota Genesee Almota Genesee

2016

0 79 ± 20 71 ± 18 57 ± 2 59 ± 2 94 ± 3 b 99 ± 2 c 85 ± 2 a 80 ± 4 d 2,944 ± 587 c 2,937 ± 575 d 77 ± 2 73 ± 1 a 85 ± 8 78 ± 10 4 ± 2 5 ± 4

62 83 ± 18 72 ± 14 57 ± 2 59 ± 2 94 ± 3 b 99 ± 2 c 81 ± 6 b 85 ± 4 c 4,030 ± 523 b 4,138 ± 667 c 75 ± 1 70 ± 1 b 85 ± 9 80 ± 9 3 ± 2 4 ± 3

95 80 ± 19 77 ± 15 57 ± 2 59 ± 1 94 ± 4 b 99 ± 3 c 80 ± 5 b 87 ± 7 bc 4,010 ± 716 b 4,601 ± 613 b 76 ± 1 72 ± 3 a 85 ± 8 81 ± 9 4 ± 4 3 ± 3

129 81 ± 20 80 ± 15 58 ± 2 59 ± 2 100 ± 5 a 103 ± 4 b 85 ± 3 a 90 ± 7 ab 4,218 ± 638 ab 4,745 ± 604 ab 76 ± 1 72 ± 2 a 86 ± 7 79 ± 9 3 ± 1 4 ± 3

162 73 ± 20 76 ± 15 58 ± 3 59 ± 1 102 ± 4 a 106 ± 5 a 84 ± 5 a 92 ± 5 a 4,301 ± 757 a 4,979 ± 603 a 76 ± 1 72 ± 2 a 84 ± 7 79 ± 9 4 ± 2 3 ± 3

Mean 79 75 57 59 97 101 83 87 3,901 4,280 76 72 85 80 4 4

2017

0 79 ± 19 b 87 ± 14 a 56 ± 2 a 61 ± 2 a 95 ± 5 bc 97 ± 2 c 82 ± 5 bc 84 ± 5 1,927 ± 642 c 2,720 ± 807 c 78 ± 1 a 74 ± 2 84 ± 7 74 ± 9 a 5 ± 2 a 5 ± 2

62 88 ± 21 a 90 ± 14 a 56 ± 2 a 58 ± 1 d 95 ± 5 bc 99 ± 5 bc 81 ± 4 bc 84 ± 7 3,774 ± 736 b 3,826 ± 809 a 77 ± 1 a 73 ± 2 87 ± 8 71 ± 8 a 4 ± 2 ab 5 ± 2

95 88 ± 19 a 85 ± 15 ab 55 ± 2 b 59 ± 1 c 96 ± 6 b 99 ± 5 bc 80 ± 6 c 88 ± 5 4,107 ± 816 a 3,539 ± 870 ab 77 ± 1 a 73 ± 1 85 ± 8 67 ± 9 ab 3 ± 2 b 6 ± 2

129 88 ± 19 a 77 ± 17 bc 56 ± 2 a 60 ± 1 b 98 ± 5 a 102 ± 5 a 85 ± 4 a 87 ± 6 4,291 ± 838 a 3,347 ± 745 b 75 ± 1 a 73 ± 1 87 ± 7 66 ± 9 b 3 ± 3 b 6 ± 2

162 93 ± 21 a 74 ± 16 c 55 ± 2 b 60 ± 1 b 98 ± 5 a 103 ± 5 a 85 ± 4 a 86 ± 7 4,192 ± 837 a 3,217 ± 731 b 68 ± 1 b 74 ± 1 85 ± 8 67 ± 6 ab 4 ± 3 ab 6 ± 2

Mean 87 83 56 60 96 100 83 86 3,658 3,330 75 73 86 69 4 6

2018

0 84 ± 22 87 ± 17 58 ± 1 58 ± 2 94 ± 3 c 99 ± 3 b 76 ± 6 d 83 ± 3 d 2,432 ± 509 c 3,686 ± 1,033 b 77 ± 1 76 ± 2 a 68 ± 12 62 ± 18 13 ± 6 14 ± 12

62 88 ± 15 82 ± 13 57 ± 2 58 ± 2 94 ± 3 c 99 ± 3 b 82 ± 4 c 86 ± 4 c 3,625 ± 437 b 4,690 ± 990 a 76 ± 1 75 ± 2 ab 65 ± 11 63 ± 20 14 ± 7 15 ± 13

95 91 ± 13 87 ± 14 57 ± 2 58 ± 2 94 ± 3 c 99 ± 3 b 84 ± 4 c 87 ± 5 bc 4,125 ± 477 a 5,068 ± 918 a 76 ± 1 74 ± 3 bc 71 ± 7 60 ± 21 10 ± 4 16 ± 13

129 84 ± 15 88 ± 15 57 ± 2 57 ± 2 97 ± 4 b 103 ± 3 a 90 ± 4 b 90 ± 5 a 4,079 ± 755 a 5,150 ± 1,052 a 75 ± 1 73 ± 2 c 71 ± 6 59 ± 22 10 ± 3 17 ± 13

162 83 ± 18 85 ± 15 56 ± 2 57 ± 2 100 ± 2 a 104 ± 3 a 94 ± 5 a 88 ± 5 abc 3,977 ± 652 a 5,035 ± 1,311 a 76 ± 1 73 ± 3 c 68 ± 11 58 ± 20 11 ± 6 17 ± 12

Mean 86 86 57 57 96 101 85 87 3,648 4,726 76 74 69 60 12 16

PE, percent emergence; DH, days to heading; DM, days to maturity; PH, plant height; GY, grain yield; TW, test weight; PPK, percent plump kernels, PTK, percent thin kernels. Dissimilar letters in a column are significantly different at

p ≤ 0.05.
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TABLE 6 | Effect of N rate on grain yield and seed quality of barley across all locations and years.

N (kg N

ha−1)

GY (kg N

ha−1)

PE (%) DH (days) DM (days) PH (cm) TW (kg

hL−1)

PPK (%) PTK (%)

0 2,477 ± 871 c 81 ± 19 58 ± 2 96 ± 3 c 81 ± 5 c 61 ± 2 a 75 ± 14 8 ± 7

62 3,584 ± 737 b 84 ± 15 57 ± 2 96 ± 4 c 83 ± 5 b 60 ± 2 b 75 ± 15 7 ± 8

95 3,787 ± 812 a 85 ± 15 57 ± 2 96 ± 4 c 84 ± 6 b 60 ± 2 b 74 ± 15 7 ± 7

129 3,844 ± 882 a 83 ± 16 58 ± 2 100 ± 5 b 88 ± 5 a 59 ± 3 c 74 ± 15 7 ± 7

162 3,824 ± 961 a 81 ± 17 58 ± 2 102 ± 5 a 88 ± 6 a 58 ± 5 d 73 ± 15 7 ± 7

PE, percent emergence; DH, days to heading; DM, days to maturity; PH, plant height; GY, grain yield; TW, test weight; PPK, percent plump kernels; PTK, percent thin kernels. Dissimilar

letters in a column are significantly different at p ≤ 0.05.

TABLE 7 | Location differences in yield and grain quality across all N treatments, varieties, and years.

Locations GY (kg N

ha−1)

PE (%) DH (days) DM (days) PH (cm) TW (kg

hL−1)

PPK (%) PTK (%)

Almota 3,335 ± 842 b 84 ± 17 a 57 ± 2 b 96 ± 2 b 83 ± 6 b 61 ± 4 a 80 ± 11 a 6 ± 5 b

Genesee 3,671 ± 1,104 a 81 ± 16 b 59 ± 2 a 101 ± 4 a 86 ± 6 a 58 ± 2 b 70 ± 16 b 8 ± 9 a

PE, percent emergence; DH, days to heading; DM, days to maturity; PH, plant height; GY, grain yield; TW, test weight; PPK, percent plump kernels; PTK, percent thin kernels. Dissimilar

letters in a column are significantly different at p ≤ 0.05.

6). Across the five N treatments in all 3 years, the grain yield
in Genesee was 336 kg N ha−1 higher than the grain yield in
Almota (Table 7).

When comparing varietal grain yield across years, location,
and N treatments, the results showed a difference in grain
yield between Havener and Julie (Tables 8, 9). Havener was
consistently higher yielding than Julie with average of 806 kg N
ha−1 higher grain yield than Julie (Table 9).

In Almota, there was a significant seeding rate × variety
interaction for yield in 2016 and 2018 (p < 0.0001) (Table 4).
In Genesee, there was a seeding rate × variety interaction for
yield in 2017 and 2018 (Table 4). Increased seeding rates 250,
310, and 375 seeds/m−2 increased grain yield 3,440, 3,453, and
3,616 kg N ha−1, respectively in all the varieties in all years and
locations (Table 11).

Emergence
Nitrogen did not have an impact on plant emergence in Almota
or Genesee in 2016 and 2018 (Table 4). However, in 2017, N
had a significant impact on plant emergence in both locations
(Table 4). Across all N treatments in all years, emergence in
Almota was 3% higher than in Genesee (Table 7). In Almota,
there was a highly significant difference (p < 0.0001) in
emergence rates between varieties in 2016 and 2017, but not
in 2018 (Table 4). In Genesee, there was a highly significant
difference (p < 0.0001) in varieties’ emergence rates in 2016 and
2018 (Table 4). Across all N rates and two locations, Havener
had on average 11% higher emergence rate than Julie (Table 9).
Seeding rate only had a significant effect on emergence at Genesee
in 2016 and 2017 (Table 4).

Plant Height
Nitrogen positively affected plant height in 2016, 2017, and 2018
in Almota (p < 0.0001); in Genesee, N positively affected plant
height in 2016 and 2018 (Table 4). Increasing N rates increased
plant height across both varieties in all years and locations; the
maximum plant height of 88 cm was recorded at both 129 and
162 kg N ha−1 (Table 6). Plant height did not differ between
varieties with the exception of Almota in 2017 where Havener
was significantly taller than Julie (Table 8). When comparing the
plant height of varieties across all N rates, years and locations,
Havener was taller than Julie (Table 9). Seeding rate did not have
a significant effect on plant height (Tables 4, 11).

Days to Heading
Analysis of variance revealed that N rates affected days to heading
in 2017 at both Almota (p = 0.02) and Genesee (p ≤ 0.0001)
(Table 4). However, there was not a clear trend to suggest that the
N rate has an influence on days to heading. Over the course of the
study, Almota was 2 days earlier than Genesee for days to heading
(Table 7). In five of the six site-years, there was a significant
difference in days to heading between varieties (Table 4). When
comparing varieties’ days to heading across all N and seeding
rates in both Almota and Genesee, Havener reached heading 3
days earlier than Julie (Tables 8, 9). Seeding rates did not have
any effect on days to heading (Tables 10, 11).

Days to Maturity
Nitrogen rate affected days to maturity at both Almota and
Genesee in 2016, 2017, and 2018 (Table 4). Increased N rates
increased days to maturity of all the varieties; across varieties
in all years and locations, the highest number of days to
maturity was observed in response to 162 kg N ha−1 (Table 6).
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Across all N treatments in all 3 years, the barley varieties in
Almota matured 5 days earlier than in Genesee (Table 7). When
comparing varieties’ days to maturity across all five N rates in
both Almota and Genesee, Havener matured 3–8 days earlier
than Julie (Table 9). Seeding rate did not have an effect on days
to maturity (Tables 10, 11).

Test Weight
The effect of different N rates on test weight was significant in
Almota in 2017 (p < 0.0001) and at Genesee in 2016 (p = 0.01)
and 2018 (p < 0.0001) (Table 4). Across all N treatments in all
years, Almota was 3 kg hL−1 higher in test weight than Genesee
(Table 7). Increasing N rates usually resulted in decreased test
weight; across all locations and years the 0N treatment resulted
in the highest test weight, and the 162N treatment resulted in the
lowest test weight (Tables 5, 6). There was a difference between
Havener and Julie in test weight across all five N rates in both
Almota andGenesee; Havener was 2 kg hL−1 higher in test weight
than Julie (Tables 8, 9). There was no difference in test weight
caused by seeding rates across all 3 years at Almota and Genesee
(Tables 10, 11). For all 3 years in Almota, there was a N× variety
interaction for test weight (Table 4). In Genesee there was a N ×

variety interaction for test weight in 2017 (p = 0.04) and 2018 (p
< 0.0001), but not in 2016 (Table 4).

Percent Plump Kernels
Nitrogen did not have a significant impact on percent plump
kernels at Almota in any of the 3 years (Table 4). However, N had
a significant impact on percent plump kernels 2017 at Genesee (p
< 0.0001) but not in 2016 or 2018 (p > 0.05) (Table 4). Increased
N rates resulted in decreased percent plump kernels only in
2017 in Genesse (Table 5). Across all N treatments in all years,
Almota was 10% higher in percent plump kernels than Genesee
(Table 7). There was a difference between varieties in percent
plump kernels across all 3 years (Table 4). When comparing
varieties’ percent plump kernels across all five N rates in both
Almota and Genesee, Julie was 14% higher in percent plump
kernels than Havener (Table 9).

Seeding rate had a significant effect on percent plump kernels
in 2018 at both Almota (p < 0.0001) and Genesee (p = 0.03).
However, seeding rates did not affect percent plump kernels in
either location in 2016 or 2017 (Table 4). Across all locations
and years, increased seeding rates resulted in decreased percent
plump, the 250 seeds/m−2 treatment resulted in the highest
percent plump kernels and the 375 seeds/m−2 treatment resulted
in the lowest percent plump kernels (Table 11).

Percent Thin Kernels
Nitrogen rate had a significant impact on percent thin kernels
in Almota in 2017 (p = 0.03) (Table 4). There was a difference
between locations for percent thin kernels across all N treatments
in 3 years and barley grown in Genesee had 2% more thin
kernels than Almota (Table 7). There was a difference between
varieties in percent plump kernels across all 3 years in Almota
and Genesee (Table 4). When comparing varieties’ percent thin
kernels, Havener was 6% higher in percent thin kernels than
Julie (Table 9).
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TABLE 9 | Barley varietal differences in yield and grain quality across all N treatments, locations and years.

Variety GY (kg N

ha−1)

PE (%) DH (days) DM (days) PH (cm) TW (kg

hL−1)

PPK (%) PTK (%)

Havener 3,908 ±

941 a

88 ± 14 a 56 ± 1 b 95 ± 3 b 85 ± 6 a 60 ± 3 a 68 ± 14 b 10 ± 8 a

Julie 3,099 ± 878

b

77 ± 17 b 59 ± 2 a 101 ± 4 a 84 ± 6 b 58 ± 3 b 82 ± 12 a 4 ± 5 b

PE, percent emergence; DH, days to heading; DM, days to maturity; PH, plant height; GY, grain yield; TW, test weight; PPK, percent plump kernels, PTK, percent thin kernels. Dissimilar

letters in a column are significantly different at p ≤ 0.05.

Seeding rates had an effect on percent thin kernels in 2018
at Almota (p = 0.01), but not in 2016 or 2017. There was
no significant difference in percent thin kernels associated with
the seeding rate at Genesee (Table 4). Increased seeding rates
resulted in increased percent thin kernels; across all locations
and years, the 375 seeds/m−2 treatment resulted in the highest
percent thin kernels and the 250 seeds/m−2 treatment resulted in
the lowest percent thin kernels (Table 11).

Correlations
Across all the varieties in all years, no correlation was found
between grain yield and other measured traits in Almota;
however, in Genesee, grain yield had a strong negative correlation
with test weight (r = −0.94; p = 0.02) and a strong positive
correlation with plant height (r = 0.90; p = 0.04) (Table 12).
When measuring between emergence rates and other traits, the
results showed that in both Almota and Genesee, there was
no correlation between emergence rate and other measured
traits (Table 12).

For plant height in Almota, there was a strong negative
correlation between plant height and test weight (r=−0.90; p=
0.03), and a strong positive correlation between plant height and
days to maturity (r = 0.99; p = 0.0001) (Table 12). In Genesee,
plant height had a strong negative correlation with percent plump
kernels (r = −0.94; p = 0.02) (Table 12). Days to heading did
not correlate with any othermeasured traits (Table 12). However,
in Almota, there was a strong negative correlation between days
to maturity and test weight (r = −0.95; p = 0.01). In Genesee,
there was a strong negative correlation between days to maturity
and percent plump kernels (r = −0.90; p = 0.04) (Table 12). No
correlation was found between percent thin kernels and other
traits in either location (Table 12).

DISCUSSION

Data are lacking for fertilizer and seeding rate guidelines in food
barley. The amount of N fertilizer needed for optimal production
and seed end-use quality depend on the barley’s intended use—
food, malting, or feed grain (Mahler and Guy, 2007). Foodpreci
barley has important traits that make it distinct from feed or
malt; in particular, malt barley should have low protein and
low β-glucan.

Nitrogen Effects
Cultivar, environmental factors, and nitrogen fertilization have
been reported to affect yield, chemical composition, and grain
quality of barley (Widdowson et al., 1982; Åman and Newman,
1986; Knudsen et al., 1987; Conry, 1994; Zhang et al., 2001;
Anker-Nilssen et al., 2008; Choi et al., 2020). β-glucan and
protein are major components of barley (Åman et al., 1985).
Given its unique functional and nutritional properties, β-glucan
is the most important fiber component in barley. It is found
throughout the grain endosperm and germ, but germ β-glucan
has higher dietetic value (Fincher, 1975; McNeil et al., 1975; Bacic
and Stone, 1981; Salomonsson et al., 1984). β-glucan content is
associated with both genotype and environmental factors (Gill
et al., 1982; Stuart et al., 1988; Güler, 2003; Goudar et al., 2020).
Similarly, in this study there were differences among varieties in
grain β-glucan content; Julie had higher β-glucan content than
Havener in all years.

Nitrogen fertilizers are usually employed to increase grain
yield. However, Brunner and Freed (1994) reported that β-
glucan was affected by N levels, location, and years. The grain
β-glucan content reported in our study was affected by location
(Figure 2). Additionally, the nitrogen treatment affected the β-
glucan content of Havener but not of Julie across all sites and
years (Table 13). Our findings are in agreement with those of
Sørensen and Truelsen (1985), Henry (1986), andOscarsson et al.
(1998), who reported that barley β-glucan content increased with
increasing nitrogen rate. Brunner and Freed (1994), Thomason
et al. (2012), and Aghdam and Samadiyan (2014) also found
that higher nitrogen levels generally increased grain β-glucan in
barley and oats. However, Gohl et al. (1978), Aastrup (1979),
Hesselman et al. (1981), and Zhang et al. (2001) argued that the β-
glucan content has not been consistently influenced by nitrogen,
but rather that it varies across locations, typically decreasing
under moist growing conditions and high temperature.

Differences were found in β-glucan content between Almota
and Genesee, where Genesee was 0.4% higher than Almota in β-
glucan content across all varieties and years. This is in agreement
with Åman (1986), Lehtonen and Aikasalo (1987), Åman et al.
(1989), Zhang et al. (2001), and Goudar et al. (2020) who
reported significant differences in barley β-glucan content across
locations. They reported that drought conditions may be related
to increased β-glucan concentration. Peterson (1991) observed
a significantly higher mean β-glucan concentration for oat and
barley cultivars grown under dryland vs. irrigated conditions at
two locations in Idaho. Ehrenbergerová et al. (2008), reported
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TABLE 10 | Mean data across six site-years for the effect of seeding rates on agronomic traits.

SR

(Seeds/m−2)

PE (%) DH (day) DM (day) PH (cm) GY (kg N ha−1) TW (kg hL−1) PPK (%) PTK (%)

Almota Genesee Almota Genesee Almota Genesee Almota Genesee Almota Genesee Almota Genesee Almota Genesee Almota Genesee

2016

250 77 ± 21 71 ± 17 b 57 ± 2 59 ± 2 96 ± 5 101 ± 4 83 ± 5 86 ± 7 3,845 ± 807 4,294 ± 875 76 ± 1 71 ± 1 86 ± 7 80 ± 9 3 ± 2 4 ± 3

310 79 ± 19 74 ± 15 ab 57 ± 2 59 ± 1 97 ± 6 101 ± 4 83 ± 4 87 ± 6 3,873 ± 789 4,196 ± 941 76 ± 1 72 ± 2 86 ± 7 80 ± 8 4 ± 2 4 ± 3

375 82 ± 18 80 ± 14 a 57 ± 2 59 ± 2 97 ± 6 101 ± 4 83 ± 5 87 ± 7 3,984 ± 734 4,349 ± 886 76 ± 1 71 ± 2 84 ± 9 78 ± 10 4 ± 3 4 ± 4

Mean 79 75 57 59 97 101 83 87 3,901 4,280 76 72 85 80 4 4

2017

250 88 ± 13 75 ± 15 c 56 ± 1 60 ± 1 96 ± 2 100 ± 5 83 ± 5 86 ± 6 3,611 ± 891 2,978 ± 800 c 75 ± 7 73 ± 1 87 ± 7 69 ± 8 3 ± 2 6 ± 2

310 85 ± 15 82 ± 15 b 56 ± 1 60 ± 1 96 ± 2 100 ± 5 83 ± 5 87 ± 6 3,584 ± 915 3,305 ± 801 b 76 ± 6 74 ± 1 86 ± 7 70 ± 8 4 ± 2 5 ± 2

375 89 ± 14 92 ± 14 a 56 ± 1 59 ± 2 96 ± 2 100 ± 5 83 ± 5 85 ± 6 3,779 ± 969 3,706 ± 835 a 75 ± 7 73 ± 2 85 ± 9 69 ± 9 4 ± 2 6 ± 3

Mean 87 83 56 60 96 100 83 86 3,658 3,330 75 73 86 69 4 6

2018

250 84 ± 18 87 ± 13 57 ± 2 57 ± 2 95 ± 4 101 ± 4 84 ± 9 87 ± 6 3,549 ± 755 4,839 ± 1030 76 ± 1 75 ± 2 72 ± 8 a 65 ± 20 a 9 ± 4 b 13 ± 12 b

310 89 ± 15 85 ± 15 57 ± 2 57 ± 2 96 ± 4 101 ± 3 85 ± 7 87 ± 5 3,525 ± 796 4,723 ± 1,211 76 ± 1 74 ± 3 65 ± 12 c 61 ± 20 ab 13 ± 7 a 15 ± 12 ab

375 85 ± 19 85 ± 15 57 ± 2 57 ± 2 95 ± 4 100 ± 3 86 ± 7 86 ± 5 3,869 ± 838 4,615 ± 1,247 76 ± 1 74 ± 3 68 ± 9 bc 55 ± 19 b 12 ± 5 a 19 ± 14 a

Mean 86 86 57 57 96 101 85 87 3,648 4,726 76 74 69 60 12 16

SR, seeding rate; PE, percent emergence; DH, days to heading; DM, days to maturity; PH, plant height; GY, grain yield; TW, test weight; PPK, percent plump kernels; PTK, percent thin kernels. Dissimilar letters in a column are significantly

different at p ≤ 0.05.
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TABLE 11 | Effect of seeding200mm][4mm]Q21 rate on grain yield and seed quality across all locations and years.

SR

(Seeds/m−2)

GY (kg N ha−1) PE (%) DH (days) DM (days) PH (cm) TW (kg

hL−1)

PPK (%) PTK (%)

250 3,440 ± 1,002 b 80 ± 17 b 58 ± 2 98 ± 5 84 ± 7 59 ± 3 77 ± 13 a 6 ± 6 b

310 3,453 ± 1,008 b 82 ± 16 b 58 ± 2 98 ± 5 85 ± 6 59 ± 3 75 ± 15 ab 7 ± 7 ab

375 3,616 ± 970 a 85 ± 16 a 58 ± 2 98 ± 5 85 ± 6 59 ± 3 73 ± 15 b 8 ± 8 a

SR, seeding rate; PE, percent emergence; DH, days to heading; DM, days to maturity; PH, plant height; GY, grain yield; TW, test weight; PPK, percent plump kernels; PTK, percent thin

kernels. Dissimilar letters in a column are significantly different at p ≤ 0.05.

TABLE 12 | Pearson correlation for percent emergence, days to heading, days to maturity, plant height, grain yield, test weight, percent plump kernels, and percent thin

kernels in Almota and Genesee.

Variables PE

(%)

DH

(day)

DM

(day)

PH

(cm)

GY

(kg N

ha−1)

TW

(kg

hL−1)

PPK

(%)

PTK

(%)

Almota

PE

DH −0.17

DM −0.22 −0.06

PH −0.22 0.05 0.99*0**

GY 0.69 −0.19 0.55 0.54

TW 0.04 0.34 −0.95* −0.91* −0.67

PPK 0.34 0.67 0.23 0.31 0.48 −0.07

PTK −0.28 −0.29 −0.61 −0.65 −0.73 0.53 −0.86

Genesee

PE

DH −0.08

DM −0.67 −0.03

PH −0.23 −0.39 0.81

GY −0.12 −0.74 0.59 0.90*

TW −0.05 0.82 −0.45 −0.78 −0.94*

PPK 0.34 0.05 −0.90* −0.94* −0.71 0.54

PTK −0.30 0.39 0.82 0.67 0.30 −0.18 −0.87

Significant level at *p < 0.05, ***p < 0.001.

PE, percent emergence; DH, days to heading; DM, days to maturity; PH, plant height; GY, grain yield; TW, test weight; PPK, percent plump kernels; PTK, percent thin kernels.

higher precipitation during the flowering time and grain filling
period and lower temperatures during the flowering time have
negative effects on concentration of β-glucans. Conversely, drier
and warmer weather in enhanced the content of β-glucans. This
is also in line with Tiwari and Cummins (2009), who reported
that temperature and precipitation were the most important
climatic factors affecting β-glucan content. Because β-glucan
accumulates late in grain development, stress from temperature
and precipitation factors can cause the early end of grain
development, and therefore, reduced β-glucan concentration in
grains (Tiwari and Cummins, 2009). Thus, conditions favorable
to endosperm development would increase the accumulation of
β-glucan in the grain (Zhang et al., 2001; Goudar et al., 2020).

Generally, protein content increases with increasing nitrogen
supply (Sørensen and Truelsen, 1985; Conry, 1994; Therrien
et al., 1994). Dubetz (1961) and Hutcheon and Paul (1966)
found that moisture and N availability were two important
factors affecting the protein content of wheat. Soper and Huang

(1963) and Nuttall et al. (1971) also demonstrated that percent
protein and total protein per unit area could be predicted
by measuring available soil N plus added N fertilizer. In our
study, grain protein responded positively to increasing N rates
in both barley varieties, where the highest protein content
was observed in response to 162 kg N ha−1. Considering the
combined results across all six site-years, an increase in N
rates resulted in increased protein content. Janković et al.
(2011) also found that increased nitrogen N rates significantly
affected the total protein content in malting barley grain,
where an increase in the total nitrogen rate (50, 70, 90, and
110 kg N ha−1) increased the protein content (12.6, 12.8, 12.9,
and 13.5%).

Grain yield and quality traits of spring barley can vary greatly
due to growing conditions (Leistrumaite and Paplauskiene,
2005). Mouchova et al. (1996) found that the efficiency of applied
nitrogen fertilizers and their loss are influenced by the interaction
of many factors, such as type of soil, crop, agricultural practice,
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TABLE 13 | Effect of N rate on β-glucan and protein content of barley varieties

Havener and Julie across all sites and years.

N (kg N ha−1) B-glucan (%) Protein (%)

Havener

0 6.4 ± 0.4 c 7.8 ± 0.9 e

62 6.4 ± 0.4 c 8.3 ± 0.8 d

95 6.6 ± 0.5 bc 9.1 ± 0.8 c

129 6.8 ± 0.5 ab 9.8 ± 0.9 b

162 6.9 ± 6 a 10.6 ± 0.6 a

Mean 6.6 9.1

Julie

0 8.1 ± 0.4 11.6 ± 1.6 c

62 8.2 ± 0.4 11.5 ± 1.5 c

95 8.2 ± 0.5 12.5 ± 1.6 b

129 8.1 ± 0.5 13.3 ± 1.5 b

162 8.2 ± 0.5 14.3 ± 0.9 a

Mean 8.2 12.6

Dissimilar letters in a column are significantly different at p ≤ 0.05.

including the rate, the form, the timing of fertilization and
year-to-year weather patterns. The amount of nitrogen that a
barley crop needs to maximize yield and quality depend on
seasonal conditions, soil type, rotational history of the soil, and
yield potential. Nitrogen is needed for early tiller development,
without which the yield potential of the crop is limited. As
expected, increased N rates increased grain yield of all the
barley varieties in all years and locations; the highest grain yield
observed in response to 95, 129, and 162 kg N ha−1. These
results are consistent with previous reports by Singh et al. (1992)
and Alazmani (2014) who reported increased wheat and barley
grain yield resulting from increased nitrogen fertilization in India
and Iran. Ryan et al. (2009) reported that nitrogen increased
leaf area, tiller formation, leaf area index and leaf area duration
and that this increase led to much greater production of dry
matter and barley grain yield in Morocco. However, Singh et al.
(1992) reported that increasing N fertility beyond a certain
limit ultimately decreased wheat grain yield in India. In this
study, Havener had a higher average grain yield (806 kg N ha−1)
than Julie across all N rates, years and locations. It is possible
to select barley cultivars and different growing locations, but
environmental factors are much more difficult to control. The
interaction between predetermined and environmental factors
could play an important role in the yield and quality of barley.

Nitrogen fertilizer application, while often required to
increase grain yield and protein composition of the barley
grain may also reduce physical grain quality traits. Increased
N rates resulted in decreased test weight. Across all site-years,
the 0N treatment resulted in the highest test weight, and the
162N treatment resulted in the lowest test weight. However,
the percent plump kernels and percent thin kernels remained
constant despite the change in N rates. Jackson et al. (1994) and
Bleidere et al. (2013) also found that a decline in test weight of
naked spring barley, resulted from increasing N rates. Our results
also indicated no correlation between days to heading and days
to maturity. Tsenov (2009) found that the growing conditions
significantly affected the time to heading and physiological

maturity of wheat, especially under heat stress. Tsenov (2009)
also reported that the period between heading and physiological
maturity varied according to the temperatures in respective years.
Higher temperature sums should, in principle, accelerate the date
to heading and maturity. Moreover, in warmer years, highest
degree maturation is accelerated, which increase the correlation
between days to heading and days to maturity, while in cooler
years combined with more available soil moisture during grain
filling, maturation is retarded, i.e., the correlation between days
to heading and days to maturity decreases. Bullrich et al. (2002)
and Blake et al. (2009) reported a lack of correlation between days
heading and days to physiological maturity, and that the period
of grain filling was markedly less affected by the temperature,
moisture, and light than time to heading, but rather, was dictated
exclusively by genotype.

Seeding Effects
The seeding rates currently used for barley vary between
agroclimatic zones. In the drier areas with a mean annual
precipitation <250mm, the recommended rate of 257 plants
m−2 (Turk, 1998) is much lower than for semi-arid areas that
receive a mean annual precipitation of 250–500mm (Munir,
2002). Higher seeding rates are recommended in areas with a
higher mean annual precipitation in part because they promote
greater crop competition against weeds (Kirkland, 1993). In this
study, only 1 in 6 site years showed an increase in yield due
to seeding rate increases; the highest grain yield was observed
in response to the 375 seeds/m−2 treatment. According to
Kirkland (1993), yield increase observed alongside increased
seeding rates is a function of more spikes being produced as
a result of more plants being established. In Kirkland (1993),
grain yields increased as seeding rates increased, with maximum
yields obtained at 400 plants m−2. This suggests that the effects of
seeding rate on grain yield are derived from increased production
of spikes per unit area, not through the increased production of
fertile tillers per plant. In general, fertility and seeding rate were
directly associated with the yield of barley. Similarly, our study
revealed that a seeding rate of 375 seeds/m−2 combined with
N rates from 95 to 162 kg N ha−1 is optimal for realizing the
maximum grain yield.

CONCLUSION

Nitrogen had a significant effect on protein content of both
Havener and Julie but did not have an effect on β-glucan content
of Julie. Julie had higher β-glucan (8.2%) and protein (12.6%)
content compared to Havener, which had β-glucan (6.6%) and
protein (9.1%). The location had a significant effect on β-glucan
but not on protein content. Genesee resulted in higher β-
glucan (7.6%) and protein (10.9%) content compared to Almota.
This is likely because Genesee received more precipitation
and had cooler temperatures compared to Almota. β-glucan
appeared to be more related to environmental factors, such as
precipitation, than to fertility. Therefore, the selection of food
barley varieties with high β-glucan content should be conducted,
keeping environmental adaptation in mind. Increased nitrogen
fertilization resulted in higher mean grain yield up to 95 kg N
ha−1, but no significant difference in yield was found between
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95, 129, and 162 kg N ha−1 N. Based on our results, N rate
recommendation for farmers growing food barley in these
regions should be ∼95 kg N ha−1 with a seeding rate of ∼375
seeds/m−2 to optimize grain yield and protein content. The
recommended N rate is very similar to recommendations for
feed barley that has a long history of production in the region.
However, the suggested seeding rate is about 50% higher than
recommended for malt or feed barley.
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