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Abstract: There is an increasing market for locally grown malting barley (Hordeum vulgare L.) in the
Northeast US. Malting barley must meet certain quality standards for acceptability in the brewing
market. Up-to-date recommendations are needed regionally for adaptation to ongoing climate
change. A two-year field experiment was conducted to assess the interactive influence of three dates
of planting (5 September, 15 September, and 25 September), two levels of fall N (0 or 28 kg ha−1),
and three levels of spring N (28, 50.5, and 73 kg ha−1). No significant difference was detected in
grain yield amongst the treatments. The date of planting and fall N application mainly affected
crop growth while spring N impacted grain quality. Delayed planting led to better winter survival
and reduced lodging and foliar disease. Fall N application reduced winter survival for the early
September planting but had minimal other agronomic impacts. An increased spring N application
rate increased grain protein and lowered falling number, but there were no treatment differences in
other quality parameters. Results indicated that late September planting, application of no fall N,
and moderate spring N (28 kg ha−1) resulted in the highest agronomic N efficiency and grain quality
for malting barley in Northeast.

Keywords: malting barley; malt quality indices; nitrogen management; planting date; winter barley

1. Introduction

Malt barley (Hordeum vulgare L.) offers an attractive possibility to grain farmers in
the Northeast United States [1,2]. While the quality standards needed for malting are
high, there is a significant price premium compared to feed grains for malt barley [3,4].
Furthermore, regional malting and brewing businesses could offer opportunities for local
sales and community connections, which can benefit farmers in multiple ways [5]. There is
interest in regional ingredient sourcing for craft brewing, and both malt barley and hop
production in the Northeast have increased in recent decades along with the increase in
public demand for local and regional beers [5,6]. However, since malt barley has still not
been widely grown in the region [7], the best methods for producing malt quality crops
have not been fully explored [1]. This is especially true in the case of winter barley, where
variety selection is limited by inconsistent winter survival [8]. However, winter barley
offers several benefits over spring malt varieties in the Northeast. Winter barley competes
much better against annual weeds [9], and herbicides are often not used. Timely planting
of spring barley is very important to achieve malt quality [10,11], but spring planting can
be delayed due to wet soil. Furthermore, winter barley can also provide environmental
benefits as a cover crop over the winter months [12].

To be a viable crop, malt barley must perform well agronomically, have good inherent
malting characteristics, and be properly harvested and handled to ensure proper sprouting
during malting [13]. In order to produce good yields, the barley must overwinter well, resist
pathogens, and remain upright during the ripening process. The grains must be large, low
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in protein, and very low in carcinogenic deoxynivalenol (DON) toxin [14]. Lastly, unlike
most other grain crops, malting barley must sprout well during the malting process [15].
Maintaining malting quality from ripe grain to market can be difficult to achieve in the
humid Northeast. Drying the crop in the field can create excessive risk of pre-sprouting [16].
This can be mitigated by harvesting barley as soon as it is ripe, regardless of moisture
content and drying with forced air [2].

Barley quality can be measured in multiple ways to fully understand the grain quality.
Grain size and potential malt energy can be assessed though the test weight, percent plump,
and percent thin [13]. Higher test weights and percent plump indicate large energy-dense
kernels, while high percent thin indicates many small kernels that will not malt well.
Malt quality grains must germinate well during the malting process (greater than 95%
germinative energy) and must not have begun to sprout before the malting process, either
in the field or during storage (greater than 250 s falling number) [16,17]. Protein must be
below 125 g kg−1, and DON content must be below 0.5 mg kg−1 [14].

These grain characteristics are affected by four major factors: (1) environmental condi-
tions, (2) genetic characteristics of the barley variety, (3) harvest and handling techniques,
and (4) farming decisions early in the growing season [2], all of which are essential for
producing a malt-quality barley crop. Environmental conditions during the growing season
play a major role in all aspects of the production of high-quality malt barley. Regional
research has thus focused on the broadly applicable areas of variety performance [17–19]
and to a lesser extent on agronomic management [1]. This research aims to contribute
substantially to the latter.

Fall planting date can have important effects on the growth of barley. Later planting
can increase winter survival and yield [8] and minimize Hessian fly damage [1].

Similarly, N (nitrogen) fertility timing and application rate have been shown to
have many effects on malt barley production. Studies in the western United States have
found increased N fertility associated with positive increases in yield [10,20–22], kernel
size [2,10,20], and test weight [21,22], but also poorer malt quality in terms higher pro-
tein [10,20–23], lower N use efficiency [20,21,24], and higher potential for environmental N
pollution [21,24]. However, this research was done in the dry northwestern areas of the
United States, and the specific effects may be different in humid growing conditions.

Other agronomic practices like weed control [9], crop rotation [25], seeding rate [23,26],
tillage methods [21,27], and irrigation [20] can also affect malt barley performance.

In order to complement variety development, farm-specific harvest decisions, and the
scientific understanding of malt barley production in other areas, this study focused on the
interaction between two of the most important agronomic management considerations of
importance to potential malt barley growers: (1) fall planting date and (2) N fertilization
rate and timing. The barley was assessed for malting quality characteristics and agronomic
growth parameters to ascertain planting date and N application recommendations for fall
malting barley in the Northeast US.

2. Materials and Methods

Experimental Site: This experiment was performed at the University of Massachusetts
Agricultural Experiment Station Farm in South Deerfield, MA (42◦ N, 73◦ W) on fine
Hadley loam soil. The barley was grown after buckwheat (Fagopyrum esculentum Moench)
in 2014 and after faba bean (Vicia faba L.) in 2015. The winter of 2014–2015 was characterized
by significant snow cover while the winter of 2015–2016 was warmer than average (Table 1).
The top 15 cm of soil was analyzed before planting each year, and the fields were amended
with mineral nutrients as recommended by the University of Massachusetts Soil and Plant
Nutrient Testing Laboratory (Amherst, MA, USA) for barley production. The composite
soil sample consisted of 20 sub-samples. The field sites were prepared using disk tillage
immediately before the first planting date.
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Table 1. Weather Data for the Date of Planting and Nitrogen Trial for the University of Massachusetts Agricultural Research Farm, South Deerfield, MA *.

Year Month Avg Temp
(◦C)

Departure
from avg. **

Max Temp
(◦C)

Departure
from avg.

Min Temp
(◦C)

Departure
from avg.

Total
Precipitation (cm)

Departure
from avg. GDD *** Departure

from avg.

2014 September 16.3 0.1 30.7 0.8 3.7 2.3 4.1 −6.6 512.1 1.8
October 11.6 2.3 24.3 −0.3 −0.4 4.1 16.0 5.1 354.6 54.1

November 3.2 −0.7 17.7 −1.0 −10.2 −0.1 8.9 1.3 109.2 −29.3
December 0.4 1.9 11.8 −2.8 −11.9 5.0 11.7 3.3 48.4 0.7

2015 January −6.7 −1.5 4.4 −6.4 −20.9 2.3 8.4 1.5 0.6 −21.7
February −10.3 −6.7 3.7 −7.2 −27.6 −7.6 3.8 −2.8 0.1 −20.7

March −1.4 −2.4 12.7 −5.3 −20.3 −4.3 4.3 −4.6 29.1 −62.2
April 7.7 −0.1 23.1 −4.1 −6.4 −0.5 5.1 −2.8 225.6 −25.4
May 17.6 3.7 31.4 0.8 1.7 2.9 2.5 −5.8 541.8 92.3
June 17.9 −0.7 30.1 −2.2 6.2 1.3 19.3 7.6 549.8 −27.7
July 21.1 −0.3 32.7 −0.3 11.3 2.2 8.4 −0.8 676.3 −5.9

August 21.1 0.7 32.5 0.3 11.3 3.8 6.4 −2.8 679.4 21.7
September 18.3 2.1 33.0 3.1 4.9 3.6 16.3 5.6 580.5 70.3

October 9.2 −0.1 23.3 −1.4 −7.4 −2.9 5.6 −5.1 289.1 −11.49
November 6.2 2.3 23.1 4.4 −8.9 1.2 5.1 −2.8 193.7 55.3
December 4.0 5.4 16.4 1.8 −5.5 11.4 11.9 3.6 139.1 91.3

2016 January −2.7 2.4 11.0 0.2 −15.5 7.7 3.8 −3.0 19.1 −3.2
February −1.9 1.8 14.9 4.1 −26.1 −6.2 10.4 4.1 55.6 34.8

March 4.7 3.8 25.5 7.5 −8 7.9 8.4 −0.5 172.6 81.3
April 7.4 −0.3 26.2 −1.0 −11 −5.1 5.3 −2.5 230.0 −20.9
May 14.2 0.3 32.6 1.9 −1.7 −0.4 6.6 −2.0 448.6 −0.8
June 19.1 0.4 30.9 −1.4 5.3 0.4 3.6 −8.1 577.3 −0.2
July 22.3 0.9 34.4 1.4 9.9 0.9 4.3 −5.1 702.2 20.0

* Weather data were recorded at the Orange, MA airport weather station, 37 km from the South Deerfield. ** Weather averages are based on the years 1981–2010. *** GDD = Σ Tmax + Tmin
2 −

Tbase where Tmax and Tmin are daily maxiumum and minimum temperatures and Tbase = 0 ◦C.
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Experimental Layout: Four replications of each treatment were planted in a split-plot
randomized complete block design with date of planting as main plots and N treatments as
sub-plots. The 18 treatments consisted of balanced combinations of three planting dates (5,
15, and 25 September), two fall N rates (0 and 28 kg ha−1), and three spring N rates (28, 50.5,
and 73 kg ha−1). Fall N was applied at each sowing corresponding to the planting date
treatments, and spring N was applied at stem elongation (GS30); all N applications were
in the form of calcium ammonium nitrate (CAN). Unfertilized plots (0 kg ha−1 fall N and
0 kg ha−1 spring N) were also grown in the 2015–2016 season to calculate agronomic N use
efficiency (ANE) for that year only. ANE was calculated as the difference in yield relative to
unfertilized plots divided by the amount of N applied: (fertilized grain yield—unfertilized
grain yield)/N applied.

Planting and Field Assessment: Wintmalt 2-row barley was chosen as a model variety
for this experiment due to its moderate winter hardiness and generally good performance
regionally compared to other malting barley varieties [18]. The barley was planted 2 cm
deep at 123 kg ha−1 using a custom-made plot-size cone seed drill with 17.8 cm between
rows. Winter survival was determined by visual assessment on 29 April 2015 and 11 April
2016. Each plot was ranked on a 0–10 scale with 0 as completely dead and 10 as complete
survival. Foliar disease was estimated on 17 June 2015 as a percentage of leaf surface
area infected using the disease guides in the American Phytopathological Society’s “A
Manual of Assessment Keys for Plant Disease” [28]. Due to rapid drought-induced foliar
desiccation, foliar diseases were not measured in 2016. Heading date was declared when
half of the tillers had emerged heads and is reported as Julian date. Plant height and
lodging were only measured on 12 July 2016, one week before harvest. Lodging was
visually evaluated as the proportion of plants with either bent over or broken stems.

Harvest and Laboratory Analyses: Barley was harvested using a 1995 ALMACO
SPC20 plot combine on 11 August 2015 and 20 July 2016. A subsample of the grain was
dried in a forced air oven at 38 ◦C to preserve kernel integrity. Germinative energy and test
weight were determined using ASBC methods Barley-3A and Barley-2B [15]. Malt quality
was assessed at the E.E. Cummings Crop Testing Laboratory at the University of Vermont
(Burlington, VT, USA). Crude protein content as a proportion of dry matter was measured
with a Perten Inframatic 8600 Flour Analyzer, and falling number was assessed using the
AACC Method 56–81B [29] on a Perten FN 1500 Falling Number Machine. Deoxynivalenol
(DON) content was evaluated in the subsamples using the NEOGEN Corp. Veratox DIN
2/3 Quantitative Test with a limit of detection of 0.1 mg kg−1.

Statistical Analysis: Data were analyzed using PROC MIXED in SAS version 9.4 [30]
and orthogonal polynomials at p ≤ 0.05 to determine significant regressions in the fixed
treatment effects and interactions of date of planting, spring N, and fall N. The random
variables of year and block were combined into one random variable, and data from both
years were combined and analyzed collectively as eight replications.

3. Results
3.1. Yield and Phenological Characteristics

Neither the main effects of date of planting (DOP), application of fall N, and spring
N rate, nor any of their interactions, had significant impact on grain yield (Table 2). The
results indicated that barley planting can be delayed until late September, providing more
opportunity for summer crops or later termination of cover crops to achieve more ecological
services. Furthermore, since fall N also had no positive influence on the final grain yield,
there is no benefit to N application at planting. This result is important since traditional
application of N fertilizer in the fall often results in significant N loss to the environment,
mainly through leaching. The loss of fall applied N resulted in 35% lower agronomic N use
efficiency (ANE), when a low rate of N was applied in the spring after fall N application
(Figure 1). However, at higher rates of spring N, the overall ANE was not impacted as
greatly by winter N losses since a much larger proportion of the overall N was applied in
the spring. Since the influence of either N application on grain yield was not significant,
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ANE demonstrated a declining trend with increases in N application rate. When N had
been applied in the previous fall, the influence of spring N application on ANE was minimal
with 20 g increase in barley grain yield for each g added N, regardless of the spring N
rate. Conversely, when no N was applied at planting, the ANE was maximized when only
28 kg N ha−1 was applied in spring where ANE improved to 45 g grain yield per gram
of N.
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Figure 1. Interactive effect of spring N application with and without fall N application on Agronomic N use efficiency (ANE).

Planting date and fall N application significantly interacted to influence winter sur-
vival rate. Planting in early September decreased winter survival by 8%, compared with
mid or late September plantings (Figure 2). Application of N at the time of planting in the
fall intensified the negative influence of early planting on winter survival rate (Figure 3)
where stand survival fell from 86% to 78%. However, when planting was delayed, the in-
fluence of fall N application on winter survival was less pronounced (Table 2 and Figure 3).

The influence of DOP, fall, and spring N application and their interactive effects on
winter survival, lodging, foliar disease, and heading time are presented in Table 2. Regard-
less of fall N treatment, the difference in heading time and height of plants amongst the
three planting dates was minimal (Table 2). While statistically insignificant, the application
of N in the fall increased the lodging percentage. The influence of fall N application on
heading time was significant, but the difference between treatments was less than two days
(Table 2).
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Table 2. Mean yield and growth metrics for winter malt barley grown with different dates of planting and fall and spring N rates grown in South Deerfield MA in 2014–2015 and 2015–2016.

Date of Planting Fall N Spring N Grain Yield (13.5%
Moisture)

Agronomic N
Use Efficiency Winter Survival Lodging Foliar Disease Height Heading Date

(kg ha−1) (kg ha−1) (t ha−1) (kg Increase in
Yield kg−1 N) —- (Percent of Plants Affected) —- (cm) (Julian Day)

5 September 0 28.0 3.96 23.40 84.3 16.7 25.8 57.36 144.0
50.5 4.50 22.26 87.5 35.0 21.4 61.38 144.0
73.0 4.29 22.60 86.3 37.5 29.2 63.18 143.5

28 28.0 4.41 16.87 78.1 23.8 22.6 62.97 143.0
50.5 4.58 17.58 76.4 43.3 18.3 65.55 143.9
73.0 4.31 11.20 80.6 53.8 24.8 64.19 142.9

15 September 0 28.0 4.14 59.49 90.0 16.3 14.9 60.85 142.6
50.5 4.40 27.96 92.5 17.5 19.8 60.06 142.1
73.0 5.09 18.53 90.0 18.8 18.3 60.59 142.8

28 28.0 4.08 15.50 91.3 30.0 20.3 59.69 143.3
50.5 4.84 26.96 91.3 20.0 17.0 64.77 143.4
73.0 4.73 15.87 92.5 28.8 19.2 64.98 142.8

25 September 0 28.0 3.75 46.04 85.0 2.5 9.6 59.80 143.9
50.5 4.10 27.60 88.8 7.5 10.6 61.81 143.0
73.0 3.59 18.24 90.0 10.0 8.1 62.39 143.4

28 28.0 4.19 28.71 91.3 3.8 10.7 62.55 142.1
50.5 4.08 24.21 91.9 15.0 8.5 65.09 142.6
73.0 4.66 18.12 92.5 8.8 14.2 62.39 142.1

Date of Planting

5 September 4.34 18.98 82.2 35.0 23.7 62.44 143.5
15 September 4.55 27.38 91.3 21.9 18.3 61.82 142.8
25 September 4.06 27.16 89.9 7.9 10.3 62.34 142.9
Fall N (kg ha−1)
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Table 2. Cont.

Date of Planting Fall N Spring N Grain Yield (13.5%
Moisture)

Agronomic N
Use Efficiency Winter Survival Lodging Foliar Disease Height Heading Date

(kg ha−1) (kg ha−1) (t ha−1) (kg Increase in
Yield kg−1 N) —- (Percent of Plants Affected) —- (cm) (Julian Day)

0 4.20 29.57 88.3 18.0 17.5 60.82 143.3
28 4.43 19.45 87.3 25.2 17.3 63.57 142.9
Spring N (kg ha−1)

28 4.09 31.67 86.7 15.5 17.3 60.54 143.1
50.5 4.42 24.43 88.1 23.1 15.9 63.11 143.2
73 4.44 17.43 88.6 26.3 19.0 62.95 142.9
Overall Experiment Mean 4.32 24.62 87.9 21.4 17.4 62.22 143.1

Effect

Date of Planting (DOP) ns ns * *** * ns ns
Fall N ns ns ns ns ns * ns
Spring N ns * ns ns ns ns ns
DOP × Fall N ns ns ** ns ns ns **
DOP × Spring N ns ns ns ns ns ns ns
Fall N × Spring N ns * ns ns ns ns ns

Note. *, p ≤ 0.05; **, p ≤ 0.01; ***, p ≤ 0.001; ns, non-significant. All effects assessed as continuous effects and, when significant, analyzed with orthogonal polynomial regression.
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Delay in planting barley led to less foliar disease, primarily powdery mildew (Blumeria
graminis f. sp. hordei) and lodging percentage in the spring and summer (Figure 2). When
barley was planted in early September, almost 25% of stands were affected by the foliar
disease and more than a third of stand lodged before the harvest in July. In contrast, only
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10% of barley plants were infected by foliar diseases and less than 8% lodged when planted
in late September. Mid-September plantings performed intermediately on both foliar
disease and lodging traits. However, despite the higher lodging and disease occurrence
in the earliest planting date, the final grain yield was not significantly affected, likely
because the disease occurred late in the growing season and the barley plants were not
entirely lodged, thus it was still possible to harvest grains with careful combining. The
results indicated that delaying planting time until late September will not delay harvest,
but it will provide additional benefits, including reduced rate of disease incident and
lodging percentage.

Increased spring N application rate from 28 kg ha−1 to 73 kg ha−1 showed no signifi-
cant impact on plant health or vegetative growth (Table 2).

3.2. Malt Quality Characteristics

While grain yield and some malting quality characteristics, including DON, test weight,
and germinative energy, did not differ significantly across treatments (Tables 2 and 3), there
was a non-significant increase in DON level at later planting dates, and grain protein and
falling number were significantly influenced by the main effect of the rate of spring N
application (Figure 4). Protein content increased from 95.3 g protein kg−1 dry matter to
103.6 g kg−1 when spring N application rate increased from 28 kg N ha−1 to 73 kg N ha−1.
However, in all treatments, the protein level was below 125 g kg−1 dry matter, which is the
acceptability threshold for brewing purpose [14]. Falling number decreased from 127 to
109 s with increased N application rate from 28 to 73 kg ha−1 (Figure 4). For both falling
number and protein level, application of 50.5 kg N ha−1 in spring led to intermediate
grain quality. Planting date also had a significant effect on protein content (Table 3) with
mid-September planting leading to lower protein content (96.5 g kg−1) than either early
or late September plantings. However, orthogonal polynomial regression did not show a
significant linear regression and it seems unlikely that this type of relationship between
date of planting and protein content would be replicated in future research trials or in
farm production.
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Table 3. Mean grain quality metrics for winter malt barley grown with different dates of planting and fall and spring N
rates in South Deerfield MA in 2014–2015 and 2015–2016.

Date of
Planting Fall N Spring N Protein (0%

Moisture) Test Weight Falling
Number DON Germinative

Energy

(kg ha−1) (kg ha−1) (g kg−1) (kg hL−1) (seconds) (mg kg−1) (%)

5 September 0 28.0 93.3 60.20 123.1 0.21 91.29
50.5 102.1 59.12 94.0 0.48 86.63
73.0 104.9 59.17 88.4 0.25 83.63

28 28.0 97.5 57.86 110.9 0.23 88.38
50.5 101.3 60.92 100.3 0.14 90.14
73.0 106.0 60.35 94.9 0.24 86.25

15 September 0 28.0 95.5 60.38 121.8 0.34 89.38
50.5 95.2 59.92 122.3 0.35 83.13
73.0 100.0 60.24 109.9 0.39 78.88

28 28.0 94.2 60.37 128.4 0.19 86.25
50.5 94.8 61.37 115.9 0.39 88.63
73.0 99.3 60.52 115.5 0.31 88.75

25 September 0 28.0 96.8 60.46 141.1 0.38 84.88
50.5 101.0 60.89 124.6 0.36 84.38
73.0 104.7 61.33 135.8 0.57 83.63

28 28.0 94.6 60.19 136.3 0.40 87.63
50.5 99.8 60.25 116.4 0.41 86.13
73.0 107.0 59.38 110.9 0.40 82.25

Date of Planting

5 September 100.8 59.60 101.9 0.26 87.72
15 September 96.5 60.47 118.9 0.33 85.83
25 September 100.6 60.42 127.5 0.42 84.81
Fall N (kg ha−1)

0 99.3 60.19 117.9 0.37 85.09
28 99.4 60.13 114.4 0.30 87.15
Spring N (kg ha−1)

28 95.3 59.91 126.9 0.29 87.96
50.5 99.0 60.41 112.2 0.36 86.50
73 103.6 60.16 109.2 0.36 83.90
Overall Experiment Mean 99.35 60.16 116.2 0.34 86.06

Effect

Date of Planting (DOP) ** ns ns ns ns
Fall N ns ns ns ns ns
Spring N *** ns ** ns ns
DOP × Fall
N ns ns ns ns ns

DOP × Spring N ns ns ns ns ns
Fall N × Spring N ns ns ns ns ns

Note. **, p ≤ 0.01; ***, p ≤ 0.001; ns, non-significant. All effects assessed as continuous effects and, when significant, analyzed with
orthogonal polynomial regression.

4. Discussion

Much of the research on brewing barley in North America has been done in the more
arid climates of the Midwest and Northwest [20–23]. Little research has been published
on the agronomic management of winter malt barley in the Northeast United States [1].
Furthermore, much of the existing scholarship focuses on spring-planted malt barley which
has a different lifecycle [20,21], while other studies on winter barley were conducted in
colder regions than Massachusetts [8,31,32]. Given the differences in growing conditions
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and barley type, it is unsurprising that the results of this experiment were somewhat
different from prior studies.

Previous studies have identified planting date as a highly important factor in winter
malt barley production in the Northeast US. This is especially important to explore currently
since climate change has resulted in milder winters, and winter grain planting dates
are typically later on farms than in the past. Results in this study (Figure 2) agree with
Zhong et al. [8], who found that late September or early October led to better winter survival
compared with either early September or late October. Studies performed in Vermont
found inconsistent winter survival at different dates of planting with barley planted in late
September showing worse winter survival relative to early and mid-September plantings
in 2015 and better survival in 2017 [31,32]. While Hashemi et al. [18] did not explore
planting dates, they found that most tested varieties survived well when planted in late
September. Both Zhong et al. [8] and Hashemi et al. [18] found large differences between
cultivars with some almost entirely winter killed. Overall winter survival was considerably
lower in Minnesota [8] and Vermont [31] than in Massachusetts (Table 2), suggesting that
particular care should be taken in genotype selection in colder areas of the Northeast
US. Zhong et al. [8] did not explore the interactive effects of fall N and planting dates.
The current study also found that untimely early planting damaged the overall health of
the barley in the following summer when early planted barley was more prone to both
powdery mildew infection and lodging prior to harvest (Figure 3). While the vegetative
stress related to early planting did not significantly affect the final grain yield quality, it
could prove meaningful in harsher weather conditions in other years.

In contrast to the current study, Stevens et al. [20], Sainju et al. [21], and MacKen-
zie et al. [10] reported an increase in yields from N fertilization in spring malt barley, and
Darby et al. [31] and Castro et al. [22] showed similar increases in winter malt barley.
However, all of these studies included 0 N treatment in their experiments, which almost
certainly amplified the statistical significance of N fertilization in their analyses. While our
study did not include unfertilized controls in the factorial experimental design, we grew
unfertilized plots to calculate agronomic N use efficiency. The grain yield in these unfer-
tilized plots had much lower yields (2.81 t ha−1) than any of the fertilized plots (Table 2).
Thus, the rates of N fertilization between 28 and 101 kg ha−1 used in this experiment did
not produce different barley yields and do not contradict other reports that showed that
increasing N fertilization from a baseline of 0 kg ha−1 did increase yields. In fact, only
one of these studies, by Castro et al. [22], found yield response to N rates greater than
67 kg ha−1. Taken in the context of previous work, the results presented here suggest that
relatively low spring-applied N fertilizer rates (up to 28 kg ha−1) are sufficient to meet the
N needs of current winter malt barley varieties in the Northeast. This is supported by the
fact that agronomic N use was only half as efficient when more than 28 kg N ha−1 was
applied, regardless of application timing (Figure 1). However, the timing of N fertilization
had other effects on the spring and summer barley growth.

Fall N application of 28 kg N ha−1 reduced winter survival in early September planted
barley and increased lodging, foliar disease, and plant height. Darby et al. [31] also
examined the plant height but found small differences based on the combination of spring
and fall N application rates rather than fall N in particular. Nevertheless, the differences
in height were small in this study and earlier report by Darby et al. [31] and unlikely to
be considered meaningful. However, the height may be an indicator of overall vegetative
vigor. If this is the case, the correlation between increased height and increased lodging
and disease may not be coincidental. Fall N application may increase the upward growth
at the expense of both stem strength and immune function.

Regionally, achieving malting quality harvests for barley is challenging both for
farmers [2] and in research trials [18,31,32]. In assessing the malting quality found in this
experiment, it is worth distinguishing between quality measurements, which are wholly
determined during plant growth (protein content, test weight, and DON content), and
those that can be highly affected by weather conditions immediately before and during
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harvest (falling number and germinative energy). Protein content, test weight, and DON
are thus more reliable metrics for assessing durable barley malting quality since they are
less volatile when compared to the falling number and germinative energy. Taken as a
whole, neither yield nor any of the malt quality parameters were significantly affected by
date of planting of fall N fertilization. Similarly, yield and some quality characteristics (test
weight, DON content, and germinative energy) were unaffected by spring N application
rate. However, lower spring N fertilization (28 kg ha−1) improved the malt quality in both
protein content and falling number.

These results confirm pervious findings that increases in N fertilization increased the
protein content of both spring [10,20,21,23] and winter [22,31,32] brewing barley (Figure 4).
While none of the barley in this trial exceeded malting threshold for protein content
(<125 g kg−1 dry matter), it is still important to manage for relatively low protein since the
variety used in this trial (Wintmalt) has lower protein than many other malting varieties [18].
Furthermore, excessive protein levels have been caused by high N fertilization in previous
trials [10,20–23,31,32]. Given that greater levels of N than 0 fall N and 28 kg ha−1 spring N
could risk producing protein levels in exceeding malt standards and are unlikely to greatly
increase yield, N fertilization should only be applied in the spring at relatively low levels.

We found few other significant effects on malting quality from either N application or
planting date with additional N only causing a decrease in falling number (Figure 4) and
no effect on test weight, DON content, or germinative energy (Table 3). Castro et al. [22]
assessed test weight as a malt barley characteristic in winter malt barley and found no
association with N rate. In Vermont, Darby et al. [31] found small differences in test weight,
DON content, falling number, and germinative energy at different N rates, but there was
not a consistent trend based on application rate. Darby et al. [32] found no significant
differences in malt quality at N rates between 0 and 112 kg N ha−1. In spring type malt
barley, Stevens et al. [20] and Sainju et al. [21] found small decreases in test weight at higher
N rates while Edney et al. [23] found minor decreases in germinative energy at high N
application rates (120 kg ha−1) compared with no N fertilizer. It is possible that the quality
of spring type malt barley is more sensitive to excessive N, but even so these effects are
agronomically small and it seems clear that high N rates primarily damage barley malt
quality by increasing the grain protein content rather than other quality parameters. The
differences seen in the malting quality characteristics observed in this experiment did
not change the acceptability of barley for malting purpose. The significant differences
in protein and falling number, and non-significant trends in other parameters, should
thus be understood as relative differences rather than as absolute values that would be
seen in on-farm growing conditions or regardless of weather during the growing season.
Furthermore, previous studies have found that similar growing conditions [18,31,32] can
result in a wide range of malt quality characteristics and therefore farmers are likely to
benefit from good management choices.

5. Conclusions

The quality standards for malt barley are high, and it is unlikely that a farmer will
be able to meet them every year in the Northeast weather conditions. Thus, even small
differences in quality and yield could be the difference between the high price for malt
quality grain and selling a harvest for animal feed. Given these market conditions and
uncertain future climate conditions, farmers need to be able to build their cropping deci-
sions on high quality information. While there is certainly much more to explore in the
production of malt barley for the fast-growing Northeast US market, this study shows that,
along with proper variety selection, timely planting (late September in Massachusetts), no
fall N application, and moderate spring N (28 kg ha−1) application provide the best results.
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