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SUMMARY ‘Hop’ (Humulus lupulus) cultivar trials were conducted at sites in three
Virginia counties (Northampton, Chesterfield, and Madison) in response to
demand by the craft beer industry for local ingredients. In 2016, a replicated
study involving five cultivars (Cascade, Chinook, Newport, Nugget, and Zeus)
was established on an 18-ft-tall trellis system at each site. Weather data
influencing infectivity of downy mildew (Pseudoperonospora humuli) and powdery
mildew (Podosphaera macularis), two economically important hop diseases, was
collected, and to the extent possible, similar cultural practices were applied at
each site. Climatic conditions favorable to P. humuli and P. macularis were
present throughout the experimental period, and P. humuli infection was
widespread at all sites starting from 2017. Among common pests, Japanese beetle
(Popillia japonica) was the only one observed to cause significant damage.
Unseasonably high rainfall in 2018 led to crop failure at all but the
Northampton site, and harvesting was done at all sites only in 2017 and 2019.
Yields (kilograms per hectare by weight) in 2017 were found to be $45% lower
than second-year estimates for yards in the north and northwestern United
States. Quality attributes (a and b acids; essential oil) for cones harvested from
the Chesterfield site were comparable to published ranges for ‘Cascade’ in 2019,
but lower for the other cultivars. More work is needed to identify or develop
cultivars better suited to conditions in the southeastern United States. The
influence of terroir on quality of commercial cultivars produced in the region
should also be examined.

The U.S. craft beer industry
continues to grow. According
to the Brewers Association, an

industry body representing small- and
medium-size brewers, sales by craft
brewers grew at a rate of 4% in 2018

to reach 13.2% of the U.S. beer mar-
ket by volume, even as overall beer
sales continue to decline (Brewers
Association, 2019). This was equiva-
lent to about $28 billion in value,
accounting for 24% of the $114 bil-
lion U.S. beer market.

Virginia and North Carolina,
respectively with 236 and 291 craft
breweries in 2018, are well repre-
sented in the industry (Brewers Asso-
ciation, 2019). Regionally, the craft
beer industry has sparked grower
interest in agricultural products used
in brewing, including hops (Humulus
lupulus), a key flavoring agent used to

lend bitterness and aroma to beer
(Siegle and Scoggins, 2017, 2018).
However, most of the landowners in
question have no prior experience
with hop production and postharvest
handling and processing, and it has
fallen on respective land-grant univer-
sities to allocate resources and develop
programs to address these key issues.

In the United States, hops are
produced almost entirely in the Pacific
Northwest United States (PNW)
under conditions that are markedly
different from those common to the
Mid-Atlantic United States. The three
U.S. states, Washington, Oregon, and
Idaho, that accounted for more than
95% of harvested acreage in 2019
(Hop Growers of America, 2020) are
situated at higher latitudes (44–47�N)
relative to Mid-Atlantic states
(35–37�N) and their growing season
is generally characterized by lower rel-
ative humidity and less rainfall. Thus,
agronomic practices recommended
for the PNW may not be applicable to
the Mid-Atlantic United States. Fur-
thermore, hop producers face a num-
ber of economically important pests
and diseases (Mahaffee et al., 2009) of
which downy mildew (Pseudoperono-
spora humuli) and powdery mildew
(Podosphaera macularis), both influ-
enced by climatic factors such as tem-
perature, relative humidity, and leaf
wetness, would be of particular con-
cern in Mid-Atlantic United States.

Therefore, the objectives of our
work were to evaluate agronomic per-
formance and to observe pest and dis-
ease interactions in the selected hop
cultivars as influenced by prevailing
weather and other production factors
in Virginia. Here, we report data of
five cultivars (Cascade, Chinook,
Newport, Nugget, and Zeus) grown
at three sites representing different
agroecological zones in the Common-
wealth of Virginia.

Units
To convert U.S. to SI,
multiply by U.S. unit SI unit

To convert SI to U.S.,
multiply by

0.4047 acre(s) ha 2.4711
29.5735 fl oz mL 0.0338
0.3048 ft m 3.2808

25.4 inch(es) mm 0.0394
1.1209 lb/acre kg�ha�1 0.8922
1 meq/100 g cmol�kg�1 1

28.3495 oz g 0.0353
1 ppm mg�g�1 1
0.001 ppm mL/100 g 1000
(�F � 32) � 1.8 �F �C (�C � 1.8) 1 32
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Materials and methods
EXPERIMENTAL SITES. The three

sites where hop cultivar trials were
conducted are Machipongo, VA (lat.
37�390N, long. 75�890W) in North-
ampton County on the eastern shore,
the Virginia State University Ran-
dolph Research and Demonstration
Farm (lat. 37�130N, long. 77�260W)
in Chesterfield County, and Madison,
VA (lat. 38�380N, long. 78�270W) in
Madison County along the foothills
of the Blue Ridge Mountains (Fig. 1).
Soil type at the three sites are, respec-
tively, a Bojac sandy loam (Typic
Hapludults) in Northampton, a mix-
ture of Norfolk fine sandy loam, Teto-
tum clay, and Myatt clay (Typic
Kandiudults) in Chesterfield, and a
mixture of Hiwassee and Llyod clay
loams (Rhodic Kanhapludults) in
Madison County.

SOIL ANALYSIS. Soil samples were
collected at the beginning of each
cropping season and analyzed for
mineral content and chemical proper-
ties. Samples were air-dried then
passed through a 2-mm sieve in prep-
aration for analysis. In the laboratory,
soils were processed for measurement
of elements including phosphorus (P),
potassium (K), calcium (Ca), magne-
sium (Mg), zinc (Zn), manganese
(Mn), copper (Cu), iron (Fe), and

boron (B) by extraction in aMehlich III
solution following methods described
by Mehlich (1984). Briefly, 2 g of soil
per sample was mixed with 20 mL of
Mehlich III solution and extracted by
shaking for 5 min on a reciprocating
mechanical shaker. After shaking, the
suspension was filtered and analyzed
for mineral content on an inductively
coupled plasma–atomic emission spec-
trometer [ICP-AES (ProdigyHighDis-
persion ICP; Teledyne Instruments
Leeman Laboratories, Hudson, NH)].
Chemical properties (buffer index, cat-
ion exchange capacity, acidity, and base
saturation) were determined following
standard procedures (Brown, 2011),
whereas pH (1:1) was measured follow-
ing methods published by the American
Society of Agronomy (Thomas, 1996).
Soil conditions at respective sites before
plant establishment in 2016 are shown
in Table 1.

CLIMATE DATA. Weather stations
equipped with a rain gauge, and tem-
perature, relative humidity, and leaf wet-
ness sensors were installed at each site
where cultivar trials were conducted.
Except for rainfall, all other climate data
were recorded at 30-min intervals using
a datalogger (HOBO RX3000; Onset
Computers, Bourne, MA) and down-
loaded remotely for processing. Tem-
perature, relative humidity, and leaf

wetness data were analyzed to deter-
mine the number of hours when thresh-
olds for heightened hop susceptibility to
downy and powdery mildew were met
during the growing season.

PLANT MATERIALS. Five hop cul-
tivars (Cascade, Chinook, Newport,
Nugget, and Zeus) were planted at
respective sites in Spring 2016 using
rooted cuttings purchased from Great
Lakes Hops (Zeeland, MI). All three
hop yards were on 18-ft-tall trellis sys-
tems with plant rows oriented in an
east-west direction. Plant rows were
spaced 10 ft apart and plants 3.5 ft
apart within rows for a population of
�1380 plants/acre. At the beginning
of each season, shoots were cut back
until 15–20 Apr. with shoots emerg-
ing thereafter trained from 10 to 15
May onto coir twine suspended from
the trellis and anchored along the row
with twine clips. A V-shaped training
system with two strings per plant and
three shoots trained to each string was
adopted. Fertilizer was applied at all
three sites following recommenda-
tions made by Sirrine et al. (2010).
Taking soil analysis results into con-
sideration, 100 lb/acre nitrogen (N)
was applied starting from 2017. The
N was delivered in two splits: 50%
after training in May, and the remain-
der when plants reached the top of

Fig. 1. Sites in Virginia where hop cultivar trials were conducted: 1 = Northampton County [Machipongo, VA (lat. 37�390N,
long. 75�890W)], 2 = Chesterfield County [Virginia State University Randolph Farm (lat. 37�130N, long. 77�260W)], 3 =
Madison County [Madison, VA (lat. 38�380N, long. 78�270W)].
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the trellis. The first N application was
usually in the form of a compound
fertilizer selected to also supply 20–30
lb/acre P and 80–150 lb/acre K.

In response to downy mildew
pressure, the hop yard in Northampton
County adopted a spray program
involving application of a combination
of copper hydroxide (Kocide 3000;
Dupont, Wilmington, DE) and famox-
adone/cymoxanil (Tanos, Dupont) fol-
lowed by dimethomorph (Forum;
BASF Corp., Florham Park, FL) on
every row in 2-week intervals fromMay
to August, for a total of 10, 11, and 10
sprays in 2017, 2018, and 2019, respec-
tively. At the Chesterfield County hop
yard, mefenoxam/copper hydroxide
(Ridomil; Syngenta, Greensboro, NC)
was applied once as a soil drench via the
drip system before shoot training. Dur-
ing the season, cymoxanil (Curzate,
Dupont) and aluminum tris (O-ethyl
phosphonate) (Aliette; Bayer Crop Sci-
ence, Research Triangle, NC) were
applied in turns before a rain event for a
total of 7, 12, and 8 applications in
2017, 2018, and 2019, respectively. At
both sites, all products were applied fol-
lowing label recommendations and
guidelines published for Virginia hop
growers by Nita (2020). Additionally,
beetle traps were used to control Japa-
nese beetle (Popillia japonica) infesta-
tion at the Chesterfield County site. No
sprays for pest and disease control were
applied at theMadisonCounty site, and
none for pest control at Northampton.
Irrigation was managed by individual
hop yards according to need based on
visual observation of the crop.

EXPERIMENTAL DESIGN. A ran-
domized complete block design was
adopted in this study. Each of the six
contiguous rows with experimental
plants were treated as randomly distrib-
uted blocks. Within each block were
five 15-plant replicate panels, with each
cultivar represented by three plants ran-
domly distributed within the panel.
Each panel was separated from the next
by a 6-ft buffer. For statistical purposes,
within row means were treated as repli-
cates resulting in a subject population
of between four and six, depending on
cultivar survival and uniformity.

SAMPLING AND SAMPLE PROCESSING.
In July, petioles from an average of 20
mature leaves per cultivar were col-
lected from each panel and pooled to
obtain about 100 petioles per cultivar
per block. The petioles grouped by

block were put in labeled envelopes
and dried in a convection oven at
72 �C to constant weight. Dried sam-
ples were ground with a Wiley mill to
pass a 2-mm sieve before transfer to
the laboratory for mineral analysis. At
cone maturity (August–September),
bines were cut and transported to a
central location where cones (female
flowers) were separated from noncone
biomass. At the Northampton site,
cone separation was done using a
mechanical harvester (Hopstar; Sea-
side Hops, Machipongo, VA), while a
different unit (Hopster5P; Hop-
sharvester, Honeye, NY) was used at
the Chesterfield site in 2017 and
2019, and at theMadison site in 2017.
Cone separation was done manually at
theMadison site in 2019. At the Ches-
terfield County site, cones harvested in
2017 were oven-dried at 130 �F to a
moisture content of 10% to 12%, while
fresh samples were kept in frozen stor-
age before analysis in 2019. Soil condi-
tions at respective sites before planting
in 2016 are shown in Table 1.

PLANT ANALYSIS. In the labora-
tory, petiole subsamples were sub-
jected to microwave digestion (Kuss,
1992) followed by filtration and
centrifuging. Metal content in indi-
vidual samples was determined using
an ICP-AES as described in the U.S.
Environmental Protection Agency
(EPA) method 6010D (EPA, 2014).

Analyses of a and b acid, and
essential oil content in hop cones
were done following methods pub-
lished by the American Society of
Brewing Chemists (ASBC). Briefly,
15 g (± 0.01) samples of ground cone
biomass were transferred into 1000-
mL extraction bottles to which 300
mL toluene was added. The vessels
were stoppered and shaken for 30 min
on a rotary shaker. After 30 min, sam-
ples were centrifuged at 450 gn for 5
min and allowed to settle for 10 min
before a 5-mL clear aliquot was
drawn. Samples were diluted and
absorbance determined using a spec-
trophotometer (ASBC, 2011). Absor-
bance readings were used to compute
a and b acid content in dry matter for
the different samples using formulas
provided by the ASBC. Total volumes
of essential oil in 100-g cone samples
were quantified after steam distilla-
tion. Oil samples were prepared for
fractionation by mixing 900 mL hex-
ane containing 1% (v/v) 2-octanol

(internal standard) with 100 mL hop
oil. A 1 mL sample of the 10% hop oil
solution was injected into a gas chro-
matograph (6890 N; Agilent Tech-
nologies, Santa Clara, CA) equipped
with a column (HP-INNOWax, Agi-
lent Technologies) and flame ioniza-
tion detector. Peaks were plotted on
accompanying data acquisition soft-
ware and individual oils identified by
comparison against a reference chro-
matogram included with the methods
(ASBC, 2011). Due to the high cost
of analysis and significant volume of
sample required, only material from
the Chesterfield County site was proc-
essed for determination of a and b
acids, and essential oils.

STATISTICAL ANALYSIS. The
PROC MIXED procedure (SAS/
STAT version 9.4 for Windows; SAS
Institute, Cary, NC) was used to per-
form one-way analysis of variance
(ANOVA) for disease index data,
while two-way ANOVA was used to
compare site/cultivar effects on hop
mineral nutrition. Yield data were
subjected to three-way ANOVA with
season, site, and cultivar taken as inde-
pendent variables. For all three analy-
ses, mean separation was done using
Tukey’s honestly significant difference
test (P # 0.05) where significant dif-
ferences were present. Cone quality
data for material harvested in 2017
and 2019 from the Chesterfield site
was compared between years (within
cultivar) using Welch’s unequal var-
iances t test (P# 0.05).

Results
GROWING CONDITIONS. Ambient

temperatures recorded at the three sites
during the growing season in 2017
were comparable to historical averages
except in Madison County where
monthlymaximum andminimum tem-
peratures were higher by >1 �C in
March, May, and July. In 2018, similar
conditions were observed at the Ches-
terfield and Northampton County
sites, while monthly minimum temper-
atures trended 1 to 3 �Chigher inMad-
ison County. In 2019, temperature
readings at all three sites were generally
comparable to or higher than historical
averages for most of the growing sea-
son (Table 2). Rainfall data shows that
2017 totals were lower than historical
averages by 25–130 mm at all three
sites (Fig. 2). The opposite was
observed in 2018 when significantly
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higher rainfall was recorded at the
Chesterfield andMadisonCounty sites.
Respectively, total rainfall was 202,
474, and 713 mm higher than histori-
cal averages at the Northampton,

Chesterfield, andMadisonCounty sites
in 2018. Except at Northampton
where rainfall totals were slightly lower
than historical averages, precipitation
in 2019 was typical for the region at

both Chesterfield andMadisonCounty
sites (Fig. 2).

DISEASE INDICATORS. Data
derived based on weather indicators
for downy (temperature and leaf wet-
ness) and powdery mildew (tempera-
ture and relative humidity) infectivity
on hops are presented in Table 3.
Results show that starting from April,
thresholds for disease outbreak were
met at all sites (except Madison in
2018). Conditions conducive for
infection by both mildews were also
shown to be present throughout the
growing season. Within season,
potential for incidence of downy mil-
dew was found to be highest at all
three sites in May and June, and later
in the season in August and Septem-
ber. Among sites, Madison County
reported a longer duration (stretching
into July) when conditions were
favorable for the outbreak of downy
mildew, and when compared with the
Northampton and Chesterfield sites,
recorded the highest number of hours
favorable to downy mildew infection
from May to September (Table 3).
Statistical comparison of within-sea-
son (March–October) monthly means
found no significant difference in con-
ditions favoring downy mildew
among the three sites in 2017 and
2019, with the Madison County site
recording significantly more hours
when conditions were conducive for
downy mildew infection in 2018. For
powdery mildew, hop susceptibility to
the disease was observed to be gener-
ally lower at the Chesterfield County
site over the 3-year period (Table 3).

PLANT NUTRITION. Mineral
nutrition in 2017 varied among culti-
vars and site. For N, content was
highest in ‘Newport’ samples from
the Chesterfield site and lowest in
‘Nugget’ samples from Northampton.
Overall, N content was marginally
higher in samples from Chesterfield
and Madison, but no clear cultivar-
associated trend was evident. Among
other macronutrients, P was signifi-
cantly (P # 0.05) higher in ‘Zeus’
samples from the Chesterfield site and
lowest in ‘Cascade’ samples from
Madison, while K content was high-
est, and lowest in ‘Zeus’ samples from
the Madison and Northampton sites,
respectively. Similarly, Ca and Mg
content were highest in ‘Newport’
and ‘Cascade’ samples from Chester-
field and Northampton, respectively.
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Fig. 2. Total annual (2017, 2018, 2019) and historical (1970–2000) rainfall data for
three Virginia sites where hop cultivar trials were conducted: NorthamptonCounty
[Machipongo, VA (lat. 37�390N, long. 75�890W)], Chesterfield County [Virginia
StateUniversity Randolph Farm (lat. 37�130N, long. 77�260W)], andMadison
County [Madison, VA (lat. 38�380N, long. 78�270W)]; 1mm=0.0394 inch.

Table 1. Soil test results before plant establishment in 2016 for three sites in
Virginia where hop cultivar trials were conducted.

Sitey

Northampton Chesterfield Madison

Mineral contentz

Phosphorus (lb/acre) 164 131 39
Potassium [K (lb/acre)] 115 336 407
Calcium [Ca (lb/acre)] 542 1235 2851
Magnesium [Mg (lb/acre)] 122 197 972
Zinc (ppm) 2.3 3.6 4.4
Manganese (ppm) 20.0 7.9 9.5
Copper (ppm) 0.5 1.3 0.2
Iron (ppm) 83.4 65.7 8.8
Boron (ppm) 0.3 0.3 0.8

Chemical properties
pH 6.3 6.7 7.1
Buffer index 6.9 6.4 6.6
CEC (meq/100 g)x 4.5 4.4 11.6
Acidity (%) 10 1.1 0.0
Base saturation (%) 90 98.9 100
Ca21 saturation (%) 60 70.5 61.1
Mg21 saturation (%) 23 18.6 34.4
K1 saturation (%) 7.0 9.8 4.5

z1 kg�ha�1 = 0.8922 lb/acre, 1 mL/100 g = 10,000 ppm.
yNorthampton County [Machipongo, VA (lat. 37�390N, long. 75�890W)], Chesterfield County [Virginia State
University Randolph Farm (lat. 37�130N, long. 77�260W)], Madison County [Madison, VA (lat. 38�380N,
long. 78�270W)].
xEstimated cation exchange capacity; 1 meq/100 g = 1 cmol�kg�1.
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There was less variation in sulfur (S)
nutrition with no significant difference
in content between ‘Cascade’ and
‘Newport’ samples from Chesterfield,
and ‘Nugget’ samples from Chester-
field and Madison on the higher end,
and the rest of the samples, with ‘Zeus’
grown at the Northampton site
recording the lowest petiole S content.
Among cultivar and site associated
trends, Ca concentration was lowest in
‘Zeus’ at all sites while on average, N,
P, and K were highest in Chesterfield,
and sodium (Na) in Northampton.
Site and cultivar, and their interaction
were found to be highly significant as
independent determinants of hop
nutrition (Table 4).

Compared against reference suffi-
ciency data published by Sirrine
(2016), petiole content of most min-
eral elements fell within ranges consid-
ered adequate for hops. Exceptions
were observed for S where content in
‘Chinook’, ‘Newport’, ‘Nugget’, and
‘Zeus’ samples from Northampton.
‘Chinook’ samples from Chesterfield,
and ‘Cascade’, ‘Chinook’, and ‘Zeus’
samples fromMadison were below the

recommended minimum. The same
applied to Zn content in ‘Nugget’ and
‘Zeus’ samples from Northampton,
and Cu in samples from all cultivars
grown at the Chesterfield and Madi-
son sites. On the other hand, Mn con-
tent in samples from all cultivars was
generally higher than the recom-
mended range (25–150 ppm) at all
three sites (Table 4).

CONE YIELD. Among cultivars,
‘Zeus’ was the highest yielding fol-
lowed by Cascade and Nugget, with
Newport being the least productive
(Table 5). When compared by season
it is evident that yields were generally
higher in 2017 than in 2019, and by
site, in Northampton relative to Ches-
terfield and Madison. Yield in ‘Zeus’
was significantly (P # 0.05) higher at
Northampton than at the other two
sites in 2017 and 2019, and lowest in
Madison in 2019. Similarly, yield in
‘Chinook’ was significantly higher in
2017 at the Chesterfield site and lowest
in Northampton in 2019, where it
failed to yield a crop. With the excep-
tion of ‘Chinook’, all cultivars at the
Northampton site recorded significantly

higher yields in 2017 than in 2019,
while Cascade and Nugget performed
well in both seasons (Table 5). Three-
way ANOVA for fixed effects showed
that season, site, and cultivar were
highly significant with respect to yield.
Interactions within and among the
three variables (season, site, and culti-
var) were similarly highly significant
(Table 5).

CONE QUALITY. Quality attrib-
utes (a and b acids, and essential oils)
are presented only for crop harvested
from the Chesterfield site in 2017 and
2019. Comparisons between the 2
years show that a and b acid, and
essential oil content was significantly
(P # 0.05) higher in ‘Cascade’ sam-
ples from the 2019 season relative to
2017. The opposite was observed in
‘Zeus’ where b acid and essential oil
content were significantly higher in
2017 than in 2019. There was no sig-
nificant change between years in
‘Zeus’ and ‘Chinook’ a acid content,
and in ‘Chinook’ b acid and essential
oil content. Out of the five cultivars,
‘Newport’ and ‘Nugget’ yields in
2019 were too low to justify sampling
and quality analysis (Table 6).

Fractionation of essential oils
from cultivars harvested in 2017 and
2019 exposed between-year differ-
ences in some constituents (Table 7).
In ‘Cascade’, myrcene and farnesene
contents were significantly (P # 0.05)
higher in 2019 than in 2017, whereas
geraniol was higher in 2017 than in
2019. Farnesene, linalool, and geraniol
were higher in ‘Chinook’ in 2017,
while ‘Zeus’ samples from the same
year recorded significantly higher myr-
cene, farnesene, and linalool. There
were no differences between years in
humulene and caryophylene content
for the three cultivars, and in linalool,
myrcene, and geraniol in ‘Cascade’,
‘Chinook’, and ‘Zeus’, respectively.
‘Newport’ and ‘Nugget’ yields were
too low in 2019 to justify sampling
and quality analysis and no statistical
comparisons are presented for these
cultivars (Table 7).

Discussion
The project to evaluate hop culti-

vars at three Virginia sites was moti-
vated by a general lack of agronomic
information for a crop that is gaining
attention in the eastern United States.
Findings in this study conducted over
3 years (2017–19) show that a

Table 2. Mean, maximum (max), and minimum (min) temperature during the
growing season at three sites in Virginia where hop cultivar trials were
conducted.

Northamptonz Chesterfield Madison

Yr Month Mean Max Min Mean Max Min Mean Max Min

Temp (�C)y

2017 Mar. 8 13 4 9 15 2 7 14 0
Apr. 17 21 13 18 25 11 15 22 9
May 18 22 15 19 25 13 17 23 12
June 23 27 19 23 29 17 23 29 16
July 27 30 23 24 28 16 26 32 19
Aug. 24 28 20 25 30 20 23 29 17
Sept. 22 25 18 22 27 16 20 26 14

2018 Mar. 6 10 2 7 12 1 7 16 1
Apr. 12 17 7 13 20 6 11 18 4
May 21 26 17 23 29 17 21 27 15
June 24 28 20 25 30 20 23 28 18
July 25 29 21 25 31 20 24 30 19
Aug. 26 30 22 26 32 21 25 30 19
Sept. 25 28 22 24 28 20 22 27 18

2019 Mar. 7 12 3 8 15 1 6 12 �1
Apr. 21 20 11 16 23 10 14 20 7
May 15 25 17 22 29 16 20 26 14
June 24 28 19 24 29 18 22 28 16
July 26 31 22 27 33 21 26 32 20
Aug. 25 29 21 26 32 20 24 30 17
Sept. 23 27 19 24 31 18 23 30 16

zNorthampton County [Machipongo, VA (lat. 37�390N, long. 75�890W)], Chesterfield County [Virginia State
University Randolph Farm (lat. 37�130N, long. 77�260W)], Madison County [Madison, VA (lat. 38�380N, long.
78�270W)].
y(�C � 1.8) 1 32 = �F. There needs to be more space between the table footnotes and the main text
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majority of the five cultivars tested
faced significant challenges at the
three sites. In particular, results from
the 2018 growing season suggest that
unseasonably high rainfall—increas-
ingly common in the region—can
increase pest and disease pressure to
unsustainable levels, especially in the
absence of adequate pest and disease
control measures. It has been reported
that hops will respond positively to
increasing rainfall or irrigation where
moisture is limiting (Donner et al.,
2020), but beyond a certain point,
additional precipitation will com-
pound disease problems. Johnson
et al. (1983) observed that a wet
April/May coupled with above-nor-
mal temperatures in early spring
favored downy mildew development.
Skotland and Johnson (1983) also
report that downy mildew was a factor
in the decline of hop production in
New York, Wisconsin, and the coastal
areas of California, and that its occur-
rence in the high rainfall areas of west-
ern Oregon and Washington was
responsible for the demise of suscepti-
ble cultivars in the 1930s.

Our results show that conditions
favorable to hop downy and powdery
mildew exist throughout the growing
season at the three Virginia sites
where cultivar trials were conducted.
In 2018, excessive rainfall accounted
for a host of challenges including
growth-limiting poor drainage and
higher insect, pest, and weed pressure
that, together with downy mildew,
were responsible for the crop failure
reported. A similar observation was
made by Judd (2018) for cultivar trials
conducted at the Virginia Tech cam-
pus in Blacksburg where downy mil-
dew, even with repeated spraying, was
responsible for the loss of cultivars
including Mt. Hood, Sorachi Ace, and
Southern Brewer. At the three sites for
which data are reported in this study,
and in practically all Virginia hop
yards, downy mildew is now systemic
among susceptible cultivars. However,
despite the prevailing conditions, we
have not observed powdery mildew in
Virginia except on ‘Zeus’ under
greenhouse conditions, but S.T.
Massie (personal communication) has
reported its incidence in one North
Carolina hop yard. Limited incidence
of powdery mildew in the region may
be due to lower N fertilization relative
to the PNW as suggested by D.H.T
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Gent (personal communication) and
according to findings by Iskra et al.
(2019). Other diseases of economic
importance encountered in Virginia
and North Carolina include fusarium
canker caused by Fusarium sambuci-
num (Judd, 2018; S.T. Massie, per-
sonal communication) and red crown
rot (Phomopsis tuberivora) in heavy
soils (S.T. Massie, personal communi-
cation). Among pests, the Japanese
beetle caused significant damage at
the Virginia Tech (Judd, 2018) and
Virginia State University hop yards in
2017 and is a recurring challenge.
Pests of minor concern include red
spider mite (Tetranychus urticae), hop
aphid (Phorodon humuli), hop looper
(Hypena humuli), and European corn
borer (Ostrinia nubilalis).

According to Neve (1991) cul-
tural practices, other than effective
control of pests and diseases, may not
be as important as the environment in
determining hop a and b acid con-
tent. There is general consensus that
environmental conditions are impor-
tant determinants of cone chemistry.
Variously, ambient temperature dur-
ing the growing season (Smith, 1970;
Thomas, 1980; Zattler and Jehl,
1962), insolation (M�eneret and Svi-
nareff, 1955, 1956; Zattler, 1960),
and amount of rainfall during matura-
tion (M�eneret and Svinareff, 1955,
1956) have been found to influence a
acid content in hop cones. However,
none of these correlations could reli-
ably predict hop quality on their own,
leading to the proposition that final a
acid content may rest on interactions
among weather factors affecting cone
weight during flowering, number of
resin glands per cone, resin gland size,
and percentage of resin in the glands
(Thomas and Darby, 1984). This
proposition is corroborated by more
recent research reports; e.g., on the
effects of temperature, rainfall, and
solar radiation on a acid accumulation
in the cultivar Aurora (Sre�cec et al.,
2008), drought/excessive moisture
on yield and a acid content in Saaz
(Potop, 2014), and weather, irriga-
tion, and plant age on yield and a acid
content in the Czech cultivars Saaz,
Sladek, Premiant, and Agnus (Donner
et al., 2020).

Quality data (a and b acids, and
essential oil content) for hops grown
at the Chesterfield County site not
only differed between 2017 andT
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2019, they were found to be much
lower than published ranges (Yakima
Chief Hopunion, 2016) for each cul-
tivar. We believe the lower values
recorded in 2017 may have been
influenced less by growing conditions
than unsatisfactory postharvest han-
dling (excessive drying and delayed
cold storage), particularly for
‘Cascade’, which is rated as having
very poor storability. In 2019, fresh
samples were kept in frozen storage

until analysis, and quality data for the
three cultivars shows that Cascade
samples from this season are the only
ones that met the lower threshold of
the published a acid range. At the
Virginia Tech hop yard, quality data
for ‘Cascade’ and ‘Nugget’ were
within published ranges for the 2017
crop, but similarly lower than
expected a and b acid content was
reported for some of the cultivars
tested (Judd, 2018). With the

exception of ‘Newport’, the hop culti-
vars we tested are considered dual use
(bittering/aroma) and the lower than
average essential oil content in all cul-
tivars in 2017 and in Chinook and
Zeus in 2019 is a source of concern.
Overall, there is not yet enough data
to gauge environmental effects on
quality attributes of common com-
mercial cultivars grown in Mid-Atlan-
tic United States. However, the
negative correlation between a-acid
content and high summer tempera-
tures (Donner et al., 2020) on the
one hand and excessive rainfall
(Potop, 2014) on the other, coupled
with observed, cultivar-specific, inhi-
bition of photosynthetic activity above
certain temperature thresholds (Erik-
sen et al., 2020) call for further culti-
var evaluation for quality and overall
performance.

As expected, yields were much
lower than those realized in the
northern regions including the
PNW where days are longer during
the summer and environmental
conditions are more suited to hop
culture. For example, our highest
yield of 465 kg�ha�1 in 2017 from
‘Zeus’ grown in Northampton
County was 45% less than projected
yield for Michigan hops in the sec-
ond year after planting (Sirrine

Table 5. Comparisons of computed yield per hectare by weight in 2017 and 2019 from five hop cultivars grown at three
Virginia locations.

Sitez Yry

Cultivar

Cascade Chinook Nugget Newport Zeus

Yield (kg�ha21 dry wt)x

Northampton 2017 278 aw 131 b 275 a 85 a 465 a
2019 130 cd 0 d 113 c 0 c 400 b

Chesterfield 2017 246 a 176 a 113 c 33 b 203 c
2019 93 d 54 c 0 d 0 c 145 cd

Madison 2017 160 bc 128 b 174 b 0 c 169 cd
2019 198 b 40 c 156 b 0 c 130 d

Statisticsv Num df Den df F P value

Year 1 120 703.32 0.01
Site 2 120 302.67 0.01
Cultivar 4 120 721.99 0.01
Year � Site 2 120 97.78 0.01
Year � Cultivar 4 120 21.83 0.01
Site � Cultivar 8 120 162.24 0.01
Year � Site � Cultivar 8 120 13.14 0.01
zNorthampton County [Machipongo, VA (lat. 37�390N, long. 75�890W)], Chesterfield County [Virginia State University Randolph Farm (lat. 37�130N, long.
77�260W)], Madison County [Madison, VA (lat. 38�380N, long. 78�270W)].
yData for the 2018 growing season not included because of crop failure at two out of three research sites; 1 kg�ha�1 = 0.8922 lb/acre.
xBased on mean yield per crown for a population of 1380 crowns/acre (3410.1 crowns/ha).
wMeans within columns followed by different letters are significantly different (Tukey’s honestly significant difference test at P # 0.05).
vThree-way analysis of variance for fixed effects (P # 0.05). Num df = degrees of freedom; Den df = degrees of freedom associated with model errors.

Table 6. Cone quality attributes for the 2017 and 2019 harvest from five hop
cultivars grown at the Virginia State University Randolph Farm (lat. 37�130N,
long. 77�260W).

Cultivar Yr a-acids (%) b-acids (%) Essential oil (mL/100 g)z

Cascade 2017 1.32 by 1.76 b 0.23 b
2019 5.04 a 4.52 a 0.77 a

P value 0.01 0.02 0.01
Chinook 2017 5.19 a 1.39 a 0.59 a

2019 6.71 a 1.89 a 0.72 a
P value 0.23 0.09 0.12

Newport 2017 2.90 1.48 0.54
2019 – – –

Nugget 2017 7.79 1.71 0.61
2019 – – –

Zeus 2017 5.07 a 1.22 b 0.37 b
2019 5.66 a 2.84 a 0.51 a

P value 0.52 0.03 0.04
z1 mL/100 g = 10,000 ppm.
yMeans within cultivar followed by different letters are significantly different (Welch’s unequal variances t test
at P # 0.05).
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et al., 2014). Furthermore, owing
to the environmental setbacks of
2018, we did not observe the gradual
increase in yield commonly associated
with yard maturation. However, other
than ‘Newport’, which failed to estab-
lish at all three sites, the plantings per-
sist, and yields have shown signs of
improvement in 2020. ‘Cascade’ is
considered the cultivar most well
adapted to the region and it has
proven itself to be most tolerant to the
environmental challenges identified.
Other cultivars not included in the trial
that have shown promise in Virginia
and North Carolina include Saaz,
Canadian Red Vine, and Kirin II.

Despite the difficulties encoun-
tered in the first 3 years, hops still
retain great potential as a niche crop
from which dedicated growers can
realize income by working closely
with local and regional craft brewer-
ies. On the research side, the pros-
pects of the crop can be improved
by further cultivar testing, prospec-
ting for legacy hops that may be
better adapted to local conditions,
and harnessing the vast hop gene
pool to develop new cultivars suited
to the southeastern United States.
Already, North Carolina State Uni-
versity has an active hop breeding
program at the Mountain Horticul-
tural Crops Research and Extension
Center (Mills River, NC). Opportu-
nities also exist for cross-disciplin-
ary development of postharvest
handling and processing tools and
methods for small growers, and
quality analysis and characterization

for branding and marketing of local
and regional hops.
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