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Abstract 

 
Commercial hop (Humulus lupulus L.) production occurs predominantly in temperate climates. The objectives of this study were to 
characterize the phenology of hops under subtropical climatic conditions and to determine the growth and yield potential. Two 
field experiments were conducted in Florida, southeastern United States. Rhizomes were planted in April. Data were collected 
during the establishment year. In the first experiment, we evaluated 7 American, 5 European, and 1 Japanese cultivars in a 
randomized complete block design. Bine height, main bine number, lateral shoot number, and dry cone yield (10% moisture) were 
recorded. Yield varied considerably, ranging from 0 to 197 kg ha–1. The top three yielding cultivars were ‘Cascade’, ‘CTZ’, and 
‘Nugget’, all of which were American cultivars. Yield had positive correlations with main bine number and lateral shoot number, but 
it had no significant correlation with bine height. In the second experiment, we determined the duration of each phenological stage 
in ‘Cascade’. Reproductive phenology was characterized by premature and nonsynchronous flowering. Prolonged flowering 
resulted in multiple harvests over 61 days, starting in mid-June. We also evaluated crop management treatments, which consisted 
of three levels of hill spacing (76, 91, and 107 cm) and two nitrogen (N) rates (109 and 130 kg ha–1) in a factorial combination. 
Treatments were arranged in a split-plot design with hill spacing as the main-plot factor. Yield on a per-area basis increased with 
reducing hill spacing and increasing N rate by 41% and 38%, respectively. Our results demonstrate unique reproductive phenology 
of hops under subtropical climatic conditions, which prevents once-overharvest but enables the off-season supply of fresh hops 
over an extended period. This study provides a benchmark to develop production strategies for hops suitable to subtropical 
climates.  
 
Keywords: acclimation, day length, fertilization, nutrient management, nitrogen, plant spacing, photoperiod. 
Abbreviations: DAP_days after planting; FAWN_Florida Automated Weather Network; IHGC_International Hop Growers’ 
Convention; UAN_urea and ammonium nitrate.  
 
 
Introduction 
 
Hops (Humulus lupulus L.) are a dioecious perennial crop 
that belongs to the Cannabaceae family. Female flowers 
develop into cones or strobiles, which are an essential 
ingredient in brewing that adds bitterness and aroma to 
beer. Driven by the recent craft beer movement, hop 
production increased dramatically across the world over the 
last 10 years (Brewers Association, 2020). The United States 
(US) is the world’s largest hop producer, with 56,021 tons of 
hops produced on 22,883 hectares and an annual farm gate 
value of US$637 million in 2019 (IHGC, 2020; USDA-NASS, 
2019). From 2012 to 2019, the US hop production volume 
and acreage increased by 45% (IHGC, 2020). In 2018, craft 
beer sales accounted for more than 25% of the US$116 
billion US beer market (Brewers Association, 2020). Hops are 
produced predominantly in temperate areas at latitudes 
between 35° and 55° north and south of the equator 
(DeNoma, 2000). Although hop production is currently 
expanding into non-traditional cultivation areas (Hop 

Growers of America, 2019), commercial hop production in 
the subtropics is almost nonexistent (IHGC, 2020; USDA-
NASS, 2019). Development of hops as an alternative crop 
can provide new economic and market opportunities to both 
growers and craft breweries in this climatic zone.     
All hop cultivars share a common ancestor from Europe 
(Boutain, 2014; Jakse et al., 2004; Murakami et al., 2006), 
but most American cultivars are hybrids between European 
cultivars and wild hops in the US (Jakse et al., 2004; Neve, 
1991). There are more than 160 hop cultivars in the world 
(USDA-ARS, 2007), and for agronomic purposes, hop 
cultivars have been classified into two landraces: American 
or European hops. American landrace cultivars tend to have 
high yields per plant, vigorous plant growth, and high 
adaptive capacity to various soil types and pH levels, 
whereas European landrace cultivars (British and 
Continental Europe types) are smaller plants, with lower 
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yields per plant and relatively low adaptive capacity to 
different growing conditions (Kemme, 2013).  
Regardless of landraces and cultivars, hops are classified as 
short-day plants because they flower when day length 
becomes shorter than a specific number of daylight hours, 
referred to as critical day length. In general, the critical day 
length for hops is 15 to 16 hours (Krebs, 2019; Neve, 1991; 
Thomas and Schwabe, 1969). Flowering is an important 
phenological event for hops, as its timing, rate, and 
uniformity determine the potential crop yield and quality 
(De Keukeleire et al., 2003). Hop plants are most productive 
when adequate vegetative bine growth is achieved before 
flowering is induced. Day length is a function of latitude, and 
the latitude range generally accepted for commercial hop 
production is 35° to 55° north or south of the equator 
(Dodds, 2017). For example, two leading hop production 
regions in the world, Hallertau in Germany and Yakima in the 
US, are located at 48.6°N and 46.6°N, respectively. The 
subtropics are typically located in latitudes between 23.5° 
and 35° north or south of the equator, where day length is 
always below the critical day length for hops (e.g., <14 hours 
in Florida, US). In this climatic zone, therefore, phenology is 
an important cultivar selection criterion. Characterization of 
phenology can also provide a foundation for developing crop 
management and marketing strategies. 
The objectives of this study were to identify suitable 
cultivars and important yield-determining traits, characterize 
phenological behaviors, and determine the effects of crop 
management practices on hops grown under subtropical 
climatic conditions.  
 
Results 
 
Yields of 13 hop cultivars  
Figure 2 shows dry cone yields of 13 tested cultivars. There 
was a broad range of yield variation among the hop 
cultivars. ‘Cascade’ had the highest yield (197 kg ha–1), 
followed by ‘CTZ’ (121 kg ha–1) and ‘Nugget’ (93 kg ha–1). A 
low-yielding group consisting of five cultivars, ‘Chinook’, 
‘Centennial’, ‘Willamette’, ‘Saaz’, and ‘Magnum’, produced 
15–50 kg ha–1. ‘Crystal’ and Fuggle’ produced negligible 
yields of less than 1 kg ha–1. Three cultivars, ‘Perle’, 
‘Tettnanger’, and ‘Sorachi Ace’, did not produce any 
harvestable cones. These results show a tendency for 
American landrace cultivars to produce higher yields than 
European landrace or Japanese cultivars. For example, the 
three highest yielding cultivars were all American landrace 
cultivars, which had significantly higher yields than any 
European landrace cultivar. Two European landrace cultivars 
(‘Perle’ and ‘Tettnanger’) and the Japanese cultivar (‘Sorachi 
Ace’) did not produce any cones.  
 
Correlation between yield and growth traits 
Plant growth was highly variable among the 13 tested 
cultivars: maximum bine height, main bine number per hill, 
and lateral shoot number per hill ranged 229–412 cm, 2–9, 
and 2–13, respectively (Figure 3). Dry cone yield was 
positively correlated with both main bine number (P < 0.01, 
r2 = 0.645) and lateral shoot number (P < 0.01, r2 = 0.513). 
Yields greater than 150 kg ha–1 were obtained only for 
‘Cascade’ plots, which had more than 6 main bines and 8 
lateral shoots per hill. The linear regression analysis showed 
that an increment of one main bine or lateral shoot per hill 
could potentially increase yield by 35 or 19 kg ha–1, 
respectively. By contrast, no correlation was found between 
yield and bine height (P = 0.568) despite the broad range of 

vertical growth exhibited by the cultivars. For example, 
‘Willamette’ grew as much as 412 cm, but its yield was 12 
times lower than ‘Cascade’ (16 kg ha–1 versus 197 kg ha–1), 
which reached 277 cm in the cultivar experiment. On 
average, the maximum bine height for all cultivars was 294 
cm, representing ~50% of the trellis height. 
  
Phenology of ‘Cascade’ hops 
Figure 4 shows the phenology of ‘Cascade’ hop plants grown 
in Florida’s subtropical climate from shoot emergence to 
cone maturity. The growing season, from planting to 
harvest, lasted 130 days (8 Apr. – 16 Aug. 2016). The 
rhizomes started producing new shoots 7 DAP (15 Apr.) and 
continued for 21 more days. The bine elongation stage 
lasted 52 days (26 Apr. – 17 June), and bines from the same 
hop plant reached different heights depending on the time 
of shoot emergence. The first bines started to elongate 18 
DAP (26 Apr.), but their growth stopped when they reached 
~70 cm tall, had more than 15 nodes, and inflorescence buds 
appeared in the upper third section. The shoots that 
emerged late (end of April and beginning of May) developed 
bines that reached 300 cm by the end of the bine elongation 
stage, and before they started to flower. Although few 
lateral shoots arose from the growing bines, hop plants did 
not have a distinguishable stage for lateral shoot formation 
during the 2016 season. The flowering stage started 33 DAP, 
was unsynchronized, and lasted for 61 days (11 May – 11 
July). For each bine, flowering first occurred in the apical bud 
and then was moved to the axillary buds. One female spike 
(inflorescence) emerged from each apical or axillary bud and 
remained open for ~12 days before turned into a cone. 
Therefore, single cones per bud were observed in the main 
bines during both: cone development and cone maturity 
stages. These stages started 45 and 69 DAP and lasted 61 
days each: 23 May – 23 July for cone development, and 16 
June – 16 Aug. for cone maturity.  
 
 
Hill spacing and nitrogen rate effects on bine height growth 
of ‘Cascade’ hops 
Bine height of ‘Cascade’ increased sigmoidally over time 
with a plateau at 300 cm, which was about the half of the 
maximum height of the trellis (580 cm) (Figures 5A and 5C). 
Before bines reached the maximum height, other 
developmental processes, including flowering, cone 
development and cone maturation, occurred 
simultaneously. Bine height showed rapid linear growth 
between 28 and 70 DAP, during which time bines grew at a 
rate of 6.3 cm per day (y = 6.32x – 146.04, r2 = 0.99, P < 
0.001). Neither hill spacing (P = 0.8021), N rate (P = 0.7476), 
nor their interaction (P = 0.2492) had significant effects on 
bine height growth (Figures. 5A and 5C). None of the 
treatments had a significant effect on the number of bines 
per hill (P > 0.05), which had a cumulative average of 
9.5±0.63 at 109 DAP (data not shown). No visual differences 
in bines were observed among spacing treatments (Figure 
5B); however, bines grown at 130 kg N ha–1 appeared 
greener with more lateral branches at the base of the hill, 
compared to those at 109 kg N ha–1 (Figure 5D).  
 
Hill spacing and nitrogen rate effects on cone yields of 
‘Cascade’ hops  
The effect of hill spacing on dry cone yield differed 
depending on the units used for comparison. Hops planted 
with hill spacing of 76, 91, and 107 cm yielded 38, 44, and 38 
g per hill, respectively (Figure 6B), or 109, 106, and 78 kg ha–
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1, respectively (Figure 6A). Yield on a per-hill basis was 
unaffected by hill spacing (Figure 6B), whereas yield on a 
per-area basis increased by 41% with reducing hill spacing 
from 107 to 76 cm (P = 0.059) (Figure 6A). Moreover, hops 
grown with 109 and 130 kg N ha–1 produced 81 and 112 kg 
ha–1 of dry cones, respectively, showing a 41% yield increase 
with increasing N rate (Figure 7). 
 
Discussion 
 
Important yield-determining traits of hops in a subtropical 
climate 
Hop yields vary considerably among landraces and cultivars 
(USDA-NASS, 2019). In the United States, commercial yields 
are generally highest for American cultivars, followed by 
European and then Japanese cultivars. This yield variation 
among the landraces was also observed in this study. 
‘Cascade’ and ‘CTZ’ have shown success in their adaptation 
to different soil types and pH levels, and they have become 
the most widely grown cultivars (Allen, 2018; Austin, 2012; 
Darby et al., 2015; Del Moro, 2015; Forward, 2017; 
McClellan and McWhirt, 2019; Sirrine, 2015). The relatively 
low genetic diversity of European cultivars, such as 
‘Tettnanger’ and ‘Saaz’ (Murakami et al., 2006), may explain 
their poor performance and acclimation to subtropical 
climatic conditions in this study. Furthermore, correlation 
analysis revealed that bine number and lateral shoot 
number are important yield-determining traits, whereas 
bine height is not a good yield indicator. These relationships 
between growth traits and yield must be considered when 
selecting or developing suitable hop cultivars in subtropical 
climates.  
 
Phenology of ‘Cascade’ hops in a subtropical climate and its 
impact on crop management 
Phenological behaviors are important cultivar selection 
criteria. Understanding phenology also helps develop crop 
management and marketing strategies. For hops grown in a 
temperate climate, Lizotte and Sirrine (2020) classified the 
phenological stages using the BBCH-scale: sprouting, leaf 
development, elongation of bines, formation of side shoots, 
inflorescence emergence, flowering, cone development, and 
maturity of cones. According to this classification, flowering 
of hops is a short and synchronized event that generally 
starts about 90 days after sprouting and remains for about 
14 days. Subsequent cone development stages occur 
successively, and the majority of the cones mature at the 
same time. In this study, phenology of hops grown in a 
subtropical climate was characterized for the first time. First, 
flowering was induced at a premature stage, as early as 26 
days after sprouting. Second, flowering occurred over a 
prolonged period, lasting more than three times as long as 
the typical flowering period in a temperate climate (13 vs. 61 
days). Other unique phenological behaviors include the 
absence of a distinct lateral shoot formation stage, as well as 
bine senescence that occurred concurrently with the 
development of new flowers. 
Hop plants flower when they meet two conditions. First, 
they must reach a specific growth stage, which can be 
determined by the number of nodes (Thomas and Schwabe, 
1969). For example, ‘Fuggle’, ‘CC31’, and ‘New York’ acquire 
the competence to flower when they develop more than 23, 
12, and 20 nodes, respectively (Thomas and Schwabe, 1969). 
After acquiring the competence to flower, flowering can be 
induced when day length is shorter than a critical 
photoperiod, typically 15 to 16 hours (Krebs, 2019; Neve, 

1991). The timing of flowering is a major yield determining 
factor: hop plants are most productive when adequate 
vegetative bine growth is achieved before flowering is 
triggered. Day length is a function of latitude, and the 
latitude range generally accepted for commercial hop 
production is 35° to 55° north or south of the equator 
(Dodds, 2017). For example, the leading hop producing 
region in the US is the Yakima Valley in Washington, where 
the latitude is 46.6° N, and the longest day length is about 
16 hours (National Oceanic and Atmospheric Administration, 
2019). In this study, flowering of ‘Cascade’ plants occurred 
as soon as their bines developed 15 nodes (data not shown). 
The latitude of the study site is 27.76°N, and the maximum 
day length is about 14 hours. Therefore, premature and 
asynchronous flowering can be attributed to the inadequate 
day length in a subtropical climate.   
Unsynchronized cone development makes it impractical to 
harvest mechanically by once-over harvesting. Instead, 
mature cones need to be harvested manually over a long 
period, requiring a substantial amount of labor. On the other 
hand, unsynchronized cone development enables the supply 
of fresh hops over a long period. Because fresh hops are 
extremely perishable, they generally need to be used for 
brewing within 24 hours of picking. They also need to be 
refrigerated during shipping, making fresh hops a valuable 
and expensive commodity. In traditional production areas, 
most hops are harvested in August and September 
(Hopsteiner, 2016). The fact that hops can be harvested as 
early as June in subtropics may provide a value-added 
opportunity for growers.    
  
Hill spacing has minimal effects on the first-season 
performance of ‘Cascade’ hops in Florida 
Plant spacing is an important aspect of crop management to 
prevent plant competition while maximizing productivity, 
land and resource use efficiency. In general, aboveground 
growth competes for light to maximize photosynthesis, 
whereas roots compete for water and nutrients (Kořen, 
2007). In this study, plant growth and yield on a per-hill basis 
did not indicate plant competition as a result of reducing hill 
spacing. The large unfilled growing space between twines 
(Figures 5B and 5D) also suggests that the competition for 
light was minimal. It appears that plants had adequate 
growing space because of the limited establishment year 
growth. Another explanation for the lack of plant 
competition may be high use efficiency of resources 
resulting from frequent water (2- 3 times a day) and nutrient 
supply (weekly) via drip irrigation.  
In general, common in-row and between-row plant spacing 
are 1 to 2 m and 2.1 to 4.2 m, respectively, providing plant 
densities of 2268 to 4762 hills per hectare (Kořen, 2007). It 
has been reported that selecting a proper plant density 
improves hop yield by up to 10% (Kořen, 2007). In this study, 
increasing the hill density from 2045 to 2870 hills per 
hectare by reducing in-row spacing from 107 to 76 cm 
increased yield on a per-area basis by 41%, suggesting that a 
high hill density is beneficial to maximize the yield during the 
establishment year. However, hop crowns and roots expand 
over time and increase productivity as the crop reaches the 
full yield potential, which normally takes 4–5 years (Sirrine 
et al., 2015). At this time, plant competition for water, 
nutrients, and light could become more pronounced and 
affect yield. Therefore, the optimum hill spacing may change 
depending on the crop performance in subsequent years.   
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Table 1. Country of cultivar release, average yield (2017–2019), area harvested, and production in the United States for the 13 hop 
cultivars used in this study.  

Cultivar Country of cultivar releasea Yieldb Areab Productionb 

  kg ha–1 ha Tons 

CTZ United States 3121 1213 3784 

Nugget United States 2231 565 1260 

Crystal United States 2176 239 520 

Chinook United States 2044 1028 2102 

Cascade United States 1990 2527 5030 

Centennial United States 1889 1908 3605 

Willamette United States 1741 551 959 

Magnum Germany 1679 31 52 

Tettnanger Germany 1317 45 59 

Perle Germany 1264 31 39 

Fuggle United Kingdon 1244 28 35 

Sorachi Ace Japan 1167 59 69 

Saaz Czech Republic 864 57 49 
aSource: USDA-ARS (2007), bSource: USDA-NASS (2019). 
 
 

 
Fig 1. Weather conditions and day length at the experiment site (Balm, Florida, United States) in 2016: (A) Average maximum and 
minimum temperatures and accumulated precipitation per month, and (B) Day length measured as hours between sunrise and 
sunset. 
 

 
Fig 2. Dry cone yields of 13 hop cultivars grown under subtropical climatic conditions (Balm, Florida, United States). Means ± SE (n = 
3–6) with the same letter are not significantly different (Tukey-Kramer test, P < 0.05). Cultivars that did not produce any cones 
show no mean separation letter, as they were not included in the statistical analysis. Cultivars are grouped into three landraces as 
shown below the cultivar names.  
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Fig 3. Linear correlations between hop dry cone yield and different growth traits: (A) maximum bine length, (B) number of bines per 
hill, and (C) number of lateral shoots per hill. Data were collected from 13 hop cultivars grown under subtropical climatic conditions 
(Balm, Florida, United States). Datapoints (n = 45) represent mean values for individual plots (experimental units) for 13 hop 
cultivars. 
 

 
Fig 4. Phenology of ‘Cascade’ hops grown under subtropical climatic conditions (Balm, Florida, United States) during the 2016 
season.  
 
 

 
Fig 5. Vertical bine growth of ‘Cascade’ hops: (A) bine height growth (n = 8); (B) photographs of hop plants grown with three 
different hill spacing; (C) bine height growth (n = 12); and (D) photographs of hop plants grown with two different nitrogen (N) 
rates. Because the hill spacing × N rate interaction effect was non-significant, data were pooled for each hill spacing or N rate. 
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Fig 6. Dry cone yields of ‘Cascade’ hops at different hill spacing: (A) yield on a per area basis (kg ha–1) and (B) yield on a per hill basis 
(g hill–1). Means ± SE (n = 8) with the same letter are not significantly different (Tukey-Kramer test, P < 0.1). Because the hill spacing 
× N rate interaction effect was non-significant, data were pooled for each hill spacing. 
 
 

 
Fig 7. Dry cone yields of ‘Cascade’ hops grown at different N rate applications. Means ± SE (n = 12) with the same letter are not 
significantly different (Tukey-Kramer test, P < 0.1). Because the hill spacing × N rate interaction effect was non-significant, data 
were pooled for each N rate. 
 
 
Optimization of nitrogen fertilization for the first-season 
performance of ‘Cascade’ hops in Florida 
Hop production guides generally recommend applying N at 
84 kg ha–1 in the establishment year and at 100-225 kg ha–1 
in subsequent years for commercial hop production (Darby 
et al., 2015; Lizotte and Sirrine, 2020). The N rates used in 
this study are slightly higher than the recommended value 
for the establishment year, but they fit in the lower range of 
recommendation for established hop yards. This study 
showed improved growth and yield performances with 
increasing N rate from 109 to 130 kg ha–1 (Figure 7). These 
results suggest that the optimum N rate for the 
establishment year could be higher in Florida than in 
traditional hop production areas. The relatively high N 
requirement in Florida may be due to the prolonged harvest 
window and the sandy soil that has poor water and nutrient 
retention capacity (Mylavarapu et al., 2019). 
It is important to note that it takes multiple years to 
maximize the yield potential of hops. According to Sirrine et 
al. (2015), the conservative yield estimate for the first year is 

negligible, but 50%, 75%, and 100% of production are 
expected in the second, third, and fourth year, respectively. 
For ‘Cascade’ grown in the Pacific Northwest in the US, these 
percentages correspond to 428, 642, and 856 g of dry cones 
per hill for the second, third and fourth year, respectively 
based on a yield of 1990 kg ha–1, and a plant density of 2326 
hills per hectare. Several studies have reported the first-year 
yield for ‘Cascade’: 200–300 g per hill in Colorado (a western 
US state), 35 g per hill in North Carolina (a southeastern US), 
and 470 g per hill in Italy (Austin, 2012; Bauerle, 2019; 
Ruggeri et al., 2018) (Original values were published with 
non-metric units or yield expressed as fresh weight, and 
were translated to dry cones in grams per hill for 
comparison purposes). In this study, ‘Cascade’ yields ranged 
30–100 g of dry cones per hill in the first year, which are in 
the lower yield range based on the studies described above. 
The relatively low performance of hops in our study appears 
to be associated with the environmental conditions, most 
likely inadequate day length inducing premature flowering. 
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Interestingly, increasing N rate did not promote vertical bine 
growth but increased yield by 27% (Figures 4D and 7). It 
appears that the vertical bine growth is strongly determined 
by the timing of flowering, and the optimization of N 
fertilization cannot override the flowering signal. Yield 
increase with increasing N rate was due mostly to the 
development of more bines or more laterals (data not 
collected), producing more nodes to develop flowers. 
Finally, the fact that yield was positively correlated with 
main bine number and lateral shoot number suggests that 
these growth traits should be considered to select high 
yielding cultivars or to evaluate the N response curve. 
 
Materials and methods 
 
Soil and climatic conditions 
Field experiments were conducted in west-central Florida, 
US (27.76°N, 82.23°W, altitude 40 m), and it has a 
subtropical climate with hot and humid summers and mild 
winters (Figure 1). The mean annual precipitation in 2016 
was 1392 mm, with 68% of rainfalls occurring between May 
and August. The daily temperatures ranged from 22.6 to 
33.9 °C during the summer (from June to September) and 
from 9.9 to 26.2 °C during the winter (from November to 
February). The relative humidity in 2016 averaged 80%, and 
the wind speed was 10.5±3.56 kph (FAWN, 2020). The soil at 
this experiment site is sandy soil classified as a Myakka fine 
sand siliceous hyperthermic Aeric Alaquods (USDA-NRCS, 
2013), with cation exchange capacity of 6.9±1.5 meq/100g, 
soil pH of 6.5±0.3 and 2% organic matter, according to the 
soil test performed by a commercial analytical laboratory 
(Waypoint Analytical, Mulberry, Florida).  
 
Crop management 
Plants were established from rhizomes and grown on a 6-m 
high straight trellis with one cable per row. The hop yard 
configuration and trellis design were built according to 
Agehara et al. (2020). The distance between the ground and 
the trellis cable was 5.8 m. Two coconut coir twines were 
installed on each hill. The hop plants were watered and 
fertilized using an automated drip irrigation system. Other 
crop management practices, including bine training, manual 
weeding, and pest control, were performed as needed. No 
pruning was performed. 
 
Evaluation of hop cultivars 
In the first experiment, we evaluated 13 cultivars: seven 
American cultivars (‘CTZ’, ‘Nugget’, ‘Crystal’, ‘Chinook’, 
‘Cascade’, ‘Centennial’ and ‘Willamette’), five European 
cultivars (‘Magnum’, ‘Tettnagger’, ‘Perle’, ‘Fuggle’ and 
‘Saaz’), and one Japanese cultivar (‘Sorachi Ace’) (Table 1). 
The experiment followed a randomized complete block 
design with three blocks (replicates). Each experimental unit 
(field plot) consisted of four hills spaced 91 cm apart. Two 
rhizomes per hill were planted in mid-April 2016. Rizhomes 
were purchased from two commercial sources [Freshhops 
(Philomath, Oregon, US) and Hopsteiner (Yakima, 
Washington, US)] in late March or early April 2016. All plants 
were fertilized at 130N–23P–173K kg ha–1 using urea and 
ammonium nitrate (UAN) and a 0N–2P–8K liquid fertilizer 
(Chemical Dynamics, Plant City, Florida, US). Fertigation was 
performed weekly throughout the season. 
The maximum vertical bine height was measured in the field 
on 12 July, 88 days after planting (DAP). Number of bines per 
hill and number of laterals per hill were recorded on 27 June 
(73 DAP) and 12 July (88 DAP), respectively. Mature cones 

were hand-harvested weekly between 3 June and 29 Aug. 
2016 (49–136 DAP). Harvested fresh cones were dried at 55 
°C until they reached 10% of moisture.  
 
‘Cascade’ phenology and the effect of in-row hill spacing 
and nitrogen rate applications in ‘Cascade’ 
In the second experiment, treatments consisted of 3 levels 
of in-row hill spacing (76, 91, or 107 cm) and two nitrogen 
(N) application rates (109 and 130 kg ha–1) in a factorial 
combination. The experiment followed a split-plot design 
with in-row hill spacing as the main plot factor and N 
application rate as the sub-plot factor. Treatments were 
replicated four times. Each experiment unit (field plot) 
consisted of 4 to 6 hills, depending on the in-row spacing. 
Fertigation of N at two different rates was performed using 
UAN. All plants were fertilized at 23P–173K kg ha–1 using a 
0N–2P–8K liquid fertilizer. Fertigation was performed weekly 
throughout the season. 
Plant development of ‘Cascade’ was recorded on a weekly 
basis or when visual changes were noted, from the planting 
date (8 Apr. 2016) to the last day of harvest (16 Aug. 2016). 
The developmental stages of ‘Cascade’ were described as a 
modified version of the BBCH-scale for hops development 
(Rossbauer et al., 1995). The maximum bine height was 
measured on each of the 120 hop hills on a weekly basis 
from 8 Apr. to 15 July (0–98 DAP). The maximum bine height 
was measured using the image analysis procedure described 
by Agehara (2020). The number of bines per hill was 
recorded on 26 July (109 DAP). Mature cones were hand-
harvested 10 times between 16 June and 16 Aug. 2016 (69–
130 DAP).  
 
Statistical analysis 
Statistical analysis was performed with SAS software 
(version 9.4, SAS Institute, NC, US) and Sigmaplot (version 
14.0, Systat Software Inc., CA, US). For both experiments, 
data were subjected to analysis of variance, and mean 
differences were compared using the Tukey HSD test. P 
values less than 0.05 or 0.10 were considered statistically 
significant. In the cultivar experiment, a linear correlation 
between yield and different growth traits (bine height, bine 
number, and lateral shoot number) was tested. The 
correlation was considered nonsignificant when the slope 
was not significantly different from zero (P > 0.05).  
 
Conclusion 
 
To the best of our knowledge, this is the first report 
describing the phenology of hops in a subtropical climate. 
Reproductive phenology was characterized by premature 
and prolonged flowering resulting in multiple harvests over 
61 days from mid-June to mid-August. Although this altered 
phenology prevents once-over harvest, it may provide 
unique opportunities for subtropical hop production by 
enabling the off-season supply of fresh hops for an extended 
period. American cultivars with traditionally high yielding 
capacity, especially ‘Cascade’, ‘CTZ’, and ‘Nugget’, appear to 
adapt to subtropical climatic conditions better than 
Europeans and Japanese cultivars. Plant growth traits 
related to flower formation, such as main bine number and 
lateral branching, are critical to achieving high cone yields. 
Yield increases by 38% to 41% by reducing hill spacing and 
increasing N rate suggest that yield could be further 
increased by optimizing crop management practices. Our 
findings provide a benchmark to develop strategies aimed 
for successful subtropical hop production. 
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