
Hop (Humulus lupulus L.) is a herbaceous perennial 
plant, whose female inflorescence, also named hop cone 
or hops, is used mainly in the brewing industry, a little 
in pharmacy and cosmetics. The crop production stabil-
ity is important for the economic incomes of both hop 
growers as well as merchants, but it may be threatened 
by the climate change, which is able to affect the quan-
tity and quality of crop production (Možný et al. 2009).

The yield of hops is a complex of interacting fac-
tors such as cultivar genetic determination, soil and 
nutrition capability of locality, agrotechnical and plant 
protection operations, environmental conditions, etc. 
Production potential of plants is usually 30% to 70% 
of the theoretical maximum (Pokorný 2011). The first 
step in achieving good crop production is the choice of 

suitable locality with ideal soil and water conditions, 
followed by balanced nutrition and agrotechnical and 
plant protection operations (Kopecký et al. 2008a). 
Even if all these factors are secured, weather conditions 
during each season play a major role in influencing the 
yield. Especially water stress during flowering and cone 
development and maturation significantly decrease 
yield and alpha-acids content (Hniličková and Novák 
2000, Keukeleire et al. 2007, Srečec et al. 2008). Hop 
yield is strongly dependent on plant transpiration and 
is influenced by evaporation (Fandiño et al. 2015). 
Irrigation is a significant factor that stabilizes the yield 
of hops but it does not affect the content of alpha acids 
(Kopecký et al. 2008b, Svoboda et al. 2008, Nakawuka 
et al. 2017). On the other hand, alpha-acids content 
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in hop cones is significantly reduced by the higher 
sum of seasonal temperatures (Srečec et al. 2004, 
2008, Možný et al. 2009). It is mainly influenced by 
high summer temperatures between the middle of 
June and the harvest in August (Kučera and Krofta 
2009, Pavlovič et al. 2012).

MATERIAL AND METHODS

Locality and hop production. Field experiments 
were kept at one hundred hectares of the Hop Research 
Institute, Co. Ltd. (Žatec, Czech Republic) experimental 
farm in Stekník (GPS: 50.325017N, 13.623077E). The 
production area of individual hop gardens ranged from 
0.27 to 6.65 ha, with an average of 1.86 ha. In this experi-
ment, 18 hop gardens of Saaz hops (1–22 years old), 21 
hop gardens of Sládek (1–18 years old), 8 hop gardens of 
Premiant (1–20 years old) and 13 hop gardens of Agnus 
(1–16 years old) were studied in total. All hop gar-
dens were maintained within the good agricultural 
practice with balanced nutrition, plant protection and 
agrotechnical operations (Kopecký et al. 2008a). The 
whole experimental area was irrigated by a drip irriga-
tion system. The irrigation dosage and water supply 
schedule were determined by the graphical-analytical 
method (Kopecký et al. 2008b).

Data measurement and resources. Hop yields of 
the experimental hop gardens were calculated from 
weights of bales harvested and dried from each hop 
garden each year.

Alpha-acids contents were also annually determined 
from samples taken from each experimental hop gar-
den. Alpha-acids content was measured by lead con-
ductance titration according to the EBC 7.4 method 
(Analytica EBC 1998). Bitter substances were extracted 
with toluene from powder-grinded dried cones. An ali-
quot of the toluene extract was diluted with methanol, 
and bitter substances in solution were determined by 
conductometric titration with methanolic lead acetate 
solution on modular titration system Metrohm (Herisau, 
Switzerland). Alpha-acids content is expressed as LCV 
(lead conductance value) in mass percentage.

The obtained data of yields and alpha-acid con-
tents of hops harvested each year from experimental 
hop gardens in the Hop Research Institute, consid-
ered as an irrigated variant of this experiment, were 
compared to the official data published each year by 
the Central Institute for Supervising and Testing in 
Agriculture and the Ministry of Agriculture of the 
Czech Republic within the Saaz hop growing re-
gion, considered as a non-irrigated variant. Average 

yields in the Saaz region are calculated from all farms 
(irrigated and non-irrigated), with about 20% of acre-
age irrigated. The exact data of irrigated acreage are 
not available, because evidence of irrigation systems 
is not mandatory in the Czech Republic. The estimate 
of the irrigated acreage is based on the voluntary in-
vestigation conducted by the Hop Growers Union of 
the Czech Republic in 2015.

Daily rainfall and maximal, minimal, and average 
temperatures were measured by a weather station 
(EMS, Brno, Czech Republic) administered by the 
Hop Research Institute Co. Ltd. in Žatec since 1993.

All comparative results are based on the comparison 
of data from the Hop Research Institute’s farm with 
data from the Saaz hop growing region in given years. 
All other (non-comparative) data (effect of plant age 
on yield and alpha-acids content) come from the Hop 
Research Institute’s farm.

Statistical analyses. Statistica 8.0 CZ (StatSoft, 
Tulsa, USA) was used to evaluate the data using basic 
statistic functions, multi-factorial analysis of variance 
(ANOVA), correlation, linear, and non-linear modules. 
Excel (Microsoft, Redmond, USA) software was used 
for regression analyses and graph constructions.

RESULTS AND DISCUSSION

Influence of weather conditions, irrigation, and 
plant age on yield. Statistically significant differ-
ences (P < 0.001) were found in yield due to either 
annual seasonal weather conditions or plant age 
for each cultivar according to ANOVA analyses . 
Moreover, there were statistically significant differences 
(P < 0.01) in yield caused by hop garden locality for 
Saaz and Sládek cultivars. However, the data were use-
ful for statistical analysis of the influence of plant age 
on yield. Yields of Czech hop cultivars were increasing 
for the first three years until they stabilized (Figure 1). 
Production stability was slightly decreasing for 15 to 17 
years, depending on cultivar. It corresponds with previ-
ous findings of replanting hop gardens when they reach 
20–25 years of age for Saaz hops and 15–17 years for 
hybrid cultivars (Kopecký et al. 2008a, Pokorný 2011).

Seasonal weather conditions are one of the main fac-
tors influencing the growth and physiological response 
of hop plants every year. Rainfall was the most signifi-
cant factor positively influencing the yield of Saaz hops 
(Table 1). There was a positive effect both in the total 
seasonal rainfall (Figure 2) and in the number of days 
with daily rainfall above 3 mm. Statistical analysis did 
not prove any significant effect of precipitation lower 
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than 3 mm per day. Možný et al. (2009) also reported 
a significant influence of summer precipitation (from 
June to August) on the yield of Saaz hops in the Czech 
Republic in the period 1954–2006. According to the 
present study, the key months for yield development 
are May and July. Hot and dry weather in May signifi-
cantly reduced the yield of Saaz hops. The amount of 
precipitation in July and early August was one of the 
key factors for hop cone development and growth. 
The obtained results are in accordance with the data 
published by Črepinšek and Čeh (2018) for cultivars 
Aurora and Savinjski Golding in Slovenia. The same 
influence on yield was previously found in cultivar 
Celeia (Črepinšek and Čeh 2016).

Significant negative correlations were found between 
average temperature from July 1 to August 15 and the 
yields of Sládek (r = –0.68, P < 0.001) and Premiant 
(–0.42, P < 0.01) in the Saaz region (Figure 3). However, 
this influence was not found at the Stekník farm due to 
the irrigation, which is able to reduce the temperature 
by up to 5 °C during hot summer days (Kopecký et al. 
2008b). In general, a positive impact of irrigation on hop 
yield is well acknowledged (Svoboda et al. 2008, Možný 
et al. 2009, Fandiño et al. 2015, Nakawuka et al. 2017); 
in this study, it was confirmed by increasing hop yield 
for cultivars Sládek, Premiant, and Agnus (Figure 4). 
Despite no statistical influence of total irrigation level 

during the season on Saaz hops’ yield in general, water 
dosage during July was significantly important for its 
yield (Table 2). It was in accordance with the results 
mentioned above considering the July rainfall. The 
effect of irrigation on Saaz yields at the Stekník farm 
(Figure 4) is in yield stabilization during seasons with 
higher average temperature and dry periods during 
vegetation. Even though the yield was not increasing 
with the rising irrigation levels, the irrigation helped 
sustain a favourable microclimate and stabilize Saaz 
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Figure 1. Relationship between plant age and yield of four Czech hop cultivars. Error bars represent standard deviation

Table 1. Correlation coefficients between the most significant weather parameters and yields of Saaz hop

Locality Avg. temp. 
May

Rainfall
total for season over 3 mm per day May June July July + 1/2 August

Region –0.38* 0.59** 0.65*** 0.37 0.31 0.50** 0.35
Farm –0.49* 0.61** 0.60** 0.58** 0.36 0.32 0.41*

*P < 0.05; **P < 0.01; ***P < 0.001
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Figure 2. Linear regressions between seasonal rainfall 
(April–August) and yield of Saaz hops in the period 
1993–2018
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yields (Kopecký and Ježek 2007). Correlation coef-
ficients between irrigation levels and yields were dif-
ferent for other cultivars, depending on the monthly 
water importance for each cultivar (Table 2). Based 
on the obtained data, the hybrid cultivars thrive 
better under warmer conditions, provided they have 
enough water. These results are in accordance with 
the data published by Pokorný (2011) or Nakawuka et 
al. (2017), who found that the irrigation level was in 
significant positive correlation with obtained yields 
of four cultivars: Mt. Hood, Willamette, Columbus 
and Chinook, in Washington (USA).

Influence of weather conditions, irrigation, and 
plant age on alpha-acids content. Alpha-acids con-
tent in hop cones is one of the most important qual-
ity parameters for the brewing industry. Even though 
alpha-acids content is a genotype-dependent trait of 
hop ranging from 2–21% of DW (dry weight), the effect 
of weather conditions during the vegetation season is 
very significant and is manifested by annual fluctua-
tions. Statistically significant differences (P < 0.001) 
were found in alpha-acids content caused by either dif-

ferent seasonal weather conditions or plant age for each 
cultivar by means of ANOVA analyses. Similarly, statis-
tically significant differences (P < 0.01) were found in 
alpha-acids content in Saaz and Sládek from different 
hop garden localities. All studied cultivars showed the 
highest alpha-acids content in the first year of their age 
(Figure 5). The logarithmic decline of alpha-acids content 
with increasing plant age was obvious in all cultivars; 
however, a higher decrease was found in Sládek and Saaz.

A statistical analysis of the obtained data was per-
formed to confirm the previously published influence 
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Figure 3. Linear regressions between average temperature from July 1 to August 15 and yield of Sládek and Premiant 
hops in the period 1998–2018

Figure 4. Linear regressions between seasonal irrigation level and increase in yield for four Czech hop cultivars 
in the period 2007–2018
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Table 2. Correlation coefficients between irrigation 
levels and yields of Czech hops cultivars on Stekník farm

Cultivar Total May June July August
Saaz 0.16 0.35 0.15 0.56* 0.01
Sládek 0.58** 0.01 0.49* 0.38* 0.09
Premiant 0.55* 0.44* 0.01 0.27 0.67**
Agnus 0.49* 0.24 0.53** 0.30 0.43*

*P < 0.05; **P < 0.01
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of weather on the alpha-acids content (Srečec et al. 
2004, 2008, Možný et al. 2009, Kučera and Krofta 2009, 
Pavlovič et al. 2012). The air temperature was the most 
significant factor negatively influencing the alpha-acids 
content of Czech hops cultivars (Table 3). Other fac-
tors with a negative correlation to alpha-acids content 
were high temperatures in July (Figure 6) and August, 
number of days with maximal temperature over 30 °C, 
and also the sum of seasonal temperatures (Table 3). 
Saaz and Premiant cultivars were more sensitive to high 
temperatures. On the contrary, alpha-acids content in 
Agnus cultivar was not significantly influenced by hot 
weather. It is supposed to be due to the Agnus’ genotype 
because its breeding origin is in American germplasm 
(Patzak and Henychová 2018) which has been accus-
tomed to the hot weather in semi-arid regions. Premiant 
breeding origin is in the Saaz cultivars and European 
landrace cultivars that have been accustomed to mild 
continental weather in Europe (Patzak et al. 2010). 
The higher sum of seasonal temperatures significantly 

decreased alpha-acids content in hop cones of either 
Saaz (Možný et al. 2009) or Aurora (Srečec et al. 2004, 
2008) cultivar. High temperatures from the middle of 
June until the harvest in August had the most nega-
tive impact on both cultivars (Kučera and Krofta 2009, 
Pavlovič et al. 2012).

No significant impact of irrigation on alpha-acids 
content of Czech hops cultivars was found in this 
study, which corresponds with previously published 
findings (Svoboda et al. 2008, Fandiño et al. 2015, 
Nakawuka et al. 2017). Nevertheless, drip irriga-
tion reduces temperature and increases the humidity 
inside the hop garden and suppresses the negative 
influence of high temperature on the biosynthesis of 
bitter acids. Therefore, slopes of linear regressions 
(Figure 6) were straightened for the results obtained 
at the Stekník farm.
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Figure 5. Relationship between plant age and alpha-acids content of four Czech hop cultivars. Error bars represent 
standard deviation. DW – dry weight

Table 3. Correlation coefficients between the most significant weather parameters and alpha acids contents 
of Czech hops cultivars

Cultivar/locality Sum of temp. 
for season

Avg. temp. 
July

July + 
1/2 August

Days with max 
temp. over 30 °C

Nights with min 
temp. over 17 °C

Saaz region –0.62*** –0.80*** –0.77*** –0.75*** –0.83***
farm –0.56** –0.75*** –0.57** –0.46* –0.39

Sládek region –0.60** –0.35 –0.61** –0.50* –0.27
farm –0.40 –0.09 –0.36 –0.44* –0.01

Premiant region –0.68*** –0.64** –0.77*** –0.77*** –0.50*
farm –0.62** –0.64** –0.66*** –0.74*** –0.49*

Agnus region –0.34 –0.29 –0.19 –0.19 –0.37
farm –0.23 –0.05 –0.03 –0.20 –0.34

*P < 0.05; **P < 0.01; ***P < 0.001

45

Plant, Soil and Environment, 66, 2020 (1): 41–46	 Original Paper

https://doi.org/10.17221/627/2019-PSE



 

2
3
4
5
6
7
8
9

10
11
12

16 17 18 19 20 21 22 23

A
lp

ha
 a

ci
ds

 (%
 o

f D
W

) 

Average temperature in July (°C) 

Saaz region Saaz farm Sládek region
Sládek farm Premiant region Premiant farm
 linear (Saaz region)  linear (Saaz farm)  linear (Sládek region)
 linear (Sládek farm)  linear (Premiant region)  linear (Premiant farm)

Figure 6. Linear regressions between average July temperature and alpha acids content of Saaz, Sládek and Premiant 
hops. DW – dry weight

REFERENCES

Analytica EBC (1998): Method 7.4. Nürenberg, Hans Carl Getränke 
Fachverlag.

Črepinšek Z., Čeh B. (2016): Yield of hop variety Celeia related to 
weather conditions until the end of July. Hop Bulletin, 23: 14–26. 
(In Slovenian)

Črepinšek Z., Čeh B. (2018): Dependence of hop yield cv. Aurora and 
Savinjski Golding on weather conditions until the end of July. Hop 
Bulletin, 25: 5–17. (In Slovenian)

Fandiño M., Olmedo J.L., Martínez E.M., Valladares J., Paredes P., Rey 
B.J., Mota M., Cancela J.J., Pereira L.S. (2015): Assessing and model-
ling water use and the partition of evapotranspiration of irrigated 
hop (Humulus lupulus), and relations of transpiration with hops 
yield and alpha-acids. Industrial Crops and Products, 77: 204–217.

Hniličková H., Novák V. (2000): Changes in energy content in vege- 
tative and generative hop organs (Humulus lupulus L.) during veg-
etation. Scientia Agriculturae Bohemica, 31: 241–248.

Keukeleire J.D., Janssens I., Heyerick A., Ghekiere G., Cambie J., 
Roldan-Ruiz I., Bockstaele E.V., Keukeleire D.D. (2007): Relevance 
of organic farming and effect of climatological conditions on the for-
mation of α-acids, β-acids, desmethylxanthohumol, and xanthohu-
mol in hop (Humulus lupulus L.). Journal of Agricultural and Food 
Chemistry, 55: 61–66.

Kopecký J., Ježek J. (2007): Influence of weather conditions and irri-
gation on yield and quality of hops. In: Proceedings of the Scien-
tific Commission of the Imternational Hop Growers´ Convention, 
Tettnang, 116.

Kopecký J., Ciniburk V., Kořen J., Krofta K., Vostřel J., Klapal I., Brynda 
M., Nesvadba V., Kozlovský P., Kudrna T., Ježek J. (2008a): Establish-
ment of Hop-Yards by Hybrids Varieties. Methodology for Praxis 
1/08. Žatec, Hop Research Institute Co. Ltd., 32. (In Czech)

Kopecký J., Ježek J., Klíma B., Slavík L. (2008b): Principles for Utili-
zation of Progressive Systems in Hop Irrigation under the Condi-
tion of Hop Regions in the Czech Republic. Methodology for Praxis 
3/08. Žatec, Hop Research Institute Co. Ltd., 80. (In Czech)

Kučera J., Krofta K. (2009): Mathematical model for prediction of yield 
and alpha acid contents from meteorological data for Saaz aroma 
variety. ISHS Acta Horticulturae, 848: 131–139.

Možný M., Tolasz R., Nekovar J., Sparks T., Trnka M., Žalud Z. (2009): The 
impact of climate change on the yield and quality of Saaz hops in the 
Czech Republic. Agricultural and Forest Meteorology, 149: 913–919.

Nakawuka P., Peters T.R., Kenny S., Walsh D. (2017): Effect of deficit 
irrigation on yield quantity and quality, water productivity and eco-
nomic returns of four cultivars of hops in the Yakima Valley, Wash-
ington State. Industrial Crops and Products, 98: 82–92.

Patzak J., Henychová A. (2018): Evaluation of genetic variability within 
actual hop (Humulus lupulus L.) cultivars by enlarged set of molecular 
markers. Czech Journal of Genetics and Plant Breeding, 54: 86–91.

Patzak J., Nesvadba V., Henychová A., Krofta K. (2010): Assessment of 
the genetic diversity of wild hops (Humulus lupulus L.) in Europe 
using chemical and molecular analyses. Biochemical Systematics 
and Ecology, 38: 136–145.

Pavlovič V., Pavlovič M., Čerenak A., Košir I.J., Čeh B., Rozman C., 
Turk J., Pazek K., Krofta K., Gregorič G. (2012): Environment and 
weather influence on quality and market value of hops. Plant, Soil 
and Environment, 58: 155–160.

Pokorný J. (2011): Influence of locality and year on hop production and 
quality. [Ph.D. thesis] Prague, Czech University of Life Sciences in 
Prague, 179. (In Czech)

Srečec S., Kvaternjak I., Kaučič D., Marič V. (2004): Dynamics of hop 
growth and accumulation of α-acids in normal and extreme climatic 
conditions. Agriculturae Conspectus Scientificus, 69: 59–62.

Srečec S., Kvaternjak I., Kaučič D., Špoljar A., Erhatič R. (2008): In-
fluence of climatic conditions on accumulation of α-acids in hop 
clones. Agriculturae Conspectus Scientificus, 73: 161–166.

Svoboda P., Hniličková H., Hnilička F. (2008): Changes in yield and 
quality of hop depending on the irrigation. Cereal Research Com-
munication, 36: 891–894.

Received: November 18, 2019
Accepted: December 17, 2019

Published online: January 21, 2020

 

2
3
4
5
6
7
8
9

10
11
12

16 17 18 19 20 21 22 23

A
lp

ha
 a

ci
ds

 (%
 o

f D
W

) 

Average temperature in July (°C) 

Saaz region Saaz farm Sládek region
Sládek farm Premiant region Premiant farm
 linear (Saaz region)  linear (Saaz farm)  linear (Sládek region)
 linear (Sládek farm)  linear (Premiant region)  linear (Premiant farm)

 

2
3
4
5
6
7
8
9

10
11
12

16 17 18 19 20 21 22 23

A
lp

ha
 a

ci
ds

 (%
 o

f D
W

) 

Average temperature in July (°C) 

Saaz region Saaz farm Sládek region
Sládek farm Premiant region Premiant farm
 linear (Saaz region)  linear (Saaz farm)  linear (Sládek region)
 linear (Sládek farm)  linear (Premiant region)  linear (Premiant farm)

 

2
3
4
5
6
7
8
9

10
11
12

16 17 18 19 20 21 22 23

A
lp

ha
 a

ci
ds

 (%
 o

f D
W

) 

Average temperature in July (°C) 

Saaz region Saaz farm Sládek region
Sládek farm Premiant region Premiant farm
 linear (Saaz region)  linear (Saaz farm)  linear (Sládek region)
 linear (Sládek farm)  linear (Premiant region)  linear (Premiant farm)

46

Original Paper	 Plant, Soil and Environment, 66, 2020 (1): 41–46

https://doi.org/10.17221/627/2019-PSE


