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Abstract

This study explores how extreme heat, farm design, and genotype interact to shape the
growth, yield, and quality of hops (Humulus lupulus L.) in semi-arid Mediterranean en-
vironments, supporting climate-resilient expansion of high-value specialty crops beyond
traditional production regions. Field performance of Cascade and Chinook was evaluated
across contrasting management settings in inland Sicily during the 2023 growing sea-
son. Microclimatic observations from the Sicilian Agrometeorological Information Service
(SIAS) were coupled with the quantitative heat-stress indicator Extra Degree Days (EDD)
to link thermal exposure to phenology and quality outcomes. Results suggest that hop
performance under semi-arid Mediterranean conditions is shaped by cultivar choice and
management-defined environments, with cone yield and, especially, resin and essential
oil traits varying across trellis and soil cover settings. Using phase-specific heat exposure
as an interpretable indicator of thermal pressure, this study provides a decision-oriented
framework to relate heat conditions to phenology and quality outcomes and to support
the selection of cultivar-management combinations suited to heat-prone regions. Overall,
the findings inform climate-smart hop management strategies to sustain cone quality amid
increasing temperature variability in semi-arid environments.

Keywords: climate adaptation; heatwave exposure; phenological development; secondary
metabolites; terroir effect

1. Introduction

The cultivation of hops (Humulus lupulus L.), an essential ingredient in beer produc-
tion, is significantly influenced by environmental factors, farming practices, and genetic
differences among hop varieties. Hop is a dioecious, perennial climbing plant cultivated
for the female inflorescences (cones or strobili), whose lupulin glands accumulate the main
secondary metabolites of technological interest, including bitter resins (- and (3-acids) and
essential oils [1]. From a brewing perspective, hop cones are primarily valued for their
contribution to bitterness and aroma, and their chemical composition largely determines
the “technological quality” of the harvested product [2,3]. Consequently, hop productivity
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should be considered jointly in terms of cone yield and cone quality, because environmental
drivers and management can affect not only biomass partitioning and cone formation but
also the concentration and profile of key compounds such as x-acids and essential oils.
These factors collectively impact the growth, yield, and quality of hop plants [4]. Under
ongoing climate change, increasing heat extremes and water scarcity are emerging as major
constraints for specialty crops, strengthening the need for climate-resilient production
systems and transferable agronomic “design rules” that can be adopted beyond tradi-
tional growing areas [5,6]. Environmental conditions, including temperature, photoperiod,
and soil composition, play critical roles in determining the productivity and chemical
composition of hops [7]. Additionally, optimized farming practices, such as irrigation,
fertilization, and pest management, are crucial for enhancing hop yield and quality, es-
pecially in challenging climates [8]. In this context, management levers that buffer crop
performance against heat stress are not only an agronomic issue but also a challenge for
food-water-energy systems, because they shape resource use, farm viability, and the
stability of supply chains for high-value products.

The genetic diversity among hop varieties further influences their adaptability to
different environments and their yield performance. Extensive research has been con-
ducted in regions outside the traditional hop cultivation areas, including the USA [9-11]
and Brazil [12-15], as well as in Corsica [16] and central-southern Italy [17-19]. Other
countries, such as the Russian Federation, are also working to restore and innovate their
hop cultivation systems after significant declines [20]. However, fewer studies explicitly
link field management choices to quantitative heat-stress metrics in a way that supports
decision-making and scalability across semi-arid environments.

The hop-growing sector is currently expanding, fueled by the rising demand for craft
beer production. In Italy, the cultivated area has steadily increased since 2020 [21], now
reaching 97.5 hectares dedicated to hop cultivation nationwide [22]. In southern regions,
various cultivation trials have demonstrated that modern hop varieties are well-suited for
open-field production [19,23]. Studies conducted in central and southern Italy, including
the main islands, have shown the high adaptability of American hop varieties such as
Cascade, Chinook, Comet, and Nugget, with favorable yield and quality parameters [24].
In semi-arid regions such as those in the southern Mediterranean basin, adopting tailored
cultivation strategies is crucial to optimizing hop production. These regions face unique
challenges, such as limited water availability and high temperatures, which can signif-
icantly impact hop growth and yield [25,26]. Understanding the interactions between
environmental factors, farming practices, and genetic differences is essential for developing
effective hop cultivation strategies in these areas. Importantly, the Mediterranean semi-arid
belt can also function as an “early-warning” analogue for other regions expected to face
similar heat and drought regimes [27], making locally generated evidence valuable for
broader climate-adaptation efforts.

This study was designed to quantify how genotype x farm design x heat exposure
interactions affect hop productivity (cone yield and brewing-relevant quality traits) un-
der semi-arid Mediterranean conditions. Specifically, during the 2023 growing season,
detailed microclimatic observations were obtained from weather stations operated by
the Sicilian Government in the Sicilian hinterland (SIAS) [28]. The experiment aimed to
explore the productive and qualitative responses of two hop genotypes—Cascade and
Chinook—previously reported as suitable for Mediterranean or warm environments [29-31],
subjected to different management practices, including trellis design (S-trellis and V-trellis),
pole height (2.6, 3.6, and 4.6 m), and mulching (none or plastic mulch). This resulted in five
experimental settings (ES), with the factor variety nested within the ES.
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Beyond documenting performance, the goal was to identify practical, transferable
combinations of genotype and farm design (trellis configuration, pole height, and soil
cover management) that can sustain yield and cone quality under heat-prone conditions.
Considering the increasing frequency of hot and dry weather worldwide [32], we also
provide a preliminary estimate of the impact of extreme heat events by calculating Extreme
Degree Days (EDD) (cumulative exceedance above 30 °C) [33], and by testing whether
differences in EDD are associated with changes in yield and/or quality parameters across
genotypes and management settings. By combining EDD with field outcomes, this study
offers a decision-oriented approach to assessing heat exposure and guiding climate-smart
management and the diversification of high-value crops in semi-arid regions=

2. Materials and Methods
2.1. Study Area and Experimental Design

The experiment was conducted at two locations in inland Sicily, characterized by a
semi-arid climate [34], with warm, predominantly dry summers and mild, rainy winters.
The sites included the “Sparacia” experimental farm (37°38' N, 13°45 E; 600 m a.s.L.), in
the Cammarata area (Agrigento, AG, Sicily, Italy), and a private farm (37°42' N, 14°17' E;
470 m a.s.l.) near Pietraperzia (Enna, EN, Sicily, Italy). Throughout the hop cultivation
cycle, both locations experienced infrequent rainfall and elevated summer temperatures,
with maximum temperatures exceeding 30 °C (Figure 1) [28].
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Figure 1. Ten-day values of rainfall and temperatures recorded at Sparacia (A) (Agrigento, AG, Sicily, Italy)
and Pietraperzia (B) (Enna, EN, Sicily, Italy) during the 2023 growing season.
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The experiment was conducted during the 2023 growing season at two hop yards
in Sicily: the “Sparacia” farm (established in 2021) and the Pietraperzia site (established
in 2020). At both sites, hop rows were spaced 3.0 m apart, with 0.7 m between plants
within each row. The trial evaluated the productive and qualitative responses of two hop
genotypes (Cascade and Chinook) under contrasting management practices, including:
(i) trellis design (S-trellis and V-trellis), (ii) pole height (2.6, 3.6, and 4.6 m), and (iii) soil
cover management (no mulch vs. plastic mulch). These factors were combined into five
experimental settings (ES), with the factor variety nested within the ES. Each elementary
treatment was replicated three times (n = 3), and each replicate consisted of six plants.
Table 1 summarizes the experimental settings. Within each ES, plants were cultivated
following standard agronomic practices for Mediterranean environments [19,35,36].

Table 1. Details of farming practices adopted in 2023 at Sparacia (Agrigento, AG, Sicily, Italy) and
Pietraperzia (Enna, EN, Sicily, Italy).

Farming Practice Codification Description

ES1 S-trellis design; 4.6 m-high; no mulch; Pietraperzia (EN).

ES2 S-trellis design; 4.6 m-high; plastic mulch (PE film); Pietraperzia (EN).
ES3 V-trellis design; 4.6 m-high; plastic mulch (PE film); Cammarata (AG).
ES4 V-trellis design; 2.6 m-high; plastic mulch (PE film); Cammarata (AG).
ES5 V-trellis design; 3.6 m-high; plastic mulch (PE film); Cammarata (AG).

2.2. Field Measurements

In both growing environments, hop plants were monitored weekly for their phy-
tosanitary and developmental conditions. The BBCH (Biologische Bundesanstalt, Bun-
dessortenamt, and CHemical industry) scale [37] was employed to evaluate the main
phenological phases, determining the starting and ending dates of each developmental
stage when at least 50% of plants had reached the respective phase. This approach allowed
for calculating the average duration of each stage for every replication in Growing Degree
Days (GDDs; °C), computed from the day of shoot emergence (BBCH phase 0.9) using

the formula:
K

GDD = Z (Tavg - Tbase)i
i=1

where i and K indicate the starting and ending date of each phenological stage (i.e., first and
last days of measurement, respectively), Tayg is the daily average temperature (obtained
by fitting a sine curve to daily Tiin and Tmax), and Ty is the base temperature (i.e., the
temperature value below which plant growth is assumed to be zero). A Tpae of 0 °C
was adopted for the vegetative stages, whereas a threshold of 5 °C was selected for the
reproductive phases [38].

To assess crop responses to extremely high temperatures, the accumulation of degree
days over 30 °C (EDD) was computed according to Lobell et al. [33]. The >30 °C threshold
was chosen as an operational, literature-based cutoff because it is frequently used in hop-
climate and agronomic studies to define “hot days” and as a practical limit above which heat
load becomes agronomically significant [36,39]. Additionally, evidence indicates that higher
temperatures are linked to reductions in hop yield and quality, as well as stress-related
changes in secondary metabolism and its regulation, supporting the idea of monitoring
heat exposure above this high-temperature threshold [40-42]. It was also selected to detect
supra-optimal thermal exposure, which is increasingly common in semi-arid Mediterranean
climates and can impact cone development and secondary metabolite profiles; therefore,
EDD offers a decision-oriented indicator to compare heat-stress loads across different
sites and management practice settings. Hourly temperatures were estimated from daily
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minimum and maximum T using a sinusoidal function, and extreme degree days were
calculated as:

EDD:NDD . DD... . ) 0ifTe<30°C

L 30+t 30+t % i T, > 30 °C
where DDj3,, t is the EDD for hour t, with t ranging from 27 May to 29 August 2023, for
a total of 2304 h. EDD accumulation was calculated for each experimental setting and
then summarized separately for vegetative and reproductive periods to support phase-
specific interpretation of heat exposure. All calculations were performed separately for the
vegetative (VGD) and the reproductive (RGD) growth stages, with BBCH stage 5.1 (inflo-
rescence bud visible) marking the transition between phases. Phenological observations
were used to align thermal metrics with developmental timing rather than calendar dates
whenever relevant.

Across experimental settings, plants were irrigated using drip irrigation, delivering
approximately 2000 m® ha~! over the season to support crop establishment and production
under semi-arid conditions. Soil moisture, plant water status, and phenology were periodi-
cally monitored. The harvest time was based on a cone dry matter content of 20% [43]. All
botanical fractions were harvested, weighed, and representative cone samples were sorted
and stored under vacuum at —25 °C before analysis.

2.3. Chemical Analyses

In all 5 experimental settings, the quality of hops cones was tested following the
standard methods of Analytica European Brewery Convention (A-EBC) 7.2 for moisture
content, and 7.7 for a- and B-acids (%) [44].

In ES2 and ES3, the essential oil (EO) content and composition were assessed through
A-EBC methods 7.10 and 7.12 [44]. EOs were obtained through steam distillation using
a 20 L Albrigi Luigi EO extractor (Albrigi Luigi SRL, Verona, Italy). The bottom of the
extractor was filled with tap water, and fresh plant material was positioned on top of a grill
placed above the water. The hermetically sealed extractor used a 2000 W electric stove to
generate steam, which passed through plant material to release volatile components. The
vapor condensed in a cooler and collected in a tube, separating EO and residual water. The
process lasted at least 3 h, stopping after 30 min without extracting any EOs. EO yields, in
mL per 100 g, were stored at 4 °C until analysis.

The components of the EOs were determined using gas chromatography (GC) on a
Clarus 500 GC from Perkin-Elmer (Shelton, CT, USA), equipped with a flame ionization
detector (FID) and a ZB-5 capillary column (30 m x 0.25 mm i.d. x 0.25 pm film). An
injection of 1 pL was used. The oven temperature started at 60 °C for 5 min, then increased
by 3 °C/min to 180 °C, and was further raised by 20 °C/min to 280 °C, where it was
held for 10 min. Helium was used as the carrier gas at 1.2 mL/min. Both the injector and
the detector were maintained at 250 °C. The EO’s percentage composition was derived
from GC peak areas without correction factors, using Total Chrom 6.2 software (Perkin-
Elmer). For compound identification, GC-MS analysis was performed on the same Clarus
500 GC-MS system under identical conditions. The ionization source was set at 200 °C in
electron impact mode at 70 eV. Mass spectra were acquired in TIC mode over m/z 45-500.
Data processing was performed with Turbomass 5.4 software (Perkin-Elmer). Retention
indices were obtained by injecting a C8-C32 n-alkane standard under the same conditions.
Identification of the EO components was achieved by comparing their mass spectra with
those in the NIST MS Search 2.0 library and by referencing available literature data [45].
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2.4. Statistical Analysis

Statistical analysis was performed using Minitab® (Minitab LLC, State College, PA,
USA), version 19.2.0.0, and Sigmaplot® (Grafiti LLC, Palo Alto, CA, USA), version 12.0.
The GLM procedure was used, setting the durations of the main growing phases and all
qualitative features of hop cones (a- and B-acids, EO yields, and composition) as dependent
variables. The experimental scheme was a two-factor, fixed-nested design with three
replications, with ‘variety” nested within ‘experimental setting” (ES). To validate adherence
to the ANOVA assumptions, normality and variance homogeneity of all data were assessed
using the Ryan—Joiner test (x = 0.05) and Levene’s test (« = 0.05), respectively [46]. Post-hoc
comparisons were performed only after a significant ANOVA effect and were conducted
using Tukey’s HSD test (p < 0.05) as an experiment-wise control of Type I error for multiple
pairwise comparisons within the relevant factor levels [46]. Principal component analysis
(PCA) was also performed using MATLAB version 7.6.0 (The MathWorks Inc., Natick,
MA, USA) to understand the relationships between experimental settings and quality
parameters of each hop variety.

3. Results
3.1. Growing Duration Phases, Hop Biomass and Cone Yields, and Quality

No significant differences were observed for the VGD and RGD parameters (expressed
in EDD) as a function of the experimental setting (ES) factor. However, significant differ-
ences in GDD requirements during the vegetative stage were observed depending on the
ES considered (p < 0.01; Table 2). No statistical differences were detected for RGD (ex-
pressed in GDDs) based on the ES factor alone (Table 2). However, considering the varieties
nested within the ES factor, significant differences between Cascade and Chinook were
observed only within ES1 for the RGD parameter expressed in GDDs (p < 0.05; Table 2),
with Chinook plants maturing earlier than Cascade (620.5 and 829.8 °C dd !, respectively).
With this exception, no statistical differences were observed for the accumulation of GDDs
or EDD during the vegetative and reproductive development phases for all the sources of
variation introduced.

The biomass of hop plant stems and leaves varied significantly depending on the ES
(p < 0.001) as well as on the variety nested within the ES factor (Figure 2). Except for ES2,
where no statistical difference between the means was detected, Cascade plants consistently
exhibited greater stem and leaf production, always exceeding the average values calculated
among all treatment combinations (i.e., 2.89 t ha~!). Specifically, across the different ESs,
Cascade showed yields approximately 96%, 220%, 186%, and 87% higher than the average
of Chinook plants in ES1, ES3, ES4, and ES5, respectively (Figure 2). In most cases, no
statistical differences were observed between cone yields at the ES factor level; only within
ES1, Cascade plants showed statistically higher productivity than Chinook, with average
yields of 1.87 tha~! and 0.56 t ha~!, respectively (p < 0.05; Figure 2).

Table 2. Averages + SEM of VGD and RGD (expressed in GDDs and EDDs) of Cascade and Chinook
hops grown in 2023 in two Sicilian environments, each according to different ESs (n = 3).

Source DF VGD (gdd) VGD (edd) RGD (gdd) RGD (edd)
Experimental setting (ES) 4

ES1 618.4 +137.22 2491 £ 13.57 7251+ 1779 78.3 £ 13.6
ES2 594.4 + 140.7 2b 22.65 + 14.56 749.1 + 204.5 80.5 + 14.6
ES3 406.8 + 99.3 b¢ 13.07 £ 9.09 869.9 +99.3 84.1+9.1
ES4 447.3 + 125.6 ¢ 16.78 £ 11.50 829.3 £ 125.6 80.4 £11.5
ES5 366.2 +0.01 € 9.36 + 0.01 910.4 £ 0.01 87.8 £ 0.01
Significance of p-value b n.s. ns. n.s.
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Table 2. Cont.

Source DF VGD (gdd) VGD (edd) RGD (gdd) RGD (edd)
Variety within ES 5

Var within ES1 1

CA x ES1 602.4 £+ 215.1 26.86 +21.19 829.8 +215.1 76.3 £ 21.19
CH x ES1 634.5 = 0.00 22.96 4 0.00 620.5 & 0.00 80.2 & 0.00
Significance of p-value ns. ns. * n.s.

Var within ES2 1

CA x ES2 535.2 +141.6 16.84 £7.91 897.0 &+ 141.6 86.4 +7.91
CH x ES2 653.7 £ 137.4 28.46 +19.13 601.3 + 1374 747 £19.13
Significance of p-value n.s. n.s. n.s. n.s.

Var within ES3 1

CA x ES3 366.2 & 0.00 9.36 £ 0.00 910.4 £ 0.00 87.8 +£0.00
CH x ES3 447.3 + 140.4 16.78 £ 12.85 829.4 1404 80.4 + 12.85
Significance of p-value ns. ns. ns. ns.

Var within ES4 1

CA x ES4 447.3 + 140.4 16.78 £ 12.85 829.4 4+ 1404 80.4 £+ 12.85
CH x ES4 4473 + 1404 16.78 £ 12.85 829.4 4+ 1404 80.4 4+ 12.85
Significance of p-value ns. n.s. ns. ns.

Var within ES5 1

CA x ES5 366.2 4 0.00 9.36 & 0.00 910.4 & 0.00 87.8 +0.00
CH x ES5 366.2 £+ 0.00 9.36 & 0.00 910.4 & 0.00 87.8 £ 0.00
Significance of p-value ns. n.s. n.s. n.s.

Error 20

Total 29

VGD = vegetative growth duration; RGD = reproductive growth duration; GDD =growing degree days;
EDD = extreme degree days. Note: Significance of the p-values: ** significant at 0.001 < p < 0.01; * signifi-
cant at 0.01 < p < 0.05; n.s. not significant. For each variable, means within the same column with the same
superscript letter are not significantly different according to Tukey’s Test (p < 0.05).

Stems and leaves (t ha)

M Cascade

250 T

= N
153 o
S IS]

Conesyield (tha™)
-
o

0.50 T

0.00

B Chinook B Chinook

W Cascade

Figure 2. Mean values &+ SEM and results of nested ANOVA of stems and leaves biomass (on the left)
and cones production (on the right) of Cascade and Chinook hops grown in 2023 in five experimental
settings (ES) in Sicily. In both graphs, horizontal dashed lines represent the mean value across
varieties and ES. Significance of the calculated F values within each ES: *** significant at p < 0.001;
** significant at 0.001 < p < 0.01; * significant at 0.01 < p < 0.05; n.s. not significant. For varieties
within ES: different letters on top of the two bars indicate a significant difference according to Tukey’s
Test (p < 0.05).

Regarding the qualitative aspects of hop cones (i.e., a-acids, B-acids, and their in-
vestigated components), the results for the main parameters determined are reported
in Table 3.
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Table 3. Averages + SEM of a-acids, B-acids, and their components from Cascade and Chinook hops
grown in 2023 in two Sicilian environments, each according to different ESs (n = 3).

Source DF w-Acids Co-Hum n+ad-hum B-acids Co-Lup n+ad-lup ol B Acids co-hum/n-Acids
(% DM) (% DM) (% DM) (% DM) (% DM) (% DM) Ratio (%)

Experimental 4

setting (ES)

ES1 819+£156% 2294045 590+ 1112  4.314+078° 215+039° 216+040° 1.93 +£0.35° 27.91 £ 0.65

ES2 10.05 +2.04 2 2.58 +0.57 2 748 +164% 3804081 1.88+0432> 192+042% 286+125% 25.82 +£3.75

ES3 6.84 £ 0.63° 178 £0.16> 506 +£047° 222+081°¢ 1.124+0.34°¢ 1.10 + 047 € 3.50 +1.38° 26.07 + 0.61

ES4 7924+ 1.88%  205+£056% 587+£131% 266+£0915  133+£038° 1.33+£053% 334+ 152% 25.63 +£1.26

ES5 6.24 £127° 159 +0.33 ¢ 4.65+0.94° 2.11+096°¢ 1.06 + 0.42 ¢ 1.054+0.53 ¢ 348 +1.64° 25.39 + 0.88

Slgnlflcance Lt *AK EE EE Ea *AHA * n.s.

of p-value 5.

Variety 5

within ES

Var within 1

ES1

CA x ES1 6.91 £ 0.93° 1.92£0.30° 499 +0.63° 3.88 +0.96 1.91 £ 043 1.97 + 0.54 1.86 & 0.54 27.76 +0.92

CH x ES1 9.46 +0.61° 2.65+0.15° 6.81+0.462 4744023 2.39 +0.11 2.35+0.12 2.00 + 0.06 28.06 £ 0.40

Significance * . . s s s s ns

of p-value . S. S. S. s.

var within 1

ES2

CA x ES2 11.02 + 2.60 290+ 0.64° 8.13 +2.06 3.43 +1.00 1.75 £ 0.52 1.69 £ 0.48 3.51 +1.58 26.54 £+ 3.31

CH x ES2 9.09 £+ 0.94 226+ 032" 6.83 +1.08 4.16 + 0.51 2.01 +0.36 214 +0.21 2.21+0.36 25.10 £ 4.75

Significance .

Of p-value n.s. n.s. n.s. n.s. n.s. n.s. n.s.

var within

ES3 I

CA x ES3 6.89 +0.85 1.79 +0.23 5.10 + 0.64 2.55 +0.94 1.24 040 1.31 £+ 0.55 3.12 £ 1.68 2591 4+ 0.92

CH x ES3 6.79 +0.50 1.78 £ 0.13 5.01 +0.37 1.88 & 0.64 1.00 £ 0.30 0.89 +0.34 3.88 £1.21 26.22 +0.09

Significance

of p-value ns. ns. ns. ns. ns. ns. ns. ns.

var within 1

ES4

CA x ES4 6.58 £ 1.46° 1.65+044° 493 +1.02° 3.36+0.73° 1.60 £ 0.36 1.76 £0.372 1.96 £0.01° 2492 +1.38

CH x ES4 925+ 1.16° 244 +£037? 6.81+0.79? 1.96 +£0.20° 1.06 £0.11 0.90 £ 0.09® 472 +£027% 26.34 £ 0.74

Significance " " " " s s

ofgp-value s s

var within 1

ES5

CA x ES5 5.65 + 1.70 1.47 +0.48 418 +1.21 2.83 £0.82° 1.36 + 0422 147 £0.40° 1.99 £0.05° 25.84 + 0.94

CH x ES5 6.83 £0.34 1.70 +0.08 5134+ 0.27 1.38 +£0.12° 0.76 +0.06 © 0.62 +0.06° 497 £020? 24.93 4 0.64

Significance n.s. n.s. n.s. * * ** ax ns.

of p-value

Error 20

Total 29

co-hum = co-humulone; n+ad-hum = n+ad-humulone; co-lup = co-lupulone; n+ad-lup = n+ad-lupolone;
a/P acids = « to 3 acid ratio; co-hum/a-ac = co-humulone to «-acids % ratio. Note: Significance of the
p-values: *** significant at p < 0.001; ** significant at 0.001 < p < 0.01; * significant at 0.01 < p < 0.05; n.s. not
significant. For each variable, means within the same column with the same superscript letter are not significantly
different according to Tukey’s Test (p < 0.05).

Except for the percentage of co-humulone to total a-acids, all qualitative parameters
were significantly influenced by the ES factor. The yields of total a-acids (p < 0.001), co-
humulone (p < 0.001), and n+ad-humulone (p < 0.001) were significantly higher in ES2, with
average values of approximately 28%, 25%, and 29% higher compared to the average of the
other treatments (Table 3). For -acids and their components (i.e., co-lupulone and n+ad-
lupulone), significant differences were also observed at the ES level, with ES1 boosting
the yield of these compounds. The a/B-acid ratio also varied significantly due to the
specific ES (p < 0.05; Table 3), with ES5 showing the highest value, likely due to the lowest
[-acid yields recorded for this treatment. Considering the nested factors shown in Table 3
(i.e., variety within ES), the highest values for a-acids, co-humulone, and n+ad-humulone
were observed in Cascade plants within ES2, although these were not statistically different
from Chinook within the same ES. For a-acids, significant differences were identified
between Cascade and Chinook in ES1 (p < 0.05) and ES4 (p < 0.05), with significantly higher
values shown by Cascade plants in the first case and by Chinook in the second case. The
highest average yields in absolute terms for p-acids were observed in Chinook in ES1,
although these were not statistically different from Cascade within the same experimental
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treatment. Significant differences in B-acid yields were recorded in ES4 (p < 0.05) and ES5
(p < 0.05), with Cascade showing 71% and 106% higher values than Chinook in ES4 and ESS5,
respectively. Similar to the B-acid yields, and clearly correlated, significant differences in
co-lupulone content were observed within the ES5 treatment (p < 0.05). For n+ad-lupulone,
significant differences (p < 0.01) were noted in both ES4 and ES5, with Cascade showing
significantly higher values compared to Chinook (Table 3).

For EO yield, statistical differences were observed among the experimental settings,
with higher yields in ES2 (p < 0.05; Table 4). Significant differences between varieties
emerged only within ES2 (p < 0.05), with Cascade showing EO yields approximately
42% higher compared to Chinook under the same experimental conditions. The detected
amounts of the three main EO components—myrcene, humulene, and caryophyllene—were
significantly affected by both the genotype and the experimental setting. The concentration
of myrcene varied significantly with the experimental setting (p < 0.001; Table 4). The
highest yields were found in ES3, with production levels 25% higher than the other setting.
Significant differences (p < 0.05) were also observed between varieties, with Cascade EO
containing more myrcene than Chinook in both ES2 and ES3. The highest humulene content
was recorded in ES2, with concentrations approximately double those in the other setting
(p < 0.001; Table 4). Within these ES, Chinook consistently showed the highest humulene
values (p < 0.001). Caryophyllene concentrations varied significantly depending on the ES
(p < 0.001) and on the variety within either ES2 (p < 0.001) or ES3 (p < 0.001). Chinook EO
was the most enriched in caryophyllene (p < 0.001; Table 4). For other compounds in hop
EOs, significant differences were observed both at the ES level and among varieties within
specific ES treatments (p < 0.001; Table 4).

Table 4. Averages + SEM of EOs yields and main compounds from Cascade and Chinook hops,
obtained from cones harvested in 2023 in two experimental settings in Sicily.

Source DF (mL lol(algfl DM) My(ﬁ/fj“e Humulene (%)  Caryophyllene (%) O(ti/\oe)rs
Experimental setting (ES) 1

ES2 1.62 +0.332 55.29 4+ 0.13 P 23.57 +0.102 11.65 £ 0.06 2 9.43 4+ 0.03P
ES3 134 +052b 69.54 +£0.092 12.13 £ 0.01° 540+ 0.01° 1292 +£0.06 2
Significance of p-value * *EE xR i wEE
Variety within ES 2

Var within ES2 1

CA x ES2 1.91 +0.09 @ 67.23 £0.012 1455 +0.01P 5.72 +0.00 P 12.50 £0.002
CH x ES2 1.34+0.15° 4337 40.03° 32.59 +0.032 17.59 +0.022 6.36 +0.01°
Significance of p-value * * xR xR wEE

Var within ES3 1

CA x ES3 1.21 +0.61 77.89 £0.012 10.89 £ 0.00 P 427 +0.00° 6.9440.01°
CH x ES3 1.53 4+ 0.40 61.18 +0.01° 13.38 £ 0.002 6.54+0.012 18.90 £0.002
Error 8 n.s. * Bt Bt E
Total 11

EOs = essential oils; Others = other compounds. Note: Significance of the p-values: *** significant at p < 0.001;
* significant at 0.01 < p < 0.05; n.s. not significant. For each variable, means within the same column with the
same superscript letter are not significantly different according to Tukey’s Test (p < 0.05).

3.2. Association Between Growing Duration Phases and Hop Quality Characteristics (PCA)

A PCA was conducted to explore the possible association between thermal require-
ments, durations of vegetative (VGD) and reproductive (RGD) phenological phases,
biomass production, and the main qualitative characteristics of hop plants, including
the content of a- and B-acids, a- to B-acid ratio, and co-humulone to total a-acid ratio.

A bi-plot of the scores and loadings of the PCA is shown in Figure 3. Two principal
components were identified, explaining 79.9% of the total variance (54.0% and 25.9% for
the first (PC1) and the second (PC2) principal components, respectively). The first PC was
strongly associated with the durations of phenological stages, which appear well separated
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and positioned in opposite quadrants. The second PC was otherwise more associated with
biomass yield and, to a lesser extent, with the a/B-acid ratio. The PC1 spread the sample
scores according to the growth location; irrespective to the variety, all samples subjected to
ES1 and ES2 (i.e., obtained from the Pietraperzia farm) were plotted on the positive side of
the PC1, whereas all samples from ES3, ES4 and ES5 (i.e., from the Sparacia farm) were on
the left side of the same PC. The first group of samples (ES1 and ES2) was characterized
by a prolonged vegetative phase (VGD) and higher « and 8 acid contents. Contrastingly,
the second group of samples (ES3, ES4, and ES5) showed a prolonged reproductive phase
(RGD). The PC2 spread the samples mainly according to genotype, showing most Chinook
samples (4 out of 5) on the positive side and the majority of Cascade’s (4 out of 5) in the
lower part of the bi-plot. On the positive side of PC2, the samples showing the highest
- to B-acid ratio took place, while on the negative side were found the samples that showed
higher biomass production, two genotype-dependent characteristics (Figure 3).

AA/BA |
CHES4 n+ad-hu
04 u
Py B co-hu
CHES5 CHES3 CAES2
0.2 ® )
o
N CHES1
E\D_ cohu/tot o [ | VGD m ®
& of
g RGD m e
& CHES2
CAES3
-0.2 W co-lu
» CAES1
‘ i B n+ad-lu
CAESS CAES4
_0.4 fa
biomass [ ]
-0.6 L 1 ! |
-0.6 -0.4 -0.2 0 0.2 0.4

PC1 (54.0%)

Figure 3. Bi-plot of scores and loadings (blue squares) of the PCA carried out on the duration of
vegetative (VGD) and reproductive (RGD) growth stages, biomass yields, and analytical features
(co-hu = co-humulone; n+ad-hu = n+ad-humulone; cohu/tot &« = co-humulone to total « acid ratio;
co-lu = co-lupulone; n+ad-lu = n+ad-lupulone; AA/BA =« to § acid ratio) in Cascade (CA, green
dots) and Chinook (CH, red dots) hop cultivars subjected to five experimental settings (ES 1 to 5).
Each point is the average of 18 plants.

4. Discussion

Our findings indicate that while heat exposure during vegetative and reproductive
phases remained relatively stable across experimental settings, thermal requirements for
vegetative development varied among settings. This divergence suggests that, under
semi-arid Mediterranean conditions, management and micro-environmental factors can
modulate crop developmental rates beyond what is captured by extreme heat accumulation
alone. In other words, EDD quantifies supra-optimal thermal load, whereas GDD reflects
the pace of development; the two metrics can decouple under local conditions and farm
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design. This interpretation is coherent with agroclimatic literature showing that trellis
architecture and soil cover management can modify within-canopy temperature, radiation,
and airflow, thereby altering the “effective” thermal environment perceived by the crop even
under the same station-recorded climate [23,31,36]. The crucial role of vegetative stage duration
and heat accumulation in hop development has already been evidenced [25],with shorter vegeta-
tive phases often associated with improved plant development. Our results are consistent with
that framework and support the use of phase-specific heat metrics (GDD and EDD) to interpret
management-driven differences in phenology. Similar recommendations—i.e., interpreting hop
phenology using phase-specific thermal descriptors—have been proposed in international work
on hop adaptation to warming trends [47-49].

In the reproductive phase, the relative stability of RGD (EDD) across settings sug-
gests a limited sensitivity of reproductive timing to site-level variation in extreme heat
exposure within the range observed in 2023. However, the significant genotype effect ob-
served within ES1 (earlier reproductive development for Chinook) highlights that cultivar
choice can shift developmental timing even under similar heat-load conditions, a point
that becomes increasingly relevant under climate change scenarios [50,51]. This is in line
with reports from major hop-growing regions indicating cultivar-specific phenological
thresholds and different sensitivities to seasonal heat patterns, which can shift the timing
of cone development relative to peak summer temperatures [35,36,52]. From a manage-
ment perspective, this timing shift can be leveraged to reduce the overlap between sensi-
tive reproductive stages and the hottest part of the season, potentially mitigating quality
losses in heat-prone regions. Phenological “escape” through cultivar choice is widely dis-
cussed as a practical adaptation strategy in perennial and specialty crops under increasing
heatwave risk [41,47].

Regarding biomass production, results show that hop plant biomass, particularly in
stems and leaves, is significantly influenced by both experimental settings and variety.
Cascade plants consistently produced more biomass than Chinook. This pattern indicates
a robust genotype signal for vegetative vigor but also suggests a potential trade-off be-
tween vegetative growth and quality-oriented outcomes depending on local management
conditions [31]. International hop studies frequently report that higher vigor does not
automatically translate into superior brewing value, because excessive canopy growth can
increase shading and humidity within the canopy and can modify source-sink relations
during cone filling [35,53,54]. Although cone yield did not differ significantly among
settings, Cascade generally showed higher productivity than Chinook. Taken together,
these results imply that yield stability across settings may mask important differences in
allocation and quality formation, emphasizing the need to evaluate “value traits” (bitter
acids and essential oils) alongside yield when expanding hop cultivation into new environ-
ments [19]. This “value-trait” perspective is consistent with brewing-oriented literature,
where the economic relevance of hops is tied to resin and oil attributes at least as much as
to cone mass [35,41,55].

Except for the percentage of co-humulone to total a-acids, which was slightly low, most
of the investigated qualitative parameters were in line with the genotype characteristics. In
particular, our hop samples showed on average comparable levels of a-acids and lower lev-
els of B-acids when compared to the same hop cultivars grown in Mediterranean areas [56].
Quality traits were significantly shaped by the interaction between genotype and exper-
imental setting, indicating that the same cultivar can express different chemical profiles
depending on farm design and microclimate. Cascade consistently achieved the highest
values, supporting its suitability for semi-arid Mediterranean production systems under
the tested conditions. The a/B-acid ratio was elevated due to low B-acids; as suggested
elsewhere, this may partly reflect greater oxidation susceptibility of S-acids when hops
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are stored as cones, given their larger exposed surface area [54]. However, because cones
in this study were processed immediately and rapidly frozen, post-harvest artefacts are
unlikely to fully explain the pattern; a field-driven effect linked to the heat/stress context
during cone development is a plausible alternative interpretation [17,47]. Importantly, the
genotype x setting interaction observed here aligns with evidence from other Mediter-
ranean field experiments showing that microclimate and management can substantially
alter cone chemistry even when yields remain similar [23,26,57,58]. Comparable genotype-
by-environment effects on bitter-acid profiles have also been documented in international
studies across contrasting climates and management systems [41,47,59].

Essential oil (EO) yield further emphasized the role of management and location:
significant differences among experimental settings were observed, with ES2 producing
the highest EO yields, consistent with reference values for the cultivars [57]. This result
supports a practical interpretation: optimizing farm design and soil cover strategies can
materially improve value traits (EO yield) even within the same regional climate. Cascade
plants consistently produced higher EO yields than Chinook across different settings, sug-
gesting that cultivar selection can be a first-order lever for maximizing aromatic potential
under semi-arid conditions. The EO composition showed significant differences due to
genotype and the interaction between genotype and environment, but in all cases, it differed
from the reference values for the studied cultivars, with higher levels of myrcene in both
hops [57]. Such deviations from standard reference profiles are frequently reported when
hops are grown outside their traditional production areas, supporting a “terroir” effect
driven by the interaction of heat load, radiation, and plant water status [60-62]. In particu-
lar, comparisons with widely used US industry references [57,63,64] suggest that oil yields
and component balance can shift markedly under semi-arid Mediterranean conditions,
with cultivar-specific sensitivity. Such compositional shifts are consistent with a “terroir”
effect and may reflect the influence of heat exposure, microclimate, and management on
secondary metabolism, reinforcing observations in Mediterranean environments [19,29,30].
The evidence that even modest climatic differences can shift cone chemistry supports the
need for site-specific agronomic choices when targeting specific brewing profiles [61,62].
For growers and industry, this implies that expanding hop production into semi-arid re-
gions is feasible, but quality targets will probably require cultivar- and setting-specific
“recipes” rather than uniform protocols.

Finally, principal component analysis (PCA) revealed that both experimental settings
and genetic factors significantly affect hop plant phenology and quality. The Pietraperzia
location (with or without mulch) was associated with higher a- and B-acid content and
a longer vegetative phase, suggesting a potential physiological link between stage du-
ration and cone-quality attributes. This clustering pattern supports the hypothesis that
management-mediated shifts in developmental timing can influence the biochemical tra-
jectory of cone maturation, which warrants multi-year and multi-site validation. Genetic
traits also contributed to sample separation through the co-humulone/«-acid ratio and
biomass production. As commonly emphasized for multivariate ordinations, PCA re-
mains descriptive and does not demonstrate causality; nonetheless, the loadings provide
a biologically plausible structure that is consistent with known links among phenology,
source—sink balance, and secondary-metabolite accumulation in hops [42,65,66]. Overall,
PCA provides an integrative view consistent with a decision-oriented message: location
and farm design affect the expression of quality traits, and genotype choice determines the
“response envelope” within which management operates. This interpretation aligns with
international evidence that environment and management modulate hop cone chemistry
within cultivar-specific limits, reinforcing the need for cultivar- and site-tailored strategies
when hops are introduced into warmer, drier regions [35,52,58].
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5. Conclusions

The research highlights that semi-arid Mediterranean environments can support hop
production, but maintaining cone value traits requires a climate-smart combination of
cultivar choice and farm design. Across experimental settings, vegetative development
was more responsive to local environmental and management conditions than to geno-
type, as indicated by changes in GDD-based vegetative requirements even under similar
extreme-heat loads (EDD > 30 °C). Cascade generally exhibited higher vegetative vigor
and essential oil yield than Chinook, supporting its suitability for semi-arid Mediterranean
hop yards under the tested conditions; yet the strongest determinant of cone chemistry
(- and B- acids, and essential oil profiles) was the genotype x environment interaction,
suggesting that comparable yields can mask meaningful shifts in brewing-relevant quality.
By linking BBCH phenology to phase-specific heat metrics (GDD and EDD), the study
offers a transferable, decision-oriented framework for comparing heat exposure across sites
and seasons and for designing cultivar-specific management strategies that stabilize quality
under increasing heat variability, with multi-year validation needed to confirm the stability
of these patterns under interannual climate variability.
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