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significant negative correlation of yield with summer pre-
cipitation monitored over the past fifty years (Mozny et al. 
2009). Therefore, maintaining stable hop yields and high-
quality hop cones will be more challenging due to the rapid 
pace of ongoing climatic changes (Potopová et al. 2021; 
Mozny et al. 2023).

Hop is a perennial plant that produces climbing annual 
shoots. These fast-growing shoots can grow more than ten 
meters long and are supported by thin stems that are only up 
to ten millimeters in diameter (Rybacek et al., 2012). Hop 
plants are widely cultivated in many countries, including the 
Czech Republic, Germany, and throughout Europe, with a 
total of 5, 21, and 29 thousand hectares, respectively (Hop 
Harvest Report, 2022). Despite the agricultural significance 
of this crop, there is a surprising lack of information regard-
ing the physiological responses of hop plants to drought 
(Hejnák et al. 2015; Kolenc et al. 2016; Jupa et al. 2016a). 

Introduction

Changes in precipitation patterns in recent years have sig-
nificantly impacted crop production, particularly due to 
the overall reduction and irregular seasonal distribution of 
rainfall (Hlavinka et al. 2009; Hari et al. 2020). Compared 
to most other crops, common hop (Humulus lupulus L.) 
is highly sensitive to limited soil water availability, which 
affects its growth, yield, and the quality of hop cones. The 
sensitivity of hops to water scarcity has been shown by a 
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Drought poses a serious threat to the productivity of hop, an important perennial crop. However, the precise physiological 
mechanisms that make it highly susceptible to drought are not yet fully understood. In this study, we investigated stomatal 
regulation and xylem vulnerability to embolism, which are important traits closely associated with plant drought resis-
tance. In a glasshouse cultivation experiment, we monitored changes in leaf water potential, stem elongation rates, and leaf 
gas exchange, including net photosynthetic rates, stomatal conductance, and intrinsic water use efficiency, on relatively 
young hop plants (traditional Saaz - Osvald’s clone 31) exposed to declining soil water availability. The transpiration rate 
and stem elongation of plants decreased significantly with a small decline in substrate water potential (ΨSUB), indicating 
a highly sensitive stomata response during early phases of soil dehydration. The stem elongation was completely halted, 
and the transpiration rate dropped to less than 50% of its maximum at ΨSUB levels below − 0.8 MPa. In well-watered hop 
plants, xylem in stems operates near the initial point of embolization and is highly vulnerable to embolism, with a water 
potential corresponding to a 50% loss of xylem conductivity at -1.6 MPa. The sensitive stomatal response to declining 
ΨSUB likely helps to mitigate the risk of hydraulic failure, albeit at the cost of impaired growth. Scheduled irrigation, 
particularly during the sensitive stem elongation stage, may be a promising approach to mitigate the detrimental effects 
of reduced soil water availability on hop growth and yield while also conserving water resources.
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This lack of understanding hinders the development of effi-
cient cultivation techniques and the breeding of cultivars 
with stable yields under fluctuating water availability. Irri-
gation systems are commonly used to stabilize hop yields 
(Mozny et al. 2009). However, the limited availability of 
water resources is increasingly restricting the wider use of 
irrigation, which is driving the need for more sophisticated 
methods of irrigation based on plant response to water avail-
ability. Therefore, growers and breeders urgently require 
detailed information about the water relations of hop plants, 
particularly their response to water availability, to stabilize 
hop yields under future climatic scenarios.

The change in stomatal conductance is a crucial mech-
anism for regulating water usage in plants when water 
availability fluctuates (Buckley 2019). Some species with 
sensitive stomatal regulation begin closing their stomata at 
relatively high soil water availability to minimise water loss 
and maintain good hydration during prolonged soil drought. 
However, early stomatal closure can also negatively impact 
plant growth by reducing carbon gain (Potkay et al. 2021). 
The growth and development of fast-growing crops, such 
as hop plants, may be significantly limited by the negative 
impacts of sensitive stomatal response to low water avail-
ability. In contrast, less sensitive stomatal response allows 
plants to keep stomata widely open even under more signifi-
cant reductions in water availability (Hochberg et al. 2018). 
The plant’s ability to maximize growth and carbon uptake 
is enhanced by its lower stomatal sensitivity. However, this 
also increases the risk of accelerated tissue dehydration 
under drought conditions, which can lead to the failure of 
long-distance xylem transport (Martinez-Vilalta and Gar-
cia-Forner 2017).

Maintaining good tissue hydration is crucial for plant 
growth. Cell turgor, specifically increased water flux into 
the cell along the osmotic gradient, is the main force behind 
elongation growth (Ali et al. 2023). Therefore, reduced 
water supply can significantly affect elongation growth and 
indicate plant sensitivity to water scarcity in soil. (Nonami 
1998).

Prolonged exposure to water scarcity can lead to a 
decrease in xylem water potential if tissue water reserves 
are rapidly depleted and not replenished by uptake from dry 
soil, and can result in the extensive formation of embolism. 
The blockage of more xylem conduits by air increases the 
total hydraulic resistance of the xylem transport pathway, 
resulting in a decreased flow rate and limited water supply 
to distal organs (Sperry et al. 2008). Under high transpi-
ration rates, limited water delivery may lead to decreased 
water content in tissues and decreased shoot water poten-
tial (Hacke and Sauter 1995). Catastrophic failure of xylem 
transport by extreme or chronic drought stress frequently 
results in dieback of the organ or whole individual (Choat et 

al. 2012, 2018). Therefore, angiosperm woody species have 
several protective mechanisms to prevent failure of xylem 
transport under drought stress. Conservative stomatal regu-
lation (Nardini and Saleo 2000; Brodribb and Holbrook 
2003), high transport capacity and redundancy of xylem 
conduits (Tyree and Zimmermann 2002), specific structural 
traits of conductive elements limiting embolism spread (e.g., 
isolated conduits, thick pit membranes; Wheeler et al. 2005; 
Li et al. 2016), high organ water storage capacity (Scholz 
et al. 2011; Jupa et al. 2016b) or efficient insulation proper-
ties of dermal tissues (Rosell 2016; Rosell et al. 2017) are 
examples of mechanisms involved in preventing hydraulic 
failure. These mechanisms have been previously observed 
in woody species, but they are not always applicable in lia-
nas. In lianas with long and thin stems and a limited number 
of wide and conductive elements, hydraulic failure of only a 
few conduits due to embolism can significantly reduce stem 
transport capacity (Jacobsen et al. 2012; Jupa et al. 2013). 
Furthermore, the limited storage capacity of stem tissues 
(Köcher et al. 2013; Rosell et al. 2017) may restrict the abil-
ity to mitigate decreases in water potential in the xylem over 
both short and long-term periods. The apparent lack of func-
tional significance of many protective mechanisms found in 
trees suggests that hops and other liana species may primar-
ily rely on sensitive stomatal regulation to prevent extensive 
embolism formation and safeguard the vital function of the 
xylem during drought stress.

Our previous studies have shown that hop plants make 
sensitive adjustments to the structure of the xylem trans-
port pathway during limited water availability (Jupa et al. 
2016a). Additionally, long-distance regulatory signalling 
between roots and shoots has been examined under declin-
ing water availability (Korovetska et al. 2014). Further-
more, significant differences in the response of transpiration 
to drought have been observed among hop cultivars (Gloser 
et al. 2013; Korovetska et al. 2014). However, information 
on the dynamics of stomatal regulation under decreasing 
water availability and its association with the vulnerability 
of xylem conduits to embolism and plant growth is currently 
insufficient or missing. However, these mechanisms could 
help elucidate the high sensitivity of hops to drought.

This paper examines the relationships between stoma-
tal regulation, xylem vulnerability to embolism, and stem 
elongation of young hop plants under decreasing soil water 
availability. The experiments were conducted on relatively 
young plants that reach high elongation rates because they 
may show the most sensitive responses to water shortage. 
Furthermore, it is necessary to comprehend the effects 
of limited water supply on plants during early vegetative 
growth. This is particularly important as hop plants in their 
early developmental stage may be the most susceptible to 
the adverse effects of water scarcity during their vegetation 
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cycle. Restricted vegetative growth during the initial phase 
of shoot ontogeny can significantly reduce the development 
of flowers and the final yield of hop cones (Rybacek 2012). 
We hypothesised that hops exploit sensitive stomatal regu-
lation in response to decreasing substrate water availabil-
ity, which may help this species to avoid a drop in water 
potential and excessive embolism formation under reducing 
water availability. However, sensitive stomata closing in the 
early stages of declining water availability would signifi-
cantly limit carbon gain and plant growth.

Materials and methods

Plant material and experimental setup

First-year cuttings of virus-free hop plants (traditional Saaz 
Osvald’s clone 31) were cultivated in a glasshouse for six 
weeks starting from the end of April. The Saaz hops culti-
var is the most commonly cultivated variety in the Czech 
Republic and has been previously identified as sensitive to 
drought (Korovetska et al. 2014). Forty-four plants were 
individually planted in 10 L containers filled with a peat-
based mixed substrate and attached to bamboo poles for 
shoot support. The plants were watered daily with tap water 
until the substrate reached full water capacity. Additionally, 
they received 100 ml of fertiliser solution (1.5 g l− 1) every 
week (Ferty 3; Planta Düngemittel, Regenstauf, Germany). 
The solution contained the following concentrations of 
major nutrients (in mol m− 3): 4.82 NO3

−, 11.24 NH4
+, 1.06 

mM P2O5, 2.39 K2O, 0.74 MgO, and 0.02 Fe. Throughout 
the experimental period, the maximum daily temperatures 
were approximately 27 °C, and the maximum water vapor 
pressure deficit (VPD) was approximately 2.3 kPa. Fig-
ure 3A (day 5 of drying) presents the representative diur-
nal patterns of microclimatic conditions in the greenhouse. 
The plants were grown under natural daylight without the 
use of supplemental lights, for approximately 16 h from 5 
a.m. to 9 p.m. Once the plants reached a height of approxi-
mately 3 m (BBCH 18–19; Rossbauer et al. 1995), half of 
them (twenty -two plants) were randomly selected among 
all plants in the glasshouse to minimize the effects of any 
environmental heterogeneity. These plants were subjected 
to the Water Limited treatment (WL) by ceasing watering 
at the start of the experimental period. The second group of 
plants, which received the Well-Watered treatment (WW), 
were watered daily with tap water up to the full field capac-
ity of the substrate, as previously determined according to 
Baize (1993). Cessation of watering in WL plants resulted 
in an exponential decrease in the substrate water content in 
time (WCSUB; see Supplemental information (SI) 1). We 
started measurements of the physiological parameters (see 

below) four days after watering cessation and concluded 
eight days later. According to our previous experience, the 
physiological response of hop plants occurred after a sig-
nificant decline in WCSUB. At the start of the physiological 
measurements (day 4), the mean WCSUB in the WL treat-
ment decreased significantly below the WW treatment and 
ranged between 0.8 and 0.9 g g− 1, which is 40–50% of that 
in the WW treatment (corresponding substrate water poten-
tial ΨSUB = -0.3 to -0.5 MPa; SI 1). At the end of the physio-
logical measurements on day 8, WCSUB in the WL treatment 
decreased to 0.3 g g− 1, which is approximately 20% of the 
WW treatment (ΨSUB = -1.9 MPa; SI 1). To ensure complete 
trends in physiological responses, we performed measure-
ments of physiological parameters on a set of plants for four 
consecutive days of drying, as the plants differed in leaf area 
and their substrate was desiccating at different rates. Plants 
from each treatment were examined in random order every 
day. To minimize the effects of diurnal patterns, we took 
measurements of randomly selected plants from both WW 
and WL treatments alternately. We continued taking mea-
surements until the stomata of WL plants remained closed 
during the day and transpiration rates (TR) stabilized at a 
minimum. Each day when physiological measurements 
were performed, WCSUB was monitored in each container 
later in the afternoon using an ML2x ThetaProbe sensor 
connected to the HH2 data logger (Delta-T Devices Ltd., 
UK). The mean value of three measurements per container 
was recorded. WCSUB values were then converted to ΨSUB 
using a calibration curve constructed with the WP4C Dew-
point Potential Meter (Decagon devices, Pullman, USA; SI 
2).

Leaf water potential, transpiration and elongation 
rates

Leaf water potential (ΨL) was measured on leaf blade 
samples using the psychrometric technique using a micro-
voltmeter HR-33T (Wescor Inc., South Logan, UT, USA) 
connected to the C-52 sample chamber. In previous experi-
ments, measurements of ΨL using a Scholander pressure 
chamber method produced inconsistent and highly vari-
able results of balance pressure, so the pressure chamber 
method was unsuitable for this species. Two leaves in the 
central part of the stem were chosen for ΨL measurements. 
Two 10 mm diameter discs were taken from each leaf blade 
and combined as a sample. The sample was then placed in 
a chamber and allowed to equilibrate for 25 min under ther-
mally stable conditions. ΨL was determined by converting 
microvolt readings to ΨL using a calibration curve. When 
examining the relationship with gas exchange parameters, 
ΨL was determined within 30 min of the gas exchange 
measurement.
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Xylem vulnerability to embolism was determined in the 
laboratory using the bench dehydration method described 
by Sperry et al. (1988). Briefly, the excised stem segment 
with removed silicone tubes from both ends was left to 
continuously dehydrate at laboratory temperature for vary-
ing periods. Segments with zero dehydration time were 
considered to contain native embolism. Subsequently, the 
stem water potential (ΨS) was measured on two leaf discs 
that were sampled from the bagged leaf using the psy-
chrometric technique described above. The stem segment 
was then shortened several times under water from each 
side (for approximately 20 cm) with a razor blade close 
to the nodes to prevent solution leaks through the hollow 
stem internodes. The segment was always longer than 1 m, 
which is longer than the longest vessels found in this spe-
cies (< 75 cm; Gloser et al. 2011; Jupa et al. 2013). Follow-
ing stem dehydration, the native hydraulic conductivity (Kh; 
m4 MPa− 1 s− 1) of the stem xylem was determined using a 
tubing apparatus directing 10 mM KCl solution through the 
stem segment to a container placed on a precise analytical 
balance (Excellence XS-205, Mettler-Toledo, Germany). 
The flow rates under a pressure head of approximately 8 kPa 
were continuously recorded in a computer with custom data 
acquisition software. The Kh value was calculated using the 
acquired steady -state flow rate (f; m3 s− 1) and pressure gra-
dient (ΔP; MPa m− 1) values, following the equation:

Kh =
f

∆P

The stem segments were then perfused with a KCl solution 
at a pressure of 150 kPa for 15 min to fully remove any 
embolism. Maximum hydraulic conductivity (Kmax) was 
measured in the same manner as Kh, as described above. The 
pressure and duration of the perfusion were determined to 
be sufficient for complete embolism removal, as previously 
measured (SI 3). PLC (%), the percentage loss of hydraulic 
conductivity due to embolism, was calculated for each stem 
segment using the following equation:

PLC = 100(Kmax −Kh)/Kmax

Values of PLC from all samples were plotted against ΨS, and 
the data were fitted with a sigmoid function following Pam-
menter and Vander Willigen (1998):

PLC =
100

1 + expa(ΨS − Ψ50)

where a is a constant related to the curve slope, and Ψ50 
corresponds to the ΨS at 50% loss of hydraulic conductivity.

Transpiration rates (TR) were determined using the grav-
imetric method. Six intact plants from each treatment were 
weighed every two hours. Containers were covered with 
plastic bags to prevent direct evaporation of water from the 
soil. Leaf area was determined for each plant based on the 
known ratio between leaf area and leaf dry mass. The ratio 
was calculated based on the leaf area and dry mass of all 
leaves harvested from three WW plants at the end of the 
experiment. Leaf area was determined using image analysis 
software ImageJ to analyse scanned images of individual 
leaves (NIMH, Bethesda, MD, USA).

Stem elongation rates (ER) were measured on the termi-
nal part of the stem, approximately 30 cm from the apex, of 
six selected plants in each treatment during the experimen-
tal period. The distance from the apex to the nearest devel-
oped node was recorded once daily at approximately 6 p.m. 
for three consecutive days, providing two intervals for the 
calculation of ER for each plant. The mean ER value was 
calculated from data from both intervals for each plant. The 
Mean ER data were then used to construct the relationship 
between ER and corresponding ΨSUB.

Transpiration rates were measured for each plant between 
days 4 and 8, from 10 a.m. to 2 p.m. To gain a better under-
standing of how hop plants respond to reduced water avail-
ability, we examined the diurnal changes in TR and ΨL of 
WW and WL plants when WCSUB decreased below 50% of 
full saturation on day 5 of the drying period. On that day, TR 
was determined using one hour weighing intervals to better 
understand the time course. Data for ER calculation were 
collected on days 4, 5, and 6 of the experiment.

Minimum stem water potential and vulnerability of 
xylem to embolism

Samples for measurements of minimum stem water poten-
tial (ΨMS) and xylem hydraulic conductivity were collected 
three days after the drying experiment ended from a subset 
of WW plants that were cultivated in parallel with the rest of 
the experimental plants. The ΨMS was measured on bagged 
leaves in the middle of the stem segment during midday 
using the psychrometric technique described for ΨL above. 
The leaves were bagged one hour before measurement.

Segments for hydraulic measurements were sampled in 
the central part of the stem starting approximately 1 m from 
the shoot tip and had a total length of about 1.5 m. All but 
one leaf from the stem were removed, stems were cut under 
water and silicone tubes filled with distilled water were con-
nected to both stem ends to avoid stem dehydration. Leaf 
petiole cuts were sealed with glue, and the last attached 
leaf was wrapped in a small plastic bag. The segments were 
transported horizontally to the laboratory in a large plastic 
bag with moist paper towels for measurements.
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Results

Transpiration rates, leaf water potentials and 
elongation rates

In response to substrate desiccation, hop plants exponen-
tially decreased TR along with the decline of ΨSUB (Fig. 1). 
We observed a steep decrease in TR in the early stages of 
substrate desiccation. Specifically, the initial decrease in 
ΨSUB to -1 MPa resulted in a reduction of TR of approxi-
mately 70%. The minimum TR started to level off after a 
decline of ΨSUB below − 1.5 MPa, corresponding to a resid-
ual TR of about 20% of the maximum TR of fully watered 
plants (Fig. 1).

Like TR, the stem elongation rates were very sensitive 
to substrate water availability. The elongation rate (ER) 
decreased linearly along with decreasing ΨSUB (Fig. 2). The 
elongation stopped completely when the ΨSUB fell below – 
0.8 MPa (Fig. 2).

In addition, other parameters characterising xylem vul-
nerability to embolism were calculated according to the fol-
lowing equations (see Domec and Gartner 2001 for details) 
- Ψ12 (i.e., ΨS at 12% loss of hydraulic conductivity - cor-
responding to the initial point of embolization - i.e. air entry 
point ), Ψ88 (i.e., ΨS at 88% loss of hydraulic conductivity 
- corresponding to the point of irreversible embolization for 
angiosperm species; Choat et al. 2012)d (i.e., the slope of 
the steep increase course of the vulnerability curve):

Ψ12 =
2

a
+ Ψ50

Ψ88 = −2

a
+Ψ50

S = 100a/4

Leaf gas exchange

Net photosynthetic CO2 uptake rate (A; µmol m− 2 s− 1) and 
stomatal conductance (gS; mmol m− 2 s− 1) were measured 
repeatedly on five randomly selected plants from each treat-
ment between days 4 and 8 after watering cessation. Leaf 
gas exchange was measured on one fully developed leaf at 
mid-stem length of each plant using a CIRAS-2 portable 
infrared gas exchange system equipped with a temperature-
controlled leaf cuvette (PLC3; PP-Systems, Amesbury, 
USA) with a light source. Measurements were performed at 
a leaf temperature of 25 ± 0.5 °C and a VPD of 1.1 ± 0.2 kPa. 
Photosynthetic photon flux density at the leaf surface was 
maintained at 900 ± 50 µmol m− 2 s− 1, which ensured light 
saturation of photosynthesis in leaves of this species. The 
concentration of reference CO2 entering the cuvette was 380 
ppm and the concentration leaving in the cuvette was 40–60 
ppm lower. Gas exchange measurements were performed 
from 10 a.m. to 3 p.m. The ΨL was determined by HR-33T 
shortly after each gas exchange measurement. Intrinsic 
water use efficiency (WUE; µmol CO2 mmol− 1 H2O) was 
calculated as: WUE = A/gS.

Statistical analysis

Statistica v. 12 (StatSoft Inc., Tulsa, OK, USA) was used for 
all statistical analyses. Simple linear and nonlinear regres-
sion analyses were applied to assess relationships between 
investigated parameters. All fitted lines shown in the graphs 
represent statistically significant relationships. All results 
were considered statistically significant at P < 0.05.

Fig. 2 The relationship between the stem elongation rate (ER) and 
substrate water potential (ΨSUB) of H. lupulus plants. Each point repre-
sents the mean response of one plant in two of the measured intervals. 
Data were fitted using a linear function

 

Fig. 1 The relationships between whole plant transpiration rate (TR) 
and substrate water potential (ΨSUB) of H. lupulus plants. Each point 
represents the measurement of one plant. Data were fitted using an 
exponential function
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-0.47 MPa for WW plants), and this difference between 
treatments increased towards the midday minima (-2.45 and 
− 1.07 MPa, Fig. 3C) due to a steeper decrease of ΨL in the 
WL treatment.

Leaf gas exchange

We analysed relationships among gS, A, WUE and ΨSUB to 
understand better the impacts of substrate water availabil-
ity on plant carbon gain. Maximum gS and A measured in 
WW plants were around 350 mmol m− 2 s− 1 and 13 µmol 
m− 2 s− 1, respectively. We found a hyperbolic relationship 
between A and gS, showing a non-linear response of A to 
decreasing gS (Fig. 4). Along with the initial decrease of gS, 

We also analyzed diurnal changes in transpiration rates 
and leaf water potentials around the middle of the drought 
period on day 5. During day 5, WW and WL plants were 
exposed to mean ΨSUB of about − 0.18 and − 1.10 MPa, 
respectively. Under these conditions, we observed remark-
able differences between WW and WL treatments in the day 
courses of TR and ΨL. The transpiration rates of WW plants 
increased steeply during the morning hours and peaked at 
noon, although the VPD reached its maximum (> 2 kPa) 
several hours later (around 4 p.m.; Fig. 3A-B). In contrast, 
the maximum daily TR in WL plants reached only 30% of 
the rate recorded for WW plants (Fig. 3B). At the beginning 
of the photoperiod, a much more negative ΨL was detected 
in WL compared to the WW treatment (-1.21 MPa for WL, 

Fig. 3 (A) Typical time course 
of temperature (T), relative 
air humidity (RH) and vapour 
pressure deficit (VPD) during 
experimental measurements 
in the glasshouse. (B) diurnal 
changes of the transpiration rate 
(TR) and (C) leaf water poten-
tial (ΨL) of H. lupulus plants 
cultivated in two treatments 
with different substrate water 
availability: well-watered (WW, 
mean ΨSUB = -0.18 MPa) and 
water-limited (WL, mean ΨSUB 
= -1.1 MPa). The climatic and 
physiological data were obtained 
on day 5 of drying. The natural 
daylight period (no supplemental 
lights were used) was approx. 
16 h - from 5 a.m. till 9 p.m. Data 
points and error bars represent 
mean and SE. Number of repli-
cates was 6 and 3 for graph B and 
C, respectively
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water availability. We hypothesized that sensitive stoma-
tal closing in response to decreasing soil water availabil-
ity might help hops avoid a decrease in water potential, but 
early stomatal closure might simultaneously limit carbon 
gain and plant growth. Consistent with our hypothesis, hops 
sensitively decreased gS and TR in response to decreasing 
ΨSUB, accompanied by a steep reduction in stem growth. At 
the same time, we found that hop xylem operates at a water 
potential close to the air entry point, and that xylem trans-
port pathways are highly vulnerable to embolism.

Similar to hops, sensitive stomatal regulation and high 
xylem susceptibility to embolism have also been reported in 
other climbing plants, such as ivy or several tropical liana 
species (Leuzinger et al. 2011; Chen et al. 2017). The sensi-
tive early response to decreasing substrate water availabil-
ity is likely mediated by long-distance signals from roots 
to leaves. However, the nature of the signal is still under 
debate. Based on our previous results, some anions (e.g. sul-
fate) or other messengers seem to be the initial factor respon-
sible for the exceptional stomatal sensitivity in hops. At the 
same time, the contribution of increased long-distance ABA 
transport is rather marginal (Korovetska et al. 2014). Alter-
natively, hydraulic signals may also be responsible for early 
stomatal closing, but this signalling mechanism is currently 
even less understood and has not been studied in hops (Sal-
leo et al. 2000; Domec et al. 2010).

The sensitive response of stomata to decreasing water 
availability had several physiological consequences for 
hop plants. Reduced water supply through the xylem and 
decrease of turgor were probably responsible for the rapid 
decrease of elongation growth in WL plants, which was 
already observed at moderate decreases in ΨSUB (Fig. 2). 
The mechanism responsible for changes in ER under 
drought can be better clarified using parameters obtained 
from pressure-volume curves (Koide et al. 1989). However, 
the use of the pressure chamber method for ΨL measure-
ments on hop leaves gave inconsistent results, which pre-
vented a reliable assessment of pressure-volume curves. 
Some alternative methods to obtain information on turgor 
loss point, bulk modulus of elasticity or osmotic potential 
at full turgor, optimized for hop plants, will be needed in 
future experiments.

Regardless of the mechanisms, the sensitive reduction of 
ER under moderately reduced water availability can cause a 
severe delay in hop development in the early phase of plant 
ontogeny. The delay in elongation growth and the time when 
the hop stem reaches the top of the support was previously 
shown to correlate with flower formation and total hop cone 
yield (Acosta-Rangel et al. 2021). Therefore, even a slight 
decrease in water availability during the early developmen-
tal stages corresponding to intensive vegetative growth will 

hops maintained high and relatively stable photosynthetic 
rates. The decline of A became steeper when gS was reduced 
below 100 mmol m− 2 s− 1. Besides, leaf gas exchange sen-
sitively responded to the decreasing substrate water avail-
ability, as gS, A and WUE were closely correlated with 
ΨSUB (Fig. 5A-C). The decline in ΨSUB from the recorded 
maximum (-0.2 MPa) below − 1 MPa was associated with 
a prominent reduction of gS by approx. 60% (Fig. 5A). The 
gS was reduced to a minimum (i.e., < 10% of the maximum) 
when ΨSUB was lower than − 1.5 MPa.

Although the rate of net photosynthesis reflected gS, 
the decline of A in response to ΨSUB was not as steep as gS 
(Fig. 5B). Consistent with the steeper decline of gS than A 
with decreasing ΨSUB, we observed a steep linear increase 
in WUE with decreasing ΨSUB (Fig. 5C). The relationships 
for individual gas exchange parameters with ΨL were very 
similar to those with ΨSUB (Fig. 5D-F).

Vulnerability of the xylem to embolism

We found a typical sigmoid relationship between stem 
water potential and PLC with Ψ50 = -1.62 MPa (Fig. 6). 
According to the other functional parameters obtained from 
the curve, intensive embolism formation starts at Ψ12 = 
-0.97 MPa, which translates into a very steep increase of 
PLC (S = 77.30% MPa− 1) and reaches Ψ88 at -2.27 MPa. 
The ΨMS of WW hop plants was similar to Ψ12, reaching 
− 0.97 ± 0.17 MPa.

Discussion

In this study, we investigated the relationships between 
stomatal regulation, xylem vulnerability to embolism, and 
growth of young hop plants in response to decreasing soil 

Fig. 4 The relationship of the net photosynthetic rate (A) and corre-
sponding stomatal conductance (gS) of H. lupulus leaves. The data 
were fitted using a hyperbolic function. Each point represents the inde-
pendent measurement of one plant
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most likely result in reduced productivity of hop plants in 
the current season.

Plants grow most intensively at night (Zweifel et al. 2021) 
and for that is sufficient cell turgor necessary. Therefore, 
pre-dawn water potential (ΨPD) is an important determinant 
of a plant’s ability to grow under a given water availabil-
ity. Although we did not measure ΨPD directly, our data on 
diurnal changes suggest that ΨPD remained lower in WL-
treated plants than in WW plants (since day 5). Since VPD 
was close to 0 kPa and TR was negligible during the early 
morning hours (Fig. 3A and B), ΨPD should correspond 
relatively well to ΨL measured early in the morning (see 
Fig. 3C). The values of ΨPD roughly corresponded to ΨSUB 
as observed in other experiments with container-grown 

Fig. 6 The relationship between the percentage loss of hydraulic con-
ductivity (PLC) and stem water potential (ΨS) of H. lupulus plants. 
The data were fitted using a sigmoid function. Each point represents 
the measurement of one stem sample per plant

 

Fig. 5 (A, D) Stomatal conductance (gS), (B, E) net photosynthetic rate 
(A) and (C, F) water use efficiency (WUE) of H. lupulus plants in rela-
tion to substrate water potential (ΨSUB; A-C) and to midday leaf water 
potential (ΨL; D-F). The data in graphs A, B, D and E were fitted using 

exponential functions, while those in graphs C and F were fitted using 
linear functions. Each point represents the independent measurement 
of one plant
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gravimetric measurements at the whole plant level, consid-
erably high residual transpiration may represent a serious 
threat for hop plants under high VPDs when water avail-
ability is reduced for a longer period of time. A high risk 
of extensive water loss was also indicated by our detailed 
analysis of the daily changes of TR and ΨL, which showed 
a significant decrease of ΨL in both treatments towards the 
afternoon hours. Our data suggest that despite progressive 
stomatal closure, water loss of WL plants tends to be greater 
than water supply by xylem transport. The sensitive stoma-
tal response to reduced water availability observed in hop 
plants cannot efficiently prevent the decrease in tissue water 
content. The continuous loss of water from the tissues can 
lead to a rapid decrease in xylem water potential and thus to 
an increase in embolism formation within a relatively short 
period of time. The increase in embolism then further com-
plicates shoot water supply.

We found that hop plants operate at water potentials close 
to Ψ12 – where rapid embolization begins (air-entry point). 
This means that only a small decrease in xylem water poten-
tial (e.g. during a decline in water availability) leads to pro-
gressive embolism formation. The steep slope of the PLC 
curve observed in hop plants suggests a very large loss of 
xylem hydraulic conductivity within a minimal decrease in 
ΨS, which represents a serious risk of critical hydraulic fail-
ure once the embolism starts to spread during limited water 
availability. High xylem vulnerability to embolism spread is 
typical of many climbing species (Bartlett et al. 2016), mak-
ing them particularly sensitive to hydraulic failure among 
angiosperm species. Xylem in hop stems exhibited moderate 
to high vulnerability to hydraulic failure (Ψ50 = -1.6 MPa) 
compared to other temperate angiosperm broadleaf spe-
cies, for which Ψ50 typically ranges from 0.5 to 8.4 MPa 
(see Choat et al. 2012 and references therein). There are 
only few reported examples of more sensitive liana spe-
cies than the hop plants studied. Young perennial stems of 
the climber Hedera helix showed Ψ50 = − 0.75 MPa (Gan-
thaler et al. 2019), while stems of Vitis vinifera cv. Thom-
son Seedless had Ψ50 = − 1.29 MPa (Pouzoulet et al. 2020). 
There are, however, several Vitis cultivars that show greater 
resistance of xylem to embolism, such as Chardonnay 
(Ψ50 = − 2.27 MPa) or Sauvignon Blanc (Ψ50 = − 2.63 MPa) 
(Alsina et al. 2007).

Our data indicate that stomatal control in hop is well 
coordinated with xylem vulnerability. Therefore, the sen-
sitive stomatal closing observed in the studied hop plants 
appears to be an efficient mechanism to rapidly reduce water 
loss and prevent the excessive decrease of ΨL and ΨS under 
high evaporative conditions. The coordination of stomatal 
closing and xylem vulnerability is consistent with several 
previous experiments showing that plants typically close 
their stomata at stem water potentials roughly corresponding 

plants (Ennajeh et al. 2008). Our data on daily changes 
suggest that drought-exposed hop plants could not recover 
water potential sufficiently overnight to sustain growth. It 
is important to emphasize that ΨPD can differ significantly 
from ΨSUB in field-grown plants (e.g., Groenveld et al. 
2023). Its determination is therefore particularly important 
for field experiments.

Analysis of the gas exchange response revealed a remark-
able increase in WUE with decreasing ΨSUB (Fig. 5C). The 
increase of WUE with decreasing substrate water availabil-
ity has been previously observed in several species (Flexas 
et al. 2002; Edwards et al. 2011; Qu et al. 2017; Yang et 
al. 2021). It suggests that plants can maintain carbon gain 
even with progressively reduced gS. Reduced water loss 
after a decrease of gS inevitably leads to reduced leaf CO2 
concentration. This effect was probably the main reason for 
the observed decline of A. In hop plants, however, was this 
reduction of A in response to declining gS smaller than in 
another climber, Vitis vinifera (Flexas et al. 2002). In this 
study, a 75% reduction in gS resulted in a more than 50% 
reduction in A in Vitis, whereas in our hops, A was reduced 
by less than 40% after the same decline of gS.

Without water limitation, the hop cultivar Saaz exhibits 
relatively high photosynthetic rates that rank to the highest 
among several hop cultivars (Hejnák et al. 2015). The maxi-
mum photosynthetic rates of the plants in our experiment 
were equal to those previously observed for this cultivar, 
despite the approximately 40 ppm lower CO2 concentration 
used in our measurements. The effect of globally increas-
ing ambient CO2 concentrations on photosynthetic rates 
may not be as strong. However, it is more likely to lead to a 
greater increase in WUE, as has been found for several other 
species (Allen et al. 2011; Liu et al. 2023).

A well-coordinated adjustment of gS and A can help to 
maintain a positive carbon balance under drought. Positive 
diurnal plant carbon balance and greatly reduced energy 
requirements for growth may increase the allocation of 
assimilated carbon to non-structural carbohydrate reserves 
(Muller et al. 2011). Increased non-structural carbohydrate 
reserves may be beneficial for improving plant drought tol-
erance capabilities (osmotic adjustment, antioxidant activ-
ity) as well as during recovery from drought stress [recovery 
of xylem transport capacity, growth and other physiological 
functions (McDowell et al. 2008)]. However, the capability 
of hops to recover from drought stress is, to our knowledge, 
very poorly understood.

When stomata remained fully closed and both gS and 
photosynthetic rate dropped below 10% of maximum, we 
found a surprisingly high residual TR (about 20% of maxi-
mum TR; Fig. 1), which was higher than in several other 
angiosperm species (Machado et al. 2021). Although the 
value may be slightly overestimated due to less precise 
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resistance to embolism among the traits used to select and 
breed new hop varieties with improved drought tolerance.

Supplementary Information The online version contains 
supplementary material available at https://doi.org/10.1007/s00271-
024-00929-3.
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