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Abstract
The hydraulic conductivity of hemp stems under water-stress conditions 

was investigated to assess the impact on water transport from the root to 
the leaves. Water-stress conditions induce embolism (cavitation) in xylem 
channels, thereby affecting water flow. The percentage loss of water 
transfer ability within the xylem channels can be represented by a 19 
'vulnerability curve' (VC). This study utilized an air injection technique 
to induce embolisms in the stem and measured the subsequent changes 
in hydraulic conductivity using a specialized measurement apparatus. 
The results revealed that the shape of the vulnerability curve for hemp 
was influenced by the xylem area, which is an atypical finding with no 
prior evidence in other plant species. The statistical analysis confirmed 
the significance of this effect (p-value=0.003 at 95% confidence intervals). 
Consequently, a non-traditional mathematical equation (simple power law) 
was developed to describe the relationship between pressure and xylem 
area. Furthermore, our findings demonstrated that hemp stems are more 
responsive to water stress compared to other plant species documented 
in previous literature. The minimum pressure (0.15 MPa) at which initial 
cavitation is observed and the maximum pressure (~2.4 MPa) at which 
all stem conductance is lost were among the lowest reported values, 
indicating that hemp growth may be significantly affected by deficit 
irrigation strategies. Thus, careful monitoring of the irrigation schedule is 
crucial, particularly for younger stems with smaller xylem cross-sectional 
areas. These insights into the hydraulic behavior of hemp can contribute to 
the development of improved irrigation strategies in agriculture, ultimately 
enhancing water-use efficiency and optimizing crop production.

Keywords: Air-Injection, Cavitation Chamber, Embolism, Hemp, 
Hydraulic Conductivity, Stem Hydraulic Conductivity, Xylem Cavitation, 
Xylem Conductivity

Introduction
Population growth and climate change are major contributors to global 

water stress, and it is anticipated that by 2050, an additional 1.8 billion people 
will live in the water stresses area [1]. Concerns of water scarcity are prevalent 
and fresh water makes up only around 2.5 percent of the world's total water 
[2]. Considering these limitations, efficient and effective water management 
across all its major uses is critical. Irrigation is the largest consumer of water 
globally. It accounts for approximately 70 percent of the water consumption 
in most of the regions of the world [3] with higher percentages (~80%) in 
arid and water-stressed, dry and semi-arid regions [4]. Efficient water-use in 
agriculture; therefore, becomes a major research focus. Agricultural water 
management research seeks to enhance water usage efficiency [5] through 
improved technologies or management practices. More recently, these efforts 
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have extended to the water-energy-food nexus as it is obvious 
that sustainable food production cannot be sacrificed for 
sustainable water management. That is, efforts have sought to 
achieve both sustainable water management and sustainable 
agriculture production [6] [13]. One such strategy is deficit 
irrigation (DI) where irrigation water is applied at a rate 
below what is necessary for evapotranspiration (ET). 

Water conserved can be redirected for alternative uses [4]. 
One pitfall of DI is that it can induce water stress in plants, and 
effective implementation of a DI strategy requires managing 
plant water stress. Plants are frequently exposed to biotic and 
abiotic stresses in nature and water stress is one of the most 
substantial hindrances to plant development and productivity 
[14]. Therefore, water stress, and it’s management, is a major 
issue in agriculture (not just for DI), and the capacity for plants 
to endure such stress is extremely important economically 
[15]. Water stress triggers negative physiological effects in 
plants that are both morphological effects and biochemical 
[14]. The initial response to water stress is stomatal closure, 
which decreases photosynthesis [14], [16]. Longer exposures 
to stress can alter the number of leaves per plant, 65 leaf 
size, leaf life, and reduce stem water conductance [14], and 
dramatically decrease yields [14], [17], [18]. The focus of this 
paper is the loss of stem water conductance in the presence 
of water stress. In plants, water evaporates from leaves and 
tension is created by that evaporation.

This tension, in turn, causes negative water potential and 
the water is pulled from roots to leaves through the stem by 
liquid water's cohesive strength [19], [20]. This hydraulic 
pathway is interrupted when the cohesive strength of the 
water’s tension is broken with an embolism (vapor pocket 
within the stem’s xylem). The decrease in stem water 
conductance is due to the formation of water vapor and air 
intrusions in xylem channels called embolism [21][23] and 
the drop in xylem conductivity caused by vessel embolism can 
cause a reduction in water flow in xylem. Prior studies have 
shown that the water flow rate plants through stems changes 
when they are under water stress [24] because an increases in 
plant water stress caused a decrease in stem water potential 
[25]. As a consequence, stem water conductance reduces 
[26], [27]. Hydraulic characteristics of the stem xylem have 
been measured to provide fundamental information of the 
plant’s capability to procurement water for photosynthetic 
and growing textures [28][30]. Lovisolo & Schubert found 
that the plants which were irrigated have 35% higher stomal 
conductance than water stressed plants [24]. Also, the shoot 
hydraulic conductivity reduced by approximately 42-72% in 
water stressed conditions. De Silva et al., investigated the 
effects of water stress and heavy metal stress on hydraulic 
conductivity in red maple (Acer rubrum L.) [31].

They found the xylem-specific stem conductivity decreased 
by 40-50% in both stress conditions. Gleason et al., found a 

50%-80% decrease in whole-plant hydraulic conductivity in 
Zea Mays when it was exposed to water-stressed conditions 
[32]. Cannabis sativa (cannabis) was one of the first plants 
grown by human-being [33]. From a historical perspective, 
since the Neolithic era, cannabis has been discovered in China 
approximately 6000 years ago [34]. Today, the cannabis 
plant polarizes societies with social and political prejudices 
[35]. Little information is available within the literature 
on the stem water conductance of hemp underwater stress. 
Tang et al., investigated water and nitrogen use efficiencies 
of hemp and showed that plants under water stress had less 
stem, root, and green leaf biomass [36]. García-Tejero et al., 
performed a deficit irrigation trial with full irrigation and a 
20% deficit. Their results showed yield reduction with this 
deficit [37]. Gill et al., cultivated hemp under water stress 
and demonstrated that hemp was able to survive at poor 
availability of water in the soil [38]. However, the biomass 
production, root dry weight, shoot dry weight, height of hemp 
plant and total leaf area per plant reduce. This research aims 
to measure the change in hemp stem water conductivity in 
response to imposed stress, specifically through the forced 
creation of embolisms. A simple mathematical expression 
will be fitted to these measurements, and the consequences of 
these findings will be explored. 

Material and Method
Plant Breading

In this study, we investigate the changes in hydraulic 
conductivity of hemp stems under water stress conditions. 
The hemp plants were cultivated in the greenhouses at North 
Willamette Research and Extension Center in Aurora, OR 
97002. The plants were grown in small pots with volumes of 
4" (0.5 L) and 7" (4.5 L), respectively. To maintain their water 
requirements, the plants were irrigated twice a day using an 
automatic sprinkler system at 8:00 AM and 3:00 PM. The 
duration of irrigation was adjusted between 2-5 minutes based 
on prevailing weather conditions. Additionally, a weekly 
application of 200 ppm N fertilizer was administered using 
a hand watering-can. The hemp plants used in this study had 
varying ages, ranging from 2 months to 6 months old. The 
overall heights of the plants ranged between 48 cm and 92 
cm, while the main stem diameters varied from 0.37 cm to 
0.82 cm. To calculate the xylem area, pith diameters were also 
measured, which ranged between 0.08 cm and 0.27 cm. The 
plants were transported alive to the NEWAg Lab in Weniger 
Hall at Oregon State University, where they were harvested. 
Data collection and measurements commenced immediately 
after harvesting. All plant materials were harvested and 
measured during the period of July to August 2022. 

A general overview of the procedural steps is a follows: 
a healthy stem is chosen; a leaf cluster attached to the chosen 
stem is prepared and removed from the chosen stem; the water 
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potential of the now removed leaf cluster is measured with 
a PMS 600 pressure chamber; the chosen stem is sacrificed 
and prepared for water conductivity measurements; the 
‘natural’ stem water conductivity is measured; all embolisms 
are removed from the stem with a vacuum chamber; the 
maximum conductance is measured;  the stem sample is then 
exposed to increasing levels of pressure within the PMS 600 
pressure chamber (to simulate a stress condition) and the 
stem water conductance measurements are repeated until no 
water passes through the stem. 

The flowchart shows all the processes of the study.

Stems with visible damage, pest prevalence or other 
disorders that may induce stress along the entire stem (even 
outside the proposed measurement section) are excluded. The 
leaves on a selected stem are then covered by aluminum foil 
to prepare for the stem water potential measurement. Sample 
stems with leaves wrapped, are left to acclimate for one hour 
after which the leaf groups are removed with a sharp razor 
blade. The timing of the leaf sample harvest was set to midday 
for all collected samples [27, 39].  These leaf clusters are sent 
to a PMS instrument’s model 600 pressure chamber [40] 
to measure the leaf water potential (leaf ψ) and stem water 
potential (stem ψ) [41]. An approximately 15 cm sample was 
then taken from the harvested stem. All stem samples were 
cut neatly with a sharp razor whilst the stem sections were 
submerged in water. This reduces the chance that the xylem 
is contaminated with extra air bubbles [22, 42]. All harvested 
stems were defoliated, and wood glue was applied to areas 
of the stem’s section containing a removed branch. These 

same areas were then wrapped in parafilm. This was done to 
prevent water dripping or leaking laterally during hydraulic 
conductivity measurement. Finally, the flow direction, from 
larger cross-sectional area to the thinner cross-sectional area, 
was marked and was maintained consistently throughout all 
measurements.

The water flow rate through the stem in the measurement 
apparatus can become too slow or near zero if the stem 
length is too long.  This is undesirable as it creates a time 
impediment to the experiments, and previous studies have 
shown that stem length did not impact the conductivity 
measurements [43][44], [45]. Nevertheless, length of stem 
section was adjusted accordingly with the  ‘vessel-length 
procedure’ [43]. Here, ‘vessel-length’ refers to the length of 
a single vessel in the xylem of the plant stem. This procedure 
is described briefly below and shown visually in Figure 3. A 
syringe is attached to one end of the submerged sample and 
compressed. If bubbles could be seen at the opposite end of 
the stem, the stem is shorter than the maximum xylem vessel 
length [43]. Our aim was to find the threshold-length at which 
bubbles first appear. This was achieved by starting with a 
long stem and repeating this test after shortening the stem by 
~2mm until bubbles were visible (Figure 3).

The stem sample must be hydraulically connected to the 
measurement apparatus after the measurement apparatus is 
prepared and its elements are calibrated.  A proper fit was 
found by 1) adjusting the size of the tygon tubing and 2) 
wrapping stem ends in laboratory parafilm to fit the tygon 
tubing. Air bubbles can also appear in the connection. To 

Figure 1: All the processes of the hydraulic conductivity project
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prevent air bubbles, connections are made while water 
flows through the system. See Figure 4a for a well-executed 
connection and Figure 4b for a photo of a connection with an 
air bubble that must be redone.

Hydraulic Conductivity Measurement Apparatus
A gravity hydraulic flow apparatus was used to measure 

the stem hydraulic conductivity. Minor modifications of 
Sperry's original device were made: we used a manual 
balance instead of a computer controlled balance, and we 
added standing pickets to further visualize pressure head 
[42]. The system contains an elevated reservoir of water that 
feeds De-Ionized (DI) water to a test section of a stem.  The 
elevation difference between the water reservoir and the stem 
connection section creates a pressure head which drives water 
flow through the stem test section. The water passes through 
the plant stem exits to a precision balance (see Figure 5). The 
rate of water accumulation on the balance is used to compute 
the flow rate, and the flow rate and applied pressure head is 
utilized to calculate hydraulic conductivity.

A two decimal per gram (1.00 gram) precision scale was 
utilized.  Note that the ultimate precision in the hydraulic 
conductivity measurements is related to the precision in the 
scale utilized. The calibration of the scale was checked prior 
to each measurement with standard weights of 1, 2, 3, 5, and 
10 g respectively.  The water temperature was measured for 
every associated stem conductivity measurement, and the 
water density was calculated based on the temperature. This 
density is used in equation 1.

The system is fully driven by gravity, and the reservoir 
height was chosen to supply ~8 kPa (pressure head) for all 
samples.  This pressure was chosen because it is lower than 
a pressure that would remove emboli [44]. The equation to 
calculate change in pressure head across the system is:

∆𝑃 = ℎ ∗ 𝑔 ∗ 𝜌		          (1)
where ∆𝑃 is the pressure (Pa) of the system; ℎ is the height 

of the water reservoir (m); 𝑔  is the acceleration due to gravity 
( 2

m
S ), and 𝜌		 is the temperature dependent density of the water 

( 3

kg
m )

The equation for mass flowrate is: mm
t

=       (2)

where 𝑚̇ is the mass flowrate ( kg
s

); 𝑚 is the weight of the 
water on the balance (kg), and 𝑡 is the time (s). 

The hydraulic conductance calculation combines the mass 
flow rate, and the pressure as follows:

i
mk
p

=
∆

      (3)

Where 𝐾𝑖 if the ith hydraulic conductance (10−6 s ∗ m); 
𝑚̇ is the mass flowrate on the precision balance kg

s
from

Equation 2, and ∆𝑃 is the pressure head across the system 
from Equation 1 in (MPa). The specific hydraulic conductivity 
(Ks) was also computed. The difference between specific 
hydraulic conductivity and hydraulic conductivity is that the 
stem length and xylem cross-sectional area of the samples are 
used to normalize the conductance. The unit of the hydraulic 
conductivity is expressed differently across articles [43], 
therefore, we chose the irreducible unit representation. The 
equation of Ks is:

( )
s

xylem

m Lk
A p

∗
=

∗∆       (4)

Where 𝐾𝑠 is the Initial Specific Hydraulic Conductivity, 

Figure 2: a) removing brunches from the sample, b) applying wood 
glue, c) marking flow direction and wrapping by parafilm

Figure 3: a) applying the air by pressure, and b) visible air bubbles.

Figure 4: a) correct connection to the system and b) wrong 
connection because of air bubble.

Figure 5: Illustrates water flow system to measure hydraulic 
conductivity of the stems.
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(10−6 ∗ 𝑠); 𝑚̇ is the mass flowrate on the precision balance   
( kg

s ) from Equation 2; 𝐿 is the length of the sample, and
∆𝑃 s the pressure head difference across the system from 
Equation 1 in MPa. The typical unit representation for 𝐾𝑠 
in the literature is (kg 𝑚−1 𝑠−1 𝑀𝑃𝑎−1) [22], [43], [44]. (kg 
𝑚−1 𝑠−1 𝑀𝑃𝑎−1) reduces to the simpler form of (10−6 ∗ 𝑠) 
which we use here. Any naturally occurring embolisms are 
removed and the maximum specific conductivity is measured 
after the natural specific conductivity is measured.  The 
stem sample was placed into a tank partially filled with DI 
water and the headspace of the tank was de-pressurized to 
-90kPa. Samples were kept in the tank for overnight. This
method was shown to be effective by [42]. The procedures
and calculations outlined above are repeated on this flushed
stem section to obtain the theoretical max specific hydraulic
conductivity. This maximum conductivity value is the basis
of comparison for the percentage loss of conductance (PLC)
of a stem. Embolies were reintroduced at incrementally
increasing pressure values to simulate water stress in the stem
sample.  Synthetic water stress was induced by the cavitation
chamber. The ‘air seeding’ method was used to induce
embolism and Sperry & Tyree by pushing air into a xylem
using a Scholander pressure chamber [22]. The cavitation
chamber applies nitrogen gas into the stems. In this way, the
xylem was partially filled by nitrogen and a synthetic water
stress occurred with embolism in xylem [20].

The measurement protocol above and associated 
calculations were again repeated through a set of increasing 
pressures until the conductivity of the stem is zero. We 
took higher resolution (in pressure increments) than typical 
measurements to increase the confidence in the observed 
differences in the shape of the resulting vulnerability curve. 
Note that in this manuscript ‘vulnerability curve’ is used 
to describe the functional shape and fitted function to the 
data, whereas ‘PLC’ is used to describe the axes numerical 
value of the loss in conductance.  Typical PLC graphics are 
drawn with five pressure applications. However, we applied 
pressures to the samples up to ten times resulting in a more 
highly resolved vulnerability curve. All stems (sixteen) were 
exposed to the same pressures. These given pressures were 
0.15Mpa, 0.25MPa, 0.50Mpa, 0.75MPa, 1.0MPa, 1.25MPa, 
1.50MPa, 1.75MPa, 2.0MPa, 2.25Mpa. All stems have 
been exposed to each pressure for 10 minutes. After the 
cavitation chamber, stems have been put in the tray which 
is filled with DI water. The aim of this step is to allow stems 
find the equilibrium [22]. When this step was omitted, it 
was observed that the stem sprayed the air bubbles from 
xylem and filled the connection parts of the apparatus with 
air bubbles. A photograph of the cavitation chamber and 
associated components is shown in Figure 6.

The aim of the study is to understand percentage loss of 
hydraulic conductivity in plant stems. The formula of the 

percentage loss of conductance is:
ax( ) 100m imum i

maximum

K KPLC
A

−
= ∗        (5)

Where 𝑃𝐿𝐶 is the percentage loss of conductance (%); 
𝐾𝑚𝑎𝑥𝑖𝑚𝑢𝑚 is the maximum hydraulic conductivity where 
after all embolies were removed (10−6 ∗ 𝑠); 𝐾𝑖 is the specific 
hydraulic conductivity after pressure, i, was applied (10−6 ∗ 𝑠). 
Here, i, is a value in the set of 0.15Mpa, 0.25MPa, 0.50Mpa, 
0.75MPa, 1.0MPa, 1.25MPa, 1.50MPa, 1.75MPa, 2.0MPa, 
and 2.25Mpa.

A two-tailed t-test, regression analysis and dimensional 
analysis were used in this study. A two-tailed t-test was used 
to understand which measurable value is important for our 
analysis. All quantifiable parts of the samples, including 
length, xylem area, diameter, and pith area, were taken into 
consideration and the differences in both the mean of these 
values and p-values were observed in the two separated 
groups. A detailed explanation of the results is shown in 
the results section. All two-tailed t-test analysis was done 
in SPSS software. Our research's regression analysis forced 
the intercept through 0. This is because if there is not any 
pressure which applies to our samples, there cannot be any 
hydraulic conductivity losses. Regression analyses were 
performed in Python.

Result
All data were imported into tables. Table 1 and Table 2 

show all collected and calculated data before the cavitation 
chamber measurements.

The average difference in specific conductivity (natural 
vs. max) across all samples was found to be 42.67%. We 

Figure 6: a) all parts of the cavitation chamber, b) assembling parts 
of the cavitation chamber and c) bubbles coming out of the xylem 
thanks to applied pressure.
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inferred that even though all plants were irrigated in same 
schedule to minimize water stress, emboli levels were non-
zero and variable across the sample set. A two-tailed t-test of 
the mean difference resulted in a p-value of 0.004 indicating 
that the conductivity was increased by a statistically 

significant amount after emboli removal. The PLC values for 
all 16 samples are presented in Figure. Here it is evident that 
each stem can have distinct responses to stress.  Therefore, 
underlying variables that may contribute to these alternative 
responses are investigated below.

Inlet Area Exit Area

Sample Number Length (m) Pith Xylem Inlet Pith Xylem Exit

(m2)

1 0.2 1.58E-05 7.92E-05 1.18E-04 9.61E-06 4.31E-05 5.28E-05

2 0.13 1.07E-05 4.92E-05 8.65E-05 1.58E-05 4.49E-05 6.08E-05

3 0.11 2.04E-05 4.31E-05 6.36E-05 9.07E-06 2.01E-05 2.92E-05

4 0.14 2.37E-05 1.76E-04 2.24E-04 1.31E-05 1.90E-04 2.03E-04

5 0.15 1.31E-05 9.61E-05 1.09E-04 8.54E-06 5.22E-05 6.08E-05

6 0.13 9.61E-06 8.19E-05 9.16E-05 1.25E-05 5.68E-05 6.93E-05

7 0.15 9.07E-06 1.13E-04 1.22E-04 7.54E-06 7.57E-05 8.33E-05

8 0.14 1.19E-05 7.30e -05 8.49E-05 1.51E-05 5.42E-05 6.93E-05

9 0.15 2.83E-06 1.73E-04 1.76E-04 3.79E-06 9.29E-05 9.67E-05

10 0.14 2.28E-05 1.60E-04 1.83E-04 2.04E-05 1.00E-04 1.20E-04

11 0.15 5.30E-06 1.44E-04 1.49E-04 3.46E-06 6.59E-05 6.93E-05

12 0.14 1.01E-05 1.93E-04 2.03E-04 2.26E-06 1.12E-04 1.14E-04

13 0.15 3.14E-06 1.78E-04 1.81E-04 4.15E-06 9.61E-05 1.00E-04

14 0.14 4.15E-06 1.07E-04 1.11E-04 1.31E-05 6.37E-05 7.69E-05

15 0.14 5.72E-06 6.53E-05 7.85E-05 1.66E-05 4.01E-05 5.67E-05

16 0.15 2.54E-06 8.05E-05 1.24E-04 1.45E-05 4.91E-05 6.36E-05

Table 1: Geometric features of the samples

Sample Number Pressure Head Flow Rate Native Specific 
Conductivity

Maximum Specific 
Conductivity

Stem Water 
Potential

(m) (kg/s)  10−6 ∗ 𝑠 10−6 ∗ 𝑠 (kPa) 

1 0.83 3.33E-07 0.1 0.18 -200

2 0.83 3.66E-07 0.12 0.46 -250

3 0.82 5.33E-07 0.18 0.23 -500

4 0.82 1.00E-07 0.01 0.08 -500

5 0.83 5.66E-07 0.11 0.21 -700

6 0.82 4.33E-07 0.08 0.39 -700

7 0.82 2.20E-06 0.36 0.43 -850

8 0.82 2.46E-06 0.62 0.71 -750

9 0.82 9.66E-07 0.1 0.19 -550

10 0.82 3.00E-06 0.32 0.43 -600

11 0.82 4.33E-07 0.05 0.2 -500

12 0.82 8.66E-07 0.07 0.14 -500

13 0.82 4.33E-07 0.04 0.1 -350

14 0.82 2.00E-07 0.03 0.1 -350

15 0.82 3.33E-07 0.1 0.17 -400

16 0.82 3.66E-07 0.09 0.16 -400

Table 2: All calculated data after hydraulic conductivity measurement apparatus
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Statistical Analysis Results
Xylem average area

Two-tailed t-tests were performed in SPSS software 
program to understand the significance of average xylem area. 
All samples were classified to two different group according 
to their vulnerability curve shape (seen in Figure8). Average 
xylem was calculated because samples had different xylem 
areas for both inlet and exit sections. Therefore, taking the 
average of xylem area can be more accurate for our results. 
The two-tailed t-test of the mean difference resulted in a 
p-value of 0.003 indicating that the average xylem area is
quite significant for our results. A Mann-Whitney U test was
applied to the same grouping of our data. The Mann Whitney
U test of the mean difference resulted in a p-value of 0.019
indicating that the average xylem area is quite significant
according to both two-tailed t-test and Mann Whitney U test.

Length of the Samples
The statistical analysis described above was repeated for 

stem length.  Here, the two-tailed t-test of the mean difference 
resulted in a p-value of 0.990, the Mann-Whitney U test 
resulted in a p-value of 0.441.  These p-values indicate that 
the length of the samples is not significant for our results.

The Relation between xylem area and Vulnerability 
Curve

The Figure 8 again presents the PLC values of all 

samples, but now each point is colored by the individual 
stem’s average xylem cross sectional area. Here there appears 
to be 2 groups, thinner stems where the vulnerability curve is 
not linear and concave in shape and stems with more xylem 
having a near linear vulnerability response.  Stated another 
way, the samples which have smallest area lost 90% of their 
hydraulic conductivity after at ~1 MPa; however, the samples 
with the largest area have lost only ~50% of their hydraulic 
conductivity at the same pressure levels.

The relation between sample length and vulnerability 
curve 

Figure 9 presents the PLC values of all samples, but now 
each point is colored by the individual stem’s length. Here, 
any potential relationship is less apparent.  This is consistent 
with a prior study that shows that short and long segments 
gave similar conductivity results. [44], [45].

Log-log Graphic between PLC and Pressures for all 
samples 

The log-log graph is used to investigate if the relationship 
between the x and y axes follows a power law relationship. 
A power law relationship is likely if the lines in the log-log 
plot are linear (straight lines). Straight lines were obtained 
as anticipated when the results of the log-log graphic were 
examined, in Figure10. As a result, we will seek to fit the 
data with a power law function in the next sections. The data 
in Figure10 also suggest that the exponent for each stem 
could be a function of the stem’s physical properties. That 
is, each stem has a unique slope in the log-log plot, therefore 
each stem would have a unique exponent in a power law 
relationship.

PLC graphic with xylem pressures
Our goal was to seek a more universal and unified equation 

for the vulnerability curve.  The log-log plot (Figure10) 
suggests a power law functional for, but the exponent of the 
power law appears to be related to the xylem cross sectional 
area.  Therefore, we adopt our fit such that the exponent in the 
power law is a function of stem properties.  More specifically, 
and due to earlier findings, we select the average xylem area Figure 7: PLC graphics for all samples.

Figure 8: Illustrates the vulnerability curves with average sapwood 
areas.

Figure 9: Illustrates the vulnerability curves with colored by sample 
length.
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(pressure) as an additional independent variable.  Our choice 
of xylem area is supported by the statistical analysis presented 
above.

We also seek a dimensionless expression within 
these constraints and arrive at the following functional fit 
(vulnerability curve) to the PLC values.

max

A
A

max

PPLC
P

 
=  
 

      (6)

where 𝑃𝐿𝐶 is the Percentage of Loss Hydraulic 
Conductivity (Observed Values) in percent;   𝑃  is the pressure 
applied to the samples (MPa); 𝑃𝑚𝑎𝑥 is the pressure where the 
conductivity of the stems is thought to be completely lost 
(constant =2.4MPa); 𝐴 is the average cross-sectional area 
of the stem, and 𝐴𝑚𝑎𝑥 is the maximum cross-sectional area 
(constant =0.000183473 m2). Note that equation 6 is only 
defined for Pressures P<Pmax and average cross sectional areas 
A<Amax.  The regression of the function presented in Equation 
6 against all measurements is shown I Figure11, and the 𝑟2 
value for this fit was calculated as 0.74.

Discussion
Direct comparisons between plants across the literature 

can be challenging because of the diversity in plants, plant 
age, and cavitation approach. There are, however, studies 
that compare the sensitivity of different plants directly 
(summarized in Table 3).

Table 3 provides a comparison of Pmin and Pmax values 
from previous studies on eight different plant species. Among 
these plants, hemp, and Malus domestica borkh exhibit the 
most vulnerable stems under water stress, indicated by their 
lowest Pmax values. Hemp also shows an early response 
threshold to stress, as reflected by its minimal Pmin value. The 
shape of the vulnerability curve is another crucial aspect of 
vulnerability curve research. Previous studies have reported a 
concave curve for Abies balsama and Picea Rubens, indicating 
an increased steepness with higher pressure. In contrast, a 
sigmoidal curve, the expected shape, was observed for Sugar 
maple, Juniperus virginiana, and Malus var. While Malus 
domestica displayed a sigmoidal curve, it was nearly linear. 
Laurus nobilis exhibited a convex curve, becoming less steep 
with higher pressure. Notably, both hemp and Laurus nobilis 
had low Pmax values and convex vulnerability curves. 
Furthermore, hemp and Malus domestica borkh showed 
potential expressions of vulnerability curves that were close 
to linear, resembling a power law. These non-sigmoidal 
vulnerability curve expressions seem to be associated with 
plants having lower Pmax values. Conversely, the four 
plants with the highest Pmax values all expressed sigmoidal 
vulnerability curves, suggesting a potential link between 
Pmax value and vulnerability curve shape. Within our hemp 
study, we observed a variation in the shape of the vulnerability 
curve, ranging from highly convex to near-linear (Figure 7).

This led us to hypothesize that an additional independent 
variable, aside from pressure, contributes to or partially 
explains this shape change. To explore this further, we 
categorized the vulnerability curves into two groups based 
on their shape: highly convex and near-linear. We then 
examined other independent variables associated with each 
curve, such as xylem area and stem length. By performing 
a two-tailed t-test, we found that the average xylem area 
showed significant differences between the groups at a 

Figure 10: Log-log graphic between pressures and PLC

Figure 11: Percentage loss of hydraulic conductivity of hemp stems 
under water stress conditions.

Plant Pmin (MPa) Pmax 
(MPa)

Vulnerability 
Shape Reference

Hemp 0.15 2.4 Power Law This study

Malus domestica 
borkh 0.25 2.4 Sigmoidal/

linear [46]

Sugar maple 0.3 4.5 Sigmoidal [42][47]

Laurus nobilis 0.5 3 Convex [48]

Malus var. 0.5 6 Sigmoidal [20]

Sugar maple 0.5 5 Sigmoidal [49]

Picea rubens 1 4.2 Concave [22]

Abies balsamea 1 3.5 Concave [22]

Juniperus 
virginiana 2 8 Sigmoidal [22]

Table 3: Comparing the maximum and minimum pressure 
differences around some plants
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confidence level of 95% (p-value = 0.003). However, the 
t-test for stem length resulted in a p-value of 0.99, indicating
that the length of the samples was not significant. These stem
length findings align with previous studies [44, 45]. Figure
8 visually represents these findings, with curves colored
according to the average xylem area and associated with the
vulnerability curve shape groups. In contrast, Figure 9 shows
the curves colored by stem length, where the coloring does
not align with the vulnerability curve shape groups. It can
be observed in Figure 8 that stems with smaller xylem areas
exhibit more nonlinear (convex) vulnerability curve behavior, 
while stems with larger xylem areas have near-linear curves.
Convex, concave, and linear curves can all be mathematically
described by a power law, with the exponent determining
the shape. Assuming a power law behavior, thin stems
would have an exponent less than 1 (convex), while thicker
stems would have an exponent near 1 (linear). Note that an
exponent greater than 1 would result in a concave shape. The
simplest and most parsimonious mathematical expression
to describe this behavior would relate the exponent to a
normalized area, limited to stem areas less than the maximum
area defined in Equation 6. Finally, a power law function may
also be applicable to describe concave vulnerability curves.
Although we did not observe concave vulnerability curves in
our hemp data, they have been reported in other studies (see
Table 3). We hypothesize that a power law may be sufficient
to describe vulnerability curve shapes that are not sigmoidal.
However, further in-depth analysis and meta-analysis would
be necessary to test this hypothesis against observations.
Nevertheless, the power law proved effective in capturing the
highly variable shapes observed in our hemp study.

Conclusion
The aim of this study was to investigate the vulnerability 

curve of hemp stems under water stress conditions, providing 
valuable insights into the plant's response to water scarcity and 
informing water management practices. Hemp was chosen as 
the focus of this research due to its rapid expansion as an 
agricultural commodity and the limited knowledge about 
its vulnerability curve. The methodology involved inducing 
embolism in the xylem using the 'air seeding' method and 
measuring the stem hydraulic conductivity at various stress 
states using a gravity hydraulic flow apparatus. These 
measurements were then used to construct the vulnerability 
curve for hemp, capturing its response to drought conditions. 
The vulnerability curve of hemp was compared with those 
of other plants studied in previous research. The findings 
indicated that hemp exhibited greater sensitivity to water 
stress compared to other plants. The onset of stress occurred 
at lower pressures, and even small pressure changes led to 
significant loss of hydraulic conductivity in hemp xylem. 
Additionally, the pressure at which stems lost 90% of their 
conductivity was the lowest among the plants studied, 

suggesting a higher vulnerability to water stress in hemp. 
This highlights the importance of adequate watering for 
hemp cultivation to mitigate water stress effects. The shape 
of the vulnerability curve for hemp was influenced by stem 
geometry and size. Thinner and younger stems with smaller 
xylem area demonstrated higher sensitivity to water stress, as 
depicted in the PLC graphic (Figure 8). Statistical analysis 
using a two-tailed t-test supported this observation, showing 
a significant difference in average xylem area between groups 
(p-value=0.003 at 95% confidence interval). Consequently, 
a mathematical equation incorporating both average xylem 
area and pressure was formulated to fit the data, with a simple 
power law (Equation 6) explaining over 70% of the variance 
in the measurements. While conventional literature suggests 
that vulnerability curves tend to exhibit a sigmoidal shape 
with respect to pressure, this study found that hemp displayed 
a non-sigmoidal shape. Instead, a multivariate power law 
model proved to be more effective and parsimonious in 
capturing the vulnerability curve for hemp. It should be noted 
that non-sigmoidal vulnerability curves, including convex and 
concave shapes, have been reported for other plant species. 
Further research and meta-analysis are required to explore the 
potential of these variations in water stress response across 
different plant phenotypes.

This study presents an opportunity for further investigation 
specific to hemp. Building upon the findings of this research, 
future studies can focus on growing hemp under regulated 
deficit conditions and comparing the vulnerability curves of 
plants experiencing water stress with those of well-irrigated 
plants. This approach would provide insights into the 
differences in response to maximum drought stress between 
the two groups and allow for a comprehensive understanding 
of hemp's water stress tolerance. In summary, this study 
contributes to our understanding of the vulnerability curve 
for hemp, highlighting its higher sensitivity to water stress 
compared to other plants. The findings underscore the 
importance of proper watering practices in hemp cultivation. 
Stem geometry and size were identified as key factors 
shaping the vulnerability curve, with thinner and younger 
stems exhibiting greater sensitivity to water stress. The 
use of a multivariate power law model proved effective in 
describing the vulnerability curve for hemp. Further research 
is needed to explore non-sigmoidal vulnerability curves and 
expand studies specific to hemp under various water stress 
conditions.
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