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Abstract

Measurements of water potential are fundamental to the field of plant water relations, but we still rely almost
exclusively on a single instrument, developed in the mid-20th century, for its measurement. More recently, new
technologies such as micro-tensiometers have been developed, providing an automated means to measure water
potential in near real-time. What is the potential for these devices to move us beyond the Scholander pressure

chamber?

The gold standard

The gold standard for measuring plant water status has
remained the same for the past 70 years: the pressure
chamber (i.e., the pressure bomb). This observation is
remarkable. It’s striking that despite the rapid
technological development over the past 70 years, we
still rely on the same instrument developed in the late
1950s and early 1960s by Swedish-born Per Fredrik
Scholander and his team at the Scripps Institution of
Oceanography (University of California, San Diego).

The original development of the pressure chamber was
squarely focused on a single goal, the proof of the
cohesion-tension theory of water movement in plants
(Scholander et al., 1965). This theory seems to have an
enduring attraction for controversy, which has
reoccurred since its inception. However, each time a
study emerged that challenged the cohesion-tension
theory (e.g., Canny, 1997; Zimmermann et al., 1994) it
has invariably been shown to be artifactual upon closer
examination (e.g., Cochard et al., 2000, 2001; Torres-
Ruiz et al., 2015; Wei et al., 1999).

Over time, the pressure chamber became arguably the
most critical instrument in advancing the field of plant
water relations. Prior to its invention, the only direct
means of measuring water potential was via
thermocouple psychrometers. These measurements are
extremely time consuming, confined to the lab, and
technically demanding due to their strict thermostability
requirements (Richards & Ogata, 1958; Spanner, 1951).
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The pressure chamber provided a relatively easy means
by which scientists could quantitatively delimit
phenomena in relation to the highly dynamic “tension”
within the cohesion-tension framework. This is
evidenced by the ubiquitous use of water potential (V')
as the independent variable in studies revealing
hydraulic function across a huge range of species and
contexts. Although the pressure chamber is relatively
heavy and requires an associated gas tank, it remains
relatively portable, allowing transport over long
distances in the field. Or alternatively, excised leaves of
certain species can be stored and transported for
multiple days with no loss in accuracy with proper
protocols (Rodriguez-Dominguez et al., 2022). From a
practical point of view, the pressure chamber has proven
its utility in the context of agriculture as a means to
assess plant water status to guide irrigation
management. This is especially true for perennial fruit
crops, for which many have well-developed ¥
thresholds (e.g., Mirads-Avalos & Araujo, 2021,
Moriana et al., 2012).

However, the pressure chamber has limits as well. The
pressure chamber requires a manual, destructive
measurement and is time-consuming (relative to the
speeds at which water status can potentially change).
Thus, it remains impractical for experimental designs
requiring high throughput, or high spatial and/or
temporal resolution. In the context of agriculture, one
simply cannot do enough measurements to be accurate
across large spatial scales, and thus its efficacy is
reduced to providing “spot checks”. Finally, although
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the pressure chamber remains the gold standard for
accuracy, extreme drought can induce leaf tissue
damage  undermining  measurement  reliability
(Rodriguez-Dominguez et al., 2025).

Maybe these limits should come as no surprise given
that the pressure chamber was developed to provide
direct measurements in support of the cohesion-tension
theory and not as an applied tool. In the original
Scholander et al. (1965), there is no speculation of any
practical application for the instrument regarding
agriculture. Only later over time did the value and
versatility of using the pressure chamber to measure ¥
gain more importance, eventually becoming the
cornerstone of our understanding of plant water
relations and an instrument widely used in agriculture
for determining key crop water stress thresholds and
guiding irrigation management (e.g., from Boyer, 1967;
Grimes & Yamada, 1982 onward).

A new generation of devices

The value of automated, real-time measurements of
plant water status has become increasingly evident over
the years. This has driven the development of numerous
approaches that attempt to measure ¥ via proxies.
Examples include using dendrometers (traditional;
Ziegler et al., 2024 and the more recent optical; Bourbia
& Brodribb, 2023), leaf and/or canopy temperature
(Cohen et al., 2005), spectroscopy (Cozzolino, 2017,
De Bei et al., 2011), leaf turgor pressure (Zimmermann
et al., 2008), and more. The sheer number and scope of
attempted technologies underscores the value of the
measurement, while the reality that the vast majority of
these technologies have never been widely adopted
highlights the difficulty of the challenge.

More recently, micro-tensiometers have been
developed that measure plant tension directly (Pagay et
al., 2014; and see subsequent works in Supplemental
File 1). These are essentially miniaturized, diaphragm-
based tensiometers that use a microelectromechanical
(MEMS) pressure transducer coupled through a
nanoporous membrane. Their measurement range is
larger than traditional tensiometers with a theoretical
limit of —10 MPa (Pagay et al., 2014) although practical
limits appear to be much less negative, currently around
-4 MPa (Haberstroh et al., 2025; and see Figure 1
below). The most recent micro-tensiometer versions are
quite small (from 1 cm in diameter down to 3mm)
allowing for installation into the trunk xylem of
relatively small trunks/branches.

Once installed micro-tensiometer measurements are
automated and thus can reveal the dynamics of changing
Y in a manner that comes much closer to (but is not)
real-time. Because plant hydraulics can change on very
short timescales (e.g., microseconds during embolism
formation) I will use the term “near” real-time to
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differentiate. Micro-tensiometer measurements
typically require about 15-20 minutes for equilibration,
which limits the measurement interval, although some
studies report faster response times (Villalobos et al.,
2025). This is certainly not fast enough to capture
extremely fast events and may be only marginally
effective in capturing phenomena occurring over similar
time frames such as stomatal oscillations (Dzikiti et al.,
2007; Prytz et al., 2003; Wallach et al., 2010).

I do not think it is hyperbole to suggest that automated,
near real-time ¥ monitoring could open whole new
fields of study. Examples could include the study of: 1)
nighttime phenomena, which are underexplored for the
simple reason that humans prefer to sleep at night, or 2)
ecological systems that are physically inaccessible, or
3) rare and/or unpredictable events which are extremely
difficult to capture such as responses to extreme weather
events; and there are surely others.

However, micro-tensiometers are not without their
disadvantages. Although current micro-tensiometers
(i.e., FloraPulse; https://florapulse.com) are reasonably
priced their cost is still high enough to preclude them
from being deployed at a very high density, or
frequently across large spatial scales. For comparison
consider temperature sensors that can be almost 1/100
the cost. In addition, the instruments are not nearly as
durable as a pressure chamber and require frequent
replacing. Installing the micro-tensiometers requires
drilling a hole in the trunk, which can provoke a
wounding response in some species that can render the
probes inoperable or decrease their measurement
lifespan significantly (Lakso et al., 2022). In other cases
the installation could result in trunk cracking inducing
cavitation (Di Biase et al., 2025).

Micro-tensiometer accuracy

The advantages and disadvantages of micro-
tensiometers are outlined above, but how accurate are
they? To date, numerous studies have attempted to
validate micro-tensiometer measurements with paired
pressure chamber measurements (See Supplemental
File 1). Here, the data presented in those works was
comprehensively extracted using WebPlotDigitizer
(https://automeris.io/wpd/) and the constructed database
is shared in Supplemental File 2.

When viewed globally, micro-tensiometer
measurements are quite variable when compared with
their paired Wiear or Wseem measurements using a pressure
chamber (Fig. 1A). Generally, there is greater
variability when micro-tensiometer values are
compared to Wiear than to Wsem. In addition, micro-
tensiometer values tend to be much less negative when
compared to Wiesr. When relationships with Wsem are
examined in more detail (Fig. 1B) we see that for all
species there is a strong correlation between the values,


https://florapulse.com/

Journal of Plant Hydraulics

although the correlation does not always lie on the 1:1
line. Regression analyses by species are all highly
significant, but the strength of those correlations varied,
with r2 values ranging from 0.45 for grape to 0.97 for
almond (Fig. 1B & Supplemental File 2). This contrasts
with correlations with Wiear Which can be quite low; for
example with r? of 0.21 and 0.38, reported by Pagay,
2022 for grape and Conesa et al., 2023 for nectarine,
respectively.

We may expect micro-tensiometer values (measured in
the trunk) to diverge from Wier values because of their
relative positions in the plant’s hydraulic pathway, and
likewise for micro-tensiometer values to be more
similar to Wsem. Across works, the variability between
measurements appears to arise from numerous factors
that include the time of the measure (Blanco & Kalcsits,
2021, 2023; Conesa et al., 2023; Haberstroh et al., 2025;
Pagay, 2022), relative height from which the pressure
chamber measure was taken (Haberstroh et al., 2025;
Lakso et al., 2022), and capacitance or “lag” effects
where the water potential takes time to equilibrate
across tissues following rapid changes in water supply
or demand (Christenson et al., 2024; Lakso et al., 2022;
Pagay, 2022). This substantial variability raises the
question if micro-tensiometers are accurate enough for
dissecting fine level physiology. Certainly their use
necessitates cross-validation with a proven instrument
like the pressure chamber.

Today we have a whole field established upon relating
behaviors to pressure chamber measurements in leaves

Leaf or Stem WP (MPa)

-3 2 1
Micro-tensiometer WP (MPa)

(e.g., predawn, stem, leaf). Yet, the meta-analysis above
demonstrates that these relationships do not directly
translate to trunk micro-tensiometer measurements. The
significant correlations (notably with Wsem) Suggest that
the parallels are strong. However, the values themselves
will not be created equal due to upstream differences in
hydraulic conductivity, local capacitance differences,
sectoriality, and in some cases hydraulic vulnerability
segmentation. Therefore, incorporating Wunk Via micro-
tensiometers will require some significant adaptation
and integration. Certainly leaves, being the key control
point for the regulation of transpiration, will remain a
critical organ for the study of plant hydraulics which
trunk measurements simply cannot replace.

One remaining question is if micro-tensiometers
accurately measure the Wyunk itself? The wounding
response, and/or cavitation during installation, are
potential sources of error highlighted in some works (Di
Biase et al., 2025; Lakso et al., 2022). Alternatively, the
installation location of the micro-tensiometer may not
represent the predominant Wyunk. In other words, the
assumption that Wyni iS perfectly equilibrated radially
across the trunk may not hold. The most conspicuous
evidence to this effect is the large differences in sap
flow rates across the trunk radius in numerous species
(e.g. Clearwater et al., 1999; Delzon et al., 2004; and
many other works).

Questions remain regarding the accuracy of micro-
tensiometers, but what are some examples of how this
technology can be used?

Species & 2

Almond, 0.97
Apple, 0.91

® Grape, 045

® Kiwi, 0.76

® Nectarine, 0.86
Olive, 0.83
Pear, 0.75

Stem WP (MPa)

2 1 0
Micro-tensiometer WP (MPa)
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Figure 1: Meta-analysis of paired micro-tensiometer and pressure chamber measurements.

A) Global overview of the paired measurements categorized by the type of pressure chamber measure that was used for comparison;
either leaf (red) or stem (cyan) water potential. B) Comparison of only the micro-tensiometer and stem water potential measurements
categorized by species. Results from independent regression analyses by species can be found in a dedicated tab in Supplemental

File 2. 1:1 lines are shown as the dashed black lines.

The steady state conundrum

Plant water relations, including P, are highly dynamic
across an enormous range of time scales, from less than
a second, to minutes, to hours, to months, to seasons.
There is a bit of irony in the fact that our understanding
of plant water relations is founded almost entirely on
steady-state scenarios. This persists because dynamic
scenarios are extremely complex to approach
experimentally, and while steady state scenarios are
surely incomplete, they still soundly elucidate a ton of
phenomena. With a dose of poetic license, this is
analogous to the relationship between Newtonian and
guantum physics: Newtonian physics cannot explain
quantum behavior, but it remains perfectly functional
for the scales on which Newton worked. Nature is the
proof that contradictory phenomena reconcile across
scales, regardless if we are capable of understanding
how. Having technologies that allow near real-time ¥
measurements holds the potential to reveal, and then
study, these more dynamic behaviors.

How low can we go

Many important plant hydraulic phenomena exhibit
threshold behavior dependent on W. This means that
they are more or less stable until a critical ¥ is reached,
at which point they undergo a rapid non-linear change.
This is why whether studying ecosystems or agriculture,
the most severe level of water stress experienced, or
Wmin, is an extremely important parameter. One can refer
to a daily Wmin, or even a seasonal Win, but in any case
this value represents the most negative ¥ during any
defined period of time.

The seasonal and diurnal dynamics of ¥ leads to some
inaccuracy in our ability to measure Wmin With a pressure
chamber. Scientists do their best at capturing this Wmin,
but because YV is constantly changing the will always be
some error. Near real-time measurements can help
decrease this uncertainty and allow for a more accurate
determination of diurnal or seasonal Wmin (assuming
uninterrupted measures). This is not without caveats
however. Based on the meta-analysis above micro-
tensiometer Wmin Values may not correspond directly to
Ymin Values in stems or leaves. Furthermore, there may
be lags due to capacitance effects that result in
differences between organs in the timing of Wmin during
the day. Thus, although this could be extremely
important for making more accurate predictions about
how certain species or even ecosystems will behave, or
more reliably identifying irrigation thresholds in an

agricultural setting, it requires reconciling trunk, stem,
and leaf Wmin.

Pressure and flux

Having near real-time ¥ measurements becomes more
powerful when we consider pairing this data with
measurements of flux. This potentially allows for
studies aimed at revealing the dynamic regulation of
numerous different hydraulic phenomena, including
hydraulic conductivity.

One of the aspects of moving from a steady state to a
dynamic scenario that is so daunting is the difficulty in
disentangling contributions of hydraulic conductivity
(soil, plant, in serial vs parallel, etc.). Some recent
approaches that have tried to attack this challenge have
been extremely fruitful, but caution is warranted since
many do not incorporate the dynamics of conductivity
in certain plant organs, especially the roots system
(Caldeira et al., 2014; Henzler et al., 1999; Vandeleur
et al.,, 2009). Having near real-time pressure flux
relationships can help reveal these dynamics.

Near real-time pressure flux relationships also hold the
potential for elucidating other aspects of plant water
relations that have been particularly challenging. One
example of this is whole plant hydraulic capacitance.
Previously, quantifying whole plant capacitance has
leveraged diurnal pressure flux relationships using sap
flow and psychrometers for example (e.g. Meinzer et
al., 2003) or optical dendrometers (e.g. Bourbia &
Brodribb, 2023). Having paired weighing lysimeter and
micro-tensiometer measurements makes the type of
approach presented in Meinzer et al. (2003) arguably
more feasible, in that it allows the disentangling of
transpiration and storage fluxes.

Figure 2 shows one day’s pressure flux relationship
from a mini-lysimeter experiment in grapevine of a
large mature vine in a 44 liter pot equipped with a
micro-tensiometer in the trunk (data from Dell’acqua et
al., 2025). The pressure (AP, or the difference between
the maximum predawn Wyunk and the Wyunk for each
hour), flux (E) relationship during the daytime hours is
quite linear, but breaks down during the nighttime
hours, presumably because of capacitance refilling. If
we assume the soil-trunk hydraulic conductance from 9-
16h (9.7 mmoles m? s** MPa) remains stable then we
can use this conductance to calculate the corresponding
theoretical flux during the evening hours. This
theoretical flux will be the sum of the water being
transpired through the plant (which is measured by the
lysimeter), but also the unknown volume of water
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refilling the capacitance of the vine. Relating this
volume to the nighttime pressure drop gives you the
plant capacitance (assuming sensor capacitance is
negligible).

These are just a few examples, but clearly the power of
these pressure flux relationships has the potential to
open new realms for the plant hydraulic community.
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Figure 2: Theoretical example for using diurnal pressure flux relationships to determine plant capacitance.
Data shown was from measured from a grapevine on a mini-lysimeter equipped with a micro-tensiometer (data from Dell’acqua et

al., 2025). Each point is labeled by the hour of measure.

Conclusion

The longevity of the Scholander pressure chamber is a
testament to both its ingenuity, but equally the difficulty
of developing tools that move beyond it. So can micro-
tensiometers move us beyond the Scholander pressure
chamber? | think the answer to this question is clearly
no. No single tool is without limitations and the diverse
scenarios in which water status must be characterized
(different organs, timescales, etc.) means that a variety
of tools are needed. Micro-tensiometers have the
potential to be a promising addition to the water status
toolbox, though their adoption requires reconciling their
particular advantages, disadvantages, and lingering
guestions. One thing appears certain: automated, near
real-time ¥ measurements will likely be an critical tool
for advancing water relations in the future.
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