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ABSTRACT
Water potential gradients govern water fluxes, and plants respond with species-specific hydraulic traits that influence ecosystem 
function. While understanding these traits is key to predicting vegetation responses to climate change, traditional methods like 
the pressure chamber limit temporal resolution and continuity. Additionally, suitable methods for continuous monitoring remain 
limited. We addressed this gap by evaluating the potential of microtensiometers for continuous stem water potential (ψstem) mon-
itoring in mature forest trees across three temperate sites. We collected ψstem data over the 2023–2024 vegetation periods from 
21 microtensiometers installed in Fagus sylvatica, Fraxinus excelsior and Carpinus betulus, alongside high-frequency soil matric 
potential (ψsoil) measurements and meteorological data. Microtensiometers provided realistic daily cycles and good agreement 
with pressure chamber-derived leaf water potential (ψleaf). Crucially, our results show that ψsoil, next to species identity, is one 
dominant driver of stem water potential across sites. Diurnal patterns showed that ψstem is driven by shallow soil layers during 
the day, when strong transpirational pull creates more negative ψstem, enabling access to these drier upper soils. At night, when 
transpiration ceases and ψstem becomes less negative, deeper, wetter soil layers predominantly supply water, reflecting the phys-
ical constraints of water flow within the root zone. This soil control was consistent across all species and sites under moderately 
dry to normal conditions. We further show that ψstem data can support broader physiological analyses, including refining tree 
water deficit–water potential relations and highlighting spatial variability in root water uptake. Our findings indicate that hori-
zontal and vertical ψsoil heterogeneity must be accounted for to avoid oversimplified interpretations of plant water use. This study 
demonstrates that microtensiometers can provide continuous, nondestructive measurements of plant water status and, when 
carefully installed and continuously monitored, can reveal meaningful ecological patterns while also requiring attention to 
methodological constraints. Most notably, we show that species identity and soil moisture regulate stem water potential, under-
scoring the central role of soil–plant interactions in shaping forest water dynamics under changing climatic conditions.

This is an open access article under the terms of the Creative Commons Attribution License, which permits use, distribution and reproduction in any medium, 
provided the original work is properly cited.

© 2026 The Author(s). Ecohydrology published by John Wiley & Sons Ltd.

https://doi.org/10.1002/eco.70197
https://doi.org/10.1002/eco.70197
mailto:
https://orcid.org/0000-0002-4695-0891
https://orcid.org/0000-0002-4235-0135
mailto:ruth.magh@posteo.net
http://creativecommons.org/licenses/by/4.0/
http://crossmark.crossref.org/dialog/?doi=10.1002%2Feco.70197&domain=pdf&date_stamp=2026-03-27


2 of 17 Ecohydrology, 2026

1   |   Introduction

Gradients in water potential (Δψ) drive water movement 
through a continuous hydrological system (Hillel  2003). In 
plants, differences in water potential drive water uptake from 
the soil through the xylem and out of the stomata, forming tran-
spiration (Philip  1966). With sufficient soil moisture, xylem 
water potentials are only slightly negative, but they decrease 
strongly when soils dry out or the transpirational demand is 
high. This increases hydraulic resistance and results in even 
more negative xylem water potentials to maintain access to soil 
water (Mencuccini et al. 2019; Torres-Ruiz et al. 2024). Under 
extreme conditions, growing impediments to water flow along 
the soil–plant–atmosphere path elevate the risk of xylem embo-
lism, ultimately leading to hydraulic failure (Choat et al. 2018; 
Sperry et  al.  2002). Therefore, xylem water potential (ψxylem) 
is the essential indicator of plant water status (Bhaskar and 
Ackerly 2006; Brodersen et al. 2019; De Swaef et al. 2022).

The most commonly used and well-established approach to 
measure plant water potentials is the pressure chamber method 
(Buckley and Sack  2024; Scholander  1966). The so obtained 
water potential provides the most useful measure of plant water 
stress (Lösch 2003). However, it only allows for limited resolution 
in time and/or space due to its destructive and labour-intensive 
nature. Despite these constraints, the pressure chamber has 
contributed substantially to our understanding of plant hydrau-
lics. For example, pressure–volume curves obtained using this 
method were instrumental in revealing the relationship be-
tween ψleaf and transpiration rates during soil drying (Cochard 
et al. 2002). Similarly, using the pressure chamber in combina-
tion with exuding sap, Henzler et al. (1999) demonstrated that 
root hydraulic conductivity varies between days.

Building on these insights, advances in sensor technology have 
enabled continuous measurements of xylem water potential, of-
fering new opportunities to deepen the understanding of water 
fluxes through the soil–plant–atmosphere continuum (Novick 
et  al.  2022). Continuous data allow for the quantification of 
water potential gradients within the plant—from the roots, 
through the stem, into the canopy—which, when combined 
with sap flow measurements, enables assessments of in situ hy-
draulic conductivity and flow resistance (Schenk et  al.  2020). 
Furthermore, temporal evolution of ψxylem allows reassessment 
of long-standing concepts such as the isohydric-anisohydric 
framework of plant water use strategies, which has been ques-
tioned (e.g., Garcia-Forner et al. 2017; Hochberg et al. 2018; Paligi 
et al. 2024). Instead, alternative concepts could be proposed, for 
example, interpreting stomatal regulation as a plant–environ-
ment interaction rather than a strict plant trait (Volaire 2018). 
Guo et al. (2020) found that the same species were able to exhibit 
different strategies over the course of the vegetation period by 
monitoring continuously. However, their data consisted of only 
six replicas, probably because of the high price of the psychrom-
eters used.

Few methods currently allow for continuous observation of plant 
water potential (ψplant). Among these methods, psychrometry 
gained recent attention, though established for several decades, 
and is based on the psychrometric principle (Ehlig 1962; Richards 

and Ogata 1958; Savage et al. 1983). Psychrometers measure plant 
water potential following the thermodynamic relationship be-
tween water potential and the vapour pressure of water, whereby 
differences in vapour pressure between the plant tissue and the 
sensor are used to infer water potential (Dixon and Tyree 1984). 
This principle provides a high sensitivity across a wide range of 
water potentials and overcomes spatial and temporal limitations 
of the pressure chamber method by enabling real-time track-
ing of dynamic processes (e.g., Guo et al. 2020). However, psy-
chrometers remain technically complex as they require careful 
protection from thermal gradients and require frequent accurate 
calibration. In addition, the costly nature of these sensors makes 
large-scale installation and long-term data collection more chal-
lenging under field conditions. More recently, microtensiometers 
have emerged as a direct and promising method for measuring 
plant water potential following the principle of liquid phase ten-
sion (Blanco and Kalcsits  2021; Lakso et  al.  2022; Pagay  2022; 
Pagay et al. 2014). These sensors are relatively easy to instal, re-
quire minimal maintenance and can operate continuously, pro-
viding high temporal and spatial resolution of ψplant. Compared 
with psychrometers, microtensiometers are more affordable and 
facilitate broader deployment under field conditions. However, 
accurate measurements depend on establishing good hydraulic 
contact between the sensor and the xylem, and microtensiome-
ters may cavitate under very dry conditions (manufacturer rec-
ommended lower limit of −3.5 MPa) or freezing temperatures 
(FloraPulse Co., Davis, CA, USA). Moreover, microtensiometers 
require a certain branch diameter (depending on specification), 
where psychrometry technique retain an advantage, as they can 
be used to measure both leaf and woody xylem water potential 
(Campbell and Campbell  1974). Consequently, the choice of 
the method should be guided by the specific research question. 
Additionally, several indirect alternatives have emerged, such 
as high resolution dendrometry, which in combination with pe-
riodic direct measurements by the pressure chamber method, 
provides continuous data of ψplant (Gleason et al. 2024). Another 
indirect option to assess ψplant are optical dendrometers to mon-

itor tissue shrinkage as a ψstem proxy (Bourbia et al. 2021, 2022; 

Bourbia and Brodribb 2023).

These technical advances allow for deeper insights along sev-
eral current lines of research. Beyond revisiting established 
concepts, continuous water potential measurements also open 
valuable new applications in plant hydraulics research. First, 
the plant hydraulics community uses hydraulic variables such 
as tree water deficit (TWD) and ψleaf (Dietrich et al. 2018; Ziegler 
et al. 2024) or sap flow (Donfack et al. 2026) to link environmen-
tal stressors to plant physiological behaviour during soil drying 
or high VPD. The link between TWD and continuous ψplant 
seems particularly promising to further unravel plant responses 
to drying soils.

Second, water potential measurements could support the in-
vestigation of factors limiting root water uptake (RWU), 
which sheds light on both plant physiological controls (Epila 
et al. 2017) and soil-related factors (Doussan et al. 2006). Plants 
regulate water loss along a fine-tuned interplay between supply 
and demand along the soil–plant–atmosphere continuum via 
RWU, transport and release, where stomatal conductance is 
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controlling transpirational losses (Buckley 2005; Meinzer 1993), 
while soil hydraulic properties and root–soil contact determine 
water availability (Doussan et al. 2006; Javaux et al. 2008). To 
answer the question to what extent soil or atmosphere shapes 
ψplant, continuous measurements could provide insights into the 
location of RWU, enhancing the methods portfolio.

Third, while isotopic approaches remain widely used for 
RWU studies (Dawson 1993; Evaristo et al. 2017), they often 
assume uniform ψsoil, neglecting spatial heterogeneity within 
the rooting zone (but see Ogle et  al.  2004; De Deurwaerder 
et al. 2020). By continuously monitoring ψstem alongside ψsoil 
at several points within the same rooting zone, we could pro-
vide a direct assessment of whether specific soil layers are 
hydraulically accessible to plants. This approach offers an 
improved understanding of RWU patterns by incorporating 
spatial heterogeneity in soil moisture, which has often been 
ignored in previous studies.

Based on these considerations, we hypothesized that microten-
siometers can reliably capture ψstem dynamics in temperate 
tree species and offer a meaningful link to traditional pressure 
chamber measurements of ψleaf. Furthermore, we expected that 
ψstem reflects environmental forcing across different sites and 
species, and that its continuous observation provides insight 
into both short-term atmospheric drivers and deeper soil-root 
water interactions. Finally, we hypothesized that ψstem can be 
used as a proxy to detect shifts in RWU patterns and water stress 
responses, with a clear relevance for linking hydraulic status 
to TWD.

We evaluated the field performance of the microtensiometer 
(FloraPulse Co., Davis, CA, USA) by comparing continuous 
ψstem measurements with periodic ψleaf values obtained using 
the pressure chamber method. This comparison was conducted 
at two different sites (ZALF and Hartheim) in two temperate 
tree species—Fagus sylvatica (European beech) and Carpinus 
betulus (European hornbeam)—across different times of the 

day and stages of the growing season. Because the application 
of novel sensors often comes with practical challenges, we also 
document recurring technical issues and the workarounds de-
veloped during field deployment.

We further analysed continuous ψstem time series across three 
sites, in three tree species: beech, hornbeam and common ash 
(Fraxinus excelsior) and determined its primary drivers from 
soil, plant and atmospheric perspectives. Using boosted regres-
sion trees, we identified the most influential variables driving 
ψstem variability during the climatologically average summer of 
2023 in Germany (see SPEI in Figure S4).

We conclude by showcasing potential applications for this 
novel approach to monitoring ψstem in situ by assessing the re-
lation between ψstem and TWD and exploring estimates of RWU 
locations.

2   |   Material and Methods

For this study, data were collected at three sites, harbouring dif-
ferent species and at varying time resolutions. While we aimed 
to harmonize the datasets, not all sites provided all measure-
ments. Therefore, we first provide a description of the study 
sites, followed by an overview of the sensor setup (i.e., stem 
water potential, soil matric potential, soil moisture and environ-
mental data). Finally, we provide a description of quality control, 
data flagging and filtering procedures and statistical analyses, 
which were standardized across sites. For clarity, Table 1 sum-
marizes the data available at each site and the corresponding 
analyses conducted.

2.1   |   ZALF Field Site

One performance assessment for the microtensiometer was 
conducted at a study site on the grounds of the Leibniz Centre 
for Agricultural Landscape Research (ZALF) in Müncheberg, 

TABLE 1    |    Data description and availability for each investigated site.

Site

Data

Continuous 

ψsoil and ψstem

Environmental 
data

Pressure chamber 
ψleaf/branch

Used for 
assessment of 
sensor utility

Used for boosted 
regression 

analysis

Used for TWD/
potential and 

RWU estimates

Hartheim Yes, at 20-min 
resolution

Yes, ICOS (De-Har; 
Christen, Baab, 

et al. 2024)

Yes, 5 times 
per season

Yes Yes No

Hainich Yes, at 10-min 
resolution

Yes, ICOS (De-Hai; 
Knohl et al. 2024)

No No Yes Yes

Apelern Yes, at 30-min 
resolution

Yes, Atmos-41 
station (2-m height), 

DWD stations 
nearby: 294, 4112

No No Yes No

ZALF No, only ψstem 
over a 3-day 

course

Yes, DWD weather 
station 03376

Yes, every 1 h 
for 3 days

Yes No No
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50 km east of Berlin, Germany (52°30′58″ N, 14°07′03″ E). The 
site consists of a small, forested area situated between research 
buildings, greenhouses and field experimental plots. The aver-
age annual temperature is 9.5°C, with an average annual precip-
itation of 535 mm (DWD, February 28, 2024, Station Number: 
03376, long-term average from 1991 to 2020). The underlying 
geological substrate consists of glacial sands on which podzolic 
brown earths and, to a lesser extent, brown earths and podzol-
brown earths have formed. However, since this is a site directly 
adjacent to the ZALF's main campus, construction activities 
have most likely resulted in strong disturbance of previously es-
tablished soil horizons. Two trees were used for investigation—a 
beech and a hornbeam.

2.1.1   |   Installation and Sampling

Microtensiometers (analogue probes) were installed roughly at 
breast height into a beech and a hornbeam individual follow-
ing the protocol provided by the manufacturer (FloraPulse: 
Resources 2025).

Briefly, the sleeve holding the sensor was tightly hammered 
into the tree stem until it did not penetrate further. We worked 
without prior bark removal, since both beech and hornbeam are 
thin-barked species. We drilled a hole into the stem underneath 
the sleeve, drilling roughly 2 mm at a time with subsequent 
removal of wood shavings using the manufacturer-provided 
drill bit. We stopped drilling once the xylem was exposed, after 
which the surface was examined regarding being flat and with-
out discolouration. We used a spatula to scrape off remaining 
wood debris. The sleeve was then filled with mating compound 
(a clay-water mixture provided by the manufacturer) and the 
sensor was placed into the hole and fixed in place with a spring 
and a cap, which were part of the installation package. Excess 
mating compound was removed using tissues and the sleeve was 
greased to seal.

For all other installations of microtensiometers (see 
Sections 2.2.1, 2.3.1 and 2.4.1), this same protocol was followed 
unless specified otherwise.

Here, ψstem was logged in units of bar at 5-min interval on a 
CR1000 data logger (Campbell Scientific Logan, UT, USA).

Every hour between 08:00 and 17:00 for the course of the days 
from 11/09 through 13/09, small branches were cut from the tree 
crown at roughly 10- to 13-m height using pole cutters. The cut 
surface was smoothed with a razor blade before measurement. 
We did not cover the leaves in tin foil before measuring. The 
water potential was then measured using a scholander pressure 
chamber (Soilmoisture Equipment Corp., Santa Barbara CA, 
USA, Model 3115).

2.2   |   Hainich Field Site

The field site lies within the Hainich National Park in 
Thuringia, Germany (51°04′46″ N, 10°27′08″ E, 440 m above 
sea level). The average annual temperature is 9°C, and the av-
erage annual precipitation is 694 mm (DWD, Station Number: 

7368, 30-year long-term average: 1991 to 2020). The local 
soils consist of silty-clayey Cambisols, 0.5–0.7 m deep, over-
lying Triassic limestone and Pleistocene loess deposits (Mund 
et al. 2020). Before the establishment of Hainich National Park 
in 1997, the Hainich forest was a military restricted area for 
several decades, allowing nature to develop undisturbed in 
inaccessible parts of the forest (Knohl et  al.  2003; p.comm. 
Nationalpark Hainich, 28 February 2023). The tree population 
consists of European beech (64%), common ash (28%), syca-
more maple (Acer pseudoplatanus, 7%) and other deciduous 
tree species (Tamrakar et al. 2018). Tree density is 325 trees per 
hectare (stem diameter > 7 cm) (as of 2011; Mund et al. 2020). 
The forest stand is classified as an unmanaged, uneven-aged 
mixed deciduous forest. The trees in the study area reach max-
imum heights of 30 to 38 m and are up to 270 years old (Knohl 
et al. 2003). In spring, the herb layer is dominated by wild gar-
lic (Allium ursinum) and wood anemone (Anemone nemorosa). 
The study site is located within the main footprint of an Eddy 
Covariance tower of the ICOS network (DE-Hai, associated 
site). At a height of 42–44.5 m, continuous measurements of 
meteorological variables and of carbon dioxide, water vapour 
and energy fluxes are conducted using the eddy covariance 
technique (Knohl et al. 2003; Tamrakar et al. 2018).

2.2.1   |   Installations and Sampling

Microtensiometers (both analogue (2023) and digital (2024) 
probes) were installed in individuals of beech and ash (n = 4 in-
dividuals per species with each 1 sensor) in the early growing 
season of 2023 following the protocol described in Section 2.1.1. 
Data retrieval started in mid-June 2023.

In 2024, we installed the microtensiometers in 4 tree individu-
als (two beech and two ash individuals, partly the same trees as 
the previous year). We installed three sensors per tree: one in a 
horizontal root running up to the main stem, one in the main 
stem at breast height, and one in the main stem in the tree crown 
(~27 m height). We followed the updated protocol (see Magh and 
Paligi 2024) and were able to collect data from late May until the 
beginning of November 2024.

Tree girth increments were measured using high-resolution 
dendrometers (DRS 26; EMS Brno, Czech Republic) installed at 
breast height. Prior to installation, the bark surface at the des-
ignated height was cleaned with a stiff brush to ensure a secure 
attachment of the stainless-steel fixing band (12 × 0.2 mm). The 
dendrometers operated with an accuracy of 0.1 mm, a resolution 
of 1 μm, and functioned within a temperature range of 40 to 
60°C (EMS Brno 2022). Each device recorded two parameters: 
changes in tree circumference [mm] and operating temperature 
(°C). The circumference measurements were automatically ad-
justed to account for potential temperature-induced effects on 
the system. For this study, we analysed data collected from ash 
tree 7 (Figure 1) during the 2024 growing season.

In 2023, we installed 22 soil sensors within the rooting zones 
of three tree individuals (one beech, two ashes): soil matric po-
tential (MPS6, UMS corresponding to Teros21, Meter, Munich, 
Germany) and volumetric soil water content (SMT100, Truebner, 
Neustadt, Germany) in the same soil pits (approximately 30 cm 
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from each other) at two depths (upper sensors at 7.5 and lower 
sensors at 27.5-cm soil depth). Installations were completed in 
May 2023 and soil pits were refilled after installation. A spa-
tial overview of the installation is given in Figure 1. Distances 
from the individual tree to the respective sensor pair are given 
in Table S1.

Soil matrix potential (hPa) and temperature (°C) were collected 
from the MPS6 sensors on a CR1000 logger (Campbell Scientific 
Logan, UT, USA) at 10-min resolution, and soil moisture and 
temperature were logged at the same interval on a TrueLog100 
(Truebner, Neustadt, Germany) logger.

2.3   |   Apelern Site

The small catchment (~1 km2) is in Apelern, located in the 
Weserbergland near the city of Hannover (52°16′52″ N, 
9°18′38″ E, 140 m above sea level). Average annual temperature 
is 9.8°C and the average annual precipitation 576 mm (DWD 
station 15,939). Over a haplic Luvisol with multiple continuous 
impeccable layers lies a near-natural mixed forest consisting 
mainly of beech, oak (Quercus spp.), hornbeam, ash and little-
leaf linden (Tillia spp.). The hillslope drains into a small river 
with a seasonally highly variable water table. Three different 
plots were chosen along the hillslope: top hill (plot 1), slope 
(plot 2), valley (plot 3) where three microtensiometers per plot 
were installed, respectively in an ash (diameter at breast height 
(DBH) 34.73 ± 4.65 cm), beech (DBH 35.5 ± 6.9 cm), and horn-
beam (DBH 18.7 ± 0.8 cm) individual. The height of the forest 
is between 27 and 35 m.

2.3.1   |   Installation and Sampling

Microtensiometers (analogue probes) were installed in the 
trunk of three ash, beech, hornbeam trees at breast height in 
April 2023, elongated and connected to a CR1000 datalogger 
(Campbell Scientific Logan, UT, USA) in late June 2023 with 
30 min measuring interval. Sensors were shielded with the pro-
vided reflective aluminium foil to minimize thermal influences. 

No further maintenance or reinstallation was done until unin-
stallation in November 2023.

At each of the plots, soil matric potential sensors (Metergroup, 
TEROS-21) were installed by pushing them into the side walls 
of each excavated soil pit, in the upper soil (5–10 cm) and de-
pending on how deep installation could be realized (maximum 
installation depths: plot 1–3.5 m; plot 2–2.5 m; plot 3–1.8 m). 
The soil pit was closed thereafter. Measurements were taken 
every 30 min using Campbell CR1000 data loggers (Campbell 
Scientific Logan, UT, USA).

Weather data (rainfall, wind speed & direction, solar radia-
tion, relative humidity, temperature) were recorded with an 
Atmos-41 (Metergroup) all-in-one system at 2 m height. Inside 
the forest, an additional set of radiation, temperature and rel-
ative humidity sensors were installed to monitor within-stand 
conditions.

2.4   |   Hartheim Site

The field site in Hartheim is located in the Upper Rhine valley 
close to the city of Freiburg, Germany (47°56 N, 7°36 E, 201 m 
above sea level). The average air temperature is 10.6°C (1991–
2020) with an annual precipitation sum of 646 mm (1991–2020) 
(Christen, Imbery, et al. 2024). The Hartheim forest research site 
is ICOS associated (DE-Har) and allows access to the tree canopy 
by two towers (18 m and 30 m). Located on a former floodplain 
of the Rhine-valley, carbonate-rich, two-layer Haplic Regosols 
have developed (Goffin et al. 2014). In 1963 a Scots Pine (Pinus 
sylvestris L.) forest has been planted with a size of 0.7 ha (Holst 
et  al.  2008), however, > 60% of Scots Pine trees had died by 
2023 due to the impact of the severe 2018 drought (Haberstroh 
et al. 2022). In the canopy openings, a diverse understory of sev-
eral deciduous tree species has developed, including hornbeam, 
beech or lime species (Tilia spp.). Three hornbeam trees were 
chosen for microtensiometers installation due to their proximity 
to the tower and canopy accessibility (Haberstroh et al. 2025). 
Trees had a height of 10.8 ± 0.3 m (±1 SE) and diameter at breast 
height of 17.1 ± 0.8 cm.

FIGURE 1    |    Overview over the spatial distribution of paired soil moisture and matrix potential sensors in the Hainich plot.
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2.4.1   |   Installation and Sampling

Microtensiometers (analogue probes) were installed in the trunk 
of three hornbeam trees approximately 1 m above ground as de-
scribed in Section 2.1.1 and connected to a CR1000 datalogger 
(Campbell Scientific Logan, UT, USA) in May 2023. The sensors 
were excited and measured every 20 min. Before installation, 
sensor cables were extended up to a length of 15 m with a shielded 
PVC control cable (for more details see Haberstroh et al. (2025)). 
Branch water potential was measured with a Scholander-type 
pressure chamber (1505D, PMS Instrument, USA) at 5 days be-
tween May and September 2023. Pre-dawn measurements were 
conducted between 4 and 6 AM (CEST); midday water potential 
was measured between 1 and 3 pm (CEST) on sunlit branches 
8–10 m above ground. Leaves were not covered or bagged.

Soil water potential sensors (MPS-6, UMS, Munich, Germany) 
were installed at three depths (0.10, 0.25 and 0.50 m) close 
(within 6-m distance) to the measured trees in June 2023 
and measured every 20 min on a data logger (ECH2O Em50, 
Decagon Devices, USA).

2.5   |   Data Filtering and Correcting

Microtensiometer data from all sites were filtered to remove un-
realistic values (> −6 MPa and < 0.05 MPa). The sensor provider 
specifies a guaranteed measurement range of 0 to −3.5 MPa, 
with an accuracy of 0.01 MPa, although measurements at lower 
water potentials have been reported (Lakso et  al.  2022). We 
therefore extended the accepted range beyond the guaranteed 
specifications, as we found no evidence of systematic sensor 
failure within this range; however, we note that we did not in-
dependently validate sensor accuracy at these more negative 
water potentials.

Soil matric potential data at all three field sites were collected 
with the same sensor type (MPS6/Teros21; see above), and data 
were subsequently temperature corrected following the ap-
proach of Walthert and Schleppi (2018), using Equation (1):

where pF = log(−ψ), ΔT is the temperature read by the sensor 
with regard to the reference temperature (22°C).

Atmospheric water potential (ψatmo) was calculated using me-
teorological data from the respective site (either from the eddy 
covariance tower—Hainich (Knohl et  al.  2024) and Hartheim 
(Christen, Baab, et  al.  2024)—or the station installed onsite 
[Apelern]), using the following equation:

where ψatmo represents the atmospheric water potential (Pa), R is 
the gas constant (8.314 j mol−1 K−1), T the air temperature in K, 
Vw the molar volume of water (for simplicity set to 18 m3 mol−1), 

and rH is the relative humidity.

2.6   |   Statistical Analyses

Most statistical analyses were conducted using R (R Core 
Team 2023). The data were then visualized using the tidyverse 
package (Wickham et al. 2019).

Data analyses for Section 2.6.3 were conducted in Python ver-
sion 3.11.8 (Van Rossum and Drake 2009) using the packages 
scikit-learn (Pedregosa et al. 2011), numpy (Harris et al. 2020), 
pandas (McKinney 2010) and matplotlib (Hunter 2007).

2.6.1   |   Relationship Between High-Resolution 
Leaf- and Continuous ψstem at ZALF Field Site

To assess the relationship between ψstem (measured with the 
microtensiometer) and ψleaf/branch (measured by the pressure 
chamber), we employed generalized additive models (GAMs) 
using the mgcv package in R (Wood 2011). Given the observed 
nonlinear relationship, GAMs were chosen for their flexibility 
in capturing smooth, data-driven trends without imposing a 
predefined functional form. Separate GAMs were fitted for each 
species to account for potential interspecific differences. The 
models were specified as:

where ψstem represents the stem water potential for species 
i, ψleaf the leaf water potential for species i, and s (ψleaf,i) is 
a species-specific smooth function modelled using cubic re-
gression splines. The residual error term εi accounts for unex-
plained variation. Smoothing parameters were selected using 
restricted maximum likelihood (REML) to prevent overfit-
ting. Model performance was assessed using the coefficient of 
determination (R2), which was computed separately for each 
species.

2.6.2   |   Relationship Between Leaf and ψstem Over 
the Seasonal Course at the Hartheim Field Site

To assess the relationship between ψstem (measured with the 
microtensiometer) and ψleaf/branch (measured by the pressure 
chamber) over the seasonal course of 2023 at the Hartheim site, 
we used linear models, grouping each measurement time point 
(n = 3 individual hornbeam trees measured at the same time). 
The relationship between pre-dawn and midday ψ was then as-
sessed per measurement day.

2.6.3   |   Drivers of ψstem at All Three Field Sites Using 
Random Forest Regression Analysis

To estimate the impacts of environmental factors on stem 
water potential, we performed a random forest regression anal-
ysis. We selected the following nine feature variables as pre-
dictors: Relative humidity, air temperature, atmospheric water 
potential, the Standardized Precipitation Evapotranspiration 
Index (SPEI) for 3 and 12 months, respectively, the soil matric 

(1)ΔpF =
(

11.54∗ ΔT + 0.2206∗ ΔT2
)

∗exp

(

−
29.50

pF + 0.8426

)

(2)�atmo =
RT

Vw
ln
(

rH

100

)

(3)� stem,i = s
(

� leaf,i

)

+ �i
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7 of 17Ecohydrology, 2026

potential of uppermost, middle, and lowest soil layers, and an 
integer reflecting the three species across the sites. As target 
variable, we chose the average ψstem per species per site. Before 
model training and testing, we subdivided the dataset per hour 
and trained 24 random forest models, one per hour. We chose 
this subdivision to prevent the model from focusing on the di-
urnal cycle in water potential, which closely follows tempera-
ture patterns or patterns in humidity. We further divided the 
dataset into 80% for training and 20% for testing and used R2 
as performance score.

2.6.4   |   Calculation of TWD and Relation to Stem 
Water Potential

For the TWD calculations, we used band-dendrometer data 
from an ash individual at the Hainich site. Due to data avail-
ability and compatibility, we were able to use data from late 
May (DOY 149) through mid-September (DOY 254) 2024. The 
dendrometer was installed in the same tree (ash 7; see Figure 1) 
in which microtensiometers were installed in 2024 so that we 
had three sets of water potential data (horizontal root, stem at 
breast height and upper stem at ~27 m) available to compare to 
the dendrometer dataset.

We followed Dietrich et al. (2018), to calculate maximum daily 
shrinkage as a predictor for the stem water potential. Briefly, 
we created horizontal segments connecting each local maxi-
mum stem radius to the next maximum in time. These segments 
then represent the last maximum stem radius in the observed 
period. The difference between this line and the current daily 
minimum stem radius was defined as the TWD for the respec-
tive day. This method assumes growth occurs only when the 
stem radius surpasses the previous maximum. All TWD metrics 
quantify absolute stem water deficit, reaching zero when tis-
sues are fully hydrated. To facilitate modelling, TWD and ψstem 
were normalized by dividing daily values by the highest species-
specific TWD/the most negative water potential observed (rela-
tive TWD/ψ).

To relate the TWD to the measured potentials, we used the nls() 
of the R stats package to fit a logistic equation:

where L, k and x0 are model coefficients: L is the asymp-
tote value approaching TWDrelative, k is the steepness of the 
curve, and x0 is the infliction point. Statistical significance of 
the model fit was assessed using the p value obtained from 
an F test, which evaluates whether the model explains sig-
nificantly more variance than a null model. For nonlinear 
regression (nls), where p values are not directly provided, 
model significance was inferred from the reduction in resid-
ual sum of squares compared with a simpler model. We addi-
tionally calculated the coefficient of determination (R2) using 
Equation (4):

where RSS is the residual sum of squares (between observed and 
predicted values) and TSS is the total sum of squares (total vari-
ability in the data).

2.6.5   |   Calculating Potential for RWU in 
the Rooting Zone

RWU from the soil is only possible if the water potential of 
the tree is lower than that of the soil surrounding its roots. To 
identify soil layers available for RWU we calculated the differ-
ence between ψstem (at DBH) and the soil matric potential per 
soil layer:

If the potential gradient (Δψ) was negative, RWU from this part 
of the soil was considered possible; if it was positive, RWU was 
not possible.

2.7   |   Common Problems and Solutions

A key challenge in this study was the installation of novel 
microtensiometers, as no prior experience existed with these 
sensors in temperate deciduous tree species. Several com-
mon issues arose across all field sites, such that the initial 
data readings were unreliable, requiring adjustments. We 
summarize an overview of problems and solutions below (a 
detailed installation and troubleshooting protocol, addressing 
these challenges and their solutions, is described in Magh and 
Paligi  (2024)). The most frequent issues and their respective 
solutions included:

1.	 Installation depth: In ring-porous and thick-barked spe-
cies, improper installation depth was a major source of error 
in ψstem measurements, resulting in little to no variability 
of readings. The problem occurred most frequently for mi-
crotensiometers in ash trees due to small sapwood depth 
and required reinstallation to ensure correct placement.

2.	 Cable extensions: Standard cable length for the Florapulse 
sensors was not sufficient to connect to data loggers in 
many locations. Extending the cables of analogue probes 
requires shielded cables or a digital converter to maintain 
signal integrity. The more expensive version with SDI-12 
interface prevents this problem.

3.	 Water intrusion: Wounding response or rain events can 
flood the sensor installation site and can lead to prolonged 
zero readings. This issue was resolved through reinstalla-
tion. The rainwater intrusion can be prevented by applying 
a protective sealing cover using silicone and water intru-
sion through wounding response from the nearby bark 
can be avoided by creating a similar covering around the 
sensor.

4.	 Deteriorating signal strength: We repeatedly observed 
a trend of increasingly negative water potential readings 
over time, without corresponding environmental drivers 
(e.g., no soil dry-down or high atmospheric demand), likely 
related to poor hydraulic contact between the sensor and 

(4)TWDrelative =
L

1 + e−k∗(�relative+x0)

(5)R2 = 1 −
RSS

TSS

(6)Δ� = � stem − � soil
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8 of 17 Ecohydrology, 2026

the xylem. This could be caused by the gradual drying of 
the sensor interface due to a vapour pressure gradient be-
tween the xylem and the surrounding, drier atmosphere. 
As the mating compound dehydrates, the sensor loses the 
hydraulic contact with the xylem water, leading to errone-
ous readings. Regreasing or reinstalling the sensor typi-
cally restores proper function.

As seen above, the solution to most problems involved sensor 
reinstallation. Although this was initially not recommended by 
the manufacturer, a new manual (found here: https://​flora​pulse.​
com/​resou​rces/​ under User Manuals, last access 22.04.2025) 
includes information on measures to clean uninstalled sensors 
and a test for sensor functionality, suggesting that reinstallation 
is possible. Following those instructions, we have successfully 
reinstalled microtensiometers at Hainich and Hartheim (with 
losses of ~10% after the first season).

3   |   Results

3.1   |   Assessment of Microtensiometer 
Performance by Comparing With Pressure Chamber 
Measurements

3.1.1   |   Hourly ψleaf Versus Continuous ψstem at ZALF 
Field Site

One assessment of performance for the microtensiometer was 
conducted by comparing hourly measured leaf water potentials 
obtained by a pressure chamber with continuous measurements 
of stem water potentials using a microtensiometer over a 3-day 
course between 08:00 and 16:30 each day.

The data from the beech and hornbeam tree show a general 
offset from the 1:1 line which is expected from the hydrostatic 
gradient (Figure 2). The GAM between the leaf and ψstem in-
dicates good agreement (beech: deviance explained = 78% 
and hornbeam: deviance explained = 90%), when account-
ing for the increase in potential difference toward midday 
between ψstem and ψleaf/branch. This increase is observable 
for both species and peaks between 11:00 and 12:00, after 
which it decreases again toward the late afternoon (Figure 2, 
Table S2).

3.1.2   |   Seasonal Resolution ψleaf Versus Continuous 

ψstem at Hartheim Field Site

The second assessment of performance was conducted at the 
Hartheim field site, Figure 3 shows ψleaf and ψstem measured at 
the Hartheim site, of which ψleaf was measured pre-dawn and 
midday on the same day at five occasions in 2023. The linear re-
gressions indicate agreement between pressure chamber mea-
sured ψleaf and microtensiometer measured ψstem ranging from 
R2 = 0.26 to R2 = 0.88 (Figure 3). The slopes of these regressions 
indicate that the relationship between ψleaf and ψstem changes 
with the measurement day, depending on the changes in ψsoil 
over the season.

3.2   |   Environmental Factors Influencing Diurnal 
Changes in Stem Water Potentials

The continuous ψstem data, measured in 2023, were categorized 
by species and aggregated by site; daily courses are plotted in 
Figure  4. Average diurnal patterns in ψstem were different be-
tween the three different species (Figure 4). Beech showed the 
highest ψstem and lowest diurnal variability (difference between 

FIGURE 2    |    Hourly ψleaf (x-axis) and ψstem (y-axis) measured on a 
beech (purple circles) and a hornbeam (green circles) over a 3-day 
course each between 08:00 and 16:30. The GAM fits are calculated by 
species (beech = purple, hornbeam = green) for the entire timeline (i.e., 
3 days). The hour of the day is indicated by circle filling in shades from 
grey (early in the day) to black (last measurement in the late afternoon).
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predawn and midday water potentials). Hornbeam had the over-
all greatest diurnal variability (predawn: highest water poten-
tial, midday: lowest water potential); also, the individual and 
site variability was greatest for midday water potential. Ash had 
the overall lowest water potentials at predawn and the overall 
largest variability between individuals and sites. The largest 
species differences in ψstem occurred in the night (between ash 
and beech/hornbeam) and during the late afternoon (between 
beech and ash/hornbeam; Figure 4).

Using random forests regression, we predicted ψstem well (R2 above 
0.87 of the test dataset) between 08:00 and 20:00, while model per-
formance before and after that time was low (Figure S2).

Throughout the day the species ID (Figure  5a) and ψsoil 
(Figure 5b, SHAP values in Figure S3) were the most important 
predictors of ψstem while the atmospheric drivers were of minor 
importance (Figure 5a). For ψstem the most influential driver was 

species ID, especially during the early morning (0.9; peaking at 
08:00), then the importance decreases until reaching the lowest 
value of 0.6 in the later afternoon (between 16:00 and 18:00), 
after which it increases again (Figure 5a).

ψsoil of the lower layer was mostly influencing ψstem in the early 
morning (peaking at 10:00, SHAP values in Figure  S3a) and 
the evening (after 18:00), while the upmost soil layer was more 
important between 12:00 and 18:00 (Figure 5b, SHAP values 
in Figure  S3b). Among the atmospheric predictors, tempera-
ture showed some importance during the day (peak at 18:00 
with a feature importance of ~0.4), while the atmospheric 
water potential and relative humidity had almost no explana-
tory power (Figure 5a).

3.3   |   New Possibilities in Action

To highlight the potential of this newly available microtensiom-
eter, here we show practical examples of how the measurements 
contributed insights to plant water relations using the observa-
tions from the Hainich dataset in 2024.

3.3.1   |   Relation Between TWD and Stem 
Water Potential

We modified the approach of Dietrich et al. (2018), who predicted 
the water status of the canopy using TWD monitored by point 
dendrometers. Our aim was to test the relationship between 
TWD and tree water potential monitored by microtensiometers 
in the root, stem at breast height and stem at approximately 27 m 
height in the same tree (Figure 6, panels A, B, and C).

The relative TWD of the tree through the vegetation period 
of 2024 was related to ψstem in all three tree compartments 
(i.e., crown (R2 = 0.81), stem (R2 = 0.87), and root (R2 = 0.97)), 

FIGURE 4    |    Median (bold line) and quartiles (shaded area) of hourly 
ψstem of the three investigated tree species between early July and end 
of September for all sites. The colours depict the species, purple = ash, 
blue = beech, green = hornbeam.
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(orange) and water potential of the atmosphere (red) and (b) the upper (blue) and lower (orange) ψsoil, on the hourly prediction of ψstem across all sites 
(Hartheim, Hainich, Apelern) in 2023. Shaded areas behind the mean indicate one unit of standard deviation in feature importance.
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10 of 17 Ecohydrology, 2026

and the model parameter estimates were highly significant 
(p < 0.001) with small residual errors. TWD and midday water 
potentials increased with progressing soil drying as indicated 
by colour in Figure 6. Short dry-down periods of the soil hap-
pened even in the normal to wet year 2024 (see SPEI Indices for 
the Hainich site in 2024 in Figure S1).

3.3.2   |   Physical Constraints for Water Uptake Along 
the Depths Profile

The calculated gradient in water potential (Δψ in MPa/MPa) 
between the ψstem and ψsoil at the Hainich site is presented in 
Figure  7. The negative gradients indicate that water uptake 

FIGURE 7    |    Water potential gradients (Δψ) between ψstem and ψsoil for three trees (depicted as rows: 3-beech, 6-ash and 7-ash) for two measured 
soil depths (depicted as columns: top = −7.5 cm, bottom = −27.5 cm) at the Hainich plot in 2024. For each tree several matric potential sensors have 
been installed in the respective rhizosphere (at different distances within 2-m vicinity of the tree stem) and colours indicate which sensor is associ-
ated with which tree (e.g., pink coloured sensors 1 and 6 are associated with tree 6 ash). The black dashed horizontal line intercepts the y-axis at 0, 
values above that line indicate water uptake restrictions, while values below indicate the possibility for water uptake.

FIGURE 6    |    Relationship between relative midday water potential and relative tree water deficit (TWD) exemplified for an ash tree during the 
vegetation period of 2024. The plots correspond to the tree compartment the microtensiometer was installed in (i.e., A = crown, B = stem, C = root). 
Dots are measured relative TWD and relative ψstem; the colour indicates the day of year in the vegetation period 2024; the black line represents the 
logistic model fit. R2 is calculated from the quotient of the residual sum of squares and the total sum of squares.
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is physically possible from both the layers (i.e., −7.5 top and 
−27.5 cm bottom) and from all horizontal sensor positions 
associated with the respective rooting system until approxi-
mately mid-August. However, with the beginning of the short 
dry-down period in late August/beginning of September, the 
gradient becomes positive for most soil locations inside the 
rooting zone, and water uptake is no longer possible from 
those regions. Instead, water uptake was restricted to layers 
below 27.5 cm. There are some notable exceptions: Sensor 6 in 
the rooting zone of tree 6 (ash), and sensor 7 in the rooting 
zone of tree 7 (ash), remain potential RWU locations during 
the entire dry-down (Figure 7).

4   |   Discussion

We assessed and proved the usability of a novel microtensi-
ometer and extended the list of tree species it has been suc-
cessfully tested on to hornbeam, beech and ash. We were able 
to monitor ψstem using the same sensors over two consecutive 
vegetation periods including re-installation after the winter 
period (2023/24).

4.1   |   Microtensiometers Can Provide Accurate 
ψstem Measurements Depending on Correct 
Installation Procedures

Correctly installed microtensiometers delivered good agree-
ments with ψleaf (Figure  2 and Figure  3) and realistic daily 
cycles (Figure 4). However, care should be taken when install-
ing in ring-porous tree species (such as e.g. ash or oak), since 
it is crucial to instal the microtensiometers into the conduct-
ing xylem, which can be very narrow for ring-porous species 
(Zimmermann  1983). Generally, installing sensors in thick-
barked species should be done carefully, and we recommend 
assessing bark depth prior to installation (e.g., using a bark 
gauge).

Water intrusion of the installation site was also a common issue 
that can be resolved when prevented by an umbrella-like roof 
made from e.g. silicone. However, if a sensor was flooded, it 
had to be re-installed. Therefore, we recommend adding the 
roof structure at first installation (see Magh and Paligi 2024 for 
details). The third most common issue we faced was related to 
signal transmission and cable length. Two solutions exist: either 
to use a digital converter with the analogue probe or shielded 
cables. The somewhat costly digital converter transfers the ana-
logue signal to digital at the site of recording and cable extension 
is simple. More detailed descriptions and solutions are presented 
in Magh and Paligi (2024).

Direct comparison between ψleaf measured by the pressure 
chamber and ψstem measured by the microtensiometer showed 
good agreement for beech and hornbeam, as has been previ-
ously shown for pear trees (Blanco and Kalcsits  2021), apple 
trees (Blanco and Kalcsits 2024) and grapevines (Pagay 2022). 
However, contradictory to these studies, we found differences 
between early morning and midday water potential agreements 
between the methods, indicating that the change in offset (from 

the 1:1 line in Figure 2) is not constant. Put simply, it seems that 
the hydrostatic gradient is not the only process at work. The re-
sulting shape of the relation is thus not linear but curved toward 
ψmidday (Figure 2 and Table S2).

This shape could be related to changes in storage, which is 
fuller in the morning after nighttime rehydration of the stem 
and subsequently emptied daily throughout the day (Dobbs 
and Scott 1971; Meinzer et al. 2004). After the use of stored 
water for transpiration, the water transpired comes from 
the soil and must overcome a larger distance facing higher 
resistance than stored water (Cermak et  al.  2007; Goldstein 
et  al.  1998; Turcotte et  al.  2011). The timing of these water 
usage patterns may vary between species and even among in-
dividual trees. Factors such as xylem vulnerability to embo-
lism, hydraulic strategies and wood traits would contribute to 
these differences. For instance, a study examining nine dry 
forest tree species found significant interspecific variations 
in diurnal changes in embolism rates, which were linked to 
species-specific xylem vulnerability and hydraulic strate-
gies (McCulloh and Meinzer  2015; Trifilò et  al.  2015). This 
suggests that species like beech and hornbeam may exhibit 
different timings in their water storage depletion and replen-
ishment cycles, reflecting their unique physiological adapta-
tions. Exploring the relation between stem water storage, ψleaf 
and transpirational flux is a promising future application for 
microtensiometers that could be explored in the future on 
larger datasets.

4.2   |   Species and Soil Matric Potential Explain 
Variations in ψstem During Nondrought Conditions

Our study identified that tree species identity and ψsoil across 
upper and lower soil layers were the most important predictors 
of ψstem throughout the day at all three sites. Notably, species 
identity exhibited the highest predictive power during the early 
morning (peaking at 8:00) and evening (second peak at 20:00) 
(Figure  5a), periods characterized by lower transpiration de-
mand. Concurrently, our model indicated an increased signifi-
cance of ψsoil in the upper soil layer between those times.

During these periods (i.e., early morning and evening/night) 
the primary physiological process is rehydration of internal 
water storage (Cermak et al. 2007), which is species specific. 
In the late afternoon, as transpiration decreases, trees begin 
to restore their water reserves and may also repair emboli-
zed xylem vessels (Zimmermann  1983; Trifilò et  al.  2015; 
Klein et  al.  2018). This replenishment process continues 
until transpiration resumes the following morning, as long 
as the gradient between the soil and the replenishment site 
remains (Klepper  1968). Consequently, the xylem tension 
within the stem reduces, a phenomenon corroborated by our 
data (Figure 4). Not surprisingly species identity was the most 
important driver explaining ψstem. The two diffuse-porous 
species (i.e., beech and hornbeam) differed strongly from the 
ring-porous species (ash), with ash retaining a more negative 
ψstem from evening through morning (Figure  4). This differ-
ence is likely related to variations in wood anatomy and the 
associated resistance of the xylem (Zimmermann 1983). While 
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diffuse-porous species generally exhibit lower hydraulic con-
ductivity due to their smaller and more numerous vessels, ring-
porous species—characterized by wider vessels—are more 
susceptible to embolism (Zimmermann 1983; Lösch 2003; von 
Allmen et al. 2015). This increased vulnerability can lead to 
higher flow resistance, requiring lower water potentials to sus-
tain transpiration (Christman et al. 2012; Litvak et al. 2012). 
These interspecific differences are consistent with findings 
by Szatniewska et al. (2022), who reported contrasting water-
use strategies between hornbeam and ash and related them 
to wood anatomy, species growth strategies and site charac-
teristics. In particular, their observation of high transpiration 
rates in hornbeam aligns with our finding that hornbeam can 
substantially lower its water potential during periods of high 
transpirational demand (midday; Figure 4).

Soil water potentials were the second important predictors for 
ψstem. Although the exact depths depend on the measurement 
site (the upper ranging from 10 to 15 cm and the lower from 
30- to 230-cm soil depth), they all have in common that the 
lower soil layer was moister (had a less negative ψsoil) com-
pared with the upper one. In all cases the upper ψsoil featured 
the highest importance during the day (i.e., after 10:00 and 
before 18:00), while the lower ψsoil showed the opposite pat-
tern (i.e., peaking at 10:00 and regaining importance after 
18:00) (Figure 5b). This pattern highlights the importance of 
accessing different soil water pools under varying transpira-
tional demand and supports the concept of dynamic shifts in 
water uptake depth among tree species (Bertrand et al. 2014; 
Brinkmann et al. 2019; Szatniewska et al. 2022).

The same pattern has previously been proposed in a study 
investigating the causes of temporal and spatial shifts in 
water isotopic signatures in the stem xylem (De Deurwaerder 
et  al.  2020). To explain observed diurnal variations, the au-
thors suggest that the plant cannot avail water from drier (and 
in most cases this is the upper) soil layers during times of low 
transpirational demand because the potential gradient is too 
low. This has previously been shown to be true for woody spe-
cies (Klepper 1968). Our data suggest that deeper roots are ac-
tive in water replenishment during night (when stem water 
potentials are less negative) while more shallow roots were 
active during the day (when stem water potentials were more 
negative), which is in line with total water potentials being de-
pendent on where water flow occurs (Hildebrandt et al. 2016). 
We demonstrate this pattern under moderately dry to normal 
moisture conditions during the summer of 2023 (according to 
the 12-month SPEI; Figure S5), likely in the absence of severe 
soil water stress. It is conceivable that these dynamics become 
more pronounced during prolonged drought, when soil water 
potential gradients steepen further. Under such conditions, 
the ability of individual trees to shift water uptake depth while 
maintaining functional access to biologically active upper soil 
layers is likely to depend strongly on species identity and site 
characteristics, as shown by Hackmann et  al. (2025), Mrak 
et  al. (2025) and Szatniewska et  al.  (2022). Longer time se-
ries would be required to fully capture these interactions and 
to assess the increasing role of atmospheric forcing during 
drought.

4.3   |   Microtensiometers Provide Potential in 
Unravelling the Complex Challenges in Plant 
Hydraulics

We tested microtensiometers in two additional settings to fur-
ther demonstrate its utility when investigating the relationship 
between TWD and canopy water potential (ψcanopy) (Dietrich 
et al. 2018; Ziegler et al. 2024), as well as their potential as a tool 
for determining physiological constraints in RWU patterns (e.g., 
Magh et al. 2020; De Deurwaerder et al. 2020).

4.3.1   |   Relation Between TWD and Plant 
Water Potential

In their original research, Dietrich et al. (2018) used TWD as a 
proxy for predicting canopy water potential, an approach that 
required extensive manual and destructive sampling of leaf 
water potentials. In contrast, by employing microtensiometers, 
we were able to continuously collect data from both the den-
drometer and microtensiometer with minimal intervention. Our 
results confirm that the logistic relationship proposed between 
TWD and ψcanopy also holds for ψroot, ψstem and ψcrown, reinforc-
ing the broader applicability of this method. With our findings 
we can show that the nonlinear relationship, which includes the 
decoupling of TWD and ψ at high and low ψ, which is correlat-
ing with ψsoil of the upper layer. Dietrich et al. (2018) suggested 
that this decoupling at very low ψ was the result of cavitation of 
tracheids/vessels in the xylem with resulting loss in axial and 
radial conductance. We can show here that if that is the case, it 
is likely caused by the low ψsoil in the upper soil layers (Figure 6).

This validation paves the way for more extensive studies across 
diverse species and forest ecosystems, allowing researchers 
to investigate tree responses to atmospheric and environmen-
tal conditions in a continuous and less labour-intensive way 
(Novick et al. 2022).

4.3.2   |   Physical Constraints for RWU Determinations

Our results indicate that the gradients in water potential be-
tween the stem and the soil are not simply driven by depth but 
to a similar amount by spatial components within the root sys-
tem (Figure 6), which has previously been demonstrated for soil 
solution chemistry (Koch and Matzner 1993), as well as for soil 
properties (Metzger et al. 2021), and soil moisture and therein es-
timated RWU (Demir et al. 2024). Hence, although soil heteroge-
neity is frequently discussed in soil science it is often overlooked 
in calculations of RWU depths and patterns—particularly when 
relying on methods such as stable isotope analysis (e.g., Dawson 
and Pate 1996; Brooks et al. 2010; Moreno-Gutiérrez et al. 2012; 
Barbeta and Peñuelas 2017; Brum et al. 2019).

Despite the known spatial variability in soil moisture and RWU, 
it remains common practice to instal a single soil pit and extrap-
olate its data across entire study plots. However, this approach 
can significantly misrepresent actual RWU dynamics—espe-
cially when methods like stable isotope analysis rely on such 
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simplified soil data. Our findings indicate that water uptake 
dynamics exhibit great spatial variability both horizontally and 
vertically, underscoring the importance of considering moisture 
content variations in both dimensions to achieve accurate RWU 
pattern estimates. This approach represents a simplification, as 
it assumes instantaneous equilibrium and neglects tree inter-
nal buffering and capacitance. Consequently, RWU estimates 
should be interpreted with caution; nevertheless, the method 
provides a rapid and practical indication of RWU during e.g. 
drying phases in the investigated forest.

This perspective aligns with studies emphasizing the signifi-
cance of horizontal soil water potential heterogeneity in mod-
elling crop water dynamics. For instance, Couvreur et al. (2014) 
demonstrated that neglecting horizontal heterogeneity within 
the root zone can lead to inaccuracies in hydrological models, 
particularly for crops with nonuniform lateral root distribu-
tions. Similarly, von Jeetze et al.  (2020) found that microscale 
soil heterogeneity affects water flow and pressure distribution at 
the root–soil interface, influencing RWU rates and plant water 
stress recovery.

To address these challenges, we emphasize the potential of com-
bining microtensiometers with a spatially extensive soil matric 
potential sensor network that fully captures the rooting zones of 
monitored trees. This setup enables a more accurate representa-
tion of physical constraints to water uptake across both vertical 
and horizontal axes, overcoming the oversimplifications inher-
ent in single-point soil measurements.

5   |   Conclusion

This study provides a glimpse into the broader potential of 
microtensiometers by demonstrating their potential to contin-
uously monitor plant water status across multiple organs (root 
and stem) in important mature forest tree species. Our findings 
highlight microtensiometers as a promising, minimally invasive 
(compared with pressure chamber measurements) and low-cost 
method (compared with stem psychrometers, also in the long 
run to scholander pressure chamber) for directly measuring 
xylem water potential. However, careful sensor installation and 
routine maintenance are essential to ensure reliable and accu-
rate data acquisition.

Beyond advancing plant hydraulics, our findings have direct 
relevance for ecohydrology and land surface modelling. By re-
solving continuous stem water potential dynamics and their 
dependence on both species identity and soil matric potential 
across multiple soil layers, this study provides empirical con-
straints for representing vegetation water stress in land surface 
models, where stem water potential remains poorly parame-
terized. The observed species-specific responses and the tem-
porally shifting importance of upper versus deeper soil layers 
demonstrate that plant water status integrates both atmospheric 
demand and spatially heterogeneous soil water availability, even 
under nondrought conditions. Continuous microtensiometer 
measurements therefore offer a means to link soil drying and 
meteorological forcing with whole-tree water status in a mecha-
nistic and temporally explicit way. From an applied perspective, 

real-time, in situ monitoring of tree water potential provides ac-
tionable information for forest and urban forestry practitioners, 
enabling improved assessment of drought responses, identifi-
cation of vulnerable species or individuals, and more informed 
management decisions under increasing climatic variability.
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Supporting Information

Additional supporting information can be found online in the 
Supporting Information section. Table S1: Distances (m) between the 
middle of the main stem of the individual trees and the installed soil 
sensor pairs at the Hainich plot. Table S2: Mean differences and stan-
dard deviations between ψleaf and ψstem separated by species over 
the course of a day for the ZALF dataset. Means are calculated from 
the 3-day observational course (n = 3), the same as standard devia-
tions. Figure S1: Standardized Precipitation-Evapotranspiration Index 
(SPEI) for the Hainich field site during the measured months of the 
vegetation period 2024. Colour coding represents the SPEI-classes and 
lines represent the time periods (dashed line = 12 months SPEI, solid 
line = 3 months SPEI). 12 months better represents the entire time frame 
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e.g. for a hydrological year (here from the last vegetation period till now) 
and 3 month the shorter time frame (e.g., growth conditions during the 
vegetation period). Figure S2: R2 of test datasets for the hourly random 
forest regressions. Figure S3: SHAP (SHapley Additive exPlanations) 
waterfall plots for predicting ψstem at (a) 10:00 and (b) 16:00 o'clock. 
The plots illustrate the additive contribution of each environmental and 
biological feature to the final model prediction. E[f(X)] is the expected 
value across the entire dataset and f(x) is the specific prediction for the 
given time step. Red bars indicate positive SHAP values, where a fea-
ture increases the prediction (here, ψstem) relative to the mean, while 
blue bars indicate negative SHAP values, where a feature decreases it. 
Figure S4: Standardized Precipitation-Evapotranspiration Index (SPEI) 
for three months-interval during the measurement period in 2023 
(i.e., with respect to the previous three months) at the three field sites 
(Apelern = solid line, Hainich = short-dashed line, Hartheim = long-
dashed line). Colours represent the categorization of dry- and wetness 
severity. Figure S5: Standardized Precipitation-Evapotranspiration 
Index (SPEI) for 12 months-interval during the measurement period in 
2023 (i.e., with respect to the previous 12 months) at the three field sites 
(Apelern = solid line, Hainich = short-dashed line, Hartheim = long-
dashed line). Colours represent the categorization of dry- and wetness 
severity. 
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