
1 of 13Ecohydrology, 2025; 18:e2761
https://doi.org/10.1002/eco.2761

Ecohydrology

RESEARCH ARTICLE OPEN ACCESS

Continuous Stem Water Potential Measurements of 
a Diffuse-Porous Tree Species Offer New Insights Into Tree 
Water Relations
Simon Haberstroh1   |  Fabio Scarpa1  |  Stefan Seeger2   |  Andreas Christen3   |  Christiane Werner1

1Ecosystem Physiology, Faculty of Environment and Natural Resources, University Freiburg, Freiburg, Germany  |  2Soil Physics, Department of Crop 
Sciences, University of Göttingen, Göttingen, Germany  |  3Environmental Meteorology, Faculty of Environment and Natural Resources, University 
Freiburg, Freiburg, Germany

Correspondence: Simon Haberstroh (simon.haberstroh@cep.uni-freiburg.de)

Received: 25 July 2024  |  Revised: 9 December 2024  |  Accepted: 1 January 2025

Funding: This study was funded by SFB1537 (ECOSENSE, Deutsche Forschungsgemeinschaft).

Keywords: Carpinus betulus | midday water potential | predawn water potential | sap flow

ABSTRACT
Water potential is a crucial parameter for assessing tree water status and hydraulic strategies. However, methods for measur-
ing water potential, such as the Scholander pressure chamber, are destructive, discontinuous and difficult to perform in tall 
forests. Consequently, important dynamics in water potentials, particularly during short-term drought, are difficult to capture. 
Recent advancements have introduced low-maintenance sensors capable of measuring continuous, high-resolution stem water 
potentials.
We evaluated these sensors in a temperate, diffuse-porous species (Carpinus betulus) over a growing season marked by dry-
down periods and heat. Measurements of leaf water potential, sap flow and environmental factors (air temperature, vapour 
pressure deficit and soil water content) were conducted. Midday stem water potentials of C. betulus reached minimum values of 
−3.39 ± 0.10 MPa and exhibited pronounced seasonal fluctuations, mirroring changes in environmental conditions and sap flow.
Stem water potentials correlated well with Scholander-type measurements during predawn (R2 = 0.98) but demonstrated an off-
set in absolute values during midday (R2 = 0.71) and diurnal measurements. Minimum stem water potentials and maximum sap 
flow in the stem expressed a time lag and showed a distinct hysteresis. In this first assessment, the agreement with Scholander-
type measurements, sap flow and environmental parameters suggests the tested water potential sensors yield reliable data, es-
pecially during predawn, but need further validation during midday conditions. If applicable to other tree species, these sensors 
could significantly advance our understanding of tree water relations and their role in forest drought responses.

1   |   Introduction

Water potential gradients in the soil–plant-atmosphere contin-
uum are the main driving force for water movements in plants, 
such as transpiration or sap flux in the xylem (e.g., Philip 1966; 
Larcher  1994). These gradients can be strongly modified by 
plant external (e.g., edaphic or atmospheric aridity) or plant 
internal factors (e.g., xylem architecture, stomatal control and 

stem capacitance) (Choat et al. 2018), which lead to diurnal and 
seasonal water potential variations within plants. These water 
potential variations can be used as an integrative and valuable 
parameter for assessing plant water status, plant hydraulic strat-
egies or plant drought resistance and resilience (Larcher 1994; 
Steppe  2018; Torres-Ruiz et  al.  2024). Declining water poten-
tials in plants, e.g., under edaphic drought, can have cascad-
ing effects on several vital processes. In general, leaf stomatal 

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.

© 2025 The Author(s). Ecohydrology published by John Wiley & Sons Ltd.

https://doi.org/10.1002/eco.2761
https://doi.org/10.1002/eco.2761
mailto:simon.haberstroh@cep.uni-freiburg.de
https://orcid.org/0000-0002-6097-6633
https://orcid.org/0000-0002-2496-6948
https://orcid.org/0000-0003-3864-1703
https://orcid.org/0000-0002-7676-9057
mailto:simon.haberstroh@cep.uni-freiburg.de
http://creativecommons.org/licenses/by/4.0/
http://crossmark.crossref.org/dialog/?doi=10.1002%2Feco.2761&domain=pdf&date_stamp=2025-01-23


2 of 13 Ecohydrology, 2025

conductance is reduced as a first response to declining water po-
tentials, which strongly reduces plant water fluxes, and thereby 
also photosynthetic carbon assimilation and thus, plant growth 
and production (Brodribb  2009; McDowell  2011; Torres-Ruiz 
et  al.  2024). Under severe drought, plant water potentials can 
drop below species-specific thresholds, triggering xylem cavita-
tion and threatening plant survival (Choat et al. 2018; Schuldt 
et al. 2020; Mantova et al. 2022).

These examples demonstrate that water potential gradients and 
water potentials in plants are related to a plethora of import-
ant and vital plant processes. However, measurements of plant 
water potential are mostly still limited to single points in time 
and space, which restricts our knowledge on important biophys-
ical responses to plant stress (reviewed in Novick et al. 2022). For 
example, a combination of sap flow and continuous water poten-
tial measurements could help, amongst others, to elucidate the 
dynamic control of water potential on plant water fluxes under 
edaphic or atmospheric drought, but also vice versa the buffer-
ing of plant water potentials by other processes, e.g., by capac-
itive discharge of stored water into the transpiration stream in 
times of water scarcity (Scholz et al. 2011; McCulloh et al. 2019; 
Martín-Gómez et al. 2023). To confront the so-called ‘water po-
tential information gap’ (Novick et al. 2022), continuous, high-
resolution water potential measurements are urgently needed to 
advance our knowledge in the field of plant water relations.

Up to date, the majority of plant water potentials are still mea-
sured using the Scholander pressure chamber (Scholander 
et al. 1965). While this method is well established and provides 
a robust way of assessing plant water potentials, measurements 
are time- and labour-consuming (Steppe 2018), destructive, sen-
sitive to user errors (Rodriguez-Dominguez et al. 2022) and most 
importantly, do not provide the needed continuous data (Novick 
et al. 2022). For example, Guo et al. (2020) demonstrated a highly 
dynamic hydraulic behaviour in the shrub Larrea tridentata 
with continuous water potential measurements, spanning from 
extreme anisohydric to partial isohydric in the course of only 
one growing season. Similarly, Quercus suber trees shifted their 
hydraulic behaviour not only from wet to dry seasons but also in 
response to species competition (Haberstroh et al. 2022a). While 
high-frequency measurements (or the installation of expensive, 
high-maintenance sensors, such as stem psychrometers) are in 
general viable for smaller vegetation (e.g., Guo et al. 2020), fre-
quent measurements on tall forest trees are more challenging 
(Steppe 2018), as either canopy access towers (e.g., Haberstroh 
et al. 2022b) or professional tree climbers are required to reach 
the tree crown for accurate measurements (e.g., Kinzinger 
et al. 2024).

In recent years, new methods to indirectly obtain continuous 
water potentials have been developed and successfully applied, 
such as the use of point (Dietrich, Zweifel, and Kahmen 2018; 
Ziegler et al. 2024), optical (Bourbia et al. 2023) or contact den-
drometers (Gleason et  al.  2024). While promising and inex-
pensive, dendrometers need to be regularly calibrated against 
Scholander pressure chamber measurements over a large range 
of water potentials, as the relationship of stem diameter changes 
and water potentials is rather non-linear (Dietrich, Zweifel, 
and Kahmen  2018; Gleason et  al.  2024; Ziegler et  al.  2024) 
and might be species and site-specific. As a viable alternative, 

sensors based on microtensiometers were developed, which 
offer direct measurements of water potentials in the stem or 
trunk. Measurements in important agricultural and horticul-
tural woody species, such as apple (e.g., González et  al.  2022; 
Blanco and Kalcsits 2024), pear (Blanco and Kalcsits 2023), olive 
(Villalobos et al. 2024), grapevine or almond (Lasko, Santiago, 
and Stroock 2022), indicate a general agreement with traditional 
Scholander-type pressure chamber measurements, although 
Blanco and Kalcsits (2023) demonstrated some inaccuracies of 
microtensiometers in the stem to correctly capture water poten-
tials in the afternoon.

Our main objective was to evaluate sensors for continuous 
stem water potential measurements and determine their gen-
eral accuracy, applicability and limitations for ecophysiological 
research in forest trees. To demonstrate potential applications 
of continuous water potential data, we aim to dynamically in-
vestigate how plant water fluxes and water potentials are cou-
pled in plants under varying environmental conditions, such as 
atmospheric and edaphic drought. To evaluate the sensors, we 
chose the deciduous broadleaf hornbeam (C. betulus L.) without 
notable resin production. A diffuse-porous species was chosen 
from previous experience with the unproblematic installation 
of in situ probes in the tree xylem (i.e., for water stable isotope 
measurements, Kinzinger et al. 2024).

2   |   Material and Methods

2.1   |   Field Site and Tree Species

(C. betulus) trees at the Hartheim (Germany, 7.59814° E, 
47.93391° N, 201 m a.s.l.) forest research site, an ICOS eco-
system site (DE-Har) operated by the University of Freiburg 
(Haberstroh et  al.  2022b). The site is located on the alluvial 
plain of the Upper Rhine with an average groundwater table 
at 7 m below the surface. For the period of 1991–2020, the field 
site's climate was characterized by an average air temperature 
of 10.6°C and average annual precipitation of 646 mm. The for-
est research site was formerly dominated by Pinus sylvestris; 
however, recent drought and heat events in combination with 
unfavourable site conditions (low groundwater table, shallow 
and sandy soils) initiated a vegetation shift towards broad-
leaved understory trees. One of the dominant understory spe-
cies is C. betulus (21% of all understory trees), which was more 
resistant during past drought events compared to P. sylvestris 
(Haberstroh et al. 2022b). The three chosen trees had a height 
of 10.0–10.5 m, a diameter at breast height of 16.0–18.7 cm and 
were growing in close vicinity to a 30 m canopy access tower 
to allow accessibility of tree crowns for leaf water potential 
measurements.

2.2   |   Meteorological Measurements

Air temperature (Tair), relative humidity and vapour pres-
sure deficit (VPD) were measured on site 2 m above ground 
in the forest canopy with an actively ventilated psychrometer. 
Precipitation was measured above the canopy (18 m) with an 
Ombrometer Model 5.4031 (Adolf Thies, Germany). Volumetric 
soil water content (VWC) was measured in two profiles and 
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three depths (0.05, 0.10, 0.20, 0.50 and 1.00 m using CS655 soil 
moisture and temperature sensors, Campbell Scientific Logan, 
UT, USA). VWC values were averaged over the first three depths 
(0.05–0.20 m) and both profiles to describe a general trend of 
VWC in the topsoil.

2.3   |   Installation and Operation of Stem Water 
Potential Sensors

Stem water potential sensors (microtensiometers, piezoresis-
tive pressure transducer, FloraPulse, CA, USA) with a size 
of 5 × 5 mm held in a cylindrical probe (8 mm diameter) were 
installed in May 2023 (cf. Lasko, Santiago, and Stroock 2022; 
Pagay 2022). In detail, we installed the provided sleeve (14 mm 
outer diameter, 9 mm inner diameter) in the stem and ensured 
the xylem tissue was reached. Stem material within the sleeve 
was drilled to a depth of ~4–5 cm and removed carefully. All 
installation points showed a bright white colour, which was 
identified as active xylem tissue. Afterwards, the sleeve was 
immediately filled with the mating compound (fine clay paste, 
Lasko, Santiago, and Stroock 2022) provided by FloraPulse be-
fore the sensor (8 mm cylindrical probe) was carefully inserted 
and tightened with a spring and cap. To avoid water infiltration, 
the sleeve and sleeve hole were covered with silicone grease 
(Figure S1). Installation occurred ~1 m above the ground and 
sensors were shielded with reflective aluminium foil to avoid 
thermal influences of radiation. No further maintenance was 
required until November 2023, when sensors were deinstalled. 
Stem water potential (ΨStem) data was collected every 20 min 
on a Campbell CR1000 logger (Campbell Scientific, UT, USA). 
Predawn water potential (ΨPD) was calculated by averaging 
the measured values 2 h before sunrise. Midday water poten-
tial (ΨMD) was calculated by averaging values 2 h after solar 
noon (CEST).

2.4   |   Scholander Pressure Chamber Measurements

Scholander-type pressure chamber (1505D, PMS Instrument, 
USA) measurements (Scholander et  al.  1965) were conducted 
predawn and midday over the course of the growing season 
from May to September 2023 at 6 days on terminal branchlets 
of C. betulus, which represented leaf water potentials (ΨLeaf). 
Predawn water potential was measured between 4 and 6 AM 
(CEST), but always before sunrise. Midday measurements were 
conducted between 1 and 3 PM (CEST) on sunlit, uncovered, 
branchlets of C. betulus, approximately 8–10 m aboveground 
on sunny days. It should be noted that ΨLeaf is therefore always 
expected to be more negative than ΨStem during daytime, given 
both their exposure to the sun and the difference in canopy 
height. On 7 September, Scholander-type measurements were 
conducted every 1–2 h from 6 AM to 10 PM (CEST).

2.5   |   Sap Flow Measurements

In May, sap flow sensors (SFM1, ICT International, Armidale, 
Australia) were installed on the selected C. betulus trees at 
~1.20 m height in close proximity to stem water potential sen-
sors. Sensors consisted of three 35 mm stainless-steel needles 

that were installed in the xylem to measure sap flow at 12.5 and 
27.5 mm depths from the cambium. The needle placed in the 
middle served as a heating element. Heat pulses (30 J) were gen-
erated every 20 min and data stored on internal loggers. Sap flux 
density (Js) was calculated with the Heat Ratio Method (HRM, 
Marshall 1958; Burgess et al. 2001) and averaged for both mea-
sured xylem depths. In nights with zero sap flow between May 
and November (defined as photosynthetically active photon flux 
density < 5 μmol m−2 s−1, VPD < 0.05 kPa, Tair > 0°C, RH > 95%), 
we corrected Js for offsets from the baseline (defined as zero 
sap flow).

2.6   |   Statistical Analysis

For the comparison of ΨStem and ΨLeaf, we calculated a regres-
sion (linear mixed-effect model) using the function lme in the 
R package nlme (Pinheiro et  al.  2023) with tree identity as 
random effect (random intercept) (Equation S1). For the rela-
tionship of ΨMD calculated from ΨStem, we applied linear mixed-
effect models with Tair and maximum daily VPD (VPDmax) as 
predictors, respectively (Equations S3 and S4). Midday data 
were square root transformed to comply with model assump-
tions. No clear relationship of ΨPD, calculated from ΨStem and 
Tair or VPDmax, was found. The relationship between ΨStem 
(predawn and midday) and VWC was best described by asymp-
totic regressions with the function nlme (Pinheiro et al. 2023) 
(Equation S5).

To compare diurnal values of ΨStem and ΨLeaf, we calculated 
linear regressions (lm) for each tree separately (Equation S2). 
Depending on the tree individual, there was a lag between daily 
minimum ΨStem and ΨLeaf. This lag was determined by the best 
fit between both parameters, i.e., by increasing the lag in 20-min 
steps until the best R2 of the regression was found.

The relationship of daily Js sum and mean daily VPD (VPDmean) 
was assessed with a non-linear mixed-effect models in the form 
of Js = aVPDmean + bVPDmean

2 (Equation S7) using the function 
lme in the R package nlme (Pinheiro et al. 2023). Here, VPDmean 
was a stronger predictor of Js than VPDmax. The relationship was 
assessed for two different periods based on a threshold of 13% 
(VWC), which was determined by a visual assessment of data in 
combination with literature values (cf. Sánchez-Costa, Poyatos, 
and Sabaté 2015; Haberstroh et al. 2022a). In all of these mixed 
effect models, tree identity was treated as random effect (ran-
dom intercept). The relationship of daily Js sum and mean daily 
ΨStem indicated an upper limit of Js at a given ΨStem. Thus, we 
determined the maximum Js for ΨStem intervals of 0.1 MPa (large 
points in Figure 7) to fit a linear regression (lm) of maximum Js 
and ΨStem (similar to Brandes et al.  (2007) for canopy conduc-
tance and VPD) (Equation S6). Data were only used when VWC 
was below the threshold of 13%. In both models, only daytime 
values between sunrise and sunset were used.

Model assumptions of linear mixed-effect models (normal dis-
tribution of residuals) were tested with the Shapiro–Wilk test 
(shapiro.test in package stats, R Core Team 2022). Conditional 
(R2

c) and marginal R2 (R2
m) were obtained using the func-

tion r.squared.GLMM available in the R package MuMIn 
(Bartoń 2022) for linear mixed-effect models (lme) and with the 
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function R2M in the package nlraa (Miguez 2023) for non-linear 
mixed-effect models (nlme). Details on all statistical models, 
model parameters and summaries can be found in Material and 
Methods S1, Equations S1–S7, Table S1-S12. All statistical anal-
ysis was conducted with the open-source software R (version 
4.2.1, R Core Team 2022).

3   |   Results

3.1   |   Meteorological Conditions

2023 was characterized by a wet and moderately warm spring 
(Mar–May, +0.55 K warmer than 1991–2020). This was followed 
by a summer (Jun–Aug) with much higher Tair (+1.53 K) and de-
clining VWC from May onwards (Figure 1). Two distinct periods 
with high Tair were identified on 9 July (Tmax: 36.1°C) and on 19 
August 2023 (Tmax: 36.2°C), where daily maximum VPD (VPDmax) 
increased to values > 4 kPa (Figure 1A). A steep decline of VWC 
from ~27% to < 10% occurred from mid-May to mid-June, where 
almost no precipitation was recorded (Figure 1B). Despite frequent 
summer precipitation in July, VWC did not recover until November 
2023. An analysis of meteorological conditions for the whole year 
showed that 2023 was the warmest year (12.3°C, +1.7 K) at the 
field site since climate records in 1978, while precipitation (606 
mm, −40 mm) was close to the long-term average.

3.2   |   Seasonal Development of Stem Water 
Potential and Sap Flux Density

Environmental conditions (Figure 1) were reflected in water po-
tentials and sap flux density (Js) of C. betulus (Figure 2). From 
May to July, ΨStem decreased from values close to 0 MPa to 
−1.03 ± 0.16 MPa (ΨPD, Figure 2A) and −2.37 ± 0.21 MPa (ΨMD, 
Figure  2B). Afterwards, ΨStem developed more dynamically 

due to more frequent precipitation events (Figure  1B) until a 
distinct dry-down period with high Tair was observed in mid-
August, leading to minimum ΨPD (−1.59 ± 0.13 MPa) and ΨMD 
(−3.39 ± 0.10 MPa). For predawn conditions, continuous ΨStem 
and destructive ΨLeaf measurements showed a good agreement 
in dynamics and absolute values with the expectation of late 
August 2023, where ΨLeaf dropped to −2.27 ± 0.19 MPa com-
pared to −1.49 ± 0.14 MPa of ΨStem (Figure 2A). Under midday 
conditions, ΨLeaf also resembled the dynamics of ΨStem; how-
ever, absolute values were mostly lower, particularly visible in 
September 2023 (with one exception in mid-August 2023, where 
ΨStem was lower compared to ΨLeaf, Figure 2B). Both, ΨPD and 
ΨMD, extracted from ΨStem recovered to values close to 0 MPa 
during the rewetting period in early October.

Js of C. betulus increased in spring 2023 in accordance with 
rising Tair and VPDmax (Figure  1A) to maximum values of 
235.7 ± 25.0 cm3 cm−2 day−1. With declining VWC, Js decreased 
over the first half of summer, similarly to ΨStem, until July. 
Afterwards, dynamics in Js mostly resembled dynamics in 

FIGURE 1    |    Seasonal development of daily average air temperature 
(Tair) with maximum and minimum Tair, maximum vapour pressure 
deficit (VPDmax) (both A), volumetric soil water content (±1 SE) and 
precipitation (both B) at the forest research site in Hartheim.

FIGURE 2    |    Predawn (A), midday (B) stem water potential (ΨStem) 
and sap flux density (Js) with 95% confidence interval from May to 
September 2023. In Panels A and B, leaf water potentials (ΨLeaf) ±1 
SE are shown as triangles. ΨStem measurements were conducted with 
FloraPulse stem water potential sensors. ΨLeaf was measured with the 
Scholander pressure chamber. In September, logger failure caused a 
data loss of 2 weeks for ΨStem.
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ΨStem, e.g., also with a distinct second dry-down period in late 
August and Js close to 0 cm3 cm−2 day−1 (Figure 2C). After leaf se-
nescence starting in mid-October, Js ceased in early November, 
in agreement with high ΨStem.

3.3   |   Comparison of Stem and Leaf Water 
Potential

The agreement between ΨLeaf and ΨStem was reasonable how-
ever differed between ΨPD and ΨMD (Figure 3, Figure S2–S6). 
For ΨPD, the relationship of both parameters was highly signif-
icant (p < 0.001, R2

c = 0.98). ΨLeaf was slightly lower than ΨStem, 
which was especially evident in August 2023 (Figure 2A), lead-
ing to a slope of the regression in Figure 3A of 1.49 ± 0.05 MPa 
MPa−1. Interestingly, the largest discrepancy between ΨLeaf 
and ΨStem was measured when VPD values did not drop below 
0.19 kPa in the night (23 August), which led to nocturnal sap 
flow of C. betulus at the time of predawn measurements of ΨLeaf 
(Figure S5).

The relationship of ΨLeaf and ΨStem during midday was more 
variable (Figure  3B) but still highly significant (p < 0.001, 
R2

c = 0.71). Interestingly, the slope of the regression was below 1 
(0.38 ± 0.06 MPa MPa−1). Potentially, this was due to missing ΨLeaf 

measurements above −1.50 MPa and missing measurements on 
cloudy days. Thus, the relationship of ΨLeaf and ΨStem presented 
here might only be reliable for the given measurement range on 
sunny days and might need validation for higher ΨMD values.

Diurnal courses were measured at the end of the study period, 
when ΨPD were high, and indicated a very good agreement be-
tween ΨLeaf and ΨStem (R2 = 0.81–0.86), albeit with three spe-
cific differences: (1) ΨLeaf was significantly lower and showed 
a stronger diurnal amplitude than ΨStem (Figure  4A,C,E), (2) 
there was a strong lag between ΨLeaf and ΨStem ranging from 
100 to 220 min, (3) and the relationship of ΨLeaf and ΨStem dif-
fered between trees (Figure 4B,D,F). As ΨLeaf and ΨStem were 
measured on different parts of the trees, and trees had differ-
ent positions in the forest canopy regarding environmental 
conditions, such as light, we further evaluated ΨStem with data 
of sap flow sensors installed in the stem and environmental 
conditions.

3.4   |   Response of Stem Water Potential to 
Environmental Parameters

Besides comparing ΨStem with ΨLeaf, we evaluated the relation-
ship of ΨStem with the concurrently measured environmental 
parameters Tair, VPDmax and VWC (Figure  5). For ΨPD, there 
was a weak tendency of decreasing values with rising Tair and 
VPDmax (Figure 5A,C). C. betulus mainly responded to soil dry-
ing (VWC, Rc

2 = 0.59) with a drop of ΨPD, especially when VWC 
declined below ~8% (Figure  5E). ΨMD of C. betulus decreased 
simultaneously with increasing VPDmax (R2

c = 0.59, p < 0.001), 
Tair (R2

c = 0.48, p < 0.001) and decreasing VWC (R2
c = 0.74) 

(Figure 5B,D,F). Thus, plants reacted strongly to a combination 
of drier and hotter conditions.

3.5   |   Relationship of Sap Flow and Stem Water 
Potential

Js and ΨStem variations showed opposing diurnal courses for 
all measured trees, and agreed in dynamics (Figure 6). While 
Js increased strongly between 7 AM and 3 PM (CEST, on aver-
age), ΨStem decreased simultaneously. Between 3 PM and 7 AM 
(CEST, on average), this pattern was reversed. However, the re-
lationship of the two parameters was different in the two time 
periods (Figure 6A,C,E), indicating a hysteresis (Figure 6B,D,F). 
With increasing Js, ΨStem simultaneously decreased; however, 
maximum Js was reached, 100–120 min before minimum ΨStem 
occurred. After maximum Js was reached, Js decreased quickly 
and approached values of < 0.5 cm3 cm−2 already in the early 
evening. Yet, ΨStem recovered significantly slower, only ap-
proaching initial values after midnight (Figure 6A,C,E).

Seasonally, the relationship between sum of Js and mean ΨStem 
illustrated that these two parameters were also not linearly re-
lated, but rather that there was a linear relationship with maxi-
mum Js (Figure 7A) under water limitation. With a drop of 1 MPa 
in mean daytime ΨStem, the maximum daily Js decreased by 
82.0 ± 3.9 cm3 cm−2 day−1 (p < 0.001, R2 = 0.96). On days, where Js 
did not reach the maximum Js depicted by the regression line, 
potentially other (environmental) factors than ΨStem (co-)limited 

FIGURE 3    |    Regression (linear mixed-effect model) of stem water 
potential (ΨStem) and leaf water potential (ΨLeaf) for predawn (A) and 
midday conditions (B) with marginal (R2

m) and conditional R2 (R2
c).
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6 of 13 Ecohydrology, 2025

Js. Maximum Js was reached at ΨStem values of ~−0.4 MPa 
(Figure 7A).

The most significant environmental factor impacting Js was 
VPDmean, albeit with different relationships depending on VWC 
(Figure  7C). Under high VWC (> 13%), Js strongly increased 
(p < 0.001) with rising VPDmean (R2

c = 0.93). Under low VWC 
(< 13%), Js initially increased with rising VPDmean (p < 0.001, 
R2

c = 0.61), but at lower rates than under high VWC. At a VPDmean 
of ~1.5 kPa, Js started to decline, indicating a co-limitation by 
low soil water resources. Indeed, Js declined after the VWC 
threshold of approximately 13% was reached (Figure  7D). In 
general, Js also increased with rising Tair; however, as VPDmean 

is known to be a stronger predictor for Js than Tair, no regression 
was fitted (Figure 7B).

4   |   Discussion

In general, seasonal predawn stem water potentials obtained 
for C. betulus agreed well with traditional Scholander pressure 
chamber measurements (ΨLeaf, with minor deviations), sap flow 
dynamics and environmental conditions. We identified some 
patterns, which require further discussion and might hint at po-
tential inaccuracies or limitations of the microtensiometer, such 
as discrepancies of ΨStem and ΨLeaf during daytime in absolute 

FIGURE 4    |    Diurnal course of stem water potential (ΨStem) and leaf water potential (ΨLeaf) on 7 September for all measured trees (A, C, E) and the 
regression between ΨStem and ΨLeaf with R2 including a lag of 100–220 min (B, D, F). Note the different scales for ΨStem and ΨLeaf.
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7 of 13

values, variability and magnitude. Yet, we demonstrate that con-
tinuous ΨStem data in combination with Js hold a high potential 
in elucidating important links between the two parameters and 
interrelated processes to confront the water potential informa-
tion gap (Novick et al. 2022).

4.1   |   ΨStem Is Buffered Compared to ΨLeaf

During the day, a significant water potential gradient is build-
ing up within the plant, which drives plant water fluxes (e.g., 
Larcher  1994). As we measured ΨStem at ~1 m and ΨLeaf at 

FIGURE 5    |    Relationship of ΨStem with mean daily air temperature (Tair) (A, B), maximum daily vapour pressure deficit (VPDmax) (C, D) and mean 
daily volumetric soil water content (VWC) (E, F) or predawn (A, C, E) and midday conditions (B, D, F). Values after October were not considered due 
to leaf senescence. R2

m refers to the marginal R2, R2
c to the conditional R2 of the applied linear mixed-effect model in Panels B, D, E and F.
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8 of 13 Ecohydrology, 2025

~8–10 m height, differences in absolute values, magnitude and 
variability of Ψ are to be expected during the day, and need to 
be accounted for. Thus, the differences in midday/diurnal ΨStem 
and ΨLeaf measurements (Figure 2B, Figure 4) can in part be as-
sociated to lower ΨLeaf in sunlit leaves and the different positions 
of (8 and 1 m) in the canopy. Nevertheless, the large mismatch 
during diurnal courses, particularly in the afternoon, could also 
hint at potential limitations of the new microtensiometer in ac-
curately capturing daytime water potentials, as also reported by 
Blanco and Kalcsits (2023). Yet, it is known that Ψ in the stem is 
buffered compared to Ψ in leaves, express higher Ψ and a lower 
diurnal variability (Jarvis 1976; Larcher 1994; Scholz et al. 2007; 

Nikinmaa, Sievänen, and Hölttä 2014). ΨLeaf measurements in 
the tree crown are highly variable and reflect the diverse, often 
fast changing microclimatic conditions, such as light levels (e.g., 
Burgess and Dawson 2008), while ΨStem is, similar to Js at the 
stem base, an integrative signal of the tree's response, compris-
ing the response of all branches and leaves in the tree crown. 
Thus, it is reasonable to assume that the measured ΨStem values 
are reliable in capturing diurnal and seasonal Ψ dynamics, al-
though with two restrictions: (1) The relationship of ΨStem and 
ΨLeaf for midday conditions shown in Figure 3B might only be 
valid for sunny days, as we did not measure ΨLeaf on cloudy days. 
(2) On 23 August, ΨStem was lower than ΨLeaf (Figure S5), which 

FIGURE 6    |    Average diurnal course of sap flux density (Js) ±1 SE and stem water potential (ΨStem) ± 1 SE for all measured trees (A, C, E) and re-
lationship of Js ±1 SE and ΨStem ±1 SE for all measured trees (B, D, F) between May and October 2023. Values after October were not considered due 
to leaf senescence.
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9 of 13

might question the accuracy of the stem water potential sensor 
close to its operating limit given by the manufacturer (−3.5 MPa). 
Users should be aware of this limit in measurement range of the 
microtensiometer and filter the data accordingly.

While some inaccuracies between ΨStem and ΨLeaf were evident 
in the diurnal measurements, novel microtensiometers were ac-
curately capturing water potentials during predawn conditions 
(Figure 2A, Figure 4). This is in line with the theory that plant 
water potential equilibrates with soil water potential during the 
night, when water reserves are replenished (Hinckley, Lassoie, 
and Running  1978; Richter  1997). This was the case during 
most of the study periods; however, during one drier period in 
August 2023, predawn ΨLeaf was 0.6–1.0 MPa lower than ΨStem 
(Figure S5), which may indicate an incomplete refilling of tree 
water reserves. Thus, under drought conditions, sampling height 
should be considered as important factor, as a larger sampling 
height might yield more negative water potential values, which 
could be further exacerbated by progressing drought conditions. 
Such predawn disequilibrium has also been observed under 
non-drought conditions (Donovan, Linton, and Richards 2001; 

Donovan, Richards, and Linton 2003), and has been attributed to 
the occurrence of nocturnal transpiration (Donovan, Richards, 
and Linton  2003; Kavanagh, Pangle, and Schotzko  2007; 
Kangur et al. 2021) and high nocturnal VPD (Kangur, Kupper, 
and Sellin  2017). Our data suggests that predawn disequilib-
rium actually occurred during nights of high VPD and led to the 
observed discrepancy of ΨStem and ΨLeaf under dry conditions. 
Thus, ΨLeaf should be measured over a large range of predawn 
conditions (including severe drought) to verify ΨStem measure-
ments and to account for predawn disequilibrium.

4.2   |   The Hysteresis of Diurnal Stem Water 
Potential and Sap Flow Raises the Question of Stem 
Capacitance

The occurrence of hysteresis in plant water relations is well 
known and has been observed for water fluxes in stem and 
needles/leaves (e.g., Larcher  1994), xylem diameter variations 
and sap flow (e.g., Sevanto et al. 2008) and stem water poten-
tial and sap flow (e.g., Stöhr and Lösch  2004). The latter two 

FIGURE 7    |    Relationship of daily sap flux density (Js) with mean daily stem water potential (ΨStem) (A), mean daily air temperature (Tair), mean 
daily vapour pressure deficit (VPDmean) with quadratic regression (C) and mean daily volumetric soil water content (VWC) (D). Data points in A–D 
are separated into periods with VWC higher (blue triangles) and VWC lower (red triangles) than the threshold of 13%. Large points in Panel A were 
used for a linear regression between Js and ΨStem to determine the maximum Js at a given ΨStem. R2

m refers to the marginal R2, R2
c to the conditional 

R2 of the applied linear mixed-effect model in Panel C. Data were only used during daytime between sunrise and sunset.
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have been connected to the usage of stored water in stem and 
bark, which can be exchanged with and released into the tran-
spiration stream (Wullschleger, Meinzer, and Vertessy  1998; 
Zweifel, Item, and Häsler 2001; Scholz et al. 2011). This capaci-
tive discharge can buffer daily variations in xylem tension, pre-
venting embolism and hydraulic dysfunction (Scholz et al. 2011; 
McCulloh et al. 2019). For example, higher stem capacitance led 
to less negative leaf ΨMD in tropical species (Scholz et al. 2007), 
and allowed Pinus halepensis to maintain a sufficient hydraulic 
safety margin during the dry season (Preisler et al. 2022). Thus, 
it is likely that the hysteresis of ΨStem and Js in C. betulus was 
caused by the release of stored water to buffer fluctuations in 
xylem tension. Recently, Leuschner et al.  (2024) demonstrated 
that 10.5%–13.0% of the daily water consumption of C. betulus 
actually originated from stem water storage.

Likewise, the lag of ΨStem and ΨLeaf during our diurnal mea-
surements (Figure 4) was potentially caused by similar mech-
anisms. As measurements were conducted in a period of high 
ΨPD, stem water reserves were most likely filled, leading to only 
minor variations in xylem tension. Low ΨLeaf at the same time 
point towards an increasing physiological activity, also evident 
from increasing Js, after recovery rainfall at the beginning of 
September. Especially for Tree 3 (Figure  4E), the question 
arises, if ΨStem was representative for ΨLeaf on this day, as only 
a minor diurnal variation (~0.20 MPa) in ΨStem was observed, 
although ΨLeaf dropped to values < −2.0 MPa. Either ΨStem mea-
surements were erroneous, or there is the possibility of within 
species tree individual capacitance differences, similar to be-
tween species differences in capacitance (Scholz et  al.  2007; 
Scholz et  al.  2011). In conclusion, the measurement day in 
September was not ideal, and the diurnal variation of ΨStem 
and ΨLeaf should also be measured during dry periods to bet-
ter establish a relationship between the two parameters over a 
larger range of environmental conditions. Additionally, stem 
diameter variations and tree water deficit (Zweifel et al. 2016), 
calculated via dendrometers, may be a promising approach to 
further evaluate ΨStem (and vice versa) (cf. Dietrich, Zweifel, and 
Kahmen 2018; Gleason et al. 2024; Ziegler et al. 2024), as xylem 
tension and stem diameter changes are closely related (Irvine 
and Grace 1997).

4.3   |   Stem Water Potential Determines Maximum 
Plant Water Fluxes

Both, ΨStem and Js, responded similarly to environmental stress-
ors, mirroring the relationship of sap flow and VPD/VWC under 
edaphic and atmospheric drought (e.g., Sánchez-Costa, Poyatos, 
and Sabaté 2015; Haberstroh et al. 2022a). While Szatniewska 
et al. (2022) observed that VPD is a stronger predictor of Js than 
VWC for C. betulus, we found a co-limitation of Js by both fac-
tors under low soil moisture. This co-limitation is well known 
(Granier et al. 2007; Haberstroh et al. 2022a), but only occurs 
once a certain threshold of soil moisture is exceeded. Most likely, 
soil moisture levels in Szatniewska et al. (2022) did not drop to 
critical levels, which might explain the differences to our study. 
Moreover, during these periods of limited soil water resources, 
we observed that the maximum Js of C. betulus declined lin-
early with declining ΨStem (Figure  7A) (cf. Cruiziat, Cochard, 
and Améglio 2002). During water limitation, water potentials in 

plants, such as C. betulus (Li et al. 2016), drop, which could po-
tentially trigger stomatal closure and, thus, reduce Js. However, 
Js started to decline at values of ΨStem of −0.4 MPa, which is sig-
nificantly higher than critical thresholds for C. betulus, where 
trees lose 12% (Ψ12 = −3.3 MPa, Leuschner et  al.  2024) or 50% 
(Ψ50 = −3.75–4.3 MPa; Herbette and Cochard 2010; Li et al. 2016) 
of their hydraulic conductivity. Thus, the decline in Js (and sto-
matal conductance) was most likely triggered by a different 
mechanism, such as the loss of soil or root hydraulic conductiv-
ity, which may induce stomatal closure under drought, rather 
than xylem cavitation (Carminati and Javaux  2020; Abdalla 
et al. 2022; Wankmüller et al. 2024). Continuous ΨStem data in 
combination with Js might provide a way forward to elucidate 
these patterns in more detail (McCulloh et al. 2019).

5   |   Conclusion

Stem water potentials obtained continuously with microtensi-
ometers offer a high potential for ecophysiological and ecohy-
drological stress research, if applicable in other important tree 
species. In combination with ecophysiological measures, such 
as sap flow or tree water deficits, tree stress can be detected and 
investigated dynamically. Continuous stem water potential data 
further have the potential to improve modelling approaches 
of tree drought response and mortality events (Steppe  2018; 
Hartmann et al. 2018; Novick et al. 2022) and allow for a bet-
ter investigation of stem capacitance, as data on capacitance 
and water potential, measured on the same location, are scarce, 
but pivotal for capacitance studies (Scholz et  al.  2011). Beside 
these fundamental findings on processes, the effort to obtain 
data changes drastically, as continuous datasets can be collected 
without time- and labour-consuming Scholander pressure 
chamber measurements.

The data presented here are promising, although stem water 
potential sensors need to be rigorously evaluated for every spe-
cies. In particular, the relationship of ΨStem and ΨLeaf data re-
quires further assessments in different conditions, as we found 
an offset in ΨStem and ΨLeaf under midday conditions. ΨStem can 
provide a more integrative measure of stress that includes the 
response to environmental factors of an entire forest canopy, 
while ΨLeaf is additionally dependent on the diverse, fast chang-
ing environmental conditions in the tree crown, representing a 
specific part of the canopy. In conclusion, continuous stem water 
potential data have a high potential in advancing our knowledge 
about tree and forest drought responses and confront the water 
potential information gap (Novick et  al.  2022), especially in 
combination with sap flow measurements.
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