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Water scarcity, largely due to the global increase in drought 
frequency and severity, is limiting the amount of water 
available for agriculture (Cai and Rosegrant 2003; Cook et 
al. 2018). Irrigated agriculture uses an estimated 70–80% 
of the total diverted water and produces over 40% of the 
world’s food (Fereres and Soriano 2007). Poor irrigation 
management can lead to suboptimal crop yield and misman-
agement of water resources (Fereres and Soriano 2007). To 
optimize irrigation scheduling and provide the necessary 
water for cropping systems, growers must have access to 
relevant information on plant water status.

Historically, growers have employed various techniques 
for determining irrigation schedules, including fixed time-
tables, visual evaluations of plant health such as color and 
wilting, and soil dryness evaluations (Heermann 1996). Cur-
rently, there exist several methodologies that enhance irri-
gation scheduling. The use of reference evapotranspiration 
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Abstract
Stem water potential (Ψstem) is a key indicator for assessing plant water status, which is crucial in understanding plant 
health and productivity. However, existing measurement methods for Ψstem, characterized by destructiveness and intermit-
tency, limit its applicability. Microtensiometers, an emerging plant-based sensor, offer continuous monitoring capabilities 
and have shown success in certain vine and tree species. In this study, we investigate the efficacy of microtensiometers 
ability to monitor the Ψstem of cotton (Gossypium hirsutum L.) under three distinct irrigation treatments in Maricopa, Ari-
zona, an extremely hot, arid environment. We analyze the diurnal dynamics of Ψstem across the irrigation regimes and com-
pare these measurements with midday leaf water potentials (Ψleaf) obtained using a dewpoint potentiometer. Our results 
demonstrate that the microtensiometer-derived Ψstem closely follows known diurnal patterns of Ψleaf, tracking with vapor 
pressure deficit (VPD) and responding to variations in irrigation levels and soil moisture content. Time cross-correlation 
analysis reveals an 80-minute lag in Ψstem response to changing VPD under non-water limiting conditions, which shortens 
under water-limiting conditions. Additionally, we establish a robust linear relationship (R2

adj = 0.82) between Ψstem and 
Ψleaf, with this relationship strengthening as water availability decreases. Notably, we observe mean gradients of 1.2 and 
0.06 MPa between soil vs. stem and stem vs. leaf water potentials, respectively. Moreover, Ψstem data proves to be more 
sensitive in distinguishing between irrigation treatments earlier in the growing season compared to Ψleaf, leaf temperature 
and leaf gas exchange parameters. These findings highlight the utility of microtensiometers as valuable tools for monitor-
ing water status in smaller-stemmed row crops such as cotton.
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(ETo) and crop coefficients is one strategy that can be further 
improved with the use of soil water content sensors (Allen et 
al. 1987; Hanson et al. 2000). However, there is uncertainty 
in making irrigation decisions without direct measurements 
of the plants water status, due to the limitations imposed 
by the high variability of soil water content measurements 
and the temporal and spatial variability in weather (Schmitz 
and Sourell 2000). Consequently, researchers and practitio-
ners have increasingly turned to plant-based measurements 
(Fernández 2017). Direct plant water measurements provide 
a better assessment of physiological stress by monitoring 
changes in water status within plant tissue as compared 
to indirect measurements of soil water conditions (Jones 
2004). Similarly, soil-plant-atmosphere continuum models 
also show that plant water status aggregates information on 
water status in the soil, plant, and atmosphere, as well as 
the plant’s physiological response to these environmental 
conditions (Fernández 2017). By considering the limitations 
of soil water content measurements and the recognition 
that plant-based measurements are more direct indicators 
of plant physiological stress, irrigation scheduling can be 
further advanced using direct measurements of plant water 
status.

Several approaches that use plant water status measure-
ments to schedule irrigation now exist. One method involves 
a Scholander pressure chamber for the manual measurement 
of plant water potential (Scholander et al. 1965). To over-
come the limitations associated with manual and destructive 
point measurement techniques, researchers have developed 
sensors known as hygrometers or psychrometers that enable 
continuous measurement of plant water potential. These 
sensors operate by assessing the water potential of the vapor 
phase through direct contact with either the leaf or stem (G. 
S. Campbell and Campbell 1974; McBurney & Costigan 
1982). However, these sensors are susceptible to significant 
errors when there are variations in temperature between 
the sensor and the plant tissue due to their isothermal con-
nection requirements (Dixon & Tyree 1984). Alternatively, 
multiple electronic plant-based sensors that continuously 
measure indicators related to water potential, such as sap 
flow and trunk diameter fluctuations, have been developed 
(Gallardo et al. 2006; Intrigliolo and Castel 2006; Moriana 
et al. 2013). These indicators do not directly measure stem 
water potential (Ψstem), thus their ability to accurately assess 
plant water potential is limited by factors such as sensor 
placement, variations in plant response, and the impact of 
other environmental variables on the measured indicators.

Recently, new sensors called microtensiometers have 
been developed. Microtensiometers are based on microelec-
tromechanical principles and measure the water potential of 
an external matrix. They are embedded in the plant stem to 
directly and continuously measure in-situ Ψstem with high 

accuracy (Black et al. 2020). Microtensiometers can operate 
reliably below − 10 MPa with response times of approxi-
mately 20 min (Pagay et al. 2014). In this sense, microtensi-
ometers appear feasible for continuous monitoring of plant 
water status. However, comparisons between Ψstem mea-
sured with the microtensiometers and other accepted plant 
water status indicators are limited, especially for irrigated 
agriculture under extreme arid conditions. A few studies 
have addressed the performance of microtensiometers under 
field conditions and different water availability conditions 
for grapevines and several tree species (Blanco and Kalcsits 
2021; Conesa et al. 2023; Pagay 2022). However, no studies 
have demonstrated the applicability of microtensiometers 
for woody small-stemmed row crops like cotton. Thus, the 
objective of this study was to validate the use of microten-
siometers for measuring plant water status in field-grown 
cotton plants under different irrigation regimes.

Materials and methods

Experiment location and plant material

A field experiment was conducted in 2022 at the Univer-
sity of Arizona’s Maricopa Agricultural Center in Maricopa, 
Arizona (33.079° N, 111.977° W, 360 m above sea level). 
Following a winter triticale (×Triticosecale, cv. ‘Nextrit’, 
Americot, Inc., Lubbock, TX, USA) cover crop and field 
preparation via a strip-tillage implement, upland cotton 
(Gossypium hirsutum L., cv. ‘NexGen 3195 B3XF’, Ameri-
cot, Inc., Lubbock, TX, USA) was planted into the tilled 
strips on April 21st, 2022 (DOY 111). The variety was cho-
sen based on its observed performance in Arizona fields dur-
ing prior cotton growing seasons. The row orientation was 
north-south, and the row spacing was 1.02 m. Final plant 
density after emergence was 8.4 plants per m2. Pre-emergent 
herbicide (Prowl H2O, BASF, Florham Park, NJ, USA) was 
applied to the soil surface on April 14th, 2022 (DOY 104) 
following the manufacturer recommendation. The herbicide 
was incorporated with light irrigation (10  mm) immedi-
ately after application. In-season applications of glypho-
sate (RoundUp PowerMAX, Bayer CropScience, Monheim 
am Rhein, Germany) were performed with a tractor-based 
sprayer as needed, amounting to four applications in 2022. 
Control of lygus (Lygus hesperus) was achieved by three 
tractor-based applications of sulfoxaflor (Transform WG, 
Corteva Agriscience, Indianapolis, IN, USA). Mepiquat 
chloride (GinOut, Nufarm Americas, Inc., Alsip, IL, USA) 
was applied as a plant growth regulator with sulfoxaflor. 
Following irrigation termination in September, cotton was 
defoliated with thidiazuron and diuron (Ginstar EC, Bayer 
CropScience, Monheim am Rhein, Germany), and a boll 
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opener containing ethephon and urea sulfate (CottonQuik, 
Nufarm Americas, Inc., Alsip, IL, USA) was also applied 
according to manufacturer recommendation. The defoli-
ant and boll opener were applied on September 30th, 2022 
(DOY 273) and October 14th, 2022 (DOY 287). The plots 
used for this study were adjacent to and managed similarly 
to another cotton field trial, described by Thorp (2023).

Environmental conditions

Air temperature, relative humidity, precipitation, vapor 
pressure deficit (VPD) and reference evapotranspiration 
were continuously recorded by an Arizona Meteorological 
Network (AZMET; http://ag.arizona.edu/azmet) weather 
station located approximately 1.2 km from the field site.

Irrigation management and treatments

The experiment evaluated four irrigation rates from peak 
bloom to maturity, while uniform irrigation was used prior 
to peak bloom. The four irrigation rates were 40%, 60%, 
80%, and 100% of the full irrigation recommendation, 
as determined from an evapotranspiration-based irriga-
tion scheduling tool (Thorp 2022). Differential irrigation 
amounts were initiated on July 7th, 2022 (DOY 185) and 
continued through irrigation termination on September 9th, 
2022 (DOY 252). A randomized complete block design was 
used with four replications. Due to limited equipment avail-
ability, this study made use of only three of the sixteen plots, 
including plots managed with 40%, 60% and 100% irriga-
tion rates, centrally located in the field and in close proxim-
ity to each other.

Irrigation was applied with an overhead lateral-move 
sprinkler irrigation system with advanced geospatial tech-
nology for site-specific irrigation applications within the 
georeferenced plot boundaries (Zimmatic, Lindsay Cor-
poration, Omaha, NE, USA). The details of the irrigation 
system design and function have been elaborated in pre-
vious reports (Thorp et al. 2017, 2020, 2022; 2023). Uni-
form irrigation management was used to emerge the cotton 
crop. No pre-plant irrigation was conducted, except for the 
light irrigation to incorporate pre-emergent herbicide. For 
several weeks after cotton planting, uniform irrigation was 
applied every few days with daily amounts ranging from 10 
to 31 mm to promote emergence of a uniform plant stand. 
Beginning in mid-May, an evapotranspiration-based soil 
water balance model called “pyfao56” (Thorp 2022) was 
run weekly to determine irrigation amounts required to raise 
soil water content to the drained upper limit. The water 
amount suggested by the model established the 100% irri-
gation rate. Irrigation events were scheduled for two days 
during each week, typically on Tuesdays and Fridays, to 

apply the recommended weekly 100% irrigation amount. 
To administer variable irrigation rates beginning July 7th, 
2022, plot boundaries were delineated in a vector shapefile, 
and the shapefile was imported to the commercial Field-
MAP software (Lindsay Corporation, Omaha, NE, USA). 
After assigning appropriate irrigation rate percentages to 
each plot, the software produced a proprietary irrigation 
prescription file which was uploaded to the irrigation con-
troller and used to operate electronic solenoid valves to spa-
tially vary the irrigation amounts. Liquid urea ammonium 
nitrate (UAN 32-0-0) was uniformly applied through the 
irrigation system in three split applications, totaling 149 kg 
N ha− 1 for the season.

Field measurements and monitoring

Soil water measurements

Time domain reflectometer (TDR) sensors (TDR-310  S, 
Acclima, Inc., Meridian, ID, USA) were installed in each 
plot on June 1st, 2022 (DOY 152) to continuously measure 
volumetric soil water content throughout the remaining 
cotton growing season. To reduce the influence of soil dis-
ruption on the soil water content measurements, two-meter-
long trenches were excavated alongside the south-north 
cotton row. A total of ten sensors were installed perpendicu-
lar to the plant rows in each plot. To distribute the sensors 
equally throughout the plot while simultaneously establish-
ing multiple replicates at each depth, sensors were installed 
at five distinct locations within a plot. Each plot consisted of 
five sensors installed at 10 cm depth, two sensors installed 
at 30 cm depth, and three sensors installed at 50 cm depth 
(Fig.  1d). After installing the sensors, the trenches were 
refilled with the excavated soil and compacted to pre-exca-
vation conditions. The volumetric soil water content was 
recorded every five minutes with a DataSnap SDI-12 data-
logger (Acclima, Inc., Meridian, ID, USA).

Plant measurements

Once a week, two plants in close vicinity to the TDR soil 
moisture probes from each plot were randomly selected for 
the measurements. The plants selected were not always from 
the plants fitted with the microtensiometer, in order to limit 
the destruction to the established plant canopy throughout 
the season. Three leaves per cotton plant positioned approx-
imately at the top, middle, and bottom of the canopy were 
tagged and then measured in an effort to identify potential 
differences due to the canopy position.

Leaf gas exchange and temperature measurements were 
conducted between 11:00 and 14:00. Stomatal conduc-
tance measurements were performed for both the adaxial 

1 3

997

http://ag.arizona.edu/azmet


Irrigation Science (2024) 42:995–1011

distribution measurements, three replicate samples were 
measured.

To convert the volumetric soil water content measured 
with the TDR-310 S sensors to soil matric potential (Ψm), 
it was necessary to determine the soil water retention curve 
(SWRC). We estimated the SWRC for each soil sample 
using the Rosetta3 pedotransfer function implemented in 
the soilDB R package with dry bulk density and sand, silt, 
and clay percentages as input parameters (v2.7.8; Beaudette 
et al. 2023; Zhang and Schaap 2017). Rosetta3 estimates the 
parameters of the continuous van Genuchten SWRC model 
(van Genuchten 1980) given as:

θ (ψm) = θr + (θs − θr) [1 + |αψm|n](
1
n−1)

where θr  is the residual water content (cm3 cm− 3), θs  is the 
saturated water content (cm3 cm− 3), and α  (cm− 1) and n  (-) 
are shape parameters of the van Genuchten model.

To enhance the accuracy of Rosetta3 SWRC parameter 
estimates under dry conditions, a meticulous calibration 
procedure was conducted. This involved performing two 
distinct measurements utilizing the WP4C Dewpoint Poten-
tiameter (METER Group, Inc., Pullman, WA, USA) for each 
soil sample at soil moisture contents of about 0.08 and 0.13 
cm3cm− 3. These values were selected based on the mini-
mum observed value of about 0.10 cm3cm− 3 measured by 
TDRs. This procedure drastically improved the estimations 
of the van Genuchten SWRC model parameters resulting 
from ROSETTA3. For instance, the residual soil water con-
tent was refined from an overestimated value of about 0.15 
cm3cm− 3 to the field experiment-validated range of 0.03 
cm3cm− 3. Finally, the refined van Genuchten SWRC model 
parameters were interpolated for the TDR locations in order 
to calculate Ψm from the TDR-310 S sensor readings.

Plant water status measurements

Stem water potential

Microtensiometers (FloraPulse, Davis, CA, USA) were 
installed into the stems of two cotton plants per irrigation 
treatment (Fig. 1). To evaluate the installation method, the 
microtensiometers for the 40% irrigation treatment were 
installed on July 25th, 2022 (DOY 206). After the function-
ality of the microtensiometers was confirmed, the remain-
ing ones were installed on August 1st, 2022 (DOY 213). 
Cotton plants with main stem diameters of at least 13 mm 
were selected, and the sensors were installed approximately 
5 cm above the soil surface. The supplied metal installation 
sleeve was gently pushed into the plant stem with a c-clamp 
to help ensure installation perpendicular to the stem. Once 

and abaxial sides of the selected leaves using a handheld 
SC-1 Leaf Porometer (Meter Group, Pullman, WA, USA). 
Reduction in chamber humidity prior to the measurements 
was ensured by shaking the desiccant-filled SC-1 probe 
to reach a relative humidity below 5% before clamping it 
onto a leaf. In addition, net photosynthesis (A) and stoma-
tal conductance (gs) were measured with a LI-6800 portable 
photosynthesis system (Li-Cor Biosciences, Lincoln, NE, 
USA). The applied chamber settings were as follows: 2,000 
µmol m− 2 s− 1 photosynthetically active radiation (PAR), 
400 µmol mol− 1 reference CO2, 600 µmol s− 1 flow rate, 
and 10,000 rpm mixing fan speed. The measurements were 
taken after inserting a leaf into the chamber and waiting for 
approximately 60 s for photosynthesis to reach steady state.

Leaf canopy temperature was measured with a handheld 
52,224-A-SP infrared thermometer (Mastercool, Randolph, 
NJ, USA) between the SC-1 porometer and the LI-6800 
readings. Temperature was measured on the adaxial side of 
the leaves without altering their natural position with the IR 
thermometer angled perpendicular to the leaf surface.

Soil characterization

To measure soil physical properties including dry bulk den-
sity and soil texture (i.e., sand, silt, and clay content), twelve 
undisturbed soil core samples were extracted in close vicin-
ity of the TDR-310 S sensor installation locations at the end 
of the field experiment (Fig. 1e). The bulk densities were 
calculated after oven-drying the core samples at 105 °C for 
48 h from the known cylinder volume and the oven-dry soil 
mass. A Beckman Coulter LS 13,320 laser diffraction par-
ticle size analyzer (Beckman Coulter Life Sciences, India-
napolis, IN, USA) was used to measure the soil texture. The 
instrument comprises two laser systems, a standard system 
that covers the particle size range from 4.0E-04 to 2 mm, 
and a polarization intensity differential scattering (PIDS) 
system that extends down to 4.0E-05 mm while still provid-
ing a continuous size distribution. Because it is essential to 
measure the size distribution of primary mineral particles 
smaller than 2 mm, calcium carbonate (CaCO3) that acts as a 
binding agent and organic matter (OM) were removed prior 
to the measurements. After passing the samples through a 
2 mm sieve to remove gravel, a mixture of 40 g soil, 100 ml 
deionized water, and 10 ml 1.0 M Na acetate (pH 5.0) was 
prepared in a 250 ml centrifuge tube to remove carbonate. 
The tube was then placed in a hot water bath for approxi-
mately 30 min. Following this, the sample was centrifuged 
at 3600  rpm for 15 min, decanted, and rinsed three times 
with deionized water. To remove OM, a similar procedure 
was followed, but instead of acid, 150 ml bleach NaOCl (pH 
9.5) was used. To ensure the accuracy of the particle size 
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Leaf water potential

Once the leaf gas exchange measurement was complete, 
those leaves were collected for leaf water potential (Ψleaf) 
measurements. For each leaf, the leaf was excised from 
the plant, the cut petiole was covered with petroleum jelly, 
the leaf was wrapped in a moist paper towel and then cov-
ered with tinfoil, the sample was placed in a plastic bag, 
the time of collection recorded, and the sample placed on 
ice in a cooler. This procedure prevented transpiration and 
allowed for the stem xylem pressure to equilibrate. The leaf 
samples were stored in a portable cooler and immediately 
transported from the field to the University of Arizona main 
campus, where a WP4C Dewpoint Potentiameter (METER 
Group, Inc., Pullman, WA, USA) was used to measure the 
leaf water potential (Ψleaf) following Campbell and McInnes 
(1999). First, a drop of distilled water was applied to the 
leaf surface and the cuticle layer was gently removed with 
600-grit sandpaper. Excess water on the surface was then 

the sleeve was installed, a small drill bit was used to remove 
the stem wood from within the sleeve creating a cavity for 
the sensor. After cleaning out the sleeve and the drilled hole 
in the cotton stem, mating compound, supplied by the com-
pany, was injected into the hole with a syringe. The sen-
sor was then inserted into the hole and metal support sleeve 
and secured by screwing down the endcap of the sleeve to 
tighten the sensor into position. Once the microtensiometer 
was installed, grease was applied to all exposed tensiometer 
openings for waterproofing and to seal the wound. Once the 
sensor was activated, the stem water potential (Ψstem) was 
continuously recorded in 20-minute intervals with a solar-
powered, cellular datalogger (FloraPulse, Davis, CA, USA) 
secured to a metal post. Data collection was frequently 
monitored from a cell phone or computer on the FloraPulse 
web dashboard to ensure data capture.

Fig. 1  Installation layout and components of soil and plant sensors. (a) 
Close-up displaying of individual microtensiometer sleeve installed in 
a cotton stem. (b) Depiction of microtensiometers inserted into sleeves 
filled with mating compound, further covered with grease and insula-
tion to mitigate temperature effects on water potential measurements 
of the sensor. (c) Image showing the datalogger and wireless transmit-

ters associated with the microtensiometers. (d) Image of the installa-
tion of the Time Domain Reflectometry sensor at varying depths (10, 
30, 50 cm). (e) Illustration of the relative spatial layout indicating the 
locations of microtensiometers, soil moisture sensors, and soil samples 
situated within each treatment
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removed using a lint-free Kimwipe® tissue. The leaf sample 
was cut to fit into the cylindrical stainless steel sample cup 
of the WP4C, which was calibrated with KCl solution stan-
dards prior to the measurement. Of note, the WP4C instru-
ment is applicable for both soil and leaf tissue measurements 
and was applied for the leaf water potential measurements 
as well as for adjusting the SWRC calculated above.

Statistical analyses

Statistical analyses were performed using R Statistical Soft-
ware (v4.3.0; Team 2023) to assess relationships and signifi-
cance levels related to plant water status. Linear regression 
analysis was used to investigate relationships between mid-
day stem and leaf water potential. To capture midday stem 
water potential, we used the average of recorded stem water 
potential values throughout the leaf sampling period. Mid-
day leaf water potential was the average for each treatment. 
ANOVA was conducted to determine if there were signifi-
cant differences between irrigation treatments. A Tukey 
HSD test was performed for post-hoc comparisons.

Time-lagged normalized cross correlation analysis was 
used in MATLAB programing software (v.23.2.0, R2023b, 
The MathWorks, Inc., Natick, MA, USA) to analyze the con-
tinuous data (at 1-hour intervals) of VPD and Ψstem through-
out the season. Normalized cross correlation involves 
assessing the correlations between two time series datasets 
that are temporally shifted (Chatfield and Xing 2019) and 
repeatedly computing the Pearson product moment correla-
tion (cross correlation) coefficient (XCC) after each shift. 
The resulting ‘offset’ values, selected at the highest abso-
lute normalized XCC in the series, denote the time shift (lag 
or advancement) between specific time series. Time shifts 
were selected such that they aligned with the 20-minute 
measurement interval for both VPD and Ψstem, making each 
offset equivalent to 20 min. To analyze the potential time 
lags within the dataset, the temporal data was segmented 
into two distinct time frames representing the morning and 
evening periods. The morning segment encompassed the 
time span between 4:00 and 11:00, while the evening seg-
ment covered the hours from 12:00 to 20:00.

Results

Throughout the growing season, the weather conditions fol-
lowed typical Arizona desert seasonal patterns with high 
daily reference evapotranspiration values (ETo) and little 
to no precipitation throughout the season (Table  1). Air 
temperatures averaged over 40.0 °C in the months of June 
and July with daily maximums exceeding 40.0 °C in every 
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irrigation treatment soil moisture values; they decreased to 
approximately 0.13 and 0.14 cm3 cm− 3 before increasing to 
approximate values of 0.16 and 0.20 cm3 cm− 3 following 
irrigation, respectively. Unexpectedly, the two water lim-
ited treatments did not follow the predicted trends with the 
60% irrigation treatment consistently reporting lower volu-
metric soil water content values than the 40% treatment. 
This discrepancy was likely influenced by field variation 
in surface compaction (tire tracks), resulting in noticeable 
runoff during the season. Additionally, differences in deep 
and subsurface preseason tillage could have also resulted 
in non-homogeneous soil structure impacting the measured 
soil moisture levels. Finally, lower soil bulk densities were 
observed at the TDR sensor locations of the 60% irrigation 
treatment, with an average bulk density of 1.35 g/cm³, com-
pared to the higher values observed for the 100% and 40% 
treatments measuring 1.44  g/cm³ and 1.42  g/cm³, respec-
tively. Following the last irrigation on September 9th (DOY 
252), the soil water content decreased to approximately 0.11 
cm3 cm− 3 for all three treatments, only exhibiting slight 
increases following precipitation events, as the field dried 
down in preparation for harvest. The yield data collected 
from the three irrigation treatments also demonstrated the 
effects of the contrasting soil water availability on plant 
performance. The 100% treatment yielded the highest at 
3,836.6 kg/ha of seed cotton, more than double the yield of 
the 40% treatment, which produced 1,839.3 kg/ha. The 60% 
irrigation treatment yielded 197.8 kg/ha more than the 40% 
treatment with a final yield of 2,037.1 kg/ha of seed cotton.

The seasonal dynamics of water status along the soil-
plant-atmosphere continuum (SPAC) demonstrated 
expected patterns with respect to soil water availability and 
atmospheric demand (Fig. 3). The soil matric potential (Ψm), 

month of the growing season (Fig.  2a). Precipitation was 
typical of the desert environment with low monthly aver-
ages ranging from 0.0 to 1.15  mm of rainfall punctuated 
by monsoon rain events (seven events with rainfall greater 
than 5 mm) that resulted in significant precipitation. On two 
occasions during the active growing season (May through 
August) rainfall amounts were substantial; on June 25th 
rainfall exceeded 22.0 mm and July 13th, 17.0 mm of rain-
fall occurred. With respect to ETo, average monthly values 
from May through July exceeded 8.00  mm per day and 
decreased in the months of August and September to 6.80 
and 6.22 mm per day, respectively. The vapor pressure defi-
cit exhibited the expected diurnal trends with peak values 
occurring in the late afternoon while minimum daily values 
were observed at predawn (Fig.  3a). The values for VPD 
were high, both the daily averages and maximum observed 
values, with a maximum value of 8.51 kPa observed on June 
16th (DOY 167). The daily VPD averages for each month 
were 5.43, 6.42, 5.96, 4.89, 4.90  kPa from May through 
September, respectively. The high VPD daily average values 
along with the maximum monthly observed values indicate 
that the atmospheric demand on the plants was significant.

The volumetric soil water content fluctuated in response 
to irrigation, precipitation events, root-water uptake, and 
evaporation exhibiting rapid increases immediately follow-
ing irrigation or precipitation events with steady decreases 
on subsequent days (Fig.  2b & c). Furthermore, the soil 
water content exhibited differences between irrigation treat-
ments. For the 100% irrigation rate (i.e., well-watered con-
ditions), the soil water content decreased to values around 
0.15 cm3 cm− 3 before increasing to about 0.25 cm3 cm− 3 
following irrigation. The water-limited irrigation treatments 
(i.e., 60% and 40%) were both consistently below the 100% 

Fig. 2  Time-series depiction of 
agrometeorological variables, 
irrigation, and soil moisture over 
the course of the 2022 growing 
season. (a) Daily fluctuations 
in air temperature (°C). (b) Soil 
water content (θv ) in the 0–0.3 m 
soil profile throughout the 
experimental period. (C) Amount 
of irrigation and rainfall over 
the season. The shaded region 
represents one standard deviation 
from the mean
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time interval decreased from − 0.88  MPa to -3.57  MPa, 
from − 1.63  MPa to -4.30  MPa, and from − 1.31  MPa to 
-3.99 MPa, respectively. This indicates that the cotton plants 
experienced water stress to varying degrees and were unable 
to completely recover from the daytime water deficit stress.

The Ψstem measured with the microtensiometers exhib-
ited a consistent diurnal pattern that was clearly influenced 
by both the Ψm and the diurnal variations in VPD (Fig. 3). 
As the demand for water in the atmosphere increased, the 
Ψstem exhibited a decline reaching their lowest values in 
the afternoon at approximately 17:00, 17:40, and 16:00 h 
for the 100%, 60%, and 40% irrigation treatments, respec-
tively. This decline corresponds with the peak daily VPD 
that generally occurred between 15:30 and 16:30. Subse-
quently, when the VPD started to decrease in the evening, 
the Ψstem began recovering, approaching values close to or 
occasionally higher than their predawn values of the previ-
ous morning.

Time-lagged cross-correlation analysis was used to assess 
the influence of atmospheric demand on Ψstem across two 
distinct time periods: morning (4:00 to 11:00) and afternoon 
(12:00 to 20:00). During the morning, the VPD reached its 

derived from soil water content measurements exhibited 
similar unexpected trends, with the highest values observed 
for the 100% irrigation treatment, followed by the 40% and 
60% irrigation treatments, respectively. Notably, the Ψstem 
patterns recorded by the microtensiometers tracked with 
the contrasting Ψm and captured the unanticipated trends 
with regards to our irrigation treatment levels. For the well-
watered treatment (100% irrigation rate), Ψstem exhibited 
consistent, small daily decreases in response to atmospheric 
demand and then recovered during the night to levels closer 
to that of the previous day. Despite the consistent recovery, 
the daily predawn Ψstem of the 100% irrigation treatment 
decreased from − 0.50 MPa on August 7th (DOY 219) to 
-1.71  MPa on September 7th (DOY 250) (Fig.  3b). Con-
versely, the Ψstem of the two water-limited scenarios (60% 
and 40% of full irrigation rate) both showed large daily 
fluctuations and inconsistent recoveries resulting in a larger 
decrease in predawn Ψstem from − 0.58 MPa and − 0.53 MPa 
on August 7th (DOY 219) to -2.28  MPa and − 2.03  MPa 
on September 7th (DOY 250) for the 60% and 40% irriga-
tion treatments, respectively. The daily minimum Ψstem of 
the 100%, 60%, and 40% irrigation treatments in the same 

Fig. 3  Seasonal patterns of measurement of water potential along the 
soil-plant-atmospheric continuum. (a) Hourly records of vapor pres-
sure deficit (VPD) throughout the growing season. (b) Time-series rep-
resentation of stem water potential (Ψstem) measured using microtensi-
ometers. Red dashed lines represent leaf water potential sampling time 
points. (c) Visualization of the continuous soil water potential (Ψsoil) 

measurements within the 0–0.3 m soil profile. Stem water potential is 
presented as the average of two microtensiometers per irrigation treat-
ment level, while soil water potential is presented as the average of all 
seven time domain reflectometer sensors between 10–30  cm depths 
with the shaded region covering one standard deviation from the mean
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between the variables with an R2
adj = 0.82, F(1,22) = 103.4, 

p < 0.001 (Fig. 5a). The strength of the relationship between 
Ψstem and Ψleaf was also dependent on the irrigation treat-
ment and increased from R2

adj = 0.75, F(1,6) = 22.5, p < 0.01 
to R2

adj = 0.84, F(1,6) = 38.29, p < 0.001 to R2
adj = 0.97, 

F(1,6) = 243.1, p < 0.001 for the 100%, 60%, and 40% irri-
gation treatments, respectively (Fig. 5b). No significant dif-
ference was observed when looking at leaf position within 
the canopy, and thus, the combined means were utilized for 
further analysis.

The water potential values observed in the soil, stem, and 
leaves followed the expected trend in values with respect to 
water flow along the SPAC – with the least negative values 
observed in the soil (water supply) to most negative values 
occurring in the leaves (atmospheric demand, Fig. 5C). Early 
in the cotton season, under well-watered conditions, Ψm and 
Ψstem exhibited the greatest absolute gradient at 1.20 MPa, 
while the smallest gradient was observed between the Ψstem 
and Ψleaf at 0.06 MPa. The 40% irrigation treatment had a 
similar gradient trend to that of the well-watered treatment 
– the larger gradient existed between Ψm and Ψstem with a 
value of 0.84 MPa. However, for the 60% irrigation treat-
ment the gradients flipped; the largest gradient was found 
between Ψstem and Ψleaf, 0.26  MPa, whereas the gradient 
between Ψm and Ψstem was 0.21 MPa. This change in gradi-
ent could likely be due to the average Ψm value being lower 
than the Ψm localized around the plants with the microten-
siometers. These gradients underwent a shift as the season 
progressed. As the field dried for preparation of harvest, the 

minimum value at approximately 7:00, while Ψstem con-
tinued to increase until 9:00, 9:20, and 8:20 for the 100%, 
60%, and 40% treatment, respectively. The results from the 
time-lagged cross-correlation analysis showed that the well-
watered treatment reached a minimum correlation value of 
-0.78 at an offset of five units indicating that the response of 
Ψstem to increasing VPD had a lag of 100 min. Conversely, 
the 60% and 40% treatments exhibited their minimum cor-
relation coefficients at offsets of 7 and 3 units, respectively, 
indicating that the Ψstem response to increases in VPD 
lagged by 140 min for the 60% treatment and 60 min for the 
40% treatment (Fig. 4a).

During the evening, plants subjected to water-limited 
conditions, corresponding to 60% and 40% of recommended 
irrigation, exhibited minimum normalized correlation coef-
ficients at offsets of four and two units, respectively. This 
indicated that the Ψstem response to decreasing VPD lagged 
by 80 min for the 60% irrigation treatment and 40 min for 
the 40% irrigation treatment. The well-watered treatment 
exhibited its minimum correlation coefficient at an offset 
of four units, indicating that like the 60% irrigation treat-
ment, the response of Ψstem to changes in VPD lagged by 
80 min (Fig. 4b). The difference in lag times between the 
treatments receiving more irrigation (100% and 60%) and 
less irrigation (40%) indicates that the plant’s water status 
exhibited greater sensitivity to VPD as water deficit stress 
became more acute.

Regression analysis between midday Ψstem and leaf 
water potential (Ψleaf) indicated a strong linear relationship 

Fig. 4  Time-lagged cross correla-
tion for stem water potential and 
vapor pressure deficit across two 
distinct time frames: (a) morning, 
04:00 to 11:00, and (b) evening, 
12:00 to 20:00. Each offset unit 
represents 20 min
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the 100% and 60% treatments on that date. Conversely, on 
August 11th (DOY 223) and September 26th (DOY 269), 
which was 17 days after irrigation had ceased, both stem 
(p = 0.235) and leaf (p = 0.276) measurements showed no 
significant differences between the treatments.

Gas exchange parameters and leaf temperature were 
measured immediately prior to sampling the leaf for Ψleaf. 
One-way ANOVA found no significant difference between 
treatments for stomatal conductance or assimilation for any 
individual dates (lowest observed p-value was p > 0.06) 
(Fig. 6c). However, failure to find significant differences on 
a single day might be the result of stomatal conductance 
responsiveness to high VPDs rather than a reflectance of 
the leaf gas exchange parameters ability to measure plant 
water status. Leaf temperature, on the other hand, exhibited 
notable variations between treatments across several dates 
(Fig. 6d). On September 1st, leaf water potential displayed 
distinct differences (p < 0.01) between all three treatments. 
Statistical differences were also evident between the 100% 
and 40% treatments, but not the 60% treatment on August 
11th and September 26th. Further, post-hoc analysis of leaf 
temperature revealed that on September 8th, the 100% treat-
ment differed from the 60% and 40% treatments, while on 

drying soil led to a decrease in Ψstem resulting in an increase 
in the gradient between Ψm and Ψstem and a decrease of the 
Ψstem and Ψleaf gradients. Following this shift, the gradient 
between the Ψm and Ψstem consistently exceeded the Ψstem 
and Ψleaf gradient for all treatments.

To evaluate the microtensiometer’s ability to quantify 
plant water deficit stress relative to known approaches, we 
compared the obtained Ψstem values against collected Ψleaf, 
leaf gas exchange data, and leaf temperature. Midday Ψstem 
and Ψleaf both exhibited significant (p < 0.01) differences 
between treatments on September 1st (DOY 244), and 8th 
(DOY 251) (Fig.  6a & b). Stem water potential also had 
statistically significant differences between all treatments on 
August 18th (DOY 230) and September 14th (DOY 257). 
Post hoc comparison of Ψleaf water potential indicated that 
significant differences in means were only found between 
the 100% and 40% irrigation treatments on August 18th 
(DOY 230), while there was no observed significant treat-
ment effect on September 14th (DOY 257). On August 24th 
(DOY 236), both Ψstem and Ψleaf measurements revealed sig-
nificant differences between the 100% and 40% irrigation 
treatments, as well as between the 60% and 40% treatments. 
However, no significant difference was observed between 

Fig. 5  Relationships across the soil-plant-atmospheric continuum. 
(a) The linear relationship between the midday values of stem water 
potential (Ψstem) and leaf water potential (Ψleaf). (b) Linear relation-
ships between Ψstem and Ψleaf for each irrigation treatment. (c) Time 

series depiction of soil water potential (Ψsoil), Ψstem and Ψleaf represent-
ing the entire soil-plant-atmospheric continuum, for the 100%, 60%, 
and 40% treatments
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significant treatment effect (p < 0.01) when evaluated over 
the duration of the experiment. Furthermore, both assimi-
lation and stomatal conductance demonstrated rankings 
that followed the expected irrigation trends, with the 100% 
treatment reporting larger values for both leaf gas exchange 
measurements compared to the 60% and 40% treatments.

Discussion

In the present study, we evaluated the ability of small, in 
planta microtensiometers to quantify the seasonal and diur-
nal variation of plant water status for field-grown cotton 
subjected to contrasting levels of irrigation in a hot, arid 

August 18th, the 40% treatment differed from the 100% and 
60% treatments. Similar to the other measurements, leaf 
temperature showed no significant differences on the final 
measurement date, September 26th.

When evaluated over the course of the season, there were 
significant differences in daily minimum (or midday) stem 
water potential between the 100% treatment and both the 
60% and 40% treatments, but not between the 60% and 40% 
treatments (F(2,80) = 7.096, p < 0.01). Conversely, for pre-
dawn or daily maximum stem water potential, significant 
differences were found between the 100% and 60% treat-
ments, but not between the 40% and either of the other two 
treatments (F(2,80) = 5.207, p < 0.01). Similarly, stomatal 
conductance, assimilation, and leaf temperature exhibited a 

Fig. 6  Seasonal progression of midday stem and leaf water potentials 
and stomatal conductance. (a) Weekly comparative analysis of mid-
day stem water potential (Ψstem). (b) Weekly comparative analysis for 
midday leaf water potential (Ψleaf). (c) Weekly comparative analysis 
of assimilation rates (A). (d) Weekly comparative analysis for leaf 
temperature. Each boxplot for leaf water potential, assimilation, and 

leaf temperature comprises six measurements, while the boxplot for 
stem water potential encompasses all measurements taken throughout 
the entire sampling period for leaf water potential and gas exchange 
parameters. Means not sharing any letter on the same date are signifi-
cantly different by the Tukey-test at the 5% level of significance
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trends of Ψstem were in agreeance with established pat-
terns; namely, Ψstem inversely tracked daily VPD values and 
scaled appropriately with respect to the irrigation treatment 
levels and available soil moisture (Fig.  3b). Considering 
seasonal water dynamics, and specifically for cotton which 
must experience water deficit to encourage defoliation in 
preparation for harvest, the microtensiometers were able 
to capture the temporal changes in soil moisture (Koudahe 
et al. 2021; Masasi et al. 2019; Reeves 2012; Silvertooth 
2003). Terminal dry down of the field began on Septem-
ber 9th (DOY 252). During this time, the microtensiometers 
accurately captured the continual decrease in predawn Ψstem 
starting at an across-treatment average value of -1.16 MPa 
and finally reaching an average value of -3.36  MPa on 
September 29 (DOY 272). There was a significant rainfall 
event on September 21 (DOY 264, 13.72 mm) that briefly 
increased Ψm and Ψstem readings highlighting the temporal 
sensitivity of the microtensiometers. Once dry down of the 
field was completed, there were no differences among Ψstem 
readings between irrigation treatments, and differences in 
soil volumetric water content were negligible (Fig. 2b).

The observed relationship between Ψstem and Ψm, partic-
ularly in the 100% irrigation treatment, provided intriguing 
new insights. In contrast to the traditional view that predawn 
plant water potential accurately represents Ψm, we observed 
a widening gap between predawn Ψstem and Ψm as the grow-
ing season progressed (Fig.  3b & c) (Ritchie and Hinck-
ley 1975; Hinckley et al. 1978; Richter 1997; Donovan et 
al. 2001, 2003). The failure to exhibit complete nighttime 
recovery in the well-water treatment could be due to the low 
soil conductivities present in our soil. These low conduc-
tivities might result in undersaturation at the root surface 
regardless of the bulk soil water availability, leading to the 
plants having an inadequate supply of water to recover from 
the environmental demand (Li et al. 2002; Lobet et al. 2014; 
Scharwies and Dinneny 2019). Throughout the season, the 
inability to fully recover overnight, whether due to soil phys-
ical properties or limited water access in the well-watered 
and water-limited treatments, respectively, could lead to the 
accumulation of plant stress. An ensuing consequence of the 
accumulation of daily stress is long term xylem cavitation 
and an increased hydraulic resistance between the stem and 
soil from which the plants are never able to fully recover 
(Nobel et al. 1994; Tyree and Sperry 1989; Salomón et al. 
2017; Waring & Running 1978). Moreover, these findings 
corroborate previous studies that have reported a gradual 
decrease in Ψstem over a growing season (Goldhamer and 
Fereres 2001).

The microtensiometers also exhibited sensitivity to 
diurnal Ψstem changes, and by proxy Ψm, across the grow-
ing season. Following irrigation or significant precipitation 
events, midday Ψstem values were relaxed by approximately 

environment. Over the course of the season, cotton plants 
were exposed to markedly high evaporative demand as evi-
denced by VPD values routinely exceeding 4 kPa (Fig. 3a). 
These VPD values represent significant stress levels as it 
has been shown that cotton greatly limits transpiration at 
VPDs exceeding 3  kPa (Brown 2001; Brown and Zeiher 
1997; Devi and Reddy 2018; Shekoofa et al. 2021; Wede-
gaertner et al. 2023). Regarding the desert growing environ-
ment used in this study, we recorded 1,481 total hours of 
VPD values surpassing 3 kPa. With respect to daytime and 
nighttime stress, 1,169 h of VPD values > 3 kPa occurred 
between the hours of 6:00 and 20:00  h while nighttime 
stress hours > 3 kPa totaled 312 h. The high values of VPD 
experienced by the plants, and specifically the nighttime 
values, have been shown to lead to lower predawn water 
potential indicating that plants are unable to recover from 
the previous day’s water deficit stress (Brown 1995; Schön-
beck 2022). These environmental conditions clearly dem-
onstrate that the plants were subjected to continued, high 
evaporative demand conditions during the course of micro-
tensiometer evaluation.

Concerning the irrigation treatment levels, we were able 
to achieve differences in the soil volumetric water content 
through the variable rate, overhead sprinkler irrigation sys-
tem to impose varying levels of water deficit stress (Fig. 2b). 
But contrary to expectation, the Ψm of the 40% irrigation 
treatment displayed values not indicative of the treatment 
application rate; the Ψm values were higher than those of 
60% irrigation rate and often closer to the full, 100% irriga-
tion rate. Noticeable surface runoff within the field suggests 
surface compaction may be hindering water infiltration to 
deeper depths where the TDRs are installed, resulting in 
lower soil water contents than expected. Soil texture analy-
sis was able to reveal a difference in the bulk density of the 
60% treatment, which had a value of 1.35 g/cm3 in compari-
son to 1.44 g/cm3 and 1.42 g/cm3 for the 100%, and 40%, 
respectively. The lower bulk density in the 60% treatment 
likely contributed to the lower observed Ψm despite higher 
irrigation volumes than the 40% irrigation rate (Gong 
2003; Malicki 1996). Similarly, variability in other physi-
cal soil properties such as saturated water content, saturated 
hydraulic conductivity, and the shape parameter of the van 
Genuchten model could lead to unexpected water dynam-
ics within the experimental plots. Unfortunately, additional 
data would be needed to validate this hypothesis. However, 
the discrepancies in the water limited treatments did not 
pose a limitation to the present work as they still provided 
an effective treatment level, and indeed, the percent yield of 
seed cotton relative to the 100% irrigation rate conformed 
with expectations.

Given the desert environment growing conditions and 
imposed irrigation treatment rates, the observed diurnal 
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cycle, underscoring Ψstem capacity to capture the intricate 
interplay between soil moisture conditions and VPD levels. 
Notably, the environment used in our study encompassed a 
broader, more extreme range of VPD values compared to 
previous works where the maximum observed VPD was 
6.7  kPa and a minimum Ψstem of -2  MPa was recorded 
(Blanco and Kalcsits 2021; Conesa et al. 2023; Pagay 2022). 
Maximum stem water potential was also lower in our stud-
ies which could be the result of smaller rootstocks or low 
soil conductivity, potentially restricting the plant’s access to 
water. These factors possibly contributed to the heightened 
sensitivity of the plants to VPD changes observed in our 
study.

Our results comparing the microtensiometer Ψstem values 
with Ψleaf collected with a dewpoint hygrometer revealed 
an overall agreement between methods, yielding an across-
treatment adjusted R2 value of 0.82 (Fig.  5a). In contrast 
from previous reports of leaf water potential and microtensi-
ometer-derived stem water potential, the strong relationship 
found here could be related to the fact that water potentials 
measured using the microtensiometer consider the whole 
plant (Blanco and Kalcsits 2021; Pagay 2022). This could 
result in larger plants with more leaves, exhibiting a weaker 
relationship between the two variables, whereas cotton, 
being smaller, may show a stronger correlation. Further-
more, examining these relationships on an irrigation treat-
ment basis indicated a progressive increase in the strength 
of the relationship between measured Ψstem and Ψleaf as 
stress severity intensified. The adjusted R2 values increased 
from 0.75 for the 100% to 0.84 for the 60% and finally 0.97 
for the 40% irrigation treatment (Fig. 5b). The increase in 
the strength of the relationship suggests that as water deficit 
stress levels escalate, the hydraulic resistance between the 
stem and leaves decreases or is minimal. With respect to 
season long dynamics, the gradient between midday Ψstem 
and Ψleaf diminished as the growing season progressed. This 
gradient shift suggests a decrease in hydraulic resistance 
between the leaf and stem. A plausible explanation for this 
shift is that under water stress the roots are unable to provide 
the transient water needed to supply the stems in high VPD 
conditions (Ahmed et al. 2018; Koehler 2023). Pagay et al. 
(2016) highlighted that under high VPD conditions, insuffi-
cient capillary conductivity of soils in the rhizosphere could 
lead to low plant water potentials. While further experi-
ments are needed to test these hypotheses, these findings 
suggest that microtensiometers can reliably represent the 
hydration status of cotton leaves experiencing water deficit 
stress. This finding is key as leaf water status, and therefore 
physiological function, is the basis for plant health and yield 
formation in cotton, and the Ψstem data would be invaluable 
in irrigation scheduling (Bowman 1989; Grimes 1982).

30% relative to the previous day’s values with respect to 
treatments. Similar trends of higher Ψstem in response to 
precipitation or irrigation have also been reported by micro-
tensiometer measurements in apples (Gonzalez-Nieto et 
al. 2023). Interestingly, maximum observed Ψstem values 
that occurred between 8:00 and 9:20, differed from previ-
ous reports for cotton predawn Ψleaf (Ackerson et al. 1977; 
Chastain 2016; Jordan 1970; Turner et al. 1986). Contrary 
to common belief, these maximum stem water potential 
values appeared after VPD began increasing, suggesting 
ongoing plant water recovery into the morning. This chal-
lenges the notion that predawn measurements capture the 
plant’s complete recovery and holds implication for the 
timing of predawn water potential measurement if used 
for irrigation scheduling, as recommended (Améglio 1999; 
Chastain 2016; Jordan 1970; Turner et al. 1986). Moreover, 
time-lagged cross correlation revealed that the lag between 
changes in VPD and Ψstem is treatment specific, with plants 
receiving more water exhibiting a longer recovery period 
(Fig.  4a). These unexpected findings could be due to the 
reabsorption of water made available to the upper root sys-
tem by hydraulic lift, the passive movement of root water 
into surrounding soil, however additional data and experi-
ments are needed (Caldwell and Richards 1989; Caldwell et 
al. 1998; Liste and White 2008; Wang et al. 2009).

Post-morning, Ψstem gradually declined throughout the 
day in response to increasing VPD. Through time-lagged 
cross correlation analysis, we observed that Ψstem val-
ues reached their minimums at approximately 80, 80, and 
40  min after peak VPD, occurring typically at 16:00, for 
the 100% (17:00), 60% (17:20), and 40% (16:00) irrigation 
treatments, respectively (Fig. 4b). Notably, these times for 
the microtensiometers to reach minimum Ψstem occur an 
hour or two before previous times reported for microtensi-
ometers (Pagay 2022; Blanco and Kalcsits 2023). However, 
Pagay (2022) reported that minimum stem water potential 
was advanced on days with high VPD. Moreover, the timing 
of minimum Ψstem aligns with previous studies, demonstrat-
ing that as cotton experiences greater water stress, its sensi-
tivity to VPD changes intensifies (Fuentes et al. 2014; Huck 
1977; Molz & Kelpper, 1972).

The microtensiometers also demonstrated the ability to 
capture large changes in Ψstem that occurred within a day 
in response to differences in daily maximum and minimum 
values of VPD. The microtensiometers registered intraday 
declines of 2.05, 2.32, and 2.27 MPa for the 100%, 60%, 
and 40% irrigation treatments, respectively, on September 6 
(DOY 249). On this day, the maximum VPD was 7.17 kPa, 
the second highest recorded value during the operation of the 
sensors, while the minimum value was 2.48 kPa represent-
ing a daily change in VPD of 4.69 kPa. September 6th also 
marked a four-day interval since the preceding irrigation 
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Conclusions

The presented study provides valuable insights into the 
application of microtensiometers for monitoring the real 
time water status of cotton in arid environments. The results 
clearly demonstrate the effectiveness of microtensiometers 
for detecting water deficit stress and plant responses to atmo-
spheric demand. The ability to continuously monitor cot-
ton water status provides a significant advantage over point 
measurements as, for example, provided by a Scholander 
pressure chamber. The comparison between soil matric and 
stem and leaf water potentials revealed complex dynamics 
in response to long-term water stress, highlighting the inter-
play between hydraulic resistance and capacitance within 
the plant water transport system. The findings underscore 
the immense potential of microtensiometers to enhance irri-
gation management and water use efficiency in cotton culti-
vation, which could contribute to agricultural sustainability 
in water-limited regions.
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Our results revealed that midday Ψstem measurements 
proved effective at delineating among irrigation treatments 
relative to measurements of Ψleaf and stomatal conductance 
(Fig. 6). Notably, both Ψstem, Ψleaf and leaf temperature were 
able to discern differences among the irrigation treatments, 
but only Ψstem could consistently distinguish significant 
(p < 0.01) differences between all three treatments. Con-
trary to expectation though, assimilation and stomatal con-
ductance failed to differentiate between treatments on any 
given date. A plausible explanation for the lack of observed 
discernible differences in leaf gas exchange parameters is 
that under high VPD conditions gas exchange can be limited 
(Devi and Reddy 2018). This is corroborated by Koehler 
et al. (2023), who modified a model originally parameter-
ized by Wankmüller and Carminati (2022), indicating that 
under high VPD conditions transpiration and other leaf gas 
exchange parameters are restricted irrespective of soil mois-
ture status. Despite the lack of significant differences found 
in stomatal conductance and assimilation, both displayed 
the expected trends with respect to treatment levels, which 
further suggest the successful application of treatments.

In this study, the application of in planta microtensiom-
eters for continuous measurement of Ψstem in cotton was 
demonstrated for the first time. This method presents a reli-
able means of assessing plant water status, specifically for 
scheduling irrigation. Additionally, these in situ measure-
ments offer a valuable tool for exploring plant hydraulic 
characteristics within dynamic environmental conditions. 
Consistent with prior applications of microtensiometers, 
these sensors swiftly equilibrated to Ψstem levels within a 
few days post-installation, facilitating immediate data col-
lection and real-time visualization on a designated plat-
form (Blanco and Kalcsits 2021; Conesa et al. 2023; Pagay 
2022). However, distinct from earlier studies conducted 
in trees and grapevines, the installation of these sensors in 
cotton is contingent upon the diameter of the cotton stems, 
introducing a notable temporal constraint. Nonetheless, the 
telemetry function of microtensiometers lends itself towards 
the automation of irrigation scheduling. For instance, inte-
gration of microtensiometers into current irrigation systems, 
where preprogrammed thresholds of Ψstem could be tailored 
to different stages of crop development (Conesa et al. 2023; 
Lakso et al. 2022). Such systems could also consider addi-
tional environmental factors like weather forecasts and soil 
moisture data, optimizing precision irrigation practices. 
Irrigation established Ψleaf thresholds to guide irrigation 
decisions might be feasible due to their shown agreement in 
values, the validity of employing Ψstem with Ψleaf thresholds 
for irrigation scheduling requires further investigation and 
validation.
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