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Summary

� The onset of stomatal closure reduces transpiration during drought. In seed plants, drought

causes declines in plant water status which increases leaf endogenous abscisic acid (ABA)

levels required for stomatal closure. There are multiple possible points of increased below-

ground resistance in the soil–plant atmospheric continuum that could decrease leaf water

potential enough to trigger ABA production and the subsequent decreases in transpiration.
� We investigate the dynamic patterns of leaf ABA levels, plant hydraulic conductance and

the point of failure in the soil–plant conductance in the highly embolism-resistant species Cal-

litris tuberculata using continuous dendrometer measurements of leaf water potential during

drought.
� We show that decreases in transpiration and ABA biosynthesis begin before any permanent

decreases in predawn water potential, collapse in soil–plant hydraulic pathway and xylem

embolism spread.
� We find that a dynamic but recoverable increases in hydraulic resistance in the soil in close

proximity to the roots is the most likely driver of declines in midday leaf water potential

needed for ABA biosynthesis and the onset of decreases in transpiration.

Introduction

Transpired water loss from plants is an inevitable consequence of
gas exchange for carbon capture and photosynthesis (Cur-
tis, 1926; Penman, 1952). The opening and closing of stomatal
pores on leaf surfaces regulate this gaseous exchange between the
plant and the atmosphere, with stomatal closure being the pri-
mary mechanism for reducing transpiration, limiting excessive
water loss and avoiding hydraulic failure when drought depletes
soil water reserves. The trigger and timing of when stomata
begin to close is essential for the accurate modelling of plant and
ecosystem responses to climate, as well as terrestrial carbon,
water and energy fluxes. Considerable work over the past century
has found that the level of dehydration at which stomatal closure
occurs is a highly adaptive trait, varying considerably across spe-
cies and ecosystems (Brodribb & Holbrook, 2003; Mart́ınez-
Vilalta & Garcia-Forner, 2017; Rockwell & Holbrook, 2017).
While quite variable across species, woody plants adapted to the
driest environments tend to close stomata at lower water poten-
tials than herbaceous species native to mesic environments
(Jin et al., 2023). Fern and lycophyte species, many of which are
confined to wet and humid environments, have stomata that
are highly sensitive to declines in leaf water status compared with
seed plants (Brodribb & Holbrook, 2004). Given the impor-
tance of stomatal closure during drought, determining the trig-
ger of this response is a critical endeavor (Anderegg et al., 2013;
Verslues et al., 2023).

Declining transpiration, caused by reduced stomatal conduc-
tance, occurs during drought because of decreased plant water
status. In seed plants, a decline in mesophyll cell turgor pressure
triggers abscisic acid (ABA) biosynthesis, closing stomata during
drought (Pierce & Raschke, 1980; McAdam & Brodribb, 2016).
The decline in plant water status is an inevitable consequence of
declining soil water status, but the cause is much debated. Some-
where along the soil–plant–atmosphere continuum (SPAC) an
increased resistance to water flow leads to a decrease in
downstream water potentials. Potential key resistors to water flow
during drought include pathways through the soil itself, the soil-
to-root interface, the exodermis, cortex or endodermis of the
roots, the xylem, the bundle sheath, or mesophyll of the leaf and
the stomata. There are a range of hypotheses, and experimental
evidence that propose each one of these resistors could be the
dominant driver of leaf water status decline and the onset of sto-
matal closure during drought.

Among the possible aboveground resistors triggering stomatal
closure, increased resistance in the xylem caused by embolism is
the least likely since the formation of embolism leads to the rapid,
and often unrecoverable, desiccation of downstream tissue
(Hochberg et al., 2017; Creek et al., 2020). The other hypothe-
sized aboveground resistors in the hydraulic pathway upstream of
stomata during drought remain debated. Decreased conductance
outside the xylem (Kox) of the leaf over mild changes in water
potential has been observed in some angiosperm species and
linked to stomatal closure at high vapor pressure deficit (VPD)
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(Shatil-Cohen et al., 2011; Torres-Ruiz et al., 2015;
Hernandez-Santana et al., 2016; Scoffoni et al., 2023). But rehy-
dration kinetics of leaves suggests that declines in leaf hydraulic
conductance (Kleaf) are likely to occur only when embolism
begins to form during drought (Brodribb et al., 2003;
Smith-Martin et al., 2020; although cf. Trifiló et al., 2016; Scof-
foni et al., 2017). Recent work also suggests that there is no
decline in within-plant hydraulic conductance when VPD
increases (Brodribb & Cochard, 2009; Martins et al., 2016;
Bourbia & Brodribb, 2024) and that Kox is driven by xylem water
potential (Jain et al., 2023). Declines in Kox have not been linked
to when stomata start closing during drought, and the phenom-
enon may have even evolved to keep stomata open in the early
stages of drought (Jain et al., 2023).

The importance of belowground resistors to water flow in
the SPAC that drive declines in leaf water potential (Ψleaf) and
trigger stomata to start closing during drought is also highly
debated. Belowground hydraulic resistance (the inverse of con-
ductance) is a function of the resistance through the root, and
the interface between the roots and the soil, and the soil itself
(Steudle & Peterson, 1998). The estimates of the vulnerability
of roots to embolism have a wide range, with evidence of vari-
able failure beginning at relatively hydrated water potentials in
the monocot Triticum aestivum (Harrison Day et al., 2023),
while other studies suggest roots are highly embolism resistant
in woody angiosperms (Rodriguez-Dominguez et al., 2018;
Skelton et al., 2019). The cell-to-cell resistance to water flow
might arise from the necessity for active, symplastic root water
uptake, where flow depends on aquaporins, especially due to
cell layers that are suberized or lignified (Vandeleur
et al., 2009), yet this remains difficult to experimentally distin-
guish from passive symplastic pathways (Steudle & Peter-
son, 1998; Li et al., 2014). There have also been many studies
that point to a decline in conductance outside the xylem in the
roots (Krox) because of root shrinkage (Passioura, 1988), and
even lacunae formation in the cortical region (North &
Nobel, 1991; Cuneo et al., 2016). A reversible collapse of corti-
cal cells and an increase in root–soil disconnect have also been
attributed to declines in root-to-soil interface conductance (Ki)
(Bourbia et al., 2021). In the roots of woody plants, an addi-
tional decrease in Ki might also occurs because of
drought-induced suberization decreasing root permeability to
water (Zimmermann et al., 2000). These belowground
decreases in Krox and Ki have all been linked to stomatal closure
(Rodriguez-Dominguez & Brodribb, 2020; Bourbia
et al., 2021; Yang et al., 2023). In addition to declines in Krox

and Ki, regulation of stomatal conductance (gs) has also been
linked to declines in soil hydraulic conductance, in the soil in
closest proximity to the roots (Kz) and the bulk soil (Ks) (Car-
minati & Javaux, 2020; Koehler et al., 2022). Stomatal closure
appears to occur at a threshold bulk soil water potential which
in turn feeds-back on reducing rapid decreases in Kz and Ks

(Carminati & Javaux, 2020; Koehler et al., 2022). Below-
ground declines in hydraulic conductance remain experimen-
tally unlinked to leaf ABA biosynthesis and whole plant
transpiration decline during a drought.

Most of our understanding of stomatal closure during drought
is documented through the lens of plant water status.
Drought-induced stomatal closure occurs exponentially with
decreasing Ψleaf (Jarvis, 1976; Dewar, 2002; Tardieu et al., 2015;
Martı́nez-Vilalta & Garcia-Forner, 2017). Though gradual sto-
matal closure during drought is apparent in the relationship
between gs and Ψleaf, the Ψleaf at which stomata begin regulating
transpiration cannot be clearly resolved from these analyses. The
onset of stomatal regulation early in a drought can delay large
decreases in whole plant water status (Buckley, 2019; Wankmül-
ler & Carminati, 2022; Manandhar et al., 2023). Thus an expo-
nential relationship between gs and Ψleaf over a hydrated range of
Ψleaf is often observed. ABA-mediated stomatal regulation often
begins before large declines in both predawn and midday Ψleaf

(Manandhar et al., 2023). Given that stomatal closure during
drought is a gradual decrease in daily maximums; where resis-
tance somewhere in the SPAC sets this daily decline in maximum
gs, we hypothesize that there is a diurnally-\recoverable decline in
conductance that allows gradual ABA-mediated stomatal closure.
This stomatal closure occurs before, and delays, subsequent preci-
pitous and unrecoverable declines in conductance in the SPAC at
low Ψleaf.

We used Callitris tuberculata R.Br. ex R.T.Baker et H.G.Smith
(Cupressaceae) to test this hypothesis, because it is reported to
have the most embolism-resistant xylem of any species measured
to date (Larter et al., 2017), and species from this genus display
no declines in Kleaf during VPD transitions (Bourbia & Bro-
dribb, 2024), or when Ψleaf declines before embolism formation
(Brodribb & Cochard, 2009), suggesting that Kox remains con-
stant during dehydration. The highly resistant, aboveground
conductance to dehydration makes this species an ideal model
system in which to investigate the role of belowground resistances
in regulating stomatal responses during drought. We used gravi-
metric soil water content (gSWC) as a scale for bulk soil drought
and continuously monitored Ψleaf using optical dendrometers
(Bourbia et al., 2021) during drought; we also developed a
method to measure the resistance to water flow between the plant
and the soil. By this approach, we were able to determine which
of the key resistances in the SPAC primarily drive declines in
Ψleaf, triggering ABA biosynthesis, and thus the onset of stomatal
closure during drought. We present a new understanding of the
sequence of key events in the SPAC as drought progresses.

Materials and Methods

Five-year-old Callitris tuberculata (Cupressaceae) plants were
grown from seed in 5-l pots in a glasshouse under natural light.
The growth conditions were set to a day : night temperature of
22°C : 19°C. Pots contained a 1 : 1 mix of sand and Indiana
Miami topsoil (a fine-loamy, mixed, active, mesic Oxyaquic
Hapludalf). The final mix consisted of a particle size distribution
of 87% sand, 5% silt and 8% clay. Plants were watered daily and
fertilized weekly with a liquid fertilizer solution (Miracle-Gro
Water-soluble All Purpose Plant Food; Scotts Co., LLC, Marys-
ville, OH, USA). Experiments were conducted in November
2022 on plants with a well-established root system that fully
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explored the soil volume (21.4� 2.18 g l�1 root dry weight per
volume) to ensure minimal heterogeneity in soil water distribu-
tion as the soil dried.

Drought treatment

A progressive drought was imposed on five plants, while three
additional plants were maintained as well-watered controls. The
night before the drought experiment was implemented, all pots
were watered to saturation and allowed to drain overnight. The
next morning, after excess water had stopped draining, pots were
double bagged and sealed around the base of the stem with a
releasable zip-tie to prevent water loss from the soil. Plants were
then weighed to define total pot weight at 100% pot capacity
(PWpc). Water loss from transpiration was measured as the differ-
ence in pot weights taken daily at the same time in the afternoon.
For the well-watered control treatment, plants were watered daily
so that pot weight was returned to a weight within 200 g of pot
capacity (c. 90% of total available water at pot capacity). For the
first 2–3 d after bagging, all plants were re-watered daily and
maintained at well-watered conditions. The progressive drought
was imposed by withholding water. Before decreases in gs
occurred (when transpiration was maximum) in the early stages
of drought, water was added only when 24 h transpiration was
maximum, ensuring no > 200 g pot weight was lost per day, in
an attempt to mimic the onset of a gradual, natural drought
event. This approach allowed gradual declines in gSWC before
stomata started to close.

At the end of the drought experiment, the last recorded pot
weight was considered the final pot weight (PWf). Subsamples of
c. 30 g of soil were destructively collected, weighed and oven
dried at 105°C for at least 3 d and reweighed. The ratio of the
water content in fresh soil to the weight of dry soil was used to
determine gSWC at PWf (gSWCf). Plants were then watered
to PWpc, another subsample of soil was taken, weighed, oven
dried and reweighed to determine gSWC at pot capacity
(gSWCpc). The pot available soil water (PAW) for each day dur-
ing the experiment was considered the difference between pot
weight and PWf. The gSWC for each day was found using the
day’s PAW and the ratio of the difference between the two mea-
sured gSWC (gSWCpc� gSWCf) to the difference between the
corresponding PAW values at PWpc and PWf.

Total transpiration for every 24 h period (Tdt) was found from
the daily decrease in pot weight corrected for the weight of any
water added. Midday transpiration (Tmd) was measured as the
difference between pot weights over 2 h spanning solar noon. To
account for day-to-day variation in transpiration due to differ-
ences in environmental conditions (particularly maximum light
intensity), the transpiration ratio (TR) was calculated as:

TR=
Tdt

Mean transpiration of well watered plants

To visualize the effects of drought on transpiration beyond the
variation caused by differences between individuals, relative tran-
spiration was calculated as:

Relative transpiration=
TR

Mean pot TR of the first 3 d

Midday canopy conductance was calculated from Tmd, leaf area
(measured at the end of each experiment) and average VPD
obtained from humidity and air temperature data collected at
canopy height logged every minute (Dragino LHT65 Tempera-
ture & Humidity sensor; Dragino Technology Co. Ltd, Shenz-
hen, China), leaf temperature was assumed to match air
temperature because the air in the room was well circulated using
overhead fans. To find the leaf area of each plant, the leaf mass per
unit area (LMA) was first found for 20 branches from five plants
(five branches per plant). At the end of each experiment, the full
canopy of leaves was harvested and oven dried at 70°C for at least
72 h, after which the leaf dry mass was measured. The canopy leaf
area was calculated from the canopy dry mass and LMA.

Quantification of ABA levels during drought

Every second day a small branch was harvested from each plant
for ABA quantification and Ψleaf measurement. Ψleaf was mea-
sured using a Scholander pressure chamber, after slow depressuri-
zation, tissue was taken for ABA quantification. Around 100 mg
was weighed and immediately transferred to a 50-ml falcon tube
and covered with 5–7 ml of cold (�20°C) 80% aqueous metha-
nol (v/v) with added 250 mg l�1 butylated hydroxytoluene. The
branch was roughly chopped and stored at �20°C. Samples were
then homogenized thoroughly, and 15 ng of labeled [2H6]-ABA
was added to each sample as an internal standard. ABA was
extracted overnight at 4°C, following which an aliquot of the
supernatant was dehydrated at 40°C. Once dried, the leaf extrac-
tion was resuspended in 200 μl of 2% acetic acid in water (v/v)
and centrifuged, and the ABA levels were measured using liquid
chromatography tandem mass spectrometry (Agilent 6460,
QQQ LC-MS; Aglient Technologies, Inc., Santa Clara,
CA, USA).

Monitoring leaf water potential with optical dendrometers

For continuous Ψleaf measurements, leaf dendrometers (one per
plant) were installed in the upper canopy to image specific seg-
ments of the cylindrical branches that terminated in a male cone,
every 5 min for the duration of the drought in all plants (Bourbia
et al., 2021). The relationship between stem widths and the Ψleaf

measured using the Scholander chamber was then used to find
the dendrometer-derived Ψleaf during the drought treatment
(Supporting Information Fig. S1).

Pressure–volume curves

Pressure–volume (PV) curves were made from the relationship
between branch relative water content and Ψleaf, for three
branches following the method of Tyree & Hammel (1972). A
relationship between leaf turgor potential (Ψp) and Ψleaf was
made (Fig. S2) using the PV relationships to calculate the average
Ψp for each dendrometer-derived Ψleaf.
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Nighttime rehydration to determine soil and plant
conductance

The dynamics of nighttime Ψleaf recovery was observed in plants
maintained at or above pot capacity and through progressive
drought. As gSWC declined, plants were observed to have two
phases of Ψleaf recovery: the first phase occurred immediately
after stomatal closure at night and was a rapid relaxation of Ψleaf;
this was followed by the second phase which occurred with an
abrupt decrease in slope and was never observed in plants sus-
tained above PWpc. We considered this second phase to reflect a
slowly recharging gradient in water potential between the soil
and the leaf. The Ψleaf dynamics during this second phase, until
maximum Ψleaf was observed before stomatal opening at dawn,
was used to determine the conductance through the soil and the
plant (Keffective). Since Keffective includes the conductance from
the water source in the soil to the leaf, it includes Ks, Ki and the
conductance through the plant, Kplant:

1

K effective
=

1

K plant
þ 1

K i
þ 1

K s

Keffective was calculated based on the principle that water flows
through a series of resistors to recharge a capacitor (the leaf) (Bro-
dribb & Holbrook, 2004) as:

K effective =�loge
Ψt�Ψpd

Ψgs0�Ψpd

� �
C

t

where C is the average leaf capacitance measured from the branch
PV curves. Ψleaf at nighttime stomatal closure (Ψgs0) found from
the inflection point of the two phases of Ψleaf recovery. t is the
time between Ψgs0 and when Keffective was calculated. Ψt is the
Ψleaf corresponding to time, t. Ψpd is the Ψleaf at predawn or the
highest water potential reached at night. Keffective was measured
for two time points every night during the drought, at postdusk,
an hour after the inflection point where the second phase of leaf
rehydration began and at predawn, 30 min before dawn. Keffective

was also measured for plants in saturated soils only for the post-
dusk period since the second slow phase of Ψleaf recovery was
absent and Ψpd was achieved within 6 h past dusk (Fig. S3). To
determine Ψgs0 for plants in saturated soils, the time when tran-
spiration reached a minimum was determined from continuous
balance measurements and postdusk Keffective an hour after Ψgs0

was found.

Resistance to water flow from plant to soil

To measure the resistance to water flow between roots and
soil during drought, 14 additional plants were exposed to a
drought treatment and the resistance to water flow between roots
and soil were measured at a Ψpd ranging from �0.57 to
�8.06MPa. To determine the resistance to water flow from
roots to soil, we measured the flow of water from an instanta-
neously rehydrated plant into the soil. For each plant slated for
measurements, Ψpd was measured as a proxy for the bulk soil

water potential. The pot was weighed, and the canopy was
removed at the base of the main stem. The excised stem, protrud-
ing from the bagged pot, was immediately recut under water to
remove embolized tracheids. While still submerged, a Tygon
plastic hose filled with water was securely attached to the cut end
of the stem. The other end of the hose, filled with water, was sus-
pended in a conical flask placed on a scale (EK-410i; A&D Co.
Ltd, Ann Arbor, MI, USA) continuously logging data onto an
attached desktop. Retort stands and clamps were used to support
the tube to ensure that the weight of the tubing did not influence
the reading on the balance. The plant and balance were then cov-
ered with a box to reduce airflow disturbance.

The balance reading of water uptake from the flask into the
stem, root and soil system was recorded continuously every min-
ute. Water uptake was measured for at least 1000 min, and this
time was not sufficient for soil to reach saturation based on pot
weight values. The uptake rate (μmol s�1 g�1 (DW of roots))
from the root system to the soil was calculated for the last
240 min, to ensure flow rates were stable, and normalized by root
dry weight (to be described later). The resistance to water flow
from the root to the soil was determined as:

Root to soil hydraulic resistance=
Ψpd

Uptake rate

After uptake measurements were made, the pot was discon-
nected from the water supply. The soil was allowed to equilibrate
overnight, the pot was weighed, and a subsample of soil was col-
lected for gSWCf measurement. The soil was watered and
returned to PWpc overnight. In the morning, another subsample
of soil was collected to measure gSWCpc. The gSWC of the soil
before the root-to-soil rehydration was calculated as described
above. The soil was then gently washed from the roots, and the
roots were dried in an oven for at least 72 h at 70°C to measure
dry weight.

To ensure that the observed uptake of water was drawn into
the soil and was not just recharging a potential large root capaci-
tor, another control experiment was conducted with five plants.
These plants were subjected to a drought treatment. Ψpd was
measured for plants at varying levels of soil water status. While
the plants were still equilibrated in dark conditions, the pots were
first weighed, and then, soil was gently dusted and removed from
the roots. A subsample of soil was collected for gSWCf determi-
nation. The exposed, soil-free roots were placed in a large bag,
which was sealed around the stem at the base of the plant. The
plant was then cut at the base of the stem. The stem, still attached
to the roots without soil, was recut underwater following the
same steps described above to measure water flow into the roots.
The uptake of water from the flask into the roots was measured
over the same period as in plants with soil intact. At the end, a
subsample of root was taken to determine water potential and
ensure full rehydration of tissue (all samples had a water potential
close to 0MPa), and the roots were washed and dried in the oven
to determine root dry weight. For these five plants, since the pots
could not be re-watered to pot capacity for gSWCpc, the average
gSWCpc for the rest of the plants at pot capacity was used.
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Optical vulnerability to embolism

Embolism formation in the xylem of the stem was determined in
four representative individuals using the optical method as
described by Brodribb et al. (2017). The relationship between
percent embolized xylem area in the main stem and Ψleaf, which
was measured periodically (every 6 h) in adjacent stems and con-
tinuously with a psychrometer attached to the main stem (ICT
International, Armidale, NSW, Australia), was constructed for
each individual.

Modelling soil hydraulic vulnerability

The hydraulic vulnerability of the soil used in the experiment was
determined according to the Maulem-Van Genuchten model
using HYDRUS-1D (PC-Progress, Prague, Czech Republic).
The soil texture parameters of 87% sand, 5% silt and 8% clay,
without specifying bulk density, were used in the Rosetta pedo-
transfer function.

Testing for aquaporin control of nighttime Ψleaf relaxation

In two individuals of C. tuberculata, soil was gently removed
from roots and placed into a bucket containing 10 l of water and
an aerator. A dendrometer was fixed to a male cone-bearing shoot
in the upper canopy, and Ψleaf was measured continuously. After
a day of acclimation in the hydroponic system, before dusk, silver
nitrate was added to the water (final concentration 200 μM) to
inhibit root aquaporins. Ψleaf was tracked for the next 48 h.

Results

Transpiration declines as foliar ABA levels increase

During drought, we first observed declines in transpiration and
canopy conductance. Relative transpiration remained stable until
gSWC reached 0.14 g g�1 (95% CI: 0.15–0.13 g g�1) (Fig. 1a)
at which it declined, with the relationship between relative tran-
spiration and gSWC found to fit a two-segmented linear relation-
ship. At 0.06 g g�1 gSWC, relative transpiration had decreased to
10% of maximum.

Measurements of Ψleaf from the Scholander pressure chamber
had a strong linear relationship with relative branch dendrometer
widths (Fig. S1) with an R2 of 0.98 and the P-value of the coefficient
was < 0.001. Relative transpiration, as a function of
dendrometer-midday Ψleaf (Ψmd), declined exponentially (Fig. 1b;
Relative transpiration= 1:6e0:53Ψmd , R2= 91). Similarly, we found
midday canopy conductance declined exponentially with dendrom-
eter Ψmd (Fig. 1b inset, canopy conductance= 197e0:5Ψmd ,
R2= 0.85). Midday, maximum canopy conductance fluctuated
between 59 and 163 mmol m�2 s�1 when gSWC was higher than
0.14 g g�1, after which it declined (Fig. S4).

Foliar ABA levels at hydrated gSWC levels were low at an
average of 7.06 μg g�1 DW� 1.17 (SE), until declines in
transpiration began at c. 0.14 g g�1 gSWC, after which leaf
ABA levels increased (Fig. 1a). The increase in leaf ABA level

with decreasing gSWC was visualized with a locally linear
smoothing regression. During the driest period where gSWC
levels were lower than 0.05 g g�1, ABA levels increased to an
average of 14.33 μg g�1 DW� 0.62. Relative transpiration
correlated with foliar ABA levels during drought, declining
according to a sigmoidal relationship as foliar ABA levels
increased (Fig. S5).

Fig. 1 The onset of stomatal closure coincides with an increase in leaf
abscisic acid (ABA) levels. (a) Daily transpiration relative to plants under
well-watered conditions (black) and ABA levels (white) as gravimetric soil
water content (gSWC) declines in Callitris tuberculata (n= 5 individuals).
The relationship between relative transpiration and gSWC is summarized
as a two-segmented linear regression (SEGMENTED package, v.2.0-0;
Muggeo, 2008), with the dashed line representing the gSWC breakpoint
(0.14 g g�1) between the segments; the shaded region depicts the SE of
the predicted relative transpiration. The trend of ABA increase is
represented by a loess (locally linear smoothing) regression with the SE as
the shaded region. (b) The relationship between relative transpiration and
dendrometer-midday leaf water potential Ψmd (n= 5 individuals). The
insert depicts the relationship between midday canopy conductance and
Ψmd. The relationships between relative transpiration or canopy
conductance and Ψmd are represented by exponential regressions.
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Increasing predawn-midday water potential differential
closes stomata

The relationship between gSWC and both dendrometer Ψpd and
Ψmd, fit two-segmented linear regressions (Fig. 2a). Ψpd remained
high and only declined by 0.07MPa with every 0.1 g g�1

decrease in gSWC until gSWC declined past 0.086 g g�1 (95%
CI: 0.094–0.079), after which Ψpd declined by 8.4MPa with
every 0.1 g g�1 decrease in gSWC. Ψmd also had a gradual
decrease earlier in the drought with a 0.57MPa decrease for every
0.1 g g�1 gSWC until the breakpoint of 0.083 g g�1 (95% CI:
0.089–0.077) gSWC, after which Ψmd had an 8.6MPa decline
for every 0.1 g g�1 gSWC.

Due to the near absent decrease of Ψpd in the early stages of
the drought, the gradient between Ψpd and Ψmd (ΔΨpd-md)
(Fig. 2b) increased linearly by 0.50 MPa for every 0.1 g g�1

decrease in gSWC, until the soil dried to 0.09 g g�1 (95% CI:
0.11–0.073) gSWC. After the threshold gSWC, the ΔΨpd-md

decreased by 0.86 MPa for every 0.1 g g�1 decline in gSWC.
The increasing differential between Ψpd and Ψmd early in
drought resulted in a steady decrease in midday Ψp (Fig. 2c),
while predawn Ψp remained constant. Predawn Ψp returned to
well-watered levels for most of the drought until the steep
decline around the gSWC where the ΔΨpd-md also started to
decrease.

The increasing ΔΨpd-md during drought was also apparent
in the continuous measurement of Ψleaf (Fig. 3a). Early in
the drought, before gSWC crosses the threshold of transpira-
tion decline between 0.16 and 0.13 g g�1, minimum daily
values of Ψleaf declined with each progressive day. During
this time, Ψleaf relaxed to predawn levels overnight. Early
nighttime relaxation of Ψleaf was rapid at dusk when sto-
mata closed at night, after which the rate of Ψleaf increase
shifted to a second phase and became more gradual until
Ψpd were reached. This trend is only seen before gSWC
reached 0.086 g g�1, after which Ψpd started decreasing each
progressive day of the drought. The two-phased Ψleaf relaxa-
tion at night was absent in plants maintained in saturated
soils (Fig. S3).

Diurnally recoverable declines in soil-to-plant hydraulic
conductance as transpiration declines

Keffective after nighttime stomatal closure is high in saturated
soils, and similar to the mean hydraulic conductance of the
whole plant under well-watered conditions determined from
transpiration and the differential between Ψpd and Ψmd,
which was 0.85 mmol m�2 s�1 MPa�1 (�0.27, n= 4). When
the soil is not saturated, in all cases, the initial postdusk
Keffective is low and increases by predawn (Fig. 3b). This dif-
ferential in Keffective over the course of the night was present
for the duration of the drought until the soil dried to
0.075 g g�1 gSWC. This gSWC corresponds to the point of
the drought where Ψpd no longer recovered overnight
(Fig. 2a). A model of Ks suggests that Ks declines rapidly at
moderate soil water potentials (Fig. S6).

Fig. 2 An increasing differential between predawn and midday leaf water
potentials (Ψleaf. MPa) drives declines in leaf turgor (Ψp) early in a drought.
(a) Predawn (white) and midday (black) measured with the leaf
dendrometer, as gravimetric soil water content (gSWC) declines during soil
drought in Callitris tuberculata (n= 5 individuals). The mean decline in
midday Ψleaf (solid black lines) and predawn Ψleaf (dotted lines), as gSWC
declines are presented as two-segmented linear regressions with respective
SE (shaded regions). (b) The differential between predawn and midday
Ψleaf, ΔΨpd-md (MPa) as gSWC declines during drought (n= 5 individuals).
A two-segmented linear regression depicts the trends of ΔΨpd-md as gSWC
declines (solid line), with SE as the shaded region. (c) The mean leaf turgor
potential (Ψp) with SE, calculated from pressure–volume relationships
between Ψleaf and Ψp (Supporting Information Fig. S2), at midday (black)
and predawn (white) as gSWC declines (n= 5 individuals). The dashed
vertical line in all panels is the gSWC threshold at which relative
transpiration begins to decline.
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Soil-to-plant hydraulic resistance increases late in drought

The resistance to water flow from the plant to the soil remained
low over the range of gSWC where transpiration declines, and
stomata become fully closed (Fig. 4). The resistance to water flow
from the plant into soil only increased once the soil dried beyond
0.05 gSWC (Fig. 4). This flow of water was moving through the
root–soil interface, since the uptake rate of water through
the plant was significantly higher when the roots were surrounded
by soil, compared with when the root systems were soil-free
(Fig. S7). For plants with soil, the uptake rate initially increased
as Ψpd decreased from �0.57 to �2.0MPa. The plant–soil
uptake rate stabilized among plants sampled at Ψpd values more
negative than �2.0MPa. The uptake rate into soil-free roots was
consistently low.

Canopy conductance declines occurred at a much higher
gSWC than when embolism formed in the stems of
glasshouse-grown individuals of C. tuberculata. We found that
50% of stem xylem embolism occurred at a mean Ψleaf of
�7.5� 1.4MPa (Fig. 5 inset). In terms of gSWC, 50% of xylem
was embolized at the mean value of 0.016 g g�1� 0.016 (SE)
gSWC (Fig. 5). The first 10% of stem xylem was embolized at a
gSWC 0.05 g g�1.

Discussion

We find that a recoverable, daily decline in soil hydraulic conduc-
tance in close proximity to the roots is the most likely driver of a
decline in transpiration during drought (Fig. 6). Modelling sug-
gests that during drought, a stress-onset limit (SOL) is reached
when this hydraulic conductance reaches a minimum in the
SPAC and is the trigger for when stomata begin to close (Abdalla
et al., 2022). In support of this, modelling of Ks suggests that
declines in Ks occur at relatively high soil water potentials
(Fig. S6). As soil water content declines, we observed a strong
breakpoint at which transpiration began to decline (Fig. 1). Simi-
lar breakpoints have been widely observed across species (Sadras
& Milroy, 1996; Sinclair, 2005; Sinclair et al., 2005; Casadebaig
et al., 2008). Variation in the soil water content at which this
breakpoint occurs is a primary target of plant breeders selecting
for increased drought sensitivity within species (Sinclair &
Ludlow, 1986; Sinclair, 2005; Shekoofa et al., 2013; Manandhar
et al., 2017; Koehler et al., 2023). Our data suggest that once the
SOL is reached, turgor pressure in the leaf declines during the
day, triggering ABA biosynthesis and initiating the closing of sto-
mata (Figs 1, 2). This increase in midday ABA levels initiates a
gradual reduction in gs. Increased endogenous ABA levels are

Fig. 3 (a) Representative trace of continuous
dendrometer-measured leaf water potential
(Ψleaf) for one plant of Callitris tuberculata over a
3-d period, during which the gravimetric soil
water content (gSWC) decreased past the
threshold of transpiration decline at 0.14 g g�1

gSWC. Day and night periods are delineated by
vertical lines at dawn and dusk, solar midday is
noted each day by vertical yellow lines. The
gSWC of the pot is given at the top-right side of
the gray dawn line for each day. (b) The plant
effect hydraulic conductance (Keffective) upstream
of the dendrometer, for C. tuberculata plants in
saturated soil (n= 5, �SE) after stomatal closure
(postdusk) and during drought at two timepoints
per night, postdusk and predawn, binned by
gSWC (n= 5, �SE). The dashed line indicates the
range of gSWC at which transpiration begins to
decline.
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known to trigger stomatal closure in seed plants, and we show
here that increases in foliage ABA levels in C. tuberculata corre-
spond to decreases in transpiration during drought. Similar
results have been observed in angiosperms (Manandhar
et al., 2023).

Ψpd has long been used as a key metric to estimate the onset of
soil drought stress (Reich & Hinckley, 1989; Prior et al., 1997;
Thomas & Eamus, 1999; Koehler et al., 2022). Yet here we
found that Ψpd could not be used to accurately predict the timing
of when stomata began to close during drought (Fig. 1). This has

also been reported in studies that have aimed to predict stomatal
closure from differences between Ψmd and Ψpd, which are only
effective at predicting complete stomatal closure (Knipfer
et al., 2020). The reason we found Ψpd could not predict when
stomata began to close is that we observed a daily recovery of Ψpd

to maximum values yet saw a gradual decline in transpiration and
minimum Ψmd as drought progressed (Fig. 2). This increasing
differential between Ψmd and Ψpd during drought has been
observed before (Knipfer et al., 2020). We hypothesize that this
increasing decline in Ψmd provides a sufficient decline in daily Ψp

to trigger ABA biosynthesis which closes stomata. ABA biosynth-
esis is triggered by a decline in mesophyll cell turgor pressure
(Pierce & Raschke, 1980, 1981; McAdam & Brodribb, 2016).
And since in C. tuberculata, ABA synthesis occurs long before
turgor loss point is reached (Figs 1, 2, S2), Ψleaf at turgor loss
point is also not sufficient to predict when stomata begin to close.
ABA biosynthesis began with increasing gradients in Ψleaf that
recovered by predawn. There are several potential explanations
for why we observed an increasing daily decline, yet nighttime
recovery of plant water status in the early stages of drought.

This decline in Ψmd was not due to embolism formation and
recovery, because embolism refilling under tension has not been
observed in conifers (Choat et al., 2015; Rehschuh et al., 2020),
and the mean water potential at which 50% of the stem xylem was
embolized (P50) in our plants was �7.5MPa (Fig. 5). This is a
higher P50 for this species than what has been measured using the
centrifuge from field collected branches, where P50 was found to be
�18.8MPa (Larter et al., 2017). Intraspecific variation in embo-
lism resistance has been attributed to growing conditions, with
more vulnerable xylem developing under well-watered mesic condi-
tions (Cardoso et al., 2018; Sorek et al., 2022). In some deciduous
trees, P50 has been observed to decline up to threefold over the sea-
son in response to drier conditions (Sorek et al., 2022), and this is
within the range of P50 values between our recently reproductively
mature, glasshouse-grown, individuals of C. tuberculata and the
field grown mature trees of this species measured by Larter
et al. (2017). Even with the comparatively vulnerable xylem found
in C. tuberculata, grown in our experimental conditions, hydraulic
failure of the xylem cannot be the cause of daily declines in Ψleaf

during drought. Furthermore, in species with highly vulnerable
xylem, like herbaceous crops, we would still expect stomatal closure
to occur before embolism formation (Brodribb &McAdam, 2017),
but for there to be a narrower gradient in both Ψleaf and time to
occur between the onset of stomatal closure and leaf death.

The recovery of daily plant water status cannot be attributed to
any anatomical changes to the root, such as lacunae formation in
the cortex, because these do not recover diurnally (Cuneo
et al., 2016), requiring new root growth to recover function.
Another possibility is that roots are losing connection to the soil
(Rodriguez-Dominguez & Brodribb, 2020; Bourbia et al.,
2021), yet this loss of Ki is seen to only recover upon re-watering.
Studies with observations of recoverable belowground conduc-
tance upon re-watering hypothesize that Kroot is a function of
reversible shrinkage of cortical cells, and/or increased hydropho-
bicity, where Kroot recovery depends on species, with herbaceous
species having immediate recovery compared with woody Kroot

Fig. 4 Plant–soil hydraulic resistance to the uptake of water of Callitris
tuberculata plants de-topped with roots in soil across varying gravimetric
soil water contents (gSWC). The dashed line denotes the gSWC at which
transpiration began decreasing over a progressive drought. The trend in
plant–soil hydraulic resistance ag gSWC declines is represented by a loess
(locally linear smoothing) regression.

Fig. 5 Optical vulnerability of stem xylem to embolism spread in Callitris

tuberculata. The closed circles are means (n= 4, �SE) of embolized pixel
area plotted against gravimetric soil water content (gSWC). The inset
shows that same data plotted against leaf water potential (Ψleaf).
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recovery spanning a number of days (Bourbia et al., 2021). We
found that the roots of C. tuberculata maintain a near continuous
hydraulic connection to the soil as gSWC declined, and that this
connection is only lost when plant water status declines to levels
when embolism beings to form in the xylem (Fig. 4). Meaning in
our study, Ki remained constant for most of the drought and only
decreased after embolism formation and permanent declines in
Keffective.

The other potential site of daily resistance to water flow from
soil to leaf and hence a variable Keffective is a decrease in Ks at rela-
tively high water potentials (Carminati et al., 2020). A heteroge-
nous distribution of water in the soil during drought has been
hypothesized (Gardner, 1960; Carminati et al., 2020), but the
daily dynamics of water status in the soil closest to the roots
remains theoretical (Zarebanadkouki et al., 2016). Our continu-
ous Ψleaf data show slow nightly recovery of Ψleaf when gSWC
declines, but not in plants in which gSWC is high, in which
recovery is rapid (Figs 3, S3). This suggests a nightly recovery of
resistance to flow between the water supply in the soil and the
leaf. This resistance cannot occur within the plant itself since
the slow recovery of Ψleaf does not occur in saturated soils
(Fig. S3). There are studies that propose that drought-induced
changes in aquaporin regulation can tune diurnal root hydraulic
conductance (Vandeleur et al., 2009; Li et al., 2014). Though
with the range of variable aquaporins, it remains difficult to
associate particular aquaporin regulation specifically to overnight
recovery of belowground hydraulic conductance. In most studies,
root aquaporin levels remain constant overnight and only
increase with light (Beaudette et al., 2007; Sakurai-Ishikawa
et al., 2011) and we found that the application of silver nitrate, a

known aquaporin inhibitor (Niemietz & Tyerman, 2002), to
hydroponically maintained C. tuberculata did not change the
nighttime relaxation of Ψleaf (Fig. S8). Our results suggest that
root aquaporin expression or function cannot explain nightly
increases in Keffective.

A dynamic outside plant resistance is the most likely limiter to
the conductance through the SPAC as gSWC declines, whereby
Ψleaf is determined by a daily cycle of Keffective driven by daily
cycles of effective Ks, which declines through the day and recovers
before dawn (Fig. 3). It is most likely that this daily cycle of effec-
tive Ks is driven by hydraulic recharge of the soil in closest proxi-
mity to the roots that had been depleted by daytime
transpiration. Consequently, our results support the concept that
plants grown under different soil textures, with different soil
hydraulic properties, should display variation in the key thresh-
olds of whole plant conductance that regulate hormone levels
and stomatal response to declining SWC (Cai et al., 2022; Koeh-
ler et al., 2024).

Conclusion

We suggest that the key resistance in the SPAC that primarily
drives early declines in midday Ψleaf, triggering ABA biosynthesis,
and therefore, the onset of stomatal closure during drought is in
the soil closest to the roots. We found that C. tuberculata plants
maintain a strong hydraulic connection to the soil, which only
collapses once embolism forms under extremely low gSWC. Our
study suggests that there is limited, if any, dynamic hydraulic
resistor within the plant through drought in this species; this
allows stomata to be directly sensitive to changes in soil water

Fig. 6 Schematic representation of the sequence of functional response to decreasing soil water content in seed plants. As soil water content decreases,
transpiration remains at maximum until increases in midday soil hydraulic resistance in the closest proximity to the roots triggers downstream decreases in
leaf water potentials and leaf endogenous abscisic acid (ABA) biosynthesis, which closes stomata and reduces transpiration. Soil hydraulic resistance in close
proximity to the roots reaches a daily maximum triggering stomatal closure via ABA but recovers overnight. Once triggered, transpiration decreases linearly
with soil water content as ABA levels increase. When transpiration levels reach a minimum, soil hydraulic resistance is no longer dynamic and reversible
overnight, and most of the transpirable soil water has been extracted from the soil; this portion of the figure is expressed in log scale. Without a return to
hydrated conditions from this point xylem embolism propagates, root hydraulic conductance declines and plants die.
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status. Further work is required to understand the hydraulics of
this very small region of soil which controls the majority of
canopy transpiration dynamics.
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