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Summary

� Leaf water loss after stomatal closure is key to understanding the effects of prolonged

drought on vegetation. It is therefore important to accurately quantify such water losses to

improve physiology-based models of drought-induced plant mortality.
� We measured water loss of detached leaves continuously during dehydration in nine woody

angiosperm species. We computed minimum leaf conductance (gmin) at different water

potential thresholds along a sequence of physiological function losses, spanning from turgor

loss point to hydraulic failure. A mechanistic model evaluated the impact of different gmin esti-

mations on the time to hydraulic failure (THF).
� Residual conductance is not steady and decreases continuously at varying rates across spe-

cies during the entire dehydration process, even after correcting for leaf shrinkage and vapor

pressure deficit shifts. Different estimations of gmin had a significant impact on the THF pre-

dicted by the model, especially for drought-resistant species.
� We demonstrate that residual conductance is variable during dehydration, and thus, it is

important to use physiological or water status boundaries for its estimation in order to deter-

mine distinct gmin values of water loss. We describe an accurate, repeatable and open-source

methodology to estimate gmin. Such methodology could enhance models of plant mortality

under drought.

Introduction

In the last few decades, a large number of studies have brought
to light the particular threat of drought and increasing tem-
peratures on plant survival (Allen & Breshears, 1998; Carnicer
et al., 2011; Brodribb et al., 2019; Hammond et al., 2022).
One of the main consequences of increasing environmental
drought stress is a negative impact on the hydraulic function
of plants (Choat et al., 2012; Arend et al., 2021). Indeed, dur-
ing prolonged drought, dehydration causes large water poten-
tial differences between soil and leaves, which can result in
hydraulic dysfunction due to embolism formation in the xylem
conduits. Such hydraulic failures, induced by sharp drops in
water potential, can be avoided through stomatal closure
(Creek et al., 2020), which plays a major role in plant survival
under drought (Martin-StPaul et al., 2017). Despite stomatal
closure being a key reaction to reduce significant plant water
losses, water is still lost through imperfectly closed stomata

and the leaf cuticle. This process can be quantified by the
minimum leaf conductance (gmin) (Duursma et al., 2018).
Although the rates of whole-plant water conductance are
greatly diminished, gmin can be sufficient to deplete the plant
water reserves during stress. Therefore, under prolonged
drought, continued water loss via gmin can lead to catastrophic
hydraulic failure and substantial tissue dehydration that contri-
bute to organ and plant death (Urli et al., 2013; Mantova
et al., 2023; Petek-Petrik et al., 2023). Consequently, gmin has
been highlighted as an important trait in predicting
whole-plant transpiration and water status under severe stress
(Barnard & Bauerle, 2013; Kala et al., 2016). More recently,
gmin has been advanced as a key trait to predict the time taken
by a plant to reach hydraulic failure (THF) and subsequent
mortality during drought (Cochard et al., 2021; Ruffault
et al., 2022a; Petek-Petrik et al., 2023) and to predict other
current hazards to vegetation such as wildfire incidence
(Ruffault et al., 2022b; Torres-Ruiz et al., 2024).

Synthetic studies gathering gmin data showed that estimations
of residual transpiration in the literature come from a wide*These authors contributed equally to this work.
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variety of experimental techniques (Kerstiens, 1996; Duursma
et al., 2018). While cuticular conductance on isolated cuticles has
been measured since early studies (Stålfelt, 1956; Schönherr &
Mérida, 1981; Pearcy et al., 1989), only a few protocols to mea-
sure gmin on a full leaf have been tested. Generally, measurement
protocols rely on evaluating water loss through balance-based
mass estimations over time and selecting the slope of the relation-
ship between mass and time after the point of stomatal closure,
assuming that water losses through the cuticle are steady as the
leaf dehydrates (Sack & Scoffoni, 2010) or through water vapor
conductance measurements using custom gas exchange systems
(Boyer et al., 1997; Márquez et al., 2022). Automated devices
have recently been developed in order to provide continuous
measurements of water loss during dehydration under constant
environmental conditions (Billon et al., 2020). Yet, to date, no
study has estimated potential shifts in leaf water conductance
during the entire desiccation process. Furthermore, intrinsic fac-
tors can provoke shifts in water conductance estimations. Among
these factors, leaf shrinkage or leaf rolling during dehydration can
significantly impact the estimation of leaf hydraulic traits
(Scoffoni et al., 2014); hence, variations in leaf area need to be
considered in conductance calculations. Additionally, water
potential decline during leaf dehydration can also slightly influ-
ence conductance rates by affecting the water vapor pressure
(vapor pressure deficit, VPD) inside the leaf and therefore the
driving force for transpiration between the leaf and the atmo-
sphere (Nobel, 2009).

Using a dynamic approach to estimate residual water losses
during the entire dehydration process, and including phenomena
that are often neglected in leaf conductance estimations, such as
leaf shrinkage and water potential-induced VPD changes, this
study aimed to assess the dynamics of residual leaf water conduc-
tance during dehydration. By measuring its variability during
dehydration, this work also aimed to strictly distinguish residual
conductance (gres) as a dynamic water loss during dehydration
after stomatal closure, and gmin as conductance values bounded
by physiology-informed boundaries. We therefore capture vari-
able residual conductance by measuring gmin at specific thresh-
olds. Because of the key role of gmin in the depletion of the last
vital water reserves of the plant after stomatal closure, there is a
need to use repeatable and reliable protocols for its estimation.
Here, we describe a complete methodology to investigate gmin

based on continuous measurements of relative water content
(RWC) over time. Moreover, we use water status- and
physiology-based thresholds to determine gmin. We provide
detailed information on the device and open-source software used
to analyze data. By applying this new technique to a selection of
nine species with various phenologies, water use strategies, and
resistances to drought, we will (i) test the hypothesis that residual
conductance after stomatal closure varies along a gradient of
declining water potential and RWC, (ii) assess how this variation
affects the estimation of gmin at physiologically relevant thresh-
olds distributed along a temporal sequence, and (iii) investigate
how the range of gmin estimated along this drought physiological
time sequence can influence model outcomes of plant survival
under drought stress.

Materials and Methods

Plant material and species selection

We selected nine woody angiosperm species with different
phenologies (five deciduous and four evergreen) and resis-
tances to drought (Table 1). Six- to 7-yr-old saplings with
heights of c. 2 m were obtained from local nurseries and
planted in 30 l pots with a fertilized substrate. Plants were
placed in a climate-controlled glasshouse in March 2019
(before leaf expansion) and kept irrigated to field capacity
during the whole experiment. In September 2019, five sam-
pling campaigns were performed on well-watered plants dur-
ing the morning. Mature leaves, located at the top of the
trees, were cut at the base of the petiole. This cut end was
immediately placed in a water-filled reservoir, and the leaves
were left to rehydrate for at least 8 h in the dark in a coolbox
with vapor-saturated air using previously established rehydra-
tion protocols (Trueba et al., 2019).

Measurements of water loss and relative water content

Water loss measurements of detached leaves were performed with
a custom setup using similar data acquisition hardware to the
droughtbox device (Billon et al., 2020). Weight loss was moni-
tored by continuous logging of micro-load cells using a Wheat-
stone bridge board (1046_OB; Phidgets Inc., Calgary, AB,
Canada). Our setup consisted of 24 load cells, with a range of
0–100 g (3139_0; Phidgets Inc.) enclosed in a commercially
available 1200 l growing chamber (Fitoclima 1200, Aralab,
Portugal). Temperature and relative humidity (RH) in the cham-
ber were set to 25°C and 60%, respectively, resulting in an air
VPD of c. 1.26 kPa. During measurements, samples were illumi-
nated from the top and the bottom with a photon flux density of
400 μmol m�2 s�1. The base of the petiole was covered in paraf-
fin wax before entering the chamber to prevent direct desiccation
from the cut end. Samples were automatically weighed every
5 min. Custom software (Cuticular v1, University of Bordeaux)
was developed to handle data acquisition, calibration, and meta-
data management. More details of the measurement system are
available in Supporting Information Methods S1.

The measuring system designed in this study provided a reso-
lution of the load cell acquisition system of 0.001 g with a typical
instant standard deviation of 0.033 g (5 min average). The rela-
tively big difference between resolution and standard deviation is
mostly explained by the movement of the samples caused by the
ventilation in the chamber. The measured signal-to-noise ratio is
typically 77 at 2 g and 260 at 8 g. The long-term temperature
drift remained below 0.03°C d�1, and the long-term RH drift
was below 0.08% d�1. Further information on data acquisition
and system performance is available in Methods S1.

Turgid weight (TW) and area (Aleaf) of each individual leaf
were measured before the water loss measurements in the climatic
chamber. Weight measurements were performed with a 4-digit
balance (Pioneer, Ohaus, USA). Leaf area was obtained from
images taken with a calibrated flatbed scanner (v850 pro; Epson,
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Suwa, Japan) and analyzed with dedicated software (Winfolia,
Regent Inst., Canada). At the end of the measurement, leaves
were placed in an oven at 65°C for 72 h, and dry weight (DW)
was measured. The RWC was then computed for each mass value
(fresh mass; FW) during the dehydration process using Eqn 1:

RWC= 100� FW�DW

TW�DW
Eqn 1

Computation of minimum and residual leaf conductance

Minimum and residual conductance were computed for each leaf
as the water evaporation rate divided by its driving force (VPD),
using Eqn 2:

gmin =
dw=dt

MH2O � Aleaf
� Patm
VPD

Eqn 2

where dw/dt is the first derivative of the curve of the hourly mean
of weight (in g) as a function of time (in s), MH2O is the molecu-
lar weight of water (18.01 g mol�1), Aleaf is the projected leaf area
of the sample (in m2), Patm is the atmospheric pressure in the
chamber (c. 101.9 kPa), and VPD is the vapor pressure deficit
between the substomatal cavity and the air inside the chamber (in
kPa). To compute minimum conductance in a reproducible and
efficient manner, console-based software was developed in
Python (gminComputation, University of Bordeaux) and also
implemented as an R script (g_Residual, University of Bordeaux).
Both software are available in the repository: https://gitub.
u-bordeaux.fr/phenobois. The computation pipeline automatically
performs a finite impulse response smoothing filter, using the
Savitzky–Golay method. This method uses polynomial model fit-
ting to determine the averaged mass and computes the derivative
within a given time frame to estimate the conductance every hour
or within a set of given ranges of RWC. For all the dehydration
curves in this study, we applied a centered 120 min filter and used a
third-order polynomial to fit each curve (Methods S1).

Measurements of hydraulic traits from pressure–volume
curves

For each species, the water potentials of the leaves during the
conductance measurements were estimated from the relationship
between RWC and water potential obtained from pressure–
volume (PV) curves (Tyree & Hammel, 1972). PV curves were
performed on a set of 7–12 leaves collected in the evening on
well-watered potted plants and left to rehydrate overnight in the
dark. The next day, the leaves were weighed just before water
potential was measured with a pressure chamber (Precis 2000,
Gradignan, France). Samples were then left to dehydrate at room
conditions, and the measurements were repeated 10–20 times
until water potential dropped significantly below the turgor loss
point (TLP). Elasticity modulus (ε) and osmotic potential at full
turgor (π0) were determined using a standard protocol (Sack
et al., 2010). Results of the parameters extracted from the PV
curves for each species are available in Table 1. Additionally, the
Hydraulic stomatal Safety Margin (HSM) for each species was
computed, using the definition from Delzon & Cochard (2014),
as the difference between the water potential inducing stomatal
closure (Pclose= PTLP, defined as the value of water potential at
TLP) and the water potential inducing a lethal level of embolism
(Plethal= P88, defined as the value inducing 88% of embolism in
the stem). HSM values for each species are available in Table 1.

Leaf shrinkage measurements

For each species, seven leaves of different sizes were placed on a
flatbed scanner (v850 pro, Epson, Japan), with the lid slightly
ajar to allow for potential leaf rolling. A custom automation
script (autoIT) was used to launch the image acquisition and
record time-coded images every 15 min. Individual leaf areas
were obtained for each image in the stack with the ‘batch mode’
of image analysis software (Winfolia, Regent Inst., Canada). For
each leaf, the weight was measured regularly with a precision bal-
ance (Pioneer, Ohaus, USA) and RWC estimated following the
previously described protocol (Eqn 1) until RWC reached 30%,

Table 1 List of the nine species studied including physiological variables.

Species Family Phenology
Species
code

π0
(MPa)

ε
MPa

RWC_
TLP
(%)

RWC_
P12
(%)

RWC_
P50
(%)

RWC_
P88
(%)

Succulence
(g m�2)

Symplast
fraction
(%)

Hydraulic
safety
margin
(MPa)

Fraxinus excelsior L. Oleaceae Deciduous FREX �1.56 10.93 83.9 28.7 25.2 22.5 105.1� 2.1 76.6� 1.8 �5.47
Liriodendron tulipifera

L.
Magnoliacea Deciduous LITU �1.41 10.95 84.2 72.8 67.1 62.2 139.1� 4.3 61.4� 3.1 �0.85

Magnolia grandiflora L. Magnoliacea Evergreen MAGR �1.37 7.63 78.2 53.6 48.3 44 228.6� 1.4 75.8� 2.6 �1.75
Olea europaea L. Oleaceae Evergreen OLEU �2.11 12.65 83.4 38.7 36.8 35.1 238.0� 2.5 83.9� 4.3 �3.91
Prunus avium L. Rosaceae Deciduous PRAV �1.90 12.05 83.0 51.8 42.2 35.6 117.1� 0.8 65.5� 2.5 �3.43
Prunus laurocerasus L. Rosaceae Evergreen PRLA �1.65 14.02 87.0 40.0 33.1 28.2 231.1� 1.7 50.6� 3.2 �4.21
Quercus ilex L. Fagaceae Evergreen QUIL �1.93 8.16 73.4 37.7 27.1 21.2 198.6� 5.5 73.2� 1.4 �7.20
Quercus robur L. Fagaceae Deciduous QURO �1.72 11.27 81.6 43.0 36.2 31.3 124.1� 1.6 80.4� 2.9 �3.77
Vitis vinifera L. Vitaceae Deciduous VIVI �1.29 7.73 79.0 63.6 58.7 54.5 126.3� 3.8 74.4� 2.1 �1.08

π0, osmotic potential at full turgor; ε, modulus of elasticity; RWC_TLP, relative water content at turgor loss point; RWC_P12, relative water content at 12%
loss of hydraulic conductivity; RWC_P50, relative water content at 50% loss of hydraulic conductivity; RWC_P88, relative water content at 88% loss of
hydraulic conductivity. Physiological variables used as inputs for the SurEau model and units for each variable are included. Reported error values are SE.
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assuming that below this threshold leaves lose rehydration capaci-
ties and present irreversible damage to the photochemical appara-
tus (Trueba et al., 2019). The percentage of shrinkage was
determined for each species by fitting a 4-degree polynomial on
the relation of the percentage of area loss as a function of RWC
(Table S1). This polynomial has been used, for each RWC level,
to sequentially correct the leaf area values used in the gmin com-
putation.

Leaf to air vapor pressure deficit correction

As leaves dehydrate, the water potential decreases, which impacts
the water vapor pressure (Pwv) in the substomatal cavities, thereby
affecting the VPD between leaf and air (VPDleaftoair). While neg-
ligible for hydrated leaves, this phenomenon needs to be taken
into account for the computation of conductance during more
intense dehydration. If we assume that the air in the intercellular
air space of the mesophyll is in equilibrium with the liquid water
at the surface of the mesophyll cells, we can determine the
water potential of the water vapor in the gas phase (Ψwv) of the
air in the substomatal cavities (Nobel, 2009; Vesala et al., 2017)
using Eqn 3:

ψwv =
RT

Vw
loge

Pwvinleaf
P�
wv

Eqn 3

where ψwv is the water potential of the water vapor, Vw is the
molar volume of water (18 × 10�6 m3 mol�1), R is the universal
gas constant, T is the interfacial temperature (K), Pwv is the water
vapor pressure, and P�

wv is the water vapor pressure at saturation.
In this study, the interfacial temperature is assumed to be in equi-
librium with air temperature, as the cooling effect of transpira-
tion is negligible (below 0.2°C) in the conditions of the
measurement. From this equation, we can estimate VPDleaf-to-air

using Eqn 4:

VPDleaftoair = Pwvinleaf�Pwvinair

= P�
wm � exp

Vw

RT
ψwv

� �� �
�Pwvinair

Eqn 4

For all conductance estimations in this study, this value of VPD
corrected for water potential (VPDleaftoair) was used instead of the
air VPD as defined in Eqn 2, unless specified otherwise.

Different approaches to determine the range of gmin

measurements

Under the assumption that residual conductance is variable, we
need to consider which value has to be used for comparing spe-
cies and how this variation can be taken into account in the para-
meterization of the models. For that, we assessed four different
exploratory methods to determine gmin, extracting slope values at
different ranges of the mass–RWC relation in the curves of dehy-
drating leaves: (1) A first physiology-based approach consisted of
the calculation of gmin using the slope (dw/dt) at RWCTLP, under
the hypothesis that TLP is a close proxy of stomatal closure

(Brodribb & Holbrook, 2003). (2) A second approach consisted
in calculating gmin using the slope at the major points along stem
vulnerability to embolism curves, previously established with the
cavitron technique (Cochard, 2002; Burlett et al., 2022). For all
those points, we used stem vulnerability, rather than leaf, curves
because they are more commonly available. The threshold values
we used correspond to the water potentials inducing 12%, 50%,
and 88% losses of conductance in the stem (respectively P12, P50,
and P88) under the rationale that hydraulic failure occurs around
those water status levels (Sperry et al., 1988), between P12 (begin-
ning of embolism) and P88 (the threshold inducing mortality).
Moreover, estimating gmin at different thresholds of hydraulic
failure was also a way to control for the lack of stomatal activity,
since it has been shown that stomatal closure occurs well before
embolism initiation (Lamarque et al., 2018; Creek et al., 2020).
In order to estimate the RWC corresponding to these points
(respectively RWC_P12, RWC_P50, and RWC_P88), we used
the relationship between RWC and water potential obtained
from the PV curves. (3) A third approach to estimate gmin was by
extracting the slope between the thresholds of RWC inducing
stomatal closure (c. 80%) and the loss of rehydration capacity
(c. 50%) based on a previous study (Trueba et al., 2019). Such
boundaries were also established under the assumption that a
water potential of �4MPa represents a boundary of absolute sto-
matal closure (Martin-StPaul et al., 2017), which is concomitant
to c. 80% RWC according to PV curves performed in this study.
This approach was implemented in order to use conservative
boundaries that could be applied a priori across plant species
without preexisting physiological assessments. The values of gmin

obtained using the previously described methods were compared
in order to assess their potential dissimilarities. (4) A fourth
approach consisted in estimating gmin in 10% ranges from 100%
to 0% RWC. These ranges were used to estimate conductance
dynamically, including corrections for leaf shrinkage and leaf-to-
air VPD. Such an approach allowed us to understand at which
stages of dehydration shrinkage and VPD variation had a major
impact on residual conductance.

Determination of time to hydraulic failure with various
gmin values

Time to hydraulic failure (THF) is often defined as the time
required by a plant to reach a RWC value corresponding to a loss
of 88% of hydraulic conductance (RWCP88). This level of water
stress has been previously shown to correspond to a threshold
inducing plant mortality in angiosperm species (Urli et al., 2013;
Li et al., 2016). For each species, RWCP88 has been estimated
using PV relationships and vulnerability curves. The time to
reach this 88% threshold (THF_observed) was then directly mea-
sured for each individual detached leaf inside the droughtbox,
during the dehydration experiment. This measurement was used
as a reference.

Additionally, the model SurEau (Cochard et al., 2021) has been
used to estimate, at the leaf level, THF using different values of gmin

computed with the different thresholds previously described.
Namely: THF_TLP, THF_P12, THF_P50, THF_P88, and
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THF_RWC80-50. An additional approach taking into account the
continuous variability of gmin has also been implemented in the
model (THF_variable). The dynamics of gmin was estimated using
a segmented linear model in the equation gmin= f(RWC). In short,
the variation of gmin was assumed constant before stomatal closure
(i.e. between RWC100% and RWC_TLP) and decreased linearly
after stomatal closure. In practice, the slope of the function between
RWC_TLP and RWC30% was used to estimate gmin. Coefficients
of the linear fit for each species can be found in Table S1. In all
simulations, model computation was performed with the following
hypotheses: (1) leaves remain connected to the stem throughout
the dry down, and (2) hydraulic vulnerability curves are similar for
leaves and stems.

SurEau model parameterization

Simulations of THF were performed for each species using aver-
aged values of each leaf-related trait. These values can be found in
Tables 1 and S1. The degree of succulence was estimated by the
ratio of fresh weight to leaf area (Delf, 1912) on a set of at least 10
hydrated leaves. The symplastic water fraction (SWF) was esti-
mated from the PV curve (Koide et al., 2000) with Eqn 5:

1

ψ
= a � 100�RWCð Þ þ b Eqn 5

where ψ is the water potential (in MPa), RWC is the relative
water content (in kg kg�1), and a and b are the slope and inter-
cept of the linear part of the PV curve (RWC< 80%), respec-
tively. In short, we extrapolated the PV curve function to
estimate the RWC deficit at a low water potential, which gives a
direct estimation of the SWF. The apoplastic water fraction was
defined as 100� SWF.

Statistical analyses

Assumptions of residual homogeneity and normality were tested
before analyses. Correlation analyses were used to assess relation-
ships between PV curve parameters and gmin values estimated
with different physiological thresholds. A model explaining the
variance of percent leaf area, including the interaction
RWC × species, was also performed to assess whether RWC had
an effect on leaf shrinkage across all species. Bivariate linear
regressions were used to estimate relationships between modelled
and measured THF. Similarly, linear models were used to assess
the prediction of safety margins from the THF. All analyses were
considered significant at α= 0.05. All statistical analyses, data
treatment, and graphics were performed using R v.4.3.2 (R Core
Team, 2022).

Results

Leaf mass decline and shrinkage during dehydration

Continuous measurements of mass loss using 5 min intervals pro-
vided extensive dehydration curves (Fig. S1). Most of the species

showed exponential declines in RWC over time, starting with a
steep decrease, followed by a gradual slope flattening (Fig. 1).
Species showed overall declines in projected leaf area during
dehydration (Fig. 2). Species varied significantly in their shrink-
age under dehydration (one-way ANOVA; P≤ 0.001; Table S1).
Although the onset of leaf shrinkage started early during dehydra-
tion in some species, more significant leaf area reductions were
observed after RWC_TLP, the RWC at turgor loss (Fig. 2).
Across species, Magnolia grandiflora had the least shrinkable
leaves, decreasing only by 3% on average across the dehydration
process, while Olea europaea showed the strongest decline in pro-
jected leaf area, with a 37% reduction across the entire RWC
decline, mostly because of a strong curling occurring after 50%
of RWC. A model explaining leaf shrinkage variance, including
the RWC interval × species interaction, showed that species
explained shrinkage variations better than RWC, when consid-
ered at similar RWC intervals (Table S2), implying that a larger
fraction of the leaf shrinkage variation, at a given RWC, was
explained by attributable differences in leaf structure across spe-
cies.

Dynamics of residual conductance during leaf dehydration

Continuous measurements of leaf water conductance over declin-
ing RWC showed that residual conductance varied greatly during
dehydration (Fig. 3). For every species, such conductance
declines were mostly driven by a decline in dw/dt, and these
declines persisted even after gmin values were corrected for leaf
shrinkage and leaf-to-air VPD (Fig. 3). None of these corrections
showed significant differences with raw gmin estimations (P> 0.6
for each pairwise comparison). Leaf water conductance variations
persisted after the TLP, which was assumed here to correspond to
the point of stomatal closure. Between the point of stomatal clo-
sure (RWC_TLP) and the point of desiccation (defined pre-
viously as the point at which RWC reaches 30%), we observed a
linear decrease of gmin as RWC decreased (Fig. 3). The slope of
this decline in gmin varied by almost an order of magnitude
between the studied species, ranging from 0.007 g h�1 for
O. europaea to 0.083 g h�1 for Liriodendron tulipifera. At very
low RWC values, below the desiccation point, the decrease is
typically more pronounced and can reach near-zero values of
gmin, when leaves dried below RWC 10% (Fig. 3).

Estimation of residual conductance along a dehydration
time sequence

PV curve parameters (Table 1) were used to convert RWC
thresholds into water potential (Ψ) values, obtaining the
dynamics of a declining Ψ over time (Fig. S2). Converted Ψ
values were used to estimate gmin at different dehydration levels,
namely gmin_TLP, gmin_RWC80–50, gmin_P12, gmin_P50, and
gmin_P88 (Table 2). Across the studied species, the absolute values
of the different thresholded gmin estimations varied by more than
an order of magnitude (Table 2; Fig. S3). However, for every spe-
cies the magnitude of gmin based on these different thresholds fol-
lowed the same order. The highest conductance was observed
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Fig. 2 Percentage of leaf area as a function of
relative water content for the nine studied
species. The projected leaf area, relative to the
leaf area of a fully hydrated turgid leaf, declines
with relative water content (RWC). Error bars
indicate species mean values and SE for leaf area
along segments of 10% RWC. Vertical dotted
lines indicate turgor loss point (RWCTLP), and
arrows indicate RWC at P50 (RWC_P50) for each
species.

Fig. 1 Change in leaf relative water content
(RWC) over elapsed time for each individual
sample used in this study. Dashed horizontal
lines represent the RWC at which the species
reach P88, the water content equivalent to the
water potential inducing an 88% loss in
hydraulic conductance. The apparent low initial
RWC values for some samples result from a
120-min running mean filter to smooth the raw
data.
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before TLP when leaves were not stressed. Then, the residual
conductance decreased in sequence, with the gmin values esti-
mated at TLP always higher than those measured between 50%
and 80% of RWC, which were always higher than the estimation
at different hydraulic dysfunction thresholds (Fig. S3). We found
a significant effect of gmin computation method when considering
all species (P= 5.852e-07).

Leaf minimum conductance at TLP showed the highest esti-
mations with a mean value across all species of
3.78� 0.90 mmol m�2 s�1 (mean� SE). As expected, given the
decline in gmin values over leaf dehydration, gmin values thre-
sholded at water statuses inducing P12, P50, and P88 declined
sequentially across species with average values of 2.79� 0.893,
2.57� 0.87, and 2.42� 0.84 mmol m�2 s�1, respectively. Esti-
mates of gmin using the range 80–50% RWC provided a mean
value of 3.25� 0.78 mmol m�2 s�1, which was closer to the gmin

values estimated at P12, and both estimations were closely corre-
lated to each other (r= 0.97; P ≤ 0.001). Indeed, despite show-
ing differences in gmin absolute values, all gmin estimates using
different physiological and RWC thresholds were significantly
correlated with each other (Table S3). Across species, we observed
a positive correlation (r= 0.87; P≤ 0.005) between the modulus
of elasticity (ε) and RWC_TLP. Yet, PV-curve parameters were
not correlated with different gmin estimates (Table S3).

Impact of gmin on the time to hydraulic failure

The measured THF, defined as time to reach RWC_P88, of
detached leaves varied from 0.12� 0.01 d in L. tulipifera to
8.52� 1.86 d in O. europaea (Fig. 4). The deciduous species

systematically showed shorter THF than the evergreen species
(Fig. 4). The results from SurEau models showed that taking into
account different ways to estimate gmin values leads to variations
in THF for a given species (Table 2). The largest differences
between extreme values (i.e. between gmin_P88 and gmin_TLP)
for a given species range from 0.06 d for L. tulipifera to 6.01 d
for Fraxinus excelsior (Fig. 5).

We found a close relationship between the modelled vs mea-
sured THF (Fig. 6a). Estimations based on fixed gmin values tend
to show a bigger scatter than estimations based on a variable gmin.
Root mean square error (RMSE) analysis shows that using a vari-
able gmin provides an overall better agreement between modelled
and measured THF (Fig. 6b). The modelled THF using the
range 80–50% RWC or the fixed gmin_P12 value also provided a
relatively small RMSE (< 1) compared to THF estimations based
on either gmin_TLP or gmin_P50.

Discussion

Leaf minimum water conductance, previously interchangeably
referred to as residual conductance, is a hydraulic trait that is
becoming increasingly central to studies of drought resistance
and drought-induced mortality. Until this study, the methodol-
ogy for estimating this trait assumed that leaf minimum conduc-
tance remained constant for a given sample along dehydration.
We estimated leaf water loss along a temporal sequence of
drought stress, and demonstrated that residual conductance (gres)
varies during the dehydration process and therefore cannot be
considered a constant trait. Given the continuous variation of gres
during dehydration, we propose to use physiologically informed

Fig. 3 Changes in residual conductance under
declining relative water content. Species means
of gmin values computed for each range of
relative water content (RWC) with no correction
(green square), with correction for vapor
pressure deficit (VPD) only (green triangle), with
correction for VPD & shrinkage (green circle). A
detailed description of both corrections is
provided in the Materials and Methods section.
Orange bars represent the mean value of gmin

between 50% and 80% RWC. Red lines
represent the fitted values of gmin used as input
for the dynamic computation of ‘gmin_variable’
in the SurEau model. Vertical dashed lines
indicate RWC_TLP, and vertical dotted lines
indicate RWC_P50. Blue shaded boxes indicate
the ranges between P12 and P88. Error bars
indicate SE. Note the y-axis is defined differently
for each species.
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or water content-based thresholds for its estimation. Therefore,
our study urges distinguishing the terms ‘residual’ conductance,
as a dynamic water loss after stomatal closure, and ‘minimum’
conductance, which imply the use of established boundaries for
its estimation. In this context, we estimated gmin at physiologi-
cally relevant thresholds distributed along a temporal sequence of
drought stress and demonstrated that gmin estimations vary dur-
ing leaf dehydration. We subsequently show that, depending on
the threshold at which gmin is estimated, the drought survival
time estimated by our model varies considerably. These results
have important implications for better estimating the risk of
hydraulic failure during drought and predicting the impact of cli-
mate change on species survival and distribution.

Residual conductance varies during dehydration

Residual conductance decreases continuously during the entire
dehydration process. Such declines in conductance rates were
observed in all the studied species. Decreases in leaf water con-
ductance were still observed after normalizations by projected leaf
area corrected for leaf shrinkage, which is a main variable for the
calculation of gmin (see Eqn 2). An effect of shrinkage on
the reduction of gmin could be expected since it has been shown
that leaf thickness during dehydration is negatively correlated
with hydraulic conductance (Kleaf) on 14 diverse species (Scoffoni
et al., 2014). However, leaf surface shrinkage seems to be less
effective in driving decreases in residual conductance estimations,
especially at the first stages of dehydration since leaf shrinkage
was relatively limited in the range of RWC between 100% and
50%. Similarly, the investigation of the effect of VPD shifts dur-
ing conductance measurements, which is considered here to be
affected mainly by the drop in water potential inside the leaf,
showed that even though the decrease is less pronounced after
correction, it does not change the direction of the slope. Overall,
corrections of leaf shrinkage and dehydration-induced leaf-to-air
VPD slightly increased our residual conductance estimations.
Yet, the dynamics of residual conductance decrease under declin-
ing RWC or dehydration time remained unaffected after correct-
ing for both potential drivers. Taking into consideration the
main finding that residual conductance is not steady during dehy-
dration, we provide solutions for calculating gmin either at fixed
values (based on RWC or physiological thresholds) or dynami-
cally during a dehydration process. Altogether, these results
demonstrate that gmin is not a constant hydraulic trait for a given
species and varies in time during a drought event. We therefore
suggest the use of physiology-based boundaries for its calculation.

The variation of leaf water conductance during dehydration
observed in this study is in line with several studies that evidenced
contrasted responses of leaf weight loss rates for different water
stress conditions. For instance, it has been shown that drought sig-
nificantly impacts the water loss rate for both young and mature
tea (Camellia sinensis) leaves (Chen et al., 2020). The process lead-
ing to this variation during a stress gradient is not fully known and
needs to be further investigated. We can hypothesize that it could
come from incompletely closed stomata (Machado et al., 2021),
driving stomatal patchiness, which is the irregular closing ofT
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stomata over the entire surface of the leaf (Mott & Buckley, 1998).
Along with such mechanisms deriving from stomatal activity, fea-
tures of the cuticular structure could also explain such variation in
residual conductance. More specifically, the main effect of the cuti-
cle on gmin could come from a modification of the structure by the

elongation of the molecules composing the cuticle (Shepherd &
Wynne Griffiths, 2006; Lewandowska et al., 2020) or de novo cuti-
cular wax biosynthesis (Premachandra et al., 1991). In this respect,
a study on Nicotiana glauca leaves described a strong effect of water
stress on leaf permeance by the accumulation of waxes during stress

Fig. 5 Changes in modelled and measured
percent loss of conductance (PLC) in relation to
time. Colored lines represent model results for
different types of computation of gmin. Gray
points represent the measured value of PLC
(estimated from relative water content (RWC),
with the pressure–volume curve). Dashed black
lines represent the value of P88 (defined as the
threshold for the time to hydraulic failure). Note
the x-axis is defined differently for each species.

Fig. 4 Relationship between measured time to
hydraulic failure (THF) and leaf minimum
conductance (gmin) corrected for shrinkage and
vapor pressure deficit variation. For each
sample, gmin is computed for a relative water
content between 50% and 80%. Error bars
represent SE. Deciduous species are represented
by blue symbols and evergreen species by
yellow symbols. Inset represents averaged gmin

values computed at different thresholds.
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(Cameron et al., 2006). Moreover, a recent study on Nicotiana
benthamiana has shown effective responses to drought stress by
changes in the composition and accumulation of cuticular waxes,
resulting in increases in cuticular thickness (Asadyar et al., 2024).
However, such accumulation of waxes during stress might mostly
drive seasonal changes in residual conductance and would not
explain the variation observed in our study, which occurred over a
much shorter time frame.

Despite the relevance of the cuticular features previously pre-
sented, several studies show a weak effect of the amount of cuticle
on minimal conductance, which would suggest that the amount of
cuticular waxes is not the only driver of the decline in gmin observed
here. For example, no difference in the amount of wax has been
found for Quercus coccifera growing in different environments

(Bueno et al., 2019). Additionally, a recent study found no differ-
ence in permeance for a Populus× canescens clone while the authors
measured 10-fold differences in wax composition (Grünhofer
et al., 2022). These findings would suggest that the variation in resi-
dual conductance is substantially driven by the dynamics of stoma-
tal closure during dehydration. Further work is, however, needed
to investigate the extent of the role played by a modification of the
structure or composition of the cuticle in this variation.

Impact of the variation in minimum conductance estimates
on time-to-death prediction

Decreases in leaf gmin values are observed even at mild stress levels
when leaves are still hydraulically connected to the stem (typically

Fig. 6 Relationship between modelled and observed time to hydraulic failure using different computations of gmin. (a) Comparison between modeled and
measured time to hydraulic failure (THF) across different gmin estimations. THF is defined as the time to reach P88. Each point corresponds to the average of
THF for each of the studied species. Black lines indicate a 1 : 1 relationship. (b) Root mean square error (RMSE) comparing the performance of the models
using different gmin values. (c) Difference between modelled and observed THF for each species, and color codes, corresponding to different gmin values,
are the same as in panel b. Species abbreviation codes are included in Table 1.
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between TLP and P50). This variation has a direct consequence
on the speed of diminution of plant water content, and therefore,
a direct influence on the quality of the prediction of the THF,
which is a prominent proxy of plant survival under drought,
using mechanistic models based on hydraulic traits (Cochard
et al., 2021; Ruffault et al., 2022a). The effect of a variable gmin

on the THF estimations is, however, more or less pronounced for
the different species. For instance, the modelled THF for species
having the lowest resistance to embolism (i.e. the highest
RWC_P88), like L. tulipifera or Vitis vinifera, was less impacted
by the variation in gmin values. Conversely, the species that show
higher resistance to embolism, like F. excelsior or Quercus ilex,
present large gmin-induced variations in modelled THF, suggest-
ing that the variation in residual conductance could be more rele-
vant in predicting hydraulic failure in species with a more
resistant hydraulic apparatus and hence a larger safety margin
(Fig. S4). Given the importance of gmin on the pace to cross the
safety margin (Petek-Petrik et al., 2023), a variable residual con-
ductance could be more relevant in species with wider margins,
where the speed of water loss would be more relevant to reaching
hydraulic failure.

Even though the simulations in this study are based on several
simplifying assumptions and on a limited set of traits, the absolute
values of the modelled THF showed overall good agreement with
the observed THF, which is the time to reach water contents
inducing P88 directly measured during the dehydration experi-
ment. One of the main simplifying assumptions we made in the
model parametrization is that the vulnerability to cavitation is
similar between leaf and stem. However, we know that many
plants differ from this assumption and exhibit hydraulic vulner-
ability segmentation between their organs. For instance, several
studies reported significant segmentation for species closely related
to our selection of species. Leaves are slightly more vulnerable to
cavitation (typically below 1MPa) for most species; for example,
segmentation of �0.67MPa is reported for Quercus douglasii
(Skelton et al., 2019), c. �0.8MPa for V. vinifera (Hochberg
et al., 2016), c. �0.8MPa for Juglans regia (Tyree et al., 1993),
�0.9MPa for Fraxinus mandshurica (Song et al., 2022), and
between �0.73MPa (Li et al., 2020) and �0.91MPa
(Rodriguez-Dominguez et al., 2018) for O. europaea.

Despite the previously observed trend, where leaves are more
sensitive to drought than stems, some species included in our
study have shown the opposite pattern, with more
drought-resistant leaves. For instance, in L. tulipifera, two differ-
ent studies have reported that leaves are more resistant than stems
with leaf-to-stem segmentations of +0.47MPa (Li et al., 2020)
and +0.68MPa (Guan et al., 2022). Additionally, Prunus avium
and Quercus robur also have positive leaf-to-stem hydraulic vul-
nerability segmentations of +1.84MPa and +0.31MPa, respec-
tively (Guan et al., 2022). Such a positive leaf-to-stem hydraulic
vulnerability segmentation might explain why our model output
overestimated the THF for these species (Fig. 5). Even at the level
of the single organ, the estimation of THF is the result of several
parameters, among which residual conductance and its temporal
variation can play a major role. Leaves might however be discon-
nected before significant stem cavitation (RWC_P50). This

implies that only the variation of gmin above this point of discon-
nection is relevant to estimate time-to-death at the plant level.
Given that some species studied here showed a positive leaf-to-
stem vulnerability segmentation, the use of stem P50 as a refer-
ence threshold for minimum conductance could be interesting,
despite belonging to a different organ, since it informs residual
water losses that occur at earlier stages of drought-induced
hydraulic dysfunction.

Toward a standardized methodology to estimate gmin

The data acquisition system and the linked computation pipeline
described in this study provided an accurate, versatile, cheap, and
time-efficient methodology to compute gmin, even for a large
number of samples. Using a standardized averaging procedure,
like the one implemented in this pipeline, combined with data
oversampling permits a good fit of the raw data even if the signal
is noisy (e.g. due to movement of the sample caused by ventila-
tion). We show that accounting for tissue shrinkage and the
water-potential-induced changes in VPD during drought has
only a minor effect on the calculation of residual conductance,
particularly within the RWC range where leaves remain hydrauli-
cally connected to the stem.

Our approach, which dynamically investigates the contribu-
tions of all the aspects involved in gmin computation, describes
more accurately the phenomenon occurring in vivo during dehy-
dration and demonstrates its impact on the output of models
considering hydraulic traits. However, this approach is not solely
based on the measurement of mass loss during dehydration. A
prior knowledge of several other traits, such as PV curves and vul-
nerability curve parameters, is required. It remains important,
however, to have a reproducible method to compute a gmin value
representative of a sample along a dehydration threshold even
when physiological data are not available. In such cases, RWC
can be used as a convenient metric to specify relevant thresholds
for conductance estimations. If physiological or RWC
thresholds are specified, then gmin values could be considered as a
measurable and more stable trait. For instance, the use of a range
between stomatal closure and leaf disconnection provides an esti-
mation that integrates over the whole dehydration range. These
thresholds are typically close to RWC of 80% and 50%, respec-
tively, and we show that such a range produces a good estimation
of THF as compared to the observed values during the experi-
ment. We therefore encourage using the minimum conductance
estimated between those values (gmin_RWC80_50) as a relevant
trait when comparing species or genotypes over the entire course
of dehydration, and without preliminary knowledge of other
physiological traits. Other thresholds might be relevant for differ-
ent types of studies. We would recommend that, for future
reports of gmin, researchers make available both the threshold (or
range of RWC) used for the computation and the raw data used
to compute gmin so that future studies could harmonize computa-
tions if needed. The methodology presented in this study is a step
toward a unified framework for studying residual water losses and
minimum conductance values for many organs, such as leaves,
branches, roots, and flowers.
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