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The capacity of trees to tolerate and survive increasing drought conditions in situ will depend in part on their ability
to acclimate (via phenotypic plasticity) key hydraulic and morphological traits that increase drought tolerance and
delay the onset of drought-induced hydraulic failure. However, the effect of water-deficit acclimation in key traits that
determine time to hydraulic failure (THF) during extreme drought remains largely untested. We measured key hydraulic
and morphological traits in saplings of a hybrid poplar grown under well-watered and water-limited conditions. The time
for plants to dry-down to critical levels of water stress (90% loss of stem hydraulic conductance), as well as the relative
contribution of drought acclimation in each trait to THF, was simulated using a soil–plant hydraulic model (SurEau).
Compared with controls, water-limited plants exhibited significantly lower stem hydraulic vulnerability (P50stem), stomatal
conductance and total canopy leaf area (LA). Taken together, adjustments in these and other traits resulted in longer
modelled THF in water-limited (∼160 h) compared with well-watered plants (∼50 h), representing an increase of more
than 200%. Sensitivity analysis revealed that adjustment in P50stem and LA contributed the most to longer THF in
water-limited plants. We observed a high degree of trait plasticity in poplar saplings in response to water-deficit growth
conditions, with decreases in stem hydraulic vulnerability and leaf area playing a key role in delaying the onset of
hydraulic failure during a simulated drought event. These findings suggest that understanding the capacity of plants to
acclimate to antecedent growth conditions will enable better predictions of plant survivorship during future drought.

Keywords: hydraulic vulnerability, leaf area, mortality, plasticity, Populus tremula × alba, time to hydraulic failure, water
stress.

Introduction
Extreme drought events are causing local and widespread tree
mortality and forest dieback in regions all over the world (Allen
et al. 2010), with wide ranging and profound implications for
forest structure and diversity (Clark et al. 2016), hydrologic
function (Vose et al. 2016), flammability (Nolan et al. 2020)
and carbon storage potential (Yang et al. 2018). Considering
such instances of drought-induced tree mortality are increasing
with climate warming (Allen et al. 2015), there is an increasingly
urgent need to better understand the traits and physiological
processes that determine mortality risk during drought. Recent
advances in knowledge of the mechanisms of drought-induced

tree mortality suggest that a major cause of plant death during
drought is catastrophic failure of the water transport (hydraulic)
system. However, predictions of tree mortality during drought
remain challenging (Hammond et al. 2019, Sapes and Sala
2020, Mantova et al. 2021), in part because of limited knowl-
edge of the degree to which trees are able to delay the onset
of hydraulic failure via trait plasticity, especially in response to
growth under novel dry conditions (Brodribb et al. 2020).

As plants dehydrate during drought, tension within the plant
hydraulic pathway increases and can lead to cavitation and the
formation of embolisms (air bubbles) in the water-conducting
xylem. This process creates blockages to water transport that if

†These authors contributed equally to this work.
© The Author(s) 2021. Published by Oxford University Press. All rights reserved. For permissions, please e-mail: journals.permissions@oup.com

D
ow

nloaded from
 https://academ

ic.oup.com
/treephys/article/41/11/2008/6320871 by U

niversity of Tasm
ania Library user on 18 M

arch 2022



Acclimation to water deficit delays hydraulic failure 2009

sustained during prolonged or intense drought can reach catas-
trophic levels, resulting in hydraulic failure and plant death (Tyree
and Sperry 1989, Brodribb and Cochard 2009). Plants exhibit
a range of structural and physiological traits and responses
that influence their risk of exposure to lethal levels of drought
stress associated with hydraulic failure (Blackman et al. 2019a).
Among these, the ability of the xylem to resist drought-induced
embolism, known as hydraulic vulnerability, may be central to
defining mortality risk during drought given its close relationship
with climate variables related to water availability across diverse
species (Choat et al. 2012). In addition, stomatal closure
coupled with low rates of residual conductance from leaves
(gmin) and reduced leaf area minimize rates of plants’ water
loss. Taken together, these traits have recently been used to
model drought mortality risk as a function of the time it takes
for trees to use up available water and dehydrate to lethal levels
of water stress (Blackman et al. 2016, Martin-StPaul et al.
2017, De Kauwe et al. 2020). The SurEau model (Martin-StPaul
et al. 2017, Cochard et al. 2021) has been used in several
recent studies to assess tree mortality risk under future climates
(Brodribb et al. 2019), to assess the effect of stomatal or
minimum conductance on the time to reach hydraulic failure
(Duursma et al. 2019, Dayer et al. 2021) and to assess the
effect of xylem vulnerability to embolism on the time to reach
high level of embolism (Herbette et al. 2020, Lamarque et al.
2020) or the coordination of several leaf traits (López et al.
2021). Nevertheless, drought mortality risk should also be
dependent on whether trees are able to acclimate to novel dry
conditions and delay the onset of hydraulic failure, the extent of
which is currently unknown in most species.

Acclimation via phenotypic plasticity refers to the ability of
plants to improve a given trait in response to changes in the
environment (Nicotra et al. 2010) and is a major source of
uncertainty in determining tree mortality risk during drought
(Brodribb et al. 2020). The acclimation of certain physiolog-
ical and morphological traits is well documented in plants in
response to growth under reduced water availability. These
include changes in resource allocation, with increased allocation
to branch and sapwood construction at the expense of leaf area
deployment (Mencuccini and Bonosi 2001, Martínez-Vilalta
et al. 2009, Rosas et al. 2019) and increased allocation to root
mass fraction (Poorter et al. 2012). Plasticity in the turgor loss
point, that is, the water potential (−MPa) at which leaf cells
lose turgor, causing the leaf to wilt and stomata to close, has
also been widely documented in response to drought (Bartlett
et al. 2014). However, less is known about the ability of
plants to alter key hydraulic traits linked to drought tolerance
and others that influence the dynamics of plant dehydration.
For embolism resistance, data borne from studies on trees
growing under natural conditions (Martínez-Vilalta et al. 2009,
González-Muñoz et al. 2018), common gardens (López et al.
2013, Pritzkow et al. 2020) or experimental manipulation

(Awad et al. 2010, Limousin et al. 2010, Plavcová and Hacke
2012) suggest some plasticity. For leaf residual conductance,
there is growing evidence that gmin is highly plastic, with
decreases in gmin commonly reported in plants acclimated to
drought stress (Duursma et al. 2019).

While there is evidence of water-deficit acclimation in indi-
vidual traits, no studies published to date have examined the
degree to which drought acclimation across a range of different
traits alters the time it takes for plants to use up available
water and dehydrate to critical levels of hydraulic failure, that
is, the time to hydraulic failure (THF). In this study, we grew
saplings of a hybrid poplar under well-watered and water-limited
conditions and measured the response of a wide range of
hydraulic, morphological and drought-response traits predicted
to alter THF (Martin-StPaul et al. 2017). The measured traits
included stomatal conductance (gs), stem specific hydraulic
conductivity (Ks), pressure–volume traits including turgor loss
point (TLP), residual leaf conductance (gmin), leaf and stem
hydraulic vulnerability (P50leaf and P50stem, respectively) and
total canopy leaf area (LA). We then used a mechanistic
soil–plant hydraulic model (SurEau; Martin-StPaul et al. 2017,
Cochard et al. 2021) to (i) test the impact of water-deficit
acclimation and trait plasticity on THF and (ii) assess the
relative contribution of water-deficit acclimation in each trait to
determine THF. Based on previous studies that suggest high
levels of trait plasticity, including stem embolism resistance,
in species of poplar in response to water deficit (Plavcová
and Hacke 2012), we hypothesized that drought-acclimated
plants would exhibit longer modelled THF during a simulated
extreme drought event. We also hypothesized that plasticity
in mechanistic traits linked to drought tolerance, specifically
embolism resistance, would provide the largest contribution to
longer THF in drought-acclimated plants.

Materials and methods

Plant material

Saplings of hybrid poplar (Populus tremula × alba (Aiton) Sm.,
1804 clone INRA 717-1B4) were multiplied clonally in vitro
on Murashige and Skoog medium in December 2016. Plant
material and some of the growing conditions were previously
described in Lemaire et al. (2021). Developing plantlets were
grown in hydroponic solution in February 2017 in a controlled
environment room: 16 h daylight at 21–22 ◦C, 40 μmol m−2 s−1

and 18–19 ◦C night, at 70 ± 10% relative humidity. In March
2017, plants were transferred to 1-l pots filled with potting soil
(Humustar Terreaux, Champeix, France) with a composition of
25% brown peat, 40% blond peat and 35% pine barkdust. The
pots were placed in a greenhouse at the INRA research station
of Clermont-Ferrand, France (site of Crouël; N 45◦77′, E 3◦14′;
300 m a.s.l.). After 20 days, plants were transferred to 10-l pots
filled with the same potting soil. Pots were regularly watered to
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2010 Lemaire et al.

Figure 1. (A) Water content dynamics of pots under water-limited condition, expressed in percentage of field capacity (FC). Each individual is
represented using a different coloured line. (B) Stem diameter dynamics during the first growth period for two representative plants growing under
well-watered (shade of blue lines) and water-limited (shade of red) conditions, respectively. For both treatments, stem diameter was normalized from
zero on 1 May.

maintain soil field capacity. Each pot at field capacity weighted
6.4 ± 0.4 kg. After 1 month of growth, stems were cut at 50 cm
height in order to start the experiment with all plants of the same
height. The growth of a new apical bud occurred in May 2017,
and any lower secondary buds were removed. Thus, only a single
stem developed under the experimental growing conditions.

Growing conditions

Plants were split into two groups submitted to different
water treatment conditions: (i) ‘well-watered’ plants (n = 11)
maintained at soil field capacity and (ii) ‘water-limited’ plants
(n = 11) watered at only 25–30% of soil field capacity
(Figure 1A). For the water-limited plants, the amount of water
was controlled in each pot individually using balances and
valves for irrigation, in the same way as described in Niez
et al. (2019). The target level of water deficit in water-limited
plants was aimed to induce a difference in predawn water
potentials compared with controls, while ensuring secondary
growth and wood production continued. The water treatments
were maintained over the course of the experiment, from May
2017 to September 2018.

In the greenhouse, plants were exposed to naturally lit
conditions and incident light intensity was measured using two
sensors (PAR/CBE 80, Solems, Palaiseau, France). Temperature
and relative humidity were continuously recorded during the
experimental period using a probe (HOBO UX 100, Onset

Computer, Bourne, MA, USA). The greenhouse temperature was
regulated by a cooling system when the temperature was above
25 ◦C. The maximum photosynthetically active radiation (PAR),
temperature and relative humidity used to configure the SurEau
model were set in accordance with the mean maximum values
measured in the greenhouse during a sunny day in June 2017.

The experiment was divided into three growth periods, with
each period ending when the plants were tall enough to allow
the sampling of stems. The three growth periods spanned:
(i) from May to August 2017, (ii) from March to July 2018
and (iii) from July to September 2018. Plant material from
each growth period was used to measure different traits (see
Sampling procedures below). Climatic conditions were similar in
each growth period, with a mean temperature in the greenhouse
of 21.9, 18.5 and 21.7 ◦C, and a mean relative humidity of 66,
62 and 68% recorded during the first, second and third growth
periods, respectively.

Measurements before sampling

For the duration of the experiment, stem diameter was continu-
ously monitored using Linear Variable Differential Transformer
(LVDT) dendrometers on three water-limited and two well-
watered plants. These measurements were used to fine-tune
the water-limitation treatment to maximize water stress without
stopping plant growth (Figure 1B). Stomatal conductance was
measured on each of three sunny days (17 May, and 4 and
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Acclimation to water deficit delays hydraulic failure 2011

22 June 2018) on all plants on the abaxial surface of the
youngest fully exposed mature leaf using a porometer (AP4,
Delta-T Devices, Cambridge, UK). Predawn and midday water
potentials were measured at the beginning of the growth period
in June and July 2017, as well as at the end of each of the
growth periods, the day before plants were sampled in August
2017, June 2018 and September 2018, respectively. Predawn
leaf water potentials were measured on all plants 1 h before
sunrise, between 4:30 and 6:30 a.m. depending on the date,
using a pressure chamber (1505D, PMS Instrument, Albany, OR,
USA), and midday leaf water potentials were measured at the
solar noon, between 12:00 and 2:00 p.m. At the end of each
growth period, stem height and basal diameter was measured
on all plants.

Sampling procedures

At the end of the first growth period (August 2017), the stems
of five well-watered plants and nine water-limited plants were
harvested. The stem height was on average 224 cm for the well-
watered and 169 cm for water-limited plants. Prior to destructive
sampling, total leaf area per plant was measured using an area-
meter (Li-3100c, Li-Cor Biosciences, Lincoln, NE, USA). Plants
were then cut at 20 cm above the soil. The entire plant shoot was
immersed underwater and the top and bottom 30 cm of stem
removed. The first 50 cm of stem grown under the treatment
conditions was cut and wrapped in wet paper in a plastic bag
and stored at 4 ◦C. These segments were used to measure
vulnerability to embolism (see Stem vulnerability to embolism
below). For five well-watered and three water-limited plants with
sufficiently long stems, an additional segment of 50 cm long
was wrapped in wet paper in a plastic bag and stored at 4 ◦C.
These extra samples from three well-watered and three water-
limited plants were used to measure stem-specific conductivity
(Ks) (see Stem-specific hydraulic conductivity below). The extra
samples from the five well-watered plants were also used to
measure stem vulnerability to embolism.

Plants were maintained during the winter 2017 in the green-
house, under the same watering regime as described above, and
a minimum temperature was maintained to ensure frost control.
The 11 well-watered and 10 water-limited plants resprouted in
March 2018. At this time, all the sprouting buds were removed,
with the exception of the most apical one as described above.
After 14 weeks of growth under the two water treatments
(growth period 2), plant height was on average 215 cm for
well-watered plants and 162 cm for water-limited plants. In July
2018, five water-limited and five well-watered entire plants, with
the soil washed from the roots, were sampled for measurements
of leaf vulnerability to embolism. The five remaining water-
limited and the six remaining well-watered plants were sam-
pled for measurements of minimum leaf conductance (gmin),
leaf water potential at turgor loss point (TLP) and additional
measurements of Ks. For Ks measurements, plants were cut at

25 cm height, then the plant shoot was immersed underwater
and the basal 30 cm removed. The first 50 cm of stem grown
under the treatment conditions was cut and wrapped in wet
paper in a plastic bag and stored at 4 ◦C.

The five remaining water-limited and six remaining well-
watered plants were maintained during summer 2018 in the
greenhouse for new stem production (growth period 3). They
resprouted a few days after the previous sampling and grew
under the same water conditions as described above. All buds
except the most apical were removed. In September 2018,
plant height was on average 140 cm for well-watered plants
and 115 cm for water-limited plants. They were cut at 25 cm
height and processed, as described above, for additional mea-
surements of stem vulnerability to embolism.

Stem-specific hydraulic conductivity

Ks was measured on stems sampled from three well-watered
and three water-limited plants at the end of growth period 1,
and from an additional six well-watered and five water-limited
plants at the end of growth period 2, making a total of n = 9
for well-watered plants and n = 8 for water-limited plants. Ks

measurements were performed within 1 week of sampling. The
procedure for measuring Ks in these stems is detailed in Lemaire
et al. (2021).

Water potential at turgor loss point

The leaf water potential at turgor loss point (TLP) was measured
using pressure–volume curves on five water-limited and six well-
watered plants, with two replicate leaves per individual. The
bench dehydration method was used (Tyree and Hammel 1972,
Sack and Pasquet-Kok 2010). Leaf petioles were immerged in
water at room temperature overnight. The following day, leaves
were allowed to dehydrate while periodically being weighed and
measured for water potential (�) using a pressure chamber
(1505D, PMS Instrument). To prevent rapid water loss, the
leaves were kept in plastic bags in between measurements.
When � was lower than -2 MPa, the leaves were dehydrated
in an oven at 65 ◦C during 72 h and dry weight was measured.

The modulus of elasticity at full turgor (ε) and the osmotic
potential at full turgor (π0) are input parameters of the SurEau
model. These pressure–volume curve parameters were calcu-
lated as indicated previously (Sack and Pasquet-Kok 2010).
π0 is the intercept of the linear part of the curve 100−RWC
vs 1/� , while the turgor loss point is the point of transition
between linear and nonlinear portions of the curve. When � is
lower than TLP, the hydrostatic potential (�P) can be found with
the relation: 1/� = 1/�P. ε is the slope of the curve RWC vs
�P, determined between full turgor and turgor loss point. Using
π0 and ε, TLP is determined by the following equation:

TLP = π0 × ε

π0 + ε
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2012 Lemaire et al.

Minimum conductance

The leaf minimum conductance (gmin) was measured on six
well-watered and five water-limited plants. Six to seven recently
expanded mature leaves were sampled from each individual and
the leaf area measured using an area-meter. Leaves were rehy-
drated overnight and then bunched together for measurement
of gmin in a climatically controlled DroughtBox (Billon et al.
2020). Leaf bunches were suspended on strain gauges and
dehydrated under four LED lights at a constant temperature
and relative humidity of 30 ◦C and 42%, respectively. We
assumed that changes in weight represented water loss through
transpiration, which enabled the calculation of transpiration
(E; in mmol s−1 m−2) with the following equation:

E = �n

�t × LA

with n being the quantity of water (mmol) lost during the
time �t (s), and LA the two-sided leaf area (m2). The gmin was
calculated from the linear portion of the water loss curve after
stomatal closure, with the following equation:

gmin = E

VPD
× Patm

with the atmospheric VPD within the device being 2.44 kPa
and Patm the atmospheric pressure 101.6 kPa.

Stem vulnerability to embolism

Vulnerability to embolism was measured on stems sampled at
the end of growth period 1 and growth period 3. A total of
16 stem samples from nine individuals were sampled for well-
watered and a total of 14 stem samples from 10 individuals
were sampled for water-limited plants. In each case, vulnerability
measurements were made within three weeks of sampling. Each
50-cm long stem segment was cut underwater at 43-cm long
using a razor blade and installed in a Cavitron (Sorvall RC3C,
Thermo-Fisher Scientific, Waltham, MA, USA). The vulnerabil-
ity to embolism was assessed using the Cavitron technique
(Cochard 2002, Cochard et al. 2005). Centrifugal force was
used to establish negative pressure in the xylem and provoke
water stress–induced embolism. The technique measures the
loss of hydraulic conductance under negative pressure using a
reference ionic solution of 10 mM KCl and 1 mM CaCl2 (Cochard
et al. 2009).

Leaf vulnerability to embolism

Leaf vulnerability to embolism was assessed from four water-
limited plants and five well-watered plants using the optical
vulnerability method (Brodribb et al. 2016, Lamarque et al.
2018). Uprooted plants were kept one night with their roots
sealed in a plastic bag to avoid rapid desiccation and allow water
potentials to equilibrate. The day after, the roots were uncovered
and the plants dehydrated on a bench with the sixth leaf from

the top placed on a scanner (V800, Epson, Nagano, Japan)
fixed with transparent glass and adhesive tape to minimize leaf
shrinkage. The scanner was configured to take images with
transmitted light every 5 min using automation software (EMBO-
LIVE_CaviScan, Université de Bordeaux, Bordeaux, France).
During the dehydration, the water potential was monitored two
to three times a day on neighbouring leaves with a pressure
chamber (1505D, PMS Instrument). The measurements were
performed over 3–5 days, until pronounced leaf damage was
observed. Water potential values over time were determined by
interpolating the water potential measurements according to a
linear regression.

Image analysis was performed using Fiji software (ImageJ
version 2.0.0-rc-68/1.52h) (Schindelin et al. 2012, Schneider
et al. 2012). The image subtraction method was applied to
reveal changes in light transmission between successive images,
which corresponded to embolism in xylem conduits of leaf veins
(Lamarque et al. 2018). Only the midrib was studied because
it embolized first leading to a hydraulic disconnection between
the stem and higher order veins. Focusing on the midrib, the
‘Analyze Particles’ function was used to measure the area of
pixels corresponding to newly embolized veins in each image.
All detected pixels were summed to determine the spread of
embolism over time. The interpolated values of water potential
corresponding to the time the images were added, in order to
link embolized area with leaf water potential.

Vulnerability to embolism curve fitting

Vulnerability to embolism curves, corresponding to percentage
loss of hydraulic conductivity (for stem vulnerability) or percent-
age embolized pixels (for leaf vulnerability), later called PLC as
a function of water potential (P), was fitted with the following
sigmoidal equation (Pammenter and Van der Willigen 1998):

PLC = 100

1 + e
Slope (P − P50)

25

where P50 is the pressure causing 50% loss of conductance
(MPa), and Slope is the slope of the curve at the inflection
point (% MPa−1). One vulnerability curve was fit per sample
to determine percentage variation in P50 within each growing
condition, while a mean vulnerability curve for each of the
growing conditions and organs was fitted to configure the
SurEau model.

SurEau model simulations

The SurEau model is a mechanistic discrete-time soil–plant–
atmosphere hydraulic model that predicts plant responses under
simulations of severe water stress (Martin-StPaul et al. 2017,
Cochard et al. 2021). It describes the hydraulic status of several
plant organs (roots, trunk, branches and leaves) of a functioning
plant. The organs are described by two compartments: their
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Acclimation to water deficit delays hydraulic failure 2013

symplasm and their apoplasm. The plant is described as a net-
work of resistances and capacitances, both connecting organs
together and connecting the compartments within the organs.
The model assumes that liquid water flow through the soil–plant
system is exactly compensated by gaseous water losses at the
surface of the foliage of the plant. At each time step, the flow
between compartments and organ is computed, then the water
potential of the symplasm of each organ is calculated using
the pressure–volume curve parameters and the xylem embolism
of each organ is calculated from the sigmoidal function for the
vulnerability curve.

The SurEau model is commonly used to simulate the time
to hydraulic failure under soil drought. Three main phases can
be identified when segmentation of hydraulic vulnerability is
observed between stem and leaves. During the first phase
of a simulated drought, the reduction in soil water content
is largely driven by stomatal conductance. Plant transpiration
dramatically decreases when leaf water potentials reach the
water potential at stomatal closure. During the second phase,
rates of water loss from the plant are relatively low, occurring
only through leaf cuticles and leaky stomata, also called ‘residual
conductance’ (Billon et al. 2020). With the course of water
potential decrease, the more vulnerable leaf xylem becomes
embolized. After hydraulic disconnection of the leaves, the area
through which water can leak is limited to the bark surface and
transpiration is greatly reduced for a second time. During the
third phase, the stem xylem will embolize, until reaching 90%
loss of conductance. Parameters such as plant size, water stored
in the tissues, soil properties or evaporative demand are also
taken into account by the model at every stage of the simulation.

The SurEau model has undergone many improvements since
the first version published by Martin-StPaul et al. (2017).
The latest version of the model is extensively described with
key model derivations included in Cochard et al. (2021). The
version used in this study was SurEau_C (version 13-06-2019).
The source code to run the program and the parameter files can
be found as supporting information.

In this study, the model was run under constant climate
conditions set to match the climate conditions in the greenhouse
at noon on a typical sunny day in June, with the atmospheric
temperature set at 28 ◦C, the atmospheric relative humidity
set at 25% and the PAR set at 400 μmol m−2 s−1. The wind
speed was set at 1 m s−1. The potting volume was 10 l and the
quantity of available soil water was 3.61 kg. Soil characteristics
in the model were set to represent the characteristic of silty
clay loam, similar to the potting mix used in the experiment
(see parameter table in Supplementary data at Tree Physiology
Online). The model was parametrized with traits corresponding
to those measured on well-watered and water-limited plants
(Table 1, see the parameter table in the Supplementary data
at Tree Physiology Online for an exhaustive list of variables). In

each case, the water potential at stomatal closure was assumed
to coincide with the turgor loss point. The bark conductance was
assumed to be equal to the minimum conductance measured on
leaves. We ran the model two times for each treatment group,
respectively, assuming soil water potential was (i) equal to the
predawn water potential measured on real plants during the
experiment for the first run and (ii) at field capacity for the
second run. The model output represents the time (THF; h)
required for plants to use up available soil water and dehydrate
to water potentials corresponding to 90% loss of hydraulic
conductance in the stem (Martin-StPaul et al. 2017, Cochard
2019).

Sensitivity analysis evaluated the contribution of drought
acclimation in each trait to the difference in modelled THF
observed between well-watered and water-limited plants. For
this, we ran the model using traits recorded in well-watered
plants but substituted the trait of interest with that recoded in
water-limited plants. Sensitivity analysis was performed for each
of the traits recorded in Table 1, respectively. Values for P50 and
Slope were replaced together, in order to represent the kinetics
of embolism spread in the xylem. The possible coordination of
traits and its effect on THF was also tested via sensitivity analysis
by substituting two traits of interests in the same model run.
Finally, to test the potential influence of variation in soil volume
on the relative contribution of plasticity in these traits to changes
in modelled THF, we ran a series of sensitivity experiments with
soil volume increasing from 10 to 100 l.

Trait plasticity

For each trait, as well as for THF comparisons, the degree of
plasticity was calculated as the difference between the mean
value of well-watered plants and water-limited plants, divided by
the mean value of well-watered plants. In addition, the plasticity
index (PIv) was calculated for every trait (Valladares et al.
2000, 2006), as the difference between the minimum and the
maximum mean values between the two growing conditions,
divided by the maximum mean value.

Statistics

We tested for differences in trait means between the two
growing conditions using a Student’s t-test for independent
samples. The difference in water potentials over the time-course
of the experiment was assessed using a two-way ANOVA, with
water potential as the dependant variable and measurement
date and the growing condition as the independent variables.
When compared at a specific date, the mean values of the water
potentials between the two growing conditions were compared
using a sample Student’s t-test for independent samples. All
statistical analysis and graphing procedures were run using
Rstudio (version 1.1.456; running under R core version 3.5.1,
R Development Core Team 2008).
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Results

Acclimation conditions

At the end of the first growth period, mean predawn water
potential was −0.14 ± 0.03 and −0.59 ± 0.44 MPa for
the well-watered and water-limited plants, respectively, with a
significant difference (t = 3.05; P = 0.016) (see Figure S1
available as Supplementary data at Tree Physiology Online). The
difference was also significant at the end of the second growth
period (t = 2.96; P = 0.013) and marginally significant at
the end of the third growth period (t = 2.17; P = 0.089).
The water regime effect was significant when predawn water
potentials were analysed across all dates using a two-way
ANOVA (F = 32.90; P < 0.001). The mean minimum (midday)
water potential was −0.98 ± 0.06 and −1.44 ± 0.33 MPa for
the well-watered and water-limited plants, respectively, with a
significant difference (t = 4.12; P = 0.0026) at the end of
the first growth period (Figure S1 available as Supplementary
data at Tree Physiology Online). The difference was significant
at the end of the second growth period (t = 3.45; P = 0.004)
and marginally significant at the end of the third growth period
(t = 2.5; P = 0.058). The water treatment effect was significant
when the minimum water potentials were analysed across all
dates using a two-way ANOVA (F = 34.35; P < 0.001).
When water-limited plants were close to the lower limit of
the imposed water deficit (25% of soil field capacity), stem
radial contraction was observed representing dehydration and
no growth (Figure 1B). When the water-limited plants were
close to the upper limit of the imposed water deficit (30% of
soil field capacity), radial expansion was observed representing
plant growth (Figure 1B).

Trait plasticity in response to water deficit

Significant differences between well-watered and water-limited
plants were observed for leaf area, stomatal conductance and
stem vulnerability to embolism (P < 0.001; Figure 2; Table 2).
Compared Supplementary data at Tree Physiology Online well-
watered conditions, growth under water deficit resulted in a
large and significant (P < 0.001) reduction in gs (44.9%)
and total canopy LA (52.7%). Stem vulnerability to embolism
(P50stem) was significantly lower (19.6%) in water-limited
plants compared with controls. Leaf vulnerability to embolism
was also lower (17.6%) in water-limited plants, but not signifi-
cantly. Interestingly, P50stem was significantly lower than P50leaf

in water-limited but not well-watered plants (Figure 2; Figure S2
available as Supplementary data at Tree Physiology Online). gmin

(15.1%) and the water potential at TLP (15.9%) were lower in
water-limited plants compared with well-watered controls, but
these differences were not significant. No significant change was
observed for Ks (1.0%). Leaf area and gs were the two traits
that exhibited the highest plasticity index (PIv). By contrast, the
mean Ks did not vary as a response to the changing watering
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Acclimation to water deficit delays hydraulic failure 2015

Table 2. Functional traits for potted hybrid poplars grown under two contrasting watering regimes

Trait Well-watered Water-limited % change PIv

gmin (mmol m−2 s−1) 4.31 ± 040 3.66 ± 0.48ns −15.1 0.15
gS (mmol m−2 s−1) 534.1 ± 228.7 294.2 ± 210.9∗ −44.9 0.45
Ks (kg m−1 s−1 MPa−1) 1.04 ± 0.30 1.05 ± 0.19ns +1.0 0.01
Leaf area (m2) 0.797 ± 0.107 0.377 ± 0.116∗ −52.7 0.53
P50leaf (MPa) −1.79 ± 0.67 − 2.11 ± 018ns −17.6 0.15
P50stem (MPa) −2.46 ± 0.06 −2.95 ± 0.20∗ −19.6 0.17
TLP (MPa) −1.21 ± 0.26 −1.40 ± 0.10ns −15.9 0.14

Data are the mean values ± standard deviation, with significant differences (Student’s t-test) between the two treatments indicated: ns, non-significant;
∗P < 0.001. The percentage change in trait values is the relative change between trait values from well-watered and water-limited plants. PIv refers
to the plasticity index described by Valladares et al. (2000).

Figure 2. Xylem vulnerability to embolism of stems (solid lines) and
leaves (dashed lines) in well-watered (blue) and water-limited (red)
plants. For each curve, the mean water potential at 50% loss of hydraulic
conductance (P50) is indicated by the open symbol and error bars are
standard deviation.

conditions and the PIv of this trait was 0.01. All the other traits
exhibited a PIv between 0.14 and 0.17.

Simulations using the SurEau model

With trait values and pedo-climatic conditions incorporated
into SurEau, the modelled time (THF; h) for plants to use up
available soil water and dehydrate to water potentials corre-
sponding to 90% loss of conductance (PLC) was substantially
longer in water-limited plants (Figure 3). When initial soil water
potentials were set to predawn water potentials recorded in
experimental plants, THF went from 48.0 h in well-watered to
152.9 h in water-limited plants, representing a difference of

219% (Figure 3A). A slightly lower difference in THF of 210%
was recorded in water-limited (177.5 h) compared with well-
watered (57.2 h) plants when initial soil water potentials were
set to field capacity (Figure 3B).

Sensitivity analysis revealed that among the traits selected, a
decrease in P50stem had the largest impact on THF in water-
limited plants, contributing 67 h (Figure 4A), representing 55%
of the total difference in THF compared with well-watered
controls (Figure 4B). Leaf area had the next largest impact on
THF, contributing 46 h, representing 38% of the total difference
in THF between the two treatment groups. gmin had a smaller
impact on THF, with a contribution of 7 h, representing 5.5%
of the total difference in THF in water-limited plants. In contrast,
the lower water potential at TLP in water-limited plants resulted
in a shorter THF by 7 h.

When performing the same sensitivity analysis with increases
in soil volume in the model (from 10 l up to a maximum 100 l),
the relative contribution of reduced LA to longer THF in water-
limited plants slowly increased, becoming the largest contributor
to longer THF at soil volumes above 50 l (Figure 5). In contrast,
the relative contribution of decreased P50stem and gmin to longer
THF in water-limited plants marginally decreased with increased
soil volume (Figure 5).

Discussion

The findings from this study suggest a high degree of drought
acclimation and trait plasticity in P. tremula × alba, the effect
of which, according to the SurEau model, resulted in a 200%
longer THF compared to nonacclimated plants. Furthermore,
the major contributors with longer THF in drought-acclimated
plants was shown to be a lower stem hydraulic vulnerability to
embolism and a lower LA. These results suggest that species
such as poplar are well placed to delay catastrophic hydraulic
failure during extreme drought, but only if populations can
acclimate to moderate water stress under novel drier conditions
prior to the drought event.

Tree Physiology Online at http://www.treephys.oxfordjournals.org

D
ow

nloaded from
 https://academ

ic.oup.com
/treephys/article/41/11/2008/6320871 by U

niversity of Tasm
ania Library user on 18 M

arch 2022



2016 Lemaire et al.

Figure 3. Modelled (SurEau) time courses of the loss of xylem hydraulic conductance in the stem (solid lines) and in the leaves (dashed lines) during
a simulated extreme drought using trait values recorded in well-watered (blue lines) and water-limited (red lines) plants (see Table 1). (A) Drought
simulations started with the soil water content of each treatment group assumed to be equal to the soil water content in the experimental plants. (B)
Drought simulations started with the soil water content of each treatment at field capacity. In each simulation, the modelled time to hydraulic failure
(THF at PLC = 90%) is indicated by an open symbol and projected on the x-axis by a vertical dashed line. The time step used for model calculation
was 0.01 s, while each data step represents the average PLC recorded per hour.

Figure 4. The relative contribution of drought acclimation in selected traits to longer THF in drought-acclimated plants compared with controls, when
starting the simulation with the soil water content of each simulated plant at field capacity. (A) Modelled time courses of the loss of xylem hydraulic
conductance during a simulated extreme drought using trait values recorded in well-watered (blue line), water-limited (red line) plants and well-
watered plants but with individual traits in the model substituted for those recorded in water-limited plants (grey dashed lines) (see Table 1). Labels
above each grey dashed line refer to the substituted trait in focus. Only traits that induced more than ±5% change in THF are displayed. For each
curve, the THF corresponding to 90% loss of hydraulic conductance (PLC) is indicated by an open symbol. (B) The relative contribution (expressed
as a percentage) of drought acclimation in each trait to the total difference between modelled THF recorded in well-watered and water-limited plants.
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Acclimation to water deficit delays hydraulic failure 2017

Figure 5. The influence of increases in soil volume, from 10 to a
maximum 100 l, on the relative contribution of selected traits to longer
THF in water-limited plants compared with controls, as determined by
sensitivity analysis. For each line, the label indicates which trait was
used in the sensitivity analysis. Only the traits that induced more than
5% variation in THF in a 10-l soil volume are displayed.

Trait plasticity in response to water deficit

In the current study, we observed a high degree of trait plasticity
in P. tremula × alba saplings in response to growth under
water limitation. Compared with well-watered controls, plants
acclimated to drier conditions exhibited significantly lower levels
of stomatal conductance and reduced LA, and significantly
lower stem hydraulic vulnerability (lower P50stem). Several
studies have investigated the plasticity in these hydraulic and
growth traits in poplar species (including hybrids) and allow the
calculation of the plasticity index (PIv) by comparing the value
of the trait in well-watered plants (most of the time, irrigated
at field capacity) with plants grown in drier conditions (e.g.,
watering at 30% of field capacity or withholding watering). The
PIv of gs as response to drier conditions ranged from 0.05 to
0.82 for Populus deltoides and Populus nigra and several poplar
species (Funk et al. 2007, Silim et al. 2009, Centritto et al.
2011). The area of the leaf exhibited a PIv induced by soil water
content ranging from 0.12 to 0.93 for Populus tremuloides,
Populus deltoides × trichocarpa and Populus cathayana (Xu
et al. 2008, Monclus et al. 2009, Baird et al. 2017). The
P50 of the stem exhibited a PIv induced by the soil water
content between 0.04 and 0.78 for P. tremula × alba, P.
trichocarpa × deltoides and P. deltoides × nigra (Awad et al.
2010, Fichot et al. 2010, Plavcová and Hacke 2012). Although
not significant, in the present study, water-limited plants also

exhibited a tendency to lower leaf hydraulic vulnerability, lower
water potentials at turgor loss point and reduce leaf minimum
conductance. Taken together, these findings suggest adap-
tive plasticity may be an important evolutionary driver within
the genus and is consistent with reports of high levels of
phenotypic plasticity in pioneering species in general (Sultan
2000).

Reductions in gs and LA are a common response in tree
species exposed to water deficit (Aranda et al. 2015, Lauri et al.
2016), the effect of which reduces canopy transpiration and
enables plants to better maintain favourable water status under
novel dry conditions (Cavender-Bares et al. 2007). Reductions
in canopy leaf area are also features of populations of many
species that occur along environmental gradients of increasing
aridity (Rosas et al. 2019, Pritzkow et al. 2020). In the
current study, midday water potentials were significantly lower in
drought-acclimated plants compared with well-watered controls
but remained close to the TLP and below water potentials
associated with substantial (<20%) leaf or stem embolism.
Importantly, we observed a strong response in stem embolism
resistance, with a 19.6% lower P50stem in drought-acclimated
plants compared with well-watered controls. This result is con-
sistent with greater embolism resistance previously observed
in P. tremula × alba saplings grown under different levels of
soil water deficit, with the magnitude of change in P50stem

reported to increase with the severity of water stress (Awad
et al. 2010, Fichot et al. 2010). However, it contrasts with the
findings from studies on other species that suggest only limited
plasticity in mechanistic drought tolerance traits in trees growing
under novel dry conditions (López et al. 2016, Tomasella et al.
2018). A lack of correlation between climate and P50stem can
obscure P50stem variability measured within species or within
population in the field (Herbette et al. 2010, Wortemann et al.
2011). Acclimation to different environmental conditions that
require similar anatomical features (e.g., tolerance of frost-
and drought-induced embolism both require narrow vessels)
may explain this lack of correlation (Herbette et al. 2010).
In addition, since the xylem conduits are made of dead cells,
the P50stem depends on the climatic conditions during wood
formation and the response may occur with an important lag-
time (Valladares et al. 2007). This raises the question of the
structural determinants of plasticity in vulnerability to embolism
(Lemaire et al. 2021). Moreover, some species may have
developed a particular drought avoidance strategy that enables
survival in drier soils without changing P50stem, for example by
deeper rooting (Hukin et al. 2005). Although some of these
studies point to substantial variation in embolism resistance
within species (Anderegg 2015), other studies point to limited
genetic diversity in traits such as embolism resistance, sug-
gesting limited potential for adaptation in response to drying
conditions (Lamy et al. 2014). In these instances, trees may
need to rely heavily on adjustments in leaf area to maintain
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favourable water status, potentially at the cost of reduced
growth and lower productivity (Brodribb et al. 2020).

Trait plasticity and longer modelled THF during drought

This study highlights the effect of acclimation to water deficit
on the time it takes plants to use up available soil water and
dehydrate to critical levels of hydraulic failure during drought.
By comparing the SurEau model output parameterized with traits
from well-watered and water-limited plants, we showed in sup-
port of our main hypothesis that trait plasticity and acclimation to
water deficit extends THF in poplar saplings exposed to extreme
drought from ca 48 to 160 h. While these predicted THF
values are likely to be much higher (longer THF) if we set the
model with climate variation linked to diurnal/nocturnal cycles
(Figure S3 available as Supplementary data at Tree Physiology
Online), they represent a difference of ca 200% in THF in water-
limited plants. This is a substantial difference and highlights the
importance of accounting for plasticity and acclimation to water
deficit in a range of traits when predicting mortality risk of forest
trees during future extreme drought (Nicotra et al. 2010, Choat
et al. 2018, Brodribb et al. 2020). Indeed, 70% of forest tree
species globally are estimated to be at risk of mortality during
climate change-type drought, but this number may be lower if
drought acclimation is considered (Choat et al. 2012).

By using the SurEau model, we were able to assess the
relative contribution of plasticity in different traits to longer THF
in water-limited plants. Sensitivity analysis revealed that higher
stem embolism resistance and lower canopy leaf area accounted
for most of the observed differences in THF. Interestingly, the
relative contribution of plasticity in both traits remained high
regardless of increases in soil volume (up to a maximum of
100 l), although we note that the contribution of lower LA
overtook the contribution of lower P50stem at soil volumes
above 50 l. This increasing contribution of reduced leaf area
with increasing soil volume occurred most likely as a result
of longer drawdown times of soil water prior to the point of
stomatal closure. The SurEau model made it possible to follow
the dynamics of xylem hydraulic dysfunction in the stem and
leaves. When the leaves were fully embolized, the reduction in
evaporative surface area slowed stem embolism rates, resulting
in a distinct ‘elbow’ in the modelled time course of percentage
loss of stem xylem hydraulic conductance (see Figure 3). In
the water-limited plants, this hydraulic disconnection with the
leaves contributed to delaying the onset of stem hydraulic
failure. Overall, our results support the findings from previous
studies that highlight the importance of embolism resistance
and leaf area in determining estimates of the time to hydraulic
failure as a function of mortality risk across species, under
both experimental (Martin-StPaul et al. 2017, Blackman et al.
2019b) and simulated field conditions (De Kauwe et al. 2020).
However, these and other studies also point to timely stomatal
closure and wide hydraulic safety margins, that is, the difference

in water potential at stomatal closure and P50stem (Martin-St-
Paul et al. 2017, Blackman et al. 2019a), as well as low leaf
minimum conductance (De Kauwe et al. 2020) as important
determinants of THF. Reductions in leaf minimum conductance
(following stomatal closure), while not differing significantly
between treatment groups, contributed an additional 5.5% to
longer THF in water-limited plants. Taken together, these results
highlight the need to consider and incorporate phenotypic
plasticity in a range of key hydraulic and morphological traits
into models such as SurEau to better understand THF in plants
exposed to drought under future climates.

The question of identifying the critical parameters for coping
with drought has been the purpose of a number of recent
studies (Pivovaroff et al. 2014b, Rosas et al. 2019, López
et al. 2021). Stomatal closure is one of the parameters of
major importance in drought resistance (Bartlett et al. 2012,
Rosas et al. 2019, López et al. 2021) and recent studies
have demonstrated its coordination with vulnerability to xylem
embolism, with stomatal closure occurring prior to embolism
initiation (Corso et al. 2020, Creek et al. 2020). In the current
study, the lower water potential at turgor loss point observed
in water-limited plants suggests stomatal closure may have
occurred at lower water potentials during drought and is consis-
tent in its coordination with the observed increase in embolism
resistance in drought-acclimated plants. Interestingly, the lower
water potential at TLP shortened THF in water-limited plants
and reduced the gains in THF when coupled with lower stem
vulnerability, by delaying the onset of stomatal closure. Never-
theless, this response did not reduce the overall hydraulic safety
margin (MPa) in drought-acclimated plants due to the relatively
large increase (in MPa) in stem embolism resistance. We may
have also expected to see a similar coordinated response
between leaf and stem vulnerability to embolism in water-limited
plants, considering their fine-tuned coordination in many species
(Pivovaroff et al. 2014a, Nolf et al. 2015, Creek et al. 2018,
Levionnois et al. 2020). However, the difference in leaf vulnera-
bility between treatments was non-significant and had very little
effect on THF (data not shown). Furthermore, the sensitivity
analysis that we conducted by varying two traits simultaneously
did not substantially alter the relative contribution of individual
traits to differences in THF as when they were considered inde-
pendently (Table S1 available as Supplementary data at Tree
Physiology Online), suggesting limited compounding influence
of coordinated acclimation across trait pairs.

Additional influences on THF

This study examined trait plasticity in response to variation
in one abiotic factor, namely soil moisture. However, future
work addressing trait plasticity and its effect on THF under
future drought should consider additional environmental param-
eters linked to climate change. For example, higher CO2 con-
centrations should promote longer THF via reduced gs and
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increased water-use efficiency (Sperry et al. 2019). However,
warmer temperatures and associated increases in evaporative
demand increase plant transpiration and exacerbate drought
stress (Mitchell et al. 2014, Allen et al. 2015), leading to more
rapid dehydration (Duan et al. 2014, 2018, Adams et al. 2017).
More intense heatwaves may also lead to a sharp increase
in the minimum leaf conductance following drought-induced
stomatal closure if temperatures exceed a certain threshold
governing cuticle transpiration (Bueno et al. 2019, Cochard
2019). Further experiments that examine the effect of these
environmental factors and their interaction on key hydraulic and
morphological traits are essential for determining the timing
of hydraulic failure and tree mortality risk under future hotter
drought events. Additionally, there is a need to incorporate
traits linked to water acquisition (e.g., rooting depth) (Meier
and Leuschner 2008, Skelton et al. 2019) and water storage
as mechanisms for buffering plant desiccation during drought
(Martínez-Vilalta et al. 2019).

Supplementary data

Supplementary data for this article are available at Tree Physiol-
ogy Online.
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