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ABSTRACT
Research in plant hydraulics has provided important insights
into plant responses to drought and species absolute drought
tolerance. However, our ability to predict when plants will die
from hydraulic failure under extreme drought is limited by a
lack of knowledge with regards to the dynamics of plant desiccation following stomatal closure. Thus, we develop a simple
hydraulics model based on branch-level traits that incorporates
key aspects of allometry, rates of water loss and resistance to
embolism thresholds in order to deﬁne species differences in
the time it takes plants to desiccate from stomatal closure to
lethal levels of drought stress.
Drought-induced tree mortality and forest dieback have become more frequent in response to changing climate in many
parts of the world (Allen et al. 2010). This issue has generated
a highly active ﬁeld of research internationally, with recent major studies focusing on quantifying the contribution of different
mechanisms to drought mortality in trees (McDowell et al.
2013; Mitchell et al. 2013; Anderegg et al. 2015). However,
our ability to identify species and/or forest communities most
at risk of drought mortality remains limited by a fundamental
lack of knowledge with regards to the full range of traits and
processes that determine how long it takes before trees die during periods of extreme drought. Here we develop a simple
hydraulic model based on branch-level traits for determining
the time required for trees and other woody plants to desiccate
to lethal water potentials after stomatal closure. We suggest
that the time-dependence of hydraulic failure represents an
important yet often overlooked piece of the puzzle in understanding response to drought.
Under severe drought, a plant’s hydraulic system is increasingly stressed because of increasing tension within the water
conducting xylem. This process leads to xylem cavitation and
the formation of air emboli, which reduces the capacity of
plants to transport water to the leaves (Tyree & Sperry 1989).
As drought stress intensiﬁes, increasing levels of xylem cavitation can ultimately lead to catastrophic hydraulic failure (Tyree
& Sperry 1988), which has been shown to be a major
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mechanism of mortality in many species (Brodribb & Cochard
2009; Anderegg et al. 2012; Mitchell et al. 2013; Urli et al. 2013).
The tension (water potential; MPa) in the xylem at the
point where a plant organ has lost 50% of its capacity to conduct water because of embolism (P50) is commonly used to
characterize plant vulnerability to embolism under drought.
Because of its central role in plant hydraulic research, the
number of species with deﬁned P50 values has increased
substantially in recent years, especially with the advent of
new high-throughput techniques (Cochard et al. 2013; Bouche
et al. 2014). These data indicate that P50 differs markedly
among woody plants, ranging from near zero in highly vulnerable species to 19 MPa in the most drought resistant species
(Maherali et al. 2004; Delzon et al. 2010; Choat et al. 2012;
Larter et al. 2015). In terms of drought survivorship, emerging
data indicate that P50 may be lethal for most gymnosperms
(Brodribb & Cochard 2009; Brodribb et al. 2010), while in angiosperms plant death has been associated with 80–90% loss
of conductivity (Resco et al. 2009; Barigah et al. 2013; Urli
et al. 2013). Deﬁning these drought mortality thresholds across
species will be essential for predictive models of vegetation response to drought (Choat 2013) especially given drought
events are predicted to increase in both intensity and frequency
with climate change (IPCC 2013). Even so, indices of drought
tolerance based on variation in xylem cavitation resistance remain somewhat static for individual species. Moreover, such indices do not characterize species differences in the time it takes
plants to reach lethal water potentials during periods of extreme drought.
Drought responses in plants typically proceed in two phases:
(1) stomata are open and gradually close in response to soil drying; and (2) stomata are closed but water continues to be lost via
stomatal leakiness and cuticular conductance. To date, most
studies onplant responses to drought have focused on the ﬁrst response phase, because of the fundamental need in plants to balance stomatal regulation of dehydration relative to carbon gain
(Mackay et al. 2015). However, there remains a crucial lack of
knowledge of the dynamics of plant desiccation beyond stomatal
closure, despite reports from the ﬁeld of signiﬁcant lag times between the onset of drought stress and catastrophic hydraulic failure (Anderegg et al. 2012; Anderegg et al. 2013).
We argue that traits involved in reducing rates of water loss
and their inﬂuence on water storage reservoirs and hydraulic
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function after the stomata have closed directly inﬂuence how
long it takes plants to reach lethal water potentials during severe drought. In evergreen species, stomatal leakiness is an important determinant of minimum canopy conductance
following stomatal closure and, thus, also inﬂuences rates of
plant desiccation during drought (Brodribb et al. 2014). The release of water from internal capacitors (Pfautsch & Adams
2013; Pfautsch et al. 2015a) and/or xylem conduits following
cavitation (Holtta et al. 2009) may moderately decrease plant
water potential. Furthermore, the dynamics of plant desiccation following stomatal closure will be inﬂuenced by static allometric traits, in particular plant leaf area and total water
storage capacity (Borchert & Pockman 2005; Gleason et al.
2014).
Considering the difﬁculty in assessing the dynamics of plant
desiccation in mature trees, a potentially useful approach for determining species differences in the time it takes plants to desiccate from stomatal closure to lethal water potentials is to assess
the dynamics of water loss from excised branches. Indeed, rates
of water loss from excised branches have been shown to vary
widely across species (Gleason et al. 2014; Fig. 1a), although
the traits contributing to this variation remain poorly understood. Thus, we have developed a new and simple hydraulic
model that allows for variation in key aspects of allometry, rates
of water loss and drought tolerance for determining the time it
takes trees to desiccate from stomatal closure to lethal levels of
water stress (tcrit; s) using excised branches:
t crit ¼

ðθ0  CΨcrit ÞV W
AL g0 D

(1)

Where θ0 is the branch relative water content (RWC) at
the point where stomata have just closed (g g 1); C is the
branch capacitance (RWC MPa-1); Ψ crit is the xylem water
potential (MPa) associated with lethal levels of drought
stress (equivalent to P50 in most conifers and P88 in most
angiosperms); V w is the total amount of water available

to the branch (g); AL is the total leaf area (m2); g0 is the
canopy conductance after stomatal closure (g m 2 s1);
and D is the vapour pressure deﬁcit of the atmosphere
(mol mol1) (see Supporting Information for model derivation). The combined term (C ∙ Ψ crit) is the RWC at Ψ crit,
representing the amount of water left in the branch at lethal water potentials (RWCcrit; g g1).
Based on our model 1, longer desiccation times (tcrit) for a
given D can theoretically be achieved by (1) increasing the total volume of water in sapwood relative to leaf area (Vw:AL);
(2) reducing minimum canopy conductance (g0); (3) decreasing
stem vulnerability to embolism (more negative Ψ crit) and/or increasing branch capacitance (C); or (4) a combination of these
(Fig. 2). Note that some of these variables are often inversely
correlated with one another across species (Scholz et al.
2011). Importantly, all parameters in the model can be measured directly or indirectly using branch material ‘dried-down’
in the lab, in conjunction with measurements of air temperature
and relative humidity to calculate D (assuming leaf temperature does not differ meaningfully from air temperature). While
Ψ crit can be determined from species’ vulnerability to embolism
curves (generated by branch-dehydration or centrifuge techniques), rates of water loss in separate branch material can be
determined accurately and simply using a high capacity laboratory balance (Borchert & Pockman 2005; Gleason et al. 2014).
A number of assumptions are made in this simple hydraulic
model (Supporting Information). Among these is that the relationship between branch RWC and water potential is linear so
that the branch capacitance is relatively constant after stomatal
closure. This assumption is broadly supported by experimental
data from Gleason et al. (2014) (Fig. 1b). We also assume that
the sapwood supplies the bulk of the water to canopy transpiration during dry-down. While evidence suggests that this may
not be the case in small branches, where leaf water was found
to contribute signiﬁcantly to total water loss, especially at water
potentials below 2 MPa (Gleason et al. 2014), the

Figure 1. (a) Species differences in the rate of branch desiccation expressed here in terms of the change in branch relative water content (g g1) over
time (h) adjusted by vapour pressure deficit (D); (b) relationships between relative water content and water potential during branch dry-down in
different species. Species codes: AcaAne = Acacia aneura; AllLit = Allocasuarina littoralis; BanSer = Banksia serrata; CasPau = Casuarina pauper;
CorGum = Corymbia gumnifera; EreLon = Eremophila longifolia; EucHae = Eucalyptus haemastoma; FilMac = Flindersia maculosa;
LamFor = Lambertia formosa, PerLev = Persoonia levis; and SidPet = Sida petrophila. Raw data were sourced from Gleason et al. (2014).
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Figure 2. A conceptual model of how the time to reach lethal levels of
drought stress (tcrit) in branches is influenced by variation in three key
terms: the amount of water available in the branch relative to its leaf
area (Vw:AL), minimum branch conductance following stomatal
closure (g0), and the combined term (C ∙ Ψ crit), which represents the
branch relative water content at lethal levels of drought stress
(RWCcrit). In delaying drought induced mortality following stomatal
closure, longer desiccation times could be achieved via some
combination of higher Vw:AL, lower go, low vulnerability to embolism
(more negative Ψ crit) or high rates of water loss per unit increase in
water potential (branch C, which would act to lower RWCcrit).

contribution of stored water from the stem (including bark) is
substantial (Pfautsch et al. 2015b) and should increase with
plant size (Phillips et al. 2003; Scholz et al. 2011). This assumption can be tested experimentally by measuring tcrit across a
range of branch sizes for a given species. Furthermore, the time
to critical levels of drought stress should theoretically increase
with increasing plant size, as stem volume increases relative
to leaf area (Scholz et al. 2011). This suggests that larger trees
should be less susceptible to drought mortality, although this
tends not to be the case in nature where larger trees are generally
more susceptible to drought (Bennett et al. 2015).
The model also assumes that g0 is constant and does not itself
depend on D or Ψ (Boyer et al. 1997). Again, this expectation
can be tested using experimental data. Finally, the model assumes that D is relatively constant throughout the experiment
and that the branch is coupled to the ‘atmosphere’ so that transpiration rate is proportional to g0 and D. In practice, these issues can be addressed by conducting the experiment under
relatively controlled laboratory conditions and by suspending
branches in the air to limit strong within-canopy boundary
layers. In order to better reﬂect real-world conditions, tcrit could
ultimately be measured against some reference evaporation,
possibly by placing a water-ﬁlled petri dish on a balance next
to the branch.
We emphasize that our model of branch desiccation times to
mortality is based on hydraulic traits and processes, although
we acknowledge that non-hydraulic traits and processes (e.g.
carbohydrate dynamics) have been shown to contribute to
prolonging plant function as drought stress increases (O’Brien
et al. 2014). Our model is not intended to be used to determine
the contribution of different mechanisms to mortality in different species. Rather, it represents a novel quantitative approach
for understanding species differences in the time from stomatal
closure it takes before plants desiccate to water potentials associated with catastrophic hydraulic failure.
We acknowledge that rooting depth plays a major role in
mitigating drought stress in trees in situ, with deeper roots

prolonging hydraulic and gas exchange function during severe
drought (Nardini et al. 2016). Furthermore, roots provide additional water storage capacity, which could be incorporated into
our model of tcrit by either measuring rates of water loss in
young intact plants after their roots have been carefully separated from the soil, or by estimating root water volume using allometric relationships. Importantly, information on plant
rooting properties could be used in conjunction with
branch-level measurements of tcrit to examine potential tradeoffs inherent in different water-use strategies, especially among
co-occurring species (Nardini et al. 2003; Lindh et al. 2014). In
applying our model of tcrit for measuring desiccation times in
trees in situ, it will also be important to consider whether roots
become hydraulically isolated from drying soils, and thus, prevents
transfer of water from the roots to the soil (North & Nobel 1997).
In addition, factors related to the cumulative impacts of past
drought (Mitchell et al. 2016) and the ability of plants to reﬁll
embolised vessel elements (Brodersen & McElrone 2013)
may contribute to the risk of plant exposure to droughtinduced mortality in the ﬁeld, although the occurrence of embolism reﬁlling in nature remains controversial (Delzon &
Cochard 2014). In regard to our model, high levels of native
embolism in branch segments should act to shorten the time
to Ψ crit because gas-ﬁlled xylem conduits act to reduce the
amount of available water in the branch (Tyree & Yang
1990). We also acknowledge that some species from seasonally
dry habitats shed leaves in response to severe drought, in order
to reduce evaporative surface area and slow rates of dehydration. In these species, rates of water loss would need to be adjusted during branch dry-down to incorporate changes in
both leaf area (AL) and minimum canopy conductance (g0),
while xylem water potential could be measured using a stem
psychrometer.
In conclusion, deﬁning tcrit provides a novel approach for integrating traits that inﬂuence how long different species across
different plant sizes can withstand increasing levels of drought
stress that precedes complete hydraulic failure and plant death.
Studying these traits should lead to a more complete picture of
trade-offs and linkages that deﬁne differences in water use
strategies across species, environments and whole biomes
(Reich 2014). Knowledge of the dynamics of plant desiccation
from stomatal closure to plant death could be combined with
hydraulic models of plant responses to drought during stomatal
closure (e.g. Mackay et al. 2015; Sperry & Love 2015) to provide comprehensive whole plant models that account for all
the parameters implicated in plant dehydration in situ during
extreme drought. This information would be particularly useful
for dynamic global vegetation models that currently do not account for the dynamics of plant water loss in different species
across all phases of drought stress (McDowell 2011; Anderegg
et al. 2015).
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