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Abstract

1.

Hydraulic Failure is one of the primary mechanisms underlying plant mortality
during drought. Hydraulic failure occurs when the plant's xylem, under water
stress, crosses a critical percentage of loss of xylem hydraulic conductivity (PLC)
threshold, which causes the plant's tissues to desiccate and die. The PLC thresh-
old that triggers mortality varies between different taxa and functional types
and remains largely undefined for plants from tropical seasonally dry formations

(TSDF)—biodiverse and drought-prone ecosystems.

Email: ellercb@ufc.br 2. Recent studies have proposed that stem Relative Water Content (RWC) thresh-
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4. Our results reveal that both species can survive PLC >99%, suggesting that ex-
Handling Editor: Benjamin Hafner treme embolism alone does not always lead to mortality. However, the evergreen
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5. Our findings show that maintaining a high RWC, rather than only avoiding hy-

draulic failure, is key to the survival of TSDF species during drought. The decidu-
ous species' leaf shedding and higher stem water content allowed it to sustain

its RWC for longer during drought, making it less vulnerable to drought-induced
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mortality. The RWC thresholds identified in this study provide a key parameter to

improve model projections of TSDF vegetation mortality during future droughts.
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1 | INTRODUCTION

Widespread tree mortality events have become more common
worldwide, threatening the functioning and distribution of forests
(Allen et al., 2010; Hammond et al., 2022). One of the main physi-
ological mechanisms underlying plant mortality during drought is the
collapse of its hydraulic system, commonly referred to as Hydraulic
Failure (Choat et al., 2018; McDowell et al., 2008, 2022). Hydraulic
failure occurs when a large fraction of the plant's xylem is embo-
lised, so that the xylem can no longer supply the water required to
maintain plant tissues alive (Adams et al., 2017; Choat et al., 2018;
McDowell et al., 2008, 2022). Mortality induced by hydraulic fail-
ure is generally thought to be irreversibly triggered when plants lose
a certain percentage of xylem hydraulic conductance (Brodribb &
Cochard, 2009; Choat et al., 2018; Hammond et al., 2019). Initially,
it has been suggested that a Percentage Loss of xylem hydraulic
Conductivity (PLC) of around 50% and 80% could define a ‘point of
no return’ for mortality in gymnosperms and angiosperms, respec-
tively (Brodribb & Cochard, 2009; Tyree et al., 2003; Urli et al., 2013).
However, current research shows that the critical PLC that induces
mortality varies significantly between species, with some surviving
PLC higher than 90% (Adams et al., 2017; Hammond et al., 2019;
Mantova et al., 2021). Adams et al. (2017) suggest this variation can
be attributed to the difference in how species recover from embo-
lism. This variation limits the use of PLC thresholds in vegetation
models to predict shifts in vegetation caused by drought-induced
mortality (McDowell et al., 2013; Trugman et al., 2021; Venturas
etal., 2021).

More recently, plant water pools were proposed as more reli-
able predictors of plant mortality, as they reflect whole-plant water
balance and have a strong mechanistic link with cell and tissue mor-
tality (Martinez-Vilalta et al., 2019). This perspective suggests that
hydraulic failure alone might not necessarily lead to plant mortality
if it is not associated with tissue desiccation. Some plants, especially
from more arid environments, have high water storage capacity
(Lima et al., 2012; Wright et al., 2021) and other strategies that can
delay tissue desiccation (Blackman et al., 2016). Consequently, their
xylem might embolise substantially, but their tissues can remain hy-
drated and with the potential to recover, through the production of
new xylem vessels (Brodribb & Cochard, 2009), or potentially other
active mechanisms (Nardini et al., 2011; Love & Sperry, 2018; but
see Choat et al., 2019). Despite the solid theoretical basis linking
water content to cell and tissue mortality, there is scarce empirical
evidence that tissue water content is indeed a better predictor of
whole-plant mortality than PLC (Mantova et al., 2021).

Given the diversity of processes and thresholds involved in plant
drought-induced mortality, predicting large-scale vegetation mor-
tality requires knowledge of how different plant functional types
succumb during drought. We are not aware of any studies that es-
tablish drought-induced mortality thresholds for Tropical Seasonally
Dry Forests (TSDF) species, which limits our ability to predict how
this vegetation type responds to more extreme drought. The lack
of information on mortality thresholds for this type of tropical veg-
etation is a critical knowledge gap, as TSDF are one of the most
extensive types of tropical forests (Murphy & Lugo, 1986) and play
important roles in biogeochemical cycles and climate regulation
(Maass et al., 2005; Siyum, 2020). Moreover, many TSDF regions are
projected to experience more arid conditions in the future (Marengo
et al.,, 2017; Tomasella et al., 2025), making research on drought-
tolerance thresholds in this biome particularly urgent.

Despite its importance, TSDF functioning remains under-
studied compared to more humid forests (Muenchow et al., 2018;
Siyum, 2020). Plants in TSDF employ contrasting ecological strat-
egies to cope with seasonal water deficits. Deciduous species shed
their leaves during the dry season to limit transpiration and often
exhibit higher water storage capacity and hydraulic conductivity. In
contrast, evergreen and late-deciduous species retain their foliage
and might rely on one or more drought-tolerance strategies, such
as conservative stomatal regulation, high resistance to xylem embo-
lism and access to deep soil water through extensive root systems
(Lima et al., 2012; Lopes et al., 2022; Oliveira et al., 2021; Pereira
et al,, 2019; Tomlinson et al., 2013; Wright et al., 2021).

In this study, we investigate the drought-induced mortality
thresholds of two tropical woody species with contrasting leaf
phenologies: the drought-deciduous Cordia oncocalyx and the ev-
ergreen Cynophalla flexuosa. Both species are endemic to the TSDF
from northeastern Brazil (Moro et al., 2016). We designed an ex-
periment to establish whether PLC or stem Relative Water Content
(RWC) thresholds are more useful predictors of plant mortality
during drought and whether these thresholds vary depending on
leaf phenology. Our first hypothesis is that RWC thresholds are
better predictors of mortality during drought (Kursar et al., 2009;
Mantova et al., 2021, 2023; Martinez-Vilalta et al., 2019). This hy-
pothesis is based on the rationale that although hydraulic failure
is a prerequisite for RWC decline, it does not necessarily lead to
lethal tissue desiccation if the plant still has living cells that can
reconstruct (or repair) its hydraulic system. Our second hypothesis
is that drought-deciduous and evergreen species have different
tolerance to desiccation after hydraulic failure due to their func-
tional differences. As drought-deciduous species shed their leaves
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quickly during drought and often present higher wood water con-
tent (Lima et al., 2012; Wright et al., 2021), we expect their tissues
to desiccate more slowly during drought. In contrast, we expect
the evergreen species to rely especially on stomatal regulation to
avoid embolism and desiccation.

2 | MATERIALS AND METHODS
2.1 | Study species

The study was carried out in a greenhouse at the Federal University
of Ceara (3°44'19" S; 38°34'13” W). We used saplings of the species
Cordia oncocalyx Allemao, a model deciduous species and Cynophalla
flexuosa (L.) J. Presl, as a model evergreen species. Both species
can grow as trees or shrubs and are endemic to the Caatinga (Lima
et al., 2018). The Caatinga is a semiarid morphoclimatic domain char-
acterised by average temperatures between 25° and 30°C and an-
nual rainfall between 500 and 750 mm, distributed over a short-wet
season lasting 3 to 5months (Sampaio, 1995).

The species used in this study are functionally distinct in several
ways beyond their leaf phenology. The deciduous species exhibits
lower wood density, higher stem water content and xylem more vul-
nerable to embolism than that of the evergreen species (Table 1). In
terms of leaf structure, some deciduous species of the Caatinga have
a higher stomatal density, a higher leaf area and their leaf surfaces
are covered with trichomes (Accioly et al., 2024; Araujo et al., 2024).
Meanwhile, the evergreen C. flexuosa leaves are characterised by
a thick cuticle and stomata protected by a prominent grooved epi-
cuticular border (Holanda et al., 2019; Lopes et al., 2022; Pereira
et al., 2019).

Seedlings of both species were collected in a Caatinga site lo-
cated at the municipality of Pentecoste (3°49'02”S; 39°20'16” W).
The seedlings were collected by manual excavation, keeping the
soil around the roots intact to minimise damage. They were trans-
planted into 8-L pots filled with a substrate made up of a 2:2:1 mix-

ture of sand, soil from the site where the plants were collected and

organic-rich commercial substrate. They were then left to acclima-

tise for 6months in the greenhouse.

2.2 | Experimental design

We used a total of 34 saplings of C. oncocalyx (11 of which were
used for destructive RWC measurements) and 36 individuals of C.
flexuosa for the drought experiments (10 of which were used for
destructive RWC measurements). The C. oncocalyx at the beginning
of the experiment had an average height of 49 +13.22cm, while C.
flexuosa individuals had an average height of 70.54 +13.22cm. The
water deficit during the experiment was imposed gradually; in the
first week, the plants were watered with 200mL of water every
2days; in the second week, 100mL every 2days; in the third week,
50mL every 2days. After the fourth week, we stopped watering the
plants altogether.

As the water content in the soil decreased, we removed between
2 and 3 plants from the drought treatment, one of which was de-
stroyed to measure the RWC, and the others were subjected to a
rehydration treatment to confirm whether the plant was dead or
not. Plants in the rehydration treatment were watered twice a day
to maintain their soil near field capacity. Individuals in the rehydra-
tion treatment were considered dead when they did not produce
any new tissues after 2months of rehydration. The drought treat-
ment was maintained until the soil completely dried out (i.e. the soil
water content stabilised close to zero). The duration of the drought
treatment for C. oncocalyx was 37days and for C. flexuosa it was
69 days. Environmental conditions during the experiment are given
in Figure S1; and a graphical description of the experimental design

and sampling for each measurement is given in Figure 1.

2.3 | Leaf gas-exchange measurements

Gas-exchange measurements were taken on two fully expanded

leaves between the second and fourth nodes of all plants at the

TABLE 1 Parameters of the vulnerability curves of the xylem to embolism and Relative water Content (RWC) in the stem for deciduous

species Cordia oncocalyx and the evergreen Cynophalla flexuosa.

Parameter C. oncocalyx C. flexuosa
a 1.53 0.82

Pss -1.47 -2.39

Pgg -2.80 -4.87

K ax 0.0163 0.0044
Rinax 99.88 83.25

b -0.27 -0.58

Rso -6.13 -7.95

Q¢ 0.72+0.10 0.66+0.18
SWs 27.10+12.39 10.50+5.75
W, 0.55 0.57

Units Description

MPa™? Shape of the embolism vulnerability curve
MPa P, when PLC=50%

MPa P,when PLC=88%

kgm™tstMPa?
%

Xylem maximum hydraulic conductivity

Maximum RWC

MPat Shape of the RWC curve

MPa P, when RWC=50%

gcm?® Saturated stem water content normalised per
sample

g Stem water storage

gcm?® Wood density
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FIGURE 1 Diagram of the experimental design used during the drought experiment to assess species mortality of Cordia oncocalyx

and Cynophalla flexuosa. Initial measurements were taken on all individuals, including growth measurements (height and diameter), leaf
area, soil water content (0) and gas-exchange measurements on 2-3 leaves. These measurements were also taken on individuals that were
removed weekly. Individuals that underwent rehydration treatment were kept in moist soil for 3months and monitored weekly (same initial

measurements) to confirm mortality.

beginning of the experiment and when they were removed from the
drought treatment. When the plant had senescent leaves, we also
took a measurement on one of these leaves. The measurements were
taken with a LI-6400XT gas-exchange analyser (Li-Cor BioSciences,
Lincoln, NE, USA). The air temperature in the LI-6400XT measure-
ment chamber was set to 25°C, relative humidity was maintained
between 50% and 65%, the CO, concentration of the chamber was
maintained at 400ppm, the photosynthetically active photon flux
density (PPFD) was set to 1800 pmol m2s™, and the air flow was set
to 500 pmols™.

2.4 | Leaf areaand stem size measurements
Measurements of the plant total leaf area (L ), stem diameter (D) and
height (h) were taken on all individuals at the beginning of the experi-
ment, when the individuals were removed from the drought treat-
ment and at the end of the recovery treatment. The D was measured
at the base and the top of the stem with a digital calliper with a reso-
lution of 0.01 mm (MTX, Nicosia, Cyprus), and h was measured with
a tape measure. The L, was calculated as the sum of the total area
of healthy (La,h) and senescent (La,s) leaves in the plant. All leaves on
the plant had their length and width measured with a tape measure,
which was then used to estimate the individual leaf area and subse-
quently L. See Supporting Information S1 for details.

2.5 | Soil water content and water potential

During the experiment, measurements of soil water content (SWC,
%) in every pot were taken at intervals of 2 to 4 days with a portable
soil moisture probe (Hydrosense I, Sensor Campbell, USA). We cali-
brated the SWC values measured with that sensor using gravimetric
soil water content measurements (Gg, g/g; Figure S2), see details of
this calibration in Supporting Information S2. The eg was converted
into volumetric soil water content (6, cms/cmS) using the bulk soil
density and was used to calculate the soil water potential (P) using
the Van Genuchten (1980) model (Figure S3). The parameters of the
Van Genuchten model (Table S1) were estimated with a separate ex-
periment described in Supporting Information S3.

2.6 | Stem water content

One of the individuals that was removed weekly from the drought
treatment was used to measure the relative water content in the
stem (RWC). This was a destructive measurement, as the plants did
not have branches and the sample used for the RWC measurement
was taken at the base of the stem (Figure S4). The RWC sample was
c. 2cm long and we measured its fresh weight (FW), turgid weight
(TW) after 48 h emerged in distilled water and its dry mass (DW) by
oven drying at 60°C for at least 72h. We used an analytical balance
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(BEL Engineering, MW723) for these measurements. We calculated

the stem relative water content (RWC) as follows:

FW - DW

RWE=Tw—pw

100 (1)
We calculated the maximum mass of water stored per stem volume

Q) as follows:

TW - DW
V.

S

Qsat = (2)
where V_ is the volume of the sample, which was measured with the

water displacement method. From Q_, we calculated the total maxi-

sat
mum stem water storage (SWS) assuming a homogeneous water stor-

age in the stem:
SWS = Qsatvp (3)

As the saplings used in the experiment had no branches, we as-
sumed that the stem volume (Vp) of the species could be approxi-

mated as a truncated cone, thus:

Vp:ngR2+Rr2+r 4)
where h is the stem height, and R and r are the radii of the stem base
and top, respectively.

2.7 | Stem dehydration curve

We assessed the relationship between xylem water pressure (P,) and
stem Relative Water Content (RWC) to describe the process of stem
dehydration in 12 individuals of the species C. oncocalyx and 10 of C.
flexuosa. These individuals were not the same used for the drought
experiment, but they were similarly sized plants that were collected
at the same site and were maintained under identical conditions in
the greenhouse. We started the curve with well-hydrated plants,
covering four leaves of the plant with an opaque bag to balance the
P.. After 15min, we measured the P, using a Scholander chamber
(Model 1515D, PMS Instrument Company, USA) on two leaves. We
also conducted P, measurements in leaves bagged for 1h and found
no significant effect of time on the measured P, (t=1.44; p=0.16).
This test was conducted to allow faster P, measurements in the sub-
sequent experiments described below.

We measured the RWC (Equation 1) of a stem segment close
to the base of the plant, approximately 2cm long immediately after
each P, measurement. We repeated this procedure until the P, of the
plants reached close to -9 MP. We then used a logistic function to
describe the relationship between P, and RWC:

Rmax

RWC =
1+ exp(b(P, — Rso))

(5)

where R is the RWC when P, =0, b controls the shape of the curve,
and R, is P, when RWC=50%. The curve obtained for both species is
shown in Figure S5. Equation 5 was then used to estimate the P, of the

individuals during the drought experiment from their measured RWC

(Figure 1).

2.8 | Xylem vulnerability to embolism

The vulnerability curve was constructed for each species using
the bench drying technique of Sperry et al. (1988); see Supporting
Information S4 for details (Figure S6). We used stem segments col-
lected from 13 individuals of C. oncocalyx and 11 individuals of C. flexu-
osa to build the vulnerability curves. Similar to the stem dehydration
curves, these individuals were not the same used for the drought ex-
periment but had similar size and origin. The xylem hydraulic conduc-
tivity (K) was measured with a hydraulic apparatus based on Sperry
et al. (1988). Before measuring K, the P, was measured in two leaves
previously bagged for 15min using a Scholander-type pressure cham-
ber (Model 1515D, PMS Instrument Company, USA). The Percentage
Loss of xylem hydraulic Conductivity (PLC) was calculated as follows:

PLC:lOO(l— K > ©)
Kmax
The PLC data were used to build a vulnerability curve using the lo-
gistic equation proposed by Pammenter and Van Der Willigen (1998):
100

PLC =
1+ exp (a(P, — Psg)) 7)

where the parameters P, and a are the value of P, when PLC=50%

and the shape of the curve, respectively.

2.9 | Modelling xylem water pressure
In order to avoid interfering with the plant's recovery after drought,
we used a model to estimate P,, PLC and RWC at the end of the
drought treatment (Figure 1). We calculated the PLC and RWC of
the plants placed in the rehydration treatment after drought using
Equations 5 and 7 and their P,, which was modelled using the soil
water potential data and a simple model derived from fundamental
principles of plant hydraulic theory (Sperry & Love, 2015; Figure 1).
The P, was derived from the plant crown transpiration rate (E,) and
xylem hydraulic parameters with the following equation:

log (€0 Pso=% 4 g=#=Pxr — g=0Ps0)

P, = - + pgh (8a)

where p is water density and g is the acceleration due to Earth's gravity.
The y is a term proportional to E_ and a and inversely proportional to
the whole-plant maximum xylem hydraulic conductance (k

max)

. (8b)
max

The derivation of Equation (8) is given in Supporting Information S5.
The E_ used in Equation (8) was derived from the leaf gas-exchange
measurements. We assumed the sapling canopy was relatively
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homogeneous due to its small leaf area; therefore, E_ was scaled lin-
early to the sapling leaf area (L ), taking only into consideration the
differences in transpiration between healthy (Eh) and senescent (Es)

leaves:
Ec = EhLa,h + EsLa,s (9)

We assumed that E.=0 when the plants were leafless, so we
assumed P,~P. as a first order approximation. Senescent leaves
were visually classified as those exhibiting partial yellowing and/or
browning of the leaf blade prior to abscission.

The P, value calculated from Equation (8) and P, were validated
against the P, calculated from the plant destructive RWC measure-
ments during the experiment using Equation 5. The P, from both
approaches were strongly correlated (R?=0.78 for C. oncocalyx and
R?=0.99 for C. flexuosa); however, the P, values derived from P_ were
systematically more negative at lower P_ (Figure S7) potentially indi-
cating a soil-root decoupling (Delval et al., 2025). To account for this
decoupling, we used the linear relationship presented in Figure S7 to
correct the P, estimates from the hydraulic model (Figure 1).

The k,,,, was calculated from the maximum xylem-specific hy-

draulic conductivity (K estimated during the construction of the

)
max
vulnerability curves, which was scaled to the whole plant using the

plant dimensions:

kmax = KmaxAx /h (10)
where A is the xylem area, assumed to be equal to the stem
basal area.

2.10 | Replication statement

Scale at which the  Number of

Scale of factor of interest replicates at the
Analysis inference is applied appropriate scale
Comparing  Species Species 23% 26°
species
Mortality Plant Plant 49
predictor

@ Cordia oncocalyx.
b Cynophalla flexuosa.

2.11 | Statistical analyses

2.11.1 | Mortality during drought

We used abias-reducedlogisticregression (Heinze & Schemper, 2002)
to model the effect of PLC and RWC on the mortality data:

log(u /(1 — ) = Bo + f1PLC + fRWC (11)

where p is the expected value of the binary response variable (i.e. 1
for dead plants and O for surviving plants) and ), §, and , are the
empirical coefficients influencing the log-odds of mortality. Welch's

BRITISH ¢ .
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t-tests were performed to evaluate the difference in RWC and PLC
between dead and surviving individuals and differences between pa-
rameters of the RWC and PLC curves (Equations 5 and 7). The logis-
tic regression fit was evaluated with likelihood ratio tests, McFadden
pseudo-R? and Area Under the Curve (AUC) metrics (Hosmer Jr
et al., 2013). We used a parametric Monte Carlo simulation based on
the variance-covariance matrix of the model parameter estimates to

propagate uncertainty in the probability of mortality.

2.11.2 | Leafarea, stomatal conductance and stem
diameter responses to drought

The effect of P, on the stomatal conductance (g,) of healthy leaves of

both species was modelled using an exponential function:

3. = (a + Aa)(b+4b)™ (12)

where a is the stomatal conductance when P, =0 and b=1 +r, where r
is the compound rate of change of g, per P, increment. The Aa and Ab
represent the species differences in each parameter. For this analysis
(and all subsequent analyses), C. flexuosa is treated as the reference
species; thus, Aa and Ab represent by how much aand b in C. oncocalyx
differ from C. flexuosa.

We modelled the effect of P, on the total plant leaf area (L,) of

both species using a Weibull function:

L=+ Aa)e’((“D | /b+ab)) ) (13)

where a is L, when P, =0, b is P, when L /a=0.37 and k controls the
shape of the curve, with k> 1 resulting in a sigmoidal curve and k~1
producing an exponential curve. The Aa, Ab and Ak are the species
differences in each parameter.

The effect of P, on stem diameter change during drought (D), com-
puted as the difference between the stem diameter at the beginning
and the end of the drought treatment, was evaluated with a linear
model considering the effect of species on the D response to P,:

D = (o + ABy) + (B1 + APy )Py (14)

where 4 and p, are the intercept and slope for C. flexuosa, and the A,

and Ap, are the species differences in the model parameters.

2.11.3 |
drought

Leaf area and stem diameter recovery after

We calculated the recovery rate (R) for leaf area and stem diameter

as follows:

R= (Yrec - Ymin) (15)
At
where Y. is the minimum value of leaf area and stem diameter ob-

served during or after drought, Y.

» Yoo Is the value after the recovery pe-

riod, and At is the time in days between Y, ; and Y, .
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FIGURE 2 Cumulative mortality, Relative Water Content in stem (RWC) and Percentage Loss of xylem hydraulic Conductivity (PLC)
during the drought experiment for the deciduous Cordia oncocalyx (a) and the evergreen Cynophalla flexuosa (b). The panels (c) and (d) are the
modelled xylem water pressure (P,) and the measured normalised soil moisture content (egyn) for C. oncocalyx and C. flexuosa, respectively.

We analysed the P effect on leaf area R using an exponential
function identical to Equation 12. The stem diameter R was analysed
with a linear model identical to Equation 14. For all statistical mod-
els used, assumptions were assessed through inspection of residuals
and model fit (Zuur et al., 2010). The assumption of homoscedasticity
of the residuals of the linear models was verified using the studen-
tised Breusch-Pagan test (Breusch & Pagan, 1979; Koenker, 1981).
All data analysis was conducted in R (R Core Team, 2024, v. 4.4.1) and

the code is available on request.

3 | RESULTS

3.1 | Xylem hydraulics and stem water content
The xylem of the evergreen C. flexuosa was more resistant to
embolism than the deciduous C. oncocalyx (Table 1; Figure Sé).
The P, of C. flexuosa was 0.92MPa more negative than C. onco-
calyx (t=2.25; p=0.02), and its Pgg was 2.07 MPa more negative
(t=-2.08; p=0.03). The xylem maximum hydraulic conductiv-
ity (K,.,) was 3.6 times higher in C. oncocalyx than in C. flexuosa
(t=2.63; p=0.01).

The stem relative water content (RWC) declined more grad-
ually than PLC in response to more negative P, (Figure 2a,b;
Table 1). The deciduous species C. oncocalyx reaches lower RWC

values at more negative P,, due to the difference in the shape
parameter between curves (t=2.76; p<0.01). However, the R,
parameter (PX when RWC=50%) did not differ between species,
with C. oncocalyx exhibiting a value of -6.13MPa and C. flexuosa
of -7.95MPa (Figure S5; Table 1). The Q_,, did not differ between
the species, but the stem water storage (SWS) was significantly
higher for C. oncocalyx (t=7.11; p<0.01; Table 1) due to its higher
stem diameter.

sat

3.2 | Soil water content and water potential

The normalised gravimetric soil water content (Og,n) declined from
1 to very close to O during the drought treatment for both species
(Figure 2c,d). The modelled xylem water pressure (P,) obtained
from Equation 5 followed the soil water dynamics. The P, of plants
during the drought experiment started at close to 0MPa, reaching
-8.36 MPa for C. oncocalyx and -9.25 MPa for C. flexuosa at the end
of the experiment (Figure 2c,d).

3.3 | Mortality critical thresholds during drought

The PLC increased in both species during drought, with the PLC of
the less embolism-resistant deciduous C. oncocalyx exceeding 99%
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FIGURE 3 Probability of mortality as a function of the minimum Relative Water Content in the stem (RWC; a) and Percentage Loss of
xylem hydraulic Conductivity (PLC; b) reached during the drought treatment for the evergreen Cynophalla flexuosa. The thick lines represent
the conditional predictions of the logistic regression (Equation 11) with the variable not shown in each panel held constant at its mean
value. The thin lines represent 500 curves generated by a parametric Monte Carlo simulation used to propagate prediction uncertainty
(McFaddens R?=0.47). Boxplots with the RWC (c) and PLC (d) of the individuals of C. flexuosa that survived and died during the drought.

TABLE 2 Estimated parameters of the

.. . X Lower CI Upper CI
logistic model (Equation 11) fitted to the effect X
P t: Estimat: SE 95% 95% |
of stem relative water content (RWC) and arameter stimate ° ° 'S i
Percentage of Loss of hydraulic Conductivity Intercept 4.32 3.97 =31 12.69 0.92 0.34
(PLC) on probability of drought-induced RWC -0.072 0.03 -0.15 -0.01 5.58 0.02
mortality in species Cynophalla flexuosa. PLC ~0.0006  0.03 ~0.05 0.33 00005 098

after 15days, while the more embolism-resistant C. flexuosa did so
after 21 days (Figure 2a,b). The RWC in the deciduous species de-
clined from 84% to 35.3%, while in the evergreen species it declined
from 82.4% to 26.6% by the end of the experiment.

All the individuals of the deciduous C. oncocalyx survived over
20days with a PLC >99% (Figure 2a). The evergreen C. flexuosa also
could survive reaching a PLC >99%, but started succumbing after
spending at least 11 days with a PLC >90% (Figure 2b). Consequently,
all the individuals of C. flexuosa that died during the drought reached
PLC >90% but not all individuals that reached PLC >90% died
(Figure 3d). For example, one individual died after reaching a PLC of
93%, whereas others survived despite reaching PLC >99%.

The logistic regression fitted to the experimental data could dis-
criminate accurately the mortality of C. flexuosa from its RWC and
PLC (Likelihood ratio test:;(zz 10.22, p<0.01; AUC=0.89; Table 2).
The RWC was a stronger predictor of the probability of drought-
induced mortality of the evergreen C. flexuosa than PLC (Figure 3;
Table 2). The C. flexuosa odds of mortality increased by 7% for each

1% decrease in RWC (;(2=5.58; p<0.02; Figure 3a). Meanwhile, in-
creasing the PLC by 1% only increased the C. flexuosa mortality odds
by less than 0.01% (;(2:0.0005; p=0.98; Figure 3b).

Dead C. flexuosa individuals had RWC values ranging from 26%
to 66%, with a mean of 37.1%, which was significantly lower than
the mean RWC of surviving individuals (63.6%; Figure 3c; t=4.02,
p<0.01). Meanwhile, the mean PLC in the surviving C. flexuosa individ-
uals was 79.98%, which was not statistically different from the mean
PLC of 98.56% found in dead individuals (Figure 3d; t=-1.87; p=0.10).

3.4 | Leaf area, stomatal conductance and stem
diameter responses to drought

The g, declined similarly in both species during drought (Figure 4;
Table S2). The maximum g, at P,=0 was similar for both species
(t=-0.004, p=0.99) as well as the decline rate (t=- 0.64, p=0.53).
The mean g, of both species at the start of the experiment was
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FIGURE 4 Stomatal conductance to water vapour (g,), total leaf
area (L,) normalised in relation to its maximum value, Relative Water
Content in the stem (RWC) and Percentage Loss of xylem hydraulic
Conductivity (PLC) as a function of the minimum xylem water
pressure (P,) reached during the drought experiment in the deciduous
Cordia oncocalyx (a) and the evergreen Cynophalla flexuosa (b).

approximately 0.12mol m~2s! and declined by approximately 20%
per MPa increment.

The stomatal closure of both species was only observed at lower
RWC and very high PLC (Figure 4). The P, value that induced 50%
stomatal closure (35,50) was close to P, for C. oncocalyx, with 350
equal to -1.97 MPa, while the 35,50 for C. flexuosa was more negative
(-3.39 MPa). The projected 90% stomatal closure was only achieved
at -6.55MPa for C. oncocalyx and -11.25MPa for C. flexuosa.

The leaf area of the deciduous C. oncocalyx was much more sensitive
to P, than C. flexuosa (Figure 4). While C. oncocalyx had a higher initial leaf
area (Aa=492.26+60.82cm?; t=7.96; p<0.01), it declined much faster
(Ab=-4.08+0.25MPa; t=-15.97; p<0.01). Contrastingly, the stem di-
ameter of the evergreen C. flexuosa was more sensitive to P, than C. oncoc-
alyx (Figure S8). The stem diameter of C. flexuosa declined 0.19 +0.05mm
per MPa (t=-3.7, p<0.01), with its growth ceasing completely (i.e. di-
ameter change =0) at approximately -3.54 MPa. Meanwhile, C. oncocalyx
had a constant, positive stem diameter changes of 0.95+0.25cm, regard-
less of P, (Af,=0.20+0.08, t=2.66, p=0.01; Figure S8).

3.5 |
drought

Leaf area and stem diameter recovery after

The leaf area and stem diameter recovery of the evergreen C.

flexuosa were more affected by lower P, than the deciduous C.

0 0.02

-0.04

Stem diameter recovery (mm day )

P, (MPa)

FIGURE 5 Leaf area (a) and stem basal diameter (b) recovery
after drought as a function the minimum xylem water pressure

(P,) reached during the drought experiment for the deciduous
Cordia oncocalyx (grey) and Cynoplhalla flexuosa (black). The vertical
dashed lines indicate the P, of each species.

oncocalyx (Figure 5). The L, recovery of C. flexuosa declined by
50+ 19% per MPa (t=-2.67; p=0.01), while C. oncocalyx declined
by 14 + 6% per MPa (t=-2.42; p=0.02). The difference in the de-
cline rate (r) between C. flexuosa and C. oncocalyx was not sta-
tistically significant (Ar=0.35+0.19; t=1.7, p=0.08). However,
C. oncocalyx plants that lost all their leaves during drought have
a mean L, recovery of 5.37 cm?day™ afterwards, which was sig-
nificantly higher than C. flexuosa plants that lost all their leaves
(t=-5.80, p<0.01, Figure S9).

The stem diameter recovery of the evergreen C. flexuosa de-
clined by 0.003+0.0009 mmday ™! per MPa (t=-3.57, p<0.01),
which was 0.003+0.001 mmday ™ lower than in C. oncocalyx (t=2.7,
p=0.01; Figure 5b). The linear model fitted to the data predicts that
C. flexuosa is unable to recover its stem diameter when it reaches a
P,=-6.82MPa, whereas C. oncocalyx could recover its stem diame-

ter regardless of the P reached during drought.
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4 | DISCUSSION

Our findings corroborate the hypothesis that RWC is a better di-
rect predictor of mortality than PLC. Both species could survive
even after its xylem was virtually entirely embolised (PLC >99%;
Figure 2a). However, the evergreen species started succumbing
when its RWC declined below 66% (Figure 3), whereas the decidu-
ous species withstood a PLC >99% for over 20days and survived
even the low RWC reached at the end of the experiment (Figure 2).
These contrasting responses support our second hypothesis that de-
ciduous species tolerate desiccation better following hydraulic fail-
ure, suggesting that traits such as water storage and leaf shedding
are critical predictors of drought mortality, as they regulate post-
failure tolerance. Such mechanistic insights are essential for refining
models of TSDF responses to climate extremes.

Our experimental design (Figure 1) accurately determined le-
thal thresholds by monitoring recovery for 3months post-drought.
It linked physiological variables (i.e. PLC and RWC) directly to sur-
vival, avoiding biases from apparent or delayed mortality (e.g. Urli
et al., 2013). However, a key limitation of our design was our inabil-
ity to measure P, PLC and RWC without interfering with plant re-
covery. We addressed this limitation by combining a process-based
hydraulic model (Supplementary Information S5) with empirical
dehydration and vulnerability curves to estimate the PLC and RWC
when plants were removed from drought (Figure 1). Our hydraulic
model implements the Sperry and Love (2015) theory, previously
validated across species and scales (De Caceres et al., 2022; Sperry
et al., 2019; Venturas et al., 2018). The strong agreement between
model predictions and dehydration curve results (Figure S7) sup-
ports our model application. Additionally, because model predictions
based on soil water potential correlated linearly with dehydration
curve results based on stem water content, we incorporated soil-

root rupture effects (Delval et al., 2025) into our estimates.

4.1 | Critical mortality thresholds

Plant mortality was observed in our experiment only when the stem
water content of the evergreen species declined to levels that pre-
sumably induced cell membrane destabilisation and subsequent
cellular death (see Mantova et al., 2021, 2023). The mean RWC ob-
served in dead C. flexuosa plants was 37.13%, which is remarkably
similar to the lethal RWC observed in the evergreen P. menziesii of
36.9% by Mantova et al. (2021). The deciduous C. oncocalyx also
reached low RWC (c. 35%) at the end of the experiment; however, its
RWC was higher than 40% during most of the experiment (Figure 2).
The fact that the deciduous species did not die indicates that even
low RWC might not be an instantaneous mortality threshold for
some species. That is, plants likely die only after dehydration has
persisted long enough to cause substantial cell mortality across tis-
sues, rather than immediately after crossing a given RWC thresh-

old. Although C. oncocalyx experienced a shorter drought than C.
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flexuosa, the two species were exposed to similar drought intensity.
This was probably because C. oncocalyx had a greater total leaf area
and higher hydraulic conductivity, leading to higher water use rates
and faster soil water depletion (Figure 2).

Some of the key traits that might explain the higher tolerance of
C. oncocalyx to high PLC are its higher total stem water storage and
more gradual dehydration curve (Table 1; Figure S5). Although its
RWC declined to 50% at a P, similar to C. flexuosa, its SWS was more
than twice that of the evergreen species due to this thicker stem,
which allows greater water storage. As total plant water storage
scales with stem size, it is possible that adult plants in the field would
survive even longer after reaching high PLC than the saplings used in
our experiment. In addition, C. oncocalyx's more gradual dehydration
curve means it can retain a higher RWC even at more negative P,,
allowing it to preserve tissue hydration above lethal levels for more
time during drought (Figure S5).

Our results indicate that reliable lethal PLC thresholds cannot
be established for the studied plants, but we do not claim that these
thresholds cannot be established for any other species. Tissue water
balance depends on water input from the xylem; consequently, tissue
desiccation is, at least partly, caused by hydraulic failure. However,
our results (Figure 2) and other studies (Mantova et al., 2021, 2023)
show a delay between hydraulic failure and tissue dehydration and
subsequent mortality. This delay might be the consequence of dif-
ferent traits, such as residual water losses, tissue total water content
and hydraulic capacitance (see Blackman et al., 2016), influencing
the time it takes for the plant cells to reach their lethal RWC after
hydraulic failure. Depending on these traits, the delay between
hydraulic failure and tissue desiccation may be negligible, so PLC
thresholds could still be an effective predictor of mortality in these
cases (e.g. Brodribb & Cochard, 2009; Hammond et al., 2019; Urli
et al., 2013).

Plants from arid and semiarid environments, such as Caatinga,
could benefit from traits that preserve tissue hydration even after
hydraulic failure, resulting in a large delay between xylem dysfunc-
tion and tissue dehydration and mortality (Figure 2). Caatinga plants
often grow in shallow soils with low water storage capacity (Pinheiro
et al.,, 2013) and are exposed annually to a long dry season with very
low precipitation and high atmospheric evaporative demand (Mutti
et al., 2019; Sampaio, 1995). In these circumstances, the xylem
water pressure in many Caatinga plants is negative enough during
the dry season to induce high levels of embolism regardless of sto-
matal regulation, leaf phenology or xylem resistance to embolism
(Lima et al., 2018; Souza et al., 2020). Consequently, plant survival
in Caatinga might depend on functional traits to maintain tissue hy-
dration after hydraulic failure. This would explain why functional
strategies such as water storage and leaf shedding to minimise re-
sidual water loss are common in Caatinga (Lima et al., 2012; Wright
et al., 2021). Evergreen Caatinga plants that do not exhibit these
strategies, such as C. flexuosa, typically occur in less arid sites and
regions with deeper soils where these species can produce deeper

root systems (Lopes et al., 2022; Oliveira et al., 2024).
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4.2 |
drought

Responses to drought and recovery after

Both species would sustain leaf gas exchange even at high PLC levels
(Figure 4), which implies short-term carbon gain is favoured over em-
bolism avoidance in these species. Many species close their stomata
before the onset of xylem embolism (Creek et al., 2020). However,
theoretical models suggest that sacrificing a fraction of the xylem hy-
draulic conductance to sustain carbon assimilation might be the op-
timal stomatal regulation strategy under certain circumstances (Eller
et al., 2018, 2020; Jones & Sutherland, 1991; Potkay & Feng, 2023).
This type of acquisitive stomatal regulation has also been observed
in other species (Franks et al., 2007; Peters et al., 2023; Pivovaroff
et al,, 2018). This stomatal regulation strategy might allow ever-
green species to maximise carbon uptake during the dry season and
compensate for their higher carbon investment in tissue construc-
tion (Poorter et al., 2009; Ribeiro et al., 2022; Souza et al., 2020).
However, this strategy might pose increased risks for evergreen spe-
cies' survival in sites exposed to more intense droughts and contrib-
ute to their more restricted distribution (Oliveira et al., 2024).

The deciduous species relied on leaf shedding to act as hydrau-
lic fuses and minimise water loss during drought and delay both
hydraulic failure and desiccation (Figure 4). The deciduous species
could quickly recover its leaf area and stem growth after drought
(Figure 5), which suggests that this species might rely on stored
carbon reserves to sustain tissue production post-drought (Piper
& Fajardo, 2014; Pratt et al., 2021). Meanwhile, the evergreen spe-
cies exhibited a strong drought legacy effect when it was exposed
to more severe drought (Figure 5; Figure S8). It is possible that the
evergreen species did not have enough stored carbon to sustain
the production of large volumes of its more costly tissues (Souza
et al., 2020). Consequently, it had to rely on carbon assimilation from

a reduced crown and immature leaves to sustain its recovery.

5 | CONCLUSIONS

Our results challenge the prevailing assumption that critical PLC
thresholds universally trigger mortality, highlighting instead the role
of RWC as a useful predictor of plant mortality under drought. Our
findings show that hydraulic failure alone is not equally lethal to all
plants during drought. However, our findings should not be inter-
preted as if hydraulic failure is not important to drought-induced
mortality, only that processes that occur after hydraulic failure and
are governed by a different suite of functional traits are also rel-
evant. The RWC thresholds we found for the evergreen species
can be used to extend current plant hydraulic models (De Céceres
et al., 2022; Eller et al., 2018, 2020; Venturas et al., 2021) and
allow them to also predict relevant demographic processes, such
as drought-induced mortality rates. In addition, these lethal RWC
thresholds could be used to monitor large-scale vegetation mortality
risks if combined with remote sensing methods to assess vegetation
water content (Konings et al., 2019).

We also show that evergreen TSDF species succumb faster
during drought than deciduous species, which can withstand
longer periods after their xylem collapses and quickly recover
afterwards. These findings can help to explain the differences in
distribution of evergreen and deciduous TSDF species (Oliveira
et al., 2024) and their differential responses to climate change
(Carvalho et al., 2023).
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SUPPORTING INFORMATION

Additional supporting information can be found online in the
Supporting Information section at the end of this article.
Supporting Information S1. Leaf area calculations.

Supporting Information S2. Calibration of soil water content.
Supporting Information S3. Soil water potential calculation.
Supporting Information S4. Xylem vulnerability to embolism.
Supporting Information S5. Modelling xylem water pressure.

Figure S1. Environment data during the experiments of drought with
species Cordia oncocalyx and Cynophalla flexuosa.

Figure S2. Relationship between soil water content (0) measured
gravimetrically and volumetric soil water content (VWC) measured
with a portable sensor (Hydrosense Il, Campbell Sensor, USA).
Figure S3. Observed soil water potential (P,) and water content (6)
measured in drying soils (points) and the predictions from the Van
Genuchten model fitted to this data (line).
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Figure S4. Seedlings of the species Cordia oncocalyx (a) and
Cynophalla flexuosa (b) at the start of the drought experiment.
Figure S5. Relationship between Relative Water Content in the stem
(RWC) and the xylem water pressure (P,) for Cordia oncocalyx (a) and
Cynophalla flexuosa (b).

Figure S6. Vulnerability curves to embolism for the deciduous
species Cordia oncocalyx (a) and evergreen Cynophalla flexuosa (b).
Figure S7. Relationship between xylem water pressure (P,) estimated
from the P, curve and relative water content in the stem (RWC;
Equation 5; y-axis) and soil water potential (P,) estimated from
soil water content data (0) using the Van Genuchten model (1980)
(Equation S5; x-axis).

Figure S8. Stem basal diameter changes as a function of the minimum
xylem water pressure (P,) reached during the drought experiment in
the deciduous Cordia oncocalyx (grey) and the evergreen Cynophalla
flexuosa (black). The vertical dashed lines indicate the P50 of each
species.

Figure S9. Boxplot of the La recovery in leafless plants of Cordia
oncocalyx and Cynophalla flexuosa after the drought experiment.
Table S1. Fitted Van Genuchten (1980) model parameters.

Table S2. Estimated parameters of the nonlinear model (Equation 12)
fitted to the effect of xylem water potential (P,) on stomatal
conductance (g,) in species Cordia oncocalyx and Cynophalla flexuosa.
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