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Abstract

Plant water content is a simple and promising parameter for monitoring drought-
driven plant mortality risk. However, critical water content thresholds leading to cell
damage and plant failure are still unknown. Moreover, it is unclear whether whole-
plant or a specific organ water content is the most reliable indicator of mortality risk.
We assessed differences in dehydration thresholds in leaf, stem and root samples,
hampering the organ-specific rehydration capacity and increasing the mortality risk.
We also tested eventual differences between a fast experimental dehydration of
uprooted plants, compared to long-term water stress induced by withholding
irrigation in potted plants. We investigated three species with different growth
forms and leaf habits i.e., Helianthus annuus (herbaceous), Populus nigra (deciduous
tree) and Quercus ilex (evergreen tree). Results obtained by the two dehydration
treatments largely overlapped, thus validating bench dehydration as a fast but
reliable method to assess species-specific critical water content thresholds.
Regardless of the organ considered, a relative water content value of 60% induced
significant cell membrane damage and loss of rehydration capacity, thus leading to

irreversible plant failure and death.
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McDowell et al., 2008, 2019), and the identification of simple and

reliable proxies of actual risk of forests and crops failure during

Increasing frequency and intensity of drought events is a very likely
consequence of climate warming (IPCC, 2013; Pokhrel et al., 2021).
Anomalous drought and heat waves have already produced severe
damage to forests and crops, including reduction in productivity,
plant decline and death (i.e., Allen et al., 2010; Goulart et al., 2021;
Hartmann et al., 2018; Klein & Hartmann, 2018; Lesk et al., 2016).
Ecological and economical effects of these phenomena have
prompted interest into the understanding of processes underlying
drought-driven plant death (i.e., Allen et al., 2015; Choat et al., 2018;

drought events.

Previous studies have highlighted the key role of hydraulic
functioning for plant resistance and resilience to water stress (Nardini
et al., 2018). In particular, the blockage of the long-distance water
transport system (i.e., hydraulic failure) is recognised as one of the
major drivers of drought-induced plant mortality. In fact, soil
dehydration can induce the failure of the root-to-soil contact, leading
to stomatal closure but hampering water uptake (Abdalla et al., 2021;
Carminati & Javaux, 2020). Progressive plant dehydration due to
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residual water loss from leaves and bark causes xylem water potential
to decrease, leading to xylem embolism spread and further reducing
water supply to plant cells and tissues (Choat et al., 2018). Several
studies have tried to identify critical levels of embolism-induced loss
of hydraulic conductance leading to irreversible plant failure, and it is
generally agreed that these values set between 50% and 90% (Arend
et al, 2021; Barigah et al., 2013; Hammond et al., 2019; Urli
et al., 2013). Because hydraulic failure is frequently associated with
irreversible plant decline, embolism levels in field-growing plants are
a good indicator of species- and individual-risk of death under
drought (Davis et al., 2002; Nardini et al.,, 2013). However, field
measurements of percentage loss of hydraulic conductance (PLC) at
large spatial and temporal scales are not feasible with current
techniques, making it difficult to use this physiological proxy to
monitor the risk of irreversible plant failure.

Despite the importance of hydraulic failure in the processes
leading to plant decline, it should be remembered that ultimately,
plant death is triggered by critical dehydration levels inducing
reactive oxygen species accumulation, membrane disruption, and
meristem death, hampering the plant ability to recover after
drought (Abate et al., 2021; Mantova et al., 2021, 2022). Hence,
measurements of the relative water content (RWC) have been
proposed as a possible tool for monitoring the risk of drought-
induced plant failure (Martinez-Vilalta et al., 2019), also consider-
ing that canopy water content can be estimated over large spatial
and temporal scales by remote sensing techniques (i.e., Marusig
et al., 2020; Nardini et al., 2021; Rao et al., 2019; Saatchi
et al., 2013). Robust correlations have been recorded between
RWC and embolism rate (Abate et al., 2021; Mantova et al., 2021,
Rosner et al., 2019; Trueba et al.,, 2019), nonstructural carbohy-
drates content (Sapes & Sala, 2021; Sapes et al., 2019), loss of
rehydration capacity, relative electrolyte leakage (REL) (a proxy of
cell membrane damage), and leaf water transport efficiency (Abate
et al,, 2021; Guadagno et al.,, 2017; Trifilo et al., 2021; Trueba
et al., 2019). Overall, these results strongly encourage the use of
cell, tissue and organ water content as reliable and easier to
measure proxies of plant health compared to PLC.

However, the reliability of water content measurements as
predictors of mortality risk still needs to be investigated in depth. In
particular, it is still unclear if whole plant or a specific organ water
content threshold is the most reliable indicator of mortality risk.
Rosner et al. (2019) have reported good correlations between stem
RWTC and the loss of hydraulic conductivity in some tree species. In
this light, RWC and hydraulic conductivity losses are two linked
processes. On the other hand, RWC appeared useful for predicting
the loss of hydraulic conductivity in woody angiosperms but not in
conifers (Mantova et al., 2021). This result may be explained by the
differences in wood density and, then, wood capacitance values that
typically occur in angiosperm versus gymnosperm species (i.e.,
Kiorapostolou et al., 2019). In fact, higher wood capacitance values
affect the dehydration time. Therefore, there may be discrepancies in
the link between PLC and RWC values, when comparing groups with
different capacitance values.

There is general consensus that leaf hydraulic vulnerability is a
major driver of plant hydraulics under drought (Brodribb &
Holbrook, 2004; Brodribb et al., 2005; Hochberg et al., 2017;
Scoffoni et al., 2016; Skelton et al., 2017; Trifilo et al., 2003; Wang
et al., 2018; Xiong & Nadal, 2020). Therefore, it is plausible to
hypothesise that leaf water content might be a reliable proxy of risk
of plant death. Finally, the critical percentage RWC threshold leading
to plant failure is still not clearly quantified, and it is not known
whether this is similar or not in different species and organs.
Surprisingly, measurements of mortality risk as a function of leaf,
stem, root and whole plant water content are still relatively rare in
the literature (Kursar et al, 2009; Sapes & Sala, 2021; Sapes
et al., 2019; Tyree et al., 2002). It has been demonstrated that the
decline in water status, commonly estimated in terms of decline of
leaf water potential, has an impact on gas exchange, reducing carbon
gain and potentially leading to carbon starvation (i.e., Klein, 2014;
McDowell et al., 2022; Trifildo et al., 2017). For the same reason,
drought-driven decrease in RWC (a parameter that summarises
symplastic and apoplastic water content), is expected to be coupled
to stomatal closure. In this light, correlations may exist between
critical RWC values and stomatal closure. As an additional note, there
is no information on the best methodological procedures to identify
critical water content values, with specific reference to whole plant
dehydration over mid- to long time scales, compared to fast bench
dehydration of detached plant organs or uprooted plants.

In the present study, we report measurements of dehydration-
induced changes in RWC, membrane damage and loss of rehydration
capacity at leaf, stem, root and whole plant levels. We specifically
investigated: (i) the eventual differences between a fast experimental
dehydration, compared to long-term water stress; (ii) the possible
differences in lethal RWC thresholds among leaf, stem and root
samples, and their correlation with organ-specific rehydration
capacity, membrane damage, and plant mortality; (iii) the relation-
ships between stomatal behaviour and organ dehydration. We
expected that critical RWC values would induce (or be coordinated
with) stomatal closure to limit further water loss and eventual cell
damage. To test for the general applicability of this approach to
different plant types, we focused our analysis on three species
encompassing different growth forms and leaf habits: Helianthus
annuus L. (an herbaceous species), Populus nigra L. (a deciduous tree)

and Quercus ilex L. (an evergreen tree).

2 | MATERIALS AND METHODS

2.1 | Plant material and experimental planning

Experiments were performed in summer 2020 on 1-year-old saplings
of P. nigra and Q. ilex and on mature individuals of the annual
herbaceous H. annuus (n=135 per species). P. nigra and Q. ilex
saplings were kindly provided by Dipartimento Regionale Azienda
Foreste Demaniali (Messina, Italy). In February 2020, saplings were
transferred to the campus of University of Messina, and planted in



3.4 L pots filled with forest topsoil collected from Colli San Rizzo
(Messina, Italy). Seeds of H. annuus were planted in greenhouse trays
at the end of April 2020 (n = 60) and at the beginning of May (n = 75)
to assure availability of individuals of similar age over the whole
experimental period (10-15 weeks old, before flowering). After
the emergence of at least two developing leaves, seedlings were
transferred in pots similar to those used for Q. ilex and P. nigra.
All plants were grown in open-field conditions and regularly irrigated
at field capacity every 2 days until early June, when they were
transferred in a greenhouse to start the dehydration treatments. The
greenhouse received only natural light, with maximum daily values of
photosynthetic photon flux density averaging 1370 + 300 umol s ™t m ~2
(h: 11:00-12:30). Day/night temperatures were 30°C/24°C and air
relative humidity averaged 60%.

Plant dehydration was induced by two different procedures, i.e.,
bench-dehydration of uprooted plants, and dehydration in pots by
suspending irrigation (Figure S1A). In the bench dehydration
treatment, well-watered potted plants were initially enclosed in a
plastic bag for at least 8 h (Figure S1B). This experimental procedure
allowed us to obtain fully hydrated samples (Time 0). Samples were
then gently pulled out of the pot. The soil was gently rinsed under
water to avoid damages to the root system (Figure S1B). Then, the
excess of water was quickly absorbed by paper towel and each
sample was slowly allowed to dehydrate inside a large plastic bag
humidified with damp paper towel, to prevent non-uniform transpi-
ration (Figure S1A). In pot dehydration treatment, desiccation was
obtained by withholding irrigation. In this case, at least two well-
watered plants per each species were measured at pre-dawn, after
maintaining pot samples inside a plastic bag during the whole night. In
pot-dehydrated plants, root samples were obtained by easily
removing dry soil from the root system, without using water. During
the dehydration treatments, samples were maintained in the

greenhouse.

2.2 | Estimating turgor loss point, gas exchange
rates and leaf water potential

To quantify the species-specific leaf water potential at the turgor loss
point (Wy,), water potential isotherms (i.e., pressure-volume curves)
were measured on five leaves from different plants per species.
Specifically, Wy, was estimated as the flex point of the relationship
between the inverse value of leaf water potential (1/W,) as measured
by a pressure chamber (PMS Instruments), and the cumulative water
loss (Tyree & Hammel, 1972).

A portable LCi Analyzer System (ADC Bioscientific Ltd.) was used
to measure leaf conductance to water vapour (g,) in pot-dehydrated
plants, just before collecting samples for water content measure-
ments. Moreover, measurements of leaf water potential were also
performed using the pressure chamber. Monitoring of gas exchange
and leaf water potential values was performed until g, values of

about 10 mmol m™2s™! were recorded.
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Measurements of RWC and rehydration

Measurements of RWC and percentage loss of rehydration capacity
(PLRC) were performed on leaf, stem and root samples collected from
pot-dehydrated and bench-dehydrated plants. At different dehydra-
tion times, leaf, 2-cm-long stem segments and primary root samples
were cut by razor blade and immediately weighted to obtain their
fresh weight (FW). Samples were then rehydrated by immersing them
in distilled water for 8-12 h, and then their turgid weight (TW) was
recorded. Stem and root samples were fully immersed in distilled
water, while leaves were rehydrated by immersing only their petiole.
Finally, samples were oven dried for 3 days at 70°C to obtain their
dry weight (DW). Rehydration time was chosen on the basis of
preliminary measurements showing that 8h guaranteed full
rehydration while avoiding oversaturation effects in all three species
and organs. In detail, the weight of rehydrating leaf, stem and root
samples at different dehydration levels (including well-watered
samples, see below) was recorded hourly for 8 h, and then after
12 h and 24h. In all three dehydrated species and organs, the
maximum rehydration occurred within 8 h. Effects of oversaturation
occurred, in some but not in all checked samples, after 12h of
rehydration (Figure S2). It can be noted that similar rehydration times
were found suitable also for other species (Abate et al., 2021; John
et al., 2018). The weight of well-watered samples used for estimating
the saturated water content (see below) remained constant or
increased by less than 3% compared to their initial weight within 8 h
(on the basis of the organ and the species). Thus, for these samples
we decided to consider as TW the weight recorded after maintaining
them submerged for 1 h.

Commonly, RWC is estimated as: (FW-DW)/(TW-DW). How-
ever, in most severe dehydrated samples, RWC can be overestimated
as a likely effect of the cell rehydration ability loss (Abate et al., 2021),
leading to only small water content increment during rehydration. To
check for this artefact in the three study species, we compared values
of RWC as obtained by the most commonly used approach (see
above) with values obtained on the basis of the use of saturated
water content, as estimated on well watered samples (SWC,,), instead
of TW. In detail, eight potted control plants per species (different
from those used for pot-dehydration measurements) were fully
irrigated the evening before the measurement and maintained
enclosed in a plastic bag overnight (i.e., for at least 8 h). In the early
morning, the FW of leaf, stem and root samples was recorded. Then,
samples were immersed in distilled water for 1 h to obtain their TW
(see above).

The SWC,, value of leaf, stem and root was estimated as:
SWC,, = (TW - DW)/DW.

The RWC values were then calculated on the basis of the

saturated water content (RWCswc) as:

RWCswc = 100 x WC;/SWC,,



where WG, is the water content of the dehydrated samples, i.e.:

WC; = (FW - DW)/DW.

It should be noted that equations for the calculation of RWC
based on TW following rehydration of water-stressed leaves, or
on SWC,,, albeit apparently very different, are mathematically
identical, with the difference that RWCswc calculation is based
on ‘average’ values of (TW - DW) gathered on leaves that had
never experienced water stress.

As reported in Figure S3, we found discrepancies between RWC
values recorded by the traditional formula and those calculated using
SWC, especially in most severely dehydrated samples. In these cases,
estimating RWC by the traditional formula led to an overestimation
of the value. Thus, we used RWCg values that, from here on, are
simply referred as RWC.

PLRC values were estimated as:

PLRC = 100 x (1 - SWC,/SWC,,)

where SWC, is the saturated water content of dehydrated
leaf, stem and root samples, as recorded after rehydration.
In some watered samples, WC; was higher than the SWC,,
because it fell at the lower end of the range of the mean value.
Based on this assumption, we considered the PLRC of these
samples as 0.

Whole plant RWC was estimated by the proportion of each
species-specific organ dry mass fraction, multiplied by their
respective RWC (Sapes & Sala, 2021). After sampling leaf, stem
and root for estimating water content and the REL (see below),
remaining root, stem and leaf samples were oven dried for 3 days
at 70°C to obtain their DW. Dry biomass of samples measured
for water content was included into estimation of the whole
plant RWC.

2.4 | Relative electrolyte leakage

To check for eventual detrimental effects of dehydration on the
integrity of cell membranes, electrolyte leakage measurements
were performed on leaf, stem and root samples collected at the
same time and as near as possible to samples used for water
content estimates. In detail, leaf samples of about 1 cm?, 2-cm-
long stem segments and primary root samples were cut with a
razor blade and immediately placed in test tubes containing 8 ml
of distilled water. Tubes were then stirred for 30 min and the
initial electrical conductivity of the solution (EC;) was recorded by
a conductivity metre (Cond 5, XS instruments). Samples were
then subjected to three freeze/thaw cycles (i.e., T=-20°C,
+20°C) to induce membrane disruption and processed as above
to estimate the final electrical conductivity of the solution (ECy)
(Petruzzellis et al., 2018; Savi et al.,, 2016). The REL was
calculated as: REL = (EC;/ECy) x 100.

2.5 | Plant mortality

A set of 55 plants per species was used to assess drought-driven
plant death. Plants were divided in 5 groups of 11 individuals per
species. In each group, at different days after the last irrigation (see
below), three samples per species were measured for estimating the
native RWC, PLRC and REL and the remaining eight samples were re-
irrigated at field capacity to estimate their eventual recovery. The
parameters were measured in well-watered samples, in samples
experimenting turgor loss (as estimated by leaf water potential
measurements), and in samples not irrigated for additional 2, 4 and 6
days (H. annuus samples) and 5, 10, 15 days (P. nigra and Q. ilex
samples) after reaching (and surpassing) the turgor loss point.
Samples were considered dead if, after 10 (sunflower plants) or 40
days (poplar and oak seedlings) after re-irrigation, their canopy was
still completely dry and no new sprouts had appeared (Figure S1C).
This experimental procedure was completed within the first week of
August 2020.

2.6 | Statistical analysis

The main aims of our analysis were to test eventual differences: (i) in
the relationships between RWC, PLRC and REL between a fast-
experimental dehydration (i.e., bench dehydration) and a long-term
water stress (i.e., pot dehydration) and (ii) in specific RWC thresholds
among organs. In this light, we developed a two-steps framework.
We first investigated possible differences in general trends between
dehydration types, and then we tested whether they resulted in
different specific RWC, PLRC and REL thresholds (see Tables S1-S3).
The above-mentioned relationships were assessed by fitting both
generalised least square (gls) and generalised nonlinear models (gnls)
through gls and gnls function in “nlme” package (Pinheiro et al., 2016)
for R software (R Core Team, 2022) and drm function in “drc” (Ritz
et al, 2015) R package. Specifically, gls function was used to fit
generalised least square models to test the relationship between
PLRC and REL, while gnls function was used to fit two-parameter
exponential models to test the relationships between RWC and REL,
and drm function was used to fit a three-parameter log-logistic model
to test the relationships between PLRC and RWC. For each
relationship tested, we choose the model type showing the best
fitting (i.e., higher R?) after a preliminary analysis.

For PLRC and REL relationship, a gls was fitted independently for
each species by setting PLRC as the response variable and REL,
dehydration type, organ and their interactions as the explanatory
ones. To meet homogeneity of variances assumption, a varPower
variance structure was specified in each tested model. When
significant interactions between REL, dehydration type and organ
were found, estimated marginal means of linear trends were
calculated using emtrends function in “emmeans” (Lenth, 2022) R
package. For non-linear relationships (i.e., PLRC vs. RWC, and REL vs.
RWC), we followed the procedure described in Ritz and Streibig
(2009). Two non-linear models were fitted for each species and



organ: in the first one, data were pooled together, while in the second
one dehydration type was included as a grouping factor. The two
models were then compared by means of a F test (for two-parameter
exponential models) and a likelihood-ratio test (for three-parameter
log-logistic models) using ANOVA function in “car” R package, and
differences between dehydration types were considered significant
when the F test resulted in a p value lower than 0.05 and when the
model considering dehydration type as a grouping factor had the
lowest residual sum of squares or Akaike Informative Criterion value.
This step allowed to assess possible differences in general trends of
the tested relationship but did not allow to assess whether different
trends resulted in different physiological thresholds. In this light, we
developed a bootstrap procedure to calculate specific RWC, PLRC
and REL thresholds (see Tables S1-S3) for each relationship tested
using a custom-made R function. Specifically, for each species and for
each organ we resampled data points at random with replacement,
we fitted the same model type calculated in the first step of the
framework and we calculated the specific thresholds reported in
Tables S12-S16 using approx function in “stats” R package. This
procedure was repeated 999 times after which the mean values of
each physiological threshold and associated 95% confidence intervals
(Cl) were calculated. Differences between dehydration types, species
and organs were considered statistically significant when the 95% Cl
did not overlap.

A similar framework was applied also to test the third and the
fourth aims of our study, which were to investigate the coordination
between whole plant, leaf, stem and root RWC, PLRC and REL with
stomatal closure and plant mortality. In this light, three-parameter
log-logistic model were used to assess the relationships between g,
versus W and g, versus RWC in each organ and in each species, as
well as g, versus RWCant in each species, through drm function.
Exponential decay and logarithmic models were fitted to assess the
relationships between g, versus PLRC and g, versus REL, respec-
tively. At last, two parameters exponential models were fitted to
assess the relationship between plant mortality and RWC, plant
mortality and PLRC and plant mortality and REL in each organ and in
each species using gnls function. Differences in W, RWC, PLRC and
REL values inducing 20%, 50% and 80% loss of g, and in RWC, PLRC
and REL values inducing 10% and 50% plant mortality among species
were assessed using a similar framework as the one described above.
In this case, species (and not dehydration type) was considered the
grouping factor (Tables S4-510, S17-519).

3 | RESULTS

As expected, in all species bench-dehydration of uprooted plants
occurred at a faster rate compared to dehydration of potted plants
(Figure S4, Table S11). Overall, whole dehydration of H. annuus
samples occurred within 11 days when pot-dehydrated, and within
only 2-3 days (i.e., about 60h) when bench-dehydrated. Similarly,
P. nigra and Q. ilex samples lost their total water content in about 25
days when pot-dehydrated, but only within 4 days (i.e., about 100 h)

when bench-dehydrated. It can be noted that root dehydration
occurred very quickly (within 10 h) and faster than leaf and stem
dehydration in uprooted plants. By contrast, root dehydration
occurred at similar rate of leaf and stem dehydration in potted
plants, in all the study species. Nevertheless, the two dehydration
treatments produced similar results, as shown by overlapping trends
of relationships between species-specific leaf, stem and root PLRC to
RWC (Figure 1, Tables S1 and S12), PLRC to REL (Figure 2, Tables 52
and S13) and REL to RWC (Figure 3, Tables S3 and S16) in bench-
versus pot-dehydrated samples.

Declining RWC induced a progressive loss of leaf, stem and root
rehydration capacity (Figure 1). In detail, in H. annuus a statistically
similar RWC value inducing 10% PLRC was recorded for all plant
organs (i.e., RWCp rc10 ~65%, Figure 1, Table 1, Table S12). Lower
RWC values inducing 25% PLRC were recorded in leaf compared to
stem and root for sunflower samples (i.e., RWCp rcos ~35% vs. 48%,
respectively). In P. nigra, similar RWCp rc10 Values were recorded for
leaves and roots (i.e., about 80%), while stems showed a RWCp rc10
of about 65%, (i.e., lower than the threshold measured in the leaves
but statistically similar to that of roots, Figure 1, Table 1, Table S12).
Moreover, statistically higher RWCp rcos in leaves versus stems and
roots (i.e., 58% vs. 37%, respectively) was recorded in this species.
Leaf and stem samples of Q. ilex showed similar RWCp rc10 Values
(i.e., about 65%); roots showed higher values than those recorded for
stems, but statistically similar to leaves (i.e., ~70%, Figure 1, Table 1,
Table S12). In this species, the RWCp rcos Was about 39% for all
three organs.

Drought-driven loss of rehydration capacity strongly depended
on cell membrane damage, as indicated by robust correlations
between PLRC and REL recorded in all three species and organs
(Figure 2, Table S2). In fact, in all three species and organs, the
relationship between PLRC and REL was linear and close to 1:1.
Moreover, cell membrane damage correlated to water content
according to an exponential behaviour (Figure 3, Table S3). Hence,
the initial decline in water content did not produce any membrane
damage, and REL increased only at RWC values below 75%. Linear
correlations were recorded between the species-specific whole-
plant RWC and leaf, stem and root PLRC and REL (Figure S5,
Table S14, S15).

Robust correlations were also recorded between stomatal
conductance to water vapour and water status (Figure 4, Table 1,
Table S4). As expected, g, decreased in response to dehydration. In
accordance, significant correlations between g, and leaf water
potential as well as between g_ and leaf RWC were recorded in all
the study species. P. nigra, where the higher vulnerability in terms of
PLRC was recorded (Figure 1, Table S12), showed the fastest
stomatal response to dehydration among the study species (Figure 4).
In this species, substantial stomatal closure occurred at leaf water
potential higher than the turgor loss point (i.e., -1.1MPa vs.
-2.1 MPa), while in H. annuus and Q. ilex the water potential leading
to 80% loss of g, (Pg80) was similar to the species-specific turgor loss
point. Moreover, all organs of H. annuus, stem and root of P. nigra, as

well as leaf and stem of Q. ilex showed similar RWC values leading to
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FIGURE 1 Relationships between the percentage loss of rehydration capacity (PLRC) and the relative water content (RWC) of dehydrating
leaf (circles), stem (squares) and root (triangles) samples as recorded by pot (white symbols) and bench (dark symbols) dehydration treatments in
(a, d, g) H. annuus, (b, e, h) P. nigra and (c, f, i) Q. ilex. Long dash lines show the best fitted regression curve of pot (dark lines) and bench (grey) leaf,
stem and root samples. Black solid and dotted lines show, respectively, the regression curve and associate 95% Cls as obtained by fitting all data
recorded by pot and bench dehydration treatments. Vertical lines indicate RWC value leading to 10% PLRC (RWCp rc10, short dash line) and
RWC value leading to 25% PLRC (RWCprc2s, dash dot dot line). For details on method and fitted curves, see the text and Table S1. Cl,

confidence interval.

80% loss of g (i.e., RWCg g0 ~70%, Figure 4, Table 1, Table S17). By
contrast, in P. nigra leaf RWCgog was as high as about 87%, 95% Cls
(84, 89) (Figure 4 and Table 1). Similar plant-level RWC values leading
to severe stomatal closure were recorded in the three species. In
accordance, plant RWC values of about 70%, led to 80% loss of g,
(Figure 4 and Table S17).

According to Cls overlap, drought-driven stomatal closure
was also coupled to changes in PLRC. Leaf PLRC ~10% as well as
root PLRC of about 18% was associated to g, loss of about 80% in
all three study species (Figure 5, Table 1, Table S18). Moreover,
leaf membrane damage, especially at leaf and root level, followed
stomatal closure in all the study species. In fact, REL values of
about 20% (for all sunflower organs and leaf poplar samples) and
about 35% (for stem and root P. nigra and all Q. ilex organs)
occurred after an 80% reduction of stomatal conductance had
been recorded (Figure 5, Table 1, Table $18).

Plant mortality was clearly correlated to water status
(Figure 6, Table 1, Table S19). RWC decline was a reliable proxy
of plant mortality risk in all the study species, regardless of the

specific organ considered. In fact, similar leaf, stem and root as
well as whole-plant RWC values of about 60% led to 10% plant
mortality in the two woody species (i.e., P. nigra and Q. ilex) as
well as in sunflower where, however, slightly higher RWC
thresholds were detected at whole plant level (Figure 6,
Table S19). We also assessed the RWC threshold leading to
50% of plant mortality (RWCpmso). In sunflower, 50% of plant
mortality was recorded at whole plant RWC values of about 35%,
while in P. nigra and Q. ilex plants, RWCsopm was about 15%
(Table S19). Moreover, differences among organs in RWCyuso
values were recorded.

Correlations were recorded between plant mortality and leaf,
stem and root PLRC as well as between plant mortality and REL
values (Figure Sé, Table S19). In particular, a PLRC of about 10%
and a REL of about 18% led to 10% plant mortality in sunflower
samples. Higher values were recorded in the two woody species
where similar leaf PLRC of about 18% and REL of about 25%
triggered plant mortality. Moreover, similar stem and root PLRC
values of approximately 10% and 18%, respectively, led to 10%
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plant mortality in all study species. Overall, our data suggest that
RWC values are better predictors of the risk of mortality
compared to PLRC and REL, whose robustness of predictive
power depended on species-specific organs (Tables S6, S9
and S10).

4 | DISCUSSION

Our results strongly support the hypothesis that RWC can be
used as a reliable proxy to evaluate the risk of drought-driven
plant mortality. In fact, leaf, stem and root RWC decline in
response to water shortage were robust indicators of increased
risk of plant die-off in all the study species. In accordance, similar
RWC values of about 60% led to 10% plant mortality in the study
species. Moreover, water content related parameters as PLRC
and REL proved to be good indicators of plant mortality risk as
well. Interestingly, similar PLRC and REL thresholds for drought-
driven plant death were recorded in woody species. Similar stem
and root PLRC values of 10% and 18%, respectively, led to 10%
plant mortality in all study species.

41 | Estimating RWC

In this study, we initially tested the reliability of RWC values
calculated using a traditional approach to estimate TW, compared to
the use of saturated water content values recorded in well hydrated
plants/organs. In fact, at species-specific water content threshold,
cells lose their rehydration ability (i.e., Abate et al., 2021; John
et al,, 2018; Trueba et al., 2019), leading to possible underestimation
of TW and overestimation of RWC. Results recorded in leaf, stem and
root samples of our study species confirmed this risk, with consistent
overestimation of RWC calculated using classical approaches. We
recorded a 1:1 correlation between the two differently estimated
values of RWC only until initial loss in cell rehydration capacity
occurred, with values diverging after this critical point (Figure S3).
The risk of undersaturation following rehydration was higher in H.
annuus (all organs) as well as in P. nigra and Q. ilex leaves and roots.
A similar result was recorded in a previous study on two Salvia
species (Abate et al., 2021), and confirms the need to consider
dehydration-driven damages to cells in studies aimed to quantify
variations in RWC under drought. Of course, estimates of RWC
based on SWC are not fully free of artefacts, especially when it is not
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possible estimate the SWC,, on the same sample where dehydration
is imposed, and/or in not homogenous plant material. Nevertheless,
in the present study, as likely consequence of similar provenance,
age, soil type, and growth condition, the variability in SWC values
was low (no more than + 10% of the mean value).

We tested different experimental procedures for sample
dehydration. Bench dehydration of uprooted plants or detached
branches is commonly used to induce xylem embolism and quantify
drought-driven hydraulic conductance decline (i.e., Cochard
et al., 2013; John et al, 2018; Kiorapostolou et al., 2019). This
experimental procedure has the relevant advantage to allow
obtaining samples at low water content quickly, thus shortening the
time required for measurements. Nevertheless, such a fast dehydra-
tion may cause artefactual results when quantifying critical water
content thresholds leading to irreversible plant failure. In fact, fast
dehydration may hamper possible biochemical and physiological
time-dependent acclimation processes, and/or whole plant coordi-
nated responses that are likely to occur in plants experiencing more
‘natural’ long-term decline of their water content. However, our data
revealed a very good agreement between results recorded by bench
versus pot dehydration. Independently on the method used, similar

declines in PLRC as a function of RWC were recorded, and we also

observed similar relationships of RWC with REL. Therefore, we
conclude that fast bench dehydration is a reliable procedure to assess
species-specific water content thresholds leading to membrane
damage and loss of rehydration capacity, that in turn predispose

plants to irreversible failure.

4.2 | Leaf, stem and root RWC thresholds for
membrane damage and stomatal closure

In all the study species, RWC and PLRC, as well as membrane
damage in terms of REL, were strongly correlated to stomatal
closure. A statistically similar plant RWC of about 70%, leaf and
root PLRC values of about 10% and 18%, respectively, as well as a
root REL of about 34% was associated to 80% stomatal closure in
all the species. Correlations between leaf water status and gas
exchange are widely reported in literature since the leaf water
content directly affects stomatal aperture (i.e., Brodribb &
McAdam, 2017; Sperry, 2000; Trifilo et al.,, 2003). By contrast,
links between stem and/or root water status and stomatal
behaviour have been mainly obtained indirectly, by hydraulic
conductance estimation (i.e., Bartlett et al., 2016). Our findings
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FIGURE 4 Relationships between stomatal conductance to water vapour (g,) and leaf water potential (\,) and between g, and relative water
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treatment in (a-c) H. annuus, (d-f) P. nigra and (g-i) Q. ilex. Solid, long dash, short dash and dash-dot-dot lines show the regression curve as
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leaf water potential at turgor loss point (W) are reported and indicated by the vertical short dash lines.

strongly suggest coordination among water content of all plant
organs and stomatal behaviour. However, more robust correla-
tions were recorded when considering water content at leaf and
root level. Previous studies have suggested a key role of root
systems in stomatal regulation via chemical signalling, hydraulic
conductance changes and drought-driven damage (i.e., Cuneo
et al.,, 2016; Rodriguez-Dominguez & Brodribb, 2020; Tardieu
et al,, 2017). Indeed, the root is a primary drought-sensing organ,
and increased accumulation of reactive oxygen species in roots
under drought has been documented (i.e., Alam et al., 2010;
Mukarram et al., 2021; Zhao et al., 2001). Hence, it is reasonable
to hypothesise that drought-driven changes in root RWC and,
as a consequence, in membrane damages, while leading to loss
of rehydration capacity, might also trigger (chemical) signals
involved in gas exchange regulation.

In all the study species, the leaf RWCp rc10 corresponded to
the RWC threshold leading to 80% drop of stomatal conductance.
In fact, statistically similar RWC of about 65%-70% in H. annuus
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and Q. ilex leaf, and of about 85% in P. nigra leaf, were related
to 10% PLRC as well as to 80% loss of g.. Moreover, in all
three study species the increase in cell membrane damage
corresponding to REL values of 20%-30% was observed at 80%
loss of stomatal conductance. In other words, decline in gas
exchange occurred in response to water status but before the
initial loss of cells' rehydration capacity. These results suggest
that, despite stomatal closure to limit further water loss,
dehydration continued leading to membrane damages which, in
turn, resulted in the loss of rehydration ability. Our data are in
agreement with Trueba et al. (2019), reporting a similar sudden
stomatal closure after the initial loss of leaf rehydration capacity,
which, in turn, occurred before any decline in photochemical
efficiency.

If confirmed in other species, these values of PLRC of about 10%
and REL of 20%-30% might represent reliable indicators of the
critical water content threshold leading to membrane damage and
decline of carbon assimilation.
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4.3 | RWHC, PLRC and REL as reliable parameters
for predicting plant die-off risk

The possible use of RWC as an indicator of plant mortality risk has
received increasing attention in the last years (Martinez-Vilalta et al.,
2019). In accordance, plant water content reliably predicted the
mortality risk of Pinus ponderosa seedlings (Sapes & Sala, 2021), and
integrated information on drought-driven hydraulic failure and carbon
starvation in this species (Sapes et al., 2019). Here, we report robust
correlations between RWC and plant mortality in three different species
with very different growth forms and leaf habits, supporting the use of
RWC as an easy-to-measure trait predicting the risk of plant decline
compared to other measurements. Such correlations between RWC and
mortality were overall good, regardless of the organ considered.
Moreover, the initial increase in plant mortality rates (i.e.,, >10% plant
mortality) occurred at the same RWC value in both herbaceous and
woody species (i.e.,, RWC ~60%). Not last, mortality was also associated
to 10%-15% loss of rehydration ability of leaf, stem and root cells,
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suggesting that cell damage and loss of rehydration capacity are key
events in the process leading to plant death (Mantova et al., 2021).
These findings are in agreement with recent studies. Sapes and Sala
(2021) reported that, in seedlings of Pinus ponderosa, a probability of
10% mortality occurred at the similar plant RWC value recorded in the
present study, i.e., about 65%. John et al. (2018) reported that RWC
leading to 10% of leaf PLRC changed as a function of leaf habitus, but
also at increasing levels of aridity experienced during the growing
season by 89 different species. In summary, values of plant RWC lower
than about 60%, as well as values of PLRC >10% come to light as
alarming thresholds for an abrupt increased risk of plant mortality.

5 | CONCLUSIONS

Our data provide evidence for RWC thresholds leading to increased
risk of plant mortality. Despite the expected variation at organ level,
there was substantial convergence toward a critical RWC = 60%
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leading to initial loss of rehydration capacity (PLRC ranging between
10% and 20%), possibly related to membrane damage as revealed by
increasing REL values. Most interestingly, this critical RWC threshold
apparently encompassed growth forms and leaf habits of the three
study species, making this approach very promising for large scale
and remote assessment of critical water status of vegetation,
regardless of specific composition. It must be noted that our results
were obtained on potted plants and, in the case of the woody
species, on young saplings. Hence, the validity of the findings for
field-growing and/or adult plants should be further investigated in

future studies.
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