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ABSTRACT

The water potential at which leaf cells lose turgor (Yrrp) is a useful predictor of whole-plant drought tolerance and biome
wetness. However, many plants can achieve water potential values below Wr;p and recover, raising questions about the
physiological processes that occur below ¥ p. We established a controlled greenhouse experiment to induce turgor loss on six
shrub species from a Mediterranean-type ecosystem in Southern California and characterised physiological and leaf-structural
adjustments to ¥ p. We documented seasonal adjustments in Yrrp, both with and without applied drought. Stomatal closure

always occurred below ¥rrp, and the margin between the two phenomena increased with lower ¥ p. Drought tolerance was

strongly correlated with heat tolerance. Most histological responses to ¥y p involved shrinkage of both spongy mesophyll cells
and intercellular air spaces, leading to reduced leaf thickness, but not plasmolysis. Overall, our results indicate a propensity to
reach ¥ values far below Y11p and maintain function for extended periods of time in Southern California shrubs. Whereas
species in many ecosystems fall below P71, p for brief periods of time, the erratic nature of precipitation patterns makes Southern
California an outlier in the range of operational plant water potentials.

1 | Introduction

Drought tolerance is a composite trait consisting of plant
structural properties, as well as a set of morphological and
biochemical adjustments (Santiago et al. 2016; Pivovaroff
et al. 2016; Choat et al. 2018). Generally, leaf drought tolerance
is a good indicator of whole-plant drought tolerance and, on a
global scale, is related to biome wetness (Bartlett et al. 2012b).
Specifically, leaf turgor loss point (¥rrp), the water potential at
which leaf cells lose their positive pressure and wilt, is an ex-
cellent predictor of drought tolerance across biomes (Tyree and
Hammel 1972; Bartlett et al. 2012b). However, within any one
biome or ecosystem, a plethora of different drought strategies
exist besides low leaf Wt p, potentially blurring the strong global

relationship between Y11 p and whole-plant drought tolerance.
For example, drought avoidance traits such as deep roots and
drought-deciduousness can increase plant survival during
drought (Lopez-Iglesias et al. 2014). The cuticle, a continuous
lipophilic layer on the leaf epidermis, creates a barrier between
the leaf and the atmosphere and reduces the rate of tissue water
loss when stomata are closed to varying degrees across species
(Duursma et al. 2019). A common leaf characteristic of shrub
species growing in Mediterranean-type climates is sclerophylly,
a tough and leathery leaf form with lignified elements that
provide structural support in periods of extreme water shortage
(Schimper 1903; Seddon 1974; Edwards et al. 2000). In addition,
leaf biochemical changes, such as osmotic adjustment, can alter
Y p, by accumulation of osmotically active compounds such as
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sugars, proteins or lipids. Thus, whereas characterising Yy p is
important for understanding drought tolerance, a variety of
factors mediate when leaves of a particular species arrive at that
point.

The (sub)cellular consequences of turgor loss and the relation-
ship between Wrip and other drought-tolerance parameters
present a complex array of interacting factors (Brodribb
et al. 2003; Bartlett et al. 2016; Scoffoni et al. 2023). Turgor loss is
associated with leaf wilting and cell plasmolysis and is often seen
as the step towards more dangerous structural damage. When
the positive water pressure (turgor) that maintains cell structure
is lost, for example, due to drought, cells plasmolyse or collapse,
causing the leaf to wilt (Cochard et al. 2002). However, the exact
safety margins that allow plants to survive periods below their
Y p differ among species. Plants in the unique Chaparral eco-
system in Southern California can survive months at several
megapascals below ¥rrp without leaf mortality or branch die-
back (Figure 1), raising questions about the physiological con-
sequences of maintaining living tissue beyond turgor loss and the
ultimate consequences for leaves of these extreme drought-
tolerant plants. The interaction between drought and heat adds
an extra level to this question, as leaves regulate water use in
response to both drought and temperatures. Photosynthesis is
highly temperature dependent, and leaf temperatures exceeding
the optimum result in reduced photosynthesis due to slower
enzymatic processes, up to a point—generally at temperatures
reaching 40°C or higher—where the photosystem becomes
impaired (Berry and Bjorkman 1980). Evaporation from leaves,
therefore, also regulates leaf temperatures. Yet, when leaf water
potential approaches Yrpp, leaf cooling and water conservation
represent an inevitable trade-off. In line with balancing the need
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FIGURE 1 | Difference between minimum Y, at the end of the
dry season (September 2021) and Y1 p measured at the same time.
Actual Y5 p is shown in numbers above the x-axis. Symbols indicate the
Yleat — Prrp- Negative values indicate ¥, was lower (more negative)
than the Yrpp. Error bars show SE (n = 5). Measurements were taken at
the Santa Margarita Ecological Reserve on five individuals of each
species.

to maintain leaf water status and favourable leaf temperatures for
photosynthesis, there is some data (Sastry et al. 2018; Mitchell
2021; Miinchinger et al. 2023), and more theories (Smékalova
et al. 2014), suggesting that drought and heat tolerance are
related and exhibit cross-tolerance such that drought-tolerant
plants also have a higher thermal limit.

The Mediterranean-type ecosystem of Southern California has
unique climatic and vegetation properties. With an abrupt
interface between the relatively hot landmass and the cold
ocean, and with storms directing precipitation systems
directly from a large expanse of the Pacific Ocean, it lacks the
moderating effect of other such regions, such as the Medi-
terranean Basin. For this reason, California has the most
erratic precipitation pattern of any of the five Mediterranean-
type climate zones (Cowling et al. 2005), with its long, hot and
dry summers punctuated by short mild winters at the mercy
of mercurial weather patterns and sea surface temperature
anomalies mediated by El Nifio and La Nifia events (Cook
et al. 2009; Griffin and Anchukaitis 2014). Unpredictable
rainfall patterns in Southern California may result in
droughts for up to several years, exposing plants to some of
the lowest water potentials (¥e.r) worldwide (Jacobsen
et al. 2007; Pivovaroff et al. 2016). Human-induced climatic
changes have made these patterns even more dynamic,
resulting in several recent mega-droughts in 2014-2018 and
2020-2021 (Griffin and Anchukaitis 2014; Leeper et al. 2022)
and a 2000-year low rainfall in the period between 2020 and
2021 (Keeley and Syphard 2021).

We connected plant physiological processes with leaf cellular
structure, to better understand the mechanisms and conse-
quences of extended turgor loss in six native Californian Chap-
arral species. First, we tested the assumption that these species
can reach W, far below their turgor loss without signs of
mortality under field conditions. We also established a controlled
greenhouse experiment to induce turgor loss and characterise
adjustments to Wrrp, photosynthetic gas exchange, leaf temper-
ature, thermal tolerance, plant water status, non-structural
carbohydrates and cell structure, of well-watered and sub-
turgor plants. We hypothesised that: (1) chaparral and coastal
sage scrub species have the capability to adjust their ¥Yrrp in
response to drought, (2) Yrrp and Ts, are correlated such that
high drought tolerance translates to high heat tolerance and (3)
leaf Wrp results in leaf shrinkage and selective cell plasmolysis
while conserving photosynthetic function.

2 | Methods
2.1 | Species

Six shrub species from chaparral (Ceanothus tomentosus, Het-
eromeles arbutifolia, Malosma laurina and Quercus berber-
idifolia) and coastal sage scrub (Salvia apiana and Salvia
mellifera) vegetation types were selected based on estimated
rooting depth and Yrrp, with the aim to select species along a
wide range of both indicators (Table S1). Six individuals of each
species were planted in 18-L pots with a mix of organic soil
(bark, plaster sand and peat moss 1:2:1) and perlite (in a 1:4
perlite:soil mixture), to create a well-draining soil. The plants
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were put in a greenhouse where temperature and humidity
were monitored at 30-min intervals (Figure S1).

2.2 | Drought Experiment

In May 2022, three plants of each species were exposed to
drought treatment, while the other three plants were kept
well-watered. Watering was done 3 times per week. Well-
watered plants were watered to soil saturation. The amount
of water given to the drought-stressed plants was determined
by the Wi..¢ of each individual, measured weekly on one leaf
per plant (see below; Figure S2). The target was a gradual
decrease in ¥j.,¢ until below the determined ¥1;p for each
species. Y p was measured before the treatment, in April
2022, and again at the end of the treatment period, in July
2022, to confirm plant water status was indeed reaching
below the reference ¥Yrip (Schonbeck et al. 2023). In addi-
tion, soil volumetric water content (VWC, %) was measured
weekly.

2.3 | Turgor Loss Point and Water Potential

Y p was measured using a vapour pressure osmometer
(VAPRO 5600, Wescor, Logan, Utah) (Bartlett et al. 2012a). One
leaf per plant was collected and rehydrated overnight with the
petiole submerged in water. An 8 mm @ leaf disc was cut cen-
trally between the leaf midrib and margin and tightly wrapped
in aluminium foil. Veins were avoided as much as possible.
Discs were submerged in liquid N for 2 min. After unwrapping,
the disc was punctured 10-15 times with a sharp pin and
immediately sealed in the osmometer chamber (VAPRO 5600,
Wescor, Logan, Utah). The leaf was exposed to the air for <40s
during the entire process from cutting to enclosing in the
chamber, minimising the chance of evaporation before mea-
surement. The repeated-measurements mode was used to take
10 measurements at an interval of + 2 min. This was sufficient
to reach an equilibrium indicated by a < 5mmol difference
between two consecutive measurements. The measurements
were plotted over time and checked for outliers and a flattening
curve. Then, the lowest value reached, generally the last mea-
surement in the sequence, was used as a final value. Y1, p was
calculated using the linear regression equation provided by
Bartlett et al. (2012a):

Tiap = 0.8327osm — 0.631

This formula is based on a wide range of species around the
globe and is assumed to give a generally good fit of ¥Yrip.
We compared the obtained values with those found in lit-
erature based on pressure-volume curves to eliminate the
possibilities for artefacts using the osmometer method or
from overnight rehydration (Table S1; Figure S3) (Bowman
and Roberts 1985; Davis and Mooney 1986; Pivovaroff
et al. 2016; Abate et al. 2021). While overhydration would
result in an underestimated ¥y p by the osmometer method,
we conclude from these tests that our samples are on or even
below reported values from the literature and that we can
exclude the possibility of overhydration.

Once per week, one leaf per plant was collected between
noon and 2 PM and measured for midday ¥.,s with the Scho-
lander pressure chamber (PMS Instruments, Albany, Oregon)
(Figure S2). These values determined the amount of water gi-
ven. The plants had sufficient leaves to ensure leaf removal did
not have a significant effect on carbon or hydraulic status.

To create Figure 1, Wrrp and minimum ¥j.,r were determined
in field conditions at the Santa Margarita Ecological Reserve
(33°29’ N, 117°09’ W). Minimum Y., was measured mid-
September 2021, after a dry summer, approximately 1 week
before the first occurrence of seasonal rain. Five individuals per
species and one leaf per individual were measured using the
methods described above.

2.4 | Thermal Tolerance

In April and July 2022, before and towards the end of the
drought treatment, leaf heat tolerance (Ts,) was determined for
the six species. Ts, was assessed using a temperature assay of
the maximum quantum yield of PSII (F,/F,,), following Curtis
et al. (2014). A 1cm O leaf disc was cut centrally between the
leaf midrib and margin where possible and sealed in a Whirl-
Pak bag (Whirl-Pak Filtration Group, Chicago, Illinois, the
United States). The Whirl-Pak bags with leaf discs were sub-
merged in a hot-water bath at a series of temperatures—25, 30,
35, 38, 42, 46, 50, 54, 58 and 60°C—for 15 min. Earlier experi-
ments showed that leaf discs reach water temperature within
2min (Mitchell 2021). The leaf discs were then dark-adapted
with leaf clips for 20 min before measuring photosynthetic yield
(F,/F,,) with a MINI-PAM fluorometer (Walz GmbH, Effeltrich,
Germany). The Ts, was calculated as the temperature at which
F,/F,, had declined by 50% of the maximum, using a Weibull
function to fit F,/F,, to temperature (fitplc package in R soft-
ware) (Duursma and Choat 2017).

2.5 | Gas Exchange

Photosynthesis (A, pmol m 2 s_l), stomatal conductance
(g5, mol m™ s™') and transpiration (E, mol m™* s™') were
measured biweekly starting the week before treatments
commenced, in April 2022, with a LiCor LI-6400 system
(LiCor Inc., Lincoln, Nebraska, the United States) (Figure S4).
One leaf per plant was clipped in the cuvette, set to 400 ppm
CO,, 28°C, relative humidity of 60%-70%, photosynthetic
active radiation (PAR) of 1200 umol m™2 s™' and flow of
500 umol m~2 s™'. The leaf was left acclimating for at least
15min and until stable A and g;. Three measurements were
logged within 30s. The three measurements were averaged
during post-processing. Intrinsic water use efficiency (iWUE)
was calculated with A/g; (umol/mol).

To calculate Wy (stomatal closure), linear models were fitted
with P, as the predictor and In(g,) as the dependent variable.
Data from well-watered and dry plants were pooled to get the
full range from ggna.x (Maximum measured g value in well-
watered plants) to stomatal closure. The equation was then
solved to calculate Wje,r at 10% of ggmax-
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2.6 | Non-Structural Carbohydrates

Leaf material was collected in April and July 2022, on the
same days as a collection for Y71p and thermal tolerance. The
leaves were dried at 60°C until stable weight was achieved and
then ground to a fine powder. NSCs were analysed following
the protocol as described in Wong (1990) adapted according to
Hoch et al. (2002). NSCs are defined here as low molecular
weight sugars (glucose, fructose and sucrose) plus starch.
8-10 mg of ground material was boiled in 2 mL distilled water
for 30 min. After centrifugation, an aliquot of 200 uL was trea-
ted with Invertase and Isomerase from baker's yeast (Sigma-
Aldrich, St. Louis, Missouri, the United States) to degrade
sucrose and convert fructose into glucose. The total amount of
glucose (sugars) was determined photometrically at 340 nm in a
96-well microplate photometer (HR 7000, Hamilton, Reno,
Nevada, the United States) after enzymatic conversion to
gluconate-6-phosphate (hexokinase reaction, hexokinase from
Sigma Diagnostics, St. Louis, Missouri, the United States). The
total amount of NSC was measured by taking 500 uL of the
extract (including sugars and starch) incubated with a fungal
amyloglucosidase from Aspergillus niger (Sigma-Aldrich, St.
Louis, Missouri, the United States) for 15h at 49°C to digest
starch into glucose. Total glucose (corresponding to NSC) was
determined photometrically as described above. The concen-
tration of starch was calculated as NSC minus free sugars.
Pure starch and glucose, fructose and sucrose solutions were
used as standards and standard plant powder (Orchard leaves,
Leco, St. Joseph, Michigan, the United States) was included to
control reproducibility of the extraction. NSC concentrations
are expressed on a per cent dry matter basis. Because all
samples were run in a single laboratory with no change in
protocol during the laboratory processing of samples, issues
with comparison of results across methods or labs were
obviated (Quentin et al. 2015).

2.7 | Light Microscopy

Several leaf discs of 0.5 cm @ were cut from the middle section
of the leaves, between the mid-vein and the edge. Leaf discs
were immediately put in a 2%:2% formaldehyde:glutaraldehyde
solution in 200 mM cacodylate buffer (Ruzin 1999). The fixation
solution was refreshed after 4h and leaves were kept under
refrigeration until further use.

The leaf discs were gradually dehydrated in a series of
increasing ethanol concentrations. They were gradually in-
filtrated with Spurr's resin, first overnight in a 50:50 (v/v)
resin:ethanol solution and then overnight in 100% resin.
Lastly, they were embedded in 100% resin in silicone moulds
for > 48 h in an oven at 70°C. Samples were sectioned in the
transverse plane at 0.5-1 um thickness (depending on the ease
of cutting and the clarity of the sections per species) with a
glass knife (LKB Instruments) on a rotary microtome (Leica
Lietz DMRB; Leica Microsystems) and stained with 0.01%
toluidine blue in 1% sodium borate (w/v). Slides were imaged
with a 4x or 10X objective using a light microscope (Leica
Lietz DMRB; Leica Microsystems) and a camera utilising
Amscope Imaging (Amscope). The following measurements
were taken: the thickness of leaf, cuticle, epidermal cells,

palisade mesophyll, spongy mesophyll, abaxial epidermal
cells and the two-dimensional area of intercellular space in
the spongy mesophyll. All measurements were then standar-
dised to the measured leaf thickness and presented in
percentages.

2.8 | Statistical Analyses

The difference in Yrpp between drought and well-watered
plants was tested in a two-way ANOVA with species
and treatment as fixed factors. Separate mixed effects
models were run for each species to test the effect of time
and treatment on the absolute value of ¥y p. The individual
was included as a random effect to correct for repeated
measurements.

Treatment differences of cell structural traits were done using
a two-way ANOVA where the variable was tested against
species and treatment. In case of significant interactions, a
Tukey HSD test was done to study the specific group differ-
ences. Another two-way ANOVA was carried out to test the
treatment effect between evergreen and deciduous grouped
species. The normality of the residuals and homogeneity of
variance were confirmed.

Correlation analyses were carried out initially for the param-
eters of interest: Wrrp versus Tso, leaf mass per area (LMA),
A, g, iWUE (A/g,) and gs90. Then, a full correlation analysis
was run with all physiological and histological parameters to
detect any correlations that were not subject to a specific
hypothesis. Significant correlations of interest were plotted in
an x-y graph without any assumption of causal relationship.

All statistical analyses were done in R version 4.3.1 (R Core
Team 2015).

3 | Results
3.1 | Species’' Plasticity of Wi p

The deciduous S. mellifera and S. apiana had the least nega-
tive Yrpp of all species (—2.2 and —2 MPa resp. at the begin-
ning of the greenhouse drought experiment). C. tomentosus
and Q. berberidifolia followed, while the lowest Y1 p wWere
found in Heteromeles arbutifolia and Mangifera laurina (—4.1
and —3.6 MPa resp.) (Figure 2). On average, drought-stressed
plants had lower Yr;p than well-watered plants (A¥Wrpp =
0.41 +0.14 MPa for all species pooled, p <0.01). In Q. ber-
beridifolia, both well-watered and drought-stressed plants
reduced Yrpp significantly between March and July, indicat-
ing a seasonal change that was partly independent of soil
moisture (Figure 2, Table S2).

3.2 | Non-Structural Carbohydrates

NSC levels in the leaves decreased with drought in C. to-
mentosus, H. arbutifolia, M. laurina and Q. berberidifolia,
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FIGURE 2 | Turgor loss point (¥rrp) as measured in March and July 2022. The value in March shows the average of all plants together. The

values in July distinguish between well-watered (blue) and drought-stressed (red) plants. Average + SE are shown. Asterisks indicate significant

species differences in July.

but increased in the two Salvia species (Figure S5, Table S3).
While the decrease in the evergreen species was mainly
caused by reductions in starch content, the increase in NSC
in Salvia was mainly caused by a steep increase in sugar
concentration. Sugar concentrations were not correlated
with Yrpp.

3.3 | Relation Between Turgor Loss and Other
Physiological Traits

Stomatal closure always occurred at a lower ¥ than ¥rip
(Figure 3). The timing of stomatal closure was, however, not
uniform, and the MPa difference between stomatal closure
and Yrrp increased with lower ¥rpp. A less negative Wrpp
thus leads to immediate stomatal closure when Yrpp is
reached, while more negative ¥r.p allows for stomatal clo-
sure at a lower Wje,r than ¥Yrpp. Prrp was strongly and neg-
atively correlated with LMA, Ts, and iWUE, and Ts, was
positively correlated to iWUE (Figure 4, Table S4). This
indicates that drought-tolerant leaves are more heat tolerant,
as well as smaller and tougher.

3.4 | Histological and Cellular Changes After
Turgor Loss

Signs of plasmolysis were only observed in the epidermal
cells of C. tomentosus and S. apiana (Figure 5). Leaf
thickness decreased for all species, though not significant,
except for C. tomentosus and S. mellifera (Figure 6, ns).
This reduction was mostly caused by a reduction in
the spongy mesophyll and the intercellular air spaces

Same Saap |- -2

Ve (MPa)

R,=0.78"* L -g

Wgsgo (M Pa)

FIGURE 3 | The relationship between turgor loss point (¥rrp) and
2s90. Blue symbols indicate Prrp in well-watered plants, and red sym-
bols are drought-stressed plants. The light-grey line indicates a 1:1 line,
showing a hypothetical simultaneous WYyp and gs90. The black line
shows a linear regression. Abbreviations: Hear: H. arbutifolia, Qube: Q.
berberidifolia, Mala: M. laurina, Ceto: C. tomentosus, Same: S. mellifera,
Saap: S. apiana. [Color figure can be viewed at wileyonlinelibrary.com]|

(Figure 6, ns). There was a tendency towards a thicker
cuticle in drought-stressed plants, mainly in the evergreen
species (Figure 6, ns).
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FIGURE 4 | Correlations between physiological parameters. Turgor loss point versus LMA (a), WUE (b) and Ts, (c); Tso versus LMA (d) and
WUE (e). All data was collected at the end of the experiment, in July 2022. Each point represents one individual (n = 6 for 6 different species, with
drought and well-watered plants all shown). R values indicate the correlation coefficient. A line and correlation coefficient shown indicate a

significant correlation between the two variables.

3.5 | Correlation Between Drought Tolerance
and Histology

Several histological parameters were correlated to physiological
traits (Figures 7 and S6, Table S5). A thicker cuticle was cor-
related to higher pre-drought photosynthesis levels. The thick-
ness of the epidermis was negatively correlated with LMA and
with sugar levels in the leaves. A thicker palisade mesophyll
layer was correlated with lower transpiration rates, while
thicker spongy mesophyll was positively correlated to photo-
synthesis rates.

4 | Discussion

In this study, we connected leaf physiology with cellular
structure, to better understand the mechanisms and conse-
quences of extended turgor loss in six native Californian
chaparral species. We found that the seasonal minimum

(Wmin) of three of these species was several megapascals
below Yrpp, without signs of leaf mortality or branch die-
back (Figure 1). In controlled drought conditions, we found
a variation of ¥y p within species over time as affected by
drought and/or season, with no clear distinction between
evergreen and deciduous species, confirming our first
hypothesis for a part of our species (Figure 2). We found a
strong correlation between WYy p and thermal tolerance
(Figure 4), indicating that drought and heat tolerance are
connected, regardless of the many different drought toler-
ance strategies that can be found within one ecosystem,
confirming our second hypothesis. Stomatal closure always
happened after turgor loss, but the timing differed between
species (Figure 3). We showed that bulk turgor loss did not
lead to significant cell plasmolysis or damage but rather to
the reduction of leaf thickness, although this was only sta-
tistically confirmed in one species (Figure 4). We thus find
signs but no strong evidence to confirm Hypothesis 3. Spe-
cies with low ¥pp had low photosynthesis and transpiration
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Ceanothus tomentosus

Salvia apiana

FIGURE 5 | Light microscopy images from C. tomentosus and S. apiana (cross-section). Images are taken at 10X magnification with a Leica
microscope and camera using AmScope imaging software. Red scale bars indicate 100 um. Red arrows indicate partial plasmolysis of the epidermal
cell. Blue arrows show the parameters measured: LT = leaf thickness, SM = spongy mesophyll thickness. Upper images show drought-stressed leaves,
and lower images show well-watered leaves. [Color figure can be viewed at wileyonlinelibrary.com]

rates, and high water use efficiency, corresponding to a
conservative strategy, while species with a less negative
Yrp had higher gas exchange rates but also a narrow
margin between ¥rrp and stomatal closure (Figure 3). The
narrow margin between turgor loss, stomatal closure and
cell plasmolysis goes together with a strategy of decidu-
ousness when structural damage is at risk. We discuss these
and other correlations from the perspective of leaf structure
and function in an extreme drought-exposed habitat.

4.1 | Plasticity in ¥y p and Its Relationship to T,
We hypothesized that chaparral and coastal sage scrub
species would have the ability to adjust their Yrpp in
response to drought (H1). Indeed, we found variable ¥rpp
within species (Figure 2). Although only significant for
S. mellifera, variable Y11 p was also observed in M. laurina
and Q. berberidifolia. Osmotic adjustment is often specu-
lated to be the mechanism behind ¥rpp adjustment, with
sugars as the dominant osmotically active compound
(Turner 2018). Here, only the decrease in ¥Yrrp for S. mel-
lifera could be explained by a steep increase in sugar con-
centrations in its leaves (Figure S5), suggesting that other
compounds may have been responsible for a reduction in
Y1 p in the other species. Indeed, often it is the combination
of multiple solutes that causes a reduction in Y p (Sanders
and Arndt 2012).

In Q. berberidifolia, a reduction in ¥ p of more than 2 MPa
was observed. These extreme changes observed confirm
findings in the literature on the high plasticity of Quercus
spp. (Garcia-Plazaola et al. 1999; Schonbeck et al. 2022).
However, the magnitude of the changes is remarkable and
points to a more careful interpretation of global or average
values of Yrpp in research. On a global scale, the variation
range of Yrrp can probably be averaged over all species
(Bartlett et al. 2014), but global published data of WYrrp
should not be used to describe the drought tolerance of a
species within their ecosystem over time, or between eco-
systems, as variation can lead to large errors. Therefore, we
argue that the reference point should be considered before
assessing the status of an individual or species in its habitat
(Schonbeck et al. 2023).

Interestingly, in the case of Q. berberidifolia, ¥Yryp did
change in response not only to drought but also to other
seasonal changes, in well-watered plants. This would indi-
cate that other factors, such as temperature, might induce a
programmed adjustment of ¥Yrrp. The physiological mech-
anisms behind temperature and drought acclimation
and their respective roles are still largely unknown. Our
hypothesis that Yy p and Tso would be related was
confirmed (H2, Figure 4), indicating a coordinated leaf
response to heat and drought that has been shown to
hold both within and across ecosystems (Mitchell 2021;
Miinchinger et al. 2023).
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FIGURE 6 | Histological parameters in well-watered (blue) and drought-stressed (red) plants of the six species. Boxes show the 95% quantiles. An
average of evergreen (C. tomentosus, H. arbutifolia, M. laurina and Q. berberidifolia) and drought-deciduous species (S. apiana and S. mellifera) is
given in the right panel for every parameter. Red colours indicate drought-stressed, and blue colours well-watered plants. Most parameters are shown

as % of leaf thickness. Asterisks indicate a significant difference between well-watered and dry treatments (n = 3). [Color figure can be viewed at

wileyonlinelibrary.com]|

4.2 | Absence of Cell Plasmolysis Beyond Turgor
Loss, While Stomatal Conductance Is Maintained

Stomatal closure (gs90) always occurred below ¥rpp. ¥rrp and
gs90 were strongly correlated but not at a 1:1 ratio (Figure 3).
Species with more negative Wt p had a larger margin towards
stomatal closure. While it is generally assumed that stomatal
closure occurs soon after Wrpp due to loss of turgor in stomatal
guard cells (Bartlett et al. 2016), or even above Y1 p due to ABA
signalling to prevent wilting (Hsu et al. 2021), we show here
that this theory does not hold for the drought-tolerant species
measured in this study. Similar findings were reported by
Farrell et al. (2017), who compared drought avoiders and
drought-tolerant dryland plants and found that drought-
tolerant plants were able to keep their stomata open at lower
water potentials than their ¥y p.

In many species and ecosystems, minimum Yj.,; at midday
(Wminmp) does not reach lower than Yrpp (Bartlett et al. 2016).
In our study, we show how Mediterranean species show midday
Y.ar Several megapascals below their ¥1pp at the end of a dry

season (Figure 1), with continued stomatal conductance
(Figure 3). These results raise the question about the physio-
logical consequences of maintaining living tissue beyond turgor
loss. We hypothesized that ¥Y11p would result in selective cell
plasmolysis while conserving photosynthetic function (H3). We
found that none of the species studied showed extensive cellular
damage or plasmolysis below ¥rrp (Figure 5). The sturdy xer-
ophyllous leaves most likely provide a strong matrix of support
that prevents leaves from wilting. Only in two species—C. to-
mentosus and S. mellifera—some plasmolysis of epidermal cells
was visible (Figure 5), while the photosynthetically active
mesophyll cells remained intact. Other studies confirm that
delaying drought damage of mesophyll cells may be a successful
strategy to stay photosynthetically active (Azzara et al. 2023).
Similar protection mechanisms were observed—albeit at Wie,¢
values above Y11 p—during summer drought in invasive species
in the Mediterranean basin (Azzara et al. 2023). This mecha-
nism would require an uneven distribution of ¥ throughout the
leaf, with airspaces getting unsaturated due to water moving to
the mesophyll to support photosynthesis. Such airspace un-
saturation is not detectable with bulk measurement of ¥rip,
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FIGURE 7 | Correlations between histological parameters and physiological traits. Cuticle (a—c), epidermis (d—f), palisade (g-i) and spongy (j-1)
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and leaf sugar concentrations (c, f, i, 1). Different variants of gas exchange were shown, depending on the statistical significance of the relationship.

A_predrought indicates photosynthesis rates before the drought treatment started (March 2022). E and A indicate transpiration and photosynthesis,

respectively, at the end of the treatment period (July 2022). Each point represents one individual (n = 6 for 6 different species, with drought and well-

watered plants all shown). Data come from measurements taken at the end of the experiment, in July 2022, unless stated differently (‘°_predrought’

suffix, April 2022). Lines and correlation coefficients (r values) indicate significant correlations between two variables.

and currently, leaf models do not assume uneven ¥ across leaf
tissues (Scoffoni et al. 2023). These and other recent findings
might thus implicate an updated requirement of leaf hydraulic
models.

4.3 | Sturdiness Versus Deciduousness

In line with, for example, Scoffoni et al. (2014), low ¥rrp
was correlated to high LMA and water use efficiency
(Figure 4). Low Y1 p was also correlated to lower transpi-
ration and assimilation rates. Overall, we find a large
gradient of strategies within one ecosystem with ‘drought-
tolerant species’, a large gradient of strategies can be found.
Both relatively high-risk, acquisitive species—with less
negative Y1 p and high assimilation rates—and species with
more conservative strategies are present in the Californian

chaparral. High risk goes hand in hand with (semi-)drought-
deciduousness, where fresh foliage replaces old foliage
during the wetter winter months. S. mellifera, S. apiana and
C. tomentosus belong to those ‘high risk’ groups.

An interesting correlation observed was the positive correla-
tion between cuticle thickness and photosynthesis rates. The
cuticle is, together with cuticular hairs, a protective barrier
that increases the boundary layer resistance and protects the
leaf from outside stressors (Yeats and Rose 2013; Schuster
et al. 2016). The thicker cuticle corresponding to higher
assimilation and transpiration rates (Figure 7, Table S5) seems
to support the theory that the thickness of the cuticle does not
define the quality of the barrier against transpiration (Schuster
et al. 2016). Among others, S. mellifera belongs to the species
with a thicker cuticle. This species apparently reaches high
photosynthesis rates by having dense spongy mesophyll with
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little airspaces that increase the efficiency of gas movement
between the cells.

The negative relationship between intercellular space (in
2D) and photosynthesis (A) suggests that smaller air spaces,
and thus denser mesophyll, increase the level of photo-
synthesis. In a study with evergreen oaks, this observation
was interpreted as a strategy to reach high A despite higher
LMA (Peguero-Pina et al. 2017). The results here corrobo-
rate this hypothesis.

5 | Conclusions

In this study, we show the connection between leaf structure
and function, by connecting physiological measurements with
leaf histology measurements in six native chaparral species
during drought stress. We showed that the assumed bulk leaf
Y p does not lead to significant cell plasmolysis in the most
drought-tolerant species. This goes together with the fact that
these species are able to keep their stomata open and transpire
after Wje,r falls below turgor loss. Furthermore, we found an
intraspecific variation of ¥ p and Ts, that is not only drought
driven but potentially also temperature driven. The acclimation
patterns to drought and heat, especially their individual roles,
have to be identified more closely for each species to fully
understand their resilience to climate change.

Acknowledgements

We graciously thank Marc Arteaga and Humera Mirza for assistance in
the greenhouse, Lindy Allsman for her help with light microscopy, and
Pablo Bryant and the staff of Santa Margarita Ecological Reserve. We
acknowledge the San Diego State University Field Stations Program, the
University of California (UC), Riverside, Department of Botany & Plant
Sciences, UC Agricultural Experiment Station and Agricultural Opera-
tions, the UCR Central Facility for Advanced Microscopy and Micro-
analysis and the Microscopy and Imaging Core Facility. L.C.S. was
supported by the Swiss National Science Foundation (P500PB_203127).
L.S.S. was supported by the USDA National Institute of Food and
Agriculture (CA-R-BPS-7636-H).

Conflicts of Interest

The authors declare no conflicts of interest.

Data Availability Statement

The data that support the findings of this study are available from the
corresponding author upon reasonable request.

References

Abate, E., A. Nardini, F. Petruzzellis, and P. Trifilo. 2021. “Too Dry to
Survive: Leaf Hydraulic Failure in Two Salvia Species Can Be Predicted
on the Basis of Water Content.” Plant Physiology and Biochemistry 166:
215-224.

Azzara, M., E. Abate, M. T. Chiofalo, A. Crisafulli, and P. Trifilo. 2023.
“Delaying Drought-Driven Leaf Cell Damage May be the Key Trait of
Invasive Trees Ensuring Their Success in the Mediterranean Basin.”
Tree Physiology 43: 430-440.

Bartlett, M. K., T. Klein, S. Jansen, B. Choat, and L. Sack. 2016. “The
Correlations and Sequence of Plant Stomatal, Hydraulic, and Wilting

Responses to Drought.” Proceedings of the National Academy of Sciences
113: 13098-13103.

Bartlett, M. K., C. Scoffoni, R. Ardy, et al. 2012a. “Rapid Determina-
tion of Comparative Drought Tolerance Traits: Using an Osmometer
to Predict Turgor Loss Point.” Methods in Ecology and Evolution 3:
880-888.

Bartlett, M. K., C. Scoffoni, and L. Sack. 2012b. “The Determinants
of Leaf Turgor Loss Point and Prediction of Drought Tolerance of
Species and Biomes: A Global Meta-Analysis.” Ecology Letters 15:
393-405.

Bartlett, M. K., Y. Zhang, N. Kreidler, et al. 2014. “Global Analysis of
Plasticity in Turgor Loss Point, a Key Drought Tolerance Trait.” Ecology
Letters 17: 1580-1590.

Berry, J., and O. Bjorkman. 1980. “Photosynthetic Response and
Adaptation to Temperature in Higher Plants.” Annual Review of Plant
Physiology 31: 491-543.

Bowman, W. D., and S. W. Roberts. 1985. “Seasonal and Diurnal Water
Relations Adjustments in Three Evergreen Chaparral Shrubs.” Ecology
66: 738-742.

Brodribb, T. J., N. M. Holbrook, E. J. Edwards, and M. V. Gutiérrez.
2003. “Relations Between Stomatal Closure, Leaf Turgor and Xylem
Vulnerability in Eight Tropical Dry Forest Trees.” Plant, Cell &
Environment 26: 443-450.

Choat, B., T. J. Brodribb, C. R. Brodersen, R. A. Duursma, R. Lépez, and
B. E. Medlyn. 2018. “Triggers of Tree Mortality Under Drought.” Nature
558: 531-539.

Cochard, H., L. Coll, X. Le Roux, and T. Améglio. 2002. “Unraveling the
Effects of Plant Hydraulics on Stomatal Closure During Water Stress in
Walnut.” Plant Physiology 128: 282-290.

Cook, B. I, R. L. Miller, and R. Seager. 2009. “Amplification of the
North American ‘Dust Bowl’ Drought Through Human-Induced
Land Degradation.” Proceedings of the National Academy of Sciences
106: 4997-5001.

Cowling, R. M., F. Ojeda, B. B. Lamont, P. W. Rundel, and
R. Lechmere-Oertel. 2005. “Rainfall Reliability, a Neglected Factor in
Explaining Convergence and Divergence of Plant Traits in Fire-Prone
Mediterranean-Climate Ecosystems.” Global Ecology and Biogeography
14: 509-5109.

Curtis, E. M., C. A. Knight, K. Petrou, and A. Leigh. 2014. “A Com-
parative Analysis of Photosynthetic Recovery From Thermal Stress: A
Desert Plant Case Study.” Oecologia 175: 1051-1061.

Davis, S. D., and H. A. Mooney. 1986. “Tissue Water Relations of Four
Co-Occurring Chaparral Shrubs.” Oecologia 70: 527-535.

Duursma, R., and B. Choat. 2017. “fitplc—an R Package to Fit
Hydraulic Vulnerability Curves.” Journal of Plant Hydraulics 4: e002.

Duursma, R. A., C. J. Blackman, R. Lopéz, N. K. Martin-StPaul,
H. Cochard, and B. E. Medlyn. 2019. “On the Minimum Leaf Con-
ductance: Its Role in Models of Plant Water Use, and Ecological and
Environmental Controls.” New Phytologist 221: 693-705.

Edwards, C., J. Read, and G. Sanson. 2000. “Characterising Scler-
ophylly: Some Mechanical Properties of Leaves From Heath and For-
est.” Oecologia 123: 158-167.

Farrell, C., C. Szota, and S. K. Arndt. 2017. “Does the Turgor Loss
Point Characterize Drought Response in Dryland Plants?” Plant, Cell
& Environment 40: 1500-1511.

Garcia-Plazaola, J. 1., U. Artetxe, and J. Becerril. 1999. “Diurnal
Changes in Antioxidant and Carotenoid Composition in the Mediter-
ranean Schlerophyll Tree Quercus ilex (L) During Winter.” Plant Science
143: 125-133.

Griffin, D., and K. J. Anchukaitis. 2014. “How Unusual Is the 2012-2014
California Drought?” Geophysical Research Letters 41: 9017-9023.

5028 of 5615

Plant, Cell & Environment, 2025

85U8017 SUOWILLOD aAIE8.1D) 3|qeot|dde ay) Aq peusencb a1e sejole YO ‘85N JO S3|N 10} ARIq1T 8UIUO A8]IAA UO (SUONIPUOD-PUE-SWLBI W00 A8 M AReq| 18Ul [UO//:SdNY) SUORIPUOD pue SWIB | 81 88S *[5202/90/2T] Uo ARiqi78uliuo A8|iM ‘S8ousios eInnoliby JO AisieAlun UsIpems Ad GoGST 80d/TTTT 0T/I0pA00 A8 AReq 1 ul|uoy/sdny Wwoly pepeojumoq ‘2 ‘5202 ‘00ES9ET



Hoch, G., M. Popp, and C. Korner. 2002. “Altitudinal Increase of Mobile
Carbon Pools in Pinus cembra Suggests Sink Limitation of Growth at
the Swiss Treeline.” Oikos 98: 361-374.

Hsu, P.-K., G. Dubeaux, Y. Takahashi, and J. I. Schroeder. 2021. “Sig-
naling Mechanisms in Abscisic Acid-Mediated Stomatal Closure.” Plant
Journal 105: 307-321.

Jacobsen, A. L., R. B. Pratt, F. W. Ewers, and S. D. Davis. 2007. “Cav-
itation Resistance Among 26 Chaparral Species of Southern California.”
Ecological Monographs 77: 99-115.

Keeley, J. E., and A. D. Syphard. 2021. “Large California Wildfires: 2020
Fires in Historical Context.” Fire Ecology 17: 22.

Leeper, R. D., R. Bilotta, B. Petersen, et al. 2022. “Characterizing U.S.
Drought Over the Past 20 Years Using the U.S. Drought Monitor.”
International Journal of Climatology 42: 6616-6630.

Lopez-Iglesias, B., R. Villar, and L. Poorter. 2014. “Functional Traits
Predict Drought Performance and Distribution of Mediterranean
Woody Species.” Acta Oecologica 56: 10-18.

Mitchell, D. E. 2021. “The Coordination of Drought and Heat Tolerance
of Woody Species Across Ecosystems.” Accessed on July 11, 2024.
https://www.proquest.com/docview/2565072149/abstract/
1BFED8C9663940D0PQ/1.

Miinchinger, I. K., P. Hajek, B. Akdogan, A. T. Caicoya, N. A. T. Kunert,
and N. Kunert. 2023. “Leaf Thermal Tolerance and Sensitivity of
Temperate Tree Species Are Correlated With Leaf Physiological and
Functional Drought Resistance Traits.” Journal of Forestry Research 34:
63-76.

Peguero-Pina, J. J., S. Sisd, J. Flexas, et al. 2017. “Cell-Level Anatomical
Characteristics Explain High Mesophyll Conductance and Photo-
synthetic Capacity in Sclerophyllous Mediterranean Oaks.” New
Phytologist 214: 585-596.

Pivovaroff, A. L., S. C. Pasquini, M. E. De Guzman, K. P. Alstad,
J. S. Stemke, and L. S. Santiago. 2016. “Multiple Strategies for Drought
Survival Among Woody Plant Species.” Functional Ecology 30: 517-526.

Quentin, A. G., E. A. Pinkard, M. G. Ryan, et al. 2015. “Non-Structural
Carbohydrates in Woody Plants Compared Among Laboratories.” Tree
Physiology 35: tpv073.

R Core Team. 2015. R (3.2.2): A Language and Environment for Sta-
tistical Computing. R Foundation for Statistical Computing. Accessed
April 18, 2018. https://www.r-project.org.

Ruzin, S. E. 1999. Plant Microtechnique and Microscopy. Oxford Uni-
versity Press.

Sanders, G. J., and S. K. Arndt. 2012. “Osmotic Adjustment Under
Drought Conditions.” In Plant Responses to Drought Stress: From Mor-
phological to Molecular Features, edited by R. Aroca, 199-229. Springer.

Santiago, L. S., D. Bonal, M. E. De Guzman, and E. Avila-Lovera. 2016.
“Drought Survival Strategies of Tropical Trees.” In Tropical Tree
Physiology: Adaptations and Responses in a Changing Environment.
Tree Physiology, edited by G. Goldstein and L. S. Santiago, 243-258.
Springer International Publishing.

Sastry, A., A. Guha, and D. Barua. 2018. “Leaf Thermotolerance in Dry
Tropical Forest Tree Species: Relationships With Leaf Traits and Effects
of Drought.” AoB Plants 10: 070.

Schimper, A. F. W. 1903. Plant-Geography Upon a Physiological Basis.
Translated by W. R. Fisher; rev. and edited by Percy Groom and IB
Balfour.

Schonbeck, L., M. Arteaga, H. Mirza, et al. 2023. “Plant Physiological
Indicators for Optimizing Conservation Outcomes.” Conservation
Physiology 11: coad073.

Schonbeck, L. C., P. Schuler, M. M. Lehmann, et al. 2022. “Increasing
Temperature and Vapour Pressure Deficit Lead to Hydraulic

Damages in the Absence of Soil Drought.” Plant, Cell & Environment
45: 3275-32809.

Schuster, A.-C., M. Burghardt, A. Alfarhan, et al. 2016. “Effectiveness of
Cuticular Transpiration Barriers in a Desert Plant at Controlling Water
Loss at High Temperatures.” AoB Plants 8: plw027.

Scoffoni, C., C. Albuquerque, T. N. Buckley, and L. Sack. 2023. “The
Dynamic Multi-Functionality of Leaf Water Transport Outside the
Xylem.” New Phytologist 239: 2099-2107.

Scoffoni, C., C. Vuong, S. Diep, H. Cochard, and L. Sack. 2014. “Leaf
Shrinkage With Dehydration: Coordination With Hydraulic Vulnera-
bility and Drought Tolerance.” Plant Physiology 164: 1772-1788.

Seddon, G. 1974. “Xerophytes, Xeromorphs and Sclerophylls: The His-
tory of Some Concepts in Ecology.” Biological Journal of the Linnean
Society 6: 65-87.

Smékalova, V., A. Dosko¢ilové4, G. Komis, and J. Samaj. 2014. “Crosstalk
Between Secondary Messengers, Hormones and Mapk Modules During
Abiotic Stress Signalling in Plants.” Biotechnology Advances 32: 2-11.

Turner, N. C. 2018. “Turgor Maintenance by Osmotic Adjustment:
40 Years of Progress.” Journal of Experimental Botany 69: 3223-3233.

Tyree, M. T., and H. T. Hammel. 1972. “The Measurement of the Turgor
Pressure and the Water Relations of Plants by the Pressure-Bomb
Technique.” Journal of Experimental Botany 23: 267-282.

Wong, S. C. 1990. “Elevated Atmospheric Partial Pressure of CO, and
Plant Growth: II. Non-Structural Carbohydrate Content in Cotton
Plants and Its Effect on Growth Parameters.” Photosynthesis Research
23: 171-180.

Yeats, T. H., and J. K. C. Rose. 2013. “The Formation and Function of
Plant Cuticles.” Plant Physiology 163: 5-20.

Supporting Information

Additional supporting information can be found online in the
Supporting Information section.

5029 of 5615

85U8017 SUOWILLOD aAIE8.1D) 3|qeot|dde ay) Aq peusencb a1e sejole YO ‘85N JO S3|N 10} ARIq1T 8UIUO A8]IAA UO (SUONIPUOD-PUE-SWLBI W00 A8 M AReq| 18Ul [UO//:SdNY) SUORIPUOD pue SWIB | 81 88S *[5202/90/2T] Uo ARiqi78uliuo A8|iM ‘S8ousios eInnoliby JO AisieAlun UsIpems Ad GoGST 80d/TTTT 0T/I0pA00 A8 AReq 1 ul|uoy/sdny Wwoly pepeojumoq ‘2 ‘5202 ‘00ES9ET


https://www.proquest.com/docview/2565072149/abstract/1BFED8C9663940D0PQ/1
https://www.proquest.com/docview/2565072149/abstract/1BFED8C9663940D0PQ/1
https://www.r-project.org

	Leaf Turgor Loss Does Not Coincide With Cell Plasmolysis in Drought-Tolerant Chaparral Species
	1 Introduction
	2 Methods
	2.1 Species
	2.2 Drought Experiment
	2.3 Turgor Loss Point and Water Potential
	2.4 Thermal Tolerance
	2.5 Gas Exchange
	2.6 Non-Structural Carbohydrates
	2.7 Light Microscopy
	2.8 Statistical Analyses

	3 Results
	3.1 Species' Plasticity of ΨTLP
	3.2 Non-Structural Carbohydrates
	3.3 Relation Between Turgor Loss and Other Physiological Traits
	3.4 Histological and Cellular Changes After Turgor Loss
	3.5 Correlation Between Drought Tolerance and Histology

	4 Discussion
	4.1 Plasticity in ΨTLP and Its Relationship to T50
	4.2 Absence of Cell Plasmolysis Beyond Turgor Loss, While Stomatal Conductance Is Maintained
	4.3 Sturdiness Versus Deciduousness

	5 Conclusions
	Acknowledgements
	Conflicts of Interest
	Data Availability Statement
	References
	Supporting Information




