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SUMMARY

The leaf of a deciduous species completes its life cycle in a few months. During leaf maturation, osmolyte
accumulation leads to a significant reduction of the turgor loss point (¥1.p), a known marker for stomatal
closure. Here we exposed two grapevine cultivars to drought at three different times during the growing
season to explore if the seasonal decrease in leaf ¥t p influences the stomatal response to drought. The
results showed a significant seasonal shift in the response of stomatal conductance to stem water potential
(gs~¥stem), demonstrating that grapevines become increasingly tolerant to low ¥, as the season pro-
gresses in coordination with the decrease in ¥y p. We also used the SurEau hydraulic model to demonstrate
a direct link between osmotic adjustment and the plasticity of gs~¥siem- TO understand the possible advan-
tages of gs~¥siem plasticity, we incorporated a seasonally dynamic leaf osmotic potential into the model
that simulated stomatal conductance under several water availabilities and climatic scenarios. The model
demonstrated that a seasonally dynamic stomatal closure threshold results in trade-offs: it reduces the time
to turgor loss under sustained long-term drought, but increases overall gas exchange particularly under sea-
sonal shifts in temperature and stochastic water availability. A projected hotter future is expected to lower
the increase in gas exchange that plants gain from the seasonal shift in gs~¥g;em- These findings show that
accounting for dynamic stomatal regulation is critical for understanding drought tolerance.

Keywords: water stress, Vitis vinifera, vine hydraulics, pressure-volume curves, osmotic adjustment,
drought acclimation, isohydric, anisohydric, stomatal conductance.

INTRODUCTION characteristic of a species (Brown et al., 1976; O'Toole and

Stomata are the tiny pores on the leaf surface, controlling
gas exchange between the plant and the atmosphere (Dar-
win, 1898). Our understanding of a multitude of critical
issues in plant science, (e.g. crop irrigation requirements,
plant productivity, global terrestrial evapotranspiration
fluxes) relies on a sound knowledge of the regulation of
these tiny pores (Jasechko et al., 2013). It is well estab-
lished that leaf dehydration induces hydraulic and chemi-
cal signals that lead to stomatal closure (Buckley, 2019).
Therefore, stomatal conductance (gs) response to water
potential (¥) is considered an underlying physiological

© 2021 The Authors.

Cruz, 1980). These curves (gs~¥) are frequently reduced
into a single number that represents the water potential
that leads to 50% or 75% stomatal closure (¥ggs0 or ¥gs2s,
respectively; Klein, 2014) and often used to compare spe-
cies for their stomata sensitivity to closure during drought
(Henry et al., 2019). ¥gss0 is a plastic trait, changing in
respect to soil type (Tramontini et al., 2014), drought accli-
mation (Hochberg et al., 2017a), sink strength (Naor et al.,
2013), CO, availability (Field et al., 1995; Morison, 2001),
temperature (Sepulveda and Kliewer, 1986), and nutrient
availability (Radin, 1984; Radin and Ackerson, 1981).
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However, despite evidence that ¥geso is also seasonally
plastic (introduced below), there have been no direct quan-
titative measurements of this plasticity. This is probably
due to the difficulty in generating a gs~¥ curve for a spe-
cific time of year, as it can take weeks or months to dry out
a tree under natural conditions. Therefore, most evidence
for the seasonal plasticity of stomatal regulation comes
from indirect measurements of other variables.

Over 40 years ago, Hardie and Considine (1976) showed
that when potted grapevines were deprived of irrigation
until the appearance of desiccated shoot tips and leaf
abscission, they had to be dried to lower predawn water
potentials (¥pp) late in the season as compared with early-
season drought. At the time, these authors did not attri-
bute their findings to the seasonal plasticity of stomatal
regulation, but during the last two decades several find-
ings supported the idea that later in the season the down-
regulation of gs would potentially occur under more
negative V. First, several authors indicated that mature
leaves (whose proportion likely increases along the sea-
son) close their stomata under lower ¥ as compared with
younger leaves (Jordan et al., 1975; Patakas et al., 1997).
Mature leaves typically have higher leaf mass per area,
better lignified cell walls, and more negative solute poten-
tial, allowing them to maintain transpiration while sustain-
ing low Ysem (Hsiao et al., 1976; Patakas and Noitsakis,
2001). In addition, the difference between midday leaf
water potential (¥)) and Wpp (AY) typically increases along
the season (Martorell et al., 2015; Padgett-Johnson et al.,
2003; Figure 1; Figure S1). This AY is negatively correlated
with ¥gs50 and was suggested to describe the drought
strategy of plants (Franks et al., 2007). Furthermore, the
g~ regression across several irrigation treatments tended
to more negative ¥ later in the season (Naor, 2008). Per-
haps the strongest evidence is that the turgor loss point
(P1.p), which is considered a proxy for stomatal closure
(Brodribb et al., 2003; Dayer et al., 2020; Farrell et al.,
2017), was shown to decrease gradually as the season pro-
gresses (Alsina et al., 2007; Martorell et al., 2015). The link
between Y1 p and gs~¥ has a simple mechanical explana-
tion. The seasonal accumulation of solutes in most species
allows plants to maintain turgor under lower ¥ at the end
of summer (Bartlett et al., 2014). As turgor pressure has a
positive mechanical link with the pore size between the
guard cells (Meidner and Edwards, 1975), the late season
higher solute concentration should also result in higher
stomatal conductance for any given ¥. Accordingly, the
seasonal adjustment of W1, p (Bartlett et al., 2014) is likely
to drive an equal adjustment of g.~¥.

In this study, we aimed to explore the differences in
9gs~¥stem Of potted grapevines exposed to drought in the
early, middle, or late stages of the growing season. Our
hypothesis was that gs~%sem is plastic and changes to
lower water potential in coordination with the seasonal
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Figure 1. Hydraulic behaviour of Vitis vinifera in June, July, August, and
September.

Box plots represent the differences between leaf midday and predawn
water potential (A¥) along the growing season. Data were taken from the V.
vinifera hydraulic database (supplementary data in Hochberg et al., 2018);
the predawn and midday leaf water potential dataset is presented sepa-
rately in Figure S1.

modifications of the Y1 p. In addition, we used the SurEau
hydraulic model (Cochard et al., 2021) to (i) check if
osmotic adjustment alone suffices to create a significant
modification in gs~¥ear, and (ii) explore the advantage of a
seasonal dynamic stomatal closure threshold on whole-
plant water use and its regulation under drought.

RESULTS
Dehydration experiment

The dehydration experiment was designed to investigate
the seasonal plasticity of gs~%siem in grapevines (Vitis vinif-
era L. cvs. Cabernet Sauvignon and Syrah). To do so,
drought stress was imposed by withholding irrigation at
different stages of the season (namely June, July, and Sep-
tember) while simultaneously measuring stomatal conduc-
tance (gs) and stem water potential (¥siem), as well as the
leaf pressure-volume relation.

The climatic conditions during the drought stress trials
recorded an average VPD,... = 1.95 kPa and average
Tmax = 30.1°C in June, while in July the average
VPDpax = 2.27 kPa and average Tpax = 31.1°C. In Septem-
ber, the weather was slightly cooler and more humid (aver-
age VPD.x = 1.76 kPa; average Tnax = 27.8°C; Figure S2).
It is important to state that the drought stress periods were
planned to be performed under mostly sunny conditions
(i.e. the decision on when to start withholding of the irriga-
tion was made considering the weather forecast).

Budbreak occurred simultaneously in both cultivars [day
of the year (DOY) 125], and by the time of the first drought
stress imposition (DOY 172) the leaf area was on average
0.122 + 0.01 m? per vine, without significant differences
between Cabernet Sauvignon and Syrah. In the second

© 2021 The Authors.
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The plasticity of grapevine stomatal response to drought 3

drought stress period, on DOY 199, the leaf area was
increased with no significant differences between cultivars
(0.145 + 0.03 and 0.175 £ 0.04 m? per vine in Cabernet
Sauvignon and Syrah, respectively). By DOY 255, during
the last drought stress, the Cabernet Sauvignon leaf area
(0.488 + 0.03 m? per vine) was significantly larger than
Syrah (0.340 + 0.04 m? per vine), mainly due to a higher
development of lateral shoots (Table S1).

The ¥sem measurements showed that during the earliest
drought imposition (June), the minimum Ygen was
reached by both grapevine cultivars leading to gs < 50
mmol m~2 sec™" and the appearance of any wilting or leaf
abscission symptoms was on average about —1.0 MPa,
while it decreased to —1.3 and to —1.8 MPa in July and
September, respectively (Figure 2). In Figure S3 the rela-
tive values of Y. (calculated as the arithmetic difference
between WS and WW treatments) are presented confirm-
ing the trends towards more negative values with the sea-
son progression. For all three drought trials, g5 decreased
from maximums of 200-300 mmol m~2 sec™' before the
withholding of watering (with no differences between
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cultivars and times) down to <20 mmol m™
the end of each drought event (Figure 2).

Leaf pressure-volume analysis revealed that the osmotic
potential at full turgor (m100) and 1. p decreased by about
0.1 MPa per month in both cultivars. The other considered
parameters, i.e. relative water content at turgor loss point
(RWC+.p) and bulk modulus of elasticity (¢), did not change
significantly (Table 1). Both cultivars behaved nearly iden-
tically, with W1 p decreasing from —1.18 MPa in June to
—1.49 MPa in September (average of both cultivars). As
hypothesized, along with the gradual change in Wq.p the
stomatal response curves also shifted to lower Ygem
(Figure 3). It could be interpreted that the gs~%sterm Curves
are less steep in September than earlier in the season, pos-
sibly reflecting the effects of other hydraulic parameters
that are seasonally dynamic and not considered in this
study (e.g. Kiear, Kpiant, and capacitance).

To test the differences in the stomatal response to water
potential throughout the season we used the model
9gs~¥stem x Month (where “Month” represents the moment
of drought imposition). While the Y. factor was always
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Figure 2. Midday stem water potential (¥Ysm) and stomatal conductance (gs) measured during the three different drought experiments on Cabernet Sauvignon
(CS; circles) and Syrah (SY; triangles) subjected to water stress (WS; closed symbols) or well-watered controls (WW; open symbols).
Values are means + SEM (Ve N = 3-5; gs n = 6-10). ***, **Differences at P < 0.001 and 0.01, respectively, between WW and WS at a given date. No differ-

ences between CS and SY were found. DOY, day of year.
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Table 1 Leaf pressure-volume curve parameters of Syrah and Cabernet Sauvignon vines in June, July, and September: osmotic potential at
full turgor (m199), relative water content at turgor loss point (RWCr p), water potential at turgor loss point (¥1.p), and mean bulk modulus of

elasticity (g)
T100 (MPa) RWCTLP (%) \PTLP (MPa) € (MPa)
Syrah
June —0.94 +£ 0.05a 92.8 + 0.2 -1.18 £ 0.02 a 11.65 + 0.68
July -1.07 £ 0.04 b 89.9 + 5.0 -1.32 £ 0.03b 8.14 + 1.09
September —-1.24 £ 0.04 ¢ 89.7 £7.9 -1.49 £ 0.03¢c 10.01 + 1.62
Cabernet S.
June —0.99 £ 0.05a 91.0 + 0.6 —1.20 + 0.06 a 10.56 + 0.35
July —1.08 £ 0.04 b 90.0 + 0.8 —1.30 £ 0.03 b 9.88 + 0.88
September -1.19 £ 0.04 ¢ 90.6 + 1.2 —1.45 £ 0.05¢ 9.11 £+ 1.60
* NS * NS

Values are mean + SEM (n = 6). * and **Significance at P < 0.05 and P < 0.01, respectively. NS, not significant (P > 0.05). Different letters

indicate statistical differences tested after Tukey HSD post-hoc (P < 0.05).
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Figure 3. Stomatal conductance (gs) response to stem water potential
(Wstem) during the three different drought experiments (in June, July, and
September).

(a) Cabernet Sauvignon and (b) Syrah. Data were fit using a LOESS func-
tion. Shadows represent the confidence interval. The same dataset was
used for statistical analyses (Figure S4).

significant (P < 0.05), Month was significant in Cabernet
but not in Syrah, probably because of the higher variability
of the gs data in June and July. However, in both cultivars
the significant interaction (P < 0.05) among factors
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Figure 4. Relationship between the turgor loss point (¥1.p) and the stem
water potential (VPgem) at which stomatal conductance (gs) reaches
50 mmol m~2 sec™" (calculated from the exponential regression presented
in Figure S4) in Cabernet Sauvignon (circles) and Syrah (triangles) at June
(red), July (green), and September (blue).

Solid line represents a linear regression using all the points together.
Dashed line is the 1:1 curve.

(Pstem x Month) indicate that the g¢%sem correlation
changed along the season (Figure S4) and therefore the gs
response to ¥gem Was dependent on the moment drought
was imposed.

Surprisingly, the gs~¥sem curve exhibited a greater change
as compared with the Y1.p: in Cabernet Sauvignon, the ¥siem
at which g = 50 mmol m~2 sec™" (according to the expo-
nential fitting; Figure S4, Table S2) was —0.80, —1.05, and
—1.21 MPa in June, July, and September, respectively, while
in Syrah it was —0.86, —1.02, and —1.30 MPa in June, July,
and September, respectively (Figure 4).

Modelling

Given the seasonal modifications in 199 and Y1 p observed
in the dehydration experiment, i.e. results in agreement

© 2021 The Authors.
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The plasticity of grapevine stomatal response to drought 5

and within the range of what has been reported in previ-
ous studies on grapevines (Alsina et al., 2007; Martorell et
al., 2015; Sorek et al., 2021), we integrated a seasonally
dynamic cell osmotic concentration (m;90) into the SurEau
model (Cochard et al., 2021).

The first goal of the simulation was to examine the link
between osmotic adjustment and the seasonal trend of
gs~¥sem Observed in our experiment. The results
(Figure Sb) confirmed that osmotic accumulation alone is
sufficient for shifting the gs~¥siem in @ similar manner to
those observed in the experiment. Accordingly, dynamic
T100 Was used to explore the effect of the seasonal shift in
gs~¥ under various conditions. For comparison, we also
ran the model for a constant mt;oy case (i.e. no osmoregula-
tion during the season).

When modelled without precipitation for 120 days (the
typical time period between flowering and harvest in
grapevine), the vine with a dynamic w9 exhibited an
increase of g from 218 to 267 mmol m~2 sec™" during the
first part of the soil dehydration (DOY 140-180) and was
able to dry the soil to lower ¥; of —0.49 MPa as com-
pared with —0.39 MPa in the constant m,o9 vine (Figure 5a,

b). Put another way, the dynamic n199 enabled the vines to
utilize a higher proportion of the soil water content. How-
ever, due to the nature of the soil water retention curve
(Figure S6), these lower ¥, only added 19 L to the sea-
sonal transpiration of the vine (705 L versus 686 L for the
dynamic versus constant mqo0). Moreover, the higher tran-
spiration rates of the dynamic nqoo dried the soil faster,
reaching critical values of gs <50 mmol m 2 sec™’
(Medrano et al., 2002) after 64 days as compared with
69 days in the constant mqg vine (Figure 5b).

When considering the vines’ performance with irrigation
or rain events (Figure 5¢), the differences between dynamic
and constant n199 become clear. As 1199 gradually becomes
more negative, it allows for a higher g5, which peaks at
369 mmol m~2 sec™" at the end of the season as compared
with a constant 218 mmol m~2 sec™" in the constant 7.
It is important to mention that all of the above simulations
(Figure 5a—c) were conducted under constant climatic con-
ditions (a sigmoidal function of 25°C and 50% relative
humidity (RH) at midday and 15°C and 90% RH at pre-
dawn). The advantage of the dynamic m99 becomes even
more evident if we account for the seasonal increases in
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Figure 5. SurEau model outputs of daily maximum stomatal conductance (gs) considering osmoregulation (dynamic m1g0; blue) versus constant nqo9 (red) while

simulating different scenarios.

(a) Soil dehydration under constant climate (15/25°C and relative humidity 50/90% for night/day) in respect to time [days of the year (DOY)], or (b) in respect to
the soil water potential (¥s,;; vertical dashed lines indicate the minimum Y,; reached after 120 days simulation); (c) weekly precipitation of 16 mm with the
same climatic conditions as in (a), or (d) considering a progressive increase in the daily maximum temperatures of 0.1°C day~" (dashed line) while maintaining

a constant vapor content.
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temperature between spring and summer (Figure 5d).
When we simulated the same monthly watering scenario
described for Figure 5c, but increased temperature from
15-25°C to 27-37°C (daily min-max temperature) at a rate
of 0.1°C day™" (this increase corresponds to the maximal
VPD doubling from 1.59 to 3.13 kPa), the dynamic mqq
increased the gs up to 307 mmol m~2 sec™' at DOY 232
while at the same time the constant mq resulted in a
considerable reduction of gs (from 218 to 164 mmol m™2
sec™").

Exploring the advantage of a dynamic mq9o With respect
to the past and future climate of Bordeaux also showed
that dynamic mqqg increased the average maximal stomatal
conductance by approximately 55 mmol m~2 sec™" during
the last 70 years (Figure 6). However, the advantage is
expected to decrease in the projected future (Figure S7) to
<20 mmol m~2 sec™" if the average daily max temperature
will surpass 30°C and the dryness index (difference
between precipitation and ET) will be lower than —4 mm.

DISCUSSION

Our results demonstrate that grapevines modify their sto-
matal regulation during the season in coordination with
the adjustment of Y1 p to more negative values (Figure 4).
The complementary shift of the g¢«~%sem curve and the
Y1.p enabled the vines to maintain gas exchange under
lower ¥¢em While avoiding turgor loss. Such characteristics
are likely advantageous for deciduous Mediterranean spe-
cies that start the growing season when water is abundant
and the climate is mild but have to continue functioning
under hotter and dryer conditions as summer progresses.

Prevalence and drivers of the seasonal plasticity of
gs~‘l’stem

While this study focused on one species only, the seasonal
accumulation of osmolytes (presumably contributing to
the corresponding shift in ¥1.p) is common to most grape-
vine cultivars (Alsina et al., 2007; During, 1984; Hochberg
et al., 2017a; Martorell et al., 2015; Patakas and Noitsakis,
2001; Sorek et al., 2021), and many other species (Bartlett
et al., 2014; Hinckley et al., 1980; Loveys et al., 1987; Parker
et al., 1982; Tyree et al., 1978). When combined with the
high coordination between ¥ p and stomatal closure, this
implies that the seasonal shift of the stomatal response
curve presented in this paper is not unique to grapevines.
The seasonal changes in leaf hydraulic traits observed
here (i.e. stomatal regulation, osmotic adjustment) proba-
bly were not driven by external signals, as most environ-
mental parameters (i.e. soil water content or atmospheric
conditions) did not coincide with these changes (July was
the hottest and driest). In addition, the dependency of ¥1.p
and even stomatal regulation on leaf age (Patakas and
Noitsakis, 2001; Patakas et al., 1997) further supports the
idea that development may be the primary driver of the
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Figure 6. SurEau long-term model output using Bordeaux RCP8.5 simula-
tion data for the years 1950-2100.

The model was limited to the same portion of the growing season used in
Figure 5 (DOY = 140-260) and considered vines with or without a dynamic
T100 Of 0.007 MPa day~".

(a) Yearly average maximum stomatal conductance.

(b) Difference between the yearly average maximum stomatal conductance
of the dynamic m1990 minus the constant m19 (Ags) in response to seasonal
dryness index (calculated as the mean daily difference between precipita-
tion and ET, during day of year 140-260).

(c) Ags in response to the average maximum air temperature during day of
year 140-260.
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The plasticity of grapevine stomatal response to drought 7

measured plasticity. Notwithstanding, the experimental
design was insufficient to rule out the possibility that the
cumulative effect of environmental factors rather than age
could signal the observed plasticity.

The coordination between the g¢-%¥siem and Yrip is
expected based on the mechanical link between the turgor
and stomatal opening (Edwards and Meidner, 1975), and
has been observed for several species (Rodriguez-
Dominguez et al., 2016), including grapevines (Dayer et al.,
2020). The model results (Figure S5) further show that a
change in the leaf osmotic concentration will drive an
equal change in gs~¥siem. Furthermore, chemical signals
for stomatal closure [i.e. abscisic acid (ABA)] were shown
to accumulate gradually in leaves that were dried to their
Y:p (McAdam and Brodribb, 2016; Pierce and Raschke,
1980). Accordingly, an adjustment of Y1 p to lower ¥siem
could be coordinated with, and even partially result from,
the adjustment of the hydraulic and chemical signals con-
trolling stomatal closure. In support, Cardoso et al. (2020)
showed that drought acclimated sunflowers adjusted their
¥r.p by 0.33 MPa, leading to a similar shift of the ¥, that
leads to ABA accumulation and stomatal closure. However,
in the current study, the seasonal adjustment in ¥r.p
(approximately 0.3 MPa) drove an even higher seasonal
adjustment of the W¥gem leadings to gs = 50
mmol m~2 sec™" (approximately 0.6 MPa). One possible
explanation for the discrepancy is that the drought event
itself affects the adjustment of ¥rp (Hochberg et al.,
2017a) and that the magnitude of such an adjustment is
proportional to the initial Y1, p (Bartlett et al., 2016). There-
fore, as Y1 p was assessed before the drought episodes, it
may be overestimated (i.e. less negative than it would be
at the corresponding stomatal closure point). In this case,
the differences in the plasticity of the two parameters are
smaller than the differences portrayed by our results. In
addition, other factors that affect stomatal opening, such
as stomatal sensitivity to ABA (Tardieu et al., 1993) or cell
wall elasticity (Franks et al., 1995), could also be seasonally
plastic, meaning that ¥1p adjustment alone does not
encapsulate the entire seasonal plasticity of the stomata.

Modelling transpiration for exploring the advantages of a
dynamic g5 ¥stem

To explore the consequences of a dynamic stomatal
response curve, we used the SurEau hydraulic model, with
or without a seasonally dynamic cell osmotic concentra-
tion (m490). The model outcomes illustrate how a dynamic
T100 could result in an increase of gs during the first few
weeks of the season, even if the soil water content is
decreasing. As long as the decrease in mqqo is faster than
the decrease in W, gs should increase. Such conditions
are expected for irrigated trees, but also for trees with
access to a substantial soil water reservoir early in the sea-
son. Owing to the nature of the soil retention curve, the

© 2021 The Authors.

first part of soil dehydration does not have a significant
effect on Yq,;. The early season increase in transpiration
under our theoretical framework has actually been
observed in many deciduous species such as red oaks
(Gersony et al., 2020), grapevines (Sorek et al., 2021; Torres
et al., 2021), and others (Novak et al., 2005; Prior et al.,
1997; Xu and Baldocchi, 2003). This agreement between
the model results and field measurements highlights the
importance of integrating the dynamic stomatal response
curve into our basic principles of plant hydraulics.

Because the accumulation of osmolytes for stomatal
opening under lower Y. has an energetic cost (Turner
and Begg, 1981), we could assume that the seasonal reduc-
tion in moo should offer the vines an advantage. Further-
more, the fact that most plants accumulate osmolytes in
response to stress (Bartlett et al., 2014; Hochberg et al.,
2017a) suggests that the seasonal osmotic adjustment has
an advantage under drought conditions. It is clear that
lower w99 should allow the vines to maintain gas
exchange under lower ¥gm, but the overall advantage of
such behaviour is not straightforward.

It seems logical that lower m19o Should enable the vines
to utilize a larger proportion of the soil water content under
a long drought. At the same time, our model simulation
showed that under a season-long drought (120 days), a
dynamic m19o would have only a marginal contribution to
the soil extractable water (approximately 2.5%) (Figure 5b).
Similar conclusions were drawn from a model of Sinclair
and Muchow (2001) that simulated the effect of delayed
stomatal closure due to osmotic adjustment. It is possible
that differently from our (or Sinclair and Muchow, 2001)
simulations where root volume was fixed, the root volume
actually increases under drought conditions (Chaudhuri et
al., 1990; Hsiao and Xu, 2000; Pace et al., 1999; Zhang et
al., 2016), and in combination with a higher driving force
(lower Wgem), could result in a significant increase of the
soil extractable water. In fact, Serraj and Sinclair (2002)
have speculated that the importance of osmotic adjust-
ment lies in its ability to promote root growth under water
stress. Specifically in grapevines, measurements of a sea-
sonal increase in the whole root system conductance
(Alsina et al., 2011) imply that a seasonal increase in root-
ing volume is possible, but more data are required before
we can understand its relevance (Gambetta et al., 2020).

The advantage of a dynamic mi99 seems to be much
more prominent when water is available. A dynamic 1o
should enable the vines to maintain higher g5 (which are
coupled to higher CO, assimilation rates) (Figure 5c). The
differences between the dynamic versus constant nio are
even clearer when irrigation/precipitation is simulated
(Figure 5d). Under mild drought conditions, vines with a
dynamic m19p should be able to increase their gs, while
vines with a constant n;9o downregulate gs. Finally, when
considering the typical variation in VPD between spring
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and the summer peak, the advantage becomes clearer.
With a constant mq99, @ vine would need to lower its g5 as
summer progresses and the VPD increases. A seasonal
coordination of mg with the atmospheric conditions is
required for the optimization of the leaf economy (achiev-
ing higher CO, assimilation rates under periods of stress),
and such behaviour would be in agreement with previ-
ously reported stomatal responses observed in other Medi-
terranean deciduous species (Mediavilla and Escudero,
2003).

Future perspective and implications

The magnitude, timing, and direction of the shifts in sto-
matal response described in this work have striking paral-
lels to the seasonal plasticity of stem (Charrier et al., 2018)
and leaf (Martorell et al., 2015; Sorek et al., 2021) vulnera-
bility to embolism. Therefore, grapevines appear to exhibit
a coordinated increase in drought tolerance as the season
progresses across multiple traits and even organs.

These observations have important implications for
future studies. First, extrapolating conclusions from fast-
drying pot experiments (which normally impose water
stress in 5-10 days, such as the case here) to the field set-
ting could be misleading. For example, several pot studies
reported near minimal gs when grapevines were dried to
Ysem Of —1 MPa (e.g. Hochberg et al., 2017a). In contrast,
nearly all field studies reported substantial gas exchange
(gs > 50 mmol m~2 sec™") even under lower Vgem (€.9.
Munitz et al., 2020). Similar differences between potted
and field vines were reported in Charrier et al. (2018). This
apparent contradiction arises from the fact that under field
conditions, Wgem lower than —1 MPa rarely develops
before July (Charrier et al., 2018; Herrera et al., 2015; Intri-
gliolo and Castel, 2008; Martorell et al., 2015; Savi et al.,
2019), and by that time, the gs~%sem curve has already
shifted. This suggests that attempting to integrate leaf
level hydraulic data across studies without controlling for
the developmental effect could be erroneous.

Furthermore, we believe that the attention that grape-
vine research has dedicated to the differences in stomatal
regulation between varieties (e.g. Hochberg et al., 2013;
Schultz, 2003) should consider the seasonal plasticity. In
the current study, the effects of seasonality on stomatal
regulation were significantly larger than the varietal effect.
In fact, the two varieties studied here did not actually
exhibit different stomatal response curves despite previous
reports of such differences between Syrah and Cabernet
Sauvignon (Hochberg et al., 2013; Tramontini et al., 2014).
Even in those studies that did find significant differences
between these varieties, they were rarely as substantial as
the seasonal differences presented in this study. Dayer et
al. (2020) showed an approximate 0.4 MPa difference
between different grapevine varieties in their stomatal clo-
sure threshold, which is similar in magnitude to the

seasonal shifts shown in this study. This stresses the
importance of focusing future studies on the seasonal
dynamics of physiological traits, which could be as great,
or greater [approximately 1 MPa in Alsina et al. (2007) and
Sorek et al., (2021)], than innate genetic differences. In fact,
differences in developmental rates or osmolyte accumula-
tion rates between cultivars could be part of the source for
the reported variability in stomatal regulation (Schultz,
2003). Taking these seasonal changes into account could
improve our understanding of drought acclimation and irri-
gation requirements.

Finally, it seems that under current climate conditions,
osmotic adjustment and its effect on the gs~¥siem €nables
plants to increase g, probably leading to higher productiv-
ity (Figure 6a). However, as the benefit of the dynamic
gs~¥stem Mostly manifests under mild water deficits, pro-
jected warmer scenarios associated with climate change
(leading to an increase in the aridity gradient) is likely to
reduce its advantage (Figure 6b,c). Furthermore, the fact
that the thresholds for stomatal closure are at quite a high
Ysiem €arly in the season raise concerns that an increase in
the frequency of early-season drought events could have a
disproportionately negative impact on productivity and
even survival.

In conclusion, this study provides evidence for a sea-
sonal shift of grapevine's stomatal response curve in coor-
dination with the adjustment of ¥yp. Such dynamics
explain the early season increase in transpiration and
improve the vines' ability to maintain gas exchange under
higher VPD and water deficit. Integrating the seasonal sto-
matal plasticity into current models should improve our
ability to predict plant water requirements and more accu-
rately assess the risks associated with future climate
change.

EXPERIMENTAL PROCEDURES
Dehydration experiment

Plant material and experimental site. The experiment was
carried out at the experimental farm of the University of Udine ‘A.
Servadei’, located in the Friuli Venezia Giulia region (NorthEastern
Italy; 46°02' N, 13°13 E; 88 m a.s.l.). In total, 150 vines of Vitis
vinifera cv. Cabernet Sauvignon (clone R5) and 150 vines of Vitis
vinifera L. cv. Syrah (clone ISV-R1), both grafted on SO4 rootstock,
were acquired from VCR nursery (certified plant material) and
planted on 15 April 2016 in 7-L white plastic pots. Pots were filled
with sieved soil supplemented with 20% perlite as described in
Hochberg et al. (2017b). To prevent rain from influencing the tri-
als, the vines were grown under a 4.5-m high tunnel opened on
the sides and roofed with a clear plastic film (ethylene-vinyl-
acetate; Patilux, Treviso, Italy) as described in Herrera et al. (2015).
The plants were organized in two rows, and one single shoot per
plant was retained and trained vertically. When the shoot length
exceeded the height of the trellising system (2.1 m) the shoot was
positioned horizontally in the last catching wire. Budbreak, stage
E-L 4 (Coombe, 1995), occurred on 5 May (DOY 125) in both culti-
vars. Water was supplied by a pressure-compensated drip
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irrigation system with one emitter per pot (PCJ 2 L h~"; Netafim,
Hatzerim, Israel) using the system described in (Hochberg et al.,
2017b). All vines were irrigated twice a day (at 14.00 and at
23.00 h) to saturation (approximately 2.3 L day~") until the impo-
sition of drought conditions.

Treatments and monitoring. During the experimental phase,
four treatments were imposed: well-watered (WW), June water-
stressed (WS), July WS, and September WS. In WW, irrigation
was maintained as described above during the whole season. WS
was imposed in three different dates during the season: 21 June
(DOY 172), 18 July (DOY 199), and 12 September (DOY 255), and
always on different plants (i.e. at each date, a group of 30 homo-
geneous vines was selected and subjected to WS; each group of
drought-stressed vines was therefore stressed only once and was
not further considered for the successive experiments). WS was
imposed by withholding irrigation (removing the dripper from the
pot) until reaching visible signs of dehydration, such as leaf wilt-
ing and abscission (approximately 10 days). Leaf area was
assessed before the beginning of each trial to ensure a similar
plant size among the treatments. Leaf area was calculated by mea-
suring the main vein (midrib) length of all the leaves in the shoots
and using a regression between leaf length and leaf area that was
constructed with 50 different leaves per cultivar (R?* = 0.97 and
0.98 for Cabernet and Syrah, respectively) using a leaf area meter
(LI-3100C; LiCor, Inc., Lincoln, NE, USA).

Wstem and gs were measured at midday (between 11.00 and
14.00 h) every day during the periods of water stress, except on
cloudy days. For the determination of Wy, fully expanded leaves
were bagged and covered with aluminium foil 30 min before the
measurement and then excised with a razor blade. Thereafter, the
leaves were placed in a Scholander pressure bomb (Soil Moisture
Co., Santa Barbara, CA, USA) with the petiole protruding from the
chamber and pressurized using nitrogen. At each sampling date,
one leaf per vine from three different vines per treatment was
used for Ygem measurements. gs was measured in sun-exposed
and fully developed leaves (one leaf per vine from nine different
vines per treatment) with a portable photosynthesis system LI-
6400 XT (LiCor, Inc.), using a constant light intensity
(1000 pmol m~2 sec™"), CO, concentration (400 pmol mol~"), and
ambient temperature and humidity.

Finally, on the day of every WS imposition, a set of leaves from
five different vines per cultivar were sampled in the early morning
for the construction of pressure-volume curves (PV). To assure
full hydration, the petiole was submerged in water for 4 h under
dark conditions. From each vine, two leaves were collected, one
from the seventh and one from the 12th node (counted positions
from the base of the shoot). PV curves were obtained using the
bench dry method, where leaf weight and leaf water potential (¥
are periodically measured while progressively drying leaves on a
laboratory bench. From the PV curves, ¥, at the turgor loss point
(P1.p), osmotic potential at full turgor (mqg0), and modulus of elas-
ticity (e) were calculated according to Bartlett et al. (2012).

Statistical analyses

Data were analysed using SPSS version 26.0 (IBM Corp., Armonk,
NY, USA). ANOVA was used to identify differences between treat-
ments (the period of WS imposition) in leaf traits calculated from
the PV curves and post-hoc Tukey’s honestly significant difference
tests used to separate means; in all cases P < 0.05 was used for
significance. The gs~¥sem curves were fitted using a LOESS
regression with the ggplot2 package in R (Wickham, 2016) with
confidence intervals (95%) to visualize differences between

© 2021 The Authors.

periods of WS imposition. Furthermore, to transform the gs~¥stem
curve into a single value that could be compared with the ¥ p,
the same dataset was used to fit exponential curves and calculate
the Weem at which gs = 50 mmol m~2 sec™" (Table S2), a marker
for severe drought in stress in grapevines, which subject plants to
non-stomatal limitation to photosynthesis (Medrano et al., 2002).
We did not calculate the Wsem, Which leads to gs values that are
more typical for vines at ¥r.p (approximately 10 mmol m~2 sec™")
because of the uncertainty in the model when g aspires to 0. To
test differences between the gs~¥sem curves obtained from the
three drought experiments, we calculated the model gs"Experi-
ment*¥gem Using R, so that significant interactions explain that
the gs~¥stem correlation changed among experiments (Figure S4).

Modelling the effect of seasonal dynamic stomatal closure

To highlight the outcomes of a seasonally dynamic g-~¥, we used
a mechanistic soil-plant water transport model (SurEau; Cochard
et al., 2021). Based on our results and other findings of a seasonal
adjustment of the turgor loss (Alsina et al., 2007; Martorell et al.,
2015; Sorek et al., 2021), we integrated a seasonally dynamic cell
osmotic concentration (m19g) into the model, expecting it to drive a
seasonal shift in gs~¥.

The first goal was to see if the model can capture the link
between osmotic adjustment (as ;9o dynamic) and the seasonal
trend of gs~¥sem Observed in our pot experiment. We set all con-
ditions to match our experiment. Pot volume was set to 7 L filled
with loamy soil (6s = 0.396; 0r = 0.131; o = 0.00423; m = 0.51456;
n = 2.06; taken from van Genuchten, 1980). Leaf area, mq0, €, and
climatic conditions were set to observed values at the three dates
(Table 1 and Table S1). The branch diameter was set to 1 cm in
June and increased in July and September to maintain a constant
Huber value. The whole tree leaf-area specific conductance
(5.5 mmol sec™* MPa~'m™) was calculated to match the
observed transpiration rates and water potentials of WW plants.
Within the plant, conductance was divided equally between leaves
(1/3), shoots (1/3), and the root system (1/3). To derive the g~¥
relationship, we fitted a sigmoid response curve of g5 between o
P10 and turgor loss (P = 0), with P4qo the leaf turgor at full hydra-
tion and o an empirical parameter set to 0.6. All other parameters
were identical to Cochard et al. (2021).

Recognizing that a dynamic mqgo will drive an equal dynamics
of gs~¥, our second goal was to explore the potential advantages
of seasonal changes in gs~¥ on a more realistic scenario using
average field-size plants in a vineyard. We simulated vines with a
canopy area of 5 m? at a planting density of 3 x 1.5 m, resulting
in a leaf area index of 1.1. We assumed a 1.5-m rooting depth,
leading to a 6.8-m® rooting volume and 754 L between field
capacity and the residual water content. Other soil and plant
characteristics were set as described above. To avoid complica-
tions with the dynamics of root and canopy development, we
assumed that the canopy and root system were fully developed
already at DOY 140. To simulate a gradual osmotic adjustment,
we defined m199 as —0.8 MPa in DOY 140 (a bit higher than what
we measured in June; see Results section) and allowed it to
decrease at a constant rate of —0.007 MPa day~", as was shown
by previous studies for Y1 p seasonal dynamics (Alsina et al.,
2007; Martorell et al., 2015; Sorek et al., 2021). The vines with
dynamic w19 were compared with similar vines bearing a con-
stant n199 of —0.8 MPa under two irrigation regimes (without irri-
gation or with 16 mm week™") and two climatic conditions (with
constant night/day temperature of 15/25°C and RH of 90/50%; or
with a gradual increase of 0.1°C day~' while maintaining con-
stant vapour concentration).
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Finally, to examine the effect of osmotic adjustment on vine-
yards under natural climatic conditions, we ran the model with
the 1950-2020 climate of Bordeaux (Merignac weather station,
extracted from the INRAE CLIMATIK platform), assuming no irriga-
tion. To examine the importance of osmotic adjustment under the
potentially very hot future, we ran the model with RCP 8.5 (Riahi
et al., 2011) until the year 2100. We selected the CNRM-CM5
DRIAS/ALADIN climatic model and extracted daily data from the
INRAE SICLIMA platform for grid cell 6473.

The SurEau model is used here as a framework for thought
experiments to understand the consequences/importance of ¥y p
seasonal adjustment.
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