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Abstract
Climate change scenarios and the need of sustainable tools to reduce global warming impact on agriculture have led to the
formulation of a large number of natural products or biostimulants that should increase plant resilience to abiotic stress.
Ascophyllum nodosum (AN) extract is one of the most studied biostimulants to increase tolerance to drought stress, but the
physiological mechanism underlying its action is still poorly understood. The aim of the present work was to determine AN
extract impact on grapevine gas exchange under well-watered and water stress conditions and to examine its mode of action
under stress (light and temperature). AN caused a slight increase in stomatal conductance that resulted in an increase of water
plant conductivity to atmosphere. Increased transpiration induced by AN improved leaf thermoregulation, facilitating vine
recovery after a stress period. AN increased transpiration through a reduction of stomatal sensitivity to VPD. AN action on
stomata regulation indicated that this biostimulant could be a new potential tool to limit leaf damage during events of extreme
temperature, even when they are not combined with water stress conditions.
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Introduction

Climate change scenarios forecast the increase of mean tem-
perature over the next decades along with increased frequency
of extreme events such as floods, severe droughts, and hot
spells during the summer (IPCC 2013). Such climate modifi-
cations are a challenge for agriculture; therefore, the develop-
ment of new tools that can reduce the impact of climate ex-
tremes on plant productivity has recently gained large atten-
tion (Raza et al. 2019).

Plant biostimulants, defined as “formulated products of bi-
ological origin that improve plant productivity as a conse-
quence of the novel or emergent properties of the complex
of constituents, and not as a sole consequence of the presence

of known essential plant nutrients, plant growth regulators, or
plant protective compounds” (Yakhin et al. 2017), are alter-
native tools to enhance plant nutrition and to improve plant
resilience to environmental stresses (du Jardin 2015; De
Pascale et al. 2017). Among biostimulants obtained from sea-
weeds, those from Ascophyllum nodosum (AN) extracts are
the most investigated (Shukla et al. 2019). Furthermore to the
positive effects on fruit quality of many horticultural species
(du Jardin 2015), AN has been indicated to alleviate drought
stress in many species (for a review, see Shukla et al. (2019)),
yet the physiological mechanism underpinning the increased
drought stress tolerance is not clear.

In grapevine, Ascophyllum nodosum extract has been re-
ported to improve vegetative growth and grape quality by
increasing the accumulation of anthocyanins and phenolics
(Norrie et al. 2002; Sabir et al. 2014; Popescu and Popescu
2014; Frioni et al. 2018, 2019; Salvi et al. 2019). AN extract
has been reported to alleviate drought stress in Vitis vinifera
(Frioni et al. 2019; Salvi et al. 2019, 2020) but the physiolog-
ical mechanism of action is still unclear. Indeed, AN extract
was hypothesized to increase solutes affecting plant osmoreg-
ulation capacity during water stress (Khan et al. 2009; Di
Stasio et al. 2018) and to provide precursors that can contrib-
ute to the protection of leaf tissues against reactive oxygen
species (ROS) formed during stress (Laetitia et al. 2010).
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Drought stress is a combination of multiple stresses: water,
light, and temperature (Palliotti et al. 2009). Data reported in
literature about AN extract upregulation of stomatal conduc-
tance makes it a possible candidate to improve thermoregula-
tion even when light and temperature stresses occur under
well-watered conditions. We hypothesized that alkaline AN
extract could increase grapevine transpiration improving ther-
moregulation with positive consequences on gas exchange
recovering after stress occurrence.

The aim of the present work was to determine the effect of
an alkaline AN extract on the gas exchange of V. vinifera
grapevines under well-watered and water stress condition.
Furthermore, we aimed to test the effect of AN in alleviating
light and temperature stress components under well-watered
condition and water stress.

Materials and methods

Water stress experiment

The experiment was carried out in 2015 in an outdoor space at
the Department of Agricultural, Food and Environmental
Sciences, University of Perugia, located in the urban area of
the city of Perugia, Central Italy (43° 10′ 30″ N 12° 39′ 45″ E,
405 m a.s.l). Twenty 60-L pots were filled with loamy soil
having a field capacity of 30.2% [(volume water/volume
soil) × 100] and a wilting point of 16.7%. Each pot contained
a 5-year-old vine cv. Sangiovese (clone VCR30, grafted on
1103 Paulsen). Vines were spur-pruned in winter with three
spurs carrying two buds each. Each bud bore a mean of 1.5
cluster in the season when the experiment was carried out.
During growth, developing shoots were directed upright using
suitable stakes. Control pots were maintained at field capacity
throughout the experiment by an automated water-supply sys-
tem providing water to each pot for 1 min three times per day
(08:00 h, 13:00 h, and 18:00 h, ~ 6 L per vine per day). Pest
control was carried out based on expertise and as per local
standards. On days-of-year (DOY) 174 and 181, half of the
vines were subjected to foliar applications (AN) of Acadian
Marine Plant Extract Powder (Acadian Seaplants Limited).
The product was sprayed at the rate of 3 g plant−1, which
had already been tested for grapevines and other species
(Frioni et al. 2018; Salvi et al. 2019). To improve uniformity
of the spray application, for every 100 mL of solution, two
drops of surfactant (Tween 20) were added to the solution.
The other ten vines were assigned to the control treatment
(Control) and treated with multiple water sprays at the same
time of the AN application, according to Faurie et al. (2009)
and Jayaraman et al. (2011). The full-canopy sprays were
performed at 08:00 h.

On 10 vines (WS), 5 from the Control treatment and 5 from
AN treatment, irrigation was withheld on 31 June (DOY 182)

to 5 July (DOY 186). On July 6, irrigation was resumed. The
remaining vines were kept well irrigated throughout the whole
experiment (WW).

Light and temperature stress experiment

To test the effect AN on leaves under high temperature and light
regime, we kept leaves artificially horizontally in order to ex-
pose them to higher solar irradiance than in naturally oriented
leaves during the central hours of the day when microclimatic
conditions are the most stressful for the leaf. On July 3 (DOY
184), one leaf per vine was kept artificially horizontal by plac-
ing a nylon wire support below the leaf blade, taking care that
the leaf blade did not touch any metal part of the support to
prevent any sunburn caused by the metal heating.

Gas exchange PSII efficiency measurements

Stomatal conductance (gs) and net photosynthesis (Pn) mea-
surements were carried out on adult primary leaves grown
between the 4th and the 10th nodes from the shoot base and
after DOY 184 on horizontal leaves and on unconditioned
leaves (3 leaves per treatment, 1 per vine). Measurements
were carried out between 12:00 am and 1:00 pm, from 30
June until 8 July on one representative leaf sampled from 3
vines per treatment using an open gas exchange system
(ADC-System, LCA-3, Hoddesdon, UK) equipped with a
Parkinson leaf chamber (11.2 cm2). Measurements were per-
formed under saturating light conditions (PPFD > 1200 μmol
photons m−2 s−1). Photosystem II efficiency was tested
through leaf chlorophyll fluorescence parameters taken on
the same leaves previously sampled for gas exchange.
Chlorophyll a fluorescence was measured with a lightweight
portable continuous excitation fluorimeter (Handy-PEA,
Hansatech Institute Ltd, UK). Dark adaptation was achieved
by covering the sample area to be analyzed with a small,
lightweight leaf clip for at least 20min. The small shutter plate
of the clip was then opened, and the dark-adapted leaf tissue
was exposed to an actinic light flash (wavelength of 650 nm,
intensity > 3000 μmol photons m−2 s−1). The instrument pro-
vides the Fv/Fm ratio, which is a widely accepted indicator of
the maximum efficiency of PSII, where Fm is the fluorescence
maximum over the induction curve. Fv (variable fluorescence)
was calculated as the difference between Fm and Fo, where Fo
is the ground fluorescence (Strasser et al. 1995). Leaf temper-
ature was measured with an infrared thermometer (Mod.
TM909L9, Assi-control, Italy).

Water potential measurements

On the same leaves processed for gas exchange, chlorophyll
fluorescence, and temperature measurements, leaf water
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potential (Ψleaf) was measured by a pressure chamber
(Soilmoisture Corp, USA).

Stem water potential (Ψstem) was measured over the same
days and daytime of gas exchange on each vine used for gas

Fig. 1 Stomatal conductance (gs), net photosynthesis (Pn), pre-dawn wa-
ter potential (Ψpd), and Fv/Fm recorded on mature leaves (unconditioned)
of well-watered (a, c, e, and g, respectively) and water stress vines (b, d, f,

and h) during the experiment. Each point is the mean of three vine ± SE.
Points marked by asterisk are different per p < 0.05 (Tukey test)
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exchange measurements on one mature leaf (different from
those used for Ψleaf) that had been wrapped in plastic film
and aluminum foil 2 h prior to the measurements. Water po-
tential values measured at 4:00 am are reported as pre-dawn
water potential (Ψpd). Plant hydraulic conductance was calcu-
lated according to Sperry and Pockman (1993) as:

Kplant ¼ E= Ψpd−Ψleaf

� �

where E is the leaf transpiration, Ψpd is pre-dawn water poten-
tial, and Ψleaf is leaf water potential.

Data were analyzed by linear and non-linear regression
analyses using Sigmaplot 8.0 (SystatSoftware Inc., USA),
and R2 significance was assessed by ANOVA. In particu-
lar, non-linear regressions were used for the relationship
between gs and Pn vs. Ψstem, Pn vs. gs, and Kplant vs.
Ψstem. Linear regression was used for the relationship be-
tween E and VPD. Treatments were analyzed by one-way
ANOVA (Fig. 1) and two-way ANOVA with significance
level set at 0.05; means were then separated by Tukey’s
w-procedure at p = 0.05.

Results

Stomatal conductance (gs) ranged between 100 and 250 mmol
m−2 s−1 under well-watered conditions (Fig. 1a). gs was gen-
erally higher in AN treated grapevine, but it was significant (p
< 0.05) only on DOY 183 and 189. Under water stress, gs
declined over the dry-down period without significant differ-
ences between treatments, reaching complete stomatal closure
on DOY 185 (Fig. 1b). The day after rewatering, gs of AN
vines promptly recovered to levels similar to the WW

treatments. Conversely, at DOY 187, the recovery was partial
in WS Control vines and gs values were lower than those of
AN vines and WW vines. Mean net photosynthesis (Pn) was
constant in the range 7–11 μmol m−2 s−1 in WW vines, with-
out significant differences between treatments (Fig. 1c). In
WS vines, Pn decreased reaching slightly negative values (−
0.03 ± 0.005 μmol m−2 s−1) on DOY 186 (Fig. 1d). After
rewatering, on DOY 187, Pn of AN vines fully recovered to
the values observed during pre-stress while Control vines still
had, on the same date, significantly lower Pn values. The dif-
ference between the two treatments was reduced over the next
2 days until reaching non-significance. Pre-dawn leaf water
potential (Ψpd) was steady between − 0.1 and − 0.15 MPa in
WW treatments while it ranged between − 0.1 and − 0.88MPa
in WS treatment (Fig. 1E and F). There were no significant
differences for Ψpd between Control and AN treatments dur-
ing the whole experiment. In both WS treatments, Ψpd imme-
diately recovered few hours after rewatering, reaching the
same values of WW treatments at DOY 187. Fv/Fm ranged
between 0.69 and 0.80 in WW treatments with no significant
differences between treatments, except at DOY 182 when
WW AN had higher Fv/Fm than WW Control (Fig. 1G). In
WS vines, Fv/Fm ranged between 0.60 and 0.80; Fv/Fm was
slightly higher in AN than in Control vines and on DOY 186
such difference was significant (Fig. 1H). After rewatering,
Fv/Fm completely recovered in both treatment reaching values
similar to WW treatments.

Midday stem water potential (Ψstem) was significantly af-
fected by water regime but the effect of treatment was not
significant; the interaction between water regime and AN
treatment was significant (Fig. 2). In WW vines, Ψstem was
similar between Control and AN, except at DOY 181 and 182.
During WS, AN Ψstem was lower than in Control during the

Fig. 2 Stem water potential at
midday (Ψstem) during the
experiment in Control and AN
vines under well-watered (WW)
and water stress (WS). Each point
is the mean of three vine ± SE.
Points marked by different letters
are different per p < 0.05 (two-
way ANOVA and Tukey test)
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early stages ofWS up to DOY 183; thereafter, they followed a
similar trend without significant differences.

Stomatal conductance was correlated toΨstem by a sigmoi-
dal curve; maximum gs was at Ψstem values higher than
− 0.7 MPa in Control, whereas AN retained higher gs for less
negative Ψstem (Fig. 3A). Stomatal closure was at about
− 0.9 MPa in Control while it was at −1.2 MPa in AN. Pn
was correlated with Ψstem (Fig. 3B). In Control, maximum Pn
was observed at Ψstem higher than − 0.7 MPa. Values of Pn
close to 0 were recorded at Ψstem values close to − 0.8 and
− 1.1 MPa in Control and AN vines, respectively. Pn during
recovery was like that recorded during the previous part of the
experiment in the same range of Ψstem.

Pn was correlated to gs in both treatment by similar quadratic
models (Fig. 4). The relationship was almost linear at gs between
0 and 150 mmol m−2 s−1. At higher gs values, the increase of Pn
was much more limited and the relationship plateaued.

Plant hydraulic conductance (Kplant) decreased with Ψstem

becoming more negative (Fig. 5). AN vines had Kplant values
slightly elevated than Control vines, in particular when the
Ψstem was higher than − 0.7 MPa. Kplant after rewatering was
higher than that recorded at the same Ψstem levels in WW
vines and in WS vines before rewatering.

Under WW conditions, the effect of the orientation of
leaves (horizontal vs unconditioned) and the interaction be-
tween leaf orientation and AN treatment on gs was significant
(Fig. 6a). Untreated unconditioned leaves had much higher gs
than leaves kept horizontal (Fig. 6a). Horizontal AN leaves
had a gs similar to that of unconditioned leaves except for
DOY 185 and 189 when it was lower. Pn was significantly
influenced by the leaf orientation and by the interaction be-
tween leaf orientation and AN treatment (Fig. 6b). Pn in
unconditioned leaves was always higher than in horizontal
Control leaves. Pn in horizontal AN leaves was lower than in

Fig. 3 Relationship between
stomatal conductance (gs) and
stem water potential at midday
(−Ψstem) in WW and WS Control
(y = 0.17/(1+exp(−(x − 0.80)/
− 0.05, R2 = 0.73 p < 0.0001) and
AN (y = 0.37/(1+exp(−(x − 0.62)/
− 0.22, R2 = 0.68 p < 0.0001) (a)
and relationship between net
photosynthesis (Pn) and stem
water potential at midday
(−Ψstem) in WW and WS Control
(y = 9.91/(1+exp(− (x − 0.79)/
− 0.03, R2 = 0.85 p < 0.0001) and
AN (y = 11.96/(1+exp(−(x −
0.84)/− 0.14, R2 = 0.74 p <
0.0001) vines (unconditioned
leaves) excluding data point
collected after rewatering (b)
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the unconditioned leaves until DOY 187 and it was higher
than Pn measured in horizontal Control leaves all over the
experiment (Fig. 6b).

During WS (DOY 184–186), gs and Pn were close to 0 in
all treatments (Fig. 7a and b). After rewatering, gs was signif-
icantly influenced by the leaf orientation and by the interaction
between leaf orientation and AN treatment (Fig. 7a). Pn was
significantly affected by leaf orientation only (Fig. 7b).
Unconditioned leaves had a prompter recovery of gs and Pn
in comparison with horizontal leaves, reaching gs and Pn
values consistently lower than those recorded on the

unconditioned leaves. Under WS, there was no difference be-
tween Control and AN leaves for gs and Pn.

Fv/Fm was significantly affected by leaf orientation and AN
treatment, and by the interaction between leaf orientation and
AN treatment (Fig. 8a and 8b). Fv/Fm was higher in uncondi-
tioned leaves in comparison with horizontal ones under WW
condition (Fig. 8a). Horizontal leaves with the application of
AN had higher Fv/Fm values than Control horizontal leaves all
over the experiment, except at DOY 186 and 189. Under WS,
Fv/Fm was significantly lower in horizontal leaves in compar-
ison with unconditioned leaves without significant effect of

Fig. 5 Relationship between net
plant hydraulic conductance
(Kplant) and water potential at
midday (−Ψstem) in WW and WS
Control (y = 3.27/(1+exp(−(x −
0.23)/− 0.12, R2 = 0.73 p <
0.0001) and AN (y = 4.32/(1+
exp(−(x − 0.92)/− 0.16, R2 = 0.76
p < 0.0001) vines (unconditioned
leaves) excluding data point
collected after rewatering

Fig. 4 Relationship between net
photosynthesis (Pn) and stomatal
conductance (gs) in WW and WS
Control (y = − 0.12+85.75*x
−148.50*x2, R2 = 0.94 p <
0.0001) and AN (y = − 0.09+
74.03*x − 111.45*x2, R2 = 0.88 p
< 0.0001) vines (unconditioned
leaves) excluding data point
collected after rewatering (B)

1298 J Appl Phycol (2021) 33:1293–1304



the AN extract (Fig. 8a); after rewatering, AN caused a faster
recovery of Fv/Fm in comparison with horizontal Control
leaves.

Under WW condition, leaf temperature was significantly
influenced by the leaf orientation and by the interaction be-
tween leaf orientation and AN treatment. Leaf temperature
was higher in horizontal leaves when compared with uncon-
ditioned leaves at DOY 186, 187, and 189 (Fig. 9a). In un-
conditioned leaves, Control and AN leaves had similar values.
In horizontal leaves, AN had significantly lower Tleaf than
Control at DOY 185, 186, 187, and 189.

Under WS, leaf temperature was significantly influenced
by the leaf orientation and by the interaction between leaf
orientation and AN treatment. Horizontal leaves had higher
Tleaf, regardless of the treatment; on the other hand, uncondi-
tioned leaves had lower Tleaf and AN leaves had consistently
lower Tleaf in comparison with unconditioned Control leaves
(Fig. 9b). During rewatering, Tleaf gradually decreased

regardless of the treatment. Horizontal leaves had a slower
decrease of Tleaf in comparison with unconditioned leaves.

Transpiration was positively correlated with air VPD in
unconditioned Control and AN leaves, and in horizontal AN
leaves. The correlation in horizontal Control leaves was not
significant (p = 0.38) (Fig. 10). Control horizontal leaves
showed the least slope and the lowest average value for the
regression parameter E, while the slope for the regression for
the AN treatments was higher than for the Control vines, in-
dicating the increasing effect of VPD on E.

Discussion

During our experiment, the effect of AN extract was mild
under either well-watered or water stress conditions. We tested
a scale of WS conditions that ranged frommild to severe stress
(i.e., minimum stomatal conductance was far below 50 mmol

Fig. 6 Stomatal conductance (gs)
(a) and net photosynthesis (Pn)
(b) under well-watered condition
(WW) during the experiment in
Control and AN leaves artificially
kept horizontal and normally ori-
ented. Each point is the mean of
three vine ± SE. Points marked by
different letters are different per p
< 0.05 (two-way ANOVA and
Tukey test)
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m2 s−1 indicated as limiting for assimilation by Flexas and
Medrano (2002)). We reached complete stomata closure, and
on DOY 186 we recorded leaf respiration. Noteworthy, in 2
days, and in particular during the early rewatering period, AN
had significant higher stomatal conductance than Control, in-
dicating a prompter resumption of physiological activity in
AN-treated vine when compared to Control vines (Fig. 1).
This was consistent with the higher Fv/Fm recorded at DOY
186, when water stress was most severe, right before
rewatering. While leaf Ψpd was similar between treatments
under WW and WS conditions, a more negative Ψstem indi-
cates that in AN vines the reduction of water availability in the
soil was partly compensated by an increased tension in the
xylem to increase water absorption from the soil at low poten-
tials (Fig. 2) (Choné et al. 2001). Indeed, AN vines retained
larger stomatal conductance between − 0.8 and − 1.2 MPa in
comparison to Control vines (Fig. 3a). The larger stomatal
conductance allowed a higher rate of photosynthetic activity

in AN vines in contrast to the Control ones (Fig. 3b). Indeed,
under water stress, stomatal conductance did not limit CO2

uptake except between DOY 183 and DOY186 in WS treat-
ments (Fig. 1). In fact, Pn was affected by gs mainly at values
below ~ 150 mmol m−2 s−1 (Fig. 4).

During recovery, gs was slightly higher in comparison with
gs values recorded in the same interval of Ψstem in WW treat-
ments and during the previous WS regime (Fig. 3a). This is
consistent with previous studies which have reported an in-
crease of stomatal conductance in plants subjected to a WS
condition earlier in the season or in previous years (Hochberg
et al. 2017; Tombesi et al. 2018). On the other hand, Pn rates
recorded during rewatering were like those recorded at similar
Ψstem in WW vines and during WS. This indicates that the
higher stomatal conductance in AN vines provided beneficial
photosynthetic activity during recovery. However, the severe
levels of water stress we reached caused a consistent decrease
of Fv/Fm (Fig. 1) indicating damage to leaf photosystems.

Fig. 7 Stomatal conductance (gs)
(a) and net photosynthesis (Pn)
(b) under water stress (WS) and
after rewatering during the exper-
iment in Control and AN leaves
artificially kept horizontal and
normally oriented. Each point is
the mean of three vine ± SE.
Points marked by different letters
are different per p < 0.05 (two-
way ANOVA and Tukey test)
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AN treatments reported larger stomatal conductance at
non-limitingΨstem and under severe water stress, in agreement
with the larger plant hydraulic conductance that allowed vines
to transpire slightly more water (Fig. 5). This ability is impor-
tant when temperature is particularly high and the amount of
water available in the soil causes a severe reduction in tran-
spiration, limiting the capacity of leaf cooling for the plant.

Under non-limiting soil water condition, larger stomatal
conductance induced by AN can play a pivotal role in hot
days when leaves are exposed to high solar radiation regimes.
In leaves horizontally oriented, the effect of AN extract was
highlighted under WW and the recovery period following the
water stress: stomatal conductance was significantly reduced
in horizontal leaves in comparison to unconditioned leaves
(Fig. 6). Indeed, leaf transpiration (E) was limited in leaves
continuously exposed to solar radiation (i.e., horizontal
leaves) (Fig. 10). In fact, the excess of exposure to solar

radiation caused a reduction of E in Control and AN vines.
However, in AN-treated vines, E maintained the same propor-
tional increase (i.e., indicated by the correlation slope) to in-
creasing VPD and, in Control horizontal leaves, E did not
increase to support the VPD demand. This suggests that AN
reduced the stomata sensitivity to VPD that can limit transpi-
ration at high VPD values (Cincera et al. 2019). This resulted
in an increased capability for the leaf to proportionally in-
crease thermoregulation at increasing temperatures.

The overall decrease of E in leaves kept horizontal during the
entire experiment can be explained by a limitation related to the
leaf hydraulic conductance that was set by the condition experi-
enced by the leaf at the leaf expansion stage (Sack and Holbrook
2006). The treatment imposed on horizontal leaves can be con-
sidered a partial simulation of the occurrence of short periods
(few days) of highmaximum daily temperatures during the sum-
mer. Indeed, such high temperature extremes may induce leaf

Fig. 8 Fv/Fm under well-watered
condition (a) and under water
stress (WS) and after rewatering
(b) during the experiment in
Control and AN leaves artificially
kept horizontal and normally ori-
ented. Each point is the mean of
three vine ± SE. Points marked by
different letters are different per p
< 0.05 (two-way ANOVA and
Tukey test)
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senescence in leaves formed early in the season (Chabot and
Hicks 1982) under low VPD regimes, that are not capable of
transpiring enough water proportionally to the increase of VPD.

Under WW conditions, gs was higher in AN than in Control
leaves, keeping values close to those of unconditioned leaves
(Fig. 6). The increased gs was beneficial for Pn, that in AN
horizontal leaves was less reduced than in Control horizontal
leaves. In comparison with natural oriented leaves, in horizontal
leaves, Pn reduction was mainly due to the higher temperature
and the reduced quantum yield efficiency of PS II induced by
the constant leaf exposure to high radiation regimes.

Under WS, the effect of AN was limited, since the tension
in the water conducting apparatus was very high and did not
allow transpiration; on the other hand, in AN there was a
consistently faster recovery of stomatal conductance in hori-
zontal leaves in comparison to the unconditioned ones (Fig.
7). The recovery of gs was not followed by a proportional

recovery of Pn; this can be conceivable considering that hor-
izontal leaves under WS reached very low values of Fv/Fm,
which indicates irreversible photoinhibition (Fig. 8).

In our experiment, the fast recovery of stomatal conduc-
tance and transpiration in AN horizontal leaves allowed a
faster recovery of the efficiency of PSII, as suggested by the
values of Fv/Fm at DOY 188, similar to that of normal oriented
leaves exposed to the same WS treatment (Fig. 8). Thus, AN
treatment exerted its main effect on stomata conductance in-
ducing higher transpiration when water was limited but still
available in the soil. In our experiment, grapevine had a be-
havior similar to that of AN-treated soybean reported by
Shukla et al. (2018). Our experiment emphasizes the role that
higher transpiration plays in improving leaf thermoregulation.
AN extract, through the altered regulation of stomata, caused a
reduction in leaf temperature that was particularly significant
in leaves that were artificially forced to maintain a horizontal

Fig. 9 Leaf temperature (Tleaf)
under well-watered condition (a)
and under water stress (WS) and
after rewatering (b) during the
experiment in Control and AN
leaves artificially kept horizontal
and normally oriented. Each point
is the mean of three vine ± SE.
Points marked by different letters
are different per p < 0.05 (two-
way ANOVA and Tukey test)
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position; in these leaves, the mechanism to escape radiation by
changing the incidence angle of the leaf because of wilting
was excluded (Fig. 9). Our experiment was carried out at high
air temperatures (~ 35 °C). Under this condition, a little in-
crease of temperature often results in the decrease of photo-
synthetic efficiency (Greer 2018). This can partly explain why
we observed lower Pn under well-watered condition in the
horizontal leaves, when compared with unconditioned leaves.
Decreased absorption of CO2 by the photosynthetic activity in
combination with a larger amount of intercepted radiation rep-
resents a cost in terms of thermal dissipation, triggering a
vicious loop that results in a drastic reduction of stomatal
conductance. In the same way it can be interpreted the effect
AN extract on unconditioned leaves: the slight increase in
stomatal conductance did not report any effect on CO2 gas
exchange since, under well-watered condition, gs is not a lim-
iting factor. On the other hand, the slight increase of gs con-
tributed (via the increase of E) to cooling down plant tissues,
allowing the function of metabolic activities and biochemical
reactions. These data suggest that AN extract can improve
plasticity of stomata regulation dynamics at increasing levels
of VPD. This contributes to minimizing long-term damage to
the entire leaf photosynthetic machinery and to increasing the
leaf recovery after water stress.

Recently, many efforts aimed at developing plant genotypes
with a reduced stomatal density able to reduce transpiration
with no effect on CO2 uptake (Bertolino et al. 2019). This is
considered a viable strategy to improve crop water use efficien-
cy and to increase the efficiency of agricultural crops in a sce-
nario of reduced water availability (Dunn et al. 2019). Our
results, even if limited to only one perennial species, highlight
instead the importance of transpiration in preventing long-term

damage and the role that it can play in preserving plant carbon
assimilation when exposed to repeated temperature extremes.

Conclusions

AN extract increased plant hydraulic conductivity to atmo-
sphere under a well-watered condition and at different levels
of water stress by increasing stomatal conductance which was
less sensitive to high VPD, in comparison with Control. The
increase of transpiration allowed increasing the leaf cooling
capacity during water stress that resulted in a faster recovery
of photosynthesis once the availability of water was restored.
In conclusion, AN extract can be an alternative and sustain-
able management tool to reduce the impact of short periods of
high temperature and high light irradiance under well-watered
conditions and it is also able to encourage a prompt photosyn-
thetic recovery after water stress periods.
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