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ARTICLE INFO ABSTRACT

Keywords: Associated with climate change, the frequency, duration, and intensity of heatwaves are increasing in most of the
Modelling key wine regions worldwide. Depending on timing, intensity, and duration, heatwaves can impact grapevine
Canopy temperature yield and berry composition, with implications for wine quality. To overcome these negative effects, two types of
Heatwave S . . S .. i

Grapevine mitigation practices have been proposed (i) to enhance transpiration and (ii) to reduce the radiation load on the
Vap[())ur pressure deficit canopy. Here we use a biophysical model to quantify the impact of these practices on canopy gas exchange, vine
Radiation water status, and leaf temperature (T;). Model validation was performed in a commercial vineyard. Modelled T}

from 14 to 43 °C, and transpiration, from 0.1 to 5.4 mm d’l, aligned around the identity line with measurements
in field-grown vines; the RMSD was 2.6 °C for temperature and 0.96 mm day ™ for transpiration. Trellis system
and row orientation modulate Tj. A sprawling single wire trellis with an EW orientation maintained the canopy
around 1°C cooler than a Vertical Shoot Positioned canopy with NS for the same range of total fraction of soil
available water (TFAW). Although irrigation before a heatwave is a recommended practice, maximum transpi-
ration can be sustained even when TFAW is reduced, limiting the heat dampening effect of irrigation. Alterna-
tively, canopy cooling can be achieved through Kaolin application, the installation of shade cloth placement, or
canopy trimming. Shade cloth produced a greater cooling than Kaolin in all the simulated scenarios; however, T;
differences between them varied. Trimming reduced T; from 2 °C to almost 8 °C compared to its non-trimmed
counterpart. Our analysis presents new insights to design heat wave mitigation strategies and supports agro-
nomically meaningful definitions of heat waves that include not only temperature, but also wind, VPD, and
radiation load as these factors influence crop physiology under heat stress.

1. Introduction

A heatwave is a succession of days with anomalously high air tem-
perature, with definitions that vary in both temperature thresholds and
duration depending on jurisdiction and application (AEMET, 2018;
Nairn and Fawcett, 2013). The definitions are based solely on air tem-
perature and do not include other climate factors with agronomical
implications, such us wind speed, vapor pressure deficit (VPD) or radi-
ation load.

Worldwide, the frequency, intensity, and duration of heatwaves have
increased over the last decades and are projected to increase further
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(IPCC, 2014, 2018; NOAA, 2020). Heatwaves are known to jeopardize
grapevine yield and fruit traits with implications for wine composition
and industry sustainability (Webb et al., 2010). Actual damage varies
with the timing, intensity, and duration of the heatwave. Bud temper-
ature over 30 °C for two weeks before budburst reduced the number of
flowers by up to 18% compared to the control bunches at ambient
temperature in Chardonnay (Petrie and Clingeleffer, 2005). Tempera-
ture above 35 °C around flowering compromised fruit set and reduced
yield the same year (Pagay and Collins, 2017). Elevated temperature 1-2
weeks after veraison compromised the balance between sugars and an-
thocyanins in berries of Shiraz (Moran et al., 2017; Sadras and Moran,

Received 5 May 2022; Received in revised form 26 January 2023; Accepted 27 January 2023

Available online 31 January 2023

0168-1923/© 2023 The Authors. Published by Elsevier B.V. This is an open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-

nc-nd/4.0/).


mailto:ogarciat@ull.edu.es
www.sciencedirect.com/science/journal/01681923
https://www.elsevier.com/locate/agrformet
https://doi.org/10.1016/j.agrformet.2023.109351
https://doi.org/10.1016/j.agrformet.2023.109351
https://doi.org/10.1016/j.agrformet.2023.109351
http://creativecommons.org/licenses/by-nc-nd/4.0/
http://creativecommons.org/licenses/by-nc-nd/4.0/

O. Garcia-Tejera et al.

2012). Later in the season, heat waves can delay ripening and reduce
berry size (Greer and Weedon, 2013). Heatwaves during ripening may
reduce yield and fruit quality (Webb et al., 2010); excessive solar radi-
ation load leads to physical damage in the bunch (sunburn) and mod-
ulates the synthesis and accumulation of the primary and secondary
metabolites in the berry (Gambetta et al., 2021). Some traits like berry
color, bunch compactness, or canopy growth habit make fruit more
vulnerable to extreme temperatures; dark-skin berries exposed to direct
sun and low wind, for example, can be up to 15 °C warmer than air
temperature (Smart and Sinclair, 1976).

Weather, soil properties (e.g., water holding capacity), and crop
water status during a heatwave modulate heat damage (Webb et al,,
2010). Canopy temperature is the result of the interaction between
environmental, management, genetic and physiological variables
(Campbell and Norman, 1998; Jackson et al., 1981) Leaf size, leaf area
density, and leaf angle distribution influence the radiation absorbed by
the canopy (Rin) (Campbell and Norman, 1998), which together with air
temperature, relative humidity, wind velocity, and canopy and bound-
ary layer conductance determine canopy temperature (Jackson et al.,
1981).

Reductions of stomatal conductance (gs) due to dry soil or high VPD
increase canopy temperature; however, the magnitude of such increase
is mediated by the boundary layer conductance that underly the degree
of coupling of canopy and surrounding air (Campbell and Norman,
1998; Fereres et al., 2014; Jackson et al., 1981; Monteith and Unsworth,
2013). Other factors such as wind speed and vapor concentration affect
the resistance of water movement out of the leaf and limit the cooling
effect of transpiration (Ep). For example, when wind speed is low and the
boundary layer is still, the high concentration of vapor in the vicinity of
the stomatal cavity resists E, and increases canopy temperature.
Furthermore, higher stomatal conductance associated with higher leaf
temperature enhances canopy cooling capacity when plant water uptake
is not constrained (Kostaki et al., 2020; Sadras et al., 2012).

For new vineyards, row orientation and selection of variety can
contribute to manage risk of heat waves. For established vineyards,
where row orientation and variety are given, heat stress can be managed
with practices aimed at either reducing the likelihood of heatwaves at
critical periods (e.g., late pruning that shifts critical stages to cooler part
of the season (Moran et al., 2017)) or reducing heat damage. Practices to
reduce damage, the focus of this paper, included supplementary irriga-
tion to promote evaporative cooling (Hayman et al., 2012; Webb et al.,
2010), and reducing canopy radiation load with reflective sprays such as
kaolin (Coniberti et al., 2013; Frioni et al., 2019) or shade-cloth (Cara-
via et al., 2016; Greer and Weedon, 2013). Infrastructure and water
availability often limit the use of irrigation to manage heat stress
(Sadras and Schultz, 2013). In Australia, for example, supplementary
irrigation before a heat wave is widely recommended to enhance plant
E, and favor evaporative cooling. However, water availability from
centralized delivery systems or pump capacity on site limit water supply
to large vineyards. Similarly, water allocation may be limited during dry
years or at the end of the growing season, when heat waves are more
likely, reducing the viability of these practices. The efficiency of other
practices such as micro-sprinklers within the canopy or overhead irri-
gation offer a short period of cooling, are constrained by irrigation
infrastructure, water availability and quality, and potential for disease
development (Caravia et al., 2017).

The effectiveness of practices against heatwaves depends on inter-
acting weather, soil, genotypic, and management factors. Supplemen-
tary irrigation before a heatwave that favors evaporative cooling is
likely to be more effective in a dry environment, such as the Barossa
Valley in South Australia, than in the more humid Hunter Valley in
eastern Australia. In the continuum from anisohydric to isohydric phe-
notypes, irrigation is more likely to effectively reduce canopy temper-
ature in Shiraz than in Grenache (Schultz, 2003). Shading involves a
trade-off with reduced photosynthesis that may affect yield and fruit
composition (Greer and Weedon, 2013). These multiple interactions
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underpin the effectiveness of practices against heat waves and need to be
considered when tailoring solutions to complex problems. Models are a
scientifically robust, cost-effective approach to quantify the multiple
interactions between soil, plant, management, and weather, that are
intractable experimentally (Knowling et al., 2021). In this paper we use
a biophysical model accounting for vine, soil, management, and
weather. The model combines the catenary hypothesis (van den Honert,
1948) with the energy balance at the leaf to explore the responses of
three key plant traits — leaf temperature, canopy transpiration, and stem
water potential — in response to irrigation interacting with managing
practices to modify canopy radiation load by (1) shifting row orienta-
tion, (2) increasing canopy reflectance with kaolin, (3) reducing inter-
cepted radiation with shade-cloth, and (4) canopy trimming. Whereas
first principles predict a smaller difference in temperature between
canopy and air with higher wind speed and smaller leaves, here we
quantify these relationships to inform practices.

2. . Materials and methods
2.1. SPAC—CN model

We advance a SPAC—CN model combining the soil-plant-
atmosphere continuum (SPAC) developed by Garcia-Tejera et al.
(2017a) with a canopy temperature module as proposed in Campbell
and Norman (1998). Briefly, the SPAC model simulates canopy tran-
spiration (E,, mm day’l) and stem water potential (Wgem, kPa) using the
catenary hypothesis (van den Honert, 1948), in which the
soil-plant-atmosphere system is viewed as a set of resistances either in
parallel or in series. The canopy is discretized into sun/shade leaves
(dePury and Farquhar, 1997). The soil is divided vertically into n layers,
and horizontally into two compartments; the wet compartment (Fyet),
which includes the area influenced by the emitters, and the dry
compartment (Fgry), which represents the rest of the soil. Stomatal
conductance (gs, mol m 2 s1) is simulated using the model of Tuzet
et al. (2003), which includes the effect of water potential on stomatal
conductance. Radiation interception and absorption are calculated with
the approach by Parry et al. (2019) for grapevines, assuming a rectan-
gular canopy.

The model works on a sub-daily time-step and assumes: (1) no leaf or
root damage due to extreme temperature (Bita and Gerats, 2013; Wahid
et al., 2007); (2) no trunk or leaves water capacitance included in E,
calculations (Jones, 2013), and (3) no changes on intercepted radiation
by leaf angle modification due to wilting (Harris et al., 1988).

Our model captures the interaction between plant, soil and weather
elements modulating leaf temperature during a heat wave but does not
account for plant physiological processes defining plant acclimation and
recovery in response to sublethal temperatures (Carvalho et al., 2015;
Liu et al., 2014). Similarly, the model lacks temperature thresholds that
may trigger permanent leaf damage in response heat stress. These lim-
itations bound our conclusions to heat ways of short duration, and avoid
us to explore, for example, the potential damage cause by heatwaves of
longer duration or due to repeated heatwaves during the season.

For each leaf class (sunlit or shade), leaf temperature (T}, °C) is
computed as (Campbell and Norman, 1998):

7 {R,-,,, VPD}
s+ |guc, Pur*

Tl = Ta + (1)

where Pa is the atmospheric pressure (kPa), VPD is the vapor pressure
deficit (kPa), s is the slope of the saturation mole fraction [ PAa, being A
the slope of the saturation vapor pressure function (kPa °c™hy, gur is the
convective-radiative conductance (gu; = gxa + gr; mol m~2 sfl, where
gHa is the boundary layer conductance for heat, g, is the radiative
conductance), y* is the apparent psychometric constant (y* = %, oc 1.

On each time-step, the model computes g;, leaf transpiration (E;, mol
m~2 s’l), leaf water potential (¥, kPa), net photosynthesis (A,, pmol
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Fig. 1. The loop to model stomatal conductance (g;), leaf temperature (Ty), leaf
transpiration (E;), net photosynthesis (A,), and water potential (¥) for each leaf
fraction, sunlit or shaded. Arrows represent the inputs to initialize the loop
(red), outputs (green), and loop’s sequence (blue). The loop works as follows.
First, potential stomatal conductance (gs vcp)) is estimated based on inter-
cepted radiation (Rjn), air temperature (T,), photosynthesis limitation by the
maximum rate of electron transport (Jemax) Or maximum rate of carboxylation
(Vemax), and an initial value for the internal concentration of CO, at the sub-
stomatal cavity (c; ref). Second, gs (FVCB), ¢; re, and the atmospheric CO, are
used to obtain a first value of A,. The g5 (rvcp) is also combined with the plant
resistance (Rplant), the LAI of the corresponding leaf fraction (sunlit or shaded),
and the vapor pressure deficit (VPD) to obtain a first value of the leaf water
potential (¥). A,, ¥ and c; ,r are then used to estimate a new g using Tuzet
et al. (2003) approach [gs (tuzen]. The actual difference g5 (tuzen - 8s (rvcp)
(diffg,) is compared with the previous difference (diffgsyrey). If the sign in diffg
differs from the sign in diffgs,rev, a solution is found, otherwise, the c; is updated
(Cinew) and the loop starts again. Once a solution for g is derived from the first
loop, the temperature loop is initialized with Riy, air temperature (Ty;,), wind
velocity at the top of the canopy (Ujear), VPD, and g5 (ruzen. If the tolerance
criteria for T; is not met, the process starts again from the beginning updating
Vcemax and Jmax with the new leaf temperature (T pew) and computing a new
gs (Fvcp). Tolerance criteria is set to 0.1 °C. The Ry correspond to the PAR
fraction intercepted by the canopy. In the model we assumed that radiation
intercepted approximates to radiation absorbed, since leaves’ radiation ab-
sorption in the PAR range is typically around 80% (Campbell and Nor-
man, 1998).

m~2 s 1) and Ty. Fig. 1 illustrates the inputs, outputs, and the loop used
to close the leaf energy balance.

2.2. Model testing

The model has previously been tested for E;, and Wter, in almond and
olive trees (Garcia-Tejera et al., 2017a, 2017b). To explore the heatwave
effect on grapevines, we 1) compared actual and modeled T; and E,, and
2) analyzed the sensitivity of T| against theoretical expectations. Pa-
rameters to test the model were taken from the literature (Table 1)
except those defining the orchard characteristics. Values to reduce g as
a function of Wje,¢ in Tuzet’s model (Tuzet et al., 2003), were extracted
from Levin et al. (2019) for Vitis vinifera L. ‘Tempranillo’. Photosynthesis
parameters for Farquhar’s equation were obtained from Buckley et al.
(2014) for ‘Tempranillo’ sunlit leaves. Minimum g was obtained from
Duursma et al. (2019) and the xylem conductivity was from Choat et al.
(2010). The root-specific hydraulic conductivity was from Gambetta

Agricultural and Forest Meteorology 331 (2023) 109351

Table 1
List of values, units, and source of all parameters to test the model.

SYMBOL DESCRIPTION VALUE UNIT SOURCE

Root,

Soil, and

Xylem

Ly, Leaf width 0.1 m Study site

L, Root radial specific 8e-8 kg s ' m™? Gambetta
conductivity kPa~! et al. (2012)

Qroor Root radius 0.001145 m Reingwirtz
et al. (2021)

SWA Sapwood area 5.54e-04 m? sapwood Study site

tree space !

H Trunk height (ground 0.9 m Study site
to the cordon)

hiop Top of the canopy 213 m Study site
(from the ground)

Ky Trunk specific 0.0036 kgs'm™? Choat et al.
hydraulic kpa~! (2010)
conductivity

ks Soil saturated 0.00019 kgsm~3 Campbell
conductivity and Norman

(1998)

e Air entry water -2.1 kPa Campbell

potential and Norman
(1998)

b Shape factor 4.7 Dimensionless Campbell
and Norman
(1998)

D Soil layer depth 0.2 m From Lv
derivations
treatment

a 1/L,atwhich6/6,=6 2 Dimensionless Bristow
et al. (1984)

4 The rapidity with 30 Dimensionless Bristow
which1/L, approach et al. (1984)
to infinity

S The critical 6/0; at 0.25 Dimensionless Bristow
which 1/L;, becomes et al. (1984)
limiting

Fier Fraction of soil area 20 Dimensionless Study site
wetted by the emitter

Dx Alley distance 3 m Study site

Dy Row distance 1.7 m Study site

Opwp Soil water content at 0.11 m® m~3 Campbell
permanent wilting and Norman
point (1998)

O Soil water content at 0.24 m®m~3 Campbell
field capacity and Norman

(1998)

Osar Soil water content at 0.43 m®m~3 Campbell

saturation and Norman
(1998)
Canopy

C, External 420 micromol (NOAA,
concentration of CO, mol ! 2016)

2 Nighttime stomatal 0.03 molCO, m™2 Duursma
conductance for CO, st et al. (2019)
at null gross
photosynthesis

m, Proportionality factor ~ 3.15 Dimensionless *Derived
between from
photosynthesis and optimal g
stomatal conductance

¥ Water potential at —1550 kpPa Levin et al.
half of maximum (2019))
stomatal conductance

sf Shape factor 0.064 kPa~! Levin et al.
(2019))

Photosynthesis

g Degree of curvature 0.9 Dimensionless Buckley
of the response to et al. (2014)
PAR to the electron
transport rate

f fraction of absorbed 0.2 Dimensionless Buckley

photons that do not et al. (2014)

(continued on next page)
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Table 1 (continued)

SYMBOL DESCRIPTION VALUE UNIT SOURCE

Root,

Soil, and

Xylem
contribute to
photochemistry

cK. Michaelis constant 38.05 Dimensionless Buckley
for CO,. Scaling et al. (2014)
constant

AHK. Michaelis constant 79.43e3 J mol ™! Buckley
for CO,. Activation et al. (2014)
energy

cK, Michaelis constant 20.3 Dimensionless Buckley
for O,. Scaling et al. (2014)
constant

AHK, Michaelis constant 36.38e3 J mol ! Buckley
for O,. Activation et al. (2014)
energy

cr CO, compensation 19.02 Dimensionless Buckley
point. Scaling et al. (2014)
constant

AH, I CO, compensation 37.83e3 Jmol ! Buckley
point. Activation et al. (2014)
energy

Vemax Maximum catalytic 28.73 Dimensionless Buckley
activity of Rubisco in et al. (2014)
the presence of
saturating amounts
ribulose biphosphate
and CO,. Scaling
constant

AHgVemaxy ~ Maximum catalytic 59.454e3  Jmol ! Buckley
activity of Rubisco in et al. (2014)
the presence of
saturating amounts
ribulose biphosphate
and CO,. Activation
energy

cJemax Maximum rate of 16.83 Dimensionless Buckley
electron transport. et al. (2014)
Scaling constant

AHgJ max Maximum rate of 30.201e3  Jmol ! Buckley
electron transport. et al. (2014)
Activation energy

cRq Rate of CO, evolution 18.72 Dimensionless Buckley
in the light resulting et al. (2014)
from a process other
than
photorespiration.
Scaling constant

AH R, Rate of CO, evolution 46.39e3 J mol ! Buckley
in the light resulting et al. (2014)

from a process other
than
photorespiration.
Activation energy

Prefix AH, and c in the photosynthesis parameters section correspond to the
activation energy and scaling constant used to consider the temperature
dependence of the parameters (Bernacchi et al., 2001). *mj, was derived by fixing
all the parameters of Tuzet’s model and assuming no water stress (f,, = 1).

Table 2
Vineyard characteristics in the modelling experiments at Raimat and Nuriootpa.
Location Row Trellis Canopy Canopy LAI
orientation height* width
Raimat North-South VSP 1.5 0.8 2
Nuriootpa  East-West Single 1.6 1.7 2
wire

* green area in the z direction.
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Table 3
Maximum daily air temperature (Tpa.x), vapor pressure deficit (VPD), and
average daily wind velocity (U) of the heat wave used in the simulations.

Day Tmax ( °C) VPD (kPa) U@ms™h)
1 34.8 4.2 4.0
2 37.4 4.8 1.7
3 39.3 5.8 1.1
4 39.2 5.8 1.2
5 37.0 4.8 2.1
6 35.0 4.3 2.2

et al. (2012) for the R110 rootstock. Parameters for the reduction of
root-specific hydraulic by soil drying were from Bristow et al. (1984).
The soil characteristics were from Campbell and Norman (1998) for a
silt loam soil. Other model parameters were measured at the study site
described in next section.

2.2.1. Measurement of plant transpiration, canopy temperature and model
parameters in an established vineyard

We measured vine transpiration and canopy temperature to test the
model (Table 1). Measurements were made in a commercial vineyard at
Raimat (Lleida, Spain, 41.69°N; 0.49 °E) during the 2019 growing sea-
son. The vines were 22-years old ‘Tempranillo’ grafted on R110 and
planted at 1.7 x 3.0 m. Vines were cordon-trained through a vertical
shoot positioning (VSP) trellis system, with a bilateral, spur-pruned
cordon located at a height of 0.9 m above ground. Disease control and
vine nutrition management followed local practices in the region.

Two irrigation treatments were established to broaden the range of
transpiration and canopy temperature to overlay the seasonal variation
of these traits. Irrigation was performed from 1st April to 1st September
(treatment I;), and from 1st April until 15th May (treatment Iy). Each
treatment was imposed to 41 vines, with each single vine representing
an experimental unit. Water was applied 2-3 days per week through drip
irrigation with two drippers per vine and with a discharge rate of 41h L.
A water meter (CZ2000-3 M Contazara, Zaragoza, Spain) was installed
on the dripline to measure the volume of irrigation water applied. Vine
water requirements were calculated with a water balance to replace crop
evapotranspiration. Crop evapotranspiration was calculated from the
ETy of Penman-Monteith (Allen et al., 1998) and crop coefficients
derived from previous experiments (Olivo et al., 2008). Crop coefficients
ranged from 0.5 at fruit-set to 0.7 at harvest. The total amount of irri-
gation water applied was 223 mm for I; and 47 mm for I,. Rainfall
during the season was 331.4 mm

Leaf area index (LAI) was obtained multiplying canopy volume by
leaf area density. The leaf area density was obtained through defoliation
of four plants in the same vineyard. Before defoliation, canopy volume
was measured. Once defoliated, we collected a sample of 100 leaves to
measure the area with a leaf area meter (LI-3100C, LiCor Lincoln, NE,
USA). Finally, all the leaves were dried at 60 °C until constant weight.
The relation between leaf area and weight from the 100 leaves sample
was used to estimate the total plant leaf area from leaf weight. The leaf
area : canopy volume ratio was used to obtain the leaf area density.
Canopy volume was measured seven times during the season, from May
9th to August 23rd, assuming a rectangular shape. Leaf area index (LAI)
peaked at 1.6 for I; and 1.4 for I,.

Grapevine E;, was estimated in 2 vines per irrigation treatment with a
sap flow system using the compensated heat-pulse method (Swanson
and Whitfield, 1981) combined with the calibrated average gradient
method (Testi and Villalobos, 2009). Probes were placed 30 cm above
the ground and shielded to avoid errors due to radiative or convective
heating of the system. Probes, developed at the IAS-CSIC laboratory,
consisted of a 4.8-W stainless steel heater of 2 mm diameter and two
temperature sensors located 10 and 5 mm down and upstream of the
heater, respectively (Testi and Villalobos, 2009). Each temperature
sensor had two embedded type E (chromel-constantan wire) thermo-
couple junctions, spaced 10 mm along the needle, that were sampled
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Table 4
Canopy attributes of the four treatments used in the shoot trimming simulation.
Treatments
Location Orientation Trellis Trimming Canopy height (m) Canopy width (m) LAI
Raimat North-South VSP no 1.5 0.8 2
yes 1.0 0.8 1.3
Nuriootpa East-West Single wire no 1.65 1.5 2
yes 1.65 1.0 1.4
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Fig. 2. Comparison of observed and predicted A) sunlit leaf temperature (Tjeor) and B) transpiration for fully-irrigated vines (I1) and vines only irrigated early in the
season (I). The tables show the statistics of model performance including the intercept and slope of the regression between observed and predicted data, their
corresponding p-values, the Willmott’s index of agreement (Willmott, 1984), and the root mean square deviation (RMSD). Black lines are the identity lines.

separately to obtain heat-pulse velocities at 5 and 15 mm below the (Green et al., 2003). The sap flow was derived by integration of sap flux
cambium. The system was controlled with a datalogger (CR1000, densities, first, across the trunk radius and, then, around the azimuth
Campbell Scientifc Inc., Logan, UT, USA) and sampled at 15-min in- angle (Green et al., 2003).

tervals. Heat-pulse velocities were corrected for wounding reactions Sap flow records need to be corrected for the azimuthal variability of
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Fig. 3. Differences in daily temperature between canopy and air (AT) as a function of (A) stomata conductance (gs) and intercepted radiation (R;,). Simulations have

been performed for air temperature = 35 °C, U = 5 m s, and RH = 30%.

sap flow rates (Lopez-Bernal et al., 2010). We performed a specific
calibration of each sap flow sensor using a gas exchange open chamber
(Corelli-Grappadelli and Magnanini, 1993). The chamber volume was
around 4.7 m® and was built using mylar® plastic with a light trans-
mittance of 90% and low water absorbance and carbon dioxide
permeability (manufacturer technical sheet). Air entering the chamber
was sampled from a 3.5 m tall aluminum pipe (20 cm diameter). A single
190 W centrifugal fan (Casals Ventilacion Industrial IND, S.L., Girona,
Spain) chamber was used to blow up the air into the chamber through a
19 cm diameter PVC pipe. An aluminum manifold parallel to the arms of
the vine was used to distribute the air inside the chamber. Air mixing
was enhanced by adding two 12 V CPU fans above the canopy. The air
velocity was measured using an air velocity transmitter (Dwyer Series
641, USA). The calculated flow was calibrated against air volume
measured using the pure CO, dilution method once in the laboratory
prior to development (Wiinsche and Palmer, 1997). Airflow was fixed at
around 12 m® min~! using a fan velocity regulator REG-5 (Casals Ven-
tilacion Industrial IND, S.L., Girona, Spain). Reference parameters were
continuously measured inside and outside the chamber; temperature
and relative humidity were monitored using a Vaisala HMP110 sensor
(Vaisala Corporation, Helsinki, Finland) and global solar radiation was
measured with a pyranometer (Apogee SP-110, Apogee Instruments,
Inc., North Logan, USA). Ambient HyO concentrations in the inlet (H2O
reference) and at the chamber’s outlet (HoO sample) were measured by
an infrared gas analyzer (Li-6400, Li-Cor, Inc., Lincoln, NE, USA).

Effective sunlit leaf temperature was recorded every 5 min using two
infrared radiometers (SI-121, Apogee Instrument inc, Logan, UT, USA),
one per irrigation treatment, pointing to leaves in the upper part of the
canopy. Infrared radiometers were installed about one meter above,
positioned with 45° angle and ensuring that the targeted area was pure
canopy. The radiometers have a narrow 18° half-angle field of view and
a response of 0.6 s.

Root biomass was measured in two nearby grapevines. For each
plant, soil cores were extracted every 0.2 m to a depth of 1.2 m, coin-
ciding with the presence of a calcareous layer that prevented deeper root

growth. The coring and sampling were repeated at three positions
perpendicular to the vine row at a distance of 0.25, 0.5, and 0.75 m
towards the midrow space to obtain the spatial distribution of root
biomass. Root biomass was converted to root length density (oot msd)
using the specific root length reported by Reingwirtz et al. (2021) for an
R110 rootstock.

2.2.2. Statistical analysis of model performance and sensitivity analysis

To analyze model performance we compared observed vs predicted
traits (Pineiro et al., 2008) and derived Willmott’s index of agreement
(Willmott, 1984). Willmott’s index rate model’s prediction error using a
score from O (no agreement at all) to 1 (perfect match). The Willmott’s
index is calculated comparing observed (O), predicted (P), and the
average of observed (O) values.

ZI::] (Oi — Pi)z

d=1-— — — 2
S (P~ 0110, 0l @

Model sensitivity analysis was performed by varying one or two pa-
rameters on Eq. (1) at a given time, and by analyzing the response on the
difference between canopy and air temperatures (AT). The selected
parameters were stomata conductance (gs), radiation interception (Rjny),
wind velocity (U), and relative humidity (RH). The range of values was
selected from the observed data in the validation experiment (Section
2.2.1).

2.3. Modelling the impact of management practices on vine transpiration,
stem water potential, and canopy temperature

We modeled vine transpiration, stem water potential and AT in
response to the interaction between radiation load and other factors
including soil water content, wind speed and leaf size. We targeted two
locations: Nuriootpa, Barossa Valley, South Australia (34 °S, 139 °E),
and Raimat, Costers del Segre, Spain (41.69 °N; 0.49 °E). The sites share
Mediterranean-type climate (di Castri and Mooney, 1973). According to
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Fig. 4. Differences in daily temperature between canopy and air (AT) as a function of (A) wind velocity (U) and leaf width, and (B) stomatal conductance and relative
humidity (RH). Simulations have been performed for air temperature = 35 °C, U = 2 m s? (B), Rijnt = 600 W m~2 (A and B), gs— 0.2 mol m 25! (A) and RH =

30% (A).

Koppen-Geiger (Kottek et al., 2006), Raimat is a Cfb region with a warm
temperature and hot summer, whilst Nuriootpa is Csb with a warm
temperature and hot and dry summer. Table 2 summarizes vineyard
characteristics used in modelling. In Nuriootpa, row orientation was
E-W with vines allowed sprawl from a single cordon, a fixed wire 0.4 m
from the cordon helped support the shoots. In Raimat, vineyard orien-
tation was N-S and the canopy was managed using VSP. Canopy size was
1.6 m high x 1.7 m wide in Nuriootpa, and 1.5 m high x 0.8 m wide in
Raimat. LAI was set to 2 m? leaf m~2 soil in both sites. Other input pa-
rameters for the model are listed in Table 1

For a given management practice, a range of water stress was
generated by varying soil water content in allthe soil layers from field
capacity (Wsoii = —33 kPa) to wilting point (W55 = —1500 kPa). Soil
water content was expressed as the total fraction of available water
(TFAW) using Campbell’s soil moisture release equation (Campbell,

1985)

0{101 - aj)wp

TFAW =
“)fc - HI’WP

€]

where, 6 is soil water content, and subscripts indicate actual (act), field
capacity (fc), and permanent wilting point (pwp).

For the characterization of heatwaves, we used available historical
daily averages from nearby weather stations from 1990 to 2019 in
Raimat and from 1997 to 2020 in Nuriootpa (BoM, 2016; RuralCat,
2020). These periods capture the World Meteorological Organisation’s
updated definition of ‘present-day’ climate formally represented by the
meteorological statistics of the period 1991-2020 (Hulme, 2020);
climate change projections were beyond the scope of this study. Year
difference between sites resulted from data availability. We defined a
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heatwave as either five consecutive days with maximum daily temper-
ature above 35 °C or three consecutive days with maximum daily tem-
perature above 40 °C (Grace et al., 2009). Once the heatwave events
were identified, we analyzed the frequency distributions of air temper-
ature (T,), vapor pressure deficit (VPD), and wind speed at each location
to generate a virtual heatwave event that would be realistic for both sites
(Table 3).

2.3.1. Baseline

We modelled vine transpiration, water potential, and canopy tem-
perature during a heatwave (Table 3) at Raimat and Nuriootpa to
establish a baseline using the parameters in Tables 1 and 2.
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2.3.2. Reduction of radiation load

We explored the effect of reductions in Rj,¢ through row orientation,
shade cloth, kaolin application and canopy trimming. For kaolin appli-
cation, we assumed a perfect distribution of the product on the leaf
surface of the entire canopy and no-blockage of stomata (Rosati et al.,
2006). The change in leaf reflectance used to model the kaolin effect was
obtained from Shellie and King (2013). For the shade cloth, we simu-
lated an overhead system that excludes 50% of the direct sunlight and
allows lateral air circulation (Caravia et al., 2016). We assumed shade
cloth did not change air temperature, relative humidity, and wind speed.
Canopy trimming was tailored to the specific trellis system of each
location (Table 4). At Raimat with a VSP trellis, we assumed topping that
reduced initial canopy height 0.5 m, from 1.5 to 1.0 m. At Nuriootpa,
with the sprawling canopy, we assumed a lateral trimming of each side,
reducing the overall canopy width 0.5 m, from 1.7 m to a 1.2 m. The rest
of the inputs were the same as in Tables 1 and 2.

We explored the effects of a heatwave on canopy temperature by
changing row orientation under different fractions of soil available
water. We use the same experimental settings at each site as in the
baseline (Section 2.3.1) and defined row orientation as NS, EW, NE-SW,
and NW-SE.

3. Results
3.1. Model testing

Fig. 2 compares predicted and observed T and E,. The Willmott
coefficient was 0.96 for Tj and 0.77 for E,. There was consistency be-
tween observed and predicted values (p for slope > 0.05), which in-
dicates that the model can reproduce variations on both T and E,.
Positive intercepts (p < 0.05) indicates model bias for both traits
(Pineiro et al., 2008).

Ata g; of 0.4 mol m~2 s~ %, which may be expected for a well-watered
vine, canopy temperature varied from a cooling of ~ 1.6 °C to an in-
crease of ~ 3.7 °C relative to the ambient air temperature in response to
an increase in Ryy from 200 to 600 W m™2. At a gs of 0.01 mol m2s7!
representing a water-stressed vine, the AT increased from 3.5 °C at 200
W m~2 to 10.9 °C at 600 W m 2 above the ambient air temperature
(Fig. 3). Irrespective of leaf size, AT declined non-linearly with wind
speed, and modeled canopy temperature approached air temperature, i.
e., AT — 0, at higher wind speeds (Fig. 4A). This is the result of an in-
crease in the boundary layer conductance, as the wind generates tur-
bulence that reduces the boundary layer thickness (Monteith and
Unsworth, 2013). On the contrary, at low wind velocity, there was a
decoupling of the leaf temperature, increasing AT. The model does not
account for a change from forced to free convection, which explains the
sharp increase in AT at low wind velocities (Monteith and Unsworth,
2013). With increasing wind speed from 0.5 to 10 m s}, AT varied from
15.0 °C to 5.2 °C for 0.1 m leaf width, and from 12.0 °C to 3.8 °C for 0.05
m leaf width. The effect of leaf size was larger at lower wind speed:
larger leaves were 3.0 °C hotter than their smaller counterparts at U =
0.5ms !, and 1.3 °Chotter at 10 m s~ * (Fig. 4A). As gs decreases so does
AT regardless of the RH; however, the drop is sharper under low RH (<
30%) than at high RH (70%) (Fig. 4B).

3.2. Characterization of heatwaves in Raimat and Nuriootpa

In Raimat, the maximum daily temperature (Tjpmax, °C) during the
heatwave rarely exceeded 39 °C. The most common heatwave event had
a temperature of around 36 °C for 5 days. In Nuriootpa, the relative
frequency of Timax was more evenly distributed, with maximum fre-
quencies ranging from 36 °C to 39 °C (Fig. 5A). The VPD followed a
similar pattern; in Raimat the maximum VPD frequency was around 4.5
kPa, whereas in Nuriootpa the VPD during a heatwave peaked at 5.5 kPa
and 7.5 kPa (Fig. 5B). The wind speed during a heatwave was slightly
higher in Nuriootpa than in Raimat (Fig. 5C). In Raimat, the maximum
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Fig. 6. Dynamics of canopy conductance (G.) during the heatwave at Raimat and Nuriootpa in dry (TFAW = 0.2) and wet soil (TFAW = 1).

frequency was between 1.5 and 2 m s™!. In Nuriootpa, this maximum

was between 2.5 and 3 m s~ .

3.3.1. Baseline

The evolution of canopy conductance (G.) varied with location and
TFAW. The model captured the lower conductance in drier soil, TFAW
= 0.2 compared to TFAW = 1 (Fig. 6). In Nuriootpa, with an EW
orientation and a single wire trellis, the G, peaked early in the morning
and decreased towards the afternoon. In Raimat, with an NS orientation
and a VSP trellis, G, showed two daily peaks, one in the morning and
another in the afternoon; the difference between the morning and af-
ternoon peaks increased with the progression of stress during the heat-
wave (Fig. 6). Despite the differences in G, the evolution of the
minimum relative stem water potential was the same in both locations
(Fig. 7A). At a TFAW = 0.04 the minimum stem water potential was 3.5
times greater than at a TFAW = 1. The piecewise function fitted across
sites and treatments on the relationship between Tjnax and soil moisture
indicates an increase in Tiyax of around 1 °C for each 10% reduction in
soil moisture from field capacity to TFAW = 0.4, and a steeper increment
in Tjmax of around 10 °C for each 10% of soil drying from TFWA between
0.4 and 0.2 (Fig. 7B).

3.3.2. Interaction between radiation load and water stress

Incident radiation was modified with row orientation, shade cloth
covering the canopy, kaolin application to the canopy, and shoot trim-
ming before a heatwave.

Row orientation. Row orientation impacted on Ty, by affecting both
Rint distribution throughout the day and the total Riy.. Both Ry and
Timax Were higher in Raimat than in Nuriootpa irrespective of row
orientation. The variation in Tjpnax With row orientation was small and
ranged between 1.6 and 1.8 °C through the simulated range of TFAW.
The largest difference in Tipax between row orientations was observed in
dry soil. A high g in wet soil promoted E;,, dampening the differences in
Rint and reducing the effect of row orientation (Fig. 8A and B).

At both sites, the NS orientation resulted in the highest canopy
temperature (Fig. 8A and B). The orientation for the lowest canopy
temperature varied between locations: it was NW-SE at Nuriootpa and
NE-SW at Raimat; with these orientations, canopies were 1.6 to 1.8 °C
cooler than the NS orientation. The Rjp and Tipmax dynamics varied

between sites. NS orientation at Raimat produced two marked Rin
peaks, before and after noon. The same orientation at Nuriootpa pro-
duced only one peak of Rjy; in the afternoon. These differences are the
result of the training system; Nuriootpa had a sprawl trellis system
characterized by a low wide canopy whereas, in Raimat, the VSP trellis
had a narrow, tall canopy.

Shade cloth and kaolin. We only considered the impact of kaolin and
shade-cloth individually as it is unlikely that they would be used in
combination in commercial vineyards. At both sites, as expected from
the results above (Fig. 3), a reduction of Rj, decreased Timax. The kaolin
treatment lowered Rj,; by 20%, which compares to a 50% reduction
using shade cloth, explaining the differences in Tina.x between treat-
ments (Fig. 9A and B). The degree of cooling of each treatment differed
between sites. In Raimat, the shade cloth reduced Tjmax by 3.7 °C on
average across the range of TFAW, with a maximum cooling of 5 °C at
TFAW = 0.18. The kaolin had an average reduction of 1.1 °C and a
maximum cooling of 1.5 °C at TFAW = 0.2 (Fig. 9A). In Nuriootpa, the
kaolin had a greater impact than in Raimat; the average reduction of
Timax Was 2 °C for the kaolin and 3°C for the shade cloth (Fig. 9B). The
maximum cooling difference with the control was 2.6 °C and 4.5 °C for
kaolin and shade cloth respectively, at TFAW = 0.18. Regardless of the
treatment and site, the Tjyax increased with soil drying (Fig. 9A and B).

Trimming the canopy before a heatwave. Trimming lowered Tjyax but the
degree of reduction changed with soil water content; for TFAW between
1 and 0.4; the difference in Tipnax between trimmed and untrimmed
canopies was around —2 °C (Fig. 10). For TFAW below 0.4, the differ-
ence between treatments increased sharply. At TFAW = 0.2 the
maximum difference was —7.5 °C in Nuriootpa and —7.0 °C in Raimat.
For TFAW < 0.2, the difference in Tjy,x decreased almost linearly until a
minimum of —4° C in Raimat and —3.5° C in Nuriootpa (Fig. 10). The
shape of these curves (see Fig. 10) responds to the different weights of
Rint and g after trimming when soil dried. When the soil water content
was not limiting, gs reached its maximum for the simulated weather, and
the reductions in Ry accounted for the differences in Tipax. As the soil
dried and the stomata closed, the more favorable root-to-leaf area ratio
and ¥ in trimmed vines contributed to maintaining g, counteracting the
negative effect of reduced soil moisture on Ep This coincides with the
increase in the Tyyax difference between trimmed and untrimmed vines,



O. Garcia-Tejera et al.

Agricultural and Forest Meteorology 331 (2023) 109351

4
A)
Raimat
\J — — —  Nuriootpa
3 -
§
sﬂ"j
g
S
5§ 2
g
)
2
S
N
1 -
0 T T T T T
0.0 0.2 0.4 0.6 0.8 1.0
TFAW
55
B)
Raimat
Nl .
50 - \ — — —  Nuriootpa
®) 45 4
&
g
£
®
&~ 40 A
35
30 T T T T T
0.0 0.2 0.4 0.6 0.8 1.0
TFAW

Fig. 7. A Change on relative minimum Wy, - expressed as the ratio between the minimum water potential when the soil is at field capacity (TFAW=1) and the
minimum water potential at the corresponding TFAW- during the heatwave at different soil water. B) ATy, as a function of soil water content.

between 0.4 and 0.2 TFAW. As the soil dried further, g; became grad-
ually lower overriding the positive effect of trimming on the root-to-leaf
area ratio and . Consequently, the Tipax difference diminished.

4. Discussion

4.1. . Model precision, accuracy, and sensitivity

Comparison of actual and modelled transpiration and canopy tem-
perature indicated high model precision (Willmott’s coefficient > 0.77),
and some bias (non-zero intercept) that may relate to model parame-
trization. Some model parameters feature high phenotypic plastic
(DeWitt and Scheiner, 2004); for instance, root radial specific conduc-
tivity presents circadian variation (Caldeira et al., 2014; Vandeleur,
2007) and is responsive to water stress (North and Nobel, 1992, 1997;

10

Vandeleur, 2007). The maximum catalytic activity of Rubisco with
saturating amounts of ribulose biphosphate and CO;, changes with leaf
nitrogen content (Kattge et al., 2009; Wilson et al., 2000). This bias may
have induced deviations in T} between observations and predictions by
the model (Fig. 2B). However, as indicated by the analysis of the slope
and data scatter around the regressed function (P-slope=0.99,
alfa=0.05), there was consistency between predicted and observed
values indicating good predictability of Tj and E, by variations of other
variables.

The sensitivity analysis showed the responses of modelled Tj to the
variables in Eq. (1). The model captured the trends in AT with R, and gg
(Fig. 3), U (Fig. 4A), and RH (Fig. 4B) reported in the literature (Bellvert
et al., 2015; Gonzalez-Dugo et al., 2020; Jackson et al., 1981). Owing to
the influence of weather and plant traits on the relation between T} and
T, (Fig. 3), particularly the dependence of g5 on Rjy, Tj, and VPD
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Fig. 8. (A, B) Effect of row orientation and total fraction of available water (TFAW) on maximum leaf temperature (Tjear max)- (C, D) Daily evolution of radiation
interception (Rip,) for different row orientations at Nuriootpa (Single wire) and Raimat (VSP). Hours are on local time zone.

(Damour et al., 2010), we can expect departures between actual and
modelled AT. To avoid this issue, our model computes T} combining Eq.
(1) with the gs model (Fig. 1).

4.2. Agronomic limitations of temperature thresholds to define heatwaves

Air temperature interacts with other factors modulating canopy
temperature (Jackson et al., 1981). For a given wind speed and VPD,
canopy temperature is the result of the interaction between Rjy¢ and g
(Fig. 3). However, Eq. (1) highlights the impact of wind speed and VPD
on AT (Fig. 4A and B). Canopy temperature is the result of an infinite set
of Rint X gs planes, one per each combination of wind speed, VPD and air
temperature during the heatwave. This challenges the scientific and
agronomic relevance of definitions of heatwaves solely based on tem-
perature thresholds - the biological effect of three days with maximum
temperature above 35 °C will be completely different with high or low
wind speed, or higher or lower VPD. The complete set of relevant
weather conditions during a heatwave needs consideration in the
assessment of management strategies.

The increase of g through irrigation will fail to reduce canopy
temperature below critical values (Fig. 4B), when high relative humidity
(low VPD) constrains plant transpiration (Villalobos and Fereres, 2017)
and canopy cooling. Likewise, irrigation will have a lesser impact on
canopy cooling in isohydric varieties such as Granache, that readily
closes stomata in response to dry soil and high VPD, in comparison to
Shiraz that maintains higher stomatal conductance (Soar et al., 2009).
Reducing energy load in a vineyard with an already low Rjy; will have
little effect on dampening heat wave effects, but it may compromise
biomass production and yield (Greer et al., 2011). Therefore, practices
should be tailored to account for the set of relevant weather, plant,
management, and soil conditions driving canopy cooling.

11

4.3. Heatwave effects interacting with training system and row orientation

The combination of training system and row orientation influenced
Rint and Timax (Figs. 7B and 8). However, Hunter et al. (2016) found that
Rjnt changes due to row orientation in VSP trained grapevines did not
produce a significant change in Tjmax and ¥. The Tjpax in Fig. 8A and B
resulted from the extreme temperatures during the simulations. Under
such temperatures, slight changes in R, will cause big shifts in Tjpax. On
the contrary, the simulated change in ¥ (Fig. 7A) agreed with the results
observed by Hunter et al. (2016) and Buesa et al. (2020) who compared
different combinations of row orientations and varieties. In a review of
hedgerow olive experiments with a focus on plant physiology, fruit
quality, and yield, Trentacoste et al. (2015) showed trait-dependent
response to row orientation. Fig. 8 illustrates that latitude and trellis
influenced Timax at the same TFAW, despite using the same soil char-
acteristics, root distribution, and LAI. Experiments and modelling
converge to show that the impact of the vineyard layout on Tj is not
straightforward. Preliminary analysis of the interaction between row
orientation, trellis, climate and soil could inform decisions.

Field experiments with Shiraz in Barossa Valley and with Malbec in
Mendoza, Argentina, showed that vines upregulate stomatal conduc-
tance, hydraulic conductivity, and transpiration in response to elevated
temperature. Hence, acclimatation to heat mediated by evaporative
cooling overrides stomatal regulation to sustain water use efficiency
(Bonada et al., 2018; Galat Giorgi et al., 2020, 2019; Sadras et al., 2012;
Soar et al., 2009). Similarly, stomatal regulation that favors evaporative
cooling over water use efficiency has been associated with yield
improvement in annual crops (Lu et al., 1994; Roche, 2015). Our sim-
ulations did not account for changes in g due to heat. In both sites, the
parameters defining the g; response to VPD and ¥ were the same.
However, we found different g5 responses associated with the distribu-
tion of light (Fig. 6). The combination of variety response to heat and
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indicates the maximum air temperature (Tai; may) during the simulation.

light distribution associated with trellis and row orientation adds
another layer of complexity to the heatwave management that needs to
be further explored. The combination of varieties, orientation, and
trellis could provide new avenues to improve grapevine performance in
semi-arid regions.

4.4. Adaptation strategies

Current lead time for heatwave forecasting allows for vineyard irri-
gation before the heat event (Grace et al., 2009). However, the irrigation
decision should be weighed against other factors. There are logistic re-
strictions related to water availability from communal systems, pump
capacity on site, and price of water that limit vineyard water supply.
Water allocation may be limited during dry years or at the end of the
season, when heat waves are most likely but not only, reducing the

viability of this practice. The efficacy of irrigation in reducing canopy
temperature depends on soil moisture and the VPD during the heat
wave. If TFAW is above the limiting threshold for gs, further irrigation
might be redundant.

Practices to reduce Rj,; have been proven to effectively cool the
canopy. For instance, kaolin application reduced leaf temperature by
4-6 °C in Pinot Noir (Frioni et al., 2019) and helped to maintain berry
quality traits. Shellie and King (2013) found a significant increase in
anthocyanin content in kaolin-treated berries when compared with
untreated controls. Greer and Weedon (2013) found a reduction in berry
shriveling, sunburn damage, and overripening when grapevines were
protected with a shade cloth. Our results agree with these findings.
Regardless of TFAW, the larger the reduction in Rjy, the greater the
cooling of the canopy (Fig. 9). However, the reduction in Rjy involves
trade-offs with reduced photosynthesis (Rosati et al., 2006; Shellie and

12



O. Garcia-Tejera et al.

Agricultural and Forest Meteorology 331 (2023) 109351

-1 Fig. 10. The difference in sunlit leaf maximum temperature
(Timax) between vines trimmed one day before a heatwave and
a0 (ON¢) non-trimmed controls at two locations. At Raimat, with a VSP
-2 ° 8 8 8 B 880 8 trellis, we assumed a topping that reduced initial canopy
- ° 8 8 8 o) 8 height 0.5 m -from 1.5 to 1 m. At Nuriootpa, with 2-wires
E ° L g decumbent sprawl, we simulated a lateral trimming, reducing
i -3 A ° o . the canopy width 0.5 m -from 1.7 m to a 1.2 m width. Each
§ o} ®  Nuriootpa point indicates the difference in Tj,.x between the trimmed
5 Q O Raimat and the control (non-trimmed) treatment.
S 4 *8
3
&
I§ -5 4 ° 00
E
N
g o
s ©7 o
2 o}
& L
7 4 3
o
'8 T T T T T
0.0 0.2 0.4 0.6 0.8 1.0
TFAW

King, 2013) and the accumulation of phenolics in the berry that may
affect yield and fruit composition (Greer et al., 2011). Frioni et al.
(2019) did not find photosynthesis limitation associated with kaolin
application in Pinot Noir. Possibly, photosynthesis limitation is associ-
ated with the concentration used. Frioni et al. (2019) used a single
application of 30 g L™! whilst Shellie and King (2013) applied 60 g L™*
several times throughout the season. Under some conditions, canopy
cooling could counteract the effect of reduced radiation on photosyn-
thesis as found in experiments using shade cloth (Caravia et al., 2016).

Trimming to reduce heatwave damage is a less explored viticultural
practice. Canopy trimming, however, is common to improve microcli-
matic condition and to improve berry quality traits (Herrera et al., 2015;
Poni et al., 2018). It may be repeated several times during the same
growing season depending on the vigor and disease pressure. In our
analysis, trimming before a heatwave event was applied to modify
canopy geometry and to reduce intercepted radiation. We found that
trimming had a significant impact reducing canopy temperature during
the heatwave. Trimming not only decreased canopy temperature by a
reduction on Ry, but also improved plant water status and, therefore, gg
(Garcia-Tejera et al., 2021; Li et al., 2003). The root-to-leaf area ratio
modulates the plant’s hydraulic resistance and the relation between
plant transpiration and water potential (Garcia-Tejera et al., 2021).
Trimming increased the root-to-leaf area ratio, resulting in a more
favorable supply of water for the remaining leaves (Garcia-Tejera et al.,
2021). Our model does not account for the effect of source : sink ratio on
gs and water potential (Sadras and Trentacoste, 2011; Trentacoste et al.,
2011). However, the high VPD during a heatwave will limit gs (Levin
et al., 2019; Prieto et al., 2010; Soar et al., 2006); and may dampen the
potential effect of source : sink ratio.

While effective in reducing canopy temperature, the scope for
trimming can be constrained where availability of resources already
limits canopy size. Timing and severity of the trimming need consider-
ation. When the canopy is growing actively, a reduction in leaf area may
be compensated by further growth at the expense of reserves. Trimming
during ripening, after canopy has stopped growing, may increase bunch
exposure and the associated risk of bunch sunburn (Gambetta et al.,
2021), depending on trellising system and the row orientation. In a
single-wire trellis system, lateral trimming is more likely to increase
bunch exposure and temperature (Smart and Sinclair, 1976).

We did not explore the interaction between individual practices and
row orientation; the implicit assumption that needs experimental testing
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is that these effects are additive for canopy temperature. Consistently on
both sites, the NS orientation resulted in the hottest canopy (Fig. 7A and
B) when maximum Rj,¢ during the day coincides with maximum air
temperature and lowest g;. The NW-SE orientation at Nuriootpa and the
NE-SW orientation at Raimat reduced canopy temperature by approx.
1.6 to 1.8 °C compared to the NS orientation. These differences between
NE-SW and NW-SE were an effect of the latitude and relate to the time of
the day at which each orientation receives maximum Ry (Hunter et al.,
2016). In the Northern hemisphere (Raimat) the sun peaks in the
southern half of the sky, and the NE-SW orientation has the maximum
Rint during the morning (Fig. 8D), coincidently with the time of the day
when the temperature of the air and VPD are low, and g; peaks. Similarly
in the Southern hemisphere (Nuriootpa), the sun peaks in the northern
half of the sky, and the NW-SE orientation intercepts relatively more Rin¢
in the morning but the less in the afternoon (Fig. 8C). We did not
quantify other trade-offs between row orientation with irrigation re-
quirements but propose that in a context of more frequent heatwaves
and water scarcity, row orientation of new plantations cannot be
overlooked.

We have not considered the possible cooling effect of soil evapora-
tion on the vine microenvironment. However, this effect is likely
negligible in the vineyards where drip irrigation is widespread. The
wetted area underneath the canopy is unlikely to surpass 20% of the
ground surface. Evaporation from a wet-bulb is a function of the radi-
ation transmitted to the soil plus and advection effect (Bonachela et al.,
1999, 2001). We do not expect that a small wet area under dripper,
receiving less than 40% of the incoming radiation on average will pro-
duce a significant evaporative cooling effect. Especially for a single wire
training system whose canopy completely shadows the soil area under
the dripper.

5. Conclusions

Heatwave damage in grapevines depends not only on the air tem-
perature but on other weather, soil, plant and agronomic factors, and
their interactions. We showed that trellis system, row orientation, soil
water availability, and weather factors including VPD, and wind speed
modulate vine transpiration, water status and canopy temperature in
response to heatwaves. Irrigation is a widely recommended practice and
could be refined by consideration of soil water content required to
maintain stomatal conductance, transpiration and evaporative cooling.
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The reduction of radiation intercepted by the canopies with kaolin and
shade cloth can be useful, especially when water allocation is limited.
Trimming could reduce energy load and improve plant water status but
may risk bunch exposure to solar radiation. Canopy trimming may be a
one-off practice to implement while the canopy is still actively growing
and water for irrigation can be secured to sustain further growth. The
choice of a particular practice, or combination, will depend on the cost-
benefit ratio to limit heatwave damage, including specific account of
trade-offs.
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