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The wine sector faces important challenges related to sustainability issues and
the impact of climate change. More frequent extreme climate conditions (high
temperatures coupled with severe drought periods) have become a matter of
concern for the wine sector of typically dry and warm regions, such as the
Mediterranean European countries. Soil is a natural resource crucial to sustaining
the equilibrium of ecosystems, economic growth and people’s prosperity
worldwide. In viticulture, soils have a great influence on crop performance
(growth, yield and berry composition) and wine quality, as the soil is a central
component of the terroir. Soil temperature (ST) affects multiple physical,
chemical and biological processes occurring in the soil as well as in plants
growing on it. Moreover, the impact of ST is stronger in row crops such as
grapevine, since it favors soil exposition to radiation and favors
evapotranspiration. The role of ST on crop performance remains poorly
described, especially under more extreme climatic conditions. Therefore, a
better understanding of the impact of ST in vineyards (vine plants, weeds,
microbiota) can help to better manage and predict vineyards' performance,
plant-soil relations and soil microbiome under more extreme climate conditions.
In addition, soil and plant thermal data can be integrated into Decision Support
Systems (DSS) to support vineyard management. In this paper, the role of ST in
Mediterranean vineyards is reviewed namely in terms of its effect on vines’
ecophysiological and agronomical performance and its relation with soil
properties and soil management strategies. The potential use of imaging
approaches, e.g. thermography, is discussed as an alternative or
complementary tool to assess ST and vertical canopy temperature profiles/
gradients in vineyards. Soil management strategies to mitigate the negative
impact of climate change, optimize ST variation and crop thermal
microclimate (leaf and berry) are proposed and discussed, with emphasis on
Mediterranean systems.
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radiation, row-crops, sustainable soil management, thermal data, water, soil
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1 Introduction

1.1 European viticulture and
climate change

Agriculture is a nature-based, climate-dependent sector and is
strongly affected by climate change. A recent report from the
European Environment Agency indicates that the overall impacts
of climate change can decrease significantly the EU’s agricultural
sector production (up to 16% loss in income by 2050), with large
regional variations (EEA, 2019). Even in regions not experiencing a
decrease in rainfall, air temperature rise will result in higher
evapotranspiration (Seneviratne et al., 2010; Abad et al, 2021).
For this reason, the agricultural sector must build up the capacity to
adapt to increasing dry and warm conditions induced by climate
change. Soil characteristics and soil management have a major role
in this adaptation (EEA, 2019), but a better understanding is needed
for Mediterranean viticultural systems.

The EU protects high-quality wines by linking them to legally
defined geographic areas, specific sustainable production practices,
traditional varieties and soil characteristics (Candiago et al., 2022;
Onofre, 2022). The contribution of Mediterranean viticulture (e.g.
Spain, Italy, France, Portugal and Greece) to the global wine industry
is large, accounting for more than 50% of the world production and
about 55% of world exports (OIV, 2022). However, Mediterranean
viticulture is highly vulnerable to climate change (Costa et al., 2016;
Fraga et al., 2016; Santos et al., 2020; Xyrafis et al., 2022), especially to
the combination of longer warmer and drier periods. The same
occurs for other Mediterranean perennial crops, such as olive groves
and almond orchards (Andrade et al., 2014; Garcia-Tejero et al., 2018;
Fraga et al., 2021).

Higher air temperature promotes earlier bud break, flowering,
maturation and harvest, which can be negative for berry composition
(e.g. higher sugar concentration and decreasing acidity) and can result
in unbalanced wines (Bonada et al., 2015; Droulia and
Charalampopoulos, 2022). Drier conditions exacerbate the effects of
heat stress because dry soils cannot provide latent heat cooling by
evapotranspiration, resulting in higher and more stressful
temperatures at the plant level (Seneviratne et al., 2010; Stefanon
et al,, 2014; Guion et al,, 2022). This not only affects vine’s phenology
but also yields and vines longevity and, ultimately the overall
sustainability of the sector (economical, environmental and social)
(Santos et al., 2020; Costa et al., 2022; Droulia and Charalampopoulos,
2022). In addition, these climatic scenarios may limit the expansion of
the cultivated area in some regions of Mediterranean countries and
may force the relocation of vineyards at higher altitudes (Jones, 2012).

1.2 Soil, climate change and surface
energy balance

Soils are critical to sustain the equilibrium of ecosystems,
economic growth and people’s prosperity worldwide (Brady and
Weil, 2017). Soils provide multiple ecosystem services and socio-
economic activities and in viticulture, they are an important
component of the ferroir, since they are one of the major factors
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influencing berry traits, wine characteristics and styles (White, 2015;
Van Leeuwen et al.,, 2018; Sremac et al., 2021). Soils have a relevant
function in the adaptation of the agricultural sector to adverse climatic
conditions and more sustainable soil management is needed to ensure
food security but also to improve adaptation to climate crises (EEA,
2019; Cataldo et al, 2021). Soil characteristics govern vegetation
growth and influence heat, water and carbon fluxes between soil
and the atmosphere (Evett, 2000; Lorenz et al., 2010; Liu et al., 2022).

Soil-atmosphere temperature relations are particularly important
in the context of climate change (Hirschi et al, 2011). They involve
partitioning of the surface energy into sensible (H) and latent heat (LE)
fluxes (Figure 1), which depend on soil moisture content (Wang and
Yang, 2018). Under dry conditions, the available net radiation (Rn)
energy is converted into H fluxes, which increases air temperature. The
relationship (coupling) between ST and soil moisture regimes explains
the use of both variables in natural resource management, to better
quantify and predict climate change impacts (Houle et al, 2012;
Bradford et al, 2019). The energy balance equation for soil is
commonly expressed as: Rn = LE + H + G, in which Rn is the net
flux density of radiation (W/m?), and G is the soil heat flux,

Soil characteristics and soil management influence the energy
balance at the soil’s surface and on the plant’s energy balance due to
the reflection of shortwave irradiation that becomes a source of
longwave radiation for plants (Nobel, 2005) (Figure 1). Furthermore,
ST influences physical, chemical and biological processes taking place
in the soil and regulates energy and matter exchange with the
atmosphere (Baver, 1965; Hillel, 2004; Brady and Weil, 2017). Soil
temperature influences evaporation, aeration and the type and rates
of chemical reactions occurring in soils (Hillel, 2004).

Predictions for air temperature increase due to climate change are
well described in the literature (IPCC, 2021). However, less
information is available for ST. In a recent study, Schultz (2022)
reports a progressive increase of ST for Northern European countries
(e.g. Germany) in the last decades. Nonetheless, this trend observed
for ST is expected to be more marked in Southern Europe. The
Mediterranean region has a warm season transitional climate, in
which evapotranspiration is limited by low soil moisture rather than
by solar radiation (Feng et al,, 2022). In this context, low soil moisture
will amplify heat anomalies and extremes in the region (Seneviratne
etal, 2010; Vogel et al,, 2021; Feng et al., 2022) with a potential major
impact on growth and yield of both crop and weed species.

In Mediterranean areas, ST and soil moisture regimes are
classified as xeric, as precipitation concentrates in the winter and
summers are dry, and the mean annual ST can range between 15
and 22°C (Soil Survey Staff, 2014). Soil temperature is one of the
major drivers of grapevine physiology, growth and productivity.
Soil temperature affects physical and biological processes at soil’s
surface (e.g. weed and crop phenology, growth, respiration, etc.)
(Bullied et al., 2003; Howell et al., 2020). At deeper soil layers ST
influences root metabolism and growth, soil respiration, water and
nutrient uptake, microbial diversity and activity, organic matter
(OM) dynamics, soil bio-chemistry) (Akter et al., 2015; Onwuka
and Mang, 2018; Mehdizadeh et al., 2020a; Mehdizadeh et al.,
2020b; Shah et al., 2022).

Mean temperatures of air and soil, and in particular their
extremes, influence weeds and crop physiology (seeds, fruits,
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FIGURE 1

Schematic representation of the radiation balance, the daytime energy balance, and the night time energy balance. Net radiation at soil surface
represents the sum “solar radiation plus sky radiation” minus the sum of “reflected radiation plus thermal radiation”. Most of the radiation that
reaches earth’s surface in the daytime is used for evapotranspiration or reflected and emitted to the atmosphere. Evaporation translates the latent
heat. The arrows indicate the direction of the exchange and arrow lengths tentatively indicate the magnitude of the different fluxes (Adapted from

Evett, 2000; Hillel, 2004 and Brady and Weil, 2017)

leaves, and roots) (Bullied et al., 2003; Chaves et al., 2016; Field
et al,, 2020; Gambetta et al., 2021; Sremac et al., 2021). In vineyards,
the proximity of leaves and clusters to soil surface enhances the
warming effect of ST and soil sensible heat fluxes on berries, clusters
and leaves. This is observed for the worldwide used Vertical Shoot
Positioning (VSP) system in which the cluster zone and basal leaves
often get warmer than the upper part of the canopy due to soil
sensible fluxes, under warm and dry conditions (Costa et al., 2019).

A deeper understanding of vineyard soils, including their
properties, functions, ecological roles, and management is
required to increase the resilience of Mediterranean viticulture
systems to more extreme climate conditions. There is a need to
integrate the components of the terroir related to ST and the
solutions for adaptation to climate change. This must be done at
local level and should consider the trade-offs between adaptation
strategies (Naulleau et al., 2021). In the following section, some of
the major determinants of ST are presented.

2 Determinants of soil temperature
in vineyards

Soil properties (e.g. color, texture, structure, moisture content)
together with dominant atmospheric conditions (e.g. air
temperature, solar radiation and wind) (Baver, 1965; Evett, 2000)
influence soil heat and water fluxes and ultimately ST variables
(thermal conductivity, thermal regime, maximum and minimum
temperatures) (Brady and Weil, 2017). On the other hand,
anthropological conditions, including agricultural soil management
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strategies (Table 1), can modify heat and water fluxes between soil,
plant and atmosphere influencing ST variation (Neilsen et al., 1986;
Resseguier et al., 2023).

The impact of climatic conditions on surface energy balance and
consequently on ST is expressed by daily and seasonal variations in
surface ST. In summer months (June-July in the northern
hemisphere) maximum incident global radiation is closely related
to maximum ST at midday (Figure 2) (Costa et al., 2019; Sremac
et al, 2021). The stronger seasonal warming response of soils in
summer as compared to autumn period mainly relates to decreased
soil moisture content at the top layers of soil during summer (Schultz,
2022). Together with the effect of climate conditions, various soil
properties and soil management (e.g. irrigation, mulching) can
influence ST to a different extent (Table 1).

2.1 Topography and soil temperature

Soil temperature is related to the amount of incident radiation
(Figure 1). Topographic components (e.g. slope and exposition to
sunlight) influence ST and soil moisture regimes (Baver, 1965;
Griffiths et al., 2009; Brady and Weil, 2017). Slopes with a southern
aspect have higher levels of insolation, and consequently, higher heat
accumulation and are usually considered ideal (Yau et al, 2014).
Usually, the temperature of corrugated fields is higher than that of
flattened ones due to different degrees of incident and reflected
radiation (Brady and Weil, 2017). Radke (1982) in turn, reported
that inclined ridge surfaces absorbed about 10% more solar radiation
than flat surfaces contributing to higher ST.
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TABLE 1 Non-exhaustive list of major determinants influencing soil temperature (ST), and general individual effect on the increase (1), decrease (|),

reliable with other factors, such as climate (| 1).

FACTORS GENERAL EFFECT ON ST

Topographic

SOURCE

Slope flat? large sloping |

Baver (1965)

Exposition North| Southt
Soil properties
Color and albedo dark 1 light |

Soil texture silty 1 sandy |

Brady and Weil (2017)

Meinhold et al. (2010)

Sremac et al. (2021)

Organic matter content OM and darker color| poor/lighter colort

Brady and Weil (2017)

Soil structure stable large round aggregates|

unstable or platy, prismatic, blocky aggregates?

Sremac et al. (2021)

Soil moisture dry 1 wet | Brady and Weil (2017); Wang and Yang (2018); Krapez et al. (2012)
Soil and canopy management

Tillage 1 Radke (1982); Pradel and Pieri, (2008)

Plant density high | low 1 White (2015)

Canopy size/shedding large | small 1

White (2015)

Irrigation 1 Costa et al. (2019); Costa et al. (2020); Krapez et al. (2012)

Row orientation Tl Hunter et al. (2021); White (2015); Pisciotta et al. (2021)

Soil cover" 15 Baver (1965); Lazcano et al. (2020); Akter et al. (2015); Brady and Weil (2017)
Soil and canopy cover? 1 Marigliano et al. (2022); Tadayon and Hossein (2022); Pradel and Pieri, (2008)

l)mulching, natural vegetation, cover crops; 2nets and other covering structures.
Extremes of the scale, when pertinent, are given as indicators of the general effect on ST.

2.2 Soil properties and soil temperature

2.2.1 Soil albedo and color

The surface albedo represents the reflectivity of the Earth’s
surface for incident solar radiation (Evett, 2000). The amount and
type of reflected radiation depend on the characteristics of the
surface and of the vegetation cover or mulch beneath crops, and soil
properties (Meinhold et al., 2010). Soil vegetation controls the
amount of sunlight that hits the ground surface, and bare soils
cool down and warm up faster than soils covered with vegetation
(Akter et al,, 2015; Brady and Weil, 2017). Regarding soil color,
dark-colored soils can warm more than light-colored soils, since
they absorb more radiation (Baver, 1965). Nevertheless, large
amounts of OM in dark soils can increase their water retention,
which can offset the increased heat absorption due to the dark color
(Brady and Weil, 2017). Soil’s albedo can be manipulated by
different management strategies such as soil conservation tillage
(Brady and Weil, 2017) or the use of certain products such as
biochar (Verheijen et al., 2013), or the use of other organic (Burg
et al., 2022) and inorganic mulches (Marshall et al., 1996; Aragiies
et al., 2014).

2.2.2 Soil texture and structure

Soil texture refers to the proportion of sand, silt and clay sized
particles that make up the mineral fraction of the soil, while soil
structure refers to the organization of soil particles and the tendency
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of individual soil particles to combine into aggregates (Marshall
etal, 1996; Hillel, 2004). The degree of aggregation influences water
and air transport in the soil, solutes movement and soil’s biological
activity (Brady and Weil, 2017). The texture influences soil thermal
behaviour and soil surface temperature. Sandy soils tend to warm
up faster than clay soils due to their lower heat capacity, lower
thermal conductivity, and lower evaporative cooling (Hillel, 2004).
On the other hand, the amplitude of the daily ST variation decreases
in the order sand > loam > clay. Soil moisture at the surface and in
the subsurface moderates the daily range of ST (Krapez et al., 2012)
(Figure 3). In orchards, sandy soils usually have a higher night time
cooling rate than clay soils, due to a faster energy loss and lower
minimum air temperature (Sremac et al., 2021).

Soil structure also influences ST. Soil structure controls pore
spaces due to different arrangements of soil particles and soils with a
more spherical structure warm up faster due to higher aeration and
reduced waterlogging conditions (Brady and Weil, 2017). Soil
structure is negatively aftected by compaction which increases soil
density and thermal conductivity which also enables faster changes
in ST and affects root growth and morphology (Brady and Weil,
2017; Giirsoy, 2021).

2.2.3 Soil water content

Soil water and heat fluxes are coupled (Wang and Yang, 2018)
and their study is highly relevant for climate research (e.g. climate
models) (Lanyon et al., 2004; Seneviratne et al., 2010) and
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FIGURE 2
Diurnal variation of solar radiation (Wm™) (- —), air temperature (T;), soil surface temperature (-, Soil) and vine's canopy temperature (= ARA)

for the the Vitis vinifera cv Aragonez (syn. Tempranillo) (ARA), subjected to deficit irrigation, in a vineyard located in Alentejo

(Southern Portugal).

Data were collected along 8—-9 July 2015 under the following climatic conditions (Tair min/max = 37.2 °C/15.9 °C; RH min/max = 14.5%/47.0%; Wind
speed minmax = 0.6 m s1/4.7 m s73). Soil surface temperature was assessed by thermal imaging (Adapted from Costa et al., 2019).

agronomical and remote sensing research (Krapez et al, 2012;
Kustas et al., 2022). The specific heat of water is higher than that
of soil, and consequently, soils with high moisture have higher
specific heat than dry soils, resulting in lower ST (Baver, 1965).
Therefore, higher soil water content makes the variation (increase/
decrease) in ST occur more slowly than in dry soils (Brady and
Weil, 2017). Lower moisture content results in a higher conversion
of solar radiation into sensible heat (measurable as temperature)
(Figure 1), in opposite to high soil moisture conditions, in which the
incident solar energy is used to evaporate water (Heilman et al,
1994). Soil water evaporation reduces ST, and the temperature

difference between soil and the atmosphere is proportional to the
evaporation rate (Zeng et al, 2021) and as a consequence soil
surface temperature inversely correlates with soil water content
(Krapez et al, 2012). As a result, the typical wet-dry irrigation
cycles occurring in irrigated crops often result in spikes in ST
(See Figure 3).

Severe precipitation events and flooding can greatly affect soil
characteristics, leading in general to soil erosion, compactation and
nutrient runoff, with detrimental effects on crops (root growth,
yield) and soil fauna, and influencing soil temperature (Mancuso
and Shabala, 2010; Ruperti et al., 2019).

15 Aug 2021 25 Aug 2021
(WET) (DRY) Daylight time
Avg (°C) Accum (°C.day)
15 Aug 2021 (WET)
AT (top canopy - air) 0.8 113
AT (canopy cluster zone - air) 13 17.6
AT (air below canopy - air) 0.6 8.9
AT (soil - air) -3.0 -41.2

~ 25Aug 2021 (DRY)

AT (top canopy - air) 2.8 36.7

AT (canopy cluster zone - air) 3.2 42.0
AT (air below canopy - air) 14 18.5
AT (soil - air) 3.0 393

FIGURE 3
RGB and thermal images taken with a medium cost thermal camera (Flir C5,

160 x 120 pixels, 8-14um, Emissivity = 0,96) from the inter row and

rows with Vitis vinifera cv Tempranillo, taken at 16:00 hours, on 15 and 25 August 2021, showing the marked effect of shadow and sunlit soil sides as

well as effect of irrigation on soil temperature (arrow) as part of a typical wet

-drying cycle in irrigated vineyards. (Adapted from Egipto et al,, 2022).
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2.2.4 Soil organic carbon content

Soil organic carbon (OC) content depends on the balance between
carbon inputs and outputs. Carbon inputs relate to plant productivity,
while carbon outputs relate to microbial decomposition of OM. Soil
OM decomposition is controlled by ST during wet periods and by the
combined effect of soil water and ST during dry periods (Yuste et al,
2007). On the other hand, high ST promotes OM mineralization rates
and drives several physical, chemical and biological changes, which
accelerates microbial decomposition of soil OM and, decreases soil
fertility (Guoju et al.,, 2020). Soil microbial respiration uses soil OC and
releases CO,, and higher ST promotes soil respiration and higher CO,
release to the atmosphere (Karhu et al,, 2014).

Soil management practices (tillage, the use of cover crops,
mulching) combined with changes in soil water content due to
precipitation or irrigation, influence C dynamics in soils and soil
biodiversity (Haddaway et al., 2017; Crystal-Ornelas et al., 2021).
Soil tillage promotes CO, release and disrupts protected OM in
soil aggregates, increasing its availability for microorganisms
(Haddaway et al.,, 2017). Precipitation and irrigation modify CO,
fluxes in soil, and the wet-dry cycles due to precipitation or
irrigation events result in marked fluctuations in soil CO, efflux
and in dynamic responses in soil C pools (Yu et al., 2022).

3 The impact of soil temperature
in vineyards

3.1 Grapevine responses

Vitis vinifera is a crop species well adapted to dry and warm
conditions. However, more variable and extreme climatic
conditions (heat and drought) pose risks to the wine sector.
Temperature is a primary environmental factor influencing
grapevine development, growth and physiological processes
occurring in roots, shoots/leaves and berries, including growth
and phenology, respiration and photosynthesis, flowering and
fruit set, yield and berry composition (Chaves et al., 2016; Pagay
and Collins, 2017; Field et al., 2020; Bernardo et al., 2021; Gambetta
et al., 2021; Keller et al., 2022). Warmer conditions lead to earlier
bud break and earlier harvests, resulting in wines with lower organic
acids, higher pH levels, higher ethanol levels and altered sensory
characteristics (Van Leeuwen and Destrac-Irvine, 2017; Venios
et al, 2020). Heat stress due to air temperatures above 35°C
decreases the synthesis of secondary metabolites, reduces
photosynthesis rates and vegetative growth (Moutinho-Pereira
et al, 2004; Chaves et al, 2010) and may affect plant water
transport (Galat Giorgi et al.,, 2020). Excessively high
temperatures (air and soil) in wine-growing regions can reduce
berry color due to inhibition of anthocyanin biosynthesis or their
degradation and promote the synthesis of reactive oxygen species
(ROS) (Carvalho et al., 2014; Venios et al., 2020).Higher average air
temperatures in the growing season can negatively impact yield and
quality (Bonada et al, 2015) and brief episodes of extreme
temperatures are detrimental when occurring at specific
phenological stages, e.g. flowering and fruit set (Pagay and
Collins, 2017; Gambetta et al., 2021; Keller et al., 2022).
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High air temperatures and drought stress can influence leaf
morphology and structure resulting in larger but thinner leaves,
with smaller cells, and higher stomatal density (Pierce et al., 2022).
High diurnal air temperatures and low night air temperatures
ensure a low pH in berries which is highly relevant for wine
production in warm areas (e.g. Mediterranean), which are
increasingly experiencing an increase in night time temperatures
(Venios et al., 2020).

The response of grapevine to heat and drought stress depends
on several factors that include the atmospheric climatic conditions,
the genotype (variety/rootstock), soil characteristics and soil and
crop management (Lopes et al., 2011; Bota et al., 2016; Simonneau
et al., 2017). Leaf gas exchange traits (e.g. photosynthesis,
transpiration or stomatal conductance) respond fast to abiotic
stresses, namely to drought and high temperatures (Chaves et al.,
2010; Simonneau et al, 2017). Optimal leaf temperatures for
photosynthesis range between 25 and 30° C (Greer and Weedon,
2012), but stomatal response to the environment depends on the
genotype and their strategy (isohydric or anisohydric) to cope with
water stress while optimizing thermal regulation (Chaves et al,
2010; Chaves et al., 2016; Simonneau et al., 2017).

Current studies on crop response to high-temperature stress are
mainly focused on the effects of air temperatures on the aerial part
of plants/crops (shoots, leaves) and its immediate environment,
while the potential adverse effects of high ST are less examined
(Dong et al., 20165 Costa et al., 2019). This applies to the effects of
day time and night time temperatures under scenarios of warmer
nocturnal air temperatures that tend to increase root-zone ST
(Dong et al,, 2016).

Metabolic processes such as respiration, photosynthesis and
transpiration are sensitive to short-term temperature fluctuations
and air and ST influence carbohydrate relations in grapevine
(Chaves et al., 2016; Venios et al., 2020; Gambetta et al., 2021).
Carbohydrate reserves are most abundant in grapevine roots, and
ST regulates their mobilization to shoot and trunk (Rogiers et al.,
2011). Soil warming up to 24°C promote shoot growth by increasing
the use of starch reserves, while soil cooling (13°C) result in starch
accumulation in both roots and stem and shift the overall biomass
partitioning to the root system (Field et al., 2020). High night air
temperature reduces carbohydrates exportation from leaves, but
promotes respiration resulting in lower leaf carbohydrate contents
(Tombesi et al., 2019). Moreover, higher air temperatures coupled
with higher surface ST during early evening may promote excessive
carbon loss due to maintenance of higher respiration (Escalona
et al,, 2012). Therefore, carbon losses and modified carbohydrate
dynamics due to increased respiration must be better quantified
for vines growing under dry and warm conditions (Medrano
et al., 2016).

In grapevine, pot-based experiments showed that the highest
biomass production and shoot growth rates were achieved under
warmer treatment regimens (24°C compared to 13°C) (Field et al,
2020). However, above certain critical temperatures, growth is often
hindered due to lower net assimilation rates, and in more extreme
cases leaf overheating and death (Chaves et al., 2016). Supra-
optimal ST may also affect the root system. Root survival can be
negatively affected by ST above 35°C, which can lead to root death
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(Huang et al., 2005). Fluctuations in air temperature and
ST modulate grapevine’s morphology. ST can affect root
characteristics (size, architecture, and function) (Luo et al., 2020;
Gaveliene et al., 2022). Exposure of plant roots to temperatures
above their optimum often decreases primary root length and
lateral root density, reducing the volume of soil explored by roots
and consequently, reducing water and nutrient uptake (Koevoets
et al, 2016). Meanwhile, the root architecture may dynamically
adapt to spatial and temporal temperature changes by acclimation
of root structure and geometry (Nagel et al., 2009; Fonseca de Lima
etal., 2021; Fichtl et al., 2023). Nevertheless, it is difficult to quantify
the effect of root temperature in real conditions, as the distribution
of roots changes according to soil characteristics and conditions of
the soil surface (Pradel and Pieri, 2008).

Temperature influences grapevine hormonal relations at root
and shoot level (Walker and Winter, 2006; Chaves et al., 2016; Field
et al., 2020; Bernardo et al., 2021). Soil temperature was found to
regulate hormone content such as cytokinins (CKs) in grapevine
xylem sap (Field et al, 2020) and also of abscisic acid (ABA)
(Bernardo et al., 2021).The effects of ST on vine performance still
need to be better quantified and the interaction between air and ST
and soil moisture on vines must be evaluated for their physiology
and agronomical performance under extreme dry and high-
temperature conditions

3.2 Vineyard weeds and
spontaneous vegetation

Soils of vineyards in the Mediterranean region are often
subjected to intensive labor to reduce or eliminate competition by
light, water, and nutrients, between vines and the weedy flora.
Therefore, vineyard landscapes depend on a great investment in
tillage, mowing, or herbicide application (Winter et al., 2018).
Intensive soil management practices result in increasing ST with
feedback loops on soil seed bank, altered seed dormancy, seed
longevity and germination patterns, along with general plant
composition changes towards resilient species to heat and water
stress (Kathiresan and Gualbert, 2016). ST and soil moisture are key
determinants for seed dormancy breaking and a trigger for
germination, along with exposure to flashes of light on non-deep
buried seeds caused by soil disturbance (Saver and Struik, 1964).
Higher ST due to bare soils and warmer climate conditions can
promote synchronized mass seed germination of certain species,
resulting in homogeneous and well-adapted weedy plant
communities, which can be more damaging if agrochemicals
(fertilizers and pesticides) are used, stimulating growth and weed
resistance to herbicides. However, the mechanisms and traits of
weed species can differ, and for some summer annual species,
dormancy breaking occurs under low ST conditions, whereas
optimal germination is trigged by higher ST (Forcella, 1998). Soil
growing degree days (GDD) has been used with success for weeds,
estimated from ST to predict emergence rates of weed seedlings.
Following germination, higher air temperature and ST usually
favoured rapid development of weed seedlings and plant growth,
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and GDD based on air temperatures can be used to estimate post-
emergence seedling height growth (Forcella, 1998).

The proportion of bare soil was tested as a predictor of the
taxonomic diversity of plant communities and vine yield, and
results pointed to slightly lower berry productivity for higher
plant diversity, corresponding to lower bare soil area, and lower
ST (Guerra et al,, 2022). Nevertheless, soil management decisions
made by winegrowers involve cost-effectiveness of weed control that
needs to be addressed locally and over the long term. These factors
include, for instance, the weed resistance to herbicides, the role of
weeds as a refuge for pests and diseases, or as resources for
pollinators and pest predators, amongst other goods and services
that spontaneous flora can provide to the well-being and society
(Paiola et al., 2020). Higher ST promotes the dominance of exotic
weedy species from tropical climates, such as Conyza spp. or native
Mediterranean species that have clear positive photoblastic
germination mechanisms, such as Dittrichia viscosa (Parolin et al.,
2014). Evolutionary mechanisms of exotic annuals or seed-
dispersed perennials out of the native range are likely to take
place as an environmental adaptation, which increases the risk of
unbalanced agroecosystems (Clements and Ditommaso, 2011;
Garcia et al., 2018).

Effects of extreme ST on plants ecophysiology were studied
for a few species and mostly on crops or grasslands but in
general, extreme high ST affected photosynthesis by reducing
carboxylation efficiency, with differences between C3 and C4
plants (Noia Junior et al, 2018). A reduction in leaf stomatal
conductance, relative water content and increased concentration
in intercellular CO, occurred and C4 plants are likely to be more
affected than C3, given the differences in photosynthetic
pathways. In turn, extreme low ST on C4 plants resulted in
higher leaf stomatal resistance and reduced photosynthetic rates.

Weeds and spontaneous vegetation present diverse seasonal
dynamics that, together with the vine’s phenology, produce a
dynamic ecosystem across time and space, on the rhizosphere
and above ground. Relations with ST and vineyard management
must be addressed by looking at the seasonality of the complex of
crop-spontaneous vegetation and weedy flora, and the constraints
and objectives of wine producers (Garcia et al., 2018).

3.3 Soil organisms

The biological component of the soil is a vital part of agricultural
ecosystems, including vineyards, and is composed of a diverse set of
macro- and micro-organisms like insects, myriapods, worms,
nematodes, bacteria, archaea, fungi, actinomycetes, protozoa, algae
(Pritchard, 2011; Sassenrath et al., 2018). They compose the soil food
web and can be divided into four groups according to their body size
and functional roles: micro-organisms and macro-, meso- and micro-
fauna (Giffard et al,, 2022). Those organisms have important ecological
functions and lead crucial processes in the soil that determine soil and
plant health, such as OM decomposition, nutrient cycling, soil structure
improvement, including soil aeration and increased water and nutrient
retention, as well as pest, disease and weed control (Giffard et al., 2022).
Climate change and increased ST are likely to affect their diversity and
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community dynamics, which may have a strong influence on the
overall food soil web and on the ecosystem services they provide, which
may ultimately affect grapevine performance.

3.3.1 Soil microbiota

In the particular case of soil microbiota, a rich and diverse
community of soil microorganisms can ensure productive soils,
because they largely influence nutrient cycling and soil fertility,
promote pathogen suppression, enhance CO, sequestration and
increase soil OM mineralization rates. Due to those crucial roles for
agro-ecosystem functioning, microbial biodiversity is considered as
an important determinant of the terroir (Gobbi et al., 2022).

In vineyards, soils are the main reservoir of microorganisms for
the grapevine phyllosphere and endosphere, since every growing
season, aboveground plant organs, including leaves and berries,
obtain their microbes mainly from the soil (Compant et al., 2011;
Zarraonaindia et al., 2015). Nowadays, it is well accepted that
balanced grapevine-associated microbial communities are
essential not only for plant growth and biotic and abiotic stress
tolerance (Pinto et al., 2014), but affect the organoleptic properties
of the must (Zarraonaindia et al.,, 2015). It can also influence the
fermentation dynamics at the winery and ultimately wine quality
(Belda et al., 2017). Hence, any changes in soil microbial
community composition and structure may influence plant
performance and berry composition, given their direct and
indirect influence on grapevine growth, health, stress tolerance
and berry development (Di Giacinto et al., 2020).

Temperature is one of the most important determinants of
microbial growth and metabolic rates. However, the assessment
of the overall soil microbial community response as a function
of temperature is still challenging (Jansson and Hofmockel,
2020) and an acclimatization of microbial communities to
soil warming cannot be excluded (Pritchard, 2011; Snyder
and Callaham, 2019). The increase of ST may have two
contrasting consequences on soil organisms and microbiota.
Since there is a linear relationship between temperature and
respiration, it could be expected that in response to temperature
rises, soil microbial respiration will also increase, releasing CO,
to the atmosphere (Bond-Lamberty et al., 2018), which
contributes to the greenhouse effect, and further temperature
increase. On the other hand, at higher temperatures, the
metabolism of OM decomposers (mainly fungi) is expected to
be more active (Schindlbacher et al., 2011) and, therefore,
microbial OM mineralization rates could be faster. Under such
circumstances, nutrient release is accelerated (e.g. nitrogen),
which can be translated into faster plant growth, contributing
to carbon sequestration. This issue is even more complex, with
several other interacting factors in the local soil environment
(e.g. high temperatures also affect the nitrification process or soil
oxygen concentration) that ultimately affect microbial growth
and metabolism (Bai et al., 2013; Hu et al., 2016; Jansson and
Hofmockel, 2020).

Some studies demonstrate that as temperature increases,
population shifts, and variations in microbial community
structure and changes in functional genes occur (Zhang et al,
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2005; Schindlbacher et al., 2011; Melillo et al., 2017; Romero-
Olivares et al., 2017). In the case of vineyards, in a recent study
across the world, Gobbi et al. (2022) found a positive correlation
between temperature and fungal alpha diversity, but not between
prokaryotic alpha diversity and temperature, indicating that fungal
communities might be more sensitive to temperature than soil
bacteria and archaea. Veétrovsky et al. (2019) also found that among
the different environmental factors (climatic, soil and vegetation
parameters), temperature and precipitation were the key factors
regulating fungal diversity and community composition in soils.
Nevertheless, to our knowledge, no studies have been conducted yet
in vineyards to assess the direct effect of an increase in ST in key
microbial soil processes as well as in the community composition/
structure of soil micro-organisms. In particular, due to the major
roles of fungal communities in vineyard soils as OM decomposers,
as plant mutualists (and therefore promoting plant tolerance to
stress factors) and also as pathogens, more knowledge is needed on
the specific ways in which ST affects these communities. This will
allow to develop better strategies to manage vineyard soils to buffer
the negative effects of climate change on particular soil microbial
functional groups.

3.3.2 Soil fauna

Soil macro, meso and micro-fauna have important roles in the
soil. They are involved in OM decomposition, attract microbial
communities that mineralize nutrients, and contribute to improve
soil structure by creating aggregates and soil pores and mixing the
soil (Culliney, 2013). For instance, macroinvertebrates like
earthworms, ants and thermites can move large portions of soil,
creating new microhabitats for other soil organisms, and can
assimilate plant materials, integrating them into the soil as OM
(Snyder and Callaham, 2019). On the other hand, isopods and
myriapods promote OM decomposition by feeding on carbon-
based compounds and by excreting enzymes and feces into the
soil, thereby enhancing the proliferation of microbial decomposer
communities, that release nutrients into the soil (Hendrix, 2000;
Zagatto et al., 2021).

The study of how soil warming affects soil fauna is challenging,
since depending on the methodological approach (air, soil or air
and soil warming), the outcome can be substantially different
(Snyder and Callaham, 2019). Therefore, artificial/experimental
temperature manipulation may not lead to a real response of soil
fauna under natural conditions (Snyder and Callaham, 2019),
which makes drawing conclusions somewhat challenging.
Moreover, ST and moisture are directly linked, and therefore,
differentiating the independent effects of each factor on soil fauna
is often difficult. In addition, distinct taxonomical or functional
groups may react differently to ST increases and to the indirect
effects that this entails in the soil ecosystem.

In a model described by Snyder and Callaham (2019), the
increase in ST leads first to changes in animal behavior, such as
up- or downward movements in the soil profile. It can also lead
to physiological changes that have consequences on their fitness
and reproduction, with a subsequent effect on soil animal
taxa abundance, community structure and diversity. This can
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ultimately lead to changes in their functions, including nutrient
cycling, OM decomposition and soil respiration. In their review,
Snyder and Callaham (2019) also present a conceptual model
generalizing how soil warming may affect the soil environment
and summarize the direct and indirect interactions that may occur
between vegetation, microorganisms, soil macro-, meso- and
microfauna and OM under a global warming context.

Although some studies already describe the diversity and
ecosystem functions of soil fauna in vineyards (Ghiglieno et al,
2020; Gongalves et al., 2021; Andrés et al., 2022; Giffard et al., 2022),
much less information is available on the effects of soil warming
on soil fauna (Snyder and Callaham, 2019). It is known that
agricultural soils, and thus vineyards, tend to have low soil
invertebrate diversity, which are often characterized by species
that are well-adapted to environmental disturbances (Callaham
et al., 2006). However, the management regime can strongly
influence their populations, with a generally beneficial effect
observed in arthropod abundance and diversity in organic
vineyards (Caprio et al, 2015; Gagnarli et al, 2015; Ghiglieno
et al,, 2019; Ghiglieno et al., 2020; Bosco et al., 2022). According
to Blankinship et al. (2011), soil fauna may be more sensitive to soil
moisture content, and therefore to changes in precipitation, than to
mild increases in temperature.

In a study conducted by Ghiglieno et al. (2020) in Italian
vineyards, Collembola and Acari were the most frequent taxa
observed in vineyard soils. While taxa of the first group showed a
variety of responses related to ST, Acari, as well as Thysanoptera,
Diplopoda and Hymenoptera were more related to lower ST.
Contrastingly, Diptera, Isopoda, Hemiptera, as well as Coleoptera
and Diptera larvae taxa abundance, was related to higher ST. This
may lead to the hypothesis that the latter taxa may be more
negatively affected by soil warming in the context of climate
change than the former group, which could be benefited, since
they appear to be thermophilic (Eisenbeis and Wichard, 1987;
Reddy and Venkataiah, 1990; Zhu et al., 2018). This would be the
case of ants, as some studies showed that they increase their
activity at higher temperatures (Dunn et al., 2009; Snyder and
Callaham, 2019).

More knowledge is needed on how soil fauna, in particular
invertebrates, will react to soil warming and the associated changes
in the above-ground vegetation and soil moisture. Understanding
how those animal communities will respond to increased ST may
help to decide on the most appropriate vineyard soil management
strategies that can buffer ST changes and foster the proliferation of
taxa that benefit both soil and crops.

4 Soil temperature measurements

Ecological patterns and processes are often more related to
below-canopy soil temperature rather than to well-ventilated air
temperatures (Lembrechts et al., 2022. Moreover, near-surface,
rather than air temperature can work as better predictors of
ecosystem functions and processes such as OM decomposition,
soil respiration and other components of the global carbon balance
(Lembrechts et al., 2022). Therefore, ST measurements are highly
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relevant and needed to achieve good reference data for specific
ecological conditions as well as to use ST as a major variable to
support modelling of ecosystem processes. However, due to the
complexity and large labour costs of ST measurements, in situ
observations of ST are less commonly described in literature than
those of precipitation and air temperature (Li et al., 2020).

Soil surface temperature measurements are usually carried out
with thermocouples and radiometers, but these devices have
limitations concerning logistics, access, and technician costs
(Frodella et al., 2020). In turn, measuring ST at different depths
can be done with different types of thermometers and sensors
installed at various depths (Abdel-Ghany et al, 2022), which do
requires knowledge and significant manpower.

Consequently, there is a general consensus about the need to
achieve soil spatial information (e.g. temperature, moisture) faster
and with fewer human resources. The use of remote sensing
technologies can offer an alternative or a complementary solution
for localized and punctual measurements as it allows to retrieve a
larger set of spatial data to study vegetation or soil properties at
different resolution scales (temporal and spatial) (Jones and
Vaughan, 2010; Wulf et al, 2014). In the last decades, it has
increased the interest in developing methodologies for remotely
measuring soil surface and vegetation temperature and to assess soil
moisture conditions by using spaceborne, airborne or ground-based
sensors (Jones and Vaughan, 2010; Krapez et al., 2012; Frodella
et al., 2020; Xu et al.,, 2020; Diago et al., 2022).

Thermal imaging emerged as a highly flexible and non-contact
measurement technique that enables small to large scale, surface
temperature sensing and it can be used as an alternative or as a
complementary tool for conventional soil surface temperature and
moisture monitoring technologies, in a wide variety of geo-
environmental and agricultural applications (Jones and Vaughan,
2010; Frodella et al., 2020; Zeng et al., 2021; Diago et al., 2022).
Ground-based thermal imaging sensors, such as thermal cameras,
experienced a fast technological development (e.g. focal plane array
uncooled microbolometer sensors) that increased detectors’
accuracy, spatial resolution, and decreased costs (Jones and
Vaughan, 2010).

Thermal imaging was successfully used in viticulture to monitor
canopy and ST variation at different time scales and different
irrigation conditions (Jones et al., 2002; Gutierrez et al., 2018;
Costa et al.,, 2019; Gago et al.,, 2020; Diago et al., 2022; Kustas
etal, 2022) (Figure 3). Thermography has been used to monitor the
effects of soil, irrigation and different soil covering materials on ST
in vineyards (Frodella et al., 2020). Other studies using
thermography helped to characterize the mechanisms behind soil
desiccation cracking (Zeng et al., 2021), or to study heat transfer
processes in vineyards (Kustas et al., 2022). Thermography has been
also used as an alternative method to monitor and detect soil
microbial activity (Schwarz et al,, 2021).

Satellite remote sensing has been developed for thermal
applications, but data calibration and validation remain complex
and costly (Frodella et al., 2020). Indeed, there are still limitations
concerning image resolution because satellite measurements still
have limited spatial and temporal resolution (Basurto-Lozada et al.,
2020), when considering their practical aplication to field crops.
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Atypical vineyard canopy architecture and row disposition,
characterizes by a large amount of bare soil/cover crop separating
rows of trellised vines, which demands higher imaging spatial
resolution (of one meter or less) for high robustness (Basurto-
Lozada et al.,, 2020). Nevertheless, a combination of ground-based
in-situ measurements with aerial and satellite imaging may be a
solution to monitor ST more effectively (Xu et al., 2020). The same
applies to methodological approaches based on the fusion of
information retrieved from thermal and multispectral sensors to
generate estimates of ST by using computational intelligence
models (Basurto-Lozada et al., 2020).

Other techniques such as soil resistivity measurements can be
used as a proxy for ST: soils with high resistivity have generally
coarse-textured and are warm in contrast to low resistivity soils that
are richer in clay and are cooler (Van Leeuwen et al.,, 2020). Soil
electrical conductivity (or its reciprocal soil electric resistivity)
reflects a combination of soil mineralogy, salts, moisture and
texture, which makes it a robust parameter to characterize soil
properties. The advantage of this proximal sensing methodology
gives high-resolution maps of the soil resistivity, which can be
further related to ST. Furthermore, regression equations have been
developed to predict and map moisture content, topsoil thickness,
and clay content (Samouélian et al., 2005).

The development of digital soil science, that is the study of soil
using the tools of the digital convergence (Wadoux and McBratney,
2021), also opens new possibilities for imaging studies applied to
ST and their effects on plants and soil. In addition, the existing

10.3389/fpls.2023.1145137

cooperative works and data sources on ST (Lembrechts et al., 2022)
can open new opportunities to use ST data in agriculture.

5 Strategies to manage soil
temperature in vineyards

Sustainable water and soil management are the core of several
sustainability programs in the wine sector (Costa et al., 2022) and
other perennial woody crops, such as olive groves and almond
orchards (Andrade et al., 2014; Garcia-Tejero et al., 2018; Fraga
etal,, 2021). More sustainable practices related to soil management
can help to alleviate the harmful effects of more extreme drought
and heat events due to climate change. This is an increasingly
important issue for Mediterranean viticulture and must combine
effective soil and canopy management strategies (Figure 4), together
with more efficient use of irrigation water and better-adapted
varieties/rootstock combinations (Andrade et al., 2014; Costa
et al., 2016; Cataldo et al., 2021; Naulleau et al., 2021).

Irrigation is probably the most important and effective short-
term adaptation strategy to face the impacts of climate change in
Mediterranean vineyards, attending to its high effectiveness in
moderating thermal microclimatic extremes at both soil, plant
and atmosphere levels (Andrade et al.,, 2014; Costa et al., 2016)
(see Figures 3, 5). Watering and higher soil moisture promote
transpiration and the related evaporative cooling in plants, and also
favor soil water evaporation (Figures 1, 3). As a result, irrigation in

FIGURE 4

(A) The impact of dry and extreme heat in the basal leaves of a Mediterranean vineyard (South Portugal) and sustainable management practices
in Mediterranean vineyards, (B) Soil grass cover in the inter row combined with row tillage in a vineyard in Alentejo’s wine region (South
Portugal), (C) Mulching with different organic materials (rice straw and Eucalyptus foliage) and (D) Soil profile characterization as a tool to

support best practices in soil management (ISA campus U. Lisboa).
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(A) Annual variation of soil monthly mean temperature (ST) at 5, 10, 30, 60 and 120 cm depth, for a 30-yr period (1931-1960), measured at the campus of
the Instituto Superior de Agronomia (ISA), Lisbon (38°42'27.5"N; 9°10'56.3"W), under rainfed conditions (Botelho da Costa, 1995). (B) Monthly variation ST
during the year of 2022, at 10, 20, 30 and 40 cm, in an irrigated vineyard, at ISA (data provided by Hidrosoph, Oeiras, Portugal). The red line indicates
variation in the monthly mean air temperature, and the peak in July relates to a heat wave event; Daily ST variation during 1°* July 2022 (C) and 9" July 2022
(D), respectively before and at the end of a heat wave, measured every two hours at 10 and 20 cm depth, in the irrigated vineyard; the red line indicates the

air temperature.

vineyards expanded fast in southern Europe (Costa et al., 2016;
Fraga et al, 2018; Gambetta et al., 2021), but water resources
are increasingly scarce and demand more precise irrigation
management in Mediterranean vineyards (Miras-Avalos and
Araujo, 2021).

A detailed soil characterization (soil profile, soil properties,
fertility) (Figure 4) in new vineyards and in the already installed
ones is crucial to support more efficient irrigation and fertilization
programs. Soil characterization is also essential for an effective
distribution of soil water sensors across the vineyard. In addition,
thermal measurements of soil, air and plants (punctual and image-
based) coupled with computer-based information systems can
support Decision Support Systems (DSS) (Figure 6) for more
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efficient vineyard management (Costa et al., 2020; Naulleau et al,
2021). DSS systems using these multi-parameter thermal data
besides supporting precise irrigation strategies are potential
indicators of water and heat stress in vineyards that can help to
predict and mitigate climate risks.

In addition to irrigation, ST (and plant temperature) can be
regulated in vineyards under warmer and dryer conditions, by
promoting the use of spontaneous soil cover vegetation, selected
cover crops, or mulching. Soil cover protects against soil erosion,
increases infiltration and water retention, reduces evaporation, and
in the case of living mulches or maintenance of adequate
spontaneous vegetation, they act as a source of nutrients and OM,
and can improve physical, chemical and biological conditions
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(A) Diagram illustrating the potential interactions between soil, canopy and berries in terms of heat exchange and temperature regulation and the
use of air temperature (T,;,), soil temperature (TS), canopy temperature (Tc), and cluster or berry temperature as parameters to feed models to
support decision on plant phenotyping, and vineyard management (irrigation, canopy and soil). TTSW - total transpirable soil water; VPDair - Air
Vapour-Pressure Deficit (Adapted from Costa et al., 2020). (B) Conceptual framework showing the interaction between soil temperature (ST) and soil
water (Swater) on vines temperature (roots, trunk, basal and upper leaves, berry/cluster) in a context of climate change (higher radiation -Rn, air
temperature -Tair, less precipitation - P). Atmospheric conditions and ST influence vine plants T and morpho-physiological and biophysical
processes (Leaf area - LA, Net photosynthesis - Pn, Transpiration - E, Carbohydrates - CH, Soil temperature - ST) depends on atmospheric climate
conditions (Rn, Tair, P). Higher Rn and Tair and lower P, promote soil warming and increase evapotranspiration. Soil and plant management
influence the thermal regulation of both soil and plants and can be optimized by thermal data (atmosphere, plant and soil) and Decision Support
Systems - DSS.
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(Marshall et al., 1996; Lazcano et al., 2020). Specifically, natural or
spontaneous vegetation cover can also stimulate deeper vine root
distribution and promote the use of resources in deeper soil layers
(Pradel and Pieri, 2000). The replacement of mineral fertilizers and
herbicides with cover crops or vegetation will take years to have a
proper impact on soil nutrients and microbial activity, apart from
the need to monitor and maintain soil cover (Doring et al., 2019).

Mulching can help to control pests and weeds and maintain yield
levels under adverse climatic conditions. Fraga and Santos (2018)
investigated the effects of mulching in a typical Mediterranean
climate region in Southern Portugal, under future climate change
scenarios. Although ST was not directly addressed, their results
suggest that mulch can mitigate the adverse effects of hotter and
drier weather and extreme events, expressed by an estimated increase
of yield by 10 to 25% as compared to bare soil vineyards. The use of
soil covering material (mulches) influences maximum summer ST,
minimum winter ST, as well as the daily ST fluctuations. In apple
orchards, for example, plastic mulching promoted more extreme
maximum and minimum ST, but the effect on weed control and
water losses was positive and resulted in no major negative effects on
plants’ performance (Neilsen et al., 1986).

A more sustainable soil management involving no-tillage or
improved tillage strategies is key to minimize soil erosion, decrease
soil compaction and avoid the formation of impermeable layers
which influence soil thermal and water regimes, nutrient cycles and
crop performance. Tillage strategies must be based on a good spatial
characterization of the soil profile and properties, avoiding the
numerous drawbacks of its use and at larger spatial scales, as it
hampers surface water run-off, increases greenhouse gas emissions,
difficult the groundwater recharge and promote biodiversity losses
(Giirsoy, 2021) (Figure 4).

Adaptation to increasing ST may encompass larger rooting
depth and involve the use of rootstocks with a wider root-zone
temperature optimum to enhance the future performance of woody
perennial crops (Koevoets et al,, 2016; Darriaut et al., 2022).
Therefore, selecting new rootstocks to specific environments
should be a challenge to face cultivation problems associated with
global climate change.

Other strategies to minimize soil and canopy insulation,
control ST and protect crops from light stress and high
temperatures may be envisaged. However, they are costly and/or
may have negative environmental impacts (e.g. visual pollution;
recycling issues). This is the case of the use of shading nets in VSP
trellis systems as a strategy to mitigate the negative impact of heat
waves and sun exposure of berries. Indeed, partial shading (less
than 60% of solar radiation) at the cluster zone reduced by about 4 °
C the cluster temperature as compared to sunlit clusters
(Marigliano et al., 2022). Shadowing in combination with water
availability can avoid berry dehydration during the last phases of
ripening with positive effects on anthocyanins and flavonols, as
compared to sun exposed clusters (Martinez-Liischer et al., 20205
Marigliano et al., 2022). Nowadays, the installation of photovoltaic
panels over crops (“agrivoltaic” farming) is being advertised as a
win-win solution for climate change adaptation of vineyards and to
produce energy (Frauhnofer, 2022). Nevertheless, vine’s morpho-
physiological responses must be taken into account and the
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respective cost-benefits analysis must be carried out, along with
the quantification of the damaging effects on the landscape (e.g.
loss of the aesthetics of the natural rural landscapes). Furthermore,
row orientation has a dramatic effect on the vine’s exposition to
sunlight and consequently on ST and canopy temperature (White,
2015; Hunter et al., 2020; Pisciotta et al., 2021). In addition, row
spacing, and trellis design influence ST by varying the percentage of
shading of solar radiation on the soil. For example, the soil layers of
east — west oriented rows reach their highest temperature in the
afternoon, and ST generally increases in the two top layers and
decreases in the lower layers from mid-morning to late afternoon
(Hunter et al., 2020). A combination of higher planting density
with shading can also be considered, which favors both natural and
artificial shading in vineyards and minimizes the impacts of
extreme radiation and heat conditions on both crops and soil
cover crops and benefit the activity of the relevant soil micro-
organisms (microbiota).

6 Conclusions

More sustainable agricultural, hydrological, and environmental
management in the context of climate change demands a better
understanding of soil resources variability, at increasingly higher
resolutions (Wulf et al., 2014). Though soil temperature maps are
already available for many regions of the world (Lembrechts et al.,
2022), high resolution data on ST that can be representative of
microhabitat conditions for below-ground organisms is still needed,
and especially for deeper soil layers.

The effects of spatiotemporal variation of temperature on
ecological processes and functioning of agroecosystems has been
investigated but the predictive capacity remains low, and more
studies focused on the interaction of soil-organisms-crop
productivity and quality are still required (Pipan et al, 2021).
This knowledge at fine scales would help to better understand the
roles of soil and soil management on climate change adaptation and
will help to cope with current and future challenges of climate
change by supporting predictive modelling and decision-making
applied to perennial crops systems, such as grapevine or other
typical Mediterranean crops

Long-term field measurements using sensors of both ST and soil
moisture are being developed and tested in vineyards and other
perennial crops (Garcia-Tejero et al., 2018; Costa et al., 2019; Wild
et al,, 2019). Thermal sensors have become less expensive and offer
larger robustness and energy autonomy though limitations such the
low contact of the logger in certain soil types (e.g. drying clay soils)
were reported (Wild et al., 2019).

Climate warming may have diverse effects on ST according to
the diverse types of heat stress (heat shocks, heat waves, or
increasing warming conditions), leading to diverse physiological
and molecular responses at leaf and fruit levels, and on root
morphology as well as on reproductive traits. There is evidence
that the phenological stage of crops influences crops vulnerability to
increase temperature, either by pulses or in a continuous trend
(Jagadish et al., 2021). This applies to grapevines. Future research
should encompass a better understanding of the mechanism(s) by
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which ST affects leaf and berry traits across different grapevine
varieties, clones and/or rootstocks.

Soil remains sidelined in viticulture research, suggesting a lack of
attention to non-new but highly relevant issues such as the detailed
spatial distribution and characterization of soil types before designing
and planting new vineyards. As consequence there is an urgent need to
improve monitoring and better evaluate the roles of soil properties and
ST in Mediterranean vineyards, which are increasingly exposed to
more adverse climatic conditions and increasing irrigation limitations
(Costa et al,, 2016). A better understanding of the roles of soil
properties on soil microbiota, weed and vine morpho-physiology,
and on heat and water fluxes, is crucial to achieve a more efficient
soil and crop management, and to ensure a more sustainable
Mediterranean viticulture under extreme stress conditions. This
achievement will certainly contribute to the Sustainable Development
Goals, namely in terms of soil and biodiversity protection and more
sustainable water management. Ultimately, we must consider the
feasibility and economic implications of the proposed management
strategies that vary with the wine regions and the fact that improved
soil and canopy management solutions will be only achieved with
multidisciplinary knowledge and more trained professionals.
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