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Abstract

Elevated temperature during the grape maturation period is a major threat for grape quality and thus wine
quality. Therefore, characterizing the grape composition response to temperature at a larger scale would
represent a crucial step towards adaptation to climate change. In response to changes in temperature, various
physiological mechanisms regulate grape composition. Primary and secondary metabolisms are both involved
in this response, with well-known effects, for example on anthocyanins, and lesser known effects, for example
on aromas or aroma precursors. At the field scale or at the regional scale, however, numerous environmental or
plant-specific factors intervene to make the effects of temperature difficult to distinguish from overall
variability. To overcome this, study areas with well-characterized and contrasting temperature conditions were
selected. A long-term study of air temperature variability across several Merlot vineyards in the Saint-Emilion,
Pomerol and their satellites wine producing areas found significant temperature differences and gradients at
various time scales, which were linked to environmental factors. From this study area, a few sites were selected
with similar age, soil and training system conditions, and with repeated and contrasting temperature differences
during the maturation period. The average temperature difference during the maturation period was about 2°C
between cooler and warmer sites, a difference similar to that expected under future climate change scenarios.
In close proximity to the temperature sensors at each site, grape berries were sampled three times between green
stage and full maturity during the 2019 and 2020 growing seasons. Also, berries from bunches on either side of
the row were analyzed separately, allowing an investigation of bunch exposure effect associated with the
coupling of berry temperature and solar radiation. Four replicates of pooled berries for each time - site - bunch
exposure combination were obtained and analyzed for biochemical composition.

Analyses of variance of the biochemical composition data collected at different sampling times reveal
significant effects associated with temperature, site, and bunch azimuth. For instance, anthocyanins in grape
skins are clearly influenced by temperature and solar radiation exposure, with up to 30% reduction in warmer
conditions.

Introduction

With climate change, the advance of grapevine phenology and increased temperatures in the lower atmosphere
will both contribute to a significant rise of temperature directly sensed by the plants and the developing and
ripening fruits (Pieri and Lebon, 2014; Fragaal., 2016). Elevated temperature during the grape maturation period
is also recognized as a major threat for grape quality and therefore wine quality (Drappier et al., 2019; Neethling
etal., 2019; van Leeuwen et al., 2019). Therefore, characterizing the grape composition response to temperature,
and especially to higher temperature, at a larger scale during maturation would represent a crucial step towards
a sensible adaptation to climate change. In response to changes in temperature, various physiological
mechanisms regulate grape composition. Primary and secondary metabolisms in the grape berry are both
involved in this response, with well-known effects, for example on anthocyanins and other flavonoids (Tarara
et al., 2008; Azuma et al., 2012; Rienth et al., 2014; Pieri et al., 2016; Lecourieux et al., 2017; Lecourieux et
al., 2020), and lesser known effects, for example on aromas or aroma precursors (Pons et al., 2017; Wu et al.,
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2019; Drappier et al., 2019; van Leeuwen et al., 2020). With higher temperature, these effects result mostly in
a reduction of quality-related compounds in the berries and are therefore considered detrimental for wine
guality. At the field scale or at the regional scale, however, numerous environmental or plant-specific factors
intervene to make the effects of temperature difficult to distinguish from overall variability. To overcome this
difficulty, study areas with well-characterized and contrasting temperature conditions were selected.

Materials and methods

Based on continuous measurements taken in close proximity to the vine canopies, air temperature variability
was assessed across a network of approximately 90 Merlot vineyards in the Saint-Emilion, Pomerol and
satellites wine producing area, as part of a long-term study that began in 2012 (de Rességuier et al., 2020).
Significant temperature differences and gradients at various time scales were linked to environmental factors,
mainly altitude, slope and azimut, latitude/longitude, with the latter accounting for the continentality gradient
(Bois et al., 2018; de Rességuier et al., 2020).

From this study area, a few sites were selected with similar age, soil and training system conditions. The selected
sites exhibited repeated and contrasting temperature differences during the maturation period, with the network
average taken as a reference. The maturation period for each site was estimated by applying two phenology
models for véraison and ripening (Parker et al., 2013; Parker et al., 2020) assuming a 220g/L sugar threshold
and using inputs of the corresponding measured air temperature series. The average temperature difference
during the maturation period was about 2°C between cooler and warmer sites (Table 1), a difference similar to
that expected under future climate change scenarios (Pieri and Lebon, 2014; Fraga et al., 2016; IPCC, 2021).
There were more differences observed with minimum temperature than maximum temperature (Table 1) and
accordingly sites # 6, 16, 23, 74 were labelled “T-* and sites # 54, 69, 70, 91 were labelled “T+”. It was also
observed that this clustering was strongly influenced by geographical and topographical factors: T- sites were
localized in the NE hilly plateau, whereas T+ sites were localized at the South (S) margins of the plateau or in
the S-facing slopes.

Table 1. Selected Merlot vineyards, including year planted, rootstock, row azimuth, and minimum (Tmin), maximum
(Tmax) and mean (Tm) air temperature over 8 years (2012-2019) relative to the network average of ~90 sites during the
theoretical véraison-maturity period.

AT véraison-maturity (°C)

“climate” row
# site  year planted rootstock azimuth Tmin Tmax m
T- 6 1980 5BB EW -1.97 -0.82 -1.39
T- 16 1988 SO4 EW -1.83 0.03 -0.90
T- 23 1990 NS -1.34 -0.61 -0.98
T- 74 1985 161-49C NS -2.38 -0.56 -1.47
T+ 54 1976 41B NS 1.77 0.47 1.12
T+ 69 2000 3309C NS 0.40 1.74 1.07
T+ 70 2003 161-49C EW 1.31 0.06 0.68
T+ 91 2004 161-49C EW 1.47 0.53 1.00

In close vicinity to the air temperature sensor at each site, usually within the same row and less than 20m away,
grape berries were sampled three times (S1 to S3) between green stage and full maturity during the years 2019
and 2020. Also, berries from bunches on either side of the row were analyzed separately. This allowed an
investigation of bunch exposure effect associated with the natural coupling of berry temperature and solar
radiation associated with row azimut (Spayd et al., 2002; Pieri et al., 2016; Hunter et al., 2020). Four replicates
of pooled berries from several different vines and clusters for each time - site - bunch exposure combination
were obtained and analyzed for biochemical composition.

It is well known that phenology is strongly influenced by temperature (Parker et al., 2013; Parker et al., 2020)
and that higher temperatures may delay véraison and the whole maturation period (Lecourieux et al., 2020).
Consequently, a strong bias could potentially affect the comparison of analysis results obtained from samplings
at the same time. Therefore, in 2020 it was attempted to minimize this bias by repeating the green stage (S1)
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and ~100% veraison stage (S2) simultaneous samplings of both T+ and T-, a few days later for T- sites only
(S1b and S2b, respectively), when the same temperature sum above 10°C was reached (with reference to the
temperature sum of T+ at the S1 or S2 sampling date, respectively). This rule could not be applied to the ripe
stage sampling date (S3) because the viticulturists of T- sites decided to harvest very soon after T+ sites.

Results and discussion

Maturity

Results of biochemical analyses at maturity (sampling date S3, 1-4 days before actual harvest date) revealed
relatively little differences between T- and T+ modalities with respect to primary metabolites in grape berry
composition. Glucose and fructose concentrations were similar, with slightly less sugars in T+ berries. Tartrate
concentrations were nearly identical, whereas malate concentrations were lower in T+, as was expected. These
results suggest that the phenology lag between T- and T+ sites apparent at the véraison stage was nearly offset
during the maturation period, as far as primary metabolites are concerned.

In contrast, secondary metabolites at maturity were clearly influenced by climate and microclimate factors.
Applying an analysis of variance, the variability of anthocyanins concentrations was very significantly linked
to the climate (T+ vs. T-), the site, and the bunch exposure (at p < 0.001, 0.001 and 0.01 levels, respectively),
with non-significant interactions. This influence led to reduced anthocyanins concentrations in grape berries of
T+ sites, with clear and consistent differences across sites, combined with a noteworthy influence of bunch
azimuth (Figure 1).
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Figure 1. Variations of total anthocyanins concentrations in grape berry skins (ug/mg skin dry weight) at ripe stage (S3)
with site climate (T+ vs. T-) and bunch azimuth (exp: north (N), south (S), east (E), west (W)). Boxplots with ordinary
settings.

Véraison

Sampling S2 was realized at 100% véraison in T+ sites, and at about 80% véraison in T- sites, with a large
variability. The phenology lag was therefore obvious. The S2b sampling was realized 16 days later in T- sites,
based on temperature sum above 10°C, and the 100% véraison stage was then reached in all T- sites. At this
véraison stage, therefore, biochemical analysis results were investigated by comparing T+ at S2 with T- at S2b.
Again at this stage, sugars exhibited very little differences with respect to climate and the other factors. Malate
concentrations were also similar, with a trend of lower values in South-exposed bunches, higher values in North-
exposed bunches and a large variability in East-exposed bunches of T+ sites. However, tartrate concentrations
were strongly influenced by the climate and to a lesser extent by the bunch azimuth, with significantly higher
dry-weight tartrate values in T+ sites, and relatively lower values in S-exposed bunches.
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Table 2. Analysis of variance results for 2020 measurements of total anthocyanins concentrations in grape berries skins
(ug/mg skin dry weight) for S2 (T+) and S2b (T-) sampling dates (with phenology shift between T- and T+ sites
minimized).

df Sum Sq Mean Sq F value Pr(>F) Signif.
climate (T-/T+) 1 1237 1237 102.77 2.63e-13 Fkk
site 6 697 116 9.65 7.27e-07 Fokk
exp (bunch azimuth) 2 220 110 9.12 0.000462 faleiel
climate*exp 2 60 30 2.48 0.094730
site*exp 4 110 28 2.29 0.074463
residuals 46 554 12

Signif. codes: 0 “***’ 0.001 “** 0.01 “** 0.05 . 0.1’ 1
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Figure 2. Variations of total anthocyanins concentrations in grape berry skins (ug/mg skin dry weight) at 100% véraison

stage (S2 T+ and S2b T-) with site climate (T+ vs. T-) and bunch azimuth (exp: north (N), south (S), east (E), west (W)).
Boxplots with ordinary settings.

Analysis of variance applied to total anthocyanins concentrations in grape berry skins (ug/mg skin dry
weight), for S2 (T+) and S2b (T-) mixed together, showed strongly significant effects of climate, site and
bunch azimuth (Table 2). Interactions were non-significant, although bunch azimuth contributed to
interactions with climate and site, which were close to significant.

These significant effects translated into large differences of total anthocyanins concentrations in grape berry
skins (Figure 2). Anthocyanins concentrations values at 100% véraison were reduced by ~30% on average in
T+ sites, compared with T-. Also, nearly systematic effects of site and bunch azimuth were supported by the
results; for example, higher values in North-exposed bunches and lower values in South-exposed bunches were
noticeable. One possible interaction could be seen in the case of West-exposed bunches, with a larger reduction
in T+, compared to T-, than in the other bunch azimuth categories.

The observed climate and microclimate effects confirm a well-known negative influence of higher temperature
on anthocyanins in grape berries. In addition, the variations observed at ripe stage already mostly existed at
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véraison, suggesting earlier determination. The microclimate effect of bunch azimuth could be explained by
solar radiation exposure Kinetics since actual berry temperature is naturally coupled to radiation load and differs
from air temperature, sometimes to a large extent (Hunter et al., 2020).

Conclusion

These results provide a broad picture of how spatial variability of temperature is linked to grape composition
variability in the Saint-Emilion winegrowing area. Simple air temperature measurements taken near the vine
canopies over a network in actual producing vineyard conditions allowed an easy selection of consistent,
thermally contrasted sites. Variability analysis applied to these thermally contrasted conditions found associated
differences in biochemical analysis results at different phenological stages. The sampling approach minimized
the potential bias caused by differences in phenology, therefore analysis results at green stage and at 100%
véraison could be compared either at the same sampling time, or at the same phenological stage.

Analyses of variance of the biochemical composition data revealed highly significant effects associated with
temperature, site, and bunch azimuth, with these effects already mostly established at véraison. Anthocyanins
in grape skins were clearly influenced by temperature, with up to 30% reduction in warmer conditions. Solar
radiation exposure kinetics and coupled temperature sensed by the berries could explain the microclimate effect
of bunch azimuth.
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