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Abstract

Our knowledge of the climate effect on the quality of harvest remains very incomplete. Original experiments
were carried out on Syrah to study the combined effects of normal or high air temperature and varying degrees
of exposure of the berries to the sun. Berries were sampled and analysed throughout the ripening period. Several
quality characteristics were determined, including anthocyanin content. The objective of the experiments was
to investigate which climatic determinants were most important for anthocyanin accumulation. We developed
the SpiceFP procedure to explore the possible joint influence of two to three temporal predictors (here
temperature and irradiance, observed over time with a very thin discretization step) on the variations of a scalar
response variable (here a grape berry quality variable as an example). Particular attention was paid to the
interpretability of the results. Analysis of the data using SpiceFP identified a negative impact of morning
combinations of low irradiance and high temperature. This impact slightly varied depending on night
temperature.

Introduction

The current climate changes are directly threatening the delicate balance of grape attributes that is sought at
harvest to make good wines. The ripening period is moved forward to midsummer, at a time when radiation and
air temperature peak at their maximum. In this context, the implementation of corrective practices becomes
critical. Unfortunately, our knowledge of the climate effect on the quality of different grape varieties remains
very incomplete to guide these choices.

Numerous experiments combining various climatic scenarios, different grape varieties and different types of
management are being carried out to establish benchmarks and highlight generic behaviour laws with respect
to climate change or cultural practices. In particular, the European INNOVINE project (2012-2016) brought
together several research teams from the Montpellier centre specialised in ecophysiology, oenology and data
analysis. During this project, original experiments were carried out on Syrah vines to study the combined effects
of normal or high air temperature and varying degrees of exposure of the berries to the sun. Berries subjected
to these different conditions were sampled and analysed throughout the ripening period. Several quality
characteristics were determined, including the anthocyanin content. The objective of the experiments was to
investigate which climatic determinants were most important for the accumulation of anthocyanin in the berries
and at what time of the day and in the developmental cycle these climatic determinants had the greatest impact.
The primary aims were to better understand and predict the impact of climatic conditions on anthocyanin
accumulation. Several practices, known for their effect on exposure to irradiance, such as position of the clusters
in the row and leaf removal, were also compared.

This article describes the method developed to identify which combined levels of the two key climatic variables,
temperature and irradiance, had the greatest impact on anthocyanin accumulation and when it is most influential
during the day.
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Materials and methods

Data were collected during an experiment conducted in a vineyard of Institut Agro Montpellier in 2014 (Syrah
vines). The aim was to study the influence of the micro-climate (temperature, irradiance) measured at the grape
level on the anthocyanin content of the berries (Zhu et al., 2016). Experts in viticulture consider that the
accumulation of chemical compounds affecting the quality of the grape berry is jointly influenced by these
explanatory variables. This assumption is reinforced by previous results (Tarara et al., 2008) showing that the
anthocyanin composition of Merlot grapes is influenced by a complex combined effect of berry temperature
and solar irradiation.

The experimental design consisted of: 3 rows x 2 sun exposures (East or West side of the row) x 16 vine stocks
per row, resulting in a potential number of 96 'statistical individuals'. The Ferari Index FI; were measured weekly
for each individual i. This is a non-destructive proxy of anthocyanin content of the bunches (Agati et al., 2007).
Some individual temperature records had missing data, which were imputed via MissForest approach
(Stekhoven & Buhlmann, 2011) when it concerned less than 20% of the total time of observation, otherwise the
individual was removed. The final sample size was n=79 statistical individuals with complete observation on
temperature, irradiation and Ferari index measurements. Ferari index was determined weekly from veraison to
maturity on one same bunch for each individual with Multiplex Force A apparatus (Ghozlen, 2010). This study
focused on the data observed during the third week where the increase in Ferari index was the largest.
Individuals were classified in either delayed or advanced group depending on their Ferari index value (FI lower
or higher than 0.4) at the beginning of this 3rd week.

We modelled the increase in Ferari index, for each group, in function of combined intervals of temperature and
irradiation values using the SpiceFP approach (Gnanguenon Guesse, 2021), and the associated R-package
(Gnanguenon Guesse & al., 2021). SpiceFP is based on a transformation of temporal variables into categorical
variables by defining joint modalities, from which a collection of multiple regression models is derived. The
regressors are the frequencies associated with the joint class intervals. Selection of class intervals and related
regression coefficients are performed through a generalised linear constraint regression (mixed between sparsity
and fused values for regression parameter values).

We applied a logarithm transformation for irradiance values. The input parameters for SpiceFP were the
numbers of class intervals (for temperature: 9, 11, 13, 15, 17, 19, 21; for irradiance: 9, 12, 15, 18, 21, 24, 27),
the power used in the irradiance values transformation (0.0025, 0.0039, 0.0060, 0.0094, 0.0147, 0.0229, 0.0357,
0.0556, 0.0868, 0.1353), and strength of the ratio between sparsity and fused constraints (1/200, 1/100, 1/50,
1/25, 1/12.5, 1/6.25, 1, 6.25, 12.5, 25). SpiceFP allowed us to compare 490 000 models and to select among
them the best one according to AIC (Akaike Information Criteria) or BIC (Bayesian Information Criteria).

We deepened our study on the delayed group by looking at the effect of the night temperature from dawn to
midnight (Rient & al., 2014) on the Ferari index. Two subsets were created respecting the natural distribution
of the individual temperatures into two night temperature conditions: cool night (less than 21,75°C) and warm
night (higher than 21,75°C).

Results

Detection using SpiceFP

The application of SpiceFP on the group of advanced individuals did not show significant results, which
suggests no influence of the temperature-irradiance couple during the 3rd week in this group.

The main results were observed in the group of delayed individuals. During this phase of strong increase in
anthocyanin content (week 3), high temperatures combined with low morning irradiances had a negative impact
that delayed anthocyanin accumulation. This observation was reinforced with an analysis on both subsets
created with respect to the two night temperature conditions: cool night and warm night, as illustrated in Figure
1 below.

For each line, the graph on the left represents the non-zero coefficients identified by SpiceFP and associated
with the selected model (AIC). The frequencies of the pairs (temperature, irradiance) corresponding to the
selected model are given in the middle graph, these are the regressors of the model. The graph on the right
indicates the goodness of fit obtained with the selected model.

This negative impact is generally observed for temperature levels that increase with the irradiance level, drawing
an oblique separation line in the temperature-irradiance interval matrix in Figure 2. This separation varies with
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Figure 1. Results of SpiceFP on the group of delayed individuals (FI<0.4) divided into two sub-groups according to either
cool or warm night temperature conditions.

the temperature of the night. These results show the importance of combinations of irradiance-temperature
values and the need for further studies to analyse the possible decoupling of temperature and irradiance.

Influence model: representation of favourable climatic conditions

From the SpiceFP results (not all are presented here), above a straight line in the (T; log(l)) plane, negative
coefficients are found for the best solutions with respect to AIC or BIC criteria. In some very limited cases,
positive coefficients are present below this line. Following these two remarks, we proposed the following model
A Ferari Index = B-Nb(Temperature>T and lo < Irradiance < I1) + B+ Nb(Temperature<T or Irradiance>I1) where
A Ferari Index is the increase in Ferari index during the selected week and T is the temperature on the straight
line : T=To+ 0 log(I/lo) and B.<0 < PB:.The model is illustrated in the following Figure 2:
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Figure 2. Model based on the oblique separation line.

T stands for temperature, | for irradiance and 3 for the regression coefficient (- and + for respectively a negative
and a positive value of B).
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The parameters of the model were estimated with an optimization criterion under these constraints p.< 0 < B,
0> 0 and I0 <I1. It led to the following estimation:

Table 1. Legend of table 1 here, above the table (Times New Roman, 11, bold).

0

o IO .
p- i To (°C) (umol m>2 Sfl) (°C) 1 Crit/N
Delayed (32) -00043 .00504 24.42 42.65 7.77 infinity .02596
Advanced (45) -06019 .00375 26.52 139.5 25.68 infinity .02727

In each case, | is rejected at infinity, so the associated condition is not operational. The negative value of
above the separation line is confirmed. The novelty is the detection of a positive value below this same line.
This positive value is only questioned in the case of the advanced individuals, but there are few individuals.

Discussion

The results depend on the experimental conditions that enabled the observed values for temperature and
irradiance. When looking at the distribution of these values (Figure 1, middle graphs), we note many areas
without observations and two areas/peaks where the observed values are concentrated (unbalanced design).
An interesting result produced by SpiceFP is the difference between the delayed and advanced individuals, the
latter being less sensitive to the temperature-irradiance couple. It could be interesting to compare with the sugar
level in the berries that is a usual indicator of technological maturity. As this (destructive) measure was not
available, the "advanced" or " delayed" states were defined on the basis of the observed values of the Ferari
index. Even if this measure of ripening state is not the most reliable/frequent one, our results suggest that it
makes sense. One hypothesis to explain the difference in sensitivity between the two states is that the colour of
the berry could be due to an acceleration of its physiological cycle, including the accumulation of anthocyanins
regardless of climatic factors. The advanced individuals may have a faster physiological cycle and have reached
a state that is less sensitive to climatic factors. The decrease in sensitivity during maturity could be due to a
slowing down of the accumulation determined by the "end" of a physiological process (similar to the end of a
leaf growth which becomes insensitive to temperature). Another possibility can be a greater difficulty in
detecting the effects of climatic factors for the so-called advanced individuals.

Conclusion

The use of SpiceFP combined with a linear separation model identified a negative impact of morning
combinations of low irradiance (below 100 or 45 pmol m2 s depending on the advanced-delayed state) and
high temperature (above 25°C). These combinations correlated with a delay in the early phase of anthocyanin
accumulation. For individuals with a low Ferari index at the beginning of week 3 (FI<0.4), a linear separation
was identified between more and less favourable conditions, that was clearer for relatively warm nights
(between 22°C and 26°C).

Overall, our results are consistent with the literature (Fernandes & al., 2015) which suggests that, in natural
environments, high temperatures over a long period of time have a negative impact on anthocyanin biosynthetic
pathway (Spayd & al, 2002; Downey, 2006) whereas low temperature associated with high irradiance favour
anthocyanin accumulation (Cohen & al, 2008).
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