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Abstract

In this study, we investigated the consequences of climate change on bioclimatic indices in vineyards along the edge of Lake
Neuchatel in Switzerland. Like in other vineyards all around the world, the typicity of wines and the phenology of vines
have changed, particularly since the 1970s. Trends in the growing season average temperature and in Huglin’s heliothermal
index show that the climate in the Neuchatel vineyards changed from very cool or cool to temperate during the last decades.
Trends in the cool night index and in the prior to harvest cool night index both indicate that in the near future this wine region
will frequently experience temperate instead of cool nights during the weeks leading up to harvest. Our results highlight
the need for adaptation strategies, such as an upward elevational shift for Pinot Noir, as climatic conditions will become too
warm at its current location in the next decades. They also show that conditions in this region are already favorable for more
thermophilic varieties such as Merlot. In the context of global warming, this kind of analysis should be conducted throughout
winegrowing regions in order to develop efficient adaptation strategies at the microclimatic scale.

1 Introduction

Grapevines are cultivated in specific regions according to the
particular temperature needs of each variety and to a process
of selection and experimentation conducted by winegrowers
(Huglin and Schneider 1998; Jones 2007; Moriondo et al.
2013; Unwin 2005). This process explains the existence
of wine regions, which are characterized by specific wine
typicities (Jones 2007). It has been shown that, in addition
to climate, other elements play an important role in the
production of quality wines, such as soil type and depth,
cultural and oenological practices, evapotranspiration, root-
ing depth, leaf area, and the interactions between all these
factors (Huglin and Schneider 1998). As an example, slight
water stress, which depends on rainfall, temperature, and leaf
area, improves wine quality (Spring and Zufferey 2009; van
Leeuwen et al. 2009), but excessive water stress has negative
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impacts. Winegrowers have the possibility to reduce these
impacts by using an irrigation system (Santillan et al. 2019;
van Leeuwen et al. 2009).

Weather conditions are still considered the most impor-
tant factor for viticulture (Jones and Davis 2000; van Leeu-
wen et al. 2004). Numerous studies have shown that rising
air temperatures undoubtedly have an impact on the phe-
nological development stages of grapes (e.g., Cook and
Wolkovich 2016; Cuccia et al. 2010; Duchéne and Schneider
2005; Fraga et al. 2016; Jones and Webb 2010; Lebon 2002;
Seguin and Garcia de Cortazar 2005; Tomasi et al. 2011;
Urhausen et al. 2011). Air temperature rise, combined with
ever-earlier grape harvests, changes the typicity and char-
acter of the wines produced (Jones and Webb 2010; Spayd
et al. 2002; van Leeuwen and Darriet 2016). Thus, the final
sugar concentration and potential alcohol content of wines
both tend to increase, while total acidity decreases (Batt-
aglini et al. 2009; De Orduna 2010). Other aromatic and
phenolic elements are also altered (De Orduna 2010; Dequin
et al. 2017). Cool conditions prior to harvest are known to
positively influence total phenolics, and to give wine a spe-
cific color (Kliewer 1973; Kliewer and Torres 1972; Mori-
ondo et al. 2013), particularly for Pinot Noir (Nicholas et al.
2011; Shaw 2012). Thus, the composition of grapes changes
considerably with an overall rise in air temperature, modify-
ing the typicity of the wines.
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Beyond rising temperatures, it has been shown that cli-
mate change could lead to an increase in spring frost risk, in
heat wave duration and occurrence, and in solar radiation, all
of which increase the risk of sunburn to grapevines (Sgubin
et al. 2018; Stock et al. 2005). Furthermore, climate change
is expected to result in a shift in the geographic distribu-
tion of different pathogens and insect pests, which is likely
to increase the risk of disease and infestation in winemak-
ing regions with historically cold climates, i.e., 13—15°C on
average for the grapes’ growing period (Boudon-Padieu and
Maixner 2007; Tate 2001).

As regional implications of climate change and adapta-
tion possibilities differ for each vineyard, it is necessary to
focus on studies at the local scale (Pons et al. 2017; Ramos
Martin et al. 2018), taking winegrowers into account in order
to suggest manageable adaptation solutions (Boyer 2016).

Changing climatic conditions will progressively result
in a latitudinal shift of the vine suitability zone (Jones and
Alves 2012; Jones et al. 2005). In particular, southern vine-
yards in the Northern Hemisphere will probably become too
hot for producing high-quality wines (Stock et al. 2005). It is
expected that long-term adaptation solutions for vineyards in
other regions will involve the introduction of new varieties
(more thermophilic and/or resistant to pests and pathogens)
and/or an elevational shift (Jones et al. 2005; Schultz 2000).

In Switzerland, the mean annual temperature increased by
1.8°C between the beginning of temperature measurements
in 1864 and 2016 (MeteoSwiss 2016). Rebetez and Reinhard
(2008) observed that the trend reached +0.57°C per decade
from 1975 to 2004. Thus, climate warming in Switzerland
is currently more than twice the average over the Northern
Hemisphere. The temperature rise is not uniform through
the year: spring and summer are warming more than winter
and autumn. This point is crucial for viticulture, as the vine
growing season extends from 1 April to 31 October. The

Table 1 Bioclimatic indices, the corresponding equations for the
Northern Hemisphere, and literature sources, adapted from Jones
et al. (2005), Blanco-Ward, Queijeiro, and Jones (2007), and Resolu-
tion OIV VITI 423-2012 (2012). Tmax is daily maximum tempera-
ture, Tmin is daily minimum temperature, and Tmean is daily mean

beginning and middle of the growing season are therefore
warming more than the end, with September having the
smallest temperature increase.

Air temperature impacts on grapevines are well known
and considered the main determining factor for the devel-
opment of this cultivated plant, particularly for bringing
it to maturity (Huglin and Schneider 1998). Using air
temperature data, a large number of bioclimatic indices
have been developed (Table 1). They indicate the suit-
ability of each region for producing specific vine vari-
eties (Briche et al. 2014; Huglin and Schneider 1998).
Most consist of a heat accumulation of degree days with
a 10°C lower limit, such as the Winkler index (Amerine
and Winkler 1944), Huglin’s heliothermal index (Huglin
1978), Branas’ heliothermal index (Branas 1974), bio-
logically effective degree days (Gladstones 1992), and
the sum of average temperature (Jones and Davis 2000).
Huglin’s heliothermal index (HI) has been used to define
vine culture availability for some varieties. It offers the
highest correlation coefficient with sugar content, which
represents grape maturity (Huglin and Schneider 1998).
Sugar is the most important factor for producing high-
quality wine in cool climate regions, especially when the
grape varieties are close to their low-temperature lim-
its of possible cultivation (Huglin and Schneider 1998).
By contrast, maintaining acidity is the most important
challenge in warm climate regions (Huglin and Schnei-
der 1998). The growing season average temperature,
used by Jones et al. (2005), defines the suitability for
growing specific grape varieties by considering the aver-
age temperature of the growing season (1 April to 31
October; GST). The cool night index (CI) (Tonietto and
Carbonneau 2004) and the Fregoni index (FI) (Fregoni
2003) count the occurrences of low-temperature periods
before harvest, which are important for wine composition

temperature ((7max+7min)/2). k is a constant depending on latitude
(40 to 50°) spanning from 1.02 to 1.06; Ie is effective insolation; d is
the number of hours per day where 7<10°C; Wo is the water reserve
at the beginning of the period; P is monthly precipitation; 7v is
monthly vine transpiration; Es is monthly soil evaporation.

Index name and abbreviation Equation

Period Source

Winkler index (WI)
Huglin’s heliothermal index (HI)

> (Tmean — 10)

2
Branas index (BHI)
Biologically effective degree days (BEDD)
Y (Tmean > 10)
Avg(Tmean)
Avg(Tmin)

Sum of average temperature (SAT)
Growing season temperature average (GST)
Cool night index (CI)

Fregoni index (FI)

Dryness index (DI)

k% 2 (Tmean+Tmax _ 10) 1 Apr. to 30 Sep.

Y (Tmean — 10) * Y (Ie % 107°)
Y min{max[Tmean — 10;0];9}

Y (Tmax — Tmin) = Y. N,T < 10

Y Wo+P—Tv—Es

1 Apr. to 31 Oct. Amerine and Winkler (1944)

Huglin (1978)

1 Apr. to 31 Oct.
1 Apr. to 31 Oct.
1 Apr. to 31 Oct.
1 Apr. to 31 Oct.
September

Branas (1974)

Gladstones (1992)

Jones and Davis (2000)

Jones et al. (2005)

Tonietto and Carbonneau (2004)

Resolution OIV VITI 423-2012
(2012)

Riou et al. (1994)

September

1 Apr. to 30 Sep.
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(Moriondo et al. 2013). CI corresponds to mean Septem-
ber daily minimum temperature (7min). FI is defined as
daily Tmax minus daily 7min, summed over all days in
September and then multiplied by the number of days in
September with Tmean below 10°C. The dryness index
(DI) calculates a water balance, considering the water
reserve at the beginning of the ripening period, incoming
water and outgoing water.

In this study, we assessed trends in relevant bioclimatic
indices for Neuchatel (Switzerland) vineyards, consider-
ing two grape varieties and trends in climate parameters
since 1900. We focused on the trends in GST, HI, and CI,
taking the period prior to harvest into account, and inves-
tigated their consequences for two grape varieties (Pinot
Noir and Merlot). Understanding these trends will help
to predict future short-term prospects for the vineyards.
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2 Materials and methods
2.1 Study area

The vineyards of Neuchatel, Switzerland, are located to the
south-south-east of the Jura foothills (Fig. 1). The vineyards
are located on the shores of Lake Neuchatel and Lake Biel,
between 430 and 550 m a.s.l. Although Chasselas was his-
torically the main grape variety cultivated in this region,
it was gradually replaced by other varieties, mainly Pinot
Noir. Vineyards currently cover approximatively 600 ha
and produce mostly Pinot Noir (55%) and Chasselas (27%),
but also other varieties such as Pinot Gris (<4%), Chardon-
nay (<4%), Merlot (<1%), Cabernet Franc (<0.5%), Divico
(<0.5%), Galotta (<0.5%), and Malbec (<0.5%) (Cartillier
2018). The grapevines are mainly planted on a south-south-
east-facing slope, although some vineyards exist on flat land

PRA

10 km
I 02000 )

Fig.1 Location of the study area, vineyards, and temperature loggers. AG loggers are temperature loggers from Agrometeo, /GG loggers are
loggers from the Geography department of the University of Neuchatel, and MS loggers are loggers from MeteoSwiss
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by the lakes. According to Koppen’s climate classification
adapted by Peel et al. (2007), the region is characterized by
a temperate and humid continental climate. Its grapevine
climate is considered cool according to Jones’ classification
(Jones 2006).

2.2 Data

We used daily air temperature minima (7min) and maxima
(Tmax) data to compute and analyze various bioclimatic
indices. These data originated from 29 temperature loggers,
provided by three sources: our own loggers (19), Agrome-
teo (6) (http://www.agrometeo.ch/fr/meteorology/datas), and
MeteoSwiss (4) (https://gate.meteoswiss.ch/idaweb/). All
loggers record air temperature at 2 m above ground. Our
own loggers (Fig. 1: IGG loggers) were installed in 2017.
They are located in and above the vineyards in order to col-
lect precise, local data (Fig. 1 and Table 3). The other sta-
tions are representative of the topographic and elevational
situation of Neuchatel’s vineyards. All of them are located
in the vineyards or slightly higher in similar geographical
conditions. MeteoSwiss Neuchatel (NEU) is our main mete-
orological long-term reference station, with temperature data
available since 1864. Four Agrometeo stations (AG loggers)
are located outside the study area, in nearby south-south-
east-facing slopes and lakeshores in winegrowing areas with
similar topographic and climatic conditions. The CRM and
CHM MeteoSwiss stations (Fig. 1) are not representative of
the geographical situation of the vineyards. The CRM sta-
tion is located on a valley floor near a small river. It is there-
fore exposed to cold air pools and a high spring frost risk.
Consequently, vines are not cultivated in this area (Fig. 1).
The CHM station is on a mountain peak at 1136 m a.s.l.
These two stations provide a comparison between the vine-
yard climate and microclimates that are colder because of
elevation or topography. We used homogeneous data series
starting in 1900 to compute the average trend in Switzerland
mean growing season temperature (GST) in order to make
comparisons between the study region and the average of
14 MeteoSwiss representative stations in Switzerland. How-
ever, at two stations, data were only available starting in
1964 (PAY) or 1879 (CHD) rather than 1864.

We used the standard WMO (World Meteorological
Organization) method to compute daily mean temperature
at each station:

Tmax + Tmin

T =
mean 3

Harvest dates were recorded from 1970 to 2017 by the
Station viticole cantonale of Neuchatel, which did not
record dates in 2018 and 2019. For these two years, harvest
dates were estimated using our own phenological observa-
tions. Harvest dates correspond to the average date of the
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beginning of the harvest period in Neuchatel’s vineyards
each year, based on Chasselas and Pinot Noir. Chasselas is
normally harvested a few days later than Pinot Noir.

2.3 Methods

We chose Huglin’s heliothermal index (HI) as the reference
bioclimatic index rather than other indices based on the
accumulation of growing degree days (GDD), as it appeared
to show the highest correlation with sugar content at harvest
(Huglin 1978). There were many missing values (NA) at
some Agrometeo stations, which made it difficult to compute
HI. Therefore, we replaced all NA values with predicted
values using a lapse rate model. Elevation is known to be
the main factor explaining air temperature differences at
the regional scale (Joly et al. 2012). We used all stations
for which we had data from 2007 or earlier to determine a
mean lapse rate per month based on 13 years of daily mean
and maximum temperatures. We crossed all measured daily
temperature data with predicted data for all stations to check
the quality of the model. It gave good results for both Tmean
(R?=0.98 and p<0.001) and Tmax (R*=0.97 and p<0.001)
[Fig. 7]. The model made it possible to replace 1385 (out of
74,900) missing values with predicted values. This model
was also applied to estimate past climatic conditions and
produce a map indicating past HI values in the study area.
We used homogenized temperature data from the Mete-
oSwiss NEU station to compute trends in all bioclimatic
indices (GST, HI, CI, and “prior to harvest cool night index”
[PHCI; described below]), as these data had already been
homogenized for our study period. This station is located
at 485 m a.s.l., which is approximatively the average of the
vineyards’ elevation range (430 to 550 m a.s.l.). This sta-
tion thus offers a representation of the mean climate in our
vineyard study area. The other stations were used to produce
high-precision climatic maps by considering their lapse rate.
We first focused on the trends in GST. This bioclimatic
index is currently used to define the suitability of climatic
conditions for the growth of specific grape varieties (Jones
et al. 2005). Second, we analyzed the trends in HI. We pro-
duced high-resolution maps illustrating the elevational vari-
ability of this index and the interannual variability charac-
terizing these vineyards. We used Pinot Noir and Merlot
optimum estimations based on Huglin and Schneider (1998)
to illustrate vine culture optimal conditions based on cli-
matic parameters. These optima represent climate conditions
under which grapes contain 180-200g/1 of sugar (Huglin
and Schneider 1998). These optima are not applied strictly
because sugar content depends on other factors as well, such
as yield and irrigation system (Huglin and Schneider 1998).
We analyzed trends in CI as the third bioclimatic index.
Finally, we computed a new index based on the dates of the
harvest period (prior to harvest cool night index; PHCI).


http://www.agrometeo.ch/fr/meteorology/datas
https://gate.meteoswiss.ch/idaweb/
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Indeed, as the cool night index is based on September tem-
peratures, it does not always fit with the current harvest
period. Our new index is computed using the mean daily
Tmin during the 30 days prior to harvest. This index has the
advantage of taking into consideration changes in harvest
dates and actual 7min values that grapes experience prior
to harvest. Both CI and PHCI were used to determine the
occurrence of cool night periods, which are important for
wine composition (Moriondo et al. 2013).

Prior to harvest cool night index (PHCI) =
% Zg—so Tmin, where Hd = annual average date of the
harvest period.

We used the program R to compute all statistical tests
(R Core Team 2013).

3 Results

3.1 Trends in average growing season temperature
since 1900

The growing season temperature average according to Jones
et al. (2005) refers to the average daily Tmean from 1 April
to 31 October (Table 1). The trends since 1900 in GST on
average across Switzerland (a) and for the station NEU (b)
are shown in Fig. 2. We used the 14 MeteoSwiss reference
stations to compute the Swiss average. Two segmented
regressions produced two breaking points and three peri-
ods for both Switzerland and NEU. For Switzerland, the
first period (1900 to 1947) was characterized by an increase
of 0.23°C decade™" (p<0.001), the second period (1947
to 1974) by a decrease of 0.16°C decade™' (p<0.01), and
the third period (1974 to 2019) by an increase of 0.57°C
decade™! (p<0.001; Fig. 2b). For NEU, the segmented
regression indicated the same three periods, but only two of
them showed a significant change in GST: the first one (1900
to 1947) with an increase of 0.25°C decade™" and the third
one (1974 to 2019) with an increase of 0.55°C decade™!,
both highly significant (p<0.001). The second interval (1941
to 1973) showed a slight decrease of 0.23°C decade™! (not
significant; p=0.063).

The 11-year moving average (MovAve) confirmed this
general trend in GST, with a clear increase only since the
1970s for both Switzerland and NEU (Fig. 2). A linear
model was computed, showing a trend from 1974 to 2019.
1974 corresponded to the second breaking point produced by
the segmented regression. The linear model showed trends
similar to those in the third part of the segmented regres-
sion for both Switzerland, with an increase of 0.59+0.06°C
per decade (p<0.001 and R?=0.72), and the NEU station,
with an increase of 0.56+0.06°C per decade (p<0.001 and
R’=0.65). Predictive intervals at 90% and 95% (PL.90 and

PI.95) show the interannual variability of both Switzerland
and NEU (Fig. 2).

According to Jones’ classification (Jones 2006), the cli-
mate in the region of Neuchatel was cool during the 1970s.
The average GST was 14.2°C. The predictive interval (P1.90)
during that decade ranged from 13.2 to 15.2°C. Following
the increase in GST over the period 1974 to 2019, the cli-
mate was labeled intermediate during the 2010s. The aver-
age GST was 16.3°C and the predictive interval (P1.90) was
between 15.3 and 17.3°C during the period 2010-2019. Fig-
ure 2 shows that Neuchatel experienced trends in GST and
in PI similar to those of the Swiss average.

3.2 Huglin’s heliothermal index: trends, maps,
and variability

The trend since 1900 in Huglin’s heliothermal index (HI;
Huglin and Schneider 1998) for the station NEU is shown in
Fig. 3. The computed segmented regression indicated three
periods, all of them showing significant changes in HI: the
first one (1900 to 1949) was characterized by an increase of
39.4+14.7 per decade (p<0.001) and the third one (1972 to
2019) by an increase of 103.7+15.1 per decade (p<0.001).
During the period from 1950 to 1971, this index decreased
slightly by 77+47.2 (p<0.05).

The 11-year moving average (MovAve) showed a similar
general behavior. A linear model was computed, produc-
ing a mean trend from 1972 to 2019. It differed least from
the third part of the segmented regression, as it increased
by 111+14.6 per decade (p<0.001 and R*>=0.55). Figure 3
shows that the mean HI in Neuchatel vineyards presently
lies between the theoretical optimum for Pinot Noir and for
Merlot.

The maps in Fig. 4 make it possible to compare HI in our
study region between two periods, the 1970s (Fig. 4a) and
the 2010s (Fig. 4b).

Figure 4 shows that the grapevine climate based on the
HI classification has changed during the study period. In
the 1970s, mean HI values reached between 1300 and 1500
in our study region. These values correspond to the mini-
mum theoretical limit for vine growth (Huglin and Schnei-
der 1998). The vineyards’ climate during that period could
be considered very cool. In 40 years, the HI values have
increased by approximatively 400 (Figs. 3 and 4). On aver-
age, the vineyards now belong to the temperate climate clas-
sification. According to this bioclimatic index, the Neuchatel
vineyards should therefore be gradually adapted, with more
thermophilic varieties such as Merlot or Malbec planted at
lower elevations. The HI values observed at lower eleva-
tions during the 1970s were measured approximately 300 m
higher in the 2010s, between 700 and 800 m a.s.1.

Interannual temperature variability has always been high
in our study region. For the growing season, this variability
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«Fig.2 Trends in the growing season temperature (GST) averages in
Switzerland (a) and at the NEU station (b) from 1900 to 2019. The
PN red band and MN blue band in (b) indicate the GST suitability
for Pinot Noir and Merlot, respectively, with a +0.2-0.5°C error mar-
gin, based on GST according to Jones (2006). Lm 1974 to 2019 is
the linear model, “***” indicates that p<0.001. The two curved blue
lines around the linear model indicate the confidence interval. They
show the mean standard error of this model, which corresponds to
the year-over-year variability of the index in the region. This inter-
annual variability is represented in the graph by two predictive inter-
vals, with 90% of the points inside for the first one (P1.90; dotted dark
blue lines) and 95% inside for the second one (P1.95; solid dark blue
lines). They indicate that HI was located between these lines 9 years
out of 10 for P1.90 and 19 years out of 20 for P1.95. The black dotted
lines show the sequential regression. The dark green line shows the
11-year moving average (MovAve)

did not change significantly with increasing temperatures
during the twentieth century (Luterbacher et al. 2004;
Rebetez 2001). Our results indicate that the interannual
variability in HI has not changed significantly either, in
spite of increasing temperatures (Table 2). These values are

highly determined by temperatures during the growing sea-
son. The variances of the periods 1970-1979 (27059.72)
and 2010-2019 (25841.55) are quite similar. Note that
the variance was very low during the decade 1990-1999.
The interquartile ranges are also quite similar except for
1990-1999 and 2010-2019 (Table 2). Our results for P1.95
(Fig. 3), which are based on 50 years, show that HI varied
by approximatively 250 compared with the average for an
especially cold or warm year.

As an illustration of the geographical consequences of
this interannual variability during the last decade, the maps
in Fig. 5 represent the conditions in two contrasting years.
The year 2014 (Fig. 5a) was characterized by a colder and
wetter growing season than on average during the last dec-
ade, and HI ranged from just below 1700 (lakeside) to 1500
(580 m a.s.l.). This year was clearly below the optimum
HI for Merlot and also for Pinot Noir in a few vineyards.
Although 2013 was even colder, we decided to analyze 2014
because a hail event destroyed most of the harvest in 2013.
In contrast, 2018 (Fig. 5b) was characterized by a warm and

—P1.95

2200

2000

1800 —

HI

1600 —

1400

1200

1000 —

===-Lm 1972 to 2019 (+111£14.6 HI per decade)***

| A A A T A
1900 1910 1920 1930 1940

Fig.3 Trends in Huglin’s heliothermal index (HI) for the NEU sta-
tion (485 m a.s.l.) from 1900 to 2019 (Jones 2006). Lm 1972 to 2019
is the linear model, “***” indicates that p<0.001. The two curved
blue lines around the linear model indicate the confidence interval.
They show the mean standard error of this model, which corresponds
to the year-over-year variability of the index in the region. This inter-
annual variability is represented in the graph by two predictive inter-
vals, with 90% of the points inside for the first one (P1.90; dotted

1950

1L T 1T 71 LA AL |
1960 1970 1980 1990 2000 2010 2020

Year

dark blue lines) and 95% inside for the second one (P1.95; solid dark
blue lines). They indicate that HI was located between these lines 9
years out of 10 for P1.90 and 19 years out of 20 for P1.95. They differ
from the average by approximatively +200 (P1.90) and +250 (PL.95)
in extreme years. The PN red band and MN blue band indicate the
optimum HI for Pinot Noir and Merlot, respectively. The black dotted
lines show the sequential regression. The dark green line shows the
11-year moving average (MovAve)
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Fig.4 Mean Huglin’s helio-
thermal index (HI) in the study
region during the periods 1970—
1979 (a) and 2010-2019 (b).
The four temperature loggers
(4b) are represented by circles
(only NEU station was available
for 4a). The represented values
correspond to the mean HI val-
ues over each period. The iso-
lines represent 50 m elevation
classes, ranging from 430 m

to more than 1000 m a.s.l. The
color gradients indicate changes
in HI in increments of 100.
Points show values measured by
temperature loggers. PN (red)
and MN (blue) bands indicate
the optimum HI for Pinot Noir
and Merlot, respectively
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dry growing season, with the second highest (after 2003) HI ~ values above the optimum for Pinot Noir, and a few

since 1900, with values ranging from 2200 by the lakeside
(430 m a.s.l.) to 2000 at the highest vineyards’ elevation
(580 m a.s.l.). The year 2018 was outside of the predictive

interval (P1.90) shown in Fig. 3. This year clearly had HI
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values

even exceeded the optimum for Merlot. We asked the two
producers of Merlot in 2014 to note the two vintages. They
reported on average 11.5/20 for 2014 and 17/20 for 2018.
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Table 2 Average value of Huglin’s heliothermal index (HI), variance
(Var), standard deviation (Sd), and interquartile range (IQR) of each
decade since 1970 for the NEU station

Decade Average HI Var Sd IQR

1970-1979 1374.1 27059.7 164.5 207.9
1980-1989 1484.6 17457.9 132.1 159.2
1990-1999 1573.8 6876.2 82.9 95.4
2000-2010 1703.7 36922.3 192.2 165.9
2010-2019 1779.8 25841.6 160.8 245.7

The results show earlier harvest dates, with a trend of
—4.18+0.79 days decade™' (Fig. 6a). The cool night index
(CI) was computed according to Tonietto and Carbonneau
(2004). It has increased by 0.33+0.13°C per decade since the
1970s, with p<0.05 and R*=0.1 according to a linear model
(Fig. 6b). The linear model for PHCI showed an increase of
0.95+0.16°C per decade, with p<0.001 and R*>=0.39. Note
that PHCI was generally lower than CI until 1996 but has
been increasing faster and has been mostly higher than CI
since the beginning of the twenty-first century (Fig. 6b).

4 Discussion

The trends in bioclimatic indices for Neuchatel vineyards
indicate a need for specific adaptation strategies in the
future. Some studies, e.g., Santos et al. (2020) and Parker
et al. (2020a, b), already highlighted that European vineyards
will face an increase in air temperature associated with an
advance in phenological stage of vine during the next dec-
ades, due to global warming. This could lead to a latitudinal
shift in grape varieties. According to Morales-Castilla et al.
(2020), southern Europe vineyards will decline while new
vineyards could appear in northern Europe. In cool climate
regions like Neuchatel, the vineyards will probably have
to adapt by changing part of the cultivated varieties. This
was also suggested by Molitor and Junk (2019) concerning
Luxembourg vineyards. Wolkovich et al. (2018) highlighted
that, due to the important increase in temperature expected
for the next decades in Europe, adaptation strategies like the
introduction of new varieties should already be considered
in the vineyards of western Europe. Consequently, a change
in cultivated varieties, for example, growing Merlot instead
of Pinot noir along the lake, could now become an adap-
tation strategy for Neuchatel. Our results suggest that our
study region now offers favorable temperature conditions
for Merlot. They offer contrasting perspectives for viticul-
ture suitability concerning the production of high-quality
Pinot Noir and Merlot wines: trends in HI and GST suggest
that the vineyards’ climate will soon become too warm for
Pinot Noir most of the time but suitable for Merlot more

frequently. Concerning Pinot Noir in this region, our results
show that it would make sense to investigate potential new
areas for vineyards at higher elevations. If soils are properly
adapted, Pinot Noir cultivation could be considered above
550 m a.s.l., which is the present regional official and legal
upper limit for vineyards.

The present average HI in our study region lies between
the theoretical optimum for Pinot Noir and for Merlot. As
HI is based on daily mean and daily maximum air tempera-
tures, it has been increasing in line with global warming
and approximately twice faster warming observed in Swit-
zerland (Pachauri et al. 2014; Rebetez and Reinhard 2008).
Our analyses of HI, showing an increase of 111+14.6 per
decade, indicate a recent change in grapevine climate type
category: the theoretical optimum was favorable for Pinot
Noir until the first decade of the twenty-first century and
was between the optimum for Pinot Noir and for Merlot
during the second decade. The predictive interval in HI of
approximatively +250 between extreme years, such as 2018
(hot and dry) and 2014 (cold and rainy), shows important
differences from year to year compared with the average dec-
adal situation in terms of the conditions for vine cultivation.
Descriptive statistics of each decade show quite similar vari-
ances and IQRs (interquartile ranges) for each decade except
1990-1999, which had less variability for these parameters
(Table 2). The data distribution (Fig. 3) close to the average
trend for all the years in this decade and the absence of an
extreme year could explain this particularity. The presence in
a decade of one or more extreme years that are much warmer
(1971, 2003, and 2018) and/or much cooler (1977 and 1978)
than the average should logically inflate the variance and
IQR. Whatever the average values, winegrowers must adapt
to high interannual variability.

The prior to harvest cool night index (PHCI) increased
three times faster than the cool night index (CI) during the
period 1970-2019. This is connected to the fact that the
harvests usually took place in mid-October in the 1970s
compared with mid- or end of September more recently
(Fig. 6a). The upward trend in CI refers to the rather slow
(compared with other months and with 7max) 7min increase
in September (0.33+13°C decade™!). According to the clas-
sification for CI by Tonietto and Carbonneau (2004), the
quality of Pinot Noir benefited from very cool night tem-
peratures (<12°C) in the past compared with recent cool
temperature values (12—-14°C). PHCI analyses allowed us to
consider the effective minimum temperature values before
harvest, known to be determinant for wines’ aromas and
color (Kliewer 1973; Kliewer and Torres 1972; Moriondo
et al. 2013). As harvests occur earlier, PHCI quantifies the
occurrence of cool nights before the harvest, unlike CI. Our
results for PHCI trend analyses indicate that, assuming a
continuing similar temperature increase during the next 5-10
years, the average daily minimum temperature prior to the
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Fig.5 Huglin’s heliothermal HI Elev.
index (HI) in the region of Neu- [m]
chatel during a cold year (2014, a 600 — 1255
a) and a warm year (2018, b).
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harvest period can be expected to exceed 14°C. Such values
are likely to impact the typicity and composition of Pinot
Noir. Trends in GST are quite similar between Neuchatel and
the Swiss average. Consequently, other Swiss wine regions
can be expected to have similar adaptation needs.
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All proposed climatic scenarios indicate that tempera-
ture will continue to increase in the Neuchatel region dur-
ing the next decades (CH2018 2018). Our results show
that producing meridional varieties, such as Merlot, could
become an adaptation strategy in Neuchatel vineyards at
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Fig.6 Average first day of har-
vest (a) and trends in cool night
index (CI) and prior to harvest °
cool night index (PHCI; b) since
1970 at the NEU station ° °
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lower elevations. However, the success of such a strategy
will depend on local and regional consumers’ interest in
these varieties, as the Neuchatel wine is sold almost exclu-
sively in Switzerland (FOAG 2016).

Our study is based on temperature data only. Other cli-
matic and non-climatic factors are also important for vine
cultivation, although average temperature is clearly the main
driver. Further studies should investigate other climatic fac-
tors, such as heat events and spring frost. Concerning the
latter, the rather late budburst of Merlot compared with
Pinot Noir corresponds to a lower spring frost risk. Climatic

T T T T T T T

1990 2000 2010 2020

Year

scenarios could give a better idea of the future conditions in
Neuchatel vineyards. They could also provide indications of
potential risks due to climate change.

Winegrowers have to deal with multiple parameters, and
the choice of grape variety cannot be based on climatic con-
siderations only. Our results do not take into account the
specific adaptive capacities of the plant, changes in consum-
ers’ tastes, or the cultivation practices used by winegrowers
(van Leeuwen et al. 2013). For example, some wine regions
actually exceed the limits in terms of the mean temperature
characteristics of the grape varieties they produce, without
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big impacts on the quality of their wines (van Leeuwen et al.
2013).

5 Conclusions

Our analysis of three bioclimatic indices shows important
trends since the 1970s in the region of Neuchatel. We found
an increase in GST by 0.56°C per decade since the 1970s.
If the GST trend continues, the probability of having a year
with a GST under 16°C will be lower than 10% within 10
years. Considering GST as an indicator for grape variety
suitability, the climate of the Neuchatel region will become
suitable for Merlot in the next decades. This trend also
implies that adaptation strategies are needed for Pinot Noir.
In 2018, GST was already too high for this variety, and it is
likely that this situation will happen again during the next
decades.

HI increased by more than 400 units during the study
period. Consequently, according to this index, the Neuchatel
vineyard climate passed from very cool to temperate during
the last decades. Our results suggest potential future sugar
content problems for Pinot Noir winemaking in this region.

Our results show that our new index, PHCI, is better
suited than CI to characterize climate change impacts on
vine growth and wine production in the context of climate
change. Considering the low and non-significant increase
in September temperatures, as well as the trend toward ear-
lier harvests, CI no longer characterizes the real situation of
cool nights during the period prior to harvest, even though
it is a useful and easy tool for interannual and inter-regional
comparisons. The increase in PHCI by 0.97°C per decade
shows that the Neuchatel wine country will now mostly face
temperate night conditions before harvest.

The four bioclimatic indices applied in the present study
show that the considered region will soon face problems in
the cultivation of Pinot Noir. A possible solution would be
an upward elevational shift of vineyards. The climate of the
region has changed rapidly in the last years and has become
favorable for more thermophilic varieties at lower elevations.
Our results highlight the urgent need for adaptation strate-
gies for viticulture under global warming. In this context, it
is crucial to conduct local climatic analyses in all winegrow-
ing regions in order to develop adaptation strategies based
on their results.
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