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ABSTRACT: Climate conditions are the main factor controlling winegrape production worldwide.
Establishing the impact of climatic conditions on grape production allows for evaluation of the
suitability of a given region for winemaking. Given the relevance of Malbec wine production in
Argentina, this study was devoted to deriving a unique combined index (UCI) for assessing the
suitability of Malbec grape production (MGP) in the country. The index is a zoning tool that also
quantifies the degree of suitability both in terms of temporal and spatial behavior. We used
monthly mean temperature and precipitation data from a set of stations over the main wine-
making regions of Argentina together with MGP data from Mendoza for the period 1979-2014.
First, the co-variability between a set of bioclimatic indices and MGP was explored in order to
identify the climatic variables that most strongly impact year-to-year variability of MGP. Growing
season temperature, cool night index, growing season thermal amplitude and growing season
precipitation were found to be the bioclimatic indices significantly correlated with MGP. This
analysis also identified the ranges of each climatic variable corresponding to upper, normal and
lower than normal MGP, allowing the definition of categories for each individual climatic variable.
The individual categorized indices were then combined into the UCI, which quantifies MGP suit-
ability. Finally, the UCI index was evaluated in terms of both its spatial and temporal behavior,
and its utility as a tool for characterizing the suitability for MGP was demonstrated.
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1. INTRODUCTION

Wine production from Vitis vinifera L. is largely
controlled by climate conditions during the growing
season (Jones & Davis 2000, Fraga et al. 2016). Cli-
mate conditions have a great influence on the vine—
fruit-wine continuum, affecting (1) vine growth and
development by affecting photosynthetic rate, (2)
grape composition and (3) wine sensorial characteris-
tics. In particular, temperature and precipitation play
an important role through the 3 main phenological
stages of the growing season: (1) bud-break, initiated
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during spring; (2) bloom, initiated in late spring and
early summer; and (3) veraison, which is the onset of
ripening to harvest, initiated during summer (Ramos
& Martinez-Casasnovas 2010). Temperature is the
climatic factor that has the most influence on pheno-
logy and productivity of vines as well as on the com-
position and quality of grapes, and consequently, the
quality and style of wines (Soar et al. 2008). For
instance, grapevines start their annual growth cycle
in the spring, with bud break initiated at a 10°C base
temperature (Winkler et al. 1974), and reach their
optimal photosynthetic response within the range
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20-35°C, depending on a combination of other fac-
tors such as water availability (Carbonneau et al.
1992). Moreover, to ensure optimal quality and well-
balanced wines, warm daytime temperatures and
cool nighttime temperatures are required during the
period from ripening to harvest (Jones et al. 2005).
The amount and seasonal distribution of precipita-
tion also plays a key role, as it widely governs soil
moisture and grapevine water potential during the
growing season. In this sense, high water availability
conditions are of utmost relevance for the vines at the
beginning of the growing season, while low water
availability conditions are needed at the end of the
growing season from flowering to ripening (Jones &
Davis 2000). Moreover, water supply to the grape-
vines during the ripening process plays a key role
in the composition, yield and quality of the grapes
and wine (Myburgh 2003). In summary, climate
conditions encompassing a range of temperatures
and precipitation may have a different impact on
grape production, depending on the stage of plant
development.

Owing to the direct influence of environmental
conditions on vine phenology and grape composition,
climatic conditions play a key role in assessing the
suitability of a given region for winegrape zoning,
and ultimately, winegrape production (Vaudour &
Shaw 2005). Accordingly, the influence of climatic
conditions on the suitability of winegrowing areas
may be assessed through the viticultural zoning tech-
nique. This technique is based on bioclimatic indices
that quantify the influence of climate on the develop-
ment of the vine and the ripening of grapes, and
helps in the selection of the proper variety for each
zone. In this context, well-known bioclimatic indices
have been used to conduct zoning studies to assess
the climatic suitability of winegrape regions in differ-
ent areas of the world, and to examine the potential
impact of climate change on wine production. Exam-
ples of bioclimatic indices are the Winkler index (WI;
Winkler et al. 1974), growing season mean tempera-
ture (GST; Hall & Jones 2009), Huglin heliothermal
index (HI; Huglin 1983), cool night index (CN; Toni-
etto & Carbonneau 2004) and the dryness index (DI;
Riou et al.1994), among others. A large number of
viticultural zoning studies based on different bio-
climatic indices and/or a combination of a set of
indices are available for Europe (Malheiro et al. 2010,
Moriondo et al. 2013, Fraga et al. 2014a, Irimia et al.
2014), the United States (Jones et al. 2010, Diffen-
baugh & Scherer 2013), Australia (Hall & Jones 2009)
and New Zealand (Anderson et al. 2012). For South
America, only Cabré et al. (2016) and Montes et al.

(2012) have analyzed the climatic potential for viti-
culture over central-western Argentina and central
Chile, respectively, which are the main wine produc-
ing regions in South America (OIV 2015). These stud-
ies performed a climatic classification of the main
grape growing regions based on several bioclimatic
indices, including WI, GST, HI, CN and DI.
Although most of the indices used in the aforemen-
tioned studies are related to the vegetative cycle of
the variety or potential grape quality for wine pro-
duction, some of them have also been used to assess
grape and/or wine production. Lorenzo et al. (2013)
used WI and HI to assess the relationship between
climate, grape production and wine quality in Spain.
Ramos et al. (2008) used WI and GST, among others,
to evaluate the climatic impact on grape production
in northeast Spain. Santos et al. (2011) developed a
statistical grapevine yield model for Portugal based
on a set of climate parameters as predictors, includ-
ing GST and precipitation. Later, Santos et al. (2013)
used a time series of wine production in Portugal and
monthly temperature and precipitation data to deve-
lop a statistical tool for wine production, by means of
statistical modeling using both linear regression and
logistic approaches. Fraga et al. (2014b) used the
dryness and hydrothermal indices, monthly mean
temperature and precipitation for selected months to
assess the extent to which climate variability affected
wine production in Portugal. Irimia et al. (2014) eval-
uated the suitability of climate, relief and soil for dif-
ferent wine types and qualities in Romania.
Argentina is the leading wine producer in South
America in terms of volume and cultivated area, and
is the 5th largest producer in the world (OIV 2015).
The central-western region of Argentina is the tradi-
tional wine growing area, extending to the eastern
slope of the Andes from 22° to 43°S (Fig. 1). It is di-
vided into 3 main regions: (1) the Northwest Region,
between 22° and 29°S; (2) the Cuyo Region, between
30° and 36°S (this area comprises the provinces of
Mendoza and San Juan); and (3) the Northern Pata-
gonia Region, between 36° and 43°S. Vineyards in
the Northwest Region are located over an area rang-
ing from 1500-3000 m a.s.l. elevation, being the
highest vineyards worldwide (Fig. 1). In the Northern
Patagonia Region, vineyards are typically at altitudes
around 300 m. The Cuyo Region is the main wine
producing area, and Mendoza is the province with
the largest amount of wine production. This region is
characterized by arid to semi-arid conditions, with
total annual precipitation around 250 mm (concen-
trated during the growing season), with maxima of
around 50 mm during March, and maximum temper-
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Fig.1. Study region and spatial distribution of annual mean Malbec grape production (MGP; in quintals; 1 quintal = 100 kg) for the
period 2001-2014. Colored dots: production location and amount according to the scale displayed; black triangles: meteorologi-
cal stations listed in Table 1; grey triangle: San Martin station. Color shading: topography. Mendoza Province is also indicated

atures in the 27-30°C range during the growing sea-
son. With such a climate, vineyards are typically
grown under irrigated conditions. Within this region,
vineyards are located at a wide range of altitudes,
from 450-1500 m. The main cultivars grown of high
enological quality —Malbec, Bonarda, Syrah and Ca-
bernet Sauvignon — stand out among the red grapes,
and Pedro Gimenez, Torrontés Riojano and Chardon-
nay among the white grapes. In addition, Vitis vini-
fera L. cv Malbec, native to southwestern France, is a
middle-maturing red grape variety considered as the
emblematic cultivar for wine production in Argen-
tina, and is the most widely planted grape variety in
the country (Fanzone et al. 2010). MGP is impor-
tant for the regional economy as well as national
and international markets. Regarding regional and
national economies, Mendoza accounts for 84 % of
the Malbec grape production (MGP) cultivated over
34000 ha (INV 2016), and 52% of the total grape
production. Concerning external markets, Argen-
tinian wineries have achieved significant growth,
and attained a strong global position (no. 1 exporter
worldwide) with regards to the Malbec grapevine,
which is recognized as one of the best quality culti-
vars in the world.

Despite the economic importance of the wine in-
dustry in Argentina, few studies have focused on the
potential impact of climate conditions on the vine's
yield in the region (Agosta et al. 2012, Quenol et al.
2015, Cabré et al. 2016), and there is a lack of studies
focusing specifically on assessing climatic suitability
for MGP in Argentina. In order to assess climatic suit-
ability, it is necessary to first identify the key bio-
climatic indices and their ranges for this specific
region and this specific variety. Ranges derived from
other regions of the world may not be suitable for
every region or every variety (as highlighted in
Montes et al. 2012). Additionally, there is a need to
identify a multi-criteria climatic index to better rep-
resent the complex climatic suitability response of
this specific variety in the studied region. It is worth
mentioning that a combination of several bioclimatic
indices allows a better description of the climatic
structure and suitability of a given wine region for a
specific variety, as shown by Tonietto & Carbonneau
(2004) and Fraga et al. (2014a), among others. There-
fore, this study aimed to derive a new index for bio-
climatic zoning of MGP in Argentina based on the
co-variability of a set of bioclimatic indices and actual
Malbec grape productivity, taking into account that
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interannual climate variability affects interannual
grape production, thus affecting the yield (Fraga et
al. 2014b) and quality of grapes and typicity of wines
(van Leeuwen & Darriet 2016).

The importance of building this index is 3-fold: (1)
it enables the definition of a proper zoning index for
Malbec production in Argentina, (2) it allows meas-
urement of the diverse degree of suitability or non-
suitability of Argentinean MGP areas and (3) it can
be used to assess the potential impact of climate
change on Malbec production in the country.

2. DATA AND METHODS
2.1. Grape production data

Grape production data was provided by the ‘Insti-
tuto Nacional de Vitivinicultura' of Argentina (INV).
The data consists of Mendoza's total annual amount
of MGP in quintals (100 kg) for the period 1993-2014.
Mendoza province is where the majority of grapes
are produced, accounting for 84 % of the Argentinian
MGP, around 1.5 million quintals yr~!. In this study,
only the Malbec variety was considered, as it is one
of the principal varieties in the country, accounting
for 52 % of total grape production in Mendoza. Addi-
tionally, annual MGP time series for a number of
locations in Argentina available for the period
2001-2014 were also used. Fig. 1 displays the spatial
distribution and amount of grape production for the
Malbec variety averaged over the period from
2001-2014.

The time series of MGP in Mendoza exhibits a sig-
nificant positive trend (increase of 9% yr~'), mainly
associated with an increase in the planted area.
Additionally, improvements in agricultural practices
may also have had an impact on the MGP trend.
Therefore, in order to avoid including non-climatic
forcings on the behavior of the year-to-year variabil-
ity in MGP, the linear trend was removed.

2.2. Climate data

Monthly mean, minimum and maximum tempera-
tures and monthly accumulated rainfall data from 29
stations from the National Meteorological Service
(SMN) of Argentina were used. Table 1 displays the
list of stations, which are also indicated in Fig. 1.

Station data records for the period 1960-2014 were
available. Their quality was carefully examined. All
the selected series had <20 % of monthly rainfall data

Table 1. Meteorological stations used for computing the
climatic indices

Station Lat (°S) Long (°W) Province

La Quiaca Obs 22.06 65.36 Jujuy

Jujuy UN 24.10 65.11 Jujuy

Jujuy Aero 24.23 65.05 Jujuy

Salta Aero 24.51 65.29 Salta
Tucumaén Aero 26.51 65.06 Tucumaén

La Rioja Aero 29.23 66.49 La Rioja
Catamarca Aero 28.36 65.46 Catamarca
San Juan Aero 31.34 68.25 San Juan
Villa Dolores Aero 31.57 65.08 Coérdoba
Cérdoba Aero 31.19 64.13 Cérdoba
Pilar Obs 31.40 63.53 Cordoba

San Martin 33.05 68.25 Mendoza
Mendoza Aero 32.50 68.47 Mendoza
Mendoza Obs. 32.53 68.51 Mendoza
San Luis Aero 33.16 66.21 San Luis
Villa Reynolds Aero 33.44 65.23 San Luis

Rio Cuarto Aero 33.07 64.14 Cordoba
Chacras de Coria 32.59 68.52 Mendoza
Venado Tuerto 33.40 61.58 Santa Fe
Malargue Aero 35.30 69.35 Mendoza
San Rafael Aero 34.35 68.24 Mendoza
Anguil INTA 36.30 63.59 La Pampa
Neuquén Aero 38.57 68.08 Neuquén
Bariloche Aero 41.09 71.10 Rio Negro
Hilario Ascasubi INTA 39.23 62.37 Buenos Aires
Bahia Blanca Aero 38.44 62.10 Buenos Aires
Magquinchao 41.15 68.44 Rio Negro
Viedma Aero 40.51 63.01 Buenos Aires
Esquel Aero 42.56 71.09 Chubut

missing, and no stations had records affected by
changes in location or instrumentation. The meteoro-
logical data at Stn San Martin in Mendoza for the
period 1993-2014 was used to identify consistent
relationships between bioclimatic indices and MGP
in Mendoza. This station was selected due to its loca-
tion near the Mendoza department where the largest
amount of Malbec grapes are produced, as displayed
in Fig. 1. Data for the other stations for the period
2001-2014 were also used for evaluation.

2.3. Methodology

For San Martin station, 11 bioclimatic indices were
computed; 9 accounting for thermal conditions based
on either mean or extreme temperatures and 2 based
on precipitation. The growing season for each year
corresponds to the period from October of the year
before harvest to April. The indices based on thermal
conditions include the classical WI (Winkler et al.
1974), accounting for the degree-days above a given
threshold (normally 10°C) during the growing season
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(this is also known as the growing-degree-day [GDD]
index but with the Winkler scale); the GST, defined
as the mean temperature during the growing season
(Hall & Jones 2009); the monthly mean maximum
(GSTx) and minimum temperatures (GSTn) during
the growing season; the mean thermal amplitude
during the growing season (GSTA); the CN (Tonietto
& Carbonneau 2004), defined as the monthly mean
minimum temperature during the month before har-
vest (March); the daily maximum temperature
(dGSTx) and daily minimum temperature (dGSTn)
recorded during the growing season; and the maxi-
mum thermal amplitude based on the absolute maxi-
mum and minimum temperatures (AGSTA).

To account for water availability, and due to the
lack of reliable information on soil moisture in the
region, monthly precipitation was used. Two indices
based on precipitation were included: precipitation
accumulated during the growing season (GSP),
which was found to have a major impact on the grape
yvield in Mendoza (Agosta et al. 2012); and total
annual accumulated precipitation (P).

A summary of how these bioclimatic indices were
computed is given below:

April
Wi= Y (T-10)xd (1)
October
1 April _
GST== > T (2)
7 October
April 1 April
GSTx=— » TxandGSTn== ) Tn (3)
October 7 October
April _
GSTA=— Y (Tx-Tn) (4)
October
CN = Tn(March) (5)
dGSTx = MAXoLP (Tx) ©)
and dGSTn = MIN; 3o (Tn)
dGSTA =dGSTx-dGSTn (7
April
GSP= Y P (8)
October
April
P=YP 9)
May

where T, Tx and Tn are the monthly mean, monthly
maximum and monthly minimum temperatures,
respectively, P is annual precipitation and P is the

monthly accumulated precipitation. T, Tx and Tn are
the daily temperature, daily minimum and daily
maximum temperatures, respectively; d is the num-
ber of days in each month. Note that the WI index
was computed using monthly mean temperatures
and hence it may misrepresent the accumulated heat
(Gu 2016).

It is worth noting that the mean annual cycle of
precipitation at the San Martin station is character-
ized by minimum rainfall during the winter months
(<5 mm mo~! during June and July) and an increase
in rainfall from August reaching a maximum of
50 mm mo~! during March. Hence, the growing sea-
son is when most of the rainfall occurs (80 % of the
annual rainfall). Besides the bioclimatic indices de-
scribed, and in accordance with previous studies
(Santos et al. 2011, Fraga et al. 2014b), monthly mean
temperature and precipitation for individual months
were considered as potential bioclimatic indices for
production zoning.

Some of the indices evaluated in this study have
already been used in other studies together with pre-
viously defined classes accounting for grape suit-
ability, ripening potential and wine quality (Fraga et
al. 2014b and references therein). However, it is
apparent that the range of values for each index is
highly dependent on the particular viticultural re-
gion. Moreover, the classes in which each of the
indices are classified is also sensitive to the particular
grape variety. Therefore, the classes for each of the
bioclimatic indices will be identified as part of the
process of deriving the regional index for Malbec in
Mendoza.

The procedure to identify the bioclimatic indices
that are more strongly related to grape production is
based on inspection of interannual variability of both
climatic variables and MGP. The analysis was per-
formed based on data from the San Martin station
and MGP for the whole Mendoza province. As men-
tioned above, the time series of MGP were detrended
in order to avoid including changes in planting areas
and/or changes in technological practices. Inspection
of the time series of the bioclimatic indices at San
Martin station revealed that the indices based on
mean, maximum and minimum temperatures exhibit
a significant trend, therefore the linear trend was also
removed. All detrended variables analyzed in this
study were found to be quasi-normally distributed.

Results from the time series analysis were then
used to select the bioclimatic indices that emerged as
significantly correlated with the MGP time series. In
this way, bioclimatic zoning is based on the sensitiv-
ity of the actual grape production to climate condi-
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tions in agreement with Tonietto &
Carbonneau (2004), who recognized
that the viticultural climate is estab-
lished based on climatic and viticul-
tural information. Though most of the
zoning exercises are based on biocli-
matic indices associated with wine
quality, several authors have also com-
plemented the information from biocli-

Table 2. Correlation coefficients between individual bioclimatic indices at
the San Martin station and Malbec grape production (MGP) for Mendoza
computed for the period 1993-2014. Significance is indicated in bold (at the
5% level) and italics (at the 10 % level), respectively. (-1) and (0) indicate
that the monthly mean values of either temperature (T) or precipitation (P)
correspond to the year before harvest and the year of harvest, respectively.
WI: Winkler index; GST: growing season mean temperature; GSTx: monthly
mean maximum temperature during the growing season; GSTn: monthly
mean minimum temperature during the growing season; GSTA: mean ther-
mal amplitude during the growing season; CN: cool night index; dGSTx:
daily maximum temperature; dGSTn: daily minimum temperature; dGSTA:

matic indices with either production

absolute temperature amplitude; GSP: growing season precipitation

data or information on the extension of accumulation
wine regions (e.g. Hall & Jones 2009,
Jones et al. 2010, Anderson et al. 2012, Index Correlation Index Correlation Index Correlation
Fraga et al. 2016). _ WI 0.4 Ty (1) 027 Pyay (-1) 026
The 33rd and 66th percentiles of the GST 0.42 Tran (1) 0.38 Py (1) -0.45
MGP time series from all production GSTx 0.39 Ty (1) -0.06 Py (-1) -0.62
locations were computed, and the GSTn -0.09 Taug (-1) 0.09 Ppug (1) -0.2
ranges of bioclimatic indices for MGP g;TA ‘(’)gz ;Sep ((-11)) ggg Ifjs-ep ((-11)) -823
. . . —uU. Oct \™ . Oct \™ —\.
above the 66th percentile, within the dGSTx 0.19 Taow (=1) 0.4 Proy (~1) 0.2
66th to 33rd percentiles, and below the | 4GSTn 0.15 Tpec (-1) 0.61 Ppec (1) -0.26
33rd percentile were used to define dGSTA 0.02 Tian (0) 0.17 Py (0) -0.17
individual indices for each of the biocli- gSP -gg ?eb (%) -8(1)1 Ilerb (%) 8;4
matic variables, indicating ranges for e Mar (0) ' Mar (0) e
. L . Tapr (0) 0.21 Papr (0) -0.54
optimum, adequate and limiting condi-

tions for grape growth. Finally, the

categories of the selected bioclimatic indices were
integrated to build a unique combined index (UCI),
and its spatial and temporal behavior were compared
with the spatial and temporal behavior of the actual
MGP.

3. RESULTS

3.1. Interannual variability of MGP and
bioclimatic indices

Inspection of the co-variability between the MGP
and bioclimatic indices allowed us to identify the key
bioclimatic indices that impact the MGP. The corre-
lation coefficients between each of the indices com-
puted for the San Martin station and MGP for Men-
doza are displayed in Table 2.

WI, GST, GSTx, GSTA, CN and GSP arose as the
bioclimatic indices significantly correlated with MGP
at Mendoza (at the 5% level, except CN and GSTx,
for which the correlation coefficients were significant
at the 10% level). Among the thermal indices, WI,
GST, GSTx and GSTA were found to be positively
correlated with MGP while CN yielded a negative
correlation. These results suggest that warmer
(colder) than normal thermal conditions during the
growing season and colder (warmer) than normal

minimum temperatures during the month before har-
vest are more (less) favorable for MGP in Mendoza.
Moreover, temperature during December arose as
the thermal index with the highest correlation, sug-
gesting that the largest impact of thermal conditions
on grape productivity occurs during the bloom
period.

The positive effect of temperature, measured by
the positive correlation with GST, GSTA, GSTx, and
November and December temperatures may be asso-
ciated with high levels of photosynthetic activity that
induce complete maturation, as discussed by Morion-
do et al. (2015). Jones & Davis (2000) also found that
warm conditions during floraison and veraison and
dry conditions during maturation were beneficial for
the composition and quality of grapes. Likewise, sev-
eral studies have also reported low temperatures and
high precipitation at flowering as potential limiting
factors on productivity in cooler climates (Vasconce-
los et al. 2009 and references therein).

The CN index is one of the most important features
for the synthesis of the compounds responsible for
color and aroma in grapes (Kliewer & Torres 1972,
Kliewer 1973). High daily temperature ranges with
relatively cool nights during ripening tend to be ben-
eficial for the production of high-quality wines, for
example by synthesizing anthocyanins in grapes
(Kliewer & Torres 1972). Though the CN index is
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more closely associated with quality of grapes, this
variable has also been found to be strongly associ-
ated with production in other vineyards of the world
(Fraga et al. 2014b).

Itisimportant to note that some of the individual bio-
climatic indices are not independent among each
other (i.e. are highly correlated). This is the case for WI,
GSTX, Tnoy (1) and Tpe. (-1) (see Table 2 caption for
detail), which are all strongly correlated with GST and
GSTA (data not shown). Thus, in order to select in-
dependent indices, only GST, GSTA and CN were
chosen.

Among the bioclimatic indices accounting for water
availability, it was found that GSP, largely due to April
precipitation, yielded a significant negative correla-
tion with MGP. This result agrees with Agosta et al.
(2012), who showed that growing season precipitation
over central-western Argentina was negatively corre-
lated with the yield in Mendoza, reinforcing the im-
pact of precipitation on both grape production and
yield even when vineyards are grown under irrigated
conditions. Jones & Davis (2000) also reported that
high precipitation during bloom may have a detri-
mental impact on yield, due to the effect of a lower
fruit set and inflorescence differentiation. Moreover,
rainfall during veraison may aggravate moisture-
related problems and increase the need for cluster
and/or berry selection during harvest. Moriondo et al.
(2011) also suggested that the negative effect of rain-
fall in the months prior to harvest is possibly related to
the dilution of berries during the ripening phase and
the onset of fungal diseases triggered by high humidity.

2.5
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1.5
1.0
0.5
0.0
-0.5
-1.0

Normalized anomalies

-1.5
-2.0
-2.5
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Fig. 2. Time series of normalized anomalies of annual Malbec grape produc-
tion (MGP) in Mendoza (violet line) and combined index (CI; black line)
computed at the San Martin station. Dashed lines denote the 33rd and 66th

percentiles of MGP

Significant negative correlations were also found
for monthly precipitation during the winter months
(June and July). This would probably affect soil mois-
ture conditions during the end of winter and the
beginning of spring. However, vineyards in the tar-
get region are mostly irrigated, so the direct impact
of anomalous precipitation along the phenological
cycle is difficult to quantify. Consequently, GSP was
selected because it quantifies the bulk impact of rain-
fall throughout the whole growing season.

Based on the results discussed above, a combined
index (CI) was defined as the average of the normal-
ized anomalies of the 4 bioclimatic indices selected:

CI(k) =

[GST'(k) + GSTA'(K) - CN'(k) - GSP'(y] /4 (10

where k indicates individual years; k = 1, N with N
being the total number of years of the time series; (')
indicates normalized anomalies computed as anom-
alies with respect to the climatological mean divided
by the climatological standard deviation of the time
series. The climatological standard deviation for the
MGP time series is around 250 000 quintals.

Fig. 2 displays the time series of the normalized
anomalies of MGP together with the CI. Recall that
the mean MGP for Mendoza is around 1.5 million
quintals yr! and the standard deviation of MGP is
around 250000 quintals. It is therefore interesting to
note that the year-to-year variability of MGP is quite
large, ranging from 40% above to 33% below the
mean MGP. It is apparent from Fig. 2 that the year-to-
year variability of the MGP is consistent with the year-
to-year variability of the CI, suggesting
that meteorological conditions have an
impact on MGP. Moreover, the largest
(smallest) anomalies of MGP usually
occur simultaneously with the largest
(smallest) anomalies of the CI, therefore,
extreme climate conditions are highly
relevant for extreme MGP amounts.
The correlation coefficient between the
2 time series is 0.71 (significant at the
5% level), indicating that 50% of the
variance of MGP is explained by the CIL
Note that the correlation coefficients for
individual bioclimatic indices displayed
in Table 2 suggest that only a small
percentage of the MGP variance can be
explained by individual indices, but the
CI vyields a higher percentage of ex-
plained variance. Therefore, the CI al-
lows for identification of the sensitivity
of MGP to climatic conditions.
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In order to verify the contribution of the individual
indices considered in the Cl index, a stepwise multi-
ple regression analysis was performed (data not
shown). The analysis confirmed that the 4 individual
indices were relevant, though the relative contribu-
tions of GST and CN were slightly larger compared
with that of GSTA and GSP. Nevertheless, the mod-
eled MGP time series using the results from the mul-
tiple regression analysis and using the CI index
yielded very similar results (r = 0.79 and r = 0.71,
respectively).

The analysis described above was the basis for
defining individual indices based on each of the
bioclimatic variables included in the definition of
CI. First, the 33rd and 66th percentiles of the MGP
time series were computed, taking into account
MGP data from all production locations (displayed
in Fig. 1). For each production location, the nearest
meteorological station was selected to compute the
bioclimatic indices. Then the ranges of the selected
indices corresponding to MGP above the 66th per-
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centile, between the 33rd and 66th percentile and
below the 33rd percentile were identified to define
the categories for each index: category 3 for values
corresponding to MGP above the 66th percentile;
category 2 for values within the 33rd to 66th per-
centile; category 1 for values corresponding to
MGP below the 33rd percentile. Additionally, ranges
for a non-suitability category (category 0) were also
included, defined for values of the indices below the
absolute minimum or above the absolute maximum,
respectively. The scatter diagrams between MGP
and each bioclimatic index computed for all produc-
tion locations and the corresponding indices at the
nearest station displayed in Fig. 3 summarize these
results. Note that the scatter plots of each index
against MGP have a rotated 'v' shape, revealing a
range for the largest production and 2 ranges for
medium, low and no production, respectively. The
scatter plot for GSP is less consistent, mostly for
ranges of low precipitation. This may be because
irrigation is a common practice in the region, and
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Fig. 3. Malbec grape production (MGP) (quintals in log scale) versus (a) growing season temperature (GST); (b) growing season

mean thermal amplitude (GSTA); (c) cool night index (CN) and (d) growing season precipitation (GSP). Time series of MGP data

from all locations displayed in Fig. 1 together with data from the nearest meteorological station for each location were used.

Black threshold lines for categorization are indicated corresponding to the 33rd and 66th percentiles of MGP. Colored boxes

highlight the ranges of the bioclimatic indices for category 1 (yellow boxes), category 2 (green boxes) and category 3
(violet boxes)
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therefore the impact of precipitation deficits on
MGP may be hidden.

Results from this analysis yielded the ranges for
optimum, normal, low and non-suitability of MGP for
each bioclimatic index. These categories allowed us
to define individual indices for each bioclimatic vari-
able, ranging from O to 3 as indicated in Table 3.

Following the literature (e.g. Tonietto & Carbonneau
2004), the CN index is usually categorized into 4
classes: very cool nights (CN < 12°C); cool nights
(12°C < CN <£14°C); temperate nights (14°C < CN
<18°C) and warm nights (CN > 18°C). Fraga et al.
(2014a) considered only 2 categories for the CN:
below or above 14°C; a CN index above the threshold
being an indicator of better suitability for wine pro-
duction in Portugal. The range of CN in this study is
spread over a larger range and includes lower
minimum temperature values compared to Fraga et
al. (2014a) and Malheiro et al. (2010). The range
corresponding to the largest MGP lies within the in-
terval from 14 to 16°C, corresponding to the temperate
nights class according to Tonietto & Carbonneau
(2004). It is important to note that although the CN
was selected among several bioclimatic indices due to
its significant correlation with MGP, it is actually
strongly associated with grape quality (Tonietto &
Carbonneau 2004), and consequently, it also accounts
for the quality dimension of the zoning technique.

The GST has also been included as an indicator of
suitability in several studies around the world. Fraga
et al. (2014a) used a range of suitability from
12-22°C. As shown in Table 3, the ranges identified
here for the GST are warmer than the ranges identi-
fied in the literature, with the optimum range (from
20-23°C) falling within the hot classes identified in
Fraga et al. (2014a). GSP was also used by Irimia et
al. (2014), who identified a minimum of 250 mm for
unirrigated vineyards.

It is important to take into account that here only
one variety was evaluated, while most of the studies
dealing with the categorization of bioclimatic indices
for grape or wine production focus on several vari-
eties, depending on the region (e.g. Fraga et al
2014b for Portugal, Malheiro et al. 2010 and Mori-
ondo et al. 2013 for Europe, Diffenbaugh & Scherer
2013 for North America). Jones (2006) indicated that
the span of varietal ripening potential for Malbec
grapes based on GST ranges from 16-19°C based on
the main viticulture regions of the world. Note,
again, that this range is well below the range identi-
fied for Mendoza, suggesting the need for local and
regional studies to determine the climate suitability
for any given variety in any given region.

Table 3. Bioclimatic indices, their ranges and categories for

growing season temperature (GST), growing season thermal

amplitude (GSTA), cool night index (CN) and growing
season precipitation (GSP)

Range Category Range Category
GST (°C) CN (°C)

<16 IGST =0 <9 ICN: 0
(16-18] J A (9-11] Ien=1
(18-20] Tost =2 (11-13] Ien=2
(20-23] Iost = 3 (13-15] Ion=3
(23-25] Iosr=2 (15-17] Ien=2
(25-27] Iosr=1 (17-20] Ien=1
>27 Iosr =0 >20 Ien=0
GSTA (°C) GSP (mm)

<10 Issta =0 <50 Issp =0
(10—12] IGSTA =1 (50—80] IGSP =1
(12—14] IGSTA =2 (80—120] IGSP =2
(14—16] IGSTA =3 (120—220] IGSP =3
(16—18] IGSTA =2 (220—300] IGSP =2
(18—20] IGSTA =1 (300—450] IGSP =1
>20 Igsta=0 >450 Igsp=0

GSTA has not been commonly used as grape suit-
ability indicator in the literature, and consequently,
this variable has not previously been categorized into
standard classes.

Finally, for each year, a combined index integrat-
ing the individual climatic indicators, referred to as
the unique combined index (UCI), was defined in
order to measure the suitability for Malbec variety
grape production. The UCI is defined as follows:

UCI(k) = Igst (k) + Igsta (k) + Ien (k) + Isp (k)
if every individual index # 0
UCI(k) = 0if any of theindividual indices =0

where k indicates year.

(11)

The UCI index ranges from 4-12; UCI < 3 indicates
that at least one of the climatic conditions for MGP
suitability are not fulfilled and UCI = 12 indicates the
optimum climatic conditions for MGP. For each of the
categories defined for the individual bioclimatic
indices it is possible to describe the corresponding
climate conditions as warm or cold and wet or dry;
however, the UCI combines these categories and it
may have the same value even with different climatic
conditions. Nevertheless, the UCI should be inter-
preted in terms of its absolute value: the larger
(smaller) the value of UCI the better (worse) the cli-
matic conditions for MGP.

Other studies have defined combined indices based
on different sets of bioclimatic characteristics (Mal-
heiro et al. 2010 for Europe; Fraga et al. 2014a for
Portugal; Tonietto & Carbonneau 2004 worldwide).
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An advantage of the UCI defined here is its sim-
plicity, but also the fact that the climatic variables
included and their ranges are defined objectively in
terms of their co-behavior with the MGP.

In order to evaluate the quality of the UCI index,
the year-to-year variability of UCI computed with
data from the San Martin station was compared with
the year-to-year variability of MGP for Mendoza.
Fig. 4 shows the 2 time series. It is apparent that the
temporal evolution of UCI displays a strong corre-
lation with the temporal evolution of the MGP
amounts. The correlation coefficient is 0.62 (signifi-
cant at the 5% level), indicating that 38 % of the vari-
ance of Mendoza's MGP is explained by the com-
bined climatic information described in the UCI. This
supports the conclusion that the UCI represents an
adequate tool for characterizing the suitability of
MGP.

3.2. Bioclimatic zoning as represented by the UCI

Before evaluating the capability of UCI to repro-
duce the spatial distribution of MGP in Argentina,
the spatial distribution of the climatological mean of
the 4 bioclimatic characteristics included in its defini-
tion, together with the spatial distribution of the
mean MGP amounts are displayed in Fig. 5. For GST,
GSTA, CN and GSP, the areas where these indices
reach values within the suitability range (see Table 3)
spreads over regions where Malbec grapes are actu-
ally produced. As expected, over the northern Men-
doza province where the MGP is the largest, all

2.5
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Fig. 4. Time series of normalized anomalies of the unique combined index

indices vary within the range of optimum suitability
(indicated in the figure as the region bounded by
violet lines). Moreover, the correspondence between
better/worse climatic conditions with the larger/
smaller amount of MGP is apparent.

Note that, as suggested in Fig. 1, the region where
Malbec grapes are produced extends over a large
region, encompassing very different climatic charac-
teristics. Note also that for some of the bioclimatic
variables the areas of suitability extend out of the
main viticultural zone. This is apparent for GST,
GSTA and CN. However, GSP is the variable that
better delineates the region of grape suitability. It is
worth noting that irrigation is a common practice in
the region; however, it is not possible to include
moisture amounts other than natural environmental
conditions, and therefore the defined ranges do not
take these practices into account.

Results of the spatial distribution of GST in this
work are similar to those in Cabré et al. (2016); how-
ever, what is distinctive in this study is that the
classes have not been taken from the literature but
rather are associated with the actual amounts of
grape production.

Finally, the spatial distribution of the UCI is dis-
played in Fig. 6. As for the MGP, the values of UCI
have been considered in 3 categories: 3 < UCI < 6;
6 < UCI £ 9 and above 9, indicating low, medium
and high suitability, respectively. White areas indi-
cate no suitability (UCI < 3). Note that the extreme
limits of each individual bioclimatic variable repre-
sent limiting factors for MGP. Overall, the spatial
pattern of UCI is consistent with the actual distribu-
tion of the MGP. Stations with higher
(lower) values of UCI are placed
close to locations with higher (lower)
MGP amounts. The UCI index de-
fined here is consistent with the ob-
served MGP, locating the area with
best suitability over the northern
part of the Mendoza province, where
most Malbec grapes are produced.
However, there are some areas
where the UCI value is high, but
grape production in that area is not.
This index represents a basis for fur-
ther studies focused on evaluating
the impact of a changing climate on
MGP in the region.

As mentioned previously, other
studies from different viticultural re-

(UCI) (green line) at the San Martin station together with normalized anom-

alies of mean Malbec grape production (MGP) for Mendoza (violet line). The
correlation coefficient between time series is also indicated

gions of the world have also used
indices for climatic zoning. Fraga et
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Fig. 5. Climatological mean (2001-2014) bioclimatic indices selected for the unique combined index (UCI). Green, yellow and
violet lines denote the limits considered for any given variable (see Table 3 for details). (a) Growing season temperature (GST);
(b) growing season mean thermal amplitude (GSTA); (c) cool night index (CN); and (d) growing season precipitation (GSP).
Colored dots and location of the meteorological stations as in Fig. 1. Station data was interpolated using the Kriging method
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4. DISCUSSION AND
CONCLUSIONS

In this study, an integrated index for
MGP suitability in Argentina was de-
fined using a set of bioclimatic indi-
cators accounting for thermal and
humidity conditions, with the aim of
producing bioclimatic zonification. The
main motivation for defining a regional
index was a need to evaluate the
impact of changing climatic conditions
on MGP, which is an important pro-
ductive activity in the country. Al-
though different indices have already
been identified for different viticultural
regions of the world (Portugal, Fraga et
al. 2014a; Australia, Hall & Jones 2009,

H 609
H 9012

among others), there is a lack of studies
identifying key bioclimatic indices and
their optimum intervals for Malbec
grape growth in this region. Accord-
ingly, the aim of this study was to

3106

T I T
70°W 67° 64° 61° 58°

Fig. 6. Spatial distribution of the mean unique combined index (UCI) com-
puted from station data averaged for the period 2001-2014 (shaded areas).
Dots denote mean Malbec grape production (MGP) as displayed in Fig. 1.
The UClI is unitless. Colored crosses indicate the UCI index calculated for
the meteorological stations used. As in Fig. 5, station data was interpolated
using the Kriging method. Please refer to Fig. 1 for the location of the

meteorological stations

al. (2014a) defined a categorized bioclimatic index
that measures the dominant climate conditions
based on a set of climatic characteristics. However,
their index was not directly associated with the
amount of grape or wine production. A similar
analysis was performed by Malheiro et al. (2010),
who used a composite index that measured the
number of years within a given time period that
were suitable for grape production, based on
whether a set of thresholds involving several biocli-
matic indices were fulfilled or not. A similar
approach was used by Cabré et al. (2016), who
explored the spatial distribution of the GST and
GSP indices as simulated by a regional climate
model considering the classes according to Hall &
Jones (2009). Though these studies assessed suit-
ability, their analyses did not take into account the
relationship with actual grape or wine production,
a key aspect that has been considered in this study
as the basis for defining the regional index.

derive a new zoning index for quanti-
fying the suitability of MGP in
Argentina.

In order to achieve this goal, the cli-
matic variables that more strongly
impact the year-to-year variability of
MGP in Mendoza province (where the
52% of the total amount of Malbec
grapes are produced) were first identi-
fied. GST and GSTA were found to be
positively correlated with MGP, suggesting that
warmer than normal conditions during the growing
season (from October to April) are more favorable for
MGP in Mendoza. On the other hand, the CN and
GSP indices were found to be negatively correlated
with MGP, indicating lower minimum temperatures
before harvest (March) and dryer conditions favor
MGP. These results allowed identification of the sen-
sitivity of MGP to climatic conditions. The ranges of
the selected bioclimatic variables for which MGP
from all production locations was above the 66th per-
centile, between the 66th and 33rd percentile and
below the 33rd percentile were identified based on
the indices computed at the nearest station for each
production location. Hence, for each of the bioclima-
tic variables selected, individual indices were de-
fined accounting for MGP suitability into 4 catego-
ries: non-suitable, low, medium and high suitability
with the corresponding scores of 0, 1, 2 and 3, respec-
tively. Finally, these results were integrated into a
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UCI, defined as the sum of the individual indices,
bearing in mind that the UCI index was set to zero if
any of the bioclimatic variables fell into the non-suit-
ability category. The interpretation of the UCI index
is simple: if the number of bioclimatic variables
falling within the range corresponding to higher than
normal MGP conditions is larger it indicates a higher
suitability; otherwise, it indicates less favorable cli-
matic conditions for MGP. What is distinctive in this
work compared with studies from other viticultural
regions of the world is that the classes corresponding
to the bioclimatic variables were derived objectively
based on the actual co-behavior of the amount of
Malbec grapes produced in Mendoza and the cli-
matic conditions that more strongly affect grape pro-
duction. Moreover, the multi-criteria index derived in
this work can be separated into its main components,
which would allow identification of the climatic con-
ditions that are more or less favorable to the overall
score given by the multi-criteria index.

The UCI index was evaluated in terms of its ability
to capture the year-to-year variability of the MGP at
Mendoza and also in terms of its ability to capture the
spatial distribution of MGP in Argentina. It was
found that the time series of UCI was significantly
correlated with the time series of MGP in Mendoza,
suggesting that the UCI index is an adequate tool for
identifying more or less suitable climatic conditions
for MGP. The spatial distribution of the mean UCI
index was also able to reproduce the areas where
Malbec grapes are produced, in agreement with
actual MGP distribution. Moreover, the index quanti-
fies suitability so that it is able to indicate not only
where the climate conditions are suitable for MGP,
but also where this suitability is higher or lower. This
is another important added value of the UCI index,
compared with other categorized indices defined in
the literature (e.g. Tonietto & Carbonneau 2004,
Fraga et al. 2014a).

The interpretation of the UCI index has both a cli-
matic and viticultural dimension. The climatic di-
mension is represented by its magnitude, indicating
how favorable the climatic conditions are for the pro-
duction of Malbec. The viticultural dimension is
based on the influence of 2 of the bioclimatic indices
included in the definition of UCI, which are usually
related to wine quality: GST and CN. These 2 indices
affect vines, grapes and the quality and style of wine.
The GST provides the basis for placing latitudinal
boundaries on viticulture zones (Jones 2006) and is
an essential factor in grapevine maturation (Glad-
stones 2011). Its importance lies in that it defines
optimum climatic ranges for the development of a

given variety, and is a useful indicator of the require-
ments of different varieties to properly ripen in terms
of sugar accumulation in the berries. On the other
hand, the CN index refers to the color and aroma of
both grapes and wine (Kliewer & Torres 1972) and
provides a complementary idea of the thermal
regime in the ripening stage of grapes.

It is important to note that bioclimatic indices usu-
ally perform better when they are computed on a
daily basis (e.g. Malheiro et al. 2010, Santos et al.
2012, Gu 2016). Using monthly data may smooth out
the occurrence of daily extremes, which strongly
affect grapes, and thus may limit the quality of the
results. Another caveat in the methodology is that
empirically based models, as the one we are present-
ing here, describe the relationship between predic-
tors (in this case several bioclimatic indices) and pro-
ductivity, accounting for the fact that climate (e.g.
climate indices such as accumulated rainfall or aver-
age temperature of a certain month) is one of the key
factors influencing yield quantity and quality (Jones
et al. 2005). As such, empirical models need a limited
amount of input data to produce an output, but
cause—effect mechanisms between climate and yield
are not explicitly described. This may limit the appli-
cability of this approach to the specific regions or
varieties for which the relationships were calibrated.

The region where this study was focused is charac-
terized by very complex topographic features encom-
passing a wide range of altitudes, with vineyards
located from 450-1500 m. The study was focused on
broad regional climatic features and accordingly, on
regional zoning, without going in too much local
detail. First of all, the station data we used did not
have sufficient spatial resolution to address the
dependence on local versus regional features. Data
from regular weather stations are not always located
in proximity to the major vineyards. Moreover, the
MGP data we used did not come from a single vine-
yard, but from bulk values of several departments
from each province. Therefore, the zoning exercise
described in this study is intended to account for the
regional scale features. Local features accounting for
the relationship between vineyard locations and alti-
tude have not been considered.

Finally, the UCI index defined here represents a
useful tool to evaluate the impact of changing climate
conditions on MGP, both in terms of its temporal
behavior but also in terms of identifying potential
changes in the spatial distribution of suitability for
MGP, which will be a subject for future studies.
Hereafter, it is important to recall that one of the
aims of deriving the zoning index is to assess to what
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extent climate change may impact MGP in Argen-
tina. Moreover, the UCI index can also be used as a
prediction tool at the seasonal scale. Though it is
likely that other bioclimatic variables, such as the
number of hours of sunshine, air humidity, evapo-
transpiration and water balance may also impact
grape production, the availability of these variables
may be difficult to guarantee when using climate
model data for both present and future climate condi-
tions. The next step will be to evaluate the capability
of the models to reproduce suitable areas, and then
to assess future changes. As already known, modeled
variables are far from being error-free, and bias-
correction methods are becoming a common strat-
egy, mainly applied to precipitation and tempera-
ture. For all these reasons, the definition of the index
has been kept as simple as possible in terms of the
variables more commonly available from climate
models (monthly mean temperature and precipita-
tion) in order to compute the index with climate
model data.
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