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ABSTRACT: While the majority of the highest quality wine-producing regions in Western and
Central Europe have benefitted from an increase in quality ratings due to climate change, tradi-
tional Franconian wine is in danger of losing its unique characteristics and its traditional spatial
distribution. A long-term (1949 to 2010) study was made of reference vineyard observations in
Lower Franconia, Germany. This wine region in the federal state of Bavaria is one of the most
northerly in the world. The current climate requires the use of adapted grape varieties and has an
impact on the unique quality of traditional Franconian wine. In this research, phenological events
and intervals, and composition (acid and sugar content at harvest) of white grape cultivars
(Muller-Thurgau, Riesling and Silvaner) were analysed for trends over time and relationships with
potential climate drivers using multiple regression. Overall, the phenology of grapevines in Lower
Franconia has tended towards earlier occurrence with a shortening of phenological intervals. The
relative amounts of sugar in the grapes at harvest have tended to increase. Furthermore, the find-
ings confirm a consistent relationship between onset dates of phenological phases and corre-
sponding climate data. The grapevines were most influenced by mean maximum temperatures
preceding the event, whereas precipitation and sunshine appeared less important. The observed
warmer season results in greater ripening potential in grapes; as a consequence, the sugar content
increases, while the acid component decreases, resulting in an altered wine typicity and quality.
Thus, the balanced ratio of sugar and acid content shifts in favour of the sugar component, which
may result in a loss of the traditional character of Franconian wine.
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1. INTRODUCTION

The increase of global temperature in recent
decades and its effect on the environment were con-
firmed in the latest IPCC report (IPCC 2007). Several
studies have described the impact of climate change
on viticulture (Jones & Davis 2000, Duchéne &
Schneider 2005, Jorquera-Fontena & Orrego-Verdugo
2010, Malheiro et al. 2010, Urhausen et al. 2011),
since climate is one of the key elements influenc-
ing grapevine yield and quality (van Leeuwen et
al. 2004, Jones et al. 2005). In an earlier study of
grapevine phenology in Bordeaux, Jones & Davis
(2000) observed an advance of phenological stages, a
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shortening of phenological intervals and an increase
in potential wine quality, which a later study con-
firmed for other European wine regions (Jones et al.
2005). Global warming may also result in a shift in
the distribution of grape cultivation, meaning that
wine production might become profitable in regions
formerly unsuitable or marginal for wine-growing
(Lisek 2008). Most wine-producing regions in West-
ern and Central Europe have benefitted from in-
creasing temperatures, but the impact of global
warming obviously varies according to the type of
wine produced and the geographical location (Webb
et al. 2007, Duchéne et al. 2010, Hall & Jones 2010).
East of the Rhine River, the northern limit of wine
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production turns gradually southward as the moder-
ating influence of the Gulf Stream and surrounding
seas decline. In comparison to other European wine
regions, the more continental climate in some parts
of Central Europe is characterized by shorter
growing seasons, abundant spring and summer rain
and cooler temperatures (Jackson 2000). Whereas
increasing temperatures in these regions could lead
to more consistent vintage quality, Jones et al. (2005)
observed that they might be at, or close to, their
optimum climate for producing the best quality wine
with current grape cultivars.

The main wine-producing climate in Europe is
found south of 50°N (Mullins et al. 1992), which
makes German wine regions among the most
northerly in the world. One of Germany's historical
wine-producing regions is that of Lower Franconia in
the federal state of Bavaria, where production dates
back to the 8th century (Robinson 2006). The vine-
yards are located along the Main River, which has
the effect of moderating temperature, while the steep
hills receive maximum heat and light exposure,
which enhances ripening (Jackson 2000). The cool
conditions require the use of adapted grapevines
(Vitis vinifera L.), which include frost resistant, late-
budding and early maturing cultivars (Unwin 1991).
Grape cultivars most commonly planted are Miiller-
Thurgau, Riesling and Silvaner. These white culti-
vars are more suitable for cooler climates with less
sunshine and earlier harvest (Robinson 2006).
Approaching harvest, the relative amounts of sugar
and acid found in the grapes are the main quality
characteristics and are an indicator of grape ripeness.
With an increase in the concentration of sugar, the
organic acids decrease (Mullins et al. 1992). The
absence of hot weather during ripening and the cool
harvest conditions favour the retention of grape acid-
ity, result in lower alcohol and promote the develop-
ment or retention of varietal flavours. This gives the
resulting wine a fresh taste and helps restrict micro-
bial spoilage (Conde et al. 2007). Thus, the unique
character or typicity (the characteristic of a wine that
makes it typical for the region or cultivar of origin) is
assured (Jackson 2000).

While the majority of the highest quality wine-pro-
ducing regions in Western Europe and Germany
have benefited from an increase in quality ratings
(Malheiro et al. 2010), the impact of global warming
on Franconian wine and its varietal typicity has
received little attention.

Therefore, the objectives of the current work were
to undertake a long-term study (1949 to 2010) to
evaluate climate effects on grapevines in Lower

Franconia using reference vineyard observations.
The study aims to estimate the effect of increased
temperatures on grapevine phenology and composi-
tion. It assesses which, if any, variables have changed
over the last 60 yr and evaluates the potential future
impacts on the local grape industry.

2. MATERIALS AND METHODS
2.1. Grapevine data

The present study analyses long-term time series
of grapevine phenology and composition (acid and
sugar content at harvest) of white grape cultivars in
the wine-growing region of Wirzburg in Lower Fran-
conia, Germany (49°48'N, 9°56' E, Fig. 1). Phenology
and composition were recorded for 3 main grape cul-
tivars: Miuller-Thurgau, Riesling and Silvaner.
Records were obtained from vineyards located on
hills adjacent to the Main River at an elevation of
~220 to 240 m and cover the period from 1949 to 2010.

\§ GER/\

Fig. 1. Regional Office for Viticulture and Horticulture

(LWG) and Biirgerspital vineyards used in this study (A).

Black dots: 1 x 1 km grid of climate data, white dots: grid
points used in this study
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Two sources of vineyard data were used. The first
time series was obtained from the Landesanstalt fir
Weinbau und Gartenbau (LWG; the regional office
for viticulture and horticulture) in Veitshochheim
(49°50'N, 9°52'E), ~6 km northwest of Wiirzburg.
The LWG recorded phenophases from 1968 to 2010
using the BBCH (Biologische Bundesanstalt, Bundes-
sortenamt and Chemical Industry) code (Meier 1997)
for evaluating phenological stages. Records were
made separately for the 3 grape cultivars. Over the
whole recording period, observations came from the
same group of vineyards, which are located at an ele-
vation of ~240 m. Recorded phenophases included
budburst (BBCH 09: green shoot tips clearly visible),
full flowering (BBCH 65: 50 % of flowerhoods fallen),
véraison (BBCH 81: colour change and initial matu-
ration of the grape) and harvest (BBCH 89: berries
ripe for harvest). Observations for Riesling and Sil-
vaner between 1995 and 1999 were not available due
to clearing and replanting, but full data were avail-
able for Miller-Thurgau. Sugar concentration mea-
surements of the 3 cultivars were also recorded from
1949 to 2010. These measurements assist the grower
to decide when to start harvesting. In order to make
inter-annual and cultivar comparisons, the day of the
year when a designated level (60°Oe) was reached
was abstracted. Degree Oechsle (°Oe) measures the
relative sweetness of the grape juice. This measure-
ment indicates the specific weight of the must com-
pared to the weight of water at a temperature of 20°C
(Robinson 2006). Four phase intervals covering the
development cycle of the grapevine were calculated
from the phenological data (Duchéne & Schneider
2005). These were (1) budburst to full flowering
(development of the vegetative organs and flowers),
(2) full flowering to véraison (accumulation of bio-
mass, growth of berries, and colour change), (3)
véraison to harvest (maturation of grapes), (4) grow-
ing season (estimated as budburst to harvest).

The second set of time series was obtained from the
Burgerspital zum Heiligen Geist winery. The vine-
yard is located at Abtsleite (49°46'N, 9°57'E) at an
elevation of ~220 m, 3 km southeast of Wurzburg.
The winery kept records of budburst, beginning of
flowering and end of flowering of the white Silvaner
grapevine cultivar from 1970 to 2010. These events
equate to BBCH codes 09, 61 and 69. Furthermore,
the winery recorded general dates of the beginning
and end of harvest, and the overall sugar content in
all vineyards (i.e. of unspecified cultivars) from 1950
to 2010. The total acid content (g 1!) was recorded
from 1960 to 2010. To make the datasets of the LWG
and the winery more comparable, the phenological

phase full flowering (equating to BBCH 65) for the
Burgerspital vineyard was calculated as the average
of the beginning and end of flowering. The develop-
ment cycle of the Burgerspital grapevines was subdi-
vided into 5 intervals: (1) budburst to full flowering
(Silvaner), (2) full flowering to harvest (full flowering
of Silvaner to general harvest), (3) length of flowering
(beginning to end of Silvaner flowering), (4) length of
harvest (beginning to end of harvest), (5) growing
season (Silvaner budburst to general harvest).

Please note that the time series on which the
Biurgerspital intervals (2) and (5) are based do not
derive from the same cultivar. Thus, these intervals
may not be directly comparable with the intervals
from the LWG.

For both data sources, a small number of appar-
ently erroneous data were checked for plausibility
(correlation with neighbouring phases or neighbour-
ing observation sites) and obvious errors (e.g. 1 mo
errors in recording the date) were corrected when
necessary.

2.2. Climate data

The local climate stations were relocated several
times over the study period, resulting in a variation in
elevation (~97 m) and location (~5 km). Thus, the cli-
mate station time series cannot be regarded as
homogenous. Moreover, the mesoclimate along the
Main River is quite pronounced and differs from
vineyard to vineyard, depending on the slope, expo-
sition and elevation. Therefore, meteorological data
on al x 1 km grid for each site were obtained from
the Deutscher Wetterdienst (DWD: German Meteo-
rological Service) and the mean of both grid points
was used for further analysis in this study.

The data consisted of monthly observations of
mean, maximum and minimum temperature (1948-
2010), sum of precipitation (1948-2010) and sum of
sunshine hours (1951-2010). Due to the absence of
gridded daily observations, other climate variables
and temperature derived indices (Duchéne & Schnei-
der 2005, Duchéne et al. 2010, Malheiro et al. 2010)
were not used in this study.

2.3. Statistical analysis

Dates were converted to day of the year (DOY, 1 =
Jan 1, etc.) prior to analysis. Relationships between
variables were explored using Pearson correlation
coefficients. Residuals from regressions were tested
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to confirm normality (results not shown). Differences
in mean values and slopes between cultivars and
locations were tested using standard regression
methods to test for equality of slopes (Draper & Smith
1998).

Linear regression techniques were used to relate
grapevine variables (phenology and composition) to
year and climate variables. A stepwise methodology
was applied to select the most significant climate pre-
dictors. Potential climate variables were restricted
to those of the months preceding the mean date of the
phenological event. However, because of the high
number of potential climate variables and due to their
collinearity, the selected coefficients must be inter-
preted with caution. Some predictors may appear in
the final regression models by chance alone.

3. RESULTS

3.1. Trends in phenology and composition

The analysis of the phenology and composition
time series for the LWG and the Birgerspital are
summarized in Table 1.

3.1.1. LWG

The mean budburst date of grapevine from the
LWG did not differ significantly between cultivars
and ranged from 30 April for Miller-Thurgau to 2
May for Riesling. Advances in budburst were too
small (only 1 to 2 d decade™!; Fig. 2a) to be detected
as statistically significant.

The average dates for full flowering also did not
differ significantly between cultivars and ranged
between 22 June for Miiller-Thurgau and 24 June for
Riesling. Trends in the time series (i.e. advances in
flowering) were very significant (all p <0.004; Fig. 2b),
by 3 to 4 d per decade. Mean véraison dates differed
significantly between cultivars; the mean date for
Miiller-Thurgau was 11 August, Silvaner followed on
20 August and Riesling on 24 August. The average
véraison dates became significantly earlier (all p <
0.001) for all cultivars, equating to 4 to 6 d decade™!
(Fig. 2c). The mean date on which the sugar content
exceeded 60°Oe differed significantly between spe-
cies and was earliest for Miller-Thurgau on 9 Sep-
tember and latest for Riesling on 21 September. The
time series indicated a significant trend (all p < 0.001)
in all cultivars towards earlier ripening by 3 to 4 d

decade™!. Similarly, mean harvest dates differed sig-
nificantly between species and ranged from 4 Octo-
ber for Miller-Thurgau to 22 October for Riesling. All
cultivars were harvested significantly earlier (all p <
0.001, Fig. 2d) by 4 to 5 d decade™.

The phase interval of budburst to full flowering
did not differ significantly between the 3 cultivars
(Table 1). On average, the interval lasted 53 to 54 d
and there were no significant trends over time in the
length of the interval. The phase interval of full flow-
ering to véraison differed significantly between culti-
vars and ranged from 50 d for Miiller-Thurgau to 61 d
for Riesling. Riesling and Silvaner cultivars had sig-
nificant trends (p = 0.026 and 0.002 respectively)
towards a shorter interval, equating to a change of 2
to 3 d decade™ (Table 1, Fig. 3). The véraison to har-
vest interval differed significantly between species
and averaged from 54 d for Miuller-Thurgau to 58 d
for Riesling. No significant trends towards a shorten-
ing of this phase were observed in any cultivar. The
length of the growing season (budburst to harvest)
also differed significantly between cultivars and
ranged between 157 d for Miuller-Thurgau to 168 d
for Silvaner. Silvaner had a significant trend towards
a shortening of the growing season (p = 0.030) by 3 d
decade!. Trends for the other 2 cultivars were both
negative but only marginally significant (0.10 > p >
0.05; Table 1).

Trends did not differ significantly between the cul-
tivars for any of the analysed variables.

3.1.2. Burgerspital

Dates and composition recorded by the Burgerspi-
tal showed similar values and trends as for the LWG
(Table 1, Fig. 2a—b).

The mean budburst date of Silvaner during the
study period of 1970 to 2010 was 30 April. As for LWG,
the advance in budburst was too small to be detected
as statistically significant (Fig. 2a). Full flowering
averaged 20 June with the onset date advancing
significantly (p = 0.002; Fig. 2b) by 4 d decade™!. The
general harvest of the winery from 1950 to 2010
began on average on 1 October and showed a sig-
nificant trend (p = 0.008) towards earlier dates, ad-
vancing 2 d decade™!. The mean sugar content at har-
vest of 1950 to 2010 averaged 80.3°Oe and increased
significantly (p < 0.001) by 2.4°Oe decade™. The
mean total acid content between 1960 and 2010 aver-
aged 8.72 g 1! and displayed no significant trend.

The mean length of flowering of Silvaner was 8 d.
The length of harvest was on average 36 d, covering
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Table 1. Franconian wine phenology and composition data. Where possible, data are presented for cultivars separately:

M-T = Miiller-Thurgau, R = Riesling, S = Silvaner, u = unspecified. LWG = Regional Office for Viticulture and Horticulture.

Trends through time are summarized in the final 3 columns from regressions of the variable on year. b = slope of regression
coefficient. Significant results in bold (p < 0.05). See footnotes for varying time periods

Cultivar n Mean SD b R? p
LWG 1968-2010
Budburst (date) M-T 43 30 Apr 9 -0.17 0.06 0.122
R 38 2 May 10 -0.18 0.06 0.134
S 38 1 May 9 -0.16 0.05 0.190
Full flowering (date) M-T 43 22 Jun 9 -0.36 0.24 0.001
R 38 24 Jun 9 -0.33 0.21 0.004
S 38 23 Jun 10 -0.34 0.21 0.004
Véraison (date) M-T 43 11 Aug 9 -0.42 0.35 <0.001
R 38 24 Aug 12 -0.52 0.35 <0.001
S 38 20 Aug 13 -0.60 0.37 <0.001
60°Oe sugar content (date) M-T A 61 9 Sep 14 -0.29 0.14 0.003
RB 56 21 Sep 15 -0.35 0.17 0.002
SB 56 18 Sep 15 -0.37 0.21 <0.001
Harvest (date) M-T 43 4 Oct 9 -0.42 0.34 <0.001
R 38 22 Oct 11 -0.46 0.29 <0.001
S 38 16 Oct 11 -0.48 0.31 <0.001
Budburst to full flowering (d) M-T 43 54 10 -0.18 0.06 0.123
R 38 53 10 -0.15 0.04 0.248
S 38 53 10 -0.18 0.06 0.152
Full flowering to véraison (d) M-T 43 50 5 -0.06 0.02 0.324
R 38 61 7 -0.19 0.13 0.026
S 38 59 7 -0.27 0.23 0.002
Véraison to harvest (d) M-T 43 54 6 -0.00 0.00 0.991
R 38 58 8 —-0.08 0.02 0.446
S 38 56 7 -0.14 0.06 0.140
Budburst to harvest (d)
(growing season) M-T 43 157 10 -0.24 0.09 0.056
R 38 172 12 -0.26 0.09 0.073
S 38 168 11 -0.31 0.12 0.030
Biirgerspital 1950-2010
Budburst (date) P S 41 30 Apr 7 -0.12 0.04 0.222
Beginning of flowering (date) ° S 41 16 Jun 9 -0.36 0.24 0.001
Full flower (date) P S 41 20 Jun 9 -0.34 0.22 0.002
End of flowering (date) © S 41 24 Jun 9 -0.31 0.19 0.004
Beginning of harvest (date) u 61 1 Oct 11 -0.20 0.11 0.008
End of harvest (date) u 61 6 Nov 10 -0.27 0.29 <0.001
Length of flowering (d) P S 41 8 3 0.05 0.05 0.168
Length of harvest (d) u 61 36 9 -0.09 0.03 0.175
Budburst to full flowering (d) ° S 41 50 7 -0.22 0.11 0.033
Full flower to harvest (d) © u 41 102 7 -0.38 0.18 0.005
Budburst to harvest (d) P (growing season) u 41 152 9 -0.30 0.15 0.013
Sugar (°Oe) u 61 80.3 8.70 0.24 0.24 <0.001
Acidity (g17%) © u 50 8.7 1.96 0.01 0.00 0.699
£1949-2010, B1950-2010, €©1960-2010, P1970-2010

early to late vintages. No significant trends over
time were observed for either interval. The phase
interval of Silvaner budburst to full flowering lasted
on average 50 d and was significantly (p = 0.033)
shortened by 2 d decade™!. The mean length of Sil-
vaner full flowering to general harvest was 102 d. A
significant (p = 0.005) shortening of this phase inter-
val of 4 d decade™! was observed. The Silvaner bud-

burst to general harvest interval took on average
152 d and became significantly (p = 0.013) shorter
over the recording period, equating to 3 d earlier
per decade.

Where direct comparisons with the LWG data
were possible, e.g. in Silvaner budburst dates, no sig-
nificant differences in trends or mean dates were
detected.
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Fig. 2. Time series of the main phenological events of the grape varieties Miiller-Thurgau, Riesling and Silvaner from the
Regional Office for Viticulture and Horticulture (LWG), and Silvaner from Burgerspital. DOY = day of year; regression lines
superimposed. Note the different y-axis scales

3.2. Relationships between phenophases and cultivars
3.2.1. LWG

The phenological dates and composition of all 3
cultivars of the LWG showed significant positive rela-
tionships with preceding and subsequent phenologi-
cal events (Table 2). Muller-Thurgau, Riesling and
Silvaner showed, in general, highly significant (p <
0.001) correlations between full flowering, véraison
and harvest dates with Pearson correlation coeffi-
cients of 0.66 to 0.86. Furthermore, correlations of full
flowering, véraison and harvest dates with the date
when the sugar content reached 60°Oe were highly
significant (p < 0.001) for all cultivars with correlation
coefficients of 0.78 to 0.88. Relationships between

budburst dates and subsequent events showed sig-
nificant (p < 0.01) correlations with full flowering
dates, while the correlation between budburst and
véraison and harvest were weaker (p < 0.05) or not
significant. The only cultivar that displayed a sig-
nificant correlation of budburst and véraison was
Muller-Thurgau (r = 0.40, p < 0.01).

3.2.2. Burgerspital

The relationship of the full flowering date of Sil-
vaner with beginning of harvest, end of harvest and
acid content showed highly significant (p < 0.001)
positive relationships (Table 3). Meanwhile, full
flowering had a significantly negative relationship
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Fig. 3. Trend in the full flowering to véraison interval
(1968-2010) for the cultivar Silvaner from the Regional
Office for Viticulture and Horticulture (LWG)

with sugar content (r = -0.76, p < 0.001). Further-
more, full flowering was positively related to bud-
burst (r = 0.54, p < 0.01). Acid levels showed large
positive correlations with full flowering date whereas
sugar content displayed a large negative correlation
with these phenological events. Furthermore, sugar
and acid content displayed a highly significant
negative relationship with each other (r = -0.58, p <
0.001).

3.3. Effects of climate on phenology and composition

Climate variables of the preceding months formed
significant regression coefficients with the onset
dates of phenological events and composition
(Table 4). Minimum and mean temperatures are not
reported since models including monthly maximum
temperature generally displayed stronger relation-
ships with grapevine phenology.

3.3.1. LWG

Budburst of the 3 cultivars at the LWG was nega-
tively related to the mean maximum temperatures of
February and April. At a lower level of significance,
budburst was furthermore negatively related to April
precipitation. The timing of full flowering was influ-
enced by the maximum temperature of the preceding

months. An increase of 1°C during these months
resulted in an advance of full flowering of ~6 d. For
ease of display, Fig. 4 shows the relationships with
mean maximum temperature from April to June.

Véraison timing was also highly responsive to tem-
perature (Table 4), though the responses of Riesling
appeared to be more dependent on temperature in
later time periods (May to July). Silvaner véraison
was the most responsive cultivar, advancing 9 d with
an increase of 1°C during the months April to May.

Regression models for threshold dates on which the
sugar content reached 60°Oe were more complex
than for the preceding phenological events with 68 to
89% of the variation being explained (Table 4).
While the relationship to temperature (April to July)
and September precipitation was highly significant
for Riesling and Silvaner; Miiller-Thurgau was more
dependent on maximum temperature in June and
sunshine hours in May and April.

3.3.2. Birgerspital

Burgerspital onset and composition values were
associated with similar climate variables as LWG
(Table 4). Silvaner budburst was influenced by
March and April maximum temperatures. Full flow-
ering was associated with the preceding 4 mo (i.e.
March to June) and sunshine hours in March at a
lower level of significance (Fig. 4). Both regression
models were highly significant and explained 49 % of
the variation in budburst and 93 % in full flowering
onset dates.

The regression models for the beginning and end
of harvest also showed that these events are highly
responsive to maximum temperatures. An increase of
temperature during March to July significantly
advanced beginning of harvest dates. Precipitation
and sunshine during March to April were included in
the regression model, but were less significant. End
of harvest furthermore displayed a positive relation-
ship with July sunshine, indicating that increased
sunshine delayed the end of harvest

For compositional variables, 74 % of the variation
in sugar content was explained by the regression
model. Sugar content appeared highly responsive to
temperature throughout the growing season. Fur-
thermore, sunshine hours in March had an impact at
a lower level of significance. Thus, increased temper-
ature and sunshine hours resulted in an increase in
sugar content. Regression models for acid content
showed opposite relationships to those observed for
sugar content. Increased temperatures during the
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Table 2. Pearson correlations between phenological phases of the 3 cultivars at the Regional Office for Viticulture and
Horticulture (LWG; 1968-2010; see footnotes for varying time periods). The final 2 columns compare the same events between
cultivars. *p <0.05, **p <0.01, ***p <0.001

Budburst Full flowering Véraison Harvest Silvaner Riesling
Miiller-Thurgau Budburst 0.97*** 0.98***
Full flowering 0.44* 0.99*** 0.98***
Véraison 0.40** 0.86*** 0.93*** 0.92***
Harvest 0.34* 0.66*** 0.80*** 0.91*** 0.82***
60°Oe sugar 0.27 0.80*** 0.85*** 0.78*** 0.82*** 0.85***
content (date) 4
Riesling Budburst 0.99***
Full flowering 0.43** 0.99***
Véraison 0.22 0.81*** 0.96***
Harvest 0.36* 0.81** 0.75*** 0.92***
60°Oe sugar 0.33* 0.83*** 0.88*** 0.82*** 0.94***
content (date) ®
Silvaner Budburst
Full flowering 0.44**
Véraison 0.26 0.84**
Harvest 0.37* 0.79*** 0.82***
60°Oe sugar 0.40* 0.82*** 0.84*** 0.85***
content (date) B
A1949-2010, 21950-2010

Table 3. Pearson correlations between phenological phases of grapes at Biirgerspital and compositional variables (sugar,
acidity). S = Silvaner, u = unspecified. *p < 0.05, **p <0.01, ***p < 0.001. See footnotes for time periods

A1950-2010, B1960-2010, ©1970-2010

Budburst Beginning Full End of Beginning End of Sugar
(S)¢ of flowering flowering flowering of harvest harvest content
(S) ¢ ()€ (S) ¢ (w) * (w A (w *
Beginning of flowering (S) ¢ 0.51*
Full flowering (S) © 0.54* 0.99***
End of flowering (S) € 0.55*** 0.95*** 0.99***
Beginning of harvest (u) # 0.29** 0.69*** 0.71*** 0.71***
End of harvest (u) # 0.34* 0.59*** 0.60*** 0.60*** 0.60***
Sugar content (u) 4 -0.35* -0.75*** -0.76*** -0.76*** -0.50*** -0.59***
Acid content (u) ® 0.21 0.58*** 0.61*** 0.62*** 0.22 0.17 -0.58***

growing season (i.e. April to October) had a signifi-
cant negative impact on the acid content, but only
explained 28 % of the variation (Fig. 5). Furthermore,
the full regression model shows that acid content also
seemed to respond negatively to sunshine hours (i.e.
a decrease in acid content), while precipitation had a
positive effect (78 % total variation explained).

4. DISCUSSION
4.1. Trends through time
Overall, grapevines in Lower Franconia have

shown trends toward earlier phenological events, a
shortening of phase intervals and increases in sugar

content over the recording periods. The trends over
time in this study conform, in general, to results of
other long term studies (Jones & Davis 2000,
Duchéne & Schneider 2005, Webb et al. 2007, 2011,
de Orduna 2010).

Jones & Davis (2000) discovered an advance of
budburst, flowering, véraison and harvest in Bor-
deaux for the period of 1952 to 1997, though harvest
date was the only series that had a significant trend,
advancing 2.8 d decade™. In Alsace (eastern France),
all of the phenological events advanced significantly
since 1965 (Duchéne & Schneider 2005). Budburst
and flowering advanced by 4 d decade™, véraison by
7 d decade™!. In the Mosel Valley (~240 km west of
Wirzburg), budburst and flowering advanced ~2 d
decade™ (Urhausen et al. 2011).
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Fig. 4. Relationships between full flowering date and mean
maximum April-May-June temperature. R? = 0.81, 0.79 and
0.78 for Miller-Thurgau, Riesling and Silvaner, respectively,
from the Regional Office for Viticulture and Horticulture
(LWG); and R? = 0.79 for Silvaner from Biirgerspital
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Fig. 5. Relationships between acid content at Burgerspital
and maximum June temperature. Regression line super-
imposed

In our study, the advance in budburst was too small
(1 to 2 d decade™) to achieve significance. The aver-
age dates for full flowering advanced 3 to 4 d
decade™!. Véraison showed the strongest trend in
time, advancing ~4 to 6 d decade'. Harvest dates at
the LWG showed similar trends in time starting ~4 to
5 d earlier per decade. Beginning of harvest at the
Burgerspital started ~2 d earlier per decade. For bud-
burst and full flowering, all 3 cultivars had similar
mean onset dates; however, Miiller-Thurgau grapes
were the earliest to reach véraison and harvest. The
apparent difference of harvest dates between the dif-
ferent locations is due to the fact that the Bilirgerspital
recorded harvest dates for the whole winery, includ-
ing all cultivars and vineyards.

However, as Menzel et al. (2006) explained, har-
vest may need to be considered carefully since they
are known as a false phase (Schnelle 1955). Harvest
dates are based on subjective evaluations of opti-
mum fruit composition. Thus, grape ripeness and
therefore the beginning of harvest is based on both
human judgment and on trends concerning the rela-
tive amounts of sugar and acid found in the grapes.
However, the advances in 60°Oe sugar content
suggest that grapes are ripening earlier and that
advances in harvest dates are largely due to earlier
maturity.

Jones & Davis (2000) found significant decreasing
trends over time for phase intervals from flowering to
véraison, flowering to harvest, and véraison to har-
vest ranging between 4 and 10 d. In our study, a
significant shortening of phase intervals of some cul-
tivars was observed, including full flowering to vérai-
son for Riesling and Silvaner (Fig. 3) (~2 to 3 d) and
budburst to harvest for Silvaner (~3 d). The budburst
to full flowering interval shortened by ~1 to 2 d
decade™!, though only that for Silvaner at Biirger-
spital was significant.

There were no significant differences between cul-
tivars in trends or between Silvaner records from the
2 data sources. Similarity in the responses of the cul-
tivars and at the 2 locations can therefore be seen as
being characteristic for this northern part of the
wine-growing area in Europe.

4.2. Influence of climate

Phenological events and composition were signifi-
cantly influenced by the climate of preceding months
(Table 4), especially during the growing season.
Maximum temperatures proved to be the most influ-
ential climate parameter at this timescale. Precipita-
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tion and sunshine were significant in only certain
cases and typically at lower levels of significance.
Thus, the finding that temperature is the major driver
of phenological shifts in grapevine (Rosenzweig &
Casassa 2007) was confirmed in this study. Due to the
high number of potential climate variables (particu-
larly for the later events and for the composition)
some predictors may appear in the final regression
models by chance alone, and due to their collinearity
some months may be left out (e.g. March tempera-
tures for LWG budburst). However, despite this
caveat, it is clear that, under current climate condi-
tions, mean maximum temperature was the major
driver of phenology and composition.

Budburst was related to preceding maximum tem-
peratures, and precipitation in April had a less sig-
nificant impact only for the LWG cultivars, whereas
sunshine had no significant effects. Other studies
have reported that budburst also depends on soil
temperature and pruning (Duchéne et al. 2010).

In comparison to Jones & Davis (2000), flowering
did not show any significant relationship with precip-
itation or hours of sunshine during the pre-flowering
period. The former may be because the area of Lower
Franconia is less water limited in summer than the
Bordeaux region where Jones & Davis (2000) based
their study. Sunshine hours only had an impact on
the Burgerspital flowering dates, though at a lower
level of significance and during the pre-budburst
period. The reasons for the apparent differences in
the influence of sunshine are unclear. The timing of
events may be critical with day lengths increasing to
the summer solstice (June 21) and declining there-
after. The influence of day length may be more
critical at the northern limits of grape production.
Another reason might be the use of different grape
cultivars.

Véraison was also highly responsive to tempera-
ture. Miiller-Thurgau, the earliest cultivar to reach
véraison, was more dependent on temperature from
April to June while Riesling, being the last, was
related to temperatures in later months (May to July).

Harvest date models were more complex, but may
be explained by the high number of potential climate
variables and by harvest being a quasi false phase,
which is based on both subjective evaluation and
optimum fruit composition. On the other hand,
advances of the date on which the sugar content
exceeded 60°Oe suggest that grapes are ripening
earlier. Thus, advances in harvest dates are largely
due to earlier maturity. The advance of harvest dates
is more likely to benefit Riesling and Silvaner, since
they are late maturing cultivars.

Cool conditions have ensured that most Franconian
vineyards are situated on south- or west-facing
slopes along the Main River to obtain maximum heat
and light exposure (Jackson 2000). Under global
warming, temperature will not be such a limiting
factor for wine-growing in Franconia and therefore
vineyards could expand to other, formerly unsuit-
able, sites.

Though predictions about future precipitation and
its distribution are imprecise, precipitation is likely to
increase in winter and decrease in summer (IPCC
2007). Increasing dryness in summer, intensified by
higher temperatures and greater evaporation might
lead to water supply becoming an occasional limiting
factor.

Warmer climatic conditions also favour the spread
of grapevine pests and pathogens such as grape
moths (Eupoecilia ambiguella and Lobesia botrana)
and downy mildew (Plasmopara viticola), which are
the main pest and disease in southern German vine-
yards (Kast 2001).

Due to the absence of gridded daily observations,
other climate variables, including growing degree
days (Mullins et al. 1992), number of days with high
temperatures (Jones & Davis 2000, Duchéne et al.
2010) and numerous indices (Jones & Davis 2000,
Malheiro et al. 2010) could not be used in this study.
This might result in slightly different results of pre-
dictors in our regression models in comparison to
other long-term studies.

4.3. Composition

The main features that German wine-growers
working at the northern limits of viticulture have tried
to achieve include late-budding—which reduces the
likelihood of late spring frost damage—early matur-
ing, high yield, high quality, and a good balance
between acidity and sugar.

Jones & Davis (2000) found for the Bordeaux re-
gion that acid levels displayed significant downward
trends, while sugar levels showed no trends. In con-
trast, Urhausen et al. (2011) found for the Mosel Val-
ley, a region ~240 km west of Wirzburg, significant
downward trends in acid while sugar displayed sig-
nificant upward trends. These findings are in line
with Duchéne et al. (2010) who stated for the Alsace
region that increasing temperatures will result in
increasing sugar contents while acid levels decline.
In our study, sugar content had a highly significant
upward trend by 2.4°Oe decade™! while the acid
concentration displayed no significant trend. Sugar
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content was significantly dependent on temperature
during pre-flowering (i.e. April and May) and pre-
harvest (i.e. August and September). In contrast, July
precipitation had a positive effect on acid (i.e. an
increase of acid content) while September sunshine
decreased the acid concentration. Sugar content also
showed large negative correlations with the pheno-
logical onset dates of flowering, and beginning and
end of harvest. Furthermore, sugar and acid levels
were negatively correlated with one another. Years
of higher than average sugar had lower than average
acidity. This means that warmer seasons with ad-
vanced phenology produce higher sugar levels and
lower acid levels at harvest.

As a result of climate change, extreme heat during
maturation may lead to an acceleration of ripening, a
much quicker decomposition of acid and an increase
of sugar content, resulting in higher alcohol levels or
high contents of residual sugars but with little acidity
retained for freshness and longevity. This in turn
will lead to the loss of the typical balanced composi-
tion of wines of the northerly located wine-regions
(Duchéne et al. 2010).

5. CONCLUSIONS

The findings confirm a consistent relationship
between onset dates of phenological phases of all
3 cultivars and corresponding climate data. Mean
maximum temperature was the most important factor
while precipitation and sunshine were generally less
influential. This may be because the region is not
currently water limited.

The observed warmer seasons have resulted in
greater ripening potential for Miuller-Thurgau, Ries-
ling and Silvaner grapes. As a consequence, the
sugar content increased while the acid component
remains constant, resulting in a changed grape com-
position that has the potential to alter wine typicity
and quality. Given that climate is projected to change
even further in the future, these impacts are ex-
pected to continue and to become stronger. Thus, in
the long term, the balanced ratio of sugar and acid
content will shift in favour of the sugar component
and may result in a loss of the traditional character of
white wine produced in Franconia.

With increasing temperatures the cultivation of
early maturing cultivars might become problematic
in Franconia. Increased temperature has advanced
harvest dates and increased sugar content. This de-
creases the acid content and might have a negative
impact on the typicity and aging ability of the pro-

O

O

O

duced wine. The practice of acidulation, which is cur-
rently only allowed in extreme years with special
authorisation, might become more frequent.

Moreover, Franconia is an historical wine-produc-
ing region, and the economic and cultural identity of
Franconia is shaped by its wine and wine-growing
tradition. Thus, the characteristic cultural landscape
that has developed over the last millennium will
likely be vitally affected by the potential impacts of
climate change.
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