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Regional Harvest Date Analyses

To analyze each region individually, we regressed each harvest date time series
used in GHD-Core against CRU climate data averaged within one degree of that
site location. As with GHD-Core, temperature is the dominant control on harvest
date in all eight regional series (Supplementary Figures 4—11), and all the temper-
ature regressions are highly significant (p < 0.01). For the period 1901-1980, the
temperature sensitivities (regression slopes) across sites range from —3.70 days
°C~! at SRv to —7.39 days °C~! at Chal. Significant (p < 0.05) moisture sensitiv-
ities (precipitation and PDSI) are also found at seven of the eight sites: Als, Bor,
Bur, Chal, Lan, LLV, and Swi. At the eighth site, SRv, the precipitation regres-
sion is marginally significant (p = 0.055) and is insignificant for PDSI.

At all sites, temperature sensitivities are still significant for the 1981-2007
interval, indicating that temperature remains an important control on winegrape
phenology in more recent decades. By contrast, most sites show a significant
weakening of the two moisture sensitivities. Both the precipitation and PDSI re-
gressions with harvest dates become (or remain) insignificant (p > 0.05) during
1981-2007 for Bor, Bur, Chal, Lan, LLV, and Swi. At SRv, precipitation was
already only marginally significant for 1901-1980, and this regression weakens
considerably. At Als, the PDSI regression becomes insignificant, while precipi-
tation does not change appreciably. Analyses of the individual regional harvest
date series therefore support the general conclusions drawn from analyses of the
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GHD-Core composite index, demonstrating an overall large-scale weakening of
moisture controls on grape harvest dates in France and Switzerland.

Temperature versus Moisture Comparisons

We hypothesize that, in Western Europe, moisture impacts on winegrape phenol-
ogy occur primarily through the indirect effect of moisture on growing season
temperatures. Further, we argue that because of anthropogenic warming trends in
recent decades, winegrape phenology has become decoupled from moisture vari-
ability. Here we, present evidence in support of these hypotheses.

A strong connection between soil moisture and warm season temperatures
over the Mediterranean and Western Europe has been well established (/, 2), oc-
curring primarily through the control of soil moisture on surface energy partition-
ing. In regions where evapotranspiration is limited by the supply of moisture at
the surface, wetter soils will lead to increases in evapotranspiration and latent heat
flux at the expense of sensible heating, keeping surface soil and air temperatures
relatively cool. Conversely, if soils are dry, sensible heat fluxes will dominate,
and soil and air temperatures will be higher. If these are the primary physics oper-
ating in our GHD-Core region, we would therefore expect negative relationships
between temperature and precipitation or PDSI during the spring and summer.

Indeed, for both MJJ (Supplementary Figure 12) and JJA (Supplementary
Figure 14) we can see significant negative relationships between both tempera-
ture and precipitation and PDSI during the 1901-1980 interval. The relationships
are generally stronger during JJA, when solar energy inputs are larger and land-
atmosphere interactions are expected to be stronger. During the more recent inter-
val (1981-2007), the temperature-moisture relationships generally weaken, espe-
cially during JJA. Additionally, temperatures during 1981-2007 are substantially
warmer compared to 1901-1980, reflecting recent warming trends driven primar-
ily by anthropogenic greenhouse gas forcing. This additional warmth (unrelated to
moisture variability), combined with the apparent weakening of the temperature-
moisture coupling strength itself, supports our conclusions regarding the mecha-
nisms by which moisture influences grape harvest date variability and the recent
weakening of this relationship.
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Resampling Analyses

Interpretations of the composite climate anomaly analyses (Figure 4, main manuscript)
and comparisons of climate distributions (Supplemental Figure 15, top panel) for
extreme early harvest years may be affected by sampling uncertainties or biases,
especially during the post 1980 period when the number of years to sample from
is small. For example, from 1600-1980, 72 years qualify as early harvests with
GHD-Core anomalies of —7.67 days or earlier. Because of the terminal years
in the climate reconstructions (2012 for PDSI, 2002 for temperature, 2000 for
precipitation), however, from 1981 to 2007 only 18 years qualify for PDSI, 13
years for temperature, and 11 years for precipitation. To estimate the impact on
our analyses of these potential sampling uncertainties, we conducted a resampling
analysis where, in each of 10,000 iterations, we resampled climate anomalies from
the early harvest years with replacement for the 1600-1980 period. In each itera-
tion, we resampled n times, where n is equal to the number of early harvest years
from 1981-2007 (so 11 for precipitation, 13 for temperature, and 18 for PDSI).

Kernal density functions for the 10,000 resampled mean precipitation and
PDSI anomalies are shown in the bottom panels of Supplemental Figure 15. As
in the main analysis, PDSI shows the strongest shift with early harvest dates be-
fore and after 1980. Repeating the One Sided Student’s t-test during each of these
iterations found significant differences (p < 0.05) in 99% of cases, indicating
our earlier finding (drought, as represented by PDSI, is no longer associated with
early harvests post-1980) is quite robust. The resampling results were not as ro-
bust for precipitation: only 29% of the iterations found marginally significantly
(p < 0.10) drier conditions during the pre-1980 period compared to post-1980. In
the precipitation reconstruction, however, we are severely limited in our sample
size post-1980 (only 11 years, compared to 18 for PDSI). Our conclusions, how-
ever, are still strongly supported by both the observational analysis (using 20"
century climate data) and the PDSI reconstruction.

Viticultural shifts

Phylloxera

In the 1860s (3), an exotic species of aphid (Daktulosphaira vitifoliae, commonly
known as grape phylloxera) was introduced to France. This resulted in a severe
blight and destruction of many vineyards across France (3—7). Large-scale recov-
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ery of the vineyards and wine industry began in the late 1800s and early 1900s
with the grafting of European vines onto phylloxera resistant rootstock from wild
Vitis species native to North America. There was thus a substantial shift in root-
stock composition beginning around the turn of the 20" century—alongside plant-
ing of many new varieties as well as hybrid grape varieties (3, 7)—changes that
could possibly affect our interpretation of climatic effects on harvest date.

To investigate this, we calculated regression models between GHD-Core and
JJA climate (temperature, precipitation, PDSI) from the climate reconstructions
(instrumental data is not available prior to 1901) (Supplemental Figure 16) from
before to after the outbreak and replanting. Across the three intervals: 1800—1850
(prior to the phylloxera epidemic), 1851-1900 (during the phylloxera epidemic),
and 1901-1980 (after widespread grafting occurred) results are generally consis-
tent. For temperature, sensitivities, range from —4.97 to —6.56 days °C~! with
R? values from 0.359 to 0.464, similar to results found in the instrumental re-
gressions for this season (Supplemental Figure 13). Similar results are found for
precipitation and PDSI, although precipitation is only marginally significant for
1800-1850 (PDSI is still highly significant for this period, however).

Given the lack of evidence for any systematic change in sensitivities pre- and
post- phylloxera, we conclude that this event is unlikely to have significantly af-
fected our climate based analyses and interpretations. Further, as the period of
1900-1980 included substantial changes in viticultural practices (e.g., widespread
mechanization, French laws mandating planting and harvest limits through appel-
lation d’origine controlée (AOC), and changes in varieties and clones planted—
see below, (5, 6)), the lack of substantial changes in climatic sensitivities in this
period compared to periods before suggests gross changes in viticultural manage-
ment do not impact phenology strongly, as least when compared to the impact of
climate on phenology.

Clonal selection

In the mid to late twentieth century vineyard managers began to re-plant many of
their vineyards in order to produce higher quality wines through improved match-
ing of varieties to local terroir and improved selection of clones of particular va-
rieties (7). Such shifts in the composition of vineyards could introduce changes
over time that would influence vine phenology and grape harvest dates. These
shifts, however, occurred across different regions at different times (7), making it
difficult for us to test for their impact on phenology through a comparison of dif-
ferent periods as we did for the phylloxera outbreak (see above). Two of our other

4
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findings, however, suggest the impact of changes in varieties and clones planted
do not bias or affect our results. First, our findings are relatively robust when
considered across different regions (Supplemental Figures 4-11) that—in addition
to planting substantially different varieties and clones—had different timings of
major re-plantings. Second, our analysis to test for possible effects of the phyllox-
era epidemic and subsequent replanting (see above) found no dramatic changes in
climate sensitivities of harvest dates. As the replanting after phylloxera included
planting of different varieties (including hybrids) we expect that if this change had
no strong impact on climate sensitivity then the comparatively smaller change of
clonal selection would not impact our findings. Finally, experimental studies show
the impact of climate on vine phenology is greater than variety (8).

Multiple Regression Analyses

Temperature, precipitation, and PDSI are all significant predictors of grape har-
vest dates as analyzed by our univariate approach presented in the main text. We
additionally investigated if our results would change when these variables were
included in a multiple regression framework using climate data from the instru-
mental CRU climate grids (results shown in Tables 9 for 1901-1980 and Table 10
for 1981-2007). These results highlight that temperature is the dominant driver of
grape harvest date, explaining most of the variation (R?) and being one of the top
models (based on JAIC) for both time periods. Addition of precipitation and/or
PDSI to a model containing temperature provides only small improvements in
explanatory power, especially during 1901-1980 (AIC values generally increase
when precipitation or PDSI are added). Additionally, precipitation and PDSI gen-
erally show a lower impact on harvest date (i.e., smaller and nonsignificant, at
p > 0.05, model coefficients) when included in a model with temperature. These
results provide further support to the hypothesis that the major impact of moisture
variability is not on grape phenology directly but, instead, is through the modu-
lation of temperatures (where drier equals warmer, via the mechanisms discussed
previously).

These analyses also further highlight the shift in how climate affects harvest
dates after 1980. Though nonsignificant, the regression coefficients for precip-
itation and PDSI before 1980 all indicate moisture delays harvest. After 1980,
in four of the five multiple regression models these coefficients become negative.
Further, the sign of the interaction between temperature and moisture shifts in all
models after 1980, suggesting a fundamental change in the relationship of these
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climate variables, as discussed above in ‘Temperature versus Moisture Compar-
isons’. Shifts in the moisture predictors (and, where applicable, their interaction
terms) between these two time periods are therefore similar, whether analyzed in
a univariate or multivariate regression model.
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Table 2: For each regional grape harvest date series used in GHD-Core, the fraction of
years with observations for various time intervals.
1354-2007 1600-1900 1600-2007 1800-2007 1900-2007

Als 0.401 0.578 0.642 0.837 0.824
Bor 0.500 0.648 0.738 0.995 0.991
Bur 0.925 0.997 0.990 0.986 0.972
Chal 0.280 0.259 0.449 0.880 0.981
Lan 0.442 0.635 0.689 0.438 0.833
LLV 0.310 0.332 0.498 0.976 0.963
SRv 0.690 0.970 0.951 0.942 0.898
Swi 0.749 1.00 1.00 1.00 1.00

Table 3: Spearman’s rank correlations (1354-2007) between the various regional grape

harvest date series used to construct GHD-Core.
Als Bor Bur  Chal Lan LLV SRv  Swi

Als 1.00

Bor 0.601 1.00

Bur 0.574 0.615 1.00

Chal 0.632 0.675 0.799 1.00

Lan 0.550 0.467 0450 0.655 1.00

LLV 0503 0.712 0.776 0.709 0.359 1.00

SRv 0414 0249 0456 0346 0.765 0.456 1.00

Swi  0.604 0.554 0.562 0.569 0.705 0.697 0.501 1.00
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Table 4: Day of year anomalies in the regional grape harvest date series used to construct
GHD-Core. Anomalies are calculated relative to the baseline mean dates from 1600-1900.
Also included are results for the GHD-Core index and GHD-ALIl, composited from all 27
regional grape harvest date series in DAUX. For GHD-Core and GHD-AII, the harvest
date anomalies were calculated for the regional series individually before averaging to-
gether. Because the regional grape harvest date series are not all equally represented in
all years, anomalies in GHD-Core and GHD-AIIl are slightly non-zero for the baseline
averaging period (1600-1900).
1600-1900 1600-1980 1901-1950 1951-1980 1981-2007

Als 0 -0.94 -10.69 4.35 -5.11
Bor 0 -0.79 -5.16 1.40 -9.26
Bur 0 0.15 -0.48 2.66 -7.78
Chal 0 0.64 0.13 3.14 -1.96
Lan 0 -2.14 -11.46 -5.55 -9.03
LLV 0 -1.51 -3.42 -3.56 -10.79
SRv 0 -0.10 -0.36 -0.74 -11.33
Swi 0 -2.52 -12.53 -11.17 -23.39
GHD-Core -0.32 -1.02 -5.16 -1.11 -10.24
GHD-All -0.25 -0.85 -5.13 0.36 -8.91

Table 5: As Table 4, but for inter-annual standard deviation.
1600-1900 1600-1980 1901-1950 1951-1980 1981-2007

Als 8.74 9.56 9.12 7.09 8.74
Bor 9.51 9.00 6.27 7.00 9.56
Bur 9.61 9.19 6.55 8.11 7.97
Chal 8.81 8.88 7.85 10.12 8.64
Lan 8.63 9.03 6.51 5.69 5.39
LLV 10.29 9.21 6.56 8.01 7.41
SRv 8.68 8.46 8.62 5.55 5.93
Swi 10.09 10.71 7.19 6.68 8.11
GHD-Core 7.67 7.49 5.39 6.24 7.10
GHD-All 7.03 7.02 5.55 6.55 6.75
9
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] Daux GHD Sites

Supplementary Figure 1: Geographic locations for all 27 regional grape harvest
date time series in DAUX. Highlighted in red are the sites that comprise the
GHD-Core index: Alsace (Als), Bordeaux (Bor), Burgundy (Bur), Champagne
1 (Chal), Languedoc (Lan), the Lower Loire Valley (LLV), the Southern Rhone
Valley (SRv), and Switzerland at Lake Geneva (Swi). The dashed black box indi-
cates the GHD-Core region (2°W-8°E, 43°N-51°N) over which climate anomalies
from the CRU instrumental climate datasets and the three climate reconstructions
were averaged for the various regression analyses.
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#Obs per Year (GHD-Core)

1400 1500 1600 1700 1800 1900 2000
Year

Supplementary Figure 2: Number of observations (i.e., regional grape harvest date
series) represented in each year of the GHD-Core index.
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Supplementary Figure 4: Comparisons between the grape harvest date series from
ALS and May-June-July temperature, precipitation, and PDSI from the CRU 3.21
climate grids. Top panels: point-by-point Spearman’s rank correlations for 1901-
1980 and 1981-2007 (location of ALS is shown by the black dot). Bottom panels:
linear regression plots for the same intervals against CRU climate data averaged
within one degree of the site location.

18

© 2016 Macmillan Publishers Limited. All rights reserved.



1981-2007

1901-1980

1981-2007

1901-1980

Bor vs Climate (May-July)
Temp Prec PDSI

-08 -06 -04 -02 00 02 04 06 08
Temp Prec PDSI

25
R2=0.338, beta=-5.238, p=0.0 R2=0.218, beta=0.059, p=1e-05 R2=0.124, beta=1.518, p=0.00138
15 . 20 15
-25 =20 =20
155 18.0 165 17.0 17.56 18.0 18.5 19.0 195 20.0 50 100 150 200 250 300 350 400 450 -6 -4 -2 L] 2 4 B
20
E R2=0.885, beta=-7.513, p=0.0 8 R2=0.117, beta=0.056, p=0.08T9 R2=0.13, bata=1.665, p=0.0709

-40 -40
16.5 17.0 17.5 18.0 185 168.0 19.5 200 205 21.0 50 100 150 200 250 300 350 -6 -4 -2 L] 2 4 8

Supplementary Figure 5: Same as Figure 4, but for Bor.
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Supplementary Figure 6: Same as Figure 4, but for Bur.
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Cha1 vs Climate (May-July)
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Supplementary Figure 7: Same as Figure 4, but for Chal.
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Supplementary Figure 8: Same as Figure 4, but for Lan.
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Supplementary Figure 9: Same as Figure 4, but for LLV.
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Supplementary Figure 10: Same as Figure 4, but for SRv.
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Supplementary Figure 11: Same as Figure 4, but for Swi.
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Temperature vs Moisture (MJJ)
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Supplementary Figure 12: Temperature versus moisture (precipitation and PDSI)
regressions during May-June-July for the GHD-Core region from the CRU 3.21
climate grids for two periods: 1901-1980 and 1981-2007. Temperature during
MJJ has a significant negative relationship with both precipitation and PDSI, in-
dicating the tendency for warmer conditions during drier years. Over the more
recent period, the relationship between temperature and PDSI breaks down, but
the relationship with precipitation remains largely consistent.
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GHD-Core vs Climate (June-August)
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Supplementary Figure 13: Same as Figure 3 from the main manuscript, but for
June-July-August (JJA) climate.
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Temperature vs Moisture (JJA)
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Supplementary Figure 14: Same as Supplemental Figure 12, but for June-July-
August (JJA) climate. During JJA, the temperature moisture relationship is
stronger over this region and, in both precipitation and PDSI, these relationships
weaken in the recent decades (1981-2007).

28

© 2016 Macmillan Publishers Limited. All rights reserved.



Mean Precipitation (%) Mean PDSI (standardized)
Early Harvests

Early Harvests

60 4
40
2
20
©
o 0-- o8
x
8
-20 5
-40
-4
-60
-80 -6
1600-1980 1981-2007 1600-1980 1981-2007
0.07
1.0
2 08
25y
% & 0.6
°4 ’
® 5
= 0.2
0.0 2 . B }
20 30 =25 =20 -15-10-05 0.0 05 10 15

wone 1600-1980 et 1981-2007

Supplementary Figure 15: Top row: box plots of pooled precipitation and PDSI
anomalies from the climate reconstructions for years with early harvest date
anomalies in GHD-Core. Bottom row: kernel density functions of recalculated
mean precipitation and PDSI anomalies associated with early harvest dates, based
on 10,000 resampling exercises with replacement. Dashed vertical lines represent
the mean anomalies calculated from the actual early harvest years from 1600—
1980 (blue) and 1981-2007 (green).
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GHD-Core vs Temp (JJA) GHD-Core vs Prec (JJA) GHD-Core vs PDSI (JJA)
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Supplementary Figure 16: Regressions between harvest date and summer (JJA)
climate from the reconstructions (temperature, precipitation, PDSI) for the GHD-
Core harvest date series. Intervals correspond to time periods prior to the intro-
duction of phylloxera (1800-1850), during the infestation (1851-1900), and fol-
lowing the widespread grafting of French vines onto North American rootstock
(1901-1980).
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