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Abstract

The potential areal extent of agricultural crops is sensitive to climate change and its underlying drivers. To distinguish between the drivers of past variations in
the Mediterranean viticulture since Early Antiquity and improve projections for the future, we propose an original attribution method based on an emulation of
coupled climate and ecosystem models. The emulator connects the potential productivity of grapevines to global climate drivers, notably orbital parameters,
solar and volcanic activities, demography and greenhouse gas concentrations. We found that variations in potential area for viticulture during the last three
millennia in the Mediterranean Basin were mainly due to volcanic activity, while the effect of solar activity and orbital changes were negligible. In the future, as
expected, the dominating factor is the increase in greenhouse gases, causing significantly drier conditions and thus major difficulties for viticulture in Spain
and North Africa. These constraints will concern significant areas of the Southern Mediterranean Basin when global warming exceeds +2°C above pre-
industrial conditions. Our experiments showed that even an intense volcanic activity comparable to that of the Samalas - sometimes considered as the
starting point of the Little Ice Age at the mid 13 century - would not slow down this decline in viticulture yield in the southern margin of the Mediterranean
area.

1. Introduction

Our scientific question is related to the attribution the viticulture extension changes - which has an economical role in the Mediterranean Basin since Antiquity -
to any natural or anthropogenic drivers. The cultivation and domestication of the grapevine began between the 7th and 4th millennia before the common era
(BCE) between the Eastern Mediterranean and Caspian areas, and spread to Egypt, the Middle East and the entire Mediterranean (Terral et a/ 2010, Bouby et a/
2021). Introduced in the Gaul region (i.e. roughly France and surrounding regions) by Greek colonists ca. 600 BCE, around the time they settled Marseilles,
viticulture was initially limited to Mediterranean Gaul (Bouby et a/2014). Vineyards expanded into the northern part of Gaul in the 1st century CE, where wine
production developed quite considerably in the following centuries up to the Paris region, and the Rhine and Moselle valleys (Brun 2010), and even in southern
England (Brown et a/2001). One hypothesis behind this expansion is the climate warming during the Roman Climatic Optimum (RCO) (Mccormick et a/2012).
These climate variations are driven by global forcing variables such as solar or volcanic (Wanner et a/ 2008, Brayshaw et a/ 2010, Fuks et a/ 2017). After the
RCO, the temperature decreased significantly and Gaul entered the so-called Late Antique Little Ice Age, or LALIA (536-660 CE) (Biintgen et a/2016). This
change may have been triggered by to several large volcanic eruptions at 536, 540 and 547 CE (Sigl et a/ 2015). This assumption remains difficult to prove
because of the limited historical and archaeological sources. In any case, the 500 to 900 CE period remained relatively cold with oscillating precipitation
changes in the region (Reale and Dirmeyer 2000). In Europe, the following Medieval Climate Anomaly (MCA, approx. 900-1200 CE) (Luterbacher et a/

2016) was likely of comparable intensity to the RCO. The Little Ice Age (LIA, approx. 1250-1850 CE) was a period of alpine glacier advance (Holzhauser et a/
2005), marked again by several large volcanic eruptions, in particular that of the Samalas (Indonesia) in 1257 (Lavigne et a/2013).

On timescales of centuries and millennia, productivity and yield of agricultural crops are strongly affected by climate fluctuations. The nature of the change
depends on external forcings and internal feedbacks of the climate system, which produce different spatial and seasonal patterns of the main variables in the
atmospheric environment. The main objective of this paper is to develop an innovative solution to statistically model the impact of changing climate forcing
on plant productivity over several millennia, using the grapevine (a major crop of the Mediterranean and European region) as example. We mimic a large
ensemble of model simulations, using statistical relationships much faster to be computed (Kennedy and O'Hagan 2000). Based on a large range of climate
states from high-resolution simulations with coupled earth system models for the last glacial period to future global warming scenarios, this approach
provides be robust results and can be applied to a large range of ecosystem processes under different conditions.

The global drivers of the studied changes are anthropogenic - greenhouse gases emissions (GHG), land use and cover changes, population density, economic
production - and natural - volcanic and solar activity. They are the boundary conditions of Earth System Models (ESM) (Kay et a/ 2014). The ecosystem
processes are assessed using impact models (IM) coupled to these ESMs (Franklin et al 2016, Warszawski et a/ 2014, Frieler et a/2017). In most cases,
coupling is offline because (i) the spatial scales of ecosystems are much finer than are those of ESMs, thus making it necessary to downscale climate
simulations to the ecosystem scalg; (i) a climate simulation of a given ESM is interpreted as one realization out of a set of possibilities determined by the
boundary conditions and the characteristics of the ESM, making necessary to combine ESM simulations into ensembles to be representative of the climate
system; and (iii) each ESM has intrinsic biases that must be corrected before it can be used to drive the ecosystem model. We use the ecosystem model
BIOME4 which takes all ecosystem-related variables into account, notably rainfall, temperature with their full seasonal cycle, and also soil moisture as an
internal state variable.

Even if human innovation and colonization were also responsible for the expansion of viticulture, the climate must be suitable for grape cultivation and thus
remains a control variable. As soon as the climate changes to worse conditions for wine growth, it becomes a driver of a decline in viticulture. Such
fluctuations are particularly noticeable near the Northern range limit of wine growth during several periods.

Although we focus our viticultural analysis on the Gaul region, we need to enlarge the area to the entire Mediterranean and European surrounding region to
robustly capture the relationships between global drivers and viticulture extension. For the same reason, we use a large diversity of time slices of the past
(Last Glacial Maximum, Mid-Holocene, last millennium) and of the future up to 2100 according to several scenarios. The widely diverse situations used for
calibration made it possible to produce a robust emulator that was effective for extrapolating a wide range of past and future climate states.

2. Material And Method

Our method is summarized in Fig. 1, and the different steps are explained in details in Supplementary Material. Global forcings are the inputs of low-resolution
Earth system models (ESMs). The first step in the emulator procedure involves adapting the output fields to a common high-resolution grid using statistical
downscaling. The second step involves applying the vegetation model BIOMEA4 to the high-resolution fields to calculate ecosystem variables (bioclimate or net
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primary productivity, Table S1). Steps 1 and 2 are repeated for each ESM. Step 3 is the calibration of the emulator, that is, the calculation of a spatial
regression between the forcing and the ecosystem variables. Step 4 involves the application of the emulator to the forcings of new time slices or future
scenarios. During this step, the annual temperature and precipitation results for the past time slice were compared to paleodata to refine the volcanic and solar
activity impacts. This process is known as data assimilation. The last step, which is not shown in the figure, is the independent validation of the emulator
using tree-ring data.

2.1 Forcing and ESM data
Climate forcing or drivers are perturbations imposed on the Earth's energy balance. They are mainly:

(i) Orbital parameters: eccentricity and obliquity of the ecliptic, solar longitude at the perihelion (omega); they drive the orbit of the Earth and have time lengths
above thousands of years (Berger and Loutre 1991); they had a major impact on the Earth climate from the last glacial period to the present interglacial period
(the Holocene); the values of the last millennium were linearly interpolated between the values at 1000 yr BP and the present values. Those of the 21st century
were set to the present values, as this time period is short according to the time characteristics of the orbital forcing.

(i) Greenhouse gas concentration (GHG): carbon dioxide (CO,), methane (CH,) and nitrous oxide (N,0); the effect of these GHG has been significant from the
glacial to interglacial periods and has a major effect for the current century (see suppl. mat. S1).

(iii) The world population values taken from the Hyde 3.1 database for the past periods from (Klein Goldewijk et a/2011) and for the future periods from (van
Vuuren et a/2011). The population varied from less than 2 108 at the LGM (which is in fact the value at 10 ka BP in Hyde3.1) to 7 10° in 2010 and is projected
to be between 9 10° and 12.3 10° in 2100 according to the scenario.

(iv) Volcano activity represented by the effective aerosol radius deduced from the aerosol optical depth from ice core sulfate records from both polar regions
for the last millennium (Crowley and Unterman 2013) (Fig. S1). Its value is 0.2 when there is no eruption. The maximum value (0.8) was found in 1258, the
year after the Samalas eruption (Lavigne et a/2013). The 21ka, 6ka and future values were set to the pre-industrial values.

(v) Solar activity is inferred from 14C records, the proxy of the total solar irradiance (TSI) (Muscheler et a/ 2007) for the last millennium, and varies from 0 to
1200 MeV (Fig. S1). The 21ka, 6ka and future values were set to the pre-industrial values.

2.2 Data used for past and future scenarios

We used our emulator to analyze the response of key ecosystem variables to global forcing. We focused on past periods that were marked by important
climate and societal changes (Table 1). The present time slice was defined by the mean values for the 1961-1990 period. For the future, instead of using time
slices, we defined the scenarios according to the global temperature signal simulated in the different models, using the relationship between global warming
and CO, concentration (Guiot and Cramer 2016):

(i) The +1.5°C global warming recommended by the Paris Agreement is reached with a CO, concentration of 440 ppm; Fig. S2 shows that the average model
simulation reaches this value under scenario RCP2.6 in approximately 2040.

(i) The +2°C global warming is reached with a CO, concentration of 480 ppm and is reached under scenario RCP4.5 in approximately 2050 (Fig. S2).
(iii) The +3°C global warming is reached with a CO, concentration of 600 ppm and is reached under scenario RCP8.5 in approximately 2060 (Fig. S2).
(iv) The +5°C global warming is reached with a CO, concentration of 900 ppm and is reached under scenario RCP8.5 in about 2100 (Fig. S2);

We obtained the corresponding CH, and N,O concentrations and population sizes from the boundary condition database of CMIP5. The other forcings are set
to the present values.

Following Giorgi and Lionello (2008), the study area was divided into nine grid boxes (Fig. 2). We added a 10th box corresponding to the Gallia Narbonensis
province (south of France), the key area for the introduction of viticulture in Gaul.

We also considered two other scenarios, based on boundary conditions of +5°C except for volcanic and solar activity. The idea is to assess whether volcanic
and solar conditions typical of the Little Ice Age can moderate the effect of the strong increase in GHG concentrations. The first additional scenario (labeled
+5CV+) was assigned very substantial volcanic activity (0.8), the highest value in the last millennium, and low solar activity (i.e. 100). In contrast, the second
additional scenario (labeled +5CV-) was assigned low volcanic activity (0.1) and high solar activity (700), corresponding to those of the MCA. The forcing
values are listed in Table 2.

2.3 Downscaling and vegetation model

We want to establish a bridge between global drivers and ecosystem variables through an ESM and the ecosystem model. It is based on a common 0.5° grid
using a statistical downscaling technique (details in the Suppl. Mat. S2). The ecosystem model is coupled offline to downscaled climate outputs, and provide
indications on land vegetation structure and productivity. Here, we used a process-based equilibrium vegetation model, BIOME4 (Kaplan et a/ 2002), which has
been successfully applied to similar questions before (Guiot and Cramer 2016) (details in the Suppl. Mat. S3). While a wide range of climate simulations are
necessary to ensure robust calibration, the use of a single ecosystem model is required to ensure that the same ecosystem variables are calculated for all
simulations.
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2.4 Emulator calibration

The numerous model outputs available in the CMIP and PMIP databases (suppl. mat. Table S2) are used to calibrate robust statistical approximations of
coupled ESMs and BIOME4, called emulator (Kennedy and O’Hagan 2000). Various emulators are used in climate science (Tran et a/ 2016, Zhu et a/ 2015,
Rougier and Goldstein 2014, Castruccio et a/ 2014), including paleoclimatic conditions (Strassmann and Joos 2018, Joos et a/ 1996, Bounceur et a/

2015). Our approach is the first ESM-independent emulator because it is calibrated using a large set of model simulations under very different scenarios. The
calibration is based on a geographically weighted regression (Brunsdon et a/ 1998), where the ecosystem variables are expressed as functions of the global
forcing variables (details in the Suppl. Mat. S4).

2.5 Paleodata assimilation

The emulator was calibrated using virtual data. To bring it closer to the real world, we used proxy-based climate reconstructions to constrain some parameters
of the emulator. These parameters are related to the impact of the global forcings. The GHG concentrations, orbital parameters and population sizes are
relatively well known. There are more uncertainties regarding the volcanic and solar activity impacts, which are then considered as the parameters to be
optimized to better fit paleoclimate reconstructions. This technique is called data assimilation (see suppl. mat. S5). To drive the assimilation, we used the
annual temperature and precipitation variables for the time slices defined in Table 1. The main quantitative paleoclimatic information was obtained from
Guiot and Kaniewski (2015) with additional qualitative information found in various studies (as explained in Table 1). The assimilation was based on the 10
boxes defined in Fig. 2.

3. Results

3.1 Paleodata assimilation

The parameters that will be optimized using temperature and precipitation data, are: (i) input volcanic activity, (ii) input solar activity, (iii) a possible bias for
the temperature (6T) and (iv) for the precipitation (6P), (v) the standard error of temperature (oT) and (vi) precipitation (oP).From the posterior distributions
(Table 3), it appears that the volcanic activity impacts were the strongest during the cold periods (2500, 1300, 700 and 200 yr BP) and rather weak during the
dry periods (4200 and 3200 yr BP) and warm periods (2000 and 1000 yr BP). The confidence intervals do not overlap so that these differences are significant.
For the present slice, volcanic and solar activities have no significant impact, as it is expected that the warming is explained by increased GHG concentration
(not used for constraining the assimilation). The impact of solar activity is not clear, as there is no significant difference between cold and warm periods or
between the dry and wet periods. The temperature bias (8T independent of the spatial variability) is estimated to be between 0.6 and 1.6°C for the periods
between 2500 and 200 yr BP and is not significantly different from zero for the dry periods and the present. The 8P estimates were not significant for any time
period. Fig. S4 presents the overall correlations between the emulator outputs and the proxy-based reconstructions. The temperature was particularly well
simulated by the emulator with a squared correlation (R?) of 0.75. As expected precipitation is less well simulated with an R? of 0.28, which is nevertheless
significant, with a significant underestimation of the large (negative or positive) anomalies.

3.3 Emulator application to past and future scenarios

This assimilation process was applied to simulate the annual temperature and precipitation for the ten boxes in the 13 time slices/scenarios. The spatial
patterns of the reconstructions and simulations are consistent (Fig. 3). Therefore, global forcing variables can drive not only the mean climate evolution but
also the spatial patterns reconstructed by the proxy data in the Mediterranean. Volcanic activity seems to be the main driver for the cold periods of the Iron
Age (2500 yr BP), the LALIA (1300 yr BP), the LIA (700, 200 yr BP), and for the warm periods of the RCO (2000 yr BP) and MCA (1000 yr BP). The main driver of
the present warming and drying (Present time in Fig. 3) is GHG forcing. For the 4200 yr BP and 3200 yr BP periods, the volcanic and solar activity drivers do
not seem to be plausible explanations for the droughts, at least according to our emulator.

Future projections (Fig. 4) show general warming for the four scenarios (+1.5C, +2C, +3C, +5C) particularly strong for +3C and +5C scenarios. The local
warming is less strong in the areas influenced by the Atlantic Ocean (France and the Iberian Peninsula). For precipitation, we simulated a weak signal for
+1.5C and +2C with drier and wetter zones, but the signal became clearer for +3C and +5C (all the symbols are triangles, i.e. negative). Combined with the
warming, it is undeniable that water stress will increase considerably with +3C and +5C temperatures.

To answer the question of whether volcanic activity can mitigate the impact of high GHG emissions, fig. 4 shows that the temperature distributions of +5CV+
and 5CV- are quite similar, meaning that the cooling effect of volcanoes is low in a large GHG emission scenario. The precipitation distributions of +5CV+ and
5CV- were similar in the western Mediterranean, and +5CV+ produced slightly higher precipitation anomalies than +5CV- in the eastern Mediterranean.

3.4 Independent validation

Additional independent validation was completed through comparisons with a tree-ring-based reconstruction of the Palmer Drought Severity Index

(PDSI) (Cook et al2015) for the last two millennia, when tree-ring data are available. The PDSI reflects the spring-summer soil moisture conditions. We
compared this variable with the reconstruction of the E/PE (ratio of actual to potential evapotranspiration in %) variable provided by BIOME4 in the previous
steps. E/PE is a moisture index which is equal to zero when the soil is fully dry and 100 when it is fully wet. The range of the PDSI index is usually between -6
and 6 units. Considering that both indices are slightly different, a visual comparison shows pretty good agreement (Fig. 5).

3.5 Evolution of viticulture from the Bronze Age to the end of the 21t century
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We subsequently applied our emulator to the question of how viticulture has evolved in the Mediterranean region and in response to which climatic stimuli and
global forcing. Numerous bioclimate indices have been published to delimit viticultural zones in the world (Tonietto and Carbonneau 2004, Santos et a/ 2012,
Howell 2001). Among them cite (1) the sum of degree-days above 10°C during the growing season or the heliothermal index of Huglin (HI), (2) the number of
days with a minimum temperature below -17°C which is very important for the grapes growing in continental climates, (3) the minimum temperature of
September (cool night index Cl) important for the ripening, (4) the sum of the product of monthly temperature and precipitation for the growing season (Hyl),
and (5) the drought stress index (DI) related to the potential water balance of the soil during the growing season. Malheiro et al. (2010) have proposed a
composite index (Compl) calculated based on the ratio of years simultaneously satisfying four criteria (HI>1400, DI>-100, Hyl<5100 and Tmin >17°C). Some
of the climate variables needed for these indices were not available from the BIOME4 outputs. However, other BIOME4 variables, such as those associated
with the net primary production of plant types are very interesting because they include the CO, effect on photosynthesis. Considering only rainfed viticulture,
we propose the following index VI:

VI = (1= Iypperop) " Inep “Ipann " Iuvrwa " Iurco " Ia
Where each of these factors denoted I, follows this function:
I, =0 for x < Xpn,
IL.=1 for X = Xmae
X=XMin

and I, = m for Xpim < X < Xpmay

and x=NPP, the net primary production of tropical plants with interval [Xpn, Xmay €qual to [0, 10 kg C m2]; x=NPP, the total ecosystem net primary
production with interval = [500, 1000 kg C m?]; x=P,,,,, the total annual precipitation with interval = [400, 800 mm]; x=MTWA, the mean temperature of the
warmest month with interval = [18, 23°C]; x=MTCO, the mean temperature of the coldest month with interval [3, 12°C]; x=, the actual to potential
evapotranspiration ratio with interval = [30, 60%). The VI index combines the total ecosystem productivity of a viticultural system with a few key bioclimatic
variables. All except those related to NPPy,, assume that the vine growth is limited only by their lower values and not by their higher values. Because there is
no possible viticulture in the tropics (where temperature is not cold enough for an appropriate dormancy), 1-lyppirop iS limited by its upper value.

Applied to the mean climate of 1980-2009, VI approximately reproduces the area in Europe where viticulture is present (Fraga et a/ 2013) (Fig. 6). As shown in
Fig. 6a, the existing wine sites range from 35°N to 52°N. In Fig. 6b, the simulations give approximately the same limits with an optimum at approximately
42°N, with some exceptions in the Alpine and Balkan regions, which are likely too continental to pass the MTCO criterion. Considering that this criterion is
much dependent on local factors such as valleys, slopes, and soil, which are not accounted for in our analysis, we consider that this index adequately
represents the macroclimate of potential vine distribution in Europe and the Mediterranean region.

The variables needed for the viticulture equation (1) are provided by the emulator for all time slices studied in the past time slices and for future scenarios. As
shown by fig. 7, we modify the global forcings according the values of Table 3 for the past and Table 2 for the future. We so obtain simulated maps of the
viticulture extension.

Fig. 8 shows that during the dry time slices of 4200 and 3200 yr BP, the suitable areas were located between 34°N and 46°N latitudes. During the cold periods
(2500, 1300, 700, and 200 yr BP), they occupied approximately the same zone between 34°N and 47°N. During the warmer periods (2000 and 1000 yr BP), the
southern limit did not change much, but the northern limit reached 49°N, implying that most of Gaul was suitable for viticulture, as already shown

by (Bernigaud et a/2021). The present map is warmer than the pre-industrial period (200 yr BP slice), which suggests that viticulture is now at its maximum
potential extension in four thousand years, up to 51°N. Because of the drier conditions, the southern limit has shifted from 34°N to 35°N. Note that these
variations only depend on climate changes, and that we do not consider the type of soils.

In the future projections, the northern extension of potential viticulture should shift from 51°N (+1.5C scenario) to 53°N (+3C scenario), and even more than
55°N (for the +5C scenario). This would allow viticulture to be possible up to Central England, but it would regress in the south due to higher water stress. In
the Iberian Peninsula, only the Atlantic coast should be suitable for cultivating wine grapes, unless significant irrigation. These projected unfavourable
conditions were confirmed by (Fraga et a/ 2013) based on other viticulture indices. The 5CV+ and 5CV- scenarios appear quite similar to the 5C scenario,
indicating that the effect of high or low volcanic activities should have a weak effect on the potential distribution of the viticulture in comparison to a strong
GHG forcing.

The results are summarized in Fig. 9. In the past, only the warm regions of the southern band (29-37°N) had a suitable wine-growing area equivalent to the
present. The central geographical band (37-44°N) and the northern one (44-48°N) underwent sudden changes in the viticulture area, first from the cool Iron Age
(2500 yr BP) to the RCO (2000 yr BP), and later from the end of the LIA (200 yr BP) to the present. The cold periods are all characterized by a decline in
viticulture at latitudes above 37°N. For the future projections, northward displacements are likely to be drastic from +3°C global warming. Viticulture potential
will likely disappear from North Africa and is set to decrease drastically in the Iberian Peninsula. In contrast, potential productive areas will likely expand at
latitudes above 50°N, in the Balkans and in the Alps (considering that local climates already enable grape cultivation in some areas with particularly
favourable local climates).

For the two additional scenarios of high emissions combined with extreme volcanic and solar activities, the question is whether an entirely hypothetical set of
strong volcanic events could slow down the decline in viticulture in the south. The answer is slightly positive for Spain, Italy, Greece and Turkey (green curve
increases for +5CV+ and decreases for +5CV-), but it is negative in North Africa and the Levant (red curve) because the water stress should remain too
substantial. The effect is also positive in the northern band and Turkey (the blue and cyan curves increase for +5CV+ and decrease for +5CV-). In all the cases,
the effect was clearly too small to compensate for the GHG effect.
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4. Discussion

In this study, we demonstrate the efficiency of a statistical emulator for multiple ESMs, calibrated over a large range of forcing and climate states to link the
production of a regionally important crop to global climate forcing variables. There are two main innovations: (i) past climate simulations are used together
with future ones to calibrate a robust emulator, (i) this emulator, based on multiple ESMs, is independent of any single model because it captures what is
common among all the models used. Our approach ensures that the emulator is sufficiently robust to work in very different climate states compared to the
present one. Similar approaches have already been used to analyse paleoclimatic data (Crucifix 2012, Joos et a/ 1996), and to emulate a climate-vegetation
system (Foley et a/ 2015), but this study is the first to use an ensemble of climate models, along with several forcing variables provided by past, present and
future states, to project vegetation conditions from global climate drivers. Five points are now discussed:

1) Our approach shows that the major climatic variations of the last millennia in the Mediterranean Basin can be attributed to volcanic activity, whereas the
effects of solar activity were negligible. The effects of volcanic and solar activities have been largely debated, as the reconstruction of temperatures in the last
millennium from tree rings has often shown less significant cooling than the model simulations (Mann et a/ 2012). A more recent tree-based

reconstruction (Stoffel et a/2015) showed substantial summer cooling after the Samalas eruptions in 1257, and also Tambora in 1816, but less than what
climate models simulated. Luterbacher et al. (2016) showed that solar activity had a relatively weak influence on the European summer temperatures. Thus,
our results are in line with the state-of-the-art in the scientific literature.

2) The effect of this volcanic forcing has a clear spatial pattern across the Mediterranean basin. From 2500 yr BP to the present, temperature variations were
more significant in the north and in the west than in the southeast (Fig. 3). (Fischer et a/ 2007) found that northern and western Europe were the coldest and
driest areas after an eruption. They also found that southern Europe, North Africa and the Levant have experienced milder and wetter weather than at present.
Part of this pattern might be due to regional feedbacks of vegetation on the climate. Some climate model simulations have shown (Reale and Dirmeyer
2000) that wetter vegetation during the RCO may have induced a northward shift of the intertropical convergence zone during the summer over the African
continent with an increase of moisture in North Africa and Iberia, and a decrease in the central Mediterranean (Reale and Shukla 2000). In the future, the
southeast should be relatively less dry and warmer than the northwest especially in summer, which is consistent with our results (Fig. 3) (Giorgi and Lionello
2008).

3) Our simulations of climate change on viticulture are mostly concerned with larger-scale regional production systems since they would require near-full-time
engagement of winegrowers with high certainty of production every year, sufficient for speculative trade. For smaller domains and local consumption, it may
have also been possible to produce wine under degraded or unstable weather conditions. For example, in England, viticulture continued to be practiced on land
owned by the church, even as risks increased due to a wetter climate, with cooler summers and milder winters (Clout 2013). In most wine regions in western
Europe, and particularly in France, the grape harvest dates were advanced after the LIA and particularly after the 1940s (Le Roy Ladurie et a/2006). For
example, from 1945 to the beginning of the 215! century, in Chateauneuf du Pape (Southern Rhone Valley, France) the harvest date advanced on average from
October 1 to September 11 (Ganichot 2002). This change is related to summer warming, but factors related to wine quality, agricultural practices and alcohol
content regulation may induce a bias in the interpretation (de Cortazar-Atauri et a/2010). In the Languedoc region, the potential alcohol content has increased
by two degrees from 1984 to 2013 (van Leeuwen and Darriet 2016). Even if the alcohol content does not exactly reflect the grape yields, earlier harvest dates
with a higher sugar content are clearly related to improved conditions of grape cultivation since the LIA which is also related to increased productivity. Another
climate-sensitive symbol of Mediterranean agriculture is the olive trees. (Moriondo et a/ 2013) found three characteristic periods in olive-growing, namely: the
RCO (300 BCE to 400 CE) and the MCA (900 CE to 1200 CE) during which olive-growing areas expanded northward, and the LIA (1400 CE to 1900 CE) during
which a contraction was reported. This is consistent with the variations in viticulture.

4) Major difficulties are forecast for 215 century viticulture in Spain and North Africa. These are particularly important for global warming levels of +3°C and
more. (Caffarra and Eccel 2011) showed that the projected warming should make some mountain sites at approximately 1000 m climatically suitable for
viticulture before the end of this century. The MCA limit will certainly be passed. However, other factors could become limiting, such as excessively mild
winters that enable pest attacks and infections, lack of expertise in vine growing and wine making, and products that are more expensive than the current
Mediterranean wines (Clout 2013). Another limitation is extreme events. More frequent and more intense heatwaves will no longer be favourable to viticulture
at the present southern Mediterranean limit of its niche. These factors are not considered in our approach.

5) It is not very likely that intense volcanic activity could slow down this decline, because (despite of the many other negative consequences of such events)
the beneficial climatic effects of this activity would be highest in regions with increased wine growing potential under global warming (Turkey, northern Europe,
the Alps, and the Balkans) and negligible in North Africa. IPCC has assessed the literature concerning the question of whether volcanic eruptions could be
analogous for geoengineering proposals for climate mitigation (Myhre et a/ 2013). Independent of the side effects of geoengineering, our results show that
very strong volcanic activity, even when accompanied by low solar activity, should not have any significant effects on viticulture in comparison to the radiative
forcing from anthropogenic GHG emissions.

5. Conclusion

We demonstrated the efficiency of a statistical emulator based on multiple Earth System models and calibrated over a large range of forcing and climate
states to link the production of a regionally important crop (grapes) to global climate forcing variables. Using it on past time slices, we showed that volcanic
activity is a good predictor of the past temperature variations in the Mediterranean Basin and consequently of the viticulture productivity. During the warm
phases of the historical times (The Roman Climate Optimum and the Medieval Climate Anomaly), characterized by a low volcanic activity, the viticulture area
has shifted northward by 2° latitude (47°N to 49°N). This historical limit has already passed at the present time as it has already shifted to 51°N and with a
global warming of +3°C, it should pass the 53°N limit. Even, if in the past North Africa and Spain never had real difficulties in cultivating grapes, this
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production would become impossible with a global warming of +3°C or more, except on the Atlantic margin. Moreover, our sensitivity experiments show that
even an intense volcanic activity is not sufficient to stop this decline.
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Tables

Table 1. Typical past periods used to calibrate our emulator. The paleoclimatic and societal information are found in the literature given in the references, from
the Late Holocene to the Present.
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Time slices and labels Location Climate Societal events References
4200 (4200-3900 yr BP) The Levant, Drought  Collapse of Akkadian empire in Mesopotamia (8, 81,82
Mesopotamia, Sicily
3200 (3300-2900 yr BP) The Levant, Anatolia, Drought  Collapse/decline of Aegean, Hittite, Palestinian, (6, 83)
Aegean, Egypt Egyptian, Babylonian civilizations
. (89
Mesopotamia
2500 (2600-2400 yr BP) West Med, France Cold Early Iron Age (Finné et al., 2011; Magny
etal, 2013)
(89)
the Maghreb Dry
2000 (2100-1800 yr BP) West Med, France, the Warm, Roman Climate Optimum (RCO), expansion of the (7,271)
Maghreb wet empire
1300 (1410-1290 yrBP or ~ West Med, Alps Cold Late Antique Little Ice Age (LALIA) (migrations, 21
536-660AD) pandemics, social turmoil)
Demise of Sasanians
Mesopotamia, Iran Dry (87)
1000 (1150-650 yr BP or Europe, Alps, Warm Medieval climate anomaly (MCA) (88)(89)
800-1300AD)
dry (86, 90)
East
700 (700-600 yr BP or Europe, Alps Cold Beginning of Little Ice Age (LIA); famine, black death (30, 89)
1250-1350 AD)
200 (300-230 yr BP or Europe, Alps Cold wet  Max of Little Ice Age (LIA); famines (82,89
1650-1720)
(82
Spain Dry
Present (1961-1990) Warm CRU data (Jones et al,
and dry 2012)

Table 2. Forcing variables used for the 15 time slices/scenarios. The forcing greenhouse gas atmospheric concentrations (CO,, CH,, N,0O), orbital parameters
(ecc: eccentricity, Obl: obliquity, Omega), population size (POP) in number of people, volcanic activity with uncertainty (d), solar activity with uncertainty (d).

Period CO2 CH4 N20 Ecc Obl Omega POP Volc [delta]  Sol [delta]
4200 280 650 270 0.0181 239 34 64138 0.2[0.2] 200 [200]
3200 280 650 270 0.0178 2338 45 101664 0.2[0.2] 200 [200]
2500 280 650 270 0.0175 23.75 65 146283 0.6[0.2] 270 [200]
2000 280 650 270 0.0175 237 68 188239 0.2[0.2] 400 [300]
1300 280 650 270 0.0174 23.65 75 218535 0.6[0.2] 270 [200]
1000 280 650 270 0.0173 23.65 75 295040 0.2[0.2] 400 [300]
700 280 650 270 0.0175 235 90 396811 0.6 [0.2] 270 [200]
200 280 650 270 0.0169 234 95 813664 0.6[0.2] 270 [200]
Present 400 1730 330 0.0167 23.45 102 7500000 0.2[0.2] 600 [300]
+1.5C 440 1527 339 0.0167 23.45 102 8200000 0.2[0.2] 270 [200]
+2C 487 1833 350 0.0167 23.45 102 8200000 0.2[0.2] 270 [200]
+3C 603 3076 381 0.0167 23.45 102 8200000 0.2[0.2] 270 [200]
+5C 900 3700 430 0.0167 2345 102 12300000 0.2[0.2] 270 [200]
5CV+ 900 3700 430 0.0167 2345 102 12300000 0.8[0.2] 100 [200]
5CV- 900 3700 430 0.0167 23.45 102 12300000 0.1[0.2] 700 [200]

Table 3. Posterior distribution of the parameters. The estimates are given by the best fit and the Cl is the 90% confidence intervals calculated on the 10% best
fits. Volc index has no units, Solar index is in MeV, T in °C, B in mm/year.
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Vole  Vole.Cl Solar Solar.Cl 8T ar.Cl ol al.Cl oP oP.Cl aof  oP.Cl

71200 0.1 [0.1,027] 270 [153,387] 03 [-1.717] 08 [0447]  -15 [-19,3] 81 [70,81]
%3200 0.15 [0.1,0.33] 267 [190,387] -1 17171 26 [0447]  -20 [-20,7] 81 [66,81]
hs00 04 [04,075] 304 [103,444] 06 [0.2,09] 21 [1.835] 16 [-17,18] 25 [5,77]
B000 017 [0.1,0.38] 106 [106,642] 1.6 [1.1,19] 09 [05,2.8]  -15 [-18,18] 53 [5,75]
Fl300 04 [0.4,076] 324 [121,452] 1 [0.5,1.3] 11 [1.1,29] -9 [-18,18] 45 [6,76]
Flooo 022 [0.1,0.39] 141 [141,660] 1.3 [0.9,1.7] 09 [09,2.7] -3 [-18,17] 6 [6,76]
F00 0.62 [0.4,0.78] 468 [109,468] 1.2 [0.8,1.6] 09 [0.9,2.7] -5 [-18,17] 25 [5,76]
%00 041 [0.4,0.77] 450 [97,458] 12 [0.7,15] 03 [0.3,2.6] 4 [-18,17] 49 [5,76]

Present 036 [0.15,04] 345 [307,548] 0.7 [-03,1.6] 0.3 [0.2,4.6] -14 [-18.7,10] 57 [36,79]

Figures
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Figure 1

Diagram of the different steps in the emulator approach; the ecosystem variables, related to bioclimate and net primary productivity, are defined in Table S1.
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Figure 2

Map of the 10 boxes defined in the Mediterranean region.
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Figure 3

Spatial distribution of the temperature and precipitation anomalies for the past and present time slices. The pairs of symbols are simulations (left symbols)
and observations or pollen reconstructions (right symbols). The colors are used for the temperature anomalies. Triangles are used for negative precipitation
anomalies and circles for the positive precipitation anomalies. The size of the triangles and circles is proportional to the absolute value of the anomalies.
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Figure 4
Spatial distribution of the temperature and precipitation anomalies simulated for future time slices (scenarios). The colors are used for the temperature

anomalies. Triangles are used for negative precipitation anomalies and circles for positive precipitation anomalies. The size of the triangles and circles is
proportional to the absolute value of the anomalies.
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Comparison of E/PE reconstructed in this paper with independently reconstructed PDSI. The PDSI anomalies are based on the 1928-1978 reference period,
and are reconstructed from tree rings (45). E/PE is the ratio of actual to potential evapotranspiration obtained from the emulator (in %).
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Figure 6

Distribution of the wine sites: (a) European wine regions (circles) with the corresponding Compl value for the period of 1980-2009, Fig 1e of Fraga et al. (49).
(b) Simulation using the viticulture index calculated using 1961-1990 climate data.
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Diagram of the application of the emulator to reconstruct and predict the viticulture extension
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Figure 8

Distribution of the viticulture index (Vit. Index) for several time slices of the past (in yr BP) and future scenarios (expressed as anomalies of global temperature
vs pre-industrial reference). The index is labelled VI and is explained in eq.1. White areas indicate where it is impossible to cultivate vine.
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Figure 9

Synthesis of the evolution of viticulture in the Mediterranean area. The curves represent three bands of latitude: southern band with latitude<37°N in red,
center band with latitudes between 37 and 44°N in green, northern band with latitudes between 44 and 48°N in blue). The thin lines show the results for the
boxes corresponding to Iberian Peninsula, Anatolia and France (definition in Fig. 1). The scenarios and time slices are defined in Table 2 plus the two
additional scenarios (+5CV+, +5CV-) explained in the text. The x-axis gives the center of the time slices considered or the future scenario.
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