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The olive tree (Olea europaea L.) is one of the best-adapted species to Mediterranean-type
climate®. Nonetheless, the Mediterranean Basin is deemed to be a climate change
“hotspot” by the IPCC?1 because future model projections suggest considerable warming
and drying!'*2, Within this context, new environmental challenges will arise in the coming
decades, which will both weaken and threaten olive-growing areas, leading to a loss of
productivity and changes in fruit and oil quality®!>. Olive growing, a core of the
Mediterranean economy, might soon be under stress. To probe the link between climate
and olive trees, we here report 5400 years of olive-tree dynamics from the ancient city of
Tyre, Lebanon. We show that optimal fruiting scales closely with temperature. Present-
day and palaeo-data define an optimal annual average of 16.9+0.3°C for olive flowering,
that has existed at least since the Neolithic. According to our projections, during the
second half of the 21 century, temperature increases in Lebanon will have detrimental
consequences on olive-tree growth and olive-oil production, especially in the country’s
southern regions that will become too hot for optimal flowering and fruiting. These data
provide a template to understand present and future thresholds of olive production under

climate change.

Olive is one of the oldest cultivated species in the world, an iconic tree, a symbol of identity
and a marker of the Mediterranean area, of its bioclimate and, above all, a central staple of its
economy'8. The tree was probably domesticated in the Levant, the original centre of three E1
haplotypes which are common (>85%) in most current cultivars'®. Moreover, the comparison
of the geographical pattern of plastid diversity between wild and cultivated olives further
indicates that the cradle of domestication is located in the northern Levant, followed by
diffusion across the Mediterranean Basin, in tandem with the expansion Mediterranean cultures
and human exchanges®!’. Nowadays, there are >2000 cultivars in the Mediterranean Basin®®

and their geography overlaps with their wild relatives’%-2.,

Olives feature among the main Mediterranean orchard crops and are valued primarily as a
source of oil for eating and cooking??. The earliest evidence of olive-oil extraction, based on
oleaster, is dated to 6700-6500 *C BP and was unearthed south of Haifa at the submerged
Neolithic sites of Kfar Samir, Kfar Galim and Tel HreizZ°. Olive-oil production, trade and
economy strongly increased during the Bronze Age (5300-3200 BP), reaching an acme from
the Persian period to the Byzantine era’. Nowadays, the olive oil economy is mainly centered

on the western Mediterranean and constitutes a 13.03-billion-USD industry (2019)%, with a
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market led by Spain, Italy, Tunisia, Greece and Turkey. For instance, in 2019-2020, these five
countries produced 2,436,000 tons of olive oil, which represents ~75% of the global

production?,

At a Mediterranean scale, the effects of climate change®!? on olive-oil production and
economy must be considered as a serious threat to present and future production®**°, Rising
temperatures and precipitation shortages have already affected olive production in recent
decades and projections of increasing Growing Season Temperature will enhance future water
demands, potentially leading to a 45 % decline in the main production regions?’. A number of
recent studies have highlighted the detrimental effects of drought stress, rising temperatures
and heat waves on olive yields?®*°. While Lebanon only accounted for 19,000 tons of olive-oil
production in 2019 (<1% of world production), with exports totaling USD 22.55 million®, olive
growth is directly threatened by climate change®. In Lebanon, a total of 563 km? is occupied
by olive trees, representing 5.4% of the territory and 8.5 % of total agricultural land*! (Extended
Data Fig. 1). Lebanese trees are on average 150 years old, with a density of ~207 trees per
hectare, and are mainly rainfed®!. The country’s main varieties are Souri and Baladi, but other
cultivars such as Shami, Ayrouni, Smoukmouki and Shetawi are also used for olive-oil

production®3,

While the impact of climate change in Lebanon has long solicited concern, particularly with
regards to water resources**%’, the potential effect on the country’s olive groves is unknown,
generating economic insecurity in one of Lebanon’s key agricultural sectors, ranking second
after fruit production. The olive industry supports 170,000 farmers. To probe the potential
impact of climate change on olive orchards, we here reconstruct past, present and future trends

to quantify the evolution of olive-growing in Lebanon.

Using pollen analysis and pollen-derived climate models, we reconstructed 5400 years of
olive-tree dynamics and climate variations (from 772070 to 2350+60 BP; Fig. 1) from a
sediment core (T-XXI), sampled close to the Al-Bass necropolis in the city of Tyre, located 83
km south of Beirut (Extended Data Fig. 2). The chronology of the 390-cm core is based on
thirteen 1%C dates (Extended Data Fig. 3). The city is documented to have been founded in the
Bronze Age®®, during the third millennium BC®, but olive is recorded as early as 7700+70 BP
(Neolithic), with high influx values at the end of the Neolithic and during the Chalcolithic (Fig.
1). These early records of olive at Tyre can only derive from the wild variety (oleaster) and
result from a natural occurrence and expansion before any human domestication. Olive pollen
has also been recorded ~8000-7500 BP in the Bekaa Valley (Aammig, Chamsine and Al Jourd
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wetlands)*®#2, suggesting that olive trees were already widely present in Lebanon before their
domestication. Since the Bronze Age and the domestication of olive trees, significant pollen
influx values have been recorded, suggesting a more marked occurrence and probably a more
sustained pollen production/flowering (Fig. 1). A downturn in olive growing began during the
final part of the Bronze Age and continued during the Phoenician and Persian periods when

olive groves were less important (presence and pollen production).

To test the role of climate in olive-pollen production/flowering (Fig. 1), we defined a
temperature and precipitation preferendum (Fig. 2a-b) based on 325 present olive-growing
areas rimming the Mediterranean Basin (Extended Data Fig. 4). We reconstructed an optimal
annual mean temperature (Tmean) for olive orchards of 16.9+0.3°C with a 25" percentile of
15.7°C and a 75" percentile of 18.3°C (Fig. 2a). These values are consistent with the range of
15 to 25°C defined as the optimum Tmean required for the growth and development of olive
fruits*®. They are also consistent with the Tmean Of 14.5°C which corresponds to the lower limit
for olive growth®®. When the distribution of olive pollen at Tyre is plotted against the
reconstructed Tmean and contrasted with the present-day optimum, the high values fall between
the percentiles and the highest scores are clustered around the annual modern optimum (Fig.
2a). Because olive trees are sensitive to seasonality’*?’, we used the distribution of olive pollen
at Tyre plotted against the reconstructed temperatures for January (Extended Data Fig. 5a),
February-March (Extended Data Fig. 5b), spring (Extended Data Fig. 6a) and summer
(Extended Data Fig. 6b). We defined the present-day optimum for each month/season based on
the 325 present-day olive-growing areas. We found optimal values of 8.7+0.3°C (January),
10.5£0.3°C (February-March), 15.6+0.3°C (spring) and 23.8+0.3°C (summer). In each case,
the high and maximum values of pollen production/flowering from the Neolithic to the Persian
period are within the optimum temperature range defined by the 325 present-day stations. This
suggests that past and present olive yields are mediated by the same climatic parameters and
the same temperature optima. We also reconstructed the minimum (Tmin) and maximum (Tmax)
temperatures for the coldest month (January) and the hottest season (summer) to test if frost or
excessive heat may have affected the olive trees (Extended Data Fig. 7a-b). Olive tissues are
damaged at -5/-7°C when the leaves, shoots, twigs, and stems freeze, and at >30°C when the
enzymes involved in photosynthesis are denatured and the photosynthesis rate decreases,
negatively affecting fruit formation*®. We reconstructed an average January Tmin 0f 4.2+0.6°C
(Extended Data Fig. 7a), with a lowest value of 2.5°C (2950 to 2850+65 BP), and an average
summer Tmax 0f 28.9+0.3°C (Extended Data Fig. 7b), with a highest value of 29.9°C (7670 to



7650+£70 BP). Olive trees at Tyre were not directly damaged by frost or by heat waves,
suggesting that trees may have easily persisted from the Neolithic to the Persian period. The
main dynamic recorded therefore correspond to temperature-based variations in pollen

production/flowering, which in turn mediated the quantity of olive fruits produced.

Focusing on precipitation, we defined an optimal annual average of 575422 mm with a 25™
percentile of 447 mm and a 75" percentile of 672 mm based on the 325 present-day olive-
growing areas (Fig. 2b). The value of 575£22 mm may seem low compared to the annual
rainfall amount of 700 to 850 mm that is required for olive groves*®, but the seasonal
precipitation distribution is more important than the total annual amount**4°. Two seasons are
particularly significant, spring when the olive trees produce new shoots, buds and flowers, and
summer for fruiting. We calculated seasonal values of 128+5 mm (full range: 101-140 mm) for
spring and 465 mm (full range: 17-57 mm) for summer. The distribution of olive pollen at
Tyre was then plotted against reconstructed precipitation and contrasted with the present-day
optimum (Fig. 2b and Extended Data Fig. 8a-b). It appears that the distribution of olive pollen
is less clear when applied to precipitation (Fig. 2b). Several influx values, both low and high,
are clustered around the present-day optimum. Nevertheless, the majority of the data points
(Fig. 2b and Extended Data Fig. 8a-b) fall between the modern optimum and the 25
percentiles, suggesting a coherency between the past and the present. The olive tree seems to
have a much wider ecological range in terms of precipitation than temperature, but is not
recorded in environments that are too wet or too dry. Below 450 mm of annual rainfall (Fig.
2b), <100 mm in spring (Extended Data Fig. 8a) and <17 mm in summer (Extended Data Fig.
8b), the olive tree does not have an optimal fruiting cycle and olive production is negatively

affected by drought.

Olive influx and reconstructed Tmean Were averaged by cultural period using boxplots (Fig.
3) to explore the maximum pollen production/flowering. Higher values of pollen
production/flowering were recorded during the Chalcolithic and the Bronze Age, two periods
defined by temperatures that include the present-day annual optimum. The Neolithic appears to
have been too warm for an optimal pollen production, whereas, by contrast, the Phoenician and

Persian periods were probably too cool.

Based on Lebanese olive-oil data (period 1991-2020)%%, we compared the evolution of
production according to the temperatures in North Lebanon, the country’s main production
region (41% of olive oil production; Extended Data Fig. 1). We defined an optimum of 16.8°C
for olive-oil production with a tolerance of £0.6°C (Extended Data Fig. 9a), close to the
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16.9+0.3°C outlined by the 325 present-day olive-growing areas in the Mediterranean Basin.
We then applied the same procedure to the olive influx at Tyre, with the reconstructed Tmean,
and compared and contrasted the results with present-day olive oil production (Extended Data
Fig. 9b). The two Gaussian curves, illustrating the optimum and the tolerance zones for each
dataset, fit closely, suggesting that pollen influx (pollen production/flowering) is correlated

with olive-oil production and may serve as proxy to estimate past trends in olive-oil production.

Olive trees present an adaptive mechanism to respond to drought stress and avoid serious
oxidative damage®®. A major process is the accumulation of phenolic and lipophilic compounds
directly activated by water shortages*”*8, If drought stress occurs between early ripening and
the harvesting stages of olives (October-November)®®, phenolic and lipophilic compounds
build-up in the fruit. The accumulation of these compounds increases the nutritional value of
olives, with phenolic and lipophilic compounds transferred to oils, yielding different but refined
tastes®®®L, To investigate if drought stress may have influenced the gustatory attributes of olive
oil at Tyre, we first calculated an optimal value for October-November (ripening and harvesting
stages of olives), based on the 325 present-day olive-growing areas. An average value of 13515
mm (full range: 105-165 mm) was determined (Extended Data Fig. 10). At Tyre, the average
for October-November (from the Neolithic to the Persian period) was 103+6 mm, just under
the lower threshold of 105 mm (Extended Data Fig. 10). Drought stress seems to have affected
the olive trees, causing an accumulation of phenolic and lipophilic compounds in fruits, and
later, in oils. We hypothesize that the olive oil from Tyre, although not necessarily produced in

high quantities, would have been sought after for its high nutritional value and refined taste.

We performed climate projections for the year 2100 in Lebanon, calculating the rising rate
in temperature for each region (Fig. 4a-e), using the period 1961-1990 as a baseline (Fig. 4).
The temperature anomalies for 2100 vary regionally from 2.2+0.45°C to 2.3+0.45°C, consistent
with the 2.2°C projected by the CMIP6 (scenario SSP1-2.6; relative to 1961-1990) for the
Mediterranean Basin®2. When the annual optimum for olive growth (16.9+0.3°C) is compared
and contrasted with the projected evolution of temperatures in Lebanon, the data suggest that
South Lebanon (Fig. 4c) and Nabatieh (Fig. 4d) will become unsuitable for olive-oil production.
Mount Lebanon (Fig. 4b) and North Lebanon (Fig. 4a) will reach the upper threshold (18.3°C)
while the Bekaa (Fig. 4e) will remain below the lower threshold (15.7°C) for an optimal
production. The country’s olive-oil economy will therefore be strongly affected by climate

change.



The occurrence (pollen production/flowering) of olive trees (wild and cultivated) in Lebanon
seems to have been controlled by climate parameters since the Neolithic (Fig. 1) even if human
societies, since the Late Chalcolithic and Early Bronze Age, have domesticated the tree for
economic reasons. The main limiting factor for an optimal yield is temperature (both annual
and seasonal). The olive tree appears to be very sensitive to temperature variations for flowering
and fruiting (Fig. 2a). The annual optimum value of 16.9+0.3°C (full range: 15.7-18.3°C),
defined using present-day olive groves, also corresponds to the optimum since the Neolithic
(Fig. 3). The lower and upper thresholds of 15.7°C and 18.3°C are clear limits between which
olive trees had a high pollen production from the Neolithic to the Persian period. When present-
day olive-oil production in Lebanon is contrasted with past olive-pollen production at Tyre, the
same trend emerges, with an optimum centered on 16.8°C and tolerance zones of +0.6°C
(Extended Data Fig. 9b), close to the optimum value of 16.9+0.3°C, suggesting that efficient
olive-oil production is also linked to temperature. Olive trees are also dependent on
precipitation, mainly at a seasonal scale. They are especially sensitive to a decrease in rainfall,
even if the tolerance zone (full range: 447-672 mm) seems larger compared to temperature (Fig.
2b). Of the two most important seasons (spring and summer), spring seems to be the key period
(Extended Data Fig. 8a), when olives produce new flowers which will later develop into fruits.
If spring is too dry (or too wet), the olive tree will not have an optimal fruiting cycle and olive
production will be negatively affected.

As the olive tree is sensitive to temperature and precipitation, projected climate change in
Lebanon (Fig. 4) will have a substantial impact on the olive-oil economy and will directly
threaten the country’s agricultural industry. The southern territories (South Lebanon and
Nabatieh) will become unsuitable for olive oil production without any technology-based
adaptations®? or breeding of new cultivars adapted to drought and increasing temperature>®54,
The northern regions (North Lebanon and Mount Lebanon) will experience major changes, with
a rise in temperatures that could greatly reduce olive yields. The eastern parts of the country
will remain unfavorable for efficient olive-oil production. While irrigation can be used to
counter increasing water demand resulting from more frequent and more intense drought
stresses, it will be increasingly challenging to offset the negative effects of rising temperatures,

with wider Mediterranean-scale implications for olive production under climate change.



Methods

Core and chronology. The core T-XXI was drilled in the marshland (33°16°18.21”N,
35°12°56.48”E, 4 m a.s.l.) close to the Al-Bass necropolis in Tyre (Extended Data Fig. 2). The
lithology of the core T-XXI is heterogeneous (Extended Data Fig. 3) with a sandy matrix
overlain by 390 cm of undisturbed muddy silts rich in bioindicators. The upper layer was not
studied because it has been disturbed by anthropogenic activity. The core was sampled every 2
cm. The chronology of the core T-XXI (Extended Data Fig. 3) is based on thirteen “C dates
performed on short-lived terrestrial samples (small leaves and seeds). All the botanical macro-
remains were sent to Beta Analytic (Florida). The 1*C dates were calibrated to 2c using Calib
Rev 8.0.1 (IntCal20). All the calibrated ages are denoted in BP and BC, consistent with the

archaeological/historical data.

Palaeoecological data. Samples from the core T-XXI were prepared for pollen analysis using
standard procedures for clay-silt samples®. Pollen grains were counted under x400 and x1000
magnification using an Olympus microscope. The mean pollen sum was 351+38 pollen grains,
with a minimum of 301 pollen grains. The median value was 344 pollen grains, with a 25%
percentile of 319 pollen grains and a 75" percentile of 377 pollen grains. For olive trees, the
pollen influx was calculated (Fig. 1). Because the amount of pollen produced by an olive tree
is dependent on flowering (small, white flowers arranged in inflorescences of 15-35 flowers)®,
these two notions (pollen production/flowering) were assimilated in this study. The pollen
influx (or Pollen Accumulation Rate - PAR) is defined as the number of pollen grains
accumulated per unit of sediment surface area and per unit of time (grains cm2 yr?). The long-
term trend was calculated using a polynomial model. As the distinction between the cultivated
and non-cultivated varieties of O. europaea is palynologically impossible®” as well as
discrimination between different cultivars, the ensemble is collated into a single signal, giving
the main trends since the Neolithic. A regular chronological interpolation (20-yr) was applied
to the dataset in order to reduce biases linked to chronological gaps, particularly at the bootstrap
level. We then transformed the influx scores using a Loess smoothing (with a LOWESS
algorithm) and performed a bootstrap to estimate a 95% confidence band based on 1000 random
replicates. The Loess curve and the 95% confidence band were used as a proxy for olive pollen
influx (Fig. 1).

Statistical analyses. Statistical analyses were performed using XI-Stat?*!®, R software version
3.6.3%8 and the software package PAST 4.08%.



Pollen-derived climate reconstruction. The pollen-based model used to reconstruct the
climate variables (Fig. 1) is fully described in the literature*>® and has proven to provide
coherent climate reconstructions®:%3, We assigned fossil pollen taxa to modern plant species
for which we have georeferenced distributions archived in a dedicated database. We excluded
aquatic plants, helophytes, macrophytes, spores of non-vascular cryptogams and human-related
pollen taxa as well as taxa with less than 1% of the total pollen sum, which is a threshold to
differentiate between local pollen occurrences and long-distance transport. To avoid data bias
and circularity, Olea was also removed from all pollen samples. The occurrences of the assigned
modern species to the fossil pollen grains were crossed with modern climatology from the
WorldClim database® to infer the climatic range of each fossil taxon. The values of the
reconstructed climate variables (monthly mean, minimum and maximum temperature and
monthly mean precipitation) correspond to the weighted median of the medians of the climatic
ranges of all pollen taxa identified in each fossil sample, using pollen percentages as weights.
The pollen-based model uncertainty is estimated by leaving one taxon out at each iterative
reconstruction, with as many iterations as the number of taxa in each fossil sample.
Reconstructions are provided with their estimated errors (chronological interpolation: 20-yr;
Fig. 1), and with their long-term trends based on a polynomial model. All statistics and database
analyses were performed using R software version 3.6.3° with Akima®, RMySQL®® and Stats

libraries®®.

Present-day climate references for olive trees. Archived geographic occurrences of O.
europaea (including several cultivars) in our database were cross-referenced with modern
climatology from the CRU®"®8 to estimate monthly temperature and precipitation values for the
species. This dataset, consisting of 325 stations (Extended Data Fig. 4), was used to estimate
the present-day climatic range of O. europaea in the Mediterranean Basin. The temperature and
precipitation are shown as the mean, the confidence interval (95%), and the 25" and 75"
percentiles.

Climate projection. The 2100 temperature for each region, expressed as an anomaly from the
1961-1990 benchmark, was calculated based on the average rising rate between 1960 and 2020
(with the standard deviation). The average rising rate was then applied to the period 2021-2100.
The 2100 temperature anomaly is indicated on each graph (Fig. 4). The raw data (1901-2020)

are based on available long-term records®®.

Present-day olive oil. Lebanese olive-oil production (1991-2020) was obtained from the
Lebanese Ministry of Economy’™ and the International Olive Council®®. A Gradient species
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packing was applied to define the optimum temperature and the tolerance zones (Extended Data
Fig. 9a). The same test was applied to the Neolithic-Persian data. The optimum and tolerance

zones were plotted against temperature (Extended Data Fig. 9b).

Data availability. All the raw data are available in the dataset (Figshare DOI:
https://doi.org/10.6084/m9.figshare.21666830).
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Figure 1. Olive influx compared with temperature and precipitation, from the Neolithic
to the Persian period. The olive influx (i.e. number of pollen grains accumulated per unit of
sediment surface and per unit of time; grains cm2 yr?t) is shown as a LOESS smoothing with
the 2.5-97.5 percentiles (two-tailed). A 200-yr smoother and a polynomial regression (the Pvaiue
is based on a F test - two-tailed, with no adjustment) were added to describe the long-term trend.
The annual temperatures (°C) and precipitation (mm) are shown with their standard deviations.
Long-term trends were highlighted by polynomial regressions (the Pvaie is based on a F test -
two-tailed, with no adjustment). The chronology is in kyr BP and BC. The main cultural periods
are indicated on the graph. Eastern Mediterranean olive-tree facts are mentioned on the far-right

column.
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Figure 2. Distribution of olive influx according to temperature and precipitation. (a) Olive
influx plotted against reconstructed annual Tmean (With the mean, 95% two-tailed confidence
interval and 25"-75" percentiles). The long-term trend is highlighted by a polynomial
regression (the Pvae is based on a F test - two-tailed, with no adjustment). The data are
contrasted with the present-day climate range of olive trees (optimum: average and 95% two-
tailed confidence interval; full range: 25" and 75" percentiles). (b) Olive influx plotted against
reconstructed annual precipitation (with the mean, 95% two-tailed confidence interval and 25%-
75" percentiles). The long-term trend is highlighted by a polynomial regression (the Pvaie is

based on a F test - two-tailed, with no adjustment). The data are contrasted with the present-day
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climate range (optimum: average and 95% two-tailed confidence interval; full range: 25" and

75" percentiles).
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Figure 3. Pollen influx and temperature according to cultural periods. The pollen influx
and reconstructed annual Tmean are shown as boxplots and organised by cultural periods. The
boxplots depict the minima, maxima, the median values and the 25"-75" percentiles. The long-
term trends are depicted by polynomial regressions (the Pvae is based on a F test - two-tailed,
with no adjustment). The present-day climate range of olive trees (optimum: average and 95%

two-tailed confidence interval) is indicated on the graph.
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Figure 4. Climate projection per region for the year 2100 in Lebanon. The temperature is
shown as an anomaly (mean and standard deviation) compared to the 1961-1990 baseline [by
region with (a) North Lebanon, (b) Mount Lebanon, (c) South Lebanon, (d) Nabatieh and (e)
Bekaa]. The projected temperature anomaly for the year 2100 is indicated on each panel. The
present-day climate range of olive trees (optimum: average and 95% two-tailed confidence
interval; full range: 25" and 75" percentiles) is denoted on each panel.
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orange star. Data on olive groves derive from the literature®. The data on the distribution of
olive trees by harvested areas derive from the Lebanese Ministry of Agriculture®!. The map

shows the five Lebanese regions used in this study.
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Extended Data Figure 3. Core T-XXI and the radiocarbon chronology. The lithology of
the core is detailed according to depth (cm). The sedimentation rates are shown in mm per year.
The radiocarbon dates are depicted as intercepts and 2-sigma calibrations (95% of probability,
two-tailed). The age model (red curve) is compared and contrasted with linear (pink line; the
Pvalue is based on a t test - two-tailed, with no adjustment) and polynomial (orange line; the Pyaiue
is based on a F test - two-tailed, with no adjustment) regressions. The radiocarbon dates, with

their numbers, are detailed on the graph.

@ Stations with climate data for olive growth

Extended Data Figure 4. Geographical location of the stations with climate data for olive
growth. A total of 325 stations was used to estimate the present-day climatic range of Olea

europaea in the Mediterranean Basin.

17



a January _Moderm
ADD— climate range
of olive trees
300+ —— Mean
conf. int. 95%
X _ 3004 £t 257 perc.
2c . i ‘ 75" perc.
£ £ 2505 A
E 00 i Olive trees influx
%7’ 200 SN i e from the Neolithic
* 9 150 CFE T AL T to the Persian period
L4 T ] Fe % | “
EF AT, g  cont int 95%
= E "t conf. int.
o 1o ‘ 75® petc.
B & " perc.
20 BT : Paoly. model
2 =
o L0 LA L) R AR ) LR A G L E ES 13E-52
4 ] 6 T 8 9 10 e
Temperature (°C)
b February-March Modern
400+ climate range
of olive trees
350+ —— Mean
. conf. int. 95%
X 3D0- 25" perc.
g g 75" perc.
= £ 250+ :
=g _

2 2004 : Olive frees influx
E—I' R {from the Neolithic
o © 150- to the Persian period
27 ik " cont nt 95%
= 1004 " . E ’ cont. mt.

o ) 75" perc.
e 25" perc.
20 Paly. model
2=
0 LLLERRLRRY AR RN LRRRY RARN [T g :Dg 2; E-53
7 8 9 10 11 12 e

Temperature (°C)

Extended Data Figure 5. Distribution of olive influx according to January and February-
March temperatures. (a) Olive influx plotted against January temperatures (with mean, 95%
two-tailed confidence interval and the 25™-75™ percentiles indicated on the graph). The long-
term trend is highlighted by a polynomial regression (the Pvaiue is based on a F test - two-tailed,
with no adjustment). The data are contrasted with the present-day climate range of olive trees
in January (optimum: average and 95% two-tailed confidence interval; full range: 25" and 75"
percentiles). (b) Olive influx plotted against February-March temperatures (with mean, 95%
two-tailed confidence interval and the 25"-75" percentiles indicated on the graph). The long-
term trend is highlighted by a polynomial regression (the Pvaiue is based on a F test - two-tailed,

with no adjustment). The data are contrasted with the present-day climate range of olive trees
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in February-March (optimum: average and 95% two-tailed confidence interval; full range: 25%

and 75" percentiles).
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Extended Data Figure 6. Distribution of olive influx according to spring and summer
temperatures. (a) Olive influx plotted against spring temperatures (with the mean, 95% two-
tailed confidence interval and 25™-75™ percentiles indicated on the graph). The long-term trend
is highlighted by a polynomial regression (the Pvaie is based on a F test - two-tailed, with no
adjustment). The data are contrasted with the present-day climate range of olive trees in spring
(optimum: average and 95% two-tailed confidence interval; full range: 25" and 75"
percentiles). (b) Olive influx plotted against summer temperatures (with the mean, 95% two-

tailed confidence interval and 25™-75" percentiles indicated on the graph). The long-term trend
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is highlighted by a polynomial regression (the Pvaiue is based on a F test - two-tailed, with no
adjustment). The data are contrasted with the present-day climate range of olive trees in summer
(optimum: average and 95% two-tailed confidence interval; full range: 25" and 75"
percentiles).
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Extended Data Figure 7. Reconstructed Tmin and Tmax at Tyre from the Neolithic to the
Persian period. (a) The Tmin is shown for the colder period, January (mean and standard
deviation). (b) The Tmax is shown for the hotter period, Summer (mean and standard deviation).

The temperature detrimental to olive-tree development is indicated on each panel.
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Extended Data Figure 8. Distribution of olive influx according to spring and summer
precipitation. (a) Olive influx plotted against spring precipitation (with the mean, 95% two-
tailed confidence interval and the 25"-75" percentiles). The long-term trend is highlighted by
a polynomial regression (the Pvaie is based on a F test - two-tailed, with no adjustment). The
data are contrasted with the present-day climate range of olive trees in spring (optimum: average
and 95% two-tailed confidence interval; full range: 25" and 75™ percentiles). (b) Olive influx
plotted against summer precipitation (with the mean, 95% two-tailed confidence interval and
the 25-75" percentiles). The long-term trend is highlighted by a polynomial regression (the
Pvaiee is based on a F test - two-tailed, with no adjustment). The data are contrasted with the
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present-day climate range of olive trees in summer (optimum: average and 95% two-tailed

confidence interval; full range: 25" and 75™ percentiles).
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Extended Data Figure 9. Pollen influx compared with olive-oil production in Lebanon. (a)
olive-oil production (period 1991-2020) is plotted against temperature recorded in northern
Lebanon (main production region). The Gaussian curve (green curve) defined by the Gradient
Species Packing (GSP) delineates an optimum and a tolerance zone for olive-oil production.
The optimum and tolerance zones defined by the GSP are contrasted with the present-day
climate range of olive trees (optimum: average and 95% two-tailed confidence interval). (b)

Pollen influx and present-day olive-oil production plotted against temperature. The Gaussian
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curves defined by the GSP show an optimum and a tolerance zone for olive influx (orange

curve) and olive-oil production (green curve).
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Extended Data Figure 10. Drought stress during the ripening and harvesting stages. Olive
influx plotted against October-November precipitation. The long-term trend is highlighted by a
polynomial regression (the Pvaiwe is based on a F test - two-tailed, with no adjustment). The data
are contrasted with the present-day climate range of olive trees in October-November

(optimum: average and 95% two-tailed confidence interval; with the 25" percentile).
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