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Abstract

Evaluating archaeobotanical data from over 3.9 million seeds and 124,300 charcoal frag-
ments across 330 archaeological site phases in Southwest Asia, we reconstruct the history
of olive and grape cultivation spanning a period of 6,000 years. Combining charcoal and
seed data enables investigation into both the production and consumption of olive and
grape. The earliest indication for olive and grape cultivation appears in the southern Levant
around ca. 5000 BC and 4™ millennium BC respectively, although cultivation may have
been practiced prior to these dates. Olive and grape cultivation in Southwest Asia was
regionally concentrated within the Levant until 600 BC, although there were periodic pushes
to the East. Several indications for climate influencing the history of olive and grape cultiva-
tion were found, as well as a correlation between periods of high population density and high
proportions of olive and grape remains in archaeological sites. While temporal uncertainty
prevents a detailed understanding of the causal mechanisms behind these correlations, we
suggest that long distance trade in olives, grapes and their associated products was integral
to the economic, social, and demographic trajectories of the region.

Introduction

It has been long argued that olive and grape cultivation played an important role in the devel-
opment of past societies and has been further implicated in socio-economic processes such as
the consolidation of power and the formation of elites, urbanization, imperial taxation, and
trade [1-7]. However, no overview of the macrobotanical evidence for the region has been
published, leaving many questions regarding connecting the domestication of olive and grape
to their role in population changes and trade, and furthermore the extent of elites possibly
driving these changes.

Genetic research locates a dominant olive domestication event in the Northern Levant near
the Syrian/Turkish border [8] with multiple secondary events [9]; however, the earliest pollen
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evidence for olive cultivation from the Southern Levant (4500 BC) appears to predate the
Northern Levant (2800 BC) [10]. Morphometric analysis of olive stones indicates weak domes-
tication by the 5™ millennium BC in the Carmel region, Israel [11], but likely by the 3" millen-
nium BC [12] several cultivated olive varieties existed and at the latest by the 13™ century BC
(Late Bronze Age) [13]. Recent DNA analysis for grape indicates two primary domestication
centres ca 9000 BC, being Southwest Asia (Levant) and the Caucasus. However, archaeological
finds do not support the early dates inferred from genomics [14] and pollen dynamics of culti-
vated vine are difficult to identify [15]. Shape analysis of grape seeds from the Middle Euphra-
tes region shows many grape varieties in the 3™ millennium BC, amongst which a local variety
of domestic grape, Proles, that was likely a hybrid of Asian and South Caucasian domestic
vines [16].

Once olive and grape crops are established, return on investment is high. They provide an
array of products that do not easily decay, like dried fruits, oil, and wine. Wine and olive oil
especially have been intensively discussed as important trade products in ancient Southwest
Asia which played a role in elite formation [3, 7, 17, 18]. The role of elites and the palace in the
subsistence economy varied across this space and time and the extent to which elites/palaces
were directly involved with fruit tree cultivation is often unclear [3, 4]. Another important issue
relates to the economic interests of rulers regarding olive and grape. For example, scholars have
argued that the westward expansion of the Assyrian Empire (858-627 BC) was related to eco-
nomic interests in the production of olive oil, cf. [19] vs. [20]. For Judah however, regional dif-
ferences were seen in high-gain high-risk specializations under the Assyrian rule, depending on
the regional conditions, e.g., with the Shephelah specializing in olive, the highlands in viticul-
ture, the Dead Sea valley on dates and exotic plants, while the Beersheba Valley on trade [21].

Besides the role of elites and empires in olive and grape production, there are also other
anthropogenic factors that may have impacted the level of production of olive and grape, such
as war and social unrest. For example, during the period of conflict at the end of the Late
Bronze Age (ca. 1192-1175 BC), texts indicate that vineyards were destroyed at Ugarit in the
Northern Levant [22]. Such instances of social unrest are thought to relate to climate change
[23] which has been argued to have caused an overall system collapse at that time [22]. While
some palynological studies have investigated the impact of climate change on fruit tree cultiva-
tion for specific regions and periods of Southwest Asia [24-27], no supra-regional investiga-
tions have been undertaken exploring the role of former rainfall and temperature in decisions
related to investments in olive and grape cultivation and the possible consequences of climate
change on crop yields and the nourishment of the population.

This paper aims to provide the first empirically supported diachronic overview of olive and
grape cultivation in Southwest Asia covering the period from 6500 to 600 BC, a time frame well
covered by the “Archaeobotanical Database of Eastern Mediterranean and Near Eastern Sites”
(ADEMNES). The time sequence is characterized by important societal and population
changes, such as the development of cities from the 4™ millennium BC in some regions [28-30]
and overall tendencies of increased settlement size, monumentality, and centralized administra-
tion of agricultural production [31-34]. These developments were halted ca. 2200 BC, when set-
tlement disruptions are visible in many areas of Southwest Asia [28-30], possibly partially
caused by aridity [35-37]. In the second millennium BC, city states again flourished, and terri-
torial states started to form with ever changing political constellations [19]. Around 1200 BC
ramifications within the population took place due to the collapse of major empires, for which
climate has been argued to have played a role [22, 23], with various groups in the Levant adapt-
ing differently to the new circumstances [38]. While some regions saw no reestablishment of
populations in the early Iron Age, others witnessed the emergence of Neo-Hittite states and the
settling of pastoral nomadic groups [38]. Much of the Levant was fragmented while in the East
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of Southwest Asia larger territorial states reemerged, such as the (Neo-) Assyrians. The latter
rose to dominate the history of Southwest Asia [19] through incorporation of the Northern
Levant by the 9" century BC and parts of the Southern Levant from the 8" century BC [38, 39]
until it also collapsed around 609 BC, severe drought likely playing a role in this [40].

In this study we incorporate seed and charcoal data from the Southern and Northern Levant,
Mesopotamia, and Iran to investigate the production and consumption of olive and grape. We
use published and unpublished seed and charcoal data from archaeological sites in combination
with geographical, palacoclimatic and palaeodemographic data to generate new insights and
interpretations. Integrating our archaeobotanical datasets with a model of the present-day natu-
ral distribution of wild olive and grape we locate possible areas that featured early cultivation.
We also investigate the role of climate through time in the expansion and retraction of olive and
grape cultivation and investigate its possible impact on the population. Additionally, we will
gain insight into arboricultural practices, cultural differences, specialization, and the role of the
palace in fruit tree cultivation. Finally, we will also consider trade of olive and grape products.

Methods

To gain a regional and diachronic overview over cultivation of olive and grape, we use site by
site archaeobotanical data from an updated version of the ADEMNES [41], alongside new
unpublished charcoal results from sites including Kinet Hoyiik, Zincirli, Lachish, Hamoukar,
and Jebel Mousa.

In total, archaeobotanical data from 328 site phases across 184 sites were evaluated, both as
a whole as well as separated into regional groups (Northern Levant, Southern Levant, Mesopo-
tamia, and Iran, see Fig 1). For some analyses we categorized sites into time blocks based on
well-established sequences in each region, while for others we used the mid-point of the dated
phase at the site. In total, data from more than 3,903,420 seed identifications and 124,300 char-
coal identifications were assessed (Table 1).

For the seeds, all available data from ADEMNES was used, with some additional unpub-
lished data (cf. S1 Table). Data was entered into ADEMNES as published. Site phases that were
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Fig 1. Map of all archaeological sites whose archaeobotanical assemblages were evaluated in this manuscript
grouped into their respective spatial definitions used in this manuscript. Background SRTM DEM courtesy of the
U.S. Geological Survey.

https://doi.org/10.1371/journal.pone.0303578.9001
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Table 1. Seed and charcoal fragment counts, weights and volumes per time slice and region. For a few sites charcoal numbers are approximations.

Seed # 6500-3600 BC | 3600-3000 BC | 3000-2500 BC | 2500-2000 BC | 2000-1500 BC | 1500-1200 BC | 1200-900 BC | 900-600 BC
Southern Levant 94882 84455 184690 3389 144852 515868 1097940 269875
Northern Levant 74043 87 1846 55347 63605 13681 8066 7915
Mesopotamia 119678 27661 401633 116887 140827 31964 24203 360060
Iran 22214 82 6032 13200 446 836 17159
Seed fragment # sites 6500-3600 BC | 3600-3000 BC | 3000-2500 BC | 2500-2000 BC | 2000-1500 BC | 1500-1200 BC | 1200-900 BC | 900-600 BC
Southern Levant 16 24 11 2 20 25 29 19
Northern Levant 6 2 1 8 9 6 5 4
Mesopotamia 16 6 25 16 12 9 5 7

Iran 7 4 3 2 2 1 7
Charcoal fragment #, ml or gr | 6500-3600 BC | 3600-3000 BC | 3000-2500 BC | 2500-2000 BC | 2000-1500 BC | 1500-1200 BC | 1200-900 BC | 900-600 BC
Southern Levant 1076 518 2518 166 2892 2743 2854/6022ml | 3628/2146 ml
Northern Levant 166 4384 708 10066 7559 1189 7833
Mesopotamia 4245 7052 7906 33085/1102gr 1152/956gr 9494/3327gr 1317 15383
Iran 400 1620 2771 2019 28 978
Charcoal fragment # sites 6500-3600 BC | 3600-3000 BC | 3000-2500 BC | 2500-2000 BC | 2000-1500 BC | 1500-1200 BC | 1200-900 BC | 900-600 BC
Southern Levant 4 7 4 1 7 7 7 9
Northern Levant 1 1 2 6 3 1 2
Mesopotamia 6 3 9 8 2 4 3 4

Iran 1 1 2 1 1 3

https://doi.org/10.1371/journal.pone.0303578.t001

represented by 2 or less samples were only included as presence/absence besides those that
were published this way.
For the charcoals, site phases with less than 20 identifications were removed from the data-
set. This is a low limit compared to the generally advisable minimal 250 fragments per site
phase [42] but was employed here to retain many contemporary sites with low fragment
counts in the Southern Levant which can be analyzed together to produce a general overview.
Besides that, the cedar roof collapse samples from the palace of Tell Mishrifeh/Qatna were not
included to the general charcoal dataset since they systematically do not represent local wood
use and are rather exceptional compared to the other datasets that generally do not tend to rep-
resent large-scale samples of collapsed roofs.

While most of the archaeobotanical samples derive from domestic contexts, some were
from non-domestic contexts, such as from palaces at Tell Mardikh/Ebla (2500-2000 BC), Tell
Burak (2000-1500 BC), Atchana (1500-1200 BC), Tell Mishrifeh/Qatna (1500-1200 BC), a
temple at Bazi (1500-1200 BC) and a not precisely identifiable monumental building at Zin-
cirli (2000-1500 BC). These contexts are especially interesting for investigating the relation-
ship between elites and production of Vitis and Olea. The contextual information of the plant
remains allows us to reconstruct their final purpose (e.g., crop-processing by-products, storing
of products, cooking, waste, fuel, etc.), while the find of grape and olive wood charcoal in pal-
aces may be an indication for institutional engagement in production, especially if found in
waste and fuel contexts.

Most archaeobotanical samples were collected through flotation, but some sites, especially
in the Southern Levant, are represented by hand-picked samples. We included these, since
mostly larger numbers of hand-picked samples were taken from many contexts. In charcoal
studies it is known that handpicked samples often underrepresent minor taxa since larger frag-
ments are selected, but still provide insights into the major taxa present [43].
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For each site phase that was covered with seed data, percentages of Olea and Vitis seeds
within crops were calculated as well as ubiquity percentages of the phase sample number.
Since the late 1980s, most publications have used standardized methods for counting frag-
mented seeds. This involves adding two halves or four quarters of a seed as one count for most
seeds. However, before this period, various counting methods were used, and some variable
practices are still in use today for the counting of pistachio shells. These variable practices may
introduce some inaccuracies to the quantification but still provide approximate insights. Seed
proportion percentages provide some insight into the relative proportion of the crop at the site
but can be misleading where a single context contains a very large number of seeds of one
taxon, i.e., mainly stored products. Ubiquity percentages deliver additional information on the
potential importance of Olea and Vitis since with a sufficiently large number and even distri-
bution of samples over the excavation area these values reflect the overall percentage frequency
of the taxon. Considering that grapes typically have 2-3 seeds while olive only one, seed per-
centages of Olea and Vitis may be not directly comparable, potentially causing an underrepre-
sentation of olive if we think in terms of fruits. Grape seeds may also have been regularly
swallowed by people and therefore may have followed different depositional histories than
olive pips. Furthermore, their small size makes them less prone for being hand-picked by the
excavators, which may counteract the above-mentioned higher number of seeds per fruit.

Canonical correspondence analysis (CCA) was applied on the crop plant dataset with chro-
nology as the functional trait to detect diachronic changes using the program Canoco.

For the charcoals, the Olea and Vitis charcoal proportion percentage was calculated from
the total charcoal fragment count of each site phase. In very few cases charcoals were published
by weight rather than fragment count; these values were also used to calculate percentages and
should produce comparable results [42]. According to the “Principle of least effort” paradigm
it is generally assumed that wood -especially firewood- was collected in the direct surround-
ings of the site in proportion to its local environmental abundance [42]. Olea and Vitis char-
coal proportions therefore can be used as proxies for pruning involvement in the
surroundings of the site. Both provide a similar mass of pruning wood/cultivated ha today (0.6
ton/ha for grape vine; 0.5 to 1 ton/ha for olive [44].

Although absolute find numbers of archaeobotanical remains are a product of diverse pre-
and post-depositional factors, we assume for this study that an increase in Olea/Vitis seed pro-
portion and ubiquity indicates increased consumption or processing of the products of those
plants by the inhabitants of a settlement, while an increase in Olea/Vitis charcoal may correlate
with an increase in pruning waste and arboricultural involvement.

Large-scale and spatial patterns in the dataset can tell us about cultivation, trade, and
exchange. Finds outside the wild ranges may indicate the expansion of arboriculture and could
help in detecting earliest indications for cultivation, especially when there is evidence for char-
coal and seeds, e.g. [45]. The presence of seeds but absence of charcoals, may be indicative of
trade and exchange from regions where they were cultivated. We use the wild distributions for
olive and grape as given in Zohary and Hopf [46]. Although recent research across several
areas of our study region has demonstrated a wider distribution than Zohary and Hopf, espe-
cially for grape [16, 47-49], we apply the former to maintain regional consistency regarding
the uneven distribution of recent studies, with the proviso that it likely represents an underesti-
mation of the total distribution range.

Fruit tree proportions based on seed and charcoal finds are compared with reconstructed
rainfall levels for the periods under consideration using the methodology described in Hewett
et al. [50] (cf. S1 Table for reconstructed values for rainfall of the individual sites). Since olive
requires at least 400 mm annual rainfall to grow well and produce reasonable harvests [26], we
assume that those sites with olive evidence falling into precipitation ranges of less than 400
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mm provide an indication of irrigation in case they were not imported. Aiming to elucidate
possible vulnerability through human decision-making we also investigate whether changes
can be observed in the distribution of sites with olive and grape in response to reconstructed
rainfall levels, for example through expansion of fruit tree cultivation into regions with lower
rainfall. We investigate whether sites with more rainfall show a higher degree of involvement
with olive and grape. For this, linear regression was undertaken in combination with a vari-
ance analysis test (chosen significance level of 0.05).

Past population density is approximated here through normalized Summed Probability
Distribution (SPD) of radiocarbon dates for the Levant and fitting additionally a logistic
growth model to the observed SPD data with a 95% confidence envelope using Monte-Carlo
methods (creating an MC envelope) as described in detail in [30]. Negative deviations from
this MC envelope indicate periods of population decline greater than expected from the logis-
tic growth model, while positive deviations indicate population growth greater than expected,
suggestive of a growth beyond carrying capacity [30]. The R package rcarbon was used to pro-
cess the radiocarbon data [51]. 2,468 radiocarbon dates were considered from 246 sites [52].

Besides rainfall, also temperature changes over time may have had an impact on the distri-
bution and yields of olive and grape. This may be especially reflected in elevational changes of
their distributions and proportions (cf. compare with [53]) since olive and grape are both
cold-sensitive and cannot withstand strong frost [54]. Hence, upon warmer conditions, grape
and olive cultivation may have expanded into higher elevations [55]. An additional aspect of
interest regarding possible elevational changes for the grape and olive percentages is the pre-
sumed expansion of fruit tree cultivation into land considered marginal for other crops, due to
their unevenness. We use elevation data for the sites (cf. S1 Table) from a basemap produced
from SRTM 1 arc-second, courtesy of the U.S. Geological Survey.

To check for significant changes between the olive and grape records for the different peri-
ods and regions, the Kruskal-Wallis statistical test was undertaken with a follow-up Dunn’s
test. This was because unequal variances and not-normal distributions occurred. The Kruskal-
Wallis test detects for significant differences for the median amongst independent groups
based on ranks of the data. The Dunn’s follow-up test then makes it possible to highlight the
specific pairs of groups that show significant differences in median. Tests considered results
statistically significant at a level of 0.05. Only datasets with 5 or more observations were used
in the analysis (compare with Table 1). All statistical tests were performed in the program
jmp1leé.

Results

Fig 2. shows the presence/absence of olive seeds and/or charcoal according to region and
period for those sites from which both the seeds and the charcoals were available. We assume
sites with both olive charcoal and seeds, especially outside the natural distribution, indicate
possibly places where local cultivation took place (Fig 2), while sites within the distribution of
wild olive may also reflect the exploitation of wild olive. Moreover, sites where olive cultivation
likely not took place had neither evidence of olive seeds nor wood charcoal (Fig 2) and those
with seeds or charcoal may indicate import or local growth or both. The earliest indication for
local cultivation of olive derives from the Southern Levant, from the sites Tell Tsaf and Tell
esh-Shuna, and dates to ca. 5000 BC (i.e. 4750 and 4925 BC on Fig 2 that represents the middle
of the occupation period) (cf. also [45]). At Nahal Zehora II, located within the present-day
natural distribution, olive seeds and wood were found dating to the phase 6400-5200 BC (i.e.
5800 BC on Fig 2). First indication for local olive cultivation in the Northern Levant is later,
only from the mid third millennium BC, and so far, no charcoals and seeds were investigated
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Fig 2. Presence of olive charcoal and seeds in archaeological sites represented by dots divided into site locations
within or outside the current zone of wild olives as defined by [46].

https://doi.org/10.1371/journal.pone.0303578.9002

from earlier sites outside the natural distribution. In Mesopotamia, both the charcoals and the
seeds have been investigated from many early sites, but they show no evidence for olive cultiva-
tion. The earliest olive wood is present from the mid third millennium BC, while olive wood
and olive stones are present at the site of Emar in the Euphrates Valley during the Middle
Bronze Age (2000-1600 BC). In Iran, no strong evidence exists for local olive cultivation for
the considered period. However, the site of Konar Sandal had olive wood, but no olive stones,
and it has been argued it was another wild olive subspecies, namely Olea europaea subsp. cuspi-
data [56].

Fig 3 uses the same presence-absence model as Fig 2 but for grape. In the Southern Levant
the earliest indication for grape cultivation is from around 3300-2900 BC from the site of
Arad, while many sites from later periods have only grape seeds. In the Northern Levant, the
earliest indication for grape cultivation outside the natural distribution dates to 2400-2200
BC, from Tell Mishrifeh/Qatna, but possible cultivation from within the wild distribution
appears slightly earlier at Tell Fadous-Kfarabida around 3000-2500 BC. In Mesopotamia, the
earliest grape vine seeds and charcoals are from Tell Brak, from the occupation phase at 4000-
3600 BC. The earliest indication for grape cultivation in Iran is from Konar Sandal from the
occupation phase 3100-2000 BC.

Figs 4 and 5 map all sites with Olea/Vitis seeds and/or charcoals, and therefore also include
sites where wood or fruits may have been imported.

Regarding the Olea find distribution over time (Fig 4), even in the earliest phases there are
several sites located close to but just outside the wild distribution mapped by [46]. From 3300
BC onwards, there is a rather different pattern (Fig 2) with an expansion further inland that
lasts almost 2000 years (until 1200 BC). After 1400 BC, a retraction towards the Mediterranean
coast is observable. To better visualize these observations on a Levant scale, see Fig 5.

For Vitis (Fig 6), several sites were found outside the Zohary and Hopf distribution [46],
mostly along the major rivers. Of note is the absence of sites with Vitis in the Southern Levant
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Fig 3. Presence of grape charcoal and seeds in archaeological sites represented by dots, divided into site locations
outside or within the current zone of wild grape as defined by [46].

https://doi.org/10.1371/journal.pone.0303578.9003
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between 6500 and 3600 BC, despite many sites investigated in this region. From 3600-3000
BC, however, most of the sites are located in the Southern Levant and outside the mapped wild
distribution range. In the phase 3000-2500 BC, there appear more sites with Vitis in northern
Mesopotamia with a wide distribution regarding rainfall, even reaching south of the 200 mm
isohyet along the Euphrates. In the next phase, sites with Vitis contract to areas with higher
rainfall levels. Within the phases 1200-900 BC and 900-600 BC, we again see southwards
incursions of grape cultivation along the major rivers. To better visualize these Levantine
trends, see Fig 7. In Iran, the site of Tepe Yahya has evidence for Vitis seeds as early as the
phase 4500-3800 BC and continued to have some in subsequent phases. From the phase 900-
600 BC there is a strong representation of sites with Vitis in Iran.

Fig 8 shows proportional changes over time in percentages of Olea seeds among crop
plants, Olea seed ubiquities and Olea charcoal among all charcoals at sites. These are proxies
for the intensity of involvement with olive. The Northern and Southern Levant show strong
involvement with olive that appears different from Mesopotamia and Iran. A Kruskal-Wallis
test shows statistically significant differences in the distributions between periods of individual
regions amongst the groups (Chi square for olive % of crop = 77.7355, p = < .0001, df = 21;
Chi square for olive seed ubiquity % = 69.7350, p = <0.001, df = 21), with the follow-up
Dunn’s test showing significant differences as depicted in Table 2. The major outcome from
the combination of Table 2 and Fig 8 is that the Southern Levant and Mesopotamia differ
regarding olive. The absence of the detection of more statistically significant differences, espe-
cially for phases within a region, does not imply that there are no differences; rather, it likely
relates to the rather low sample sizes and less extreme differences, reducing the power of the
test.

For the olive charcoal, significant differences were detected on the dataset through Kruskal-
Wallis analysis (Chi square = 37.0291, p = < .0001, df = 11), while the Dunn’s test showed no
significant differences. Though, overall, the charcoal dataset covers much less site phases per
region and period than the seed dataset (Table 1), possibly causing an inability to detect signifi-
cant changes.

Fig 9 shows boxplots for the Vitis seed and charcoal percentages at the sites per phase and
region. A Kruskal-Wallis test was done to investigate possible significant differences between
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https://doi.org/10.1371/journal.pone.0303578.9006

phases and regions. The test indicated significant differences at the level 0.05 in the distribu-
tion of the samples (for grape seed % of crops Chi square = 59.5052, p = <0.001, df = 21; for
grape seed ubiquity % Chi square = 56.1467, p<0.0001, df = 20). A follow-up Dunn’s test indi-
cated significant differences between some regions and phases (Table 2). Here again, the rather
low sample number gives the test reduced statistical power to prove visually observable differ-
ences. However, of note is that the test could detect several times that the Southern Levant in
the phase 6500-3600 BC stands out as significantly different from later periods in the same
region and the Northern Levant, underlining the observed Southern Levantine absence of
grape in this period as significantly different from later.

For the charcoals, Vitis percentages were overall much lower than Olea percentages. A
Kruskal-Wallis test could not detect significant differences at the level 0.05 in the distribution
of the samples. It is possible that the lack of difference between the phases is real, but it should
be noted that the overall site phases covered by the charcoals are much lower than for the seeds
(cfr. Table 1).
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Fig 10 is a boxplot of the overall percentage results for the two botanical taxa in the north-
ern and Southern Levant, regions where both grape and olive were intensively used. The box-
plots for grape seed percentages look somewhat like those for olive, but the charcoal boxplots
for olive and grape are very different, with overall very low values for grape charcoal.

To investigate the role of ancient rainfall in relation to the intensity of involvement with
Vitis/Olea cultivation, the estimates of former rainfall were plotted over seed, seed ubiquity
and charcoal percentages. Linear regression analysis was undertaken to investigate whether
more rainfall correlates with more olive/grape cultivation/involvement, which can be expected
if rainfall was a factor in deciding to invest in olive and/or grape. In this region, reduced rain-
fall acts as a strongly delimiting factor in plant growth (cf. [57] for likelihood distribution of
olive according to rainfall). Reconstructed rainfall values were taken from [50] (cf. S1 Table).
While at first sight the dots on Fig 11 may not disclose a pattern, there is a statistical significant
correlation (p values <0.001) for the olive stone %, olive stone ubiquity % and charcoal % with
rainfall, indicating higher olive percentages at sites with higher rainfall, although the linear
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(a) and charcoal (b) percentages per region and period. See Table 1 for the number of sites/period and region.
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Table 2. Results of the Dunn’s test on the olive and grape proportions. Data as in S1 with “Region” and “Period BC” merged. Only group comparisons that delivered
significant differences are provided with their mean score difference, standard error difference, Z- and p-value.

groups compared mean score difference | standard error difference | Z-value | p-value

olive stone % of crops | Southern Levant 900-600 BC Mesopotamia 3000-2500 BC 98.593 20.00393 4.92869 | 0.0002
Southern Levant 900-600 BC Mesopotamia 6500-3600 BC 103.135 23.79235 4.61405 | 0.0009

Southern Levant 900-600 BC Mesopotamia 2000-1500 BC 103.135 23.79235 4.33479 | 0.0034

Southern Levant 2000-1500 BC | Mesopotamia 3000-2500 BC 81.571 21.73086 3.75367 | 0.0403

olive stone ubiquity % | Southern Levant 900-600 BC Mesopotamia 3000-2500 BC 84.9792 20.04643 4.23912 | 0.0052
Southern Levant 900-600 BC Mesopotamia 6500-3600 BC 89.9667 22.23951 4.04535 | 0.0121

Southern Levant 900-600 BC Mesopotamia 2000-1500 BC 89.9583 23.58857 3.81364 | 0.0316

grape seed % of crops | Southern Levant 6500-3600 BC | Northern Levant 1500-1200 BC -149.038 32.55026 -4.57871 | 0,0011
Northern Levant 1500-1200 BC | Mesopotamia 6500-3600 BC 134.964 32.91807 4.10001 | 0.0095

Southern Levant 6500-3600 BC | Southern Levant 900-600 BC -96.05 24.86067 -3.86353 | 0.0258

Southern Levant 6500-3600 BC | Southern Levant 1200-900 BC -87.063 23.05671 -3.77603 | 0.0368

Southern Levant 6500-3600 BC | Northern Levant 2000-1500 BC -108.017 29.03101 -3.72073 | 0.0459

grape seed ubiquity % | Southern Levant 6500-3600 BC | Northern Levant 2000-1500 BC -112.417 26.53235 -4.23697 | 0.0048
Northern Levant 2000-1500 BC | Mesopotamia 6500-3600 BC 112.408 27.82736 4.03949 | 0.0112

Southern Levant 6500-3600 BC | Northern Levant 1500-1200 BC -119.681 29.74870 -4.02307 | 0.0121

Northern Levant 1500-1200 BC | Mesopotamia 6500-3600 BC 119.673 30.90925 3.87174 | 0.0227

Southern Levant 6500-3600 BC | Southern Levant 900-600 BC -89.667 23.73125 -3.77842 | 0.0331

https://doi.org/10.1371/journal.pone.0303578.t002

regression explains only ca 9% of the variation for the olive stone percentages (F (1, 279) =

27.5162), compared to 20% of the olive stone ubiquity (F (1, 279) = 67.5188) and 15% of the

variation of the olive charcoal % over rainfall (F (1,119) = 20.2647).
From Fig 11 it is visible that few sites with olive are found below 250 mm (reconstructed)

annual rainfall. While that is the conventional dryland cultivation border, it is generally

known that olive does not thrive and produce many fruits below 400 mm of rainfall [24]. Fig
12 depicts the sites below 400 mm (reconstructed) rainfall. Fig 11a appears to confirm this,
since olive stone % of all crop plants higher than 40% occur only in settlements located in a

region above the reconstructed 400 mm rainfall range.

Fig 13 depicts the grape seed and grape vine charcoal percentages over the reconstructed
rainfall for the different sites. No significant linear correlation could be observed. Grape seeds
and charcoals are represented at some sites with extremely low rainfall levels (below 250 mm).
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N sites with olive ubiquity % = 157, N sites with olive charcoal % = 69, N sites with grape charcoal % = 65).

https://doi.org/10.1371/journal.pone.0303578.9010

The data show a trend of decreasing average rainfall between 5000 and 2500 BC for the sites
with olive, with the lowest average levels between 3200 and 2300 BC. While the smoothed line
for average reconstructed rainfall generally remains above or around approximately 400 mm
for the whole period, in the late 4™ millennium BC the smoothed line for minimal recon-
structed rainfall values only reaches just above 250 mm. It should be noted though that the
time spans for rainfall reconstruction in the earlier periods are larger than in later periods,
increasing the likelihood of minimal rainfall in the earlier periods, possibly in part explaining
the distance between average and minimal rainfall on Fig 14. After 2000 BC, sites with olive
finds are again located in regions that received more rainfall on average (Fig 14).

The elevational distribution of sites with olive and grape over time show some similarities
(Fig 15). While in earlier periods, especially between 6500 and 2000 BC for olive and 3600 and
1500 BC for grape, sites occurred quite equally in different elevations, with olive having the
highest percentages at elevations 400-200 m, they afterwards dominantly appear in the zone
between 0 and 200 m elevation.

Olive stone % of crops
Olea stone ubiquity %

0 200 400 600 800 0 200 400 600 800 0 200 400 600 800
a reconstructed rainfall, hindcasting (mm) b reconstructed rainfall, hindcasting (mm) c reconstructed rainfall, hindcasting (mm)

Fig 11. Diagrams that show the relation between olive proportions (a), olive ubiquity (b) and olive charcoal (c)
percentages and rainfall. The linear regression line is indicated in red. Raised X-axis for visual understanding. Dotted
vertical line indicates 250 mm rainfall.

https://doi.org/10.1371/journal.pone.0303578.g011
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Fig 12. Sites with olive, seed or charcoal, that may have needed irrigation in case of local cultivation, i.e., sites with
a hindcasted rainfall less than 400mm. All sites are labeled with numbers, the corresponding numbers follow: 1) Tell
Taya, 2) Tell Bderi, 3) Tell Munbaqa, 4) Emar, 5) Tell Afis, 6) Tell Mardikh/Ebla, 7) Tell al-Rawda, 8) Tell Mishrifeh/
Qatna, 9) Arad, 10) Tell ‘Ira Khirbet el-Garra, 11) Hirbet el-Msas/Tel Masos, 12) Beer-Sheba/Tell es-Seba’, 13) Tell
Sera, 14) Qubur al-Walaydah, 15) Tel Farah South, 16) Bab’edh Dhra, 17) Numeira, 18) Ras an-Numayra, 19) Feinan,
20) Kuntillet Ajrud. Depicted is the modern rainfall as in Hewett et al. [50].

https://doi.org/10.1371/journal.pone.0303578.9012

In Fig 16 the proportions for the different measures (% of crops, ubiquity % and charcoal
%) for olive and grape are depicted over time, reconstructed rainfall, and elevation. The highest
values for olive across the periods appear to fall within the range of 0-400 m of elevation (Fig
16a and 16b), particularly concerning phases post 1600 BC. As visible in Fig 15, the later phases
(in green in Fig 16a) are proportionally strongly represented in regions between 0 to 200 m ele-
vation that received (a reconstructed) 400 to 800 mm of rainfall. Ubiquity % of olive (Fig 16b)
at the earlier settlements (in red tones) are high compared to later periods at higher and low
elevations, such as the Jordan Rift Valley (red), the latter also reflected in the charcoal % (Fig
16¢). The olive wood charcoal % seem however more diverse in terms of the distribution, ele-
vation, and precipitation ranges.

Regarding grape, the largest values for grape seed % are located at an elevation between 0
and 500 m and the (reconstructed) annual rainfall between 400 and 800 mm (Fig 16d). Within
that range several sites with high ubiquities % of grape seeds are found (Fig 16¢). Notably,
grape is represented at early sites in extreme positions, such as low rainfall (less than 250 mm)
and high and low elevation (in red tones on Fig 16d, 16e and 16f). Grape charcoal appears
poorly represented across the archaeological sites, but especially in zones between 0 and 500 m
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Fig 13. Grape seed (a) Grape ubiquity (b), and grape vine charcoal (c) percentages over (reconstructed) rainfall
for the different sites. Raised X-axis for visual understanding. Dotted vertical line indicates 250 mm rainfall.

https://doi.org/10.1371/journal.pone.0303578.g013
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with olive finds (seeds and/or charcoal), with smoothed curves over the dataset using cubic spline with lambda set
to 0.05 and standardized X values.

https://doi.org/10.1371/journal.pone.0303578.9014

some sites had a small proportion of grape charcoal, with a slight tendency for representation
of earlier sites (in red) at somewhat higher elevations than younger sites (Fig 16f).

Fig 17 shows the results of the canonical correspondence analysis on major crops from 242
Southwest Asian sites with chronology as functional trait. Over 98% of the variation is
explained by the axes. We can observe an increased focus on fruit tree cultivation through
time. The Iron Age 2 (IA2 in Fig 17) from 900-600 BC stands out and could suggest a period
of highly specialized fruit tree cultivation in the Southern Levant. The CCA also indicates
other patterns, such as the cultivation of emmer wheat primarily during the Late Neolithic/
Chalcolithic period (LN_C in Fig 17) (6500-3600 BC) and the Early Bronze Age (EBA1 in Fig
17) phases (3600-3000 BC) as well as the higher abundance of free-threshing wheat (Free-
Wheat in Fig 17) from the Middle Bronze Age on.

The significance of olive and grape cultivation in the Levant merits further consideration.
Fig 18 shows the Summed Probability Distributions (SPD) of radiocarbon dates (Palmisano
et al. 2021) equating population density of the Levant alongside the olive and grape
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Fig 15. a. Elevational distribution of sites with olive presence (seed and/or charcoal) for the different periods of
Southwest Asia, though mainly Levant), b. elevation distribution of sites with grape seed and/or charcoal for different
periods in the Levant.

https://doi.org/10.1371/journal.pone.0303578.9015
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regions are included and no sites with lack of numeric data were depicted here.

https://doi.org/10.1371/journal.pone.0303578.g016

archaeobotanical data. There are marked similarities between trends of olive and grape ubiq-
uity, olive charcoal percentage and the occupation density graphs.

Over the long term, between 6000 and 900 BC, mean population density increased through
time. However, population decline is indicated in the first half of the 4™ millennium BC, after
the 4.2 ka BP event, and between 1400 BC and 700 BC. The botanical data for the first half of
the 4™ millennium BC is limited, but the modeling of the preliminary data suggests a drop in
olive stone ubiquity as well as in olive charcoal percentages (Fig 18). A drop in olive stone pro-
portions, olive and grape ubiquity and olive charcoal percentages is also visible across the 4.2
ka BP event but started already around 2800 BC. Finally, a decrease in olive stone proportions
and olive charcoal percentages occurs around the 3.2 ka BP event, just after a similar decline in
the population curve (though note the temporal resolution of the archaeobotanical data is gen-
erally lower than that of the SPD). The 700 BC low in population is not visible in the archaeo-
botanical data, showing increases in grape and olive seed proportions and ubiquities and olive
charcoal percentages.

Population increase appears to have taken place in the second half of the 4™ millennium BC
and during the 3.2 ka BP event. Starting to increase in the second part of the 4™ millennium
BC, highest ubiquity percentages are reached for olive stones, olive charcoal and grape seeds
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Fig 17. Canonical correspondence analysis on major crops (n = 242 sites) with chronology as functional trait, with
LN_C (6500-3600 BC), EBA1 (3600-3000 BC), EBA2 (3000-2500 BC), EBA3 (2500-2100 BC), MBA (2100-1650
BC), LBA (1650-1200BC), IA1 (1200-900BC), IA2 (900-600BC).

https://doi.org/10.1371/journal.pone.0303578.9017
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seed %, grape/olive ubiquity %, grape vine/olive charcoal % for all available sites from the Levant (see data S1 Table). Y axes scales have
been optimized to show curves. The archaeobotanical results are depicted on the chronological axis (X-axis) as a point in the middle of

the occupation span.

https://doi.org/10.1371/journal.pone.0303578.g018
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https://doi.org/10.1371/journal.pone.0303578.g019

shortly before the mid of the third millennium BC. After the 3.2 ka BP event, olive stone ubiq-
uity percentages increase again, though at a much smaller scale than population increase, but
grape first decreases and seems to only increase after 800 BC.

To investigate elite consumption, storage, or institutional control of olive and grape pro-
duction, the Olea/Vitis seed and charcoal percentages from elite buildings, such as palaces,
temples, and monumental buildings, are compared with those from mostly non-elite buildings
from that region and period (Fig 19). The finds from most elite buildings fall within the range
of contemporary sites in the same region, though above the median for seed ubiquity %. The
Tell Mishrifeh/Qatna palace (1600-1200 BC) stands out for its high Vitis seed and charcoal
percentages. Also, its olive seed percentages (of crops) are on the high end compared to other
sites in the region of this period, but not its olive stone ubiquity percentages and olive charcoal
percentages. The Ebla (Tell Mardikh) palace G (from the phase 2400-2300 BC) has a high per-
centage of olive stones compared to other sites in the Levant of that period, though has an
about median value for olive charcoal percentages. Also, its Vitis seed ubiquity percentages are
quite high. The Burak monumental building, dating to the phase 2000-1800 BC, also had
rather high Vitis seed percentages amongst the crops.

Discussion
Earliest indications for olive and grape cultivation in Southwest Asia

Earliest cultivation typically begins in areas within the natural distribution range of the wild
progenitor of crop species [60]. Assessing earliest cultivation in the archaeobotanical context is
problematic because seeds can hardly be differentiated from having been cultivated or simply
collected from the wild. Although phytogeographic changes happened throughout the Late
Pleistocene and Holocene, archaeobotanical findings of potentially cultivated fruit seeds
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outside their natural distribution ranges can be an indication of cultivation, especially when
their wood charcoal is also present assuming wood was likely locally collected.

Start of olive cultivation

The earliest indication for olive cultivation is claimed by the Southern Levant and dates to ca.
5000 BC from Tel Tsaf [45] and Tell esh-Shuna, where olive wood charcoal and seeds have
been found outside the natural distribution mapped by Zohary and Hopf [46]. Notably, this
evidence predates urbanization in this region. For the Northern Levant, the earliest evidence
of olive cultivation outside its natural distribution is much later, from the phase 2500-2000
BC. Apart from the general limitation of fewer archaeobotanical data sets in the Northern
Levant, there is also a lack of archaeobotanical data for sites outside the habitat of oleaster for
the earlier phases, perhaps explaining the discrepancy between the archaeobotanical and
genetic evidence, where the latter indicates a domestication center of olive in the Northern
Levant [8]. In addition, compared to the Southern Levant the Northern Levant is characterized
by more areas of higher elevation unsuitable for olive growth (cf. SRTM 1 arc-second data, U.
S. Geological Survey), which further minimizes the chance of finding olive in sites away from
its natural distribution range, thereby making it less likely to detect early cultivation.

Start of grape cultivation

Detecting possible early cultivation of grape outside its wild habitat using Zohary and Hopf’s
map [46] proves to be even more challenging. While this map suggests Tell Brak, where grape
seeds and charcoal were found dating to 4000-3600 BC, lies outside the natural distribution
range of wild grape vine, recent research indicates that this may not have been the case [16].
There are also other early finds of Vitis seeds from that region (cf. Figs 3 and 6), for example at
Tilbeshar (5400-3100 BC) and Grai Resh (5%/4™ millennium BC) [61, 62]. The find of under-
developed grape seeds at Kurban Hoyiik dating to the end of the 4™ millennium BC also sug-
gests grape cultivation [63] and fits with the results of morphometric analysis which identified
domesticated grape by the latest in the 3™ millennium BC in northern Mesopotamia [16].

Vitis seeds are also found as far east as Tepe Yahyah in southern Iran from the phase 4500-
3800 BC (Figs 3 and 6). The early suggestion of wine residues in pottery from northern Iran,
within the natural distribution, dating to 5400-5000 BC, may perhaps indicate cultivation
[64], matching the evidence from Naqginezhad et al. [47] showing a larger natural distribution
than Zohary and Hopf [46].

The first evidence of both Vitis seed and charcoal presence in the Southern Levant seem-
ingly outside present-day distributions are from Arad dating to the period 3600-3000 BC.
Arad’s reconstructed annual rainfall in this period is only 320 mm (S1 Table), which is quite
low. There are several other sites from this period in the Southern Levant with grape pip evi-
dence, but so far, no investigated charcoals, in zones that would have received extremely low
rainfall levels (Fig 3). For example, Ras an Numeira (3350-2910 BC) has a reconstructed
annual rainfall of 110 mm and has evidence for carbonized grape pressings, perhaps indicating
local grape cultivation using irrigation [65]. There are also other water-demanding crops, such
as flax, reported from the site. The grape remains there seem to have had a combination of
wild and domestic traits [65]. Hence, there exist several indications that grape was cultivated
in the Southern Levant by around 3600-3000 BC.

In the Northern Levant at Ras Shamra, though within the region of wild grape, grape seed
finds are present from phase 6500-5250 BC at a very low ubiquity, increasing in ubiquity from
phase 5250-4300 BC onwards (to ca. 18%), perhaps indicative of an increased involvement
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with grape and cultivation and though no charcoals were investigated, the seeds equally may
represent remains of wild grape utilization.

In all, strong archaeobotanical evidence for Vitis cultivation in Southwest Asia is much later
than the 8000-6000 BC Caucasian evidence [66-68] and the genetic inference date for Levan-
tine domestication ca. 9000 BC [14], since grape starts to become well represented at archaeo-
logical sites only around 4000 BC in the Levant, with the possible exception of Ras Shamra. At
this stage, the archaeobotanical data seems to favour the Caucasian first domestication model
and later expansion of grape cultivation/domestication to Southwest Asia. However, there is a
massive lack of data for the Northern Levant that may be crucial for our understanding of the
processes. Recent morphological evidence from grape pips suggests that there was a hybrid of
Asian and Caucasian domestic grape in northern Mesopotamia already by the 3rd millennium
BC [16].

The role of climate in expansion and contraction of olive/grape cultivation

The role of climate in the expansion and contraction of wild olive/grape vine has already been
mentioned regarding their potential former wild distribution [69]. Vitis occurred further
inland in the Levant during the Epipalaeolithic [70] and Olea distribution was likely very
dynamic over the Pleistocene [8]. While climatic change in the last 8500 years was less extreme
than at the Pleistocene-Holocene transition and before, it still likely had an impact on fruit
tree cultivation, especially since cultivation was pushed beyond its natural habitat into areas
where small fluctuations in rainfall or temperature would have had major impacts on yields
and tree survival (cf. Fig 14 especially the period between 4000 and 2000 BC).

Rainfall

Rainfall appears to have had some impact on the scale of involvement with olive cultivation for
the period under consideration. Correlation tests indicate a low to modest correlation of olive
with rainfall. This tendency to depend on rainfall for olive cultivation may explain the lack of
olive cultivation in Iran for the considered period, where only through irrigation good yields
can be achieved in the southern Zagros foothills, cf. Fig 4 in [71]. However, there is generally
not much data from this region regardless.

Less clearly related to rainfall are decisions on the degree of involvement with grape cultiva-
tion, which is logical considering grape is naturally closer associated to riparian environments.
Except for Konar Sandal, there is currently no evidence for Vitis wood below the 200 mm rain-
fall (reconstructed), and although this may be due to a small sample size and handpicked sam-
ples, it should be noted that there were several sites in those arid areas with Vitis seeds,
including very early sites. Some of these were likely locally grown, since possible pressing
remains were found, e.g., at Numeira (3350-2910 BC), which the authors suggest was irrigated
[65]. In addition to grape, other crops with high water requirement, such as flax, were found
there [65]. The overall lack of correlation of Vitis seeds and charcoal with rainfall may indicate
that Vitis could more easily be accommodated in local riparian environments such as river val-
leys, or that irrigation was more commonly used for Vitis cultivation than for Olea. Of the 18
sites with grape below 250 mm reconstructed rainfall, 9 could be confirmed being located near
important major water bodies (such as the Khabur, Euphrates, Dead Sea or Besor stream),
whereas 6 are located along a dry wadi (e.g. Wadi Fidan, Konar Sandal, Numeira, Jawa and
Zahrat adh-Dhra 1). The rainfall level for Khirbet al-Mudayna (el-’Aliya) was likely underesti-
mated due to the small-scale local microclimate that was not captured in the present-day rain-
fall map.
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The archaeobotanical evidence for the Levant shows marked percentage decreases for grape
and olive, especially in seed ubiquity and charcoal, starting around 2800 BC and reaching a
low around the 4.2 ka BP aridity event (Fig 18). Around the 3.2 ka BP aridity event grape seed
ubiquity %, olive stone % of crops and olive charcoal % again decrease, as well as olive stone
ubiquity % shortly after (Fig 18). Both lows during these times suggest a possible aridity impact
on olive and grape cultivation. The typical dependance of olive cultivation on rainfall, and its
extension somewhat away from its natural distribution especially between 4000 and 2000 BC
(Fig 14), makes it prone to increased aridity which would particularly decrease in yield [24].
Since grapes are sensitive to drought stress [72], water scarcity may have affected grape pro-
duction as well, despite certain precautionary measures, such as irrigation in the generally
more arid regions. The 4.2 ka BP event not only likely impacted on grape, olive and other crop
species [73, 74], but also seems to have had a negative effect on population density in the
Levant (Fig 18). The less precise temporal resolution of the archaeobotanical data compared to
the population density data makes it impossible to unravel the complex causal chains; despite
this, aridity seems to have played a factor, with a decline in olive and grape and harvests possi-
bly impacting caloric provisioning (compare with [75]) and disrupting trade and exchange
networks in which olives, grapes and their derived products were likely very important [76,
77].

Interestingly, unlike the 4.2 ka BP event, the 3.2 ka BP was not associated with decreasing
population density in the Levant, indicating that the dynamics were more complex and was
probably compensated by the increasingly sophisticated networks that might have allowed
compensation during locally occurring resource bottlenecks. The noticeable population
increase around that time may relate to migrations from other regions for which there is
ample evidence for the Levant [22]. In the Ugarit hinterlands textual evidence documents the
destruction of vineyards through enemy attacks [22]. Employing destructive forces with the
goal to weaken opponents might have contributed to strong differences in the agricultural
resource situation between regions. Around this time, palace institutions that previously stim-
ulated wine and olive production decline and there appears to have been a reorientation of
production, sometimes described as ruralization [38]. Adaptive strategies were likely devel-
oped; for instance, pastoral products in some cases had greater contribution to the overall food
supply. At Kinet Hoytik in the Northern Levant, for example, destruction occurred around
1150/1130 BC after which the site was occupied seasonally, likely by pastoralists [78]. Simulta-
neously, there was a steep decrease of involvement with olive compared to the previous period
(as seen from the charcoals; S1 Table). Such diversification in practices is also reflected in Figs
8 and 9. About half of the Late Bronze Age Levantine sites have no stones, as taken from a
median around 0, while the other half were still involved with olive, whereas in the previous
period proportionally more sites were involved with olive (e.g., for the phase 2000-1500 BC in
the Southern levant or 1500-1200 BC in the Northern Levant).

Temperature

Olive and grape are both cold-sensitive and cannot withstand strong frost. This is also why the
northern Zagros mountains are unsuitable for olive cultivation [71]. Grape vines can be dam-
aged by temperatures around -15 and -20 °C [54], while olive is not able to survive below
-12°C and severe frost damage occurs already at -7°C [79]. Kaniewski et al. [24] have shown
that the optimal mean annual temperature for olive is 16,8°C and that temperature changes
have affected olive growth and yields in the Tyre region of the Levant through time.

The progressive cooling between 2500 and 0 BC could have especially impacted the occur-
rence of Vitis and Olea at higher elevations, potentially leading to a reduction in their
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occurrence in those areas. Accessibility of land in these areas may also have played a role in
this. The trend towards a concentrated presence of olive and grape between 0 and 200 m
begins for olive from 2000-600 BC (Fig 15a) and for grape from 1500-600 BC (Fig 15b).

Arboricultural practices

Irrigation. Olive production was mainly a focus of the Northern and Southern Levant in
the period under consideration (Figs 4, 5 and 8). There it was exploited mostly (but not exclu-
sively) in zones where dry farming was possible. The weak correlation between the archaeobo-
tanical record of olive and rainfall suggests that irrigation also played a minor role in olive
management practices. Moreover, some sites across our regional categories and periods fell
below the 400mm limit for olive yield, of which several had additional (sometimes small-scale)
evidence for irrigation, such as Rawda (2500-2000 BC) [80, 81], Tell Mishrifeh/Qatna (2500-
2000 BC, 1500-1200 BC) [82], Emar (2500-2000 BC) [83], Arad (3600-3000 BC) [84], Deir’-
Alla (phase 900-600 BC) [85, 86], Lachish (phase 2000-1500 BC and 1500-1200 BC) [58].

Overall, the evidence seems to indicate that although much of the olive cultivation took
place within its optimal range of rainfall, at sites where irrigation and water management prac-
tices and infrastructure were in place, olives could be accommodated and particularly in con-
junction with other water intensive crops such as flax and grape. Grape cultivation appears to
have been less dependent on natural rainfall compared to olive, despite the fact that grape cul-
tivation requires 500-1,200 mm soil moisture during the grape growing season (February to
July in Southwest Asia) to produce good harvests (FAO Land and Water Development Divi-
sion, http://www.fao.org/landandwater/default.stm). This may therefore indicate that irriga-
tion was more regularly applied to grape, either directly or indirectly by taking advantage of
grape plantations above easily available aquifers or by managing water resources in rocky wadi
valleys. Multiple passages in the Hebrew Bible mention planting grape along the river (e.g., Ez
17,8; 19,10) and some Hittite texts also refer to irrigation of grape vine [87].

Differences in pruning practices Olea vs. Vitis?

Another difference in the management of grape and olive may relate to the degree of pruning
that took place. For olive, pruning is beneficial for the support of the fruit load, to gain more
exposure to sunlight, to rejuvenate the tree and to reduce pests [88] while for grape it is espe-
cially useful to maximize the quantity of berry clusters [63]. In our dataset, Vitis charcoal per-
centages are generally extremely low compared to Olea (ubiquity) percentages (Fig 10), even
though the mass of pruning waste of grape and olive per hectare is similar [44]. The low char-
coal percentages of Vitis compared to Olea are present even at sites with evidence for large
scale exploitation of grapes.

A possible explanation could be that historic pruning of grape vine was less intensive than
that of olive. This may relate to the growing of “wedded” vines (i.e., vines cultivated attached
to a tree), evidence for which is found in the Hebrew Bible (e.g., 1K6n 5,5; Mi 4,4; Sach 3,10),
Hittite texts and Neo-Assyrian iconographic sources [87, 89]. This practice is also ethnograph-
ically known from the Levant [90]. Wedded vines are more difficult to prune, which may have
reduced pruning when compared to modern intensive grape cultivation. Some ancient sources
indicate that pruning was applied, such as Neo-Assyrian period iconography [89] and Hittite
[87] and Old Testament (Iron Age) texts [91], the latter even mentioning pruning remains
being used as fuel [91]. Another possibility is that vine pruning waste was used for other pur-
poses than fuel, such as for basket weaving, or as fertilizer after composting [92]. A Hittite text
even refers to smaller vine wood served for lighting the inside of buildings, as opposed to
wood from trees used as heating [87]. Such probable variations in the use of vine wood may
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have implications on preservation, but also the charring process for grape vine twigs compared
to olive twigs may have different effects, because the average diameter of olive twigs is likely to
have been somewhat larger than of grape vine. Small diameters could have been fully com-
busted into ashes. Personal experience has shown that at some sites Vitis charcoal tends to be
vitrified, making it difficult to identify, also causing some underrepresentation in the archaeo-
botanical record.

Socioeconomic roles of olives and grapes

While the history of olive and grape cultivation was partially shaped by climate and environ-
ment, there are also striking resemblances between the population density curve and the olive/
grape curves of the Levant, suggesting the importance of these crops for sustaining communi-
ties, determining food security and for contributing to the economy through surplus produc-
tion, trade, and exchange (see also Fig 18).

Increased social stratification in the 4™ millennium BC Levant

During the second half of the 4™ millennium BC a notable surge in population occurred in the
Levant, during which there is also an increase in ubiquities of olive and grape at archaeological
sites. This suggests that, amongst possibly other reasons, olive and grape cultivation impacted
the population growth in the region or were at least somehow related to increasing population
density. The trends show a relatively abrupt increase in population numbers, whereas grape
and olive feature a slow increase, reaching a peak only after population again decreases. This
may point to human action to increased demand for olive and grape, perhaps as a reaction to
raising population numbers. The cultivation of these crops provided viable and calory-rich
food products, that could be grown in areas that were unsuitable for agriculture, such as hilly
and rocky terrain, expanding the total amount of exploitable land for crops and therefore the
capacity to feed a larger population. This expansion of olive cultivation has been documented
in detail for the lake Galilee catchment around the late 6™ millennium BC, involving fire to
clear new arboricultural land [93]. The expansion is also visible in the distribution of sites with
olive into higher and lower elevations (Figs 2 and 16a-16¢). The exploitation of marginal lands
for arboriculture seems to have been even more pronounced for grape, since some of the early
sites with grape in the Levant were in areas that received very little rainfall (Fig 16d-16f), need-
ing irrigation to allow cultivation. Terracing may also have played a role here [94], enabling
both extensification and intensification of production.

Olive and grape were not only important staple products but also offered economic oppor-
tunities through surplus production and trade as cash crops, especially since olive and grape
can be transformed into products that do not decay easily, are easy to transport and for which
there was local and regional demand [3]. Ceramic studies have suggested that wine and olive
oil were among the materials that were imported into Egypt from the Levant, likely already
starting from the end of the fourth millennium and then developing throughout the third mil-
lennium with the entire Levant being involved in the exchanges. Principle economic partners
changed through time, with most of the materials likely being imported first from the Southern
Levant, while later the Central and Northern Levant assumed a privileged role [95-100]. These
developments likely contributed to supporting the increasing social stratification, which
becomes already evident in the urbanization processes during the first half of the third millen-
nium. In fact, from around 3000 BC onward, together with the involvement of the Levantine
elites in the interregional exchange with Egypt, there is increasing evidence for palace institu-
tions and industrial production in the Levant, indicating the centralization of resources [17,
31, 101, 102].
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Olive and grape in palaces and elite buildings

Most Levantine palaces and monumental buildings show higher than median percentages for
grape and olive seed ubiquity compared to respective periods and regions (Fig 19). Further-
more, regular finds of olive charcoal in Levantine palaces and monumental building contexts
suggest institutional engagement in olive cultivation, especially in cases where it was present in
waste deposits which was for example the case in the palace of Mishrifeh/Qatna room DK
which contained large volumes of kitchen waste [59]. Strongly represented alongside olive
charcoal there was also grape vine charcoal [59]. While contextual analysis of the charcoal sam-
ples from the Lachish palace remains is ongoing, here also olive charcoal was present in waste
dump material associated with the palace. Additionally, of note is that Qatna, Lachish and Ebla
all would have required irrigation for local olive cultivation. While the analysis of Bronze Age
texts particularly stress the role of the palace in controlling and managing olive and grape reve-
nues through taxation of the rural population [4, 5] and the allocation of olive groves and vine-
yards to elite members [6, 103], Monroe [104] recently highlighted that there is also textual
evidence for grape production on royally owned land for the 13*/12" century BC (e.g. at
Emar in Mesopotamia and Ugarit in the Levant), besides the much larger proportion men-
tioned to be in private hands, mostly paying taxes. The charcoal data for the palaces at Mishri-
feh/Qatna (1600-1200 BC) and Lachish (1800-1550 BC) further support such institutional
engagement in cultivation. This could imply less of a market-oriented system and an economy
not solely reliant on tax funding.

While there is very limited evidence for grape charcoal from the Tell Bazi temple in the
Middle Euphrates (1800-1350 BC), perhaps suggesting some engagement in grape cultivation,
there is no evidence for olive cultivation, which may in part reflect local preferences and adap-
tations. Olive appears not to have played a major role in the Mesopotamian diet and its cultiva-
tion was probably also limited to some ecologically well-suited regions (Figs 4 and 8). It was
overall less prevalent in the botanical remains, and texts indicate olive oil was only imported in
modest quantities largely for cosmetic products [105].

Trade and import

In contrast to Mesopotamia, Egypt was a major importer of olive oil during much of the period
under consideration (4.2), with this trade playing an important role for the economic and
political integration of the Southern Levant (4.1). While the routes and format of the contact
changed over time, there is evidence for intensive exchange with Egypt after the 4™ millen-
nium BC, extending to outright political control [106]. Olive oil and wine trade in the ancient
Levant are frequently discussed as a combined endeavor [106], though proving in any specific
case is difficult and even techniques utilizing chemical biomarkers or residue analysis struggle
to distinguish between different vegetal remains [107]. However, the combination of textual
evidence and pottery can help us gain insight into long-distance trade networks, such as move-
ment of wine from the Northern Levant to Mesopotamia in the 19"-17" centuries BC [7].
From the second millennium BC onwards, the scale of trade from the Levant to areas such as
the Aegean increased [106]. The cargo of the Uluburun shipwreck, which sank off the coast of
Turkey around 1300 BC, contained international trade ware including “Canaanite jars” (stor-
age jars from the Levant) and the remains of olive and grape (wine and or raisins) [106, 108].
By that time, wine was a commodity and no longer a luxury as documented in textual sources,
with one liter in the 1300s costing less than a daytime’s work compared to approximately 2
months” work in the early 2™ millennium BC [104]. This was likely in part related to reduced
transport costs, especially associated with improvements in sailing and maritime transport
[104] and the emergence of the merchant class [109].
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Trade of olive oil and wine are far more intensively discussed in publications than raisins,
olives, and olive wood. Olive consumption is known from at least the mid-5th millennium BC
[110] and the Uluburun shipwreck contained a storage jar full of dried olives which may have
been a trade product or for on-board consumption [108]. Our archaeobotanical review indi-
cates only two sites with olive stones that did not have wood, which we might interpret as sites
importing olive fruits, Kuntillet Ajrud (900-600 BC) and Emar (1500-1200 BC), both of which
are located outside the dry farming limits for olive. Overall, the number of sites that likely only
imported olive as a fruit are very small, therefore we can confidently say that olive-related
trade focused on olive oil (Fig 2).

Conversely, there are 7 sites with evidence for olive wood but no olive seeds (Fig 2). In the
case of Konar Sandal, the wood was likely from another wild olive subspecies. The lack of olive
stones may be due to a restricted number of seed samples or to off-site olive processing. Alter-
natively, it may indicate the import of olive wood or, more likely, of artifacts made of olive
wood. Tell Mozan in Northeastern Syria was intensively investigated archaeobotanically but
the contexts of the time-block 2000-1500 BC contained no olive seeds, while olive charcoal
made up 30% of the assemblage across 3 different contexts [111]. This is striking and merits
further in-depth examination.

In our dataset, there are 38 sites with grape seeds but no grape vine wood, perhaps indicat-
ing a more distant location for grape yards or importation of raisins, especially likely in very
arid regions (Figs 3, 16a and 16b). The underrepresentation of grape vine wood, possibly due
to non-intensive pruning, likely also plays a role. For example, grape seeds but no wood char-
coal were recovered in the Tell Mardikh/Ebla Palace in the 2500-2000 BC phase despite con-
temporary texts providing evidence for local cultivation along with the importation of wine
[101].

There were also 7 sites that had only grape wood charcoal remains, though in very small
proportions. Grape vine wood is generally considered of low value for woodworking but was
traditionally used for basket weaving.

The role of the neo-assyrians

From the late 8™ to early 7" centuries BC imports from the Aegean and Western Mediterra-
nean in the Levant decreased while Assyrian artefacts began to steadily rise [106]. This relates
to the progressive expansion of the Neo-Assyrian empire that by the 9™ century BC included
the Northern Levant and from the 8" century BC parts of the Southern Levant [19, 38]. While
it has been argued that economic interests, including access to olive oil, may have played a role
in this expansion, cf. [19] versus [20], there are regional differences visible in the archaeobota-
nical remains as was previously indicated within the Southern Levant [21]. For instance, the
Phoenician region (e.g. Burak and Sidon, here classified within the Southern Levant) shows
the strongest evidence for intensive olive involvement but there appear low levels of involve-
ment with olive in the Northern Levant, which entirely focuses within and near wild species
distribution. The low olive values in the northern Levant would argue against a general Levan-
tine Neo-Assyrian “olive-oil-exploitation-expansion hypothesis”, which accords with the
longue durée pattern that olive oil was not favored by Mesopotamians for food (4.2 and 4.3).
Specialized production of olive in the Phoenician region was likely oriented towards local use
and maritime trade westwards [20].

While the data suggests that olive was not the major direct interest of the Neo-Assyrians,
there is evidence for grape in northern Mesopotamia and beyond, including the Neo-Assyrian
empire in Iran. Depictions of grape vine in Ashurbanipal’s palace convey the importance of
grape to Neo-Assyrian kings [74, 89], as well as mentions to vines as gifts between the king and
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family members [112]. With the promise of “a land of grain and wine, a land of bread and
vineyards, a land of olive trees and honey” [113], the large-scale Neo-Assyrian irrigation proj-
ects and displacement of people to the heartland may have also played a role in the observed
expansion of grape cultivation [114], although our results suggest that deportees anticipating
olive may have been disappointed.

The canonical correspondence analysis for major crops (n = 242 sites) with chronology as
functional trait shows a trend of increased specialization in olive and grape cultivation over
time (Fig 17), with the period from 900-600 BC standing out. This is related to southern
Levantine specialization in olive and grape cultivation, also regionally diverse within that
region, cf. also [21]. This regional specialization was likely also a consequence of the expanded
trade networks associated with the Neo-Assyrian territorial empire (compare with e.g., [115])
and increased specialization in trade of particular groups [21], hence a result of greater cultural
integration. In the Northern Levant, particularly at Zincirli, a distinct pattern of specialization
in animal exploitation emerged after incorporation into the Neo-Assyrian empire [116].

Conclusion

Through our review study we shed new light onto possible areas that featured early olive and
grape cultivation. We also gained new insights into the role of climate through time in the
expansion and retraction of olive and grape cultivation and the implications this would have
on human populations. Additionally, we acquired understandings into arboricultural prac-
tices, cultural preferences, trade, specialization, and the role of the palace in fruit tree cultiva-
tion. Here we summarize our findings into a diachronic narrative of the history of olive and
grape cultivation.

Based on the current evidence, olive cultivation appears earlier than grape cultivation in
Southwest Asia. Since there is indication for olive cultivation outside the distribution area of
wild olive around 5000 BC in the Levant, the earliest cultivation likely occurred before that
date and likely in the Northern Levant where our data is currently very limited. Olive cultiva-
tion and its expansion predate urbanization in this region by ca. two millennia. From the seed
remains at archaeological sites, it appears that the scale of olive production in the Levant
increased in the second half of the 4™ millennium BC.

The earliest indications for grape cultivation appear in the 4™ millennium BC in Southwest
Asia. While earlier finds seem to focus around the northern Fertile Crescent and Iran, in the
Southern Levant grape suddenly starts to appear in the phase 3600-3000 BC and occurs even
in very arid regions where cultivation would have required intensive water management.

In the 4™ millennium BC, increasing olive and grape production is evidence for favorable
ecological and/or socio-economic conditions that boosted and/or followed population growth.
An increased surplus food production may have also promoted social stratification, such as
elite formation and centralization through e.g., trade, especially with Egypt.

The weak correlation between the degree of involvement with olive and rainfall in South-
west Asia suggests most olive production relied on dry farming. However, irrigation was likely
practiced at some major centers, such as for the 3™ millennium BC Tell Mardikh/Ebla. Intensi-
fication there may have been both sponsored and controlled by the palace institution. Olive
cultivation was increasingly pushed to more arid and higher elevation locations in the 4™ and
3" millennium BC, making the socio-economic system vulnerable to aridity and colder
conditions.

The degree of involvement with grape cultivation in Southwest Asia appears to have not
been correlated with rainfall, suggesting a more regular application of irrigation or cultivation
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in river valleys. Besides likely having been more regularly irrigated compared to olive, grape
received less pruning, perhaps sometimes because of the cultivation of “wedded grape”.

A decline in olive and grape production and consumption starting shortly after 2800 BC,
reaching minimum values ca. 2200 BC, was followed by a population density decrease begin-
ning around 2600/2500 BC which, while first stagnating, then abruptly dropped shortly after
2200BC. While the causality is difficult to unravel since the archaeobotanical datasets maintain
lower chronological precision than the population density dataset, the correlation suggests a
complex interrelationship of diverse processes in which climate played a role through
increased aridity. Such aridity, with a peak around 2200 BC and a longer phase of cooling,
likely first affected crop yields and with food limitations followed population decrease, which
then decreased labour input for fruit tree cultivation, in turn impacting trade and elites. From
2000 BC/1500 BC onwards, high production sites of olive and grape accumulate closer to the
coastal zone at elevations between 0-200 m and are associated with the intensified maritime
trade of olive oil and wine, which is archaeologically documented for much of the second mil-
lennium BC. Levantine palace institutions, such as at Burak and Mishrifeh/Qatna, further
appear to have been involved with fruit tree cultivation.

By 1200 BC another period of settlement disruptions occurs, but this time, the Levantine
population appears to have increased, possibly because of immigration driven by aridity,
which is sometimes argued as a contributing factor to the observed changes. There is evidence
for destruction of vineyards in the Northern Levant during this crisis. After the turmoil of
1200-900 BC, olive and grape did not regain its important status in the Northern Levant as dif-
ferent modes of subsistence, such as pastoralism, were adopted in regions where there was pre-
viously greater emphasis on olive and grape cultivation. In the phase 1200-900 BC in the
Southern Levant, the importance of grape begins to increase, with olive regaining some
importance.

By the 9™ and 8™ centuries BC respectively, much of the Levant was incorporated into the
Neo-Assyrian empire. A strong decrease in population density can then be observed in the
Levant, probably related to population deportations to other regions. While olive oil exploita-
tion does not seem to have been the major direct interest of Neo-Assyrian rulers, in the Phoe-
nician region including the Southern Levant specialization in olive and grape cultivation peaks
in this phase and was likely largely oriented towards maritime trade. The Neo-Assyrians
appear to have had a stronger direct interest in wine, as indicated in texts, depictions, and the
expansion of settlements with grape evidence to the East, possibly related with expanded trade
and contacts. A strong focus on grape cultivation is also visible in the Northern Levant.

While during much of the period under consideration cultivation of olive and grape was
the focus of the Levant, related to ideal environmental conditions for olive and grape growth,
periodic eastward expansions might signal the fruits’ perceived importance and demonstrate
the cultural integration of Southwest Asia.

Our research demonstrates the importance of olive and grape cultivation over the course of
civilization of Southwest Asia. However, the history of olive and grape cultivation was also
shaped by climatic conditions to variable degree. The close match between trends of popula-
tion density and olive and grape evidence until 1300 BC for the Levant underlines that these
fruits were essential to the population and played a central role in the economic prosperity of
the region through trade networks. Trade, at the same time, contributed to and resulted from
greater cultural integration of the region, enabling regional specialization in olive and grape
production in the Southern Levant, which ultimately culminates in the period 900-600 BC
related to the expansion of trade networks associated with the Neo-Assyrian territorial empire.
Our study shows how olive and grape sustained and changed societies, from enabling
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economic prosperity, nurturing cultural integration, and instigating specialization, all of
which would go on to define human civilization in Southwest Asia.
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S1 Table. Data for all the archaeobotanically represented sites, their location, elevation,
chronology, present day rainfall as well as reconstructed rainfall as in (50) and their refer-
ences. Percentages of olive/grape seeds among the crops and ubiquities among the samples, as
well as charcoal percentages and total number of charcoals are given for each site.

(DOCX)

Author Contributions

Conceptualization: Katleen Deckers.

Data curation: Katleen Deckers, Simone Riehl, Joseph Meadows, Valentina Tumolo.
Formal analysis: Katleen Deckers, Simone Riehl.

Funding acquisition: Dan Lawrence.

Investigation: Katleen Deckers, Simone Riehl.

Methodology: Katleen Deckers, Simone Riehl.

Project administration: Dan Lawrence.

Supervision: Dan Lawrence.

Validation: Katleen Deckers, Simone Riehl, Valentina Tumolo.
Visualization: Katleen Deckers, Joseph Meadows, Israel Hinojosa-Balifio.
Writing - original draft: Katleen Deckers.

Writing - review & editing: Katleen Deckers, Simone Riehl, Joseph Meadows, Valentina
Tumolo, Israel Hinojosa-Balifio, Dan Lawrence.

References

1. Renfrew R. The emergence of civilization: The Cyclades and the Aegean in the third millennium B.C.
London: Methuen and Co. Ltd; 1972.

2. Laneri N. The impact of wine production in the social transformation of northern Mesopotamian socie-
ties during the third and second Millennia BCE. Die Welt des Orients. 48(2):225-37.

3. GenzH. Cash crop production and storage in the Early Bronze Age southern Levant. Journal of Medi-
terranean Archaeology. 2003; 16(1):59-78.

4. Heltzer M. Vineyards and wine in Ugarit (Property and distribution). Ugarit-Forschungen. 1990;
22:119-35.

5. Heltzer M. Olive growing and olive oil in Ugarit. In: Eitam D, Heltzer M, editors. Olive oil in Antiquity,
Israel and neighbouring countries from the Neolithic to the early Arab period. Padova: Sargon; 1996.
p. 77-90.

6. MatoianV, Vita J-P. The administration of wine in Ugarit. Die Welt des Orients. 2018; 48(2):299-318.

7. Morgan K, Richardson S. Wine from Mamma: alluharum-pots in 17th century BC trade networks. Irag.
2020; 82:179-205.

8. Besnard G, Khadari B, Navascu’es M, Fernandez-Mazuecos M, El Bakkali A, Arrigo N, et al. The com-
plex history of the olive tree: from Late Quaternary diversification of the Mediterranean lineages to pri-
mary domestication in the northern Levant. Proceedings of the Royal Society B. 2013(280):20122833.

9. Julcal, Marcet-Houben M, Cruz F, al. e. Genomic evidence for recurrent genetic admixture during the
domestication of Mediterranean olive trees (Olea europaea L.). BMC Biol. 2020; 18:148. https://doi.
org/10.1186/s12915-020-00881-6 PMID: 33100219

PLOS ONE | https://doi.org/10.1371/journal.pone.0303578  June 20, 2024 28/33


http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0303578.s001
https://doi.org/10.1186/s12915-020-00881-6
https://doi.org/10.1186/s12915-020-00881-6
http://www.ncbi.nlm.nih.gov/pubmed/33100219
https://doi.org/10.1371/journal.pone.0303578

PLOS ONE

A history of olive and grape cultivation in Southwest Asia

10.

1.

12

13.

14.

15.

16.

17.

18.

19.

20.

21.

22,

23.

24,

25.

26.

27.

28.

29.

30.

31.

32.

33.

Langgut D, Cheddadi R, Carrion JS, Cavanagh M, Colombaroli D, Eastwood WJ, et al. The origin and
spread of olive cultivation in the Mediterranean Basin: The fossil pollen evidence. The Holocene. 2019;
29(5):902-22.

Terral J-F, Bonhomme V, Pagnoux C, Ivorra S, Newton C, Paradis L, et al. Shape diversity of olive
stone, resulting from domestication and diversification, unveils traits of the oldest known, 6500-years-
old table olives from Hishuley Carmel site (Israel). Agronomy. 2021; 11:2187.

Deckers K, Riehl S, Tumolo V, Genz H, Lawrence D. Intensive olive production at two Early Bronze
Age Levantine sites. Journal of Archaeological Science: Reports. 2021; 26:102841.

Newton C, Lorre C, Sauvage C, Ivorra S, Terral J-F. On the origins and spread of Olea europaea L.
(olive) domestication: Evidence for shape variation of olive stones at Ugarit, Late Bronze Age, Syria—a
window on the Mediterranean Basin and on the westward diffusion of olive varieties. Vegetation His-
tory and Archaeobotany. 2014; 23:567-75.

DongY, al. e. Dual domestication and origin of traits in grapevine evolution. Science. 2023; 379:892—
901.

Zohary D, Spiegel-Roy P. The beginnings of fruits growing in the Old World. Science. 1975; 187:319—
27.

Valera J, Matilla-Seiquer G, Obon C, Alcaraz F D R. Grapevine in the ancient Upper Euphrates: horti-
cultural implications of a Bayesian morphometric study of archaeological seeds. Horticulturae. 2023; 9
(7):803.

Archi A. Trade and administrative practice: The case of Ebla. Altorientalische Forschungen 1993; 20
(1):43-58.

Katz H. The ship from Uluburun and the ship from Tyre: An international network in the ancient Near
East. Zeitschrift des Deutschen Palastina-Vereins. 2008; 134(2):128—42.

Van de Mieroop M. A history of the ancient Near East ca. ca. 3000 323 BC. Chichester: Blackwell
Publishing; 2016.

Faust A. The interests of the Assyrian Empire in the West: Olive oil production as a test-case. Journal
of the Economic and Social History of the Orient. 2011; 54:62—-86.

Finkelstein |, Gadot Y, Langgut D. The unique specialised economy of Judah under Assyrian rule and
its impact on the material culture of the kingdom. Palestine Exploration Quaterly. 2022; 154(4):261-79.

Cline EH. 1177 B.C.: The year civilization collapsed. Revised and updated. Princeton: Princeton Uni-
versity Press; 2021.

Kaniewski D, Guiot J, Van Campo E. Drought and societal collapse 3200 years ago in the Eastern
Mediterranean: A review. WIREs Climate Change. 2015; 6(4):369-82.

Kaniewski D, Marriner N, Morhange C, Khater C, Terral J-F, Besnard G, et al. Climate change threat-
ens olive oil production in the Levant. Nature Plants 2023; 9(2):219-27. https://doi.org/10.1038/
s41477-022-01339-z PMID: 36702932

Langgut D, Adams MJ, Finkelstein I. Climate, settlement patterns and olive horticulture in the southern
Levant during the Early Bronze and Intermediate Bronze Ages (c. 3600—1950 BC). Levant. 2016.

Neumann FH, Kagan EK, Leroy SAG, Baruch U. Vegetation history and climate fluctuations on a tran-
sect along the Dead Sea west shore and their impact on past societies over the last 3500 years. Jour-
nal of Arid Environments. 2010; 74:756—64.

Sorrel P, Mathis M. Mid- to late-Holocene coastal vegetation patterns in Northern Levant (Tell Sukas,
Syria): Olive tree cultivation history and climate change. The Holocene. 2016; 26(6):858—73.

Ur J. Cycles of Civilization in Northern Mesopotamia, 4400—-2000 BC. Journal of Archaeological
Research 2010; 18:387-431.

Wilkinson TJ, Philip G, Bradbury J, Dunford R, Donaghue D, Galiatsatos N, et al. Contextualizing early
urbanization: Settlement cores, early states and agro-pastoral strategies in the Fertile Crescent during
the fourth and third Millennia BC. Journal of World Prehistory. 2014; 27:43—109.

Lawrence D, Palmisano A, de Gruchy MW. Collapse and continuity: A multi-proxy reconstruction of
settlement organization and population trajectories in the Northern Fertile Crescent during the 4.2kya
Rapid Climate Change event. PLoS ONE. 2021; 16(1):e0244871. https://doi.org/10.1371/journal.
pone.0244871 PMID: 33428648

Archi A. The early state of Ebla and the organization of the rural territory. Altorientalische Forschun-
gen. 1992; 19:24-8.

Chesson MS, Philip G. Tales of the cities? ‘Urbanism’ in the Early Bronze Age Levant from Mediterra-
nean and Levantine perspective. Journal of Mediterranean Archaeology. 2003; 16(1):3—16.

Philip G. The Early Bronze Age of the southern Levant. A landscape approach. Journal of Mediterra-
nean Archaeology. 2003; 16(1):103-32.

PLOS ONE | https://doi.org/10.1371/journal.pone.0303578  June 20, 2024 29/33


https://doi.org/10.1038/s41477-022-01339-z
https://doi.org/10.1038/s41477-022-01339-z
http://www.ncbi.nlm.nih.gov/pubmed/36702932
https://doi.org/10.1371/journal.pone.0244871
https://doi.org/10.1371/journal.pone.0244871
http://www.ncbi.nlm.nih.gov/pubmed/33428648
https://doi.org/10.1371/journal.pone.0303578

PLOS ONE

A history of olive and grape cultivation in Southwest Asia

34.

35.

36.

37.

38.

39.

40.

41.

42,

43.

44.

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

Chesson MS. Reconceptualizing the Early Bronze Age Southern Levant without cities: local histories
and walled communities of EB II-1ll societies. Journal of Mediterranean Archaeology. 2015; 28(1):51—
79.

Staubwasser M, Weiss H. Holocene climate and cultural evolution in late prehistoric—early historic
West Asia. Quaternary Research. 2006; 66(3):372—-87.

Weiss H, Courty M-A, Wetterstrom W, Guichard F, Senior L, Meadow R, et al. The genesis and col-
lapse of third millennium North Mesopotamian civilization. Science 1993; 261:995—-1004. https://doi.
org/10.1126/science.261.5124.995 PMID: 17739617

Palmisano A, Lawrence D, de Gruchy MW, Bevan A, Shennan S. Holocene regional population
dynamics and climatic trends in the Near East: A first comparison using archaeo-demographic proxies.
Quaternary Science Reviews. 2021; 252:106739.

Porter BW. Assembling the Iron Age Levant: The archaeology of communities, polities, and imperial
peripheries. Journal of Archaeological Research. 2016; 24:373—420.

Diiring BS. The Assyrian threshold: explaining imperial consolidation in the Early Assyrian empire. In:
Boozer AL, Durring BS, Parker BK, editors. Archaeologies of empire Local participants and imperial tra-
jectories. Albuquerque: University of New Mexico Press; 2020. p. 145-65.

Sinha A, Kathayat G, Weiss H, Li H, Cheng H, Reuter J, et al. Role of climate in the rise and fall of the
Neo-Assyrian Empire. Science Advances. 2019; 5(11):eaax6656. https://doi.org/10.1126/sciadv.
aax6656 PMID: 31763452

ADEMNES: The GRF (German Research Foundation) and University of Tlibingen funded Archaeobo-
tanical Database of Eastern Mediterranean and Near Eastern Sites [Internet]. [cited September 14
2023]. www.ademnes.de.

Théry-Parisot |, Chabal L, Chrzavzez J. Anthracology and taphonomy, from wood gathering to char-
coal analysis. A review of the taphonomic processes modifying charcoal assemblages in archaeolog-
ical contexts. Palaeogeography, Palaeoclimatology, Palaeoecology 2010; 291:142-53.

Kabukcu C, Chabal L. Sampling and quantitative analysis methods in anthracology from archaeolog-
ical contexts: achievements and prospects. Quaternary International. 2021:593—4.

Ozkan EB. Agricultural waste products as filter media and as cover materials in biofilters for Mediterra-
nean countries. Fellbach 2006.

Langgut D, Garfinkel Y. 7000-year-old evidence of fruit tree cultivation in the Jordan Valley, Israel. Sci-
entific Reports. 2022; 12:7463. https://doi.org/10.1038/s41598-022-10743-6 PMID: 35523827

Zohary D, Hopf M. Domestication of plants in the Old World. Oxford: Oxford University; 2000.

Naginezhad A, Ramezani E, Djamali M, Schnitzler A, Arnold C. Wild grapevine (Vitis vinifera subsp.
sylvestris) in the Hyrcanian relict forests of northern Iran: an overview of current taxonomy, ecology
and palaeorecords. Journal of Forestry Research. 2018; 29:1757—-68.

Drori E, Rahimi O, Marrano A, Henig Y, Brauner H, Salmon-Divon M, et al. Collection and characteriza-
tion of grapevine genetic resources (Vitis vinifera) in the Holy Land, towards the renewal of ancient wine-
making practices. Scientific Reports. 2017; 7:44463. https://doi.org/10.1038/srep44463 PMID: 28303928

Rahimi O, Ohana-Levi N, Brauner H, Inbar N, Hiibner S, Drori E. Demographic and ecogeographic fac-
tors limit wild grapevine spread at the southern edge of its distribution range. Ecology and Evolution.
2021; 11(11):6657—71. https://doi.org/10.1002/ece3.7519 PMID: 34141248

Hewett Z, de Gruchy M, Hill D, Lawrence D. Raincheck: A new diachronic series of rainfall maps for
Southwest Asia over the Holocene. Levant. 2022; 54(1):5-28.

rcarbon v1.5.0: Calibration and Analysis of Radiocarbon Dates [Internet]. [cited September 14 2023].
https://CRAN.R-project.org/package=rcarbon.

Palmisano A, Bevan A, Lawrence D, Shennan S. The NERD dataset: Near East radiocarbon dates
between 15,000 and 1,500 cal.yr. BP. Journal of Open Archaeology Data. 2022; 10(2):1-9.

N Bravo D, Araljo MB, Lasanta T, L Moreno JI. Climate change in Mediterranean Mountains during
the 21st Century. Ambio. 2008; 37(4):280-5. https://doi.org/10.1579/0044-7447(2008)37[280:
ccimmd]2.0.co;2 PMID: 18686507

Baneh HD, Arslanpour M. Cold tolerance of some Iranian wild grape (V. vinifera ssp. sylvestris) geno-
types. The Indian Journal of Agricultural Sciences. 2020; 90(2):292—6.

Fraga H M M. Leolini L. Santos J. A. Mediterranean olive orchards under climate change: A review of
future impacts and adaptation strategies. Agronomy. 2011; 11:56.

Mashkour M, Tenberg M, Shirazi Z, Madjidzadeh Y. Bio-archaeological studies at Konar Sandal, Halil
Rud basin, southeastern Iran. Journal of Environmental Archaeology. 2013; 18(3):222—46.

Neumann F, Schélzel C, Litt T, Hense A, Stein M. Holocene vegetation and climate history of the north-
ern Golan heights (Near East). Vegetation History and Archaeobotany. 2007; 16:329—46.

PLOS ONE | https://doi.org/10.1371/journal.pone.0303578  June 20, 2024 30/33


https://doi.org/10.1126/science.261.5124.995
https://doi.org/10.1126/science.261.5124.995
http://www.ncbi.nlm.nih.gov/pubmed/17739617
https://doi.org/10.1126/sciadv.aax6656
https://doi.org/10.1126/sciadv.aax6656
http://www.ncbi.nlm.nih.gov/pubmed/31763452
http://www.ademnes.de
https://doi.org/10.1038/s41598-022-10743-6
http://www.ncbi.nlm.nih.gov/pubmed/35523827
https://doi.org/10.1038/srep44463
http://www.ncbi.nlm.nih.gov/pubmed/28303928
https://doi.org/10.1002/ece3.7519
http://www.ncbi.nlm.nih.gov/pubmed/34141248
https://CRAN.R-project.org/package=rcarbon
https://doi.org/10.1579/0044-7447%282008%2937%5B280%3Accimmd%5D2.0.co%3B2
https://doi.org/10.1579/0044-7447%282008%2937%5B280%3Accimmd%5D2.0.co%3B2
http://www.ncbi.nlm.nih.gov/pubmed/18686507
https://doi.org/10.1371/journal.pone.0303578

PLOS ONE

A history of olive and grape cultivation in Southwest Asia

58.

59.

60.
61.
62.

63.

64.
65.

66.

67.

68.

69.

70.

71.

72.

73.

74.

75.

76.

77.

78.

79.

Nicoli M, Riehl S, Webster L, Streit K, Héflmayer F. Agricultural resources in the Bronze Age city of Tel
Lachish. Vegetation History and Archaeobotany. 2022; 31:559-77.

Deckers K. Die Auswertung der Holzkohlenproben aus Raum DK. In: In Wissing A. GE, Lange-Weber
S., editor. Der Kénigspalast von Qatna Teil 3: Architektur, Stratigraphie, Funde und Keramik der westli-
chen, nérdlichen und 6stlich-zentralen Raumeinheiten Die Nutzungsphasen G 8 bis G5/6. 11.3. Wies-
baden: Harrassowitz; in press. p. 101-23.

Vavilov NI. Centers of origin of cultivated plants. Cambridge: Cambridge University Press; 1992.
Willcox G. Unpublished dataset [Internet]. [cited 2023 Sept 27]. http://perso.wanadoo.fr/g.willcox/

Kepenski C. New evidence from Grai Resh, northern Irag- the 2001 and 2002 seasons. A Pre-Uruk
expansion site from the Late Chalcolithic period. Zeitschrift fir Orient-Archéaologie. 2011; 4:47-85.

White C, Miller N. The archaeobotany of grape and wine in Hittite Anatolia. Die Welt des Orients. 2018;
48:209-24.

McGovern PE, Glusker DL, Exner LJ, Voigt MM. Neolithic resinated wine. Nature. 1996 381:480-1.

White CE, Chesson MS, Schaub RT. A recipe for disaster: emerging urbanism and unsustainable
plant economies at Early Bronze Age Ras an-Numayra, Jordan. Antiquity. 2014; 88:363-77.

Bouby L, Wales N, Jalabadze M, Rusishvili N, Bonhomme V, Ramos-Madrigal J, et al. Tracking the
history of grapevine cultivation in Georgia by combining geometric morphometrics and ancient DNA.
Vegetation History and Archaeobotany 2021; 30(1):280-5.

Grassi F, De Lorenzis G. Back to the origins: Background and perspectives of grapevine domestica-
tion. International Journal of Molecular Sciences. 2021; 22:4518. https://doi.org/10.3390/
ijms22094518 PMID: 33926017

Myles S, Boyko AR, Owens CL, Brown PJ, Grassi F, Aradhya MK, et al. Genetic structure and domes-
tication history of the grape. Proc Natl Acad Sci USA. 2011; 108:3530-5. https://doi.org/10.1073/pnas.
1009363108 PMID: 21245334

Besnard G, Terral JF, Cornille A. On the origins and domestication of the olive: A review and per-
spectives. Annals of Botany. 2018; 121(3):385-403. https://doi.org/10.1093/aob/mcx145 PMID:
29293871

Deckers K, Riehl S, Jenkins E, Rosen A, Dodonov A, Simakova AN, et al. Vegetation development
and human occupation in the Damascus region of southwestern Syria from the Late Pleistocene to
Holocene. Vegetation History and Archaeobotany. 2009; 18:329-40.

Djamali M, Jones MD, Migliore J, Balatti S, Fader M, Contreras D, et al. Olive cultivation in the heart of
the Persian Achaemenid Empire: new insights into agricultural practices and environmental changes
reflected in a late Holocene pollen record from Lake Parishan, SW Iran. Vegetation History and
Archaeobotany. 2016; 25:255-69.

Costa JM, Vaz M, Escalona J, Egipto R, Lopes C, Medrano H, et al. Modern viticulture in southern
Europe: Vulnerabilities and strategies for adaptation to water scarcity. Agricultural Water Manage-
ment. 2016; 164:5-18.

Riehl S. Climate and agriculture in the ancient Near East: a synthesis of the archaeobotanical and sta-
ble carbon isotope evidence. Vegetation History and Archaeobotany. 2008; 17:43-51.

Riehl S, Pustovoytov K, Dornauer A, Sallaberger W. Mid-to-Late Holocene agricultural system trans-
formations in the Northern Fertile Crescent: A review of the archaeobotanical, geoarchaeological, and
philological evidence. Climates, Landscapes, and Civilizations Geophysical Monograph Series. 2012;
198:115-36.

Trichopoulou A. Olive oil, Greek Mediterranean diet heritage and honoring the past to secure our
future: Priorities for research and education. Front Nutr. 2022; 9:1058402. https://doi.org/10.3389/fnut.
2022.1058402 PMID: 36505242

Badreshany K, Sowada K, Ownby M, Jean M, De Vreeze M, McClymont A, et al. The characterization
of ceramic production from the central Levant and Egyptian trade in the Pyramid Age. Journal of
Archaeological Science: Reports 2022; 41:103309.

Sala M. Reconsidering Egyptian-South Levantine interaction: Evidence from Early Bronze Age Il con-
texts at Tell es-Sultan and Tell el-Farah North. Journal of Ancient Egyptian Interconnections. 2023;
37:263-80.

Gates M-H. Chapter eighteen: Early Iron Age newcomers at Kinet Hoy(ik, Eastern Cilicia. In: Killebrew
A, E., Lehmann G, editors. The Philistines and other “sea peoples” in text and archaeology. Atlanta:
Society of Biblical Literature; 2013. p. 485-508.

Lodilini EM, Alfei B, Santinelli A, Cioccolanti T, Polveriginai S, Neri D. Frost tolerance of 24 olive culti-
vars and subsequent vegetative re-sprouting as indication of recovery ability. Scientia Horticulturae.
2016;211:152—7.

PLOS ONE | https://doi.org/10.1371/journal.pone.0303578  June 20, 2024 31/33


http://perso.wanadoo.fr/g.willcox/
https://doi.org/10.3390/ijms22094518
https://doi.org/10.3390/ijms22094518
http://www.ncbi.nlm.nih.gov/pubmed/33926017
https://doi.org/10.1073/pnas.1009363108
https://doi.org/10.1073/pnas.1009363108
http://www.ncbi.nlm.nih.gov/pubmed/21245334
https://doi.org/10.1093/aob/mcx145
http://www.ncbi.nlm.nih.gov/pubmed/29293871
https://doi.org/10.3389/fnut.2022.1058402
https://doi.org/10.3389/fnut.2022.1058402
http://www.ncbi.nlm.nih.gov/pubmed/36505242
https://doi.org/10.1371/journal.pone.0303578

PLOS ONE

A history of olive and grape cultivation in Southwest Asia

80.

81.

82,

83.

84.

85.
86.

87.

88.

89.

90.
91.
92,

93.

94.

95.

96.

97.

98.

99.

100.

101.

102.

103.

Herveux L. Etude archéobotanique préliminaire de tell al-Rawda, site de la fin du Bronze ancien en
Syrie intérieure. Akkadica. 2004; 1:79-91.

Moulin B, Barge O. Hydrological modeling and management of water resources in the Syrian steppe
during the Early Bronze Age, the case of the fortified city of Al-Rawda [https://hal.science/hal-
01839359/file/moulin.pdf.

Cremaschi M. Qatna’s lake: a geoarchaeological study of the Bronze Age capital. In: Morandi Bona-
cossi D, editor. Urban and natural landscapes of an ancient Syrian capital; Settlement and environ-
ment at Tell Mishrefeh/Qatna and in Central-Western Syria. Udine: Forum; 2007. p. 93—-104.

Riehl S, Bryson R, Pustovoytov K. Changing growing conditions for crops during the Near Eastern
Bronze Age (3000—1200 BC): The stable isotope evidence. Journal of Archaeological Science:
Reports. 2008; 35:1011-22.

Hopf M. Plant remains, Strata V-I. Early Arad: The Chalcolithic settlement and Early Bronze city. In:
Amiran R, editor. Early Arad | The Chalcolithic settlement and Early Bronze city. Jerusalem: Israel
Exploration Society; 1978. p. 64-82.

van Zeist W, Heeres JAH. Paleobotanical studies of Deir'Alla, Jordan. Paléorient. 1973; 1:21-37.

Kaptijn E. Settling the steppe. Iron Age irrigation around Tell Deir'Alla, Jordan Valley. In: Cérdoba J
MM, Pérez C, Rubio I, Martinez S, editor. Proceedings of the 5th International Congress on the
Archaeology of the Ancient Near East. Madrid: Centro Superior de Estudios sobre el Oriente Préximo
y Egyipto; 2008. p. 265-83.

Corti C. The knowledge of viticulture in Hittite Anatolia: An interdisciplinary approach. Die Welt des Ori-
ents. 2018; 48:287-98.

Rodrigues MA, Lopes JI, Ferreira 1Q, Arrobas M. Olive tree response to the severity of pruning. Turkish
Journal of Agriculture and Forestry. 2018; 42:103—13.

Albenda P. Grapevines in Ashurbanipal’s garden. Bulletin of the American Schools of Oriental
Research. 1974; 215:5-17.

Dalman G. Arbeit und Sitte in Palastina. 4. Brot, Ol und Wein. Gtersloh: C. Bertelsmann; 1935.
Borowski O. Agriculture in Iron Age Israel. Boston: American Schools of Oriental Research; 2002.

Lalevic B, Sivcev B, Raicevic V, Rankovic Vasic Z, Petrovic N, Milinkovic M. Environmental impact of
viticulture: Biofertilizer influence on pruning and wine waste. Bulgarian Journal of Agricultural Science.
2013; 19(5):1027-32.

Miebach AP M. J., Resag TR, Netzel T, Colombaroli D, Litt T. Changing fire regimes during the first
olive cultivation in the Mediterranean Basin: New high-resolution evidence from the Sea of Galilee,
Israel. Global and Planetary Change. 2022; 210:103774.

Gibson S, Lewis RY. The origins of terracing in the southern Levant and patch cultivation/box fields.
Journal of Landscape Ecology. 2017; 10(3):256—65.

de Miroschediji P. Rise and collapse in the southern Levant in the Early Bronze Age. Scienze dell’Anti-
chita. 2009; 15:109-48.

Sowada K. Egypt in the Eastern Mediterranean during the Old Kingdom. An archaeological perspec-
tive. Fribourg: Academic Press Fribourg; 2009.

Sowada K. Perspectives on Egypt in the southern levant in light of the High Early Bronze Age chronol-
ogy. In: S R, editor. New Horizons in the Study of the Early Bronze Ill and Early Bronze IV in the
Levant. Pennsylvania: Eisenbrauns; 2020. p. 149-68.

Sowada K, Ownby M, Wodzinska A. The petrography of imported Levantine combed vessels from
early Old Kingdom Giza. Levant. 2020; 52(1-2):197-214.

Iserlis M, Steiniger D, Greenberg R. Contact between first dynasty Egypt and specific sites in the
Levant: New evidence from ceramic analysis. Journal of Archaeological Science: Reports. 24:1023—
40.

Tumolo V, Badreshany K. The "Combed Ware" storage and transport vessels from Khirbet ez-Zera-
gon: A reappraisal of the EB II-1ll evidence in light of recent studies. Journal of Ancient Egyptian Inter-
connections. 2023; 37:301-24.

Peyronel L, Vacca A, Wachter-Sarkady C. Food and drink preparation at Ebla, Syria. New data from
the Royal Palace G (c. 24502300 BC). Food and History. Revue de I'Institut Européen d’Histoire de
I’Alimentation. 2014:3-38.

Sabatini S. Olive oil in southern Levant: Rise and fall of an economy in the Early Bronze Age. In: E G,
editor. Conceptualizing urban experiences Tell es-Sultan and Tall al-Hammam Early Bronze cities
across the Jordan. 13. Rome: Sapienza University of Rome; 2019. p. 247-63.

Greco A. Elusive quantities in the agricultural landscape of Ebla. The case of the gardens. In: M B, edi-
tor. Proceedings of the international workshop “Of numbers and magnitudes Measure and value in

PLOS ONE | https://doi.org/10.1371/journal.pone.0303578  June 20, 2024 32/33


https://hal.science/hal-01839359/file/moulin.pdf
https://hal.science/hal-01839359/file/moulin.pdf
https://doi.org/10.1371/journal.pone.0303578

PLOS ONE

A history of olive and grape cultivation in Southwest Asia

104.

105.

106.

107.

108.

109.

110.

111.

112,

113.
114.

115.

116.

pre-Sargonic Ebla” (PRIN 2017 Big-DEA), Rome, 31 March — 1 April 2022. XII. Rome: Quasar; in
press.

Monroe CM. All the King’s wine? Late Bronze Age vineyards in texts from Emar and Ugarit. In: Man-
ning SW, editor. 16. Sheffield/Bristol: Equinox. p. 217-23.

Vegetable oils and animal fats in early urban Societies of Syro-Mesopotamia: Digital data collection.
2020-2023. In: Sallaberger W, editor. 2023.

Cline EH. Trade and exchange in the Levant. In: S R, editor. Near Eastern Archaeology A Reader.
360-366. Winona Lake: Eisenbrauns; 2003.

Rageot M, Métsch A, Schorer B, Gutekunst A, Patrizi G, Zerrer M, et al. The dynamics of Early Celtic
consumption practices: A case study of the pottery from the Heuneburg. PLoS ONE 2019; 14(10):
€0222991. https://doi.org/10.1371/journal.pone.0222991 PMID: 31644536

Haldane C. Direct evidence for organic cargoes in the Late Bronze Age. World Archaeology. 1993; 24
(3):348-60.

Knapp AB, Meyer N. Merchants and mercantile society on Late Bronze Age Cyprus. American Journal
of Archaeology 2023; 127(3):309-38.

Galili E, Langgut D, Terral JF, Barazani O, Dag A, Horwitz LK, et al. Early production of table olives at
a mid-7th millennium BP submerged site off the Carmel coast (Israel). Scientific Reports. 2021;
11:2218. https://doi.org/10.1038/s41598-020-80772-6 PMID: 33500447

Deckers K, Polisca F, Riehl S, de Gruchy M, Lawrence D. Impact of anthropogenic activities on wood-
land in northern Syria (4th—2nd Mill. BC): Evidence from charcoal assemblages and oak measure-
ments, Environmental Archaeology. Environmental Archaeology. 2021.

Potts DT. The archaeology of Elam. Formation and transformation of an ancient Iranian state. Cam-
bridge: Cambridge University Press; 2004.

Radner K. Mass deportation: the Assyrian resettlement policy, Assyrian empire builders 2012.

Wilkinson TJ, Rayne L. Hydraulic landscapes and imperial power in the Near East. Water History
2010; 2:115-44.

Gokmen G, Vermeulen WN, Vézina PL. The imperial roots of global trade. Journal of Economic
Growth. 2020; 25:87-145.

Marom N, Herrmann V. Incorporation into the Neo-Assyrian empire from the perspective of the faunal
remains from Zincirli Hoy k. Journal of Eastern Mediterranean Archaeology and Heritage Studies.
2014; 2(4):298-316.

PLOS ONE | https://doi.org/10.1371/journal.pone.0303578  June 20, 2024 33/33


https://doi.org/10.1371/journal.pone.0222991
http://www.ncbi.nlm.nih.gov/pubmed/31644536
https://doi.org/10.1038/s41598-020-80772-6
http://www.ncbi.nlm.nih.gov/pubmed/33500447
https://doi.org/10.1371/journal.pone.0303578

