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Abstract
Weeds are currently present in a wide range of ecosystems worldwide. Although the begin-

ning of their evolution is largely unknown, researchers assumed that they developed in tan-

dem with cultivation since the appearance of agricultural habitats some 12,000 years ago.

These rapidly-evolving plants invaded the human disturbed areas and thrived in the new

habitat. Here we present unprecedented new findings of the presence of “proto-weeds” and

small-scale trial cultivation in Ohalo II, a 23,000-year-old hunter-gatherers' sedentary camp

on the shore of the Sea of Galilee, Israel. We examined the plant remains retrieved from the

site (ca. 150,000 specimens), placing particular emphasis on the search for evidence of

plant cultivation by Ohalo II people and the presence of weed species. The archaeobotani-

cally-rich plant assemblage demonstrates extensive human gathering of over 140 plant

species and food preparation by grinding wild wheat and barley. Among these, we identified

13 well-known current weeds mixed with numerous seeds of wild emmer, barley, and oat.

This collection provides the earliest evidence of a human-disturbed environment—at least

11 millennia before the onset of agriculture—that provided the conditions for the develop-

ment of "proto-weeds", a prerequisite for weed evolution. Finally, we suggest that their

presence indicates the earliest, small-scale attempt to cultivate wild cereals seen in the

archaeological record.

Introduction
The search for concrete evidence for the first appearance of weeds some 12,000 years ago,
when intentional systematic cultivation was initiated in the Levant, needs to rely on the prehis-
toric archaeobotanical plant assemblages [1–3]. The archaeological record demonstrates that
pre-Neolithic human societies were hunter-gatherers for millennia when a radical development
took place throughout Eurasia at the onset of the Holocene, 11,700/500 cal BP. Over the course
of the next several millennia, foraging societies across the Fertile Crescent began cultivating as
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well as herding, tending goats, sheep, pigs, and cattle [2,4]. Eventually the development of the
initial agricultural system saw the ‘Domestication Syndrome’ of both plants and animals. The
establishment of long-term, agricultural-based permanent villages resulted in a population
increase which later caused human expansions westward and eastward [5].

Research of the Paleolithic period has already demonstrated that humans caused significant
modifications to their immediate environments long before the Neolithic revolution. This pro-
cess that has intrigued scholars since the early 1950’s [6], and is currently referred as ‘niche
construction’ [7–10]. Humans set fire to vegetation, hunted and trapped preferred species of
mammals, birds, reptiles and fish, cut down trees for buildings and producing numerous
objects, and created dump areas in and around their camps. Later, with the onset of successful
intentional cultivation, hunter-gatherers cleared fields near their habitations for planting. The
intensive disturbance of these environments led to the proliferation of synanthropic plants.
These plant species, both annuals and perennials, exhibit functional and adaptive traits that
enable them to withstand the disturbed habitats and increase their biological fitness in natural
plant communities altered by natural or anthropogenic forces [3]. Owing to their rapid water
uptake (particularly in water-limited habitats), high growth rates, dispersal capabilities, and
ability to thrive in areas with altered soil nutrient resources, synanthropic species (later termed
weeds) frequently invade newly formed habitats [11,12]. They were able to rapidly established
extensive populations, especially with the expansion of farming by invading cultivated fields
and causing reduced crop yields.

Although modern agronomists and archaeologists generally refer to weeds as plants present
in field crops, this term needs to be carefully defined as its use is manifold in both research
domains. Here, weeds are defined as plants that disrupt or alter the functioning and composi-
tion of natural ecosystems and human-altered environments. In most cases in the Near East
and Europe, they negatively impact human activities and as such are undesirable. “Proto-
weeds” are defined as the first wild plants that entered and thrived in early human-affected
habitats, which subsequently led to the evolution of weeds [13].

Because weeds thrive in cultivated fields and disturbed soils [14], a significant presence of
weeds in archaeobotanical assemblages retrieved from Neolithic sites and settlements of later
age is widely considered an indicator of systematic cultivation [15–20]. Generally, weeds are
useful ecological markers only if they are identified to the species level. Undoubtedly, in genera
which include several species, each species could have an entirely different ecological signature
and could not serve as a proxy for agricultural activity [21]. The unique anaerobic conditions
that prevailed at Ohalo II enabled the high level of preservation of the samples, allowing the
identification to the species level.

Until now, the geographic origin of some current Southwest Asian weeds was unknown. In
this paper we present archaeobotanical evidence indicating that some of these species were ini-
tially present in human-affected environments as local wild plants during the Terminal Pleisto-
cene. Later, with the establishment of systematic farming, they evolved into weeds or
functioned as weeds without further evolution. We term the first stage of this human-plant
interaction as “the proto-weed stage”.

Materials and Methods
Ohalo II is located on the southwestern shore of the Sea of Galilee (Lake Kinneret), Israel.
The site was inhabited during the Last Glacial Maximum (LGM) at ~23,000 years ago and
then inundated [22]. It was discovered in 1989 when the lake water level dropped drastically fol-
lowing several years of drought and intensive water pumping. The submerged site was excavated
during six seasons from 1989–1991 and 1998–2001 (Excavation permits: 1989: L. 1634; 1990: L.
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1724; 1991: 93/91; 1998: 160/98; 1999: G-61/99; 2000: G-20/2000; 2001: G-73/2001, issued by the
Israel Antiquities Authority), and the uncovered huts were exceptionally well-preserved. The
remains of six brush huts were identified during excavations, in addition to several hearths (Fig
1). Four of the brush huts were fully excavated and two were only sampled. All of the huts had a
bowl-like cross section, with the floor dug below ground level. Four huts were oval in shape,
while two were kidney-shaped.

The plant species used for hut construction were identified in Brush Hut 1; it was built with
thick branches of Tamarix (tamarisk), Salix (willow) and Quercus ithaburensis (Mt. Tabor
oak), covered by smaller branches of other woody species such as Atriplex/Seidlitzia (orach/sei-
dlitzia) and Prosopis (mesquite), as well as by leaves and grasses. In the carefully floated and
hand-picked deposits found in these huts, a particularly rich plant assemblage of ca. 150,000
seeds and fruits was collected. Various studies of this assemblage have already been published
[22–26]. In addition, a wide variety of flint and ground stone tools, faunal remains (fish, mam-
mals, birds, rodents, reptiles, and mollusks), beads, bone, and wood objects were found on the
floors of the huts. One grave of an adult male was found near one of the huts [27–40].

Results and Discussion

The site of Ohalo II and its finds
The outstanding preservation of the various assemblages has been discussed in several publica-
tions that suggest the rise of the lake level occurred immediately after the abandonment of this
camp and sealed it for thousands of years [27,33,41,42]. The plant material was initially pre-
served by charring and the sedimentation of silts sealing them in the low-oxygen conditions
under the lake water, an ideal setting for the preservation of the organic material [24,43].

More than one-third of this rich plant assemblage of seeds and fruits belongs to the grass
family (Poaceae), including wild emmer wheat, wild barley, and wild oat (Triticum dicoccoides,
Hordeum spontaneum, Avena barbata/sterilis). Unequivocal evidence that these grains were
processed for consumption is provided by (i) a grinding slab set on the floor of Brush Hut 1
from which wild cereal starch granules were extracted, and (ii) by the patterned distribution of
these species’ seeds found around the grinding slab [23,24,44].

Fig 1. Location map of Ohalo II and central area of excavation at the site.

doi:10.1371/journal.pone.0131422.g001
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Ohalo II functioned as a year-round settlement, as indicated by the remains of migratory
birds known to visit the region in different seasons, and the timing of ripening of the identified
plant remains [23,38] (S1 Fig). This conclusion is supported by the earliest occurrence of com-
mensal species at the site, such as the house mouse (Mus musculus) and the rat (Rattus rattus)
[33].

The plants and faunal remains demonstrate that Ohalo II inhabitants practiced a broad
spectrum of exploitation of annual plants (Table 1) and birds [45]. Some of the plants are the
progenitors of domesticated crop species such as emmer wheat, barley, pea, lentil, almond, fig,
grape, and olive. Thus, about 11,000 years before what had been generally accepted as the onset
of agriculture, people’s diets relied heavily on the same variety of plants that would eventually
become domesticated.

The proto-weeds
Among the ca. 150,000 identified charred seeds and fruits, 15,726 (10.5%) of these seeds belong
to 13 current weed species (Table 2). Their high frequency reflects their common presence as
proto-weeds within the immediate environment of the site. Almost all of the studied proto-
weed seeds (93.2%) belong to two important species of current weeds in crop fields: corn cleav-
ers (Galium tricornutum), and ten grains of darnel (cf. Lolium temulentum) (S2 Fig). Until
now, the original habitat of these plants was unknown as they are rare outside segetal environ-
ments in the Levant [14]. Ohalo II therefore provides the oldest and clearest known indication
of their origin, as well as the time of their entrance into human-made niches [7–9,46]. Also, it
is possible that we couldn’t identify the darnel grain in 100% (hence the ca.) because these
grains are morphologically closer to its unknown wild-type than the current weed-type. Four
weed species found at the site, Chenopodium album,Malva parviflora, Notobasis syriaca, and
Silybum marianum are common current weeds of the region that are typically found in dis-
turbed areas or dump areas, though some of their parts are edible[14,47–52]. Due to the

Table 1. Main edible annual plant species from Ohalo II.

Family Species Identified seeds (n)

Poaceae (cereals) 9,703

Avena barbata

Avena sterilis

Hordeum spontaneum

Triticum dicoccoides

Poaceae (grasses) 27,994

Aegilops geniculata/peregrina

Bromus pseudobrachystachys

Hordeum marinum/hystrix

Piptatherum holciforme

Piptatherum blancheanum

Puccinellia convoluta

Fabaceae 70

Lathyrus sp.

Lens sp.

Pisum sativum ssp. humile

Vicia palaestina

Total 37,767

doi:10.1371/journal.pone.0131422.t001
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presence of edible plants in this last group, they may have been gathered for consumption in
the wild or from a local dump area where they grew.

The presence of such a wide variety and huge quantity of proto-weeds, particularly Galium
tricornutum, might indicate that these species were growing together with the cereals collected
for consumption (wild barley, wild wheat, and wild oat). Since these cereals and weeds cur-
rently grow within the anthropogenic niche of wild and cultivated fields in the Jordan Valley,
and in light of their common presence in Ohalo II (Table 2), we should consider two alternative
hypotheses. First, that they were collected in the wild, and second, that they grew in trial plots
as the locals engaged in small-scale, elementary cereal cultivation.

In addition, the findings of weeds such as Ch. album,M. parviflora, N. syriaca, and S.maria-
num (Table 2) provide the earliest botanical indication of a disturbed environment in the
Levant as a dump area where nitrophilic proto-weeds proliferated [8]. This altered environ-
ment favored the establishment and growth of these species that flourished in the disturbed
environment of the immediate surroundings of the Ohalo II’s permanent camp.

Here we note that domesticated cereals are usually identified by the type of disarticulation
scars in their rachises; smooth disarticulation scars are considered as the main diagnostic ele-
ment for the identification of the wild forms, while rough disarticulation scars indicate the
domestic form [2]. Presence of>10% domestic-type in a given archaeobotanical assemblage is
regarded as an indication for domestication [53,54]. At Ohalo II, 320 wild barley rachises were
found, of which 36% show domestic-type scars (Fig 3), alongside 148 wild wheat rachises, 25%
of which are domestic-type scars. Importantly, the relative width of the rachises indicate that
most of the domestic-type scars do not derive from the lower part of the ear [54]. Traditionally,
similar finds would be regarded as domesticated. However, we do not claim such status. First,
ears of wild cereals mature gradually, with the upper spikelet ripening and shedding to the
ground [55]. Second, ear ripening in wild stands is so irregular that at any given time only
some of the ears are yellow (fully ripe), while others are green (unripe), or in the intermediate
stage of green-yellow [56] (Fig 2). However, field studies conducted in wild barley populations

Table 2. Proto-weed species fromOhalo II: current weeds in cultivated fields.

Species (organ) Family Identified seeds (n)

Adonis dentata/microcarpaa (seed) Ranunculaceae 120

Fumaria densiflora/parvifloraa (seed) Fumariaceae 46

Fumaria macrocarpa (seed) Fumariaceae 88

Galium tricornutum (fruitlet) Rubiaceae 11,845

Lolium rigidum/multifloruma (grain) Poaceae 7

cf. Lolium temulentum (grain) Poaceae 10

Melilotus indicus (seed) Fabaceae 285

Neslia apiculata (fruitlet) Brassicaceae 132

Edible weeds

Chenopodium album (seed) Chenopodiaceae 613

Malva parviflora (fruitlet) Malvaceae 1,030

Malva parviflora/aegyptiacaa (fruitlet) Malvaceae 1,200

Notobasis syriaca (seed) Asteraceae 24

Silybum marianum (seed) Asteraceae 326

Total weeds 15,726

aThe taxa identified as two closely related species in this table are both weeds. Some of these plants are edible.

doi:10.1371/journal.pone.0131422.t002
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across Israel showed that harvested green or green-yellow ears tend to disarticulate and show
the same wild-type clean scars when allowed to dry, rather than domestic-type rough scars
[54,57]. This high percentage of domestic-type scars in the Ohalo II assemblage is significant,
therefore, to our reconstruction of the site inhabitants’ practices.

Harvesting green-yellow cereal fields at Ohalo II is supported by the study of glossed flint
blades found at the site. Five implements are currently being studied, one of which is presented
here (Fig 4). According to experimental results we conducted on wild cereal stands, it is con-
cluded that the use-wear polish observed on the sharp edges was produced by cutting green-
yellow cereal stems. The characteristics of the microscopic traces resemble those found on
Natufian sickle blades, characterized by a relatively thin band of bright and smooth polish,
indicating a short harvesting action [58–61]. The glossed blade (Fig 4) also bears hafting traces
on the opposite edge, including streaks of polish and rounding of elevated surfaces typical of a
flint implement hafted longitudinally, indicating that such a blade was a part of a composite
tool, perhaps one of several blades in a long handle. Although sickle blades are very rare in pre-
Natufian sites, they provide clear evidence for harvesting techniques using pre-planned com-
posite tools.

In other words, these sickle blades indicate that the Ohalo II people harvested cereals in the
same manner previously known only from the Natufian period, some 10 millennia later.

Conclusions
We suggest that the Ohalo II archaeobotanical remains indicate that the locals practiced small-
scale cultivation, with no evidence for its continuation in the following period. Similar failed

Fig 2. Wild barley (Hordeum spontaneum). (A) Wild barley field in Yakum Park (32° 140 50.28@ N, 34° 500 33@ E. March 18, 2013). It grows here with other
species such asGalium aparine, Chrysanthemum coronarium, Notobasis syriaca, and Anthemis sp. (B) Same field, showing wild barley at three ripening
stages – green, green-yellow and yellow.

doi:10.1371/journal.pone.0131422.g002

Fig 3. Wild-type (left) and domestic-type (right) scars in rachises of wild barley (Hordeum
spontaneum) fromOhalo II.

doi:10.1371/journal.pone.0131422.g003
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trials with new techniques are known from the history of technology but the ideas remain
within the generally same population [62]. There are several lines of evidence supporting this
suggestion: (i) The large numbers of edible grasses, wild wheat, wild barley and wild oat; (ii)
The large numbers of proto-weeds; (iii) The common presence of domestic-type disarticulation
scars, far beyond the normal representation in wild populations, and (iv) The presence of the
earliest sickle blades, indicating planned cereal harvesting. Indeed, it is important to note that
we do not claim a domesticated status for the Ohalo II wheat and barley. We assume that such
trial cultivation could be the reason for the significant representation of domestic-type rachises.
In turn, the domestic-type rachis is probably an indication of some evolutionary change, simi-
lar to the process that took place some ten millennia or so later, when wheat and barley became
fully domesticated. However, these changes likely disappeared after the short Ohalo II cultiva-
tion endeavor, although archaeobotanical data (and sickle blades) are still lacking from the
immediately succeeding sites

It was already suggested [2] that the appearance of non-shattering mutants in cereal crops
was a fast process. Genetic considerations indicate that such a shift could have been accom-
plished in the course of a few dozen generations of selection [63–67]. If so, the Ohalo II assem-
blage containing a high percentage of domestic-type rachises, might be the earliest indication
for fast domestication rate [68].

In conclusion, our findings represent the earliest indications for the presence of proto-
weeds in a site predating the Neolithic plant domestication by some 11,000 years. This study
shows for the first time that proto-weeds grew in the vicinity of human camps and most proba-
bly also in small scale, cultivated plots. Further discoveries of well-preserved archaeobotanical
assemblages from the period between Ohalo II and the first Neolithic sites in the region will
provide the missing evidence of trials and failures in early agriculture.

Fig 4. The sickle blade fromOhalo II. (A) Macrograph of the sickle blade. (B) Micrograph showing the use-wear polish produced by cereal harvesting,
observed along the sharp edge of the blade (original magnification 200x). (C) Micrograph showing hafting wear including streaks of polish associated with
rounding observed along the opposite edge (original magnification 100x).

doi:10.1371/journal.pone.0131422.g004
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Supporting Information
S1 Fig. Seasonal availability of plants and birds found at Ohalo II, based on 68 species of
birds [38]] and 101 species of plants. These two types of food resources compensate for each
other–birds are more available during autumn/winter while plants prevail in spring/summer.
The circled numbers indicate the number of migratory bird species that currently visit the area
only once a year. These were eaten from December to June at Ohalo II, and therefore serve as a
good indicator of season of occupation of the site. These and other faunal remains point to
year–round occupation of Ohalo II.
(DOCX)

S2 Fig. Darnel (Lolium temulentum). (A) Modern darnel and (B) archaeological darnel from
Ohalo II.
(DOCX)
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