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by millennial-scale climatic fluctuations, has significantly 
altered both historical and contemporary patterns of tree 
distribution (Henry et al. 2017; Deckers et al. 2025). Today, 
only a few remnants stand, or isolated trees persist, primarily 

Introduction

The Southern Levant is particularly vulnerable to deserti-
fication and land degradation (Khresat et al. 1998). In this 
region, deforestation and extensive grazing, exacerbated 
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Abstract
The present study reconstructs vegetation change and human–environment interactions from the Transitional Pre-Pottery 
Neolithic A/B (8895–8415 cal bce) to the Early Pre-Pottery Neolithic B (8465–8210 cal bce) at the Kharaysin archaeo-
logical site (Zarqa, Jordan). For the first time at this site, integrated pollen, wood charcoal and phytolith analyses have 
been carried out in combination with a detailed archaeostratigraphic and Bayesian-modelled chronological framework. 
The results obtained suggest the presence of open steppe–forest communities dominated by Quercus ithaburensis-type–
Pistacia near the archaeological site, as well as riparian woodlands used for structural purposes and for firewood. Fur-
thermore, herbaceous communities have been identified, which include grazing-resistant and nitrophilous taxa, as well as 
steppe herb elements, suggesting likely agropastoral impacts. Conversely, the low but continuous presence of Fabaceae 
and Cerealia-type pollen, as evidenced by phytolith data, could indicate their small-scale local exploitation and process-
ing but also their role as part of the herbaceous component of an increasingly open landscape. These findings imply that 
sedentary societies brought about a moderate yet sustained long-term transformation of the plant landscape, favoured by 
a regionally stable climate background.
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in remote mountainous areas or in locations with topo-
graphic conditions that limit human access and land-use.

Recent research has identified the rise in temperature 
and humidity during the Early Holocene (Bar-Matthews et 
al. 2019; Stein et al. 2025) as key drivers in the formation 
of new ecological conditions that may have facilitated the 
emergence of agropastoral societies in the Levant (Borrell 
et al. 2015; Roberts et al. 2018). These environmental shifts 
likely supported the adoption of agriculture and a growing 
reliance on livestock (Ibáñez et al. 2018) and subsequent 
demographic expansion (Palmisano et al. 2019). Never-
theless, the extent to which early Neolithic communities 
actively modified their landscapes remains a subject of 
debate. Practices such as fire management, selective tim-
ber harvesting, deforestation, and early farming practices 
have been proposed as potential agents of anthropogenic 
environmental change (Roberts 2002; Willcox et al. 2009; 
Fuller and Lucas 2025). Some scholars (e.g. Rollefson and 
Köhler-Rollefson 1992; Yasuda et al. 2000; Migowski et al. 
2006) argue that this period marked the onset of long-term 
ecological transformations, leading to significant shifts in 
biodiversity.

Despite the central role of palynology in reconstructing 
the interactions between Neolithic societies and the sur-
rounding vegetation across the Mediterranean realm (e.g. 
Aranbarri et al. 2015; Revelles et al. 2015), case studies in 
the Levant, particularly in the Jordanian Plateau, remain 
scarce. As a result, the composition and spatial distribution 
of vegetation communities, as well as the environmental 
impact and land-use strategies of early societies, are still 
not fully understood. This gap in palaeobiogeographical 
knowledge is largely attributable to the scarcity of continu-
ous sedimentary records and persistent taphonomic biases 
that hinder accurate pollen identification (Rambeau 2010; 
Cordova et al. 2026). In contrast, wood charcoal assem-
blages have provided a foundational understanding of 
regional vegetation dynamics, including evidence for the 
expansion of deciduous oak communities at the onset of 
the Holocene (Asouti and Kabukcu 2014). Notably, a clear 
north–south and west–east gradient in vegetation trajecto-
ries has been identified (Asouti 2025). Wood charcoal data 
from sites such as Tell Qarassa North (Arranz-Otaegui et al. 
2017) and ‘Ain Ghazal (Neef 2004a) document the spread 
of Quercus sp. deciduous, Pistacia sp., and Amygdalus sp. 
open parkland between 8750–7950 and 7200–6500 cal bce, 
respectively. In contrast, eastern and southern regions influ-
enced by drier climatic conditions show local assemblages 
dominated by Juniperus sp., Pistacia sp., Tamarix sp., and/
or Amaranthaceae (e.g. El-Hemmeh, Asouti et al. 2015; 
Basta, Neef 2004b; WF16, Austin 2007; Mithen et al. 2007; 
Asifir, Crassard et al. 2025). Overall, the available data sug-
gest a gradual transition in tree resource exploitation, from 

opportunistic woodland harvesting to more selective, and 
in some cases intensive, timber procurement, driven by an 
increased anthropogenic pressure (Willcox 1999; Asouti and 
Austin 2005; Willcox et al. 2009). This shift may explain 
the long-term persistence of anthropogenically managed 
tree resources, including elements of the Irano-Turanian 
steppe-forest (Asouti and Kabukcu 2014).

In this context, the archaeological site of Kharaysin 
(Zarqa, Jordan) offers valuable insights into the architec-
tural evolution associated with the transition from hunter-
gatherer lifestyles to planned, sustainable housing. These 
developments reflect increasing social complexity and local 
adaptation to regional environmental conditions (Ibáñez et 
al. 2025a). Beyond architecture, Kharaysin has proven to be 
a key site for exploring burial practices and the manipula-
tion of human remains (Iriarte et al. 2020; Santana et al. 
2020, 2022), lithic technology (Borrell et al. 2019; Ibáñez et 
al. 2020; Milić et al. 2025), further providing early evidence 
of crop cultivation and processing (Douché et al. 2025; 
Ibáñez et al. 2025b). Despite these advances, the palaeoen-
vironmental framework of the site remains largely unex-
plored, which offers a unique opportunity to reconstruct 
the vegetation landscape through detailed palynological 
and anthracological analyses. The current research focuses 
on examining human–vegetation interactions during the 
Transitional Pre-Pottery Neolithic A/B (Trans. PPNA/B) 
(8895–8415 cal bce) and the Early Pre-Pottery Neolithic B 
(Early PPNB) (8465–8210 cal bce) periods using an inte-
grated archaeobotanical approach. This study aims to clarify 
the environmental drivers that shaped vegetation history in 
the Southern Levant during the emergence of agricultural 
societies, to identify potential woodland management strat-
egies employed by Neolithic communities, and to explore 
the spatial variability of vegetation communities in relation 
to settlement dynamics and resource exploitation. Through 
this integrated perspective, this research seeks to deepen 
our understanding of both regional and local vegetation pat-
terns, as well as of the ways in which early Neolithic popu-
lations interacted with and transformed their surrounding 
landscapes.

Geographical framework

The archaeological site of Kharaysin is in Northern Jordan, 
within the municipality of Quneya, Zarqa Governorate, at the 
confluence of the Zarqa River and Wadi Kharaysin (Ibáñez 
et al. 2016) (Fig. 1). The regional geology is dominated by 
Mesozoic sedimentary formations, along with Upper Cre-
taceous and Lower Tertiary sequences composed primarily 
of limestones, marls, dolomites, and sandstones (Bender 
1975). This geological diversity has shaped heterogeneous 
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landscape, where active erosion processes have contributed 
to the formation of fertile alluvial soils and river terraces, 
offering favourable conditions for early human settlement 
and land use.

The Zarqa River Basin is characterised by a Mediterra-
nean climate, marked by hot, dry summers and mild, rainy 
winters. Precipitation exhibits strong inter- and intra-annual 
variability, with an average annual rainfall of approximately 
195 mm, most of which occurs between October and April. 
Mean winter temperatures range between 12 and 14  °C, 
whereas summer temperatures average between 24 and 
26 °C (Freiwan and Kadıoğlu 2008).

From a biogeographical perspective, the site of Kharaysin 
is situated within a transitional zone between the Mediter-
ranean and Irano-Turanian regions. The Mediterranean bio-
geographic region supports a mosaic of ecotones, including 
forest, maquis, garrigue, and batha, that intersect across the 
landscape, reflecting varying degrees of woodland degrada-
tion and landscape openness. Forest communities in nearby 
mountainous areas, such as the Ajloun and Dibeen Forest 

Reserves, are dominated by Quercus ithaburensis and Pinus 
halepensis, forming relatively dense stands on rendzina soils 
(Al-Eisawi 1996). These are accompanied by sclerophyl-
lous thermo-Mediterranean tree species including Quercus 
calliprinos, Pistacia palaestina, P. lentiscus, Arbutus and-
rachne, and Pyrus syriaca, along with a dense shrub layer 
composed of Calycotome villosa, Cistus creticus, C. salvi-
folius, and Phlomis kurdica. On limestone substrates, open 
woodlands of Q. ithaburensis are found alongside Cerato-
nia siliqua and Styrax officinalis. The understory is diverse, 
featuring species such as Crataegus azarolus and Amygda-
lus communis, with open shrublands of Rhamnus lycioides, 
Retama raetam, and Sarcopoterium spinosum occupying 
areas with shallow soils or those affected by anthropogenic 
degradation. In contrast, the Irano-Turanian region is char-
acterised by dwarf shrubs, grasses, and geophytes thriving 
on poorly developed calcareous soils and rocky outcrops 
(Al-Eisawi 1996; Djamali et al. 2012; Manafzadeh et al. 
2017). Vegetation here includes sparse woody species such 
as Pistacia atlantica, Amygdalus korschinskii, Retama 

Fig. 1  Location of the Kharaysin 
archaeological site in the context 
of the Levant
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transformations during the transition from the PPNA to the 
PPNB in the Southern Levant (Milić et al. 2025). The site is 
located on the southern slope of a naturally formed terrace 
system along the Zarqa River, where successive occupation 
layers have been identified across six excavation zones (A to 
F). The stratigraphy reveals a complex occupation sequence, 
with some architectural structures having collapsed or been 
truncated by different phases, compounded by natural ero-
sion processes affecting the slope (Moník et al. 2018; Ibáñez 
et al. 2025a) (Fig. 2). The occupation sequence comprises a 
Late PPNA phase, dated to the end of the 10th millennium 
bce (Zones A and B), a Trans. PPNA/B phase dated to the 
first half of the 9th millennium bce (Zones A and B), over-
lain by an Early PPNB phase in the second half of the 9th 
millennium bce (Zone B). This is succeeded by a Middle 
PPNB phase at the end of the 9th and the beginning of the 
8th millennium bce (Zones A, B and C), a Late PPNB phase 

raetam, and Ziziphus lotus, along with xerophytic taxa like 
Artemisia herba-alba, Anabasis syriaca, Caroxylon ver-
miculatum, Noaea mucronata, and Suaeda vermiculata. 
Geophytes such as Asphodelus ramosus, Drimia aphylla, 
Crocus moabiticus, Colchicum spp., and Tulipa spp. are also 
prominent. Local vegetation communities have been signifi-
cantly altered by irrigated agriculture and the widespread 
cultivation of olive groves, which have reshaped the natural 
landscape.

Archaeological context

Kharaysin (444  m a.s.l., 32° 12′ 23.7″ N, 35° 59′ 47.7″ 
E) is recognised as a ‘mega-site’ due to its extensive size 
and archaeological significance (Ibáñez et al. 2025a). It 
stands as a key settlement for understanding early cultural 

Fig. 2  a Map of the Kharaysin archaeological complex with its dif-
ferent excavation zones (from A to F; G = 2025’s last field season). b 
Aerial orthophoto of Zone B. The locations of the studied PE, CM, and 
PW profiles are indicated. The wood charcoal was taken from SU 1047 

and SU 1041 (C-55: House 22), SU 905 (D-60: House 19), SU 781 
(E-55: House 17) and SU 607 (D-55: House 21). The latter is not vis-
ible in the image, as it lies above the current level. c Panoramic image 
of the Wadi Kharaysin and the sites of the different excavation zones
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individual sample but also the start and end boundaries of 
each phase.

Outlier analysis was conducted using the General Outlier 
Model with a prior probability of 5%. Posterior outlier prob-
abilities were inspected to assess the consistency of dates 
with their stratigraphic assignments. All modelled age esti-
mates are reported at the 95.4% Highest Posterior Density 
(HPD) intervals.

This Bayesian approach allowed us to incorporate 
archaeological context directly into the chronological 
model, resulting in more precise and stratigraphically coher-
ent age estimates for the formation and occupation events of 
the settlement, and the pollen, phytolith and wood charcoal 
assemblages of the site.

Pollen analysis

Three sediment profiles (PE, CM, and PW) (Fig. 3) were 
sampled from Zone B, encompassing the Trans. PPNA/B 
through to the Early PPNB. A total of 25 sediment samples 
were collected (PE = 11; CM = 11; PW = 3), systematically 
labelled and documented using photographs and schematic 
diagrams in accordance with established archaeopalynolog-
ical protocols (Dimbleby 1985; Moore et al. 1991). Sample 
preparation was conducted at the Pyrenean Ecology Insti-
tute (IPE-CSIC), employing standard chemical processing 
procedures, including the use of a Thoulet-solution. Resi-
dues were mounted in glycerol and analysed at the Lydia 
Zapata Palaeobotany Laboratory (University of the Basque 
Country) using a Nikon Eclipse 50i light microscope. A 
minimum of 300 palynomorphs per sample was counted. 
Monospecific pollen clumps were also recorded. Palyno-
morph identification was performed using modern reference 
collections, supplemented by key atlases (Reille 1999) and 
specialised literature on pollen–vegetation relationships in 
arid environments (El-Moslimany 1990). Pollen data was 
expressed as relative percentages, with indeterminate grains 
and Cichorioideae excluded from the terrestrial pollen sum. 
Taxa with low representativeness not shown in the diagrams 
are listed in ESM Table S2. Pollen diagrams were gener-
ated using Psimpoll 4.27 and ecological groupings were 
assigned based on contemporary vegetation studies (Davies 
and Fall 2001). Zonation into stratigraphic thresholds was 
guided by results from CONISS cluster analysis; however, 
dendrograms were not included in the diagrams.

Wood charcoal analysis

The wood charcoal remains analysed in this study were 
collected from 40 sediment samples processed with 
machine-assisted flotation. From these, 19 samples were 
taken from two stratigraphic units (SU 1047 and SU 1041) 

dated to the second half of the 8th millennium (Zones E and 
F) and a Late PPNB/PPNC phase dated to the beginning of 
the 7th millennium bce (Zone D). More recent excavations 
have also revealed Pottery Neolithic (PN) layers, primar-
ily concentrated in a newly investigated area (Zone F), that 
expands the site’s chronological and cultural framework.

Material and methods

Stratigraphy

The sampled profiles derive from excavation Zone B of 
Kharaysin (Fig.  2). Three profiles were selected from the 
eastern (PE) and western (PW) margins and from the cen-
tral sector of the excavation zone (CM). The archaeostrati-
graphic sequence excavated in Zone B comprises up to four 
superimposed construction phases, ranging from the Late 
PPNA to the Middle PPNB (Ibáñez et al. 2025a). Each phase 
exhibits the lateral and vertical alternation of distinct strati-
graphic units associated with architectural features (lime 
floors, rubble-built walls, and/or adobe walls) and open-air 
contexts (unbuilt spaces or the remains of collapsed dwell-
ings) (Figs. 2, 3).

Site chronology

The chronology of the different stratigraphic units and 
construction phases identified in the area under study has 
been obtained through systematic chronostratigraphic work 
carried out over multiple excavation seasons (ESM Table 
S1). This effort has produced stratigraphically continuous 
radiocarbon determinations that provide an excellent dat-
ing framework for the different construction phases (Ibáñez 
et al. 2025a). 35 radiocarbon dates were processed using a 
Bayesian statistical framework implemented in Oxcal v4.4 
(Bronk Ramsey 2009). The primary objective was to refine 
the chronological sequence of the archaeological stratigra-
phy by integrating the radiocarbon measurements with the 
relative order of the stratigraphic units and construction 
phases. Prior to modelling, all radiocarbon ages were cali-
brated using the IntCal20 calibration curve (Reimer et al. 
2020).

The stratigraphic information was translated into a hier-
archical Bayesian model composed of a series of phases, 
each corresponding to a discrete stratigraphic unit or group 
of units sharing the same architectural phase. Within each 
phase, individual radiocarbon dates were treated as unor-
dered, while the phases themselves were constrained 
according to the stratigraphic superposition observed dur-
ing excavation. This approach allowed the model to esti-
mate not only posterior probability distributions for each 
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Fig. 3  PE, CM, and PW stratigraphy profiles of Kharaysin showing site architectural phases and chronology. The sampling points for both pollen 
and phytoliths are indicated by red dots, whereas the green dots represent samples collected exclusively for pollen analysis
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Fontanals (IMF-CSIC) in Barcelona. Phytolith extrac-
tion and quantitative methods followed Katz et al. (2010). 
Weighed aliquots of ca. 40 mg of dried sediment were treated 
with 50 µl of a volume solution of 6N HCl and 450 µl 2.4 g/
ml of sodium polytungstate [Na6(H2W12O40)]. Microscope 
slides were mounted with aliquots of 50  µl of sample. A 
minimum of 200 phytoliths with consistent morphologies 
were counted at 200× and 400× magnifications using a Zeiss 
Axioscope 5 optical microscope. The estimated phytolith 
numbers per gram of sediment are related to the initial sam-
ple weight and allow quantitative comparisons between the 
samples and the sediment profiles. Percentages of multicel-
lular phytoliths (multi-celled or in anatomical connection) 
in addition to percentages of weathered morphotypes (phy-
toliths showing pitted surfaces because of weathering and 
alteration by dissolution, which can no longer be assigned 
to specific morphotypes) were also recorded (Portillo et 
al. 2021). Morphological identification was based on spe-
cialised literature and modern plant reference collections 
(Piperno 2006; Albert et al. 2008, 2016; Portillo et al. 2014). 
The terms used to describe phytolith morphologies fol-
lowed the standards of the International Code for Phytolith 
Nomenclature, ICPN v. 2.0 (ICPT et al. 2019).

Results

Stratigraphy

In the PW profile (Fig. 3), the sequence contains a beaten-
earth floor at the bottom (PW-U0) belonging to Structure 23 
(Ibáñez et al. 2025a) and dated to the Trans. PPNA/B phase. 
This floor is overlain by a massive silty-sand deposit (PW-
U1) containing abundant limestone and basalt lithoclasts 
and numerous charcoal fragments and anthropogenic mate-
rials. This unit represents the accumulation and reworking 
of possibly burned adobe wall material accumulated after 
the building abandonment and collapse, followed by its 
transformation into an exterior activity area. During the 
Early PPNB, this exterior space was intentionally levelled 
with an archaeologically rich fill to provide a stable founda-
tion for the construction of a new building with an interior 
lime floor (units PW-U2 and PW-U3, respectively) during 
the Middle PPNB phase.

In the CM profile (Fig. 3), the basal sampled unit (CM-
U1) consists of a massive orange silty-sand sediment rich 
in charcoal fragments and containing few lithoclasts, along 
with scattered bone and flint remains. This deposit overlies 
a beaten-earth floor (CM-U0) belonging to a dwelling adja-
cent to the structure recorded at the base of the PE profile; 
both attributed to the same Trans. PPNA/B architectural 
phase (Figs. 2, 3). CM-U1 has been interpreted in the field as 

corresponding to a destruction/abandonment fill of House 
22 and dated in the Trans. PPNA/B phase. 21 samples were 
taken from three stratigraphic units (SU 905, SU 781, and 
SU 607), which correspond to the destruction/abandonment 
levels of Houses 19, 17 and 21 respectively. These samples 
are dated to the Early PPNB phase (Fig. 2). However, 8 of 
the 40 samples analysed were found to be sterile and have 
been removed from the results section.

All the studied samples come from flotation samples and 
correspond to wood charcoal fragments found in contexts 
such as infill of structures, open areas, and plant process-
ing areas. However, two samples, one hand-picked and one 
from a flotation sample, represent wood charcoal concentra-
tions identified during excavation and probably representing 
structural remains (i.e. primary deposit). These were quanti-
fied separately from the secondary/contextual assemblages.

The wood charcoal remains were identified using mod-
ern reference collections (Fahn et al. 1986; Schweingruber 
1990) and atlases housed at the Lydia Zapata Palaeobotany 
Laboratory, University of the Basque Country. The analyses 
were carried out with the aid of an incident light microscope 
(Olympus BX50) with different magnifications (10 × to 
50 ×). Saturation curves were initially used to establish the 
minimum number of charcoal fragments to be analysed, but 
in most cases the entire charcoal assemblage was analysed 
due to the low number of available remains. Prior to quan-
tification, indeterminate wood, non-wood tissues, and not 
positively identified taxa were separated from the taxon 
sum. Percentages were calculated exclusively on positively 
identified wood charcoal fragments, while indeterminate 
and non-wood categories are reported separately.

Taphonomic analyses included the evaluation of the pres-
ence of vitrification, radial cracks, fungal hyphae, boreholes 
and deformed or wavy patterns, as conducted in contempo-
rary sites (Arranz-Otaegui 2017). These results are avail-
able in ESM Table S3. Taphonomic features were quantified 
as percentages to evaluate their relative frequency by taxon 
and across the assemblage, allowing comparison between 
taxa and samples with different fragment counts (e.g. 
Arranz-Otaegui 2017; Arranz-Otaegui et al. 2017). Per-
centages were calculated based on identified fragments per 
taxon; cf. specimens were included for consistency with the 
taxonomic dataset and transparency. As these are often more 
affected by anatomical alteration and therefore less securely 
identified, they should be interpreted cautiously in taxon-
specific assessments.

Phytolith analysis

Fourteen sediment samples were selected from profiles CM 
and PW for phytolith analyses (CM = 11; PW = 3, Fig.  4). 
These analyses were conducted at the Institució Milà i 
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Finally, in the PE profile (Fig. 3), the basal unit PE-U1 
consists of massive orange to reddish silty-sand sediments 
with abundant embedded charcoal, corresponding to the 
burnt and collapsed adobe of a Trans. PPNA/B structure 
(Structure 25) deposited above a beaten-earth floor (PE-
U0). Overlying this unit lies PE-U2, a deposit like CM-U2, 
an open-area accumulation of reworked anthropogenic sedi-
ments, characterized by a greater proportion of heterometric 
limestone clasts and a fine, ashy sediment rich in archaeo-
logical artefacts, defining one or more episodic activity 
surfaces within an outdoor context. PE-U2 unit includes a 
small carbonate-lithoclast-filled pit and an ash-filled hearth, 

(possibly burnt) adobe debris resulting from the collapse of 
this dwelling. Above it lies a thick unit (CM-U2) composed 
of ashy silty clay sediments with abundant lithoclasts and 
artefacts and including thin, discontinuous layers of finer 
sediment, likely of colluvial origin. This sampled sequence 
represents an open-air accumulation zone that received sub-
stantial inputs of sediment derived from the erosion, redis-
tribution, and reworking of nearby anthropogenic deposits 
throughout the Early PPNB. The sequence is capped by a 
lithoclast-rich levelling unit (CM-U3) that prepared the area 
for the construction of a subsequent building (Structure 19; 
Ibáñez et al. 2025a) with a lime floor.

Fig. 4  Modelled dates of Kha-
raysin using four-phase Bayesian 
analysis
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phase show posterior modelled ranges generally between 
ca. 8220 and 7600 cal bce, exhibiting narrow highest-poste-
rior-density intervals and strong statistical agreement.

Overall, the Bayesian model significantly improves 
chronological resolution across the site’s major construc-
tional phases. The resulting sequence documents a con-
tinuous and structured occupation spanning more than a 
millennium, from the late 10th to the mid-8th millennium 
bce and clearly differentiates the architectural and cultural 
transitions between the Late PPNA, the Trans. PPNA/B 
interface, and the successive stages of PPNB development 
at Kharaysin.

Pollen results

PE profile

The first analysed profile encompasses the Trans. PPNA/B 
and Early PPNB phases. Overall, pollen preservation is 
relatively good, with indeterminate percentages remaining 
below 20%. Nonetheless, several samples exhibit signs of 
thermal alteration and mechanical degradation of pollen 
grains. Pollen concentration is notably high, ranging from 
1,858 to 360,921 grains/g, and a total of 84 distinct taxa 
have been identified. Arboreal pollen is well represented 
during the Trans. PPNA/B, with an average of 38.5% but 
declines markedly in the Early PPNB to 29.2%. Based on 
CONISS clustering, two principal pollen assemblage zones 
have been distinguished (Fig. 5).

UNIT-1 (samples PE-1 to PE-7): This unit is charac-
terised by the highest frequencies of arboreal pollen (ca. 
33.75%), predominantly represented by the Q. ithaburensis-
type, followed by Pistacia, Q. calliprinos, and Prunus-type. 
Pinus halepensis, Cupressaceae, and other Mediterranean 
trees and shrubs occur sporadically. Riparian taxa such as 
Salix and Tamarix are also present. Shrub pollen frequencies 
remain below 4.5%, with Rosa- and Ephedra fragilis-type 
being the most frequently recorded. Among herbaceous 
taxa, Cichorioideae increases at the end of the unit, accom-
panied by thistles (Carthamus-, Carduus- and Centaurea 
nigra-type), Suaeda-type, and Poaceae (< 35 µm). Cerealia-
type pollen is consistently present, as is Fabaceae. Notably, 
taxa associated with ruderal and synanthropic vegetation, 
including Heliotropium, Papaver-type and Rumex, contrib-
ute significantly to the assemblage. Typha/Sparganium is 
also represented.

UNIT-2 (samples PE-8 to PE-11): This unit is defined 
by a minor decline in arboreal pollen frequencies, which 
decrease to ca. 28.2%. The most affected taxa include Q. 
ithaburensis-type and Pistacia, along with Q. calliprinos 
and Tamarix. Prunus-type and Salix appear sporadically 
throughout the unit. Shrub taxa such as Rosa- and Ephedra 

reflecting discrete activity episodes nearby to Early PPNB 
structures. As in the other profiles, this is overlain by a lev-
elling layer (PE-U3) that supported the construction of a 
Middle PPNB building with a lime floor (PE-U4) (Structure 
18 in Ibáñez et al. 2025a). Finally, a deposit (PE-U5) anal-
ogous in character to PE-U1 accumulated above the lime 
floor, representing the collapse and abandonment of the sec-
ond adobe-built structure.

Site chronology

The Bayesian model constructed in OxCal using a phases 
structure provides a refined and internally consistent chron-
ological framework for the Late PPNA, Trans. PPNA/B, 
Early PPNB and Middle PPNB occupations at Kharaysin. 
All radiocarbon dates demonstrated excellent agreement 
indices (Amodel and Aoverall consistently above 95%), 
indicating strong statistical coherence between the radiocar-
bon measurements and the stratigraphic priors (Fig. 4; ESM 
Table S4).

The Late PPNA phase is tightly constrained by the 
modelled boundaries. The start of the phase is estimated 
at approximately 9220 cal bce, while the end boundary is 
placed around 9100 cal bce, indicating a relatively short and 
well-defined occupational span. Individual dates within this 
phase cluster predominantly between ca. 9240 and 8715 cal 
bce, showing high internal consistency and supporting the 
integrity of the architectural and depositional sequence cor-
responding to the Late PPNA levels.

The Trans. PPNA/B phase represents a distinct occupa-
tional horizon at the site, separating the Late PPNA struc-
tures from the earliest PPNB construction episodes. The 
modelled start boundary is estimated at 8895 cal bce, and 
the end boundary is projected around 8615  cal bce. The 
radiocarbon determinations from this phase span between 
ca. 9200 and 8640  cal bce, with the modelled posterior 
distributions showing a marked contraction relative to the 
unmodelled ranges. This tightening reflects the chronologi-
cal coherence of the deposits and supports the interpretation 
of this horizon as a discrete and relatively short-lived tran-
sitional interval.

The Early PPNB phase shows a modelled start bound-
ary around 8465 cal bce, with posterior later density esti-
mates for individual samples clustering between ca. 8550 
and 7960 cal bce. These results suggest the onset of a more 
substantial architectural reorganization at Kharaysin some-
time in the mid-9th millennium bce, consistent with broader 
regional patterns of Early PPNB development.

Finally, the modelled end boundary of the Middle PPNB 
falls between 7945 and 7655 cal bce, marking the latest well-
dated constructional activity preserved in the sampled strati-
graphic units. Radiocarbon determinations assigned to this 
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Fig. 5  Synthetic pollen diagram from the PE profile. 
The complete list of pollen taxa is provided in ESM 
Table S2; for stratigraphy and sampling see Fig. 3
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herbaceous taxa, including Heliotropium, Mentha-type, 
Apiaceae, and Asparagaceae, maintain low yet stable fre-
quencies. Cerealia-type is still present but with a downward 
trend (< 1%), while Fabaceae remain present, oscillating 
between 14 and 21.5%, slightly lower than in the preceding 
unit.

PW profile

Three samples were analysed from contexts associated with 
the Early PPNB phase. Pollen preservation is generally 
good, with indeterminate grain percentages ranging from 
16.1 and 19.8%. A total of 62 taxa were identified. Pol-
len concentrations vary between 6,261 and 41,293 grains/
gr in stratigraphic units linked to exterior contexts. Arbo-
real pollen frequencies are comparable to those observed in 
the Early PPNB levels of the PE and CM profiles, varying 
between 23.4 and 29.9% (Fig. 7).

For this third and last profile, only one unit has been 
defined, UNIT-1 (samples PE-1 to PE-3). Quercus itha-
burensis-type is the dominant arboreal taxon, reaching its 
highest frequency at the upper sample of the Early PPNB 
phase (> 14%). It is followed by Pistacia, which remains 
constant around 4%. Tamarix also peaks within this unit. 
As observed in other profiles, Q. calliprinos, Prunus- and 
Rosa-type are consistently present, albeit at low frequen-
cies (< 3.5%). Among herbaceous taxa, Cichorioideae and 
Suaeda-type are notably abundant, attaining approximately 
48.9 and 22.2%, respectively. Poaceae (< 35 µm) shows a 
slight decline, ranging from 6.1 to 3.2%. Other herb taxa 
including Bellis-, Carduus-, Carthamus-type, Heliotropium, 
Mentha-, Papaver-type, and Rumex remain low but consis-
tently represented. Geophytes such as Asparagaceae are 
also recorded. Cerealia-type pollen is present in all samples 
(< 1.3%), while Fabaceae increases significantly to reach 
18.9%. Instead, Apiaceae displays a pronounced peak in the 
lowermost sample, with values up to 27.3%.

Wood charcoal results

A total of 599 wood charcoal remains were analysed at Kha-
raysin, representing a minimum of 10 taxa, identified both in 
the concentrated and dispersed wood charcoal assemblages.

The two wood charcoal concentrations (primary deposits) 
dated to the Early PPNB were monospecific (see ESM Table 
S5 for the results by sample). In sample number 38,255 (SU 
781), 40 Salicaceae wood charcoal remains were identified, 
whereas in sample number 219 (SU 905) 40 Fraxinus sp. 
remains were registered. In terms of taphonomy, the Sali-
caceae remains were all in optimal condition, showing no 
alterations. However, in the case of Fraxinus sp., 10% of 
the wood charcoal fragments showed tyloses, and 17.5% of 

fragilis-type are consistently recorded. Poaceae (< 35 µm) 
and thistles (mainly Carthamus- and Carduus-type) show 
reduced representation. Conversely, Cichorioideae repre-
sentation remains significant but decreases slightly. Suaeda-
type also rises moderately. Ruderal taxa remain consistently 
present. Notably, Cerealia-type maintains stable values, 
while Fabaceae exhibits a substantial increase, reaching 
nearly to 13.5%.

CM profile

A total of 11 samples were analysed from the CM profile, 
spanning the Trans. PPNA/B and Early PPNB phases. Pol-
len preservation is considered adequate, with indetermi-
nates comprising less than 15.7%. Pollen concentrations 
range from 4,915 to 324,010 grains/gr, and 81 distinct taxa 
have been identified. Compared to the PE profile, the CM 
samples exhibit greater homogeneity in tree pollen frequen-
cies, but in slightly lower quantities in both cultural phases. 
CONISS cluster analysis defines two pollen assemblage 
zones (Fig. 6):

UNIT-1 (samples CM-0 to CM-7): Within the arboreal 
component, Q. ithaburensis-type is the most dominant 
taxon, with frequencies increasing from 10.9 to 15.5%. This 
is followed by Pistacia (4.4–12%), Q. calliprinos (0.8–
14.6%) and Cupressaceae (< 2%). Tamarix is constantly rep-
resented, and to a lesser extent Salix concentrating its values 
in the first samples of Trans. PPNA/B. Among shrub taxa, 
Rosa-type is recorded (0.7–1.9%), along with Ephedra fra-
gilis-type. Cichorioideae is overrepresented, particularly in 
samples associated with the Early PPNB. A similar trend is 
observed for Poaceae (< 35 µm), Carduus- and Carthamus-
type, with the latter peaking in selected samples. Although 
present in low frequencies, Mentha-type and ruderal taxa 
such as Heliotropium are noteworthy. Cerealia-type pollen 
remains below 5.1%, while Fabaceae is prominently rep-
resented in the upper samples of the Trans. PPNA/B, with 
values ranging from 10 to 27%.

UNIT-2 (samples CM-8 to CM-10): This unit exhibits 
a slight decline in arboreal pollen representation, although 
it shows a modest recovery compared to the previous 
samples. For example, the frequencies of Q. ithaburensis-
type decrease slightly (13–11.6%). Cupressaceae is nearly 
absent (< 0.9%), and Pistacia is recorded in low quantities 
(4–5.6%). No significant changes are observed among shrub 
taxa, with Rosa- and Ephedra fragilis-type consistently 
present throughout the unit. Herbaceous taxa show marked 
shifts, with Cichorioideae reaching values above 54%, 
accompanied by a rise in Suaeda-type (< 21.5%). Poaceae 
(< 35 µm) and thistles (e.g. Carduus- and Carthamus-type) 
exhibit a declining trend but remain consistently represented 
at moderate levels (< 4.2 and < 11.6%, respectively). Other 
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Fig. 6  Synthetic pollen diagram from the 
CM profile. The complete list of pollen 
taxa is provided in ESM Table S2; for 
stratigraphy and sampling see Fig. 3
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these, Pistacia sp. predominated both in frequency counts 
and ubiquity values (57.9% counts and present in all the 
samples), followed by Quercus sp. (ca. 35% counts and 
present in > 50% of the samples). Quercus sp. deciduous 
(7.7% counts and present in 25% of the samples) was more 
common than Quercus sp. evergreen (2.2% counts and pres-
ent in 6.3% of the samples). Amygdalus sp. was present in 
ca. 30% of the samples, but it showed low frequency (3.3% 
counts). The remaining taxa accounted for less than 5% of 
the assemblage.

Early PPNB (SU 905, 781 and 607): A total of 283 wood 
charcoal remains were analysed, which represented at least 8 
different taxa. The assemblage includes the same taxa iden-
tified in the transitional phase along with Amaranthaceae 
and cf. Olea europaea. In this case, Quercus sp. dominated 
the assemblage (37.8% counts, and present in > 70% of the 
samples), followed by Fraxinus sp. (34.8% counts and pres-
ent in 68.8% of the samples) and Salicaceae (11.6% counts 
and 56.3% of the samples). Pistacia sp. was also present, 
but it was less abundant (10.3% counts and present in 62.5% 
of the samples), showing a marked decrease compared to 
earlier phases, with values like those reported for Salica-
ceae. The rest of the taxa were rare (frequency counts < 5% 
and present in less than 20% of the samples).

Phytolith results

CM profile

A total number of 11 phytolith samples were analyzed 
from the CM profile, comprising the Trans. PPNA/B and 
Early PPNB phases (Table 2, Fig. 8a, b). Phytoliths were 
abundant in most of the samples throughout the Trans. 
PPNA/B depositional sequence (ranging from ca. 670,000 
to 1.1 million phytoliths per gram of sediment, stratigraphic 
unit 1, Table  2). The presence of multicellular phytoliths 
(multi-celled or in anatomical connection, Fig. 8a) in these 
latter samples (between 1.4 and 3.6%), in addition to the 
relatively low proportion of weathered morphotypes (below 
3%, Fig. 8a), were indicative of the general good state of 

the remains displayed deformed or “wavy” patterns, often 
associated with fungal decay.

The rest of the charcoal samples, 519 remains, repre-
sented dispersed wood charcoal fragments (Table  1; see 
ESM Tables S6, S7 for the results per sample, and ESM 
Table S3 for the results of the taphonomic analyses of the 
dispersed wood charcoal remains). In terms of size, 87.4% 
of the total charcoals analysed at the site were of 2–4 mm 
and 12.5% of the remains fell within the > 4 mm fraction, 
limiting the comparison of the results by size range. The 
detailed results by phase are described below.

Trans. PPNA/B (SU 1047 and 1041): A total of 236 
remains were analysed to characterise this phase, represent-
ing a minimum of 8 taxa: Amygdalus sp., Euphorbiaceae-
type, Fabaceae, Fraxinus sp., Pistacia sp., Quercus sp. 
deciduous, Quercus sp. evergreen, and Salicaceae. From 

Table 1  Results of the dispersed wood charcoal analysis from Kha-
raysin

Fig. 7  Synthetic pollen diagram from the PW profile. The complete list of pollen taxa is provided in ESM Table S2; for stratigraphy and sampling 
see Fig. 3
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as papillate from the floral parts of grasses, occur in greater 
proportions in Trans. PPNA/B assemblages (Fig.  8b). Of 
note is the dominance of phytoliths from the inflorescences 
of grasses in Trans. PPNA/B assemblages (ca. between 40 
and 48%, sample CM-0, unit 1, Fig.  8a, b). Furthermore, 
multi-celled phytoliths from the husks and culms of Pooi-
deae grasses, including Triticum sp. and Hordeum sp. were 
also noted in these latter samples.

PW profile

Three samples were analysed from contexts belonging to 
the Early PPNB phase defined as exterior contexts (Fig. 8c, 
d). Like the exterior Early PPNB samples from the CM 
profile, the samples from the PW profile yielded relatively 
lower phytolith concentrations in comparison to indoor 
Trans. PPNA/B samples from the CM profile (ranging from 
ca. 110,000 to 330,000 phytoliths per g of sediment, Strati-
graphic Unit 1, Table 3). Multi-celled phytoliths were also 
recorded in PW profile samples (up to 4.4%, sample PW-1), 
with the only exception of sample PW-2 where multi-celled 
morphologies were completely absent (Table 2).

Coeval to CM profile samples, monocotyledonous 
plants and particularly grasses from the Pooideae subfam-
ily dominated the phytolith record (average ca. 76% of all 
the counted morphotypes, Fig.  8c). Multi-celled dendritic 
phytoliths from the husks and culms of Triticum sp. and 
Hordeum sp. were also recorded. Contrary to CM profile 
samples, diagnostic chloridoid grass morphotypes (Sad-
dles) were completely absent (Fig. 8d). Interestingly, char-
acteristic hat-shaped morphologies from the Cyperaceae 
family (sedges), were only noted in the lowermost sample 
from the Early PPNB depositional sequence, although into 
lesser amounts (ca. 5.5%, sample PW1, Fig.  8c). Also of 
significance is the increased proportions of dicotyledonous 
morphotypes observed in the uppermost sample of the Early 

preservation of the phytolith assemblages. In contrast, the 
Early PPNB samples displayed relatively lower phytolith 
concentrations (ca. 32,000–92,000 phytoliths/g in strati-
graphic unit 2; 28,000–41,000 phytoliths/g in stratigraphic 
unit 3, Table 2). The relatively low proportions of phytoliths 
in both stratigraphic units, together with the almost com-
plete absence of multi-celled phytoliths (only 0.2%, sam-
ples CM-7 and CM-8 in unit 2; whereas up to 2.5% sample 
CM-9, unit 3) and higher percentages of weathering (up to 
25%, sample CM-9, Table 2), appears to be indicative of the 
state of preservation of the assemblages and type of con-
textual deposit (interior floors and wall collapse vs. exte-
rior-colluvial and anthropic levels more exposed to external 
agents).

The phytolith morphological results point towards a 
general similarity between all samples, with dominance of 
monocotyledonous phytoliths, particularly of grasses from 
the Pooideae subfamily according to the short cell morphol-
ogies, mainly composed of Rondels, Crenates and Trap-
ezoids (average ca. 85% of all the counted morphotypes, 
Fig. 8a, b). In addition to Pooideae grass phytoliths, diag-
nostic hat-shaped morphotypes from the Cyperaceae fam-
ily (sedges), which are also common in wet environments, 
occur only in Trans. PPNA/B assemblages, whereas they 
are completely absent in Early PPNB samples (Fig.  8a). 
Similarly, diagnostic phytoliths from the Chloridoideae 
subfamily (Saddles) were only common in Trans. PPNA/B 
samples although into a lesser extent (up to 1.4%, sample 
PW-2), whereas these were almost completely absent from 
Early PPNB assemblages, with the only exception of sam-
ple CM-8 (ca. 4.3%, Fig. 8a). Phytoliths from the leaves and 
culms of grasses, including, Acute bulbosus (trichomes), 
Bulliform flabellate and Elongate entire phytoliths, 
were common in most of the samples (Fig.  8a). Interest-
ingly, certain diagnostic morphotypes, such as Dendritic 
and Dentate elongates, in addition to epidermal cells such 

Table 2  Description of samples and main phytolith quantitative results from CM and PW profiles
Sample number Strati. Unit Cultural period 

(phase)
Phytoliths 1 g of 
sediment

Weathered phyto-
liths (%)

Multi-celled 
phytoliths (%)

Context

CM-10 3 Early PPNB 41,000 8.3 2.5 House 2, floor
CM-9 3 28,000 25 1.3 House 2, floor
CM-8 2 83,000 8.7 0.2 Exterior, colluvial and anthropic
CM-7 2 32,000 11 0.2 Exterior, colluvial and anthropic
CM-6 2 92,000 4.2 Exterior, colluvial and anthropic
CM-5 2 57,000 6.7 Exterior, colluvial and anthropic
CM-4 2 46,000 15 Exterior, colluvial and anthropic
CM-3 1 Trans. PPNA/B 670,000 2.9 2.4 House 1, wall collapse
CM-2 1 1,100,000 1.8 3.6 House 1, wall collapse
CM-1 1 670,000 1.9 2.8 House 1, wall collapse
CM-0 0 850,000 2.3 1.4 House 1, floor
PW-3 1 Early PPNB 110,000 6.5 3.2 Exterior, colluvial and anthropic
PW-2 1 130,000 5.1 Exterior, colluvial and anthropic
PW-1 1 330,000 9.9 4.4 Exterior, colluvial and anthropic
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of Pistacia, a taxon known for its low pollen productivity 
(Cordova 2010) and frequent underrepresentation in paly-
nological records (Davies and Fall 2001). Nevertheless, its 
presence with frequencies up to 13% in Kharaysin indicates 
that Pistacia was not represented by scattered individuals 
but rather formed significant stands near the settlement. 
Similarly, Q. ithaburensis-type pollen scores oscillated 
between 5 and 15% across the three profiles, implying a 
substantial contribution to the local woodland structure, 
consistent with modern pollen–vegetation relationship 
(Davies and Fall 2001), which adapts to more continental 
and harsh environments. Wood charcoal assemblages fur-
ther support the preferential use of Pistacia sp., Quercus 
sp. deciduous, and Amygdalus sp. as primary fuelwood taxa 
(Table 2), suggesting that these species were likely sourced 
from nearby stands. Additionally, Mediterranean taxa such 
as Q.  calliprinos, Cupressaceae, Pinus halepensis and 
Rosa-type reached their highest pollen frequencies during 
the Trans. PPNA/B phase (Figs. 5, 6), potentially reflecting 
a broader distribution of thermophilous elements into more 
continental zones under milder and moister climatic con-
ditions. However, the practically absence of warm-adapted 
taxa in both the wood charcoal assemblages (Table 1) and 
in the carpological spectra (Douché et al. 2025) suggests 
that continental climatic influences continued to shape Early 
Holocene plant distributions in the region.

At a regional scale, the obtained pollen profiles, and 
charcoal assemblages at Kharaysin correlate with the avail-
able regional data and support a contemporary spread of 
both Mediterranean woodland and Irano-Turanian steppe-
forest across the Southern Levant, reaching areas under 
modern steppe and desert communities (Asouti et al. 2015). 
For example, the pollen profiles of Aammiq and Chamsine/
Anjar wetlands, both placed in the Bekka Valley, as well 
as the Al-Jourd marsh, located in Northern Lebanon, reveal 
a rapid shift from a dense Amaranthaceae–Cichorioideae 
herbaceous steppe towards an open woodland with decidu-
ous and evergreen oak forests as the main taxon towards 
the Early Holocene (Hajar et al. 2008, 2010; Cheddadi 
and Khater 2016). At Lake Hula, the pollen section points 
to a predominantly steppe-like character of the vegetation 
with scattered Q. ithaburensis-type, and to a lesser extent, 
Q. calliprinos trees in the valleys (van Zeist et al. 2009), 
which points to continental climate with reduced amount of 
rainfall. Even so, the uppermost section of the Yammoûneh 
record evidence an exponential rise in arboreal pollen during 
the Holocene onset, primarily derived from deciduous oak 
communities (Gasse et al. 2011). In Tell Qarassa, open oak-
woodland steppe (Q. ithaburensis-type, Q. calliprinos, Pis-
tacia, and Prunus-type) coexisted with local hygrophilous 
communities and with a high-mountain mixed coniferous 
forest (Betula, Cedrus, and Pinus nigra-type), indicating a 

PPNB sequence, including Spheroids and tracheary phyto-
liths (ca. 26.5%, sample PW3, Fig. 8c).

Discussion

Early Holocene (8895–8210 cal bce) vegetation 
communities in the Jordanian Plateau

The Southern Levant underwent pronounced climatic 
adjustments from the Late Pleistocene into the Early Holo-
cene (Robinson et al. 2006; Enzel et al. 2008; Blockley and 
Pinhasi 2011), eventually stabilising at around 7000 cal bce 
(Stein et al. 2025). Most palaeoclimatic records concur that 
both precipitation regimes and, notably, summer tempera-
tures recovered rapidly following the regionally arid and 
less seasonal conditions of the Younger Dryas (Migowski 
et al. 2006), resulting in complex palaeohydrological 
responses. Sedimentary evidence from the Dead Sea basin 
indicates a marked reduction in lake size during the transi-
tion from the Late Glacial to the Holocene (Müller et al. 
2022), with low water levels persisting throughout much of 
the Holocene (Stein et al. 2010; Lev et al. 2019). Simul-
taneously, high-resolution speleothem records from Soreq 
(Bar-Matthews et al. 2019) and Jeita caves (Verheyden et al. 
2008; Cheng et al. 2015) suggest relatively stable precipita-
tion patterns, while summer insolation and evaporation rates 
gradually declined toward the Middle Holocene (Cheng et 
al. 2015). Several studies (e.g. Almogi-Labin et al. 2009) 
propose that increased humidity originated from the Medi-
terranean, associated with the northward shift of the Azores 
High and the winter rain belt, underscoring the significant 
influence of Mediterranean climatic dynamics on the Levant 
during the Early Holocene (Arz et al. 2003; Burstyn et al. 
2019). Within this climatic framework, both PPNA and 
PPNB periods emerged during a phase of renewed environ-
mental stability, which facilitated the development of com-
munities capable of managing their immediate landscapes 
for agricultural and woodland management (Robinson et al. 
2006; Turner et al. 2010; Rosen and Rivera-Collazo 2012).

The pollen profiles obtained from Kharaysin indicate that 
the Irano-Turanian steppe-forest, characterised by the Q. 
ithaburensis-type–Pistacia–Prunus-type association, was 
widespread across the Jordanian Plateau between 8895 and 
8210 cal bce. This vegetation assemblage is typical of the 
modern Mediterranean–Irano-Turanian transition zone (Al-
Eisawi 1996), although it may have represented a denser 
arboreal cover than observed in the present-day landscape. 
Notably, arboreal pollen reached significant proportions 
during the Trans. PPNA/B phase (8895–8415 cal bce) and 
slightly declined during the Early PPNB (8465–8210  cal 
bce) (Figs. 5, 6). This is particularly evident in the case 
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sampled profiles, contributing to its increased abundance in 
the sections. For this reason, this taxon has been excluded 
from the pollen sum to avoid possible taphonomic biases. 
Nevertheless, it is worth noting that the high abundance 
of Cichorioideae in profiles coincides with elevated pollen 
concentration samples, high palynological diversity, and 
low proportions of indeterminate pollen, suggesting that 
taphonomic distortion alone is insufficient to account for its 
prevalence. Indeed, the possibility that Cichorioideae was a 
genuine component of open land steppe vegetation, should 
not be ruled out. This interpretation is supported by modern 
pollen rain studies (Davies and Fall 2001; Hajar et al. 2008) 
and is consistently reflected in Holocene pollen records 
from the Southern Levant (e.g. van Zeist et al. 2009; Hajar 
et al. 2010; Litt et al. 2012).

In a similar way, the high abundance of species included 
within the pollen taxa like Poaceae (< 35 µm), Suaeda-type, 
as well as the various representatives of Boraginaceae, Men-
tha-type, or Scrophulariaceae, complicates the inference of 
ecological signals, particularly when these taxa encompass 
elements with a broad distribution range within the Irano-
Turanian phytogeographic region (Djamali et al. 2012). 
The phytolith assemblage from Kharaysin shows a clear 
predominance of Poaceae, particularly Pooideae, during 
the Trans. PPNA/B, indicating an open, grass-dominated 
landscape (Fig. 8). This interpretation is consistent with the 
site carpological record related to wild taxa (Douché et al. 
2025). In the Early PPNB, the morphological diversity is 
lower and there is an absence of elements linked to humid 
habitats (e.g. Cyperaceae) pointing to drier environment 
(Fig. 8). In addition, the increase of Amaranthaceae in the 
pollen profiles has been commonly interpreted as an indica-
tor of disturbed environments linked to long-term human 
activities (e.g. Baruch and Bottema 1991; Hajar et al. 2008, 
2010). Despite, Suaeda-type is continuously present in 
high frequencies in the three pollen profiles (Figs. 5, 6, 7), 
whereas wood charcoal analysis report scattered Amaran-
thaceae wood fragments in the Early PPNB phase of Kha-
raysin (Table 1). Therefore, this taxon could also have been 
part of the shrub component, associated with both wet and 
saline areas and in arid or semi-arid environments, accom-
panied by other xerophytic shrubs/herbs, specifically of the 
Retama-type, Artemisia, and/or Ephedra fragilis-type. In a 
similar way, the presence of geophytes (e.g. Allium-type, 
Asparagaceae, or Ranunculus-type, see the complete list in 
the ESM Table S2), potential edible species, in pollen dur-
ing the Trans. PPNA/B and Early PPNB, more abundant at 
the beginning of the latter, suggests the recolonization of 
open areas. However, it is possible that some recorded fre-
quencies are directly associated with ruderal plant species, 
as will be discussed in the following section.

climate shift towards humid conditions between ca. 8675 
and 7875 cal bce (Arranz-Otaegui et al. 2017). Moreover, 
the pollen profile from Lake Birkat-Ram in the Golan 
Heights evidences a dry climate at the beginning of the 
Holocene with reduced trees but with a noticeable represen-
tation of Irano-Turanian and batha communities (e.g. Quer-
cus spp., Rosaceae) (Weinstein-Evron 1976). The charcoal 
results coming from the nearby ‘Ain Ghazal demonstrate 
that the Quercus sp. deciduous–Pistacia sp.–Crataegus sp./
Pyrus sp. steppe-forest widespread in the Jordanian Plateau 
during and Early PPNB periods (Neef 2004a).

The diversity and sustained presence of riparian wood-
land in the pollen assemblages, represented primarily by 
Tamarix and Salix but also by Populus, Fraxinus angusti-
folia-type and Nerium oleander, alongside hygrophilous 
herbaceous species such as Typha/Sparganium as well 
as Cyperaceae phytoliths, indicate that fluvial ecosystem 
remained active during this period. In addition, the recovery 
of Salicaceae, Fraxinus sp., and to a lesser extent Salicaceae 
Populus-type and Quercus sp./Tamarix sp. wood charcoal 
from primary deposits provides direct evidence that Early 
PPNB communities at Kharaysin systematically exploited 
riparian forests for firewood and/or construction purposes. 
In addition, carpological data highlights the exploitation of 
riparian plant resources, including fruits like Ficus carica, 
Vitis vinifera, and Sambucus sp., along with sedges such 
as Carex sp., during the Trans. PPNA/B and Early PPNB 
phases (Douché et al. 2025).

However, the most conspicuous feature of the palynolog-
ical profiles is the high representation of herbaceous taxa, 
particularly during the Early PPNB phase (Figs. 4, 5, 6). 
Cichorioideae and, overall, diverse members of Asteraceae 
are prominently represented in the pollen profiles from Kha-
raysin. Their presence in archaeological contexts from arid 
regions has been extensively debated and has been often 
attributed to local taphonomic processes. Cichorioideae pol-
len exhibits greater resistance to degradation compared to 
other types and is frequently considered an over-represented 
component in archaeological pollen spectra. Moreover, 
Cichorioideae pollen has been observed to enter the sedi-
mentary records due to recurrent burrowing insect activity 
(Bottema 1975). Therefore, this can be considered a case of 
partial bioturbation, and even disturbances caused by tram-
pling, grazing or ruderal growth within or in the vicinity 
of the site, whereby certain amounts of Cichorioideae pol-
len could have been displaced vertically downwards in the 

Fig. 8  a Relative abundance of phytoliths from grasses, dicotyledon-
ous leaves, dicotyledonous wood/bark, sedges and weathered mor-
photypes from CM profile samples. b Anatomical origin of grass phy-
toliths from CM profile samples. c Relative abundance of phytoliths 
from PW profile samples. d Anatomical origin of grass phytoliths from 
PW profile samples. Photomicrographs of identified phytoliths are vis-
ible in ESM Fig. S1
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regional palaeoecological records allow us to situate Kha-
raysin within broader Early Holocene vegetation trends, 
local anthropogenic processes modulated the vegetation 
at the site scale. This distinction clarifies the separation 
between ecological dynamics operating at the settlement 
level and the wider climatic and phytogeographic patterns.

Agropastoral and woodland management activities 
as drivers of local vegetation change

During the Trans. PPNA/B and Early PPNB periods, agro-
pastoral activities became widespread in the Southern 
Levant (Colledge et al. 2004). Although the first evidence 
of cereal domestication, possibly opportunistically (Asouti 
and Fuller 2012), began to appear during these periods, the 
exploitation of the so-called “founder crops” (Weiss and 
Zohary 2011; Arranz-Otaegui and Roe 2023) and wild cere-
als was carried out in earlier periods, such as the Middle (Lev 
et al. 2005) and Upper (Kabukcu et al. 2023) Palaeolithic. 
Wetter climatic conditions, particularly at the onset of the 
Holocene, presumably favoured this expansion (Weninger 
et al. 2009). Despite this asynchronous and regionally vari-
able change, small-scale cultivation of cereals, legumes, 
and fruit trees expanded in diverse ways (Fuller and Lucas 
2025) favoured by climatic and cultural drivers. These fac-
tors had a gradual impact on the natural vegetation cover, 

The absence of abrupt shifts in the pollen spectra obtained 
in Kharaysin implies that anthropogenic pressure was mod-
erate and did not result in large-scale woodland clearance. 
Instead, the vegetation landscape appears to have under-
gone a slow and continuous modification, likely reflecting 
incremental changes in land-use practices rather than dis-
ruptive ecological interventions. The continued presence of 
Irano-Turanian elements in both pollen and wood charcoal 
assemblages highlights the resilience of steppe-adapted 
taxa throughout the Trans. PPNA/B (8895–8415  cal bce) 
and Early PPNB (8465–8210  cal bce) phases. This long-
term persistence cannot be fully explained by climatic fac-
tors alone and instead suggests a form of human-mediated 
landscape management that allowed these steppe elements 
to maintain their ecological niche despite increasing anthro-
pogenic intervention.

It is important to note that pollen data from the archaeo-
logical contexts at Kharaysin mainly reflect local vegetation 
change and anthropogenic processes occurring within and 
around the site. Taxa associated with disturbance, ruderal 
species, low pollen producers, and/or entomophilous taxa 
(e.g. Pistacia, Prunus-type, or Fabaceae) likely represent a 
predominantly local signal. In contrast, highly productive 
anemophilous taxa, such as Q. ithaburensis-type, Pinus 
halepensis and/or Poaceae, may incorporate a broader extra-
local component. Consequently, although comparisons with 

Table 3  Synthetic archaeobotanical summary of the vegetation landscape and human–environment interactions at Kharaysin during the Trans. 
PPNA/B–Early PPNB
Pollen analysis Phytolith analysis Wood charcoal analysis Carpological analysis (Dou-

ché et al. 2025)
Early PPNB (8465–8210 cal bce)
Open landscape with a slight decline in 
arboreal taxa (mainly Quercus ithaburensis-
type and Pistacia) along a progressive 
increase in herbaceous and nitrophilous taxa 
dominated by Cichorioideae and Astera-
ceae (Bellis-, Carthamus-, Centaurea- and 
Carduus-type). The presence of Cerealia-
type and expansion of Fabaceae and ruderal 
elements indicate intensified agropastoral 
pressure on vegetation cover

A scarcity of multicellular 
cereal remains (Triticum sp. and 
Hordeum sp.) and the near disap-
pearance of the Cyperaceae and 
Chloridoideae. The increase in 
dicotyledonous morphotypes could 
indicate a possible disturbance of 
the vegetation, a gradual opening 
of the landscape, and compara-
tively drier conditions

Dominance of Quercus sp., 
with high representation of 
Fraxinus sp. and Salicaceae, 
indicating continued reliance 
on riparian and nearby woody 
resources. The decline of 
Pistacia sp. and the low pres-
ence of other taxa suggest 
reduced availability (limited 
wood charcoal assemblage)

High representation of 
legumes, mainly Vicia nar-
bonensis, V. faba, and Lens 
spp., indicating possible 
plant management practices. 
Secondary role of cereals as 
indicated by Cerealia spp., 
Triticum monococcum ssp. 
boeoticum/monococcum and 
Hordeum vulgare ssp. spon-
taneum/vulgare presences

Trans. PPNA/B (8895–8415 cal bce)
Predominantly open woodland–grassland 
mosaic dominated by Q. ithaburensis-type 
and Pistacia, accompanied by herbaceous 
communities rich in Cichorioideae and 
Asteraceae (Carthamus-, Carduus- and Cen-
taurea nigra-type), also Suaeda-type and 
Poaceae (< 35 µm). The continuous pres-
ence of Fabaceae, Cerealia-type and ruderal 
taxa indicates sustained local agropastoral 
activity

The dominance of C3 grasses 
(Pooideae), with abundant 
inflorescence morphotypes and 
multicellular remains of Triticum 
sp. and Hordeum sp., points to the 
existence of local cereal process-
ing activities. The presence of 
Cyperaceae and Chloridoideae 
suggests the existence of humid 
microenvironments within an open 
landscape dominated by herba-
ceous vegetation

Exploitation of local open 
woody communities domi-
nated by Pistacia sp. and 
Quercus sp., both deciduous 
and evergreen, with minor 
contribution of Amygda-
lus sp., Fraxinus sp. and 
Salicaceae, reflecting the 
use of local woodland and 
scrub resources as fuel and/
or building material (limited 
wood charcoal assemblage)

Assemblage dominated by 
herbaceous wild/weed taxa 
(e.g. Buglossoides tenuiflora 
and Chenopodium sp.) and 
the exploitation of fruit 
resources (Ficus carica, 
Vitis vinifera, Sambucus 
sp.). Minor contribution 
of cereals (H. vulgare, T. 
monococcum/dicoccum) and 
legumes (Lens culinaris, V. 
narbonensis-type) (limited 
carpological assemblage)
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Middle PPNB (Jiménez-Manchón et al. 2023; Ibáñez et al. 
2025c). The phytolith results point to a gradual transition 
from dense grasslands, which were influenced by a more 
humid climate during the Trans. PPNA/B period, to more 
open habitats. This is also supported by reduced grass inflo-
rescence morphotypes and relatively low phytolith concen-
trations, including multicellular forms of Triticum sp. and 
Hordeum sp. These microfossil records further suggest 
grazing dynamics and the early exploitation of cereals near 
the settlement. Increased relative abundances of dicotyle-
donous, which are minor phytolith producers, are noted in 
the upper levels of the Early PPNB, alongside the predomi-
nance of Pooideae. This may suggest increasing vegetation 
disturbance and the expansion of shrubs or woody taxa, 
which are linked to the anthropogenic landscape.

Besides, the high and constant presence of Fabaceae in 
the pollen profiles of Kharaysin (Figs. 5, 6, 7) could poten-
tially be indicative of local legume cultivation (Douché et 
al. 2025). Although unfortunately the preservation of pol-
len does not allow for a detailed taxonomic adscription, the 
dominance of Vicia narbonensis, V. faba, and Lens spp., 
and the sporadic appearance of Lathyrus sativus and Vicia 
ervilia in the Early PPNB carpological record suggests plant 
management practices, probably linked to the combination 
of mixed subsistence including both cultivation and wild 
plant gathering (Douché et al. 2025). In addition, the contin-
uous presence of Fabaceae pollen clumps, in some samples 
forming aggregates of up to ten pollen grains, could be evi-
dencing systematic plant collection and processing activi-
ties, since pollen grain clumps are typically associated with 
pollen-rich anthers and deliberate handling of floral mate-
rial (Eastwood et al. 2018; Miras et al. 2018). In fact, some 
species within Fabaceae have enclosed anthers and, due to 
its poor dispersal capacity, are rarely found in high frequen-
cies in fossil pollen assemblages (Davies and Fall 2001), so, 
scores up to 27% as seen in Kharaysin (Figs. 6, 7), should 
be linked to cultivated fodder grown around the archaeo-
logical site. However, they could also indicate an abundance 
of small-seeded legumes, both cultivated and wild, in the 
vicinity of the site, indicating increasing grazing pressure 
on grasslands (Asouti et al. 2015). High-resolution surface 
textural analysis and plant micro residues recovered from 
grinding stone tools in domestic contexts at Kharaysin pro-
vide a detailed perspective on legume exploitation strategies 
and offer new insights into plant transformation and food 
preparation practices among the earliest Neolithic farmers. 
The archaeobotanical significance of legumes during the 
PPNB phases is not particular to Kharaysin, as it has been 
demonstrated by their recurrent presence across numerous 
archaeological sites in the Southern Levant (Arranz-Otaegui 
et al. 2016; Caracuta et al. 2017; Douché and Willcox 2018, 
among others).

which may have resulted in localised landscape degradation 
(Henry et al. 2017). In this context, hunting (Sapir-Hen et 
al. 2009) and gathering (Asouti and Fuller 2012) remained 
common during the transition to the Early PPN societies in 
the Mediterranean Levant, while plant resource manage-
ment, woodland management, and animal domestication 
gradually became widespread in certain regions (Palmisano 
et al. 2019). In the period leading up to the Early PPNB, 
plant management practices, such as sowing, underwent a 
multifaceted expansion (Willcox 2005; Fuller et al. 2011; 
Ibáñez et al. 2025b). Simultaneously, there was an increase 
in goat breeding (Zeder and Hesse 2000). Otherwise, veg-
etation clearance and the use of fire on a small-scale were 
driven by the need for land suitable for agriculture and live-
stock grazing (Asouti 2025). In fact, it is conceivable that 
human intervention contributed to the controlled expansion 
of heliophilous forests and scrublands, as well as the main-
tenance of grasslands, thus shaping a more anthropogenic 
landscape around the site. All these practices could have 
been linked to the progressive population growth in Medi-
terranean regions and to changes in land use, although this 
relationship would vary geographically and would not be 
due to a simple cause-and-effect dynamic (Palmisano et al. 
2019; Roberts et al. 2019). Nevertheless, in the case of Kha-
raysin, pollen, charcoal, and phytolith analyses demonstrate 
a slight and progressive transformation in the structure of 
the local vegetation, attributable to both climatic stability 
and the intensification of human practices, particularly graz-
ing, firewood collection, and plant exploitation.

One of the most compelling indicators of agropasto-
ral activity is the presence of thistles identified within the 
pollen records. These communities, belonging mainly to 
the Asteraceae family, have a complex relationship with 
long-term grazing practices in the Levant and other Medi-
terranean rangelands (Sternberg et al. 2000; Ronel and 
Lev-Yadun 2009). Because of their spiny leaves and stems, 
most thistle species are unpalatable to livestock, especially 
cattle and sheep, which tend to avoid them (Deckers et al. 
2025). Under conditions of heavy or continuous grazing, 
more palatable grasses are selectively consumed (Lu 1988), 
leaving bare patches of soil that thistles readily colonize 
(Segev et al. 2022). As a result, thistles often increase in 
abundance and can become dominant indicators of over-
grazed or degraded rangelands. In this frame, the reduced 
values of grasses (Poaceae < 35 µm) alongside the marked 
increase of the thistle group (Carduus-, Carthamus-, Cen-
taurea nigra- and C. solstitialis-type, see the complete 
list in the ESM Table S2) supports the hypothesis of local 
overgrazing around Kharaysin. This interpretation is con-
sistent with archaeozoological data from the site, which 
shows an increasing specialization in goat exploitation and 
human-controlled feeding practices towards the Early and 
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cereal exploitation, indicates significant human impact and 
disturbance in the area immediately surrounding the site, 
which helped in the contribution of the progressive opening 
of the landscape.

This work indicates that all these transformations of the 
vegetation landscape were gradual and cumulative rather 
than abrupt, reflecting moderate but persistent management 
strategies under generally temperate climatic conditions. 
Local pollen assemblages capture site-specific ecologi-
cal and anthropogenic signals, while their correlation with 
regional datasets places Kharaysin within the trend of Early 
Holocene vegetation in the Southern Levant.
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Conversely, Cerealia-type pollen counts are notably 
lower, with sporadic appearances of pollen aggregates. In 
addition, no significant differences in pollen frequencies 
have been identified between the Trans. PPNA/B and Early 
PPNB phases (Figs. 5, 6). Due to its specific characteristics, 
namely low pollen productivity, and relatively large grain 
size (> 40 µm), Cerealia-type pollen exhibits limited poten-
tial for long-distance dispersal. Consequently, its presence 
in the pollen record is generally interpreted as evidence of 
cereal exploitation near the settlement (Fyfe 2006). None-
theless, contributions from natural Cerealia-type commu-
nities cannot be entirely excluded, as wild grass taxa with 
morphologies resembling domesticated cereals may also 
produce similar pollen types (Bottema 1992), complicating 
the interpretation of early agricultural signals (Schiebel and 
Litt 2018). In any case, the recurrent presence of Cerealia-
type pollen, in association to Triticum sp. and Hordeum 
sp. multi-cellular or anatomically connected phytoliths in 
both phases correlates with the carpological spectra with 
Cerealia spp., Triticum monococcum ssp. boeoticum/mono-
coccum and Hordeum vulgare ssp. spontaneum/vulgare as 
main contributors. Overall, cereals constitute a minor com-
ponent of the carpological assemblage, always below 15%, 
regardless of the occupational phase (Douché et al. 2025) 
and, while the analysis of ground stone tools clearly indi-
cates cereal processing by grinding, these products do not 
appear to have been the primary or preferred plant foods.

Conclusions

The integration of pollen, wood charcoal and phytolith 
analyses has provided new data on Neolithic landscape 
transformation and management activities at Kharaysin, 
complementing previous work in the Southern Levant. The 
findings of this study are of significant value to elucidate 
the Trans. PPNA/B (8895–8415 cal bce) and Early PPNB 
(8465–8210 cal bce) vegetation history and the landscape 
dynamics in the Jordanian Plateau, as well as the role of 
early agricultural societies in transforming the environment 
(Table 3).

Overall, the data from this study indicate that the veg-
etation around the Kharaysin archaeological site was 
dominated by Irano-Turanian steppe-forest together with a 
riparian woodland, which constituted the primary sources of 
fuel and construction materials. The strong representation 
of steppe herb taxa further suggests that open environments 
coexisted with arboreal taxa such as Pistacia and Q. itha-
burensis-type, indicating that these woodland patches were 
locally abundant and significant within the settlement. Graz-
ing pressure, inferred by the abundant presence of thistles, 
weeds and ruderal species, together with early legume and 
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