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A detailed pollen record for the time interval of �2500–500 BCE, which covers the time period of the Intermediate
Bronze Age (Early Bronze Age IV) into the Iron Ages in the Levant, is presented. The study was conducted in the
Ze’elim Gully, which drains the southern Judean Highlands into the Dead Sea. During the Bronze and Iron Ages,
the Judean Highlands exhibited dramatic settlement fluctuations. To better understand these oscillations, high-
resolution fossil pollen data were combined with a recent pollen data set, lithological features, radiocarbon dating
and palaeohydrological information derived from the Dead Sea levels. Due to the occurrence of hiatuses in this
fluvial environment, we used a composite profile which was based on two palynological-sedimentological profiles.
This integrated information enabled us to reconstruct in great detail for the first time the environmental conditions
in relation to the picture derived from archaeological field-work in the Judean Highlands. Evidence for drier climate
conditions at the end of the Late Bronze Age may account for the dramatic changes in the settlement pattern which
include the destruction of a large number of urban centres and shrinkage of other major sites, not only in the Judean
Highlands but in the entire southern Levant. This arid phase may have been one of the reasons for the collapse of
eastern Mediterranean civilizations in the mid-thirteenth and twelfth centuries BCE. The improved conditions in the
Judean highlands during the Iron Age I (evident by the increasing percentages of both Mediterranean elements and
agricultural taxa, e.g. olive and cereals) enabled the recovery of settlement activity, which is the backdrop for the rise
of ancient Israel.

Keywords: pollen; Levant; Bronze and Iron Ages; settlement history; Judean Highlands; Dead Sea; Late Bronze Age
Collapse

1. Introduction

The Bronze and Iron Ages are times of crucial impor-

tance for the history of the Levant in general and the

land of Israel in particular. They feature the emergence

of urban life and its collapse, the first imperial rule
over the region and the rise and fall of the territorial

kingdoms known from the Hebrew Bible and other

ancient Near Eastern records. These processes and

events are reflected in archaeological records, in which

waves of destruction and sharp settlement oscillations

over relatively short periods of time are evident. The

latter are especially acute in the mountainous sectors

of the southern part of the Levant, including the cen-
tral hill country between the Beer-sheba and Jezreel

Valleys (Finkelstein 1995a). These oscillations could

have resulted from climate changes (e.g. long and

severe droughts), and/or reflect changes in human

behaviour, such as transformation in subsistence pat-

terns influenced by economic and social factors, politi-

cal struggles, warfare, environmental or natural

disasters and pestilence. Given the long period under

discussion and the absence or limited number of coinci-

dent textual materials, archaeological and historical

researches are short of providing a coherent explana-
tion. The current study aims to reconstruct in detail

the palaeoenvironmental conditions in order to shed

more light on these important periods. The Dead Sea

pollen record was chosen in order to better understand

the settlement history of the Judean Highlands. We

decided to work in its southern part, in the Ze’elim

Gully which drains the southern Judean Highlands

into the Dead Sea, since it is a meeting area between
three different climate and vegetation zones: the Medi-

terranean, the semi-arid (Irano-Turanian vegetation)
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and the desert (Saharo-Arabian vegetation)

(Figure 1a). This location is therefore amongst the

most sensitive areas in the Levant for detecting changes

in vegetation, climate and settlement patterns.
Pollen was transported to the southern Dead Sea

mainly by wind and wadi streams from the southern

Judean Highlands and the Judean Desert, but also

from parts of the Northern Negev (Horowitz 1979;

Baruch 1993). This sensitive area (Ze’elim Gully) was

previously palynologically studied for the Bronze and

Iron Ages by Neumann et al. (2007a). However, this

earlier pollen record was sampled at relatively low and
inconsistent sampling resolution and included some

sedimentological hiatuses. We therefore decided to

resample in the Ze’elim Gully in higher pollen and

radiocarbon dating resolution. The previous sedimen-

tological and chronological information was incorpo-

rated with our new high-resolution Ze’elim pollen

record. This resulted in a composite sedimentological
section (termed ‘ZA-Pcomp’), that is presented in

detail by Kagan et al. (forthcoming).

Most of the other previous Dead Sea pollen studies

related to the Bronze and Iron Ages were conducted to

the north of the Ze’elim Gully (Horowitz 1989; Baruch

1993; Leroy 2010; Litt et al. 2012) and are therefore

less sensitive to changes in the palaeoenvironment and

human activities in the southern Judean mountains
and the northern Negev region. Pollen sampling in

those studies was at lower sampling resolution than the

current study and therefore was not sufficiently refined

Figure 1. a. The location of the Ze’elim outcrop with modern annual rainfall contours in mm/year and vegetation zones;
b. Topographic map of Israel and adjacent areas with the watershed line and the Ze’elim Gully; c. The position of the
southern Levant.
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to answer questions regarding specific environmental

and historical transformations during the Bronze and

Iron Ages (our periods of interest) such as the collapse

of the Canaanite city-state system (under Egyptian
domination) at the end of the Bronze Age and the

beginning of the wave of settlement in the Iron Age I,

in the central highlands (Samaria and Judaea;

Figure 1b). Low-resolution palaeoenvironmental

reconstruction might reveal long-term climate anoma-

lies, but a time resolution of a few decades or less is

necessary to trace short-term climatic anomalies such

as extended droughts, which are known to have had a
strong effect on ancient Near Eastern civilizations

(Kaniewski et al. 2013; Langgut et al. 2013a).

Thus, our objective was to achieve a reasonably

precise reconstruction of the palaeoenvironmental his-

tory during the Bronze and Iron Ages based on high-

resolution pollen sampling and radiocarbon dating.

Sixty pollen samples were obtained from a range that

is radiocarbon-dated to have lasted ca. 2000 years
[�2500 to 500 Before the Common Era (BCE)], and we

therefore assume that our resolution is approximately

a few decades. The environmental fluctuations derived

from the pollen record, including the evidence of possi-

ble human influence on natural vegetation, were exam-

ined in relation to settlement history and to the

regional climate as independently deduced by the Dead

Sea sediments and level fluctuations [Bookman (Ken-
Tor) et al. 2004; Migowski et al. 2006; Kushnir & Stein

2010]. In order to form a sound basis for the interpreta-

tion of the fossil pollen record, the origins of the pollen

grains were assessed by analysing recent pollen pat-

terns (Baruch 1993). In addition to the construction of

a fossil pollen diagram based on percentages, direct

and inverse correlations between the different pollen

taxa were sought by quantitative analysis. The more
accurate and detailed chronological framework and

the higher pollen sampling resolution of the current

study help refine our knowledge of short-term environ-

mental changes and allow a comparison to the settle-

ment history in the Judean Highlands.

2. Study area and site description

2.1 Environmental setting

2.1.1. Climate

The origin and routes of rain and dust storms that

transport fine particles, including pollen grains, to the

Dead Sea are a prime factor in the pollen distribution

(Horowitz et al. 1975). The major synoptic conditions

that produce rain and dust transport to the studied
region are: (1) The Cold Mediterranean Depressions

associated with the Cyprus Cyclones; these are respon-

sible for most winter rain and dust transport to the

Levant, while the summer is dry and hot due to the

influence of the Persian Trough (Dayan et al. 2007). (2)

Abundant dust storms associated with the Red Sea

Troughs and Sharav Cyclones dominate the autumn
and spring (Ganor & Foner 1996). Rainfall and tem-

perature are also influenced by topography: the Dead

Sea Rift valley, which in the study area is at the eastern

edge of the Judean Desert, is a rain shadow desert. The

rainfall declines from > 550 mm/year near Jerusalem

to < 200 mm/year in the northern Negev, to about

100 mm/year at the shores of the Dead Sea, and to <
30 mm/year in the Arava Valley to the south
(Figure 1a).

Natural fluctuations of the Dead Sea levels are

induced by rainfall changes and variations of evapora-

tion [Enzel et al. 2003; Bookman (Ken-Tor) et al. 2004;

Dayan & Morin 2006]. Fresh water arrives at the Dead

Sea from a very large watershed that extends from

Mount Hermon in the north to the Arava Valley in the

south. The Jordan River and its tributaries and sea-
sonal runoff from the basin shoulders provide the

majority of freshwater to the lake. Since the mid-

twentieth century, water discharges to the Dead Sea

via the Jordan River have been controlled by the Dega-

nia Dam, constructed in 1932 at the outlet of the Sea of

Galilee. Most of the wadis that drain the Judean High-

lands to the west of the lake and the highlands of

Moab and Edom from the east (Figure 1b), only bear
water due to occasional winter floods from October

through May. A few perennial streams such as Wadi el

Mujib (the biblical Arnon) in Jordan discharge into

the lake (El-Naqa 1993). Several springs emerge along

the flanks of the Dead Sea, such as Ein-Feshkha on the

western shore and Zarqa-Main on the eastern side, fed

by local aquifers. There is a great difference in the cli-

mate of the northern headwaters and the Dead Sea
area; the catchment area drains both Mediterranean

and hyperarid climatic areas, respectively (Figure 1a).

As a consequence, past water level fluctuations (pre-

Degania Dam) mainly reflect precipitation changes in

its much wetter headwaters.

2.1.2. Vegetation

The Dead Sea is surrounded by three phytogeographical

belts that depend on the precipitation gradient

(Figure 1a; Zohary 1973; Danin & Plittmann 1987;

Danin & Orshan 1999; Danin 2004):

(1) The Saharo-Arabian vegetation is character-

ised by desert climate (precipitation < 100 mm/

year), reaching up to 50 km north of the Dead
Sea. This vegetation belt is dominated by Che-

nopodiaceae, Zygophyllum dumosum, grasses

and Tamarix spp. Within these plants’

Palynology 3
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geographical territory, Sudanian vegetation

with tropical elements occurs along the shores

of the Dead Sea, in the Arava Valley and at the

Jordan River, some of them linked to freshwa-
ter springs or wadi beds such as Acacia, Zizi-

phus spina-christi, Salvadora persica and

Phoenix dactylifera.

(2) The Irano-Turanian vegetation (precipitation

< 350 mm/year) occurs on the eastern slopes of

the Judean Highlands and in the Moab Plateau

east of the lake. It is characterised by steppe

vegetation with dwarf shrubs, e.g. Artemisia

herba-alba (white wormwood) and grasses.

(3) At higher elevations, in the Judean Highlands

and the Moab Plateau, Mediterranean vegeta-

tion (precipitation > 400 mm/year) exists.

Common trees in the Judean Highlands are

evergreen oaks (Quercus calliprinos), deciduous

oaks [e.g. Quercus boisseri at > 400 m above

mean sea level (amsl); Feinbrun-Dothan &
Danin 1991], Olea europaea, Pinus halepensis,

Pistacia (P. lentiscus, P. palaestina) and Cerato-

nia siliqua. In the understory of forests or in

open fields, dwarf-shrubs are common. Recent

plantations of oaks, Pinus halepensis and

Cupressus sempervirens as well as neophytic

trees, Eucalyptus spp., Casuarina and others,

have transformed the landscape of the Judean
Highlands mainly since the previous century.

Large areas in the Moab Plateau are also cov-

ered by Mediterranean elements with

abundant Juniperus phoenicia in the Edom

Highlands (Zohary 1962; Al-Eisawi 1996;

Cordova 2007).

2.1.3. Settlement history

The central hill country between the Beer-sheba and

Jezreel Valleys (Samaria and Judaea; Figure 1b) was

intensively explored during archaeological surveys in

the 1980s and 1990s (Kochavi et al. 1979; Finkelstein

& Magen 1993; Ofer 1994; Finkelstein et al. 1997;

Zertal 2004, 2008). The results are comprehensive data

on the settlement systems, which enable not only the
construction of a settlement map for each period, but

also classification of the sites (and in the case of multi-

period sites, each period of activity) according to size,

and hence reach estimates regarding total built-up

area. Archaeology is usually capable of identifying

mainly sedentary activity rather than encampments of

pastoral groups. The time span discussed here is char-

acterised by three waves of settlement separated by
two periods of decline (Table 1). The peak periods fea-

ture (for the entire central hill country) ca. 250 Middle

Bronze Age (first half of the second millennium BCE)

and Iron Age I sites (twelfth to tenth centuries BCE),

with a total built-up area of ca. 200 hectares in each of

these periods, and ca. 530 sites with a total built-up

area of ca. 700 hectares in the Iron Age II. Each period
lasted for several centuries and hence the numbers

should be taken as an estimate for the peak activity. In

the Iron Age II, for example, peak activity was proba-

bly reached in the middle of the eighth century BCE.

Population estimates can be reached by deploying the

widely accepted coefficient of ca. 200 people per single

built-up hectare (Finkelstein 1990). During the crisis

periods in the Intermediate Bronze Age (late third mil-
lennium BCE; also termed Early Bronze Age IV) and

Late Bronze Age (fifteenth to thirteenth/twelfth centu-

ries BCE), sedentary activity diminished to ca. 50 and

30 sites with a total built-up area of 30 and 50 hectares

respectively.

The quality of the data for the different sectors of

the central highlands varies. Regarding the Judean

Highlands, due to the method of the survey (full-
coverage was achieved in only part of the area) and the

nature of the region today (much of it is built-up and

intensively terraced), the picture is more fragmentary

(Table 1). This area is the most arid amongst the differ-

ent north-south sectors of the highlands, and hence

until the late Iron Age II both the number of sites and

their size (that is, population) were limited. The

sedentary population of this region did not exceed a
few thousands until the Iron Age II (Finkelstein

1995a). The first notable increase in site size and

number is recorded in the Iron Age IIA (ninth

century BCE), with a more substantial change occur-

ring only in the Iron Age IIB, when the number of sites

reached ca. 70 and the total built-up area ca. 180

hectares.

The area to the east of the Dead Sea was also rela-
tively thoroughly surveyed (mainly Ibach 1987; Miller

1991). In this case, the results allow a cautious estima-

tion of the number of settlements, but do not disclose

data on the size of the sites and hence do not allow

population estimates. The northern sector of Moab,

east of the Jordan, indicates relatively low settlement

activity in much of the second millennium BCE (Mid-

dle and Late Bronze Age) and intensification in the
Iron Age (30 and 63 sites in the Iron Age I and Iron

Age II respectively). The southern sector of Moab –

the Kerak plateau – seems to feature peak settlement

activity in the Middle Bronze, Iron I and Iron II Ages

(55, 72 and 98 sites respectively – Finkelstein 1998).

2.2. Sampling site

The modern Dead Sea is the Holocene remnant of the

larger late Pleistocene Lake Lisan (e.g. Neev & Emery

1995; Stein 2001). During the Holocene, the Dead Sea

4 D. Langgut et al.
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fluctuated between 370 and 430 m below mean sea level
(m bmsl; Frumkin & Elitzur 2002; Enzel et al. 2003;

Bookman (Ken-Tor) et al. 2004; Migowski et al. 2006).

In 2013, the Dead Sea stood at 427 m bmsl, which is a

result of the continuous anthropogenic induced retreat

of the lake due to withdrawal of water for irrigation

purposes and drinking water, and the maintenance of

the evaporation ponds in the southern basin of the

Dead Sea, mainly during the past three decades. This
human-induced lake drop (> 100 cm/year) has caused

the formation of deep gullies along the shore terraces

and exposed the Holocene Ze’elim Formation

(Bowman 1997; Bookman (Ken-Tor) et al. 2004).

The Ze’elim sampling site is located on the south-

western shore of the northern basin of the Dead Sea

(Figure 1; Plate 1). The Ze’elim Gully flows into the

Dead Sea from the west and has a catchment area
(250 km2) that is located in the southern Judean High-

lands and the Judean Desert (Figure 1b). Presently,

water flows through the wadi only several days a year,

mainly during winter months, associated with storm

events in the higher parts of the Judean Highlands and

in the Judean Desert. The different sediment facies

characterising the late Holocene exposures in the

Ze’elim Gully accumulated in two depositional envi-
ronments: a shore environment (coarse-sand units,

beach ridges, aragonite crusts and ripple marks) and a

lacustrine environment [laminated-detritus, laminated

aragonite and detritus; more details in Bookman
(Ken-Tor) et al. 2004 and Neumann et al. 2007a]. The

Dead Sea is located in a pull-apart basin within a conti-

nental transform plate boundary and is characterised by

a multitude of earthquakes (e.g. Garfunkel 1981).

Deformed sediments in the Ze’elim Gully sections, such

as liquefied sands and breccia layers composed of bro-

ken and mixed lacustrine laminae, were interpreted as

seismites (Ken-Tor et al. 2001; Kagan et al. 2010, 2011).

3. Materials and methods

3.1. Field and laboratory work

We recovered several sediment wall-profiles, each

50 cm long. We located our sampling profile near the

section studied previously by Neumann et al. (2007a),
who studied the pollen record in a low and irregular

resolution. Yet the proximity to their profile (which

has since collapsed) allowed us to achieve a strati-

graphic correlation and to use their chronology. The

correlation was mainly used for the section below the

beach ridge due to the occurrence of sedimentological

hiatuses. The correlation is presented in detail by

Kagan et al. (forthcoming). The entire integrated sedi-
ment sequence (the ZA-Pcomp Ze’elim section) was

described and photographed in detail in the field and

re-examined in the laboratory. Where possible, we

Table 1. Rough estimate of number of sites and total built-up area in the Judean Highlands since the Intermediate Bronze Age
into the Iron Age II.

Judean Highlands�
General Central Highlands,

�� including Judean Highlands

Period No. sites��� Total built- up hectares���� No. sites��� Total built-up hectares����

Intermediate Bronze 4 4 49 28
2500–1950 BCE
Middle Bronze I No data No data No data No data
1950–1750 BCE
Middle Bronze II-III 11 15 248 187
1750–1550 BCE
Late Bronze 9 9 29 47
1550–1150 BCE
Iron I 18 20 254 219
1150–950 BCE
Iron IIA 34 50? No data No data
950–780 BCE
Iron IIB 70 180 528 685
780–680 BCE
Iron IIC BCE roughly the same as Iron IIB No data No data
680–586 BCE

�Judean Highlands: from Jerusalem (included) to the south. Data are according to: Finkelstein (1991, 1992, 1995a); Broshi & Finkelstein (1992);
Finkelstein & Gophna (1993); Ofer (1994).
��Central Highlands: between the Jezreel and the Beer-Sheba Valleys.
���Only habitation sites are included. Pastoral groups are not represented.
����In order to reach a population estimate, the number below should be multiplied by 200 – the broadly accepted coefficient for the number of
people per hectare in antiquity (e.g. Finkelstein 1990).
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sampled for pollen analysis at �5-cm intervals. The

cores were wrapped in plastic wrap and kept cool to

prevent rapid and damaging halite crystallization from
the interstitial Dead Sea solution.

3.2. Dating

Eight samples of terrestrial short-lived organic debris

(mainly twigs) were accelerator mass spectrometry

(AMS) radiocarbon-dated. In three cases, different

samples were taken from the same horizontal strata.

An attempt to radiocarbon-date pollen grains extracted

from the Ze’elim section was made on two samples.

Samples were prepared in the Radiocarbon Dating Lab-

oratory of the Weizmann Institute of Science, Rehovot,
Israel, and measured by the Accelerator Mass Spec-

trometry Laboratory at the radiocarbon facility of the

University of Arizona. Radiocarbon ages are reported

in conventional radiocarbon years (before present ¼
1950) in accordance with international convention

(Stuiver & Polach 1977). The carbon-14 (14C) ages

(Table 2) were calibrated to calendar years before pres-

ent (cal BP) defined by the 2s envelope error using the
OxCal v.4.1 program of Bronk-Ramsey (2008).

The chronological framework of the Ze’elim com-

posite profile (ZA-Pcomp) was constructed by

integrating the existing radiocarbon chronologies

established on the previously studied Ze’elim profiles

(Bookman (Ken-Tor) et al. 2004; Neumann et al.
2007a; Kagan et al. 2011) and the new dates achieved

in this study (Table 2). The dating of the archaeological

periods follows, as far as possible, radiocarbon results

of Levantine archaeological sites from the last decade

(Regev et al. 2012 for the Intermediate Bronze Age;

Bietak 2002 for the beginning of the Middle Bronze

Age; the transition from the Middle to the Late Bronze

Age, now broadly fixed in the mid-sixteenth century
BCE, is yet to be resolved; Finkelstein and Piasetzky

2010 and Toffolo et al. 2014 for the Iron Age). The

entire chronological framework of the composite

Ze’elim sequence was recently summarized by Kagan

et al. (forthcoming).

3.3. Palynology

3.3.1. Pollen extraction and identification

One Lycopodium clavatum C. Linnaeus tablet (10,679 �
953 spores in average) was added to each of the sedi-
ment samples (6.8 grams in average) in order to calcu-

late pollen concentrations. Then 10% hydrochloric acid

(HCl) was added to dissolve the Lycopodium spore

Plate 1. Photo of the Ze’elim Gully outcrop (bmsl, below mean sea level).
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tablet and to remove the calcium carbonates within the

sample. Subsequently, density separation was carried

out by using zinc bromide (ZnBr2) solution (with a spe-

cific gravity of 1.95). The floated suspension was sieved
through a 150-mm mesh screen and submitted to an ace-

tolysis mixture (Faegri & Iversen 1989). The organic res-

idue was stained with safranin and mounted in

glycerine. At least 500 terrestrial pollen grains were

counted per sample. Pollen grains were identified to the

highest possible systematic level. For pollen identifica-

tion, a reference collection of Israel pollen flora was

used (Steinhardt National History Museum, Tel Aviv
University) as well as pollen atlases (Reille 1995, 1998,

1999; Beug 2004). In total, 60 samples were analysed

which cover the sections deposited during the Interme-

diate Bronze Age until the end of the Iron Ages. The

calculation of pollen concentrations included all pollen

types and also indeterminable pollen grains (unidenti-

fied and degraded pollen). A simplified palynological

diagram (Figure 2) was plotted using the POLPAL pro-
gram (Walanus & Nalepka 1999). Taxa from the same

geographical origin and/or with similar ecological char-

acteristics were grouped together.

3.3.2. Pollen sources

Tracing the origin of pollen grains embedded in a flu-
vial environment might sometimes be complicated (e.g.

Fall 1987). Therefore, in order to shed more light on

the sources of the fossil pollen record, we used the fol-

lowing: (1) a study of recent pollen patterns; (2) a

quantitative analysis that traced direct and inverse cor-

relations between the different fossil pollen taxa:

(1) The study of recent pollen patterns is based
on the calculation of the ratios of the extant

vegetation in the Dead Sea area and the com-

position of present-day pollen rain of a given

taxon. The only systematic investigation of

recent Dead Sea pollen was published solely in

Hebrew (Baruch 1993). This study is based on

35 soil surface samples that were collected from

34 vegetation stations along three transects
stretching from the western foot of the Judean

Highlands to the western shore of the Dead

Sea, covering three basic vegetation zones

(Figure 3): Mediterranean, Irano-Turanian

Table 2. Results of new radiocarbon dating and OxCal modelling of Ze’elim profile.

Serial
No.

Sample
field ID Lab. No.

Depth in
( m) mbsl
and in field
measurements Material 14C yr (BP)

Calibrated
age range

(68%
probability)

Calibrated age range
(95% probability)

1 FDd I (306) RTK 6326-1 406.44 twig 2340 � 50 510 BC (68.2%) 370 BC 735 BC (4.9%) 690 BC
3.06 665 BC (1.1%) 650 BC

550 BC (80.2%) 350 BC
295 BC (8.6%) 230 BC
220 BC (0.6%) 210 BC

2 FDd II (306) RTK 6326-2 406.44 twig 2430 � 50 735 BC (14.1%) 690 BC 755 BC (20.1%) 685 BC
3.06 660 BC (3.6%) 650 BC 670 BC (75.3%) 400 BC

545 BC (50.5%) 410 BC
3 FDd III (306) RTK 6369 406.44 pollen� 3255 �55 1610 BC (59.4%) 1490 BC 1670 BC (95.4%) 1420 BC

3.06 1480 BC (8.8%) 1460 BC
4 FDd I (230) RTK 6325 407.20 twig 2895 � 50 1192 BC (4.7%) 1177 BC 1260 BC (4.3%) 1230 BC

2.30 1161 BC (5.6%) 1144 BC 1220 BC (86.8%) 970 BC
1132 BC (57.8%) 1005 BC 965 BC (4.3%) 930 BC

5 FDd II (230) RTK 6325-2 407.20 twig 2935 � 50 1250 BC (3.4%) 1240 BC 1310 BC (95.4%) 1000 BC
2.30 1215 BC (64.8%) 1055 BC

6 FDd III (230) RTK 6368 407.20 pollen� 3100 �55 1430 BC (68.2%) 1310 BC 1495 BC (93.3%) 1260 BC
2.30 1235 BC (2.1%) 1215 BC

7 FDd (164) RTK 6324 407.86 twig 3070 � 50 1410 BC (66.7%) 1295 BC 1445 BC (94.9%) 1195 BC
1.64 1280 BC (1.5%) 1275 BC 1140 BC (0.5%) 1135 BC

8 FDa I (-5) RTK 6323 411.05 twig 3780 � 50 2290 BC (68.2%) 2135 BC 2435 BC (0.8%) 2420 BC
–0.05 2405 BC (2.0%) 2380 BC

2350 BC (92.7%) 2035 BC
9 FDa II (-5) RTK 6323-2 411.05 twig 3800 � 50 2335 BC (2.3%) 2325 BC 2460 BC (4.6%) 2,20 BC

–0.05 2300 BC (50.7%) 2190 BC 2410 BC (86.7%) 2130 BC
2185 BC (15.2%) 2140 BC 2086 BC (4.1%) 2050 BC

10 FDa (-22) RTK 6459-2 411.22 twig 3790 � 50 2295 BC (68.2%) 2140 BC 2460 BC (3.2%) 2420 BC
–0.22 2405 BC (3.2%) 2380 BC

2350 BC (81.3%) 2120 BC
2100 BC (7.7%) 2040 BC

(m) bmsl, meters below mean sea level. �The two pollen assemblages which were radiocarbon dated yielded in one case an overlapping age (like the
organic samples collected from different locations along the same stratigraphical layers) and in another case an older age. At this stage we cannot
confirm the use of pollen as radiocarbon chronometer in this arid environment and therefore these samples will not be discussed further in this
paper. We see this as a methodological challenge and therefore plan to continue the pollen-dating study and discuss the results elsewhere.
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(steppic) and Saharo-Arabian (desert and the

Dead Sea shore). In each station, one recent

pollen sample was collected and the vegetation

was mapped (the vegetation was recorded dur-

ing several consecutive years). This enables the

calculation of the Pollen Rain Index: the ratio
between the share of a taxon in the actual vege-

tation and its share in the pollen rain.

(2) A matrix of the Spearman correlation coeffi-

cients between the fossil records of each two

taxa was computed in order to uncover direct

and inverse correlations between abundances

of the different taxa. This analysis allows the

identification of taxa that thrive under similar

environmental circumstances, and whose abun-

dance is therefore correlated. Similarly, it

allows the identification of taxa that thrive in

opposite environmental conditions, and whose

abundance is therefore inversely correlated

(when one is abundant the other is rare, and
vice versa). Let A, B be two taxa. Let rA,B ¼
rB,A denote the Spearman correlation coeffi-

cient between their abundance. Positive and

negative r imply direct and inverse correla-

tions, respectively. The absolute value of r is

indicative of the strength of the correlation,

with r ¼ 0 denoting no correlation, and an

absolute value of 1 denoting a perfect (direct or

Figure 2. Simplified pollen diagram of the Ze’elim composite sequence. A 10-fold exaggeration is used to show changes in low
taxa percentages. Chronology and the division into historical periods are based on carbon-14 (14C) dates, calibrated in 2 s-range.
The Carduus-Centaurea group includes thistle taxa Crisium, Carduus, Carthamus, Xanthium and Echinops, and different species
of Centaurea. The cereal-type pollen is distinguished from other grasses by its larger size (at least 37 mm; e.g. Beug 2004) and
includes wild and cultivated cereals. However, a rise in the cereal curve with no ecological explanation might be connected to
agricultural activities. At right: ZA-Pcomp, composite sedimentary profile from two nearby outcrops (FD/ZA3 and ZA2; more
details in Kagan et al. forthcoming). The Late Bronze beach ridge has been reduced to about a third of its thickness for clarity of
the pollen diagram. Ages at right of sedimentary section are given in Table 2. Ages for the Middle Bronze period are from
Neumann et al. 2007a.
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inverse) correlation. Figure 4 presents the

matrix of Spearman correlation coefficients,

with cell (A, B) denoting the correlation coeffi-

cient between taxa A and B, colour-coded

according to the magnitude and direction of

the correlation (direct or inverse). The statisti-

cal significance of each correlation was com-
puted as well, and the Benjamini-Hochberg

(BH) method (Benjamini & Hochberg 1995)

with a False Discovery Rate (FDR) of 5% was

used to correct for multiple hypotheses testing

and to discern the statistically significant corre-

lations. The latter are marked with an asterisk

in Figure 4. Every element on the diagonal of

the correlation matrix is 1 by definition; these
elements were excluded from the BH analysis.

4. Results

4.1. Sediment deposition

The Ze’elim sequence accumulated alternately in shore

and lacustrine depositional environments. The sedi-

ments characterising each of these environments are

classified as belonging to several facies representing the

variations in water depth and the limnological configu-

ration of the lake (Figure 2). Two deformed sedimen-

tary structures composed of grey marls with small
fragments of aragonite laminae appear at the depths of

408.64 to 408.38 m bmsl and 408.33 to 408.17 m bmsl.

These deformed layers in the Ze’elim sections were pre-

viously identified as seismites (Ken-Tor et al. 2001;

Kagan et al. 2011), while similar phenomena were iden-

tified elsewhere in the Dead Sea Basin as earthquake-

induced as well (Marco et al. 1996).

4.2. Radiocarbon dating results

Radiocarbon dates were obtained on 10 samples

(Table 2). The organic samples collected from different

locations along the same three stratigraphical layers
yielded overlapping radiocarbon ages (Table 2). In

addition, two pollen assemblages from these layers

were also radiocarbon dated. In one case they yielded

an overlapping age and in another case an older age. It

seems that more samples are required to assess the

potential use of pollen for radiocarbon dating in the

Dead Sea environment.

The chronological framework of this section (ZA-
Pcomp) is based on the ages presented in Table 2 of

this study and the age-depth data given in Kagan et al.

(forthcoming). Based on this, we have analysed 60 pol-

len samples from a 2000-year interval (ca. 2500–500

BCE), and therefore our average temporal resolution is

approximately three and half decades.

4.3. Palynology

Pollen preservation was reasonable throughout the

Ze’elim sequence. In the shore depositional environ-

ment, pollen grains were preserved only in the detritus

silt layers characterised by ripple marks, representing
shallow-water deposition (Figure 2). In the other palae-

oshore sediment types, pollen was not preserved due to

oxidation (sand and beach ridge). In the lacustrine

marly and aragonitic alternating laminae, pollen was

well preserved. Pollen concentration is high and gener-

ally stable (11,089 pollen grain/g sediment on average)

with the exception of a single peak value at a depth of

411.18 m bmsl (53,789 pollen grains/g sediment;
Figure 2). Besides the above mentioned seismites, there

are no signs of disturbed and reworked sediments, such

as a distinctly increased percentage of indeterminable

Figure 3. The locations of surface samples collected from
the 34 vegetation stations from the Baruch (1993) study.
Samples were collected along three transects stretching from
the western foot of the Judean Highlands to the western
shore of the Dead Sea, covering the following vegetation
zones: Mediterranean (Stations 1–8), Irano-Turanian (Sta-
tions 9–10, 18–19, 27–28) and Saharo-Arabian (Stations 11–
17, 20–26, 29–34). In each station one recent pollen sample
was collected and the vegetation was mapped. The vegetation
was recorded during several consecutive years. This enables
the calculation of Pollen Rain Index: the ratio between the
share of a taxon in the actual vegetation and its share in the
pollen rain. Modified from Baruch (1993).
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and corroded pollen or distinctly abnormal pollen con-

centrations (e.g. Campbell 1999). The palynological

diagram was divided into five main groups based on
taxa geographical origin and on ecological and

cultural characteristics. This division takes into consid-

eration Baruch’s (1993) detailed investigation concern-

ing the ratios between recent-day pollen rain and

current vegetation cover and possible anthropogenic

indicators.

(1) Mediterranean trees – this group includes
mainly wind-pollinated trees. The most domi-

nant are the two oak pollen types: evergreen

oak (the Quercus calliprinos type) and the

deciduous oak (the Quercus boissieri type). The

distinction between these two types is based on

differences in pollen morphologies (Horowitz

& Baum 1967). While Q. calliprinos is the only

evergreen oak tree in the eastern Mediterra-
nean, amongst the Q. boissieri type, some may

have been Q. boissieri, which is a deciduous

oak species of the upper mountain zones of the

Judean Highlands, and some Q. ithaburensis, a

tree typical of lower elevations (Zohary 1973).

However, the two deciduous species are paly-

nologically indistinguishable. The appearance

of other Mediterranean trees is inconsistent

and their pollen appears in low percentages:

Phillyrea sp., Pistacia spp. and Pinus halepensis

(the only naturally occurring pine species in the

southern Levant; Weinstein-Evron & Lev-

Yadun 2000). According to Baruch (1993),

Pinus proved to be highly over-represented in

the pollen rain while Phillyrea proved to be

under-represented.

(2) Cultivated plants – this group consists of high

occurrences of olive and cereals and sporadic
occurrence of walnut and grape:

Olive trees (Olea europaea) grow today in Israel

in the Mediterranean territory both as culti-

vated (the vast majority) and natural elements;

in addition, some of the trees are feral and

hybrids between domesticated, wild and feral

(Zohary 1973; Zohary et al. 2012). The wild

olive is a minor component of the native Medi-
terranean Quercus calliprinos-Pistacia palae-

stina association (Horowitz 1979; Weinstein-

Evron 1983; Kadosh et al. 2004; van-Zeist &

Bottema 2009; Langgut et al. 2011). Since the

late Chalcolithic, much higher olive pollen val-

ues are documented in several Levantine paly-

nological spectra (Baruch 1990; Neumann et al.

Figure 4. A matrix of the Spearman correlation coefficients between each two fossil pollen taxa uncovers direct and inverse cor-
relations. Each cell denotes the correlation between two taxa, colour-coded according to the magnitude and direction of the cor-
relation. Correlations that are statistically significant using a 5% False Discovery Rate (FDR) level (Methods) are marked with
an asterisk. The magnitude of the r (whose absolute value is between 0 and 1) is indicative of the strength of the correlation. Posi-
tive and negative r values indicate direct and inverse correlations, respectively. This analysis allows the identification of taxa that
thrive under similar environmental circumstances, and whose abundance is therefore directly correlated. Similarly, it allows the
identification of taxa which thrive under opposite environmental conditions, and whose abundance is therefore inversely corre-
lated (when one is abundant the other is rare, and vice-versa).
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2007a, 2007b; van-Zeist et al. 2009; Litt et al.

2012). The dramatic rise in Olea pollen is con-

sidered a reflection of the spread of olive culti-

vation in the southern Levant (Cappers et al.
1998; Baruch & Bottema 1999; Neumann et al.

2007b). The palynological evidence is sup-

ported by archaeological findings of olive oil

extraction facilities and crushed olive pits at

Chalcolithic sites in Samaria (Eitam 1993), the

Jordan Valley (Gophna & Kislev 1979; Neef

1990) and the Golan Heights (Epstein 1978,

1993, 1998). The olive has been the most impor-
tant fruit tree of the Mediterranean basin diet

(Zohary et al. 2012). This evergreen wind-polli-

nated tree has a very efficient pollen dispersal

system (Baruch 1993) and is therefore fairly

well represented throughout the Ze’elim dia-

gram. Additionally, the Olea pollen curve has a

strong response to the cessation and resump-

tion of orchard cultivation (resulting in dra-
matic fluctuations in pollen production

following abandonment or rehabilitation of

olive orchards), and is therefore considered a

reliable marker for identifying agricultural

activities (Langgut et al. in press).

The Cerealia-type pollen (cereals) is distin-

guished from wild grasses by its larger size,

thick pollen walls and the pronounced annulus
around the pore. Different authors have differ-

ent size criteria for the distinction between

Cerealia type and other grasses; in this study

the limit was set to at least 37 mm, as recom-

mended by Beug (2004). The Cerealia type

includes wild and cultivated cereals in addition

to several other Near Eastern grasses. Wild cere-

als (namely Triticum dicoccoides, Hordeum spon-

taneum, H. glaucum, H. bulbosum, Avena sterilis

and A. wiestii) grow naturally in the Dead Sea

area and in the Judean Highlands (Danin 2004).

Grapes (Vitis), one of the most important

fruits of the Old World diet, are mostly monoe-

cious when domesticated and are self-

pollinated, while wild grapes, which currently

grow in the region only in the Golan Heights
and the Huleh Basin (Danin 2004), are dioecious

plants (have unisexual flowers) with obligatory

cross-pollination (Zohary et al. 2012). Therefore,

cultivated grapes have low pollen dispersal effi-

ciency (van-Zeist et al. 2009), which explains

their low presence in Near Eastern pollen dia-

grams and their sporadic appearance within the

Ze’elim diagram.
Walnut (Juglans regia) grows naturally in

the mesic temperate forests of western Asia,

predominantly in cool, hilly areas. Its cultivation

probably started before Roman times, most

likely in north Iran, northeastern Turkey and the

Caucasus (Zohary et al. 2012). Its earliest wood
remnants in Israel were found in Middle Bronze

Age strata at Megiddo (Liphschitz 2000). Based

on the Ramat Rahel pollen assemblages, J. regia

was introduced in the northern Judean High-

lands not later than the Persian period (fifth-

forth century BCE; Langgut et al. 2013b).

(3) Secondary anthropogenic indicators – also

called ruderal weeds – a group of plants that
may be related to human activities (Zohary

1973). The plants that comprise this group are

native to the region and often adapted to

human-induced habitats like members of the

Polygonaceae family, Urtica, and plantain

(Plantago lanceolata type which also includes

P. lagopus) (Danin 2004). Other plants within

this group are spiny Asteraceae (daisy family),
mainly thistles (Cirsium, Carduus, Carthamus,

Xanthium and Echinops), and different species

of Centaurea (C. nigra, C. solsticialis and

C. cyanus) which are all grazing-resistant plants

(termed Carduus-Centaurea group; Figure 2).

Therefore, increasing values of these taxa, for

instance during the Iron Age II, can reflect a

more intense human influence on the natural
vegetation, such as de-forestation, increase in

pasture land and greater magnitude of settle-

ment activity.

(4) Semi-desert and desert elements – the most

dominant plants in the Ze’elim sequence –

belong to the Chenopodiaceae. The chenopod

pollen grains embedded in the Dead Sea can be

of two different origins: (i) From the hypersa-
line Dead Sea shore where Chenopodiaceae

taxa are the leading pollen types (e.g. Atriplex

halimus – Baruch 1993); (ii) The Saharo-

Arabian biome – nearly all chenopods in the

region are halophytic and drought-resistant

(Baruch 1993; Danin & Orshan 1999). We

assume, in agreement with other scholars (Hor-

owitz et al. 1975; Horowitz 1979; Baruch 1993;
Neumann et al. 2007a, 2010; Litt et al. 2012),

that due to the predominance of wind pollina-

tion within the Chenopodiaceae family, and as

a result of the open landscape, the parental

plants might dwell far away and consequently

the influence of local Chenopodiaceae might be

lower than their palynological appearance.

However, a drop of the lake level can lead to
the colonization of the exposed shores by halo-

phytic Chenopodiaceae (Aloni et al. 1997). The
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wind-pollinated taxon Artemisia, which mainly

originated from the Irano-Turanian vegetation

territory, is fairly well represented along the

Ze’elim profile. According to Baruch (1993),
Artemisia proved to be highly over-represented

in the pollen rain. In addition, it was docu-

mented in the pollen rain of the Mediterranean

territory but was not observed as part of the

vegetation cover (Baruch 1993). Although vari-

ous Artemisia species are palynologically indis-

tinguishable, Artemisia herba-alba is the only

species identified by Baruch (1993) in the vege-
tation maps of the area. Another steppe plant

identified in the pollen spectrum is Ephedra

with the dominance of Ephedra fragilis pollen

type (rather than Ephedra distachya-type).

(5) Open land indicators – a group of herbs and

dwarf-shrubs belonging to the following fami-

lies: Poaceae, Caryophyllaceae, Brassicaceae

and Asteraceae [the latter is divided into two
pollen types: Asteraceae Asteroideae and Aster-

aceae Cichorioideae; Artemisia and all the this-

tles Asteraceae taxa (the Carduus-Centaurea

group which are the grazing-resistant plants)

were excluded from the Asteraceae sum and are

presented in the groups mentioned above: the

secondary anthropogenic indicators and the

semi-desert and desert elements]. The open
land herbs mainly derive from the semi-desert

and desert vegetation (Baruch 1993) but can

also originate from sparse maquis/forests,

open fields and disturbed areas in the Mediter-

ranean territory, e.g. forest clearances and

building sites. Brassicaceae and many Astera-

ceae taxa proved to be much better represented

in the pollen rain than most other taxa (Baruch
1993).

4.4. Pollen sources

The main observations from Baruch (1993) are: the

Mediterranean territory is characterised by a high per-

centage of arboreal pollen grains with a dominance of

evergreen oaks and pines. The leading plant taxa in the
Irano-Turanian part are the Brassicaceae, grasses,

Artemisia, Caryophyllaceae and Sarcopoterium spino-

sum (prickly burnet). This semi-shrub was rare during

the periods under discussion and has become more

common since the Hellenistic period (Baruch 1986;

Neumann et al. 2007a; Litt et al. 2012). The dominant

taxa of the desert territory are characterised by high

percentages of Brassicaceae and Asteraceae pollen,
while along the Dead Sea shore, the leading types in

the pollen rain and in the vegetation cover belong to

the Chenopodiaceae. The pollen rain composition that

derived from the western Judean slopes to the western

shore of the Dead Sea (Baruch 1993) is similar to that

of the southeastern side (Davies & Fall 2001): the
higher altitudes are characterised by woodland vegeta-

tion dominated by Quercus calliprinos; the lower alti-

tudes are covered by Artemisia steppe followed by a

steppe with Juniperus. The foot of the highlands is

characterised by desert scrub where Chenopodiaceae

plants dominate.

The Spearman correlation matrix shows that the

abundances of most of the Mediterranean trees (the two
oak types, Pistacia and Pinus) are well-correlated. Olea,

although mainly cultivated, is in good agreement with

these Mediterranean elements and especially with Quer-

cus ithaburensis (r ¼ 0.82). These taxa are

generally inversely correlated with the open land, the

semi-desert and the desert plants: Brassicaceae,

Polygonaceae, Asteraceae Asteroideae, Asteraceae

Cichorioideae, Chenopodiaceae and Caryophyllaceae.
Abundances of the following ruderal weeds – Polygona-

ceae, Urticaceae and Plantago lanceolata type – were

also correlated (r between 0.37 and 0.57). In addition,

these elements are correlated with the cereals (r ¼ 0.37,

0.44, 0.50, respectively). Cereal abundance also exhibits

a correlation with the evergreen oak (r ¼ 0.42), but

their correlation with other Mediterranean trees is lim-

ited (r not exceeding 0.19). Poaceae is highly correlated
with the members of the Mediterranean forest and espe-

cially with Olea (r ¼ 0.62).

5. Discussion

The following discussion is based on the sedimentolog-

ical-palynological diagram of the Ze’elim composite

section (ZA-Pcomp) which represents a sequence of

approximately two millennia – from the Intermediate

Bronze Age into the Iron Age II: �2500–500 BCE

(Figures 2 and 5a). As the prevailing winds in the

region are westerlies and as the Ze’elim Gully drains

the southern Judean Highlands and the Judean Desert
into the Dead Sea, the palaeoenvironmental recon-

struction mainly reflects this region.

5.1. Intermediate Bronze Age (ca. 2500–1950 BCE)

The Intermediate Bronze Age (ca. 2500–1950 BCE;

Regev et al. 2012) is characterised by medium percen-

tages of Mediterranean trees, originating from the

Mediterranean vegetation belt in the Judean High-

lands. The most important pollen taxon within this

group is the deciduous oak, which does not exceed

4.0% (Quercus boissieri pollen type, including Q. itha-

burensis). Chenopods are also present in moderate pro-

portions and point, together with the Mediterranean

12 D. Langgut et al.
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Figure 5. Climate changes in the southern Levant – a comparison of various palaeoclimate proxies and settlement history:
a. Pollen and sedimentological indicators (refs, 1 ¼ this study; 2 ¼Neumann et al. 2007a); b. Reconstructed Dead Sea levels (refs,
3 ¼ Bookman (Ken-Tor) et al. 2004; 4 ¼ Migowski et al. 2006). Dashed line ¼ estimated lake level); c. Settlement oscillations in
the Judean Highlands; d. Settlement oscillations in the central hill country. Dark column represents total built-up area in hectares
and light column symbolizes the number of sites (the settlements oscillations data are summarized in Table 1). IB ¼ Intermediate
Bronze Age; MB ¼Middle Bronze Age; LB ¼ Late Bronze Age; IA ¼ Iron Age.
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elements, to a sub-humid climate. At the top of the

unit, the Artemisia reach maximum values (7.0%), rep-

resenting together with the increased percentages of

both Asteraceae types (Asteraceae Asteroideae and
Asteraceae Cichorioideae; not including the Carduus-

Centaurea group), a slight drying trend at the end of

the period.

The most striking feature is the rise of olive values

(up to 9.4%) around the second part of the period,

which probably indicates expansion of olive horticul-

ture in the southern Judean Highlands. The peak in the

olive values was also identified in the Ein-Gedi core
(13 km north of Ze’elim; Figure 1a; Litt et al. 2012).

We suggest that the high distribution of olive probably

reflects human influence rather than increased precipi-

tation, since the Olea peak was not accompanied by

any significant rise of other Mediterranean trees.

Ostensibly, this trend stands in contrast to the picture

that emerges from the archaeological surveys, which

shows settlement depletion in the highlands in the
Intermediate Bronze Age (Table 1 and Figure 5c–d). A

strong wave of Intermediate Bronze Age settlement

characterises the Negev Highlands (Cohen 1999). The

results from the Dead Sea pollen records call attention

to past theories regarding possible transhumance links

between the Negev Highlands and Hebron Hills in the

Intermediate Bronze Age (Dever 1980). In other words,

future research should consider the possibility that
groups that were engaged in winter pastoral activity in

the Negev Highlands could have practiced olive horti-

culture in the Hebron Hills.

Drier environmental conditions at the end of the

Intermediate Bronze Age, indicated by an increase of

Artemisia and Asteraceae values, were accompanied by

a decrease of Olea pollen and an increase of pine values

(up to 3.5%). In historical periods, pine was the first
tree of the Mediterranean maquis/forest that estab-

lished itself naturally in disturbed areas (Baruch 1986,

1990; Lev-Yadun & Weinstein-Evron 2002). We there-

fore suggest that abandonment of olive orchards

occurred at the end of this period in the southern

Judean Highlands. More arid conditions are also evi-

dent by the lithology of the section which points to

shore environmental sediment deposition during the
end of the Intermediate Bronze Age, around 2000 BCE

(Figure 2). Drier climate conditions were documented

as well by the declining level of the Dead Sea

(Figure 5b) and by the isotopic composition of tama-

risk wood from the Mount Sedom Cave, 30 km south

of the studied Ze’elim outcrop, which also points to a

prolonged drought (of at least 100 years) at the end of

the Intermediate Bronze Age (Frumkin 2009).
While during the Early Bronze Age I, a wave of set-

tlement took place in the central highlands (Finkelstein

& Gophna 1993; Finkelstein 1995a), in the

Intermediate Bronze Age, the Early Bronze Age urban

centres in the highlands and in the rest of the country

were abandoned and parts of the population reverted

to pastoralism (Finkelstein 1995b; Rosen 1995).
Indeed, the continuous appearance of the grazing-resis-

tant thistle plants (the Carduus-Centaurea group reach-

ing up to 3.5%) indicates more intense pastoralism

than, for example, in the following period. We there-

fore suggest that during the Intermediate Bronze Age,

settlers utilized the hill country for both animal hus-

bandry and agriculture.

5.2. Middle Bronze Age (ca. 1950–1550 BCE)

At the lower part of this unit, which most probably

corresponds to the Middle Bronze Age I (ca. 1950–

1750 BCE), percentages of both oak types (evergreen

and deciduous) and olive are modest, indicating some-

what drier climate conditions in the Judean Highlands

similar to those at the end of the previous period. The
upper part of this unit, which probably covers the

Middle Bronze Age II–III (1750–1550 BCE), shows

increasing percentages of Mediterranean arboreal veg-

etation – e.g. evergreen oak (up to 3.1%), deciduous

oak (a maximum of 21.1%) and cultivated olive with a

gradual decrease of Chenopodiaceae. High percentages

of Mediterranean trees indicate an expansion of the

Mediterranean maquis/forest in the Judean Highlands
further toward the south, which was most likely caused

by increased precipitation. This pattern is consistent

with the lithology of the section which points to a shore

environment during the Middle Bronze Age I (sand,

beach ridge) versus laminated sediments which were

accumulated in a lacustrine depositional environment

at the Middle Bronze Age II–III (Figure 2). The transi-

tion from a terrestrial to a lacustrine depositional envi-
ronment points to the increase in the Dead Sea’s water

levels. Similar patterns were observed in the Sea of

Galilee palynological record (Langgut et al. 2013a):

low arboreal pollen percentages at the end of the Inter-

mediate Bronze Age and during the Middle Bronze

Age I (�2000–1800 BCE) and increasing arboreal pol-

len percentages during the Middle Bronze Age II–III,

representing a rise in the available moisture also in the
northern parts of the Dead Sea drainage basin.

The archaeological finds indicate that the low set-

tlement activity at the end of the Intermediate Bronze

Age continued in the Judean Highlands into the Mid-

dle Bronze Age I, before the increased presence in the

Middle Bronze Age II–III (Table 1 and Figure 5c–d;

Finkelstein 1995a). According to Finkelstein and

Langgut (in press), the dry phase at the very late Inter-
mediate Bronze Age and the Middle Bronze Age I had

significant impact on settlement patterns in the entire

Levantine region. During that time, the 400 mm
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rainfall isohyet, marking the boundary between the

Mediterranean and Irano-Turanian vegetation zones,

shifted to the north and west. As a result, permanent

settlements withdrew from the southern margins of
southern Canaan and population in northeastern semi-

arid zones, such as the Beq’a of Lebanon and the Jez-

irah in Syria, shrank in size. For this reason significant

numbers of people may have moved to ‘greener’ parts

of the Levant.

Poaceae (wild grasses) are relatively well repre-

sented throughout the Middle Bronze Age II–III. Con-

currently, oak, pine and olive trees are abundant as
well. This relationship holds throughout our record

and is reflected in the statistically significant Spearman

correlations between Poaceae and these species (partic-

ularly with Olea, r ¼ 0.62, Figure 4). Grasses might

have grown within the olive orchards or might have

been an element of the understory of forests. Abun-

dance of grasses could also be linked to the increase in

humidity (during the Middle Bronze Age II–III) which
not only triggered the spread of the Mediterranean

trees and the olive orchards, but also resulted in higher

available moisture in the Irano-Turanian vegetation

belt and therefore in higher percentages of grasses pol-

len. It should be taken into consideration that the high-

est Pollen Rain Index in the studied region was

calculated for Poaceae – meaning that its share in the

pollen rain is much smaller than its share in the actual
vegetation (Baruch 1993).

5.3. Late Bronze Age (ca. 1550–1150 BCE)

During the Late Bronze Age, the pollen evidence is

very limited due to sedimentary erosion and unfavour-

able conditions for pollen preservation. It seems that

the beginning of this period is correlated with a sedi-
mentary hiatus at the Ze’elim section (Figure 2). This

hiatus most probably occurred due to erosion when

lake levels decreased and the Ze’elim site was exposed.

The Late Bronze Age features dramatically dropped

lake levels, dated to � 1400–1300 BCE (Figure 5b;

Migowski et al. 2006, Kushnir & Stein 2010). Litt et al.

(2012) also report that around 1300 BCE a thick sand

unit accumulated in the Ein-Gedi core, and Neumann
et al. (2007a) describe a sedimentological unconformity

in the Ein-Feshkha record about the same time. At the

Ze’elim Gully, a beach ridge was deposited in a shore

environment (Plate 1 & Figure 2) around 1300–1200

BCE. The occurrence of a shore depositional environ-

ment in these western Dead Sea margin sites (Ein-

Gedi, Ein-Feshkha, Ze’elim) represents a drop in the

Dead Sea lake levels that was most probably the result
of reduced precipitation, mainly from the northern

sources of the Dead Sea drainage basin at the end of

the Late Bronze. The prominent beach ridge (�1.5 m

thick) which accumulated in the Ze’elim Gully on top

of the sedimentological hiatus comprises cross-bedded

sands and aragonite crusts (Plate 1 & Figure 2) and is

almost pollen-sterile due to poor preservation under
oxygen-rich conditions (e.g. Brooks & Shaw 1972). A

single pollen sample with high chenopod and low tree

pollen percentages underlines arid conditions.

The drier climate conditions at the end of the Late

Bronze Age may be viewed in relationship to textual

evidence from places such as Ugarit (northwest Syria)

and Hattusha (central Turkey), north of Canaan, doc-

umenting a severe lack of grain around 1250–1185
BCE (Yon 1992; Singer 2000). Harsh, long-term

droughts may be one of the reasons, then, for the

social-political collapse in the eastern Mediterranean

basin during the ‘crisis years’ (Carpenter 1966; Weiss

1982; Neumann & Parpola 1987; Alpert & Neumann

1989; Ward & Joukowsky 1992). In the Levant, the

‘crisis years’ are represented by the destruction of a

large number of urban centres, shrinkage of other
major sites, hoarding activities and changes in settle-

ment patterns from the mid-thirteenth century to ca.

1100 BCE (e.g. Ward & Joukowsky 1992). Drier cli-

mate conditions dated to the end of the Late Bronze

Age have been suggested by other regional recent paly-

nological studies as a prime mover for the collapse of

eastern Mediterranean civilizations at the end of the

Late Bronze: the Sea of Galilee (Langgut et al. 2013a),
the Nile Delta area (Bernhardt et al. 2012), Northern

Syria (Kaniewski et al. 2010) and Cyprus (Kaniewski

et al. 2013). The palynological evidence documented in

the entire region is also corroborated by marine eastern

Mediterranean isotopic records (Drake 2012).

5.4. Iron Age I (ca. 1150–950 BCE)

The pollen data derived from the interval above the

beach ridge displays high percentages of evergreen and

deciduous oaks (up to 18.5% and 5.1% correspond-

ingly), pointing towards higher available moisture.

Other Mediterranean trees also appear in high percen-

tages, signalling an expansion of the Mediterranean

maquis/forest in the Judean Highlands towards the

south. Maximum values along the sequence were
recorded for cultivated crops, olive and cereals (up to

8.9% and 6.3% respectively). The slight increase in

available moisture during the Iron Age I, also modelled

by Litt et al. (2012), probably triggered the spread of

agriculture, as was already emphasized in preview stud-

ies from the region (e.g. Cordova 2010). However,

while in the hub of the Mediterranean vegetation zone

the olive orchard overtook areas formerly occupied by
other Mediterranean trees such as oaks (e.g. in the area

of the Sea of Galilee; Horowitz 1979; Baruch 1986),

this seems not to be the case in the Southern Judean
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Highlands (located on the margins of the Mediterra-

nean vegetation zone). Throughout our record, Olea’s

abundance is significantly correlated with that of Medi-

terranean elements (r up to 0.82, Figure 4). Moreover,

Olea’s abundance is highly correlated with the total

abundance of Mediterranean elements (Spearman r ¼
0.84, Figure 6). This indicates that in the studied area,

the olive orchards did not replace the Mediterranean

maquis/forest.

The greater available moisture probably allowed

the expansion of the olive orchards to the south and

east. The increase in precipitation was most probably

also a trigger to the surge in settlement activity. The

rise in settlement numbers is evident not only in
the central hill country (> 250) but also in less

favourable regions: in the northern Negev (mainly the

Beer-sheba Valley; Herzog 1994) and also in Transjor-

dan, where a dramatic settlement expansion to the

south was recorded at the beginning of the Iron I (e.g.

Miller 1991 for the area of Kerak). The Holocene pol-

len diagram of the Ein-Gedi core (Litt et al. 2012) has

a lower resolution and cannot be directly compared to
our Ze’elim profile (sampling resolution of 180 years

on average at Ein Gedi, versus several decades in our

study). Another high-resolution pollen record for this

period is available from the Mediterranean coast of

Syria. Kaniewski et al. (2010) interpreted the data as

indicating a continuing drought event (Dark Age) that

covers the Iron Age I and Iron Age IIA. Yet, in partial

disagreement with this study, their pollen spectra docu-

ment a peak in the distribution of evergreen oak and

cultivated olives (> 15%) at the beginning of Iron Age
I (Kaniewski et al. 2010, their Figure S1), which is con-

sistent with our record, indicating a regional resump-

tion of the Mediterranean vegetation, probably due to

increasing precipitation in the entire Levant. Towards

the end of the Iron Age I, a reduction of the Mediterra-

nean elements and cultivated crops (olive and cereals)

was documented at Ze’elim, accompanied by increas-

ing values of Chenopodiaceae. These pollen spectra
represent less available moisture.

5.5. Iron Age II (950–600 BCE)

The Iron Age II is characterised by the inconsistent

occurrence of pollen of both oak types and by their

lowest percentages throughout the diagram (evergreen

oak pollen < 1.1% and deciduous oak pollen < 1%).

Olive and cereal pollen appear in low quantities
whereas open land indicators of rather dry conditions,

e.g. Asteraceae but also Brassicaceae and Caryophylla-

ceae, expand significantly. Together with the spread of

Figure 6. A scatter plot of the ranked abundance of Mediterranean trees (y-axis) as a function of the ranked abundance of olive
trees (x-axis) shows a high correlation between them (Spearman is r ¼ 0.84). The former is an aggregate of the following taxa:
Quercus calliprinos, Quercus ithaburensis, Pistacia, Phillyrea and Pinus. Each dot represents one sample, symbol-coded according
to its archaeological period.
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Artemisia pollen, a stronger contribution especially of

the Irano-Turanian vegetation belt is indicated. The

reduction of oak in the southern Judean Highlands

could be a result of the following factors: (i) less avail-

able moisture: in addition to pollen indicators, slightly

drier climate conditions are manifested in the relatively

low stand of the Dead Sea [Figure 5b; Bookman

(Ken-Tor) et al. 2004; Migowski et al. 2006]. (ii) Less
developed Mediterranean maquis/forest in the Judean

Highlands due to human pressure: a surge in human

activity that started in the Iron Age I reached its zenith

during the Iron Age IIB-C (eighth to seventh centuries

BCE), with 520 settlements in the hill country, includ-

ing a peak in the Judean Highlands (Table 1 and

Figure 5c–d; Broshi & Finkelstein 1992; Ofer 1994).

The inconsistent appearance and low percentages of
the two oak types might also be a result of tree clearing

in the Judean Highlands. The almost total disappear-

ance of pines (a pioneer tree in Mediterranean forest

rehabilitation) indicates that the Mediterranean

maquis/forest in the Judean Highlands was under

strong anthropogenic pressure. The continuous pres-

ence of grazing-resistant plants (Carduus-Centaurea

group), reaching maximum values at the beginning of
this period (up to 8.6%), indicates increased animal

husbandry in the area. Interestingly, those pollen types

reach a maximum, while grasses are low or even miss-

ing from the pollen record. This might signal the

spread of non-palatable herbs (e.g. Carduus-Centaurea

group and Artemisia herba-alba – the Artemisia species

which is common in the studied area; Baruch 1993)

during times of overgrazing. Indeed, the archaeozoo-

logical evidence points to an increased dependence on
livestock from the Bronze Age to the Iron Age (Grig-

son 1995; Hesse & Wapnish 2002). Other secondary

anthropogenic indicators that are pre-adapted to sur-

vive under human pressure also reach their maximum

distribution (e.g. Polygonaceae). All these palynologi-

cal indicators support the archaeological evidence con-

cerning intense human pressure on the highland’s

vegetation.
The long-term effects of this anthropogenic inter-

ference probably led to a reduction in vegetation cover

that resulted in higher runoff which, in turn, enhanced

soil removal and lower water penetration into the

ground. In addition, the intensive agriculture that is

represented in the pollen data by extensive olive horti-

culture in the highlands during the previous periods

possibly led to soil deterioration. The drop in Mediter-
ranean forest cover can therefore be a result of slightly

Table 3. Refined climate reconstruction, possible human activities and settlement oscillations in the Judean Highlands since the
Intermediate Bronze Age into the Iron Age II: �2500–500 BCE.

Sedimentological and pollen indicators (ZA Ze’elim profile)

Historical period

Ze’elim gully
depositional
environment� Climate reconstruction Human activity

Total built-up
area (hectares)
in the Judean
Highlands

Intermediate
Bronze

2500–1950 BCE

Lake Moderate climate with dry
climate conditions at the
end of the period (�2000
BCE)

Intense olive cultivation centred
around �2200 BCE
(Mediterranean zone); grazing

4

Middle Bronze I
1950–1750 BCE

Shore Dry climate conditions Limited olive cultivation
(Mediterranean zone) animal
husbandry (steppe)

No data

Middle Bronze
II–III

1750–1550 BCE

Lake Wet climate conditions Intense olive cultivation
(Mediterranean zone) animal
husbandry (steppe)

15

Late Bronze
1550–1150 BCE

? (hiatus) þ shore
(at the end of the
period)

Pollen data is very limited; sediment erosion and lake level drop
point to severe arid conditions from �1300 BCE to the end
of the period

9

Iron Age I
1150–950 BCE

Mostly lake Wet climate conditions Intense olive and cereal cultivation
(Mediterranean zone)

18

Iron Age II
950–586 BCE

Lake Slightly dryer climate
conditions

Reduction in agricultural activities
and an increase in animal
husbandry (Mediterranean zone)

180

�Lake depositional environment at the Ze’elim gully sampling site represents high Dead Sea levels while shore depositional environment points to
decreasing lake levels, and therefore to less precipitation at the Dead Sea drainage basin.
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less precipitation together with strong anthropogenic

pressure.

The restricted olive orchard distribution character-

ising this period (evident also in Figure 6) can be due
to less available moisture and/or an intentional human

economic strategy to shift olive oil production to the

Shephelah (the hilly area to the west of the Judean

Highlands; Eitam 1993; Gitin 1996; Katz 2008) due to

the intensity of human activity in the highlands (e.g.

grazing). The reduction in olive horticulture during the

Iron Age II was also noted further to the north, in the

Sea of Galilee (Baruch 1986; Langgut et al. 2013),
Hula Lake (van-Zeist et al. 2009), Birkat Ram (Neu-

mann et al. 2007b), and Gibala (Syrian coastal plain;

Kaniewski et al. 2010). The first appearance of Persian

walnut (Juglans regia) in the Ze’elim pollen diagram

occurred during the Iron Age II.

The lithology of this section indicates that part of

the clay deposits (40 cm) were later deformed by two

seismic events (Figure 2). Therefore, the pollen within
the deformed layers may not be in situ. Yet all the Med-

iterranean pollen taxa as well as the cultivated pollen

curves within the breccia layers show the same trends,

meaning that climate conditions and human impact on

the vegetation did not change significantly. Both seis-

mites in the current Ze’elim sequence were dated by

Kagan et al. (2011) to the mid-eighth century BCE.

Two seismites were also found at this time in the Ein
Gedi core (Migowski et al. 2004) and Ein Feshkha out-

crop (Kagan et al. 2011). The tops of the two seismites

are separated by 10 cm or less at the three sites, indicat-

ing a few decades between the two events. Due to this

short interval between the two earthquakes, it is cur-

rently not possible to credit a specific date to the

events, but one of them is attributed to the earthquake

mentioned in Amos 1:1 in the days of Uzziah King of
Judah (787–736 BCE) and Jeroboam II King of Israel

(788–747 BCE). Austin et al. (2000) suggest a date of

�750 BCE for Amos’s earthquake.

6. Conclusions

(1) For the first time, a high-resolution (around

three and a half decades between samples)
Dead Sea pollen record is presented for the

time interval between the Intermediate Bronze

Age to the end of the Iron Age (�2500–500

BCE), a period considered to have a crucial

importance for the history of the Levant in gen-

eral and the land of Israel in particular. The

study was performed in the Ze’elim Gully,

which drains the southern Judean Highlands
into the Dead Sea, thus the palaeoenvironmen-

tal reconstruction reflects mainly this region.

High-resolution pollen sampling, combined

with radiocarbon dating, enabled us to

reconstruct in great detail the environmental

conditions in relation to the picture that

emerges from archaeological research – mainly

settlement patterns.
This study exemplifies that even when con-

tinuous lacustrine-only records are not avail-

able, pollen studies can be carried out in

lacustrine-fluvial environments with local hia-

tuses, if a number of nearby sections can be

correlated by detailed sedimentological and

chronological analyses.

(2) The Ze’elim pollen record provides information
about human activities during the studied peri-

ods (Table 3). The most pronounced cultivated

crop is Olea, which represents mainly olive hor-

ticulture in the southern Judean Highlands.

Other crops that are evident from the palyno-

logical data are grapes (with their limited pollen

dispersal) and cereals. The first introduction of

the Persian walnut in the Judean Highlands is
evident from the Ze’elim profile during the Iron

Age II. The spread of non-palatable herbs

points to overgrazing (e.g. the increase in the

Carduus-Centaurea group at the beginning of

the Iron Age II and in Artemisia herba-alba at

the later stage of this period). It is also suggested

that during periods with increasing humidity

(Middle Bronze Age II–III and Iron Age I), ani-
mal husbandry probably occupied the steppe

territory rather than the Mediterranean zone

and therefore the latter area benefitted from less

anthropogenic pressure. On the other hand, dur-

ing periods with less available moisture (e.g. the

Iron Age II), both agriculture and grazing activ-

ities occupied the Mediterranean zone, resulting

in massive pressure on the natural landscape.
(3) Overall, the sedimentological-palynological

record offers a high-resolution archive of cli-

mate conditions in the southern Levant and

accompanies the sub-millennial fluctuations in

the Dead Sea levels. The Intermediate Bronze

Age (�2500–1950 BCE) was characterised by

moderate climate conditions. Since �2000 BCE

and during the Middle Bronze Age I (�1950–
1750 BCE), drier climate conditions have been

prevalent, while the Middle Bronze Age II–III

(1750–1550 BCE) was comparably wet. The

Late Bronze Age (1550–1150 BCE), an interval

whose pollen was for the most part not pre-

served, was extremely arid towards the end of

the period (�1300–1100 BCE), as is evident by

the shore sediment depositional environment
which points to decreased Dead Sea levels.

More available moisture characterised the tran-

sition to the Iron Age I (since �1100 BCE) and

during most of this period. During the Iron
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Age II, the region experienced slightly drier cli-

mate conditions. Most vegetation changes

occurred in the Mediterranean and steppe terri-

tories, while the desert zone remained rather
stable. Since the southern Judean Highlands

are located on the southern border of the Medi-

terranean vegetation belt with the Irano-Tura-

nian steppe vegetation, it is a highly vulnerable

area for recording climate changes. Addition-

ally, the Ze’elim Gully sampling site location –

on the margins of the Dead Sea – is a sensitive

sedimentological recorder for changes in the
lake configuration (shore versus lake sediment

depositional environment).

(4) The dry climate conditions during the very

late Intermediate Bronze Age and the Middle

Bronze Age I (�2000–1800/1750 BCE) were

probably linked to the dramatic changes in

settlement patterns. As a result of the shift of

the border between the Mediterranean and
Irano-Turanian vegetation zones to the north

and west, the permanent settlements most

likely withdrew from the southern margins of

southern Canaan. Wetter conditions in the

Middle Bronze Age II–III (�1750–1550 BCE)

caused the settlement system to recover and

re-expand in the south (down to areas such

as the Beer-sheba Valley in the northern
Negev).

(5) The dry climate conditions at the end of the

Late Bronze Age seem to correspond to refer-

ences in ancient Near Eastern texts to a

period of aridity and droughts and thus polit-

ical instability. Extreme conditions at that

time may have been one of the reasons for

the collapse of eastern Mediterranean civiliza-
tions in the mid-thirteenth and twelfth centu-

ries BCE (the ‘crisis years’ – Ward &

Joukowsky 1992).

(6) The improved conditions in the highlands dur-

ing the Iron Age I enabled the recovery of set-

tlement activity, which is the backdrop for the

rise of ancient Israel (Finkelstein 1995a). Simi-

lar conditions in other parts of highlands in the
Levant could have led to the development of

equivalent settlement systems which gave birth

to other biblical nations – the Arameans in

Syria and the Ammonites and Moabites in

Transjordan.
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