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Vegetation and climate dynamics at the dawn of human settlement:
multiproxy palaeoenvironmental evidence from the Hashilan Wetland,
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ABSTRACT: The scarcity of high-resolution palaeoclimate records from the interior of West Asia has limited our
understanding of the mechanisms of past climate change and their potential impacts on early human societies of the
Eastern Fertile Crescent. Here, we present a multiproxy sedimentological, geochemical and palynological record from
the Hashilan Wetland in the central Zagros Mountains, spanning the time interval from 22 to 2.2 kcal sp. Our results
indicate a cold, dry climate for the last deglaciation (22 to 10 kcal sp) with amplified aridity during the Last Glacial
Maximum, Heinrich Stadial 1, the Younger Dryas and the 8.2 and 3.2 ka events. The Early Holocene (11.6 to 7.8 kcal
BP) is characterised by prolonged dry summers, frequent spring/summer dust storms and restricted oak woodlands that
gradually expanded as summers shortened toward the second half of the Holocene (<6 kcal 8r). We show an out-of-
phase Holocene moisture variation between the interior of West Asia and the Indian Summer Monsoon domain and
conclude that summer insolation-driven latitudinal shifts of the Hadley cell played a key role in seasonality changes in
the interior of West Asia by modulating the strength and pathway of the subtropical high-pressure cells. Finally, we
explore possible impacts of these changes on regional prehistoric human communities. © 2023 John Wiley & Sons, Ltd.
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Introduction

West Asia is influenced by multiple atmospheric circulation
systems including mid-latitude westerlies (MLWs), the Indian
summer monsoon (ISM), subtropical high-pressure cells (STHPs)
and the Siberian anticyclone, making it one of the most sensitive
regions of the world to climatic changes (Jones et al., 2019)
(Fig. 1a). Variations in the intensity and interactions of these
climate systems induce major shifts in climate regimes that have
strong impacts on terrestrial ecosystems of the region (Fleitmann
et al., 2003; Sharifi et al., 2015; Hamzeh et al., 2016; Talebi
et al., 2016; Sharifi et al., 2018; Gurjazkaite et al., 2018; Vaezi
et al., 2019; Safaierad et al., 2020; Alinezhad et al., 2021;
Arsalani et al., 2022).

The Zagros Mountains, being northwest-southeast orientated
along the western part of the Iranian Plateau, have great potential
for late Quaternary environmental and climatic reconstructions.
This mountain range acts as a geographical barrier against
humid air masses that are brought eastwards by the MLWs and

*Correspondence: Reza Safaierad and Roger Matthews, as above.
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receives substantial amounts of orographic precipitation, which
creates a hospitable environment for human occupation
contrasting with the surrounding deserts and drylands. Zagros
deciduous woodlands and shrubs have become the dominant
vegetation across the mountain range since the Mid-Holocene
when the current climate regime was established (van Zeist
and Wright, 1963). Terrestrial vegetation dynamics of the early
post-glacial period, and particularly the timing of the Zagros
woodland expansion, would have influenced the socio-
economy of human communities living in the area at the dawn
of the Neolithic (~11.8-7.2 kcal Bp) by shaping the availability of
natural resources for pastoral and early sedentary communities
(Matthews and Nashli, 2013) (Fig. 1b).

Reconstructing hydroclimatic  variations during the last
glacial-interglacial transition is thus of importance for under-
standing the environmental context of Neolithization in the Zagros
Mountains, i.e. the social processes humans made while
transitioning from mobile hunter—gatherer to sedentary
farmer-herder communities. Ongoing research confirms that the
Zagros range of western Iran and eastern Iraq is a core zone for an
extremely early transition to settled village life, including the
domestication of locally available plant and animal species
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Figure 1. a. Map of West Asia with dominant synoptic systems (after Chen et al. (2008); ISM: Indian Summer Monsoon, ITCZ: Intertropical
Convergence Zone). Red star shows the position of Hashilan Wetland (this study). Numbers within the grey circles correspond to locations with
palaeoenvironmental studies in West Asia mentioned in this paper: 1. Lake Van (Wick et al., 2003), 2. Lake Urmia (Bottema, 1986), 3. Lake Neor
(Sharifi et al., 2015), 4. Lake Zeribar (van Zeist and Wright, 1963; van Zeist and Bottema, 1977), 5. Lake Mirabad (van Zeist and Bottema, 1977;
Stevens et al., 2006), 6. Sibaki Cave (Soleimani et al., 2022), 7. Konar Sandal peat bog (Safaierad et al., 2020), 8. Hoti Cave (Fleitmann et al., 2007),
9. Qunf Cave (Fleitmann et al., 2003) and 10. Marine sediment core 93KL from the Arabian Sea (Pourmand et al., 2004). b. Locations of Early
Neolithic sites across the Zagros Mountain range and nearby lowlands (modified after Matthews and Nashli (2013)). [Color figure can be viewed at
wileyonlinelibrary.com]
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(Matthews et al., 2020). The few previous investigations in
northwestern Iran and the southern Zagros have already revealed
significant hydrological change during this transition (Aubert
et al., 2017; Aubert et al., 2019). For more than a century there
has been debate concerning the possible role of climate change as
a factor in shaping the Neolithic transition across West Asia
(Matthews and Nashli, 2013), including impacts of the cool-dry
Younger Dryas stadial (YD: ~12.8-11.6 kcalsr) and of sudden
cooling episodes such as the so-called 9.2 and 8.2 ka events (Flohr
et al., 2016). The Hashilan Wetland palaeoenvironmental record
covers this relevant timespan and is located close to key Early
Neolithic archaeological sites with the potential to make a major
contribution to these debates. This record can extend our current
knowledge of environmental changes in the Zagros Mountains
known from a few palaeoenvironmental studies carried out on
sediment cores from Lake Zeribar and Lake Mirabad in western
Iran (van Zeist and Wright, 1963; Wasylikowa, 1967; van Zeist
and Bottema, 1977; Giriffiths et al., 2001; Stevens et al., 2001;
Stevens et al., 2006; Wasylikowa et al., 2006). The chronology
and mechanisms behind these changes are still poorly constrained.
For instance, the reason for a~4500 year delay in deciduous
woodland expansion reflected in the Early Holocene pollen
assemblages from the Zagros-Anti-Taurus Mountains (van Zeist
and Wright, 1963; van Zeist and Bottema, 1977; Wick et al., 2003)
is not well understood. However, the mechanism proposed by
Stevens et al. (2001) seems compelling, which attributes the delay
to enhanced climate seasonality characterised by a hot, dry
summer and concentrated precipitation in winter. Consistent with
this mechanism, Djamali et al. (2010) using modern atmospheric
data indicated that the northward expansion of the ISM changes
climate seasonality in the Zagros-Anti-Taurus Mountains by
reducing spring rainfall. The same mechanism could thus have
been responsible for the delay in the expansion of Zagros oak
woodlands in the Early Holocene. Due to the lack of high-
resolution and well-dated Holocene sediment records representing
a sufficiently large area in the Zagros Mountains, no solid evidence
has yet been provided to test this hypothesis.

In this contribution, we present a new multiproxy record
including pollen and sedimentological data for the period
between 22 and 2.2 kcal sp from the Hashilan Wetland, which
is a karstic-spring carbonate wetland (Djamali et al., 2018)
located in the central Zagros. In this study we aim to:

(i) reconstruct the vegetation dynamics in the central Zagros
region to close a gap in palaeoenvironmental data during
the Late Pleistocene—Holocene (see e.g. European Pollen
Database www.eauropeanpollendatabase.net);

(i) situate the Hashilan record in a regional context to explore
the mechanisms driving Holocene climate variability and
atmospheric reorganisation in the interior of West Asia;

(i) investigate the potential impacts of dynamic palaeoenvir-
onmental factors on regional early human societies.

Study area

The Hashilan Wetland: its geological
and hydrological setting

The Hashilan Wetland is a vast karstic spring-fed carbonate
wetland with an anastomosing fluvial pattern (Djamali et al., 2018)
extending over 4.5km”> and located 36km northwest of
Kermanshah City, western Iran (Fig. 2a and b). This ‘anastomos-
ing carbonate wetland system’ was formed at the emergence
point of two karstic springs like many similar wetlands in the
Zagros Mountains (Djamali et al., 2018). The very gentle slope of
the plain, the high rate of biochemical carbonate precipitation in
a densely vegetated environment, and the highly fluctuating
water table contribute to the formation of palustrine carbonates,
which show both sedimentary and pedogenic features (Alonso-
Zarza, 2003; Djamali et al., 2018). During episodes of higher
karstic-spring discharge, the water level rises and the small bog
ridges (strings) become inundated whereas the larger island-like
spots remain subaerial and above the water table.

The Hashilan Wetland developed at the northern edge of the
synclinal Allahyar-Khani Plain surrounded by the Khorrin
Mountains in the north and the Veis Mountains in the southwest.
Two karst springs are fed by the Khorrin karst aquifer, which
originates in the massive limestone of Bisotun. With a thickness of
ca. 2000 m, the pure Bisotun limestone is characteristic for well-
developed karstic landforms (Bagheri-Seyedshokri et al., 2013).
The Khorrin karst aquifer is recharged through water penetration
into karren, vertical and horizontal joints and cracks, and also
directly from shafts and sinkholes. The hydrodynamic investigation
of the Khorrin karst aquifer shows that the dynamic storage volume
of the aquifer is very low, which results in fast discharge of water
through karst springs (Bagheri-Seyedshokri et al., 2013). This
prominent feature of the aquifer results in great water level
variability and makes the wetland extremely sensitive to droughts.
For instance, in response to a severe drought in 2007, the wetland
area was reduced by about 47% compared with the previous year
(Jafarbigloo et al., 2015).

Climate and vegetation

The mean annual precipitation (30 year average; 1988-2017)
is 410 mm recorded in the nearest meteorological station at
Kermanshah, located 36 km southeast of the wetland. March,
with a mean precipitation of 71.7 mm, and July, with less than
1mm, are the wettest and driest months, respectively. The
mean annual temperature is 15.5°C. January, with a mean

Figure 2. a. Satellite image of the Hashilan Wetland (HW) and its surrounding limestone catchment (Google Earth: 6 February 2019). b. Satellite
image of the island-like surface of Hashilan Wetland with location of coring (yellow star) and karst springs (Google Earth: 14 June 2019). [Color

figure can be viewed at wileyonlinelibrary.com]
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temperature of 2°C, and July, with 29.3°C, are the coldest and
warmest months, respectively. The dry season lasts about
5.5 months from mid-April until October, during which
STHPs dominate the regional atmospheric circulation (Zarrin
et al., 2010). Maximum dust storm activity occurs during late
spring and early summer (June and July) with the minimum in
November (Zolfaghari and Abedzadeh, 2005). The main
moisture sources for central Zagros precipitation are low-
depression systems from the North Atlantic, the Mediterranean
Sea and the Black Sea travelling eastwards with the MLWs
(Alijani and Harman, 1985; Stevens et al., 2001). During
boreal winter, STHPs weaken and shift southwards due to the
latitudinal migration of the Intertropical Convergence Zone
(ITCZ) and weakening of the Hadley cell, allowing the westerly
depressions to penetrate into central Zagros causing precipita-
tion through winter and spring. In addition, heavy rainfall may
occur when the Sudan thermal low interacts with the eastern
Mediterranean trough (Khoshakhlagh et al., 2008), transport-
ing moisture from the Arabian Sea, the Red Sea and the Persian
Gulf into the region (Khoshakhlagh et al., 2014).

In the Koppen climate classification system (Képpen, 1931),
the study area has a Mediterranean-type climate and in the
Global Bioclimatic Classification System it has a Mediterranean
pluviseasonal-continental bioclimate (Djamali et al., 2011). This
bioclimatic zone forms the dominant bioclimatic unit in the
Zagros upland areas (Djamali et al., 2011). The Mediterranean
continental bioclimate mostly corresponds to the Irano-Turanian
floristic region (Djamali et al., 2012b), which covers the majority
of southwest Asia including the Hashilan Wetland (Zohary, 1973;
White and Léonard, 1991).

To achieve a detailed understanding of the vegetation in the
study area, we conducted a botanical survey in the wetland
and in the surrounding mountains during the flowering season
in spring. Based on our botanical survey the main vegetation
types were described, of which a summary is presented here.
The regional natural vegetation in the surroundings of the
wetland has an open character and can be characterised as
forest-steppe and warm-temperate shrubland. Common trees
of the area are Pistacia khinjuk, P. atlantica subsp. mutica and
Crataegus azarulus var. aronia, growing between 1300 and
2000 m a.s.l. along with some species of Prunus shrubs, such
as P. scoparia (wild almond) and P. carduchorum. At these
altitudes, other shrubs such as Cerasus microcarpa and
Rhamnus kurdica and herbaceous species, including species
of Echinops, Phlomis, Stachys, Onosma, Taraxacum, Salvia
and others, are the main constituents of vegetation. Oak
woodlands (i.e. Quercus brantii Lindl.)—apart from sporadic
tree stands on the northern slopes of the Khorrin Mountains—
are absent in the Allahyar-Khani Plain and its surrounding
mountains and the nearest open oak woodland is located
about 30 km west of the Hashilan Wetland.

In the zone between 2000 and 2500 m a.s.l., arboreal taxa
such as Acer monspessulanum and Lonicera nummulariifolia
sporadically occur. Above 2500 m a.s.l., the vegetation is treeless
and displays a typical Irano-Turanian montane steppe with
Ferulago angulata, Prangos uloptera, Rheum ribes, Euphorbia,
Smyrniopsis aucheri and Astragalus caprine being the dominant
plant species.

Within the Hashilan Wetland, the peat strings are covered with
marsh vegetation mostly consisting of members of the Cyperaceae
family; namely, Carex riparius, Cyperus longus and Juncus
articulatus. The submerged depressions (flarks) are dominated
by Phragmites australis, Typha latifolia, T. angustifolia and
Sparganium erectum. The less water-logged areas of the wetland
are colonised by herbs such as Mentha longifolia, Sium, Bidens
tripartita, Epilobium hirsutum and Ranunculus spp. Scattered Salix
alba trees are the only arboreal taxa growing on the wetland. The

Allahyar-Khani Plain is under intensive cereal cultivation because
of its highly fertile soil and the availability of water.

Materials and methods

All data that support this study have been published (Safaierad
et al., 2023) and are available online.

Fieldwork and sampling

A 400cm long sediment core (HW) was retrieved from the
Hashilan Wetland (34°34’55”N, 46°53'13"E, 1310 m a.s.l.) using
a Russian peat corer. The half-barrel cores were wrapped in
plastic, placed in PVC core liners and stored at 4°C. To enable the
precise identification of pollen grains, we collected about 90
flowering plant taxa during a botanical survey in the wetland and
surrounding mountain areas. In this paper, we report results from
a 310cm long section of the core covering the depth interval
between 85 and 395 cm (the upper 85 cm were destroyed during
storage). Loss on ignition (LOI) and magnetic susceptibility (MS)
of the same core section have previously been published in
Safaierad et al. (2018). This study employs new sedimentological,
geochemical and pollen analyses and improves the chronology
with additional radiocarbon dates.

Radiocarbon dating

Seventeen samples including bulk organic sediments, seeds and
charcoal fragments were submitted to the Beta Analytic Radio-
carbon Dating Laboratory, Miami, USA (Table 1). The accelerator
mass spectrometry '*C dates were calibrated using the Northern
Hemisphere terrestrial calibration curve IntCal20 (Reimer
et al., 2020). The Bayesian age-depth model was generated
using the rbacon package (Blaauw and Christen, 2011) and the
RStudio software (R Development Core Team, 2013). The 95%
confidence intervals are based on a 2¢ range of average
iterations. All ages are reported as thousand years before AD
1950 in kcal sp.

Magnetic susceptibility

The MS of the core was measured using a Bartington MS2C
sensor at the Marine Geology Division of the Iranian National
Institute for Oceanography and Atmospheric Science (INIOAS).
The downcore scanning was carried out in 1 cm increments.

Loss on ignition

Eighty-five samples of 1g each were taken at 4 cm intervals
from the 310 cm core sequence and analysed to determine
organic matter (OM), carbonate content (CaCOs3) and non-
carbonate mineral matter (NCMM) of the sediments. The LOI
was processed following the method proposed by Heiri et al.
(2001). Samples were dried overnight at 105°C and weighed.
The dry samples were combusted at 550°C for 4h and at
950°C for 2 h and the percentages of OM and lost CO, were
determined, respectively. The results of the LOI 950°C were
multiplied by 1.36 to express the carbonate content (Heiri
et al., 2001). Finally, the percentage of NCMM (LOI residue)
was calculated using the following formula:

NCMM = 100 — LOI550 — LOI950 X 1.36 (in%).

1
Pollen analysis W

For pollen analysis, 34 subsamples (excluding barren pollen
samples) of 1 cm?® wet sediment were collected at 8 to 10 cm
intervals. Standard analytical techniques (Faegri and



Table 1. Radiocarbon ages and calibrated dates.

Lab. code Depth (cm) Material dated 14C age ()  95% confidence interval (cal. 8?) Midpoint of calibrated age (cal. sp) Outlier
Beta-468207 85 Phragmites rhizome 90+ 30 90 95 X
Beta-482658 85 Organic sediment 2230+ 30 2110-2330 2220

Beta-617921 130 Charcoal 3890 + 30 4140-4795 4350

Beta-484596 133 Organic sediment 4680 + 30 4900-5420 5285

Beta-486781 145 Organic sediment 5370+ 30 6020-6290 6100

Beta-468206 159 Phragmites rhizome 2740 + 30 2855-2790 2820 X
Beta-482659 161 Organic sediment 6480 + 30 7250-7470 7360

Beta-484248 197 Phragmites rhizome 6030 + 30 6951-6789 6870 X
Beta-482660 197 Organic sediment 8200 + 30 9025-9280 9170

Beta-468205 199 Phragmites rhizome 5150 + 30 5940-5895 5920 X
Beta-482661 245 Organic sediment 9910+ 30 11 210-11 670 11 360

Beta-484249 245 Phragmites rhizome 8090 + 30 9094-8985 9040 X
Beta-468203 280 Phragmites rhizome 8340 + 30 9452-9287 9370 X
Beta-482662 281 Organic sediment 12 880+ 40 15 150-15 580 15 370

Beta-484597 345 Organic sediment 16 700 + 40 19 720-20 330 20 120

Beta-617926 394 Cyperaceae seeds 17 650 + 60 21 400-22 115 21 825

Beta-482663 395 Organic sediment 18 130+ 60 21 430-22 150 21 860

Iversen, 1989) were applied for pollen extraction at the faculty
of geography, University of Tehran and the Faculty of
Geosciences, University of Bremen. Samples were treated
with 10% KOH, 10% HClI, 37% HF and acetolysis. The pollen
grains were extracted from the size fraction between 160 and
10 pm sieves and were mounted in silicone oil (2000 cs). Plant
taxa collected during fieldwork were identified and their
flowers acetolysed (Erdtman, 1960) to make a small reference
collection. Pollen identifications were made using the pollen
atlas of western Iran (van Zeist and Bottema, 1977) and our
own pollen reference collection. At least 300 terrestrial
(upland) pollen grains were counted per sample except for
depths at 111 and 223 cm with poor pollen preservation.
Aquatic pollen grains were excluded from the total pollen sum.
The pollen diagram and the CONISS dendrogram were
calculated and plotted by means of the TILIA software
(Grimm, 1987; Grimm, 2011).

Elemental analysis by X-ray fluorescence (XRF)
core scanning

To obtain qualitative information about their elemental
composition, 76 samples were dried, ground and measured
individually with an ITRAX XRF core scanner (Cox Analytics)
(Croudace et al., 2006; Croudace et al., 2019) following the
approach of Profe and Ohlendorf (2019) for measuring discrete
samples. Analyses were carried out with the Molybdenum
(Mo) X-ray tube with a voltage of 30kV, a current of 40 mA
and 100 s exposure time. XRF-scanning data are influenced by
matrix effects related to grain size, porosity, water content, OM
content, instrumental characteristics and others. As samples
were ground and dry, the factors grain size, porosity and water
content are negligible in this case. In general, the chemical
composition obtained by the XRF core scanner is non-linearly
correlated to elemental concentrations (Tjallingii et al., 2007;
Croudace et al., 2019). Moreover, element intensities underlie
the closed-sum effect, which inhibits multivariate statistical
analyses (Martin-Puertas et al., 2017). A solution for these
limiting factors is available with the centred log ratio (clr),
which normalises data and determines relative changes in
element composition resembling their chemical composition
(Weltje et al., 2015). Moreover, clr transformation is consistent
with the statistical theory of compositional data analyses
(Aitchison, 1982; Weltje et al., 2015). Additionally, selected
elements are displayed as element/element ratios.

Mineralogical analysis by X-ray diffraction (XRD)

Sixteen samples about 1g of weight were dried at 50°C for
48 h. The dried samples were ground and homogenised using
a mortar and pestle. XRD analyses were carried out at the
Crystallography and Geomaterials Group, Department of
Geosciences, University of Bremen. The X-ray diffractograms
were measured on a Philips X’'Pert Pro multipurpose diffract-
ometer equipped with a Cu-tube (ko 1.541, 45kV, 40 mA), a
fixed divergence slit of 0.25°, a 16 sample changer, a
secondary Ni-filter and the X’'Celerator detector system.
Measurements were performed as a continuous scan from 3
to 65° 20, with a calculated step size of 0.016° 26 (calculated
time per step was 100s). Minerals were identified with the
Philips/Panalytical software X'Pert HighScore, which can also
give a semiquantitative value for each identified mineral on the
basis of relative intensity ratio (RIR) values. The RIR values are
calculated as the ratio between the intensity of the most
intense reflex of a specific mineral phase and the intensity of
the most intense reflex of pure corundum (I/Ic) referred to as
the ‘matrix-flushing method’ after Chung (1974).

Grain-size analysis

Prior to grain-size analyses, OM was removed by H,O, (30%)
and carbonates were destroyed with HCI (10%) from each of the
59 samples. For dispersion, 20ml of Calgon ((NaPO3)n) was
added and agitated overnight. On the next day, analyses were
performed with a laser diffraction particle-size analyser (Beckman
Coulter LS 200) after ultrasonic treatment for 30 s. Each sample
was measured at least four times for 60 s until a stable distribution
was reached. Thereafter, the arithmetic mean was calculated for
the best three sample runs. Grain-size distributions and all
statistical grain-size parameters were calculated from the output
of the LS 200 as geometric graphical measures according to Folk
and Ward (1957) with the MS Excel-based macro Gradistat,
Version 8.0 (Blott and Pye, 2001).

Results and interpretations
Chronology

The Bayesian age-depth model based on 11 calibrated '*C dates
(Table 1) is illustrated in Fig. 3. According to the age model, the
Hashilan Wetland sediment core covers the period 22 to
2.2 kcal gp (at 85 cm). Of the 17 '*C age determinations (Table 1)
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six samples were obtained from roots and rhizomes of Phragmites
australis, which are younger by several thousand years than those
of organic sediment from the same depths. Therefore, we
determined that they were outliers (Fig. 3). Penetration of roots
and rhizomes of such deeply rooted plants into underlying
sediments is a common cause of age inversion in wetland
sediments (Howard et al., 2009) and has recently been reported
from similar deposits in the southern Zagros Mountains (Djamali
et al., 2018). The reason for exclusion of these dates from the
age—depth model is that they do not follow the trend,
characterised by substantial changes in sedimentation rates, but
also indicate an age reversal at 197 cm depth. However, the
lithological structure of the sediment core from 283 cm upwards,
which is composed of compacted gyttja (Fig. 3), reflects a calm
depositional condition with no signs of sudden changes. In
contrast, dates of the organic sediment indicate a reliable
decreasing trend from the bottom of the core upward, which is
consistent with the lithological structure of the sediment core.
Although the presence of dissolved old carbon in lake water of
carbonaceous basins can affect the radiocarbon dates of bulk
sediments and result in too old ages, dating of organic sediment
fractions can minimise the effect of old carbon. In the Hashilan

sediment core, the main source of organic content, as indicated
by the pollen record (Fig. 5), are plants of the Cyperaceae family.
Their photosynthetic mechanism depends on atmospheric CO,
rather than on dissolved old carbon. The consistent dates of the
organic sediment at 395 cm and the Cyperaceae seeds at 394 cm
also suggest the reliability of bulk sediment dates.

Sedimentology

The Hashilan Wetland sediment core is characterised by two
markedly different lithological units. The basal part of the core
from 395-283 cm (22-15.5 kcal 8p) is composed of highly calcar
eous sediments, which are overlain by organic gyttja (organic-rich
lake mud) from 283 to the top of the record at 85cm (15.5-
2.2 kcal 8p) (Fig. 4). The gyttja, however, embraces a carbonate-
rich layer between 260 and 250 (13-11.9kcalsp), and two
mineral-rich layers from 225 to 206 cm (10.4-9.5 kcal p) and 195
to 170 cm (9-7.8 kcal 8p). To investigate these lithological changes,
we employ multiple sedimentological indices including grain size,
LOI, XRF geochemistry, MS and XRD mineralogy (Fig. 4).

XRF geochemistry yielded 10 elements (Ca, Ti, Cr, Mn, Fe,
Ni, Zn, Rb, Sr and Zr) with reliable and significant abundances


https://wileyonlinelibrary.com

€ 3z M Calcite B Montmorillonite Median grain size Carbonate content Non-carbonate Ti/Ca ratio
S S WQuarz = Gypsum (um) (%) mineral matter (%)
£ £ M Abite Labradorite
g 3 Clinochlore Amesite
2 ' _ 5 10 15 20 0 15 30 45 60 30 60 90 Zones
Smectite Other minerals co
= M Palygorskite £ £ L3
I
IEE—— 5 L4
r5
I r8
- 4 to
— I —~
o I [ rioo
m I —_— L 11 m
ﬁ ©
g g r12¢g
o) T F13 @
L — 2 [ 14 <
r15
—— r16
. r17
— r18
1 Lo
20
I
7 : 4 ra1
| — T T T 1 D - 22
0 50 1000 25 50 75 100 0 20 40 60 0246 8 10 1 0 20 40
Grain size (%) Minerals (%) Organic matter (%) Ca (centered log-ratio) ~ Ti (centered log-ratio) MS (10 SI)

clay/silt/sand

alcareous sediments

@ Organic gyttja

Calcareous gyttja B Silty gyttja

Figure 4. Lithology and downcore variations in grain size, mineral abundances, median grain size, organic matter, carbonate content, calcium (Ca),
non-carbonate mineral matter, titanium (Ti), Ti/Ca ratio and magnetic susceptibility (MS). Black triangles along the lithology indicate the position of
'C age controls for the sediment core. Sediment zones 1-5 are colour-shaded. [Color figure can be viewed at wileyonlinelibrary.com|

Table 2. Correlation matrix of centred log ratio (clr) transformed elemental data from the Hashilan sediment core. High correlations (r>0.8

or < —0.8) are marked with bold numbers.

Ca-clr Ti-clr Cr-clr Mn-clr Fe-clr Ni-clr Zn-clr Rb-clr Sr-clr Zr-clr
Ca-clr 1
Ti-clr -0.93 1
Cr-clr -0.57 0.67 1
Mn-clr -0.86 0.87 0.48 1
Fe-clr -0.85 0.92 0.53 0.87 1
Ni-clr -0.84 0.88 0.65 0.74 0.89 1
Zn-clr -0.61 0.61 0.48 0.49 0.40 0.49 1
Rb-clr -0.55 0.22 -0.12 0.30 0.19 0.19 0.15 1
Sr-clr 0.99 -0.89 -0.51 -0.87 -0.82 -0.80 -0.62 -0.60 1
Zr-clr -0.82 0.90 0.65 0.76 0.80 0.75 0.59 0.17 -0.82 1

(>2500 counts per second). These are categorised into two
different groups of carbonaceous and siliciclastic elements with
Ca and Sr (r=0.99; Table 2) being positively correlated
representing the carbonaceous group, while the rest falls into
the siliciclastic group with many of these elements being highly
correlated (Table 2). Ca and Ti, which are highly and negatively
correlated (r=-0.93), are selected as representatives for the
carbonaceous and siliciclastic groups, respectively. The carbo-
naceous sediments are derived from adjacent limestones and
transported via karstic springs and runoff, whereas siliciclastic
sediments are mainly of remote (aeolian) origin. This is
supported by mineralogical results indicating a significant
presence of quartz and albite as well as clay minerals such as
clinochlore, smectite, palygorskite and montmorillonite in the
gyttja deposits, which have all been identified in dust loads
originating from Iraq and the Arabian Peninsula (Najafi
et al., 2014; Kumar et al., 2020). The silt-sized grains of the
gyttja sections also support aeolian sources of the siliciclastic
material. Instead, the notable presence of calcite in carbonac-
eous sediments (Fig. 4) confirms a local origin of the sediments.
Coarsening of the sediments to sand-size in the calcareous
sections is thus attributed to enhanced erosion in the catchment.
Therefore, we interpret the Ti/Ca ratio as representing changes
of aeolian versus runoff-related deposits in the sediment.

The Ti/Ca ratio covaries well with NCMM and MS profiles,
which indicates that the influx of siliciclastic dust minerals into
the wetland is responsible for increased MS. Hence, we use the
better resolved MS record as a proxy for dust input into
the Hashilan Wetland. Nevertheless, to eliminate the possible
diluting effect of calcareous sediments, we limit the applic-
ability of the MS proxy to the Holocene gyttja section of
the core (<11.9kcalsp). Overall, based on variations of
sedimentological indices, and in particular on the MS record
for the Holocene, the Hashilan Wetland sediment core can be
divided into five sedimentological zones.

Zone 1 (395-283 cm, 22 to 15.5 kcal sp)

This zone is characterised by highly calcareous (49% carbonate
content), organic poor (4.6% OM) sediments (Fig. 4), comprising
between 60 and 98% calcite (Fig. 4). Although a proportion of
the calcite content is derived from biogenic sources such as
ostracods, the sandy silts point to a local source transported via
karstic springs and runoff into the wetland or possibly a shallow
lake. The presence of a shallow lake during the dry glacial period
is explained by the suppression of evaporation under cold
climate conditions, a feature also seen at Lake Urmia, northwest
Iran (Djamali et al., 2008). The monotonous trends of all
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sedimentological indices show generally stable depositional
conditions for this zone. The only notable change is the influx
of coarse-grained sediments due to increased erosion between
22-20kcalr and 17-15.5kcal P corresponding to the Last
Glacial Maximum (LGM) and Heinrich Stadial 1 (HS1;
~18-14.6 kcal p), respectively.

Zone 2 (283-260cm, 15.5 to 13 kcal Br)

In this zone, the lithology changes sharply to gyttja consisting
of 25% OM and 11% carbonate content (Fig. 4), on average. A
change in origin of the sediments from local to remote sources
is reflected by the replacement of calcite by quartz (66%) and
clinochlore (23%) (Fig. 4) that are responsible for elevated MS.
As this zone broadly corresponds with the Bglling-Allerad
interstadial (B/A: ~14.7-12.9 kcal 8p), an increase in tempera-
ture may have enhanced evapotranspiration that turned the
pre-existing shallow lake into a humid wetland or palustrine
environment. This interpretation is consistent with variations in
diatom assemblages at Lake Zeribar showing an increase in
temperature at 15.4 kcal sp (Wasylikowa et al., 2006).

Zone 3 (260-250cm, 13 to 11.9 kcal r)

This zone corresponds to the YD (~12.8-11.7 kcalsp). It
shows a recurrence of calcite deposition (25% of all minerals)
(Fig. 4) in the wetland, leading to a drop in OM and MS
(Fig. 4). The presence of smectite in this zone (8%) is
associated with aeolian processes. Thus, the reduced MS
does not reflect a decrease in dust input but a dilution effect
of the non-magnetic calcite deposited at the same time. This
interpretation is in agreement with an increase in dust
deposition during the YD for West Asian records (Sharifi
et al., 2015; Sharifi et al., 2018; Vaezi et al., 2019; Safaierad
et al., 2020). The increase in median grain size at the
beginning of this zone points to increased erosion in the
catchment at the beginning of the YD.

Zone 4 (250-140cm, 11.9 to 6 kcal Br)

In this zone, the lithology alternates between gyttja and silty
gyttja (Fig. 4) with notable contributions of aeolian clay
minerals such as clinochlore, smectite, palygorskite and
montmorillonite (Fig. 4). Increased intensity of MS from 10.6
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to 9.5 and 8.8 to 8.1 kcal sp (Fig. 4) indicates elevated dust
deposition in the Hashilan Wetland during the Early Holocene.
An increase in grain size between 8.3 and 8 kcal sp (Fig. 4) can
be attributed to both enhanced erosion and also stronger dust
storms that transported coarse-grained silt and fine sand into
the wetland. This interval is coeval with the 8.2 ka event,
during which other West Asian records show enhanced dust
input (Sharifi et al., 2015; Sharifi et al., 2018; Vaezi et al., 2019;
Safaierad et al., 2020). In contrast, the decreased dust input
between 9.5 and 8.8 kcalsp, centred at 9.2 kcalsp, is
synchronous with a less severe cooling event in the Northern
Hemisphere known as the 9.2 ka event (Flohr et al., 2016).
The dust input decreases after 7.8 kcal s> and shows a less
pronounced peak between 6.9 and 6.6 kcal sp (Fig. 4).

Zone 5 (140-85cm, 6 to 2.2 kcal sr)

A decrease in NCMM, the Ti/Ca ratio and MS values accompanied
by an increase in OM signifies markedly reduced dust input and
more stable environmental conditions in the Hashilan Wetland
after 6 kcalsp (Fig. 4). A notable drop in MS between 3.3 and
2.9kcal s is associated with increased erosion and influx of
coarse-grained sediments with calcite from the catchment into the
wetland, which is synchronous with arid conditions identified in a
peat core from southeast Iran (Vaezi et al., 2022) and increased
aeolian deposition in Lake Neor, northwest Iran (Sharifi et al., 2015).
Interestingly, similar to the other episodes of enhanced erosion
identified in the Hashilan Wetland sediment core, this episode is
also coeval with a cold and dry climate event known as the 3.2 ka
event (~3.3 to 2.9 kcal 8p) that influenced Late Bronze and Early
Iron Age communities in different regions including southwestern
Asia (Neumann and Parpola, 1987; Alpert and Neumann, 1989;
Shaikh Baikloo Islam, 2021; Vaezi et al., 2022), the eastern
Mediterranean (Kaniewski et al., 2019) and western Europe
(Molloy, 2022).

Palynology

Ninety-two pollen types of 15 trees, 72 herbs and shrubs and
five aquatic plant taxa were identified in the samples from the
Hashilan Wetland sediment core. A simplified pollen percen-
tage diagram (Fig. 5) represents two major local pollen
assemblage zones (LPAZs). Both are divided into subzones by
means of the CONISS clustering method (Grimm, 1987) (Fig. 5).
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LPAZ A

The LPAZ A (22 to 9.8kcalsp) is characterised by high
percentages of Amaranthaceae (now embracing formerly Amar-
anthaceae and Chenopodiaceae) pollen of up to 65% as well as
Poaceae (16.8%) and Artemisia (16.2%), with a significant
amount of Asteraceae (e.g. Cousinia; 1.5%) and Plantaginaceae
(e.g. Plantago coronopus-type; 1.5%) along with less Ephedra.
Cyperaceae is the only dominant wetland pollen taxon and its
abundance shows significant changes in LPAZ A. In addition to
Cyperaceae, pollen of Typha/Sparganium-type occurs in low
abundance (less than 2%), though it has a relatively constant
presence. The insignificant abundance of tree pollen not
exceeding 2% on average reflects a nearly treeless landscape
during this time. Altogether, such a pollen assemblage indicates
the dominance of Irano-Turanian mountain dry steppe in the
uplands of the region and a sparse aquatic vegetation within the
wetland (supported by the low OM content) during the period
22-9.8 kcal Bp. The Hashilan Wetland record registers a con-
tinuous presence of Cousinia species during the Late Glacial,
corroborating other glacial pollen records of the interior of West
Asia (Djamali et al., 2012a), which accentuates the significant
role of this plant in the central Zagros Mountains during the late
Pleniglacial and the deglaciation.

The fluctuations in abundance of Amaranthaceae and Poaceae
pollen possibly reflect a local origin in contrast to those of
Artemisia. Changes in the abundance of Amaranthaceae and
Poaceae plants can be associated not only with changes in
climate conditions but also with water table variations. The
halophilous and halotolerant species of Amaranthaceae can
dominate on saline soils of the surrounding plain as well as on
the margin of the wetland during shorter periods of waterlogging
(Dehghani et al., 2017). On the other hand, wetland Poaceae
(e.g. Phragmites australis) can develop in shallow littoral waters
emerging by longer waterlogging during episodes of an elevated
water table (Djamali et al., 2016). As a result, variations in
abundance of these plants are, to some extent, controlled by
changes in wetland hydrology. Instead, Artemisia as an upland
vegetation element, is independent of changes in waterlogging,
better represents the regional upland vegetation and slight
variations in its pollen reflect minor changes in regional
vegetation throughout LPAZ A.

An increase in the surface soil salinity is indicated by the low
abundance of pollen of the Typha/Sparganium-type, which are
sensitive to soil salinity (Glenn et al., 1995). The increased
salinity can be associated with a decrease in surface leaching
due to droughts, supporting the idea of the expansion of
halophytic Amaranthaceae species around the wetland in LPAZ
A. Based upon changes in relative abundance of the most
common pollen taxa, LPAZ A is divided into four subzones.

LPAZ A1 (22 to 21 kcal sp)

The main terrestrial pollen grains of this subzone are
Amaranthaceae (45%), Poaceae (20%) and Artemisia (16%).
One noticeable feature of this subzone is the high abundance
of Cyperaceae pollen, which reaches up to 50% in the
lowermost pollen sample of the record. However, highly
calcareous sediments with low OM content (6%) of this
subzone points to the lack of a dense carpet of Cyperaceae at
the coring site that may be placed inside a shallow lake
surrounded by a palustrine environment.

LPAZ A2 (21 to 18 kcal sp)

The major terrestrial pollen percentages are similar to

subzone A1, reflecting a dry Artemisia-Amaranthaceae steppe.

However, a notable decrease in abundance of Cyperaceae
pollen which reaches its minimum (ca. 7%) throughout LPAZ
A, is the distinguishing feature of this subzone from the
underlying subzone. Similar sediment composition and terres-
trial pollen abundances of LPAZ A1 and A2 implies that
the higher abundance of Cyperaceae pollen in LPAZ A1 can be
indicative of a larger palustrine environment around the
shallow lake due to extended inundation.

LPAZ A3 (18 to 14.5 kcal sp)

This subzone is distinguished by a significant increase
in Amaranthaceae pollen reaching a maximum abundance
of 65% at the expense of Poaceae, indicating an increase
in aridity and/or soil salinity. This pollen subzone
coincides with HS1, during which a massive discharge of
icebergs into the North Atlantic caused a pervasive
cooling in the Northern Hemisphere (Heinrich, 1988; Bond
et al., 1992).

LPAZ A4 (14.5 to 9.8 kcal sp)

This subzone covers the Late Glacial and the first two
millennia of the Holocene. In the lower half, which
corresponds to the B/A interstadial, Poaceae pollen increases
at the expense of Amaranthaceae. Cyperaceae increase
distinctly, pointing to reduced aridity and soil salinity. After
~13 kcal Bp, which broadly corresponds to the onset of the YD,
a decrease in the abundance of Poaceae, Artemisia and
Cyperaceae and increasing Amaranthaceae suggests higher
aridity and continentality. A notable increase in pollen of the
Polygonum aviculare and Senecio-Filago-type may indicate
that the increased climate aridity was accompanied by
fluctuations in the water table leading to the spread of the
latter plants at the seasonally exposed/inundated littoral zones
of the wetland.

Multiple forms of evidence, such as the presence of
calcareous sediments, abundant ostracods (observed by visual
inspection of sediments under a microscope) and very good
pollen preservation in the lower part of the sediment core
(395-283 cm, from 22 to 15.5 kcal Bp) suggest the presence of
a shallow lake around the coring site prior to the B/A warm
period. During cold periods—despite a substantial decrease in
precipitation—the majority of precipitation most likely oc-
curred as winter snowfall (Wright Jr, 1962). Gradual melting of
the snow lasts into the warm season along with a substantial
suppression of the evapotranspiration rate could have sup-
ported the existence of the shallow lake. The higher water level
of the lake (compared with wetland) would have prevented the
growth of Cyperaceae inside the lake or at the coring point, as
reflected by low OM. During warm periods when precipitation
increased, e.g. at the onset of the B/A, a decrease in snowfall
and an increase in evapotranspiration would have turned
the shallow lake into a wetland by lowering the water table,
which favours the expansion of Cyperaceae and the formation
of gyttja.

With the onset of the Holocene, a significant change occurs
in pollen preservation. Between 11.5 and 7.8 kcal sp, pollen
grains decayed during the long exposure of the wetland
surface to air, except for a short intervening interval between
10.3 and 9.8 in which a small number of pollen grains have
been poorly preserved. The similarity of the pollen taxa
preserved in this section and the previous subzones classifies
this section within the major pollen assemblage of LPAZ A and
indicates the persistence of the dry Artemisia-Amaranthaceae
steppe in the region until at least the first two millennia of the
Holocene. This is consistent with the results of the existing



pollen records from the Zagros—Anti-Taurus Mountains
showing dominance of steppe elements in the vegetation
composition until about 10kcalsp (van Zeist and Bottema,
1977; Wick et al., 2003). The increase in abundance of
pollen of the drought-tolerant and semidesert shrub Ephedra
(E. distachya-type and E. fragilis-type) indicates an increase in
aridity and/or protraction of the dry season during the Early
Holocene leading to intermittent desiccation of the wetland.
Nevertheless, a sudden increase in abundance of the Typha/
Sparganium-type may indicate reduced soil salinity after
10.3 kcal sp.

LPAZ B

In general, the transition from LPAZ A to B is marked by a
major change in vegetation composition.

LPAZ B1 (7.8 to 6 kcal 8p)

In LPAZ B1, a prominent increase in the abundance of
Poaceae pollen (up to 55%) at the expense of Artemisia (2%)
and Amaranthaceae (12%), as well as the continuous and
slowly increasing abundance of pollen of Quercus and Pistacia
indicates a major change in the regional vegetation from a
steppe to a steppe-forest dominated by grasses. The simulta-
neous increase in pollen of grasses and aquatic/wetland plants
such as Cyperaceae, Typha/Sparganium-type, Typha latifolia-
type and Ranunculaceae shows increased humidity and
reduced soil salinity. It also suggests that a portion of the
grass pollen comes from local Phragmites australis. However,
attempts to disentangle the question of how much of the grass
pollen are of local origin are hampered by the fact that pollen
of Phragmites australis cannot reliably be distinguished from
upland grasses. Overall, pollen-inferred vegetation changes
in this zone indicate a climate amelioration and increasing
humidity after 7.8 kcal p that stopped the intermittent desicca-
tion of the wetland. Nevertheless, this amelioration did not
result in the full expansion of trees and the low abundance of
tree pollen indicates a post-glacial delay in the expansion of
woodlands. A delayed response is also exhibited in other
pollen records from the interior of West Asia such as Lake Van
(Wick et al., 2003), Lake Urmia (Bottema, 1986) and Lakes
Zeribar and Mirabad (van Zeist and Bottema, 1977) (Fig. 7f),
and further west to Lake Acigdl in central Turkey (Roberts
et al., 2001).

The expansion of grasses together with the low abundance
of oak trees can be associated with the amount of moisture
during the growing season of these plants. As grasses have a
shorter growing period than trees, their sudden expansion
against the small presence of trees can indicate a change in the
seasonal distribution of precipitation (EI-Moslimany, 1986).
The presence of adequate moisture during the transition from
the cold to the warm season caused the expansion of grasses,
but the absence of sufficient moisture in the warm season,
i.e. spring and summer, prevented the expansion of oak trees.
This interpretation is in agreement with an already proposed
change in seasonality of rainfall during the Holocene in the
Zagros Mountains based on the isotope records of Lakes
Zeribar and Mirabad (Stevens et al., 2001). This change in
rainfall seasonality has been inferred from depleted isotopic
values of the Early Holocene versus enriched values of the
Mid-Late Holocene, which is attributed to a higher contribu-
tion of isotopically enriched spring rainfall in the second half
of the Holocene (Stevens et al., 2001).

Another feature of LPAZ B1 is the appearance and increase
in abundance of the ruderal and anthropogenic pollen grains,
such as Centaurea solstitialis-type and Carthamus-type, which

could point to degradation of the wetland environment as a
result of increased human impact.

LPAZ B2 (6 to 2.2 kcal sr)

The prominent feature of this zone is the increase in the
abundance of Quercus pollen, which reaches up to 20% at
3.8 kcal 8p. The abundance of Quercus decreases to 13% from
3.8 to 3 kcal r and thereafter increases again to 20% at the top
of the record. Pistacia pollen with an average abundance of
3% is continuously present in this zone. Considering the poor
pollen dispersal of Pistacia (Wright et al., 1967; van Zeist and
Bottema, 1977; Woldring and Bottema, 2003), the trees
probably formed a major constituent of the vegetation during
this period. The emergence and constant presence of Rosaceae
pollen can be associated with a significant presence of wild
almond shrubs in habitats where moisture availability did not
support the growth of oak trees. The increased abundance of
arboreal and shrub pollen along with the decrease in grass
pollen abundance, signifies a major change in vegetation
from the former grass-dominated steppe-forest to open oak
woodlands. Following this change, the abundance of Amar-
anthaceae pollen declined to its lowest level at the top of the
sequence. The appearance of Fraxinus pollen during the
vegetation shift from steppe-forest to open oak woodlands
around 6 kcal Bp is a common feature observed in Hashilan
and Zeribar pollen records and demonstrates that Fraxinus
trees occurred on a regional scale. According to Bobek (1951),
Fraxinus is a riparian element growing along rivers and
streams. Hence, its expansion may point to an increase in
precipitation in the region leading to increased surface water
runoff and fluvial activity, which is in agreement with major
vegetation changes recorded in this zone. Another evidence of
the increase in humidity is the emergence and continuous
presence of Alisma pollen at 6 kcal gp. Cyperaceae and Typha/
Sparganium-type pollen also reached maximum abundance in
this zone. Besides the natural vegetation changes, the presence
of pollen of Vitis, Centaurea solstitialis-type, Carthamus-type,
Cerealia-type and probably Ulmus indicates intensified human
activities.

Discussion

Deglacial climate change in the Zagros Mountains
and its link to temperature variability across the
North Atlantic

The dominance of an Artemisia-Amaranthaceae dry steppe
during the period 22-9.8 kcal sp reflects a cold and dry climate
in the nearly treeless environment of the Zagros Mountains,
which is consistent with the evidence of pollen records from
the interior of West Asia such as Lake Urmia (Bottema, 1986;
Djamali et al., 2008), Lake Zeribar (van Zeist and Wright, 1963;
van Zeist and Bottema, 1977) and Lake Van (Wick et al., 2003;
Litt et al., 2009). An insignificant contribution of trees during
deglaciation indicates unfavourable conditions for tree growth
and most likely an extremely arid climate (van Zeist and
Bottema, 1977). This arid climate is characterised by episodes
of enhanced erosion deduced from coarsening of grain size in
the calcareous sediments during the LGM, HST and YD,
suggesting amplified aridity during Northern Hemisphere/
North Atlantic cooling events. This interpretation is in
agreement with the 8'%0 record of a stalagmite from the
southwestern Zagros Mountains showing increased climate
aridity during HS1 and the YD (Soleimani et al., 2022), as well
as with intensified dust plumes in West Asia during HS1 and



the YD (Pourmand et al., 2004; Sharifi et al., 2018; Safaierad
et al., 2020) (Fig. 6). Pollen and sedimentological evidence
show a rather humid climate during the B/A interstadial and
are consistent with results of diatom analysis (Wasylikowa
et al.,, 2006) and sedimentology (Megard, 1967) of Lake
Zeribar, decreased dust input in West Asian terrestrial (Sharifi
et al.,, 2018; Safaierad et al., 2020) and marine records
(Pourmand et al., 2004). Thus, our palaeoenvironmental
record provides further support for a North Atlantic forcing
of the West Asian climate.

Out-of-phase moisture variation between the
interior of West Asia and the ISM domain during
the Holocene

Persistence of steppe vegetation and the emergence of Ephedra
desert shrubs, lack of expansion of trees, and seasonal
desiccation of the Hashilan Wetland indicate the dominance
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Figure 6. Comparison of the Hashilan Wetland mean grain-size
record as a proxy for enhanced erosion (a), with palaeoclimate
records from West Asia: (b) 3'%0 record of Sibaki Cave in the
southwestern Zagros Mountains (Soleimani et al., 2022), (c) Sonic
velocity at core 93KL from the Arabian Sea (Pourmand et al., 2004),
(d) Ti record of a sediment core from Lake Neor (Sharifi et al., 2018)
and (e) Ti record of a sediment core from Konar Sandal peat bog
(Safaierad et al.,, 2020). HS1: Heinrich Stadial 1, B/A:
Bolling—Allered, YD: Younger Dryas, 8.2: 8.2 ka event. [Color
figure can be viewed at wileyonlinelibrary.com]

of a warm and dry climate characterised by protracted dry
seasons during the Early Holocene in the Zagros Mountains. The
similarity of our record with other pollen records from the
interior of West Asia (van Zeist and Bottema, 1977; Bottema,
1986; Wick et al., 2003) demonstrates the prevalence of similar
bioclimatic conditions throughout this region in the Early
Holocene. The dry climate inferred from pollen records is in
agreement with the significant activity of dust storms inferred
from our MS record. Dust storms maximised between 10.6 and
7.8 kcal Bp except for a centennial-scale episode of declined dust
input from 9.7 to 9kcal sp (centred at 9.2 kcal Bp). However,
such elevated dust deposition in the central Zagros Mountains
have not been observed in other dust records from West Asia,
e.g. Konar Sandal in southeast Iran (Safaierad et al., 2020) and
Lake Neor in northwest Iran (Sharifi et al., 2018), which would
point to the occurrence of dust storms on a relatively small
spatial scale limited mainly to western Iran.

A comparison of multiproxy evidence from the Hashilan
Wetland sediment core with regional records reveals an out-of-
phase Holocene moisture variation between the interior of West
Asia and the ISM domain. Synchronous with the peak of dust
input into the Hashilan Wetland during the Early Holocene
(10.6 to 7.8kcalsp), ISM circulation strengthened and shifted
northwards at around 10.5 kcal Bp (Fontes et al., 1996; Fleitmann
et al., 2003; Gupta et al., 2003; Gupta et al., 2005; Fleitmann
et al.,, 2007; Fuchs and Buerkert, 2008). The ISM remained
strong between 10.5 and 7.8 kcalsp and thereafter gradually
weakened and migrated southwards. However, the strength of
ISM during the Early Holocene was episodically weakened by
centennial-scale cold events at 9.2 and 8.2kcalspr (Neff
et al., 2001; Fleitmann et al., 2003; Gupta et al., 2003; Gupta
et al., 2005; Dykoski et al., 2005; Fleitmann et al., 2007;
Fleitmann et al., 2008; An et al., 2012; Jia et al., 2015). This
comparison demonstrates that the increased intensity of the ISM
was accompanied by increased climate aridity and elevated dust
deposition in the Zagros Mountains.

The driving mechanism of this out-of-phase climate variation
is associated with the insolation-driven latitudinal shifts of the
Hadley circulation including ISM and STHPs during the
Holocene. The Early Holocene boreal summer insolation
maxima on the one hand shifted the summer ITCZ and
associated reinforced monsoon circulation northwards (Fleit-
mann et al., 2003; Fleitmann et al., 2007) and, on the other
hand, strengthened and extended the duration of the STHPs over
the Zagros Mountains. Moreover, based on the theory of the
‘monsoon-desert mechanism’, the stronger ascending air from
the tropical/monsoonal regions is accompanied by stronger
descending air in the subtropics ensuing climate aridification
(Rodwell and Hoskins, 1996). Under the current climate regime
of interior West Asia, the seasonal dominance of the STHPs
determines the length of the dry season (Zarrin et al., 2010).
Hence, any reconfiguration of atmospheric circulation systems
leading to longer dominance of STHPs across the interior of
West Asia can prominently change the seasonality of precipita-
tion. Consistently, the Early Holocene reinforcement and
northward migration of ISM circulation extended the dominance
of the intensified STHPs over the interior of West Asia and thus
shifted MLW storm tracks northwards (Sharifi et al., 2018)
(Fig. 7d) with enhanced regional dust emissions. Our evidence
and interpretations are in agreement with the results of Djamali
et al. (2010) using modern atmospheric data. They demonstrated
that the expansion of ISM circulation leads to the establishment
of a high-pressure ridge over western/northwestern Iran and
eastern Anatolia in late spring. Accordingly, we deduce that the
Early Holocene dust storms of our study area occurred in late
spring and summer when STHPs dominated the region. This is
in agreement with present-day STHP-driven late spring dust
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Figure 7. a. Summer insolation curve (June) for 30° N (Berger and
Loutre, 1991). b. Qunf Cave stalagmite 5'?0 from southern Oman
(Fleitmann et al., 2003), and c. Hoti Cave stalagmite 5'®O from northern
Oman (Fleitmann et al., 2007), a proxy for ISM rainfall variations. d. A

Hovmoller plot of mean June—July-August zonal wind maximum (JJA-
Max) at 250hPa (U250_max) averaged longitudinally between 30 and

60° E in the Trace experiment (Sharifi et al., 2018). e. Oxygen isotope

profiles of Zeribar and Mirabad lakes (Stevens et al., 2001; Stevens
et al., 2006). f. Oak pollen records for Zeribar and Mirabad lakes (van
Zeist and Bottema, 1977), Lake Van (Wick et al., 2003) and Hashilan
Wetland (this study). g. Magnetic susceptibility record of Hashilan
Wetland (this study). Blue and yellow shadings indicate wet and dry
climate intervals, respectively. 9.2: 9.2 ka event, 8.2: 8.2 ka event.
[Color figure can be viewed at wileyonlinelibrary.com]

storms in the central Zagros Mountains (Zolfaghari and
Abedzadeh, 2005) and also with the similar dust mineral
compositions in our record and spring-time dust loads
transported from Iraq and the Arabian Peninsula to western
Iran (Najafi et al., 2014).

Although the strength of the ISM significantly decreased
during both the 9.2 and 8.2 ka cold events, the Hashilan
Wetland exhibits quite different dust input during both events.
Dust input significantly decreased at 9.2 kcal sp, but reached
a maximum at ~8.2 kcal Bp and several centuries earlier. The
difference in dust input can be associated with the different
configuration of atmospheric systems during these cold spells.
The 9.2 ka event, also known as the greatest collapse of the
South Asian monsoon system (Zhang et al., 2018), did not
significantly influence the high latitudes, whereas the 8.2 ka
event has been well recorded in Greenland ice cores

(Svensson et al., 2008), implying different cooling mechan-
isms. We hypothesise that during the 9.2 ka event, due to the
weakening and shrinking of ISM circulation, the seasonal
dominance of STHPs and thus environmental aridity over the
interior of West Asia reduced, resulting in decreased spring/
summer dust storms. On the other hand and despite the
weakening of the ISM during the 8.2 ka event, dry MLWs
shifted southwards and generated pervasive winter dust storms
in West Asia as recorded in dust records from southeastern and
northwestern Iran (Sharifi et al., 2018; Safaierad et al., 2020).
The dominance of winter atmospheric systems over West Asia
is also reflected by the occurrence of the most depleted 8'0
isotope values at 8.2 kcalsp in the Zeribar sediment core,
which is attributed to an increase in contribution (concentra-
tion) of winter precipitation (Stevens et al., 2001) (Fig. 7e).
Therefore, the peaking dust input to the Hashilan Wetland at
around 8.2 kcal Br and several centuries before is associated
with a notable contribution of winter dust storms. Indeed, a
study of archaeological site abandonment in the Zagros region
and beyond also suggests that the effect of the 8.2 ka event was
stronger on human communities than the 9.2 ka event (Flohr
et al., 2016), an issue we return to below.

The reduced dust input and the gradual increase of oak
trees after 7.8 kcal 8p indicate an amelioration of the climate
synchronous with a gradual decline in boreal summer
insolation with a gradual southward migration of the ISM
circulation (Neff et al., 2001; Fleitmann et al., 2007) (Fig. 7a
and b). Accordingly, the intensity and dominance of STHPs
decreased over the Zagros Mountains and the influence of
MLWs increased, leading to a shortening of the dry season.
The expansion of Zagros oak woodlands continued gradually
until 6.3 kcal 8p and then suddenly accelerated as recorded by
the pollen records of lakes Zeribar (van Zeist and Bottema,
1977) and Van (Wick et al., 2003) (Fig. 7f). The timing of oak
expansion is neatly matched with an abrupt change in the
source of moisture for precipitation in northern Oman from
the Indian Ocean to more western moisture sources, e.g. the
Mediterranean Sea and the North Atlantic Ocean (Fleitmann
et al., 2007) (Fig. 7c). Following this change, the seasonal
dominance of MLWs extended over the interior of West Asia
allowing the expansion of open oak woodlands across the
Zagros—Anti-Taurus Mountains including our site at 6 kcal sp.
Moreover, reduced dust input after 6 kcal gp in the Hashilan
Wetland point to increasing humidity at the sites of the dust
sources in interior West Asia. Our findings from the Hashilan
Wetland provide evidence to support the hypothesis by
Djamali et al. (2010) regarding the role of ISM variability
on the delayed post-glacial re-expansion of deciduous oak
woodlands in the Zagros—Anti-Taurus Mountains.

Human—environment interactions at the dawn
of settlements in the Zagros Mountains

Given its proximity to key archaeological sites of the Zagros
uplands, the Hashilan Wetland palaeoenvironmental record
is of special significance for the investigation of long-term
human-environment interactions in a sensitive mountain region.
Debate has long persisted about the nature of interrelationships
between climate, environment and human societies through the
course of the Holocene of West Asia with a focus on the
significance of climate change for earliest sedentism as an initial
stage in the transition from hunter—gatherer to farmer—herder
communities (Weninger et al., 2006; Sharifi et al., 2015;
Asouti, 2017). Lacustrine sediment records from Lake Zeribar
and other sites across Iran agree in suggesting a shift from
15 kcal Bp to a warmer, wetter climate, gradually enabling the
spread of grass and woodlands to upland zones. The cold and
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dry conditions of the YD, c. 12.6-11.7 kcal Bp, would have had a
major impact on the suitability of the high Zagros region for
human settlements, even if recent studies indicate at least a
sparse human presence by the end of the YD (Matthews &
Matthews, & Richardson, 2013; Darabi, 2015). Two palaeohy-
drobiological records reveal that lake levels were higher in the
Late Glacial than during the Early Holocene in northwestern Iran
and southern Zagros, possibly due to lower evaporation (Aubert
et al.,, 2017; Aubert et al., 2019). This suggests abundant water
resources and their availability to human communities during
the YD and at the cultural transition to the onset of the Neolithic.

After the end of the YD, the potential impact of a series of rapid
climate change (RCC) events through the Holocene caused by
massive meltwater pulses into the North Atlantic (Mayewski
et al., 2004) also needs to be considered. While a putative 10.2
ka RCC event appears to have adversely impacted human
communities in the Western Fertile Crescent region of Jordan,
Israel and western Syria (Weninger etal., 2009; Borrell etal., 2015;
Weninger, 2017), our evidence from the Eastern Fertile Crescent
is insufficient to address this issue. While we need to exercise
extreme caution in attributing causality and the shortage of secure
and refined dates is a major problem (Flohr et al., 2016), we note
that the 9.2 ka RCC event coincides in broad chronological terms
with a significant interruption in and relocation of human
settlements across the Zagros Mountains. Over the course of
the period 9.5-9.0 kcal sp, Early Neolithic settlements at Sheikh-e
Abad, Jani, Ganj Dareh, Abdul Hosein and East Chia Sabz in the
high Zagros Mountains and at Bestansur and Shimshara in the
Iraqi Zagros foothills were all abandoned (Flohr et al., 2020). At
approximately the same time, settlements commenced at early
farming sites on the lower plains, including Ali Kosh and Chogha
Sefid on the Deh Luran plain, Chogha Bonut on the Susiana plain,
and Tappeh Mahtaj on the Behbahan plain (Darabi et al., 2020),
all of which were initially settled around c. 9.4-9.2 kcal sp. One
scenario, in need of much further research, is that the 9.2 ka event
was severe enough to lead to a collapse of agricultural and social
systems in the high Zagros Mountains while encouraging the
spread of Neolithic communities into lowland zones where cold
and drier conditions had less impact and water resources from
snowmelt were available. But this highly tentative interpretation
needs support from significant refinements of archaeological
dating approaches. New evidence from the Hashilan Wetland,
however, does not reveal a significant negative impact of climate,
at least in terms of aridity, as the 9.2 ka event is situated in the
middle of an episode with a decrease in dust suggesting wet and
warm climatic conditions.

A further episode of potential significance for the Neolithic
of Iran is the 8.2 ka RCC event which, like the YD and the 9.2
ka event, was marked by abrupt cooling and aridity across
much of the world (Alley et al., 1997). Neolithic societies
in Iran were highly developed by that time with human
communities having herded animals and cultivated crops for
several centuries as well as having developed sophisticated
resilience strategies involving resource diversification and
modes of storage, which could have protected them from
worst impacts of RCC events (Clare and Weninger, 2010; Flohr
et al.,, 2016). The most persuasive evidence for significant
human behavioural adaptation to the impacts of the 8.2 ka
event comes from the Fars region of southwestern Iran, where
at sites such as Tal-e Mushki and Hormangan a shift from
cultivation to hunting is attested by both faunal and stone tool
assemblages at c. 8.2-8.0 kcal sp. This suggests a possible
collapse of local agricultural regimes and a reversion to pre-
Neolithic modes of food procurement based on hunting and
gathering (Abe and Khanipour, 2019). In contrast to the 9.2 ka
event, the 8.2 ka event coincides with a significant episode of
maximal dust input attested for the Hashilan Wetland. Arid

and cold conditions became a challenge for regional farming
communities. Finally, the dependence of agricultural (e.g.
dry-farming) and nomado-pastoral practices on the annual
distribution of precipitation and changes in continentality
suggests that the shift in climate seasonality centred around
6.3 kcal B> would have also had significant implications in
understanding cultural changes in the central Zagros.

Conclusions

Pollen and sedimentological evidence from the Hashilan Wetland
sediment core provide records of vegetation and climate
dynamics in the central Zagros region during the period from
22 to 2.2 kcal se. Our pollen record confirms the major features of
published pollen records including the dominance of a dry
Artemisia-Amaranthaceae steppe during the Late Pleistocene
persisting until the Early Holocene and a gradual expansion of
oak woodlands from the Early to the Mid-Holocene. Our
sedimentological results indicate higher transport of calcareous
sandy silts into the wetland due to enhanced erosion during LGM,
HST, YD and the 3.2 ka event, providing supporting evidence for
the North Atlantic temperature forcing on the West Asian climate.

Comparison of our results with regional palaeoclimate records
reveals an out-of-phase relationship for Holocene moisture
variations between the interior of West Asia and the ISM
domain, which is explained by insolation-driven shifts of the
Hadley circulation. The Early Holocene increase in boreal
summer insolation reinforced and shifted the ISM circulation
northwards on the one hand, and strengthened and extended the
dominance of the STHPs over the Zagros Mountains on the other
hand. This atmospheric configuration protracted the length of
the dry season in the interior of West Asia, which is well
reflected by seasonal desiccation of the Hashilan Wetland,
delayed expansion of the Zagros oak woodlands and increased
spring/summer dust input into the study area during the Early
Holocene (ca. 11.6 to 7.8 kcal gr). The gradual expansion of oak
woodlands and the reduced dust input during the transition from
the Early to the Mid-Holocene (7.8 to 6 kcal 8p) indicates that the
dry season progressively shortened synchronous with a gradual
southward migration of the Hadley circulation including STHPs
in response to declined summer insolation. In conclusion, our
findings provide evidence for the hypothesis presented by
Djamali et al. (2010) about the role of ISM variability on post-
glacial woodland expansion in the Zagros-Anti-Taurus Moun-
tains. Finally, the Hashilan Wetland record adds further detail to
an ever-developing picture of the complex web of human-
environment interactions through the course of one of the major
transitions in the human narrative, i.e. from mobile hunter—
gatherer to sedentary farmer—herder communities.
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