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Steppe and grassland ecosystems constitute important biomes that are influenced by multiple factors
such as climate, human activity, and fire. Yet how these factors have influenced the plant composition of
these biomes through time continues to be understudied. This paper investigates how these mechanisms
have transformed the steppe landscape recorded at the mire site of Shenkani, Armenia. This highland
site, located in the South Caucasus, has a long human history of permanent settlements near the core site
starting at 5500 cal. BP. A variety of biological and geochemical proxies, including pollen, non-pollen
palynomorphs, macro-charcoal, *C age model, X-ray fluorescence, loss-of-ignition, magnetic suscepti-
bility, and a quantitative climate reconstruction inferred from pollen, are utilized in this paper. We find
that this area has remained a steppe with small stands of trees throughout the duration of the Holocene.
Changes in steppe plant composition primarily occur between semi-desert steppes (Chenopodiaceae),
grassland steppes (or Poaceae dominated meadow-steppes), and mixed steppes with forest patches. In
this record, two phases of local grassland expansion occurred between 9500 and 7000 cal. BP and 2500
—1000 cal. BP, which covaried with local fire events. These grassland steppes were sustained until tree
encroachment led to a more mixed steppe landscape around 7000 cal. BP and again at 1000 cal. BP.
Climate, primarily precipitation, is the main driver of this persistent steppe landscape and the plant
compositional shifts within it. However, fire and human activities contributed to steppe maintenance.
© 2020 Elsevier Ltd. All rights reserved.
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Debates surrounding the origin and persistence of Eurasian
steppe biomes throughout the Holocene have historically gener-
ated two contrasting hypotheses: (i) the natural formation due to
persistent arid climatic conditions (Vysotsky, 1905) after the last
glacial maximum (Mulkidzhanian, 1975) (ii) and the formation and
modification of steppes by anthropogenic influences (Volodicheva,
2002; Nakhutsrishvili, 2013).


mailto:aec277@cornell.edu
mailto:claire.blanchet@univ-smb.fr
mailto:claire.blanchet@univ-smb.fr
mailto:cheima.barhoumi@umontpellier.fr
mailto:erwan.messager@univ-smb.fr
mailto:erwan.messager@univ-smb.fr
mailto:odile.peyron@umontpellier.fr
mailto:ollivier@mmsh.univ-aix.fr
mailto:pierre.sabatier@univ-smb.fr
mailto:david.etienne@univ-smb.fr
mailto:georisk@sci.am
mailto:lk323@cornell.edu
mailto:lk323@cornell.edu
mailto:ats73@cornell.edu
mailto:berengere.perello@cnrs.fr
mailto:berengere.perello@cnrs.fr
mailto:ilindsay@purdue.edu
mailto:sebastien.joannin@umontpellier.fr
mailto:sebastien.joannin@umontpellier.fr
http://crossmark.crossref.org/dialog/?doi=10.1016/j.quascirev.2020.106485&domain=pdf
www.sciencedirect.com/science/journal/02773791
http://www.elsevier.com/locate/quascirev
https://doi.org/10.1016/j.quascirev.2020.106485
https://doi.org/10.1016/j.quascirev.2020.106485

2 A. Cromartie et al. / Quaternary Science Reviews 246 (2020) 106485

Research investigating the catalysts of transformation among
steppe biomes, however, remains limited. In the South Caucasus
and highland southwest Asia, paleoenvironmental records often
focus on tree expansion (Messager et al., 2013, 2017). However,
many areas never become fully forested (Joannin et al., 2014;
Leroyer et al., 2016) and instead, climate and anthropogenic im-
pacts on vegetation are seen in compositional changes to steppe
plant communities. Today in Armenia, over 50% of the potential
vegetation classified by Bohn et al. (2000) is classified as steppe or
desert plant communities (calculated from EuroVeg map software,
categories M4, M11, B58, B59, P36, N7, 07, O8; Bohn et al., 2000).
These biomes stretch from eastern Turkey (Atalay and Efe, 2010)
into the Armenian-Javakheti plateau across Armenia, Georgia,
Azerbaijan, and Northern Iran (Fig. 1). Rich in floristic diversity,
many of these areas are classified as biodiversity hotspots (Connor
and Kvavadze, 2008; Akhani et al., 2010; Solomon et al., 2014) and
today are home to relic Arcto-Tertiary vegetation (Takhtajan, 1941).
In Armenia, steppes and steppe-meadows foster large populations
of endemic plant species (Fayvush et al.,, 2017).

In order to understand steppe biome distribution throughout
the South Caucasus, a region marked by contrasting topography
and geology, it is necessary to situate existing data within debates
over the forces driving landscape change. A persistent question
concerns the reasons for a delayed forest expansion in the early and
mid- Holocene. Many paleoenvironmental records from the region
note the expansion of trees 2000—4000 years after the climate
amelioration at the Pleistocene-Holocene transition (ca. 11,700 cal a
BP) (Wick et al., 2003; Messager et al., 2013, 2017; Joannin et al.,
2014). Multiple hypotheses seek to explain the delay, attributing
it to distance from tree refugia (Messager et al., 2013), shifts in
seasonal precipitation (Wick et al.,, 2003; Joannin et al., 2014;
Messager et al., 2017), and suppression by both natural and human
driven fire events (Roberts, 2002; Turner et al., 2008, 2010). These
arguments provide an understanding of the mechanisms operating
within forested areas; however, they fail to consider how this
phenomenon takes shape in steppe environments.

Human activity is well-documented in records of Holocene
landscapes throughout the South Caucasus (Connor, 2011;
Messager et al., 2013; Joannin et al., 2014) and greater southwest
Asia (Djamali et al., 2009; Roberts et al., 2011; Woodbridge et al.,
2019). In the Caucasus, early cereal farming and sheep/goat
pastoralism date to the sixth millennium cal. BC (Chataigner et al.,
2014). The extent of human influence on landscape vegetation,
however, continues to be debated. Many researchers argue that
large-scale agriculture and pastoral practices gave rise to the steppe
vegetation seen across the region today (e.g. Volodicheva, 2002;
Nakhutsrishvili, 2013, also see Connor, 2011 for discussion). Records
from Georgia (Connor, 2011) and Armenia (Zarishat: Joannin et al.,
2014; Vanevan: Leroyer et al., 2016) have challenged these narra-
tives. They demonstrate the dominance of steppe taxa prior to the
introduction of permanent settlements and agricultural practices.
To understand the complexities of landscape change, paleoenvir-
onmental studies need to consider and combine multiple factors
into new models of landscape formation and maintenance,
including climate change, human activities, and fire events. Under
the auspices of an intensive coring program in the Kasakh valley of
Armenia, we have documented a 10,240-year continuous sediment
record from the mire site of Shenkani. Continuous records of this
length are rare in the South Caucasus. Utilizing a multi-proxy
approach, we aim to investigate how the convergence of fire,
climate, and humans have shaped this steppe landscape.

2. Study area
2.1. Geological and climate settings

Located on the Armenian-Javakheti plateau, Shenkani mire
(40°37'55.85" N; 44°16'45.86” E; 2186 meters above sea level [m
a.s.l.] Fig. 1) sits in a volcanic depression on the north-eastern flanks
of Mount Aragats (4095 m a.s.l) in the Kasakh valley. This area of
northern Armenia boasts some of the largest concentrations of
wetlands and peatlands in the country (Jenderedjian, 2005).

The geological environment is a product of Pliocene-Quaternary
volcanic activity and the collision of the Arabian and Eurasian
continental plates (Chernyshev et al., 2002; Volodicheva, 2002).
The Mount Aragats volcanic massif was primarily active between
~1.5—.5 Ma and is composed of tuffs, basaltic, and andesitic lava
flows (Mitchell and Westaway, 1999; Chernyshev et al.,, 2002;
Gevorgyan et al., 2020). While it is suggested that eruptions
continued into historical periods (Nalivkin, 1973), today, the Ara-
gats’ volcano remains inactive. The elevation in this area ranges
from 4095 m a.s.l. at the peak of Mount Aragats to 1800 m a.s.l. in
the Kasakh river valley (Fig. 2a). At the end of the Upper Pleisto-
cene, the basaltic slopes were occupied by accumulations of per-
manent snow and dead ice tongues that formed into erosive cells.
Several topographical cells, including Shenkani, that today house
lakes, were first created from the repetitive melting of glacial fea-
tures during the post-glacial periods. Due to its volcanic composi-
tion, lake catchments are small with only short or non-permanent
tributaries; this enabled their development into mires over time.

The Armenian-Javakheti volcanic plateau is characterized by its
high level of continentality and sits in the western ranges of the
Lesser Caucasus mountains (Volodicheva, 2002). The plateau’s
inland location, away from the Black and Caspian Seas, as well as its
geographic structure (higher around the edges, lower in the mid-
dle), allows for high-pressure systems in winter and low-pressure
systems in the summer (Lydolph, 1977). This seasonal high-
pressure system and radiational cooling facilitate lower than ex-
pected temperatures for this latitude (Volodicheva, 2002). On the
Armenian-Javakheti plateau, precipitation is highest in May—]June,
due to the annual advancement of a regional polar front, which
transitions to drought-like conditions accompanied by high tem-
peratures beginning in July (Volodicheva, 2002). Precipitation on
the plateau is higher in the north and dwindles towards the south.
Due to the higher elevation, the Shenkani environs receive more
precipitation and have lower temperatures than the plateau’s
lowland. The compiled meteorological records from the Aparan
weather station, located 14 km south of the mire, records an annual
average temperature of 4.7 °C and temperatures are highest in July
and August (Fig. 1b). Annual precipitation is 703.6 mm, with the
highest levels occurring in May and June and the lowest in August
and September. Annual precipitation of 586 mm and an annual
average temperature of 3.63 °C at the core site is recorded by point
analysis in QGIS from interpolated worldclim2 data (Fick and
Hijmans, 2017). In the late spring and early summer, short after-
noon thundershowers are common, with occasional hail. Snow
often accumulates on the high northern mountain peaks of Mount
Aragats. During the winter, the snowline descends in elevation,
reaching the lowest levels on the Tsaghkahovit plain, while
snowmelt feeds spring pastures throughout the summer (Smith
et al., 2009). Permanent snowfields are no longer present in
Armenia (Nestler et al., 2014). Davoyan (1971) reported mountain
glaciers between 1957 and 1965 on Mount Aragats, but noted they
had almost completely disappeared by the time of his report.
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2.2. Present day vegetation

The vegetation of Armenia is diverse and follows altitudinal
zonation. Semi-desert areas are found in lower mountain belts
(480—1200 m a.s.l.) while forest, meadow-steppe, shrub-steppe,
and thorny cushion vegetation occur in the middle and upper-
mountain belts (1200—2200 m a.s.l.) (Fayvush et al., 2017). Subal-
pine and alpine belts are rich in meadows and carpet meadows
(2200—4000 m a.s.l.) (Fayvush et al., 2017). In the area of the
Kasakh valley and Tsaghkahovit plain, Bohn et al. (2000) has
defined four potential vegetation classifications (Fig. 2a): (i) steppe
and meadow steppes composed primarily of Poaceae, including
species of Festuca, Stipa, Bromus, Elymus, Koeleria along with wild
variations of cereals (Secale montanum, Hordeum violaceum); (ii)
Trans-Caucasian feather grass steppe, replete with Stipa, Festuca-
Stipa, and herbs in the Tsaghkahovit plain; (iii) sub-alpine vegeta-
tion, including mixed-steppe forests comprised of Quercus
macranthera forest, Acer trautvetteri, Betula litwinowii, and species
of Poaceae, including Festuca and Stipa on the northeastern side of
Mount Aragats and the western side of the Pambak mountain
range; (iv) alpine vegetation, including Kobresia and Carex grass-
lands and species of Rhododendron caucasicum, Campanula, and
Carum caucasicum on the highest peaks of Mount Aragats (Bohn
et al., 2000). Although vegetation maps and onsite surveys were
utilized by Bohn et al. (2000), the observed vegetation may differ.
Today, this area is mostly devoid of trees, but mixed steppe-oak
forests can be found on the western slopes of the Tsaghkunyats
and Pambak mountain ranges. Rows of pines, planted during the

1980s, are present in both the Kasakh valley and Tsaghkahovit
plain. Dry farming of barley and fodder predominates in the flat
areas, while the lower mountain slopes serve as pasture for cattle,
sheep, and goats. At lower altitudes, farmers use the bog meadows
for haymaking (Jenderedjian, 2005).

The Shenkani mire hosts a variety of water plants, including
multiple species of Cyperaceae, including tussocks of Carex, which
cover most of the mire’s surface (Fig. 2b—c). After spring rains, free
water accumulates along the shore where livestock is often
watered. Trees are absent around the basin. The surrounding grass
steppe includes various species of Poaceae, Artemisia, and Aster-
aceae. Additionally, Campanula and Ranunculaceae are found
growing on the wetland itself. Select parts of the Kasakh valley,
Tsaghkunyats, and Pambak mountain range are considered priority
conservation sites by the World Wildlife Fund’s (WWF) Critical
Ecosystem Partnership Fund (Solomon et al., 2014, Fig. 1).

2.3. Archaeological evidence and human settlements

Extensive archaeological exploration has documented the long
history of human habitation in the Tsaghkahovit plain and Kasakh
valley, with the earliest evidence dating to the Lower Paleolithic
(Gasparyan et al., 2014). During the Holocene, the first signs of
human occupation are Mesolithic hunting sites that were occupied
for short periods in the lower Kasakh valley (Arimura et al., 2012).
While there is some evidence of Neolithic occupations on the
Tsaghkahovit plain (Smith et al., 2009; Arimura et al., 2012) and
Chalcolithic occupations in the lower Kasakh valley (Arimura et al.,
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2012) overall evidence from these periods remains limited (Smith
et al., 2009).

The first permanent sites in the region date to the initial cen-
turies of the Early Bronze Age (ca. 3500—2400 BC); however, during
the Middle Bronze Age (ca. 2400—1500 BC), a wide-scale shift to
mobile lifeways reshaped communities across the South Caucasus
(Smith, 2015). Archaeological evidence of human occupation in the
Kasakh valley during this period primarily comes from mortuary
sites (e.g., Verin Naver) and occasional ephemeral traces at settle-
ment sites (e.g., Aparani Berd). Large-scale permanent settlement
returned to the region ca. 1500 BC, with significant occupations
during the Late Bronze Age (ca. 1500—1150 BC), Iron 1 (ca.
1150—800 BC), Iron 2 (ca. 800—600 BC), and Iron 3 (Achaemenid, ca.
600—300 BC) periods (Manning et al, 2018). Subsequently,
archaeological and epigraphic sources suggest human activity in
antiquity, the Medieval period, and into the modern era (Smith
et al., 2009).

The settlement history of this region has and remains the focus
of extensive excavations and surveys by the joint American-
Armenian Project for the Archaeology and Geography of Ancient
Transcaucasian Societies (a.k.a., Project ArAGATS) (Badalyan et al.,
2008, 2014; Khatchadourian, 2014; Smith et al., 2009; Smith,
2015). Project ArAGATS's investigations recorded hundreds of
archaeological sites, including burial clusters, settlements, for-
tresses, dating from the Neolithic to the present day (Smith et al,,
2009). Excavations from the Early Bronze to the Medieval periods
have unearthed settlement and mortuary contexts at sites such as

Gegharot (Smith and Leon, 2014), Tsaghkahovit (Lindsay, 2006;
Khatchadourian, 2008, 2014; Marshall, 2014), Aparani Berd
(Badalyan and Avetisyan, 2007), Arai (Franklin, 2014a), and Aragatsi
Berd (Greene, 2013). Extensive archaeobotanical and zooarchaeo-
logical analyses from these operations revealed a mixed agro-
pastoral economy during the Bronze and Iron Age, focused on
cereal agriculture and domesticated animals such as sheep, goat,
cattle and in some instance horses and pig (Hovsepyan, 2008, 2014;
Monahan, 2008, 2014; Badalyan et al., 2014).

3. Methods

In 2012, two 356-cm parallel-cores were recovered from Shen-
kani mire. The shape of the basin, divided into two sub-basins,
allowed us to drill into the sub-basin located further from the ba-
sin’s edge (Fig. 2b). Here, the sediment is less impacted by
discharge, including flood events, and thus is more resilient to
drying. Utilizing a Russian corer with a 5 cm diameter chamber, our
team retrieved two parallel cores in 11 sections. At the EDYTEM
laboratory, each half-section was described in detail and recorded
photographically. Drafting lithological descriptions of the sequence
allowed for the identification of different sedimentary facies. A
complete master core (MC) was created by combining the litho-
logical sequence and X-Ray Fluorescence (XRF) core scanning from
both parallel cores. This resulted in the production of a single
356 cm long core profile.
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3.1. Geochemical and sedimentology analyses

The down-core chemical composition analysis of each core
section was performed using an Avaatech XRF (EDYTEM Labora-
tory) core scanner at 5 mm intervals across the split core surface.
The split-core surface was first covered with 4-mm-thick Ultralene
foil. Geochemical data were then obtained with two tube settings.
For Si, Mn, K, Ti, Al, S, Fe, Ca elements, analysis was conducted at
10 kV at 10 s; for heavier elements, Sr, Rb, Zr, Br, and Pb analysis was
conducted at 30 kV at 30 s (Richter et al.,, 2006). Each power
spectrum was converted into relative components (intensities)
expressed in counts per second. Due to the influences of variable
water content and grain size in the sediment matrices, the XRF
scanner provides an estimate of the geochemical composition, and
the acquired counts are semi-quantitative (Croudace and Rothwell,
2015). In order to understand organic production and terrigenous
inputs, a bromine titanium ratio (Br/Ti) was created. Titanium (Ti)
records terrigenous inputs that are less impacted by weathering
and redox processes (Arnaud et al.,, 2012) and bromine (Br) can
indicate organic matter (Bajard et al., 2016).

To obtain geophysical measurements the core sections were
subsequently logged with a GEOTEK Multi-Sensor Core Logger
[gamma-ray wet bulk density, magnetic susceptibility (MS), p-wave
velocity] at 5 mm intervals. Loss on Ignition (LOI) analysis was
carried out to estimate the organic content of the sediment,
following the procedure by Heiri et al. (2001). In total 104 samples
were collected at 1—4 cm intervals and dried. Dried samples were
weighed prior to and after each heating. For organic matter esti-
mates, samples were placed in an oven with an ignition of 550 °C
for 5 h.

3.2. Radiocarbon dating

Chronological information was obtained through 'C dating on
plant macrofossils processed by accelerator mass spectrometry
(AMS) at the Poznan and Gif sur Yvette laboratories (Table 1).
Samples were processed with an acid, base, acid pre-treatment
prior to dating. Materials used for dating included seeds, peat
macro-remains, and plant fibers. Collected samples were sieved
using a 100 um mesh screen and organic matter was separated
under a stereo microscope. Radiocarbon ages were calibrated in cal.
BP using the IntCal13 calibration curve (Reimer et al., 2013). Dates
are expressed as intercepts with a 26 range. The age-depth model
was constructed using a smooth spline (Fig. 3b) with the R ‘Clam’
package developed by Blaauw (2010).

3.3. Pollen analysis

Pollen samples were extracted across the core at 1-3 c¢cm reso-
lution and treated with standard procedures (Moore et al., 1991;
Faegri and Iversen, 1989) including acetolysis, sieving, and chemical
treatment of 10% mixtures of HCI and KOH. HF was utilized as a
subsequent treatment if necessary. In total 87, samples were
analyzed (28 as part of Blanchet, 2017) and 8 were marked sterile
due to low pollen concentrations. A higher resolution record was
analyzed in sections B2-A5, during periods of human occupation, to
provide a better understanding of the influence of climate on hu-
man societies. Cereal grains and the coprophilous fungus Spor-
ormiella were counted to assess potential periods of human impact.
Pollen was analyzed by light microscopy at a standard magnifica-
tion of 400x. Each slide was counted with a goal of 300 terrestrial
pollen grains, excluding aquatic plants (i.e. Cyperaceae and Nym-
phaea) and spores. Pollen atlases (Reille, 1992—1998; Beug, 2004)
and the reference collection at the Institut des Sciences de I'Evo-
lution at the University of Montpellier were utilized to aid in

identification. In total, 67 unique taxa were identified. Aquatic
vegetation, fungal spores, algae, and non-pollen polymorphs (NPP)
were counted alongside pollen taxa to a terrestrial pollen count of
300. Due to the abundance of certain aquatic taxa (Cyperaceae/
Botryococcus), aquatic and NPP percentages were calculated sepa-
rately from terrestrial pollen in order to isolate the local lake
ecology from the landscape signal. Based on results from pollen
PCA analysis, ratios of steppe taxa were calculated by dividing
(Poaceae +1)/(Chenopodiaceae +1) to understand changes from a
semi-desert steppe to grassland. A ratio for Artemisia and Cheno-
podiaceae (Artemisia + 1)/(Chenopodiaceae +1) was also created
due to the possible association of some Poaceae species with the
wetland. This ratio separates the desert from steppe plants (El-
Moslimany, 1990).

3.4. Macro-charcoal

Macro-charcoal was sampled at a volume of 0.5 cm® and
1 cm? at contiguous 1 cm intervals across the master core. Samples
were soaked for a minimum of 2 days in a solution of sodium
metaphosphate (3 g), potassium hydroxide (0.5g), and 30 ml of
bleach. Each sample was wet sieved through a 160-pm diameter
sieve to isolate particles related to local fires. In open landscapes,
this mesh size is associated with fires <5 km from the source area
(Aleman et al., 2013; Leys et al., 2015). This differs from forested
landscapes where this mesh size is primarily associated with a
distance <1 km (Higuera et al., 2007). We utilized a 20x stereo
microscope to identify charcoal particles and image-analysis soft-
ware (WiIinSEEDLE™, Regent Instruments Inc.) to measure the
width, length, and area of each charcoal. We then utilized Char-
Analysis (Higuera et al., 2009; available for download from http://
charanalysis.googlepages.com) for statistical analyses. On both
Chargrea and Charcount, We resampled the char series to a constant
time resolution of 32 years (Cinterpolated)- In order to identify sig-
nificant peaks, we deployed a 1000-year loess smoothing window
that is robust to outliers with a local configuration and a signal to
noise index >3 (Kelly et al., 2011) on Char,e, measurements. To
separate noise (caused by sediment mixing and/or issues with
statistical analysis) from peaks, we applied a Gaussian mixture
model with a threshold in the 99th percentile, dividing Cpackground
and Cpoise. Next, Cpackground Was subtracted from Ciperpolated tO
obtain Cpeak values. Characcum is Cimergolated calculated to count
(#/cm~2/yr~1; Charcount) or area (mm~—2/cm~2/yr~!; Chararea). For
width and length analysis, we utilized W/L ratio calculations from
measurements recorded with WinSEEDLE™, We utilized the W/L
measurement for each charcoal particle and then calculated the
mean and median of each sample to provide information about fuel
type (Aleman et al., 2013).

Partial Redundancy Analysis (RDA) was performed with library
vegan (Oksanen et al., 2019) to establish the relationship between
human impact, fire, and vegetation. To do this, the area Characcum
record and pollen record were resampled to a constant time series
of 130 years (mean of pollen record) with linear interpolation.
Pollen taxa with at least 1 sample that was >5% of the total
assemblage were chosen for analysis. Since percentage data are not
normally distributed, pollen data was first transformed with a
square-root transformation (Legendre and Birks, 2012). Human
occupation periods were established by presence and absence
based on the chronological model in Manning et al. (2018). Periods
with known archaeological stratigraphic sequences were assigned
a 1, while periods of abandonment, were given a 0. For the last 2000
years, we assigned a 1 since there has been some evidence of hu-
man presence in the area since the antique period (Smith et al.,
2009), and the resolution of our record during this time does not
allow us to break down each period further. A partial RDA was run
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Table 1

AMS-radiocarbon dates from Shenkani with a 26 range of calibration utilizing an IntCal 13.14C calibration. Age A2 52_53 was rejected for being out of sequence with a carbon
content of 0.3 mg C.

Depth MC (cm) Sample ID Lab. code Material AMS 14C (age BP) Calyr BP (2 o)
315 A1 54-55 Gif 43880 Peat macro-remains 55+ 30 0—-256

63 B1 54-55 Poz-76409 Plant fibers 185 + 30 0—299

81 A2 36_37 Gif 48875 Plant fibers 1140 + 30 969—1168

97 A2 52-53* Poz-76411 Plant fibers 825 +35 679—792

99 B2 18-19 Poz-86017 Plant fibers 2390 + 35 2342-2681
101 B2 20-21 Poz-86018 Plant fibers 2345 + 35 2215-2485
135 B2 54-55 Gif 43879 Peat macro-remains 3580 + 60 3702—-4077
170 A3 53-55 Gif 43883 Peat macro-remains 4530 + 70 4965—5448
204 B3 51-52 Poz-76412 Plant fibers and seeds 5670 + 40 6322—-6558
231 A4 42-43 Gif 43882 Seeds 6450 + 35 7293-7429
274 B4 49-50 Poz-76413 Seeds 7540 + 50 8206—8421
3135 A5 52-54 Gif 43881 Seeds and peat 7970 + 45 8649—-8895
356 A6 55-56 Poz-52956 Plant Fibers 9100 + 50 10190-10401

* Rejected Age
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Fig. 3. Pollen and sedimentology arranged by depth A.) Select pollen taxa percentages arranged by depth. Taxa in green represent arboreal and shrub/heath taxa while yellow
represents herbaceous pollen. PAZ represents pollen zones by CONISS divisions. B.) The sediment lithology of Shenkani’s core is numbered as units (1—3) next to an age-depth
model based on calibrated radiocarbon ages (with 2¢ errors) (AMS, see Table 1); Principal Component Analysis (PCAxf) of core scanner measurements on main elements (see
4.1). Circles represent organic and terrigenous endmembers. C.) PC-1 of PCAs elements (i.e., Ca, Sr, S, Pb, Zr, Fe, Ti, Al Si, K, Rb, Mn, Br), magnetic susceptibility, and loss-on-ignition
550 values plotted by depth. D.) Select aquatic pollen and non-pollen palynomorphs including Cyperaceae (in dark green), aquatic and semi-aquatic plants (light blue), algae (light
green), and spores (brown) plotted by depth with NPP zones by CONISS divisions. (For interpretation of the references to colour in this figure legend, the reader is referred to the
Web version of this article.)

for pollen, human occupations, and Char,ccym, With a condition of 3.5. Pollen-based quantitative climate reconstruction
age to control for the variation based on chronological autocorre-
lation (Colombaroli et al., 2009). Precipitation reconstructions across the Holocene were
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conducted utilizing the Modern Analog Technique ‘MAT’ (Guiot,
1990). This method was previously tested on samples from Zar-
ishat, Armenia (Joannin et al., 2014) and Vanevan Peat (Leroyer
et al., 2016). MAT is not a transfer function but an assemblage
approach. With this technique, fossil pollen samples are compared
with modern pollen surface samples in terms of taxa composition
and abundance. The similarity between each fossil sample and
modern pollen assemblage is evaluated by a squared chord dis-
tance. Once a set of modern samples has been selected as analogs
(modern samples that have the smallest distance), climatic pa-
rameters are assigned to each fossil sample as the weighted average
of the climate parameters of the modern samples that are the best
analogs. The number of analogs chosen in this study was four, using
a leave-one-out cross-validation test.

Following Peyron et al. (1998), we applied a biome constraint
during analog selection to reduce uncertainties in our climate
reconstruction. This enabled us to better distinguish between warm
and cold steppes (Tarasov et al., 1998), which is important in our
record. To synthesize, a biome is assigned to each modern and fossil
pollen assemblages, using the method of Prentice et al. (1996), and
Peyron et al. (1998), in which the biome assigned to the selected
modern analog is then compared to the biome assigned to the fossil
assemblage. Only the analogs with consistent biomes (here cold
steppes) are retained for the matching step. To improve our
matches, we added 76 new pollen samples from the Southern
Caucasus (Armenia) and Mongolia to our dataset (Robles M. pers.
comm.; Dugerdil et al., 2020 in review). At Shenkani, we utilized 78
pollen core samples in conjunction with more than 3000 modern
pollen samples. Cyperaceae percentages were excluded here
because these taxa are considered to be aquatic and their inclusion
may result in a biased reconstruction. We reconstructed annual and
summer precipitation at Shenkani.

3.6. Statistical and geographic analysis

All statistical analyses, except for CharAnalysis, were under-
taken with statistical program R (version 3.4.3; R Development
Core Team, 2017). Stratigraphic diagrams of pollen, NPP, charcoal
accumulation rates, along with the CONISS functions, were created
with package rioja (Juggins, 2017). Additional packages ade4 (Dray,
2007) and factoextra (Kassambara and Mundt, 2017) were utilized
for principal component analysis (PCA). RDA analysis was under-
taken with package vegan (Oksanen et al., 2019). All maps for fig-
ures were created in Quantum GIS (Quantum, G. . S. Development
Team, 2016).

4. Results
4.1. Sediment lithology and composition

Lithological descriptions divided the core into three units from
its top to base (Fig. 3b). Unit 1 (0—99 cm) is composed of fibrous
peat (gyttja) sediment which starts with silt-clay on a black horizon
(Unit 1c¢) and transitions from dense (Unit 1b) to a less compact
accumulation of fibers (Unit 1a). Black horizons, less than a centi-
meter, are embedded in Unit 1 (grouped for easy representation in
Fig. 3b). Compact peat dominates unit 2 (99—252 cm), with grey
silt-clay present in Unit 2b and embedded black horizons in 2a. Unit
3 (252—356 cm), is composed of a silt-clay sediment that is black
near the bottom and transitions to grey as you move to the top. This
unit also contains two layers of compacted peat.

Principal component analysis (PCA) was undertaken on select
XRF elements (Sabatier et al., 2010). This isolated two geochemical
endmembers: terrigenous (Pb, Zr, Al, Fe, Si, Ti, K, and Rb), and
organic (Br) (Sabatier et al, 2010). Major divisions between

terrigenous (positive) and organic (negative) loadings occur across
principal component-1 (PC-1) which accounts for 69.4% of vari-
ability. Br is typically associated with organic matter (Bajard et al.,
2016) and a linear regression test revealed a positive relationship
between LOI 550 organic matter (OM) and Br (R®> = 0.57, p-
value < 0.001). Therefore, we associate Br with OM. Our results
show two periods of increased organic end members in Unit 2a
(252 - 99 cm) and in Unitlb-1a (75—0 cm). Three significant in-
creases in terrigenous endmembers are observed, occurring in U3
(356—310 cm & 290—260 cm) and another sudden increase also
occurs in Ulc (105 - 87 cm). In addition, increases of Mn are
recorded in U3 during periods of terrigenous inputs. Magnetic
susceptibility (MS) follows a similar trend as Ti and other XRF
terrigenous endmembers.

4.2. Chronology

The age-depth model is based on 13 radiocarbon dates (Table 1,
Fig. 3b). One determination (Poz-76411; 825 + 35) was excluded
because it was out of sequence and had a low concentration of
carbon. The Shenkani record extends from approx. 10240 cal. BP to
the present. The average temporal resolution for pollen analysis is
estimated to be 130 years. The average sedimentation rate is
.75/mm a year (Fig. 6).

4.3. Pollen and non-pollen palynomorphs

4.3.1. Pollen assemblage zones (PAZ)(Fig. 3a)

PAZ-1 (102399565 cal. BP; depth 356—336): The beginning of
Shenkani’s record and PAZ-1 is classified by open semi-arid steppe
vegetation, including high levels of Chenopodiaceae (<25%), Car-
yophyllaceae (<15%), and Apiaceae. These taxa experience a stable
decline through this zone. Artemisia is present in large quantities,
but with little change, while Thalictrum and Lamiaceae are found at
levels below 10%, but increase slightly. Tree taxa are poorly repre-
sented, but small mixes of thermophilous and mesophilic taxa,
such as Carpinus betulus, Carpinus orientalis, Quercus, and Betula, are
present in small percentages (<5%). Carpinus betulus, and Carpinus
orientalis decline near the end of this zone, while Betula increases.

PAZ-2 (9565—7077 cal. BP; depth 336—222): In PAZ-2 Poaceae,
experiences a rapid increase, which indicates the expansion of
grasslands. This establishes it as the dominant taxon for the rest of
the sequence. Xeric semi-desert steppe taxa, including Chenopo-
diaceae, and Caryophyllaceae, experience a decline at the expense
of Poaceae’s increase. Trees and arboreal richness develop, but
overall arboreal pollen (AP) levels remain primarly between 10%
and 15%. Expansion begins with Betula and Quercus followed by
Ulmus, Fagus, and Tilia. Pinus is the last to develop, between 8300
and 7200 cal. BP.

PAZ-3 (7077—5248 cal. BP; depth 222—171): AP continues to
develop and increase as taxa become firmly established. Poaceae
has a steady decline but remains between 25% and 40%. Artemisia
increases early in this zone, but steadily declines after its initial
increase. Herbs become richer, with increases in Caryophyllaceae,
Cerealia-type, and Filipendula.

PAZ-4 (5248—2411 cal. BP; depth 171-102): After reaching its
maximum for the early and mid-Holocene, AP declines (<25%), first
with Betula at 4700 cal. BP, which never fully recovers, followed by
Pinus at 4400 cal. BP and Quercus. Overall, arboreal taxa richness
remains high even with this general decline. Expansions of Carpinus
betulus, Carpinus orientalis, Fagus, Fraxinus, Juglans, Pterocarya, and
Tilia are seen in this zone. Poaceae also continues its decline along
with Artemisia. In contrast, Chenopodiaceae steadily rises with a
jump around 3800 cal. BP. Thalictrum, Scrophulariaceae, and Rumex
have small increases while other herbs remain stable. At the end of



8 A. Cromartie et al. / Quaternary Science Reviews 246 (2020) 106485

this zone, there is a slight increase in Pinus and Quercus, which
quickly declines after 3000 cal. BP.

PAZ-5 (241193 cal. BP; depth 102—47): The beginning of PAZ-
5 shows a sharp increase of Poaceae and other herb taxa, including
Scrophulariaceae, Thalictrum, and Ranunculus. This occurs at the
expense of AP, with drops in Quercus and Pinus. AP increases again
in the middle of this zone, beginning with Pinus, followed by
Quercus, which then experiences a subsequent decline and subse-
quent increase. During this last increase, AP reaches its maximum
for the entire record (<30%). With the expansion of AP, Poaceae
again regresses, and Artemisia becomes the primary steppe taxa.
Poaceae rebounds and expands again at the end of this zone.

PAZ-6 (93 cal. BP — present; depth 47—0): PAZ-6 contains the
last 93 years of vegetation. At the beginning of this zone, there are
expansions in Poaceae, Chenopodiaceae, and Artemisia, which
decline and then rebound. Poaceae (approx. 30%) and Chenopo-
diaceae (approx. 20%) reach their maxima. Near the end of this
zone, Poaceae again declines and is replaced by Artemisia and
Chenopodiaceae. Over the last 85 years, Quercus and Pinus and total
AP have remained steady, although there have been small fluctu-
ations in other arboreal species. Other tree taxa are present in small
quantities (<2%), including Abies, Picea, Betula, Carpinus betulus,
Carpinus orientalis, Fagus, and Ulmus.

4.3.2. Aquatics and non-pollen palynomorphs (Fig. 3d)

NPP-1 (102398521 cal. BP; depth 356—288): Succession in
this zone begins with Botryococcus, followed by Pediastrum, and
Zygnemataceae (ascospores, Spirogyra), and Tetraedron minimum.
The appearance of these algae is indicative of an open water body.
Sedges, aquatic, and semi-aquatic plants, Cyperaceae, Myr-
iophyllum, and Typha are present in small quantities.

NPP-2 (85214369 cal. BP; depth 288—147): Algae Tetraedron
and Pediastrum decline at the beginning of this zone, but continue
to be present in small quantities. Aquatic and semi-aquatic plants,
Nymphaea alba, Sparganium/Typha angustifolia type, and Potamo-
geton become fully established around 8000 cal. BP as algae de-
clines. Although species fluctuations occur during this period,
indicators point to an open lake.

NPP-3 (4369 cal. BP — Present; depth 147—0): Cyperaceae in-
creases during this period, while algae and aquatic plants decline,
suggesting a transformation into a wetland. At approximately
2000 cal. BP, there is a significant drop in Cyperaceae and increases
in the fungal spore Sporormiella, followed by an increase in the
algae Pediastrum characterizing the possible opening of the
wetland. After this, Cyperaceae increases to its maximum in the
record then begins a steady decline.

4.3.3. PCA analysis (Fig. 4)

Principal Component Analysis (PCA) was completed on select
terrestrial pollen (PCAterrestrialpolien) and all aquatic pollen (PCA,.
quatic)- For terrestrial pollen, taxa were selected that had at least one
sample with a minimum >2% contribution to the total species
percentages. PC-1 represents 14.5% of all variance and PC-2, 10.6%.
Major divisions across PC-1 occur in arboreal taxa. These correlate
with vegetation changes from the early to late Holocene. On one
pole, Betula has greater positive values and is associated with
samples from the early and mid-Holocene, and on the opposite
pole, Quercus and Pinus are associated with the mid- and late Ho-
locene. Across PC-2, a greater variance is reflected in steppe taxa.
Here, higher negative values are associated with Poaceae and
positive values are associated with herbs such as Apiaceae, Car-
yophyllaceae, and Chenopodiaceae.

For aquatic pollen, PC-1 represents 27.5% of all variation, while
PC-2 represents 20.2%. Division across PC-1 occurs between posi-
tive values of Cyperaceae, Nymphaea alba, and Mougeotia, while

negative values are associated with algae species of Zygnemataceae
(ascospores, Spirogyra), Tetraedron minimum, Pediastrum, and
Botryococcus. Aquatic plants Potamogeton and Myriophyllum are
also on this dimension but their contribution is < 5. Across PC-2,
positive values are associated with Cyperaceae, Mougeotia, Zygne-
mataceae, Tetraedron minimum, Myriophyllum, and Spirogyra, while
negative values are associated with Pedisatrum, Botryococcus,
Potamogeton, Sparganium/Typha angustifolia-type, and Nymphaea
alba.

4.4. Macroscopic charcoal analysis

Macroscopic charcoal particles were found throughout the core,
providing a fire-history for the duration of the sequence (Fig. 5).
Overall, 41 fire peaks were detected. 10 peaks were detected in the
early Holocene, 20 in the mid-Holocene, and 11 in the late Holo-
cene. Interpolated Charse; and Chargoyne accumulation rates
(Characcum) show increases between 9150 cal. BP and 4200 cal. BP,
after which they then drop off until 2300 cal. BP. That said, there are
a few fire peaks between 3740 and 3170 cal. BP. Charcoal accu-
mulation picks up again at 2100—1000 cal. BP. Following this, there
is evidence of another hiatus, until the last significant fire event,
which occurs during the last 100 years. The mean width to length
ratio of all charcoal particles is 0.314 and the mean of the sample
mean is 0.277 (Fig. 5), which is consistent with regional open
landscape fire histories (see Joannin et al.,, 2014; Leroyer et al.,
2016). Aleman et al. (2013) suggest that charcoal particles with a
width/length ratio < 0.5 should be attributed primarily to non-
ligneous materials and an open landscape.

Results from RDA analysis examining the relationship with
Char,ccum, human occupation periods, and pollen shows a positive
correlation with Characcym, Poaceae, and Lamiaceae, while a nega-
tive correlation occurs between Char,ccym and other steppe vege-
tation, including Chenopodiaceae across RDA-1. Across RDA-2, a
positive correlation occurs between human occupational periods
and Cereals and Asteraceae, while a negative correlation is estab-
lished between arboreal taxa (Pinus, Quercus).

4.5. Pollen based climate reconstruction

For the Shenkani climate reconstruction, analogs were selected
from sites located in Armenia, Georgia, and occasionally
Kazakhstan, Kyrgyzstan, and Mongolia. For this sequence, all sam-
ples fell below the 67.6 threshold (mean random distance = 113.57,
standard dev. of random distance = 45.76). The chord distance was
also low for our reconstruction (mean distance for the first analog
26.211, mean distance for the last analog 32.526). Results show an
average annual precipitation (PANN) of 480 mm, and 144 mm for
summer (Psymmer). The early Holocene is characterized by low
precipitation (PANN = 450 mm, Psymmer 146 mm) which slightly
increases in the mid-Holocene (PANN = 487 mm, and
Psummer = 144 mm), but stays at a similar level during the late
Holocene (PANN = 488 mm, and Psymmer = 143 mm). A major
change in precipitation occurs at 9500 cal. BP (10240—9500 cal. BP,
PANN = 213 mm, and Psymmer = 122 mm, 9500—0 cal. BP,
PANN = 490 mm, and Psymmer = 145 mm). The sample near the core
top records similar annual precipitation (PANN = 537 mm) to to-
day’s worldclim2 value (PANN = 586 mm) from the core site (Fick
and Hijmans, 2017).

5. Discussion
5.1. Holocene overview

The sediment record from Shenkani is continuous from
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Abbreviations

Arboreal taxa

Ab. = Abies

Bet. = Betula

Car. b. = Carpinus betulus
Car. 0. = Carpinus orientalis

Bra. = Brassicaceae
Cam. = Campanula
Cary. = Caryophyllaceae
Che. = Chenopodiaceae
Chi. = Cichorioideae

Fa. = Fagus Con. = Convolvulus
Frax. = Eraxinus Dip. = Diphasiastrum
Pin. = Pinus Fil. = Filijpendula

Que = Quercus
Ulm. = Ulmus

Hel. = Helianthemum
Lam. = Lamiaceae
Plan. = Plantago
Ran. = Ranunculus
Rum. = Rumex

Poa. = Poaceae
Total Poaceae = Poaceae and

Cereals Sed. = Sedum

Scr. = Scrophulariaceae
Steppe / herbs Sym. = Symphytum
Art. = Artemisia Tha. = Thalictrum
Api. = Apiaceae

Ast. = Asteraceae
Bis. = Biscutella

Fig. 4. PCA and RDA analysis A.) PCA bi-plot of select terrestrial pollen (PCAerrestrialpolien) taxa (methods: section 3.3) from the Holocene. B.) PCA bi-plot of aquatic pollen
(PCAaquatic) including algae. C.) RDA bi-plot of select pollen with explanatory variables charcoal accumulation by area and archaeological human occupation periods based on

Manning et al. (2018) (section 3.4).

10,240 cal. BP through the present. The terrestrial pollen results
show a shifting steppe landscape, with limited forest cover.
Throughout the sequence, high values of herb pollen (average
NAP > 70%, Fig. 5) record an open landscape dominated by Poaceae,
Chenopodiaceae, Artemisia, and other herbaceous taxa. This
description is similar to the present ecology. The low amounts of
arboreal pollen and a mean length to width ratio of 0.314 (mean of
all charcoal particles, mean of the sample mean is 0.277) in the
charcoal record suggest that the Kasakh valley remained a steppe
throughout the Holocene. Rich, but poorly represented trees, sug-
gest distant pollen sources. Sediment attesting to the modern
grassland vegetation contains low pollen percentages of Quercus
macranthera, and Pinus, both of which grow today in patches on the
slopes of the Kasakh valley (see transect in Fig. 2a), and high per-
centages of Poaceae, Artemisia, and Chenopodiaceae. Pollen grains
from Abies, Picea, and Pterocarya also suggest distant pollen trans-
port, since they are not present in Armenia today but can be found
in Georgia.

The pollen results also record local non-terrestrial taxa associ-
ated with the wetland. The steady curve of PC-1aquatic (Fig. 5) sug-
gests a stable wetland since the early-mid Holocene transition,
which is in agreement with high OM recorded both by PC-1xgr
(Fig. 5) and measured LOI (Fig. 3). After this point, terrigenous

elements, eroded from the catchment, are less expressed at the
coring point. This is accentuated when the mire is colonized by the
Cyperaceae tussocks.

RDA analysis has revealed a relationship between fire and
Poaceae biomass. Charcoal accumulation can provide important
information about biomass burning (Carcaillet et al., 2002; Ali et al.,
2012), and RDA analysis has revealed a positive relationship be-
tween Characcym and Poaceae and a negative relationship between
Charaeeym and Chenopodiaceae (Fig. 4, Supplement Table 1).
Following grassland records, however, total charcoal at Shenkani,
should represent fires <5 km from the core area and local area
burnt (Aleman et al., 2013; Leys et al., 2015). This suggests that
Poaceae was the primary fuel driving these local fires and that
decreases in Poaceae and increases in Chenopodiaceae resulted in
the reduction of fire episodes and are reflective of local steppe
change.

5.2. Human activities

Pollen and non-pollen palynomorphs suggest limited evidence
of human impact on our record. At Shenkani, Cerealia-type pollen is
found throughout and is likely related to wild species in the early
Holocene. Linking this pollen-type with agriculture in southwest
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Fig. 5. Select proxies arranged by age A.) Major arboreal pollen B.) Major herb taxa
and human indicator pollen (human indicators include Plantago, Rumex, Sanguisorba,
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podiaceae (A/C) from percentage data plotted with a logarithmic scale. Mean value of
P/C represented by the line. D.) Macro-charcoal results displayed in charcoal

Asia and the Caucasus is complicated by the presence of wild grass
species, related to modern cereals, which produce Cerealia-type
pollen (Bottema and Woldring, 1990). This is the same for other
steppe taxa, such as Rumex, Caryophyllaceae, and Chenopodiaceae,
which are often utilized as anthropogenic indicators (Behre, 1981).
At Shenkani, these pollen types are found in records prior to known
regional agriculture (see Hovsepyan and Willcox, 2008 for early
agriculture examples). However, results from RDA (Fig. 4) suggest
that cereals have a moderate correlation with periods of human
occupation. Although dung-inhabiting fungal spores, such as
Sporormiella, do indicate the presence of large herbivores (Van Geel,
2002), at Shenkani they are primarily found during periods of low
Cyperaceae and open water. This suggests that during periods
when tussocks covered the wetland, Cyperaceae might have
blocked Sporormiella’s deposition. This is because spores are usually
deposited near the site of sporulation (Van Geel, 2002).

5.3. Holocene record of steppe and treeline transitions

5.3.1. Early holocene steppe transition

The early Holocene record at Shenkani begins with an open arid
landscape characterized by Chenopodiaceae-Artemisia steppes
(Fig. 5). This vegetation is distinctive of the Younger Dryas
(12.9—11.7 ka) in the Eastern Mediterranean (Rossignol-Strick,
1995) and today is found in semi-desert areas located at lower al-
titudes (480—1200 m a.s.l) (Fig. 1c; Vegetation zones N7; O8 in
Bohn et al.,, 2000) where precipitation is 200—400 mm annually
(Fig. 1c; Volodicheva, 2002). These similarities in vegetation sug-
gest the early Holocene landscape was more arid than today.
Although the beginning of the record is primarily dominated by
xeric steppe vegetation, stands of Carpinus betulus and Carpinus
orientalis were also present. According to Connor and Kvavadze
(2008), a similar composition of semi-desert steppes (Carpinus,
Ostrya-type, Chenopodiaceae, Artemisia, Ephedra) occurred during
the early Holocene between 1500 and 1900 m a.s.l in Georgia. This
composition may resemble today’s mixed open woodlands and
herbaceous areas of southern Georgia, characteristic of a dry and
cold climate (Nakhutsrishvili, 2013).

Around 9500 cal. BP, a shift in steppe vegetation occurred, as the
sudden spread of Poaceae replaced Chenopodiaceae and Artemisia
as the dominant steppe taxon (although Artemisia remained stable)
establishing a grassland landscape. This expansion appears to have
been part of a pioneering phase recorded at different times in
pollen records across the Caucasus and southwest Asia (see
Messager et al., 2017 for discussion) and points to increased
moisture availability. Today, Poaceae dominates true and herb-
grass steppes areas in Armenia that are associated with annual
precipitation between 400 and 600 mm annually (Fig. 1).

This transition from Chenopodiaceae to Poaceae is marked by
two erosional phases, with increased terrigenous endmembers into
the catchment between 10240 - 8870 and 8550—8000 cal. BP
(Fig. 6). Manganese (Mn), which is an indicator of redox conditions
and bottom-water oxygenation (Calvert and Pedersen, 1993),

accumulation (Char,eeym) rates by area (black) and count (blue). Peak values are red
crosses from CharAnalysis. The red line separates background and noise to calculate
peaks. W/L ratio plot of the mean (green) and median (brown) for charcoal particles for
a sample. The black line is loess smoothing of charcoal particles WL measurments
displayed for clarity (span = .12, delta = 0.95). E.) XRF plot of PC-1 from PCAy; analysis.
Plot of aquatic taxa and spores. Spores (brown), Nymphea (dark green), algae (blue-
green), macrophytes (green). Plot of aquatic pollen and algae from PC-1.quatic. F.)
Climate reconstruction Psymmer Pann G.) Revised chronology of archaeological settle-
ment periods on the Tsaghkahovit plain (Manning et al., 2018; Franklin, 2014a).
* Denotes Antiquity and Modern period. Lastly, major steppe transitions. (For inter-
pretation of the references to colour in this figure legend, the reader is referred to the
Web version of this article.)
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increases during both erosional events. This change in redox con-
ditions may be linked with increased precipitation that facilitated
erosion into the catchment, leading to re-oxygenation of bottom
waters associated with terrigenous deposits (Sabatier et al., 2017).
Unstable precipitation, which is recorded in the pollen climate re-
constructions from Zarishat, Armenia (Joannin et al., 2014) during
this time, may have contributed to redox conditions. The spread of
Poaceae appears to stabilize the surrounding and catchment during
this first erosional event (Fig. 5) as shown in decreased erosion in

MS (Fig. 3). This second erosion event is not marked by a vegetation
change and does not have a clear cause. Similar periods of erosion
are recorded regionally at Zarishat, Armenia (Joannin et al., 2014),
and Lake Paravani, Georgia, which Messager et al. (2013) posit
might be linked to active local glaciers. The regionality of this event
suggests a possible linkage with the 8.2 ka event. These events
begin to subside with the spread of aquatic and semi-aquatic taxa
in the watershed at 8200 cal. BP.

The expansion of Poaceae is also accompanied by increased
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charcoal accumulation. Although fires were present prior to
9500 cal. BP, the increase in biomass created by the spread of
Poaceae as well as an increase in precipitation may have enabled a
greater fuel source. In the North American prairies (Leys et al., 2017)
and the savannas of the Afrotropics (Aleman et al., 2013), modern
studies investigating the relationship between sedimentary char-
coal and landcover have found linkages between precipitation,
increased tall-grass biomass, and fire frequency. RDA analysis
(Fig. 4) suggests a cyclical relationship between local fires and
Poaceae, where Poaceae biomass increases drove fuel, and fires, in
turn, maintained the grassland. Periods of alternating moisture (to
increase fine fuel biomass) and aridity (to dry vegetation for igni-
tion) are also necessary for sustained fire activity (McPherson,
1995) and must have occurred throughout the Holocene. These
periods of alternating precipitation and aridity occur around
Shenkani today, with high spring precipitation that transitions into
dry late summers (Fig. 1b), although most fires today are the result
of human ignition (Zibtsev et al., 2013).

In the Caucasus, select Poaceae species can grow on the wetland
itself, increasing Poaceae’s signal. This was discussed in relation to
sequences from Vanevan, Armenia (Leroyer et al.,, 2016), and in
Georgia (Connor, 2011). The transition from Chenopodiaceae to
Poaceae occurs at different timings than wetland transitions, with
the spread of Poaceae occurring at 9500 cal. BP. Changes in wetland
OM lag behind this and are established at 8200 cal. BP. The spread
of Cyperaceae tussocks marks the transition to a full wetland with
aquatic plants at 5500 cal. BP (Fig. 3). This, along with the regional
scale of Poaceae expansion during the early Holocene (Messager
et al., 2017), suggests that Poaceae is established on the sur-
rounding landscape rather than in the wetland during this time.

5.3.2. Mid-holocene tree encroachment and Betula’s decline

In the mid-Holocene trees begin to encroach onto the steppe
landscape. During this period, AP increased, reaching its maximum
for the early and mid-Holocene, both in terms of percentage (<23%)
and composition between 6000 and 4700 cal. BP. At this time, both
mesophilic taxa (Quercus, Fagus, Fraxinus, Carpinus, Tilia, and
Ulmus), and boreal species (Pinus and Betula), were represented.
The similar arboreal percentage (24%) to the sediment at the top of
the core suggests a patchy mosaic of trees growing on the land-
scape similar to today’s configuration. As trees encroached, in-
creases in Chenopodiaceae and various herbs (Scrophulariaceae,
Rumex, Fabaceae) also points to a more mixed steppe landscape. A
slight increase in the W/L ratio (Fig. 5d) at 5000 cal. BP suggests that
woody biomass fuel may have made a small contribution to fires
during this time. However, a mean W/L ratio <0.5, low AP per-
centages, and relationship between Char,ccuym and Poaceae in RDA
(Fig. 4), suggests that Poaceae and herbs constituted biomass fuel
(See Aleman et al., 2013; Leys et al., 2017). Trees were also not
located around the basin and fires may have inhibited their
establishment. This is because, certain fire cycles can kill surface
seeds or prevent young trees from reaching resprouting age
(McPherson, 1995; Merola-Zwartjes, 2004). In addition, a similar
mosaic of trees found today in the Kasakh valley suggests a slow
recolonization process. This spread of trees is indicative of
increased temperature and precipitation amendable to tree growth,
during a period that others have suggested as a climate optimum
(Wick et al., 2003; Connor and Kvavadze, 2008; Messager et al.,
2013). In the wetland, decreases in terrigenous endmembers at
7700 cal. BP, with additional decreases at 6000 cal. BP and increases
in OM at 7900 cal. BP followed by increases in the Br/Ti ratio at
6000 cal. BP (Fig. 6), suggests the onset of climatic stability
amendable to mire productivity and tree growth. This corresponds
to the mid-Holocene arboreal pollen maximum.

At Shenkani, a drop in Betula at 4700 cal. BP marks an early

transition from the mid- to the late Holocene, followed by declines
in Quercus and Pinus, and fire intensities after 4200 cal. BP. The
positioning of Betula and Poaceae at opposite poles of other tree
taxa (Quercus, Pinus, etc) across PC-1 (Fig. 4) suggests possible
vegetation dynamics related to multiple factors, including human
activity, vegetation competition, and climate. Although the timing
varies, the rise of Betula and subsequent decline is prevalent in
regional records (Iran, Lake Urmia: Bottema, 1986; Turkey, Lake
Van: Wick et al., 2003; Litt et al., 2009; Armenia, Vanevan peat:
Leroyer et al., 2016; Georgia, Lake Aligol: Connor, 2011). Since it is a
light-demanding species (Connor, 2011), vegetation competition
amongst arboreal species has been implicated in its disappearance
in Turkey (Bottema and Woldring, 1984). At Shenkani, however, the
low amounts of arboreal pollen, in conjunction with Betula reach-
ing its maximum at the height of the mid-Holocene tree expansion,
suggest that vegetation competition played a limited role.

Instead, a likely combination of climate and human activities
most likely drove its disappearance. Human activities, including
wood acquisition and pastoralism, have been extensively recorded
at the EBA settlements on the Tsaghkahovit plain and in the Kasakh
valley, attesting to a thriving mixed agro-pastoral economy
(Hovsepyan, 2008; Monahan, 2008). At the archaeological site of
Gegharot, approximately 10 km north of Shenkani, excavated
charcoal remains have revealed the acquisition of Betula by EBA
communities (Jude et al., 2016).

Although humans likely contributed to Betula’s decline,
increasing aridity may have prohibited its regrowth. According to
Bappansn and  Mxurapsu  (2018), several species of Betula
(B. litwinowii, B. pendula) grow today in Armenia’s sub-alpine zones
(1400—2700 m a.s.l) as crooked forests. According to them, forest
expansions in these areas are limited by multiple factors, including
short cold summer growing seasons, cold winters, and limited
precipitation. Increasing aridity is attested too in the isotope record
from Lake Van during this period (Wick et al., 2003). This suggests
that before 4700 cal. BP, climate conditions may have fostered
Betula’s growth, but after that time, anthropogenic activities and
aridity led to its decline.

5.3.3. The 4.2 ka BP event

The 4.2 ka BP event is regularly discussed in the paleoclimate
and archaeological literature across the Mediterranean Basin and
beyond (Cullen et al., 2000; Staubwasser and Weiss, 2006;
Kaniewski et al., 2018; Bini et al., 2019) and has been used to
delineate the transition from the mid- to late Holocene. Walker
et al. (2012), bases this division on isotope records from Mawm-
luh Cave KM-A, India, linked with a two-phased (with shifts at 4.3,
4.1, and a mid-point between the two events at 4.2 ka) mid- to low-
latitude aridity event lasting for ~375 modeled years. To date, this
event has not been recorded in the Southern Caucasus pollen re-
cords. However, periods of increased aridity are recorded from dust
influxes at Lake Neor in northwestern Iran around 4200 cal. BP
(Sharifi et al., 2015) and in pollen and isotope records from Lake Van
(Wick et al., 2003). Although there is no clear indication of this
event in Shenkani’s pollen record, an increase in the Br/Ti ratio
(Fig. 6) shows a decrease in terrigenous inputs and an increase in
organic productivity between 4300 and 4100 cal. BP, which might
be related. Additional high-resolution records across the Caucasus
will hopefully elucidate this further.

5.3.4. Late holocene steppe transitions

At Shenkani, the late Holocene onset is marked by an arboreal
decline (~4200 cal. BP), but steppe transitions are less pronounced.
To understand these changes, we split the late Holocene into 3
steppe transitions: i.) herbaceous Chenopodiaceae steppe
(4200—2500 cal. BP) ii.) Poaceae/Artemisia steppe (2500—1000 cal.
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BP) iii.) mixed steppe with arboreal and anthropogenic elements
(1000 cal. BP — present). Steppe transition i.) begins in the mid-
Holocene but, declines in arboreal pollen after 4200 cal. BP accel-
erate this change. Here, increases in pollen are primarily associated
with Chenopodiaceae, and other herbaceous steppe taxa (Lam-
iaceae, Caryophyllaceae, Thalictrum), while decreasing values are
associated with Poaceae, Artemisia, and arboreal taxa (Quercus,
Pinus). Aridity has been recorded in Central Asia beginning at
6000 cal. BP (Chen et al., 2008), in the stacked isotope records from
southwest Asia from 3000 cal. BP (Roberts et al., 2011), and at
Zarishat, Armenia from 3000 cal. BP (Joannin et al., 2014). Both
steppe ratios (Fig. 5, P/C, and A/C) follow similar decreasing trends,
suggesting local aridity (EI-Moslimany, 1990).

This change appears to have fostered the spread of Chenopo-
diaceae, and led to declines in Poaceae, reducing local fire activity at
4200 cal. BP. Although fires will initially eliminate grasses in the
short-term, in the long term these same fires promote grassland
rejuvenation and prevent the encroachment of trees and shrubs
(McPherson, 1995; Merola-Zwartjes, 2004). Grassland fires, how-
ever, are dependent on biomass, and precipitation change
(McPherson, 1995), and grazing can reduce fuel load and fire fre-
quencies (Archer, 1989; Merola-Zwartjes, 2004). The negative cor-
relation with Chenopodiaceae and Characcum (Fig. 4) suggests that
this reduction in fine fuel biomass and an increase in aridity drove
these declines. Grazing has also been implicated in the conversion
of grasslands to shrublands (Archer, 1989; Merola-Zwartjes, 2004),
and can lead to the spread of Chenopodiaceae due to its low forage
value and toxicity (Wesche and Treiber, 2012). The role of humans
remains elusive during this period due both to the paucity of
recorded Middle Bronze Age archaeological sites (Smith et al.,
2009; Sagona, 2017) and the overall low concentration of Spor-
ormiella in our record, future archaeological investigations will no
doubt elucidate this connection further.

Transition ii.) occurred after a short rebound of arboreal taxa at
2800 cal. BP, followed by its subsequent decline and an increase in
Poaceae and fire. Here, Poaceae increases in our pollen diagram,
while arboreal pollen (Quercus, Pinus, Betula) and xeric taxa (Che-
nopodiaceae, Caryophyllaceae) decrease. At 2600 cal. BP, a series of
events denotes a drying event. First, this presents itself as a small
erosion event (increases in Ti, Al, etc), followed by an increase in
charcoal accumulations. Then, there is a decrease in OM (LOI), an
increase in terrigenous inputs (Ti, Al, etc), indicating a sizable
erosion event, and the spread of Poaceae. These episodes point to
the initial drying of the wetland, followed by the invasion of fire. In
this instance, fire predates the return of Poaceae and corresponds to
a decrease in aquatic taxa percentages which are then replaced by
spores (Fig. 5). This suggests a fire perturbation of the wetland
system and a local expansion of Poaceae. Multiple sources have also
noted that fire events linked with erosion indicate catchment fires
(Whitlock and Larsen, 2002; Leys et al., 2016).

Although the timing varies, the opening of the landscape and
increased fire activity are not localized to Shenkani (Fig. 7), and
have been recorded at Zarishat, Armenia (Joannin et al., 2014), and
Lake Imera, Georgia (Connor, 2011). At Zarishat, fires invaded the
lakebed and resulted in the decline of Cyperaceae at 2200-1500 cal.
BP (Joannin et al., 2014). At Imera, Connor (2011) suggests that fires
between 2400 and 1700 cal. BP significantly modified the arboreal
landscape. At Lake Van, Turkey, oxygen isotopes continue to record
increasing aridity, a trend starting at the beginning of the late
Holocene, which reverses around 2000 cal. BP (Fig. 7) (Wick et al.,
2003). This reversal also occurs at Shenkani at this time, attested to
by the decreases in terrigenous endmember inputs (XRF, MS), in-
creases in organic matter, and a slight rise in sedimentation (Fig. 6).
This suggests a gradual transition back to a wetland. Trees return to
the Kasakh valley at 1400 cal. BP, dominated by Quercus.

The last steppe transition iii.) occurred from 1000 cal. BP — to
the present and is characterized by increased arboreal pollen and a
mixed steppe landscape. Although anthropogenic pollen indicators
can be ambiguous in steppe landscapes (see section 5.2), there is a
jump in this pollen type at 600 cal. BP. Before this, a decline of
Quercus between 1000 and 600 cal. BP is coupled with a decrease in
Poaceae grasslands and the spread of Artemisia, suggesting these
events might be linked. Human activity is well documented in both
archaeological and epigraphic sources in the Kasakh valley. Espe-
cially during the late medieval period (12th — 15th c. AD/
900—500 cal. BP) (Smith et al., 2009; Franklin, 2014b). These con-
nections suggest that humans most likely contributed to changes in
both arboreal and steppe taxa over the past 1000+ years, co-
creating this mixed steppe landscape. A higher resolution pollen
sediment core currently undergoing analysis taken from a wetland
(2058 m a.s.l) adjacent to a multi-period archaeological site will
hopefully further elucidate the nuances between these relation-
ships further.

5.4. Steppe maintenance and afforestation

Holocene steppe changes at Shenkani both correspond and
diverge from traditional climatic transitions across the South Cau-
casus and southwest Asia (Fig. 7). The vegetation at the onset of the
early Holocene at Shenkani is primarily xeric (Chenopodiaceae,
Artemisia), mirroring regional records from Turkey (Van Zeist et al.,
1975; Wick et al., 2003; Litt et al., 2009), Iran (Bottema, 1986;
Djamali et al., 2008), the South Caucasus (Messager et al., 2013,
2017; Montoya et al., 2013; Joannin et al., 2014), Black Sea
(Shumilovskikh et al., 2012), and into Central Asia (Wright et al.,
2003). As discussed in Messager et al. (2017), the expansion of a
pioneering phase of Poaceae is followed by afforestation in many of
these records (Lake Van, Turkey, Wick et al., 2003; Lake Nariani,
Georgia, Messager et al., 2017; Lake Mirabad & Lake Zeribar,
western Iran Van Zeist and Bottema, 1977). Unlike the above,
however, sequences from Armenia including Shenkani, Zarishat
(Joannin et al., 2014), Vanevan Peat (Leroyer et al., 2016), and from
Lake Urmia, Iran (Bottema, 1986) remain primarily steppe. But what
were the forces that contributed to this persistent Holocene
steppe?

Overall, the early Holocene steppe transformations at Shenkani
at 9500 cal. BP is roughly synchronous with treeline expansions
recorded in Georgia (Messager et al., 2013, 2017), but lag behind the
Poaceae expansions, suggesting that similar climate mechanisms
that prompted the establishment of trees also led to shifts to
grasslands. These mechanisms include shifts in seasonal precipi-
tation, which are clearly stated in the reconstruction from Zarishat,
Armenia (+91 mm in spring precipitation at the early-mid Holo-
cene transition; Joannin et al., 2014), and increases in moisture,
recorded in Lake Van’s isotope record (Wick et al., 2003). Shenka-
ni’s reconstruction also records an increase in precipitation at this
time (Fig. 5). At Shenkani, climate, specifically precipitation, ap-
pears to be the primary factor limiting the spread of trees and
driving shifts in vegetation throughout the Holocene. Today, steppe
areas in Eurasia are found between humid boreal forest and arid
deserts (Chibilyov, 2002). Shifts in precipitation, therefore, can
dictate the number of trees and vegetation type on these steppe
landscapes. At Shenkani, precipitation was the primary factor
limiting afforestation while also prompting shifts between Poaceae
and Chenopodiaceae dominated steppes.

This, however, is not the only mechanism controlling the steppe
landscape. Fires also play an important role in limiting trees in
these transitional environments by destroying tree seeds and
seedlings (McPherson, 1995; Merola-Zwartjes, 2004) prior to their
establishment or migration. Tall grasses can also block woodland
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Fig. 7. Regional records in Armenia, Georgia, and Turkey. Select pollen diagrams of Poaceae, Chenopodiaceae, and AP from Lake Nariani (Messager et al., 2017), Zarishat (Joannin
et al,, 2014), Shenkani (this study), and Lake Van (AP line for Lake Van represents only Quercus) (Wick et al., 2003). The steppe/aridity index is from this study and represents a
Poaceae/Chenopodiaceae (P/C) and Artemisia/Chenopodiaceae (A/C) ratio plotted on a logarithmic scale (methods, 3.3). Oxygen isotopes are included in Lake Van diagram (Wick
et al,, 2003) and stacked isotope records from southwest Asia are illustrated below (Roberts et al., 2011).

seedlings through both above and below ground competition
(Volodicheva, 2002). At Shenkani, while increases in precipitation
during the mid-Holocene might have been able to foster tree
expansion, locally, these fires and tall grasses prevented tree
establishment and migration. Fires fueled by both climate and
aided by human ignition have also been implicated as a possible
explanation for the delays in oak expansion in southwest Asia
(Roberts, 2002; Turner et al., 2008, 2010). At the end of the mid-
Holocene, however, fires were no longer the primary mechanism
for maintaining this steppe. Instead, aridity drove Poaceae biomass
down, leading to declines in fires, and also declines in trees.
Humans have also contributed to the disappearance of the
limited trees on the landscape particularly during the mid-
Holocene by Early Bronze Age communities and in the Late Medi-
eval period. Grazing most likely also influenced the spread of
Chenopodiaceae and the decline of grasses during the Middle and
Late Bronze Age, but more research is needed to understand the

extent. At Shenkani, however, there is limited evidence that human
communities were responsible for extensive deforestation and
conversion of this landscape to an open steppe as has been his-
torically proposed for some areas of the Caucasus (Volodicheva,
2002; Nakhutsrishvili, 2013). Instead, climate, specifically precipi-
tation, is the primary mechanism maintaining this Holocene steppe
landscape with fires and humans contributing to its maintenance.

6. Conclusion

This paper has challenged regional narratives that human ac-
tivities drove deforestation and steppe conversion in the Holocene.
Instead, evidence from the Shenkani wetland indicates that this
area has remained a steppe with small stands of trees throughout
the available record. Climate appears to have been the primary
driver of change, although fire, fueled by Poaceae biomass, has been
important in maintaining this landscape, especially during early
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and mid-Holocene grassland expansions. More research is needed
to fully understand how human activities contributed to change;
however, changes during the Early Bronze Age and Late Medieval
period appear to be at least partially driven by humans. Changes in
arboreal pollen also signal climatic changes primarily during the
mid- to late Holocene transition. This record from Shenkani aug-
ments our knowledge of the South Caucasus region and improves
our understanding of the mechanisms of steppe transformation
and maintenance over time.
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