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Abstract
Environmentally-based archaeological research at Zaraa Uul, including zooarchaeology,
phytolith analysis, and radiocarbon dating, is the first of its kind in Mongolia and presents
critical new insight on the relationship between periods of occupational intensity and climatic
amelioration from the earliest anatomically modern humans to the adoption of pastoralism.
The palaeoenvironmental and faunal record of Zaraa Uul show that Early-Middle Holocene
hydrology and species distributions were distinct from all other periods of human occupa-
tion. Holocene hunter-gatherers inhabited an ecosystem characterized by extensive
marshes, riparian shrub and arboreal vegetation along the hill slopes and drainages. The
exploitation of species associated with riparian and wetland settings supports the hypothe-
sis of, but suggests an earlier timing for, oasis-based logistical foraging during the Early-Mid-
dle Holocene of arid Northeast Asia. The onset of wetter conditions at 8500 cal BP agrees
with other regional studies, but multiple lines of evidence present the first integrated field-
and laboratory-based record of human-environment relationships in arid East Asia during
the Holocene Climatic Optimum. We compare it to Late Pleistocene climatic amelioration,
and highlight specific responses of the hydrological, vegetative and faunal communities to
climate change in arid Northeast Asia.

Introduction
Wetlands are a critical resource for hunter-gatherers in many environmental contexts [1] and
evidence for intensified use of wetlands is especially well represented globally during the Late
Pleistocene and early to Middle Holocene [2–9]. Janz [10] posits that the global scale of this
trend is deeply embedded in ecological state shifts that drove broadly contemporaneous large-
scale changes in decreased residential mobility, broader spectrum diets, heightened reproduc-
tion, and more complex social organization. The intensified use of wetlands was a critical com-
ponent of these changes in many regions, including the Gobi Desert of Mongolia and China.
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Despite a lack of direct data on diet, massive organizational change is attested during the Mid-
dle Holocene, including within both the structure of lithic reduction strategies and the unique
spatial patterning of habitation sites [10, 11]. The preferential use of wetlands is clear; however,
it is poorly understood how wetlands were used because of a lack of direct data on diet. Janz
[10] has suggested that the underlying pattern in land-use is tied directly to increased diet
breadth and an emphasis on r-selected prey beginning at 8000 cal BP. Her proposed chronol-
ogy for the region is summarized in Table 1.

This chronology, beginning with the earliest verified sites post-dating the Last Glacial Maxi-
mum (LGM) and continuing into the early stages of herding and bronze metallurgy, is the only
date-based chronology for the region and is grounded on site assemblages collected by major inter-
disciplinary scientific expeditions during the 1920s and 1930s [11–13]. While the use of existing
collections has been productive in building a preliminary framework for understanding the rela-
tionship between human and landscape palaeoecology, testing requires on-site analysis of both
archaeological and geomorphological contexts. Zaraa Uul was discovered in 2013 and excavations
during 2015–2018 have produced the first comprehensive faunal assemblage for the Gobi Desert
region, including components dating to late MIS 3 and early MIS 1. Here, we present our findings
of zooarchaeological and geomorphological analysis and situate those findings within the context
of specific ecological and organizational trends in arid East Asia during theMiddle Holocene and
clarify relationships between specialized use of wetlands and its probable impact on local diets.

Regional context
Very few stratified sites have been discovered, let alone excavated, in the Gobi Desert. The few
previous excavations pre-date widespread use of chronometric dating in East Asia. The most
notable of these is Bayanzak/Shabarakh-usu (Fig 1) in the southern Gobi Desert of Mongolia,
discovered by Nels C. Nelson in 1925 and excavated by Mongolian and Soviet researchers in
the mid-twentieth century [13–20]. Bayanzak/Shabarakh-usu is represented by extensive sur-
face scatters, including several clusters associated with hearths. The environmental setting is
characteristic of many Gobi Desert sites: extensive and sparsely vegetated dune-fields associ-
ated with a palaeolake basin, and within easy walking distance of both lowland steppe and
upland plateau. Site assemblages are primarily Neolithic, spanning Oasis 2 and 3 (Table 1),
and include artifacts from both the earlier and later periods. Dulaany Gobi (Fig 1), on the east-
ern edge of the Gobi Desert, was also discovered near an ancient lake basin and surrounded by
mountains, clay terraces, and saxaul (Haloxylon ammodendron) [21]. Perlee and Ser-Odjav
[21] discovered hearths surrounded by a microblade-based assemblage including projectile
points, flakes, adzes and axes, grinding stones, a pickaxe, a spindle whorl, and ostrich eggshell,
as well as copper or bronze slag. Retouched microblades were more common in lower levels,
while bifacial flake tools and unifacially-flaked points were characteristic of the upper cultural
level [22]. Researchers believed that the environment was characterized by wetlands, streams,

Table 1. Summary of chronological phases and associated technologies.

Chronological Phases Dates Organizational Strategy Tool Types
Oasis 1 (Mesolithic) 13.5–8.0 k

cal yr BP
High residential mobility, use of wetlands Microblade technology; expedient core and flake; pottery by 9600 cal BP

Oasis 2 (Early
Neolithic)

8.0–5.0 k
cal yr BP

Reduced residential mobility, wetland-
centric logistical foraging

Microblade technology; more formal flake cores; large formal milling stones;
chipped and/or polished adzes and axes; bifacial projectile points; textile-
impressed pottery

Oasis 3 (Eneolithic,
Bronze Age)

5.0–3.0 k
cal yr BP

Wetland-centric logistical foraging,
introduction of domesticated herd animals

Microblade technology; increased in use of flake cores; bifacially-flaked
arrowheads, blades, knives; milling stones; copper slag; increased use of local
lithic materials; moulded rim coarse redware, geometric incised

https://doi.org/10.1371/journal.pone.0249848.t001
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and woodland at the time of occupation. Based on the assemblage they suggested that the site
was occupied at different times during the fourth and second millennia BC and that inhabi-
tants practiced a mixed economy of hunting and gathering, fishing, and low-level agriculture.
More recent dating of sites with a similar range of tools suggests that the early component of
this site would have dated to Oasis 2 (8000–5000 cal BP), while the later was probably associ-
ated with Oasis 3 (5000–3000 cal BP).

The focus of our current study is Zaraa Uul (DMS 069 and 070), the first reported Gobi
Desert site to be excavated since these early discoveries [22, 23]. Zaraa Uul was discovered by
William Honeychurch and Joshua Wright in 2013 during survey of the area between Delger-
khaan Uul and Chandmani Khar Uul (Fig 1) and is located in the desert-steppe transitional
zone of eastern Mongolia in the administrative district of Tuvshinshiree sum, Sükhbaatar
aimag. The Zaraa Uul sites are concentrated between this basin and the eastern edge of a low
north–south trending mountain range. The Zaraa Uul artifact assemblage is consistent with
Oasis 2 (8000–5000 cal BP); it is dominated by microblade core reduction strategies, compli-
mented by the use of flake cores, while unifacial and bifacial chipped projectile points, pottery,
groundstone milling tools, and chipped adzes were all present (Fig 2).

Located about 220 km north of Dulaany Gobi, the natural environment is notably different
from the dune-field/wetland oasis localities heavily occupied during this period. High density
surface scatters are centred at the base of an eroded volcanic cone and adjacent felsite hills (Fig
3). The site sits at the edge of an extensive in-filled basin covered in herbaceous arid-adapted
vegetation. The western margin of the basin is bounded by uplifted, folded terrestrial conglom-
erates and extrusive basalt flows while its floor is composed of incised Pleistocene marl from
the remains of a vast saline paleolake that extended along its entire length [24]. Lithics

Fig 1. Map of Mongolia with sites mentioned in text: (1) Bayanzak/Shabarakh-usu, (2) Dulaani Gobi, (3) Zaraa
Uul, (4) Delgerkhaan Uul, (5) Chandmani Khar Uul.Made with Natural Earth.

https://doi.org/10.1371/journal.pone.0249848.g001
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consistent with the Early Upper Palaeolithic were discovered eroding from a Pleistocene beach
ridge (Zuun Shovkh) approximately 2 km north of the volcanic cone in 2016 by D. Odsuren
[25]. The sandy matrix of the excavation, consistent with beach sand deposits, were dated at
the University of Washington Luminscence laboratory to 33,190–30,100 years (31.6 ± 1.59 ka)
(Table 2). The discovery of artifacts within this beach deposit reveals a close association
between human activity and a high stand of the lake during the OIS 3 Interglacial.

Fig 2. Examples of ground and flaked stone, pottery, and mother-of-pearl/nacre beads from Zaraa Uul.

https://doi.org/10.1371/journal.pone.0249848.g002
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The remnant marl of the former lake currently forms hummock and terrace lines where it
was incised by streams flowing down from alluvial fans on the margins, and bisected in length
by a larger ephemeral stream (Fig 4). In many places these hummocks are covered with
coarse-grained alluvium washing out from the surrounding hills after storms [24]. Today these
drainages are dry for most of the year. There is at least one active freshwater spring at the
south end of the basin, forming a pool and stream where livestock drink and bathe. At the east
side of the basin, about 1.5 km south of Zaraa Uul, there is a small salt marsh with saltwater
ponding. The excavations at Zaraa Uul have already produced information that holds substan-
tial promise for understanding palaeoenvironmental change in arid East Asia and contributing
to our understanding of Neolithic chronology. This report relates our archaeological findings
to previous knowledge of Gobi Desert chronologies and builds an initial framework for the
chronology of palaeoecological change in the far eastern steppe.

Materials andmethods
Excavation and survey
Excavation was conducted under permits from the Ministry of Education, Culture, Sports and
Science through the Institute of Archaeology, Mongolian Academy of Science (#15-1-19, #16-

Fig 3. Aerial photograph of locality with location of sites and geopits.Drone image is property of Gobi-Steppe Neolithic Project, 2018.

https://doi.org/10.1371/journal.pone.0249848.g003
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1-06, #17-1-05, #18-1-3/3). Work included small-scale excavation of two Upper Palaeolithic
habitation sites (Otson Tsokhio and Zuun Shovkh) and we excavated six Bronze Age burials,
but the primary focus was Neolithic habitation. These Neolithic habitation sites are in close
proximity to Bronze Age burial structures first used during the Ulaanzuukh period [26–28].
Many burial structures were recorded stretching across the eastern face of the mountain range,
but most evidence for habitation relates to Oasis 2 of the Neolithic period [22]. Habitation
appears to have been heavily localized. Within the main area of occupation there are several
overlapping scatters of lithic assemblages spanning the lower edge of the hillslope, along the
saddle of the hill, and behind (west) of the eroded volcanic cone (Fig 3). The nearby presence
of a modern pastoralist winter camp (Fig 3) suggests that this area provides good protection
from north winds during the winter. Conversely, the site is heavily affected by wind during the
summer, which may have provided desirable protection from mosquitoes and other insects
during wetter climatic phases.

Our preliminary mapping of the primary lithic scatters divided Zaraa Uul into four subsites
(Fig 3). Excavations focused on Zaraa Uul 2 (ZU2) and Zaraa Uul 3 (ZU3), where surface

Table 2. Results of luminescence and radiocarbon dates for Zaraa Uul. Calibration was performed using OxCal v4.4.2 [31] and the IntCal20 calibration curve [46].

Laboratory ID# Context Artifact ID# Material Reported date Calibrated years
BP or ka

UOC-10163 Otson Tsokhio, Level 1 Ots.18.A1.L1:44 Bone collagen 29,514 ± 343 34,506–32,926 (95.4%)
UOC-10162 Otson Tsokhio, Level 2 Ots.18.A2.L2:29–32 Bone collagen 23,912 ± 161 28,363–27,697 (95.4%)
UOC-10164 Otson Tsokhio, Level 2 Ots.18.A1.L2:14 Bone collagen 25,609 ± 210 30,445–29,219 (95.4%)
UW3780 Zuun Shovkh Zsh.16.GEO sand 31,600 ± 1590 34,780–28,420 (95.4%)
UOC-9631 Locus 1, 70 cm below datum T1-9a:114 Bone collagen 5358 ± 29 6276–6003 (95.4%)
UGAMS-22328 Locus 1, 66–77 cm below datum T1-9g Bulk ceramic 3230 ± 25 3495–3382 (89%)
UGAMS-22329 Locus 1, 76 cm below datum T1-9j:207a� Bone collagen 2580 ± 20 2753–2719 (95.4%)
UGAMS-22330 Locus 1, 80–86 cm below datum T1-9m Bone collagen 1850 ± 20 1863–1717 (95.4%)
UOC-7104 Locus 2, Level 1 T3.17.D.L1:13 Bone collagen 7607 ± 28 8441–8373 (95.4%)
UOC-7109 Locus 2, Level 1B T2.16.B1.L2:1 Bone collagen 1523 ± 20 1520–1350 (95.4%)
UOC-7107 Locus 2, Level 1B T3.17.E1.L1B:x Bone collagen 6883 ± 29 7788–7665 (95.4%)
UOC-7105 Locus 2, Level 1B T3.17.B.L1:13 Bone collagen 6619 ± 28 7570–7457 (93%)
UOC-7106 Locus 2, Level 1B T3.17.E.L1:10 Bone collagen 7344 ± 33 8208–8030 (91.0%)
UOC-7100 Locus 2, Level 2 T2.16.D1.L2:7 Bone collagen (H. Sapiens) 7089 ± 30 7971–7850 (95.4%)
UOC-7108 Locus 2, Level 2 T3.17.B.L2:13 Bone collagen 7342 ± 37 8212–8026 (89.8%)
UOC-7110 Locus 2, Level 2 T3.17.F.L2 Bone collagen 7117 ± 31 8055–7924 (80.4%)
UOC-7112 Locus 2, Level 2 T2.16.D2.L4:2 Bone collagen 7276 ± 37 8171–8014 (95.4%)
UGAMS-22331 Locus 2, Level 2 T2-3b:38 Bone collagen 6990 ± 30 7878–7736 (78.2%)
UGAMS-22332 Locus 2, Level 2 T2-3e:65a Bone collagen 6620 ± 30 7571–7442 (95.4%)
UGAMS-22333 Locus 2, Level 2 T2-3g:1 Bulk ceramic 6580 ± 30 7515–7430 (85.1%)
UGAMS-22334 Locus 2, Level 3 T2-3m:1a Bulk ceramic 5910 ± 30 6794–6665 (95.4%)
UOC-7103 Locus 3, Level 1 T1.17.B2.L1:3 Bone collagen 2412 ± 22 2491–2353 (95.4%)
UOC-7101 Locus 3, Level 2 T1.17.A1.L1B:23 Bone collagen (P. tigris) 5765 ± 25 6639–6493 (95.4%)
UOC-7102 Locus 3, Level 2 T1.17.C2.L1B:24 Bone collagen 6111 ± 27 7156–6894 (95.4%)
UW3939 Locus 3, Level 2 T1.17.GEO Sediment (IRSL) 4640 ± 810 5450–3830 (95.4%)
UOC-4480 Geological GEO-ZU3_2b Bulk sediment 5534 ± 31 6399–6288 (95.4%)
UOC-4481 Geological GEO-ZU3_2b Bulk sediment (humic) 3651 ± 29 4013–3890 (70.8%)
UOC-4482 Geological GEO-ZU3_2b Bulk sediment (humin) 5547 ± 27 6399–6296 (95.4%)
UW3684 Geological GEO-ZU3_2a Sediment (IRSL) 6700 ± 300 7300–6100 (95.4%)
UW3685 Geological GEO-ZU1 Sediment (IRSL) 6900 ± 300 7500–6300 (95.4%)

https://doi.org/10.1371/journal.pone.0249848.t002
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artifacts were most densely concentrated. Zaraa Uul 2 represents an area of the surface with
especially high artifact density and is located on the eastern abutment of the volcanic cone.
Subsurface artifact density was determined by augur test pits and 0.5 m x 0.5 m shovel test pits
at multiple elevations across the slope and saddle of the hill. Variation in both surface and sub-
surface artifact density was used to determine placement of test units. Locus 1 (ZU2.T1) was
chosen based on the relative absence of surface and presence of sub-surface remains, with the
hope that this would translate into better preservation. Locus 2 (ZU2.T2) was chosen based on
very high artifact density in both the surface and sub-surface components, in addition to well-
preserved faunal remains. We excavated a 1 m x 2 m unit in Locus 1 and a total of 26 m2 in
Locus 2 (ZU2.T2, ZU2.T3 or ZU.T2/3) (Fig 5). Locus 3 (ZU3.T1) is represented by Test Unit 1
within ZU3 (Fig 6). Artifact scatters were visibly less dense on the surface. Placement of Locus
3 was determined based on 0.5 m x 0.5 m shovel tests positioned every 6 mmoving northeast
along the base of the hill. We placed ZU3.T1 (“Locus 3”) directly above a test unit with a denser
concentration of bone and stone artifacts (ST.17.F6), which contained a canid (Vulpes sp.)

Fig 4. Landform morphology across different sections of the basin: (A) view of basin from Otson Tsokhio, (B) view of basin and ranges looking towards Zaraa Uul
from Zuun Shovkh, (C) view of landscape around stream sampled for GEO-ZU1, and (D) overlooking Zaraa Uul loci from the saddle of hill with the extinct volcano in
the upper right of image.

https://doi.org/10.1371/journal.pone.0249848.g004
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tooth, a large cylindrical microblade core and broad microblades. This scatter had fewer sur-
face artifacts than ZU2.T2/3 (“Locus 2”), overlaps with the eastern edge of Zaraa Uul 2 and is
located directly downslope from the saddle of the main hill (Fig 3).

At Otson Tsokhio, a 2 m x 2m unit was laid out directly over an area where the densest
deposit of equid bones and stone tools were seen weathering from surface matrix, primarily
around several partially buried boulders (Fig 7). We uncovered a deposit of well-preserved
bone (Megaloceros sp. [giant elk] metatarsal, Coelondonta antiquitatus [woolly rhinoceros]
scapula and juvenile Hyaenidae [hyaena] skull) on the north-east wall and extended the unit to
recover these (Fig 7). Ostrich eggshell fragments and one ostrich eggshell bead were also recov-
ered. A 2 m x 2 m test unit was excavated at Zuun Shovkh in what appeared to be a relatively
undisturbed area. The matrix was primarily sand and few bones or cultural remains were
recovered. All of the few bones recovered were bagged together.

All sediment from all these excavations was sieved using 3 mmmesh. Catalogue numbers
were assigned as follows: subsurface scatter number, year of excavation, test unit number, grid
number, level and identifier (i.e., “ZU3.18.T1.A2.L2:1”). Each grid was laid out on a north-east
to south-west axis, set parallel to the orientation of the local basin-range landforms; the x-axis
was labelled at 1 m intervals with numbers and the y-axis was labelled at 1 m intervals with let-
ters. Small bone and seemingly undiagnostic fragments were collected, along with bone from
the sieve, in a common grid bag with the catalogue number and the name “bone” rather than
an individual number (i.e., “ZU3.18.T1.A2.L2:bone”). Artifacts and diagnostic or larger bone
fragments were mapped in three dimensions within the grid using a string, line level and
datum (10 cm above ground surface). In order to track changes in elevation within the excava-
tion, numerous elevation points were collected within the grid using the datum. Primary levels
(e.g., Level 1, Level 2) were determined based on matrix characteristics (i.e., Munsell colour,
granular structure, and soil textural class), beginning with Level 1 uppermost. Within deeper
matrices, sublevels were set at approximately 10 cm intervals within the main level (e.g., Level
1a, Level 1b), with the exception of 2018 excavations at Locus 3 where sublevels were placed at
5 cm intervals in Level 1. The above procedure was followed for all units.

Landscape geomorphology
Geoarchaeological research at this site was led by Rosen and included walking observations,
excavation and sediment collection from three geological test pits (Fig 3) around the margin of
the basin. Observations on a number of high beach and stream terraces surrounding the for-
mer lake basin were used to understand the Quaternary geomorphological history of the local-
ity. Detailed methods and results are being prepared for a forthcoming publication [24].

Chronometric dating
Samples for AMS 14C were taken from multiple levels of loci 1–3. Pottery and bone collagen
were processed at the University Georgia Center for Applied Isotope Studies and the A. E.
Lalonde AMS Laboratory. Collagen for all samples sent to the A. E. Lalonde AMS Laboratory
was processed using ultra filtration by Janz at the Trent Environmental Archaeology Labora-
tory (TEAL) according to the UCI-KCCAMS procedure for ultrafiltration [29]. Bulk ceramic
samples were processed based on the guidelines outlined in [30]. One bulk sediment sample
was processed at the A. E. Lalonde AMS Laboratory following standard laboratory protocol
[31]. The A. E. Lalonde AMS Laboratory analyzed the bulk fraction and humin fraction of sed-
iments along with humic acid extraction as a cross-check. Calibration was performed using
OxCal v4.4.2 [32]. Luminescence dating was carried out at the University of Washington
Luminescence Laboratory.
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Phytoliths
During the archaeological season of 2015 at Zaraa Uul, the excavation team collected 24 sedi-
ment samples from loci 1 and 2 for both sedimentological and phytolith analyses. The samples
included 19 which came from archaeological test pit excavation sample points, and five control
samples from off-site contexts within the natural alluvial deposits of a nearby seasonal-stream.
These samples were analysed by Dr. A. M. Rosen and her research team at the Environmental
Archaeology Laboratory, Department of Anthropology, University of Texas at Austin. Phyto-
liths were extracted according to the laboratory’s standard protocol using decalcification, grav-
ity sedimentation to remove clay particles, dry-ashing to remove organic matter, and heavy
liquid flotation. A detailed description of the procedures for extraction and quantification has
been published in [33].

Fig 5. Map of 2017 excavation at Zaraa Uul, Locus 2 (ZU2.T3).

https://doi.org/10.1371/journal.pone.0249848.g005
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Fauna
Analysis of archaeological fauna from loci 1 and 2 was carried out by Janz using the compara-
tive collection in Eugène Morin’s Archaeozoology Laboratory, Department of Anthropology,
Trent University. Faunal analysis served two primary purposes: a) as direct evidence of human
diet; and b) to better understand the palaeoecology during site occupation. Janz developed a
list of possible prey species based on published data on Mongolian mammalian [34] and avian
[35] fauna. The lack of access to a comparative collection for Far Eastern desert and steppe
small mammalian and avian faunas proved challenging for several small-bodied species; how-
ever, the range of genera present among local wild fauna is consistent with Eurasian Pleisto-
cene and North American steppe species. Avian fauna were rare, but could often be identified
to Order or Family.

Fig 6. Map of 2017 excavation at Zaraa Uul, Locus 3 (ZU3.T1).

https://doi.org/10.1371/journal.pone.0249848.g006
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All mammalian fauna were divided into size classes [S1 Table], based on published body
weight ranges of the species included in this analysis: mega mammal or “MGMAM” (> 1000
kg); large mammal or “LMAM” (> 150 kg); large medium mammal or “LMMAM” (50–150
kg); medium mammal or “MMAM” (10–50 kg); small mammal or “SMAM” (2–10 kg); and
micromammal or “MCMAM” (< 2kg). Large medium mammals were classified as large mam-
mals to reduce categorization errors during quantitative analysis. When size was uncertain
between two class (“SMMAM”), the larger size class was selected (“MMAM”). As such, the
quantitative data presents a systematic bias towards larger size classes.

Unidentifiable ungulates were classified according to size: “LUNG” (> 150 kg), “MUNG”
(50–150 kg), and “SUNG” (10–50 kg). Cervids and bovids were seldom identifiable beyond
Order and were categorized according to the same size classes used for all ungulates. There is
some overlap in size categories with ungulate species, particularly between medium and small
size classes. For example, small female caprines would fit in the upper limits of the small bovids
or medium mammal categories while large males would be considered medium bovids or
large medium mammals.

Categorizations of both “large bovid” and “Bovinae” (Bos sp. or Bison sp.) were made dur-
ing laboratory analysis, but these were grouped under Bovinae during quantitative analysis. All
Bovinae elements were checked against comprehensive published studies of the post-cranial
morphological differences for European [36] and American [37] species. Elements clearly rec-
ognizable as belonging to Bos sp. in this study included ulna, tibia, metapodials, carpals, pha-
langes. None were identified as Bison sp. All Neolithic-period habitation (8500–6500 cal BP) at

Fig 7. Map of 2018 excavation at Otson Tsokhio.

https://doi.org/10.1371/journal.pone.0249848.g007

PLOS ONE Pleistocene-Holocene palaeoecology in the Gobi Desert

PLOSONE | https://doi.org/10.1371/journal.pone.0249848 April 8, 2021 11 / 29

https://doi.org/10.1371/journal.pone.0249848.g007
https://doi.org/10.1371/journal.pone.0249848


Zaraa Uul predates the arrival in East Asia of Bos taurus and other domesticated herd animals
by more than a millennium [38]. As such, all Bovines in this study likely belong to Bos primi-
genius, though the possibility of Bison spp. are not excluded.

Carnivore sizes were classed as follows: “LCARN” (> 25 kg), “MCARN” (2–25 kg), and
“SCARN” (< 2 kg).

There is always some chance that faunal assemblages include intrusive elements, particu-
larly in situations were there is the level of rodent activity and evidence of post-depositional
bioturbation outlined for the Holocene layers of Zaraa Uul (see “Geomorphological Context”).
The calcium-rich context of these burials has caused extensive mineralization on the surfaces
of most artifacts and bones. This is especially true of the Holocene layers. There are no studies
relating to the timeline for surface mineralization in these sites, especially as it might relate dif-
ferently to large ungulate versus less porous bone such as that of small avian fauna. Compari-
son between level of surface mineralization on Early-Middle Holocene fauna and actual dates
was inclusive: dates did not match expectations based on relative degree of mineralization.
However, bones with no evidence of surface mineralization visible to the naked eye were cate-
gorized as intrusive (N = 6) and although they are reported in Table 5, they were excluded
from quantitative analysis. Those with moderate levels, comparable to poorly mineralized
Early-Middle Holocene-dated fauna, were included (N = 4 [62 specimens fromMarmota sibir-
ica are counted together]). All were derived from Locus 2 (ZU2.T2/3) with the exception of the
one likely intrusive from Locus 3 (Rodentia femur), and one possible intrusive from each
Zuun Shovkh (Cricetidae tibia) and Otson Tsokhio (Rodentia tooth) (see S2 Table).

Results
Geomorphological context
The highest of the observed beach terraces was recorded at an approximate elevation of 1044
m a.s.l. (Garmin GPS). A large lithic scatter eroding from the whitish/yellow silty sand deposits
of this ridge, Zuun Shovkh, are typologically consistent with the Initial to Early Upper Palaeo-
lithic in Mongolia (ca. 45,000–26,000 cal BP [39, 40]. The luminescence date on the sand
matrix, dated at 31,600 ± 1590 years (UW3780) (Table 2), is consistent with wet-phased glacial
expansions in the Altai Mountains in western Mongolia [41]. Radiocarbon dates on collagen
from the nearby Otson Tsokhio date at ~34,100–27,700 cal BP (Table 2). We thereby date the
two sites to a prolonged period of high lake stands across arid East Asia during at ~50,000–
23,000 cal BP during the MIS 3 interglacial [41–45]. At large saline lake would have filled the
entire basin. A subsequent drop in the lake level and ensuing erosion of the upland streams as
they adjusted to the lower base level, led to the deposition of yellowish sand beaches along the
foot slopes of the bedrock hills ringing the basin, as observed at the base of GEO.ZU2 [24].
These deposits represent the last high stand of the Pleistocene saline lake, which may have
existed until as late as the warmer and moister Bølling/Allerød (ca. 15,400–13,000 cal BP [after
44]). The side valleys draining into the lake basin filled with alluvium and beach sand through-
out this period during minor transgressions and regressions of the lake. The upper levels of the
terminal Pleistocene beach deposit contain weak soil development, appearing as a darker
brown, siltier unit capping the Late Pleistocene beach sands and contemporary alluvial facies
from nearby stream valleys (e.g. GEO.ZU1) [24]. This period of accumulation was followed by
a severe drop in lake level, probably coinciding with the Younger Dryas arid phase (ca.
13,000–11,500 BP [after 44, 45]) that may have dried up most of the lake basin. Former Pleisto-
cene beach deposits and the exposed marl of the former lake basin were deeply incised, leaving
hummocks of marl and deeper swales between them [24].
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Most relevant to this study is the return to warm/humid conditions, particularly during the
Middle Holocene Climatic Optimum (ca. 8000–4000 cal BP), during which time the East
Asian Summer Monsoon System (EASM) brought heightened precipitation far into Northeast
Asia [47–51]. At Zaraa Uul this period manifested itself with the resumption of strong alluvial
activity under a regime of increased rainfall events. This period of geomorphological activity is
evident in GEO.ZU1, with evidence of renewed stream activity evidenced by well-sorted
stream-channel pebbles, floodplain build-up, and floodplain back-swamp formation from
overbank flooding [24]. Luminescence dates from GEO.ZU1 indicate that these floodplains
were stable and well-developed at 6880 ± 260 years (Table 2). On the basin plain, increased
rainfall and outwash filled the swales that had been sculpted into the marl from previous ero-
sional episodes. These swales were transformed into fresh-water seasonal marshes. This pro-
cess is evidenced in GEO.ZU3, southwest of our archaeological test units and located farther
into the former basin (Fig 8A), where we recorded a one-meter build-up of heavy clays with
very high concentrations of dark organic matter. The black clay unit in this section contains
large well-developed CaCO3 nodules, indicating that these ponds were seasonally dry [24].
One luminescence and three bulk sediment radiocarbon dates were taken on sediment sample
(GEO.ZU3.2a and 2b) from this deposit. The sediments were dated by luminescence to
6690 ± 270 years (Table 2). The acid wash treatment of bulk sediment produced a date of
6398–6288 cal BP (95.4%), while the humin fraction produced a date of 6398–6295 cal BP
(95.4%) (see Table 2). The humic fraction was dated to 4013–3889 cal BP (71.1%) suggesting
that these ponds were active until the end of the Middle Holocene humid phase, and then
transformed to patches of moist humic soils before drying completely. The Late Holocene was
marked by a return to arid conditions after ~4300–4000 BP and continuing into the present
[33, 48, 52].

Fig 8. (A) Excavation of Locus 3 (ZU3.T1) and location of geopits GEO.ZU2 and GEO.ZU3 relative to Locus 3. (B)
view of intact stratigraphy at Zaraa Uul.

https://doi.org/10.1371/journal.pone.0249848.g008
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Level 1 of Zaraa Uul Locus 2 (ZU2.T2/3) and Locus 3 (ZU3.T1) extends ~5–10 cm below
the surface and is characterized by recently re-deposited sediments–a poorly consolidated mix
of aeolian deposits and slope wash. Redeposition of artifacts from slightly farther upslope in
Locus 2, Level 1 would explain both the lack of spatial patterning (Fig 5) and the fact that the
earliest date is from Level 1 (8442–8374 cal BP [7607 ± 28]; see Table 2). Burrowing rodents
were likely also responsible for movement of artifacts through the matrix; there is clear evi-
dence of disturbance in areas of Locus 2 (Fig 5) and in Locus 3, Quadrant A-2 (Fig 6), where a
nearly complete post-cranial skeleton of a hare with small carnivore toothmarks was recovered
from. We interpreted this as a predator (fox) cache and this individual was excluded from
quantitative analysis.

Level 2 extends ~11–50 cm below surface and is characterized by a darker A-horizon which
represents several thousand years of Holocene soil development under stable landscape condi-
tions. A potsherd (T2-3m:1a) from Locus 2 at the Level 2/3 boundary was dated to 6794–6665
cal BP (5910 ± 30) (Table 2), but recovered from an area disturbed by rodent burrowing. The
luminescence date from Level 2, Locus 3 (34 cm below surface) provided direct dates of 5450–
3830 years (4.64 ± 0.81 ka on younger component [63%], 6.01 ± 0.47 for central age model)
from near the middle of that level (Table 2).

Level 3, ~25–50 cm below the surface, represents the B-horizon. It contains few artifacts
and is characterized by hard grayish deposits with high levels of CaCO3 derived from the older
Pleistocene marls. Levels 2 and 3 were heavily disturbed and intermixed in Locus 2, but can be
characterized by distinct changes in colour and texture. Level 3 was less well-developed in
Locus 3. Artifacts in Locus 3 were primarily distributed in Level 2 at 30–50 cm below the sur-
face (Fig 6), placing primary occupation in this section of Zaraa Uul at about 6500–7100 cal BP
during a period of in situ soil development and stable landscape conditions (Table 2). Level 3
was underlain in both contexts by gleyed sediments indicating ponding, which in turn overlay
the yellow beach sands, and more gleyed sediments below. These layers record successive wet
and dry phases in which the lake transgressed and regressed. Non-diagnostic flint artifacts and
nodules were recovered discontinuously throughout these layers.

Chronology of occupation
We identified two primary periods of intensive habitation around Zaraa Uul. In addition to
the Middle Holocene component comprising Zaraa Uul, we discovered two Early Upper
Palaeolithic occupations, all within a 3 km radius. One luminescence date on the Zuun Shovkh
sand deposit, and radiocarbon dates from Otson Tsokhio indicate that these localities, all
within 2 km of Zaraa Uul, and 3 km of one another, were occupied during the Early Upper
Palaeolithic. This phase of habitation, at ~34,100–27,700 cal BP corresponds with heightened
humidity and high lake stands across arid East Asia during MIS 3. The most intensive phase of
Holocene use likewise corresponds to a period of high humidity. Radiocarbon and lumines-
cence dates on darker clayey sediments indicate that the locality experienced a wet phase dur-
ing the Middle Holocene which lasted until at least 6690 cal BP and possibly tapered off until
~4014–3891 cal BP.

Auguring, shovel tests, and excavation all indicate that Holocene occupation of the area
around Zaraa Uul commenced at ~8500 cal BP with the onset of climatic amelioration.
Human activity was initially focused on hard Pleistocene sediments (Level 3) which provided a
hard, sparsely vegetated surface for camping and working. Site activity after 8500 cal BP con-
tributed active anthropogenic disturbance of these sediments during the formation of Holo-
cene soils and was responsible for the intermixing of levels 2 and 3 at Locus 2 (ZU2.T2/3). Site
occupation over the next two millennia resulted in the mixing of occupation debris, as did
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rodent activity and processes of erosion and redeposition during the more arid conditions of
the Late Holocene. Radiocarbon dates on bone and ceramics consistently, with only two
exceptions, predate 6500 cal BP. One date from Locus 1 shows continued human activity at
6276–6003 cal BP. Regular use of the site appears to end during the period of in situ soil devel-
opment, but around the same time as the onset of drying in freshwater marshes beginning by
~6400 cal BP.

Following what appears to be a hiatus of about three thousand years, the locality was used
in Bronze Age mortuary rituals. There are several later periods of discontinuous activity repre-
sented: 3555–3382 cal BP (3230 ± 25) in Locus 1, 2753–2353 cal BP (2580 ± 20, 2412 ± 22) in
loci 1 and 3, 1520–1350 cal BP (1523 + 20) in Locus 2, and 1863–1717 cal BP (1850 ± 20) in
Locus 1. The first two phases correspond with periods of known Bronze Age burial activity
(Ulaanzuukh and Slab Grave periods [26]) upslope from the site. The presence of burials and
less intensive evidence of habitation than in the earlier period, suggests that the valley was
occupied after ~3500 cal BP but that this particular location on the landscape no longer suited
the needs of local people.

Phytoliths
Phytoliths were analyzed at Zaraa Uul to investigate a) the diversity of micro- environments
around the site which were available to be exploited for different types of resources on the part
of the Early and Middle Holocene populations who visited this locality, b) to address questions
of seasonality of occupation, and c) to help contextualize the environmental background for
the faunal remains at the site. All samples came from the Early-Middle Holocene contexts in
loci 1 and 2 (see below).

Here we report on the counts of phytolith samples from ten samples. The results are listed
in Table 3. They are summarized as follows: the samples are dominated by phytoliths from
genera of grasses (Poaceae), including reed grasses, with some morphotypes from sedges
(Cyperaceae) (Fig 9C). For the most part, the phytoliths of the grasses and sedges come from
the stems rather than the floral parts of the plants (Fig 9A), although there are some floral parts
are present in both sets of samples (Fig 10D). Depending on the species, local grasses flower
from late June into August and seed through late July into September [53], suggesting that pri-
mary occupation occurred in summer/fall months while the grasses were flowering and seed-
ing, or inhabitants were using stored seeds over winter months. The presence of waterfowl and
hibernating species such as marmot (Marmota sibirica) and badger (Meles leucurus) in Locus 2
(see below) support a summer or fall occupation. Some of the phytolith forms are from the
leaves and wood (single cell, platey) of woody shrubs or trees (Fig 9B). These plants (dicotyle-
dons) are typically underrepresented in phytolith samples since monocotyledons (grasses and
sedges) are much more prolific producers of phytoliths. Sample GSN-16-11 is dominated by
woody phytolith forms (Table 3).

Trends in these samples suggest several interpretations relevant to reconstructing microen-
vironments at the site. First, the dominant grass genus represented is bunch grass, Stipa sp. (c.
f. Stipa capillata) which is typical of the natural undegraded steppe vegetation found widely
across Central Asia. The phytoliths from this genus occur in both Locus 1 and Locus 2 samples
(Fig 10C). The phytolith record from Zaraa Uul also contains smaller but significant numbers
of phytoliths from reed-grasses and sedges (Fig 10A and 10B). These monocotyledons typically
grow in moist or wet sediments on the banks of marshes, on the bars of streams, or other
microenvironments with high water tables. They are consistent with findings from the
geoarchaeological field investigations which show that there were higher water tables, fresh-
water marshes and active alluvial activity during the Early-Middle Holocene Period near the
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site [24]. Both the presence of multi-cell grass husky phytoliths (Fig 10D) and abundant con-
centrations (n/gm) of reed and sedge phytoliths in all three Locus 1 samples (Table 3, Fig 10A
and 10B) suggest moister microenvironments being exploited during the site occupation.

Table 3. Absolute phytolith counts in numbers per gram of sediment for Zaraa Uul Locus 1 and Locus 2.

Sample GSN-16-6 GSN-16-7 GSN-16-8 GSN-16-9 GSN-16-10 GSN-16-11 GSN-16-12 GSN-16-16 GSN-16-17 GSN-16-18
Context L2 L2 L2 L2 L2 L2 L2 L1 L1 L1
SINGLE-CELL n/gm n/gm n/gm n/gm n/gm n/gm n/gm n/gm n/gm n/gm
Long (Smooth) 8179 8086 8160 9446 8547 270 12288 16756 16394 23616
Long (Sinuate) 1037 554 480 230 93 0 960 524 1108 1440
Long (Echinate) 3226 2437 3720 2650 2137 60 2880 3927 3323 4320
Long (Dendritic) 346 332 840 115 0 0 576 0 0 0
Long (Rods) 1152 1662 1320 1613 836 30 1920 6807 4431 7200
Papillae: 0 0 0 115 0 0 960 0 0 0
Hairs: 1728 332 120 576 650 0 384 1047 3102 2304
Bottle-shape Hairs 1267 2215 2400 1382 836 0 4032 2095 2880 4896
Trichomes: 4954 3766 3720 4032 3809 60 4800 7331 5760 8928
Bulliform: 1498 1329 2160 1152 2230 90 3264 5236 4431 8064
Fan-shaped Bulliform 115 443 840 461 1579 90 192 1833 1329 2304
Phragmites Bulliform 0 0 0 230 0 0 0 0 0 0
Crenates: 922 443 240 461 0 0 1152 524 443 576
Bilobes: 806 997 840 691 279 0 1728 3665 1551 2592
Cross-Shape 0 0 0 346 0 0 384 262 443 288
Rondels 1036 7200 9240 8525 6875 30 19968 20422 20382 27360

8
Stipa-Type Rondel 346 6757 1296 9331 5203 0 17664 11520 11742 7776

0
Saddles: 1498 4985 1440 806 372 0 2880 2095 443 2016
Cones: 3802 997 2160 1037 1394 0 960 4713 3545 7776
Flat Tower: 115 111 0 0 0 0 192 0 0 0
Smooth Spheroid 0 0 0 115 0 0 0 0 0 288
Elongate 0 0 0 0 0 30 192 524 0 0
Tracheids 0 111 0 0 0 0 0 0 0 0
Succulent 0 0 120 0 0 0 0 0 0 0
Pyramid-Shape Blocks 0 0 0 0 0 0 0 785 886 0
Platey 691 332 600 230 1301 2340 576 524 665 864
Sheet 0 0 0 0 372 0 0 0 0 0
Single Polyhedron 0 0 0 0 93 0 0 0 0 0
Verrucate 0 0 240 0 93 60 192 0 0 0
MULTI-CELL n/gm n/gm n/gm n/gm n/gm n/gm n/gm n/gm n/gm n/gm
Leaf/Stem: Psilate 0 240 540 300 360 210 384 0 420 480
Leaf/Stem: Echinate 0 0 0 0 60 0 192 0 0 0
Leaf/Stem: Sinuate 60 0 0 0 0 0 0 0 0 0
Wild Grass Husk: 0 0 0 0 0 0 0 180 60 60
Panicoid 0 60 60 60 0 0 0 0 60 0
Cyperaceae 120 240 0 0 0 0 0 360 60 60
Stipa leaf/stem 0 0 240 0 180 30 192 0 60 0
Polyhedron 120 0 0 300 0 840 2496 240 180 300
Diatoms 0 0 0 0 0 0 0 120 0 0

https://doi.org/10.1371/journal.pone.0249848.t003
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Dates on bone collagen and ceramic sherds from Locus 1 span 6276–1717 cal BP (Table 2).
Phytolith samples were taken at 35–42 cm below datum, while dated artifacts were recovered
at depths of 70–86 cm below datum. Dates are in reverse chronological order (probably due to
slope wash) which indicates the phytoliths likely belong to occupations during the earliest
phase of Holocene climatic amelioration. During this time, the inhabitants of Locus 1 would
have been transporting vegetation from the nearby marshes to use for baskets, bedding, and/or
building shelters.

Fauna
All mapped and screened fauna were analyzed and nearly half of all bone fragments (41.7%)
were identifiable to family, order, genera, species, or body size class. Excavations at Otson Tso-
khio were limited in scope (2 x 2 m unit in 2018). Preservation was excellent for all
assemblages.

All classes of elements (crania, vertebrae, legs, and podials) were represented in all assem-
blages for both large and small species. There was some variation in relative frequency of ele-
ments represented across loci and body size of prey: cranial elements were most common
across the site for large ungulates (66.2% of MNI), especially at Otson Tsokhio (79.1% of
MNI); large ungulate vertebral elements were most common at Locus 1 (52.9% compared to
12.2% for entire assemblage); and frequencies of both medium and small ungulate feet were
higher at Locus 3. This variation is likely due less to transport and more to peculiarities of frag-
mentation/preservations (e.g., large ungulate teeth) and the use of bone for raw materials,
rather than transport. Issues related to transport will be discussed in other publications.

Fig 9. Examples of Zaraa Uul phytoliths: (A) Poaceae shoots and leaves, (B) dicot leaf, (C) Cyperaceae stem, (D)
succulent.

https://doi.org/10.1371/journal.pone.0249848.g009
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Holocene and Pleistocene assemblages clearly related to human activity but reveal very dif-
ferent patterns of use and deposition. Degrees of fragmentation between sites were assessed by
measuring maximum length of all bone fragments without any fresh breaks (Table 4, S2
Table). A Kruskal-Wallis rank sum test indicated significant variation in fragmentation across
sites (p<0.001). Otson Tsokhio fauna was least heavily fragmented, which may relate to both
the size/density of the bones and the degree of dietary or non-dietary processing. Spiral frac-
tures are not present in the Otson Tsokhio assemblage and limited at Zaraa Uul (N Locus
2 = 13, N Locus 3 = 8), but there is evidence of cut marks on fauna from both Zaraa Uul (N

Fig 10. Visual comparison between numbers of sedge, reed, and grass phytoliths from each sample. Locus 1: 16–16, 16–17, 16–18. Locus 2: 16–6, 16–7, 16–8, 16–9,
16–10, 16–11, 16–12.

https://doi.org/10.1371/journal.pone.0249848.g010
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Locus 2 = 8, N Locus 3 = 5) and Otson Tsokhio (N = 2). Carnivore gnawing is present at Zaraa
Uul (N Locus 2 = 22, N Locus 3 = 14) and very rare at Otson Tsokhio (N = 2). Cut marks on a
femoral head and the distal shaft of an ulna are related to carcass processing. Wide, irregular
grooves associated with hacking were also found at Otson Tsokhio on both the spine of the rhi-
noceros scapula and the giant elk metatarsal. Primary processing (butchery) is therefore the
main type represented at Otson Tsokhio.

Bone at Zaraa Uul shows greater evidence, not only of carnivore gnawing, but also second-
ary processing (post-butchery bone modification): long bones from Locus 2 are often split
along the long axis (N = 107) and percussive flaking is present in both loci 2 and 3 (N = 4,
N = 20, respectively). Although no hearths or ash pits were found, burning was present across
Locus 1 (N = 8), Locus2 (N = 101), and Locus 3 (N = 53), including burning on hare (Lepus
tolai) bone from Locus 2 (N = 2) and Locus 3 (N = 1). Calcination was present on only two fau-
nal specimens, one each from Locus 2 and Locus 3, suggesting that burning was incidental to
cooking rather than their use fuel. Burning was not present on bone from Palaeolithic assem-
blages. Taphonomic variation between Zaraa Uul and Otson Tsokhio assemblages may be
related to the nature of these deposits (e.g., butchering versus cooking and manufacturing
debris). Rodent gnawing is rare (N = 3 for Locus 3 and N = 1 for Otson Tsokhio).

Despite clear evidence that these assemblages were created through human activity, some
of the fauna included in analysis may not have been associated with hunting and subsistence.

Table 4. Summary of bone fragment measurements (mm), as recorded in S2 Table.

ZU, Locus 2 ZU, Locus 3 Otson Tsokhio Zuun Shovkh
Min. 1 1 8 10
Max. 99 143 118 20
Mean 14.3 18.2 24.4 13.9
Sd 12.2 12.5 15.7 3.4

https://doi.org/10.1371/journal.pone.0249848.t004

Table 5. Distribution of prey by body-size across all site periods, including all fauna identified to body size and/or order.

Body Size Zuun Shovkh Otson Tsokhio Locus 2 Locus 3 Locus 1 Total
N = N = N = N = N = N =
(% of NISP) (% of NISP) (% of NISP) (% of NISP) (% of NISP) (% of NISP)

Mega 0 4 0 0 0 4
(>1000 kg) (0.4) (0.1)
Large 2 1086 432 620 29 2169
(50 to 1000 kg) (8.3) (95.9) (45.5) (58.8) (87.9) (67.9)
Medium 0 9 190 95 2 296
(10 to 50 kg) (0.8) (20.0) (9.0) (6.1) (9.3)
Small 13 10 296 316 1 636
(2 to 10 kg) (54.2) (0.9) (31.0) (30.0) (3.0) (19.9)
Micro 9 23 31 23 1 87
(< 2 kg) (37.5) (2.0) (3.3) (2.2) (3.0) (2.7)
Total NISP 24 1132 949 1054 33 3192

(55.8) (85.3) (48.3) (53.4) (19.2) (58.2)
Total NUSP 19 195 1016 920 139 2289

(44.2) (14.7) (51.6) (46.6) (80.8) (41.7)
Total Specimens 43 1327 1965 1974 172 5481

NISP = Number of Identified Specimens, NUSP = Number of Unidentified Specimens.

https://doi.org/10.1371/journal.pone.0249848.t005
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This is likely the case with the very limited human remains, and potentially much of the micro-
fauna. Some of the microfauna included may be intrusive, however, it can be difficult to visu-
ally determine as taphonomic processes will variously affect bones of different density and
microstructure (see above). The emphasis on small to micro-sized fauna at Zuun Shovkh sug-
gests that the faunal deposit may not be anthropogenic and etching on many of the bones indi-
cate they may have been deposited as predator pellets or feces. This sample was therefore not
included in our consideration of dietary changes.

The majority of fauna, however, were certainly deposited as a result of human activity and
show long-term consistency in favoured prey types, but notable variation in the types of com-
plementary species exploited over time. Large-bodied fauna dominate the Late Pleistocene
Otson Tsokhio assemblage at 95.9%, with medium- and small-bodied fauna comprising 0.8%
and 0.9%, respectively. Ungulates comprise 98.2% of the identified fauna of Otson Tsokhio,
with little evidence of avian species (0.5%) or carnivores (1.4%). Fauna from Zaraa Uul show a
primary reliance on ungulates (Locus 2 = 91%, Locus 3 = 92%) with a statistically significant
(X2 = 11.81, df = 1, p< 0.01) increase in both avian (Locus 2 = 4%, Locus 3 = 6%) and carni-
vore (Locus 2 = 5%, Locus 3 = 2.5%) species compared to the Pleistocene layers. There is a sta-
tistically significant (X2 = 468.1, df = 3, p< 0.01) shift across all body sizes of prey between
8500–7500 cal BP (Locus 2) and 7200–6500 cal BP (Locus 3) components, with an increase in
large-bodied (45.5% to 58.8%) prey and corresponding decline in medium-bodied (20.0% to
9.0%), as well as small- and micro-bodied, prey (Table 5, Fig 11). Phytolith data from Locus 3
would help determine whether this pattern is of a seasonal nature or related to a long-term
trend. Relative frequencies of microfauna (< 2 kg) remain fairly stable over time, but the pres-
ence of burrowing rodents and potential carnivore prey caches may confuse our understand-
ing of the extent to which such fauna were taken as prey.

Overall, the numbers suggest a continued preference for large-bodied prey, with distinct
variation in relative frequencies over time. A nearly exclusive preference for large-bodied prey
is evidenced in the Pleistocene component while large-bodied prey represent closer to 50% of
the Holocene assemblage. We also note a shifting emphasis from medium- to large-bodied
prey between the early to later phases of Holocene occupation. This is surprising as we would
expect large-bodied prey to decline under the pressure of prolonged human predation; how-
ever, residential mobility at Zaraa Uul may not ever have been low enough, or population

Fig 11. Relative frequencies of fauna across time periods according to body-size.

https://doi.org/10.1371/journal.pone.0249848.g011
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Table 6. NISP distribution of all fauna identifiable to order. Zuun shovkh (ZSh) and Otson Tsokhio (OTs) date between 35,000–25,000 cal BP. ZU Locus 2 (ZU2.T2/3)
dates at 8500–7500 cal BP. ZU Locus 3 (ZU3.T1) dates at 7500–6500 cal BP. ZU Locus 1 (ZU2.T1) is a mixed deposit with dates spanning 3495–1717 cal BP. Fauna classi-
fied only by body size are not included.

Order Family Species/Size Class ZSh OTs ZU, L2 ZU, L3 ZU, L1
Primates Hominidae Homo sapiens sapiens 1 1
Rodentia Unknown 6 (1�) 10 12 (1�) 1

Cricetidae 1� 2
Muridae 1
Dipodidae 1
Sciuridae Marmota sibirica 63a

Lagomorpha Unknown 2 1
Leporidae Lepus tolai 1 33 48
Ochotonidae Ochotona sp. 1 3 1

Ochotona pallasi 3�

Carnivora Unknown 3 1 3 1
Canidae Unknown 1

Canis sp. 1
Nyctereutes procyonoides 1 2
Vulpes sp. 6
Vulpes corsac 1

Hyaenidae 2
Felidae Panthera tigris 1
Mustelidae Gulo sp. 1

Meles leucurus 1
Martes sp. 1

Perissodactyla Rhinocerotidae Coelondonta antiquitatus 1
Equidae Equus sp. 11 35 3

Equus ferus 4
Equus hemionus 5 3

Artiodactyla Camelidae Camelus ferus 1
Bovidae Unknown Bovidae 4 1 2

Bovinae (Bos primigenius or Bison sp.) 2 9 (3 Bos) 13 (2 Bos) 4 (3 Bos)
Caprinae (Ovis ammon or Capra sibirica 5 1
Ovis ammon (large) 1
Antilopinae (Saiga tatarica, Gazella subgutturosa or Procapra gutturosa) 1 8 6
Medium Bovidae (Caprinae/large Antilopinae) 12 1
Small Bovidae (Antilopinae/ small Caprinae) 5 2

Cervidae Megaloceros sp. 2
Large Cervidae (Alces alces cameloides, or large Cervus elaphus) 2 2
Medium Cervidae (small C. elaphus, C. nippon or E. davidianus) 1 1 3
Small Cervidae (Capreolus pygargus) 3 1

Suidae Sus scrofa 1 5
Falconiformes Accipitridae 1
Galliformes Phasianidae Perdix dauuricae 1

Phasianus colchicus 1 2
Columbiformes Columbia sp. 1
Passeriformes 1
Anura 1 1

(Continued)
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density high enough, to depress prey populations. The shift might rather be related to seasonal
differences in site use over time or environmental change through the millennia, or could be a
symptom of unknown sampling bias. As such, future analysis should focus on determining
whether there was an actual decline in medium-bodied prey and whether this was balanced by
a greater emphasis on small prey.

Otson Tsokhio fauna includes Camelus ferus [camel], Coelodonta antiquitatis [woolly rhi-
noceros], Equus ferus [wild horse], Equus hemionus [wild ass/khulan], Bovinae [aurochs or
bison],Megaloceros sp. [giant elk], Ovis ammon [argali sheep], Caprinae [argali sheep or ibex],
Antilopinae, Hyaenidae [hyaena], and Canis sp. [dog]. The faunal assemblage from Zaraa Uul
includes a greater diversity of species types, including many that are expected in the arid steppe
environment (Equus spp., Bos primigenius, Antilopinae [Saiga tatarica, Gazella subgutturosa,
and/or Procapra gutturosa], Vulpes spp. [red fox and/or corsac fox], c.f. Lepus tolai, Ochotona
spp. [pika], and Accipitridae [bird of prey]) as well as several other species that are prefer for-
ested or shrubby habitats and are regionally extinct or rare (Cervidae [deer], Sus scrofa [wild
boar], Panthera tigris [tiger], Nyctereutes procyonoides [raccoon dog], medium-sized Musteli-
dae [c.f.Meles leucurus or badger], and Phasianus colchicus [pheasant]) (Table 6). The
Panthera tigris (tiger) bone dates to 6640–6494 cal BP (5765 ± 25). This find is ecologically
consistent with the presence of key prey species such as deer and boar that were also being
hunted by humans. The bone is from an animal’s paw (left 3rd metatarsal) and as such may be
a remnant of skin used for clothing or furnishing. Equids represent the primary category of
identifiable large-bodied prey from the Upper Palaeolithic through the early Oasis 2 phase of
occupation, whereas identified specimens in the later phase of Oasis 2 are dominated by
bovines (Table 6). Middle Holocene layers contain Equus hemionus (khulan or wild ass),
where equid species are identifiable to species (based on size), while both Equus hemionus and
Equus ferus (wild horse) are present in Pleistocene layers.

Shell was not considered in faunal analysis as we consider the primary function to be raw
material. A bead on, and several larger fragments of, ostrich [Struthio asiaticus/anderssoni]
eggshell was recovered at Otson Tsokhio and both of the two fragments we dated pre-date the
fauna by several thousand years. Mother-of-pearl (nacre) was recovered in both Locus 2 and 3
(Fig 2), found in both fragmentary clusters and in one section of Locus 3 as two flower-shaped
beads (Fig 2). These derived from a local species of freshwater mussel (Uno sp.). Such artifacts
have been found in burial contexts to the north, in the far eastern steppe region of Dornod
province. Uno spp. may have inhabited the basin at Zaraa Uul or been imported from the
north, where the shells are better represented archaeologically at sites like Tamsagbulag and
Hag (Inner Mongolia) [54].

Discussion
Despite challenges in identifying archaeological fauna (e.g., fragmentation and limited com-
parative collections) to species and the resulting impact on high resolution interpretations of
the dietary composition among ancient animal communities, there is a demonstrated shift in

Table 6. (Continued)

Order Family Species/Size Class ZSh OTs ZU, L2 ZU, L3 ZU, L1
TOTAL 18 214 107

aOnly two individuals are represented forMarmota sibirica.
�Indicates that specimen is likely intrusive.

https://doi.org/10.1371/journal.pone.0249848.t006
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species composition over time: 1) Late Pleistocene faunal communities were characterized by
grassland species including large-bodied mixed-feeders (e.g., woolly rhinoceros, giant elk,
camel) and large-bodied grazers (e.g., equids); and 2) mid-Holocene communities represent a
mix of grassland or forest-steppe adapted large-bodied grazers (e.g., equids, wild cattle/
aurochs) and medium-bodied mixed-feeders (e.g., gazelle), complemented by forest-adapted
large- to small-bodied browsers (i.e., cervids). Pleistocene landscapes in the north, which were
forested in the Holocene, are likewise thought to have been dominated by expansive mosaic
grasslands with widely dispersed arboreal and shrub vegetation which supported a diverse
range of generalized herbivores [55]. From the Bronze Age to modern times, grassland-
adapted large- and medium-bodied grazers (e.g., domesticated horses, cattle, and sheep) domi-
nate alongside medium- to small-bodied mixed-feeders (e.g., domesticated goats); browsers
are rare.

It could be argued that variation in these assemblages resulted entirely from changes in die-
tary preference rather than ecological change; however, there are other regional indicators of
massive ecological shifts, including large-scale extinctions of large herbivores. The post-LGM
extinction of giant elk and ostrich [56, 57] are notable examples. Both species require high cal-
cium inputs to support antler development and egg laying, respectively. During the Pleisto-
cene, the availability of saline lakes, salt tolerant vegetation, and exposure of associated
mineral-rich soils and salt tolerant vegetation during the Pleistocene would have advantaged
such adaptations. In contrast, post-glacial aeolian and alluvial deposition around former saline
lakebeds would have altered the availability of these soils and influenced similar vegetative
changes to those described by Rosen et al. for the early Bronze Age [33].

Diachronic changes in the distribution and diversity of ungulate species underscore the
unique nature of Early-Middle Holocene environments compared to those of the Pleistocene.
While the persistence and continuous use of certain genera of steppe fauna (e.g., Equus spp.,
Bos spp.,Ovis spp.) highlights the importance of grazing ungulates within steppe environments
across time, including the importance of these ungulate species for human survival in diverse
steppe environments, the extinction of large- and medium-bodied mixed feeders such as
woolly rhinoceros and giant elk points to large-scale ecological shifts. Mixed feeders have flexi-
ble browsing/grazing strategies, but avoid cellulose-rich grasses in favour of quality diets that
meet their high nutritional needs [58]. An increase in cervid diversity at Zaraa Uul corre-
sponds to the expectations outlined in Guthrie’s [55] stripes and mosaics model. Following
this model, Janz [10] has argued that ecological fragmentation was the major contributing fac-
tor to global shifts in human foraging. This model posits that arboreal, shrub and grassland
vegetation were more homogeneously distributed during most of the Pleistocene, but that
Holocene environments were characterized by increasing segregation into closed forests and
open grasslands. This would have made sufficient access to high quality forage more challeng-
ing for very large-bodied ungulates adapted to open-canopy environments but reliant on
browse. The presence of a variety of large to small browsing species during the Early-Middle
Holocene supports the model.

The appearance of specialized browsers also highlights both widespread evidence for
enhanced humidity and increases in arboreal vegetation across the Gobi Desert during the
Early-Middle Holocene [10, 11, 22, 53]. Shifting archaeological representation of equines rela-
tive to bovines is further compelling with respect to palaeoecology as bovines are better
adapted to forest-steppe environments; this shift might likewise highlight the culmination of
arboreal vegetative growth. Another explanation for Bos primigenius becoming increasingly
important over time is a culturally-mediated shift towards specialized cattle exploitation, the
possibility of which would imply the spread of specialized cattle exploitation represented at
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northern steppe sites like Tamsagbulag [23, 54]. Bovines are not, however, as intensively
exploited at Zaraa Uul as at Tamsagbulag.

The decline of these species during the late Holocene reflects the trend towards deforesta-
tion, greater aridity, and the increasing dominance of domesticated mixed-feeders. The mod-
ern anthropogenic landscape is the product of at least three thousand years of pastoralist
activity coupled with Late Holocene aridity. Trees and substantial shrubs are rare and the
largely open plains are dominated by herbaceous vegetation like Allium polyrhizum (wild
onion) with patches of tough Achnatherum splendens (derse) in heavier soils. Modern steppe
fauna are primarily domesticated species who are specialized grazers, including Equus ferus
caballus, Bos taurus, Ovis aries [58], with the few successful mixed-feeder species represented
by the small-bodied domesticate Capra aegagrus hircus alongside wild Procapra gutturosa
(Mongolian gazelle or dzeren) and wild Ovis ammon darwini (argali sheep). Camel (Camelus
ferus and Camelus bactrianus) is not suited to the modern desert-steppe environment of Zaraa
Uul; wild species are locally extinct and local herders told use that camel husbandry was chal-
lenging in this region.

Ecological changes as reflected in herbivore communities highlight the relationship
between changes in human foraging and intensified wetland use, particularly the importance
of species diversity. The presence of pheasant, raccoon dog, deer, boar, and tiger also suggest
thicker brush, shrub and arboreal vegetation and substantial wetlands, the latter further sup-
ported by the presence of sedge phytoliths. Based on the faunal, geomorphological, and phyto-
lith data, we hypothesize that the surrounding steppe was much less arid, while the basin
contained marsh, freshwater ponds, and possibly lake deposits in the deepest sections of the
basin. A substantial spread in arboreal and shrub vegetation has been hypothesized [10, 11]
and we suggest that trees and shrubs would have lined flowing rivers and drainage channels.
Usewear analysis of chipped stone adzes from Zaraa Uul and other Gobi Desert sites supports
this idea: these tools, first introduced during Oasis 2, were primarily used–and likely
designed–for woodworking [59]. Phytoliths from woody shrubs or trees and the intensive use
of adzes at Zaraa Uul could be connected to woodworking in Locus 2. The presence of arboreal
vegetation is further supported by pollen data from the region around Delgerkhaan Uul [53].
Enhanced vegetation cover combined with the type of freshwater ponding described herein
would have been likely to attract ample waterfowl and small aquatic mammals, some of which
were exploited by inhabitants at Zaraa Uul. While fish are known to be abundant in stable riv-
ers and lakes even in the more arid conditions of the 20th century [60, 61], there is no evidence
that they were being exploited locally. In short, post-glacial forestation and wetland expansion
significantly altered species composition from open steppe to an arid forest-steppe-wetland
mosaic wherein hunter-gatherers could exploit a range of small and large terrestrial prey and
semi-aquatic species.

Foraging strategies shifted in response to these ecological changes. Wetlands nurture and
attract a greater diversity of plants and animals relative to other environments, particularly in
arid settings where arboreal growth is heavily restricted. Increased evidence for plant process-
ing during Oasis 2 (Early-Middle Holocene) is probably closely connected to the appeal of
freshwater marshes as base camps; access to starchy plants and prey with restricted territorial
ranges (e.g., deer, hare, pheasant) would have provided stable foraging opportunities while
large game could be hunted in the surrounding steppes. The range of species present and the
numerous adzes on-site suggest that forestation of uplands and river drainages was well-devel-
oped, and this would have offered additional resources. It is likely that oasis environments
enabled settlement of arid regions in at levels that were impossible during other periods. Evi-
dence of an intensive wetland-plant-based diet among Saharan hunter-gatherers during a
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similar wet phase in northern Africa [7] offers a potential comparison in light of innovations
in plant processing technology that appear in the Gobi Desert during Oasis 2.

Organizational changes enacted among wetland-based hunter-gatherers during the Early-
Middle Holocene represent a shift in material culture and subsistence that spread across
Northeast Asia during this period, including the widespread adoption of pottery, the incorpo-
ration of milling technology, the use of polished stone tools, and the trend towards heightened
sedentism across the Mongolian Plateau, northern China, and much of the rest of Northeast
Asia [10, 54, 62–64]. The ecological relationship between greater diet breadth, more intensive
use of particular sites, and climatic amelioration further supports the emerging realization that
increasing sedentism and enhanced diet breadth were closely intertwined with Holocene eco-
logical changes. These ecological changes and human responses were repeated in many regions
and should be recognized as transformative for human societies at a global scale [10, 65].

Conclusion
Intensive occupation around Zaraa Uul is tied to two climatic phases: Early Upper Palaeolithic
occupations at Otson Tsokhio and Zuun Shovkh, during the last Pleistocene MIS 3 interglacial;
and the Oasis 2 occupation during the Holocene Climatic Optimum. This study confirms the
development of a distinct Early-Middle Holocene ecosystem in the Gobi Desert, correlating
with unprecedented socio-economic changes that include reduced residential mobility–a pat-
tern repeated across Northeast Asia at this time. This manifested as singularly high levels of
sedentism on the eastern edge of the Mongolian Plateau [54]. Response to ecological change in
the Gobi Desert was characterized by the development of logistical foraging bases from which
hunter-gatherers could persistently exploit a diversity of ecozones [10]. The phytolith and fau-
nal records from Zaraa Uul reinforce the hypothesis that wetlands were a primary focus
because of the denser and more diverse range of plant and animal species that they supported,
with wetland-based camps allowing access to range of small, medium and large prey associated
with arid steppe, arboreal, and wetland habitats [10, 22].

The progressive drying of freshwater marshes after 6400 cal BP may have reduced the pro-
ductivity of this environment for the type of substantive human occupation demonstrated
between 8500–6500 cal BP. A decreased emphasis on medium and small-bodied prey after
7200 cal BP is noteworthy but we are unable to offer an explanation. The locality was appar-
ently not used regularly after 6500 cal BP until the widespread adoption of herding. Additional
environmental and archaeological data are needed from the region around Zaraa Uul in order
to understand the more general character of land-use strategies, particularly at ~6000–3500 cal
BP during the local archaeological hiatus. This hiatus suggests a relationship between increas-
ing aridity and disuse or changing use of the site. Regular site use recommences during the
early Bronze Age is recognizable by the many concentrations of burial cairns scattered along
the south-facing ridges of the Zaraa Uul range [22]. Various phases of later low density habita-
tion are recorded by radiocarbon dates on ceramics from Locus 1 (ZU2.T1) and bone from
Locus 3 (ZU3.T1). The dates correspond with Bronze and Iron Age burial activity.

The adoption of pastoralism probably stimulated the reoccupation of Zaraa Uul during the
Bronze Age. Herding is highly adaptable to arid regions as its practioners are able to produce
potable fluids and a reliable source of protein when both are environmentally scarce. If Zaraa
Uul was unamenable to the foraging lifestyle after ~6500 cal BP, the spread of pastoralism may
have served to reopen such habitats to human use.

Zooarchaeological data highlights substantive changes in the nature of faunal communities:
1) local extinctions of numerous large-bodied herbivores and carnivores (e.g., Struthio asiati-
cus/anderssoni [ostrich], Coelodonta antiquitatis [woolly rhinoceros],Megaloceros sp. [giant
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elk]) and Hyaenids (e.g., Crocuta crocuta spelaea) prior to or during the early Holocene; 2)
increased diversity of smaller-bodied and more specialized herbivores during the Middle
Holocene Climatic Optimum; and 3) late Holocene aridification and the rise of domesticated
herd animals, which corresponds with the local retreat of species such as cervids, wild boar,
and various small-bodied species (e.g., pheasant, badger, and raccoon dog). Divergent faunal
communities during Pleistocene and Holocene wet phases underscores epochal changes in
global ecology. Locally, in the Gobi Desert, the Holocene is characterized by the late Pleisto-
cene/early Holocene evaporation and infilling of deep saline lake basins, resulting in the wide-
spread development of freshwater marshes, enhanced vegetative biomass, and increasing
species diversity during the Holocene.

Late Pleistocene and Early-Middle Holocene wet phases were demonstrably amenable to
human occupation, but variation in land-use [10, 11] reflects the unique and highly divergent
ecologies associated with each of these wet phases, as reflected in hydrology, vegetation, and
fauna. Differing hydrological regimes and their influence on processes such as alluvial deposi-
tion, characterized herein by a change from saline lakes to freshwater marshes, were deeply
connected to ecological conditions moderating vegetative and faunal communities. The
unique diversity of Holocene fauna highlights the substantive nature of hydrological and vege-
tative changes, which were interconnected with large-scale megafaunal extinctions [55, 57].
Human response to these ecological changes in arid Northeast Asia is demonstrated by the
intensive use of Zaraa Uul and other wetland oases during the Holocene Climatic Optimum.
Our results highlight the importance of archaeological data not only for understanding the
relationship between social and environmental change, but also for gaining a more dynamic
understanding of ecological relationships resulting from specific climatic events.

Supporting information
S1 Table. List of mammals likely to have been present in region during Pleistocene and
Holocene epochs according to body size and taxonomy. Includes range of body weights,
body sizes, and ecological niche [34].
(XLSX)

S2 Table. Faunal remains used in analysis and all characteristics recorded for each element
(“faunal remains”), including key for codes (“key”). All measurements for Table 4 are
included in the sheet “Fragment Measurements”.
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