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Fig. 3. Accelerator mass spectrometry 'C dating obtained from Trench |
and Pit 1 of Sakitari Cave.

(SI Appendix, Fig. S6). Smaller bivalves, Septifer bilocularis, were
used as implements without prior modification (Fig. 5 D and I and
SI Appendix, Fig. S7).

Beads are represented by three segmented tusk shells (Dentalium
and Pictodentalium) and five perforated bivalve shells (Sunetta kirai)
from Layer II (Fig. 5E), and by two perforated gastropod shells
from Layer I (Fig. 4). Although traces of artificial modification are
not evident for the Dentalium specimen, the Pictodentalium speci-
men shows clear concentric abrasions on both margins, probably
caused by grinding (Fig. 5 J and K). The bivalve beads are perfo-
rated near their umbo by knapping internal side of the shell.

Well-preserved fishhook pieces, one finished and another
unfinished, were excavated from Layer II and Layers I/, respectively
(Figs. 5 4 and F and 6). These were single-piece hooks manu-
factured by splitting and grinding the flat bottom parts of Trochus
shells. An allochthonous sandstone piece from the Layer II
shows a smoothed surface that may have been used for the
grinding process (Fig. 5B). Another broken shell fragment of the
flat bottom part of Trochus from Layer II may have been a blank
for fishhook production. The finished fishhook from Sakitari
Cave was found in situ by M.F. from the uppermost Layer II-2,
closely associated with two charcoals dated to 22,380—22,770 cal
BP (PLD-23288 and PLD-23289 in SI Appendix, Table S1).

Seasonality of Cave Use

Freshwater crabs (E. japonica; minimum number of individuals =
709) and freshwater snails (S. libertine; minimum number of
individuals = 431), possibly captured at a nearby river such as the
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modern Yuhi River, dominate throughout the excavated terminal
Pleistocene strata (SI Appendix, Fig. S8). Cases of nonhuman
transport of aquatic organisms into caves have been reported (21).
However, the known Late Pleistocene terrestrial fauna from
Okinawa (dominated by small-bodied deer, boar, herons, egrets,
and cranes) would not have selectively eaten large-bodied crabs.
We therefore interpret these to represent human activities.

The dominance of the crab and freshwater snail remains applies
to assemblages of all layers. About 3—12% of them are charred.
X-ray diffraction analysis (SI Appendix, Fig. S9) indicates trans-
formation of their mineralogical composition by heat above
500 °C. The human exploitation of freshwater crabs and snails
at Sakitari Cave has a strong seasonal signal. The remains of
E. japonica are distinctly biased toward larger individuals (S
Appendix, Fig. S10). Such large individuals of Eriocheir species are
today captured in autumn when they migrate downstream for re-
production (22). This is also the season when they are the most
delicious because their hepatopancreases are well developed. Our
isotopic analyses of freshwater snails support their capture pri-
marily in autumn (64%) and secondarily in summer (32%) (S/
Appendix, Fig. S11, Table S5, and Faunal Analyses). The Sakitari
faunal assemblage also includes a small number of Giant mottled
eels [number of identified specimens (NISP) = 36], frogs (NISP =
328), marine fish (NISP = 9), small birds (NISP = 77), and small
mammals (NISP = 509), some of which again show signs of burning
and thus are considered to have been eaten by humans (S Ap-
pendix, Fig. S8 and Table S4). Overall, aquatic nocturnal animals
dominate the faunal assemblage, and terrestrial large/medium-sized
mammals (deer and boars) are few (SI Appendix, Table S4).
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Fig. 4. Notable remains obtained from Late Pleistocene layers of Sakitari
Cave. The red square symbols in rightmost column indicate that seasonal
hunting and gathering were suggested by size distribution of crabs and/or
by isotopic analysis of freshwater snails, as described in S/ Appendix, Faunal
Analyses. (Scale bars, 1 cm.)
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Fig. 5. Selected shell artifacts from the Pleistocene levels of Trench I. All the specimens are from Layer Il unless indicated otherwise. Those portions with the
arrows or squares are enlarged on the right. (A) Broken pieces of finished and unfinished fishhooks, (B) possible grind stone, (C) Veneridae shell scrapers
shaped in a trapezoidal form, (D) shell scrapers of Septifer bilocularis, (E) two types of shell beads, (F) traces of grinding on the concave edge of a fishhook,
(@) retouches on the concave edge of a bivalve shell tool, (H) use-wear (polish and striations) on the same edge as in G, (/) edge damages and striations on the
ventral margin of a bivalve shell tool, and (J and K) ring-like striations on the inner side of the broken end of a tusk shell.

Importantly, the overall pattern of faunal food residue appears
consistent throughout the documented terminal Pleistocene se-
quence, from lower Layer III to Layer I.

Discussion and Conclusions

Little has so far been known about the Paleolithic lifeways in the
Ryukyu Archipelago, but the rich archeological evidence found
from Sakitari Cave improves this situation substantially. Here, a
chronologically successive record shows near-continuous occupa-
tion on the island since c. 35,000 cal BP. Although the density of
the archeological remains varies, there are no noticeable changes
in their compositions within the excavated sequence. Therefore,
contrary to the previous predictions (13, 14), the Paleolithic people
of Okinawa probably had sustained their life on this small, resource-
poor island for about 25,000 y or more until Neolithic compo-
nents first appeared at c. 10,000 cal BP. Alternatively, if the
occupational record actually was truncated by short hiatuses, this
would imply recurrent colonization by maritime people of similar
subsistence strategies. Either possibility would have been ac-
companied by considerable technological sophistication and be-
havioral complexity, as discussed below.

First, instead of stones, the Paleolithic people here used sea-
shells, often modifying them into standardized tool-forms to
process organic materials. In eastern Asia, until now, knapped
opercula of Turbo sp. and unmodified limpet shell tools dated to
c. 35,000-30,000 cal BP (7, 8), from Gebe, a Wallacean island,
have been the single documented case of shell tools predating
20,000 cal BP. The shell tools from Sakitari Cave, the second
such example, are remarkable because they are more diverse, are
standardized, and include morphologically unique examples. The
use of seashells as raw materials may not be unique to H. sapiens
because there is evidence that Neanderthals produced scrapers
on shells as an alternative to stones at some Mediterranean coastal
sites (23). However, the trapezoidal shell-scrapers from Sakitari
Cave can be considered a unique invention that is not dependent
on lithic industry templates.

Marine shell beads are reported from the Late Pleistocene
modern human sites in Sri Lanka, Australia, and northern China
(24-26), but have so far been unknown in southeastern Asia. The
evidence reported here fills this void. Together with a recent
report of perforated animal teeth and incised stones from
northern Vietnam (27) and perforated Nautilus shell from Timor
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(9), the Sakitari evidence substantiates the presence of ornament
manufacturing and symbolism (28, 29) extending from Southeast
Asia to the western Pacific coastal region.

The Sakitari seashell artifacts include the world’s oldest fishhook,
found in situ from a layer dated to 23,000 cal BP. These single-piece
fishhooks, made of Trochus shells, are comparable or older in
age than the similar fishhooks reported from Timor (~23,000—
16,000 cal BP) (5) and New Ireland (c. 18,000-20,000 **C BP) (30).
The new Sakitari Cave evidence demonstrates that fishhook tech-
nology was widely distributed from Wallacea northward to the
western Pacific margin by LGM times.

Another signal of complexity regards evidence for a sophisti-
cated seasonal pattern of subsistence: Late Pleistocene seasonal

L%

Fig. 6. Pieces of finished (Upper) and unfinished (Lower) fishhooks from
Sakitari Cave.
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hunting and gathering has been demonstrated in Tasmania (31)
and suggested from Vietnam (27). The faunal remains from
Sakitari Cave provide the first secure evidence of such behavior
in the eastern Asian Paleolithic record. At Sakitari Cave, people
knew the seasonal behaviors of aquatic animals (and perhaps
also taste) and repeatedly visited the cave to target them at the
best time of year.

In the context of modern human origins and dispersals, traces
of early sophisticated behaviors have been widely acknowledged
from the Late Pleistocene of Africa and through western to
northern Eurasia (28, 32, 33), whereas paucity of such evidence
from southeastern Asia has been a conundrum. However, recent
studies highlight still sporadic but gradually accumulating signa-
tures of modern behavior in this region. These examples include
capturing arboreal animals (34) or fast-moving marine fish (5); use
of bone and shell technology (5-9, 35); and use and possible pro-
cessing of plants (36, 37), pigment (27, 36), and ornaments (27); as
well as cultural adaptation to rainforest environment (38). The
importance of aquatic foraging strategies in human evolution has
been repeatedly mentioned (e.g., refs. 39—41). The findings from
Sakitari Cave add to these and corroborate the idea that modern
human behaviors in the southeastern to eastern Asia regions are
difficult to detect archaeologically because of emphasis in tech-
nology based on nonlithic, perishable materials (6, 42).

Finally, our discoveries provide insights into the potential and
extent of Paleolithic maritime culture. At this time, the oldest
evidence for human presence in the central Ryukyu Archipelago
comes from the Yamashita-cho Cave I site in Okinawa Island,
dated to c. 36,000 cal BP from a single charcoal sample taken
from well-stratified contexts but analyzed more than 40 y ago
(43). The new dates from Sakitari Cave provide additional sup-
port for such an early timing of human occupation. This must
have occurred via successive ocean crossings, probably from the
south (44-47), the route of which were, in some places, more
than 140-200 km distant without visible targets, and/or con-
fronted by strong ocean currents (11). Further additions to the
Ryukyu Archipelago case are the evidence of repeated narrow
water crossing from the Korean Peninsula to Kyushu Island of
Japan (48, 49), obsidian transport from an island south of central
Honshu Japan (50), and the suggested modern human presence
in northern Luzon by 30,000 cal BP (51). Overall, the evidence
reported here, combined with the above emerging evidence, in-
dicates that successful maritime adaptation was not restricted to
Wallacea and northern Sahul, but was more widely distributed
along the 8,000-km-long southwestern Pacific coastal region by
~35,000 cal BP.

Materials and Methods

General Information About Sakitari Cave. Sakitari Cave is a limestone cave
located at the southern end of the Okinawa Island, 26° 08” 15”N and 127° 44"
57"E (Figs. 1 and 2). It is located about 1 km upstream from the Minatogawa
Fissure site from where four relatively complete skeletons of modern hu-
mans were excavated during the 1970s, associated with charcoals dated to
c. 20,000 cal BP. At Sakitari Cave, fragments of Neolithic Jomon potteries,
lithic artifacts, and vertebrate remains had been collected by previous
workers, but the presence of Late Pleistocene cultural strata was first dem-
onstrated by our systematic excavation initiated in 2009. Much of the central
area of the cave floor and parts of the cave entrances had been paved for
tourism before our excavation, but we found undisturbed prehistoric sedi-
ments in recessed areas near the entrances (S/ Appendix, Figs. S1 and S2). The
present report focuses on Trench | and Pit 1 near the west entrance. At pre-
sent, terminal Pleistocene strata are minimally exposed at Trenches Il and III.

Excavation Methods. We first dug a 1 x 2 m pit, Pit 1, to the depth of 2.5 m
below the ground surface immediately inside the west entrance. Then we
dug a 2.5 x 3 m trench, Trench |, which partially overlaps Pit 1, to the depth
of 1.5 m (Fig. 2 and S/ Appendix, Figs. S1 and S2). Excavation was carried out
following stratigraphic layers, not by vertical levels. Soft brushes and bamboo
skewers were used to dig the relatively incompact Late Pleistocene strata
(Layers I-IIl described later) to recover the majority of the artifacts and osseous
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remains in situ. All the excavated sediments were brought to the laboratory for
water screening with 0.5—3 mm mesh. All Pleistocene layers of Trench | and Pit 1
were dug by three researchers (M.F., S.Y., and C.K.) spending 505 d on site.

Dating Methods. Woody charcoal, crab shell, snail shell, and marine shell
samples collected in situ from the stratigraphic layers were radiocarbon
dated, using accelerator mass spectrometry at the Micro Analysis Laboratory,
Tandem Accelerator, the University of Tokyo, and Paleo Laboratory Co.,
Japan (S/ Appendix, Table S1). Direct 'C dating of human and other ver-
tebrate remains were unsuccessful because of poor collagen preservation.
14C dates were calibrated using the calibration program OxCal v4.2.3 (c14.arch.
ox.ac.uk) based on the IntCal13 calibration curve for the charcoal, land
snail, and freshwater snail and crab samples, and based on the Marine13 data
set for the marine shell samples. We used the Marine13 calibration curve for
brackish-water shells (Geloina erosa), assuming they lived in 100% marine
water environments, although no data are available for the percentage con-
tribution of freshwater to their habitats.

Observation and Experiment on the Shell Artifacts. All seashell fragments were
sorted into Bivalvia, Scaphopoda, and Gastropoda (S/ Appendix, Table S2). To
evaluate authenticity and function of the shell artifacts, macroscopic and
microscopic use—wear traces were examined using a metallographic micro-
scope Olympus BXFM and a digital microscope Keyence VHX-600, at mag-
nifications ranging from 25x to 500x (S/ Appendix, Figs. S4-S7).

Although the experimental use-wear analysis of stone artifacts has a half-
century history (52-58), few systematic studies on use-wear patterns of shell
tools have been undertaken (but see refs. 59-61). Hence, a preliminary ex-
perimental program was undertaken to better understand use-wear for-
mation on the Sakitari Cave shell tools. First, we broke and knapped modern
shells of Veneridae (Meretrx pethechialis) to obtain fragments similar to the
Sakitari Cave Veneridae tools. The broken edges thus produced were then
used to process antlers, bones, hides, bamboos, and woods (S/ Appendix, Fig.
S4). The use-wear created on these experimental specimens were compared
with those observed on the archaeological shell specimens.

Faunal Analyses. Animal remains were sorted into the following taxonomic
categories; extinct cervids, wild boar, unidentifiable medium-sized mam-
mals, small mammals (rodents and insectivores), birds, reptiles (lizards and
snakes), frogs, freshwater fish (eel), marine fish, unidentifiable fish, un-
identifiable small vertebrates, freshwater crabs (Japanese mitten crab, E. ja-
ponica), freshwater snails (S. libertina), and land snails (six species were
identified). We counted the minimum number of individuals for the crabs,
freshwater snails, and land snails, and the NISP for the other animal taxa
(SI Appendlix, Fig. S8 and Table S4). Some of these animal remains exhibit dark
colors. To examine whether this indicates burning, we carried out an X-ray
diffraction analysis of freshwater snail samples. A black-colored and a white-
colored snail shell excavated from Layer Il were powdered and analyzed by a
Rigaku X-ray Diffractometer RINT 2100 V (Kyushu University), using CuKa radi-
ation (40.0 kV, 30.0 mA), in a step of 0.02°, with a scan speed of 2°/min
(SI Appendix, Fig. S9).

Two analyses were made to examine the seasonality of the hunting and
collecting activity at Sakitari Cave. First, we investigated size variation of
E. japonica, using its carapace width as a parameter. Because almost all of
the crab remains from Sakitari Cave were pincers, their carapace widths
were estimated from the lengths of the movable pincers, using allometric
equation derived from 14 modern individuals (seven males and seven fe-
males) captured in the Ryukyu Archipelago. Here, the male and female
individuals were pooled because it was impossible to identify sex for the
archaeological crab remains. The resultant equation, y = 1.36x + 2.71 (x,
movable pincer length; y, carapace width; r* = 0.985), was applied to 709
movable pincers from Sakitari Cave.

Second, oxygen isotopic analysis was carried out on 35 freshwater snail
specimens (20 from Layer Il and 15 from Layer 1) to investigate the water
temperature and the seasons at their death. For each specimen, about 25
samples were taken, using a dental drill along the spiral growth axis of the
whorl, from the outer lip toward the apex, at 2-mm intervals. The analysis
was performed by a mass spectrometer (Finnigan MAT Delta Plus) ac-
companied by a Gas Bench. This system measures isotopic ratio of CO,
generated by acid reaction (purified H3PO, at 50 °C for 3 h) in a glass vial filled
with He gas. Obtained oxygen isotopic values are expressed in parts per thou-
sand relative to Vienna Pee Dee Belemnite (520 vs. Vienna Pee Dee Belemnite).
Repeated measurements of the laboratory standard typically show repro-
ducibility of ~0.2%0 (26). More details about the analytical methods are
available in ref. 62.
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