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Founding populations of the first Americans likely occupied parts of Beringia during the
Last Glacial Maximum (LGM). The timing, pathways, and modes of their southward
transit remain unknown, but blockage of the interior route by North American ice sheets
between ~26 and 14 cal kyr BP (ka) favors a coastal route during this period. Using models
and paleoceanographic data from the North Pacific, we identify climatically favorable
intervals when humans could have plausibly traversed the Cordilleran coastal corridor
during the terminal Pleistocene. Model simulations suggest that northward coastal cur-
rents strengthened during the LGM and at times of enhanced freshwater input, making
southward transit by boat more difficult. Repeated Cordilleran glacial-calving events
would have further challenged coastal transit on land and at sea. Following these events,
ice-free coastal areas opened and seasonal sea ice was present along the Alaskan margin
until at least 15 ka. Given evidence for humans south of the ice sheets by 16 ka and pos-
sibly earlier, we posit that early people may have taken advantage of winter sea ice that
connected islands and coastal refugia. Marine ice-edge habitats offer a rich food supply
and traversing coastal sea ice could have mitigated the difficulty of traveling southward
in watercraft or on land over glaciers. We identify 24.5 to 22 ka and 16.4 to 14.8 ka as
environmentally favorable time periods for coastal migration, when climate conditions
provided both winter sea ice and ice-free summer conditions that facilitated year-round
marine resource diversity and multiple modes of mobility along the North Pacific coast.

paleoceanography | seaice | human migration | North Pacific | paleoclimate

Human dispersal pathways from Beringia into North America continue to be debated.
Prevailing ideas include a coastal route and an interior route via an ice-free corridor between
the Laurentide and Cordilleran ice sheets (1-6). The Laurentide and Cordilleran ice sheets
merged during the Last Glacial Maximum (LGM) (7), closing the ice-free inland corridor
between ~26 + 1 ka (Fig. 1 and ref. 8) and 13.8 + 0.5 ka (ref. 9). Archaeological sites south
of the ice sheets in North America during this time frame (10-15) thus require either a
coastal route, or entry through the interior prior to the LGM. A pre-LGM migration
scenario is at odds with apparent genetic divergence between Siberian and Beringian pop-
ulations between about 25 to 24 ka (95% CI 21 to 28 ka; ref. 16) and an inferred “Beringian
Standstill” in migration until 18 to 16 ka (16-19). Was this biogeographical pause due to
favorable conditions in Beringia, glacial bottlenecks that prevented southward transit along
the coast, or a combination of both? How did Beringians make the arduous journey along
the Pacific Coast corridor — by land, sea, or ice? Was the coastal route effectively blocked
throughout the LGM, or were there intervals when passage was more or less possible?
Building on recent evidence for multiple intervals of Cordilleran ice retreat within the last
ice age (20), we evaluate these scenarios and define relatively benign climatic intervals when
human migration along the Cordilleran coast may have been most feasible.

Despite evidence for older archacological sites farther inland, thus far, there is no definitive
evidence of human occupation along the Pacific Coast of North America prior to ~13.8 ka
(23). The absence of earlier coastal sites may reflect submergence of former occupation sites
by rising postglacial sea level, exacerbated locally by relaxation of a subsiding glacio-isostatic
forebulge (3, 24). Other factors may also have limited the viability of a coastal transit at certain
times. The most obvious obstacle is ice cover on land, with large outlet glaciers emanating
from the Alaska Peninsula and Southeast Alaska terminating in the ocean. Heavily crevassed
ice streams would have been difficult or impossible to cross on land and dangerous at sea,
potentially preventing passage for migrating groups of people.

The strength of the cyclonic Alaska Coastal Current (ACC) also may have partially
impeded southward movement for seafarers, as this current flows northward against the
direction of migration (25). The ACC is driven by wind and Coriolis forcing and strength-
ened by coastal freshwater inputs (26) (Fig. 2). Royer and Finney (25) hypothesized that
southward migration was impeded by freshwater input and rapid sea-level rise that
accelerated coastal currents during global Meltwater Pulse 1a (MWP1a: 14.65 to 14.30
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Significance

Growing evidence for a human
presence in the Americas prior to
15,000 y ago—when ice sheets
blocked transit through the
continental interior—imply a
Pacific Coast route was the more
likely pathway for dispersals
from Beringia into North America
between ~26,000 and 14,000 y
ago. The feasibility of coastal
migration at various times
depended on the extent of
Cordilleran glaciers, sea ice, the
strength of ocean currents, and
the productivity and availability
of marine and terrestrial
resources. Based on paleoclimate
records and climate models, we
estimate that 24,500 to 22,000
and 16,400 to 14,800 y ago were
the most environmentally
favorable time windows for a
coastal migration during the
period when the interior route
was blocked.
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Fig. 1. Map of coastlines and ice extent at various time periods A) 32.5 ka, B) 27.5 ka, C) 25 ka, D) 15 ka during the late Pleistocene, showing possible migration
pathways at each stage. Relative sea level (RSL) and ice sheet topography are from (8) and are interpolated and applied to the ETOPOO1 bathymetry grid (21). Post
LGM glacial ice evolution is unknown for Siberia, though some ice sheets were likely present during these time periods. North American archaeological sites (black
dots) are shown that have median dates for initial human occupation that fall within + 1 ka of the various time slices shown (for a full list of archaeological site
data and references, including those that fall outside of the time/space domains shown here, see S/ Appendix, Table ST and Dataset S1); sites with controversial
evidence for human presence are denoted with question marks. White dashed line on panel (C) shows the estimated extent of winter sea ice during the LGM,
based on (22). Seasonal sea ice was present along the Alaskan coastal corridor to varying degrees during all the periods shown, but the spatial extent is not as

2of 11

well defined for the other intervals. Sediment cores identified in panel (A) are for the various proxy datasets shown in Figs. 3 and 5.

ka; ref. 27), effectively assuming that local freshwater inputs tracked
global-average sea-level rise. Testing this hypothesis requires recon-
struction of regional ice retreat and the resulting reduction of
coastal salinity from regional meltwater flux, along with quantita-
tive modeling of coastal current strength, issues we address here.
The extent of land ice, both along the coastal corridor and
inland route, has been widely debated over many decades (4,
28-30). However, the assessment of ice in the marine environ-
ment—such as the extent of sea ice and icebergs, and their impact
on human migration—has received less attention. Evidence from
ice-rafted debris (IRD) in marine sediments shows that the sea-
ward edge of the Cordilleran Ice Sheet (CIS) and its outlet glaciers
was extremely variable and subject to repeated abrupt retreats onto
land or into silled fjords during the late Pleistocene (referred to as
“Siku Events”; ref. 20). Sea ice formed in the subarctic North
Pacific through much of this interval (22, 31), which may have
impacted boat transit and altered marine resource composition
and availability during certain months of the year. Today, land-fast
sea ice provides a relatively unobstructed and flat surface as a
platform for travel between otherwise inaccessible high Arctic
communities, typically in winter or spring (32, 33). In addition
to ease of movement, sea ice facilitates hunting of marine mam-
mals near the ice edge and sub-ice intertidal shellfishing; both are

https://doi.org/10.1073/pnas.2208738120

important food resources in the Arctic winter (32). With the sea-
sonal melting of sea ice, kelp forest habitats can provide important
marine resources in summer (34, 35). Reconstructions of North
Pacific sea ice are essential to building a clearer picture of the
conditions that coastal people in the North Pacific would have
contended with during the glacial and deglacial periods.

To help address these issues, we present records of sea-ice varia-
tions based on the %C;,., proxy (36) and synthesize previously
published reconstructions of sea ice, sea-surface temperature (SST),
salinity, and IRD from marine sediment cores in the North Pacific
(Fig. 1). Together, these paleoenvironmental data help discern major
climate and oceanographic changes that may have facilitated or
impeded human migration during the terminal Pleistocene. We
present model results from a high-resolution (1/6°) eddy-permitting
general circulation model (MITgem) and a lower resolution model
(GENMOM) to evaluate changes in current velocity of the Alaska
Current system between glacial and modern climate states, as well
as in response to increases in regional freshwater discharges and
intermediate sea level conditions. We compare paleo-SST recon-
structions from the North Pacific with simulated SST from the
transient deglacial simulation in iTRACE (37) for major climate
intervals between the LGM and early Holocene. These paleoenvi-
ronmental reconstructions and models suggest possible time
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Fig.2. Simulations of ocean currents in the Northeast Pacific under different climate and sea level conditions: Modern climate state (A), LGM climate state, with
sea level =120 m below modern (B), LGM boundary conditions with an increased freshwater flux (C), and intermediate sea level (-75 m), as would have occurred
during the mid-deglacial period (D). Mean annual surface ocean velocity shows a strengthening of the cyclonic Alaska Current during the LGM relative to modern
conditions, as well as a contraction of the shelf area on which the ACC flows. Boundary currents flow in a cyclonic (anticlockwise) direction.

intervals when southward dispersal along the Northwest Coast was
most feasible for people and provide insight into factors that may
have influenced subsequent coastal habitability.

Results

Ocean Currents. The Alaska, Kuroshio, Kamchatka, and Oyashio
Currents all increased their velocities during the LGM simulation
relative to the modern (Fig. 2 A and B and S Appendix, Figs. S1
and S2) reflecting stronger ice-age wind forcing driven by greater
meridional temperature gradients (38). The strengthening of the
northward flowing Alaska currents during the LGM is contrary
to the weaker glacial currents previously hypothesized (25). Our
simulation shows that lower LGM sea levels restricted the shelf
area over which the modern Alaskan Coastal Current (ACC) flows,
thus the geostrophic currents were focused into a single high-
velocity stream that flowed along the Alaskan margin.
Simulations in which various freshwater fluxes [0.05 to 3.0 Sv
(10° m® s71)] are discharged into the North Pacific Ocean via the
Columbia River over the course of a year result in an increase in the

velocity of the Alaska Current (Fig. 2C and S/ Appendix, Figs. S3

PNAS 2023 Vol.120 No.7 e2208738120

and S4). These simulations mimic a range of transient floods of
freshwater caused by glacial outburst floods (39) but can be used to
approximate the impacts of increased freshwater fluxes on regional
current speeds, such as would have come from a range of sources
and discharge locations along the Cordilleran margin, including
iceberg discharge. Changes in current velocity are most sensitive to
the lower range of meltwater volumes, such that the percentage
increase in velocity rises more steeply (~three times) in response to
smaller fluxes (0.05 to 0.5 Sv) than to the largest additions of melt-
water (SI Appendix;, Fig. S4). Our simulations support the idea that
enhanced freshwater flux increases the strength of the Alaska
Current (25), but regional paleosalinity reconstructions indicate
that the early deglacial period (~18.5 to 16.0 ka) was the time of
maximum surface freshening (40—42), rather than 14.65 to 14.30
ka as previously assumed (25). The older interval coincides with
peak deposition of IRD in the Gulf of Alaska (20, 42) and large
Missoula Flood events from the Columbia River (43).

To assess impacts of sustained meltwater over longer time periods,
we also ran multicentennial simulations in the lower resolution-cou-
pled atmosphere-ocean GCM GENMOM (Methods), with sustained
meltwater fluxes of 0.02 to 0.05 Sv applied along the Cordilleran
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coast, as may have occurred during a Siku Event. These simulations
show decreases in surface salinity, SST, and air temperatures in the
Northeast Pacific, as well as an attendant increase in ocean current
speeds in the Gulf of Alaska (ST Appendix, Figs. S5 and S6).

A high-resolution simulation with intermediate sea levels (-75
m) run under modern climate forcing resulted in weaker current
strengths than under the LGM or modern configuration (Fig. 2D).
'This supports the idea that coastal currents would have been atten-
uated as sea level transgressed across the continental shelf (25), in
the absence of changes in wind forcing. Intermediate sea levels would
have occurred during the middle of the deglaciation, for example
during the Bolling-Allergd warm interval (14.7 to 12.9 ka), when
dust fluxes in Greenland were low (44), indicating weaker winds

than during the LGM.

Sea-Ice Reconstructions. We assess sea-ice reconstructions from
the Gulf of Alaska between 54.2 and 59.6°N based on various sea-
ice proxies, including the IP,5 index, sea-ice diatom assemblages,
and the relative abundance of the C;; tetra-unsaturated methyl
alkenone (%Cs.) (Fig. 3). Our records of %Cs., show maximum
sea ice abundance between 18.0 and 16.5 ka, concurrent with cool
Northeast Pacific SSTs (Fig. 3). The most abundant and seasonally
persistent sea ice probably occurred close to the continental margin
in the northernmost Gulf of Alaska (core EW0408-85]C), given
the higher %C;;., at this site relative to others. The %C5; 4 declined
steadily after 17 ka, followed by a brief resurgence around 15.7
ka. %C;,.4 is low (-5%) between ~14.8 and 13 ka (roughly coeval
with the Bolling-Allerad interval), but some winter sea ice was
likely present based on the occurrence of sea-ice diatoms in marine
sediments (42, 45). The relative abundance of Cs,,4 increases to
above 10% during the Younger Dryas period (-13 to 12 ka),
indicating an increase in winter sea ice during this cold period at
sites in the northernmost Gulf of Alaska.

These data confirm and improve on previous chronologies of
sea ice based on the IP,s index, sea-ice diatoms, and dinocyst
assemblages in the North Pacific and Bering Sea (22, 31, 42,
45-47). Collectively, these multiproxy records indicate that winter
sea ice was extensive and persistent in the Bering Sea and Gulf of
Alaska between ~26 and 15 ka and was present intermittently in
the Gulf of Alaska during late Marine Isotope Stage 3 (42 to 27 ka).
Sea ice was likely present but of restricted extent during the
Bolling—Allerod warm period (-14.8 to 13.0 ka), expanded during
the Younger Dryas (~13 to 12 ka), and then disappeared from the
Gulf of Alaska entirely by the early Holocene (-11 ka).

It is likely that sea ice was present in winter but mostly melted
during summer in the Gulf of Alaska, even during the last glacial
interval. Values of %C,,, between ~10 and 50% in the Gulf of
Alaska records during the LGM and early deglacial period would
correspond to ~20 to 60% mean annual sea ice concentrations based
on modern observed correlations (36), indicating sea ice was present
during only the coldest months of the year, and the IP,5, diatom-,
and dinocyst-based sea ice records show no indication of perennial
sea ice during these times (22, 31, 45-47). SST reconstructions
from the Bering Sea and Gulf of Alaska also indicate ocean temper-
atures remained above freezing during summer months throughout
the LGM, implying that extensive winter sea ice would have given
way to open water conditions during summer (22, 31). These data
suggest that seasonal fluctuations between winter sea ice and sum-
mer kelp forest and other near-shore habitats persisted for millennia
around the margins of the North Pacific, both conditions to which
successful coastal people would have had to adapt.

North Pacific SST Variability. Late LGM SSTs (23 to 19 ka) were
on average ~2 to 5 °C colder than the early Holocene (11.5 to

https://doi.org/10.1073/pnas.2208738120

10 ka) across much of the North Pacific (Fig. 4), with greatest
cooling in the central and eastern North Pacific and less cooling
in the Northwest Pacific. Some sites in the western Bering Sea
and Sea of Okhotsk yield SST anomalies for the LGM that
appear warmer than the early Holocene; however, many of these
warm temperatures have been attributed to a strong seasonal
bias imposed by prolonged sea-ice cover (48), and anomalously
warm U values have been observed in some high-latitude regions
(36, 49), so the fidelity of these warm glacial SSTs as representative
of mean state changes remains in question.

The interval that encompasses Siku Event 1 (18.0 to 16.5 ka,
ref. 20) cooled 0.5 to 2.0 °C relative to the late LGM (23 to 19 ka)
at many sites in the North Pacific, reflecting the coldest conditions
of the last ~20 ka (Figs. 3 and 4). Warming of 0.5 to 2.0 °C com-
menced between 16.4 and 14.8 ka across much of the North
Pacific. This period was associated with retreat of land ice along
the Aleutian Islands and Southeast Alaskan coastline (28, 30, 50,
51), the establishment of postglacial terrestrial vegetation on the
Aleutian Islands (50, 51), and conifer forests in Southeast Alaska
(52). An episode of abrupt and intensified ocean warming occurred
at ~14.8 ka, during the transition into the Bolling—Allered period.
This warming tracked the final retreat of coastal glaciers out of the
ocean (53), and a sudden transition to severe subsurface hypoxia,
indicating a strengthening and vertical expansion of the North
Pacific oxygen minimum zone (53-55). The Younger Dryas saw
a return to a cooler ocean, more sea ice, and less hypoxia. The
subsequent transition into the Holocene brought another episode
of abrupt ocean warming, accompanied by a second ocean hypoxic
event (53-55). The hypoxic events were associated with increases
in primary productivity and carbon export (53), but it remains
unclear how these changes in productivity and ocean oxygen con-
tent affected nearshore ecosystems, and whether that in turn could
have affected coastal habitability (see SI Appendix for further

discussion).

Discussion: Paleoclimatic Implications for
Human Migrations

We have documented substantial variability in marine and coastal
environments within the Alaskan portion of the Pacific Coast
Route. Here, we discuss the implications of these environmental
reconstructions for identifying the most feasible times of human
migration southward into North America.

Glacial Beringia. Our data compilation shows colder SSTs
during the late LGM than the early Holocene for much of the
North Pacific and Bering Sea, challenging previous notions of
anomalous warmth in the subpolar gyre during the LGM (56),
with sea-ice reconstructions that indicate extensive seasonal
sea ice throughout the subarctic North Pacific (22, 31, 46).
While coastal areas in Beringia may have experienced mild,
mesic climate in the long days of summer months, the greater
continentality of northern Beringia would have led to a drier,
colder winter climate, especially inland (57, 58). For example,
Lofverstrdm & Liakka (59) attribute the lack of glacial advance
in northern Alaska to moisture starvation from a southward shift
in the Pacific storm track, whereas mild summer temperatures
(comparable to preindustrial) are attributed to an increase in
shortwave radiation at the surface due to decreased cloudiness.
Model LGM temperature estimates derived from data
assimilation show strong annual ocean cooling across the North
Pacific gyre, with comparatively modest cooling in Beringia
relative to late Holocene temperatures (60). Collectively, these
records imply that while Beringia likely experienced net glacial
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Fig. 3. Northeast Pacific paleoclimate reconstructions from the LGM to early Holocene. (A) Average Northeast Pacific SST stack (see Materials & Methods and
SI Appendix, Fig. S7 for details); (B) Mass accumulation rate as a proxy of IRD from sites U1421 (dark pink: ref. 42) and U1419 (light pink: ref. 20) in the Gulf of
Alaska; (C) Percent benthic foraminifera indicative of meltwater from site U1421 (42); (D) Percent of sea-ice diatoms in core U1421 (42); (E) Alkenone %Cs;.,
records from various Gulf of Alaska cores as a proxy for sea ice: data from U1419 are from ref. 31, all other data are from this paper; (F) PbIP,5; sea-ice index
from site SO202-27-6 in the Gulf of Alaska (22); >0.75 = extended sea ice, 0.5 to 0.75 = marginal seaice, 0.1 to 0.5 = variable sea ice <0.1 = ice free). Blue shaded
bars indicate Siku Events (SE1 & SE2); pink shaded bars indicate warm periods with little sea ice (Bglling-Allergd and early Holocene); yellow shaded bars indicate
the inter-Siku time intervals in which winter sea ice was present in the Gulf of Alaska.

cooling relative to Holocene temperatures, it was spared the Short-term climate variability within the full LGM period (26.5
severe cold of other high-latitude regions, especially during to 19 ka) is not captured in the late LGM SST means (Fig. 4) but
summer months (59). can be seen in some high-resolution records. Pronounced
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sites, whereas the interpolated SST fields making up the base maps are from the iTRACE transient simulation (37). The proxy anomalies reflect the following climate
intervals: LGM - early Holocene (23.0 to 19.0 ka - 11.5 to 10.0 ka), Siku Event 1 (SE1) - LGM (18.0 to 16.5 ka - 23.0 to 19.0 ka), pre-Bglling (PB) - Siku Event 1 (16.4
to 15.0 ka - 18.0 to 16.5 ka), Bolling-Allergd - pre-Bolling (14.6 to 13.0 ka - 16.4 to 15.0 ka), Younger Dryas (YD) - Bolling-Allergd (12.7 to 12.0 ka - 14.6 to 13.0 ka),
early Holocene - YD (11.5 to 10.0 ka - 12.7 to 12.0 ka). The model anomalies follow the same time windows as above, except for the LGM (20.0 to 19.0 ka) and
the early Holocene (11.5 to 11.0 ka), which have more restricted time windows due to the length of the transient iTRACE simulation, which spans 20.0 to 11.0 ka.

short-lived warming within the LGM is detected off northern
California (ODP Site 1019; refs. 61 and 62) and off the west coast
of Vancouver Island (Core MD02-2496; ref. 63) between 24.5
and 24.0 ka (SI Appendix, Fig. S7). Acknowledging uncertainties
(multicentennial to millennial) in some age models, the overlap
in timing between this mid-LGM warming event and genomic
estimates for divergence in Siberian and Beringian populations
(25 to 24 ka; refs. 16 and 17) raise the possibility that brief
(century-scale) warming events, not yet resolved in most data
records, might have provided windows of opportunity for multiple
early migrations into Beringia and the Americas.

It has been proposed that humans occupied eastern Beringia con-
tinuously between ~32 ka and 19 ka, based on fecal biomarkers (64)
(Fig. 1A). If so, migration into North America using the interior
“Ice-free corridor” could have occurred prior to coalescence of the
Laurentide and Cordilleran ice sheets between 27 and 25 ka.
However, evidence for such an early migration is contested (65), and
no archacological evidence has been found to corroborate such a
human presence in that area (66). Such early migration also conflicts
with genomic evidence that Beringian populations were isolated
around the beginning of the LGM (16-19). Multiple waves and
routes of human dispersal remain possible, with small early popula-
tions either dying out or obscured in their genetic contributions (10).
Because evidence for a pre-LGM human migration is not widely
accepted, we focus on climate constraints for migration intervals that
are younger than the closure of the inland ice-free corridor, and
within the estimated time frame of Beringian population divergence
(<25 ka; ref. 17), while noting that variability of ice cover on land
and in the sea, and episodes of climate amelioration, also exist in the

interval prior to 25 ka (Fig. 5).

https://doi.org/10.1073/pnas.2208738120

Several North American archaeological sites have produced
possible evidence for human occupations during the LGM
(10, 15, 69, but see contrary opinions in refs. 70 and 71). These
ages are easier to reconcile with the estimated time frames for
genetic separation between Siberian and Beringian populations
than the purported pre-LGM sites, but still require that humans
entered the Americas prior to substantial regional deglaciation. As
the interior corridor was ice-filled between ~26 to 14 ka, any
migrations that occurred during this period must have followed
the Pacific Coast, subject to varying environmental conditions
along that pathway that we evaluate here.

Ocean Currents and Migration by Watercraft. Although no
firm evidence for Pleistocene-aged boats has been found in
Beringia, coastal areas where such activity might be found are now
submerged, and the volcanic-rich sediments of the North Pacific
generally contribute to poor organic preservation (72). Seafarers in
northern Japan were contemporaneous with the earliest Beringian
populations, however, so ocean-going watercraft and associated
maritime technologies existed in Northeast Asia by at least 35 ka
(72,73).

During the LGM, our model results show that the average
strength of the Alaska Current more than doubled along the
Southeast Alaska margin relative to modern conditions (Fig. 2B).
During times of high freshwater input, maximum model current
velocities increased to between 0.5 and 2.0 m/s, with chaotic
meanders and eddies (Fig. 2C and SI Appendix, Figs. S3 and $4).
‘These accelerated currents might have impeded southward seafar-
ing migration, and currents during high meltwater events may
have been nearly impassable, with peak current velocities that may

pnas.org


http://www.pnas.org/lookup/doi/10.1073/pnas.2208738120#supplementary-materials
http://www.pnas.org/lookup/doi/10.1073/pnas.2208738120#supplementary-materials

Downloaded from https://www.pnas.org by "US GEOLOGICAL SURVEY LIBRARY, USGS" on February 6, 2023 from IP address 130.118.37.91.

o\\g/ 34 Strong Alaska Current
O
5 -36 CIS maximum
a
Ax
O]
P
]
=
LU
4 — 125
i =
— 10
| w
2B
€ C° 3
® —6 &
()]
3 - O
i s = — — — — 4
Cg 50 Bering Land Bridge Bering sill depth
2 100
5 -100 —
&) -120 —
Siberian-Beringian divergence
_____
Interior corridor closed ? — 60 ©
- a
S —50 T
—‘— North American archaeological sites o -%'c
+ 95D
® = g
50 'Z?, I # 30 @~
] —+ 9
<
B
I
Q
SE1 " 6o
| | B ZF
N 72 N\ 7 12,
Dcelt Siku ice-surge B g <§(
hypoxic events R >
events —4 3
12 16 20 24 28 32 36 40
Age (ka)

Fig. 5. Timing of abrupt climate change events in the North Pacific and Arctic during the Late Pleistocene. (A) Greenland 5'20 records from NEEM (light
blue: ref. 67) and NGRIP (dark blue: ref. 68); (B) AU’S‘;record of SST from ODP1019 (61, 62); (C) Global RSL reconstruction, with minimum (dashed line) and
maximum (solid line) scenarios (8). Dashed line indicates the Bering sill depth (-53 m); (D) Dates for human presence in North America from archaeological
sites south of the ice sheet, with terrestrial sites indicated with tree symbols at the mid-point of start date boundaries (see S/ Appendix, Table S1 and Dataset S1
for references). Clovis sites are indicated with yellow shading and non-Clovis sites are indicated with dark green shading. Coastal sites are denoted with blue
dots. (F) Records of alkenone-based %Cs,., as a proxy for sea ice from cores EW0408-85)C (this paper) and U1419 (31) in the Gulf of Alaska. Blue shading
denotes values above 5%. (F) IRD record from the Gulf of Alaska reflecting major ice-surge events from the Cordilleran (Siku Events: ref. 20; light blue bars).
Yellow shaded bars indicate the inter-Siku time intervals in which sea ice was present in the Gulf of Alaska, likely reflecting the most viable windows for the
sea-ice highway migration scenario. Pink shaded bars denote the warm climate intervals of the Bglling-Allerad and early Holocene, which were associated
with low sea ice and ocean hypoxic events (53-55). The timing of the closure of the interior route is based on (8), whereas the opening is based on (9),
however the timing of the closure is less well-constrained than the opening.
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have rivaled sustained speeds of even the most skilled Aleut kay-
akers with efficient skin boats in recent centuries (74). Strategic
use of reversing tidal currents and nearshore eddies, along with
changing wind conditions, may have partly circumvented the
impact of the strong mean-state glacial currents in our model, but
such tidal currents are significant primarily in restricted inlets and
passages, which were mostly filled with ice during the LGM. Tidal
currents in the open ocean are negligible relative to wind-driven
and geostrophic currents (75). It remains unclear how effective a
barrier stronger glacial currents, especially the Alaska Current,
would have been to ancient seafarers moving eastward and south-
ward along the Alaskan coast.

Our simulation with intermediate sea levels (Fig. 2D) shows
weaker current strengths than either the modern or LGM simu-
lation, suggesting that conditions during the deglacial interval
may have been more conducive, or even optimal, for boat transit.
This would have been partly contingent on a weakening of the
winds during the deglacial period relative to the LGM, which is
consistent with dust records (44), although considerable variabil-
ity in conditions would still prevail amidst these mean-state
changes. Expanded area of coastal land due to the retreat of
marine-terminating glaciers, warmer climate conditions, and the
attenuation of strong ocean currents may have facilitated greater
ease of coastal movement and accommodated larger populations,
consistent with an increase in evidence for coastal occupation after
~14 ka in British Columbia, Haida Gwaii, Oregon, and the
Channel Islands (Figs. 1D and 5, ref. 23, and Dataset S1).

Siku Events and Migration on Land. Glacial reconstructions
indicate that some unglaciated areas persisted along the Alaskan
coast throughout much of the LGM (76, 77), but land area was
limited in parts of Southeast Alaska during the local CIS maximum
(30). Ice advance from the CIS reached the outer coastal areas
near the end of the LGM during brief ~2-kyr advances, ranging
regionally between 22 and 16.5 ka (28, 30, 78), although precise
locations of the ice edge on the now-submerged continental shelf
are not known in detail. The delayed CIS maximum suggests
that ice-free coastal areas may have been available along Southeast
Alaska’s margin before 22 ka, and again after 17 to 16.5 ka,
although areas farther south, such as western Vancouver Island,
may have been deglaciated earlier (18.5 ka) or remained ice-free
throughout the LGM (79).

A dynamic western edge of the CIS is confirmed by IRD depo-
sition indicating repeated advances followed by purges of ice streams
from upland Cordilleran ice into the ocean, which would have
blocked land-based migration routes. Retreat of marine-terminating
ice streams into silled fjord valleys occurred during Siku (iceberg
calving) Events (Fig. 3 and refs. 20 and 42). The Siku ice calving
intervals probably posed a challenge to navigation on both land
and sea. The freshwater flux from Siku ice purges and glacial meg-
afloods were accompanied by extreme cold temperatures (Fig. 3 and
refs. 40 and 41) and were likely regional Cordilleran stadials in the
North Pacific, which would have been among the most challenging
periods for southward dispersal. Nevertheless, rapid melting and
ice retreat with warming following Siku Events would have opened
up more ice-free coastal areas and possibly led to conditions amena-
ble to human migration. The large iceberg calving events within
the plausible time range of coastal migration are Events S1 (18 to
16.5 ka) and S2 (-27 to 25 ka). A smaller (unnamed) calving inter-
val occurred between ~21 and 22 ka (ref. 20).

Sea-lce Highway and Winter Dispersals? Gulf of Alaska

shorelines had extensive seasonal sea ice during the LGM and
early deglaciation, declining substantially only after 14.8 ka

https://doi.org/10.1073/pnas.2208738120

(Fig. 3E). As this interval now encompasses the most likely time
frame identified for the arrival of the first Americans (3, 16-18),
it follows that any coastal dispersal during this period would have
also required some level of adaptation to sea-ice conditions. Rather
than being a barrier to human migration (52), seasonal sea ice
could have served as a bridge connecting coastal areas and islands
with a relatively traversable surface that doubled as a platform for
hunting energy-dense marine mammals. A sea-ice bridge could
have connected Siberian and North American land masses earlier
than a strictly terrestrial land bridge developed, as well as during
the period of shallow land-bridge flooding between ~13 and ~11.5
ka (80).

While we can only speculate on the adaptive strategies of
ancient Beringians, people living near the coast during the LGM
would have had access to both extensive winter sea ice and ice-free
summer conditions, prompting adaptation to a range of condi-
tions, a diverse array of marine resources, and multiple modes of
mobility. Modern Inuit communities living in the Arctic rely on
sea ice for hunting seals, whales, and polar bears, and refer to a
“sea-ice highway” traditionally traversed with the aid of sled dogs
(32). Hunting parties can persist on the sea ice for weeks in tem-
porary camps, building snow or ice houses that leave no traces
behind. Lunar light and the aurora borealis provide intermittent
light sufficient for navigation on a snow or ice-covered landscape
or seascape in winter, and moonlight drives phytoplankton pro-
ductivity and zooplankton migrations even in winter (81, 82),
while seals and polar bears are also available from sea ice (83).
Although the technological capacities of ancient Beringians would
not have been as complex or diverse as the modern Inuit, Upper
Paleolithic peoples exposed to sea ice environments for centuries
or millennia would likely have developed strategies for effectively
exploiting some of the more vulnerable species.

We hypothesize that winter sea-ice conditions in coastal
Beringia may have provided a seasonal “sea-ice highway” that
offered a platform for winter mobility and a rich source of marine
mammals as food to complement boat-based foraging and travel
in summer months. A sea-ice highway could have opened coastal
migration in the Gulf of Alaska to periods earlier than the degla-
ciation of the southern coast of Beringia. Forming a contiguous
stretch of ecologically familiar resources, Beringian and Gulf of
Alaska sea-ice margins may have provided a winter-equivalent of
the "kelp highway" (1, 35), creating seasonal continuity in marine
resources and facilitating the dispersal of maritime peoples from
Northeast Asia to Beringia, and the Pacific Northwest. Transit
over shore-fast winter sea ice could help circumvent geographic
obstructions such as glaciers and areas of strong north-flowing
currents along the outer Alaskan Coast. Winter sea ice would have
connected islands in the Beringian Transitory Archipelago and
Aleutian Islands, as well as formerly exposed islands on the
now-submerged southeast Alaska and British Columbia continen-
tal shelf, which would have largely escaped the severe glaciation
of the mainland, possibly acting as “stepping stones” for a coastal
migration from Beringia into North America (84). In addition to
providing a much-needed food source, winter hunting expeditions
over sea ice could have scouted out new lands and identified
nearby land areas for longer term camps, circumventing perceived
barriers to migration.

Although a full test of this hypothesis with local archaeological
evidence is challenged by the submergence of coastal areas along
the migration pathway, the available genomic and archaeological
data points toward a likely migration window between 25 and
16 ka for the first Americans (3, 16-18), which would require
not only a coastal route, but dispersals during periods when sea-
sonal sea ice prevailed. Ancient adaptations to sea-ice
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environments would have been advantageous for any coastal peo-
ple living in the subarctic Pacific during the late Pleistocene.
Although a previous theory of migration over sea ice in the North
Atlantic has been proposed (85), the idea has not been well sup-
ported by genomic, archaeological, or oceanographic evidence in
that region (86, 87). In contrast, our hypothesis emerges as a
natural extension from the available constraints on paleoceano-
graphic conditions and estimated migration time periods in the
Northeast Pacific.

Favorable Times for Migration. Optimal conditions for migration
would likely require a balance between the presence of shore-fast
winter sea ice that connected sufficient coastal land masses, and
ice-free summer conditions, along with unglaciated terrestrial
refugia. Our data compilation suggests that the most likely time
intervals with these conditions were between Siku Events, when
winter sea ice was still pervasive, but SSTs were slightly warmer
and the climate milder, and ice had retreated off much of the coast
into fjords (Fig. 5). Based on the estimated timing of Siku Events
(20), available SST records (31, 61-63), and sea-ice reconstructions
(our data, refs. 22, 31, 47, and 48), such conditions appear to have
occurred between 40 and 32 ka, 29 and 27 ka, 24.5 and 22 ka, 20
and 19 ka, 16.4 and 14.8 ka, and 13 and 11.7 ka (Fig. 5).

Of these possible time periods, the intervals earlier than ~25
ka predate the proposed timing of Beringian—Siberian genetic
divergence, so appear unlikely as potential migration periods, at
least in the context of existing genomic estimates (16, 17). The
20- to 19-ka window occurs during the estimated maximum of
the CIS extent (28, 30), so appears least likely to provide sufficient
land refugia along certain portions of the Alaskan coast. However,
given the ongoing debates about possible glacial refugia in this
region (28-30, 76-79), we cannot rule out this time period as a
viable migration window. For now, we highlight this interval as a
possibility that requires additional clarity from ice sheet recon-
structions and regional sea level and paleoclimate records.

This leaves the intervals 24.5 to 22 ka and 16.4 to 14.8 ka as
the most environmentally viable time windows to accommodate
early coastal dispersals of humans from Beringia into North
America. Conditions likely became more amenable for migration
via watercraft during the mid-deglacial, when intermediate sea
levels (=75 m) inundated shelves and climate warmed during the
Bolling—Allered (14.7 to 12.9 ka), attenuating coastal currents
and exposing more ice-free terrestrial areas along the coast.

These insights from paleoenvironmental records may help focus
future efforts to find further evidence for late Pleistocene human
occupations around the North Pacific Rim, including archaeological
reconnaissance on paleoshorelines and now-submerged islands dat-
ing to the most viable time periods for coastal migration.
Paleocurrent, climate, and sea-ice reconstructions reveal how cli-
mate changes may have facilitated or hindered movement by ancient
seafarers in different oceanic regions, which when paired with
archacological and genomic data, may provide insights into coastal
dispersals by ancient humans.

Materials and Methods

Ocean Current Simulations. Numerical model simulations were per-
formed using the Massachusetts Institute of Technology General Circulation
Model (MITgcm) (88) for the high-resolution ocean current simulations
(Fig. 2 and SI Appendix, Figs. S1-S4). The model configuration has an eddy-per-
mitting horizontal global grid resolution of 1/6° (~18-km) with 50 levels in the
vertical and spacing set from ~10 m in the near-surface to ~450 m at a depth
of ~6,000 m. Ocean tracer transport equations are solved using a seventh-or-
der monotonicity preserving advection scheme. There is no explicit horizontal
diffusion, and vertical mixing follows the K-Profile Parameterization. The ocean
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model is coupled to a dynamic-thermodynamic sea-ice model that assumes
viscous-plastic ice rheology and computes ice thickness, ice concentration, and
snow cover (89).

Numerical experiments were performed using three different boundary con-
ditions to simulate climate during the LGM, Balling-Allergd, and modern period.
LGM simulations were conducted with sea-level 120 m lower than present and
with atmospheric boundary conditions (10-m wind, 2-m air temperature, sur-
face humidity, downward longwave and shortwave radiation, precipitation, and
runoff) provided by output from the fully coupled Community Climate System
Model version 3 (CCSM3) LGM simulation, as described in Condron and Hill (90).
Simulations modeling the climate of the Balling-Allerad are detailed in (91) but,
in brief, were performed with sea-level 75 m lower than present (which results in
the Bering Strait being closed) and forced with modern (1979 to 2002 monthly
mean) atmospheric boundary conditions from the ERA-40 reanalysis data from
the European Centre for Medium-range Weather Forecasts. Without access to
atmospheric boundary conditions for the specific interval, modern atmospheric
conditions provide a reasonable approximation of the relatively warm conditions
of the Bolling-Allerad. Modern-day simulations were spun up from ocean salin-
ity and temperature fields provided by the World Ocean Circulation Experiment
(WOCE) Hydrographic Program and were forced with atmospheric data from the
ECWMF ERA-40 reanalysis.

To simulate the impacts of glacial meltwater input into the Northeast Pacific
coastal regions, various fluxes of freshwater, ranging from 0.05 to 3.0 Sv(10° m*
5" were released for 1yin the LGM configuration with a temperature of 0 °Cand
a salinity of O practical salinity units (psu) into the four model grid cells closest
to the mouth of the Columbia River. Mean current velocities were integrated
between July and December.

To assess the regional climate impact of freshwater input over extended peri-
ods of time, such as during Siku Events, additional simulations were run with
the low-resolution (~3.75° x 3.75°)-coupled atmosphere-ocean GCM GENMOM
(92).Three 300-y simulations were performed using a 17.5-ka configuration: 1)
equilibrium control, 2) freshwater flux applied along the Cordilleran ocean margin
ata rate of 1-m global sea level equivalent per 500y, and 3) 2-m global sea level
equivalent per 500 y. Model years 200 to 300 are summarized in S/ Appendix,
Figs. S5 and Sé.

Sea Ice Reconstructions. Records of the relative abundance of the C5; tetra-un-
saturated methyl alkenone (%Cs;.,) are presented for four marine sediment cores
inthe Gulf of Alaska: EW0408-85JC(59.56°N, 144.15°W, 682 m), EW0408-87JC
(58.77°N, 144.50°W, 3,680 m), EW0408-66JC(58.45°N, 137.17°W, 426 m), and
EW0408-26JC(57.60°N, 136.72°W, 1,623 m), spanning the last ~18 ka. Elevated
concentrations of the tetraunsaturated methyl alkenone have been linked to a
specificlineage of alkenones that cooccur with sea ice, making the %Cs;., a proxy
for past sea-ice variations (36). Alkenone analyses for the Gulf of Alaska cores were
conducted at Oregon State University following the procedures outlined in (54).
The %Cs;., is calculated as the abundance ratio of the tetraunsaturated Cy; ketone
to the combined diunsaturated, triunsaturated, and tetraunsaturated Cs; ketones.
Sediments in high-latitude regions show strong correlation between %Cs;., and
mean annual sea ice concentrations, with values between 10 and 30% Cs;., cor-
responding to 20 and 40% sea ice concentration in the modem North Pacific
(36). Based on this preliminary correlation, we consider %Cs;., values >10%
as indicative of the presence of past sea ice during peak cold season months,
whereas values of up to 45% C5;., seen in our records likely reflect 50 to 60% mean
annual sea ice concentrations, corresponding to ~6 mo of the year. This implies
that sea ice would have only persisted during the winter/spring months during
the periods of elevated (>10% Cs;.,) values in our records. This is also consistent
with the presence of the diunsaturated and triunsaturated alkenones in these
same samples, which are used in the U§ SSTindex and imply the presence of
open ocean coccolithophores, such as Emiliania huxleyi.

Age models for these cores are based on previously published radiocarbon
chronologies (20, 41), that were recalibrated using the Marine20 calibration curve
(93) with the Calib 8.2 software (94), generally following the marine reservoir
corrections applied in (41).

North Pacific SST Compilation. Reconstructed SST estimates were compiled
thatspanned time periods between the LGM (23 to 19 ka) to Holocene time peri-
ods, including temperature reconstructions based on the alkenone U;;' index,
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Mg/Ca in planktic foraminifera, TEXg,, and planktic foraminiferal assemblages,
generally following the same criteria, calibrations, and methods in ref. 41.1f a
site had multiple proxy estimates, SST anomalies were averaged. Additional
SST estimates using the BAYSPLINE Ulg calibration (49) are also included in
the Dataset S4. Age models were recalibrated using the Marine20 calibration
curve (93) with the Calib 8.2 software (94) whenever possible (i.e., when age
model data were accessible). In most cases, the most recent age model was
adopted, with attempts to retain prior correlation datums (such as tephra
or geophysical correlations), along with the recalibrated radiocarbon dates.
Generally, the authors' original suggested marine reservoir corrections were
used, exceptin the cases when the original corrections were <550y, in which
case the new default marine reservoir correction of 550 y in Marine20 (93)
was used. In some cases, the original age models were retained if there were
not sufficient data available to update datasets (i.e., no age model data or
depth in core data provided for the SST estimates). Additional information
and references for various age models are provided in the supplementary
data files (Datasets S2 and S4).

Deglacial SSTanomalies for various time slices were calculated for records that
had average sample spacing finer than 400 y between 10 and 18 ka. Additional
lower resolution sites were included for estimates of LGM-Holocene temperature
anomalies. SSTanomalies were calculated for the following climate intervals: LGM
relative to the early Holocene (23.0 to 19.0 ka — 11.5 to 11.0 ka), Siku Event 1
relative to the LGM (18.0 to 16.5 ka — 23.0 to 19.0 ka), the pre-Bolling period
relative to Siku Event 1(16.4to 15.0 ka — 18.0to 16.5 ka), Belling-Allerad relative
tothe pre-Bolling period (14.6 o 13.0 ka — 16.4 to 15.0 ka), Younger Dryas relative
to Balling-Allerad (12.7 to 12.0 ka — 14.6 to 13.0 ka), and early Holocene relative
to the Younger Dryas (11.5to 11.0 ka — 12.7 to 12.0 ka). We plot our proxy SST
anomalies for the deglacial climate intervals with annual SST estimates from the
transient model output of iTRACE (37) (Fig. 4). SSTanomalies for the LGM relative
to the late Holocene (0 to 3 ka) were also calculated (Dataset S4), but due to few
records that extend from the LGM to late Holocene, we opted for the better spatial
coverage provided by the LGM-early Holocene anomalies.

An averaged record of high-resolution (~100 y average) Northeast Pacific
SST records was also produced, similar to that presented in (41), but the
record we present here includes an additional record (a Mg/Ca-based SST
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