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A B S T R A C T   

Accurately reconstructing past sea level is key to simulating potential migration pathways of ancient hominins, 
including early Homo sapiens. Models of ancient human migration events commonly construct estimates of 
paleoenvironments using the “bathtub” model, in which sea level is assumed to rise and fall according to a 
“eustatic” (global average) value over time. However, large uncertainties exist on past ice sheet sizes and shapes, 
particularly prior to the Last Glacial Maximum (LGM), ~26,000 years ago. Moreover, regional sea level varies 
significantly due to the effects of glacial isostatic adjustment (GIA). That process includes Earth’s gravitational, 
deformational, and rotational response to changing surface (ice plus ocean) loads across the ice age. Here, we 
offer an updated account of the physics of GIA-induced sea-level change and consider the impacts of these effects, 
together with a newly published ice sheet history, on sea-level changes across the last glacial cycle. As illus
trations, we highlight the significance of these issues for studies of ancient human migration from Sunda to Sahul 
and for the timing of the final, post-LGM flooding of the Strait of Dover. These examples demonstrate the 
importance of incorporating updated ice sheet histories and accurate sea-level physics into archaeological 
research.   

1. Introduction 

Understanding sea-level change is critical for studies of past human- 
landscape interaction. Sea level is not static. As continental ice sheets 
waxed and waned according to Earth’s past climatic conditions, water 
correspondingly transferred out of and into the ocean basins (Peltier, 
1982; Nakada and Lambeck, 1989; Mitrovica and Milne, 2002; Milne 
and Mitrovica, 2008; Lambeck et al., 2014). Global mean sea-level 
(GMSL), sometimes called eustatic change, an almost-direct measure 
of past ice volume, is estimated using geological markers of sea level (e. 
g., uplifted beach terraces) and proxy data – notably oxygen isotope 
stratigraphy from foraminifera shells in deep-sea sedimentary cores (e. 
g., Waelbroeck et al., 2002; Lisiecki and Raymo, 2005). Because changes 
in sea level shape topography and influence regional oceanographic 
conditions, sea level is a major factor controlling the dispersal of humans 

and other animal and plant taxa. For example, the feasibility of specific 
migration routes is affected by changing oceanic currents, wind patterns 
(Kuijjer, 2020), and the distance between shorelines (including the 
formation of land bridges; Robles, 2013). Knowing these routes precisely 
can illuminate both the regional paleoenvironment and potential human 
impacts on flora and fauna. 

Archaeological migration studies generally employ a “bathtub” 
model that uniformly lowers and raises sea level globally to reconstruct 
ancient shoreline positions (Birdsell, 1977; Hoffecker et al., 2016; Kealy 
et al., 2018). These traditional reconstructions of past sea level are 
subject to two significant sources of error that could bias inferences of 
most-likely migration pathways. First, the conversion between ice vol
ume proxies such as oxygen isotope anomalies in ocean sedimentary 
cores and GMSL is uncertain (Waelbroeck et al., 2002). We discuss 
recent improvements to estimates of past ice sheet volume and geometry 
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in Section 2. Second, regional sea-level changes can depart significantly 
from GMSL adopted in a “bathtub” model (Milne and Mitrovica, 2008). 
Surface (ice and ocean) mass loading leads to deformation of Earth’s 
surface and perturbations to both the gravitational field and rotation 
axis. This suite of effects, termed glacial isostatic adjustment (GIA), 
impacts local sea level, even in areas of the ocean far removed from 
changing ice sheets (e.g., Milne and Mitrovica, 2008). 

A number of archaeological studies of human settlement and 
migration have benefitted from inclusion of more accurate sea-level 
physics in reconstructing paleo-landscapes. In pioneering work, Lam
beck and colleagues have demonstrated the importance of applying GIA 
models of ice age sea-level change in archaeology studies, with case 
studies including human migrations out of Africa via the Red Sea 
(Lambeck et al., 2011), across the Aegean in the Upper Paleolithic and 
Neolithic (Lambeck, 1996a), and in the settlements of lower Meso
potamia during the Holocene (Lambeck, 1996b). Clark et al. (2014) used 
state-of-the-art sea-level modeling to reconstruct coastal paleogeog
raphy of the California-Oregon-Washington and Bering Sea continental 
shelves and their connection to the initial peopling of the Americas. 
Spada and Galassi (2017) investigated the impact of GIA on studies of 
aquaterra (i.e., land that is flooded and exposed in step with interglacial 
and glacial periods) in Doggerland and Beringia, regions relevant to 
early human migration and landscape use (see also Dobson et al., 2020). 

The present study has two primary goals. The first is to highlight new 
constraints on ice history and GMSL across the last glacial cycle, a 
window of time that encompasses seminal episodes of ancient human 
migration across oceans. The second is to provide the archaeological 
community with a comprehensive, generalized description of sea-level 
physics. To illustrate these issues, we consider shoreline re
constructions across two separate time periods. The first is relevant to 
the initial peopling of Australia, wherein Homo sapiens migrated through 
Sunda (a region that includes modern-day Indonesia) and into Sahul (a 
region that includes modern-day Australia) ca. 65,000–45,000 years 
ago. Due to its shallow bathymetry, the central Indo-Pacific region is 
susceptible to drastic changes in land availability caused by minor 
variations in reconstructed sea level. This example will particularly 
highlight the importance of recent revisions to GMSL history across the 
last glacial phase of the ice age. Second, we consider estimates of the 
timing of the post-LGM sea-level rise across the Strait of Dover based on 
GIA modeling and under the “bathtub” assumption. Since the GMSL 
curve for the LGM to Late Holocene is well established, this example 
highlights the impact of sea level physics beyond the bathtub. 

2. Improvements to GMSL and ice sheet reconstructions 

Two GMSL curves commonly used to reconstruct paleotopography in 
the archaeological community are based on the study of Lambeck and 
Chappell (2001) (hereafter LC01) and the ICE-5G ice history (Peltier and 
Fairbanks, 2006). Fig. 1 shows GMSL curves extending from the Last 
Interglacial (LIG, ~120 ka) through the Last Glacial Maximum (LGM, 
~26 ka) to present day. The pre-LGM component of the LC01 curve 
(purple line) is based on tectonically uplifted and exposed reefs from the 
Huon Peninsula on New Guinea (Lambeck and Chappell, 2001). In 
contrast, the pre-LGM history of the ICE-5G model (black line) is con
strained, in large part, by a GMSL history inferred by Martinson et al. 
(1987) from oxygen isotope records in the South Indian Ocean (Peltier 
and Fairbanks, 2006). 

Although the time period from the termination of the LIG to the LGM 
is characterized by data sparsity, new constraints have been incorpo
rated into the latest ice reconstructions for this period. Peak GMSL at 46 
ka has been constrained by sea-level changes recorded in sedimentary 
cores from China’s Yellow River Delta (Pico et al., 2016) and sea-level 
markers (marine lithofacies and terrestrial facies in sediment cores 
and outcrops) along the East Coast of the U.S.A. (Pico et al., 2017). 
Furthermore, Creveling et al. (2017) constrained peak GMSL at ~100 ka 
and ~80 ka by comparing sea-level highstand records (marine terraces, 

dated corals, and oxygen isotope records) to GIA modeling of sea-level 
changes. These inferences have been incorporated in the ice model 
ICEPC2 (Fig. 1, orange line), which revises the ICE-5G reconstruction of 
ice volume and geometry prior to LGM (Pico et al., 2017). (The two 
models are identical in the post-LGM period, and thus the orange and 
black lines overlap from ~25 ka to present.) Note that the shallower 
ocean depths estimated by the GMSL curve for ICEPC2 imply a signifi
cant (approximately three-fold) increase in total ice volume from 46 ka 
to the LGM. This increase is driven by a late-stage glaciation of the 
eastern sector of the Laurentide Ice Sheet over Canada, which is 
consistent with new sedimentological and biological evidence from the 
region (Dalton et al., 2016, 2019; Pico et al., 2018). 

The ICE-5G reconstruction of GMSL differs from the LC01 and 
ICEPC2 inferences by ~50 m at 64 ka. In northern Australia and across 
Sunda, this departure translates to a difference of landmass exposure of 
~1,000,000 km2, roughly the size of modern-day Egypt, resulting in a 
substantially different landscape for early occupation and dispersal. At 
46 ka, the difference between ICE-5G and LC01 GMSL is ~32 m; be
tween ICE-5G and ICEPC2 the discrepancy is ~53 m. In contrast to this 
level of disagreement, GMSL is well constrained in the post-LGM period 
through sediment and coral records with associated radiocarbon or 
uranium-series dating (among other proxies; Lambeck et al., 2014). 
Although there is general consensus in regard to the GMSL curve for this 
time period, elements of the ice geometries continue to be revised. In 
particular, which ice sheets contributed to the global sea-level rise re
mains debated (e.g., Lambeck et al., 2014; Liu et al., 2016; Simms et al., 
2019; Lin et al., 2021). 

3. Sea-level physics 

Sea level is formally defined as the vertical distance between the sea 
surface and the solid surface (e.g., the ocean floor), and changes in sea 
level can arise from perturbations to the elevation of either boundary. 
(We note that, with this definition of sea level, changes to topography 
are the negative of changes to sea level; Farrell and Clark, 1976; Kendall 
et al., 2005). The sea surface is defined here as a gravitational equipo
tential (we neglect ocean tides and the dynamic effects of wind-driven 
ocean circulation). In the “bathtub” model, sea-level changes are 
assumed to be uniform and reflect the lowering/rising of the sea surface 
in response to continental and grounded marine ice sheets gro
wing/melting. Fig. 2 provides a schematic summary of the physics of ice 
age sea-level change neglected by the “bathtub” model. We discuss each 
of these effects in detail below and return to them, as applicable, in our 

Fig. 1. GMSL and ice history reconstructions. Global mean sea-level change 
relative to present day for three different models: LC01 (purple line), ICE-5G 
(black line), and ICEPC2 (orange line) (note that ICEPC2 and ICE-5G have 
identical GMSL variation post-LGM). The dashed red line represents present- 
day sea level. The gray shaded region denotes the time period of interest for 
the case study discussed in Section 5.1. (For interpretation of the references to 
color in this figure legend, the reader is referred to the Web version of 
this article.) 
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case studies (Section 5). 
One process not considered by the “bathtub” model is “load self- 

gravitation,” which perturbs the sea surface and leads to geographically 
variable sea-level change (Farrell and Clark, 1976). This process, illus
trated in Fig. 2A and D, occurs because ice sheets and glaciers exert a 
gravitational pull on the surrounding ocean. As an ice sheet grows, that 
pull increases and water migrates toward the ice sheet, resulting in a 
sea-level rise that extends approximately two thousand kilometers from 
the zone of growth (Mitrovica et al., 2018) – roughly the distance be
tween southern Japan and the northern Philippines (Fig. 2A). At greater 
distances, sea level generally falls by progressively larger amounts. A 
melting ice sheet will have the opposite effect on sea level. The 
decreased gravitational pull causes the surrounding ocean to migrate 
away from the ice sheet resulting in a sea-level fall in the “near-field” 
and sea-level rise in the “far-field” (Fig. 2D). This gravitationally-driven 
redistribution of water mass is essentially instantaneous, and its 
magnitude is significant. For example, if an ice sheet melts enough to 
raise GMSL by 1 m, the sea-level fall at the edge of the ice sheet will have 
an amplitude on the order of 10 m, and the peak sea-level rise at distance 
from the melt zone can reach 40% higher (up to 1.4 m in this example) 
than the GMSL rise (Mitrovica et al., 2018). 

The solid Earth (crust and mantle) responds to any type of forcing (e. 
g., changes in surface loading, such as a growing or melting ice sheet, or 
changes in a stress field, such as an earthquake) in a manner that is 
dependent on the time scale of that forcing (Peltier, 1982). For example, 
on fast timescales (seconds to hours) a rapid rupture of the Earth’s crust 
instantaneously produces earthquakes and seismic waves that largely 
propagate elastically through the Earth’s mantle (Dahlen and Tromp, 
1998). Continental drift, on the other hand, is driven by slow viscous 
flow within the Earth’s mantle (commonly described as a “viscous 
solid”) that has a time scale of tens of millions of years (Turcotte and 
Schubert, 2014). Ice age sea-level changes represent a complicated in
termediate case. Across an ice age, variations in ice volume and geom
etry generally occur on time scales of thousands of years or longer, and 
the associated ice-plus-ocean load changes drive perturbations to the 
gravity field and deformation of the solid Earth that include both a rapid 
(effectively instantaneous) elastic component and a delayed viscous 
signal (Peltier, 1982). This viscoelastic response is reflected in sea-level 
changes, as we describe below. An important point to note is that 
sea-level changes due to the ice age persist to the present day even 
though ice volumes remained relatively constant over the past 6 
millennia, i.e., the present interglacial (Mitrovica and Milne, 2002). 

Fig. 2. The physics of ice age sea-level change. GIA processes active during (A–C) glaciations and (D–F) deglaciation and interglacials (see Section 3). The top row 
shows self-gravitation during periods of active ice mass change; middle row illustrates crustal deformation processes in the near-field of ice cover (at left) and the 
contribution of peripheral bulge dynamics to ocean syphoning (at right); bottom row shows crustal deformation (continental levering) along far-field continental 
shorelines (at left) and the contribution of this process to ocean syphoning (at right). 
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These ongoing changes reflect the delayed viscous response to ice age 
loading. 

Recalling our definition of sea level, uplift of the solid surface (rise in 
topography) will lead to a local sea-level fall, while subsidence (fall in 
topography) will lead to a local sea-level rise. Similarly, a drop of the sea 
surface will produce a local sea-level fall, while a rise of this surface 
leads to a sea-level rise. In the following, as in the figures describing self- 
gravitation, we will consider the details of the various processes both 
within the glaciation phase that begins a glacial cycle (Fig. 2B and C) 
and during the deglaciation phase that ends it (Fig. 2E and F). However, 
the physics we describe for the deglaciation phase continue beyond the 
end of the deglaciation into the subsequent interglacial because of the 
delayed viscous effects described above. Thus, the right column of Fig. 2 
captures sea-level physics occurring during both the deglaciation phase 
and in the subsequent interglacial. 

The sections of Fig. 2B and E labeled near-field focus on processes 
relatively close to the ice sheets (or their former location) that are 
dominated by deformational effects. As an ice sheet grows, the excess 
mass loads and depresses the underlying crust, causing local sea level to 
rise, and, in addition, mantle material within the Earth’s interior is 
pushed outward from the area of loading, creating what is termed a 
“peripheral bulge” (Fig. 2B; Mitrovica and Milne, 2002). These periph
eral bulges surround all regions with continental ice sheets during the 
LGM, and their growth leads to a local sea-level fall. When an ice sheet 
melts, the reverse occurs. The area beneath the ice load begins to slowly 
rebound, initiating a period of local sea-level fall, while the peripheral 
bulge subsides, and local sea-level rises, as mantle material returns from 
these peripheral regions toward the zone of rebound (Fig. 2E). 

The uplift/subsidence of the peripheral bulges in the ocean leads to a 
process called “ocean syphoning,” where water moves toward/away 
from the far-field of the ice cover (i.e., areas of the Earth far from 
glaciated regions; see labels on Fig. 2; Mitrovica and Peltier, 1991; 
Mitrovica and Milne, 2002). Fig. 2B illustrates the process during a 
period of ice sheet growth. In this case, the uplift of the bulge pushes 
water outward toward the far-field, which experiences a sea-level rise. In 
contrast, during the deglaciation phase and subsequent interglacial, 
water migrates toward the ice sheets to fill the space vacated by the 
subsiding peripheral bulge, leading to a local sea-level fall in the far-field 
(Fig. 2E). Note that in the near-field region of the peripheral bulge, local 
sea-level changes are due largely to local crustal deformation, whereas 
in the far-field the local sea-level change is dominated by changes in the 
height of the sea surface. 

As ice sheets grow or melt, water moves from or into the global ocean 
and this redistribution of ocean mass itself acts as a changing load on the 
oceanic crust. Ocean loading has the greatest impact near shorelines, 
where material in the Earth’s mantle moves most easily between the 
region under the continent to under the sea floor, or vice versa (Fig. 2C 
and F). During the glaciation phase, water is taken up by ice sheets and 
unloads the far-field ocean. This mass exchange leads to uplift of the 
oceanic side of the shoreline and subsidence on the continental side, 
effectively tilting the crust in a process called “continental levering” 
(Fig. 2C; Nakada and Lambeck, 1989; Mitrovica and Milne, 2002). This 
contributes a sea-level fall on the ocean side and sea-level rise on the 
continent side of the shoreline. In addition, the net flow of water away 
from these regions of uplifting oceanic crust acts to raise sea level in the 
open ocean (Fig. 2C, far right). During the deglaciation phase and sub
sequent interglacial, the reverse occurs (Fig. 2F). The increased ocean 
load in this case leads to subsidence of the oceanic crust near the 
shoreline, and thus to a local sea-level rise (Fig. 2F, at left), uplift of the 
crust and sea-level fall on the continent side (far left), and sea-level fall 
in the open ocean (far right). 

The impact of continental levering on far-field sea level (far right, 
Fig. 2C and F) is considered to be a second contribution to the ocean 
syphoning mechanism since it reinforces the far-field impacts of pe
ripheral bulge dynamics illustrated in Fig. 2B and E (Mitrovica and 
Milne, 2002). That is, both processes migrate water toward, and raise 

sea level in, the far-field open ocean during the glaciation phase, and 
migrate water away from, and lower sea level in, the far-field open 
ocean during deglaciation and the subsequent interglacial. 

There is a final effect on sea level related to Earth rotation. Mass 
exchange between ice sheets and oceans, and the solid Earth deforma
tion associated with this exchange, will reorient the rotation axis of the 
Earth and this reorientation will also drive a sea-level signal. In the case 
studies explored below, this effect is relatively small (typically of a 
magnitude of a few meters), and while it is included in the sea-level 
theory we adopt (Kendall et al., 2005), we will not discuss it further. 
We also do not consider in detail the effects of vertical land motion due 
to tectonic activity, erosion, and sedimentation on sea-level change. 
Although they may be important considerations at specific geographic 
sites (Pirazolli, 2005; Pico et al., 2016; Pico, 2020), they are outside the 
scope of this more general review. 

We can use the example of the present interglacial to provide a sense 
of the magnitude of sea-level changes associated with the various pro
cesses described above. During the last few thousand years, post-glacial 
rebound near the center of areas with significant glaciation at LGM 
(Fig. 2E, left), e.g., North America’s Hudson Bay and northern Europe’s 
Gulf of Bothnia, have experienced a sea-level fall in the order of 1 cm/yr 
(Mitrovica and Milne, 2002), leading to the raised ancient beach ter
races that are pervasive in these regions (e.g., Pendea et al., 2010) and 
the emergence of previously submerged islands (Tsuji et al., 2016). The 
peripheral subsidence of the crust encircling these areas of LGM ice 
cover during the present interglacial (which includes both coasts of the 
continental United States) has driven a sea-level rise of up to 3–5 mm/yr 
(Mitrovica and Milne, 2002), which has led to an inland encroachment 
of the ocean and contributes to the flooding of archaeological sites 
reflecting near-shore activities of early humans (e.g., Fedje and Josen
hans, 2000). Finally, ocean syphoning and continental levering have 
combined during the present interglacial to contribute a net sea-level 
signal of up to ~0.5 mm/yr at far-field continental shorelines and in 
the middle of ocean basins (Mitrovica and Milne, 2002). In the former 
region, the sign of the levering signal will depend on the detailed path of 
the shoreline relative to the geometry of crustal tilting. In equatorial 
ocean basins, the total syphoning signal has driven a sea-level fall that is 
responsible for the ubiquitous emergence of islands and ancient corals 
over the past few thousand years (Pirazzoli et al., 1988; Dickinson, 
2004). It is important to emphasize that this geographic variability in 
sea level described above has occurred over a period of the last 3–4 
millennia in which GMSL has experienced little, if any change. 

As one example of the relevance of sea-level physics to archaeology, 
a combination of syphoning and levering is responsible for a south
eastern migration of the shoreline at the northern edge of the Persian 
Gulf over the last few thousand years. Lambeck (1996b) highlights the 
insights that can be gained by abandoning the “bathtub” model in this 
case in favor of more physically realistic reconstructions of sea level. A 
eustatic approximation would predict no change in shoreline position 
near the Persian Gulf, whereas models of the GIA process predict a 
sea-level fall of several meters. This migration places the reconstructed 
shoreline close to ancient Neolithic settlements that are presently hun
dreds of kilometers from the Persian Gulf. 

4. Methods: sea-level modeling 

Sea-level change is analogous to the negative of topography change. 
Thus, we reconstruct paleotopography by adding the change in sea level 
between the time period of interest and the present day to a data set of 
present-day topography (Ryan et al., 2009). In the “bathtub” model, the 
quantity we add to present-day topography is assumed to be uniform 
across the globe and equal to the change in eustatic (or global mean) sea 
level. 

As discussed in Section 3, more accurate reconstructions must ac
count for the geographic variability in ice age sea-level change associ
ated with the effects of GIA. For this purpose, we adopt the generalized, 
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pseudo-spectral sea-level theory described in Kendall et al. (2005), 
which is based on viscoelastic Love number theory (Peltier, 1974). The 
theory accounts for viscoelastic deformation of the solid Earth, and 
associated perturbations to both the gravitational field and rotational 
state driven by mass redistribution, and it incorporates an exact 
expression for shoreline migration in the evolving Earth system. We 
neglect thermosteric effects (i.e., thermal expansion) on sea level, as 
well as the impact of ocean tides and changes in ocean circulation. The 
mathematical equations that govern the sea-level theory and the itera
tive, pseudo-spectral algorithm used to solve them are comprehensively 
described in Section 3 and Appendix A of Kendall et al. (2005). 

Our numerical simulations require, as input, models for both the 
viscous and elastic structure of the solid Earth, which we assume varies 
with depth alone, and the geometry of ice mass changes. We use a vis
cosity model characterized by a high viscosity lithosphere of thickness 
96 km, and an order of magnitude increase in the viscosity from the 
shallow to deep mantle (these viscosities are, respectively, 5×1020 Pa s 
and 5 × 1021 Pa s). This model is within the class of viscosity profiles 
preferred by a number of independent studies of GIA data sets (e.g., 
Mitrovica and Forte, 2004; Lambeck et al., 2014). The elastic structure 
of the Earth has been mapped by seismological studies of which we 
adopt the widely used Preliminary Reference Earth Model (Dziewonski 
and Anderson, 1981). Each simulation of the GIA process, based on 
coupling of the above Earth model with an ice history, yields the spatial 
geometry of sea-level change across the last glacial cycle. 

5. Results & discussion 

5.1. Sunda and Sahul 

To consider the potential importance of updated GMSL histories and 
accurate sea-level modeling to assessments of ancient migration routes, 
we focus in this section on the migration from Sunda to Sahul. We 
emphasize that this case study is intended to be illustrative rather than 
comprehensive since we only consider the impact of sea-level physics 
beyond the “bathtub” and the new constraints on GMSL. From a 
geophysical perspective, a comprehensive analysis of the relative 
feasibility of different routes would additionally require reconstructions 
of ocean currents, winds, and ancient landscapes, as well as the 
consideration of tectonic deformations. These factors – as well as issues 
related to resources, technological innovation, and human motivation - 
are beyond the scope of the present study but will be treated in a future 
assessment of the suite of possible routes from Sunda to Sahul in the 
rapidly evolving Earth system of the Last Glacial Period. 

The present-day region encompassing Australia and Indonesia 
comprised Sunda to the northwest and Sahul to the southeast during sea- 
level lowstands throughout geologic history. Today, the shallow coastal 
shelves within these regions include an abundance of islands that have 
been exposed and inundated throughout the Plio-Pleistocene ice age 
(the last 3 Myr). The shallow nature of the local topography requires 
highly accurate regional sea-level modeling, as small changes in 
reconstructed sea level can create vastly different paleoenvironments 
and exposed areas of land (Pico et al., 2020). 

The timing of initial human migration from Sunda into Sahul re
mains debated – it is thought to have occurred between ~65 and 45 ka, 
and the earliest, although contested, evidence of human occupation in 
Northern Australia is from stone tool assemblages in Madjedbebe rock 
shelter dated to 65 ka (Clarkson et al., 2017; O’Connell et al., 2018). We 
furthermore acknowledge the Indigenous oral histories that maintain 
that they have been on the continent “with the first sunrise” (Munro, 
2008, p. 4). Assuming initial migration during the Late Pleistocene, the 
movement of ancient Homo sapiens into Sahul would constitute the first 
known long-range human migration by sea, but the exact path and 
timing is unknown. Migrants likely moved from island to island 
(potentially incrementally across tens to thousands of years) using either 
bamboo rafts or other sailing craft (Balme, 2013; see also Irwin, 1994; 

Kingdon, 1993; Anderson, 2018). The routes taken, whether over 
shorter time periods or over an extended dispersal stage, were both 
limited and defined physically by factors listed above, including local 
oceanography (e.g., surface currents), ground-level winds, island re
sources, and sea-level change. 

In the following analysis, we reconstruct sea level and shoreline 
positions at two times that bound the above range, 46 ka and 64 ka, and 
also consider, as illustrative examples, the implications of these re
constructions for the total length of ocean travel along both a northern 
and southern migration route suggested by Birdsell (1977). 

Reconstructing paleotopography or paleo-shorelines requires 
knowledge of sea level in the past relative to today. This is straightfor
ward in the case of the “bathtub” assumption. From Fig. 1, at 46 ka, the 
ICEPC2 and LC01 models are characterized by GMSL of −37 m and −58 
m, respectively. Thus, under the “bathtub” assumption, topography at 
46 ka would be reconstructed by simply adding a constant 37 m or 58 m 
to present-day topography for these two models. An accurate recon
struction of paleotopography, however, requires that a correction be 
made for the geographically variable effects of GIA on sea level in 
addition to other local uncertainties. Fig. 3 presents the GIA-induced 
change in sea level from 46 ka to present-day, calculated using the 
ICEPC2 ice history. As previously noted, this sea-level change is equiv
alent to the negative of topography change from 46 ka to present, and 
thus it is precisely the correction to the “bathtub” reconstruction of 
topography at 46 ka to account for the GIA process. That is, the global 
topography at 46 ka would be reconstructed by adding 37 m to present 
day topography and then adding the GIA field shown in Fig. 3. 

Fig. 3A illustrates the global variability of the GIA signal. At 46 ka, 
ocean mass is gravitationally pulled toward the region covered by ice 
sheets (Canada, Scandinavia, the Antarctic) and the bedrock beneath the 
ice sheets is depressed (Fig. 2D; left). From 46 ka to the present-day, 
most of this ice (besides the Antarctic) disappears, causing water to 
migrate away from these locations due to the weakening gravitational 
pull (Fig. 2D, right) and rebound of the crust (Fig. 2E). This drives a sea- 
level fall of up to hundreds of meters from 46 ka to present day (the dark 
blue over North America, Scandinavia, and Antarctica in Fig. 3A are off 
the color bar scale). That is, moving forward in time, the topography is 
increasing in this area. Thus, as described above, to estimate topography 
at 46 ka one would add the signal in Fig. 3A to the “bathtub” recon
struction of topography. 

In the region at the periphery of these zones of ancient ice cover, two 
competing effects combine to drive sea-level change from 46 ka to 
present day. The first is the subsidence of the peripheral bulge between 
46 ka and present (Fig. 2E), which drives a sea-level rise. The second is 
the migration of water away from these areas due to the weakening 
gravitational attraction of the diminished ice sheet, which contributes a 
sea-level fall (Fig. 2D, right). Just outside the ice perimeter, the subsi
dence of the peripheral bulge dominates the gravitational effect and 
there is a net sea-level rise of magnitude tens of meters from 46 ka to 
present day (the red zones that encircle previous ice cover; Fig. 3A) due 
to GIA. Thus, the GIA correction to a “bathtub” reconstruction of 
topography at 46 ka is positive at these sites. Beyond these zones at the 
perimeter of ancient ice cover, gravitational effects on sea level (plus a 
continental levering signal over the southern US and Mexico; darker 
blue near continental coastlines in Fig. 3A) dominate peripheral bulge 
subsidence and the net effect is a GIA-induced sea-level fall of tens of 
meters from 46 ka to present day (e.g., blue regions encircling red, 
across the United States; Fig. 3A), and thus an increase in topography of 
the same magnitude. The GIA correction to the “bathtub” reconstruction 
of topography is, in this case, negative. 

In the far-field of the ice sheet, including our study region, three 
major GIA effects lead to a complex geometry of sea-level change. First, 
the diminished gravitational pull associated with a reduction in global 
ice masses leads to a migration of water into the far-field and a sea-level 
rise (Fig. 2D, right). Second, a net subsidence of the peripheral bulges 
encircling ancient ice cover from the glacial period to present syphons 
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water away from the far-field (Fig. 2E, at right) and contributes a sea- 
level fall. Third, continental levering due to ocean loading contributes 
a sea-level rise offshore and fall onshore from the glacial period to 
present (Fig. 2F). Because the present-day ocean load is greater than at 
46 ka, the levering-induced crustal subsidence (sea-level rise) offshore, 
and crustal uplift (sea-level fall) onshore, shown in Fig. 2F, is more 
advanced at present than during the glacial period. The net effect of 
these three GIA processes is a variable far-field sea-level fall (or rise in 
topography) of magnitude up to ~10 m between 46 ka and the present 
day. 

The same sea-level physics evident in Fig. 3 would be active in the 
case of the globally variable sea-level change from 64 ka to present-day, 
albeit with different amplitudes given that the GMSL (and ice volume) 
change over the past 64 ka is greater than the past 46 ka (63 versus 37 m; 
Fig. 1). In particular, the GIA process would once again contribute a sea- 
level fall within the far field. 

The top panels of Fig. 4 show the difference in the reconstructed 
location of shorelines at 46 ka in the Sunda and Sahul region for four 
different sea-level simulations. Fig. 4A and C include results based on the 
“bathtub” assumption of sea-level change for LC01 and ICEPC2, as well 
as a reconstruction for ICEPC2 including GIA. Fig. 4B and D reproduce A 
and C but replace the LC01 results with the “bathtub” assumption 
applied to the ICE-5G ice history. The GMSL rise between 46 ka and the 
present-day is ~21 m greater in the case of LC01 relative to ICEPC2 (58 
m versus 37 m; Fig. 1). Accordingly, the former model yields signifi
cantly more shoreline migration across the past 46 kyr than the latter – 
the difference (~1 million km2) is shown as the purple region on Fig. 4A. 
The difference in ocean area at 46 ka between the two simulations based 
on the ICEPC2 ice history – i.e., “bathtub” assumption or full GIA 
modeling (Fig. 3) – is ~0.4 million km2 (orange region; Fig. 4A). There is 
less shoreline migration when GIA effects are included because, as 

previously noted, GIA acts against the GMSL rise predicted for this re
gion (i.e., contributes a sea-level fall) from 46 ka to present day using the 
“bathtub” assumption (i.e., 37 m) by up to ~10 m (Fig. 3). The same 
trends are evident in Fig. 4B, although in this case the shoreline 
migration computed using the ICE-5G “bathtub” simulation is more 
extensive than the analogous LC01 simulation, which reflects the even 
larger GMSL change across the last 46 kyr of the former ice history 
relative to the latter (90 m versus 58 m; Fig. 1). 

The bottom panels of Fig. 4 show reconstructed shorelines at 64 ka. 
Regarding simulations based on the “bathtub” assumption, ICE-5G once 
again shows the largest exposed land, followed by ICEPC2 and LC01. 
The order of the latter two in Fig. 4C is reversed relative to Fig. 4A, 
which reflects the GMSL change associated with these models since 64 
ka (63 m versus 55 m, respectively; Fig. 1). Once again, introducing GIA 
effects in the ICEPC2 reconstruction reduces the amount of shoreline 
migration by contributing a sea-level fall since 64 ka that acts against the 
GMSL rise of 63 m over the same period. 

5.2. Sea-level model comparison and consequences for migration 

Our updated reconstruction has significant implications for sea-level 
changes at specific sites. As an example, Fig. 5 shows the predicted 
change in topography over time relative to present day at Asitau Kuru, a 
near-coastal archaeological site in modern-day East Timor with evi
dence of human occupation at 44 ka (O’Connor, 2007; Shipton et al., 
2019). During the likely period of initial migration into Australia (~65, 
000–45,000 years ago), the updated (ICEPC2) history departs from the 
LC01 “bathtub” prediction by up to ~20 m and the ICE-5G “bathtub” 
prediction by up to ~50 m, a pattern that mirrors the discrepancy in the 
GMSL change of the models over this window of time. Once again, the 
incorporation of an accurate sea-level prediction acts in opposition to 

Fig. 3. GIA-induced change in sea level from 46 
ka to present day. A. Global map of the GIA-induced 
sea-level change computed using a gravitationally 
self-consistent sea-level theory (see Section 3). The 
calculation is based on the ICEPC2 ice history 
(described in Section 2) and viscoelastic Earth model 
described in Section 3. The black box outlines our 
region of study within Sunda and Sahul. B. Close-up 
of frame (A) within our region of study. Note that 
this field is equivalent to the correction that should be 
applied to a reconstruction of topography at 46 ka 
based on the “bathtub” model in order to account for 
the effects of GIA (Section 5.1).   
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Fig. 4. Reconstruction of migrating shorelines. A. Land cover at 
46 ka in the Sunda/Sahul region computed from simulations based 
on the “bathtub” sea-level assumption with either the LC01 (purple 
land mask) or ICEPC2 (orange land mask) ice history, and the 
ICEPC2 ice history with a gravitationally self-consistent sea-level 
calculation of the GIA signal (green land mask). B. As in A, except 
showing land cover computed with the ICE-5G ice history and the 
“bathtub” assumption (black land mask) instead of LC01. C. As in 
A, except for land cover at 64 ka. D. As in B, except for land cover 
at 64 ka. The yellow star in each panel indicates the location of 
Asitau Kuru cave, the archaeological site adopted in Fig. 5. 
Topography created using GMRT (Ryan et al., 2009). (For inter
pretation of the references to color in this figure legend, the reader 
is referred to the Web version of this article.)   
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the GMSL rise between 46 ka and the present in this region (Fig. 3B) and 
the net result is that the discrepancy between the commonly used LC01 
and ICE-5G simulations and the “updated” ICEPC2 simulation increases 
by an additional ~5 m at Asitau Kuru when the “bathtub” assumption is 
abandoned in the latter. 

As a simple illustration of the impact of recent revisions to the GMSL 
curve and the incorporation of sea-level physics, we will use the above 
calculations to consider the total distance travelled by sea from Sunda to 
Sahul for southern route 2A and northern route 1B (Birdsell, 1977; Kealy 
et al., 2018) for each paleo-shoreline simulation at 46 ka and 64 ka 
(Table 1). As one would expect, for both epochs, the distance travelled 
by sea increases as the extent of the exposed land reconstructed in the 
simulations (Fig. 4) decreases. At 46 ka, this ordering is ICE5G, LC01, 
and ICEPC2 (“bathtub” models), and finally the ICEPC2 simulation with 
GIA. Across these simulations the distance increases by 167 km (50%) 
for the northern route and 123 km (22%) for the southern route. At 64 
ka, the ordering is rearranged such that both ICEPC2 simulations are 
characterized by a total distance that is intermediate to the ICE5G and 
LC01 simulations, with a range of 72 km (23%) for the northern route 
and 89 km (17%) for the southern route. 

Our updated paleoshoreline reconstructions have the potential to 
impact the viability of proposed migration routes (e.g., Birdsell, 1977; 
recently reviewed by Norman et al., 2018; see also Allen and O’Connell, 
2020), and archaeological evidence for human uses of the area and 
subsistence-related reasons for migration (e.g., O’Connell et al., 2010; 

O’Connell and Allen, 2012). For example, if the migration from Sunda to 
Sahul occurred at 46 ka, the passageway between Sumatra, Java, and 
Borneo opens significantly when adopting ICEPC2, and a less contiguous 
landmass is present in the Sahul region. The resulting topography has 
more open ocean, and thus greater distances between the islands. The 
latest “bathtub” models show preference for the northern route (e.g., 
Norman et al., 2018; Kealy et al., 2018; Bird et al., 2019). However, at 46 
ka, this preference would be complicated by the requirement of sea 
travel between mainland southeast Asia and Borneo predicted with the 
ICEPC2 ice history. Overall, the region immediately surrounding Borneo 
is sensitive to slight changes in predicted sea level, an important 
consideration given that the area is the starting point for routes from 
Sunda to Sahul. To emphasize the importance of specific island distances 
to the totals in Table 1, individual island-to-island distances associated 
with these totals are listed in Table S1. 

Changes in island topography also affect island-to-island intervisi
bility, a central factor in determining most likely pathways. A pathway 
across a body of water to an unknown location is more likely to be 
successful if the target landmass is visible from the landmass travelers 
depart from, or if the target landmass becomes visible before migrants 
lose sight of the departure shoreline (Kealy et al., 2017). The routes 
proposed by Birdsell (1977) rely on land exposure for greater intervi
sibility between islands to aid in migration, and in our model, at certain 
times, some land crossings become more difficult, if not impossible. 

As we noted in the introduction, we do not consider here the impact 
of other, highly localized processes on sea level such as tectonics or 
sedimentation and erosion. To explore the sensitivity of the route dis
tances to spatially localized perturbations in sea level, we performed two 
tests (repeated five times each) in which we computed the impact of 
subtracting random fields of topography within the region to distances 
along routes 1B and 2A. In the first test, this field varied from −20 m to 
20 m and the route distances were perturbed by roughly −1 and −12 km 
on average, respectively. Next, to consider the possibility of a systematic 
bias associated with tectonics and sedimentation, a topography field 
that varied from 0 to 20 m (i.e., a mean uplift across the region of ~10 
m) was applied and in this case, distances were on average increased by 
about 14 km for route 1B and 31 km for 2A. This change in route dis
tance is smaller than the impact from adopting the new GMSL curve 
associated with ICEPC2 ice history and is comparable to the impact of 
GIA on these distances (Table 1). These simple tests provide a measure of 
the potential importance of these local processes for future in
vestigations of the routes taken by early humans as they migrated from 
Sunda to Sahul. 

5.3. Post-LGM sea-level rise at the Strait of Dover 

Updates in the GMSL curve dominate the variation in route distances 
evident in Table 1 and reflect the large uncertainties in the GMSL curve 
prior to LGM. While this initial case study highlights the importance of 
the adopted GMSL curve, as a second case study we briefly consider 
predictions of sea-level rise (lowering of topography) at the Strait of 
Dover in the post-LGM period, a time window across which the GMSL 
curve has been better constrained and the significance of GIA effects is 
highlighted. The English Channel is thought to have been formed by a 
series of megafloods (Gibbard, 2007; Gupta et al., 2007) and a land 
connection between Britain and continental Europe was intermittently 
flooded and exposed through subsequent ice age cycles. This region also 
carries relevance for studies of human settlement patterns, as the area 
was likely a hub for resources, hunting and gathering, communication, 
and sea travel when it was periodically exposed (and not covered by ice 
sheets) going back to the late Pleistocene (Coles, 1998, 2000; Gaffney 
and Thomson, 2007; Bailey et al., 2020). Similar to the Sunda and Sahul 
region, Doggerland (the region encompassing the now-submerged 
connection between Britain and continental Europe) is shallow and 
therefore sensitive to slight changes in sea level. The most recent 
flooding of the Doggerland region occurred near the end of the last 

Fig. 5. Variation of topography. Change of topography relative to present 
day at the Asitau Kuru cave archaeological site in East Timor, 8.4◦N, 127.3◦E 
(O’Connor, 2007; Figs. 3B and 4) in four different model simulations (as 
labeled). This site is relevant for studies of the human migration from Sunda 
into Sahul, which is thought to have occurred between 65 and 45 ka. 

Table 1 
Distance travelled (in km) by sea from Sunda to Sahul via Birdsell’s (1977) 
northern and southern routes (specific routes from Kealy et al., 2017) for 
different reconstructions of topography. For both 46 ka and 64 ka, the first three 
cases are the “bathtub” assumptions. These values assume no ocean currents and 
do not include land travel distances. Supplementary Table 1 decomposes these 
totals into individual island-to-island distances for each route.  

Topography Northern Route 1B (km) Southern Route 2A (km) 

46 ka   
ICE5G eustatic 333 572 
LC01 eustatic 372 617 
ICEPC2 eustatic 478 672 

ICEPC2 eustatic 478 672 
ICEPC2 with GIA 500 695 
64 ka   
ICE5G eustatic 311 528 
LC01 eustatic 383 617 
ICEPC2 eustatic 367 606 

ICEPC2 eustatic 367 606 
ICEPC2 with GIA 372 606  
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deglacial phase, at ~8.2 ka (Weninger et al., 2008). 
To consider how the timing of the flood event was impacted by GIA 

processes, Fig. 6 shows predictions of relative sea-level change at a site 
in the center of the Strait of Dover, the 33 km wide waterway between 
Britain and France. We note that previous studies have considered the 
GIA signal over the broader region of Doggerland, with an emphasis on 
geographic variability (Sturt et al., 2013; Spada and Galassi, 2017). 
Fig. 6 shows relative sea-level predictions based on the “bathtub” model 
(orange) and GIA modeling (green) at a site in middle of the strait 
(Fig. 6, inset). Both predictions are based on the ICEPC2 history. The 
inset on the figure shows a map of the sea-level change over the region 
from 7 ka to present, after removal of the eustatic signal. The net effect 
of GIA across the English Channel is a rise in sea level that is due to 
crustal subsidence at the periphery of both the Fennoscandian and 
British Isles Ice Sheets (Fig. 2E) and additional crustal subsidence due to 
ocean load-induced continental levering (Fig. 2F). The latter is evident 
in the down-toward-the-ocean crustal tilting (and increased sea-level 
rise) both north and south of the English Channel. These subsidence 
signals continued through the Late Holocene to present-day. We note 
that the choice of Earth and ice model (e.g., ICE-5G, ICEPC2, etc.) will 
affect the magnitude of the predicted signal. 

The net effect is that the “bathtub” assumption would predict far 
earlier flooding of the Strait of Dover than the full GIA theory. The 
timing of the breach may also have implications for human-landscape 
interactions, limiting the type of potential land use (e.g., primarily 
marine, or agricultural; Ward et al., 2006) once the region became 
sufficiently inundated (though we note that the people of Doggerland 
likely adapted to rising sea level until land use became untenable; Coles, 
2000). 

6. Conclusions 

We have demonstrated the importance of using state-of-the-art sea- 
level models that incorporate the most recent constraints on past GMSL 
and ice geometry and accurate modeling of the GIA process in recon
structing paleotopographies for various studies, including archaeolog
ical research on human migration. The differences between our model of 
sea-level change and the “bathtub” model have the potential to signifi
cantly impact the emergence and flooding of ancient landscapes, and 
therefore human movement and interaction. These ancient landscapes 

ultimately governed many aspects of human migration and the use of 
coastal environments, including the timing, methodology, and viability 
for habitation. Accurate modeling of paleo sea level, and the resulting 
paleoenvironmental reconstructions, are essential for a rigorous 
assessment of the routes, timing, and habitability of migration and 
environmental models in Sunda and Sahul, the Strait of Dover, and 
beyond. 

Future work will expand on the improvements highlighted here to 
include simulations of paleo-ocean currents and a consideration of 
possible vertical motion due to dynamic topography and tectonics (e.g., 
Austermann et al., 2013). We suggest that incorporating gravitationally 
self-consistent sea level, high-resolution paleotopography, and simu
lated paleo-ocean currents should define future “best practices” for 
modeling studies aimed at accurately determining ocean migration 
routes and human-paleoenvironmental interactions. The case studies 
considered in this article are meant to be illustrative, but the principles 
presented here can be applied to a range of archaeological research 
involving paleogeography (e.g., paleolithic seafaring in the Mediterra
nean; the occupation of Flores by Homo floresiensis; migration through 
and/or around the Red Sea; etc.). The interface between sea-level 
research, physical oceanography, paleoclimatology, and archaeology 
has great potential for deepening our understanding of both the modern 
and ancient world, as well as our ancestors that moved through these 
spaces. 
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Glossary of terms 

Term Definition 
GMSL Global mean sea level. Global sea-level height averaged over 

ocean area at a given time, sometimes used interchangeably 
with the term “eustatic” sea level. Referred to here as the 
“bathtub” model of sea-level change. 

GIA Glacial isostatic adjustment. Earth’s gravitational, 
deformational, and rotational response to changing ice and 
ocean surface loads across an ice age. 

LIG Last Interglacial. The period ~129,000-117,000 years ago 
during which grounded ice sheets had retreated to minimum 
extent between glacial cycles. 

LGM Last Glacial Maximum. The period ~26,000-20,000 years ago 
during the last glacial cycle during which ice sheets were at 
their maximum extent and volume. 

RSL Relative sea level. Sea level at any time in the past relative to 
present-day sea level. A negative RSL corresponds to a lower 
sea level at a site than present day. A positive RSL corresponds 
to a higher sea level at a site than present day. 

LC01 Global mean sea-level curve from Lambeck and Chappell 
(2001). This curve is constructed from analyses of geological 
evidence of past sea level, including coral reefs, sediments, 
peats, and tree roots. 

Fig. 6. Holocene Sea-Level Change at the Strait of Dover. Prediction of 
relative sea-level change over the past 12 kyr based on either (orange line) the 
“bathtub” (eustatic) model, or (green line) GIA modeling at a site in the middle 
of the strait (see star in inset). Inset – map of the GIA-induced change in sea 
level from 7 ka to present-day; the eustatic contribution to the total sea-level 
change has been removed. In all cases the ICEPC2 ice history is adopted. (For 
interpretation of the references to color in this figure legend, the reader is 
referred to the Web version of this article.) 
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ICE-5G ICE-5G ice history and affiliated sea-level curve from Peltier 
and Fairbanks (2006). In the period prior to LGM, this curve is 
largely based on oxygen isotope records from the South Indian 
ocean. In the post-LGM period, the ice history was constructed 
from an analysis of geological records. 

ICEPC2 ICEPC2 ice history and affiliated sea-level curve from Pico 
et al. (2017). This ice history was constructed as a revision to 
ICE-5G based on sediment core records from the South China 
Sea and sea-level markers along the US East Coast, including 
tidal, estuarine, and marine lithofacies. This history mainly 
modifies peak GMSL at 44 ka from earlier models to be 
significantly higher (i.e., less ice volume). 

Appendix A. Supplementary data 

Supplementary data to this article can be found online at https://doi. 
org/10.1016/j.jas.2021.105507. 
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