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Significance

Because of persisting narratives 
of isolation, inaccessibility, and 
“unattractiveness”, the initial 
peopling of one of the eastern 
Mediterranean islands is 
commonly regarded as a 
Neolithic (agro-pastoralist) 
phenomenon, initiated by 
farming populations from the 
mainland following demographic 
pressures. We show instead that 
Cyprus could have been 
permanently peopled by hunter-
gatherer populations by around 
14 to 13 thousand years ago, 
earlier than previously accepted. 
We also showed that this process 
must have involved few, large 
migration events (100s to 1,000s 
of people) that infer the intent 
and organization of these early 
humans. Our results enhance our 
understanding of the timing, and 
the climatic and demographic 
conditions influencing the initial 
peopling of Cyprus, with potential 
implications for other 
Mediterranean islands.
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ANTHROPOLOGY

Demographic models predict end-Pleistocene arrival and rapid 
expansion of pre-agropastoralist humans in Cyprus
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Zomenia Zomenig , Miltiadis Polidorouf , and Theodora Moutsioud,f,1,2
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The antiquity of human dispersal into Mediterranean islands and ensuing coastal 
adaptation have remained largely unexplored due to the prevailing assumption that 
the sea was a barrier to movement and that islands were hostile environments to early 
hunter-gatherers [J. F. Cherry, T. P. Leppard, J. Isl. Coast. Archaeol. 13, 191–205 (2018), 
10.1080/15564894.2016.1276489]. Using the latest archaeological data, hindcasted cli-
mate projections, and age-structured demographic models, we demonstrate evidence for 
early arrival (14,257 to 13,182 calendar years ago) to Cyprus and predicted that large 
groups of people (~1,000 to 1,375) arrived in 2 to 3 main events occurring within <100 y 
to ensure low extinction risk. These results indicate that the postglacial settlement of 
Cyprus involved only a few large-scale, organized events requiring advanced watercraft 
technology. Our spatially debiased and Signor–Lipps-corrected estimates indicate rapid 
settlement of the island within <200 y, and expansion to a median of 4,000 to 5,000 
people (0.36 to 0.46 km−2) in <11 human generations (<300 y). Our results do not 
support the hypothesis of inaccessible and inhospitable islands in the Mediterranean 
for pre-agropastoralists, agreeing with analogous conclusions for other parts of the world 
[M. I. Bird et al., Sci. Rep. 9, 8220 (2019), 10.1038/s41598-019-42946-9]. Our results 
also highlight the need to revisit these questions in the Mediterranean and test their 
validity with new technologies, field methods, and data. By applying stochastic models to 
the Mediterranean region, we can place Cyprus and large islands in general as attractive 
and favorable destinations for paleolithic peoples.

archaeology | carrying capacity | human expansion | maritime movements | paleolithic

Maritime mobility is an essential component of human migration and the development 
of an interconnected, globalized world. While there is convincing evidence of the 
Pleistocene occupation of island landscapes in the Caribbean (1), insular Southeast Asia 
(2, 3), and North Asia (4) following an intensification of maritime movements (5, 6), 
Pleistocene peopling of the Mediterranean region is still strongly debated (7–10). Although 
a locus of important migration and transmission routes, a pre-agropastoralist peopling of 
Cyprus is often dismissed because of the assumption that the Mediterranean Sea was a 
barrier to all early human sea movements (11) and that islands in the region were too 
unproductive to have sustained nonagricultural societies (12).

One argument for the later occurrence of island peopling and maritime mobility in 
the eastern Mediterranean compared to Southeast Asia, for example, derives from bio-
geographic differences between tropical and Mediterranean latitudes. Phoca-Cosmetatou 
and Rabett (13) proposed that a paucity of maritime resources due to a lack of reef 
formation in the eastern Mediterranean stalled the emergence of specialized maritime 
communities observed in Southeast Asia. Arguments have emerged that the initial estab-
lishment on islands occurred only during the terminal Pleistocene associated with the 
climate reversal in the Younger Dryas (YD) (10). During that period, environmental 
productivity declined and forced hunter-gatherers into more mobile subsistence systems 
that included the adaptation of more advanced maritime technologies (14). However, 
research on the pattern of obsidian exploitation and transportation in the eastern 
Mediterranean indicates that initial maritime crossings appeared earlier at a minimum 
of 15,000 y ago (15).

Cyprus’ location in the eastern Mediterranean is at the nexus of important migration 
and innovation routes because of its proximity to the Fertile Crescent in the Near East, and 
its visibility from many points on the continent (16). Although Cyprus was never connected 
to the mainland, sea crossings from the neighboring Levantine coast would have involved 
navigating distances as little as 30 to 70 km depending on the episode of marine regression 
(16). Hunter-gatherer populations occupied the surrounding mainland since at least 1.4 
Ma (1 Ma = 1 My B.P.) (17–21), and these populations were adapted to coastal living and D
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maritime travel, aided by visibility of Cyprus from certain conti-
nental locations during the Late Pleistocene (45 to 12 ka; 1 ka = 
1,000 y B.P.) (16, 22).

Cyprus is the third largest island of the Mediterranean, with suf-
ficient productivity to support large human populations, so it pro-
vides an important case study to investigate the timing and nature 
of the initial peopling of island systems in the Late Pleistocene. There 
is a persistent yet unfounded assumption that island discovery and 
occupation in the Late Pleistocene were random processes, especially 
considering that there is no remaining evidence of watercraft from 
so long ago (23). However, modeling suggests instead that the initial 
peopling of islands in much earlier periods (more than 60 ka) must 
have involved extensive and well-planned expeditions to ensure suf-
ficiently large founding groups that could have established persis-
tent, long-term populations (e.g., refs. 2 and 24).

In this paper, we first estimated the probable first entry of people 
into Cyprus based on a stochastic Signor–Lipps correction to a cali-
bration of the accepted radiocarbon time series. We then applied 
this window of arrival in a stochastic demographic model to estimate 
the minimum founding population of hunter-gatherers required to 

persist indefinitely. Our demographic model of hunter-gatherers is 
predicated on carrying capacity estimated from hindcasting climate 
models [HadCM3 (Hadley Centre Coupled Model version 3) 
including the BIOME4 vegetation model] (25). Our results show 
strong support for the hypothesis of an early arrival during the Late 
Pleistocene of large groups of people and a rapid west–east expansion 
within a few hundred years.

Results

Estimated Entry Window. The ten oldest dates from sites spread 
across Cyprus (Fig. 1) ranged from 11,720 ± 240 (lab ID: Beta- 
40380) to 8,470 ± 50 (lab ID: Beta-256039) 14C (radiocarbon) 
years B.P., which is calibrated to 13.640 ± 0.281 ka to 9.483 ± 
0.430 ka based on the IntCal20 calibration curve (26). Applying 
the calibrated resampled inverse-weighted McInerney (CRIWM) 
algorithm (27) to correct for the “Signor–Lipps effect”, we obtain 
a plausible window of entry ranging from 14.257 to 13.182 ka 
(Fig. 1). This window therefore predates the onset of the YD by at 
least 300 y, and the onset of the Holocene by at least 1,100 y (Fig. 1).

Fig. 1.   Location of oldest dated archaeological sites (Top), with CRIWM (27) estimate of the initial entry window (gray shading). Also shown are the duration of 
the YD (blue shading) and the early Holocene (brown shading). Background blue gradient represents relative bathymetry. Archaeological date IDs and their sites 
of origin (in brackets) are OxA-27408 (Akanthou Arkosyko), Hd-27217 (Ayia Varvara Asprokremnos), GrA-36019 (Nissi Beach), BM-1835R (Kalavasos Ayios Dhimitrios/
Ayious), P-2972 (Kalavasos Tenta), Lyon-3046 (Parekklisia Shillourokambos), SacA-25310 (Ayios Tychonas Klimonas), Beta-40380 (Akrotiri Aetokremnos), OxA-7460 
(Kissonerga Mylouthkia), and Beta-256039 (Kritou Marottou Ais Yiorkis).D
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Applying a spatial debiasing algorithm (28) to the available 
archaeological dates, a dominant southwest-to-northeast pattern 
of establishment emerges (Fig. 2). Another feature revealed is the 
rapid establishment across all parts of the island in <200 y (6 to 
7 human generations) from initial arrival (Fig. 2), which appears 
realistic considering the size of the island (~maximum 240 km 
east–west, and 100 km north–south). This produces a maximum 
occupation rate of 1.4 km y−1, which is comparable to the maxi-
mum movement rates estimated for Sahul <65 ka (~0.4 km y−1) 
(29) and 0.5 to 0.9 km y−1 estimated for migration across Eurasia 
after permanent movement out of Africa (30).

Hindcasted Climate Conditions. Anomalies of the hindcasted climate 
variables derived from the grid cells covering the island of Cyprus show 
a steady rise in temperature, precipitation, and net primary production 
from about 18 to 11 ka at the onset of the Holocene (SI Appendix, 
Appendix I and Fig. S1). At 14 ka, the model predicts a net primary 
production of the grid cells covering Cyprus ranging from 181 to 223 
g C m−2 y−1, whereas other sites with dated archaeological material 
around 14 ka on the mainland (e.g., Karain and Öküzini Caves, 
Türkiye; Moghr El Ahwal Cave 3, Lebanon; Hayonim Terrace and 
Kebara Cave, Israel) have hindcasted net primary production ranging 
from 140 to 216 g C m−2 y−1 (SI Appendix, Appendix I and Fig. S2).

Minimum Viable Founding Population Size. Progressively 
increasing the founding population size from 500 to 4,000 people, 
we identified the lower asymptotic probability of quasiextinction 
at approximately 0.11 (Fig. 3), which corresponds to around 2,750 
people as the estimate of minimum viable founding population 
size (Fig.  3). The probability of quasiextinction continues to 

decline beyond 2,750 people, but at a much lower rate (i.e., an 
instantaneous exponential rate of change [r] ≳ −0.03) compared 
to when the founding population is <2,750 (i.e., r ≲ -0.03; Fig. 3).

Demographic Projections. With a single entry of 2,750 people on 
average between 14,257 and 13,182 y ago, the population could 
have grown to as many as ~10,000 (upper 95% confidence limit) 
in as few as 320 y (median = 4,122; lower 95% confidence limit = 
505) (Fig. 4). The median population size varied between ~4,000 
and 5,000 people (i.e., 0.36 and 0.46 people km−2) during the YD 
and >5,000 by the onset of the Holocene (Fig. 4).

Dividing the minimum viable population size into smaller units 
identified that the probability of quasiextinction remained high 
up to 0.38N (i.e., 1,045 people), which translates to around 2 or 
3 main immigration events ranging in size between ~1,000 to 
1,375 people arriving within a period of 6 to 98 y (Fig. 5). This 
does not necessarily imply that each event was a single, mass migra-
tion of ~1,000 people arriving simultaneously; rather, a more likely 
scenario is that smaller family groups arrived in high-frequency 
waves within the time frames predicted by our model.

Discussion

In the Mediterranean, persisting narratives posit that the regional 
insular landscape was largely inhospitable to mobile hunter-
gatherer groups, who presumably preferred the more extensive 
continental territories with their diverse and robust biotas (7, 10, 11). 
In this context, hunter-gatherers are hypothesized to have been 
reluctant to exploit islands due to the “unattractiveness” (7) of the 
insular landscape and did not exploit islands until agropastoralism, 

Fig. 2.   Spatially debiased pattern of expansion inferred from data in the Near East Radiocarbon Date database (31). Scale bar shown in years relative to initial 
entry. Sites with names shown as crossed hammers. Background blue gradient represents relative bathymetry. The truncation of the earliest dates in the 
southwest is a necessary outcome of the similarity in dates from sites in the southwest, implying occupation of that section of the island within years, compared 
to a slower (decades to a century) occupation to the northeast beyond the Troodos Mountains.
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and the introduction of cereals, pulses, and ovicaprids, provided 
a viable strategy to establish human communities on the 
Mediterranean islands. It has been argued that human dispersal 
to and occupation of Cyprus and other eastern Mediterranean 
islands is implicitly or explicitly attributed to demographic pres-
sures on the mainland in the wake of abrupt climatic change that 
forced farming populations to move to new areas out of necessity 
rather than choice as coastal areas were inundated by postglacial 
sea-level rise (7, 32).

This interpretation is a consequence of major gaps in the archae-
ological record of Cyprus, deriving from differential preservation 
of archaeological material, taphonomic biases, uncertainties asso-
ciated with dating, and limited DNA evidence. The difficulty of 
locating sites of that timeframe on Cyprus is also directly associ-
ated with the island’s eroding landscape (33). Discerning the plau-
sible demographic conditions of human arrival to Cyprus therefore 
requires an alternative approach.

The combination of our Signor–Lipps-corrected window of initial 
human entry at 14,257 to 13,182 y ago, the inference of human 
carrying capacity derived from the HadCM3 climate model (25), 
and our resulting demographic model predictions definitively do 
not support the hypothesis of Cyprus being “unattractive” to humans 

during the late Pleistocene. First, the hindcasted net primary pro-
duction for Cyprus is similar or higher than the predicted net pri-
mary production at major known archaeological sites on the southern 
coast of Türkiye and the Mediterranean coast of the Levant 
(SI Appendix, Appendix I and Fig. S2). Second, the entry window 
clearly predates both the YD and the onset of the Holocene (Fig. 1). 
Even if the earliest date of Akrotiri Aetokremnos (a site with a 
well-established correlation of hippopotamus Phanourios minor 
bones and stone artifacts) (34, 35) is removed, Signor–Lipps correc-
tion of the radiocarbon series still places the window of arrival at 
12,757 to 13,162 y ago (i.e., firmly into the terminal Pleistocene), 
prior to the earliest appearance of agro-pastoralist communities on 
the mainland (22). The estimated entry window of humans into 
Cyprus falls into a timeframe of substantial environmental change. 
Fast sea-level rise during Meltwater Pulse 1A and the potentially 
connected initiation of the Bølling-Allerød Warm Period (36) are 
clearly visible in the temporally finer-resolution (seamless; cf. 
HadCM3: 1,000-y increments) TraCE21ka climate model that cap-
tures the dynamics of the Bølling-Allerød interstadial and YD better 
than other global circulation models (37). The TraCE21ka climate 
model shows an abrupt warming peak just prior to our predicted 
window of human arrival (SI Appendix, Appendix I and Fig. S3). The 

Fig. 3.   Estimated probability of quasiextinction (declining 
<50 people; black line, Left y axis), and the instantane-
ous exponential rate of change (r) of the quasiextinction 
probability Pr(extQ) (red line, Right y axis), for different 
starting population sizes (founding population N), where 
r = loge(Pr(extQ)t+1/Pr(extQ)t). The dashed red line is an expo-
nential plateau model of the form ŷ = y

max
−

(

y
max

− y
0

)

e
−kx , 

where ymax = 0.104, y0 = 0.439, and the rate constant k = 
0.001259, applied to smooth the r trajectory to show the 
central trend.

Fig. 4.   Median (with 95% CI shaded gray) 
projection of the human population size (N) 
with a starting population of 2,750 people 
entering the island between 14,257 and 
13,182 y ago. Also shown are the Bølling–
Allerød interstadial (B–O; light pink shad-
ing), the YD (blue shading), and the early 
Holocene (brown shading).
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proposed mass migration to Cyprus would therefore coincide with 
this period of accelerated environmental change (i.e., warmer and 
wetter than the preceding period).

Third, our projected median population growing to densities 
of 0.36 to 0.46 km−2 within <300 y (i.e., <11 human generations) 
is consistent with modeled and inferred density ranges for 
pre-agropastoralist societies in the European/Near East region 
(SI Appendix, Appendix I and Table S1 and associated text). 
Indeed, a bootstrapped median density of the available estimates 
provides a range of 0.045 to 0.433 people km−2 from the entire 
European/Near East region. Focusing exclusively on the density 
estimates from the Levant and eastern Mediterranean, a region 
that was inhabited intensively throughout Marine Isotope Stages 
2 (29 ka to 12 ka) and 3 (57 ka to 29 ka) (38), the bootstrapped 
median density was 0.129 to 1.324 people km−2, showing that 
our estimated densities are well within expectation. But even our 
density estimates should be considered conservative because they 
are based entirely on terrestrial resources; the contribution of 
marine resources would increase these estimates (e.g., ref. 39).

Our modeling supports a hunter-gatherer occupation of 
Cyprus, evidenced through the dates of Akrotiri Aetokremnos that 
firmly established the first human arrival on Cyprus in the post-
glacial period (40). Since then, the excavations at Aetokremnos have 
dominated debates of postglacial sites in Cyprus. Later discoveries 
pertaining to the existence of forager occupation, such as the 
pre-agropastoralist habitation site in the Troodos foothills, Vretsia 
Roudias (12 ka) (41), support this hypothesis. Ephemeral coastal 
surface artifact scatters such as Akamas Aspros and Nissi Beach are 
also supporting evidence for a postglacial occupation of Cyprus 
(42). Aspros is important because of its rich lithic assemblage and 
because it contains the first traces of material recovered offshore 
during an underwater survey. A second cluster of sites reported 
by surveys in central Cyprus provides 12 more surface-collected 
lithic assemblages with analogies to the excavated Akrotiri phase 

sites (43, 44). Despite none of these lithic assemblages having 
dates, the sites demonstrate possible early exploration from the 
shore to the island’s interior via the Tremithous and Yialias river 
basins (45). Hunting and foraging activities persisted during the 
development of the first permanent settlements, such as Ayios 
Tychonas Klimonas, demonstrating mixed economies encompass-
ing hunting, plant cultivation, and modest consumption of marine 
foods at the beginning of sedentary occupation of Cyprus (46).

The assumed direct association of agriculture and sedentism 
with population growth and migration as a consequence of demo-
graphic pressure has recently been challenged, with evidence 
demonstrating that foraging societies experienced the same high 
rate of growth as contemporaneous transitioning farming societies 
across a broad range of geographies, climates, and environments 
with different carrying capacities (47). Increased access to resources 
at a new destination is a strong impetus for a rapid expansion to 
new territories (e.g., ref. 48) that are contra hypotheses of envi-
ronmental and demographic stress in previously occupied areas as 
primary factors behind human movement. Indeed, bioenergetic 
availability influences the number of moves and distances covered 
in modern hunter-gatherer societies rather than the decision for 
movement itself (49, 50).

Archaeological and fossil evidence demonstrates that by 45 ka, 
Homo sapiens hunter-gatherer groups had populated western Eurasia 
(the continental region surrounding Cyprus), occupying multiple 
ecozones, ranging from tundras in central Siberia to coastal biomes 
in south-western and Mediterranean regions (16, 51). Our study show-
cases that hunter-gatherer groups demonstrated the same ecological 
plasticity in the initial peopling of Cyprus. Further, the available 
dated material indicates a rapid establishment across the entire island 
within fewer than 200 y, with a general gradient of movement from 
the west to the east that approximately follows the precipitation 
gradient (SI Appendix, Appendix I and Fig. S4). Such a speedy occu-
pation of the island would have likely resulted in a rapid 

Fig. 5.   Estimated probability of quasi-extinction Pr(extQ) with varying entry population sizes and timings. Starting with a minimum viable population size (N) of 
2,750, and splitting N into proportions from 0.04 N to 0.50 N arriving every 5 to 50 y (with the interval itself stochastically resampled), demonstrates that only 
about 2 to 3 immigration events of ~1,000 to 1,375 people (light red vertical shaded area) each on average arriving within a window of ~6 to 98 y (founding 
period; Right y axis) minimize quasiextinction probability.
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modification of the insular landscape, potentially impacting the 
availability of subsistence resources (e.g., mammalian fauna) (9, 40).

This southwest–northwest pattern of expansion might seem to 
contradict results from virtual passive drift-modeling that identified 
more support for paths to the northern coast of Cyprus from the 
southern coast of Türkiye compared to paths from northern locations 
in the Levant (52). However, there are several considerations that 
limit the relevance of comparing passive drifting and the terrestrial 
expansion patterns our models revealed for Cyprus following initial 
human arrival. First, the passive-drift models all had a low probability 
of reaching Cyprus, regardless of departure point (<0.06), and even 
the moderately more successful paths from southern Türkiye are not 
associated with any relevant archaeological sites dating to the late 
Epipaleolithic/early Neolithic period from which to define plausible 
departure points (52). Second, the available drift-model results are 
contingent on passive drifting, whereas our results support larger-scale 
crossings that would have required both active propulsion and direc-
tionality, similar to the inferences made for island-chain crossings 
from Wallacea to Sahul much earlier (2). Third, it is important to 
understand that we are modeling occupation processes (i.e., sufficient 
human presence to leave behind discoverable and datable archaeo-
logical material), and not just temporary movement through an area 
(e.g., ref. 30), so even if initial arrivals were predominately on the 
northern coast of Cyprus, later occupation of the more favorable 
western region could have precipitated more archaeological evidence 
of the earliest human presence. Regardless, the essential result of the 
spatially debiased spread model is the rate of occupation, not the 
directionality per se. Further, additional archaeological dates from 
the poorly sampled regions of Cyprus might eventually reveal alter-
native expansion patterns and taphonomic biases in our inferences 
based on the data currently available.

Without independent data with which to validate model hind-
casts, we can only compare the relative probabilities of different 
modeled scenarios to provide insights into the plausible patterns of 
the initial occupation of Cyprus. There are other limitations to our 
inferences in addition to those arising from potential taphonomic 
biases in the distribution and availability of dated archaeological 
material. These include the still unknown relationship between 
hunter-gatherer densities and net primary production as inferred 
from global circulation models (29, 30). Furthermore, the com-
plexity of vegetation submodels in coupled Earth-systems models 
are continuously improving, so finer-scale and better-calibrated 
hindcasts of estimated net primary production could conceivably 
alter our interpretation of pre-agropastoralist human carrying capac-
ity. Additionally, possible biases in estimates of demographic rates 
for generic hunter-gatherers could reveal different estimates of min-
imum viable population size, even though our model predicts pop-
ulation densities and growth rates that agree with both modeled 
(30) and empirical data (SI Appendix, Appendix I and Table S1).

Despite asymptotic behavior of the probability of quasiextinc-
tion, there was still a ~10% that the founding population would 
go extinct following arrival (hence, the wide CI for the projected 
population trajectory in Fig. 3). This result is largely driven by the 
size of the island and the relatively low productivity compared to 
other regions of the world (e.g., Sahul) (24). Thus, the large found-
ing population we estimated is best viewed as an “insurance policy” 
against the likelihood of extinction. Our analysis on the frequency 
of arrivals also supports the idea of large, and by inference, planned 
migrations to the island. In other words, many small sporadic forays 
of unconnected people over long periods of time were unlikely to 
support a permanent population. However, metapopulations (53) 
of hierarchical groups typical of the complex social networks of 
hunter-gatherer societies (54) arriving frequently as family groups 
is another scenario that still fits our model predictions.

In conclusion, we should re-evaluate the dominant hypothesis 
that islands in the Mediterranean and elsewhere were suboptimal 
destinations for pre-agropastoralist societies and instead view them 
as important ecosystems for human expansion. For too long, 
research on the initial colonization and occupation of islands has 
remained at the periphery of scientific enquiry, especially in the 
eastern Mediterranean. By applying stochastic models based on 
both temporally and spatially explicit data for the first time to the 
Mediterranean region, we can now place Cyprus as a probable 
destination for paleolithic peoples.

Materials and Methods

Signor–Lipps-Corrected Estimate of Human Arrival. To hindcast an arrival 
window that takes into account the low probability of archaeological evidence being 
preserved and discovered (the Signor–Lipps effect) (55, 56), we accessed the 10 old-
est archaeological sites in Cyprus and their oldest dated artifacts (and their SD) from 
the Near East Radiocarbon Dates database (31). The only site we did not include was 
Vretsia Roudias because there are no available radiocarbon dates from this site (57); 
however, there are optically stimulated luminescence dates available for Vretsia 
Roudias, the oldest of which is 12.8 ± 1.6 ka (SI Appendix, Appendix II). To these 10 
radiocarbon dates (Results), we applied the Rextinct package in R first to calibrate 
the dates from radiocarbon years to years B.P. based on the IntCal20 Northern 
Hemisphere calibration curve (26), and then to estimate a Signor–Lipps-corrected 
window of human arrival using the CRIWM resampling algorithm (27), the most 
advanced and up-to-date method available that incorporates dating uncertainty 
in its calculations. The Signor–Lipps correction based on resampling approaches 
generally requires >8 dates to provide robust estimates of initial or terminal phe-
nomena from dated archaeological or paleontological evidence (58, 59).

To evaluate a spatial gradient of initial arrival across Cyprus from the dated 
archaeological material, we adapted the spatially debiased Signor–Lipps correc-
tion algorithm developed by Saltré et al. (28). Briefly, this maximum-likelihood 
method, first developed by Solow et al. (60), is adapted to a grid of the island 
at a spatial resolution of ~0.01° × 0.01° latitude/longitude (i.e., ~1.1 km × 
1.1 km). For each grid cell, we estimate the age of arrival following a Gaussian 
probability density function by numerically maximizing the log-likelihood of 
the calibrated radiometric date series (including their errors). We implemented 
this approach using the SpatialArrivalEstimates script in R (available at 77). This 
approach extends to grid cells with and without data, with the latter estimated 
as a function of the distance of the age relative to the age in a grid cell with data. 
The approach estimates the spatial bias generated by the model at each grid cell 
given an optimized bandwidth size (61) and then corrects the spatially explicit 
estimates of initial appearance by these biases to produce a debiased estimate 
of initial appearance relative to the first cell occupied.

Sea Level and Area of Cyprus. To estimate a human carrying capacity for the 
island of Cyprus (see next section), first, we required an estimate of the island area 
as sea levels changed during and following the period of initial human arrival. 
We first calculated the area of Cyprus relative to estimated 1-m decrements of sea 
level relative to today (from 0 to −130 m) using the General Bathymetric Chart 
of the Oceans 2020 (gebco.net; 15″ resolution ≈ 400 m). We then designed a 
resampling procedure to link the 1-m sea level intervals in that dataset to the 
global dated sea level series calculated by Lambeck et al. (62). Taking the Lambert 
et  al. (62) estimates of mean sea-level anomaly (relative to the present) and 
its SD, we interpolated the series to 1-y intervals using a resampling approach 
(SI Appendix, Appendix I and Fig. S5). Next, we linked the mean (and SD) inter-
polated sea-level anomalies to the GEBCO 2020 dataset by generating 1,000 
random normal deviates of sea level in the time series from 20,000 y ago to the 
present and then identifying the closest sea level value in the GEBCO dataset to 
calculate a mean (and SD) area of Cyprus (SI Appendix, Appendix I and Fig. S5; 
relevant code included in the demographic model scripts available in (77)).

Carrying Capacity. In the absence of measured compensatory density-feedback 
mechanisms for ancient humans necessary to constrain the demographic models 
from projecting a limitless exponential rise (63) (see section below describing the 
Demographic Model), we used a hypothetical reduction in the survival vector by 
constructing a theoretical carrying capacity (K) built from a hindcasted estimates D
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of net primary production. We used the HadCM3 climate model (25) at the 0.5° × 
0.5° latitude/longitude resolution (~55 km × 55 km) covering Cyprus from 20 ka 
to the present to provide estimates of net primary production. HadCM3 is a global 
circulation model that gives spatially explicit estimates of climate conditions (e.g., 
mean annual temperature, annual precipitation) and net primary production (based 
on the BIOME4 vegetation model) (64) every 1,000 y back to 800,000 y ago at a 
resolution of 0.5° × 0.5° latitude/longitude. We chose the HadCM3 model because 
finer temporal-resolution models such as TraCE21ka (65, 66) do not include a veg-
etation model, and other hindcasting from Earth system models of intermediate 
complexity such as LOVECLIM (67) are at least partially inadequate for reproducing 
changes in woody vegetation elsewhere during the Last Glacial Maximum (68).

We isolated the grid cells for Cyprus and extracted the HadCM3 hindcasts of 
mean annual temperature, mean annual precipitation, and net primary production, 
as well as their anomalies relative to the present (relevant R code provided in the 
HadCM3outputs script available in (77)). We chose net primary production (g C m−2 
y−1) as the comprehensive indicator of relative carrying capacity through time (e.g., 
refs. 24, 29, and 30), translating net primary production into a carrying capacity 
expressed in units of humans the landscape was capable of supporting. For this, we 
used the linear relationship between net primary production and human density 
from Bradshaw et al. (30) that are themselves derived from Tallavaara et al. (69). We 
chose a linear relationship rather than the nonlinear variants of the human density-
net primary production relationships (29, 30) because of the low range of absolute 
net primary production hindcasted for Cyprus (i.e., <305 g C m−2 y−1) from a global 
perspective. For each iteration of the demographic model (described below), we 
generated a times series of carrying capacity that incorporated the variation in net 
primary production across the grid cells covering Cyprus and the land area of the 
island (including its uncertainty) (SI Appendix, Appendix I and Fig. S6; relevant code 
included in the demographic model scripts available in (77)).

Demographic Model. We adapted the demographic model from Bradshaw et al. 
(24) for Pleistocene humans in Sahul (Australia + New Guinea) to the initial Cyprus 
population to project population trajectories through time. Briefly, that model incor-
porates realistic demographic rates (survival, fertility, longevity) for hunter-gatherers 
to parameterize an age-structured projection model. The age-specific survival vector 
is derived from the five-parameter Siler hazard model (70) based on average “hunter-
gatherer” parameter estimates (71). We derived a fertility schedule based on age 
at primiparity estimates for 22 modern hunter-gatherer groups (72): mean age of 
female primiparity = 19 y, and total fertility = 4.69 births (i.e., 2.35 daughters) (73).

We applied these estimated demographic rates to a prebreeding, 81 (i) × 81 
(j) element (i.e., 0 to 80 y old) (71) Leslie projection matrix (M) for females only, 
multiplying a population vector n to estimate total population size at each forecast 
time step (74), where total population size = 2N females assuming a 1:1 sex 
ratio (24). Fertilities (mx) occupy the first row of the matrix, survival probabilities 
(Sx) occupy the subdiagonal, and the diagonal transition probability (Mi,j) was 
zero. We projected the Mn combinations for each iteration of the simulation to 
estimate yearly total population size.

To invoke a compensatory density-feedback mechanism that followed the sto-
chastic expression of hindcasted carrying capacity, we multiplied the β-resampled 
survival vector by 0.98 (Smod). This produces an average 2% drop in average sur-
vival each time total abundance exceeds that time step’s resampled carrying 
capacity, thereby lowering the dominant eigenvalue of M to < 0 (i.e., producing 
a declining population). We also included a catastrophic die-off function because 
catastrophic mortality events (C) scale to generation length among vertebrates, 
where the probability of catastrophe = 0.14 generation−1 (75) and human gen-
eration length was 27.6 y calculated from the deterministic M (24). Once invoked 
at probability C, we halved (binomially resampled) the survival vector to induce 
a 50% mortality event for that year based on the definition of a catastrophe as  
“… any 1 y peak-to-trough decline in estimated numbers of 50% or greater” (75).  
Full model code provided in the CypAspatDemModel script available in (77).

Stochastic Projections. We conservatively sampled the start date for each of 
10,000 projection iterations using a stochastic uniform sampler between 14,257 
and 13,182 y ago, which was the estimated window of arrival from the CRIWM 
estimate (see Results and approach described in the calibdate script available in 
(77)). We thus had a different, randomly selected start year for each iteration of 
the model, to which we projected populations 150 generations into the future 
(i.e., 4,140 y) based on the stochastically resampled elements of the M matrix. 
To resample survival, we estimated the shape parameters of a β function and 
then randomly resampled each element of the survival vector for each year of 
the projection and each iteration of the model (assuming an arbitrary σS = 5% 
SD of survival). For fertility, we randomly resampled total (female) fertility using 
a Gaussian model with an arbitrary 5% SD.

Minimum Viable Founding Population Size. Using the same model architecture 
described above, we adjusted the founding population at initial entry from 500 to 
4,000 in increments of 250 (i.e., 250 to 2,000 females) to determine the population 
size where the probability of quasiextinction (Q) began to asymptote (see also ref. 24).  
We implemented this approach using the CypAspatDemModelMVPsim script avail-
able in (77). This threshold is based on the minimum size below which a population 
cannot avoid inbreeding depression (although the threshold could in fact be much 
higher) (76). For each increment of founding population size, we repeated the 
model 10,000 times to estimate a probability of quasiextinction.

Sequence of Proportional Minimum Viable Population Size. Estimating a 
single minimum viable founding population size assumes an instantaneous initial 
arrival of the entire founding population. This scenario is likely to be less realistic 
than one where proportions of the founding population arrive in a sequence over 
some period at a frequency high enough to maintain a low probability of extinction. 
We therefore designed a second stochastic simulation where we split the mini-
mum viable founding population size into proportions averaging 0.04 to 0.5 (in 
increments of 0.02), each of which arrived between 5 and 50 y after the previous 
(using a random uniform sampler) until the full complement of the total minimum 
viable population size was achieved. Repeating the iteration for each incrementing 
proportion 5,000 times, we calculated both the probability of quasiextinction as 
well as the range of total elapsed time from first to final entry (relevant R code 
available in the script CypAspatDemModelStaggeredEntry script available in (77)). 
The full code and data repository for all methods and results is available in (77).

Data, Materials, and Software Availability. R code & numeric data have been 
deposited in Zenodo (https://zenodo.org/records/10951688) (77).
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