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Supplementary Table 1: Examples of studies that attribute Neanderthal replacement to
environmental factors or to a selection disadvantage

Environmental factors Refs. .

Diet and subsistence Refs. ¥,
Life history Refs. 1.
Cognitive and cultural capacities Refs. 7.

Supplementary Table 2: References for the discussion of introgression, transitional
techno-complexes and Modern spread in the early Upper Paleolithic (UP)

Introgression dynamics of Neanderthals and
Modern humans

Refs. 470,

Ahmarian, Aurignacian, and transitional
techno-complexes

Refs.”’ >, and ref. °° and the ensuing
comments.

Early UP spread into novel regions

Refs. 7+,




Supplementary Note 1: Assessment of the duration of replacement in simulations and in

the archaeological record, and their comparison

Calculation of the duration of replacement. The period calculated in the simulations that is
compared to the archaeologically-supported period of co-existence of the two species should
take into account the time point at which species’ co-existence is likely to be evident in the
archaeological record (‘coexistence’, here and elsewhere, refers to contemporaneous
habitation of parts of the same deme, i.e. of Europe and the Levant, or of Eurasia, not
necessarily with full regional overlap). That is, the duration should not be the full duration of
each model simulation, but the simulation period during which both species are likely to have
a demonstrable presence in the form of archaeological findings that can be clearly associated
with the identity of the species that produced them. We explored five among many possible
methods of calculating species’ coexistence, which correspond to Supplementary Fig. la-e
and supplementary Fig. 2a-e. These are:

a. Species coexistence is defined as the period during which both species are present in
the overall population at a frequency of above 10%, between the last crossings of
this threshold by each of the species, i.e. from the last time that Moderns became
more frequent than 10% of the population to the time in which Neanderthals dropped
below 10% for the last time. This is the method used for the results in the main text.

b. Species coexistence is defined as the period following the last crossing of the 10%
threshold by the Moderns.

c. Species coexistence is defined as the period following the first crossing of the 10%
threshold by the Moderns.

d. Species coexistence is defined as the sum of periods in which Moderns comprised
over 10% of the overall population.

e. Species coexistence is defined as the sum of periods during which each population —

Moderns and Neanderthals — made up over 10% of the overall population.
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Supplementary Figure 1: Comparison of alternative methods for calculating species’
coexistence.

The dark blue and dark red circles depict, respectively, the mean and the median average
number of band replacement events per band territory during the process of species’
replacement for various migration probabilities into Europe. Panels a-e correspond,
respectively, to methods a-e for calculating the replacement duration from the time
trajectories that are produced during the simulation. Europe’s carrying capacity, N;, is 50

bands. Note that the scale in panel c differs from that of the others.

Calculating the period of overlap between the two species should take into account such
features of the archaeological record, as:

1. It is partial and patchy, both because the vast majority of their activities leave no

archaeological record and because even the activities and artifacts that do have the

potential to leave a record have an extremely high likelihood of being lost.



2. The vast majority of habitation sites have likely not been discovered, and most of them
never will be.

3. In most sites there are no skeletal remains that can unambiguously associate the site or
a locus in it with one Homo species and not the other.

4. A brief presence of a species at a certain site is unlikely to be correctly associated with
it.

5. A particularly early or late presence of a species is likely to be missed or incorrectly
classified because it is likely to be in a context with artifacts that are not recognized as
typical of that species.

In choosing the method of coexistence calculation and the related threshold/s, points (4)
and (5) are particularly important: an early and/or short-lived presence of Moderns in Europe
is likely to be missed completely, as the remains expected from such a presence would be
few and the cultural artifacts would be atypical of the culture that is associated with Moderns
in later periods. In fact, the recent discovery of genetic introgression of Moderns into
Neanderthals, which is estimated to have occurred much earlier than the first archaeological
evidence of Moderns’ presence in Europe, suggests that at least one period of coexistence
had occurred for a non-negligible period of time and/or at non-negligible frequency, because
such introgression is statistically unlikely to have been detected on the basis of few inter-
species interactions. This suggests that methods such as (3) above should be rejected.
Methods (4) and (5) are intermediates between method (3) and methods (1) and (2), as they
take into account early occurrences, but under-weigh them compared to method (3). Their
disadvantage is that their interpretation does not make much practical sense: from the earliest
time point that a species’ presence is established, unless it then disappears for millennia, a
likely interpretation of the archaeological record would be that the species persisted with
subsequent coexistence, even though in reality the species may have dropped below
discovery threshold or have even gone extinct and later re-colonized. The difference between
(1) and (2) is minor (see Supplementary Fig. 1a-b), and we chose method (1) for the sake of
symmetry in the treatment of the two species. Note that methods (1), (2), (4) and (5) lead to
similar results (Supplementary Fig. 2).



The chosen threshold of 10% is fairly arbitrary: we did not attempt to assess quantitatively
the exact threshold of discovery that the considerations outlined above would suggest, and

instead chose this threshold as a conservative value.
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Supplementary Figure 2: Comparison of the replacement duration with different
methods for calculation of species’ coexistence.

The mean (dark blue circles) and median (orange circles) average number of band
replacement events per band territory during the process of species’ replacement for various
carrying capacities in Europe. The range that covers 95% of simulation runs (n=500) is
marked in dark yellow. Panels a-e correspond to methods a-e of calculating the replacement

duration from the time trajectories that are produced during the simulation.

Comparing empirical and simulated duration of replacements. In the main text, Figure
2b shows the ranges of parameter combinations for which our null model should be rejected
in a standard hypothesis test, under the assumption that the archaeologically-supported period
of Moderns’ and Neanderthals’ coexistence in the Middle East and Europe is 12,000 years.
This assumption for the duration of coexistence draws upon findings reported in multiple

43-53

studies (see refs. ). Two observations among these that should be noted are the remains



of Moderns dated as early as 54,000 BP that have been unearthed in the middle east, in
present-day Israel, a geographic range in which Neanderthals were known to exist between
60-40ka **, providing an early bound for the two species’ coexistence, and the finding that
Neanderthals existed in Europe at least as late as 40ka **. Accordingly, the two species seem
to have coexisted in parts of their ranges for at least 14,000 years and perhaps longer. We
chose a period of 12,000 years of coexistence as a conservative estimate.

Alternative interpretation of some of the archaeological findings may lead to different
estimates of the period of the two species’ co-existence within the same geographical range.
If one considers only Central and Western Europe as the zone of interaction between the two
species, the duration of estimated overlap is significantly shorter, on the order of a few
millennia **. Supplementary Figure 3b depicts the ranges of parameters for which our null
model should be rejected in a standard hypothesis test at a significance level with p-value
smaller than 0.05, assuming a period of species co-existence of 5000 years. As expected, the
range for which the model should be rejected is wider than that suggested in the main text,
but importantly, even assuming this shorter period of species overlap, wide ranges of
possible replacement rates and population carrying capacities exist for which the model
cannot be rejected.

At the other end of the spectrum of the estimates of duration of species’ overlap, one may
accept at face value the multiple findings of anatomically modern humans in the Levant
during thousands of years, long before their spread into Europe, between approximately
140,000BP to 80,000BP. These may have been contemporaneous with Neanderthal
populations in the region, which have been found there during part of this time span >*. The
cultures of the two species as reflected in the lithic record in the middle Paleolithic Levant
are indistinguishable from one another, and the few sites from this period in which
distinguishing skeletal remains are found, make it hard to definitively assess the demographic
and ecological relationship between the two species (see discussion in ref. °%), but it is
plausible that the two species co-existed in parts of the Levant for long periods of time, with
bands within and between the two species presumably competing with one another. The
range of parameters for which our model should be rejected under this reconstruction of the
species’ history is smaller than that depicted in Figure 2b in the main text, and decreases as

the estimated duration of species’ coexistence in the Levant increases. Notably, a trajectory



along which the two species increase and decrease alternately in their frequencies over long
periods of time is in line with our null model but does not support strong selection in favor of
either species. This topic is elaborated in the main text’s Discussion.

Our non-spatial model assumes within-deme panmixia, an obvious simplification of the
realistic dynamics, in which geo-spatial structure may play a meaningful role (this is
discussed in the main text and in Supplementary Note 3, and is further explored in the simple
model that incorporates spatial structure). The within-deme panmixia in our model dictates
that the duration of overlap that is estimated from the archaeological record and compared to
our results take into account the full time span along which interactions between the two
species take place within the deme, although it is likely that at any given moment, inter-

species interactions were taking place only in few localities.
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Supplementary Figure 3: Comparing model predictions to the archaeological record,
assuming 5,000 years of species’ overlap

(a) This panel is identical to Figure 2a in the main text. It plots the range of durations of
species’ coexistence in simulations with various carrying capacities in Europe, in units of
average number of events of band replacement per band territory. The range that covers 95%

of the results is marked in dark blue, and the 5% of the simulations with the shortest



coexistence durations is marked in orange (500 simulation replicates were conducted for each
carrying capacity). The mean and median values are marked in brown and dark yellow,
respectively. Coexistence duration is defined as the period during which both species
segregate in the population at frequencies above 10%, between the last crossings of this
threshold by each of the species, as demonstrated by the orange and yellow circles in the time
trajectories of Figure 3. (b) Tests of the hypothesis of neutral replacement for a range of
parameter combinations, assuming a species coexistence duration of 5,000 years: each point
in the panel represents the result of a test at a significance level of 0=0.05. The range of
parameters for which neutral replacement should be rejected is denoted in orange. The range

for which the model could not be rejected is marked in dark blue.

The number of times that each band territory switched hands between species. The
previous section (Supplementary Fig. 3) and the main text (Fig. 2a) present the duration of
species replacement, under the model presented in the main text, in terms of the mean
number of times that each band territory changed hands; these changes of hands include both
cases in which a band died out and was replaced by another band of the same species, and
cases in which it was replaced by a band of the other species. It is interesting to derive from
the simulations the breakdown of these two processes. Supplementary Fig. 4 depicts the
mean numbers of inter-species replacements per site. On average, the number of inter-species
replacement constitutes 39% of all replacements, for all values of the Carrying capacity of
Europe. Although replacements are neutral, and once a band dies any of the remaining bands
may replace it with equal probability, the majority of band replacements are within-species.
This is because at any given moment one of the two species is a majority in the population,
and it is both more likely that a majority-species band would be chosen to die out, and that a
majority-species band would be chosen to replace it, giving rise to more within-species than
inter-species replacements. Although they are a minority of band-territory replacements,
inter-species replacements constitute a large fraction of the replacements. We suggest that
this relatively high fraction is unrealistically high, and is an artifact of the major
simplification in our model, i.e. that it is not spatially explicit. In a spatially explicit model,
we expect that throughout the majority of the species’ co-existence they would be distributed

non-randomly, in such a way that neighboring bands are more likely than random to be of the



same species and also more likely to replace one another when one dies out. This would
decrease significantly the fraction of the inter-species replacements of the total number of
band replacements. This prediction is supported by the results of the simple spatially explicit

model that we implemented (Fig. 6 in the main text).
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Supplementary Figure 4: The mean number of inter-species replacements that take
place during the species replacement process. The error bars denote one standard

deviation.
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Supplementary Note 2: Unidirectional migration

The findings presented in the main text regarding the condition of unidirectional
migration out of Africa reflect the results for a probability of migration into Europe per time
step of M, = 0.1, and N, = 100 (m, = 0.001). Here we provide analogous results, for higher
and for lower probabilities of migration (Supplementary Fig. 5). We find that these lead to

qualitatively similar outcomes.
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Supplementary Figure 5: The time and number of successful migrations until species

replacement under two different migration rates
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This figure is analogous to Fig. 1 in the main text, with different migration parameters: in (a)-
(c), the probability of migration into Europe per time step is M, =1 (N, = 100, m, = 0.01). In
(d)-(f), the migration rate is lower: M, = 0.05 (N2 = 100, m, = 0.0005). (a) and (d) depict the
mean number of simulation time steps until complete replacement of Neanderthals by
Moderns. The dark blue line is a fit of the means to a quadratic function; the number of time
steps to fixation scales with (N;)°. (b) and (e) depict the mean number of migrant
establishments that occur until replacement, which is linearly related to N;. The dark blue
line is a fit to a linear function. (c) and (f) depict the number of migrant establishments that
occurred while Moderns were in the population on their way to fixation (see main text). This
value scales with N;. The dark blue line is a fit to a linear function. For all panels, orange
error bars denote two standard errors around the mean, dark red bars denote the standard

deviation.
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Supplementary Note 3: Additional notes on population sizes, population structure, the

Levant, and inter-species competition dynamics

Our model assumes, for clarity and parsimony, a very simple demography. We point out a
number of demographic considerations that may be important and deserve consideration in

future studies.

1. Population sizes: as noted in the main text, the relative population sizes do not affect the
determined replacement of Neanderthals by Moderns discussed in the section ‘Migration and
carrying capacity in unidirectional migration’ in the Results; that is, under the assumption of
unidirectional migration out of Africa and into the Levant and Europe, which is in line with
the archaeological and genetic data to date (‘Unidirectional migration from Africa to Europe
leads to Neanderthal exclusion’ in the Results). The relative population sizes may play a role
when bi-directional migration is considered (Figs 4 and 5 in the main text); we find that a
difference in initial population sizes between the two species in the two demes has a
disproportionate effect on the probability of fixation in favor of the species with the larger
initial population. Most accounts suggest a larger Modern population compared to the
Neanderthal population, an assessment that is supported most prominently by estimates of

diversity in genetic data, combined with archaeological evidence (see, e.g., refs. *+>>7)

alongside some environmental considerations: based on its size and biological productivity,
Africa could have supported a much larger hominid population, and this difference is likely
to have been greatly magnified during ice ages in which large parts of Europe were
uninhabitable ***. However, some analyses highlight a decrease in Modern populations in
Africa near the end of the middle Paleolithic (e.g. ref. *%), based on the low density of
archaeological sites from that period and on reconstruction of climatic conditions at the time,

which suggests that large parts of Africa may have been too dry to support hominid

populations **®!. We remain agnostic regarding this topic.

2. Population substructure: Our model does not take into account population substructure,
even though such substructure may definitely play a role in realistically complex dynamics of
interspecies interaction. Thus, for example, some would argue that early populations of
Moderns in the Levant differ from later out-of-Africa Moderns to the extent that their

probable overlap and interaction with Neanderthal populations in the Levant should not be
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considered species’ co-existence in the duration estimates that we use to assess the validity of
our model (as is discussed in Supplementary Note 1) or in deriving support for it based on
qualitative features of the two species’ time trajectories (as we suggest in the discussion; see,
e.g. refs “*%. This interpretation is not uncommon, and frequently the two species’ long
potential overlap in the Levant is not addressed in discussions of their replacement dynamics
(e.g. ref. **). The present study does not depend on either interpretation; we assess the two
species’ dynamics under both scenarios. Additional aspects of population substructure may
affect our results, and should be considered in future studies, and incorporated into both null
models such as ours and into models that hypothesize selective, cultural, or environmental

factors in the species’ replacement.

3. The Levant: the Levant and Europe are treated in our model as a single deme because
most studies and debates have been with respect to within- and out-of-Africa dynamics of
Moderns. This simplification is useful and justified in some aspects, but may be misleading
or confusing in others, as noted above. The temporal, ecological, behavioral, and
evolutionary dynamics of the two species’ populations in the Levant, over tens of thousands
of years, have been studied extensively, giving rise to important insights, highlighting
intriguing questions, and producing a plethora of interesting ideas and hypotheses **%*%.
Notable among these have been suggestions that are similar in nature to ours, asserting that a
model that invokes neither selective differences nor external factors may be sufficient to
explain the two species’ interaction in the Levant, and that the end result of these dynamics
was a matter of historical contingency *>.

We suggest that our simplification of the geography over which the species’ dynamics
ocurred to a geography of two demes with migration between them is useful, and show that a
simple spatially-explicit model gives rise to similar qualitative results. Nonetheless, future
modeling may benefit from a more detailed account of the migration process, which treats

the Levant as a separate unit from Europe. Similarly, computational models that treat in

detail the dynamics within the Levant itself may provide additional insights.

4. Inter-species competition dynamics: our model assumes that interactions between
bands are selectively neutral, i.e. that the outcome of competitive interaction is

independent of the species’ identity of the groups involved, and that the average extent

14



of competition between any two bands is the same regardless of whether they are of the
same species. The possibility that the extent of competition between groups within- and
between species was different, and that the species differed in their behavior in this
context has been proposed in the past (e.g. refs 67.68), and is an interesting avenue for
future exploration of possible (non-neutral) dynamics. Among others, the species may
have differed in their tendency to engage in direct inter-band violence and in the
manner in which they did so, they may have differed in their tendency to create
alliances with other bands, and they may have differed in their strategic choices in
situations of conflict (see, e.g., ref. 6°). Interestingly, it is possible to construct a neutral
model that considers alliances among bands in the competition dynamics, if one does
not assume that the behavioral rules that govern this behavior differ between the
species; this can give rise to interesting dynamics, and may slow down or speed up the
replacement process, depending on the assumed underlying regularities that this
behavior follows. Since modeling such dynamics requires many assumptions, we did
not include them in the current null model. Studying such processes may be a fruitful

aspect in future studies.
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Supplementary Note 4: The likelihood of finding evidence in the archaeological record

for local recurrent species replacement

In order to interpret archaeological findings, such as in the attempt to reconstruct the
habitation chronology of a site or a region, it may be insightful to consider the possible
authorship of the stone artifacts and their distribution in time. For example, when a certain
amount of stone tool artifacts is found at a site, associated with a certain techno-complex and
dated to the late middle Paleolithic (e.g. ref. ’°), should it be interpreted as representing the
full time range of the site’s occupation, sporadic habitation of the site along a number of
discrete periods, or perhaps a single short period of habitation within the range of inferred
dates associated with the site? More specifically one might ask: how many individual stone
knappers produced the assemblage, and how are they related to one another?

Answering this challenging question is well beyond the scope of the current study, but it
may be instructive to make a conservative back-of-the-envelope calculation, to get a minimal
notion of what we might expect to find in the archaeological record, in order to assess the
extent to which the results of our current study’s modeling are reasonable. The model
suggests that for replacement to have occurred via a neutral process, each band territory
would have changed hands a certain average number of times (dependent on the assumed
parameter values, see Figures 2 and 6, and Supplementary Figures 1-4). How many of these
bands do we expect to have participated in the authorship of a stone tool assemblage that is
excavated at a single site? The answer may help tune one’s expectation regarding, for
example, the likelihood of finding at a single site evidence for recurring species replacement,
or of species’ co-occurrence.

The figures required for a rough calculation are, at the least, (1) an estimate (to an order
of magnitude) of the number of artifacts produced by a single individual, or a single band;
and (2) the number of stone artifacts found at a site that are associated with the period of
interest, i.e. the layers that date approximately to 55-35kya.

1. The practice required in order to reach a high level of expertise in the production of

stone tools characteristic of the technologies of the Middle Paleolithic, and perhaps

71,72

even some of the Lower Paleolithic, is extensive (see, e.g. refs , requiring years of
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experience. In a very conservative estimate, such experience would entail the
production of a few hundreds of stone tools.

2. There is no such thing as “a typical site”, but for our calculation we can consider that
the richness of sites in terms of the findings in them that date to the period of interest
lie along a spectrum, ranging from those with very few artifacts to those with very
many. Naturally, most sites are near the lower end of this spectrum, while only few are
at the high end. For our rough calculation it suffices to get an estimate of the order of
magnitude of the number of stone artifacts found in the majority of these sites. We
estimate that this number is on the order of a few thousand stone tools (see, e.g. refs
70.73-76.

Assuming that each band of hunter-gatherers would have included at least one
experienced stone knapper and one or two knappers in their training phase, it becomes
obvious that even a single band, over a few generations of habitation, could potentially
account for all of the findings at a single archaeological site. A less restrictive approach
would suggest that more bands are represented in each such site’s assemblage; increasing this
estimate by an order of magnitude leads to an estimate that the authorship of the assemblage
at a single site from the period of interest represents ten bands, or perhaps a few dozen in a
very permissive estimate. Assuming some variance between bands in the amount of tools left
by each, one should expect some of these bands to be represented by a number of tools which
is quite small, perhaps so small that its reliable association with a particular techno-complex
may be impossible. The timing of the occupation by these bands may be distributed over a
time span of thousands of years. Together, these suggest that the archaeological record is
extremely sparse in its coverage of the period of interest regarding species’ replacement, i.e.
55-35kya.

Given these (extremely) rough estimates, and even under the (questionable) assumption
that bands of different species in Europe of the late Middle Paleolithic are characterized by
different stone tool technologies, we suggest that one should not expect to find evidence for
contemporaneity nor of recurrent species replacement at any single site, even if replacement
of one species by another at each territory occurred multiple times near the transition
between the Middle and Upper Paleolithic. This is particularly true when taking into account

that the majority of Middle Paleolithic finds, at least in some regions, are from surface
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collection (see, e.g., ref ’’), and not excavations of layered sites, thus providing no

information about order of replacement and/or contemporaneity.
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