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It has long been believed that climate shifts during the last 2 million years had a pivotal
role in the evolution of our genus Homo' . However, given the limited number of
representative palaeo-climate datasets from regions of anthropological interest, it

has remained challenging to quantify this linkage. Here, we use an unprecedented
transient Pleistocene coupled general circulation model simulation in combination
with an extensive compilation of fossil and archaeological records to study the
spatiotemporal habitat suitability for five hominin species over the past 2 million
years. We show that astronomically forced changes in temperature, rainfall and
terrestrial net primary production had amajorimpact on the observed distributions
of these species. During the Early Pleistocene, hominins settled primarily in
environments with weak orbital-scale climate variability. This behaviour changed
substantially after the mid-Pleistocene transition, when archaic humans became
global wanderers who adapted to awide range of spatial climatic gradients. Analysis
of the simulated hominin habitat overlap from approximately 300-400 thousand
years ago further suggests that antiphased climate disruptions in southern Africa and
Eurasia contributed to the evolutionary transformation of Homo heidelbergensis
populations into Homo sapiens and Neanderthals, respectively. Our robust numerical
simulations of climate-induced habitat changes provide aframework to test
hypotheses on our human origin.

During the past Smillion years (Ma), agradual transitionin climate con-
ditions has occurred from the warmer and wetter Pliocene (5.3-2.6 Ma)
to the colder and drier Pleistocene (2.6-0.011 Ma). During this time,
tropical savannahs and open grasslands expanded in central-eastern
Africa*, which, according to the savannah hypothesis® and variants
thereof®, contributed to the early evolution of our human ancestors.
Milankovitch cycles in solar insolation and climate (Extended Data
Figs.1-3), particularly the eccentricity-modulated precessional cycle
(Extended Data Fig. 1a), further created multiple human migration
corridors from sub-Saharan Africa into northern Africa, the Arabian
Peninsula and Eurasia’” ™. The existence of these corridors is well sup-
ported by fossil, archaeological® and genetic" evidence. A possible
effect of astronomical forcings on early hominin evolution has been
suggested in the context of the variability selection hypothesis*'***,
which posits that early hominin evolution, selection and speciation
were influenced by alternating periods of high and low variability in
climate and resources.

Tobetter quantify theimpact of spatially heterogenous orbital-scale
climate variability" (Extended Data Fig.4) on human evolutionary tran-
sitions, we conducted an unprecedented transient global coupled gen-
eral circulation model (CGCM) simulation covering the global climate
history of the last 2 Ma (henceforth referred to as the 2Ma simulation).

2Ma s based on the state-of-the-art Community Earth System Model
version1.2 (CESM1.2) in 3.75° x 3.75° horizontal resolution forced with
ice-sheet distribution and elevation as well as CO, evolution obtained
from another transient intermediate-complexity model simulation®
and astronomical insolation changes' (Methods).2Ma, which uses an
orbital acceleration” factor of 5, reproduces key palaeo-climate records
such astropical seasurface temperatures, Antarctic temperatures, the
eastern African hydroclimate and the East Asian summer monsoonin
close agreement with palaeo-reconstructions (Extended Data Figs. 1
and 2), which supports the realism of our CGCM-based simulation.
Glacial-interglacial variability is characterized by a global mean tem-
perature amplitude of approximately 2-3 °C (5-6 °C) during the Early
(Late) Pleistocene (Extended Data Fig. 2a), which is consistent with
estimates from an Earth system model of intermediate complexity®
and palaeo-climate data constraints'® %,

To quantify the relationship between climate and the presence of
hominin species, we built a climate envelope model (CEM; Methods and
Extended DataFig. 5). This CEM was derived from an extended version
of apreviously published species database (SDB)**2 composed of geo-
chronologically constrained hominin fossils and archaeological layers
containing lithic industries (Fig. 1a-e and Methods) and topographi-
cally downscaled (1° x 1° grid) 1,000-year averaged data of climate
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Fig.1|Homininspecies habitat suitability. a-e, African-Eurasian species
distribution calculated from aMahalanobis distance model using four-
dimensional climate envelope data of topographically downscaled
temperature, precipitation and NPP changes simulated by 2Ma (Methods) and
thelocations and ages of fossil and archaeological sites (Supplementary
Table1). Thetime-averaged habitat suitability (blue to white shading) covering
the period of respective hominin presence canbe interpreted in terms of
probability (Methods), with values ranging from O (habitat unsuitable) to

variables from 2Ma, which are relevant for human survival. These fac-
torsincluded annual mean precipitation, temperature, yearly minimum
precipitationand net primary productivity (NPP; Methods). The 3,245
data entries of the extended SDB (Supplementary Table 1) contain
informationaboutlocation, age, age uncertainty and hypothesized spe-
cies, selected among early African Homo (combining Homo habilis and
Homo ergaster as one group), Eurasian Homo erectus, Homo heidelber-
gensis, Homo neanderthalensis and Homo sapiens. The spatiotemporal
climate fields of the 2Ma simulation (see Extended Data Figs. 3 and 4
for selectlocations) were extracted for the species-presence locations
and ages in the SDB and were then statistically aggregated as a CEM.
Subsequently, using the Mahalanobis metric?*?** and the spatiotem-
poral climate evolutionin 2Ma, we derived a habitat suitability model
(HSM; Methods) for each species, which quantifies the probability of
finding fossil and/or archaeological evidence of the species ata given
time and geographical location.

The key goals of our study were (1) to address how past climate
changes have affected archaic human habitats; (2) to test whether the
current fossil and archaeological records (location and age of each
homininspecies) have been affected by the orbital-scale evolution of our
climate system; (3) toidentify common climate envelopes and therefore
potential contact zones of hominingroups; and (4) to identify linkages
between regional climate shifts and evolutionary diversification.
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Time-averaged habitats

Toillustrate the connection between climate and the temporal and
geographical extent of hominin species, we focused on habitat suit-
ability calculated from the CEM. The simulated time-averaged maps
of hominin habitat suitability (Fig. 1a—e) exhibit several interesting fea-
tures. In particular, the suitable habitat for early African Homo (Fig. 1e)
iscomposed of relatively narrow corridors that beginin southern Africa
and runnorthward throughout the rift valley, straddle the Intertropical
Convergence Zone and cut across southern Africa in a northwest-
southeast direction. Such a limited range and high spatiotemporal
heterogeneity of habitat suitability are consistent with high levels of
environmental specialization and sensitivity to regional environmental
perturbations, such as eccentricity-modulated precessional cycles
(Fig. 1f-i). Even though we included only Eurasian fossils and arte-
factsfor H. erectusinthe HSM, the predicted global habitat suitability
of this species is far more extensive than that of any other hominin
species analysed here (Fig.1d). This is consistent with the concept that
H.erectuswas,onan evolutionary timescale, a flexible generalist who
roamed Earth for more than 1 Ma and inhabited awide range of differ-
ent environmental conditions (Extended Data Fig. 6). Even though
H.erectusand early African Homo fossil records are treated as geograph-
ically disjunct (Fig.1d, e), thereis still regional overlapin their climate
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Fig.2|Habitat overlap, succession and geographical distribution of fossils.
a, Greenshading represents aHovmoeller (time-latitude) diagram of the zonal
mean of the spatial scalar product of habitat suitability for H. sapiens and

H. heidelbergensis. Circles represent the corresponding average age and
latitudinal distributions of fossils and archaeological artefacts. High values of
habitat overlap coinciding with joint presence of fossilsindicate possible
locations of hominininteraction, diversification and possibly speciation.

b, Same asabut for H. neanderthalensis and H. heidelbergensis (right side) and

envelopes inside Africa (Fig. 2b and Extended Data Fig. 7d), which is
consistent with a deeper ancestral linkage between these two groups®.
For H. heidelbergensis, we observed a time-averaged habitat suitability
pattern that was qualitatively similar to that of H. neanderthalensis
(Fig.1b, ¢). By comparing the climate niches of H.sapiens (Fig.1a) with
those of other homininspecies, we determined that our own species was
best equipped to cope with dry conditions (Fig. 1g and Extended Data
Fig. 6¢). This extended climatic tolerance of H. sapienswas introduced
intothe CEM by agroup of fossils and archaeological artefactslocated
in northeastern Africa, the Arabian Peninsula and the Levant (Fig. 1a
and Supplementary Table 1). This tolerance of dry conditions greatly
enhanced the mobility of H. sapiens, which may have further facilitated
the documented multiple-wave dispersalsinto Eurasia across the Sinai
passage or Bab-el Mandeb straitinto the Levant (Extended Data Fig. 6¢c)
and the Arabian Peninsula’, respectively.

Climate impacts on species distributions

Thetemporal evolution of our HSM exhibits pronounced Milankovitch
cycles (Figs.1g-iand 3, Extended Data Fig. 6 and Supplementary Vid-
eos 1-5). Tropical regions are characterized mostly by precessional
cycles, whichare modulated by eccentricity cycles of 80-120 thousand

H.erectusand H. ergaster-habilis.‘Out-of-Africa’ migration periods are marked
as O0A. Potential regions for gradual diversification and transformation are
indicated by dual-coloured boxes. ¢, NPP (Methods) for each fossil and
archaeologicalsite (coloured circles), selected by averaging the 2Ma NPP data
ina6° x 6° vicinity around the fossil sites and for their respective fossil ages.
Thesize of the circlerepresents the great-circle (Haversine) distance toagrid
pointincentral-eastern Africa (4°N,36°E), withlarger circlesindicating closer
proximity to thislocation.

years (ka) and 405 ka (Fig. 1f), whereas extratropical locations show a
stronger component of 80-120 ka due to CO, and ice-sheet forcings
(Extended DataFig. 6b, d). Notably, regional climate changes and the
resulting habitat changes were driven not only by the interplay of local
forcings but also by remote effects such as eastern equatorial Pacific
temperature changes, as suggested recently® by a synthesis of Afri-
can hydroclimate proxy records and tropical sea surface temperature
reconstructions.

To further test whether orbital-scale climate variability influenced
the observed spatiotemporal distribution of hominin species, we recal-
culated the CEM for each species using the fossil and archaeological
datain combination with a time-scrambled trajectory of the CESM1.2
simulation (Methods). The resulting new CEM is different from the
original onein thatit assigns different, randomized temporal climate
states tothe fossil and archaeological data while maintaining the overall
regional co-variability of the climate components and the long-term
mean state. By comparing the long-term mean difference in the habitat
suitability projections of the null-hypothesis model with the original
one, we could then ascertain whether Milankovitch cycles influenced
the distribution of fossils and archaeological sites on a regional level.
Theresults for H. sapiens, H. neanderthalensis and H. heidelbergensis
(Extended DataFig. 8a—c) showed statistically significant differences
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Fig.3|Homininspecies successionin Europe and southern Africa.

a, Eccentricity (orange) and precession (blue) indices from Fig. 1f. b, Habitat
suitability calculated from the CEM for H. heidelbergensis (dark red curves) and
H.neanderthalensis (red curves) in Europe (4° x 4° average centred around
45°N, 6°E).c,Same asb but for H. heidelbergensis (dark red) and H. sapiens
(orange) in eastern-central Africa (4° x 4° average centred near 5°S, 36° E).
d,Sameas cbut forsouthern Africa (4° x 4° average centred near24°S,24°E).
Theshaded curvesrepresent probability estimates of the occurrence of
respective fossil and/or archaeological data obtained from the ages and age

(P<0.05, paired t-test) in the calculated habitat suitability, with values
of more than 0.05 in magnitude attained when comparing the unshuf-
fled and shuffled models over parts of Asia, Europe and Africa. This
documents that the orbital-scale trajectory had an importantrole in
determining where and when hominin species lived.

Species successions

Toidentify locations where potential succession or speciation of homi-
nin groups may have taken place, we calculated the species overlap as
the co-variance of habitat suitability between the different hominin
groups (Fig.2 and Extended Data Fig. 7). We assumed that species that
interacted with or emerged from each other probably shared similar
regional climate envelopes, at least during their transition time.

For H. neanderthalensis and H. heidelbergensis, the highest values
of niche overlap were found in Europe (Fig. 2b and Extended Data
Fig. 7b), which also hosts archaeological artefacts and fossils from
both species? (Fig. 3b) and has been regarded as the ‘birthplace’ of
Neanderthals®. By comparing the zonal mean overlap for H. sapiens and
H. heidelbergensis with their respective fossil and archaeological sites,
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uncertainties of the fossilsinthe respective broader regions. The thick black
curvesindrepresent the probability of the coalescence times® of the
mitochondrial DNAlineages LO, LOd’k, LOa’b’f’g, and LOk as agenetic
manifestation of deep-rooted modern human ancestry insouthern Africa.
Light-blue shaded bars indicate key periods of reduced habitat suitability in
southern Africa. The robustness of these calculations against uncertaintiesin
speciesattribution and dating of archaeological layers (Methods) is further
documentedin Extended DataFig.10.

we identified two key areas with climatic conditions that were suitable
forjoint occupancy outside Europe: central-eastern Africa and south-
ern Africa (Fig.3).Inaddition to habitat overlap (Fig. 2), we calculated
theregional habitat similarity as anindicator for potential evolutionary
transitions such as baseline evolution or speciation events (Extended
Data Fig. 7a). A more detailed analysis into the simulated regions of
orbitally varying species overlap indicated two pronounced periods of
reduced habitat suitability in southern Africa for H. heidelbergensis at
415-360 kaand 340-310 ka (Fig.3d). These prolonged eras of climatic
stress were further characterized by low probabilities for fossil and
archaeological records in subequatorial Africa. Subsequently, from
310 kato 200 ka, high values of habitat suitability correlated with the
first evidence of H. sapiens in southern Africa in terms of both fossils
and archaeological artefacts® (Figs. 2a and 3d) as well as presence
of the earliest mitochondrial DNA lineage (LO) of southern African
origin®. The disappearance of H. heidelbergensis from Africa could
potentially be explained by progressive evolution of H. heidelbergensis
into H. sapiens, which would be consistent with the presence of their
respective fossils and archaeological artefacts at about 200-300 ka
(Supplementary Table 1) and their similar values for regional habitat
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H. heidelbergensisinto Neanderthals in Europe is consistent with recent
genetic estimates®. This scenarioisalsoinagreementwith Neanderthal

suitability (Fig. 3d). By contrast, alarger habitat discrepancy between
H. heidelbergensis and H. sapiens (Fig. 3c) occurred in central Africa,
indicating that gradual species transition or diversificationis less likely
to have occurred in this region than in southern Africa, at least from
aclimate envelope perspective. Another major climate disruptionin
southern Africaaround 210-200 ka (Fig. 3d) during the austral summer
perihelion (Fig. 3a) could have increased the regional environmental
stress on H. sapiens, leading to dispersal and, subsequently, genetic
diversification. This timing is consistent with the presence of the first
known mutation event that occurred in our reconstructed common
mitochondrial ancestry®, even though considerable uncertainties
in dating and methodology still exist®. Overall, our analysis suggests
that the emergence of H. sapiens and the gradual disappearance of
H. heidelbergensisin southern Africa coincided with long-term climatic
anomalies during Marine Isotope Stages11and 9.

Speciation and dispersal

We combined a transient Pleistocene climate model simulation with an
extensive compilation of hominin fossils and archaeological artefacts
to study the environmental context of hominin evolution. Onthe basis
of the resulting HSM and palaeogenetic evidence***, we propose the
following scenario (Fig.4): about 850-600 ka, H. heidelbergensis, which
may have originated from H. ergasterin eastern Africa (Extended Data
Fig. 7e), splitinto southern and northern African branches, the latter

0
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Time (ka)

Habitat suitablhty‘ |

whole-genome data** that suggest a populationsplit between Neanderthal-
Denisovan and modern humanlineages between 550 and 765 kaand a
divergence between Neanderthals and Denisovans around 445-473 ka.
Possible eccentricity-modulated windows for early non-coastal north-south
migrations occurred around 700 ka and 600 ka during periods of high
eccentricity, accordingto the calculated HSM (see inset time series for 4° x 4°
averages centred near21°N,31°Eand20°S, 31°E).

of which included northern African and Eurasian populations.
Theintensified dispersal into off-equatorial regions may have occurred
during periods of high eccentricity around 680 ka and 580 ka, which
increased habitat suitability in otherwise unhospitable regions (Fig. 4,
insets). The southern branch experienced considerable climatic stress
insouthern Africa during Marine Isotope Stages 11 and 9, which could
have accelerated either a gradual or a cladogenetic transition into
H.sapiens®®. The Eurasian populations of the northernbranch further
bifurcated around 430 ka, possibly giving rise to Denisovans, which
populated parts of central and eastern Asia. Inside central Europe,
H. heidelbergensis, which experienced strong local climatic stress due
to eccentricity-modulated ice-age cycles (Fig. 3b), gradually evolved
into H. neanderthalensis between 400 ka and 300 ka. Side branches
to northwestern Africa, back-propagation, multiple dispersals¥,
interbreeding®® and subsequent speciation® may have further
complicated the picture.

Recent studies have suggested that the sequence of hominin spe-
ciation events and the long-term positive trend in brain size may have
been linked to past climatic shifts in Africa*®. Our analysis supports
the notion of strong Milankovitch cycles in early hominin habitat suit-
ability in central Africa (Fig.1h). Moreover, during the early Pleistocene
(2-1Ma), early African Homo populations occupied two main habitats:
oneincentral-eastern Africaand the otherinsouthern Africa (Fig. 2b).
On average, these groups preferred geographical regions that were
characterized by relatively stable NPP values of 200-380 gC m™ per
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year (Fig. 2c). Within Africa, early African Homo populations adapted
mostly tolocal orbital-scale variationsin climate and NPP (Fig.1g-iand
Extended Data Figs. 3, 4 and 9), as reflected also in their habitat suit-
ability. After the mid-Pleistocene transition and with the emergence of
H. heidelbergensisbetween approximately 885 and 865 ka, the dynam-
ics againchanged remarkably. H. heidelbergensisbeganto migrate into
Eurasia and other regions, encountering along their journey a much
wider spatial range of NPP, from extremely low values of 20 gC m™2per
year to values exceeding 600 gC m~ per year (Fig. 2c). These migrat-
ing groups crossed large spatial gradients in climate and NPP that far
exceeded the temporal rangesin NPP experienced by their more station-
ary Early Pleistocene predecessors. This transition to global wanderers
about 0.8-0.6 Mamust haverequired H. heidelbergensisto acquire new
adaptation skills, whichinturnalso strengthened their ability to further
expand their geographical range, thereby providing a strong positive
migration—climate adaptation feedback. Our analysis clearly shows
that H. erectus had already undergone such a transition from regional
dweller to early global wanderer before 1.8 Ma (Fig. 2c). Together with
the H. heidelbergensisevidence, thisindicates that dispersals from Africa
alwaysinvolved anadaptive shift, either biological or cultural, towider
climate envelopes. Therefore, to understand hominin evolutionduring
thePleistocene, the full spatial and temporal complexity of the climate
signal and the corresponding habitat suitability must be considered.

Discussion

The main conclusions of our analysis are robust with respect to the exist-
ing uncertaintiesin species attribution, particularly for the period from
1t0 0.3 Ma, and the dating of archaeological layers, as demonstrated by
key HSM calculations with four different scenarios that accounted for
these factors (Methods and Extended DataFig.10). Although our study
isbased on species-stratified fossiland archaeological input data, our
calculation of species overlap as HSM co-variability allowed us to treat
potential species transitions and successions in human evolutionary
history quantitatively and toidentify their spatiotemporal characteris-
tics. Tothe best of our knowledge, suchresearch has notbeenreported
thus far. The HSM captures regionally distributed patchworks of hab-
itable areas in agreement with a general multiregional perspective®
(Figs.1and 4). According to our CEM, southern and eastern Africa as
well asthe region north of the Intertropical Convergence Zone emerge
as potential long-term refugia for various types of archaic humans.
As the climate changed on orbital timescales, these refugia shifted
geographically, creating population patterns with greater complexity.
Further analysis of the pan-African connectivity of refugiain our HSM
dataset, as shown in the inset in Fig. 4, will increase understanding of
hominin dispersal, interbreeding and cladogenetic transitions as well
as potential cultural exchanges.

In summary, we demonstrated that astronomically forced climate
shifts were a key factor in driving hominin species distributions**and
dispersal and were probably important for diversification®.
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Methods

2Masimulation

We conducted the 2Ma simulation with the Community Earth System
Model (CESM), version 1.2, at an ocean and atmosphere resolution of
approximately 3.75° x 3.75°. The model uses bathymetry of the Last
Glacial Maximum and time-varying forcings of greenhouse gases®,
ice sheets® and astronomical insolation conditions'®. CESM1.2 has
arelatively low standard equilibrium climate sensitivity (ECS) of
2.4 °C per CO, doubling, which lies outside the likely range of esti-
mates* (3.7 + 1.2 °C) obtained with other climate model simulations
conducted as part of the Coupled Model Intercomparison Project,
phase 6. However, this value is within the lower range of recent esti-
mates compiled by the Intergovernmental Panel on Climate Change
sixth assessment report*® of Working Group 1, which identifies a very
likely ECS range of 2-5 °C. To obtain a more realistic response to past
long-wave radiative forcings in our palaeo-climate model simulation
and to implicitly capture radiative effects of other CO,-correlated
forcings* from dust, vegetation, N,O or CH,, we therefore scaled
the range of the applied CO, forcing” by a factor of 1.5. The resulting
effective ECS, which includes non-CO, greenhouse gas forcings, was in
our case approximately 3.8 °C. Our resultisin reasonable agreement
with the Coupled ModelIntercomparison Project phase 6 estimate and
previous palaeo-climate estimates'" of 3.2 °C, which were obtained
from reconstructions of the global mean surface temperature and
radiative forcings covering the last 784,000 years. Amplification
of the CO, forcing in CESM1.2 led to a realistic representation of the
amplitude of global mean, tropical and Antarctic temperature changes
(Extended Data Figs. 1b and 2a, b) and to a simulated temperature
range between Last Glacial Maximum and Late Holocene conditions
of approximately 5.9 °C. This resultis in close agreement with recent
palaeo-proxy-based estimates®. Similar to previous long-term tran-
sient climate model simulations conducted with Earth system models
of intermediate complexity”*®, the CESM1.2 simulations use an orbital
acceleration factor of 5, which means that the 2-million-year orbital
historyissqueezedinto 400,000 model yearsin CESM. The complete
model trajectory is based on 21 individual chunks that were run in
parallel, with each covering at least one interglacial-glacial cycle
(Supplementary Table 2). Moreover, each chunk overlaps with the
next chunk so that the issue of initial conditions and spin-up time
can be evaluated properly. The final climate trajectory is obtained
by combining the individual chunks and by using sliding linear inter-
polation in the chunk-overlap periods. The model simulation has
been evaluated against numerous palaeo-proxy-based data (Fig. 1
and Extended Data Fig.1). Unlike other Earth system models*~!, the
2Ma simulation conducted with CESM1.2 does not generate strong
internal millennial-scale variability such as that shown by Dansgaard-
Oeschger cycles. The CESM1.2 dataare provided on the climate data
server of the Institute for Basic Science (IBS) Center for Climate Phys-
ics at https://climatedata.ibs.re.kr.

Topographic downscaling

The T31spectral resolution of the 2Ma CESML1.2 simulation (approxi-
mately 3.75° x 3.75° horizontal resolution) is too coarse to properly
capture important topographic barriers, which may have affected
the dispersal and distribution of archaic humans. We applied simple
downscaling of the simulated monthly surface temperatures 7,(t) onto
al°x1°horizontal grid by accounting for the differencein height Ah(¢)
between the ETOPOS topographic dataset and the orographic forcing
of the 2Ma experiment. The lapse rate-corrected temperatures were
then calculated as T'((t) = T,(t) - gAh(t), where g represents a constant
average lapse rate of g= 6 °C per 1,000 m. The simulated rainfall p(¢)
was downscaled onto the high-resolution topography by accounting
for temperature-dependent moisture availability through the Clau-
sius-Clapeyron equation as p'(£) = p(£)el637's/(T"s + 243.04) - 17.625T /(T + 243.04]

A posteriori calculation of NPP

2Mauses fixed plant functional types but a prognosticleafareaindex.
Therefore, we calculated the NPP a posteriori (Extended Data Figs. 5
and 9) using a simple empirical relationship among temperature,
precipitation and tree fraction. The topographically downscaled
temperature T, (in degrees Celsius) and precipitation p” (in milli-
metres per year) of the 2Ma simulation were used at every grid point
to calculate the tree fraction®? as = 0.95{1 - eTs " Tw}p%/(p® + f),
with the additional term f= be™”s""w, and the parameters = 0.45,
a=3,b=2.6x10°%y=0.155and T,,=-15°C; ris capped between O and
1.Subsequently, the downscaled NPP can be calculated from an empiri-
cal model® as N* = {6,116[1 — e"%-00000507](1 — 1) + T min(FP, FT)}f(CO,),
where the minimum (min) is taken over the mathematical terms
FP= 0‘55lp*LOSS/e(O.OOOSO&p") and FT =2,540/[1+ e(1.584—0.06227*5)]‘ The func-
tionf(CO,) =[1+0.4In(C0O,/280)/In(2)] captures the bulk effect of CO,
fertilization of plants®* in the same way as the CLIMBER Earth system
of intermediate complexity, and its time evolution is obtained from
the transient CO, forcing of CESM1.2.

Extended dataset of archaeological and fossil hominin data

The SDM for the Homo genus was derived from a recent compilation
of archaeological and fossil data?. The original data compilation
published in 2020 (ref. ) included 2,754 radiometric age estimates
for fossil hominin occurrences, each accompanied by the confidence
interval around the estimate, the fossil site name and the archaeologi-
callayer withinthe site (where available) from which the dated sample
wasderived, the geographical coordinates of the site and the possible
attribution to one or more than one Homo species. Confident attribu-
tions to a single species generated a core record, whereas instances
with multiple attributions formed an extended record. Six different
species were recognized: H. habilis, H. ergaster, H. erectus, H. heidel-
bergensis, H. neanderthalensis and H. sapiens. The updated record, as
showninSupplementary Table1, contains 3,245 data entries restricted
to the temporal age interval of 2 Ma-30 ka; those from Australia and
the Americas were excluded. Further, we combined H. habilis and
H.ergasterinto asingle African Oldowan toolmaker species. Each occur-
rence is attributed to a given species depending on the presence of
unambiguous anatomical remains, either singly or in connectiontoa
specific lithic tool industry. This helped to guide identification if this
was not otherwise possible from the bones and teeth alone (398 entries,
12%), the age limits of the individual species or the stone tool industry.
For example, an occurrence in Africa older than the first appearance
of H.sapiens atJebel Irhoud® yet younger than the firstappearance of
H. heidelbergensis at Melka Kunture* is attributed to H. heidelbergensis.
Moreover, French Mousterian stone tools have been unambiguously
assigned to H. neanderthalensis, whereas Aurignaciantools were attrib-
uted to H. sapiens. When these criteria were applied, the core record
included 94.5% of the attributions, 48.5% of which refer to H. neander-
thalensis and 37.5% of which refer to H. sapiens. Where neither of these
criteria was met (in the original compilation, the SDM acknowledges
attribution uncertainty), we accounted for this by testing the stability
of ourresults with respect to different versions of the SDM (Extended
Data Fig. 10). For example, transitional industries (for example, the
Levantine Mousterian or Lincombian-Ranisian-Jerzmanowicianindus-
tries) received multiple attributions because they fit either H. sapiens
or H. neanderthalensis in terms of toolmaker identity*”*8, A detailed
explanation of this approach is provided as supplementary material
for ref. 2 (https://ars.els-cdn.com/content/image/1-s2.0-5259033222
0304760-mmcl.pdf).

Asecond source of uncertainty stems from dating. Although approxi-
mately 50% of the entries refer to the *C method (>90% of which are
based onaccelerator mass spectrometry), other dating methods such
as electron spin resonance (14% of the sample), thermoluminescence
(12%) and optically stimulated luminescence (12%) are less precise than


https://climatedata.ibs.re.kr
https://ars.els-cdn.com/content/image/1-s2.0-S2590332220304760-mmc1.pdf
https://ars.els-cdn.com/content/image/1-s2.0-S2590332220304760-mmc1.pdf

radiocarbon dating. Nonetheless, multiple datings are present for

individualfossil sites, even withinasingle stratigraphiclayer at the site.

To account for uncertainties in species attribution and age, we ran our

analyses according to the four different approaches described below.

1. Multiple dates, tier 1. Only the core record, which excludes entries
with uncertain species attributions, and all age estimates available
for each archaeological layer are used. Multiple age estimates per
layer are possible, and the age uncertainty for eachisincluded in
our analysis. This subdivisionincludes 3,060 data entries. Although
the main analysis in our study is based on this case, we need to con-
sider possible sampling biases due to the higher weights given to
archaeological layers with multiple dates (Figs. 1-4 and Extended
DataFig.10).

2. Multiple dates, tier 2. The extended record, in which ambiguous
species attributions are treated by randomly choosing among the
possible candidate species, is used along with multiple age estimates
(including uncertainties) per layer. This subdivision includes 3,245
(all) data entries (Extended Data Fig. 10).

3. Single date, tier 1. Multiple age estimates for a single archaeologi-
cal layer are combined in this approach to provide a minimum and
maximum age for the layer. Each archaeological layer has only one
entry, thereby eliminating possible sampling biasesin the estimation
of our CEM. This subdivision includes 1,567 data entries (Extended
DataFig.10).

4. Single date, tier 2. Age estimates for archaeological layers are treated
asthose in the single date, tier 1 category except that the extended
recordrather thanthe corerecordis used. This subdivisionincludes
1,652 data entries (Extended Data Fig. 10).

We acknowledge that our species subdivisions may be controversial
and that these do not necessarily require constancy of morphology,
habitat and behaviour. However, even though some species attributions
such as H. heidelbergensis could be questioned, we remain confident
that the majority of the record presents little challenge considering
that 86% of the core data belong to the well-defined, widely accepted
H. neanderthalensis or H. sapiens record and tool-making traditions.
Thus, even though some species attributions might be considered
invalid, widely accepted constraints are used. Clearly, to the best of
currentknowledge, 500,000-year-old remainsin Africacanbelongto
neither H. sapiens nor H. habilis®, irrespective of whether the name
H. heidelbergensisis considered appropriate. To further reduce uncer-
tainties, we tested the robustness of our main findings with four alter-
native scenarios (Extended Data Fig. 10) for species attribution and
datingand excluding uncertain and poorly dated species (for example,
Homo floresiensis, Homo naledi, Homo bodoensis, Homo longi and
Denisovans), which are restricted to too few fossil sites for which no
climatic variability can possibly be ascertained or do not currently
include any otherlocality or remainsin their definition. The final species
assignments used in our study should be interpreted here as plausible
working hypotheses.

Mahalanobis CEM

To derive the CEM (Extended Data Fig. 5) that best characterizes the
habitable conditions for hominins, we chose four key climatic vari-
ables: annual mean temperature and precipitation (7%, and P*,,,
respectively), annual minimum precipitation (P*,;,) and terrestrial NPP
(N*).Obtained as 1,000-year downscaled averages (1° x 1° horizontal
resolution), these variables, which relate to physiological constraints
for hominin survival and the availability of food resources, are com-
bined as afour-dimensional climate environment vector C(t) = (T*,,,,
P* o P* in N*) With 2,000 values in time (¢) corresponding to1,000-year
(200-year) orbital (model) means from the 2Ma simulation. The fossil
and archaeological data entries for the five individual hominin groups
are described in the previous section. Although our main analysis
focuses onthe multiple date, tier 1 case (Methods and Supplementary
Table1), the robustness of our results was tested against other ways of

treating species and age model uncertainties (Extended Data Fig. 10).
The data entries are represented by their longitude A;; and latitude
@;; coordinates and the respective average age t;; and age uncertain-
ties At;;withi=1, ..., 5 corresponding to the five hominin groups. We
defined the fossil state vector as z'= (Ay;, @y, by, Abys, oo Aty @i bnis
At, ;) with n; representing the total number of fossils in each group
during the past 2 million years. We then built the matrix D from the
four-dimensional climate data subsampled at the fossil data sites
and the corresponding nearest ages. Age uncertainties were consid-
ered through a Monte Carlo sampling method, which expanded the
length of the overall data vector. We obtained D' (4 x N;matrix for each
i=1,...,5) for each hominin group as D' = (T*,,.(Z)), P*,n(Z'), P* in(Z),
N*(Z)). We then calculated the Mahalanobis squared distance model*
for each group using {A(D") = (D' — <D'>)'S™ (D' - <D'>), where <...>
represents the sample mean value and S is the inverse co-variance
matrix obtained from the data. The Mahalabonis squared distances {;
were then transformed into a cumulative chi-squared distribution y’p¢
inthe four-dimensional climate data space C. When using 4 degrees of
freedom?, the corresponding probability H(C) = 1- x’cr(C) represents
the likelihood of finding a fossil for a specific quadruplet within the
four-dimensional climate dataspaceinthe HSM. We interpreted Has a
probability, which we refer to as habitat suitability. Given the temporal
evolution of Cfor every grid point of the downscaled 1° x 1° data over
the last 2 million years, we were able to calculate the spatiotemporal
habitat suitability for each downscaled grid point (x,y,t) in the model
asH(x,t) = H(T* (X, 2,0), P* ., 0), P*in (6, 0,8), N¥(x,,8)). The stability
of the HSM was tested by using different dimensionalities and com-
binations of climate parameters such as annual mean and seasonal
range of temperature and precipitation and annual mean and mini-
mum values of temperature and precipitation. The key conclusions
of our study remained essentially unchanged. Moreover, we tested
the stability of our results against the omission of hominin sites with
ambivalent original species attributions (multiple date, tier 2) and
different treatment of archaeological ages (single date, tiers1and 2).
The calculated H(x,y,t) was qualitatively very similar for the four dif-
ferent cases (Extended DataFig.10). Therefore, our main conclusions
remainrobust withrespect to uncertainties in species attributionand
archaeological layer dating.

Random climate trajectory

Toaddress the question of whether the actual climate trajectory influ-
enced thedistribution of fossil and archaeological data, we developed
a CEM and HSM in which fossil data were assigned to randomly cho-
sen climate states from the CESM1.2 simulation under the constraint
that the climate range selected must overlap with the total fossil age
range of the respective species. We randomized the time variability of
the four-dimensional climate data vector (annual mean temperature,
annual mean precipitation, minimum precipitation and NPP) while
keeping the co-variability among the climate vector components, as
well as the mean state, invariant. The original HSM (H), which is based
onthereal trajectory of CESM1.2, and the model (H,.,) that we trained
fromascrambled trajectory were then compared. The time-averaged
differences between the models for H.sapiens, H. neanderthalensis and
H. heidelbergensiswere theninterpreted as anindication of whether the
realistic climate evolution influenced the observed hominin distribu-
tions in space and time relative to a system that maintains its orbital
climate co-variance and mean state (Extended Data Fig. 8a-c) but does
not consider the exact time evolution of glacial-interglacial and orbital
cycles. The time-averaged difference between H(x,y,t) in the original
HSMand H,,(x,y,t) inthe HSM derived from time-randomized climate
datawas then tested at each grid point using a paired t-test.

Reporting summary
Further information on research design is available in the Nature
Research Reporting Summary linked to this paper.
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Data availability

The CESML1.2 data and the calculated hominin habitat suitability data
areavailable onthe climate data server at https://climatedata.ibs.re.kr.
The database of hominin remains and artefacts used hereis providedin
Supplementary Table 1. The mapsin Fig.1and Extended DataFigs.7,8
and 10 were generated using M_Map: a mapping package for MATLAB,
version 1.4m, available at http://www.eoas.ubc.ca/-rich/map.html.
The map in Fig. 4 was generated using the software Paraview, freely
available at https://www.paraview.org.

Code availability

The MATLAB codes used to generate Figs. 1-3 will be shared on the
climate dataserver at https://climatedata.ibs.re.kr. The CESM1.2 code
isavailable at https://www.cesm.ucar.edu/models/cesm1.2/.
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Extended DataFig. 3 | Surface temperature near sites relevant for
interpretation of hominin evolution. from a-I: Lake Turkana (3°N, 36°E), Lake
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spatial mean of 7°x7°around the center location.
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Habitat suitability model (HSM) set-up. The orbital scale transient mean temperatures, annual mean rainfall, minimum rainfall and net primary
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(Extended Data Fig. 8d-f). Using an extended fossil and archaeological
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habitat suitability at selected sites of archaeological interest for Homo habilis, (51°N, 85°E).
Homo ergaster, Homo erectus, Homo heidelbergensis, Homo neanderthalensis,
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Extended DataFig.7|Potential hominin overlap regions. a) Shading
indicates therelative occurrence frequency (relative to the entire
2-million-year simulation history) of when the habitat suitability for Homo
sapiens and Homo heidelbergensisat agrid pointboth exceed 0.3 and exhibita
difference of less than 0.1. This constraintis considered here as ameasure of
habitat similarity during overlap times. Circles show the respective fossil and
archaeological sites from the overlap periods. Cyan boxes highlight areas, for

which there are mixed fossils available and high habitat similarity. These areas
are potential areas for speciation events or gradual evolutionary
transformations. b) same as a), but for Homo neanderthalensis and Homo
heidelbergensis; c) same as a) but for Homo erectus and Homo heidelbergensis;
d) same as a) but for Homo erectus and Homo ergaster/habilis; e) same as a) but
for Homo ergaster/habilis and Homo heidelbergensis. The size of the circles
scales with the age of the fossils.
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a-c) difference between time-averaged habitat suitability estimated from
original climate envelope model Hand climate envelope model H,, calculated
fromvector-randomized climate variables (Methods) for 3 hominin groups.
Thistype oftime randomization (Methods) maintains the time-mean and
climate co-variance among the 4-dimensional climate input vector. Results
show the effect of the original orbital-scale climate trajectory (relative toa
randomized climate trajectory) on hominin habitat suitability. Only grid points
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net primary production: Left: Simulated NPP (gC/m?/year) for original T31
atmosphereresolution, obtained from empirical NPP model using1000-year
late Holocene average of total precipitation and surface temperatures
simulated by the CESM1.2 2Ma experiment; middle: same as left, but using
altitude-corrections for temperature and precipitation as downscaling onto a
1x1degreetargetgrid, showing the emergence of key topographic featuresin
Africa. This resolution was chosenin the calculations of the climate envelope
model; right: forillustration, same as middle but for a0.25x0.25 degree
horizontal target grid. The qualitative gainin terms of regional details from T31
tolxldegreeresolution outweighs the additional gain going from1x1degree
resolutiontoa0.25x0.25degree grid.
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of the CESM1.2 model can be downloaded from https://www.cesm.ucar.edu/models/cesm1.2/.

Data analysis The data analysis of the CESM1.2 simulations was conducted with the Climate Diagnostic Operators https://code.mpimet.mpg.de/projects/
cdo/. The habitat suitability model was derived using our own computer codes which were developed for the software Matlab R2014b. Our
codes will be shared with interested users on https://climatedata.ibs.re.kr. Maps in Fig. 1, Extended Data Figs. 4, 9, 10, 11 were generated in
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Ecological, evolutionary & environmental sciences study design
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Study description Using the Mahalanobis distance approach, a new climate computer model simulation covering the past 2 million years is combined
with an extensive hominin fossil and archaeological data compilation (based on previously published sources) to derive a new climate
envelope model. The climate envelope model is forced with the climate model input to estimate the time evolution of habitat
suitability for 6 hominin species on a spatial mesh of 1 degree x 1 degree and covering the last 2 million years.
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Research sample The fossil and archaeological data compilation used in this study is based on Raia, P., Mondanaro, A., Melchionna, M., Di Febbraro,
M. & Diniz-Filho, J. A. F. Past Extinctions of Homo Species coincided with increased vulnerability to Climatic Change. One Earth 3, 1-11
(2020) and extended and updated with new published data sources. Our dataset includes 3246 entries for 6 hominin species during
the past 2 million years, each characterized by their latitude, longitude, age and age uncertainties. All data points have been
compiled from previously published studies. The climate model used in this study is the Community Earth System Model, version 1.2
in in 3.75x3.75 degree horizontal resolution. Data from this climate model are further downscaled to a 1x1 degree horizontal grid to
account for orographic effects. The 6 hominin species (Homo sapiens, Homo neanderthalensis, Homo heidelbergensis, Homo
erectus, Homo ergaster, Homo habilis) were chosen to capture key aspects in the evolution of the genus homo between 2 million
years ago to 30,000 years ago. The CESM1.2 climate model was chosen for its numerical efficiency (300 simulation years per day on
Cray XC50) and its well-documented realistic presentation of the climate system under present-day conditions. Our study focuses on
the past 2 million years, due to the availability of the computer model simulation data.

Sampling strategy The fossil and archaeological data were selected from the vast anthropological and archaeological literature following simple criteria:
data samples must be attributable to 1 or 2 (out of the 6) species, age estimates and respective uncertainties must be provided in the
original reference, age of samples must cover the time period from 2 million years ago to 30,000 years ago. Based on these criteria
our extensive literature search yielded 3246 samples.

Data collection The novel CESM1.2 computer model simulation for the last 2 million years was conducted by Dr. Kyungsook Yun (co-author).

Timing and spatial scale  The climate model simulation covers the period from 2 million years ago to early Holocene. We therefore concentrate our data
analysis on the period 2 Ma - 0.03 Ma. The climate model simulation does not have any gaps. The age gaps for the fossil/
archaeological samples are provided in Supplementary Data 1. Data samples were selected only for Africa and Eurasia, because
Australia and the Americas are not a subject of our paper. Temporal resolution: The model simulation output was sub-sampled
temporally for the analysis using monthly stratified 1000-year means. This approach is justified, because our study focuses on orbital-
scale changes in climate with a minimum timescale of 21,000 years (precessional cycle). Spatial scale: 3.75x3.75 degree horizontal
resolution output from the climate model is further downscaled to a 1x1 degree horizontal grid to account for orographic effects and
allow for a better comparison with the hominin dataset.

Data exclusions The entire climate model simulation covering the orbital history of the past 2 million years is included. Our hominin database only
includes fossil and archaeological sites that have good chronological constraints. Undated specimen are excluded in our analysis.

Reproducibility Our study is not based on experimental data, but on numerical simulations, which are highly reproducible within the computational
accuracy on other computing platforms.

Randomization To capture the effect of fossil and archaeological age uncertainties, the climate envelope model links fossil datapoints to climate
model data with 100 different ages obtained from a random distribution that spans the most likely age of the hominin data and their
corresponding age uncertainties. The climate niche model therefore accounts for the age uncertainties of the hominin record. To
further test the effect of climate mean state, variability and exact trajectory on the climate envelope model, we have applied 2
randomization methods: a) 4 dimensional climate data vector was scrambled randomly in time while keeping the 4-dimensional
climate covariance intact; b) 4-dimensional climate data vector components are scrambled randomly in time and independently from
each other, which destroys the climate co-variance structure, but maintains the average climate state.

Blinding Blinding is not applicable to our numerical model simulations, because the same computer code will generate the same simulation on
other computing platforms, which use the same numerical precision.

Did the study involve field work? |:| Yes No

Reporting for specific materials, systems and methods

We require information from authors about some types of materials, experimental systems and methods used in many studies. Here, indicate whether each material,
system or method listed is relevant to your study. If you are not sure if a list item applies to your research, read the appropriate section before selecting a response.
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