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Abstract

The genus Homo evolved during the Pleistocene — an epoch of gradual 
cooling and amplification of glacial cycles. The changing climates 
influenced early human survival, adaptation and evolution in complex 
ways. In this Review, we present current knowledge about the effects of 
past climate changes on the evolutionary trajectory of human species. 
Humans emerged in dry grassland and shrubland when average climate 
conditions were warm. As global climate started cooling down, human 
species needed either to track their preferred habitats or to adapt to 
new local conditions, each of which is indicated in the archaeological 
record. Limited dispersal ability and narrow ecological preferences 
were predominant in early species, whereas cultural innovations 
and consequently wider ecological niches became commonplace in 
later species, allowing them to live in colder extratropical climates. 
Yet, despite their growing ecological versatility, all species but one 
eventually went extinct. Future research should explore cultural 
transmission between and within species, and the influence of climate 
change on human genetic diversification.
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Modelling human responses to climate
Spatially and temporally resolved multidimensional palaeoclimate 
datasets26 enable inferences on the ecological niche of hominins beyond 
those derived from single point observations at individual sites. Real-
istic spatiotemporal environmental data can be used to identify and 
simulate preferred human habitats and dispersal behaviours, among 
other aspects of hominin evolution.

Species distribution models
Species distribution models (SDMs) are a powerful biogeographical 
statistical modelling tool to link extant or past species occurrences 
with environmental variables in terms of time-invariant statistical rela-
tionships. Using spatial and temporal environmental inputs, SDMs can 
predict the habitat suitability of a species, which is a measure of the 
overlap between the species-specific climate envelope and the actual 
climate conditions. By combining palaeoclimate and environmental 
data with fossil and/or archaeological datasets of hominin presence21,24 
and absence, SDMs can help to test hypotheses about the climate 
preferences of ancient hominins.

An SDM is a function H C C( , … )i Nc
 that characterizes the occurrence 

probability of a species in relation to climate or environmental variables 
C i N( = 1, … )i c . SDMs are derived from empirical presence or absence 
data for the species at different locations over all relevant sample ages 
and corresponding data or modelling estimates of environmental 
conditions. In this formulation, H, habitat suitability, is an implicit 
function that describes an estimate of the potential climate niche of a 
species. Ci typically depends on longitude, latitude x y( , ) and time t, 
H C x y t C x y t H x y t( ( , , ), … ( , , )) = ( , , ).i Nc

 Importantly, SDMs identify the 
realized niche of a species (the fraction of the fundamental niche cur-
rently exploited by the species), whereas the fundamental niche 
includes the full range of physiological tolerance limits and resource 
needs of that species. Palaeoclimate model simulations5,26–33, or climate 
emulators34–36 with gridded x y t x y t[( , , ) → ( , , )]k k j  estimates of the cli-
mate variables C ,i  can then be used to obtain a time-evolving spatiotem-
poral environmental data vector C x y t C x y tV = [ ( , , ), … ( , , )]k k j N k k j1 c

. The 
temporal evolution of the habitat suitability can be calculated as 
H x y t H( , , ) = (V)k k j . Selection of multidimensional climate variables to 
estimate an SDM depends on the specific application. For example, 
different combinations of variables characterizing temperature and 
water tolerances, or human food resources (net primary productivity), 
can test different hypotheses about the factors influencing human 
distributions21,22,37,38. Reducing dimensionality in the input variables is 
essential to avoid overfitting SDMs owing to strong statistical 
codependencies39–41.

SDM algorithms differ in how they model the species niche. 
Machine learning approaches (Maxent42, Random Forest43) or ecologi-
cal niche factor analysis44 are best used in data-rich situations, when 
more than 50 discrete observations (species presence datapoints) from 
different geographical locations are available. Other SDMs use drivers 
of species distribution other than climate conditions, such as intrinsic 
physiological tolerances (mechanistic models45); or use patterns of spe-
cies co-occurrence46 or phylogeny47; or combine co-occurrence with 
climate data48, and mechanistic models with presence-only (climate 
envelope) models49. Presence or absence data generally provide a better 
delineation of the species niche than presence-only data50. When work-
ing with scarce presence data51,52, such as for extinct hominins, or when 
applying SDMs to non-analogous climate situations47,53, the best approx-
imation of the fundamental niche54,55 can be obtained by supplementing  
observational data with phylogenetic information22,24,47,56.

Introduction
From the Pleistocene epoch to the Holocene (between 2.58 million years 
ago, Ma, and 11.65 thousand years ago, ka), Homo sapiens and earlier 
representatives of the genus Homo were subject to repeated cooling and 
warming events1 (Fig. 1), alternating wet or dry conditions2, modified 
seasonality and major vegetation shifts3. These often intense and rapid 
climate changes influenced the course of human evolution, driving 
or affecting intercontinental dispersal events, speciation, extinction, 
and biological and cultural adaptation. These processes helped to 
shape Homo into one of the most successful mammalian genera so 
far, diversifying a single, average-brained, warm-adapted African ape 
species into several large-brained, cold-tolerant taxa, which dispersed 
over the Old World, managed fire, and invented culture, clothes and 
complex tools along the way4–6. Homo sapiens is now the only surviving 
species in a highly dynamic multispecies evolutionary story that lasted 
for at least 3 million years.

Understanding of these climate impacts on hominins, however, 
has been hampered by the spatial resolution and temporal continuity of 
the archaeological record. As such, evidence is often limited to punctu-
ated observations of habitat preferences, vegetation types7–9, diet10 and 
resource availability — typically in unusually rich archaeological sites. 
Indeed, geochemical11,12 and palynological proxies13,14 indicate a prefer-
ence for open and grassy habitats in early Homo6, and the inclusion of 
more meat and protein-rich food in later Homo such as Neanderthals15. 
But these records are not able to provide full determination of hominin 
ecological niches and niche evolution of metapopulations, limiting the 
ability to infer the actual impact of climate change on the evolutionary 
history of Homo16.

Climate models now offer such an opportunity. Increasing compu-
tational power has enabled transient palaeoclimate simulations with 
coupled atmosphere–ocean models17–19, filling the large temporal and 
spatial gaps in the palaeoclimate record. Accordingly, climate models 
have allowed explicit quantification of links between past climate 
change and human dispersal20,21, habitat preferences4,21, selection3, 
adaptation, genetic admixture22 and diversification23, speciation and 
extinction24,25. Alongside developments in palaeobiology, palaeog-
enomics and ecological modelling, previously unexplored facets of 
Homo evolution have been illuminated. For instance, isotopic analyses 
of dental enamel help in understanding the diet of past human spe-
cies10,15, and modelling of their climate niche24 indicates exposure to 
extinction risk. These approaches stem from geochemical, palaeoeco-
logical and even biological conservation research, rather than classic 
anthropology. Although changes in society and technology limit the 
value of such knowledge with regards to future human evolution (that 
is, as an analogue), the building and development of quantitative mod-
elling tools do enable insight into past, present and future responses 
to environmental challenges.

In this Review, we discuss how climate and vegetation shifts were 
important drivers of hominin evolution, focusing on areas covered 
by extensive modelling and anthropological research — namely Pleis-
tocene Africa and Eurasia. We begin by describing the mathematical 
frameworks that can be used to conceptualize key processes in hominin 
evolution or make quantitative assessments. We follow by discuss-
ing major palaeoclimate and ecosystem changes, before outlining 
how these changes influenced human evolutionary history, including 
speciation, niche occupation, extinctions and cultural innovation. 
We end by outlining future research priorities, arguing the need to 
further address the role of climate in cultural adaptation and genetic 
diversification.
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Density-based models
Density-based modelling is another approach used to infer how climate 
influenced the abundance of human species and other characteristics 
through time. Partial differential equations are used to predict species 
densities as a function of time and space. In contrast to species distri-
bution models, this approach does not rely on extensive empirical 
datasets of fossils or archaeological artefacts, but rather on parameters 
characterizing human reproductive rates, mortality and mobility.

Groups of individuals of the same species and with the same envi-
ronmental tolerances can be described by a continuous population 
density variable57 ρ, which depends on longitude and latitude (x y, )  
and time t. This approach recognizes populations as quasi-continua,  
which can disperse through diffusive or advective58,59 processes, grow 
in the presence of sufficient food resources (typically described 

through a carrying capacity K) or decline when population density 
exceeds the carrying capacity60. The combined dispersal and growth 
dynamics of a population are typically modelled with the Fisher–
Kolmogorov–Petrovsky–Piskunov (F–KPP) reaction–diffusion 
equation57:

 






ρ
t

κ ρ αρ
ρ
K

∂
∂

= ∇( ∇ ) + 1 − . (1)

The left side of the equation denotes the temporal change of 
population density ρ. The first term on the right side denotes diffusion 
(in which κ represents the diffusivity) and the second term denotes 
density-dependent growth with an intrinsic population growth rate α. 
The carrying capacity K  determines how many individuals per unit area 
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Fig. 1 | Palaeoclimate and human evolution timeline. Upper part: estimated 
age range for human species (red lines; Homo habilis, H. ergaster, H. erectus, 
H. heidelbergensis, H. neanderthalensis and H. sapiens), and their representative 
skull specimens. Lower part: modelled global mean temperature anomaly (black 
line) and corresponding warming stripes (red–blue stripe) from the Late Pliocene 

to the Holocene epoch (3,000–0 kyr BP), relative to preindustrial; model data are 
from a transient CESM1.2 simulation18,21 run with orbital forcing and estimates26 
of ice-sheet extent and CO2. Inset: oxygen isotope data (δ18O) from Greenland ice 
cores192 over 80–30 kyr BP. During their evolution, human species were exposed 
to large-scale climate reorganizations on millennial to orbital timescales.
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can be maintained by the existing climate-dependent food resources 
in equilibrium. If ρ K> , and in the absence of dispersal, the logistic term 
becomes negative, and the population begins to decline. If a population 
moves into an unoccupied61 region, the minimum propagation speed 
of the population front according to equation (1) can be obtained from 
the Fisher travelling wave equation57,62 as v ακ= 2 . Habitat tracking 
(the ability of a species to disperse toward suitable habitats when local 
conditions deteriorate) is possible when the propagation speed v is 
equal to or larger than the magnitude of the climate-induced habitat 
velocity. This relationship can be expressed as V K= (∇ ) ,K

tcl
d
d

−1  in which 
the first term represents the temporal change in carrying capacity 
and the second term the spatial gradient. Vcl represents the speed at 
which areas with similar carrying capacity shift their geographical 
location. If < 0K

t
d
d  (that is, if local habitat conditions or food resources 

deteriorate, for example owing to a long-term drought), habitat tracking 
of hominins is likely to occur in the direction of a positive habitat gradi-
ent, which means that humans would be moving towards wetter condi-
tions with more available food resources. Under deteriorating local 
conditions, v V< | |cl  can cause environmental stress to accumulate, 
acting as a driver for regional adaptation or regional extinction. The 
key parameters K α,  and κ in equation (1) can be estimated empirically, 
for instance from present-day hunter-gatherer groups57,61. F–KPP mod-
els have become powerful explanatory tools to interpret archaeological 
data, human migration, and the emergence of new populations and 
traits in remote regions57,63–65.

The carrying capacity K  in these models represents the climate 
forcing of the dynamical population model obtained from palaeocli-
mate model simulations. Instead of the common assumption that  
K is only related to the available net primary production5,20,23,66 

x y tNPP( , , ), the NPP can be additionally weighed by the species’ habi-
tat suitability H x y t( , , ), thereby combining density-based models 
(equation (1)) with SDMs. The carrying capacity K can then be 
expressed as K x y t η x y t H x y t( , , ) = NPP( , , ) ( , , ). Another possibility to 
account for species-specific food and climate preferences is to include 
the habitat weighting H x y t( , , ), in the net growth parameter α. These 
formulations require the prior computation of habitat suitability 
maps for different time periods using archaeological and/or 
anthropological and climate data.

Agent-based models
Agent-based models (ABMs) use algorithmic rules to specify the behav-
iour of discrete, mobile agents — individuals or groups of individuals —  
interacting with each other and their environment. These ABMs allow 
one to ask how small-scale or short-term processes and patterns of indi-
vidual behaviour, movement and interaction with the environment give 
rise to the large-scale or long-term processes and patterns of human 
population dynamics in space and time. Weak-emergence66,67 questions 
have long been at the core of agent-based modelling in archaeology 
and related fields68–70. Implementing an ABM requires decisions about 
which empirical data to use to design the model agents, and at what 
temporal and spatial resolution agents operate. The challenge is to 
balance the level of detail and realism of the agents with the available 
empirical data and the resulting computational costs.

To illustrate the value of ABMs for understanding hominin evolu-
tion, consider an example of a global ABM20,71 to simulate human dis-
persals under late Pleistocene climate fluctuations. Its temporal 
resolution (in this case, one year) and geographical grid resolution 
essentially determine the level of detail of the agent implementation. 
The corresponding agents are female and male individuals that perform 

yearly actions such as ‘move’, ‘mate’, ‘give birth’, ‘grow’ and ‘die’, whereas 
daily actions such as ‘forage’, ‘hunt’, ‘eat’ and ‘sleep’ are not incorporated 
in the model. The probabilistic scheduling of the agents’ yearly actions 
is based on empirical data on present-day hunter-gatherers, and on 
inferences drawn from archaeological evidence of past lifestyles. Climate- 
dependent food resources and limitations for the individual agents are 
parameterized through a carrying capacity term obtained from climate 
model simulations. Notably, the ABM does not explicitly implement 
macroscopic parameters used in F–KPP models (equation (1))  
such as population growth rate α and population diffusivity κ. Rather, 
α and κ emerge as system properties from the combined effects of 
individual birth, growth, reproduction and death events, of individual 
movement bouts, and of the interactions of individuals with each other 
and with the environment.

The main advantage of ABMs over density-based models is that 
they represent the discreteness and heterogeneity of real-life indi-
vidual processes and actions20,72,73, such as the exchange and/or trans-
mission of information among individuals. Individuals can propagate 
information via genetic pathways, or culturally by sharing skills. In 
principle, it is possible to simulate gene–culture coevolution and 
genetic–cultural adaptation under fluctuating climate conditions23 
using complex model agents with large parameter sets to quantify 
these properties. However, overparameterization critically limits the 
informative power of ABMs. The fewer parameters they use to model 
individual agents, the better they express our limited knowledge of 
fossil human individuals and the greater their explanatory power. 
Such considerations are of critical relevance for modelling the late 
Pleistocene dispersals of human populations from Africa and their 
interactions with local Eurasian populations such as the Neanderthals 
and Denisovans.

Palaeoclimate and ecosystem changes
Substantial climatological change occurred during the time since the 
evolution of the first Homo to the beginnings of a sedentary lifestyle 
of Homo sapiens (that is, from around 2.8 Ma to the beginning of the 
Holocene, around 11.65 ka; Fig. 1). In this section, the major changes 
to physical climate and their cascading effects on the evolution of 
ecosystems are described.

Physical climate
Glacial cycles, the waxing and waning of major ice sheets, are a key 
component of palaeoclimate variability, determined in large part by 
astronomical forcings called Milanković cycles74 (Fig. 2). These forcings, 
which influence climate variability on timescales of 20–400 thousand 
years (kyr) (Fig. 1), reflect changes in Earth’s axis tilt (obliquity), the 
shape of Earth’s orbit around the Sun (eccentricity) and Earth’s axis 
wobble (precession). Milanković cycles cause shifts in the seasonal 
distribution of solar radiation, which can in turn generate tempera-
ture gradients and corresponding shifts in atmospheric circulation 
and precipitation75. When the precession index is negative, Earth is 
closer to the Sun in boreal summer, which leads to Northern Hemi-
sphere summer warming and related northward shifts in tropical rain-
bands76–81. These dynamics are evident in monsoon systems and the 
extensive intertropical convergence zones — zonally extended bands 
of increased rainfall and weak winds, and important energy sources for 
the atmospheric circulation82. Precessional shifts of the intertropical 
convergence zones and monsoon systems cause regional wet–dry 
cycles which have been suggested as drivers of human evolutionary 
change in Africa5,12 and Asia83.
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Temperature and precipitation are the main aspects of spati-
otemporal climate variability that are likely to have affected hominin 
groups4,12,84,85 (Fig. 2d–g). Throughout the Pleistocene, Earth’s climate 
gradually cooled and the amplitude and duration of major cold–warm 
(glacial–interglacial) transitions increased. The Mid-Pleistocene Transi-
tion86 (MPT) occurred around 1,000–800 kyr before present, when the 
dominant ice-age cyclicity switched from 20–40 kyr to 80–120 kyr. After 
the MPT, glacial periods characterized by global cooling of up to 5 °C (rela-
tive to late Holocene conditions, Fig. 1) became dominant, interrupted 
by interglacial episodes typically lasting for 10–20 kyr. To understand 

human responses to this variability, it is important also to document the 
regional aspects of palaeoclimate change. The leading mode of surface 
temperature variability simulated by a climate model18 is characterized by 
a homogenous warming pattern (Fig. 2d). The amplitude of this pattern, 
however, decreased gradually over the past 3 million years (Fig. 2e), in 
agreement with the global mean cooling trend (Fig. 1) driven by decreas-
ing atmospheric CO2 concentrations26. Superimposed on the cooling 
trend is variability in the form of warm–cold fluctuations, caused by  
glacial–interglacial CO2 variability and the orbital-scale waxing and waning 
of ice sheets, affecting mainly northern North America and Scandinavia.
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Fig. 2 | Climate response to astronomical forcings. a, The obliquity component 
of the Milanković cycles, reflecting changes in Earth’s axial tilt. b, The eccentricity 
component of the Milanković cycles, reflecting changes from a circular to 
elliptical orbit of Earth around the Sun. c, The precession component of the 
Milanković cycles, representing axial and apsidal precession. d, The leading 
empirical orthogonal function (EOF) of simulated21 surface air temperature (SAT) 

over the past 3 million years. e, The corresponding principal component (PC) 
time series for panel d. f, As in panel d, but for precipitation. g, As in panel e, but 
for precipitation. Milanković cycles served as the metronome of climate change 
during the Pleistocene, creating glacial–interglacial cycles and massive shifts in 
tropical rainfall.
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Pleistocene precipitation variations are best described by a highly 
complex and heterogenous dominant tropical pattern of variability76 
(Fig. 2f), showing shifts in the major tropical rainbands. These trends 
in turn affected vegetation patterns and environmental conditions rel-
evant to early hominin evolution and dispersal5. The temporal change 
of the leading mode of precipitation variability is characterized by 
strong eccentricity-modulated precessional cycles and an overall 
declining trend (Fig. 2g).

In addition to these astronomically forced climate changes, the 
Pleistocene was also punctuated by millennial-scale transitions, known 
as Dansgaard–Oeschger (DO) cycles87,88, that caused massive shifts in 
hydroclimate and vegetation89,90. DO events, which were more prevalent 
for medium-sized ice sheets91, are typically characterized by relatively 
fast warming from cold (stadial) to warm (interstadial) conditions in 
the Northern Hemisphere, followed by a gradual cooling92 (Fig. 1, inset). 
The Southern Hemisphere exhibited an out-of-phase relationship 
known as the bipolar seesaw29,93. DO events lacked clear periodicity, 
and their return time ranges from decades (DO precursor events) to 
millennia. DO variability can be generated by internal ocean–climate 
instabilities94–99, often related to the so-called deep-decoupling oscil-
lations100,101, or by ice-sheet instabilities and corresponding freshwater 
input originating from the Eurasian102,103 or the Laurentide ice sheets, 
or both29.

Together, orbital, millennial-scale and shorter-term changes in 
climate influenced vegetation and ecosystems where early humans 
evolved.

Biome changes
The variety of habitats shared by large species communities can be 
summarized in terms of biomes. A biome is typically characterized 
by a distinctive plant community, which is in turn determined by 
specific conditions in the physical environment. Thus, modelling 
past climate variability and change provides an opportunity to infer 
changes in the regional distribution of biomes through time. This 
taxon-free approach seeks to model the past biomes rather than their 
constituent species. To identify ecosystem preferences of early human 
species, it is appropriate to first assess the more robust comprehen-
sive megabiomes, namely tropical forest, temperate and boreal for-
ests, grassland–dry-shrubland, savanna–dry-woodland, desert and 
tundra104 (Fig. 3).

Simulations of global vegetation3 indicate that global cooling 
during the Pleistocene and shifts in precipitation patterns caused 
major shifts in the dominant megabiome types (Fig. 3). After the MPT, 
persistent early Pleistocene temperate forest in Europe was replaced by 
intermittent episodes of temperate and boreal forest, occurring mostly 
during interglacial periods (Fig. 3c). Glacial periods in Europe were 
characterized by an extensive coverage of grassland, dry shrubland 
and tundra, and a substantial reduction in forested areas.

Over Asia and equatorward of 45° N, model simulations3 yield 
rather stable environments, which were only punctuated by pre-
cessional-scale variability with a period of about 21 kyr (Figs. 2c,3). 
At high latitudes, glacial tundra alternated with boreal forests on 
timescales of 20–40 kyr prior to the MPT and 80–120 kyr subse-
quently. In Central Africa, biomes shifted from rainforests to more 
open environments (grassland and shrubland) after the MPT. In 
northern Africa, vegetation variability was characterized by strong 
precessional cycles, which might have played a major role in creating 
green corridors4,5,12,85,105 between northern Africa, the Levant and the 
Arabian Peninsula.

Climate effects on human evolution
Changes in climate influence the amount and type of resources106, and 
the location, size and degree of connection between the habitable 
places available to species55,107,108. For most species, the main biological 
response to climate change is habitat tracking — that is, the tendency 
to follow their preferred habitats as climate disturbances push them 
towards different areas109, even on seasonal timescales. Because habi-
tat tracking is a species’ response to climate change without adaptation, 
it is thought to be the main determinant of evolutionary stasis110,111. 
However, habitat tracking is just one possible response to climate 
change and requires species to be mobile enough to keep track with 
the climate-induced habitat velocity Vcl (Fig. 4b). Other responses to 
climate change include adaptation and extinction (that is, the lack of 
an effective response; Fig. 4a). This section describes a selection 
of illustrative key examples that document how modelling approaches 
can be used to test hypotheses about evolutionary responses to past 
climate change.

The expanding human niche
During the Pleistocene, hominin species expanded several times from 
Africa into Eurasia (Fig. 5a), requiring adaptation to new environmen-
tal conditions beyond subtropical and extratropical biomes, such as 
temperate and boreal forests. Using an extensive critically assessed 
dataset of locations and ages and age uncertainties of different homi-
nin species21,24 (Fig. 3) in combination with a transient global biome 
simulation (Fig. 3a–c), the proportion of biomes inhabited by the dif-
ferent hominin groups can be determined. Accordingly, early African 
hominins (H. ergaster, Fig. 5b) were more specialized than later Homo 
species and preferred open environments — mostly grass and shrubland 
and to a lesser extent savanna. As H. erectus populations dispersed into 
Eurasia roughly 2 Ma (Fig. 5a), they adapted to temperate and tropical 
forests, but showed little tolerance for colder extratropical conditions 
in boreal forest biomes (Fig. 5c). The peopling of Europe by H. erectus 
might not have been continuous but rather interrupted by an abrupt 
climate change event ~1.126 Ma (ref. 1) corresponding to marine isotope 
stage (MIS) 34, suggesting that this species did not have sufficient 
cultural tools to withstand the new cold conditions (Fig. 5a).

Homo heidelbergensis first encountered the intensifying ampli-
tude of post-MPT glacial–interglacial cycles when they dispersed into 
Eurasia (Fig. 5a) around 800–600 ka. The Eurasian populations were 
able to survive this climate variability by expanding their biome niche 
into boreal forests. The climate and biome niches of H. neandertha-
lensis were similar to those of H. heidelbergensis, thus supporting the 
notion of close phylogenetic relationships21 (Fig. 5a,d,e). Apart from 
the dominant temperate forest and grass and/or shrubland habitats, 
which were often found during glacial periods in the Mediterranean 
region (Fig. 3c), Neanderthals were also able to adapt to colder cli-
mates characterized by tundra — but, surprisingly, to a lesser degree 
than typically assumed3 (Fig. 5e). Eventually, H. sapiens, like no other 
species before, developed the skills to survive even in the harshest 
environments such as desert and tundra (Fig. 5f).

Environment, selection and adaptation
Various hypotheses have been proposed to explain how environmental 
factors might have shaped the speciation of hominins from the very 
emergence of the human clade. Among the early hypotheses is the 
savanna hypothesis112 and more modern variants thereof113, which posit 
that gradual cooling and drying of Africa (Fig. 2e,g) and the expansion 
of the savanna biome114 (meant as a seasonal mosaic environment113) 
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contributed to the development of bipedalism and other marked fea-
tures of early hominins. The savanna hypothesis stems from the notion 
that bipedal posture and movement offered advantages in seeking 
resources in open, savanna-like environments relative to forested 
habitats. These models have been challenged by fossil evidence115, 
which shows an adaptation of early Hominidae (Australopithecus) 
to woodlands, rather than savanna, as well as by biome simulations 
which show wide expanses of tropical forest in central Africa along 
with grass and shrubland during the Pliocene116 and Late Pliocene3, but 
relatively limited regions present with actual savanna biomes (Fig. 3a). 
Nonetheless, the preference of early Pleistocene African Homo (such as  
H. ergaster) for open environments — primarily grass and shrubland — is 
still evident (Fig. 5b).

Other hypotheses of hominin speciation mechanisms emphasize 
the role of Milanković-scale climate variability (Fig. 1a-c). The variability 
selection hypothesis117,118 and the pulsed climate variability hypothesis2 
propose that wet–dry cycles in Africa with alternating amplitudes con-
tributed to adaptation, to speciation and possibly also to the increasing 
complexity and positive trend in relative brain volume, referred to as 
encephalization. At the core of this idea is that large environmental 
stress associated with increased climate variability created adaptation 
pressure (Fig. 4a). Groups that adapted to periods of high stress, by 
developing new social skills, better tools and/or hunting techniques, 
were able to expand their climate niche and geographical range when 
the stress decreased. The pulsing in stress and climate velocity has 
previously been associated with the 80–120 and 405-kyr eccentricity 

a  Dominant African megabiomes
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c  Dominant European megabiomes
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the BIOME4 model193 forced with climate and CO2 data from a CESM1.2 transient 
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Following the Mid-Pleistocene Transition (~0.9 Ma), the variability in vegetation 
types increased, and an overall trend towards colder biomes emerged.
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cycles that modulated the precessional effect on rainfall, and eventually 
climate stress in central Africa21 (Fig. 4b). This selection for resilience 
to temporal climate variability and the broadening of the climate niche 
would have allowed rapid colonization of new habitats during periods 
of climate stability (Fig. 4), as suggested by the accumulated plasticity 
hypothesis119,120. The accumulated climate-driven adaptation and niche 
expansion in African early Homo species might have eventually contrib-
uted to the ability of H. erectus to colonize Eurasia (Fig. 5c). In contrast, 
later human species (such as H. heidelbergensis) with a broader climate 
niche and improved technological innovations (mastering fire, using 
caves for shelter, production of fitted clothing) had a reduced need to 
adapt to time-varying climate stress. This enabled them to disperse 
more easily across continents, climate zones and biomes.

Ecosystem diversity in general, and spatial biome diversity in 
particular, had a fundamental role in expanding the large-scale human 
climate niche3. According to this continental-scale diversity selection 
hypothesis3, which was derived empirically from a compilation of fos-
sil and archaeological data and a vegetation model simulation, Late 
Pleistocene human populations were adapted to environments with 
greater regional diversity of plant and animal resources; this diversity 
of resources might have contributed to their resilience to perturbations 
in climate. This hypothesis neither presupposes nor excludes the effect 
of fluctuating climate conditions but emphasizes that biodiversity 
hotspots might have provided advantageous conditions for human 
groups that were able to benefit from ecosystem diversity, compared 
with those that relied on more specialized food resources.

Migration and dispersal
During the early stages of its existence, the genus Homo was confined 
to Africa, where most speciation events within the genus occurred121. 
At least three major dispersal events outside the continent can be asso-
ciated with different species (Fig. 5a). The first known long-distance 
dispersal is attributed to H. erectus entering Eurasia at least 1.8 million 
years ago122, perhaps even as early as 2.48 Ma (ref. 123). The species even-
tually colonized most of the southern part of Asia, including as far east 
as Java24,124. The second event is attributed to H. heidelbergensis, which 
colonized as far north as England around 700 ka and possibly earlier125, 
despite the onset of unprecedented cold conditions. Finally, H. sapiens 
colonized Eurasia (possibly through repeated dispersal waves) starting 
around 200 ka (refs. 126–129) and venturing into the Americas across 
glacial Beringia around 21 to 23 ka (ref. 130). There is some indication 
that human dispersal was limited by climate change61 so that people 
migrated from less to more habitable places. However, climate change 
could also have favoured migration. The early colonization of Europe by 
H. erectus appears to have been triggered by the emergence of open veg-
etation and interglacial conditions131, whereas warm and wet conditions 
likely facilitated the dispersal of H. sapiens out of Africa4.

Early African hominins dispersed much faster than fellow pri-
mates, indicating that fast diffusion is a typical feature of the genus 
Homo132. Moving to the early Holocene, H. sapiens exhibited unparal-
leled dispersal ability with estimated dispersal rates of several hun-
dreds to thousands of square kilometres per generation57,64. Early 
hunter-gatherer societies are deemed to have moved in the range 
of 1–10 km yr−1, which echoes the velocity for the spread of farming 
indicated by reaction–diffusion modelling65.

Key insights into human dispersals have come from reaction–
diffusion and agent-based model simulations. An ensemble of climate-
forced ABM simulations71 indicated that H. sapiens dispersal events 
during MIS 3 and subsequently were limited to windows of opportunity 
around 55 ka and during the early to mid-Holocene (~9 ka). Both win-
dows were associated with strong boreal summer insolation and the 
corresponding wet conditions in the Sinai region21 (Fig. 6). Simulated 
populations of H. sapiens in Africa that failed to cross into Eurasia were 
unable to disperse until the next green corridor opened, offering new 
routes through the Sinai Peninsula into the Levant or across the Bab El 
Mandeb strait into the Arabian Peninsula. The subsequent evolution of 
these groups in Eurasia, as well as the interaction with other archaic homi-
nin species (Neanderthals and Denisovans) would therefore have been 
partly affected by this astronomically paced climate gatekeeper (Fig. 2).

Extinctions
Central open questions in human evolutionary history ask which factors 
and processes governed the replacement of populations and the emer-
gence and extinction of species. Four potential explanations have been 
discussed in relation to extinctions: climate fluctuations1,24,107,133, dif-
ferential population characteristics25, assimilation and disease load134. 
The relative influences of these four factors on hominin extinctions 
have been explored using a variety of numerical models without and 
with spatial complexity.

Simulations of Neanderthal extinction in Eurasia with a realistic 
reaction–diffusion model25 suggest that millennial-scale DO variabil-
ity was not a dominant driver of extinction ~38–33 ka. A density-based 
dynamical model with and without this variability showed that the over-
all timing of Neanderthal extinction remained unaffected, although 
regional extirpations in high latitudes were more strongly affected 
by millennial-scale climate events. Simulations further indicated that  
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H. neanderthalensis populations collapsed around 48–38 ka, after  
H. sapiens dispersed from Africa through green corridors into Europe 
and outcompeted Neanderthals. Climate shifts might have also benefited  
Neanderthal survival, at least temporarily, by isolating the last Neanderthals 
living in southern Iberia from the incoming H. sapiens populations135.

Using an ABM approach with a wide range of multiparameter 
simulations20 (Fig. 6), a more refined regional and picture emerges, 
according to which only a small subset of climate and demographic 
parameter settings yielded a dispersal into Eurasia, as well as a com-
plete extinction of archaic Eurasian populations, respectively. These 
simulations indicate competitive advantages of H. sapiens over archaic 
hominins, particularly the asymmetry in reproduction rates. The fact 
that climate-driven out-of-Africa dispersals preconditioned the subse-
quent species replacements and extinctions in Eurasia further supports 
the notion of precessional cycles in rainfall (Fig. 2) and net primary 
productivity (Fig. 6) influencing evolutionary processes.

Cultural adaptation
Cultural innovation and cumulative culture are hallmarks of the 
human lineage. Cultural innovations, such as mastering of fire and 

the invention of clothes and projectile weapons, allowed hominins to 
withstand climate challenges and to widen their resource base both 
locally and during their expansion into other continents and biome 
types outside their original climate niche (Fig. 5), rather than simply 
track habitats56 (Fig. 7a).

Correlating the types and abundance of different cultural objects 
(such as tools and clothing) with climate conditions can suggest poten-
tial ways that climate and culture were interlinked6,136. For example, the 
onset of the MPT in the Nihewan Basin (China) seemingly coincided 
with increased diversity in tool production137. In the same region, strong 
climate oscillations during the Last Glacial Maximum coincided with 
waxing and waning usage of microblade technologies138 by H. sapiens.  
A major change in African hydroclimate around 300 ka might have 
influenced the emergence of Middle Stone Age technology139. In South 
Africa, the emergence and disappearance of middle stone age innova-
tions has been explained in terms of millennial-scale DO cycles, as 
exemplified by Still Bay and Howiesons Poort industries at around 
71 and 64–59 ka, respectively140,141. In Western Europe, the advent of 
Acheulean technology (characterized by the production of hand axes) 
around 700 ka seems related to the dispersal of a new hominin species 
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during a period of colder and more seasonal environmental condi-
tions142. The succession of archaeological technocomplexes in France 
between 32 and 21 ka has also been linked to climate shifts143.

Evidence linking the cultural innovation of fire use to climate 
change is more limited. The earliest evidence for the use of fire dates 

back more than a million years to sites at Lake Baringo (Kenya) and 
Gadeb (Ethiopia144,145). Traces of systematic burning and cooking of 
fish were found at Gesher Benot Ya’aqov in the Levant, dated to about 
800 ka (ref. 146). The intentional use of fire became much more fre-
quent and geographically widespread (albeit with considerable gaps 
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in the record) from about 400 ka (ref. 147). Although the impact of 
fire on human evolution is usually associated with the importance 
of cooking food148, fire use for heat production probably aided the 
dispersal from tropical areas into colder subtropical and extratropical 
regions149–151.

Clothing is as important as heat production to live in cold habitats 
but has a negligible chance of being fossilized152. However, the manufac-
ture of clothing requires the production of tools such as hide scrapers 
and awls, which have survived in the archaeological record. Hide scrap-
ers might be at least as old as 780 ka (ref. 153), whereas awls — made 
to pierce soft materials such as hide for clothing and the production 
of carrying bags — probably date from as early as the Middle Stone 
Age154,155. Evidence for clothing, sandals and basketry dates back to the 
Last Glacial Maximum, 21 ka (ref. 156). Given that these tools (except 
the hide scrapers, which are made from lithic flakes) are crafted from 
raw material with little potential for preservation, it is conceivable that 
their earliest appearance in the archaeological record is well after the 
actual emergence of their production.

Shelters made of wood or other biological materials also probably 
enabled colonization of colder climates. Early human-made structures 
date back at least to 476 ka (ref. 157), yet, although probably common, 
are extremely rare in the archaeological record. Thus, it seems plausible 
that the use of fire (for heating), the construction of shelters, and the 
production of fitted clothing (for insulation) could have been invented 
much earlier than the Middle Stone Age, as further suggested by the 

very early colonization of Northern Europe around 700 ka (ref. 125). 
Although there is evidence for temperate conditions there at that 
time125, palaeoclimate modelling indicates winter temperatures close 
to −10 °C, which is well below human physiological tolerance limits 
without clothing or fur bedding158 (Fig. 7a).

The dating uncertainties in archaeological sequences, the 
paucity of samples and the often-ambiguous interpretations of 
palaeoclimate reconstructions make it challenging to determine 
whether climate changes caused regional or large-scale cultural shifts. 
Species distribution models can be used to further elucidate how 
hominins adapted to cold climates by exploring the linkage of cultural 
innovation to climate niche expansion. The problem can be recast in 
terms of examining the evolution of the human climate niche under a 
phylogenetically explicit context56,159. Homo heidelbergensis, H. nean-
derthalensis and H. sapiens form a distinct clade of species whose cli-
mate niches greatly exceeded the limits of earlier hominins3,21 (Fig. 7a). 
This interpretation is consistent with the expansion of their biome 
preferences (Fig. 5d–f). Because the niche limits explored by these 
species exceeded the physiological tolerance limits of earlier humans, 
it is conceivable they might have used fire for heating, built cold-proof 
shelters and used fitted clothes to protect themselves under low envi-
ronmental temperatures. The notion that at least H. neanderthalensis 
and H. sapiens culturally adapted to climate stress by developing 
behavioural plasticity is further supported by their peculiar foraging 
strategies, which were extraordinarily flexible in their resource use. 
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Fig. 7 | Habitat preferences. a, The geographical distribution of suitable 
habitats (light red shading) and inferred suitable habitats (dark red shading) for 
middle to late Pleistocene Homo species (H. heidelbergensis, H. neanderthalensis 
and H. sapiens); inferred habitats are derived assuming a constant rate of climate 
niche evolution across the Homo family tree. b, Potential Neanderthal and 

Denisovan habitats22, with overlapping regions highlighting possible time-
average interbreeding areas. Habitat analysis of different human species can 
provide crucial information on their origins, phylogenetic relations, encounters 
and interactions.
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Both species exploited a far wider resources spectrum than earlier 
Homo species and invented weapons to aid in hunting large game 
animals106,160,161.

Summary and future perspectives
This Review has synthesized quantitative efforts to understand how 
past climate shifts shaped the evolutionary trajectory of the human 
genus. Rainfall and net primary productivity shifts generated by the 
axis wobble (precession) of Earth (Fig. 2) affected the African/Eurasian 
dispersal of human species and probably also the subsequent history 
of multispecies interactions (Fig. 6), including extinctions and likely 
interbreeding events (Fig. 7b). The expansion and diversification of the 
hominin climate niche towards colder climates (Fig. 7a) is an important 
proxy for climate-related adaptations in multiple Homo species. This 
diversification was further aided by cultural adaptation events dur-
ing the middle to late Pleistocene including the controlled use of fire, 
the use of clothing and the development of more sophisticated tools 
to hunt extratropical megafauna and increase the protein intake15. 
Further climate variability (Fig. 1) opened otherwise submerged land 
bridges, allowing important dispersals162 into Indonesia (across the 
Sunda shelf), Australia (across the Sahul shelf) and the Americas (across 
the Bering Strait).

This Review also introduced several modelling techniques that can 
be used to examine different aspects of evolution (Fig. 4a). Combining 
habitat models that capture the transient history of our environment 
with estimates of net primary productivity or population growth rate 
can obtain more realistic and empirically informed estimates of carry-
ing capacity for different species or their demographic characteristics. 
This information is crucial as input to density-based F–KPP and agent-
based models and can be used in the future to examine multispecies 
interactions, such as competition, cultural transfer or interbreed-
ing. The field of quantitative climatological anthropology is still in its 
infancy, and the modelling-based insight has great potential. Several 
promising avenues to advance knowledge of climate impacts on human 
evolution are now discussed.

Simulating competition and culture
Previously, density-based F–KPP models were introduced only in their 
simplest form. These models can be further expanded by introducing 
additional terms to simulate the dynamics of multispecies popula-
tions25,163, predator–prey interactions164 and even the emergence of 
culture165. To capture the interaction between different species, either 
through competition163,166–169 or interbreeding25, the basic single-species 
model can be extended to a multispecies system170,171:

∑
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in which βj
 represents the competitive advantage of species  j over spe-

cies i. Fij captures further interaction dynamics, such as interbreeding, 
predation or spreading of diseases and related mortality.

To further enhance the realism of this approach, a species-specific 
property ci can be introduced that increases carrying capacity165 
K K c→ (1 + )i i i  and accounts for processes that improve survival relative 
to other groups. These processes include hunting success, social skills, 
innovation and tool sophistication, and ci can therefore be interpreted 
broadly as a metric of culture and K c(1 + )i i  as cultural carrying capacity. 
Mathematically, the temporal change of culture ̇ci is due to random 
innovations or knowledge recombinations ζ t( ) with a given distribution,  

whereas the loss of culture can be parameterized by a resistance term 
λ c− i i, which characterizes the imperfect cultural transfer from one 

generation to another. Smaller values of λi (larger damping timescales) 
are associated with a stronger intergenerational knowledge transfer, 
which might occur in groups with higher cognitive, language and social 
learning abilities. The simplified zero-dimensional ordinary differential 
equation for the evolution of culture172 can then be expressed through 
an Ornstein–Uhlenbeck process, describing Brownian motion173,174 as 
c λ c ζ t= − + ( )i i i̇ . In a more realistic 2D context, the time evolution of 
culture can be further described by a reaction–diffusion equation, with 
a spatial diffusivity κi

c and a state-dependent (multiplicative) stochastic 
innovation term ζ t I ρ c( ) ( , )i i  that depends on the population densities 
ρi, as suggested in the cumulative cultural evolution model175,176, or on 
the pre-existing culture ci. The cumulative evolution of culture might 
be further accelerated when habitat tracking is not an available option 
and when environmental stress σi induces adaptation pressure. In addi-
tion to a state dependence of λ c( )i i , one can further introduce a cul-
tural interaction term G c c( , )ij i j  between different populations, which 
accounts for the fact that hominin groups can learn from each other 
and adopt the cultural advances made by another group — a process 
that is not captured by the diffusion of knowledge and culture within 
one group. The final dynamical time-evolving culture reaction–
diffusion equation, which also parameterizes adaptation pressure  
σi, can then be written as:
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The coupled multispecies–culture reaction–diffusion equations 
(equations (1)–(3)) are introduced here in a symbolic way to illustrate 
the fact that specific human traits, habitat preferences and interactions 
(equations (2) and (3)), as well as adaptation to environmental stress, 
can in principle be modelled mathematically. They can be run for dif-
ferent climate conditions represented by K x y t σ x y t( , , ), ( , , )i i  and demo-
graphic and cultural parameters (α κ β κ λ, , , ,i i i i

c
i ) to obtain the time 

evolution of species densities ρi, culture ci as well as their coupling in 
terms of I ρ c( , )i i  and K c( )i i . Equations (1–3) provide a more versatile 
framework to simulate spatiotemporal aspects165,177 of human cultural 
evolution than previous non-spatial models176, which do not include 
the explicit dynamical coupling between climate, culture, and popula-
tion density. Future research using such mathematical approaches will 
help to quantify the drivers of hominin adaptation, survival and com-
petition and might provide clues to the emergence of culture and 
transitions, as well as the late near-exponential cumulative growth in 
culture since the Anthropocene. One of the key challenges will be to 
extract realistic parameters for extended multispecies reaction–
diffusion models from empirical evidence, but the overall approach 
holds great potential.

Climate effects on human genomics
Phylogenetically close species often share genes with each other. The 
introgressed genes can be detrimental to survival, but on occasion 
they can be fixed in the receiving population if they confer some fitness 
advantage. Modern-day humans carry in their genome a small quantity 
of DNA deriving from other human species178. Although most intro-
gressed alleles must have been lost over time via drift and/or purifying 
selection179, in some human populations specific introgressed alleles 
are conserved at comparatively high frequencies. For example, 
alleles conferring high altitude resistance are positively selected for 
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in Tibetans180,181, and alleles conferring resistance to tropical diseases 
are positively selected for in Papuans182.

Combining the modelling approaches described previously with 
palaeogenomic data will advance the current understanding of the 
climate change impacts on human evolution, speciation and genetic 
diversification and further elucidate the origins of the genetic makeup 
of present-day humans183. For instance, because Denisovans were first 
identified in South Siberia and lived there during full glacial conditions 
some 50 ka (ref. 184), they were long considered a cold-climate-adapted 
variant of the human lineage, a trait once attributed to Neanderthals. Yet 
the high frequency of Denisovan alleles in modern-day humans from 
Papua and the Philippines185,186 challenges the cold-adaptation hypoth-
esis. Denisovans were much more adapted to cold environments, char-
acterized by boreal forests and even tundra, whereas their Neanderthal 
cousins preferred warmer temperate forests and grassland22 (Fig. 5). The 
two species were normally separated geographically, with Neanderthals 
typically preferring southwestern Eurasia and Denisovans the northeast. 
However, during warm interglacial periods (Fig. 2), the habitats of these 
two groups began to overlap geographically (Fig. 7b), which would have 
increased the chances of interbreeding. The calculation of past habitat 
overlaps identified four potential interbreeding episodes at ~78, 120, 210 
and 320 ka. The first two warm-period interbreeding windows agree well 
with palaeogenetic data, thereby supporting the notion that climate-
driven and CO2-driven shifts in vegetation patterns (Fig. 3b,c) brought 
together different human populations, with long-term repercussions 
on human genetic diversification. Future quantitative modelling 
approaches that address pre-conditioning factors for interbreeding or 
that simulate genetics specifically23,183,187 can help resolve open questions 
regarding genetic admixtures between hominins.

Improved quantification of climate-human interactions
To better estimate the uncertainties inherent to these model-based 
inferences, due to limited knowledge in climate conditions, phylo-
genetic dependencies or human responses, future research should 
use multimodel ensemble techniques188, Bayesian methods6 or 
multiparameter simulations20,71 (Fig. 6).

An interesting question that remains to be addressed is whether 
the modelling frameworks described above can be further modified to 
describe the more complex bidirectional human–environmental inter-
actions that characterize the Anthropocene189. Since the advent of farm-
ing and industrialization, humans have started to extract more resources 
from the environment. Instead of using a prescribed carrying capacity 
K  in equation (1) (or variants thereof), a better approach would be to 
formulate a dynamical equation for K, that includes a density-dependent 
resource depletion term172,190, and a resource sharing parameterization 
that describes the effect of global trade among different regions.

Addressing the issue of future climate-mediated human responses 
with quantitative methods that were tested on past conditions might 
open new possibilities to explore adaptation and conservation path-
ways in the face of anthropogenic climate change, resource depletion, 
food insecurity and transgression of planetary boundaries191.
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