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The evolutionary history of African hunter-gatherers holds key insights into modern
human diversity. Here, we combine ethnographic and genetic data on Central African
hunter-gatherers (CAHG) to show that their current distribution and density are
explained by ecology rather than by a displacement to marginal habitats due to recent
farming expansions, as commonly assumed. We also estimate the range of hunter-
gatherer presence across Central Africa over the past 120,000 years using paleoclimatic
reconstructions, which were statistically validated by our newly compiled dataset of
dated archaeological sites. Finally, we show that genomic estimates of divergence times
between CAHG groups match our ecological estimates of periods favoring population
splits, and that recoveries of connectivity would have facilitated subsequent gene flow.
Our results reveal that CAHG stem from a deep history of partially connected popula-
tions. This form of sociality allowed the coexistence of relatively large effective popula-
tion sizes and local differentiation, with important implications for the evolution of
genetic and cultural diversity in Homo sapiens.
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The evolutionary history of African hunter-gatherers may hold key insights into pat-
terns and processes behind the evolution of modern human diversity. Recent genomic
studies have revealed that these populations represent the oldest and most diverse
human genetic lineages and have been genetically differentiated from one another since
the origin of humans (1–3) (SI Appendix, Table S1). Therefore, a first question is
whether their current ecological niches were also characteristic of early Homo sapiens
populations. However, genetic data alone can neither determine the geographic distri-
bution of hunter-gatherers in the past nor demonstrate a deep history of adaptation of
hunter-gatherers to their current environments. In fact, various studies have proposed
that farming expansions within the past 5,000 years (in particular by the ancestors of
Bantu speakers) would have only recently displaced hunter-gatherers to marginalized
regions less favorable to agriculture (such as rainforests and deserts) (4–7).
For example, the central part of Africa, between latitudes 5°N and 5°S currently is

inhabited by ∼20 scattered hunter-gatherer ethnic groups (8). These Central African
hunter-gatherers (CAHG) form a genetic clade thought to have diverged from other
African populations as far back as 120,000 to 200,000 years ago (2, 9). The lack of any
major linguistic specificity between them is often implied to reflect extensive contacts
with surrounding farmer populations (8, 10), and seen as evidence of recent displace-
ment into marginal forest environments by expanding farming populations. However,
anthropologists have remarked on the huge variability in lifestyle, habitat, techniques,
and tools between CAHG (11), suggestive of long-term cultural diversification and
adaptation to forest environments. Research on the drivers of demography and adapta-
tion of CAHG populations remains extremely limited, which can be partially attributed
to the lack of archaeological and osteological data resulting from a rapid disintegration
of fossil remains in the rainforest’s acidic soils, in addition to social instability in the
region (12). Therefore, we are still left with crucial questions regarding the time depth
of occupation of Central Africa by hunter-gatherers, the breadth of the niche exploited
by earlier populations in the region, and variations in levels of interconnectivity at dif-
ferent points in time.
To address those questions, we first compiled ethnographic data on the distribution

of 749 camps from 11 hunter-gatherer groups extending from West to East Central
Africa. We used them as inputs for environmental niche models (ENMs) to determine
the relative influence of several bioclimatic and ecological factors, as well as the
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presence of farming populations, on the distribution and abun-
dance of CAHG (13, 14). Then, we used high-resolution
paleoclimatic reconstructions and topographic maps to make
continuous predictions about where CAHG could have lived
over the past 120,000 years and the potential extension of their
interaction networks. Next, we compiled all reliably dated
archaeological assemblages ascribed to hunter-gatherer groups
in the Congo Basin (n = 168) and confirmed the model’s abil-
ity to predict the location and date of the sites. We further con-
textualized genomic estimates of population divergences with
changes in population densities and interpopulation connectiv-
ity predicted by our model. Last, we complemented these anal-
yses with a detailed assessment of present and historical gene
flow between nine CAHG populations (n = 265 individuals),
which we used to assess recent interactions between previously
diverged CAHG populations, after farming expansions. Our
study therefore provides a causal link between past environmen-
tal changes and human population dynamics over evolutionary
time, by predicting where and when populations across Central
Africa could have exchanged genetic and/or cultural informa-
tion throughout their evolutionary history.

Results

Current CAHG Distribution Reflects Long-Term Ecological
Adaptation Rather Than a Recent Bantu Expansion. We first
asked whether the current distribution and density of CAHG is
a product of long-term adaptation to life in the rainforest or
instead a recent product of the Bantu Expansion. We compiled
ethnographic data on the geographical location of 749 camps
from 11 CAHG populations (Dataset S1), and then applied
the maximum entropy (MaxEnt) machine-learning algorithm
(15) to determine the relative influence of several bioclimatic
and ecological factors on the distribution of CAHG (13, 14)
(Fig. 1 A and B) (see Materials and Methods for alternative
model fitting algorithms). Our ENM performed well on hold-out
data (true skill statistic (TSS) = 0.55 and area under the curve
(AUC) = 0.87; SI Appendix, Table S2), correctly classifying pre-
sences and absences 81% and 74% of the time, respectively. The
main ecological factor rendering particular areas unsuitable for

hunter-gatherer presence was precipitation seasonality (BIO15)
followed by annual temperature range (BIO7) (SI Appendix,
Table S3 and Figs. S1 and S2), confirming results from other
African regions (16, 17). Including predictors relating to Bantu
farming populations (rural population density or distance to pop-
ulated places) neither improved model fit (TSS = 0.51 and
AUC = 0.85 for both models) nor significantly altered the rela-
tive contribution of the other variables. This suggests that the
population dynamics of hunter-gatherers and farmers are inde-
pendent and subject to environmental factors rather than com-
petitive exclusion (18).

Next, we tested whether the same ecological factors could
also predict CAHG population density (18). For the 50 map
cells where camp size data were available (n = 75 camps), we
found a positive linear relationship between environmental suit-
ability (estimated by MaxEnt) and population density (b=
43.379, t = 2.238, P = 0.030; SI Appendix, Fig. S3). We used
this relationship to estimate the current CAHG metapopulation
size at 191,118 individuals, in close agreement with reported
census data between 160,000 (11) and 204,000 (19). In line
with previous research, environmental suitability was an even
better predictor of the upper limit of population density, as it
may be a satisfactory proxy for an absolute constraint on carry-
ing capacity by environmental features (13) (SI Appendix, Fig.
S3). The slopes of suitability from linear quantile regressions
were always significant above the 75th percentile of density,
with slopes and R2 values increasing with the percentile (SI
Appendix, Table S4). To test whether those ecological drivers
were specific to CAHG, we applied general additive models to
predict ecological drivers of farming population densities (SI
Appendix, Text, Figs. S4 and S5, and Table S5). Results showed
that bioclimatic variables and biome types affect the two popu-
lations differently. For example, high rural population density
is associated with temperate forests and large temperature
annual ranges, in contrast to hunter-gatherer prevalence which
is associated with more stable tropical climates. Thus, our
results confirm that the ecological niche of CAHG and farmers
are distinct, and that the current range, distribution, and popu-
lation sizes of CAHG can be predicted by ecological conditions
alone (7, 20).

Fig. 1. Geographical location of Central African hunter-gatherers. (A). Dark and light triangles designate respectively the sources of genomic samples from
Eastern (Batwa and Mbuti) and Western CAHG (Baka from Cameroon and Gabon, Bakoya, Biaka, Bedzan, and Southern and Eastern Babongo). (B) Locations
of hunter-gatherer camps used in our bioclimatic environmental niche model (see Materials and Methods). (C) Estimated present niche of CAHG using the
MaxEnt modeling algorithm.
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Ecology Predicts Viable CAHG Populations in Tropical Forests
throughout the Past 120,000 years. After establishing that eco-
logical factors are the main determinants of locations of current
hunter-gatherers in Central Africa, we then applied our model
to predict locations of past CAHG and to estimate how their
level of interconnectivity may have varied across regions over
time. We employed a bias-corrected time series of global terres-
trial climate and vegetation (16) to project our ENM model
into 1000- or 2000-year time slices from the present up to
120,000 BP (see Materials and Methods), obtaining suitability
maps in our area of interest for each time slice. Similarly, we
used our estimated linear relationship between environmental
suitability and grid cell population density to obtain metapopu-
lation size estimates at each time slice. Our results indicate that
repeated episodes of abrupt climatic changes and habitat frag-
mentation in Central Africa since the Last Interglacial (16, 21,
22) would have caused drastic expansions and reductions of the
suitable range for CAHG groups (see Fig. 3B and SI Appendix,
Fig. S6 and Movie S1). While this would have resulted in
demographic fluctuations, hunter-gatherer populations may
have remained viable in Central Africa, with a potential census
metapopulation size never falling below 160,000 individuals (SI
Appendix, Fig. S7). This suggests that CAHG would have been
able to maintain their niche and relatively stable population
sizes throughout their evolutionary history. Unlike approaches
relying exclusively on genetic or linguistic evidence, our model
directly situates geographically and ecologically the locations of
putative ancestors of CAHG. Hence, contrary to claims that
Central African environments would not sustain the presence
of human groups independent of agriculture (6, 7, 19), our
results add further support to claims from previous linguistic
and genetic studies that modern CAHG are descended from
ancestral groups whose adaptations to the rainforest may extend
back into the Late Pleistocene (1, 8, 9, 23).

Ecological Predictions Match the Central African Archaeological
Record. Among other factors, high temperatures and abundant
precipitation in rainforest environments limit the preservation
of organic remains (12, 24). Thus, the archaeological record of
the region is limited and biased toward nonforest areas. There-
fore, we used the archaeological record to test our model’s abil-
ity to predict the location and dating of known archaeological
sites occupied by ancient hunter-gatherers, rather than to
directly delimit the niche of CAHGs in the past (25). We com-
piled all published 14C dates (n = 168) from hunter-gatherer
archaeological sites from the Middle Stone Age onwards

(Datasets S2–S4, SI Appendix, Figs. S8 and S9, Fig. 2A, and
Materials and Methods). We removed sites with multiple dates
within the same 1000-year time slice, resulting in a sample of n
= 118 dated sites. Analyses showed that archaeological sites
were almost twice as likely to be found in cells predicted to be
suitable by our model than in randomly selected cells in their
corresponding time slices (Observed = 42, Expected = 23, χ2
= 12.677, df = 1, p <0.0001) (Fig. 2B). We then performed
1,000 random permutations of the 14C dates of our CAHG
sites and confirmed that the number of sites falling in suitable
cells when assigned their correct date was higher than predicted
by any of the permutations (Fig. 2B; mean across permutations
= 25.401, SD = 5.082; t = 76.074, df = 217383, p <0.0001).
Furthermore, our model performance was not related to the
sites’ dates (r = 0.003, t = 0.393, df = 107, P = 0.968). We
also verified that the high suitability of areas where archaeologi-
cal sites were located was not mediated by reduced soil acidity,
since none of the ecological variables included in our ENM was
significantly correlated to soil pH (SI Appendix, Figs. S8 and
S10). This means that the high suitability of areas with sites
was not simply the product of better preservation.

Our results indicate that the location of archaeological sites
is not only determined by time-invariant geographic or topo-
graphic features but by how suitable such locations would have
been for hosting hunter-gatherer populations at different points
in time. The combined results of our models and the archaeo-
logical site distributions support the idea that CAHG have long
been adapted to life in tropical environments, and expansions
and contractions of suitable ranges have influenced the demog-
raphy of CAHGs. An increasing fossil record is also consistent
with an ancient occupation of Central African environments by
hunter-gatherers (see SI Appendix, Table S6 for a comprehen-
sive summary of recent evidence) (26).

Ecology-Driven Changes in the Range Size and Connectivity of
CAHG Populations Explain Population Divergence. To under-
stand how environmental changes in Central Africa affected the
deep evolutionary histories of African hunter-gatherers and
their levels of genetic and cultural exchange, we modeled meta-
population sizes and connectivity over the past 120,000 years.
For each time slice, we plotted all camps predicted by our
ENM. To estimate their degree of interconnectivity, we calcu-
lated the cost of movement around each camp using Tobler’s
hiking function (27), which takes into account topographical
features, rivers, and water masses that represent challenges to
mobility. Then, we computed the total number of neighboring

Fig. 2. Ecological modeling of archaeological site distribution in Central Africa since 47,000 BP. (A) 118 archaeological sites included in our analyses and
their 14C dates. (B) MaxEnt predicted the presence of 42 sites in suitable cells (dashed blue line). Distribution shows number of sites in predicted presences
across 1,000 randomizations of site dates. Dashed pink line indicates expected cumulative number of sites in predicted presences when randomizing their
spatial location at each time period.
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camps within a predicted 7-h walk from it. This radius corre-
sponds to Cavalli-Sforza and Hewlett’s empirically derived (28)
average “half range” of Aka hunter-gatherers and matches pos-
terior estimates of life-time ranges of other CAHG populations
(29, 30). To evaluate how changes in connectivity affected
genetic differentiation among populations, we compiled recent
genomic studies of CAHG demographic histories and their pre-
dicted divergences from other human lineages as well as from one
another and compared our predicted range sizes and interconnec-
tivity levels to genomic estimates of population splits obtained
from whole-genome studies using cross-coalescence methods (Fig.
3C; see SI Appendix, Table S1 for a compilation of all genomic
estimates of divergence times between CAHG lineages).
Across different studies, the lineages of CAHG and of the

San hunter-gatherers of Southern Africa (the earliest human
genetic split) coalesce during the periods 105,000 to 110,000

BP and 68,000 to 87,000 BP (1, 31). These estimates match
our model predictions of two periods of drastic reduction in
the suitable range for hunter-gatherers, as well as decreased con-
nectivity peaking at 94,000 BP, the midpoint of the divergence
estimates between CAHG and the San across studies (Fig. 3 A
and B). The few hunter-gatherer populations remaining in
Central Africa at this time would have been small and relatively
isolated, compatible with separation between San and CAHGs
(Fig. 3B and SI Appendix, Fig. S11). The next period where
our model predicts a drastic contraction of the hunter-gatherer
niche and decreased connectivity between Eastern and Western
Central Africa lasts from 66,000 to 42,000 BP and encom-
passes the coalescence between CAHG lineages and those of
farmers whose ancestry can be traced to the Bantu expansion
(Fig. 3 A–C) as well as between all Eastern and Western
CAHG lineages (1, 31, 32).

Fig. 3. Predicted dates of genetic splits between CAHG populations match decreases in predicted CAHG range sizes and group interconnectivity. (A) Pre-
dicted connectivity from our MaxEnt model at the time periods corresponding to the genetic estimates of population divergence times as well as before
them. The predicted number of camps at each time period was randomly distributed across the cells with predicted presences, and the number of other
camps within a 7-h walk of each camp calculated. Darker shading indicates a greater number of camps within a 7-h walking distance of one another. (B)
Range size of CAHG across time predicted by our MaxEnt model. Vertical dashed lines indicate estimates of genetic split times by averaging all available stud-
ies for a particular event. Horizontal dashed line indicates average size of suitable range for CAHG. (C) Estimates of divergence times between African
hunter-gatherer populations using cross-coalescence methods on whole genomes. Colored segments represent midpoint of cross-coalescence rates.
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Finally, our model situates a last period of niche contraction
and decreased connectedness starting at 17,000 BP and peaking
at 12,000 BP, predicting the fewest number of suitable cells
during the past 50,000 y. This is precisely the time range at
which all Western CAHG lineages coalesce (SI Appendix, Table
S1 and Fig. 3C) (1). In the West, suitable ranges were restricted
to the coast of what is now Cameroon. In summary, our data
show that genetic estimates of splits among CAHG mostly take
place during periods when the suitable range falls below average
and connectivity between regions is reduced. A recent study (SI
Appendix, Table S1) testing different Central African demo-
graphic models using exome data situated the Eastern-Western
CAHG divergence during the 12,000 to 18,000 BP period, but
we wish to note that these estimates are at odds with those rely-
ing on whole genome data.

Evidence of Gene Flow between Eastern and Western Hunter-
Gatherers in the Past 2,500 years. Besides periods of ecological
niche contraction favoring population splits, our model also
predicts periods of noticeable niche expansion and gene flow
between previously separated hunter-gatherer groups. We thus
used patterns of sharing of identical-by-descent genetic seg-
ments (IBD) between populations to provide insights into
recent contact among populations with deep common ances-
tries. We analyzed IBD blocks in three categories: 1 to 5, 5 to
10, and >10 centimorgans (cM) (Fig. 4), roughly correspond-
ing to time intervals of 2,500 to 1,500 years ago, 1,500 to 500
years ago, and 500 to 0 years ago, respectively (33, 34). During
the three time intervals, analyses identified widespread gene

flow among Western groups, as well as between Eastern and
Western CAHG (Fig. 4 and SI Appendix, Tables S7 and S8).
High levels of connectivity in the past 2,500 years between geo-
graphically and genetically differentiated hunter-gatherer
groups argue against population decrease and fragmentation
after the Bantu expansion (35, 36).

Although our data do not allow us to date intergroup con-
nectivity at more ancient times, we also find evidence of
distinct sharing of private alleles between all pairs of CAHG
populations (SI Appendix, Fig. S12), again indicating wide-
spread gene-flow between hunter-gatherer populations across
Central Africa (37). Together with our simulations, this
strongly suggests that the histories of fragmentation and con-
nectivity among CAHG are equally deep. This pattern is com-
patible with recent studies indicating that rather than clean
splits, genetic separations within Africa were gradual and
shaped by ongoing gene flow (23), and with evidence of gene
flow between Mbuti (East), Biaka (West), and San (South)
until at least 50,000 y ago, and between Biaka and Mbuti
(East) until the present day (31, 37). If this scenario is correct,
the evolutionary history of Homo sapiens must be seen in the
light of such long-term demographic dynamics involving both
population fragmentation and interconnectivity.

Our ecological model can therefore recover the timing of
major genetic events of population fragmentation and diver-
gence both within central Africa, between Central African and
other hunter-gatherers, and may account for the relatively high
levels of genetic differentiation (FST) among CAHG groups
when compared to non-hunter-gatherer populations inhabiting

Fig. 4. Recent genetic connectivity between CAHG populations. Network visualizations of the average number of IBD segments shared per cross-
population individual pairs with identified IBD blocks in the range of: (A) 1 to 5 cM (2,500 to 1,500 y ago), (B) 5 to 10 cM (1,500 to 500 y ago), (C) and over 10
cM (500 to 0 y ago). Thicker lines indicate greater gene flow as identified by a higher probability of sharing IBD blocks of the specified length.
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the same areas (ANOVA: F-value = 631.6, df = 2, P <
0.0001) (38) (SI Appendix, Fig. S13). Thus, our prediction of
multiple cycles of isolation and reconnections over the past
120,000 years would account both for the maintenance of high
effective population sizes throughout the Late Pleistocene
(∼30,000 individuals) despite the small band sizes documented
in ethnographic records (1, 23, 31, 39–41) and of relatively
high levels of genetic diversity compared to the more recent
descendants of Bantu-speaking farmers. It would also explain
the deep population structure of human occupation of Central
African environments and remarkable morphological and
archaeological diversity of early Homo sapiens, evidenced by the
increasingly available fossil record for the region. (SI Appendix,
Table S6) (42, 43).

Discussion

We have modeled the role of environmental change since the last
interglacial on the distribution, density, and dynamics of hunter-
gatherers in Central Africa, a key geographical bridge between
Northern, Western, Eastern, and Southern Africa but nonetheless
traditionally left out from human evolutionary studies (12). Con-
trary to common assumptions, the current range and abundance
of CAHG is mainly determined by long-term adaptation to eco-
logical conditions rather than recent displacement by expanding
Bantu-speaking farmers (44–46). Despite vast fluctuations in envi-
ronment and available niche during the Late Pleistocene and
Holocene eras, CAHGs would have always maintained relatively
large, viable, and distinct populations (16, 21, 22). Future work
could adopt a similar approach to determine the routes and niches
followed by Bantu expansions, and in turn assess whether and
how the latter may have affected CAHG presence and density
over more recent time scales and in finer-grained resolution.
Nonetheless, the fact that our modeled relationship between ecol-
ogy and CAHG presence is consistent with the location of past
archaeological assemblages and human remains suggests that as
well as having remained genetically distinct for a very long time,
contemporary African hunter-gatherers occupy similar habitats to
their ancestors. It also supports recent morphological and genetic
evidence that early hunter-gatherer populations in Africa were
highly structured into semi- rather than fully-isolated groups (1, 9,
23, 42). This form of sociality characterized by a combination of
local differentiation and partial connectivity, facilitated by the
fluid structure of hunter-gatherer bands, may also explain the abil-
ity of early hunter-gatherer groups to maintain relatively large and
stable effective population sizes (47–49) despite regular episodes of
environmental fragmentation.
Although the increasing availability of paleoenvironmental

reconstructions has resulted in a consensus over the extreme cli-
matic variability characterizing African environments through-
out human evolution (21, 22), few studies have attempted to
directly test the effect of changing ecologies on human popula-
tion dynamics (20, 50, 51). We hope that future research
adopts similar spatio-temporally, ethnographically explicit
approaches to further shed light on both the origins of modern
human ancestry and the flexibility and adaptive potential of the
human foraging niche. By determining the role of changing
ecosystems in shaping variation within and between groups of
humans across Africa, our study helps to characterize the
breadth of the ecological niche exploited by early Homo sapiens
populations known to extend well beyond coastal and savannah
environments, and may provide valuable insights into past
between-group relationships, as well as their relative contribu-
tion to present genetic, behavioral and cultural diversity.

Materials and Methods

Hunter-Gatherer Presence Data. Our study area extended 6.7°N, 10.5°S,
31.6°E, 8.4°W, comprising five Central African countries (Cameroon, Central Afri-
can Republic, Gabon, Republic of Congo, and the Democratic Republic of
Congo). Within it, we obtained georeferenced location data for a total of 749
documented CAHG camps from a combination of primary literature and a previ-
ous study by Olivero et al. (13). We excluded camps that are the result of forced
relocation after government resettlement programs (52) (Dataset S1).

Following Olivero et al. (13), we generated a buffer zone of 20 km of land
around each camp representing a theoretical unit area of land liable to be
exploited for natural resources. To determine this area, Olivero et al. (13) first
determined the mean radius (18.5 ± 1.0 km) encircling a camp by using aver-
age subsistence area. They also obtained the average travel distance covered for
subsistence activities from 36 studies (21.0 ± 3.65 km) (29, 53–55). From these
two measures, the buffer zone around each camp was chosen to be of 20 km.

We then applied this buffer to all camps in our database to plot onto a 0.1°
× 0.1° map of the study area. This resulted in 4,577 grid cells of CAHG pres-
ence, out of the total of 36,277 cells that covered the entire study area (Fig. 1B).
We then considered absences or background (depending on the modeling algo-
rithm used) to be those grid cells not included in the presence-grid-cells (see
below).

Environmental and Paleoenvironmental Data. We made use of the same
newly published high-resolution (0.5°) bias-corrected time series of global terres-
trial climate and vegetation data covering the past 120,000 years (16) for both
building our models and extrapolating them into the past. Gridded reconstruc-
tions are available at 2,000-year time steps between 120,000 and 22,000 BP,
and 1,000-year time steps between 21,000 BP and the modern era. The data
include 17 bioclimatic variables, which have been used extensively in environ-
mental niche models as well as reconstructions of global biomes, leaf area index
and net primary productivity. For interpretability purposes, we aggregated the
27 biomes simulated in Beyer et al. (16) into the same megabiomes as
described in the original paper. In addition to bioclimatic variables, we obtained
topographical and hydrographical variables from the US Geological Survey (56)
as well as from HydroSHEDS (SI Appendix, Table S1).

After obtaining a selection of climatic, bioclimatic, and vegetation variables
that are thought to affect the distribution of forager populations from previous
literature, to avoid multicollinearity issues, we checked for pairwise correlations
among them (SI Appendix, Fig. S14). Following Dormann et al. (57), we used an
adapted version of the select07 method to identify all pairs of variables with
jrj < 0.7 and remove the less important variable in terms of explained deviance.
The final models included nine predictors (SI Appendix, Fig. S15 and Tables S2
and S3).

To fit the set of models (see below) designed to test the relative influence of
the presence of farming populations whose ancestry can be traced to the Bantu
expansion on the current distribution of CAHG, we also obtained data on the
rural population density at each cell in our map as well as its as distance to pop-
ulated places. The former was taken from the Relational World Database II and
the later from the LandScan 2008 High Resolution Global Population Data Set
(58), excluding any areas less than 2-km far from urban areas. Although indirect,
these two measures in conjunction are good proxies for assessing whether the
range and density of these farming populations affect CAHG presence and
density.

Archaeological Data. We compiled all published 14C dates from archaeologi-
cal sites in the area of Central Africa covered by our study dating from the Middle
Stone Age onwards. Their dates range from the present to 46,000, correspond-
ing to the limit of radiocarbon dating (35, 36, 59). First, we removed 14C dates
based either on carbonates—possibly affected by carbon reservoir effects—or with
associated errors greater than 1,000 year (the resolution of our paleoclimatic) as
well as dates associated with dubious stratigraphy or missing laboratory codes.
(Dataset S3). The final sample after this stage comprised n = 930 sites (Dataset
S3). However, for the present study, only sites occupied by hunter-gatherers are
relevant, hence, we needed to remove any sites that could have been occupied
by Bantu populations.

From the primary literature, we obtained the chrono-cultural affiliation of
each of the sites as well as checked the description of the assemblages to make
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sure the criteria coincided. Presence of farming populations in archaeological
sites was inferred from the occurrence of Pennisetum glaucum (Pearl millet),
Elaeis guineensis (Oil palm), iron metallurgy, or pit features (35). Those sites that
did not have such features but that had been assigned to either the “Neolithic,”
“Early Iron Age,” or “Recent Iron Age” by their original authors were also consid-
ered to represent farming populations and hence excluded from our analyses. In
addition, we checked the agreement of our chronocultural affiliation and assess-
ment of dating reliability with that reported in recent summaries of the archaeo-
logical findings in Central Africa by Garcin et al. (36), Oslisly et al. (60), Morin-
Rivat et al. (61), Cornelissen (24), and Seidensticker et al. (35). The remaining
dates, that is, those with a chronocultural affiliation within the Stone Age (Middle
or Later), no evidence of farming population occupation and reliable 14C dates
(according to the criteria outlined above) were assumed to represent hunter-
gatherer sites in the past. We classified these dates into two categories, the first
one including the whole sample (n = 168 dates) and the second including the
subset of sites with associated lithics from hunter-gatherer populations (n = 151
dates) (Dataset S2). We did not recalibrate the dates for the present study.

This sample is likely to be overly conservative, as our selection criteria implies
that any sites that would have been co-occupied by hunter-gatherers and farm-
ing populations, where trade between foraging and farming groups would have
traded tools or where hunter-gatherers would have utilized or cultivated any of
the above-mentioned plants (something that is very common among present
populations) (62, 63). would have automatically been removed from the sample.
However, given that our aim was to test the strength of the evidence for an
ancient occupation of Central Africa by hunter-gatherers, a conservative approach
is desired. To further verify the robusticity of our results to different site-selection
criteria, we ran the analyses on two additional datasets: one excluding several
disputed dates and another one excluding sites attributed to hunter-gatherers
but with evidence of pottery use (64) (Dataset S2 and SI Appendix, Figs. S16
and S17).

Genetic Data. Illumina array data were accessed from three published datasets
(4, 65, 66). These data were filtered for relatedness >0.0886 with KING (67). A
random individual was chosen from each related pair to give a total of 1,325
individuals (SI Appendix, Table S7). The data were then pruned for MAF <0.05
with PLINK (68). A pruned version of the dataset was created with PLINK–indep-
pairwise 50 5 0.2 to account for linkage disequilibrium. The nonpruned dataset
comprised 1,325 individuals and 555,630 single nucleotide polymorphisms
(SNPs), and the pruned dataset comprised 1,325 individuals and 213,927 SNPs.
The pruned dataset was used to assess the structure of genetic diversity within
our area of study by calculating Wright’s FST statistics between all pairs of popula-
tions (38) using PLINK and for decomposing genetic variants into principal com-
ponents using smartPCA with 10 outlier iterations (69).

Environmental Niche Modeling of Distribution of CAHG. Environmental
Niche Models (ENM) or Species distribution models (SDM) are an extremely
powerful tool from ecology (70). They mathematically relate occurrences of a par-
ticular species (in this case “species” corresponds to georeferenced hunter-
gatherer camps) and the bioclimatic or ecological features of the areas it inhabits
to produce a model that by identifying the “realized niche” of the species (71)
can predict its potential geographic distribution based on suitable environmental
conditions. Increasingly, ENMs have started being used to also understand the
nonrandom distribution of human populations or cultural traditions in the pre-
sent and in the past (13, 14, 25).

To model the potential distribution of CAHG throughout Central Africa, we
used maximum entropy (MaxEnt) (70), one of the most widespread and best-
performing techniques for ENM. Nonetheless, to minimize the potential of our
model predictions to be reliant on the particular model algorithm used, we also
performed the models using the Favorability function obtained from generalized
linear models (GLMs), and compared their output with that obtained from Max-
Ent (SI Appendix, Text). MaxEnt is a type of nonparametric machine-learning
(ML) method. It takes a list of species presence locations as input, as well as a
set of environmental predictors across a landscape divided into grid cells. From
this landscape, MaxEnt extracts a sample of background locations that it con-
trasts against the presence locations. The model then estimates a relative occur-
rence rate (ROR) at each grid cell, as a function of the environmental predictors
at that location (71). The ROR is the relative probability that a cell is contained in

a collection of presence samples. MaxEnt allows fitting very complex, highly non-
linear response shapes (70). However, it also limits model complexity—
and, hence, protects against overfitting by regularization: a penalty for each term
included in the model and for higher weights given to a term (72). This is impor-
tant given our primary aim to use the model to make predictions in environments
that differ to those used to fit (in our case, paleoenvironments). We used all fea-
ture classes (linear, hinge, quadratic, product, threshold, and discrete), as our pre-
dictors are a mixture of categorical and continuous variables.

A key objective of our study was to use the fitted species distribution models
to project hunter-gatherer distributions under past climate scenarios. MaxEnt is
also the preferred model for extrapolating species’ distributions to new environ-
ments because it is “clamped,” that is, it extrapolates in a horizontal line from
the most extreme environmental values in the training data set (70). Previous
studies have also used this algorithm to model paleolithic niches of human pop-
ulations (25).

Predicted suitabilities obtained from MaxEnt were converted to presence/
absence predictions using the optimum threshold value maximizing the sum of
sensitivity and specificity (73).

The ability of the model to predict hunter-gatherer camp occurrence was
assessed using standard cross-validation procedure (80% random sample for cal-
ibration and 20% for validation; 500 repeats) (74). The predictive power of the
binary models was determined by testing the accuracy of predictions made for
the validation dataset (not used to build the model) by calculating the area
under the curve of a receiver operating characteristic plot (AUC), Cohen’s Kappa
statistic (75) and the TSS that unlike the Kappa statistic is independent of preva-
lence and therefore in recent years has been considered a more appropriate way
of measuring the performance of ENM (76).

Last, to assess the robusticity of our model predictions to potential slight
changes in the flow or position of minor rivers, we fitted a second set of models
excluding “distance from water masses” as predictor.

Estimation of Past Distributions of CAHGs. The logistic output of MaxEnt
consists of a grid map with each cell having an index of suitability between 0
and 1. Low values indicate that conditions are environmentally unsuitable for
the presence of hunter-gatherer camps, whereas high values indicate that condi-
tions are suitable.

After calibrating our model using the current range of hunter-gatherers (i.e.,
the present locations of hunter-gatherer camps), we projected it into the each
1,000- or 2,000-year time slice from the present to 120,000 BP to obtain suit-
ability maps in our area of interest for each time period.

Estimation of Camp and CAHG Population Density in the Present and
Past. The relationship between abundance and distribution range has been
extensively studied in biogeography (77, 78). Abundance may be determined
by limiting physiological variables or the ecological characteristics of species
(18), which do not always exhibit regular spatial patterns (77). If these limiting
factors are the same as those that also condition species presence, then models
accounting for species occurrence could be useful in providing information on
species abundance. Hence, from our distribution models, we estimated past and
present population densities.

Since previous studies have found a positive association between population
density and environmental suitability, the relationship between hunter-gatherer
population density and environmental suitability was examined in 50 grid cells
(n = 75 camps) for which camp-size data were available. We calculated CAHG
population densities from the sum of all CAHG population figures reported for
the same 0.1° × 0.1° grid cell (123 km2 at the Equator). We examined the
shape of the population–suitability values point cloud after population-size out-
liers were eliminated following Tukey (79) (i.e., if population size >Q3 + 1.5 ×
(Q3–Q1), where Q1 and Q3 are the first and the third quartiles, respectively) and
found a typical wedge-shaped relationship.

We then used ordinary linear regression to test the significance of a positive
relation between the population size at particular grid cells and their suitability
values. In addition, since previous work suggests data on species distribution is
particularly useful to predict the upper limit of species abundance [see Olivero
et al. (13) for evidence of the same relationship when considering CAHG camps]
we also fitted linear quantile regressions to the 50th, 55th, 60th, 65th, 70th,
75th, 80th, 90th, 95th, and 99th percentiles, and the R1 measure (weighted
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sum of absolute residuals) was calculated in each percentile as a local measure
of goodness-of-fit (80).

We use the term metapopulation here to encompass all spatially separated
populations of CAHG groups (note that Olivero et al. (13) define it as all spatially
separated CAHG groups that may interact to some extent). To estimate metapo-
pulation size, first, we calculated the average CAHG population size empirically
observed in grid cells for which population sizes were available (after removing
outliers. Using the coefficient of the slope from the linear regression between
suitability and population density, we then calculated the potential population
size (PPS) for every grid cell in the study area, according to their suitability val-
ues. Finally, we summed all PPS values for the entire study area, but applied the
following correction to take territoriality into account:

Metapopulation size ¼ GPPS × GCS=ASA,

where the metapopulation size is the net potential population size; GPPS is the
gross potential population size resulting from the sum of the PPS values; GCS is
the size of a grid cell (i.e., 123 km2); and ASA is the average subsistence area
estimated for CAHG (i.e., 1,079 km2).

Estimating the Degree of Connectivity of Hunter-Gatherer Popula-
tions. One of the largest challenges for estimating the potential for contact, and
therefore the effective population size exchanging genetic and cultural knowl-
edge between past and present hunter-gatherer populations is the very limited
availability of data on hunter-gatherer mobility, movement ecology and
resource use.

As a first estimate of the degree of connectivity of the predicted hunter-
gatherer camps at every time step, we will use Cavalli-Sforza and Hewlett’s (28)
estimation of the average “half range” of Aka hunter-gatherers, defined as the
median of the distance from their current place of residence to the places they
had visited at least once during their lifetime. This measure was used to estimate
a maximum distance between camps whose members could have interacted
with one another. Their empirically derived measure was of 34.5 km or around
7 h of traveling time around a camp, is congruent with posterior estimates of
life-time ranges of other CAHG populations (29, 30). Nonetheless, it is important
to note that among Aka CAHG, rare movements of 60 to 80 km have also been
recorded (28), mostly to visit family members living far away or to obtain work
in villages (54).

Since the number of cells with predicted hunter-gatherer presences from our
model (at any time period) would be larger than the actual number of hunter-
gatherer camps (since all cells within a 20-km radius of a camp are considered
to contain “presences”—as this represents the average subsistence area used by
camps), we derived the ratio of camps to cells with presences from the original
map, which was found to be of 0.16. Hence, for every time period, the predicted
number of cells with presences was multiplied by 0.16 to obtain the predicted
number of camps at that time-slice. Then, to estimate the distribution of camps
from which to calculate connectivity, for each time-slice, the predicted number of
camps by each of the algorithms was randomly distributed across the cells with
predicted presences.

However, our study area is a mosaic topographical features, rivers, and water
masses that would have presented logistical challenges to hunter-gatherers. To
take such logistical challenges into account when considering camps’ potential
connectivity, we used the GTOPO30 Digital Elevation Map (56) to calculate the
anisotropic accumulated cost of movement around each camp. We will do this
with Tobler’s (27) hiking function that estimates speed, taking into account the
slope and its direction, and is the most popular cost function in archaeological
least-cost path calculations (81, 82). Then, to estimate the degree of connectivity
of each camp, we calculated the total number of other camps within 7 h of walk
from that camp.

Validation of the Model Using Archaeological Assemblages. A great limi-
tation for assessing our the adaptability of the ancestors of CAHG to rainforest
environments is that high annual temperatures and abundant precipitation gen-
erate acidic conditions in the soil, which limit the preservation of organic remains
such as pollen, soft plant tissues, bone, and wood (12, 24) (SI Appendix, Fig.
S8). This means that the archaeological record of our area of interest is not only
limited but biased toward nonforest areas where preservation is better. Conse-
quently, following approaches that rely on the location of the archaeological sites
themselves to delimit the niche of hunter-gatherers would not be justified (25).

Instead, we can use the archaeological record to test whether our modeled rela-
tionship between ecological variables and CAHG presence in the present (using
an exhaustive dataset) also predicts the instances of CAHG presence in the past.
In other words, we used the existing archaeological record to assess the continu-
ity of the niche occupied by CAHG through time.

To test whether our estimated suitability landscapes in the past matched
areas that were actually occupied by hunter-gatherer populations, we obtained
the suitability values of the grid cells where archaeological sites are located at
the time corresponding to their 14C date (rounded to the nearest 1,000-years or
2,000-years according to the resolution of our paleoclimatic reconstructions for
each time snap). We used the optimum threshold obtained when building the
model for MaxEnt-derived predictions (0.31) to binarize those values, and in so,
obtain the number of archaeological sites located in cells with predicted presen-
ces. To avoid sampling biases from sites with multiple dates close to one
another, only one data point per 0.5 × 0.5° cell per 1,000- or 2,000-year inter-
val was included (Dataset S4).

We then compared these values with the number of sites we would expect to
observe in cells with predicted presences if sites were distributed randomly
across the suitability landscape at each time period (that is, if suitability and
archaeological site presence were independent of one another). In this way, we
were able to calculate whether the likelihood of finding archaeological sites in
cells with predicted presences was above chance.

To calculate the expected number of sites in predicted presences, we took, for
each time period:

ET ¼ NT × PPT=TC,

where ET is the expected number of sites in predicted presences at time period
T, NT is the number of sites with

14C dates within time period T, PPT is the num-
ber of predicted cells with presences at time period T, and TC is the total number
of grid cells in our map (36,277).

We added the expected number of cells with predicted presences across all
time periods and divided it by the total number of archaeological sites to obtain
the proportion of archaeological sites that would lie on cells with predicted presen-
ces if suitability and site location were independent of one another. We compared
this with the observed proportion of sites located in cells with predicted presences.

We further validated the projections of our model by testing whether changes
in the suitability landscapes over time indeed determined the spatial locations
occupied by CAHG. To do this, we performed 1,000 random permutations of the
14C dates of our sites. At each permutation, each site was randomly assigned
one of 14C dates from the list of dates from our sites, and the suitability value at
the location of the site, at the time-period corresponding to the assigned 14C
date extracted. Then, for each permutation the total number of sites falling on
predicted presences was counted, in so obtaining the number of sites in pre-
dicted presences for each of the 1,000 permutations where their 14C dates were
randomized. We then compared this number with the observed number of sites
in predicted presences when assigned their real 14C dates. To verify that any rela-
tionship between suitability and archaeological site presence was not mediated
by soil acidity, we obtained high resolution data on soil acidity from the ISRIC
world soil information dataset (83) and tested whether soil pH was had a correla-
tion coefficient above 0.7 with any of the ecological variables included in our
model.

Inferring Recent Genetic Connectivity between CAHG. IBD sharing
between populations provides insights into recent contact or recent common
ancestry. Since CAHG have a deep divergence (1), shared IBD blocks can be
used to infer recent contact (33, 34, 84). We analyzed IBD blocks in three catego-
ries: 1 to 5, 5 to 10, and >10 cM.

We used refinedIBD (85) to identify shared IBD blocks between each pair of indi-
viduals in our dataset without centromeres and telomeres, and homozygous-by-
descent blocks within each individual (34) (SI Appendix, Fig. S18). Then, we merged
IBD blocks within a 0.6-cM gap and allowed only one inconsistent genotype
between the gap and block regions using the program merge-ibd-segments from
BEAGLE utilities (86). These results were used to create three data sets based on the
length of identified IBD blocks: 1 to 5 cM, 5 to 10 cM, and over 10 cM. For each
data set, we summarized IBD sharing between populations, by considering the
probability that an individual selected at random from population A shared IBD seg-
ments of the specified length with an individual selected at random from popula-
tion B (84). This was done, for each pair of populations, by dividing the total
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number of individual pairs connected by IBD segments of the length of the corre-
sponding dataset by the total number of possible dyads for that pair of populations
(87). We only kept the pairs with at least two shared blocks (4 for the range of 1 to
5 cM) to reduce noise and false positives. As a complementary measure of postdi-
vergence gene flow between CAHG populations, we also calculated private allelic
richness (per variable site) of alleles shared by pairwise combinations of the nine
CAHG populations using ADZE (88) (SI Appendix, Text).

Data Availability. Data on the size and approximate location of camps are
available as supplementary files (Dataset S1). Exact geographical coordinates
remain confidential for protection of the privacy of the indigenous people
involved. Data on the location and dating of hunter-gatherer archaeological sites
are available as supplementary files (Dataset S2). Data on the location and

dating of initial 14C date compilation are available as supplementary files
(Dataset S3). Data on the location and dating of hunter-gatherer archaeological
sites after aggregating multiple dates within the same grid cell and 1,000- or
2,000-time interval are available as supplementary files (Dataset S4). Access to
human genome-wide SNP data in the European Genome-Phenome Archive was
granted via accession codes EGAS00001002078 and EGAS00001000908.
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