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DISCUSSION
At this time, we interpret the marked anatomical variability between 
DAN5/P1 and BSN12/P1 to be a consequence of a widely dispersed, 
long-lived, sexually dimorphic species. The earlier Dmanisi sample 
also shows a remarkable degree of size and sexual dimorphism within 
a sample of H. erectus (8, 9). The broad dispersion and probable 
low population density of H. erectus created opportunities for de-
veloping regional anatomical morphs due to periods of interrupted 
gene flow. As shown by recent studies of ancient DNA, hominins 
can and will recognize each other as viable mates even after many 
hundreds of thousands of years of separation (19), such that a tem-
porary interruption in gene flow does not necessarily result in spe-
ciation. This interrupted mixing of genes between small, dispersed 

groups can lead to a highly polymorphic species that will share many 
major anatomical and behavioral attributes but still express a great 
degree of phenetic variation.

The archaeological record at Gona is broadly consistent with this 
scenario, as the co-occurrence of Mode 1 and Mode 2 stone tools with 
H. erectus over time suggests variably conserved behavioral traits 
and traditions among small, dispersed populations. Early Acheulian 
sites almost always have Mode 1 cores and flakes found in associa-
tion with LCTs, with varying abundances documented at sites such 
as Konso (6), Kokiselei (7), and Melka Kunture (Garba IV D site) (20). 
In addition, it is our observation at Gona and elsewhere that many 
archaeological sites dating to 1.6 to 0.5 Ma ago only contain Mode 1 
stone tools, although these sites are probably underreported. The 

Fig. 4. Diagnostic stone artifacts. Two opposing views of Acheulian (Mode 2) and Oldowan (Mode 1) stone tools from (A) BSN12 and (B) DAN5. For each site, the Mode 
1 cores are on the bottom row. Photo Credit: Michael J. Rogers, Southern Connecticut State University.

 on M
ay 9, 2021

http://advances.sciencem
ag.org/

D
ow

nloaded from
 



Semaw et al., Sci. Adv. 2020; 6 : eaaw4694     6 March 2020

S C I E N C E  A D V A N C E S  |  R E S E A R C H  A R T I C L E

5 of 8

Gona evidence suggests that most of these Mode 1 sites were created 
by H. erectus (sensu lato), not a different hominin species, particu-
larly in areas that do not preserve evidence of other hominins in the 
Middle Pleistocene, such as the Afar.

Seeing the expression of H. erectus stone tool technology as vari-
able, flexible [e.g., (21)], and a reflection of many different factors 
(such as site sampling sizes, tool function, distance to stone raw ma-
terial sources, environmental variability, population size, degree of 
contact with other groups, etc.) can help demystify this observed 
pattern, as well as observations of seemingly “advanced” LCTs (i.e., 
symmetrical, thin, and/or invasively flaked) found alongside “crude” 
LCTs (e.g., at FLK-West, BSN12, and DAN5) and the lack of LCTs 
at some sites outside of Africa.

Some early hominin populations, including small groups of 
H. erectus, left Africa, making it to Eurasia by ~1.8 Ma ago [e.g., at 
Dmanisi (22)]. Given the early age of the Dmanisi site, it is possible 
that the population that left for Eurasia departed Africa by ~1.8 to 
1.9 Ma ago, i.e., before the development of the Acheulian. Thus, the 
group(s) that remained in Africa most likely developed Acheulian 
technology, which was later carried along via subsequent waves of 
migrations to Asia [e.g., (23)]. Some researchers (7) also hypothesized 
that multiple hominin species may have been responsible for two dis-
tinct contemporary technologies. To the contrary, we argue here that 
the same hominin species, H. erectus, that remained in Africa invented 
the Acheulian, variably and flexibly using both Mode 1 and Mode 2 
stone technologies, a view also shared by others [e.g., (6)].

At a basic level, Acheulian toolmakers created handaxes and picks 
using large-sized raw materials, with complex execution demanding 
advanced hierarchical organization (24), while also creating Mode 1 
stone tools, whenever sharp-edged cutting flakes were needed. Stone 

tool function could be a particularly important factor in the variable ex-
pression of stone technologies. Cutmarks or hammerstone-percussed 
bones were not identified on the abundant BSN12 fossils. The DAN5 
fauna, however, yielded two bones with modifications, showing dis-
articulation and defleshing from a large range of animal sizes (fig. S8, 
section S5, and table S5), consistent with the evidence of hominin 
animal consumption at FLK-West at Olduvai Bed II (Tanzania) (25). 
The evidence from Gona suggests that H. erectus had population-level 
behavioral diversity and flexibility, with a lengthy and concurrent use 
of both Mode 1 and Mode 2 technologies, the variable expression of 
which deserves continued research. Thus, further field investigations 
will be important to find additional fossil hominins and their cul-
tural remains in the 2.0- to 1.0-Ma time interval.

MATERIALS AND METHODS
Methods
Microprobe analysis
Tuffs were first treated with 2 M HCl to remove any carbonate, briefly 
rinsed in 2% HF, and washed in distilled water. Glass were separated 
into size fractions of >120, 60 to 120, and <60 m. All glass analyses 
were carried out using a Cameca SX-100 electron microprobe located 
at New Mexico Institute of Mining and Technology following sam-
ple preparation as described in (26). Samples were examined using 
backscattered electron imagery, and selected particles were quanti-
tatively analyzed. Elements analyzed include Na, Mg, Al, Si, P, S, Cl, 
K, Ca, Ti, Mn, and Fe. An accelerating voltage of 15 kV and a probe 
current of 10 nA were used. Beam sizes of between 10 and 20 m 
were used to avoid Na volatilization (27). Analytical details have been 
listed in footnotes of auxiliary data file 1A. We noted that analyses of many 

Table 1. Composition of the BSN12 and DAN5 artifact assemblages. Surface artifacts are likely from the same stratigraphic context as the hominin fossils, 
although confidence in this assessment is low. “In context” artifacts are confidently considered to be from the same stratigraphic context as the hominin fossil 
site because they (i) were excavated in situ [5 artifacts from BSN12A and 11 from DAN5 (Main [M] and West [W])], (ii) were found encased in the BHT (at BSN12), 
or (iii) were recovered after refreshing from previously surface-scraped areas after subsequent biennial site revisits, such as at DAN5-South (S), DAN5-M, and DAN5-W. 

Artifact type BSN12  
in context

BSN12  
surface

BSN12 total DAN5-M  
in context

DAN5-M 
surface

DAN5 (S & W) 
in context

DAN5 (S & W) 
surface

DAN5 total

Handaxes 1 2 3 3 3 6 3 15

Picks 1 0 1 3 0 1 1 5

Cleavers 0 0 0 0 0 0 2 2

Retouched 
large flakes/
knives

0 0 0 0 0 1 2 3

Mode 1 cores 12 25 37 3 5 3 9 20

Whole flakes 10 90 100 0 3 3 15 21

Retouched 
flakes/
scrapers

1 5 6 0 0 0 1 1

Flake 
fragments

10 39 49 0 4 3 13 20

Core fragments 1 2 3 0 1 0 1 2

Cobbles 0 0 0 6 0 3 6 15

Broken/split 
cobbles

3 0 3 0 0 0 0 0

Totals 39 163 202 15 16 20 53 104
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of these tephra have been reported in previous publications but 
all analyses of all relevant tephra were repeated using the above 
procedures. Trace element analysis on a single bulk sample of 
volcanic ash, treated as described above, was carried out using 
the x-ray fluorescence method at the Washington State University 
Peter Hooper GeoAnalytical Lab, described in detail at that labora-
tory’s website. Powdered rock samples were fluxed with lithium 
tetraborate, fused into a glass bead, and then analyzed using a 
Thermo ARL Advant’XP+ automated sequential wavelength spec-
trometer. Intensities of all elements were corrected automatically 
for line interference and absorption effects using the fundamental 
parameter method. Precision of the method is typically better than 
5% (relative standard deviation) for all trace elements. Because only 
a single sample was analyzed for trace elements, these data are in-
cluded as a footnote to auxiliary data file 1A.
Paleomagnetism
Claystone and siltstone layers were sampled for paleomagnetic analyses. 
Four oriented samples were collected from each sedimentary horizon. 
In summary, 87 horizons were sampled in Dana Aoule, Busidima, 
and Asbole areas (auxiliary data file 1B). These data were initially 
reported in (4) and (3) although we report the compiled datasets 
and sampling locations here (Fig. 2 and auxiliary data file 1B). All 
samples were thermally demagnetized in ≥12 temperature steps 
ranging up to 580°C, and characteristic remnant magnetization 
(ChRM) directions for each sample were determined by principal 
components analysis (28). Site-mean ChRM directions were calculated 
using Fisher’s statistics (29). Ages for geomagnetic chrons and subchrons 
were based on those reported in (30).
Stable isotope analyses
Fossil teeth were sampled at the National Museum of Ethiopia in 
Addis Ababa using a rotary drill with a diamond burr bit. The surface 
was gently abraded before sample, and the resultant powder was 
treated with a dilute H2O2 and then a weak acetic acid, with rinses 
between treatments, and then dried before analysis. Isotopic analyses 
of teeth were performed using a Kiel Device and a Thermo Delta 
Plus gas-source mass spectrometer at the University of Arizona, a 
common acid bath device and Finnigan MAT 252 mass spectrometer 
at the University of Utah, and a common acid bath device and a 
Thermo MAT 253 mass spectrometer at Johns Hopkins University. 
See auxiliary data file 1H (tooth enamel) for details of the methods 
used for particular samples. Soil carbonate nodules were collected 
from distinct pedogenic carbonate (Bk) horizons in paleosols at 
least 40 cm below the contact with the overlying unit. All soil 
carbonate isotope data have been published elsewhere; see auxiliary 
data file 1G for a list of references and a summary of results. Results 
are presented in standard  notation as the per mil (‰) deviation of 
the sample CO2 from the Vienna Pee Dee Belemnite standard, 
where R = 13C/12C or 18O/16O and  = (Rsample/Rstandard − 1) × 1000. 
All measurements were made relative to working carbonate and 
enamel reference material, and typical precision of replicate analyses 
was 0.1‰ for both 13C and 18O measurements.
Paleosols
Trenches in the paleosols were excavated at the DAN5 and BSN12 
sites, and soil stratigraphic units were designated to identify unique 
paleosols, often based on evidence of paleosol burial or reversals in 
particle size (31). Paleosols associated with the DAN5 and BSN12 
sites were described in the field using Natural Resources Conser-
vation Service techniques (32). Samples from the DAN5 and BSN12 
paleosols were selected for soil morphological and geochemical 

analyses to characterize the physical and chemical processes, provide 
inference into type of surface vegetation, and estimate paleoclimate.

Paleosol clods were selected from bulk samples and measured 
for bulk density using the wax clod method (33). The results are 
reported in grams per cubic centimeter and used to estimate relative 
changes in strain. Aliquots of bulk paleosol samples were submitted 
to ALS Chemex for geochemical characterization of major, trace, 
and rare earth elements using lithium borate fusion and inductively 
coupled plasma atomic emission spectroscopy and inductively 
coupled plasma mass spectrometry.

The DAN5 and BSN12 bulk density and geochemical data were 
used to determine the extent and magnitude of weathering. Mobile 
element additions and losses were calculated using the mass transfer 
coefficient,  (34, 35)

	​   = ​  
​C​ j​​ ​,​ w​​

 ─ ​C​ j​​ ​,​ p​​ ​ ​ 
​C​ i​​ ​,​ p​​

 ─ ​C​ i​​ ​,​ w​​ ​ − 1 ​	 (1)

where C is the mobile, j, or immobile, i, element concentration in 
the weathered, w, or parent, p, material. When  = 0, element j has 
not been added or removed from the profile with respect to i. When 
 = −1, 100% of the element j has been removed compared to i. In 
this study, Zr was assumed to be immobile. The i for each depth 
interval, z, is the relative change in volume, V, between the parent 
and weathered portion of the profile

	​​ ​ i​​(z ) = ​  
​V​ w​​ − ​V​ p​​

 ─ ​V​ p​​  ​  = ​  
​​ p​​

 ─ ​​ w​​ ​ * ​ 
​C​ i​​ ​,​ p​​

 ─ ​C​ i​​ ​,​ w​​ ​​	 (2)

The i was estimated using bulk density and immobile element 
data, Ci,p and Ci,w, in the right-hand side of Eq. 2. The i incorporated 
into Eq. 1 normalizes the volumetric changes that can occur during 
weathering, for example, dilation and collapse. The strain correction 
can be substantial (36). We estimated the paleo-pH and mean 
annual precipitation using bulk geochemistry from uppermost B 
horizons (37, 38).
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