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a b s t r a c t

The opening and closing of the equatorial East African forest belt during the Quaternary is thought to
have influenced the biogeographic histories of early modern humans and fauna, although precise details
are scarce due to a lack of archaeological and paleontological records associated with paleoenvir-
onmental data. With this in mind, we provide a description and paleoenvironmental reconstruction of
the Late Pleistocene Middle Stone Age (MSA) artifact- and fossil-bearing sediments from Karungu,
located along the shores of Lake Victoria in western Kenya. Artifacts recovered from surveys and
controlled excavations are typologically MSA and include points, blades, and Levallois flakes and cores, as
well as obsidian flakes similar in geochemical composition to documented sources near Lake Naivasha
(250 km east). A combination of sedimentological, paleontological, and stable isotopic evidence indicates
a semi-arid environment characterized by seasonal precipitation and the dominance of C4 grasslands,
likely associated with a substantial reduction in Lake Victoria. The well-preserved fossil assemblage
indicates that these conditions are associated with the convergence of historically allopatric ungulates
from north and south of the equator, in agreement with predictions from genetic observations. Analysis
of the East African MSA record reveals previously unrecognized northesouth variation in assemblage
composition that is consistent with episodes of population fragmentation during phases of limited
dispersal potential. The grassland-associated MSA assemblages from Karungu and nearby Rusinga Island
are characterized by a combination of artifact types that is more typical of northern sites. This may reflect
the dispersal of behavioral repertoiresdand perhaps human populationsdduring a paleoenvironmental
phase dominated by grasslands.

© 2015 Elsevier Ltd. All rights reserved.
Introduction

Fossil evidence from East Africa provides the earliest known
specimens attributed toHomo sapiens, dating to ~195 ka (thousands
of years ago) (McDougall et al., 2005; Brown et al., 2012). These
early humans later diverged into multiple genetically (Campbell
and Tishkoff, 2010) and morphologically diverse (Creveceour
et al., 2009; Gunz et al., 2009; Harvati et al., 2013; Tryon et al.,
2015) populations during the Late Pleistocene (126e12 ka), likely
reflecting complex phases of population dispersal and vicariance
across Africa (Campbell and Tishkoff, 2010; Soares et al., 2012; Rito
et al., 2013). This biological diversity among early modern humans
is accompanied by substantial behavioral diversity, with theMiddle
Stone Age (MSA) archaeological record of East Africa (~285e50 ka)
characterized by exceptional variability and only rare cases of
geographic or temporal patterning (Tryon and Faith, 2013).
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Understanding the mechanisms underlying the diversity of
early human populations and their dispersals within and out of
Africa remains a fundamental challenge of human origins research.
A commonly proposed mechanism is environmental change, which
may have mediated population distributions and demographics
(Scholz et al., 2007; Eriksson et al., 2012; Rito et al., 2013), the
opening and closing of biogeographic barriers (Vaks et al., 2007;
Cowling et al., 2008; Carto et al., 2009; Compton, 2011; Faith
et al., in press), and behavioral adaptations to resource availability
(Ambrose and Lorenz, 1990; McCall, 2007; Marean, 2010). Of
particular relevance to East Africa, Cowling et al. (2008) propose
that the repeated opening and closing of the equatorial East African
forest belt throughout the Quaternary, mediated by changes in
rainfall and atmospheric CO2 concentrations, potentially played a
key role in the dispersals of humans and fauna. Their model is
supported by genetic evidence from contemporary fauna, with a
broad range of widely distributed vertebrate species, including
wildebeest (Connochaetes taurinus), hartebeest (Alcelaphus busela-
phus), waterbuck (Kobus ellipsiprymnus), giraffe (Giraffa camelo-
pardalis), ostrich (Struthio camelus), and many others, showing
pronounced differentiation between populations from north and
south of the equator (Dehghani et al., 2008; Miller et al., 2011;
Lorenzen et al., 2012). This genetic structuring is believed to
represent the legacy of populations with geographic ranges that
were continuous during dry climatic phases of expanded grassland
cover but fragmented north and south of the equator during wetter
phases associated with an expansion of forest cover (Lorenzen
et al., 2012). However, the precise role of this dispersal mecha-
nism in the biogeographic histories of humans and fauna remains
poorly resolved, largely due to a lack of empirical evidence and
difficulties in relating local signals from archaeological and fossil
records to regional or global climate records (Behrensmeyer, 2006;
Blome et al., 2012). Resolving this situation from the East African
homeland of fossil H. sapiens requires new archaeological and
paleontological evidence associated with detailed paleoenvir-
onmental records.

Our aim here is to provide such evidence stemming from our
ongoing investigations of MSA artifact- and fossil-bearing sedi-
ments at Karungu, in the Lake Victoria Basin of Kenya (Fig. 1). This
study describes (1) the history of paleoanthropological research at
Karungu, (2) the geological context of the Pleistocene sediments,
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Figure 1. The location of Karungu and its Pleistocene exp
(3) the MSA archaeological record from Karungu, and (4) the
paleoenvironmental implications of the associated faunal assem-
blage, including stable isotopic analysis of bovid and East African
mole rat (Tachyoryctes splendens) tooth enamel. We use these data,
together with an analysis of variation in the Late Pleistocene MSA
record of East Africa, to explore the potential role of an equatorial
dispersal barrier in the biogeographic histories of early modern
humans and fauna.

The Lake Victoria Basin

Straddling the equator in East Africa, Lake Victoria is the largest
African lake by surface area (66,400 km2; Adams, 1996) and rep-
resents a significant barometer of Quaternary paleoenvironmental
change. Because water input is determined primarily by rainfall
directly over its surface, rather than inflow from rivers and streams,
Lake Victoria is highly sensitive to changes in precipitation
(Broecker et al., 1998; Nicholson, 1998; Milly, 1999; Bootsma and
Hecky, 2003), with historic records from the last 200 years doc-
umenting lake level fluctuations of ~4 m in response to precipita-
tion variability (Nicholson, 1998). The lake is also very shallow
(maximum depth <80 m), which means that relatively small
changes in lake level translate to massive shifts in lake surface area.

Although precise details are scarce prior to the Last Glacial
Maximum (LGM), geological evidence documents massive fluctu-
ations in lake level and surface area over the �400,000 year history
of the lake (Johnson et al., 1996; Stager et al., 2002, 2011; Stager and
Johnson, 2008; Temple, 1966; Tryon et al., 2014). Seismic profiles
and lake cores document at least four desiccation events (Johnson
et al., 1996, 2000; Stager and Johnson, 2008), the two most recent
of which correspond to extreme aridity during Heinrich Event 1
between 17 and 16 ka and a subsequent arid phase between 15 and
14 ka (Stager et al., 2011); the other desiccation surfaces correspond
to undated phases of previous aridity. Three horizontally bedded
terraces around the circumference of Lake Victoria at 18 m,
10e12 m, and 3 m above modern lake level indicate previous high-
stands (Kent, 1942; Doornkamp and Temple, 1966; Temple, 1966),
which were caused by increased precipitation (Johnson et al., 2000;
Beuning et al., 2002), changes to the lake's drainage due to regional
tectonics (Doornkamp and Temple, 1966; Temple, 1966), or a
combination of the two.
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The repeated expansion and contraction of Lake Victoria is
known to have had an important influence on biotic communities.
Evidence from pollen cores (Kendall, 1969), geochemical proxies for
vegetation cover (Talbot and Laerdal, 2000; Talbot et al., 2006), and
fossil mammals (Tryon et al., 2012, 2014) show that reductions in
lake level were associated with a dominance of grasslands, in
contrast to the evergreen bushland, thicket, and forest habitats
historically present in the region (White, 1983; van Breugel et al.,
2012). This expansion and contraction of grasslands and forests
potentially facilitated the dispersal of flora and fauna across the
Lake Victoria Basin, as indicated by the modern distribution of
species in the region (White, 1983; Kingdon, 1990; Wronski and
Hausdorf, 2008). Together, the evidence for dynamic vegetation
change and species dispersals suggests that the Lake Victoria Basin
represents an ideal natural laboratory to explore the influence of
environmental change on the dispersal histories of early modern
humans and associated fauna.

Background to Karungu

Karungu is located along the shores of Lake Victoria in southwest
Kenya (�0.844�S, 34.157�E), 50 kmsouth of thewell-knownMiocene
(e.g., Le Gros Clark and Leakey, 1950; Van Couvering, 1972; Leakey,
1974; Andrews, 1981; Pickford, 1986; Teaford et al., 1988; Walker
and Teaford, 1988; Peppe et al., 2009; Michel et al., 2014) and Pleis-
tocene (Pickford and Thomas, 1984; Tryon et al., 2010, 2012, 2014;
Faith et al., 2011, in press) localities on Rusinga and Mfangano Is-
land (Fig. 1) and 65 km southwest of the Miocene-to-Pleistocene
deposits on the Homa Peninsula (e.g., Oswald, 1914; Andrews, 1916;
Pickford, 1984; Behrensmeyer et al., 1995; Ditchfield et al., 1999).
Although much of the landscape around Karungu is now under
cultivation, the historic vegetation included evergreen bushland and
thicket in the immediate area, grading towoodlands andmore humid
Afromontane rainforests further inland (White, 1983; van Breugel
et al., 2012). Average annual rainfall at nearby Mbita (45 km north)
Figure 2. Front and back of photograph taken by W.E. Owen in 1935/1936 at Ngira showing
soils. Source: National Museums of Kenya Archives. The text on the back of the photograph r
fragments of skull seen were weathering out of the mound, just where they are lying. The ph
fingers to see if any more fragments were contiguous. The mound top is indicated by suga
ranges from ~1000 to 1400mm (Fullinger et al., 2004; Hijmans et al.,
2005). The large mammal herbivores in the region historically
included African buffalo (Syncerus caffer), bushbuck (Tragelaphus
scriptus), duiker (Sylvicapra grimmia), Bohor reedbuck (Redunca
redunca), waterbuck (K. ellipsiprymnus), impala (Aepyceros mel-
ampus), topi (Damaliscus lunatus), hartebeest (A. buselaphus), oribi
(Ourebia ourebi), roan antelope (Hippotragus equinus), giraffe
(G. camelopardalis), bushpig (Potamochoerus larvatus), black rhinoc-
eros (Diceros bicornis), and elephant (Loxodonta africana) (Allsopp
and Baldry, 1972; Kimanzi, 2011).

Karungu is among the earliest documented paleontological lo-
calities in Kenya, with fossils first discovered in the region in 1909
(see Andrews,1981) and published two years later (Andrews,1911).
Subsequent fieldwork directed by Oswald focused on the rich
Miocene fossil sites (Andrews, 1914; Newton, 1914; Oswald, 1914)
and incidentally documented the presence of lithic artifacts “of a
Neolithic character” lying on the surface of Miocene deposits
(Oswald, 1914:136). Since then, the Miocene deposits at Karungu
have been intermittently studied by L.S.B. Leakey, Andrews, Pick-
ford, and McNulty and colleagues (Andrews, 1981; Pickford, 1984;
Lehmann et al., 2014; McNulty et al., 2014).

During the 1930s, Archdeacon W.E. Owen conducted the first
exploration of the Quaternary sediments at Karungu (Owen, 1937,
1938, 1939). In an unpublished manuscript, he notes the discovery
of in situ human remains fromup to six individuals froma site known
as Ngira (Figs.1 and 2), in addition to the presence of fossil fauna and
artifacts referred to as Kenyan Aurignacian (¼Later Stone Age, LSA),
Levallois (¼Middle Stone Age, MSA), and Acheulean (Owen, 1937).
The human remains are associated with LSA artifacts and evidently
with pottery; investigations of the geology by E.J. Wayland and ar-
tifacts by M.C. Burkitt confirmed the in situ nature of these materials
and their ‘Gamblian’ (=Holocene) age (Wayland,1938; Van Riet Lowe,
1952:16). The fossils curated at theNationalMuseumofKenya (NMK)
in Nairobi are weakly mineralized, further indicating a more recent
age than the material described in this study. Many of the human
the location of human cranial fragments eroding from near the surface of black cotton
eads as follows: Ng'ira, Karungu site. Tree is west of skull mound, eleven paces. The two
otograph shows clearly the place about them where I smoothed the soil away with my
r cane stem.
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remains collected by Owen have since been lost, some perhaps
during the bombing of the Royal College of Surgeons in London
during World War II, where Sir Arthur Keith and T.D. McCown
studied and described some of the remains (noted in Owen, 1937).
Subsequent papers published by Owen (1938, 1939) also note the
presence of rolled Acheulean hand-axes, as well as Kombewa flakes
and cores from probable channel deposits at Ngira and Aringo.

Pickford's (1984) investigations at Karungu proved to be the
most useful for guiding the present research. In his survey of pale-
ontological sites from western Kenya, he mapped 12 localities with
exposure of Pleistocene deposits (Fig. 1) that unconformably overlie
the Miocene sequence. Pickford (1984) reported from these Pleis-
tocene deposits the presence of MSA artifacts and fossil fauna,
including an assortment of extant bovids, equids, and suids, which
led him to assign a probable Late Pleistocene age to the deposits.
From 2011 to 2013, we conducted investigations of the deposits
mapped by Pickford (1984). This included systematic pedestrian
surveys, supplemented by controlled archaeological excavations and
geological trenching. We provide below the first detailed descrip-
tion of the geology, MSA archaeology, and paleontology of Karungu.

Methods

Field methods

Pedestrian surveys were conducted at all Pleistocene exposures
at Karungu from 2011 to 2013. Of the 12 Pleistocene localities
mapped by Pickford (1984), we were able to collect artifacts and
fossils from seven: Aoch Nyasaya, Aringo, Kachuku, Kisaaka, Ngira,
Obware, and Onge (Fig. 1). The remaining localities are presently
To
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Figure 3. Location of the Aringo 3 excavation and systematic surface crawls at Kisaaka, Obwa
(RCS), Zebra Tooth Gully (ZTG), and Main.

Table 1
Summary of artifacts recovered from survey, the Aringo 3 test excavation, and systemati

Site General survey Aringo 3 excavation Aringo north 1

Area (m2) N/A 5 25
Complete flakes 22 (1*, 2**) 54 (2*, 1**) 4
Flake fragments 14 (2*, 1*) 44 (3*) 11
Cores 17 (10*) 4 (2*) 1
Retouched pieces 10 (1**) 0 0
Handaxe 1b 0 0
Angular waste 0 114 0
Total 63 216 16
Artifacts/m2 NA 43.2 0.64

a Values in parentheses are *Levallois or **blades.
b A weathered and rolled specimen recovered from a modern alluvial deposit atop th
under cultivation and no longer exposed (e.g., Owich) or are now
commercial or residential centers that appear to have been
destroyed by recent construction (e.g., Sori).

The primary archaeological objective of the survey was to
identify the broad archaeological taxonomic units (e.g., ESA, MSA,
LSA) present through the Karungu Pleistocene sequence. At all lo-
calities, general collection of lithic artifacts documented during the
survey was restricted only to those specimens that were diagnostic
of these industries (n ¼ 63 specimens total). This collection was
supplemented by systematic collections of all lithic material by
surface crawls from six 24e25m2 gridded areas at Kisaaka, Obware,
and Aringo (Fig. 3; Table 1). These grids were selected to maximize
artifact samples and were established at or near the base of actively
eroding profiles containing one or more marker tephra deposits to
provide stratigraphic control (Fig. 4).

To characterize the in situ archaeological material, a test exca-
vation was conducted at the Aringo 3 site in 2013 (Figs. 1 and 3),
where a small geological trench uncovered numerous artifacts. A
controlled test excavation of 5 m2 was set up adjacent to the trench,
and excavated according to arbitrary 10-cm levels within discern-
ible stratigraphic units. All sediment was sieved through 1/8-inch
mesh and in situ artifacts were plotted in three-dimensions using
a total station linked to a laptop computer running EDM for Win-
dows excavation software.

Following our previous collections on Rusinga and Mfangano
islands (Tryon et al., 2010, 2012), the collection of fauna empha-
sized the recovery of taxonomically informative specimens,
including all cranial and dental remains, bovid horn cores, rumi-
nant astragali and metapodials, and all specimens belonging to
primates or carnivores. Microfaunal remains were recovered in
N

 Karungu

GO

OBWARE

AOCH NYASAYA

500m 250m

rth 1

re, and Aringo (see also Table 1). Microfauna screened at Kisaaka Rodent Carbonate Site

c surface crawls at Aringo, Kisaaka, and Obware.a

Aringo north 2 Kisaaka-ZTG Kisaaka-Main Kisaaka-RCS Obware

25 25 25 25 24
6 8 6 3 5 (1**)
27 18 (2**) 13 6 4 (1**)
0 3 (1*) 0 0 5 (1*)
0 0 2 (1**) 0 0
0 0 0 0 0
0 0 0 0 0
33 29 21 9 14
1.32 1.16 0.84 0.36 0.58

e Miocene bedrock at Kisaaka.



Figure 4. Stratigraphy of the Pleistocene deposits at Karungu. The “type” stratigraphic section for the Karungu deposits is at Kisaaka (far left). All other Karungu localities have been
correlated to Kisaaka based on tephrostratigraphy (solid lines; SOM; see Blegen et al., submitted for publication for correlation of upper BTPT tephra) and lithostratigraphy (dashed
lines). The widespread Nyamita Tuff has been used as a stratigraphic datum for correlation between sections. Locations of in situ artifacts, mammalian fossils, and the surface
collection sites for micromammals and systematic surface crawls (Table 1) are indicated on each stratigraphic section. Fauna and diagnostic MSA artifacts were surface-collected
from all paleosols and conglomerates at all sites, spanning the Karungu Pleistocene sequence. The geographic locations of each locality are indicated in Fig. 1.
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abundance from the general surface collection at Kisaaka, with
smaller collections from Aoch Nyasaya, Aringo, and Obware.
Microfaunal recoverywas enhanced at Kisaaka by screening surface
sediments from an approximately 10 m2 area through 1-mm mesh
at three sites: Zebra Tooth Gulley (ZTG), Rodent Carbonate Site
(RCS), and Main (Fig. 3).

Obsidian geochemistry

Obsidian flakes were documented in our excavation at Aringo 3
(LVP2014-31) and collected from the surface at Kisaaka (LVP2014-
32). The nearest documented obsidian sources are in the Eastern
Rift Valley ~250 km to the east (Merrick and Brown, 1984; Brown
et al., 2013). To identify the potential sources of these obsidian ar-
tifacts, we characterized their geochemistry by wavelength
dispersive electron microprobe analysis conducted on a Cameca
SX-50 in the Department of Geology and Geophysics at the Uni-
versity of Utah. Analytical conditions follow the recent detailed
survey of Kenyan obsidian sources provided by Brown et al. (2013).

Isotope analysis

To enhance our paleoecological interpretations of the fossil
mammals, we conducted a stable isotope analysis of fossil bovid
(n ¼ 20 specimens) and rodent tooth enamel (n ¼ 17 specimens).
Modern bovids exhibit a wide range of habitat preferences and are
particularly useful for reconstructing paleoenvironments in East
Africa (e.g., Gentry, 1970; Vrba, 1980; Scott, 1985; Cerling et al.,
2003; Plummer et al., 2009), and we sampled teeth from the
dominant tribes present in the assemblage (Alcelaphini, Antilopini,
Bovini, and Reduncini). Due to their smaller home ranges, micro-
mammals provide a more localized ecological signal than the
wider-ranging bovids that relates to locally available microenvi-
ronments (Kimura et al., 2013; Symes et al., 2013). Because carbon
isotope values relate to the diet of mammalian herbivores, these
data can be used to determine the presence of C4 grasses and the
heterogeneity of available food resources at varying spatial scales
(e.g., Cerling et al., 2003; Codron et al., in press).

Bovid teeth were selected from the surface collections, photo-
graphed, and sampled along broken edges using a Dremel tool and
diamond drill bit, following the destructive sampling procedures
outlined by the NMK. Enamel samples were prepared and analyzed
at the University of Utah. Enamel powders were treated with 0.1 M
buffered acetic acid for 30 min to remove labile carbonates (Lee-
Thorp and van Der Merwe, 1987; Koch et al., 1997). Following
acid treatment, samples were rinsed three times with distilled
water and dried at 60 �C overnight. Samples were weighed into
silver capsules and dried under vacuum at 200 �C for two hours
prior to analysis. Samples were then digested in a common phos-
phoric acid bath at 90 �C for 15 min and analyzed for d13C on a
Finnigan MAT 252 coupled to a Carboflo dual-inlet carbonate de-
vice. Stable isotope ratios are reported as d values relative to the
international carbon isotope standard, Vienna Pee Dee Belemnite
(VPDB), using the standard per mil (‰) notation, where
d13C ¼ (Rsample/Rstandard � 1) � 1000, and Rsample and Rstandard are
the 13C/12C ratios of the sample and standard, respectively. Stan-
dard deviation of an internal carbonate standard (Carrara marble)
was ±0.1‰.

Microfaunal remains were selected from the surface collections
and exported to the Department of Earth and Planetary Sciences at
Johns Hopkins University, following NMK guidelines. Isotopic an-
alyses of the microfauna were performed at Johns Hopkins Uni-
versity, following approximately the same procedure described
above for the bovids. All incisors were photographed prior to
sampling with a Dremel Tool and diamond drill bit. Enamel powder
was treated for 15 min with 3% H2O2 and rinsed three times with
distilled water prior to the 15 min treatment with 0.1 M buffered
acetic acid. Following this treatment, samples were then rinsed
three times in distilled water and dried overnight at 60 �C. Samples
were loaded in silver capsules and then digested in a phosphoric
acid bath at 90 �C for 10 min and analyzed for d13C on a Thermo
MAT 253 mass spectrometer. Standard deviation of three internal
carbonate standards was 0.32‰.

Dietary designations for bovids are based on estimated con-
sumption of C4 plants (tropical grasses) and C3 plants (trees, shrubs,
herbs), which is calculated using a hypothetical 100% C4 diet and an
isotope enrichment ( 3*) between diet and herbivore tooth enamel
of 14.1‰ (Cerling and Harris, 1999). Estimated carbon isotope
composition of tooth enamel for a 100% C4 diet is based on the
average isotopic value of modern C4 plants in eastern and central
Africa (�12.9‰, n¼ 764; Cerling et al., 2011). Following Garret et al.
(in press), changes in atmospheric CO2 between modern environ-
ments and the Late Pleistocene (Tipple et al., 2010) were accounted
for by adding 1.6‰ to the modern average d13C of C4 plants.
Althoughwe estimate the percentage of C4 vegetation consumption
by the rodents in our sample, we do not designate specific diet
categories (as with bovids) due to an incomplete understanding of
how stable isotopes relate in a generalizable way to the con-
sumption of different food resources among their extant relatives
(Symes et al., 2013; Codron et al., in press).

Geological context

Although previous researchers have mapped the Pleistocene
exposures at Karungu (Owen, 1937; Pickford, 1984), there are no
formal descriptions of the lithologies of these deposits or detailed
stratigraphic measurements. The Pleistocene deposits are best
exposed at Kisaaka, Aringo, Onge, Aoch Nyasaya, and Obware.
These form the basis of our geological description. At Kachuku and
Ngira, the Pleistocene deposits are poorly exposed and have un-
dergone too much erosion for any geological interpretation.

The Pleistocene deposits of Karungu are discontinuously
exposed over an area of ~40 km2 and aremost commonly preserved
at elevations ~15e65 m above modern Lake Victoria (Fig. 1).
Pleistocene sediment thickness at Karungu varies between sites
and ranges from 3.5 to 10.5 m. The deposits overlie a relatively
complex eroded topography of Miocene bedrock (Oswald, 1914;
Pickford, 1984). The entire sedimentary sequence is exposed at
Kisaaka and has been used to develop a composite stratigraphy of
the Pleistocene deposits at Karungu (Fig. 4). Different sections of
the Kisaaka composite stratigraphic sequence can be correlated to
fossil- and artifact-bearing exposures at other sites in Karungu
using tephrostratigraphy (Blegen et al., submitted for publication;
Supplementary Online Material [SOM]).

The Pleistocene sedimentary sequence at Karungu comprises
fluvial deposits, paleosols, and variably reworked tephra (Fig. 4). At
the base of the sequence is a conglomerate of varying thickness that
is overlain by three paleosols intercalated with tephra deposits.
Field observations indicate that the basal paleosol is a paleo-
Vertisol with pedogenic slickensides, gilgai topography, and
wedge peds that formed as the soil expanded and contracted dur-
ing wet and dry seasons (Beverly et al., in press). These vertic fea-
tures indicate precipitation seasonality and a period of landscape
stability of at least 0.5e2 kyr (Mermut et al., 1996; Buol et al., 2003;
Southard et al., 2011). Where exposed, this basal paleo-Vertisol is
relatively similar in composition and character across the Karungu
landscape. The upper two paleosols are identified as tuffaceous
paleo-Inceptisols, with angular blocky ped structures and illuviated
clay. These paleo-Inceptisols indicate a considerably shorter period
of landscape stability than the basal paleo-Vertisol. An influx of



J.T. Faith et al. / Journal of Human Evolution 83 (2015) 28e4534
tephra into the drainage basin, likely through a combination of
airfall events and fluvial reworking of ash, affected the types of soil
forming on the landscape (i.e., between the basal paleo-Vertisol
and the upper two paleo-Inceptisols). Between the paleosols are a
series of tephra deposits that have been correlated to Aringo, Onge,
Aoch Nyasaya, and Obware based on the geochemical signature of
the volcanic glass, as well as to the Late Pleistocene exposures on
Rusinga and Mfangano Islands (Blegen et al., submitted for
publication; SOM).

In terms of sedimentology and lithology, the Pleistocene expo-
sures at Karungu are similar and stratigraphically consistent with
the Pleistocene deposits at Rusinga and Mfangano Islands to the
north (Tryon et al., 2010, 2012, 2014). The correlation of the series of
tephra deposits at Karungu, Rusinga, and Mfangano, indicates that
all three regions are temporally equivalent (Blegen et al., submitted
for publication; SOM). While the deposits at Karungu, Rusinga, and
Mfangano are similar, there are some sedimentological differences.
In particular, the deposits on Rusinga and Mfangano are more flu-
vially dominated and the paleosols are all poorly developed (Tryon
et al., 2010, 2012, 2014), suggesting less stable depositional envi-
ronments than those at Karungu. These differences are probably
due to the proximity of the Pleistocene deposits on Rusinga and
Mfangano to local topographic highs on the landscape (Tryon et al.,
2014). Despite differences in pedogenic development, many of the
paleosols at Karungu, Rusinga, and Mfangano have vertic features
suggesting similar climatic conditions (i.e., seasonal precipitation)
across the region.

Direct age estimates for the Pleistocene deposits at Karungu are
provided by accelerator mass spectrometry (AMS) radiocarbon
dates on surface-collected ostrich eggshell fragments from Kisaaka
and Aringo (below the Nyamita tuff in Fig. 4). The age estimates for
Kisaaka are 46,413 ± 2595 14C yrs BP (AA95057) and
46,100 ± 2595 14C yrs BP (AA99936); the sample from Aringo
yielded an infinite age of >49,900 14C yrs BP (AA95785). As these
age estimates are at or very close to the limits of the AMS radio-
carbon method, they are best considered minimum ages given the
problem of even trace amounts of recent contaminates yielding
spurious results. In addition, a freshwater stromatolite deposit
overlying the Miocene bedrock at Aringo is associated with a U-
series date of 455 ± 45 ka, but this provides only an extreme
maximum age for the overlying Pleistocene sediments discussed
here (Beverly et al., in press). These age estimates are consistent
with the tephra correlations to the Late Pleistocene sediments on
Rusinga and Mfangano. AMS radiocarbon age estimates on gas-
tropods that burrowed into the Rusinga and Mfangano sediments
after deposition provide a minimum age estimate of ~45 ka.
Maximum age estimates are provided by the composition of the
tephras, which suggests that they derive from East African rift
system volcanoes that began erupting early in the Late Pleistocene
~100 ka (Tryon et al., 2010, 2012, Blegen et al., submitted for
publication), and U-series age estimates on a tufa deposit at the
base of the Pleistocene section at Nyamita on Rusinga Island (below
the Nyamita Tuff in Fig. 4), which range from 94.0 ± 3.3 ka to
111.4 ± 4.2 ka (Beverly et al., in press). Optically stimulated lumi-
nescence (OSL) ages from channel deposits immediately above and
below the Nyamita Tuff at Nyamita are 47 ± 5 ka and 51 ± 5 ka
(Blegen et al., submitted for publication). Taken together, the cur-
rent evidence suggests that the Pleistocene sequence at Karungu
dates from ~45 to 94 ka.

Pleistocene archaeology

Artifacts were collected from all localities spanning the Pleis-
tocene sequence at Karungu (Fig. 4). The recovered artifact sample
is summarized in Table 1. Artifact densities from surface crawls and
the Aringo 3 excavation range from 0.36 to 43.2 artifacts/m2,
comparable to Late Pleistocene MSA assemblages from nearby
Rusinga Island and other open-air sites made by foragers in general
(see Garrett et al., 2015). Although the sample size (n ¼ 401) is
too small to diagnose specific industrial affiliation, the recovered
artifacts are consistent with a MSA attribution, particularly the
presence of points, blades, and preferential and recurrent Levallois
flakes and cores (Fig. 5), which occur with discoidal, casual, and
multiplatform bipolar cores (definitions follow Isaac, 1977;
Mehlman, 1989; Bo€eda, 1994, 1995) and rare retouched tools
including scrapers. The occurrence of such diagnostic MSA artifacts
(Table 1) spans the entire Pleistocene sequence at Karungu, ranging
from the base of the sequence in the Aringo 3 excavation to the top
of the sequence at Obware and portions of Kisaaka (Fig. 4). A very
large Levallois core (151 mm maximum dimension) from Aringo
resembles those from Acheulean contexts in the Kapthurin for-
mation, Kenya (Tryon et al., 2005), although the only diagnostic ESA
implement includes a single handaxe recovered from a modern
alluvial deposit atop the Miocene bedrock at Kisaaka. Like many of
the ESA artifacts collected by Owen (1938, 1939) and housed at the
NMK, it is heavily rolled and weathered, unlike the MSA material
we observed and collected from Karungu. These ESA artifacts likely
derive from older sediments since eroded away. Unlike Owen
(1937), who noted “Kenyan Aurignacian” artifacts and pottery
associated with multiple presumably Holocene burials, we found
no clear evidence for LSA occupation at Ngira or elsewhere in the
Pleistocene exposures at Karungu (i.e., no backed pieces of any
kind). The absence of LSA implements may be the result of Owen's
(1937) extensive excavation of ~400 m2 compounded by recent
erosion of the presumably Holocene deposits at Ngira (Fig. 2).

All MSA artifacts are made of a wide range of raw materials,
including various lavas, quartz, quartzite, and chert, consistent
with the area's location at the interface between carbonatite-
nephelinite volcanic complexes and outcrops of crystalline base-
ment rock (Le Bas, 1977). The geochemical composition of the
obsidian artifacts recovered from the Aringo 3 excavation
(LVP2014-31) and from the surface at Kisaaka (LVP2014-32) are
reported in Table 2. To illustrate the relationships of these speci-
mens to the 77 Kenyan obsidian sources documented by Brown
et al. (2013), Fig. 6 presents a Principal Components Analysis of
major elements and oxides. The first three principal components
account for the majority (>98%) of variation in obsidian
geochemistry (Principal Component (PC) 1 ¼ 83.6%, PC2 ¼ 13.1%,
PC3 ¼ 1.9%). Examination of PC1 vs PC2 and PC1 vs PC3 show the
Karungu specimens to be very similar in composition to sources
from the Ol Karia Group near Lake Naivasha (Broad Acres 1e2,
Gorge Farm, Hell's Gate 1e2, Kibikoni 1e2, Ol Karia, Ololbutot 1e2)
as well as Akira in southern Kenya (20 km south of Lake Naivasha),
all of which are ~250 km east of Karungu.

Vertebrate fauna

The vertebrate remains from the Pleistocene deposits at Kar-
ungu belong almost exclusively to large mammals and microfauna
(Fig. 7), with only rare remains of tortoise and other small un-
identified reptiles. We observed no bones, teeth, or scutes
belonging to crocodile, which is known throughout Lake Victoria
and associated river systems today (Spawls et al., 2002) and is
commonly found in the local Holocene (Robertshaw et al., 1983)
and Miocene (Pickford, 1984; Lehmann et al., 2014) records.

Large mammals

Fossil remains of large mammals are well preserved and abun-
dant at Karungu (Table 3). The dominance of alcelaphine antelopes



Figure 5. Select MSA artifacts from Karungu, including (A) Levallois flake from Aringo, (B), Levallois core from Aringo, and (C) bifacial point from Obware.
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and equids (70% of all large mammal specimens), including the
extinct wildebeest (Rusingoryx atopocranion), the extinct blesbok
(Damaliscus hypsodon), blue wildebeest (C. taurinus), hartebeest
(A. buselaphus), plains zebra (Equus quagga), and Grevy's zebra
(Equus grevyi), indicates the prevalence of open grassland vegeta-
tion. Among the bovids, alcelaphines and antilopines account for
76% of identified specimens, an abundance paralleled only in
contemporary ecosystems characterized by arid to semi-arid
grassland environments (e.g., Vrba, 1980; Alemseged, 2003). The
dominant bovids, R. atopocranion and D. hypsodon, are character-
ized by exceptional hypsodonty (Faith et al., 2011, 2012), a probable
adaptation to consuming grasses in dry and gritty environments
(Marean, 1992; Damuth and Janis, 2011). Drier conditions than
present are further supported by the recovery of arid-adapted
Grevy's zebra and oryx (Oryx beisa; Kingdon, 1982; Faith et al.,
2013), although the presence of blue wildebeest suggests at least
seasonal availability of moist grasses (Skinner and Chimimba,
2005). Rare fossils of bushbuck (T. scriptus) and black rhinoceros
(D. bicornis) suggest a small component of closed habitats (e.g.,
shrubland), while the presence of hippopotamus (Hippopotamus
amphibius) indicates some free-standing water.

The Karungu faunal assemblage includes a large number of
extinct taxa compared to Late Pleistocene faunal assemblages from
elsewhere in Africa (Faith, 2014). In addition to R. atopocranion and
D. hypsodon, extinct bovids include the long-horn buffalo (Syncerus
antiquus), giant wildebeest (Megalotragus sp.), and a large-bodied
and very hypsodont impala (Aepyceros sp. nov.; Faith et al., 2014),
all of which are characterized by specialized grassland adaptations
(e.g., large body size or extreme hypsodonty; Faith, 2014). In
addition to these extinct taxa, several of the extant ungulate species
at Karungu occur well outside (~250e500 km) their historic
geographic ranges (Fig. 8), including Grevy's zebra, white rhinoc-
eros (Ceratotherium simum), oryx, and southern reedbuck (Redunca
arundinum). These species are historically known from regions
north, south, and east of Lake Victoria (Fig. 8).
Microfauna

Preservation of microfauna at Karungu is exceptional (Fig. 7), in
contrast to many open-air Pleistocene sites in East Africa. A large
rodent sample (NISP¼ 78) was recovered from Kisaaka, with only a
few specimens recovered elsewhere (Table 3). Two taxa are pre-
sent: East African mole rat (T. splendens) and vlei rat (Otomys sp.).
The dominance of these relatively large rodent taxa is likely a
reflection of size-based sampling bias. The East African mole rat
occurs in a diverse range of habitats, ranging from tropical moist
forest and open woodland to grassland. Extant representatives of
Tachyoryctes are typically found in regions with rainfall in excess of
500 mm/yr, avoiding arid savannas and preferring well-drained
soils suitable for digging complex and extensive burrows
(Kingdon,1982; Nowak,1999). The presence of Otomys is consistent
with the grassland environment implied by the large mammals. In
modern systems, species of Otomys prefer moist grasslands, and in
the dry season are frequently found in marshy areas around the
edges of rivers or swamps (Smithers, 1971).

Isotope paleoecology

d13C values of 20 tooth enamel samples from at least seven
bovid species and 17 samples from East African mole rat are pre-
sented in Table 4 and Fig. 9. Dietary categories for bovid taxa
follow Cerling et al. (2003) and include the designations hyper-
grazer (>95% C4), grazer (70e95% C4), or mixed feeder (>30% C4
and >30% C3). These designations reflect the degree of C4 grass
consumption in lowland tropical environments in many parts of
East Africa; C4 grasses are only outcompeted by C3 grasses under
certain climatological and environmental conditions, such as
increased atmospheric pCO2, high elevation (typically >2000 m in
East Africa), changes in rainfall seasonality, and decreased fire
prevalence and grazing pressure (Tieszen et al., 1979; Sage and
Monson, 1999).
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Isotope data from the Karungu bovids and rodents indicate diets
dominated by C4 biomass. We caution that carbon isotope values
from fossil tooth enamel cannot distinguish between the domi-
nance of C4 grasses on the landscape from dietary preference for C4
grasses among a mixed C3/C4 ground vegetation layer with C4
grasses and C3 forbs, herbs, and shrubs. Additionally, minor isotopic
variation among C4 plants is associated with different photosyn-
thetic sub-pathways, with mesic-adapted C4 grasses slightly more
enriched in d13C than xeric-adapted C4 grasses (Cerling et al., 2003).
Therefore, in addition to the potential forminor addition of C3 foods
to the diet, the consumption of varying types of C4 grasses may
explain some degree of variation seen within grazing taxa. Overall,
these data agree well with isotope measurements of bovids from
modern East African environments (Cerling et al., 2003), as well as
with the contemporaneous fauna from nearby Rusinga and Mfan-
gano Islands (Garrett et al., 2015), and indicate that both large and
small herbivores were associated with a landscape in which C4
grasses were abundant.

Paleoenvironmental summary

The Late Pleistocene sediments of Karungu provide a rare op-
portunity to reconstruct the environmental context of landscapes
occupied by MSA humans in East Africa. The paleosols at Karungu
(Fig. 4) indicate highly seasonal precipitation with prolonged pe-
riods of dry conditions that allowed the soils to become desiccated;
the development of the basal paleosol indicates that these condi-
tions persisted for at least hundreds to a few thousand years
(Mermut et al., 1996; Buol et al., 2003; Southard et al., 2011). As is
also the case for the Late Pleistocene sites at nearby Rusinga and
Mfangano Islands (Tryon et al., 2010, 2012, 2014), the mammalian
fauna of Karungu indicate a paleoenvironment dominated by
grassland vegetation, distinct from the evergreen bushlands,
woodlands, and forests found in the region today. The stable carbon
isotopic signature of rodents and bovids clearly indicate that these
were C4 grasslands, at both local scales (<1 km2 for rodents) and
larger scales (10se100s of km2) commensurate with landscapes
exploited by mobile populations of human foragers. The lack of
bovids with C3-dominated or mixed C3/C4 diets and the rarity of
ungulate species with extant relatives that are browsers (10% of
NISP) suggests only a limited vegetation component of shrubs or
trees.

Likely explanations for the increased presence of C4 grasslands
in the Lake Victoria region relative to the present include reduced
atmospheric CO2 concentrations, which favors C4 vegetation
(Tieszen et al., 1979; Ehleringer et al., 1997), as well as a reduction in
mean annual or wet-season precipitation, which are associated
with decreased woody cover in African environments (Sankaran
et al., 2005; Good and Caylor, 2011). Except during the Last Inter-
glacial, Late Pleistocene atmospheric CO2 concentrations were
lower than the Holocene (Petit et al., 1999) and several lines of
evidence indicate drier paleoenvironments than the present.
Crocodile remains are commonly found in Holocene LSA middens
from the Lake Victoria region (Robertshaw et al., 1983) and they are
ubiquitous at other MioceneePleistocene fossil localities in East
Africa (e.g., Leakey, 1971; Tchernov, 1986; Storrs, 2003), including
the Miocene of Karungu (Pickford, 1984; Lehmann et al., 2014);
their absence from the Karungu Pleistocene fossil assemblage at-
tests to the ephemeral nature of fluvial systems responsible for
depositing some of the Pleistocene sediments and/or to a greater
distance to the shores of Lake Victoria compared to the Holocene.
The presence of hippopotamus indicates at least some free-
standing water and poses a puzzling contradiction, but their reli-
ance on terrestrial forage may have allowed them to persist in very
small springs similar to those documented on Rusinga Island (Tryon



Figure 6. Principal components analysis (left PC1 vs. PC2; right PC1 vs. PC3) of major elements and oxides for the obsidian flakes recovered from Karungu (Table 2) and the 77
documented sources in Kenya (average values for each source calculated from Brown et al., 2013). AK ¼ Akira; BA1 ¼ Broad Acres 1; BA2 ¼ Broad Acres 2; HG1 ¼ Hell's Gate 1;
HG2 ¼ Hell's Gate 2; K1 ¼ Kibikoni 1; K2 ¼ Kibikoni 2; OK ¼ Ol Karia; O1 ¼ Ololbutot 1; O2 ¼ Ololbutot 2; O ¼ Olenguroni; M ¼ Mundui.

Figure 7. Left: Buccal (top) and occlusal (bottom) views of a right mandible of Oryx cf. beisa. Right: An articulated cranium and mandible of East African molerat (Tachyoryctes
splendens).
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et al., 2012; Beverly et al., in press), whereas crocodiles rely heavily
on aquatic prey (Corbet, 1960) and may have required larger water
sources to support viable populations. Further evidence for drier
conditions is provided by the presence of oryx and Grevy's zebra,
which are adapted to arid to semi-arid environments and imply
lower precipitation than at present (Marean, 1992; Faith et al.,
2013). Last, the dominance of extinct bovid species characterized
by exceptional hypsodonty, a probable adaptation to feeding in
open and dry environments (Damuth and Janis, 2011), including
D. hypsodon and R. atopocranion, is also consistent with reduced
precipitation (Eronen et al., 2010).

The decrease in precipitation compared to the present implied
by the Karungu evidence is likely to translate to a decline in the size
and level of Lake Victoria, which is highly sensitive to local pre-
cipitation (Broecker et al., 1998; Milly, 1999). This is consistent with
the implications of the fossil ungulates from contemporaneous
deposits on nearby Mfangano Island (Tryon et al., 2014; Blegen
et al., submitted for publication). Today Mfangano Island
encompasses a mere 64 km2 of landmass, much of which is
dominated by the steep topography of Mount Kwitutu, and is
located 10 km from the Kenyan mainland and separated by a
channel 25 m in depth. As is the case of Karungu, its Late Pleisto-
cene fossil assemblage is dominated by gregarious grassland un-
gulates (Tryon et al., 2012), some of which (e.g., wildebeest) are
known to migrate long distances in response to seasonal resource
availability. It is unlikely that migratory species would establish
insular populations where such migrations are not possible, sug-
gesting a likely connection to the mainland. This is further sup-
ported by the small size of Mfangano Island, which is insufficient to
support viable populations of large gregarious game (Tryon et al.,
2014). These lines of evidence imply a connection to the main-
land, which requires a �25 m reduction in lake level (Tryon et al.,
2014). Hydrological models (Broecker et al., 1998; Milly, 1999)
suggest that the decrease in rainfall input needed to effect such
change would have set in motion a series of feedback mechanisms
translating to a dramatically reduceddif not desiccateddLake



Table 3
Specimen counts (NISP) for the mammalian fauna recovered from Karungu.

Family Taxon Common name Aoch Nyasaya Aringo Kachuku Kisaaka Ngira Obware Onge Total

Spalacidae Tachyoryctes splendens East African mole rat 0 1 0 68 0 0 0 69
Muridae Otomys sp. Vlei rat 2 0 0 10 0 2 0 14
Leporidae Lepus sp. Cape hare 0 0 0 3 0 0 0 3

Leporidae indet. Indet. leporid 0 0 0 2 0 0 0 2
Hyaenidae Crocuta crocuta Spotted hyena 0 1 0 0 0 0 0 1
Felidae cf. Caracal/Leptailurus Caracal or Serval 0 0 0 1 0 0 0 1

Panthera leo Lion 0 0 1 1 0 1 0 3
Panthera pardus Leopard 0 0 1 0 0 0 0 1

Elephantidae cf. Loxodonta africana African Elephant 0 0 0 0 0 0 1 1
Rhinocerotidae Ceratotherium simum White rhinoceros 2 3 0 2 0 0 0 7

Diceros bicornis Black rhinoceros 0 0 0 1 0 0 0 1
Equidae Equus quagga Plains zebra 8 5 2 32 0 0 7 54

Equus grevyi Grevy's zebra 1 10 0 10 0 0 3 24
Equus sp. 7 12 2 18 0 1 12 52

Suidae Phacochoerus sp. Warthog 3 6 0 9 0 4 2 24
Hippopotamidae Hippopotamus amphibius Hippo 0 1 0 3 0 0 5 9
Bovidae Taurotragus oryx Eland 1 0 0 3 0 0 0 4

Tragelaphus scriptus Bushbuck 0 2 0 2 0 0 0 4
Tragelaphini indet. Eland or kudu 0 0 0 2 0 0 0 2
Oryx cf. beisa Oryx 1 0 1 8 1 1 0 12
Hippotragini indet. 0 0 0 1 0 0 0 1
Redunca arundinum Southern reedbuck 0 0 0 1 0 0 0 1
Redunca arundinum/Kobus kob Southern reedbuck or kob 0 1 0 3 0 0 0 4
Redunca cf. redunca Reedbuck 1 0 0 0 0 0 0 1
Alcelaphus buselaphus Hartebeest 1 7 0 17 0 0 1 26
Connochaetes taurinus Wildebeest 1 6 0 18 0 0 2 27
Damaliscus hypsodonb Extinct blesbok 6 13 0 12 0 0 8 39
Megalotragus sp.b Giant wildebeest 1 4 0 3 0 0 1 9
Rusingoryx atopocranionb Extinct wildebeest 5 12 0 49 0 0 3 69
Alcelaphini indet. 1 9 0 28 0 2 5 45
Gazella granti Grant's gazelle 0 1 0 0 0 0 0 1
Gazella thomsoni Thomson's gazelle 2 2 0 7 0 5 1 17
Antilopini indet. 0 0 0 2 0 0 0 2
Aepyceros sp. nov.b Extinct impala 1 0 0 0 0 0 0 1
Syncerus antiquusb Long-horn buffalo 5 1 0 5 0 0 0 11
Syncerus caffer African buffalo 2 5 1 16 0 0 2 26
Syncerus sp. 0 1 0 0 0 0 0 1
Ourebia ourebi Oribi 0 1 0 3 0 0 1 5

SNISP 51 104 8 340 1 16 54 574

b Extinct.

J.T. Faith et al. / Journal of Human Evolution 83 (2015) 28e4538
Victoria (Tryon et al., 2014). While further chronological control is
needed for the Mfangano Island fauna and for the age and duration
of Pleistocene desiccations of Lake Victoria, it is intriguing that
Stager and Johnson (2008) estimate a Late Pleistocene age of ~80 ka
(based on an extrapolation of sedimentation rates) for one of the
desiccation surfaces documented in seismic surveys.

Late Pleistocene dispersals

Consistent with predictions from vegetation models (Cowling
et al., 2008) and phylogeography (Lorenzen et al., 2012), the
probable reduction of Lake Victoria and dominance of semi-arid C4
grasslands is associated with the convergence of historically allo-
patric grassland ungulates at Karungu (Fig. 8), a pattern also seen
on nearby Rusinga Island (Tryon et al., 2010, 2012; Faith et al., 2013,
in press). The combination of genetic, fossil, and paleoenvir-
onmental evidence is consistent with the hypothesis that vegeta-
tion change mediated the expansion and fragmentation of species
ranges across equatorial East Africa during the Pleistocene. How-
ever, whether or not these changes influenced the dispersal history
of Late Pleistocene humans remains uncertain. Genetic evidence
demonstrates that northesouth human dispersals occurred across
East Africa during the Late Pleistocene (Rito et al., 2013), but it is
unclear whether these dispersals were influenced by the opening
and closing of an equatorial dispersal barrier, as appears to be the
case for the ungulates (Lorenzen et al., 2012; Fig. 8). Although few
MSA sites are associated with detailed paleoenvironmental records,
the occasional phases of vicariance caused by such a barrier (i.e.,
fragmentation of populations north and south of the equator) could
contribute to the gradual accumulation of novel behavioral reper-
toires (Eerkens and Lipo, 2005). These should be reflected archae-
ologically by distinct technological signatures north and south of
the barrier, reflecting behavioral divergence during phases of
limited dispersal.

To test the hypothesis of an equatorial dispersal barrier, we
examine variability in artifact assemblage composition across East
African Late Pleistocene MSA sites. These are reported in Table 5,
which summarizes variation in broad artifact classes across 30 as-
semblages from 15 of the better reported sites in the region. These
include those assemblages designated Late MSA by Tryon and Faith
(2013), supplemented by additional records from Shelter 7 at Laas
Geel in Somalia (Gutherz et al., 2014), Goda Buticha in Ethiopia
(Pleurdeau et al., 2014), and Magubike in Tanzania (Willoughby,
2012). We exclude Middle Pleistocene MSA sites from consideration
given the evidence for some temporal shifts in assemblage compo-
sition between these and younger sites (Tryon and Faith, 2013). The
artifact categories used here are broad (e.g., bipolar core, blade) to
minimize problems introduced by variable artifact typologies used
amongdifferent researchers (e.g., Vermeersch, 2001). To quantify the
variability in assemblage composition, we conduct Principal Co-
ordinates Analysis (PCoA) on a similarity matrix obtained using the
Dice coefficient for presence/absence data (Fig. 10) in the Paleonto-
logical Statistics Package (Hammer et al., 2001). For a given pair of
assemblages, theDicecoefficient is calculated2j/(aþb),where j is the
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Figure 8. The geographic ranges of white rhinoceros (Ceratotherium simum), Grevy's
zebra (Equus grevyi), and southern reedbuck (Redunca arundinum; IUCN, 2013;
Rookmaaker and Antoine, 2013).

Table 4
Stable isotope composition (d13C VPDB and d18O VPDB) of tooth enamel from Karungu b

Field no Tribe Taxon

KAR13-76 Alcelaphini cf. Alcelaphus buselaphus
KAR13-76 Alcelaphini cf. Alcelaphus buselaphus
KAR13-81 Alcelaphini cf. Rusingoryx atopocranion
KAR13-32 Alcelaphini cf. Rusingoryx atopocranion
KAR13-42 Alcelaphini cf. Rusingoryx atopocranion
KAR13-176 Alcelaphini Damaliscus hypsodon
KAR13-137 Alcelaphini Damaliscus hypsodon
KAR13-175 Alcelaphini Damaliscus hypsodon
KAR13-172 Alcelaphini Damaliscus hypsodon
KAR13-173 Alcelaphini Alcelaphini indet.
KAR13-47 Alcelaphini Alcelaphini indet.
KAR13-68 Antilopini Gazella thomsoni
KAR13-136 Bovini Syncerus antiquus
KAR13-168 Bovini Syncerus antiquus
KAR13-159 Bovini Syncerus caffer
KAR13-64 Bovini Syncerus caffer
KAR13-161 Bovini Syncerus caffer
KAR13-185 Neotragini Ourebia ourebi
KAR13-186 Neotragini Ourebia ourebi
KAR13-184 Reduncini Redunca cf. redunca
KR13-13 Tachyoryctes splendens
KR13-14 Tachyoryctes splendens
KR13-17 Tachyoryctes splendens
KR13-18 Tachyoryctes splendens
KR13-19 Tachyoryctes splendens
KR13-31 Tachyoryctes splendens
KR13-36 Tachyoryctes splendens
KR13-37 Tachyoryctes splendens
KR13-38 Tachyoryctes splendens
KR13-41 Tachyoryctes splendens
KR13-43 Tachyoryctes splendens
KR13-52 Tachyoryctes splendens
KR13-75 Tachyoryctes splendens
KR13-82-1 Tachyoryctes splendens
KR13-82-2 Tachyoryctes splendens
KR13-82-3 Tachyoryctes splendens
KR13-84 Tachyoryctes splendens

a Percent contribution of C4 resources to the diet is estimated using an isotope enrichm
respectively.
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number of artifact classes that co-occur at assemblages A and B, a is
the number of artifact classes at site A, and b is the number of artifact
classes at site B. The PCoA arranges assemblages in multi-
dimensional space such that similar assemblages cluster together
and dissimilar assemblages are grouped apart. For the purposes of
this analysis, artifact classes indicated with a question mark (uncer-
tain presence) in Table 5 are considered absent.

The PCoA reveals strong latitudinal patterning in assemblage
composition when Axis 1 (23.1% of the variance) is plotted against
Axis 3 (10.1% of the variance; Fig. 10). With a few exceptions, which
include Karungu, Rusinga, and Prolonged Drift, those sites located
at or south of the equator cluster apart from those sites located
further north (>5� latitude). This is confirmed by significant dif-
ferences in average Axis 1 (t ¼ 2.197, p ¼ 0.036) and Axis 3 scores
(t ¼ 3.390, p ¼ 0.002) between the northern and southern sites.
Fisher's exact tests comparing the frequencies of assemblages with
or without a given artifact type between northern and southern
sites indicates that these differences are driven in part by the more
frequent presence of bipolar cores (p ¼ 0.026) and anvils
(p ¼ 0.003) and the rarity of Levallois points or point cores
(p ¼ 0.011) and large bifaces (p ¼ 0.012) in the southern
assemblages.

Our analysis indicates northesouth geographic patterning in the
composition of East African Late Pleistocene MSA artifact assem-
blages. While this is consistent with the hypothesis of an equatorial
dispersal barrier, other possible explanatory mechanisms include
environmental gradients, site type (open-air versus cave), and
ovids and rodents.a

d13C (VPDB) %C4 d18O (VPDB)

2.1 96 �0.2
1.9 95 �1.3
0.7 87 �1.2
1.1 90 0.8

�0.5 79 �0.9
2.7 100 0.1
2.7 100 0.7
2.2 97 �0.7
2.5 99 0.1
2.4 98 1.8
1.7 94 �2.6

�0.9 77 1.1
2.0 96 �1.8
0.1 83 �1.1

�0.2 81 �1.6
3.2 100 0.3

�0.7 78 �1.8
1.8 94 1.4
2.6 100 0.4
2.3 98 �0.2

�0.6 96 �0.7
�2.2 85 �2.7
�2.5 83 0.7
�0.2 99 �0.2
�0.4 98 �1.4
0.1 100 �0.2

�1.4 90 �0.8
�2.9 80 �1.4
�2.2 85 �1.2
�0.6 96 �0.7
�2.3 84 �1.1
�3.8 74 �0.9
�0.7 95 �1.2
�2.6 83 0.0
�0.3 98 �1.2
�0.1 99 �1.1
�1.3 91 0.5

ent ( 3*) between diet and tooth enamel of 14.1‰ and 11.0‰ for bovids and rodents,
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Figure 9. d13C values of surface-collected bovid and rodent teeth from Karungu. A: Dotted line represents 100% C4 diet based on calculated 3*enamel-diet; gray box represents ±1 SD of
the carbon isotopic composition of C4 used to calculate the C4 diet endmember. B: Tachyoryctes splendens enamel carbon isotopic composition and estimated percentage C4

consumption.
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chronology. Paleoenvironmental evidence is largely lacking for
many of these assemblages, but modern precipitation, which plays
a key role in determining African vegetation structure (Sankaran
et al., 2005; Good and Caylor, 2011), broadly varies along a longi-
tudinal gradient (increasing to the west) in the region examined
here (Hijmans et al., 2005). To the extent that contemporary pre-
cipitation gradients can be extended into the past, this suggests
that environment is an unlikely explanation for the variation
observed here. The northesouth geographic patterning evident in
Fig. 10 could potentially reflect differential representation of
various site types. However, this is not the case here, as the
northern and southern clusters include comparable proportions of
assemblages from caves/rockshelters and open-air sites (Fisher's
exact test: p ¼ 0.284). Although chronological control is generally
poor, we note the presence of relatively early Late Pleistocene MSA
assemblages (>60 ka) in both the south (e.g., Mumba Bed VI;
Gliganic et al., 2012) and north (e.g., Ardu Beds; Yellen et al., 2005)
and relatively young Late Pleistocene MSA assemblages
(~40e50 ka) in both the south (e.g., Mumba Beds III and IV; Gliganic
et al., 2012) and north (e.g., Mochena Borago; Brandt et al., 2012).
This suggests that the geographic differences observed in Fig. 10
cannot be readily attributed to chronological variation. In the
absence of apparent differences related to environment, site type,
or chronology, the geographic patterns documented here are
potentially indicative of regionally-distinct technological patterns.
Such regional variation is consistent with behavioral divergence
during periodic phases of allopatry, for which the equatorial
dispersal barrier is a plausible mechanism.

While the previous analyses reveal geographic variation
consistent with an equatorial dispersal barrier, it is not clear
whether human dispersals were linked to phases of grassland
expansion across equatorial East Africa. As an initial exploration of
this scenario, we return to grassland-associated MSA assemblages
from Karungu and nearby Rusinga Island, two of the few assem-
blages associated with detailed paleoenvironmental records. These
two sites are regional outliers in terms of artifact assemblage
composition, showing affinities with assemblages from the north
(Fig. 10). To quantitatively confirm this pattern we calculated the
Dice coefficient between Karungu and Rusinga and all other as-
semblages; Karungu and Rusinga show greater similarity with
those from the north (average ¼ 0.760) than with those from the
south (average ¼ 0.670; t ¼ 3.700, p < 0.001). Although additional
archaeological and environmental data are much needed from
throughout East Africa, this observation is consistentwith a possible
north-to-south dispersal of archaeological (and thus hominin
behavioral) patternsdand perhaps human dispersalsdduring a
paleoenvironmental phase dominated by grasslands.

Discussion

Models of Quaternary vegetation change (Cowling et al., 2008)
coupled with insights from the genetic structure of contemporary
vertebrates (Dehghani et al., 2008; Miller et al., 2011; Lorenzen
et al., 2012) suggest that the opening and closing of the equato-
rial East African forest belt during the Quaternary may have played
a key role in mediating northesouth dispersals of fauna and
perhaps early modern humans. The paleoenvironmental and
paleontological evidence from Karungu is consistent with these
predictions. Karungu's Late Pleistocene sedimentary archive in-
dicates a semi-arid environment characterized by highly seasonal
precipitation and the dominance of C4 grasslands, likely accompa-
nied by a substantial reduction in the size of Lake Victoria. In
agreement with hypotheses derived from genetic observations
(Lorenzen et al., 2012), these conditions are associated with the
convergence of ungulate species whose geographic ranges are
todaydand presumably during previous climate phases with high



Table 5
Artifact assemblage composition across East African MSA sites (from Tryon and Faith, 2013).

Locality Latitude Longitude Artifact type

Anvil Grindstone Platform
core

Discoidal
core

Levallois
preferential

core

Levallois
recurrent

core

Levallois
point/core

Bipolar
core

Blades Backed
pieces

Retouched
point

Other
large
biface

Heavy-duty
tool

Misc.
retouched

Magubike MSA �7.8 35.5 ? 1 1 1 0 ? 0 1 ? 1 1 0 ? 1
Mtongwe, Locality KY-55 East, Upper Groupa �4.08 39.13 0 0 1 1 ? 0 0 0 1 1 0 0 0 1
Mtongwe, Locality KY-55 East, Middle Groupa �4.08 39.13 0 0 1 1 ? ? 0 1 1 1 0 0 0 1
Mtongwe, Locality KY-55 East, Lower Groupa �4.08 39.13 0 0 1 1 1 1 0 0 ? 1 0 0 1 1
Mumba Bed III lower (Nasera Industry) �3.53 35.32 1 1 1 1 1 ? ? 1 1 1 1 0 1 1
Mumba Bed V (Mumba Industry) �3.53 35.32 1 1 1 1 1 ? ? 1 1 1 1 0 0 1
Mumba Bed VI-A (Kisele Industry) �3.53 35.32 1 0 1 1 1 ? 1 1 1 1 1 0 1 1
Mumba Bed VI-B (Sanzako Industry) �3.53 35.32 0 0 1 1 1 ? 0 1 ? 0 1 1 1 1
Nasera levels 6e7 (Nasera Industry) �2.74 35.36 1 1 1 1 1 ? ? 1 1 1 1 0 1 1
Nasera levels 8/9e11 (Mumba Industry) �2.74 35.36 1 0 1 1 1 ? ? 0 1 1 1 0 0 1
Nasera levels 12e25 (Kisele Industry) �2.74 35.36 1 0 1 1 1 1 1 1 1 1 1 0 1 1
Karungua �0.84 34.16 0 0 1 1 1 1 1 1 1 0 1 0 0 1
Prolonged Drift (GrJi11)a �0.48 36.1 0 0 1 0 ? 0 ? 0 0 0 1 0 0 1
Wasirya Beds, Rusinga Islanda �0.42 34.17 0 0 1 1 1 1 1 0 1 0 1 0 0 1
Muguruk Formation, Member 4, Pundo

Makwar Industrya
0.08 34.63 1 0 1 1 1 ? 1 0 0 0 1 0 1 1

Muguruk Formation, Member 6, Pundo
Makwar Industrya

0.08 34.63 1 0 1 1 1 1 1 0 0 0 ? 0 1 1

Kibish Formation, Member II/III, site BNSa 5.41 35.9 0 0 1 1 1 1 1 ? 0 ? 1 0 0 1
Mochena Borago S-group 6.9 37.76 0 ? 1 0 1 0 1 1 1 1 1 0 0 1
Mochena Borago Upper T-group 6.9 37.76 0 ? 1 1 1 0 1 0 1 1 1 0 0 1
Mochena Borago Lower T-group 6.9 37.76 0 ? 1 1 1 ? 0 0 1 0 1 0 0 1
Porc Epic 9.63 41.87 0 1 0 1 1 1 1 0 1 1 1 0 0 1
Shelter 7, Laas Geel (SU709-711) 9.7 44.3 ? ? 1 0 1 1 1 1 1 1 0 0 0 1
Goda Buticha Lower Complex 10.42 40.52 ? 1 1 1 1 ? 1 0 1 0 1 1 0 1
Ardu Beds B/C contact, Aduma site A5a 10.42 40.52 ? 1 1 1 1 ? 1 0 1 0 1 1 0 1
Ardu Beds B, Aduma sites A4, A8, A8A,

VP 1/1, VP 1/3a
10.42 40.52 0 1 1 1 1 ? 1 0 0 0 1 1 0 1

Ardu Beds B (base), Aduma site A1a 10.42 40.52 0 0 0 1 1 ? 0 0 1 0 1 1 0 1
Midhishi 2 LSU III 10.95 47.37 0 0 1 1 1 ? 1 0 1 1 1 1 1 1
Midhishi 2 LSU IV 10.95 47.37 0 0 1 0 1 ? 1 0 ? 0 1 1 1 1
Midhishi 2 LSU V 10.95 47.37 0 0 1 0 0 ? 1 0 ? 0 1 1 1 1
Midhishi 2 LSU VI 10.95 47.37 0 0 1 1 1 ? 1 0 ? 1 1 1 1 1

a Indicates open-air assemblages.
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Figure 10. Axis 1 and 3 of Principal Coordinates Analysis (PcOA) of artifact assemblage
composition for Late Pleistocene MSA sites in East Africa (data from Table 5). Squares
correspond to northern sites (>5� latitude) and diamonds correspond to southern sites
(~at or below the equator).
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moisture availabilitydseparated by the equatorial East African
forest belt (Fig. 8). A complementary pattern is seen in Kibish
Formation of southern Ethiopia, where sediments deposited during
humid phases from the late Middle Pleistocene through the Holo-
cene document a northward expansion of mesic-adapted ungulates
(Rowan et al., 2015). These records provide intriguing support for
the argument that vegetation change across equatorial East Africa
played a decisive role in species dispersals, a hypothesis to be tested
with additional data from a broader time frame and wider
geographic area.

Our analysis of the Late Pleistocene MSA record from East Africa
reveals previously unrecognized northesouth variation in assem-
blage composition (Fig. 10), paralleling the geographic patterns
observed in the genetic records of ungulates (Lorenzen et al., 2012)
and other vertebrates (Dehghani et al., 2008; Miller et al., 2011). We
interpret these differences, reflecting to some extent the variable
occurrence of bipolar cores, anvils, large bifaces, and Levallois
points or point cores (Table 5), as potentially indicating the devel-
opment of regionally distinct behavioral patterns during past epi-
sodes of population fragmentation, for which the equatorial
dispersal barrier is a probable driver. In agreement with Cowling
et al. (2008), this implies that the potential for northesouth hu-
man dispersals across East Africa would have been maximized
during climate phases that promoted an expansion of grassland
cover.

The grassland-associated MSA assemblages from Karungu and
nearby Rusinga Island are characterized by a combination of artifact
types that is more typical of sites found further north of the equator.
This may reflect the southward dispersal of northern behavioral
repertoires during a grassy phase that facilitated dispersals,
including those dispersals of northern ungulates such as Grevy's
zebra and white rhinoceros (Fig. 8). This complements our previous
observations that the presence of small bifacial points at Rusinga
Island (Tryon et al., 2010, 2012) and now reported from Karungu
(Fig. 5) may reflect the dispersal of a grassland associated tech-
nology, as these are similar to those found throughout Rift Valley
sites in East Africa (Tryon et al., 2012; Tryon and Faith, 2013; Faith
et al., in press). Such connections to the Rift Valley are further
supported by the presence of exotic obsidian flakes from Aringo
and Kisaaka, the geochemistry of which are very similar to well-
documented sources south of Lake Naivasha (Brown et al., 2013).
While extensive mapping of the volcanics surrounding Lake Vic-
toria has yet to document any local obsidian sources (Le Bas, 1977),
it is highly unlikely that any undocumented local sources would be
geochemically identical to the Naivasha obsidians. The most
parsimonious explanation is that the obsidian artifacts from Kar-
ungu are derived from the Lake Naivasha region 250 km east. This
places them at the upper range of documented long-distance raw
material transport in the MSA and likely indicates exchange and
interaction between social groups, as such a distance potentially
exceeds that of deliberate collecting forays by a single group (see
review in McBrearty and Brooks, 2000). While this evidence for
grassland-mediated human dispersals is tentative and will require
a greater number of East African MSA sites with detailed paleo-
environmental records to test in detail, the structure of the MSA
record is consistent with the hypothesis that vegetation change
across equatorial East Africa mediated the dispersal and fragmen-
tation of Pleistocene human populations.

Faunal turnover

Previous research on late Quaternary fossil assemblages from
East Africa indicated thatdwith a few minor exceptions (Marean
and Gifford-Gonzalez, 1991; Marean, 1992)dan essentially mod-
ern faunal community was in place by ~400 ka (Potts et al., 1988;
Potts and Deino, 1995). However, the emerging evidence from the
Lake Victoria Basin reveals the long-term survival of archaic line-
ages thought to have disappeared >500 ka, including Kolpochoerus,
together with the many extinct bovids characterized by large body
mass or exceptional hypsodonty, including S. antiquus, Mega-
lotragus, D. hypsodon, R. atopocranion, and Aepyceros sp. nov. (Faith
et al., 2011, 2012, 2014; Faith, 2014). Of these, only S. antiquus and
D. hypsodon are known from other Late Pleistocene faunal assem-
blages in East Africa (Marean and Gifford-Gonzalez, 1991; Marean,
1992; Faith et al., 2012; Rowan et al., 2015). The presence and
dominance of numerous extinct forms at Karungu and nearby
Rusinga and Mfangano Islands may be indicative of an endemic
Pleistocene fauna or a long-term refugium in the Lake Victoria
Basin. However, the relevant faunal collections from elsewhere are
relatively small (Assefa et al., 2008; Eren et al., 2014; Rowan et al.,
2015) or derived from highly fragmented archaeological contexts
(Mehlman, 1989; Marean, 1992; Assefa, 2006; Prendergast et al.,
2007), potentially masking faunal diversity and raising the possi-
bility that extinct lineages were geographically widespread but
have yet to be identified. The mesic-adapted faunal community
from the Kibish Formation includes only a few specimens of
D. hypsodon and may indicate that the dominance of extinct forms
observed in the Lake Victoria region is specific to relatively arid
environments (Rowan et al., 2015). Whatever the explanation, the
evidence from the Lake Victoria Basin leaves little doubt that pat-
terns of late Quaternary faunal turnover and paleoecological change
in East Africa are far more complex than previously imagined.

Conclusions

The opening and closing of biogeographic barriers are thought
to have played an important role in mediating human dispersals
during the Pleistocene (Vaks et al., 2007; Cowling et al., 2008; Carto
et al., 2009; Compton, 2011; Faith et al., in press), although precise
details in East Africa are scarce due to a lack of archaeological data
associated with paleoenvironmental records. With this in mind, we
provide the first detailed description of the fossil- and artifact-
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bearing Pleistocene deposits from Karungu, an area that has been
intermittently explored by paleoanthropologists for over 100 years.
Lithic artifacts recovered from surface collections and from
controlled excavation are typologically MSA. The presence of an
associated and well-preserved paleontological assemblage is rare
for the East African MSA and provides crucial paleoenvironmental
insight. The combination of faunal, sedimentological, and
geochemical evidence indicates that the KarunguMSA is associated
with a C4 grassland-dominated environment and a reduction in
precipitation, which probably contributed to a substantial reduc-
tion in the size of Lake Victoria. Consistent with genetic evidence
(Lorenzen et al., 2012), such conditions potentially facilitated the
dispersal and convergence of grassland ungulates from various
regions surrounding the Lake Victoria Basin. Together with our
analysis of variation in the regional Late Pleistocene MSA record,
there is intriguing evidence that vegetation change mediated the
biogeographic histories of both humans and fauna across equatorial
East Africa. Testing this hypothesis in further detail remains a pri-
ority for future research and will require continued exploration of
the East African MSA.
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