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Remnants of an ancient forest provide ecological
context for Early Miocene fossil apes

Lauren A. Michel', Daniel J. Peppe, James A. Lutz?, Steven G. Driese!, Holly M. Dunsworth3,
William E.H. Harcourt-Smith*>©, William H. Horner"’/, Thomas Lehmann8, Sheila Nigh’cingale6
& Kieran P. McNulty®

The lineage of apes and humans (Hominoidea) evolved and radiated across Afro-Arabia
in the early Neogene during a time of global climatic changes and ongoing tectonic
processes that formed the East African Rift. These changes probably created highly variable
environments and introduced selective pressures influencing the diversification of early apes.
However, interpreting the connection between environmental dynamics and adaptive
evolution is hampered by difficulties in locating taxa within specific ecological contexts:
time-averaged or reworked deposits may not faithfully represent individual palaeohabitats.
Here we present multiproxy evidence from Early Miocene deposits on Rusinga Island, Kenya,
which directly ties the early ape Proconsul to a widespread, dense, multistoried, closed-canopy
tropical seasonal forest set in a warm and relatively wet, local climate. These results
of foreste environments in the evolution of early apes.
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Eighteen million years ago on the flanks of the Kisingiri Volcano
(modern day Rusinga Island, Kenya) the early ape Proconsul
(center) and the primate Dendropithecus (upper right) inhabited a
warm and relatively wet, closed canopy tropical seasonal forest.
Illustration credit: Jason Brougham.
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he origin and early diversification of crown catarrhines

(cercopithecoids and hominoids) took place in Afro-

Arabia from 28 to 18 million years ago' and is well
documented in Early Miocene deposits of East Africa by a
diversity of stem catarrhines, rare fossil monkeys and the
appearance of the first fossil apes®. Rusinga Island, Kenya, is a
key source of palaeobiological information from the end of this
period, preserving at least two fossil ape genera and two stem
catarrhines among more than 100 vertebrate species and diverse
invertebrate and plant fossils. The majority of these fossils are
from the Hiwegi Formation, although specimens can be found
throughout most of the ~300-m thick Rusinga Group strata
(Fig. 1).

Similar to most East African fossil assemblages, historical
collections from Rusinga primarily represent time-averaged and
reworked accumulations derived from multiple fossiliferous
strata. Although these time-averaged interpretations are impor-
tant for assessing large-scale palaeobiological trends, such as the
presence of specific mammalian taxa, the temporal and spatial
conflation of fossil assemblages presents significant challenges for
reconstructing individual habitats and for determining habitat
preferences of individual species and species assemblages.
Furthermore, most palaeoenvironmental interpretations for
Rusinga, which are based on these time-averaged and reworked
assemblages, probably sample multiple palacoenvironments. This
may explain, in part, contradictory interpretations for Rusinga’s
palaeohabitats, ranging from closed forested systems to mixed
habitats of open and closed environments to open woodland or
grassland environments>™10, as well as explain a bias towards
findings of ‘mixed habitats’. A few studies on Rusinga have
assessed the palaeoenvironment using restricted stratigraphic
intervals®®>1, but in most cases these strata are not directly
associated with fossil mammals*&11,

One exception is the study of ‘Whitworth’s Pothole’ at the
R114 locality in the Kiahera Formation (Fig. 1), which assessed
fossils that probably accumulated by a carnivorous mammal
within an infilled tree trunk®. The presence of the fossil-bearing
infilled tree trunk, plus other circular deposits in this same area
that were also interpreted to represent infilled tree trunks, were
used to infer that R114 sampled a forested environment’.
However, this supposition could not be properly tested.
Approximately 4m of volcanic ash buried the infilled tree
trunks preventing an assessment of the palaeosol within which
the trees grew and of the stratigraphic correlation of the tree
trunks across the paleolandscape. Likewise, no analyses of the tree
trunk distribution or density were performed. Thus, it is not

possible to determine whether the R114 site represented a
forested environment or a stand of trees within a more open
woodland or grassland environment, or even a time-equivalent
assemblage.

Our recent discovery on Rusinga of an expansive fossil forest
system, preserved within a single palaeosol and associated with
vertebrate, invertebrate and fossil leaf specimens, enables us
for the first time to develop a high-resolution, multi-proxy
reconstruction of a complete, individual fossil ape habitat dating
to ~ 18 million years ago'>!3.

Results

Palaeopedology. Within the Kibanga Member of the Hiwegi
Formation (Fig. 2), 29 tree stump casts, composed of red coarse
sand to granule-size tephra and ash, were discovered at Rusinga’s
R3 locality and mapped across the landscape using a differential
global positioning system and total station (Fig. 3a). Twenty-
seven of these were measurable and exhibited diameters ranging
from 18 to 160 cm (Supplementary Table 1). In the same horizon,
distinct, calcified root casts ranging from 1.0 to 49.5cm in dia-
meter were preserved for up to 5m away from their respective
stumps. The root casts show branching patterns, have traceable
attachments to the stump casts and occur at many different
depths through the palaeosol (Fig. 3). In some cases, multiple root
casts branch away from areas without exposed stumps or extend
into areas where the palaeosol horizon is eroded away, suggesting
the former presence of additional stump casts across the land-
scape. When thin-sectioned, primary structures including relict
xylem and phloem were observed (Fig. 3e). The horizontal nature
of the roots, combined with the low-Mg calcite cementation of
final pore space in the palaeosol, suggests a shallow water table,
explaining the co-occurrence of stumps and roots in the same
horizon.

Trees were preserved in a brown, friable palaeosol composed
mostly of sand-sized grains, with soil peds ranging from massive
to weak angular blocky. The palaeosol shows weak paedogenic
development (Inceptisols!* or Protosols!”) and includes pressure
faces, and evidence of aggradation of at least four fining-upwards
successions (Fig. 2c). On the basis of micromorphologic evidence
of illuviated clay and moderately weathered pyroxene, amphibole,
feldspar and fragments of volcanic rock, the landscape is
interpreted to have been stable for tens to a few hundred
years, consistent with weak geochemical differentiation'®. Clay
mineralogy is dominantly composed of illite and smectite with
minor quartz and calcite, which results from incomplete
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Figure 1| Location and geological map of Rusinga Island. (a) Map of Africa with the location of Rusinga Island indicated by the black star.
(b) Geological map of Rusinga Island on eastern edge of Lake Victoria showing important localities and Miocene stratigraphy. Blue box denotes the

location of the R3 locality.
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Figure 2 | Stratigraphy of Miocene deposits on Rusinga Island and at the R3 fossil locality. (a) Generalized stratigraphy of Miocene deposits on
Rusinga Island®®. (b) Stratigraphy of the R3 locality. (¢) R3 type paleosol (Table 2) field description and grain size generated from a mastersizer grain

size analyzer.

weathering of volcanic detritus'®. Macromorphological features,
including incipient pressure faces in the soil, suggest that
precipitation was likely to be seasonal, with a distinct wet and
dry period. Using time-correlative strata, we were able to identify
and map the same palaeosol and additional stump casts and root
systems above fossil locality R1 and at locality R2, the latter of
which is ~4.3km away (Fig. 1). Correlation of the palaeosol
among these localities indicates that the forest was widespread
and possibly continuous across the area. There is no evidence
within the palaeosol for fluvial processes, suggesting that the
vertebrate assemblage located within does not represent a riverine
deposit. Furthermore, the palaeosol is truncated by a coarse-
grained sandstone lacking vertebrate remains, which indicates
rapid burial of the fossil-bearing horizon (Fig. 2).

Forestry. Reconstructing the forest structure using the basal area
and density of stump casts places the R3 forest among the densest
closed-canopy forests worldwide, irrespective of geography, cli-
mate, dominant tree family or canopy architecture (Table 1).
Although forests have considerable structural heterogeneity at
grain sizes of 20-50m, comparable to the sampled area at
Rusinga!’, the 95th percentile densities and basal areas in modern
heterogeneous forests are twice the mean values (maxima are
typically three times mean values!®). Therefore, even if the
sampled area on Rusinga had been at the 95th percentile of tree
density and basal area for the fossil forest, overall tree densities
and basal areas would have been no lower than half the calculated
values (Table 1, ‘Rusinga lower bound’). This abundance and
proximity of tree stump casts of varying diameters at R3 implies
that the forest would have comprised trees with interlocking or
overlapping crowns.

Palaeobotany. In addition to tree and root casts, abundant well-
preserved leaf fossils were found within a thin mudstone lens at
the base of a coarse-grained sandstone layer overlying the
palaeosol (Figs 2-5). Leaves were found in the same stratigraphic
position across R3, suggesting that they represent minimally
transported forest floor leaf litter. Although the preserved leaves
cannot be directly related to the underlying palaeoforest layer,
their superjacent stratigraphic position suggests that they repre-
sent a similar, if not identical, environment. The flora, comprising
29 morphotypes representing 27 dicotyledonous (dicot) angio-
sperms and 2 monocotyledonous angiosperms, was dominated
by species with long-lived leaves (Figs 4, 5 and Supplementary
Table 2). Eighty-nine percent of the dicot morphotypes are entire
margined. Our preliminary morphotyping and field assessment
indicates that there were differences in morphotype occurrences
and abundance across the R3 locality. Leaf litter reliably preserves
the spatial distribution and heterogeneity of the plants within
modern forests'’; thus, the differences between quarries may
reflect variability in spatial distribution of tree species across the
landscape.

Leaf mass per area (M,) of the flora suggests the forest
comprises predominantly evergreen taxa, but deciduous taxa
with short-lived leaves would have also been an important
component (site mean M, =125.0, + 114.0, —57.9gm ™~ 4, errors
represent 95% prediction interval, range =70-196 gm ~ 2, n = 16;
Supplementary Table 2). The average leaf area (site mean=
7.83log. mm?, range = 6.0-9.1log. mm?, n=24; Supplementary
Table 2) and the proportional abundance of large leaves (100% >
microphyll sized; Supplementary Table 2) is characteristic of
closed forested environments’.

Palaeoclimate estimates from the flora suggest mean annual
temperature and mean annual precipitation ranging between
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Figure 3 | Distribution and images of tree stump and root casts across the forest paleosol horizon at R3. (a) Detailed map showing distribution of tree
stump casts (circles) at R3 site. Diameter of circles is directly proportional to the diameter of the tree stump casts. Stars indicate measured paleosol
profiles. Leaf symbols represent quarries where fossil leaves were excavated from superjacent sandstone horizon. Box indicates the location of the calcite-
cemented root casts, tree stump casts and palaeosol excavated and illustrated in b. (b) Drawing depicting spatial relationship of one tree stump cast (TS)
and root complex. (¢) Close-up photograph of an excavated root showing branching behavior (15 cm scale). (d) Photograph of excavated tree stump cast
(yellow) directly overlain by fossil leaf layer (green) (15 cm scale). (e) Thin-section photomicrographs of one small root cast (plane-polarized light). Initial
root morphology affected preservation, manifested by dark band (xylem) and relict interior cell (phloem) structure (scale bar: Tcm).

22.6°C and 34.5°C, and 1,394 mm and 2,618 mm, respectively.
Wet-month precipitation estimates suggest that relatively little
precipitation would have fallen during the dry season
(Supplementary Table 3). Considering both leaf physiognomy
and palaeoclimate estimates, the R3 flora compares most
favourably with modern tropical seasonal forests, such as those
that support communities of medium- to large-bodied primates
(for example, Barro Colorado Island, Panama and Pasoh Forest
Reserve, Malaysia)m’22 (Table 1).

Vertebrate palaeontology. There are at least three distinct ter-
restrial vertebrate horizons at R3 (Fig. 2b). The most fossiliferous
of these is within the palaeosol interval. Surface collections and
excavations conducted between 2011 and 2013 recovered ~400
fossils from the palaeosol layer (Supplementary Table 4),
including associated dental specimens of the early ape Proconsul
(Fig. 6). Four teeth (dr!, dc!, dp* and M! (unerupted)) attributed
to a single individual of Proconsul heseloni (Fig. 6) were
discovered within the palaeosol interval next to one of the large
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Table 1 | Comparison of Rusinga Island forest reconstruction to modern forests.
Forest Sampled area (ha) Tree basal area (m2ha— 1) Tree density (treesha— 1) Primates
>30cmDBH >60cm DBH >30cm DBH >60cm DBH
Yasuni, Ecuador 50 13.4 4.1 81 8 X
Pasoh, Malaysia 50 15.9 7.8 76 15 X
Korup, Cameroon 50 16.1 6.8 84 n X
Luquillo, Puerto Rico 16 18.1 52 109 n
Mudumalai, India 50 18.8 5.8 82 19 X
Ituri mixed forest, Dem. Rep Congo 20 19.4 n4 77 22 X
Barro Colorado Island, Panama 50 19.7 10.8 82 17 X
Early Miocene Rusinga Island (lower bound) 0.09 19.8 ma 87 24 X
Huai Kha Khaeng, Thailand 50 20.7 121 102 13 X
Palanan, Philippines 16 26.0 15.6 10 28 X
Lambir, Malaysia 52 26.3 13.9 19 26 X
Ituri mbau forest, Dem. Rep. Congo 20 27.0 17.5 98 33 X
Sinharaja, Sri Lanka 25 27.1 10.7 143 23 X
Early Miocene Rusinga Island (mean) 0.09 39.6 22.2 173 48 X
Yosemite, USA 25.6 53.1 40.7 145 53
DBH, diameter at breast height.
;Ifrsiz densiiy;nd basal area of larger (=30 cm) trees from tropical and temperate forests within the Smithsonian Center for Tropical Forest Science network'82"42, Contemporary primate occupancy from
iela reports® .

Figure 4 | Common dicotyledonous morphotypes from R3 fossil leaf
layer. (a) Morphotype 15 showing ovate shape, three basal veins,
prominent basal agrophics and teeth; (b) morphotype 20 showing three
palmate lobes, actinodromous primary venation and highly ascending,
eucamptodromous venation; (¢) morphotype 4 showing ovate shape,
pinnate primary venation with basal agrophic, brochidodromous secondary
venation and opposite percurrent tertiary venation; (d) morphotype 1
showing a compound leaf with pinnate primary venation,
eucamptodromous secondaries, a stout petiole and a prominently

acute base. Scale bar in all photographs is 1cm.

stump casts. In addition, four partial skeletons of the catarrhine
primate Dendropithecus macinnesi, found in 1950 at sublocality
R3a?%, can be directly tied to this forest habitat by

Figure 5 | Monocotyledonous morphotypes from R3 fossil leaf layer.
(a) Morphotype 2 showing two orders of parallel veins, primary veins very
prominent, seven secondary veins between primary veins, an acute apex
and an elliptic shape; (b) morphotype 30 showing two orders of parallel
veins and five secondary veins between primary veins. Both scale bars
are Tcm.

lithostratigraphic correlation. Other primate taxa, including
Limnopithecus and Nyanzapithecus, and the strepsirhine
primates Komba and Progalago, have historically been surface
collected at R3 (ref. 24; Supplementary Table 4), and many of
these are likely to be derived from this forest interval, but a lack of
detailed provenience information for these specimens prevents us
from directly locating them within the palaeosol.

The non-primate fauna from R3 is also consistent with,
although not diagnostic of, the presence of a closed-forest
environment (Supplementary Table 4). Viewed as a whole, the
mixed historical collections from R3 include taxa representing
both open and closed environments. However, the discovery by
our team of an in situ gomphothere specimen (cf. Archaeobelodon

NATURE COMMUNICATIONS |5:3236 | DOI: 10.1038/ncomms4236 | www.nature.com/naturecommunications 5
© 2014 Macmillan Publishers Limited. All rights reserved.


http://www.nature.com/naturecommunications

ARTICLE

Figure 6 | Associated teeth from a specimen of P. heseloni found in the
forest palaeosol horizon. (a) Deciduous left I" (labial view); (b) deciduous
left upper canine (lingual view); (c) deciduous left P4 (occlusal view); and
(d) left M (occlusal view).

sp.) in a lower fossil horizon at R3 suggests that this older stratum
might represent a more open interval?®>. Considering only
specimens of known association with the forest palaeosol,
we find no definitively open-adapted species (Supplementary
Table 4). Small ruminants (in particular Dorcatherium pigotti),
squirrels (Vulcanisciurus), anomalurid rodents, chalicotheres
(Butleria) and snakes, all indicate a closed ecosystem. Other
taxa (several rodent groups, macroscelids, tubulidentates,
erinaceids, middle- to large-sized carnivores and non-
specialized suids) are thought to have inhabited a variety of
habitat types, including forests. The environmental preferences of
springhare (Megapedetes) and cursorial large hyraxes (Afrohyrax)
are currently unknown, and our discovery of these within this
palaeosol indicates at least a capacity, if not necessarily a
preference, for living in a closed ecosystem.

Discussion

The multiple lines of evidence presented herein provide direct
evidence for the existence of widespread, closed forested
environments in the Early Miocene on Rusinga Island. Our
work, combined with previous environmental interpretations
of more open environments*®, indicates that Early Miocene
palacoenvironments on Rusinga were dynamic and varied
through time. This in turn suggests that early apes lived in and
had adaptations that allowed them to exploit both open and
closed environments.

Although Proconsul probably had a positional repertoire more
similar to modern monkeys than apes, several of its features
suggest more ape-like climbing and clambering behaviours, which
is consistent with a phylogenetic position within the Hominoidea
(Fig. 7). A relatively long, strong hallux with a well-developed
flexor hallucis longus muscle indicates powerful grasping
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Figure 7 | Dendrogram, simplified from the cladistic analysis presented
by Stevens et al.!, depicting the relationships of Rusinga's catarrhine
primates to crown catarrhine superfamilies. On the basis of that analysis,
both Proconsul and Nyanzapithecus group with the Hominoidea, whereas
Dendropithecus and Limnopithecus are stem catarrhines.

capabilities that would have facilitated arboreal locomotion®®27.
Likewise, a rounded humeral head and lateral trochlear ridge
on the distal humerus suggest mobility at the shoulder and
elbow, and joint stability across the range of pronation and
supination?’~2%. Without the aid of a tail for balance®’, this
combination of forelimb anatomy and powerful grasping would
have accommodated Proconsul’s habitual use of arboreal supports
within a closed forest>!. Dendropithecus, although not as well-
represented skeletally, also displays features indicative of climbing
and even suspensory behaviours that are more easily interpreted
in the context of a multistoried forest?. This generalized
arboreal repertoire, widespread among Early and early Middle
Miocene catarrhines, may have been important in much younger
hominoid taxa, and has even been implicated in interpretations of
the behaviour and locomotion of the basal hominin Ardipithecus
ramidus™.

Our results document the occurrence of primitive apes and
many other fossil vertebrates within a widespread, dense,
multistoried, closed-canopy forest; however, we note that the
forest represents a restricted temporal interval within a much
longer palacoenvironmental history during the Early Miocene.
Although associating this fossil assemblage within a well-
characterized habitat is important for interpreting the evolu-
tionary dynamics between mammal communities and their
environments, fully resolving the adaptive significance of these
animals will require similar associations across their temporal and
geographic ranges. These taxa are known from several East
African early Miocene sites?*, suggesting that it is possible to
directly assess temporal and spatial patterns of early primate
evolution. Future research should emphasize multiproxy
palacoenvironmental reconstructions, particularly sampling
other East African fossil localities, to document the impact of
Early Miocene tectonic and climatic shifts on local ecosystems
and their mammalian communities.

Methods

Palaeopaedology. Fieldwork at R3 was conducted in June and July of 2011.
Palaeosols were trenched back 15-30 cm to remove surficial weathering before they
were described using methods outlined for modern soils®>* and advised for
palaeosols®, including description of ped shape, size, colour and texture of the
palaeosol layers, and boundary conditions (Table 2). Once described, each horizon
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Table 2 | Measured section description for type paleosol from the R3 fossil locality.

Depth Description of features

(cm)

0-9 T0YR 4/2 dark greyish brown, sandy silt, scoured abrupt upper boundary, roots common, fine, matrix very strongly calcareous, clear abrupt
lower boundary

9-22 70% 10YR 6/3 pale brown and 30% 10YR 3/2 very dark greyish brown root mottles, some calcareous horizontal roots, very fine to fine
grained sand, very strongly calcareous, abrupt smooth lower boundary

22-32 10YR 4/3 brown, medium angular blocky, silty clay sand, very fine to fine 10YR 7/6 yellow root traces common, very strongly calcareous,
clear smooth lower boundary

32-48 7.5YR 4/2 brown, weak subangular blocky peds, sandy silt with very fine root traces and biotite, weakly calcareous matrix, clear lower
boundary

48-71 2.5YR 4/2 dark greyish brown, moderate medium subangular blocky parting to fine subangular blocky peds, silty clay, sparse very fine root
traces, weak conchoidal fracture, weakly calcareous, clear smooth lower boundary

71-80 10YR 4/2 dark greyish brown, moderate medium subangular blocky parting to fine subangular blocky, silty clay, sparse very fine roots,
weak conchoidal fracture, weakly calcareous, clear smooth lower boundary

80-100 7.5YR 6/3 light brown, few to common, medium clay-lined root traces (10YR 5/6 red), conchoidal fracture, very strongly calcareous,
abrupt to smooth lower boundary

100-112 5YR 5/4 reddish brown, weak subangular blocky, silty sand, few fine root traces, very strongly calcareous, abrupt to smooth lower
boundary

112-141 5YR 6/3 light reddish brown, very indurated, hard sandy silt, boundary to bulbous weathered surface with conchoidal fracture, very
strongly calcareous

was sampled for bulk geochemistry and clay mineralogy before being coated with
polyester resin to stabilize the rock for thin-section analysis. Twenty-three samples
were sent to Spectrum Petrographics, Inc. for thin-section preparation. Thin
sections prepared from the palaeosol at R3 were examined using an Olympus BX51
research microscope equipped with a 12.5 Mpx digital camera. Thin sections were
described using standard soil micromorphological terminology>>~%,

Forestry. On the basis of the distribution and spatial relationships of stump casts
across the landscape, we were able to reconstruct forest structure and density.
We inferred forest structure by comparing the landscape density and basal area of
the stumps with data from that of modern forests. In our analyses, we took into
account differences between stump diameter and traditional metrics for tree size
and the potential for sampling effects, the loss of smaller trees during ash fall and
fossilization, and the likelihood that preserved stumps represent living trees, snags
and/or stumps in the pre-eruption forest.

To establish equivalency in density and basal area with contemporaneous
forests, we first used existing allometric relations to convert between stump
diameter and diameter at breast height (DBH; 1.3 m above the ground),
assuming that the preserved tree bases represented stumps 5cm high. Allometric
relationships between stump heights and DBH do not exist for African tree species
in the same diameter range as the Rusinga Island data. Therefore, we selected
allometric equations derived from contemporaneous data for representatives of
three plant families with appropriate diameter ranges: Pinaceae, Cupressaceae and
Salicaceae®®. The allometric equations represent a range of tree tapers, with the
equation for Thuja plicata (Cupressaceae) yielding the most conservative (smallest)
value of DBH. The 27 stumps had diameters ranging from 18 to 160 cm, yielding
DBH values from 11 to 96 cm (Table 1). However, owing to the difficulty in judging
uniform preservation of smaller trees following volcanic eruptions*?, and also to
concentrate on those trees providing sufficient vertical structure for vertebrate
habitat, we limited our analysis to trees >30cm DBH (21 trees).

We reduced the estimates of tree density and basal area of the R3 stumps by an
approximation for the ratio of live trees (or basal area) to the sum of live trees,
snags and stumps from a forest with long residence time for dead trees because the
fossilized stump casts could represent living trees, snags or stumps, and we
assumed that dead trees played a limited role in usable forest structure!®. The total
area used as a basis of developing forest estimates was 930.11 m?, comparable to
other palaeoreconstructions*!. We compared the calculated values of density and
basal area for trees >30 cm DBH and for trees >60 cm DBH with those of
contemporary forests taken from the Smithsonian Center for Tropical Forest
Science plot network!$21:42,

Palaeobotany. Fossil leaves were collected from a series of thin mudstone lenses at
the base of the coarse-grained sandstone layer overlying the forested palaeosol

horizon. Fossil leaves were stratigraphically correlated across the R3 locality. Fossils
were collected from three quarries at R3 (Fig. 3a). Collection occurred by removing
large blocks of matrix split along bedding planes to expose the leaves using chisels

and rock hammers. Each fossil leaf quarry covered a few square metres because the
fossiliferous layers were relatively thin (~5-20 cm thick).

Fossil leaves were collected selectively from each quarry. In the field, specimens
were lumped together into preliminary morphotype categories based on their
morphological characteristics. More than 350 specimens were examined during
quarrying. After examination in the field, 160 voucher specimens that were >25%
complete or that had unique morphological characteristics, such as teeth or
well-preserved higher-order venation, were collected. At the National Museums of
Kenya, Nairobi, our field identifications were assessed and all identifiable voucher
specimens were assigned to a morphotype (Supplementary Table 2). Morphotypes
are morphologically distinct groups of specimens that have no taxonomic status,
but often reflect biological species?*>*4. All voucher specimens were photographed
and used in our palaeoclimate analyses. The fossils are currently housed at the
National Museums of Kenya.

Mean annual temperature was estimated using leaf margin analysis
models??4>~47, and mean annual precipitation was estimated using leaf area
analysis equations®>*3->0, Wet-month precipitation, which is the total
precipitation for all months exceeding 50 mm of rainfall, was estimated using the
leaf area analysis regression of Jacobs and Herendeen®® (Supplementary Table 3).
Leaf mass per area (M,) and leaf life span was estimated using the methods of
Royer et al.>! (model E: log[M,] = 3.070 + 0.382[log[petiole width?/leaf area]];
Supplementary Table 3).

Vertebrate palaeontology. Specimens used in this study were primarily surface
collected with some limited to excavation from 2008 to 2013 (Supplementary
Table 4). Fossils collected from 2011 to 2013 were mapped using a differential
global positioning system and total station to determine their precise location.
All fossils were directly related to the R3 stratigraphy to determine their
stratigraphic position (Fig. 3b).

Catarrhine phylogeny. Figure 7 introduces a working hypothesis for the
relationships of Rusinga’s catarrhine primates to the crown catarrhine clades of
cercopithecoids (Old World monkeys) and hominoids (apes and humans). This
simplified dendrogram is based on the most recent cladistic analysis of these and
other related taxa®. Although this topology is probably not stable—Nyanzapithecus
vancouveringorum and Limnopithecus legetet in particular are not well known from
skeletal elements beyond the dentition—the tree provides an evolutionary context
for interpreting the discovery of two of these taxa, Proconsul and Dendropithecus,
within the forest at Rusinga site R3.

Here we follow the majority of researchers who place Proconsul within the
Hominoidea, typically as a stem ape!22%27:2%31 This genus has long provided the
basic model for the anatomy of the earliest apes. However, a small number of
workers—led by Harrison>*>—maintain that Proconsul originated before the
differentiation of crown catarrhines and support this claim with several
morphological characteristics. The discovery in Morotopithecus of features
suggestive of vertical positional behaviours also provides an alternate model of
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what early apes might have looked like>>. Nevertheless, hominoid synapomorphies
in the hand?®, elbow?’, ankle?”, face>, dentition' and ontogenetic timing>> of
Proconsul provide solid support for the phylogenetic interpretation used here.
Likewise, the intriguing differences in postcranial anatomy between Proconsul
and Morotopithecus provide important evidence of variation in the Early Miocene,
but do not necessarily imply that only one of these is a hominoid.

Uncertainty surrounding the phylogenetic position of Proconsul
notwithstanding, this genus remains a touchstone for understanding catarrhine and
hominoid evolution based on the unprecedented number and quality of remains
attributed to it. Regardless of whether the Proconsul lineage originated before or
subsequent to the cercopithecoid-hominoid split, its morphology, adaptations and
ecology provide information about an important stage in catarrhine evolution relevant
to the origin of the Hominoidea”.

The phylogenetic position of Dendropithecus is less contentious, although
its precise relationships to other basal catarrhines are far from resolved.
Dendropithecus is known from a number of cranial and postcranial remains, the
latter due to the discovery in 1950 of four partial skeletons at the R3 site?>. Initially,
this primate was thought to represent a primitive ancestor of gibbons and
siamangs>®, but subsequent analyses demonstrated that it has a more conservative
anatomy, similar in its locomotor repertoire to modern platyrrhines?. Today, most
researchers place Dendropithecus outside of the crown catarrhines!>%7-67,
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Supplementary Table 1: Tree stump cast measurements

Tree Stump Cast Diameter Notes

1 133.8 cm

2 32¢cm

3 29.5cm

4 64 cm

5 59 cm

6 62.5 cm

7 60.2 cm

8 18 cm

9 60.5 cm

10 129 cm

11 160 cm

12 40 cm

13 30 cm

14 58cm

15 106 cm

16 72.6 cm

17 68 cm

18 30 cm

19 92 cm

20 120 cm

21 75cm

22 98 cm

23 89 cm

24 120 cm

25 no measurement
26 69.2 cm

27 50 cm

28 70 cm

29 no measurement




Supplementary Table 2: Classification and leaf physiognomic characters for fossil leaves from R3

Leaf .
. Leaf Petiole . Leaf Leaf
Morphotype Classification® Maigln area arsa width _(Petlzole mass/area | mass/area, LT B,
(cm?) C(ﬁ] ) (cm) width)“/area Wi + error - error
Site mean 88.89 | 25.04 | 7.83 0.19 3.27E-03 124.97 238.95 67.05
1 Dicot E 11.87 | 6.85 0.15 2.84E-03 125.20 160.50 97.66
2 Monocot -
3 Dicot E
4 Dicot E 14.34 | 7.18 0.18 2.29E-03 115.19 160.82 82.50
5 Dicot E 45.82 | 8.43 0.22 1.09E-03 86.94 195.94 38.58
6 Dicot E 70.98 | 8.87 0.27 1.06E-03 85.87 193.53 38.10
7 Dicot T 11.13 | 7.02 0.18 2.78E-03 124.15 279.93 55.06
8 Dicot E 7.14 0.06 6.27E-04 70.25 124.86 39.53
9 Dicot E 6.45 6.45 0.15 2.78E-03 124.19 220.85 69.84
10 Dicot E 7.25 6.59 0.14 2.71E-03 122.84 218.44 69.08
11 Dicot E 32.63 | 8.01 0.21 2.22E-03 113.93 202.55 64.08
12 Dicot E 25.31 7.84
13 Dicot ? 46.93 | 8.45
15 Dicot T 4.03 6.00
16 Dicot E 20.05 | 7.50 0.12 1.08E-03 86.47 138.34 54.05
17 Dicot E
18 Dicot E 15.84 7.37
19 Dicot E 26.22 | 7.87
20 Dicot E 25.98 | 7.50
21 Dicot E 3423 | 8.14 0.27 2.16E-03 112.74 254.14 50.01
22 Dicot E 11.02 | 6.94 0.20 9.17E-03 195.82 274.59 139.64
23 Dicot E 84.88 | 9.05 0.30 6.10E-03 167.56 378.16 74.24
24 Dicot T 17.42 | 7.46




25 Dicot E 44.39 | 8.40 0.32 7.01E-03 176.68 398.83 78.27
26 Dicot E 4.64 6.14 0.09 1.66E-03 101.96 229.81 45.24
27 Dicot E 26.79 | 7.89 0.21 6.69E-03 173.60 391.84 76.91
28 Dicot E 5.64 6.34

29 Dicot E

30 Monocot -

*Dicot = dicotyledonous angiosperm, Monocot = monoctyledonous angiosperm. *E = entire, T = toothed, ? = unknown, - = monocot. Blank cell
indicate character not measured due to incomplete preservation.




Supplementary Table 3: Paleobotanical and paleosol paleoclimate estimates from R3 time-slice.

Mean annual Mean annual
temperature precipitation Wet month
Leaf physiognomy model (MAT, °C) (MAP, mm) precipitation (mm)
Wilf* 28.3 (+2.0)
Miller et al.* 27.1 (+1.9)
Kowalski and Dilcher*’ 345 (£2.4)
Peppe et al.? 22.8 (+4.9) 1710 (+1430, -780)
Wilf et al.*® 1660 (+1330, -730)
Gregory-Wodzicki*’ 2620 (+1570, -980)
Jacobs and Herendeen>® Model 1 1460 (£ 390)
Jacobs and Herendeen®® Model 2 1390 (+ 320)
Jacobs and Herendeen® Wet ppn 1400 (+ 380)




Supplementary Table 4: Vertebrate faunal list for R3 site (historical and our
collections). Taxon list follows Pickford?4 and Drake et al.®3 with additional revisions
and systematic works from several authors see 23.64-67 and our personal
observations.

Faunal List New collections ;ﬁ;?;:iigﬁls
2007-2013 2011-2013 after Pickford
entire site “forest paleosol” (1986)

Primates

Dendropithecus macinnesi x! X

Limnopithecus legetet X

Nyanzapithecus vancouveringorum X

Proconsul nyanzae X

Proconsul heseloni X X

Komba minor X

Komba robustus X

Progalago songhorensis X

Mioeuoticus shipmani X

Chiroptera X

Propotto leakeyi X

Lagomorpha

Kenyalagomys rusingae X X

Kenyalagomys minor X

Rodentia

Lavocatomys aequatorialis X X

Paraphiomys pigotti X X X

Paraphiomys stromeri X

Paraphiomys sp. X X

Diamantomys luederitzi X X X

Kenyamys mariae X X

Simonimys sp. X

Paranomalurus soniae X

Megapedetes pentadactylus X X X

Vulcanisciurus africanus X X X

Macroscelidea

Myohyrax oswaldi X

Macroscelididae indet. X X

Tenrecidae




Parageogale aletris
Proboscidea
Prodeinotherium hobleyi
cf. Archaeobelodon sp.
Hyracoidea

Afrohyrax championi
Tubulidentata
Myorycteropus africanus
Erinaceidae
Gymnurechinus leakeyi
Amphechinus rusingensis
Creodonta

Anasinopa leakeyi
Metapterodon sp.
Leakeytherium hiwegi
Hyainailouros nyanzae
Isohyaenodon andrewsi
Creodonta indet.
Carnivora

Cynelos euryodon
Kichechia zamanae
Afrosmilus sp.

Carnivora indet.
Rhinocerotidae
Turkanatherium acutirostratum
Rhinocerotidae indet.
Chalicotheriidae
Butleria rusingense
Anthracotheriidae
Sivameryx africanus
Brachyodus aequatorialis
Anthracotheriidae indet.
Suidae

Kubanochoerus anchidens
Kenyasus rusingensis
Nguruwe Kijivium

Sanitheriidae

x

X X X X X




Diamantohyus africanus X
Ruminantia
Dorcatherium chappuisi
Dorcatherium pigotti

Dorcatherium parvum

X X X X

Dorcatherium sp.
Propalaeoryx nyanzae X
Canthumeryx sirtensis X
Walangania africanus X
Crocodilia
Crocodilia indet. X X
Squamata
Varanus sp. X
Gerrhosaurus sp. X
Serpentes indet. X X
Testudines
Testudinidae indet. X X
Aves

Aves indet. X X

1 Although the Dendropithecus skeletons are from historical collections, the location of that discovery
enabled us to tie them stratigraphically to the forest paleosol during the 2011 season.
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