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A B S T R A C T

Miocene paleoecology of East Africa has implications for human origins and understanding the vicariant legacy
forests found today on either side of the East African Rift. Fossil leaves preserved in 21.73 million year old
lacustrine sediments from the Mush Valley, Ethiopia, provide a unique opportunity to investigate forest com-
position and dominance-diversity patterns at an ecological scale. We classified and analyzed 2427 leaves in total
from two to three quarries within each of six stratigraphic levels, spanning 7m of section; we estimate each
quarry census represents one to three centuries, and 50–60 kyrs separate the oldest and youngest levels. Pollen,
phytolith, and compound-specific organic geochemical data were also collected in a detailed stratigraphic
context to provide independent, integrated lines of evidence for landscape evolution and lacustrine paleoecology
of the system that preserves the macrofossils. Forty-nine leaf morphotypes were documented, and Legume 1
dominated all samples. Nonmetric multidimensional scaling, Jaccard similarity analyses, and diversity and
evenness indices demonstrate a degree of change comparable to community ecology dynamics, likely illustrating
a dynamic stable state in forest vegetation surrounding the lake. Taxonomic assessments of leaves, phytoliths,
and pollen are consistent with a closed canopy forest with limited palm diversity. A high abundance of des-A ring
triterpenoid molecules (diagenetic products formed by microbial degradation under anoxic conditions) and very
negative δ13C values (<−45‰) of several hopanoid compounds point to anoxic conditions at the lake bottom,
consistent with exquisite fossil preservation. The proportion of mid-chain n-alkanes is low, signifying relatively
few submerged plants, but increases up-section, which signals shallowing of the paleolake. The Mush Valley
locality is unique in Africa with regard to its very early Miocene age and the abundance and quality of organic
remains. This densely forested landscape in an upland volcanic region of the Ethiopian Plateau showed resilience
amid volcanic eruptions and had botanical affinities with species found today in West, Central, and eastern
Africa.
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1. Introduction

Early Miocene paleoenvironmental reconstructions for tropical
Africa hold significance at several scales. At the global scale, this time
interval marks the development of a land connection between Africa
and Eurasia (Gheerbrant and Rage, 2006; Koshnaw et al., 2018) and the
biogeographical events related to that, including major faunal exchange
(e.g., Ducrocq and Boisserie, 2010; Rasmussen and Gutierrez, 2009).
Additionally, global climate change took place across the Paleogene-
Neogene boundary, possibly related to the land connection, and to the
more permanent development of Antarctic glaciers (e.g., Zachos et al.,
2008). At a continental to regional scale, Neogene environments of
tropical Africa are relevant to human family origins, which may be
rooted in the early Miocene (Maclatchy, 2004). Furthermore, the early
Miocene is a time of active tectonism and incipient rift development in
East Africa, which ultimately had significant impacts on biogeography
and evolution. Early Miocene topographic complexity is poorly known,
but the main East African rift grabens had not yet developed
(Chorowicz, 2005; Macgregor, 2015).

Early Miocene paleobotanical remains from Ethiopia provide an
opportunity to document pre-rift vegetation, hypothesized to have been
part of pan-tropical forests before rift rain shadows caused the devel-
opment of East-West vicariants among both plants and animals (Faden,
1974; Tolley et al., 2011). This idea is borne out for specific clades, but
for others is shown to be too simplistic because phylogenies of disjuncts
indicate splits both earlier and later (Couvreur et al., 2008; Plana, 2004;
Sosef, 1996). Closer paleoecological sampling of fossil plants and iso-
topic data is required to resolve early Miocene temporal and spatial
variation among communities and attendant paleoclimate. To date, the
earliest Neogene East African paleofloras, estimated to be 20–18Ma
(Peppe et al., 2011), were reported from sites on Rusinga Island in Lake
Victoria, western Kenya. While Rusinga has provided vital information,
paleoenvironmental information has long been almost entirely lacking
for East Africa earlier in the Miocene.

In this paper, we begin to fill this gap by reporting on paleoecolo-
gical analyses incorporating plant macrofossils, phytoliths, pollen, and
compound-specific carbon isotope ratios, from the Mush Valley,
Ethiopia, dated at 21.73Ma (Tesfamichael et al., 2017). The excep-
tional preservation and abundance of Mush Valley plant macrofossils,
which occur in carbonaceous lacustrine shales, allow us to characterize
plant community ecology on a decadal to millennial time scale, mea-
suring richness, dominance-diversity patterns, and heterogeneity, spa-
tially, by sampling from a single stratum, and temporally, by sampling
up-section. These data, complemented by taxonomic identifications,
phytolith assemblages, and geochemical analyses, set a standard for
analysis of a rich, mulit-proxy view of paleoenvironment and can be
compared in some detail with other well preserved Cenozoic African
paleofloras to assess large-scale abiotic and biotic change.

2. Materials and methods

2.1. Geologic setting

The Mush Valley site (9°47′ N, 39°39’ E) is located on the Ethiopian
Plateau ~160 km northeast of Addis Ababa, approaching the western
shoulder of the Main Ethiopian Rift (Fig. 1). The site is 2700m above
sea level surrounded by agricultural land, once vegetated by “dry
evergreen Afromontane forest and grassland complex” (Friis et al.,
2010; classified by White [1983] as undifferentiated montane vegeta-
tion). It is geographically, and very likely geologically, related to the
early Miocene Guguftu shield volcano described by Kieffer et al. (2004),
who provided a range of ages from a variety of outcrop samples of al-
kaline basalts, a majority of which are ~23-22Ma. At the Mush Valley
site, abundant plant, insect, fish, and frog compression fossils, and, less
commonly, the bones of mammals and crocodiles are preserved in a
stratigraphic sequence exposed by the modern Mush River. Fossils

occur in carbonaceous shales interbedded with volcanic ash layers.
With the exception of a 10 cm thick ash that occurs midway through the
fossiliferous section (Fig. 2; Level C), ash beds are generally 1–3 cm
thick. Zircons from ashes immediately below the fossiliferous units and
5m below that, respectively, yielded two 238Ur/206Pb dates:
21.733 ± 0.060 (0.06) [0.07] Ma and 21.736 ± 0.015 (0.03) [0.03]
Ma (Fig. 2; Tesfamichael et al., 2017).

The biotic interpretation of the Mush Valley assemblages to date
envisions a closed-canopy, mixed-moist semi-evergreen forest (Bush
et al., 2017; Pan et al., 2012; Pan et al., 2014). Mean annual pre-
cipitation at Mush, reconstructed using leaf area analysis as
1523–1647mm/yr, is comparable to that in the modern mixed-moist
semi-evergreen rainforests that cover most of the Guineo-Congolian
region; it is too high for woodland or bushland ecosystems (Bush et al.,
2017; White, 1983). Moreover, fossil leaf stable carbon isotope (δ13C)
values from Mush Valley samples average −29.1‰, which best mat-
ches the average for modern tropical rain forests after correcting for
δ13C of atmospheric CO2 (Bush et al., 2017; Diefendorf et al., 2010),
and the genera Newtonia and Tacca, found today in moist tropical or
secondary forests, were identified at Mush (Pan et al., 2012).

2.2. Fieldwork and plant macrofossil analyses

A stratigraphic section spanning the lacustrine shales was measured
at the centimeter scale. Unbiased, quantitative plant censuses, or counts
of every identifiable leaf(let) with at least half of the blade preserved,
were conducted at six stratigraphic levels within this section (Fig. 2):

Fig. 1. Geographic location of the Mush leaf quarries in Ethiopia (A). The
fossiliferous strata are exposed along the modern-day Mush stream, imaged
using Google Earth (B). Level A quarries are white circles, Level B gray circles,
Level C black circles, Level D white squares, Level E gray squares, and Level F
black squares. The location of quarries MU31 and MU33 cannot be dis-
tinguished at this resolution, nor can MU29 and MU30.
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Fig. 2. Detailed stratigraphic column through the Mush fossil beds, modified from Bush et al. (2017). Stratigraphic levels at which leaf macrofossil censuses were
conducted are labeled, as in “Level A.” Stratigraphic levels at which phytolith analyses were conducted are labeled Phy1-Phy6, and pie charts summarize the
biosilicate (left) and phytolith (right) assemblage composition. GSSCP stands for Grass Silica Short Cell Phytoliths. The star indicates the stratigraphic height of the
21.73 ± 0.03 Ma238U/206Pb date (Tesfamichael et al., 2017). Fossil animal material was collected at the three stratigraphic levels indicated by the bones; only the
upper two levels preserve frog melanosomes. Laminated carbonaceous shales are interpreted as lacustrine and are interbedded with thin, asymmetrically rippled
sandstones in the lowest 2m of section and cm-scale ash beds above. The onset of lacustrine conditions is interrupted by deposition of water-reworked ash from about
2.55 to 3.7m. Siltstones and fine sandstones with asymmetrical ripples, burrows, and plant fossils occurring between 12 and 16.7m are interpreted as shallow
lacustrine or deltaic deposits.
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two carbonaceous shale horizons below the 10 cm thick ash bed (Levels
A and B), within the ash bed itself (Level C), and three shale horizons
above the ash bed (Levels D-F). These levels, which span ~7m of sec-
tion, were chosen because they contained abundant and high quality
leaf remains and could be traced laterally in order to collect replicate
samples. The fossiliferous shales are exposed along a cut of the Mush
stream, and were excavated adjacent to it. This steep, small valley is
spring-fed and perpetually wet, a circumstance that helps maintain
excellent preservation by retarding natural shrink-swell physical
weathering of the clay-rich matrix. Because fossiliferous blocks quickly
crack when exposed to dry air and intense sunlight, leaves were not
censused in the field. Rather, a 5-cm thick layer with a surface area of
approximately 1.5×1.5m was excavated from each level. Three lat-
erally equivalent quarries were excavated per stratigraphic level for five
of six levels (A,B,D,E,F), with quarry locations chosen based upon ac-
cessibility of the 5-cm layer. Only two quarries were collected at Level C
due to lower fossil density and time constraints. All quarries are within
120m of each other, and the maximum lateral distance between
quarries within a stratigraphic level is 35m (Fig. 1; Table S1).

Fossiliferous blocks were wrapped in paper immediately after ex-
cavation and remained wrapped for about six months to dry slowly.
Blocks were unwrapped and studied at the National Museum of
Ethiopia, Addis Ababa. All fossil material exposed on each block ex-
terior was analyzed first, and then blocks were split along bedding
planes using chisels, knives, and hammers in order to expose additional
fossils. Leaf fossils were sorted into plant morphotypes using leaf ar-
chitectural (Ellis et al., 2009) and cuticular characters (Dilcher, 1974).
Cuticular characters were studied on small chips collected from fossils
that could not be identified using leaf architectural characters alone.
Samples were examined using epifluorescence and digital imaging (see
Supplemental Information). All fossils are curated at the National Mu-
seum of Ethiopia, Addis Ababa, and cuticle specimens are curated at
Southern Methodist University.

A total of 2427 fossil leaves were classified into morphotypes and
included in ecological analyses. Other plant organs such as seeds and
fruit were omitted from quantitative analyses, as they could not be
assigned to any leaf taxon with certainty. Although Tacca umerii is the
only leaf morphotype that has been assigned a scientific name, we are
confident that all our leaf morphotypes are distinct from one another
based upon unique combinations of leaf architectural and cuticular
characters. Morphotypes were assigned informal names (e.g., “Short
Drip Tip” or “Long&Loopy”) to help our team remember key features of
each morphotype and to aid in communication, and these names are
attached to the specimens at the National Museum of Ethiopia. Key
features of each morphotype are included in the Supplemental
Materials (Table S6).

Quantitative analyses were conducted using RStudio Version
0.99.789 (©2009–2016 RStudio, Inc.). We analyzed plant composition,
species richness, evenness, and heterogeneity at increasingly inclusive
scales: individual quarry, stratigraphic level, and the entire Mush da-
taset (Fig. 3). Nonmetric multidimensional scaling (NMDS) ordinations

were conducted to examine floristic similarities among sites using
arcsine square root transformed morphotype abundance data and R's
“metaMDS” function with Bray-Curtis distance specified (McCune and
Grace, 2002). Species richness at specific sample sizes (rarefied rich-
ness) was determined using analytical rarefaction (R's “rarefy” function;
Oksanen et al., 2016), and errors were estimated using Heck et al.’s
(1975) standard error. Pielou's J was computed to compare evenness
among different floras, and Jaccard's similarity coefficient was used to
analyze species heterogeneity among sites.

We partitioned diversity at Mush into quarry-level diversity (αq),
among-quarry diversity within a stratigraphic level (βw), and among
stratigraphic level diversity (βb; Fig. 3). Floral diversity was quantified
using Hill numbers, or “effective number of species,” which is defined
as the number of equally abundant species needed to produce the given
value of the diversity index (Jost, 2007). Hill numbers have only rarely
been used in paleoecological studies, but they are considered the
standard for ecologists working on extant systems (Chao et al., 2014;
Ellison, 2010). Hill numbers are the “numbers equivalents” of tradi-
tional diversity estimates (e.g., Shannon, Simpson) and represent true
diversities rather than entropies (Jost, 2007). Thus, they are more in
tune with biological intuition about the magnitude of diversity changes
than either Shannon or Simpson indices (see examples of Jost, 2007).
The general formula for calculating Hill numbers is:

=
=
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where S is the number of species at a site, p is the proportional abun-
dance of a species, and q is the order of the diversity measure and in-
dicates the sensitivity to rare versus common species (q=0 for species
richness, q=1 for Shannon, and q=2 for Simpson). We calculated 0D
(which is equal to S, or species richness) and 2D (the effective number of
common species in a sample).

We partitioned diversity both additively, following Lande's (1996)
protocol, and multiplicatively, following Jost (2007). Additive diversity
partitioning gives beta diversity (β+) equal to the effective number of
species within a region that are not captured by a single sample and
thus maintains the magnitude of diversity differences. Multiplicative
diversity partitioning provides a beta diversity (β×) that represents the
effective number of unique communities within a region; β× is strictly
independent of alpha diversity (Chao et al., 2012). A thorough de-
scription of calculation methods is included in the Supplemental Ma-
terials.

2.3. Phytolith analyses

Twenty-three sediment samples were processed for phytoliths using
the protocol initially developed by Strömberg (2003) and subsequently
improved by Strömberg et al. (2013) (See Supplemental Information).
Initial observations were made at 400× magnification and, if neces-
sary, counting was done at 1,000× magnification. Immersion oil
mounts were made to count the Grass Silica Short Cell Phytoliths

Fig. 3. Sampling scheme at Mush, illustrating how
diversity is partitioned. αq is the diversity at an in-
dividual quarry, and αs is diversity at an individual
stratigraphic level. βw is within-stratigraphic level
turnover diversity, and βb is among stratigraphic
level turnover diversity. Total species diversity at
Mush is given by γ. The MU numbers indicate sub-
localities, and Levels A-F are marked on the strati-
graphic column in Fig. 2. The number of identifiable
leaf specimens in a sample is denoted by n.
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(GSSCP), which have distinctly three-dimensional shape features and
rotation is therefore necessary for robust identification. Phytolith
counts include only the bodies that were sufficiently well-preserved to
be described and classified; fragments or highly etched and/or altered
specimens were not included (Strömberg et al., 2018). Phytolith clas-
sification followed Strömberg (2003) for non-GSSCP phytoliths; for
GSSCP, we adopted schemes used by Novello (2012) and Neumann
(2017) developed specifically for African grasses, supplemented by
Strömberg (2003) and Piperno and Pearsall (1998) for morphotypes
related to early-diverging grasses and Bambusoideae (Table S2). In
addition, the reference collections of the CEREGE and the Burke Mu-
seum of Natural History and Culture were consulted for GSSCP of
particular grass taxa (e.g., Leptaspis).

At least 200 diagnostic phytoliths were counted for each productive
sample to ensure robust environmental reconstructions (Strömberg,
2005). Diagnostic phytoliths consist of three main plant functional type
categories: (1) GSSCPs, exclusive to the Poaceae (grass) family, (2)
forest indicator (FI: Forest Indicator) phytoliths, which mostly includes
morphotypes typical of woody and herbaceous dicotyledonous angios-
perms, (3) palm (Arecaceae) phytoliths, and (4) sedge phytoliths. The
GSSCP were further divided into forms tentatively associated with the
subfamily or clade they are diagnostic of or presently produced abun-
dantly by, namely: (a) Pharoideae, (b) Bambusoideae, and (c) Pooideae,
which all exclusively use C3 photosynthesis, (d) PACMAD, a clade of
tropical grasses containing both C3 (e.g., Arundinoideae) and C4 (e.g.,
Panicoideae) grass members, and (e) Uncertain, for GSSCP of unknown
origin. To estimate the arboreal cover quantitatively, we use the D/P
ratio (e.g., Alexandre et al., 1997; Bremond et al., 2005; Bremond et al.,
2008), which compares the number of dicot (“D”) rugose sphere in-
dicators (also called granulate by the previous authors) to the number
of GSSCPs diagnostic to Poaceae (“P”). The format D/(D + P) × 100
was preferred so that the values are scaled between 0 and 100. Using
the D/P ratio allows for comparison with the comprehensive body of

modern analog work in Africa (Barboni et al., 2007; Novello et al.,
2017). We also calculated the FI-t ratio, which estimates arboreal cover
using all identified forest indicator phytoliths, not just the rugose
spheres. Calculating this index allows us to compare to studies of si-
milarly-aged floras on other continents (e.g., Harris et al., 2017;
Strömberg et al., 2013; Strömberg, 2004, 2005). Other phytolith mor-
photypes were classified into two main categories: (4) NDG (Non Di-
agnostic Grass), which includes non-GSSCP grass phytoliths, morpho-
types produced in abundance by grasses but also by other
monocotyledonous plants, and/or conifers (including, e.g., silicified
bulliform cells, trichomes, and spiny elongates), and (5) NDO (Non
Diagnostic Other), which are non-diagnostic phytoliths produced by a
wide range of plants (i.e., of unclear origin). Because of the taxonomic
uncertainty associated with some NDG forms and because the silicifi-
cation of bulliform cells, trichomes, and elongates by herbaceous plants
varies greatly with abiotic factors such as water supply and evapo-
transpiration rates (Madella et al., 2009; Sangster and Parry, 1969),
these morphotypes were not used to estimate arboreal cover. Sedge
phytoliths are often used to indicate wetland elements or proximity to
water (see Strömberg, 2004; Strömberg et al., 2018); here we included
them as herbaceous indicators (Table S2). Other bio-silica remains,
such as diatom frustules and sponge spicules, when observed, were also
counted. In this case, only spicules> 10 μm-long and complete diatom
frustules were included in the count. These biosilica components are
strong indicators of different lake environments or environmental hu-
midity (Clarke, 2003).

2.4. Pollen preparation

Sedimentary rock samples from Level B (quarry MU7, 4.0m in the
section), Level E (MU18, 10.1 m), Phy5 (16.1m), and Phy6 (17.7m)
were processed and fossil pollen grains extracted according to Grímsson
et al. (2008). All samples were especially screened for palm pollen. The

Fig. 4. Paleobotanical remains discussed in the text.
“Yellow leaf” dicot morphotype, specimen MU36-21
#1 (A) and accompanying line drawing (B), adaxial
cuticle (C; MU33-18 #1), and abaxial cuticle (D;
MU38-27 #1). Tacca umerii leaf (E; MU22-29),
adaxial cuticle (F; MU30-34B #1), and abaxial cu-
ticle (G; MU37-16B). Sclerosperma (Arecaceae) pollen
(H-J; sample Phy6). The sediments just above Level
C, at approximately 7.6m in the measured section,
contain abundant Salvinia fossils (K; MU20-1). Scale
bars are 1 cm in A, B, E, and K; 50 μm in C, D, F, and
G; 10 μm in H and I; and 1 μm in J.
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same palm genus, Sclerosperma, was observed in all four samples
(Fig. 4IH–J). No other palm pollen was obtained. The fossil pollen
grains were investigated both by light and scanning electron micro-
scopy using the single grain method as described by Zetter (1989) and
Halbritter et al. (2018).

2.5. Organic geochemistry

For quantification and isotope measurements of lipids, samples of
fossil-bearing sediment were chipped from the larger fossil blocks, and
their surfaces cleaned by chipping any previously exposed portions.
Sediments were then ground to powder in a ball mill, and lipids were
extracted from 5 g of pulverized sediment using the methods described
in the Supplemental Information. n-Alkanes were identified and quan-
tified using a ThermoFisher Trace GC Ultra fitted with a flame ioniza-
tion detector (FID) and coupled to a quadrapole mass spectrometer
(ThermoFisher DSQII). Compound specific carbon isotope ratios were
measured at the Lamont-Doherty Earth Observatory on a Thermo Delta
V advantage coupled to a Thermo Trace GC Ultra and Isolink through a
ConFlo IV interface. Molecular standards purchased from Arndt
Schimmelmann (University of Indiana) were measured throughout each
analytical sequence and were used to determine the isotopic values of
samples on the VPDB scale and their uncertainty following the methods
of Polissar and D’Andrea (2014). Mixtures A4, A5, and B4 were used for
calibration and the isotopic composition of the compounds is listed in
Table S4. Average chain length (ACL) and carbon preference index
(CPI) were calculated for all samples (see Supplemental Information).
Following Ficken et al. (2000), a proxy for submerged and floating
aquatic macrophytes versus emergent macrophytes and terrestrial
plants, Paq, was calculated as

Paq = (C23 + C25)/(C23 + C25 + C29 + C31) (2)

3. Results

3.1. Stratigraphic context

The measured section represented in Fig. 2 overlies approximately
10m of ignimbrite containing charcoalized wood, including a large in
situ tree in upright growth position. This ignimbrite directly overlies a
paleosol, from which phytolith sample one (Phy1) was collected. La-
minated carbonaceous shales first occur at 0.75m in the measured
section (Fig. 2), and are interbedded frequently with thin (< 2 cm),
very fine sandstone strata, many of which contain asymmetrical ripples.
A thick ash occurs from about 2.55 to 3.7m, and includes trough cross-
beds, asymmetrical ripples, and a single horizon of cobbles near the top.
Fossil-rich laminated carbonaceous shales comprise the next 8.3m of
deposition, providing the source for all macrofossil horizons reported

herein. Irregularly spaced, cm-scale ash beds occur throughout this part
of the section, and a thicker (~10 cm) ash is present from 7.55 to
7.65m. This ash, Level C census stratum, contains leaf compressions,
abundant, small, plant fragments, and abundant fish and frog skeletons.
Immediately above Level C is a light gray mudstone with abundant and
well-preserved fossils of the aquatic fern, Salvinia (Fig. 4K). From 12 to
16.7m, the section is composed of siltstones to fine sandstones, the
coarser-grained beds containing burrows or asymmetrical ripples; finer-
grained beds often contain plant fossils. The topmost 1.3m of the sec-
tion is composed of black, laminated carbonaceous shales.

With the exception of Level C, lithological differences among the
macrofossil census horizons are minimal. Viewed with the naked eye,
the sedimentary matrix from Level A appears to contain more milli-
meter-to centimeter-sized fragments of plant material (plant hash) than
other stratigraphic levels. In contrast, the matrix from Level F is more
uniform, resembling solid, but laminated, chocolate. Levels B through E
are intermediate in texture, with no clearly visible trend.

3.2. Macrofossil paleobotany

3.2.1. Floristic composition at Mush
Forty-nine leaf morphotypes are recognized at Mush; ten are re-

presented by a single specimen, and an additional three occur at only
one stratigraphic level. Legumes, which are recognized here primarily
by the presence of a pulvinus, dominate the Mush flora, making up
16.3% of morphotypes and 76.1% of all leaves (Table 1; Figs. 5 and 6).
Between 55.3% (Level A) and 87.4% (Level F) of leaves at individual
stratigraphic levels are legumes. Morphotype “Legume 1” is the most
abundant leaf taxon by far; it comprises 31% of the flora at Level A, but
at least 50% and as much as 66% (Level F) elsewhere (Table 1). Two
other legume morphotypes, “Short drip tip” and “Interrupt,” are also
important in all floras, comprising between 5% and 11% of leaves
within a stratigraphic level (Figs. 5 and 6; Table S3).

To examine tropical forest taxonomic turnover through time as
might have been caused by environmental perturbations, we analyzed
compositional similarities between stratigraphic levels using both pre-
sence/absence (Jaccard coefficients) and abundance (NMDS) data.
Overall, there is little turnover among stratigraphic levels in the species
present or their abundance distribution, with Levels C and A being the
most distinct based on abundance distributions (Table 2; Figs. 6 and 7).
The average Jaccard coefficient for Level C versus other stratigraphic
levels is 0.387, compared with averages of 0.538–0.571 for the other
levels (Table 2). Level C also plots farthest from the other sites on the
NMDS ordination (Fig. 7), most likely due to the high abundances of a
Malvales morphotype (Fig. 8A–D) and Tacca umerii (Fig. 4E–G). While
the species present at Level A are consistent with all other levels, as
indicated by the high average Jaccard coefficient (based upon presence-
absence data), the relative abundances of these species differ from those

Table 1
Floral diversity at evenness at Mush.

Level A Level B Level C Level D Level E Level F TOTAL

# Quarries 3 3 2 3 3 3 17
# Leaves 349 400 95 532 510 541 2427
# Leaf Morphotypes 26 32 14 37 31 25 49
Mean annual precipitationa 1638, +214,

−125
1583, +207,
−121

– 1523, +199,
−116

1608, +211,
−123

1597, +209,
−122

1647, +216, −126

Richness of strat level, 300 leavesb 25.0 ± 0.9 28.8 ± 1.5 – 30.9 ± 2.0 27.0 ± 1.6 20.4 ± 1.7 28.6 ± 2.4
Average richness of single quarry,

100 leavesc
17.3 ± 1.9 17.7 ± 0.1 – 18.9 ± 3.0 16.9 ± 1.0 12.6 ± 1.1 16.6 ± 2.7

Hill number (q= 2) 6.76 3.07 3.97 3.50 3.12 2.16 3.55
Pielou's J 0.50 0.38 0.49 0.39 0.38 0.31 0.36
Percent of leaves that are Legume 1 30.9 55.8 49.5 50.9 55.7 65.8 53.1

a Reported in Bush et al. (2017). Positive and negative error margins are unequal due to transformation from the log value.
b Errors estimated using the standard error of Heck (1975).
c Errors reported are one standard deviation around the mean of quarry richness at 100 leaves.
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at other levels (Fig. 6). Level A has the lowest abundance of Legume 1,
and relatively high abundances of dicot morphotypes “Long&Loopy”
(Fig. 8E–G), “Trinverved pulvinate” (Fig. 8H–K), and “Yellow leaf”
(Fig. 4A–D) and monocot Tacca umerii (Fig. 4E–G). Levels B, D, E, and F
have high similarity in both species composition and abundance dis-
tributions, with Levels B, E, and F so similar that they overlap one other
on the NMDS plot (Fig. 7).

The results from analyses of taxonomic composition and abun-
dances at the individual quarry scale (as an indication of lateral het-
erogeneity) complement those for combined stratum (Level) results;
quarries from Levels B, E, and F have overlapping distributions on the
NMDS plot, those from Level D are immediately adjacent to the B, E, F
cloud, and quarries from Level A and Level C plot in isolated areas of
the NMDS space, but close to one another (Fig. 7). Pairwise distances
between all quarries were computed using both Bray-Curtis (abundance
data) and Jaccard (based on shared species) indices. Dissimilarity
measures between quarries from different stratigraphic levels are sig-
nificantly higher than dissimilarity measures between quarries from the
same stratigraphic level whether using Bray-Curtis or Jaccard indices
(Welch Two Sample t-test, p < 0.001 for Bray-Curtis and p=0.001 for
Jaccard).

3.2.2. Diversity and evenness at Mush
Floral diversity and evenness vary among stratigraphic levels.

Species richness standardized to a count of 300 leaves per level ranges
from 20.4 ± 1.7 to 30.9 ± 2.0 (Table 1). Beginning with the lowest
sample in the section, Level A has moderate richness, at 25 ± 0.9 taxa.
Richness increases for Level B, and reaches a maximum among all levels
at 30.9 ± 2.0 for Level D. Richness decreases to a minimum of
20.4 ± 1.7 for Level F (Table 1). Sample size is too small at Level C to
get meaningful richness values either for the quarries or the stratum. A
similar pattern exists when comparing richness at individual quarries;
average richness at 100 leaves is highest at Level D (18.9) and lowest at
Level F (12.6), with similar values among A, B, and E. Evenness

Fig. 5. The three most abundant leaf types at Mush, all of which are legumes.
Legume 1 specimen MU29-40B #1 (A) and accompanying line drawing (B).
Abaxial (C; MU13-2) and adaxial (D; MU23-37 #1) Legume 1 cuticle. “Short
Drip Tip” specimen MU41-54 (E) and accompanying line drawing (F). Abaxial
(G; MU23-34) and adaxial (H; MU17-13) “Short Drip Tip” cuticle. “Interrupt”
specimen MU27-5 (I) and accompanying line drawing (J). Abaxial (K; MU23-26
#3) and adaxial (L; MU18-4B #2) “Interrupt” cuticle. Line drawings show
primary, secondary, and intersecondary veins and demonstrate venation dif-
ferences among morphotypes. Scale bars in C, D, G, H, K, and L are 50 μm, and
scale bars in B, F, I, and J are 1 cm. Tick marks on the rulers in A and E are
millimeters.

Fig. 6. Relative taxon abundance dis-
tributions per stratigraphic level.
Morphotypes comprising at least 3% of
a stratigraphic level are named in-
dividually; the relative abundances of
all other morphotypes are summed and
shown under “Others.” Legume 1,
“Short Drip Tip,” “Interrupt,” and
Legume 4 are all legumes; all others are
dicots with the exception of “Ellen's
Head,” which is a monocot. Counts of
each leaf morphotype at each strati-
graphic level are available in Table S3,
and key features of each morphotype
are available in Table S6.

Table 2
Heterogeneity among stratigraphic levels at Mush, according to the Jaccard
similarity coefficient.

Level A Level B Level C Level D Level E Level F Avg Jaccard

Level A – 0.57
Level B 0.57 – 0.55
Level C 0.48 0.39 – 0.39
Level D 0.58 0.61 0.34 – 0.54
Level E 0.58 0.62 0.32 0.62 – 0.56
Level F 0.65 0.58 0.39 0.55 0.65 – 0.56
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(Pielou's J) is low at all stratigraphic levels and correlates to the pro-
portion of Legume 1 leaves at the stratigraphic level (R2= 0.80,
p=0.02). Levels A and C have the highest evenness. Level B, D, and E
are similarly even, and Level F is slightly less even (Table 1). Evenness
measures for Level C should be considered with caution due to the re-
latively low sample size.

Average species richness within a quarry (αq) at Mush is 20.6 spe-
cies, which is 42% of the total number of species in the flora. When
partitioned additively, average among-quarry richness within a strati-
graphic level ( +

w ) is 9.2 species (18.7%), and among stratigraphic level
diversity ( +

b ) is 19.2 species (39.3%). Partitioning species richness
multiplicatively demonstrates that there are 1.55 distinct communities
per stratigraphic level and 1.78 distinct communities among strati-
graphic levels. In contrast, when diversity is partitioned using the
numbers equivalent of Simpson's index (2D), a single quarry captures
about 92% of the effective number of common species at Mush. Average

×
w is 1.02 and ×

b is 1.09, indicating that there is essentially one distinct
community of dominant species on the landscape.

3.3. Phytoliths

Out of the 23 samples processed, six yielded bio-silica remains
(Table 3). Lacustrine bio-silica remains, consisting mainly of sponges
but occasionally also diatoms (sample Phy3, Phy4), occur in five of the
samples in percentages ranging from 79% to 96% relative to the total
phytolith count (Fig. 2). The exception is sample Phy1, which comes
from a paleosol 12m below the measured section, predating lake for-
mation, and yielding only phytoliths.

Forest indicator (FI) morphotypes, mainly represented by spherical
rugose/granulate forms (Fig. 9: 1, 2), are the most abundant phytoliths
in all six productive assemblages (Fig. 10). Their abundances vary
among samples from 47% in sample Phy4 (15.5m in the section) up to
94% in Phy5 (16.1m in the section). Hat-shaped morphotypes linked to
palms (Fig. 9: 3) occur in low abundances (8–15%) in samples Phy3,
Phy4, and Phy6. Herbaceous plant indicators (GSSCP + NDG + Sedge
categories) were observed in all assemblages, but their average abun-
dances do not exceed 12% except in Phy3 (28%) and Phy4 (15%). In
particular, Phy3 includes a substantially higher amount of GSSCPs
(19%) than all other assemblages (< 9%). The D/(D + P) × 100 index
shows a median value of 92%; the highest value (100%) is observed for
Phy5, and the lowest value (58%) is observed for Phy3 (Fig. 10). This
range of values, Phy3 excluded, compares with those obtained for
tropical African forests (Fig. 10).

To provide a more robust assessment of the grass community
composition present at the Mush Valley locality, a minimum of 100
GSSCP was counted for the three samples with the highest GSSCP
abundances, namely, Phy3 (19% GSSCP of the total phytolith assem-
blage), Phy4 (7% GSSCP), and Phy6 (8% GSSCP). Because of these

Fig. 7. Nonmetric multidimensional scaling
ordination of Mush quarries (A) and strati-
graphic levels (B). Axes are reversed in
panel B to emphasize the similarity between
the grouping of quarries in panel A with
that of stratigraphic levels in panel B.
Numbers denote sublocalities and letters
stratigraphic levels, as illustrated in Fig. 3.
Symbols are as follows: Level A data are
white circles, Level B gray circles, Level C
black circles, Level D white squares, Level E
gray squares, Level F black squares. In panel
B, Levels B, E, and F plot on top of each
other.

Fig. 8. Morphotypes that occur at relatively high abundance in Level A. Big
Toothed Malvales morphotype, specimen MU39-9 (A) with line drawing of
secondary and tertiary venation and teeth (B), adaxial cuticle with stellate
trichome (C; MU7-43), and abaxial cuticle with stomata and trichome base (D;
MU32-28 #1). “Long&Loopy” dicot morphotype, specimen MU37-22 #9 (E)
and accompanying line drawing (F). Adaxial cuticle, consisting of elongate cells
arranged radially around a trichome base, is shown in the upper two thirds of
the panel G, and abaxial cuticle, with closely spaced stomata, is shown in the
lower third of panel G (MU29-1 #2). “Trinerved pulvinate” dicot morphotype,
specimen MU44-66 (H), pulvinate petiole (or petiolule; I; MU17-29), and
adaxial (J; MU29-15) and abaxial cuticle (K; MU29-15). Scale bars are 1 cm in
A, B, E, and F, 0.5 cm in I, and 50 μm in C, D, G, J, and K. The ruler in H is in
centimeters.
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augmented counts, a total of 26 GSSCP morphotypes were distinguished
and described. Three are similar to morphotypes that today are pro-
duced by Bambusoideae grasses (Piperno and Pearsall, 1998). These
morphotypes consist of spiked top rondels (Fig. 9: 13–15), 4-lobed
crosses decorated by bumps on the top surface edges (Fig. 9: 23), and

collapsed saddles of two variants (Fig. 9: 11–12). Moreover, the pre-
sence of Pharoideae grasses is supported by the combined occurrence of
two morphotypes, a trapeziform (Fig. 9: 8–9) and a bilobate (Fig. 9: 10),
which both match the features observed for the phytoliths produced by
the extant South American genus Pharus (Piperno and Pearsall, 1998;

Table 3
Productive phytolith samples.

Sample ID Field sample number Meter level in measured section (Fig. 2) Lithology Bio-silica remains

Phy6 DDMU-1 17.7 Carbonaceous shale Sponge, Phytolith
Phy5 DDMU-2 16.1 Carbonaceous shale Sponge, Phytolith
Phy4 MV10-24 15.5 Laminated black carbonaceous shale Sponge, Diatom, Phytolith
Phy3 MV10-22 14.9 Laminated black carbonaceous shale Sponge, Diatom, Phytolith
Phy2 MU-11 1.7 Organic-rich mudstone Sponge, Phytolith
Phy1 MV10-02 12m below base of figured section Paleosol Phytolith

Fig. 9. Photographs of the most abundant and taxonomically significant phytolith morphotypes observed in the Mush Valley samples. Phytolith morphotypes were
classified into five categories for paleoenvironmental reconstruction: Grass Silica Short Cell Phytoliths (GSSCPs; panels 8–28), forest indicators (panels 1,2,4), palms
(panel 3), non-diagnostic grasses (panels 6, 7), and non-diagnostic other (panel 5). All phytoliths were photographed at the same magnification; scale bars are 10 μm.
Additional description and diagnosis of phytolith morphotypes is included in Table S2.
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Strömberg, 2003), and, more importantly, the extant African genus
Leptaspis. Finally, the rare occurrence of polylobates displaying a
slightly trapeziform cross section, and true ”Stipa-type” bilobates
(Fig. 9: 24), which were originally described from North American
pooids (Fredlund and Tieszen, 1994; Strömberg, 2003) may indicate
that the Pooideae subfamily was also represented at this locality. Still,
because trapeziform bilobates have also been observed in leaf tissue of
other modern African grass subfamilies within the PACMAD clade
(Novello et al., 2012), this assignment remains tentative. Similarly, the

occurrence of plateaued saddle-like morphotypes (Fig. 9: 18, 26), which
are today produced in abundance in the genus Phragmites (Piperno and
Pearsall, 1998), may point to the presence of C3 PACMADs in the Ar-
undinoideae. However, it cannot be ruled out that they instead derive
from Chloridoideae as plateaued saddle-like GSSCP have been reported
from a few species within this subfamily (Neumann et al., 2017;
Novello et al., 2012). Moreover, the occurrences of various bilobate and
cross types typical of various PACMAD grasses (Fig. 9: 21, 27, 28, 29)
likely indicate the presence of the Panicoideae subfamily at Mush. Fi-
nally, a number of morphotypes (e.g., Fig. 9: 19, 20, 22) could not be
placed taxonomically, mostly because they are known to express high
redundancy in modern African grasses.

3.4. Geochemistry

The apolar lipids in Mush sediments contain a suite of well-pre-
served leaf-wax n-alkanes along with pentacyclic, tetracyclic, and oc-
casional tricyclic terpenoids (Fig. S1; Table S5). Preservation of primary
leaf wax n-alkane distributions is excellent in these sediments as in-
dicated by the ACL and CPI values (Supplemental Information). ACL
values range from 29.3 to 31.1 and CPI values from 3.7 to 5.3 (Fig. S2),
both of which are consistent with observations from living plants (Bush
and McInerney, 2013). No significant differences in ACL or CPI are
observed throughout the section (Table S5). The pentacyclic triterpe-
noids are primarily bacterial hopanes that range in size from C27 to C33
and include normal and A-ring methyl hopanes. The tetracyclic tri-
terpenoids are primarily des-A-ring degradation products of angiosperm
pentacyclic triterpenoids with lupane, and oleanane/ursane structures.
A few samples contained tricyclic diterpenoids (C20H36) typically as-
cribed to gymnosperm sources. In addition to the high CPI values, the
absence of any sterane or hopane biomarkers indicative of thermal
maturation attests to the excellent preservation and thermally im-
mature nature of Mush sediments.

The distribution of n-alkane molecules reflects their biological
sources and preservation. In general, long chain length n-alkane mo-
lecules are preferentially sourced from terrestrial plants, and mid-chain
length molecules from submerged aquatic plants (Ficken et al., 2000;
Liu and Liu, 2016). Paq values measure the relative proportions of
longer compared to middle chain lengths and reflect differences in these
two sources. The overall contribution of terrestrial plants to the leaf-
wax n-alkanes is high relative to submerged sources, as indicated by Paq
values from 0.04 to 0.20 (Fig. 11), with the proportion of aquatic
sources increasing up-section.

Carbon isotope ratios (δ13C) of the terrestrially sourced C29 and C31

Fig. 10. Ratio between spherical rugose phytoliths and Grass Silica Short Cell
Phytoliths (GSSCPs) as an estimation of the vegetation type/physiognomy
(modified after the D/P index defined by Bremond et al., 2008) in 66 modern
soil phytolith assemblages (Barboni et al., 2007; Novello et al., 2017) compared
to the six productive Mush Valley fossil assemblages. The Phy3 assemblage
occurs at 14.9m in the section (Fig. 2). Modern sites were classified into six
different vegetation types according to White (1983) classification.

Fig. 11. Stratigraphic evolution of leaf-wax n-alkane distributions and leaf-wax, bacterial hopane, and higher plant triterpane carbon isotope values. C27hop is
22,29,30-trisnorhopane, C29hop is 30-norhopane, and DesAlup is Des-A-lupane.
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long-chain n-alkanes extracted from bulk sediment from plant macro-
fossil quarries range from −35 to −32‰ and vary by ≤ 2.0‰
throughout the section (Fig. 11; Table S5). These carbon isotope values
are similar to the range expected for C3 angiosperm plants after cor-
rection for changes in atmospheric CO2 (Tipple et al., 2010; Tipple and
Pagani, 2010). The δ13C of des-A-lupane, a degradation product of
functionalized angiosperm triterpenoids, is also nearly constant at
−26.3 ± 0.2‰ (±1s) suggesting no change in terrestrial vegetation
δ13C values (Fig. S3). In contrast, the mid-chain length (C23 and C25) n-
alkanes sourced from submerged aquatic angiosperms become sig-
nificantly more negative up-section, decreasing by ~7‰. Hopane mo-
lecules that were also measured, and are sourced from bacteria, exhibit
the largest range of δ13C values: −60 to −36‰. Like the mid-chain n-
alkanes, the hopane δ13C values become more negative up-section,
however the change is much larger in the hopanes, with 30-norhopane
(C29) decreasing by 22.4‰ (Fig. 11). Within-level quarry values are
more similar to each other than between-level values for δ13C, as well
as for chain-length parameters ACL, CPI, and Paq (Fig. S2).

The δ13C of mid-chain n-alkanes and δ13C of hopanes are correlated
with one another (Fig. S4), suggesting they are both influenced by the
amount of methane-derived carbon in the lake system. Both also are
correlated with Paq, suggesting that the proportion of submerged versus
terrestrial vegetation input to the lake sediments is related to the
amount of methane produced in the lake. The common driver of me-
thane production and submerged plant inputs could be changing lake
levels. In contrast, terrestrial plant n-alkanes (C29 and C31) show only
small variations up-section and with Paq (Figs. S4 and S5), reflecting
that the carbon isotope ratios of leaf waxes from terrestrial plants were
not impacted by lake level changes.

4. Discussion

4.1. Lacustrine paleoecology

A paleosol at 12m below the measured section (Fig. 2) provides
evidence of subaerial conditions, consistent with phytolith assemblages
from this paleosol which are dominated by forest indicators and lack
biosilica from aquatic organisms. The occurrence of ignimbrites be-
tween this sample and the start of the measured lacustrine section
suggests that an explosive volcanic eruption either created a crater lake,
or impeded drainage to form a lake.

Evidence of within-lake conditions comes from the organic-rich
nature of the sediments themselves, supported by abundant sponge
spicules (94.3%) in Phy2. Lagerstӓtte-quality preservation, including
leaf epidermal stellate hairs (Fig. 4F) and organelle-level preservation
of frog skin (Colleary et al., 2015), is usually indicative of anoxic
conditions, which retards or prevents organic matter decay by aerobic
microbes. Extremely fine laminations present in much of the plant fossil
producing strata indicate an absence of bioturbation and the exclusion
of aerobic benthic biota. The high abundance of des-A ring triterpenoid
molecules in all analyzed organic geochemical samples is also in-
dicative of anoxia, as these molecules are diagenetic products formed
by microbial degradation of their functionalized precursors under an-
oxic conditions (van Bree et al., 2016, and references therein). Fur-
thermore, anoxic sediments are indicated by very negative δ13C values
of several hopanoid compounds suggestive of methanotrophy (Fig. 11).
Biogenic methane produced by microbes in anaerobic environments
typically has δ13C values below ~ -45‰ (Whiticar, 1999). Oxidative
consumption of this methane by methanotrophic bacteria imparts a
more negative δ13C signature to bacteria-derived hopane molecules.
The strong 13C depletion amongst the C30 and smaller hopanes, but not
the C31 and larger hopanes, is also consistent with methane consump-
tion. In modern peatlands this same δ13C pattern is observed where it
has been ascribed to a more diverse bacterial source including metha-
notrophs for the smaller hopanes and a more restricted precursor
(primarily bacteriohopanetetrol) and bacterial community for the C31

and larger hopanes (Inglis et al., 2019). Methane oxidation was also an
important contributor to lake water dissolved inorganic carbon, in-
dicated by the more negative δ13C values among the mid-chain alkanes
produced by aquatic macrophytes.

The lacustrine sediments are interrupted by a relatively thick
(~18 cm) ash bed at Level C, which contains several frog and fish
skeletons. These remains lack skin compressions found elsewhere in the
section (e.g., between 8.4 and 8.6m) and may reflect increased de-
gradation due to relatively higher oxygen levels, and disruption of
stratification in the lake. The floating aquatic fern Salvinia occurs in the
beds immediately above Level C, perhaps in response to deposition of
the ash. Floating aquatics are superior competitors for light, but require
high dissolved nutrient levels because they do not have roots. We hy-
pothesize that the rapid deposition of Level C ash, which lacks bedding,
brought both organic and inorganic nutrients to the water column. The
change in water chemistry that occurred during this time would also
have impacted amphibians in the lake, potentially causing a massive
die-off as evidenced by abundant frog skeletons on the upper surface of
Level C.

Evolution of lake conditions up-section is indicated by changing leaf
wax n-alkane distributions and carbon isotope ratios. The relative
contribution of submerged macrophyte leaf-waxes, documented by the
Paq parameter, is low at the base of the lacustrine section (Level A) and
increases up-section (Fig. 11). This may indicate shallowing of the lake
and increasing proximity to littoral vegetation at the sampling loca-
tions. Such decreases in lake depth could result from sedimentary in-
filling and/or incision of the lake outlet over time. Lake-depth varia-
tions due to hydrologic change appear unlikely as reconstructed rainfall
amounts do not significantly change up-section (Bush et al., 2017).
Methane oxidation also increases up-section as documented in the
progressively more negative δ13C values of bacterial hopanes and
aquatic macrophyte leaf-waxes (Fig. 11). It is not certain whether this is
a response to shallowing conditions, increasing thickness of organic
rich sediments, or other processes.

The sediments above the macrofossil census levels, particularly
between 13 and 16.5m, contain coarser-grained deposits including
sandstones with fining upward sequences, burrows, and asymmetrical
ripples. These deposits suggest lower lake levels and perhaps stream
flow into the lake, in addition to an oxygenated mud-water interface,
and may reflect the culmination of the shallowing trend identified in
the lacustrine shales. The biosilica assemblages document diatoms at
14.9 m and 15.5m, suggesting a change in hydrology. Moreover, these
assemblages are more heterogeneous, containing a significant propor-
tion of palm phytoliths and grass phytoliths that strongly resemble
those produced by Arundinoideae and mesophytic (likely C3)
Panicoideae species, perhaps growing along the lake margin. Although
no palm macrofossils were identified in the census collections,
Sclerosperma pollen (Fig. 4I–K), which is morphologically distinct from
other palm genera (Grímsson et al., 2019), was recovered from four
stratigraphic levels. Today, Sclerosperma most commonly occurs in
swampy areas of West Africa (Van Valkenburg et al., 2008).

4.2. Terrestrial paleoecology

To understand how much time could be represented by the 7m of
sedimentary strata from which the plant localities at Levels A - F were
collected, we can look to Pleistocene lacustrine core sediments that
have good time control through the column. Sedimentation rates in
tropical African lakes and swamps vary with depth for a variety of
reasons that may include climate change, surrounding vegetation type,
and compaction, but overall the rates range from about 20 to 50 yrs/cm
(e.g., Marchant et al., 1997; Rucina et al., 2009). Barombi Mbo, Ca-
meroon, a volcanic maar lake surrounded today by lowland tropical
forest, has been studied extensively; it exhibits little interruption in
sedimentation and has a remarkably consistent rate of deposition for its
depth (Giresse et al., 1991; Lebamba et al., 2012; e.g., Maley et al.,
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1990). There, 21m of organic matter has been radiocarbon-dated to
28,000 B.P., producing an overall chronology of about 13 yrs/cm. The
deepest dated segment where compression should be the most sig-
nificant has a chronology of about 10 yrs/cm (Lebamba et al., 2012).
Mush Valley sediments are lithified, and therefore compaction and
dewatering likely played a large role in the time represented. Deep
terrestrial cores from Europe are among the longest known, but even
there at depths of 18–20m, age – depth relationships indicate accu-
mulation times of between 23 and 67 yrs/cm (Lake Yamozero, Russia;
Helmens, 2014; La Grande Pile, France; Rousseau et al., 2006). The
lacustrine shales at Mush show no signs of hiatuses aside from the short-
lived ash deposits. Thus, by analogy with the well-dated lacustrine
cores, the 7m of carbonaceous shale at Mush would have accumulated
over the course of millennia, very likely amounting to no longer than
50,000–60,000 years.

Each macrofossil census level is approximately 5 cm thick, which, if
the above estimates of accumulation rates are appropriate, would re-
present as much as one to three centuries. The finely laminated shales
and organic preservation indicate very little if any mixing took place
once leaves settled to the bottom of the lake. At this scale of time
averaging, a single level could sample a community that has been stable
and is a mature forest, or a community at some stage of recovery from
an intermediate level of disturbance (e.g., from an extreme weather
event, tree falls, or eruption and deposition of volcanic ash). An
abundance of forest-indicator phytoliths in Phy2 documents that closed
forest conditions surrounded the lake before the start of our macrofossil
record, and supports the interpretation of Bush et al. (2017) that Mush
was a closed-canopy, mixed-moist semi-evergreen forest, based on
isotopic, taxonomic, plant morphological, and paleoclimatic data. In
addition, phytolith evidence for closed-habitat grass subfamilies such as
Pharoideae and Bambusoideae occurring throughout the Mush se-
quence lends further credence to this reconstruction.

Fine-scale sampling of closely-spaced contemporaneous quarries
reflects heterogeneity of the surrounding source vegetation as re-
presented by leaves falling or washing into the lake. The percent of
species shared between two quarries from the same stratigraphic level
ranges from 38% to 64%, which is only slightly higher than the range of
30%–55% observed between two litter samples from the same hectare
of a modern, heterogeneous Peruvian forest (Burnham, 1994). Each
fossil assemblage likely represents 100–300 years, and so it is un-
surprising that fossil assemblages would be more similar than litter
samples collected in the same year. Analyses of between-quarry and
between-level similarity indicate that species abundance patterns vary
more between levels than between quarries. That is, temporal variation
was greater than spatial variation. Additive diversity partitioning ana-
lyses support this result: between-level richness ( +

b ) is more than twice
as high as between-quarry (within-level, +

w ) richness. Differences
among stratigraphic levels are statistically significant, as indicated by
Welch Two Sample t-tests using both Bray-Curtis and Jaccard differ-
ences. However, comparing richness and the numbers equivalent of
Simpson's index demonstrates that there is little change in the dominant
species either within or between levels; it is the rarer species that are
driving the differences. This is further demonstrated by the Jaccard
Similarity Coefficients (Table 2); all levels average between 0.55 and
0.57, excluding Level C.

Comparisons of morphotype abundance distributions indicate that
Levels A and C are different from each other, and from all other as-
semblages by level. The uniqueness of Level C may be due to a low
sample count (95 leaves), which limits interpretations. This small
sample size is due largely to the matrix, which is not a shale, but a
blocky, buff-colored mudstone, likely a devitrified ash, with larger,
more intact, specimens dispersed among more abundant plant “hash”.
Compositionally, Level C differs from others by having multiple speci-
mens of Tacca umerii and “Big Toothed Malvales.” Today, Tacca is as-
sociated with understorey vegetation in secondary forests, and its

presence in Level C could reflect that habitat. Nevertheless, this inter-
pretation remains tentative. Level A differs from other levels by having
lower relative abundances of leaves from legume taxa, especially
Legume 1 (30.9%), and greater relative abundances of other taxa,
particularly Tacca umerii, “Long&Loopy,” and “Ellen's Head” (Fig. 6).
This pattern results in the higher evenness statistic (Pielou's J) for Level
A compared with all others and also underlies its greater Simpson's
diversity (Table 1; Fig. 7).

Fluctuations in phytolith assemblage composition through the sec-
tion, specifically in the abundance of forms diagnostic of palms, grasses,
and other herbaceous taxa, point to some temporal variation in the
structure of vegetation surrounding the lake. However, it is hard to
evaluate how these changes in openness relate to the diversity and
evenness changes among plant macrofossils, given that the phytolith
and macrofossil assemblages are from different horizons.

There is no evidence for major plant species turnover or changes in
vegetation structure during the time represented by the sampled hor-
izons, such as would be found, for example, over a comparable time
scale spanning the Pleistocene-Holocene transition. The degree of eco-
logical change through time compares favorably to community ecology
dynamics and less so to any significant abiotic drivers such as climate
change or catastrophic disturbance (in spite of evidence of significant
ash falls). For example, slight changes in openness, as indicated by the
phytolith record, may relate to tree gap dynamics, development of
grassy wetlands along the shore, or similar small-scale processes.
Variations in floral diversity and species relative abundance distribu-
tions in both time and space may have been driven by minor differences
in the abiotic environment or by ecological drift (neutral processes).
The Mush Valley record presented here likely illustrates a dynamic
stable state in forest vegetation surrounding the lake 21.7 million years
ago and provides another example of forest community resilience to
volcanism (Lowe et al., 2018, and references therein; García Massini
and Jacobs, 2011).

4.3. Early Miocene ecosystems in the African tropical forest biome

The Mush Valley fossil site is unique with regard to its age and
geography. No other plant macrofossil assemblages of comparable age
have been reported from tropical Africa, although recent revisions to
the geochronology of sediments at Rusinga Island, Kenya, estimate the
fossiliferous deposits there range in age from 20 to 17Ma (Peppe et al.,
2011). Rusinga plant fossils consist of fruits and seeds with twigs and
thorns (Chesters, 1957; Collinson, 1985; Collinson et al., 2009), in situ
remains of tree stump casts and roots (Michel et al., 2014), and strati-
graphically closely associated leaf impressions, all estimated to be ap-
proximately 18Ma (Maxbauer et al., 2013; Michel et al., 2014). Re-
constructions based upon these lines of evidence and the sediments
themselves are interpreted as representing a variety of habitats, with an
important role for deciduous broad-leaved woodland having a con-
tinuous canopy (Collinson et al., 2009), forested areas (Maxbauer et al.,
2013; Michel et al., 2014), and riparian environments within a climate
having pronounced dry seasons (Maxbauer et al., 2013). The fossils and
their meaning at Rusinga differ significantly from what we have de-
scribed for the Mush Valley paleoflora in this paper, but it is important
to note that the Mush fossils may be close to three million years older
and higher in elevation. Rusinga is nearly 1300 km to the SSW of the
Mush Valley, and today is about 1500m lower in elevation. While Mush
may not have been as high as its modern elevation (2700m above sea
level) due to mid-Miocene uplift of the rift shoulders, it sits atop pla-
teau-forming Oligocene flood basalts and therefore is unlikely to have
been lower than 1500m. The time difference makes it impossible to
know whether topographic differences or climatic differences account
for different environments at Rusinga and Mush.

The late Oligocene Chilga paleobotanical site at Guang River, dated
at 27.23 ± 0.3 (Tesfamichael et al., 2017), is only about 400 km to the
NNW of the Mush Valley, sits atop plateau basalts, and is 720m lower
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in elevation than Mush as it would have been in the Miocene. The
paleoflora was interpreted to represent a lowland or submontane sea-
sonally or periodically inundated riparian forest having botanical affi-
nities with modern floras of Central, West, and East Africa (Pan, 2007,
2010; Pan et al., 2014; Pan et al., 2010). No leaf morphotype occurs at
both Chilga and Mush, which is unsurprising given that the roughly
seven million years that separate the two sites saw global warming of at
least 2 °C (Tesfamichael et al., 2017) and the establishment of a per-
manent land connection between Africa and Eurasia (Gheerbrant and
Rage, 2006). There are, however, similarities at higher taxonomic le-
vels, which will be the subject of future research. Like Mush, legumes
dominate the Guang River flora, comprising 47.6% of leaves and 12.5%
of leaf morphotypes (Currano et al., 2011). Species within the genus
Tetracera (Dilleniaceae), the family Dioscoreaceae, and possibly the
genus Strychnos (Loganiaceae) occur at low abundances at both sites.
Although palms are present at both sites, only pollen and phytoliths of
the swamp palm, Sclerosperma, occur in common, whereas macrofossil
remains from Chilga demonstrate palms were diverse and abundant in
the late Oligocene, representing three of the five extant subfamilies
(Pan et al., 2006). Modern-day tropical Africa is notably depauperate in
palms when compared with the Neotropics and Southeast Asia, and our
results, in addition to prior documentation of fossil palms, support
hypothesized significant declines in diversity at multiple times during
the Cenozoic (Morley, 2000; Pan et al., 2006), considerably pre-dating
Pleistocene climate changes. Interestingly, there are no known African
Neogene fossil assemblages having a diversity of palms.

The Mush data demonstrate that forest vegetation dominated by C3
taxa persisted in Ethiopia until at least 21Ma. However, Mush also pro-
vides a unique, first glimpse of the Poaceae lineages that inhabited the
African continent during the Cenozoic. Its phytolith assemblages suggest
a mix of typical forest grasses (Pharoideae, Bambusoideae) and sub-
families known to contain abundant species that today thrive in open
habitats (e.g., Panicoideae, Pooideae). These taxonomically, and poten-
tially ecologically diverse communities may foreshadow the onset of
forest fragmentation in East Africa later in the Miocene (Uno et al., 2016).

5. Conclusions

The Mush Valley fossil deposits provide a geologically brief view of
mid- to upland, closed-canopy forest with affinities to the West, Central,
and East African mixed-moist semi-evergreen rainforests that today
exhibit several disjunctions (e.g., Faden, 1974). Initial work on the
taxonomy of the Mush flora documents taxa not found today in
Ethiopia, as was the case with the older Chilga paleoflora (Pan, 2007).
Additional work on the living relatives of the Mush flora will reveal
perhaps additional but subtle differences between the late Oligocene
and early Miocene, and will provide a more nuanced understanding of
the biotic changes that took place across the Paleogene-Neogene
boundary in the uplands of the Horn of Africa. Furthermore, as is true
today, the Mush Valley in the Miocene was likely higher in altitude than
western Kenya, where more open conditions have been documented in
some areas (Maxbauer et al., 2013). Multiple lines of evidence indicate
anoxic bottom waters in the Mush paleo-lake, which permitted excep-
tional preservation of organic remains and enabled paleoecological
analysis of both the vegetation surrounding the lake and the lake itself.
To the best of our knowledge, the integration of leaf macrofossils,
pollen, phytoliths, compound-specific organic geochemistry, and stra-
tigraphic data in deep time is unique to this study, and demonstrates
the potential of proxy inter-comparison for maximally resolved and
robust paleoenvironmental reconstruction.
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