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ABSTRACT 
 

Global climate is changing at a rate that is unprecedented for the modern era, and 

atmospheric CO2 is at a level that has not been seen in ~3 million years. Recorded climate 

observations extend back only ~130 years. In order to understand how the Earth system may 

respond to present and future levels of CO2 forcing, we need to interpret ancient archives of 

climate and vegetation. The study of human evolution also involves studying past climate and 

vegetation, as it may have been influenced by climate change. Reconstructing past climate and 

vegetation often requires the use of robust molecular and microscopic fragments of plants. This 

dissertation uses microscopic plant opal silica phytoliths and microscopic charcoal from East 

Africa to reconstruct vegetation and hydroclimate for three important places and times in Earth 

and human history: (i) the Lake Malawi region after the Mount Toba supereruption at ~74 ka, (ii) 

the mid-Piacenzian Warm Period (MPWP) and the Plio-Pleistocene transition (3.29–2.57 Ma) in 

the Baringo Basin, Kenya, and (iii) the early Pleistocene (1.87–1.38 Ma) in the Turkana Basin, 

Kenya. 

These three study sites were investigated by drilling ancient lake sediments to recover 

soft sediment cores. From these cores, a total of 1029 samples were analyzed for phytoliths and 

microcharcoal. For the Mount Toba supereruption, we found no change in low elevation tree 

cover, or change in cool climate C3 and warm season C4 xerophytic and mesophytic grass 

abundance that was outside of normal variability for samples synchronous or proximal to the 

eruption. A spike in locally derived macrocharcoal and xerophytic C4 grasses immediately after 

the Toba supereruption indicated reduced precipitation and die-off of at least some afromontane 

vegetation, but did not signal volcanic winter conditions as had been hypothesized. For the 

Baringo Basin during the MPWP (3.26–3.01 Ma), which is the last time global atmospheric CO2 
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in a warm world was at levels similar to today, intervals with exceptionally high microcharcoal 

influx suggest regional turnover from woody to open habitats was driven in part by fire. After 

~3.0 Ma, low elevation woody cover likely never exceeded 40% and mesic tall-grass vs. xeric 

short-grass savanna varied at precessional periodicities. For the Turkana Basin during the early 

Pleistocene, spectral analysis found that microcharcoal varied at precession (23–19 kyr), half-

precession (9.6 kyr), and quarter-precession (5.1 kyr) periodicities, and linked orbital-forced 

peaks in precipitation with elevated fire on the landscape. Phytoliths show that C4 mesic and C4 

xeric grasses varied at precession and quarter-precession periodicity. Identification of the Natoo 

Tuff in WTK13 allowed a direct linkage to the Nariokotome Boy Homo erectus/ergaster site. At 

the time that the Nariokotome Boy walked this ancient landscape, phytoliths indicate that the 

area was a seasonally wet and open environment dominated by short stature C4 Chloridoideae 

grasses, sedges, and other herbaceous plants. 
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INTRODUCTION 
 

Global climate is changing at a rate that is unprecedented for the modern era, in response 

to rising levels of CO2 (Reidmiller et al., 2018). Global average atmospheric CO2 is now over 

410 ppm (Tans and Keeling, 2019), a level that has not been seen in over 2.6 million years 

(Foster et al., 2017). Recorded climate observations extend back only ~130 years. In order to 

understand how the Earth system may respond to present and future levels of CO2 forcing, we 

need to interpret ancient archives of climate and vegetation. The study of human evolution also 

involves studying past climate and vegetation. Various human-environment models such as the 

Variability Selection Hypothesis (Potts, 1998) and the Accumulated Plasticity Hypothesis 

(Grove, 2015) have been proposed to explain the patterns and processes that may have driven 

human evolution. Reconstructing past climate and vegetation often requires the use of robust 

molecular and microscopic fragments of plants. This dissertation uses microscopic plant opal 

silica phytoliths and microscopic charcoal from East Africa to reconstruct vegetation and 

hydroclimate for three import places and times in Earth and human history: (i) the Lake Malawi 

region after the Mount Toba supereruption at ~74 ka, (ii) the mid-Piacenzian Warm Period and 

the Plio-Pleistocene transition (3.29–2.57 Ma) in the Baringo Basin, Kenya, and (iii) the early 

Pleistocene (1.87–1.38 Ma) in the Turkana Basin, Kenya. These three research topics have been 

written in article form for publication and are presented in this dissertation as Appendices A, B, 

and C, respectively.  
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Landscape fire reconstruction from microcharcoal 
 

The use of sieved macroscopic charcoal (macrocharcoal) from lake sediments to 

reconstruct fire history is a well-established proxy in paleoecology and paleolimnology (e.g., 

Swain, 1973; Whitlock and Anderson, 2003), and has been successfully applied in Africa (e.g., 

Nelson et al., 2012; Aleman et al., 2013). The use of microscopic charcoal (microcharcoal), 

typically from prepared pollen slides is not as often applied as the sieved-sediment method, but is 

being utilized more in paleoecological studies (Fig. 1), including in East Africa (Rucina et al., 

2009). The sieve-size cutoff for a macrocharcoal study varies by author but is typically ~150 μm. 

The main difference between the two approaches is that macrocharcoal represents a local record 

of fire, whereas microcharcoal reflects a regional record of fire resulting from the longer 

dispersal distance of smaller particle sizes (Clark, 1988; Peters and Higuera, 2007). However, 

because pollen extraction methods fracture larger charcoal particles (Carcaillet et al., 2001), 

pollen-slide microcharcoal abundance may represent both a local and a regional record. A direct 

comparison of sieve- versus pollen-extracted charcoal found that pollen-slide concentrations 

were higher, but the broad-scale trends in fire between the two approaches were comparable 

(Carcaillet et al., 2001). 

 

 
 
Fig. 1. Publications by year with “microcharcoal” and “phytolith” in either the title or abstract. 
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Phytolith extraction procedures are just as likely to fracture charcoal as pollen 

procedures, thus microcharcoal counts from phytolith slides are also assumed to contain both a 

local and regional fire signal unless larger fragments are removed by sieving prior to the 

extraction. There is evidence to suggest that the steps used to remove organic matter in phytolith 

extractions may actually improve microcharcoal recovery. In a controlled comparison of 

microcharcoal extraction methods, density separation using a heavy liquid set at 2.2 g/mL and 

chemical removal of organic matter produced a significantly higher microcharcoal yield than 

other common methods (Turner et al., 2008). One of the first studies of microcharcoal 

abundances from prepared phytolith slides was conducted by Piperno (1994) from lake 

sediments in Panama. Since that time, there has been limited use of this approach. However, the 

three appendices of this dissertation make explicit use of phytolith extracted microcharcoal 

abundances in developing the hydroclimate and vegetation reconstructions presented therein. 

Both direct comparisons to other records and time series analysis demonstrate that microcharcoal 

records obtained in this way provide coherent signals of regional fire on the landscape.  

 

The development of phytolith analysis: a brief history 
 

Phytoliths are opal silica casts and infillings of plant cells that persist in soils and 

sediments after plant matter decays (Piperno, 2006). Phytoliths were first described in plants by 

Struve (1835), and were first described in soils by Ehrenberg (1841). However, in 1833, Charles 

Darwin collected brown dust from the sails of the HMS Beagle when it was anchored off the 

west coast of Africa near the Cape Verde Islands. He later sent those dust samples to Ehrenberg, 

who observed numerous phytolith morphotypes that he called “phytolitharia” from the Greek 

meaning “plant stone” (Piperno, 2006). Despite these early discoveries of phytoliths, their use to 
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answer scientific questions, especially relative to pollen analysis (palynology), has been slow. 

Palynology received a huge boost in the 1930s when it was discovered that pollen could be used 

to identify oil and gas bearing deposits. This led to specialized graduate programs in geology 

departments and jobs in industry that employed hundreds of palynologists (Bryant, 1993). It 

wasn’t until the 1980s, when archaeologists started looking for phytoliths at archaeological sites 

that phytolith analysis as discipline started to advance (Piperno, 1988).  

The application of phytolith analysis in the geosciences, especially in the fields of 

paleoecology, paleolimnology, and paleoclimatology did not increase until the early 2000s, and 

even since then the number of publications are relatively low (Fig. 1). This may be due, in part, 

to the fact that phytoliths are not produced by all plants. They are most commonly produced by 

monocotyledonous plants such as grasses, sedges, and palms, and are not as commonly produced 

by dicotyledonous plants, particularly woody vegetation (Piperno, 2006). Thus, not all questions 

that require a paleovegetation reconstruction may be appropriate for phytolith analysis. 

The issues of multiplicity and redundancy (Rovner, 1971), which really came to light 

with Dwight Brown’s seminal work on grass phytoliths from the North American Great Plains 

(Brown, 1984), probably had tempering effect as well. Brown (1984) found numerous examples 

in which some taxa produced multiple morphotypes (multiplicity), and many unrelated taxa 

produced similar morphotypes (redundancy), which made unequivocal phytolith associations 

with various levels of taxonomy or grass functional types nearly impossible. Since that time, 

phytolith classification systems, although still not standardized, have become more sophisticated 

(e.g., Eichhorn et al., 2010; Collura and Neumann, 2017; Neumann et al., 2017), and the use of 

species distributions to determine phytolith morphotypes that are diagnostic at local and regional 

levels has also helped to advance the discipline (e.g., Yost and Blinnikov, 2011; Pearsall, 2016). 
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To overcome the issues of multiplicity and redundancy, the works presented in the appendices of 

this dissertation make use of the fact that there is often an overwhelmingly dominant association 

of particular phytolith morphotypes at various taxonomic and functional type levels, and that just 

a few grass species often make up the majority of the biomass in many grass-dominated or co-

dominated systems (Edwards et al., 2010). 

 

Prospects for use of the Iph aridity index 
 

For the studies presented in the appendices of this dissertation, reconstructed 

hydroclimate and savanna structure rely heavily on the use of the Iph phytolith index. This 

section provides some background on why I believe the Iph index provides a coherent signal of 

aridity and can differentiate between mesic tall-grass and xeric short-grass savanna. 

The aridity index (Iph) is the ratio of saddle phytoliths versus saddle + bilobate + cross + 

polylobate phytoliths, which is essentially a relative measure of C4 Chloridoideae versus C4 

Panicoideae grasses (Fig. 2). This index works best for 

grass dominated or co-dominated plant communities, and 

in Africa can be used to discriminate between Sahelian 

versus Sudanian savannas (Bremond et al., 2005; Novello 

et al., 2017)), or the expansion and contraction of riparian 

grass communities (Novello et al., 2012). However, the 

Iph index is less robust at high elevations or high 

latitudes where C3 grasses are dominant (Bremond et al., 

2008).  

Fig. 2. Micrographs of phytoliths 
used in the Iph aridity index. 
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A rather remarkable relationship that exists between the occurrence of species within the 

predominantly C4 Panicoideae and Chloridoideae grass subfamilies and mean annual 

precipitation (MAP). Taub (2000) showed that the number of Panicoideae (Chloridoideae) 

species that occur in a given area increases (decreases) with increasing (decreasing) MAP (Fig. 

3A). This same relationship has been found for Australia (Hattersley, 1992), Namibia (Ellis et 

al., 1980), and Argentina (Cabido et al., 2008). By aggregating published vegetation plot data 

(Heady, 1966; Schmidt, 1975; Belsky, 1983, 1985, 1986; Banyikwa et al., 1990; Macharia and 

Imbamba, 1991), I have now demonstrated this same relationship for East Africa (Fig. 3B).  

 

 

Fig. 3. The percentage of the number of tall-grass Panicoideae species relative to the sum with 
Chloridoideae species versus mean annual precipitation for study plots from A) the continental 
United States, recalculated from Taub (2000), and B) East Africa (this study). The 50% 
crossover value of 639 mm for Namibia is estimated from Ellis et al. (1980). The 50% crossover 
value of 815 mm for Argentina is estimated from Cabido et al. (2008). 
 
 

Approximately 86% of all Panicoideae use the NADP-ME biochemical variant of C4 

photosynthesis, and 99% of all Chloridoideae use the NAD-ME and PCK variants (Taub, 2000). 

NAD-ME and PCK C4 grasses are associated with increased water use efficiency, and NADP-

ME grasses are associated with increased nitrogen use efficiency (Rao and Dixon, 2016), so the 

Panicoideae and Chloridoideae relationships to MAP are not surprising. However, studies by 
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Taub (2000) and Bocksberger et al. (2016), both using partial correlation analysis, showed that a 

suite of functional traits at the subfamily and tribe level, especially plant height (Bocksberger et 

al., 2016), rather than photosynthesis variant, produced strong correlations with MAP. This is 

important because Panicoideae and Chloridoideae grasses in the geologic record can be reliably 

identified by the presence of either panicoid-type bilobate and cross phytoliths or chloridoid-type 

saddle phytoliths. This also explains the effectiveness of the Iph phytolith index as a relative 

measure of aridity for places where the mean annual temperature is above 20° C, the temperature 

threshold for C4 plant dominance over C3 plants (Cerling et al., 1997), and indicates the potential 

for the Iph index as a transfer function for MAP. 

Despite the strong relationship of the seemingly crude measure of panicoid and 

chloridoid species number to MAP, relating the percent cover to MAP is more robust (Cabido et 

al., 2008). However, presence/absence lists of grasses are much more common than quantitative 

measures of cover, and this is especially true for much of Africa. Regardless, an attempt was 

made to compile quantitative measures of cover for Panicoideae and Chloridoideae taxa in East 

Africa. By switching from the species occurrence to the species percent cover method, there was 

only a modest improvement from 75 to 80% in explained variability (Fig. 4A). However, an 

apparent threshold at 790 mm MAP for significant tall-grass Panicoideae dominance was 

revealed. For the Serengeti, McNaughton (1983) identified a short-grass (Chloridoideae 

dominated) to medium-height (Panicoideae dominated) boundary at ~700 mm MAP, and a 

medium to tall-grass boundary at ~900 mm MAP. 

The purpose of identifying MAP levels for majority Panicoideae occurrence and MAP 

levels for unambiguous Panicoideae dominance is to establish at what point Panicoideae 

phytolith abundance in the form of the Iph index indicates that a particular precipitation 
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threshold has been crossed. Because more Chloridoideae phytoliths can fit in a given leaf area 

than Panicoideae phytoliths, but Panicoideae grasses generally have a larger growth form than 

Chloridoideae grasses, a simple majority of Panicoideae phytoliths (Iph < 50%) is unlikely to 

occur at either Panicoideae species occurrence or percent cover crossover points. In fact, this is 

what is seen in modern phytolith calibration studies (Fig. 4B). Novello et al. (2017) report an Iph 

threshold of significance value of 27.8% for identifying tall-grass Sudanian vegetation 

communities from short-grass Sahelian communities in the Chad Basin. Bremond et al. (2005) 

report an Iph value of 20 ± 1.4% for this same tall- vs. short-grass divide for the Sahelian and 

Sudanian regions in Senegal and Mauritania. 

 

 

Fig. 4. Grass subfamily dominance vs. mean annual precipitation. A) Percentage Panicoideae 
cover relative to the sum with Chloridoideae cover versus mean annual precipitation. B) Iph 
index and precipitation thresholds for Sahelian short-grass and Sudanian tall-grass savannas. 
West Africa Iph threshold value from Bremond et al. (2005). Chad Basin Iph threshold value 
from Novello et al. (2017). Chloridoideae dominance precipitation threshold of 700-750 mm 
from van Wyk (1979). Sahelian/Sudanian physiognomic precipitation threshold of 600 mm from 
(Nicholson, 2013). 
 

Both of these studies calculated Iph values from modern soils collected along 

precipitation gradients. Bremond et al. (2005) reported MAP values for their samples. I estimated 

MAP for the Novello et al. (2017) samples from a 1961-1991 gridded dataset (CRU, 2018). Iph 
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values versus MAP were plotted for selected samples from each of these studies (Fig. 5). For the 

Bremond et al. (2005) study, samples from the extreme ends of the precipitation gradient 

(rainforest and Sahara desert) were excluded from the least squares regression because of their 

erratic values. Despite the scatter, there is a clear relationship between Iph value and MAP. 

Many of the Bremond et al. (2005) samples appear to have been collected in close proximity to 

major rivers, which may enhance soil moisture compared to sites only receiving water from 

rainfall. Careful consideration and removal of these samples may improve the Iph–MAP 

relationship substantially. 

 
 
Fig. 5. Iph Index values versus mean annual precipitation for modern samples from West Africa 
and Chad. The values for West Africa are from Bremond et al. (2005). The Iph values for Chad 
are from Novello et al. (2017). 

 

By examining the two studies above, it is clear that the Iph index measures hydroclimate 

via grass community composition. Although it is beyond the scope of this dissertation, 

development of a MAP transfer function should be pursued. However, there appears to be a 

limitation in accurately applying the Iph index in areas with a MAP < ~300 mm. The Bremond et 

al. (2005) samples from the Sahara had Iph values that ranged between 9–29% (avg. 21%), 

which in West Africa, are more typical of areas with MAP > 500 mm, not the ~100 mm MAP 

values for their modern Sahara samples. Novello et al. (2017) also had a ~300 mm MAP sample 
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with a relatively low Iph value. This is likely due to the prevalence of Aristida sp. (Aristidoideae, 

formerly Arundinoideae) grasses in the Sahel and Sahara (van Wyk, 1979). 

Despite being a xerophytic C4 grass, some species of Aristida produce saddles, but many 

others produce bilobates (Barboni and Bremond, 2009; Rossouw, 2009), which are typically 

produced by mesic C4 Panicoideae. Thus, being able to separate Aristida-type bilobates from 

Panicoideae bilobates would improve the Iph–MAP relationship. Aristida is a common grass 

today in areas that surround Lake Turkana, a region with MAP < 300 mm. Other common 

species in the Turkana Basin today are Chloridoideae grasses Sporobolus, Enneapogon, and 

Eragrostis (Olang, 1984; Carr, 1998; Mbaluka and Brown, 2016). These genera are notable 

because they have species that predominantly produce bilobates and rondels instead of saddle 

phytoliths. The Lake Turkana basin is the focus of the study presented in Appendix C, so the 

potential for overestimating precipitation caused by bilobate production in non-mesic C4 grasses 

is carefully considered.  

 

Why use phytoliths to study paleoclimate and paleovegetation? 
 

Grass-dominated habitats cover 40% of Earth’s land surface (Gibson, 2009), which spans 

a huge range of environmental conditions, from the tropics to the Arctic, from sea level to 

mountain tops, and from arid to humid areas (Veldman et al., 2015). Grasses are annuals, 

biennials or perennials that typically live for just a few years (Lauenroth and Adler, 2008), and 

their composition on the landscape and along elevation gradients can change relatively quickly in 

response to changes in temperature and precipitation, which makes them good indicators of 

hydroclimate and temperature variability. Because grass pollen can rarely be identified below the 

family level (Poaceae), and carbon isotopic analyses cannot distinguish C3 grasses from all other 
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C3 plants, including trees, the diversity and habitat specificity of grasses at lower taxonomic 

levels has not been fully exploited in paleoenvironmental reconstructions. A major strength of 

phytolith analysis is the ability to identify grasses, with some degree of certainty, to subfamily 

and sometimes lower taxonomic levels. At the subfamily level there are often significant 

differences in the photosynthetic fixation of carbon, and moisture, temperature, and light 

requirements. The study presented in Appendix A uses both the temperature and moisture 

preferences for grasses identified at the subfamily level to determine the effects of the Mount 

Toba supereruption at ~74 ka. The studies presented in Appendices B and C use the Iph aridity 

index, as well as a tree cover index to reconstruct savanna structure and variability over time. 

 

PRESENT STUDY 

 

 The three articles appended to this dissertation (A-C) give thorough details of the 

background, locality, methods, results, and conclusions of each study. Each appendix is 

formatted for the specific journal targeted for its submission. Appendix A has been published in 

the Journal of Human Evolution (Yost et al., 2018). Appendix B has been submitted and is 

currently in review with Palaeogeography, Palaeoclimatology, Palaeoecology (Yost et al., 

2019). Appendix C is formatted for submission to Quaternary Science Reviews. These 

appendices are all multi-authored articles with me as the lead author. All phytolith and 

microcharcoal work is wholly my own. Most coauthorships reflect use of core age model data, 

assistance with acquisition of core material and drilling logistics, and use of initial core 

description data. Lilly Jackson provided macrocharcoal data for Appendix A. Nathan Rabideaux 

and Sara Ivory provided XRF and pollen data, respectively for Appendix B. 
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Appendix A 
 

Appendix A is entitled: Subdecadal phytolith and charcoal records from Lake Malawi, 

East Africa imply minimal effects on human evolution from the ~74 ka Toba supereruption. In 

this study we set out to test the volcanic winter/weak Garden of Eden hypothesis, otherwise 

known as the Toba catastrophe hypothesis. The magnitude of the Indonesian Mount Toba 

supereruption at ~74 ka and its temporal proximity to a Late Pleistocene human population 

bottleneck and to various models of anatomically modern human (AMH) dispersal out of Africa 

have made this eruption the subject of much debate. It has been argued that the eruption caused a 

6-year-long global volcanic winter and reduced the effective population of AMH to fewer than 

10,000 individuals (Ambrose 1998; Rampino and Ambrose, 2000). 

To test this hypothesis, we sampled two cores (2A and 1C) collected from Lake Malawi 

in East Africa, where cryptotephra previously fingerprinted to the Toba supereruption was 

recovered. The cores were originally retrieved in 2005 by the Lake Malawi Drilling Project and 

were recently analyzed for evidence of cryptotephra from the Toba supereruption (Lane et al., 

2013). For this current study, samples were collected from 15 intervals below and from 30 

intervals above the Toba cryptotephra position in Lake Malawi cores 2A and 1C. The ~3–4 mm 

intervals were sampled continuously for phytoliths and charcoal, with no stratigraphic breaks 

between adjacent samples, resulting in 45 samples per core spanning ~200 yr before and after the 

eruption. 

For samples synchronous or proximal to the Toba interval, we found no change in low 

elevation tree cover, or in cool climate C3 and warm season C4 xerophytic and mesophytic grass 

abundance that was outside of normal variability. A spike in locally derived macrocharcoal and 

xerophytic C4 grasses immediately after the Toba supereruption indicated reduced precipitation 
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and die-off of at least some afromontane vegetation, but did not signal volcanic winter 

conditions. 

Our combined phytolith and charcoal data from the two cores suggest that the Toba 

eruption had a much greater effect on higher elevation afromontane forest and grassland 

vegetation than on lower elevation woodlands, and that even a moderate drop in temperatures 

coupled with nighttime lows, especially at elevations above 1500 m, was enough of a shock to 

kill cold sensitive plants. This, coupled with the likelihood of a year or two of decreased 

precipitation, produced a woody debris fuel load that eventually burned. Severe fire would have 

briefly increased sediment yield and marsh progradation, which is supported by a spike in sedge 

phytoliths. For lower elevations, xerophytic C4 grasses increased in abundance at the expense of 

mesophytic C4 grasses. Even though our data indicate that the eruption did have an effect on 

climate and vegetation in East Africa, it failed to produce volcanic winter conditions.   

 Our review of Toba tuff petrological and melt inclusion studies suggest a Tambora-like 

50 to 100 Mt SO2 atmospheric injection. However, most Toba climate models use SO2 values 

that are one to two orders of magnitude higher, thereby significantly overestimating the amount 

of cooling that likely took place. Further, a review of recent human genome studies finds no 

support for a genetic bottleneck at or near ~74 ka. Based on our updated review of these previous 

studies and our new paleoenvironmental data, we find no support for the Toba catastrophe 

hypothesis and conclude that the Toba supereruption did not 1) produce a 6-year-long volcanic 

winter in eastern Africa, 2) cause a genetic bottleneck among African AMH populations, or 3) 

bring humanity to the brink of extinction. 
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Appendix B 
 

Appendix B is entitled: Phytoliths, pollen, and microcharcoal from the Baringo Basin, 

Kenya reveal savanna dynamics during the Plio-Pleistocene transition. As part of the Hominin 

Sites and Paleolakes Drilling Project (HSPDP) we targeted the Plio-Pleistocene fluviolacustrine 

deposits of the Chemeron Formation (3.29 to 2.57 Ma), located in the Tugen Hills, Kenya, as one 

of six East African drill sites with excellent potential to investigate linkages between 

environmental change and human evolution. 

There is currently a paucity of paleovegetation records, especially for the Plio-Pleistocene 

transition, that record vegetation dynamics at time scales relevant to issues of hominin adaptation 

to abrupt vegetation change and high-frequency variability. To specifically address this 

shortcoming, we use direct paleoecological evidence primarily from phytoliths and 

microcharcoal, with the addition of pollen data where preserved, to reconstruct fire and 

vegetation dynamics in the Baringo Basin at millennial to sub-millennial scales. This interval 

captures the mid-Piacenzian Warm Period (MPWP) and the subsequent initiation of global 

cooling, the onset of Northern Hemisphere glaciation (NHG), the diversification of 

Paranthropus and Homo, and the earliest evidence for stone tools. 

A single, vertical ∼ 227 m borehole (BTB13) was drilled at the Tugen Hills site (Lat. 

0°33'16.56" N, Long. 35°56'15.00" E) between May–June 2013. A Bayesian stratigraphic age 

model for the core, based on 40Ar/39Ar dating, magnetostratigraphy, and tephrostratigraphy, was 

developed by Deino et al. (2019). Approximately 2-cm3 of sediment was initially collected for 

pollen and phytolith/microcharcoal separations every 32 cm along the 227.9 m core, resulting in 

652 samples. Pollen and phytolith/microcharcoal samples were split at the University of Arizona, 
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and ages for each sample were assigned from the age model. On average, each sample 

represented 66 years and were separated by 1093 years. 

Microcharcoal was well preserved throughout the core and its abundance exhibited Earth-

orbital periodicities in the eccentricity (95–129 kyr) and obliquity (41 kyr) bands. Phytolith 

preservation varied between excellent to total dissolution in alternating intervals throughout the 

core, and various phytolith measures exhibited precession (23–19 kyr), half-precession, and 

quarter-precession periodicities. Pollen was rarely preserved, but recorded taxa from high 

elevation afromontane forests (particularly Podocarpus), mid-elevation montane forests, and dry 

lowland forests, as well as arid adapted herbaceous plants and grasses. These combined datasets 

indicate that prior to ~3.0 Ma, woody cover varied between open savanna (<40% cover), 

woodland (40–80% cover), and forest (>80% cover) at typically precessional (19–23 kyr) 

periodicities. During the mid-Piacenzian Warm Period (MPWP; 3.26–3.01 Ma), intervals with 

exceptionally high microcharcoal influx suggest regional turnover from woody to open habitats 

was driven in part by fire. After ~3.0 Ma, low elevation woody cover likely never exceeded 40% 

and mesic tall-grass vs. xeric short-grass savanna varied at precessional periodicities. Mesic C4 

tall-grass (Panicoideae) peaked in abundance during insolation maxima, whereas xeric C4 short-

grass (Chloridoideae) peaked during insolation minima. The onset of Northern Hemisphere 

glaciation (NHG) ~2.75 Ma coincides with the appearance of strongly cyclic deep/shallow lake 

phases, strong obliquity minus precession heterodyne periodicity (56 kyr) in microcharcoal 

concentrations, and increases in grass density and fire. Spectral analysis and intervals with well-

preserved phytoliths indicate that precession and interhemispheric summer insolation gradients 

influenced equatorial precipitation, vegetation, and fire dynamics. 
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With 652 samples analyzed from a 227m core that spans 730 kyr, this record represents 

one of the most extensive phytolith studies ever conducted, and illustrates how phytoliths can 

complement other datasets. The combined phytolith and pollen data provide the first Pliocene 

record of plant taxa for the Baringo Basin and Tugen Hills, helping to fill a critical gap in species 

occurrence data for the central Kenyan Rift Valley and its associated hominin localities. This 

study also fills a gap in orbitally-resolved regional vegetation data useful for paleodata–model 

comparisons for the onset of NHG and the MPWP, the latter of which is often used as an analog 

for future warming. 

 

Appendix C 
 

Appendix C is entitled: The influence of orbital precession on fire and vegetation in the 

Omo-Turkana Basin, Kenya: An Early Pleistocene phytolith and microcharcoal record from 

paleo-Lake Lorenyang. The Omo-Turkana Basin in northern Kenya and southern Ethiopia is one 

of the most important localities in the world for studying human origins. Its hydrological 

connection to the Ethiopian Highlands and its geological setting within the East African Rift 

System has combined to produce fossil-rich sedimentary strata yielding hundreds of hominin 

fossils. 

As part of the Hominin Sites and Paleolakes Drilling Project (HSPDP), a single ∼216 m 

borehole (WTK13) was drilled in West Turkana, Kenya (Lat. 4°6'34.92" N, Long. 35°52'18.48" 

S) in June–July 2013. The drill site was chosen to be in close proximity to outcrop exposures of 

the correlative Nachukui Formation, and targeted Early Pleistocene sediments (1.87 to 1.38 Ma) 

from paleo-Lake Lorenyang, a precursor to present-day Lake Turkana. The goal was to 

reconstruct regional climate and vegetation in relatively close spatial and temporal proximity to 
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important hominin sites in the basin. This includes the Nariokotome site (NK3) and its hominin 

remains (Nariokotome Boy, KNM-WT 15000), located ~3 km from the drill site; NK3 yielded 

the most complete Homo erectus/ergaster skeleton ever recovered 

A total of 287 samples for phytolith and microcharcoal analysis were collected at ~32 to 

96 cm intervals, corresponding to millennial-scale temporal resolution. In an effort to better 

understand how basin sediments record fire and vegetation from the watershed, nine modern lake 

sediment samples collected along a transect of increasing distance from shoreline were also 

examined. This part of the study included a compilation of vegetation surveys and phytolith 

production data for species from areas within the watershed and proximal to the basin. 

Results of the vegetation survey review and phytolith production review found that there 

is likely no appreciable difference in phytolith production between the Lower Omo River Valley 

(LOR), East Turkana (ETK) and West Turkana (WTK) areas when solely considering the most 

common grasses. The implication here is that any change in the Iph aridity index should reflect 

an actual change in hydroclimate and grass community composition rather than a change in the 

local sediment source area. This review also found that despite xeric C4 Chloridoideae taxa 

representing 51% of all grass taxa listed for LOR, ETK, and WTK, saddle phytoliths were the 

dominant morphotype in only 23% of all grass species listed. This in part results from the fact 

that xeric C4 Aristida (Aristidoideae) species, which produce bilobates, were very common in all 

of the surveyed areas. Also, some of the most common Chloridoideae grasses in the basin (e.g., 

Sporobolus, Enneapogon, and Eragrostis) typically produce lobate and rondel instead of saddle 

phytoliths. 

Results from the modern lake sediment study found that phytolith and microcharcoal 

concentrations decreased predictably with increasing distance from shoreline. However, 
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phytoliths from plants sourced in the Ethiopian Highlands increased as distance from shoreline 

increased, because of an increased exposure to the Omo River sediment plume. We hypothesize 

that the linear decrease in phytolith concentrations and percentages of large-sized phytoliths with 

increasing distance from shoreline reflects eolian transport by prevailing southeasterly winds 

from the east side of the lake (ETK). In contrast, Iph aridity index values decreased as distance 

from shoreline increased, and the percentage of broken bilobate phytoliths increased as distance 

from shoreline increased. We hypothesize that this is likely a function of increased exposure to 

the Omo River sediment plume, which is distributed, in part, by currents associated with the 

north basin gyre. These findings show that the proportion of the modern Lake Turkana sediment 

phytolith record derived from within the Turkana Basin proper, or from the lower or upper Omo 

River Valley, depends on the sample’s depositional position within the lake basin. It is possible 

that at least ~20% of the modern grass silica short cell phytolith assemblage were derived from 

the upper Omo River Valley. If so, this proportion may have been higher during past humid 

periods. 

Microcharcoal was well-preserved throughout the WTK13 core, but phytolith 

preservation was poor below ~60 m (before ~1.50 Ma). Spectral analysis revealed that 

microcharcoal varied at precession (23–19 kyr), half-precession (9.6 kyr), and quarter-precession 

(5.1 kyr) periodicities, and links orbital-forced peaks in precipitation with elevated fire on the 

landscape. Phytoliths show that C4 mesic and C4 xeric grasses vary at precession and quarter-

precession periodicity, but basin geometry also controls grass functional type composition. 

Identification of the Natoo Tuff in WTK13 allowed a direct linkage to the Nariokotome Boy 

(KNM-WT 15000) Homo erectus/ergaster site (NK3), located ~3 km east of the drill site. At the 

time that the Nariokotome Boy walked this ancient landscape, phytoliths indicate that the area 
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was a seasonally wet and open grassland dominated by short-stature C4 Chloridoideae grasses, 

sedges, and other herbaceous plants.  

  

Summary 
 
 This dissertation demonstrates that phytoliths, and microcharcoal derived from phytolith 

extractions, provide coherent signals of hydroclimate and vegetation change that complement 

other types of data. This dissertation makes significant contributions to the field of phytolith 

analysis. Specifically, this dissertation 

• Demonstrates that high resolution lake sediment sampling for phytoliths can reveal 

patterns and processes of vegetation change unrecognizable at lower sampling resolutions 

or from non-lacustrine depositional settings. 

• Develops new phytolith indices (Iomo, % broken bilobates) and validated the use of 

existing indices (Iph, D/Pº) in lacustrine contexts. 

• Applies time series (spectral) analysis in novel ways to phytolith datasets.  

• Demonstrates that microcharcoal recovered using phytolith extraction procedures 

provides a coherent record of fire at the landscape level. 

• Identifies and describes a diachronic biogenic silica dissolution sequence in sediments 

from lakes with increasing pH.   

 

Lastly, despite being discovered almost 200-years-ago, the full potential and utility of 

phytolith analysis has yet to be realized. The low cost and relatively low technical requirements 

for phytolith analysis argue for its inclusion in more environmental and geoscience 

investigations.   
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Abstract 
 
The temporal proximity of the ~74 ka Toba supereruption to a putative 100–50 ka human 
population bottleneck is the basis for the volcanic winter/weak Garden of Eden hypothesis, 
which states that the eruption caused a 6-year-long global volcanic winter and reduced the 
effective population of anatomically modern humans (AMH) to fewer than 10,000 individuals. 
To test this hypothesis, we sampled two cores collected from Lake Malawi with cryptotephra 
previously fingerprinted to the Toba supereruption. Phytolith and charcoal samples were 
continuously collected at ~3–4 mm (~8–9 yr) intervals above and below the Toba cryptotephra 
position, with no stratigraphic breaks. For samples synchronous or proximal to the Toba interval, 
we found no change in low elevation tree cover, or in cool climate C3 and warm season C4 
xerophytic and mesophytic grass abundance that is outside of normal variability. A spike in 
locally derived charcoal and xerophytic C4 grasses immediately after the Toba eruption indicates 
reduced precipitation and die-off of at least some afromontane vegetation, but does not signal 
volcanic winter conditions. A review of Toba tuff petrological and melt inclusion studies suggest 
a Tambora-like 50 to 100 Mt SO2 atmospheric injection. However, most Toba climate models 
use SO2 values that are one to two orders of magnitude higher, thereby significantly 
overestimating the amount of cooling. A review of recent genetic studies finds no support for a 
genetic bottleneck at or near ~74 ka. Based on these previous studies and our new 
paleoenvironmental data, we find no support for the Toba catastrophe hypothesis and conclude 
that the Toba supereruption did not 1) produce a 6-year-long volcanic winter in eastern Africa, 2) 
cause a genetic bottleneck among African AMH populations, or 3) bring humanity to the brink of 
extinction. 
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1. Introduction 

 The magnitude of the Indonesian Mount Toba supereruption at ~74 ka and its temporal 

proximity to a Late Pleistocene human population bottleneck and to various models of 

anatomically modern human (AMH) dispersal out of Africa have made this eruption the subject 

of much debate (Oppenheimer, 2002; Ambrose, 2003; Gathorne-Hardy and Harcourt-Smith, 

2003; Balter, 2010; Haslam and Petraglia, 2010; Williams et al., 2010; Williams, 2012; Lane et 

al., 2013b; Mark et al., 2013; Roberts et al., 2013; Haslam, 2014). The youngest Toba eruption is 

the largest known volcanic eruption of at least the last 2 Ma. There are two competing 40Ar/39Ar 

age estimates for the eruption, 75 ± 0.9 ka from Mark et al. (2014) and 73.88 ± 0.32 ka from 

Storey et al. (2012). These ages differ due to alternative ages used for the Alder Creek sanidine 

dating standard (Roberts et al., 2013), but overlap using 2s uncertanties. Based on ejected mass, 

the Toba supereruption was two orders of magnitude greater than the 1815 Tambora eruption, 

which has been linked with the ‘year without a summer’ of 1816, a period of widespread cooling 

and anomalous rainfall in Northern Hemisphere continental regions that may have been linked to 

weakening of the Asian and African monsoons (Wegmann et al., 2014; Luterbacher and Pfister, 

2015). Ash from the youngest Toba eruption, the youngest Toba Tuff (YTT), has been identified 

thousands of km from the Toba caldera in marine cores from the Indian Ocean, the Arabian Sea, 

and the South China Sea (Williams, 2012). From the southernmost lake in the East African Rift 

Valley, Lane et al. (2013a) chemically matched a cryptotephra layer in Lake Malawi cores 

MAL05-2A and MAL05-1C to the Toba supereruption, extending the range of the ash fall to 

7,300 km. An ash fallout thickness model estimates that between 0.1 and 0.5 cm of Toba ash was 

deposited in the Lake Malawi region, with modeled estimates of 2–3 cm of deposition in 
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northern Tanzania and Kenya (Costa et al., 2014). Thus, the Toba supereruption isochron is 

likely to become an important marker in dating key events in human evolution. 

 Here we test the hypothesis that the Toba supereruption at ~74 ka caused an 

environmental catastrophe in East Africa capable of severely reducing human populations and 

causing a genetic bottleneck by using plant opal phytoliths and charcoal extracted from 

continuously sampled Lake Malawi sediment cores that contain the Toba supereruption isochron 

at subdecadal resolution. We compare simulated climate and vegetation outcomes of recent Toba 

supereruption models such as the magnitude and duration of the cooling, changes in 

precipitation, grass and tree cover, and wildfire activity to our record of plant microremains from 

a region in East Africa where AMH lived before and after the Toba supereruption. 

 

1.1. The Toba supereruption 

The Toba catastrophe hypothesis  

Ambrose (1998) formally proposed the hypothesis that there is a connection between the 

youngest Toba supereruption and an effective human population decline to fewer than 10,000 

individuals sometime between 50 and 100 ka. He suggested that the Toba eruption caused six 

years of volcanic winter followed by 1,000 years of the coldest, driest climate of the late 

Quaternary (Greenland Stadial 20), and that this event caused low net primary productivity 

(NPP) and famine. The development of the Toba catastrophe hypothesis can be traced back to 

the weak Garden of Eden hypothesis (weak GOE), which is supported by early genomic studies 

of human mitochondrial DNA. The weak GOE posits that, ~100 ka, AMH spread into separate 

regions from a restricted source with either an early rapid expansion and subsequent population 

bottlenecks or early modest population growth and slow expansion (Harpending et al., 1993). 
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Around 50 ka, these dispersed populations, which were genetically isolated from each other, 

experienced dramatic population growth and expanded with the support of more modern 

technologies (Harpending et al., 1993). By combining elements of the weak GOE with the Toba 

supereruption, Ambrose (1998) proposed the volcanic winter/weak GOE model, where rapidly 

reduced populations induced founder effects on genetic diversity and were a catalyst for 

subsequent technological innovations and migrations. 

 Rampino and Ambrose (2000) further refined the volcanic winter/weak GOE hypothesis, 

incorporating atmospheric modeling of volcanic forcing and possible ecological and 

environmental effects of the Toba eruption at low latitudes into their discussion. They proposed 

that the injection of volcanic aerosols after an eruption would have had two major effects on 

plants, a reduction of light levels due to high-atmospheric opacity and rapid cooling. Light level 

reductions following the Toba eruption may have ranged between ~75% sunlight transmitted, 

such as the dim-sun conditions that followed the 1815 Tambora eruption, to ~10% sunlight 

transmitted (Rampino and Ambrose, 2000). For grasses, a 10% scenario would reduce 

photosynthesis by ~85% (van Keulen et al., 1975). Rampino and Ambrose (2000) summarized 

several studies on the effects of rapid cooling in tropical forests and proposed that essentially all 

above-ground plant tissues would have been killed rapidly during a freeze event, and that 

chilling events resulting in air temperatures of 10 to 15 °C for a few days would have severely 

damaged tropical plants. Simulations of nuclear winter cooling effects on a grassland ecosystem 

indicate a 3 to 9 °C decrease for one year would lead to a reduction in grassland NPP from 9 to 

42%, respectively; after year two, NPP values would be at 13 to 51% of normal (Harwell, 1984). 

Rampino and Ambrose (2000) also suggested that the accumulation of dead woody material 

from an initial die-off and modeled reductions in precipitation post-Toba eruption might have led 
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to increased wildfire activity. They conclude that severe drought in the tropical rainforest belt 

and in monsoon regions, and significant reductions in plants and animal populations, especially 

in the tropics, would have resulted in a global ecological disaster and population crashes of 

various organisms. Such a scenario is now commonly referred to as the Toba catastrophe 

hypothesis. 

Summary of recent Toba supereruption modeling and geologic evidence 

There is considerable uncertainty as to what effects the Toba supereruption had on 

regional and global climate. This is due, in part, to a lack of high fidelity climate records that 

contain the YTT, which would provide an unambiguous chronological tie point and boundary 

marker for periods before and after the eruption. In a speleothem stable isotope study from New 

Mexico (USA), Polyak et al. (2017:843) claimed their data support the hypothesis that the Toba 

supereruption caused “far-reaching climate change” and possibly triggered the Greenland Stadial 

20 cold event. However, the absence of an unambiguous Toba marker in their speleothem record 

precludes the ability to confidently identify causal relationships for events separated in time by 

intervals significantly less than the chronological uncertainties of the proxy records themselves. 

Our high-fidelity Lake Malawi cores with the YTT position securely identified allow us to 

unambiguously examine the distal effects of the Toba supereruption in East Africa. 

Uncertainty as to the climatic effects of the Toba supereruption also arises as a result of 

limited information about the eruption’s intensity, height of plume, and the sulfur yield. It is this 

last variable, the amount of sulfur injected into the atmosphere, that is the main determinant of 

global climatic consequences (Oppenheimer, 2002; Timmreck et al., 2012). Volcanic activity 

releases either sulfur dioxide (SO2) or hydrogen sulfide (H2S), which is mostly converted into 

sulfuric acid (H2SO4) and other sulfate aerosols through photochemical reactions with water 
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vapor in the atmosphere (Scaillet et al., 1998). Selecting a SO2 atmospheric injection load for 

climate modeling is typically based on petrological evidence and ice core sulfate records, and 

often expressed in terms relative to the SO2 release from the 1991 Mt. Pinatubo eruption. Early 

modeling of Toba volcanic forcing by Rampino and Self (1992), using an approximately 33 

times Pinatubo SO2 injection, produced a global cooling of 3 to 5 °C. Oppenheimer (2002) used 

the estimated annual sulfate loading from the Zielinski et al. (1996) high resolution sulfate 

depositional record from the Greenland Ice Sheet Project II (GISP2) ice core to calculate an 

annual global cooling of 0.9 to 1.3 °C over a 6 to 7.5 year period. Jones et al. (2005), using a 

coupled atmosphere ocean general circulation model and a 100 times Pinatubo scaling, modeled 

a maximum cooling of 10.7 °C below normal globally, and 17 °C below normal for Africa. 

Using two models and a range of sulfur injections from 33 to 900 times Pinatubo, Robock et al. 

(2009) produced average global cooling values between 8 and 17 °C, but under all of their  

simulations there was significant climate recovery within a decade. They observed that radiative 

forcing lasted 4 to 7 years, which agrees well with the ~6 years of H2SO4 deposition in the 

GISP2 ice core (Zielinski et al., 1996). They concluded that the modeled cooling could have 

produced great stress on humans and their environment, but that it would have been concentrated 

within a few dark, cold, and dry years immediately following the eruption. 

 Timmreck et al. (2012), using a complete treatment of stratospheric aerosol formation 

and growth, and 100 times Pinatubo SO2 injection, modeled a global cooling of ~3.5 °C (5 °C 

over the continents) for the first 3 years after the eruption, and after 13 years, stabilizing to 

within natural variability. They also focused their model runs on four regions of human 

habitation during the Toba eruption, Southeast Asia, India, East Africa, and South Africa. For 

East Africa, Timmreck et al. (2012) simulated a temperature response of 4.5 °C cooling (5.3 °C 
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for Southern Africa), with monthly mean daily minimum temperatures remaining above the frost 

point of the control run. After 5 years, temperatures return to the range of natural variability. 

Modeled precipitation for East Africa shows a strong decrease for post-Toba year 1, and high 

precipitation for years 3 to 5, peaking in year 4. Vegetation modeling by Timmreck et al. (2012) 

indicates that tree cover in equatorial Africa decreased by 20 to 80% and was replaced by 

grasses. For East Africa, total tree cover was reduced by 20% and grass cover only marginally 

receded, resulting in an increase of bare ground from 20 to 40%. After 25 years, bare ground 

reduces to pre-Toba values and grasses expand to values higher than before the eruption. In 

conclusion, Timmreck et al. (2012:42) pointed out that temperature changes after a Toba 

supereruption (using 100 times Pinatubo SO2) might have created “thermal discomfort” but were 

unlikely to have been a challenge to humans, and that large-scale reductions in tree cover would 

have had a marginal effect on modern human nutrition. 

 It should be noted that the sulfate spike in the GISP2 ice core attributed by Zielinski et al. 

(1996) to Toba during the Greenland Interstadial 20 (GI-20) to Greenland Stadial 20 (GS-20) 

transition has not been unequivocally matched to the Toba supereruption, and ash from Toba has 

yet to be recovered from any ice core. In a direct linking study of Greenland and Antarctic ice 

cores, Svensson et al. (2013) identified four potential Toba sulfate peaks that occurred in ice 

records from both poles within a 400-year time span, peaks T4 and T3 that occurred within GI-

20, and peaks T2 and T1 that occurred during the transition from GI-20 to GS-20. The T1 spike 

is best matched with the Zielinski et al. (1996) Toba-attributed sulfate spike, but Svensson et al. 

(2013) concluded that the strong acidity spike in the North Greenland Ice Core Project core 

(NGRIP) at T2, and strong acidity spikes in various Antarctic cores for T1–T4 make any one, or 

even more than one, a possible match with the Toba eruption. However, marine records 
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containing the Toba ash layer indicate its position during the transition from GI-20 to GS-20 

(Kudrass et al., 2001; Schulz et al., 2002), providing support for attributing either the T1 

(attributed to Toba in Zielinski et al., 1996) or T2 acidity spikes to the Toba supereruption. 

A less impactful Toba eruption 

There is increasing geologic evidence to indicate that the Toba eruption was not as 

impactful on climate or humans as most climate modeling studies would imply, and that the 

commonly used 100 times Pinatubo SO2 injection scenario may be overestimating Toba erupted 

aerosols by one or two orders of magnitude (Table 1, Fig. 1). Zielinski et al. (1996) measured 

sulfate concentrations in a large sulfate spike in the GISP2 ice core attributed to the Toba 

eruption. The sulfate spike was measured in five samples that span 6 to 7.5 years, peaking in year 

3 post-eruption, and yielding a total mass loading of 460 to 2,300 Mt SO2 (27 to 135 times 

Pinatubo). The range and magnitude of the values reported by Zielinski et al. (1996) includes 

various multipliers to account for annual ice layer thinning, the latitude of the eruption, and 

assumptions about atmospheric parameters. Thus, there is a level of uncertainty not captured by 

the reported range of values. The ~6 year residence time for the Toba aerosols is in agreement 

with Bekki et al. (1996), who modeled a 6 year sulfate aerosol forcing that peaks in year 3 post-

eruption, and the 4 to 7 year forcing modeled by Robock et al. (2009). The mechanism for this 

residence time is based on the limited availability of OH radicals for SO2 oxidation, which delays 

the formation of sulfate aerosols for extremely large eruptions (Bekki et al., 1996; Timmreck et 

al., 2012). When the low and high estimates of the GISP2 sulfate spike loading are distributed 

annually over a 7.5-year period, values of 61 (4 times Pinatubo) and 305 Mt SO2 (18 times 

Pinatubo) are derived, respectively (Table 1, Fig. 1). 
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 Petrological approaches to determining the amount of degassed sulfur from the Toba 

eruption produce estimates with some degree of uncertainty. However, they may provide some 

constraints on the magnitude of sulfur release (Oppenheimer, 2011). An early petrological study 

by Scaillet et al. (1998) on Toba tuff fluid/melt partitioning estimated a 60 Mt SO2 injection, 

which is four times Pinatubo and one to two orders of magnitude less than the loading used in 

many Toba supereruption climate models. They concluded that explosive eruptions of very large 

magnitude but involving reduced and cool silicic magmas like the Toba eruption release only 

minor amounts of sulfur, resulting in negligible long-term atmospheric effects. A Toba tuff melt 

inclusion study by Chesner and Luhr (2010) estimated that 196 to 392 Mt SO2 would have been 

injected if all sulfur in the magmatic melt was exolved. However, based on the work of Scaillet 

et al. (1998), they suggested it is most likely that a maximum of 25% sulfur was exolved from 

the melt, yielding an injection of 59 to 98 Mt SO2, which is three to six times Pinatubo and 

roughly equal to or slightly greater than the 1815 eruption of Mount Tambora. Thus, despite the 

fact that Toba ejected at least 56 times more dense rock equivalent that Tambora, the Toba SO2 

injection may have been approximately equal to Tambora. For climate modeling, this highlights 

the inherent uncertainty in scaling the SO2 injection of the Toba eruption based on the relative 

size of the Pinatubo eruption. 

 Recent high-resolution analysis of Lake Malawi sediments straddling the Toba 

cryptotephra position also indicated limited cooling associated with the Toba eruption. A TEX86 

paleotemperature reconstruction by Lane et al. (2013a) observed only ~1.5 °C of cooling 

following the Toba eruption. They also conducted X-ray fluorescence scans at 200-μm intervals 

(subannual resolution), and the Fe/Ti ratio indicated no thermally driven overturn of the water 

column post-Toba. By analyzing the remains of climatically sensitive aquatic organisms in Lake 
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Malawi at subdecadal resolution, Jackson et al. (2015) observed no evidence for significantly 

enhanced mixing or ecosystem disturbance that would be anticipated for a Toba-induced 

volcanic winter. Both Lane et al. (2013a) and Jackson et al. (2015) concluded that significant 

cooling (a ‘volcanic winter’) was unlikely to have taken place in East Africa. However, these 

studies are primarily recording limnological ecology and geophysical conditions within Lake 

Malawi and not the terrestrial ecology and habitat structure that would have been part of the 

human landscape. With our current study, we aim to resolve this part of the post-Toba 

paleoecological record in East Africa by using phytoliths and charcoal.  

 

1.2. Phytolith analysis 

 Phytoliths are microscopic opal silica infillings and casts of plant cells (Piperno, 2006; 

Blinnikov, 2013). They are similar in size to pollen but, unlike pollen, can be produced in 

different tissues throughout a plant. When plant material decays or is burned, phytoliths are 

released and incorporated into soils and sediments. Phytoliths exposed to fire can change 

appearance from translucent to opaque and be used to reconstruct wildfire frequency (Parr, 2006; 

Cordova et al., 2011). Phytoliths generally represent a localized vegetation signal, as they are not 

easily transported long distances. However, wind and water movement energetic enough to 

transport silt-sized particles can redeposit phytoliths from their place of formation (Fredlund and 

Tieszen, 1994). Phytolith concentrations in lake sediments often vary between 104 to 106 

phytoliths per cm3 (Yost et al., 2013; Aleman et al., 2014). Phytoliths in lake sediments are 

primarily derived from near-shore habitats (Yost et al., 2013; Aleman et al., 2014), but sediments 

in lake basins surrounded by high relief like the African Rift lakes are expected to receive an 

increased proportion of their phytolith assemblages from the surrounding watershed via runoff 
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and stream inputs. Ash from fire may also be a significant source of phytoliths in lake sediments 

(Aleman et al., 2014). The phytolith record from Lake Malawi sediments likely reflects a 

weighted average of the watershed vegetation mosaic closest to each core location. 

Climate reconstructions using grass phytoliths 

Grasses are annuals, biennials or perennials that typically live for just a few years 

(Lauenroth and Adler, 2008), and their composition on the landscape and along elevation 

gradients can change relatively quickly in response to changes in temperature and precipitation. 

This is potentially important in regard to detecting the effects of volcanic eruptions on climate, as 

these environmental forcings can persist for as little as one to several years and may not always 

be detrimental to longer-lived and more robust plant taxa. 

 Because one species of grass can make multiple types of phytoliths and the same 

morphotype can sometimes be produced by different grass taxa, there are few phytolith 

morphotypes unequivocally diagnostic of a grass subfamily or photosynthetic pathway (Barboni 

and Bremond, 2009). However, the dominant association of particular phytolith morphotypes 

with specific subfamilies and/or photosynthetic pathways allows for the generalized taxonomic 

interpretations used here (Table 2). 

 The overwhelming majority of grasses in East Africa are members of the Pooideae, 

Panicoideae or Chloridoideae subfamilies (Clayton, 1970, 1974; Tieszen et al., 1979; Barboni 

and Bremond, 2009). Pooideae grasses are hydrophytic or mesophytic C3 grasses, and their 

abundance is negatively correlated with increasing temperature (Paruelo and Lauenroth, 1996). 

Grasses that utilize the C3 carbon fixation metabolic pathway are optimized for low to moderate 

temperatures, atmospheric CO2 enrichment, and variable light intensity. At low latitudes, C3 

grasses are typically restricted to higher elevations with decreased temperatures and increased 
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moisture, shady forested habitats or wetlands (Tieszen et al., 1979; Epstein et al., 1997; Cordova, 

2013). The majority of Panicoideae grasses are mesophytic C4 grasses that utilize the NADP-ME 

carbon fixation metabolic pathway. Panicoideae grasses are typical of tall grass prairie and 

savanna, and their abundance is positively correlated with increasing summer precipitation 

(Taub, 2000; Cabido et al., 2008). The Chloridoideae are typically xerophytic C4 grasses that 

utilize either the NAD-ME or PCK metabolic pathway, and their abundance is negatively 

correlated with increasing precipitation (Taub, 2000; Cabido et al., 2008). Chloridoideae grasses 

are optimized for stressfully hot, arid and saline environments that include short grass prairie and 

savanna, scrublands, desert, beach, dune and marine shoreline habitats (Tieszen et al., 1979; 

Epstein et al., 1997). In summary, C3 grass abundance is positively correlated with decreasing 

temperature and increasing soil moisture, C4 mesophytic grass abundance is positively correlated 

with increasing summer precipitation, and C4 xerophytic grass abundance is negatively 

correlated with increasing summer precipitation. 

It should be noted that, with the exception of palms (Arecaceae; Albert et al., 2009), 

arboreal taxa are poor phytolith producers, so direct comparisons of grass phytolith to arboreal 

phytolith percentages are often not indicative of actual grass versus arboreal coverage on the 

landscape. However, general interpretations of increasing or decreasing grass versus arboreal 

coverage are valid. 

Detecting effects of the Toba supereruption using phytoliths 

The existence of volcanic winter conditions in East Africa after the Toba supereruption 

should be detectable in the phytolith record. Since phytoliths form primarily in epidermal and 

vascular tissues throughout the plants they are derived from, a massive vegetation kill from 

freezing or prolonged exposure of Afrotropical vegetation to chilling events of 10–15 °C for a 
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few days would release a pulse of phytoliths into lake sediments as the plant material decays. 

Woody material would take longer to decompose, but leaves would decay rapidly. Either way, a 

spike in phytolith concentrations above background variability is expected in continuously 

sampled intervals with subdecadal resolution. Eventually, dead plant material would burn, and a 

spike in burned phytoliths and charcoal would also be expected, especially since decreased 

precipitation is expected immediately after an eruption. A decrease in temperatures of ~4 °C 

(Timmreck et al., 2012) and reduced light (dim-sun to overcast) from stratospheric aerosols 

(Robock et al., 2009) for 4–5 years would likely increase the relative abundance of C3 grasses at 

the expense of C4 grasses. This scenario would be reflected by an increase in trapeziform sinuate 

phytoliths and a decrease in saddle and lobate phytoliths. Multidecadal reductions in tree cover 

and increases in grass cover, as modeled by Timmreck et al. (2012), would be reflected by a 

decrease in globular granulate (arboreal) phytoliths and an increase in short- and long-cell grass 

phytoliths. Burned grass phytolith percentages and charcoal concentrations would also rise, as 

most grasslands are naturally fire-prone ecosystems. 

 

1.3. Study site 

 Modern Lake Malawi is a large (29,500 km2), deep (700 m), long-lived (>7 Ma) and 

stratified (anoxic below 250 m) African Rift lake located near the southern extent of the 

intertropical convergence zone (ITCZ; Cohen et al., 2007). The long sedimentary record and 

well-studied and diverse ecosystems of Lake Malawi make it an ideal repository for records of 

long- and short-term climatic fluctuations (Ivory et al., 2016; Johnson et al., 2016). Lake Malawi 

inherently responds to large-scale phenomenon more readily than ‘local’ phenomenon because it 

integrates information from a broad region of over 4 degrees latitude; local events rarely have a 
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substantial enough impact without a large-scale driver that might affect the entire region (Stone 

et al., 2011). Thus, the ability to extrapolate paleoenvironmental results to a broader scale is an 

intrinsic aspect of the lake. 

The Lake Malawi region has an austral summer rainy season between November and 

April and a dry season between May and October. Average daily temperatures are controlled by 

the varying topography and range from 22 to 27 °C in the summer months (Ngongondo et al., 

2015). In the dry austral winter months between May and August, average daily temperatures 

drop to around 18 °C (Ngongondo et al., 2015). Mesic environments dominate the surrounding 

watershed, which receives highly seasonal rainfall of 500–2500 mm per year (Ngongondo et al., 

2015). Areas surrounding the northernmost part of the lake rise abruptly from the lake surface at 

478 meters above sea level (masl) towards the north and west, reaching elevations of 3000 masl 

in the Rungwe Highlands and Nyika Plateau. Recently mapped and refined vegetation 

communities (Lillesø et al., 2011; van Breugel et al., 2015) illustrate the elevation enhanced 

mosaic of afromontane forest and grassland, wet and dry miombo woodlands, North Zambezian 

woodland, and edaphic grasslands that surround the northern half of Lake Malawi (Fig. 2). 

Previous pollen-based paleovegetation reconstructions have revealed significant and sometimes 

rapid vegetation response to changes in precipitation and temperature over the last 800 ka in the 

Lake Malawi watershed (Beuning et al., 2011; Ivory et al., 2012, 2016). It should be noted that 

these pollen studies were conducted at millennial-scale temporal resolutions and cannot be used 

to study vegetation change associated with the Toba supereruption. 
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2. Methods 

2.1. Drill cores 

 The cores studied in this project were retrieved in 2005 by the Lake Malawi Drilling 

Project (Scholz et al., 2006). Core MAL05-2A-10H-2, hereafter referred to as core 2A, was 

retrieved from the northern basin in a region subject to upwelling variability. Core MAL05-1C-

8H-1, hereafter referred to as core 1C, was retrieved from the central basin near the deepest part 

of the lake. Lane et al. (2013a) identified Toba supereruption cryptotephra at a depth of 26.752–

26.772 meters below lake floor (mblf) in core 2A, and at a depth of 28.080–28.100 mblf in core 

1C. Jackson et al. (2015) observed a turbidite ~1 cm below the core 2A Toba interval which may 

confound a small portion of the pre-Toba record; however, core 1C is excellently preserved with 

no turbidites adjacent to the Toba horizon and is laminated throughout the Toba interval. 

 

2.2. Phytolith, charcoal, and cryptotephra extractions 

 Samples were collected from 15 intervals below and from 30 intervals above the Toba 

cryptotephra position in Lake Malawi cores 2A and 1C. The ~3–4 mm intervals were sampled 

continuously, with no stratigraphic breaks between adjacent samples. We assume linear 

sedimentation rates in the study interval based on the radiocarbon-dated portion of the cores 

published in Scholz et al. (2007). This gives us a temporal resolution of ~8–9 years per sample, 

with the exception of the samples within the turbidite zone in core 2A, which is assumed to have 

been deposited much more rapidly, possibly in less than one year as a discrete event (Jackson et 

al., 2015). Small aliquots from each sample were removed for diatom and water content analysis. 

The remainder of each sample was weighed, disaggregated in distilled water, and screen-washed 

using 45 μm stainless steel sieves. The screen contents were examined for key ecologically 
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sensitive aquatic organisms as part of a companion study that included the diatom and water 

content analysis (Jackson et al., 2015) and for charcoal (this study). Contents passing through the 

45-μm sieves were retained for phytolith, microcharcoal, and cryptotephra analysis. Ideally, 

sediment sieved through a 250 μm screen would have been dedicated exclusively to phytolith 

analysis; however, limited core material necessitated working with the £ 45-μm fraction. Most 

taxonomically significant phytoliths are well under 50 μm in size, so very little information was 

lost by working with the £ 0–45-μm fraction.  

 It should be noted that the extraction procedure below is optimized for phytolith 

recovery; however, it is also effective for recovery of microcharcoal and cryptotephra particles. 

In a controlled comparison of microcharcoal extraction methods, density separation using a 

heavy liquid set at 2.2 g/mL and chemical removal of organic matter produced a significantly 

higher microcharcoal yield than other common methods (Turner et al., 2008). Cryptotephra 

extraction methods are very similar to phytolith extraction methods, as they both rely on a heavy 

liquid density separation—2.5 g/mL for cryptotephra and 2.3 g/mL for phytoliths. However, for 

the removal of organic matter, Blockley et al. (2005) found that strong acids can alter the 

geochemical signature of shards, and strong bases can dissolve some shards. Thus, cryptotephra 

recovered from a phytolith extraction may not be suitable for chemical fingerprinting, and shards 

with a density much greater than 2.3 g/cm3 may not be recovered. Due to the chemically and 

mechanically rigorous phytolith extraction method used here, and differences in particle 

densities, there may have been some loss of microcharcoal and cryptotephra in absolute terms, 

but changes in their relative abundances over time are considered to be robust. 

 Average starting dry weights for the sediment samples were 0.2673 g for core 2A, and 

0.2748 g for core 1C. Ideally, 2 grams or 1 cm3 of sediment would have been analyzed, but 
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multiproxy sampling of the cores for several studies have left very little sediment for us to work 

with. Exact weights and calculations can be viewed in the supplemental data associated with 

Jackson et al. (2015). For each sample, sediment was placed in a 400 mL beaker with 10 mL 

37% hydrochloric acid (HCl) and 75 mL 70% nitric acid (HNO3), and heated for 1 hour at 80 °C 

to oxidize organics and remove the acid soluble fraction. Samples were rinsed five times with 

reverse osmosis deionized water (RODI) water to neutral pH, and then 5 mL of 10% potassium 

hydroxide (KOH) was added to remove the base soluble organic fraction. After 10 min the 

samples were rinsed to neutral pH with RODI water. To remove clay-sized particles and to 

reduce the diatom load, 5% sodium hexametaphosphate was mixed into each 400-mL sample 

beaker and allowed to settle by gravity for 1 hr. Samples were then decanted to remove any clay-

sized particles and diatoms still in suspension. This step was repeated until the supernatant was 

clear after 1 hr of settling time (typically 4–5 times). The samples were then transferred to 50 mL 

centrifuge tubes and dried under vacuum in a desiccator. The dried samples were mixed with 5 

mL of lithium metatungstate (LMT) heavy liquid, density 2.3 g/mL, and centrifuged for 10 min 

at 1,500 rpm to separate the phytolith fraction, which will float, from the denser inorganic 

mineral fraction. Each sample was rinsed five times with RODI water to remove the LMT heavy 

liquid and then spiked with a 0.5 mL aliquot containing 25,000 ± 8% microspheres (10–20 μm 

diameter) for phytolith, microcharcoal, and cryptotephra concentration calculations. The samples 

were then rinsed twice with 99% ethyl alcohol and transferred with alcohol to 1.5 mL vials for 

storage. 
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2.3. Microscopy and phytolith, microcharcoal, and cryptotephra identifications 

 For microscopy, subsamples were mounted on slides using Cargill Type-A optical 

immersion oil to allow phytolith rotation and each cover glass was sealed with fingernail polish. 

Phytolith, microcharcoal, and cryptotephra counting was conducted with a transmitted light 

microscope at a magnification of 500´, with a target goal of 200 phytoliths counted (range 127–

400; Supplementary Online Material [SOM] Tables S1, S2). High diatom concentrations in five 

samples from core 2A made counts of 200 difficult to obtain, so counts were stopped after 4 

hours. 

Phytoliths were observed in three dimensions and typically described using Madella et al. 

(2005), with the addition of anatomical or taxonomic descriptors when known. Phytoliths were 

classified using a generalized approach, resulting in just 35 individual morphotypes (Table 2, 

Figs. 3, 4). Grass phytolith classification was based primarily on Twiss et al. (1969), Fredlund 

and Tieszen (1994), and one of the authors’ (C.L.Y.) phytolith reference collection at the 

University of Arizona. East African grass phytolith environmental and taxonomic significance 

was guided by the work of Barboni et al. (2007), Barboni and Bremond (2009), and Mercader et 

al. (2010). Non-grass phytolith identification and classification, especially for arboreal and 

woody morphotypes, relied primarily on the review and reference work of Kondo and Peason 

(1981), Runge (1999), Piperno (2006), Mercader et al. (2009b), Neumann et al. (2009) and 

Collura and Neumann (2017). Phytoliths identified from several specific plants and plant parts 

that are either not represented or underrepresented in the existing phytolith literature are 

illustrated and discussed in the SOM (Figs. S1–S6; Tables S3–S5).  

Microcharcoal was identified using the diagnostic characteristics described by Turner et 

al. (2008), with particular emphasis on avoiding naturally dark plant matter and insect cuticles in 
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the microcharcoal counts. Because of the 45 μm screen size used to separate the Jackson et al.’s 

(2015) material from this study, microcharcoal was counted in two size fractions (<45 μm and 

>45 μm). Cryptotephra was identified with the aid of modern reference images from Heiken 

(1974) and Myrbo et al. (2011). Some Cyperaceae phytolith morphotypes are strikingly similar 

to cryptotephra (SOM Fig. S6), and extra care was taken to avoid any misidentifications. 

 

2.4. Phytolith calculations 

 Percent relative abundance calculations were based on the total phytolith count and 

concentrations were calculated from the microsphere counts and the starting dry weight. The 

plots of C3 versus C4 grass phytoliths were based only on grass silica short cells (GSSC) 

attributed to those plant functional types (Table 2). The climatic (Ic), tree cover (D/P°), and 

aridity (Iph) phytolith indices were calculated as described in Bremond et al. (2008) using the 

specific morphotypes listed in Table 2. The climatic index (Ic) is the ratio of C3 Pooideae versus 

all GSSC phytoliths, which is essentially a measure of C3 versus C4 grasses. Ic values increase 

linearly with increasing elevation, thus tracking a combination of decreasing temperature and 

increasing precipitation (Bremond et al., 2008). The tree cover index (D/P°) is a ratio of globular 

granulate versus all GSSC phytoliths, and is best used for tracking low elevation semi-deciduous 

forest change (e.g., open versus closed forests). The aridity index (Iph) is the ratio of saddle 

phytoliths versus saddle + bilobate + cross + polylobate phytoliths, which is essentially a 

measure of C4 xerophytic versus C4 mesophytic grasses. This index works best for grasslands 

such as the discrimination between Sahelian versus Sudanian savannas (Bremond et al., 2005), or 

the expansion and contraction of riparian grass communities (Novello et al., 2012), but is less 

robust at higher elevations where C3 grasses are dominant (Bremond et al., 2008). 
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3. Results 

 Phytoliths were exceptionally well-preserved for all samples in both cores. Phytolith 

concentrations were high; however, diatom (Aulacoseira spp.) concentrations were much higher, 

making phytolith counting laborious. Phytolith concentrations in core 2A varied between 5 × 104 

and 34 × 104 per g dry sediment (Figs. 5, 7g), and between 22 × 104 and 108 × 104 per g dry 

sediment for core 1C (Figs. 6, 8g). These concentration values are typical for lake sediments 

(Yost et al., 2013; Aleman et al., 2014; Nurse et al., 2017). Grass (Poaceae) and sedge 

(Cyperaceae) phytoliths dominated the phytolith records for both cores. Average percent lowland 

arboreal phytoliths for core 1C is 31% versus 15% for Core 2A. Average percent C3 grass 

phytoliths for core 1C is 3.3% versus 8.2% for Core 2A. Average percent sedge phytoliths for 

core 1C is 5.6% versus 8.5% for core 2A. 

 Because the strongest effects of volcanism on climate are typically felt within the first or 

second year after an eruption, an attempt to better constrain the location of the Toba eruption was 

conducted by counting cryptotephra in the phytolith samples. Lane et al. (2013a) used two 

adjacent 1-cm sample intervals to locate the Toba cryptotephra in each core, and we analyzed 7 

samples within that same 2-cm interval. In core 2A, samples 26.762 and 26.759 mblf had the 

highest cryptotephra concentrations within the Lane et al. (2013a) Toba interval (Fig. 7h). In 

core 1C, sample 28.0955 mblf was the first sample with an elevated cryptotephra spike just 

before the highest cryptotephra concentration at 28.0925 mblf (Fig. 8h). 

  

3.1. Core 2A 

 Within the phytolith-extracted Toba cryptotephra zone and immediately following the 

cryptotephra peak, there is a significant spike in phytolith concentration at 26.759 mblf that 
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appears to be a singular event or a series of events that took place within this one ~8–9 year 

sample interval (Figs. 5, 7g). Although other phytolith concentration spikes are evident earlier 

and later in the record, this is the highest phytolith concentration for the entire 2A core examined 

here. At the same level, there is a prominent spike in regionally sourced (<45 μm particle size) 

and locally sourced (>45 μm particle size) charcoal concentrations indicative of an increase in 

both regional and local fires (Fig. 7f). Interestingly, there is no corresponding spike in the 

percent burned phytoliths, suggesting that much of the burned material may have been from 

woody non-phytolith producing taxa, and that the phytolith concentration spike was due to 

decomposed rather than burned leaves and grasses. Spikes in phytolith and charcoal 

concentrations are not as pronounced in core 1C (Figs. 6, 8f), suggesting that this was more of a 

high elevation (>1500 m) afromontane forest zone perturbation. The Iph, or aridity index (Fig. 

7d), has a moderately high peak within the Toba cryptotephra zone that is synchronous with the 

local and regional charcoal peak, but is not synchronous with the first occurrence of the Toba 

cryptotephra and may be unrelated to the eruption. Other visible trends in the phytolith record 

that may be Toba related include the abrupt reduction in the ‘very tall saddle’ phytolith 

morphotype attributed here to mountain bamboo (Yushania alpina – formerly Arundinaria 

alpina; see SOM Fig. S1 and Table S3 for identification rationale) near the center of the Toba 

zone (Fig. 5), and indicating drier conditions at higher elevations. Also, a spike in sedge 

phytoliths at the first occurrence of Toba cryptotephra suggests progradation at the north end of 

Lake Malawi due to increased sediment yield from fire activity. There also appear to be some 

long-term trends unrelated to the Toba eruption that may be forced by Northern Hemisphere 

(NH) cooling during the transition from GI-20 to GS-20 (Fig. 7i). A decline in phytoliths from 

arboreal taxa (Fig. 5), a steady rise in the percentage of burned phytoliths that later transitions to 
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high-amplitude variability (Figs. 5, 7f), and a decrease in the D/P° (tree cover) index were all 

initiated well before the Toba eruption. 

 

3.2. Core 1C 

 Within the Toba cryptotephra zone for core 1C, there is no significant abrupt change in 

phytolith morphotype percentages that is greater than the variability observed in other parts of 

the core. There is a small peak in phytolith concentration in two samples (~16–18 yr) after the 

first occurrence of Toba cryptotephra; however, this value is within the range of variability seen 

throughout the record (Figs. 6, 8g). There is a regional charcoal peak with the first occurrence of 

the Toba cryptotephra and two relatively high values of local charcoal within the Toba 

cryptotephra zone (Fig. 8f), indicating that core 1C is picking up the same fire event that was 

prominent in the core 2A Toba cryptotephra zone. The Iph aridity index (Fig. 8d), which is 

mainly measuring C4 xerophytic grasses, peaks concurrently with the first occurrence of the 

Toba cryptotephra and then declines as quickly as 8 to 9 years later, in agreement with modeled 

(Iles et al., 2013) and observed (Zhuo et al., 2014) significant decreases in precipitation lasting 1 

to 4 years after an eruption.  

 Long-term directional trends are more muted in core 1C. There is an increase in local and 

regional wildfire events in the upper portion of the record, but there is no apparent trend towards 

increasing aridity based on the Iph index (Fig. 8d). However, the highest Iph index values occur 

in the upper portion of the record, suggesting an increase in the severity of aridity events when 

they do occur. There is a small decrease in grass phytolith concentrations, indicating that grass 

densities decreased slightly and fire frequency increased over the course of the record. It is 

interesting to note the large and sustained peak in regional charcoal concentrations at the bottom 
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of the 1C record that are not always accompanied by a peak in locally sourced charcoal. The 

converse is true for core 2A, suggesting a period of high fire frequency ~200 km north of core 

1C in the Rungwe Highlands for this part of the record.   

 

4. Discussion 

Because the two cores are separated by approximately 100 km and are adjacent to 

different elevation gradients comprised of different dominant vegetation types, cores 2A and 1C 

were not expected to record the same vegetation signal. Core 2A is more likely to receive a sedge 

and C3 grass vegetation signal from both the high elevation afromontane grasslands and the 

edaphic grassland and freshwater swamp at the north end of the lake. Also, afromontane arboreal 

taxa are poor phytolith producers. By contrast, core 1C is adjacent to lower elevation areas 

dominated by miombo and North Zambezian woodlands with taxa that are much better producers 

of arboreal (e.g., globular granulate) phytoliths. Thus, these two core locations give us an 

opportunity to examine whether the Toba eruption had differing effects on lowland versus 

highland vegetation.  

With sedge and C3 grass phytoliths much higher for core 2A, and with lowland arboreal 

phytolith values for core 1C double that for core 2A, there is little doubt that core 2A phytoliths 

at the northern end of Lake Malawi are recording more of a mesic highland vegetation signal and 

core 1C phytoliths more of an arid lowland vegetation signal. Core 1C grass phytolith 

concentrations on average were three times higher than for core 2A, which is likely due to the 

fact that core 1C is exposed to a much larger area of the Lake Malawi watershed where grasses 

are a major or dominant component of the landscape. 
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Bremond et al. (2008) found that for Lake Masoko, Mt. Rungwe, and Mt. Kenya, Ic 

phytolith index values increased linearly with increasing elevation (r2 = 0.92), thus tracking a 

combination of decreasing temperature and increasing precipitation. For the Mt. Rungwe and 

Lake Masoko regions, they found that the average Ic value for semi-deciduous miombo 

woodland soils was 2.9% (range 0 to 8%), for afromontane forest soils it was 37.1%, and for 

afromontane grassland soils it was 46.4%. The average Ic value for all of the core 2A samples is 

22%, and the average value for all of the core 1C samples is 10%. This result again indicates that 

core 2A is recording more of a highland vegetation signal than core 1C. 

The dashed line in Figures 5–8 represents the first occurrence of the YTT cryptotephra, 

and the spike in cryptotephra following the first occurrence in both cores represents a peak in 

cryptotephra transport from the surrounding landscape to the lake. By better constraining the 

Toba cryptotephra position, we can now compare any pre- and post-Toba vegetation 

perturbations and parse them from longer-term climate variability trends.  

 

4.1. NH cooling and increased aridity in the Lake Malawi region 

 The 6-year-long H2SO4 spike in the GISP2 ice core places the Toba supereruption 

towards the base of a rapid δ18O descent from GI-20 to GS-20, and this poses a potential 

challenge in separating Toba-forced from NH-forced vegetation change. Khodri et al. (2017) 

showed that low latitude explosive volcanic eruptions can trigger an El Niño by cooling much of 

Africa and reducing monsoon precipitation in tropical Africa during the year after the eruption; 

however, this would be a short-term forcing. Tierney et al. (2008), using plant leaf wax δD and 

TEX86 biomarkers from lakes Tanganyika and Malawi, showed that during millennial-scale NH 

cooling events, aridity increases in East Africa. They proposed that cold sea surface temperatures 
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(SSTs) during millennial-scale stadials reduce the amount of winter monsoon moisture 

transported into East Africa from the western Indian Ocean. With our records positioned at the 

beginning of a NH cooling event, we would expect to see some type of long-term directional 

aridity signal. 

 Core 2A, which receives runoff from high elevation afromontane forests and grasslands, 

may capture part of a NH-forced aridity signal, as evidenced by a decline in phytoliths from 

arboreal taxa and mountain bamboo, a decrease in the phytolith derived D/P° (tree cover) index, 

a rise in percent burned phytoliths that then transitions to high-amplitude variability, and an 

increase in sedge cone cell phytoliths suggesting marsh expansion at the north end of Lake 

Malawi due to lower lake levels or progradation of river deltas due to post-fire sedimentation. 

The high concentrations of locally sourced charcoal at the beginning of the 2A record are likely 

derived from the Rungwe Highlands and suggest replacement of afromontane forest with mostly 

C3 and C4 mesophytic Panicoideae grasses, which would explain the paucity of burned 

phytoliths, as woody afromontane forest taxa produce few to no phytoliths (Barboni et al., 2007). 

Presently, there is less than 5% afromontane forest in the Rungwe Highlands, and what is left is 

confined to fire-sheltered settings (Lillesø et al., 2011). Transitions between forested and 

grassland-dominated regions of the highlands has likely been maintained by fire for thousands of 

years, as evidenced by the high level of endemism in afromontane plants (Lillesø et al., 2011).  

Core 1C, which receives runoff from lower elevations and generally more arid-adapted 

vegetation types, shows no obvious trends of increasing aridity across the entire record, but it 

does exhibit more variability in mesic versus xeric grasses and an increase in locally derived 

charcoal in the upper portion of the record. In summary, it appears that NH cooling during the 
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transition from GI-20 to GS-20 is correlated with decreasing tree cover, increasing aridity, 

increasing grassland fire frequency, and increasing climate variability overall. 

 

4.2. Mount Tambora eruption as an aerosol injection analog for the Toba supereruption 

 Because of its similarity in location and likely similarity in the amount of atmospheric 

SO2 injection (Table 1, Fig. 1), the Indonesian Mount Tambora eruption of April 1815 may be a 

good analog for the Toba supereruption from an aerosol perspective. The 1815 Tambora eruption 

is linked to the 1816 ‘Year without a Summer’, when Europe and parts of North America 

experienced anomalously cold and wet conditions (Stothers, 1984; Luterbacher and Pfister, 

2015). Although climate records from Africa during this time have not been found or reported on 

yet, ships’ logs from the Indian Ocean recorded a temperature drop of 0.6 °C from average for 

1816 (Raible et al., 2016). Although not discussed in detail, Timmreck et al. (2012) conducted a 

Toba supereruption model run with a Tambora-like (~ 3 times Pinatubo) SO2 injection, which is 

more in line with the previously discussed Toba tuff petrological study by Scaillet et al. (1998) 

and the Toba tuff melt inclusion study by Chesner et al. (2010). Using the Tambora-like SO2 

loadings, they modeled a maximum global cooling of 0.8 ± 0.3 °C that persisted a little over five 

years, and regional cooling for East Africa of ~1.3 ± 1.0 °C that persisted for approximately 

three years. Although not specifically discussed by Timmreck et al. (2012), the significant 

decreases in precipitation for years 1–3 post-Toba using a 100 times Pinatubo forcing would 

have been muted using the Tambora-like SO2 loadings, but this is not a simple linear 

relationship.  
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4.3. Limited climatic response to the Toba supereruption in the Lake Malawi region 

 The strongest evidence for a Toba supereruption forced vegetation response is the 

prominent spike in phytolith concentration at 26.759 mblf in core 2A, which is coeval with a 

prominent spike in local and regionally sourced charcoal concentrations. It should be noted that 

there is one other local charcoal spike of similar magnitude ~200 years after the Toba eruption, 

and a regional charcoal spike of similar magnitude ~100 years before the Toba eruption, so the 

local charcoal spike within the Toba cryptotephra zone is not unique (Fig. 7f). There is a 

corresponding charcoal spike in the 1C core; however, it is well within normal background 

charcoal values for the core. Core 1C did yield a spike in C4 xerophytic grasses concomitant with 

the first occurrence of Toba cryptotephra, indicating an increase in aridity and a rise in the 

abundance of more drought adapted grasses in the lower elevations of the basin. A reduction in 

bamboo phytoliths that starts within the Toba cryptotephra zone is a strong indication for higher 

elevation afromontane vegetation perturbation. Mountain bamboo is sometimes a dominant grass 

in afromontane forest openings between 2200 and 2500 m elevation on Mt. Rungwe (Bremond et 

al., 2008). 

Although there had not been a charcoal concentration peak of similar magnitude since 

~100 years before and ~200 years after the Toba eruption, the fact that similar charcoal peaks 

have occurred within the analysis period precludes the labeling of the peak as a ‘smoking-gun’. 

However, the charcoal peak within the Toba cryptotephra zone occurred in only a single sample, 

and stands out from adjacent samples that exhibit some of the lowest charcoal concentrations of 

the entire record. The other prominent charcoal spikes tend to be associated with multidecadal 

periods of increased fire activity. Thus, this fire event appears to have taken place within a ~100-

year period of relatively low fire activity. 
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 Our combined phytolith and charcoal data from the two cores suggest that the Toba 

eruption had a much greater effect on higher elevation afromontane forest and grassland 

vegetation than on lower elevation woodlands, and that even a moderate drop in temperatures 

coupled with nighttime lows, especially at elevations above 1500 m, was enough of a shock to 

kill cold sensitive plants. This, coupled with the likelihood of a year or two of decreased 

precipitation, produced a woody debris fuel load that eventually burned. Severe fire would have 

briefly increased sediment yield and marsh progradation, which is supported by a spike in sedge 

phytoliths. For lower elevations, xerophytic C4 grasses increased in abundance at the expense of 

mesophytic C4 grasses. Increased precipitation modeled for years 3–5 post-Toba, even if reduced 

in intensity, transported phytoliths released from decomposed and burned plant material, 

charcoal, topsoil, and landfall Toba tephra into Lake Malawi sediments. Given our ~8–9 year 

continuous sampling interval, it is not surprising that all of the evidence for this scenario was 

deposited within two of our sampled intervals. 

 Had the Toba supereruption occurred during one of the warm Greenland interstadials 

(Dansgaard–Oeschger [D–O] events) and not midway between the transition from a warm GI-20 

to a cold GS-20, vegetation might have been more profoundly affected, as a significant 

proportion of the cold and moisture sensitive vegetation may have already been replaced by the 

time of the Toba eruption. Millennial-scale NH cooling is linked to increased aridity in East 

Africa (Tierney et al., 2008), so drought sensitive vegetation may have already been gradually 

dying, decomposing and burning prior to the Toba eruption. Most volcanic-forced climate 

models used for investigating the Toba eruption use either present-day or pre-industrial 

background climate parameters. Timmreck et al. (2012) showed that when the volcanic models 

are run under glacial background conditions, the effect of the Toba eruption on climate is 
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significantly reduced. Thus, future Toba eruption model runs should include glacial (stadial) or 

transition to glacial background conditions.  

 

4.4. Evidence for human occupation near Lake Malawi before and after the Toba eruption 

 Archaeological surveys are yielding an increasing number of Middle Stone Age (MSA) 

sites that demonstrate the presence of AMH in the greater Lake Malawi region for at least the 

last 100,000 years (Table 3, Fig. 2); however, there is a paucity of sites that unequivocally 

straddle the Toba supereruption. This may result from the fact that at the time of the Toba 

eruption, Lake Malawi was ~20–40 m shallower than today (Lyons et al., 2015; Johnson et al., 

2016), thus near shore sites at the time of Toba are likely submerged. In addition, many sites that 

could contain MSA components contemporaneous with the Toba eruption await further 

excavation and chronological control (Thompson et al., 2016). The closest well-dated MSA site 

that straddles the Toba eruption is the cave site of Ngalue, located ~42 km east of the southern 

basin of Lake Malawi (Mercader et al., 2009a). This site yielded evidence of multiple human 

occupations of unknown duration that span from 105 to 42 ka. 

 Another reason for the paucity of MSA sites that date to ~74 ka is that AMH density in 

Africa was likely very low at the time of the Toba eruption. Using full-genome sequence data, 

Kidd et al. (2012) estimated an African human effective population (Ne)1 peak of 16,000 at ~150 

ka that then declined to ~10,000 at around the 74 ka Toba eruption, and continued to decline to 

 
1 Estimates for Ne use assumed mutation rates, generation time, and other parameters (Li and 
Durbin, 2011), and include mostly modern population genomics that have experienced 
significant turnover and mixing. Thus, Ne estimates are considered preliminary and will likely 
change as additional ancient DNA becomes available.   
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~5,000 by 30 ka. Li and Durbin (2011) estimated similar Ne values that peak at 16,100 around 

150 ka but had diminished to ~13,000 by the time of the Toba eruption. 

Since these genetic based estimates of population would likely be distributed over all 

habitable areas of Africa, population densities would have been very low. In a survey of 32 

global hunter-gatherer populations, mean band size (residential unit) averages to 28 individuals 

(Hill et al., 2011; Henn et al., 2012). The Baka hunter-gatherers of Cameroon have a population 

density of 0.47 people per km2 (Verdu et al., 2010), and the population density of western 

Pygmies in the Mbaiki area of the Central African Republic is even lower at 0.14 people per km2 

(Henn et al., 2012). Human density modeling by Timmermann and Friedrich (2016) indicates 

that much of eastern Africa could have supported up to 0.28 individuals per km2 at the time of 

the Toba eruption. 

 

4.5. The effects of the Toba eruption on plant resources and human survival  

 Our findings indicate that the Toba eruption had a limited effect on plant resources within 

the Lake Malawi watershed. It appears that higher elevation afromontane forests were most 

impacted and lower elevation grassy woodlands were largely unaffected. Rapid cooling followed 

by arid conditions may have killed some proportion of cold and moisture sensitive vegetation 

above 1500 m, which subsequently burned and was replaced by C3 and C4 grasses and sedges. 

The highly patchy mosaic of vegetation seen today in the Lake Malawi region (Fig. 2) likely 

existed there at 74 ka, but may have been comprised of different combinations of taxa in the past, 

as plants migrated along elevational gradients in response to changes in precipitation (Beuning et 

al., 2011; Ivory et al., 2012, 2016). The high level of endemism in afromontane plants today 

(Lillesø et al., 2011) suggests species continuity in the Lake Malawi region for thousands of 
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years or longer. There is no evidence that net primary productivity was significantly reduced, 

especially in the lower elevation woodlands. Topographic complexity and plant species richness 

within the Lake Malawi watershed would have allowed humans, browsers, and grazers ample 

resources for subsistence during periods of abrupt climate change, and for plants to migrate 

along elevational gradients in response to long term climate change. With the exception of any 

afromontane trees that produce edible fruits and nuts, lower elevation trees, grasses and sedges 

that can produce edible fruits, seeds, starchy roots, and fresh shoots were either unaffected or 

actually increased (sedges) in relative abundance. Within the southern watershed of Lake 

Malawi, the MSA cave site at Ngalue (Mozambique) yielded grinding tools dominated by grass 

seed starch, but also some starches from nuts, roots and other plant tissues as early as 105 ka 

(Mercader, 2009). Many of those starches were linked to plants that occur today in modern 

miombo woodlands from Mozambique, and demonstrate the utilization of both above ground 

and underground edible plant tissues. Given the low levels of vegetation perturbation associated 

with the Toba eruption and the likelihood for low human population densities, it seems unlikely 

that edible resources would have been made unavailable or limiting to humans living in the Lake 

Malawi region and beyond as a consequence of the Toba eruption. 

 

4.6. Pre- or post-Toba AMH migration out of Africa 

 Whether AMH dispersed out-of-Africa (OOA) before or after the Toba supereruption has 

implications on the magnitude and location of any reductions in human populations. However, a 

Tambora-like climate forcing would likely have resulted in dramatic population reductions only 

within a few to several hundred km from the eruption. As summarized by Nielsen et al. (2017), 

there remains persuasive evidence for both sides of several leading OOA hypotheses, including 
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support for both single and multiple dispersals OOA, which may have taken place along northern 

or southern (or both) dispersal routes, sometime or multiple times between 100 and 50 ka. What 

is clear is that OOA dispersal events were complex and involved interbreeding between AMH 

and archaic humans. 

 The strongest fossil evidence for the presence of AMH outside of Africa pre-Toba is from 

the Levant sites of Skhul (~120–90 ka) and Qafzeh (~100–90 ka; Groucutt et al., 2015). Stone 

tool assemblages found with AMH at these sites disappeared by ~75–70 ka (Shea, 2008). This 

apparent extinction of AMH in the Levant has been linked by some to rapid climatic 

deterioration associated with the Toba eruption and the onset of the Marine Oxygen Isotope 

Stage 4 (MIS 4) cooling event (Shea, 2008; Petraglia et al., 2010). While some have considered 

the early Levant occupation to be an ultimately ‘failed’ OOA event, cranial comparisons suggest 

that the Skhul and Qafzeh fossils are related to the ancestral population of Australians (Schillaci, 

2008; Reyes-Centeno et al., 2015). There is fossil evidence from southern China that dates to 

120–80 ka (Liu et al., 2017); however, there are questions about the reliability of the age 

determinations (Michel et al., 2016). AMH teeth recovered from Lida Ajer  cave on Sumatra, 

located just 300 km southeast of the Toba caldera, have been dated to 73–63 ka (Westaway et al., 

2017), suggesting a possible pre-Toba AMH exit from Africa. Other pre-Toba sites in the 

Arabian Peninsula (Armitage et al., 2011) and India (Petraglia et al., 2007; Haslam et al., 2010) 

indicate likely AMH occupations based on the presence of Middle Paleolithic stone assemblages 

with affinities to MSA assemblages in Africa, but these sites are considered equivocal by some 

since they lack direct AMH fossil evidence (Balter, 2010). 

 Genetic evidence for the timing of OOA, for both single and multiple migration models, 

includes both pre- and post-Toba divergence times when the span of uncertainty is considered 



 

 66 

(Lippold et al., 2014; Karmin et al., 2015; Pagani et al., 2015). Analysis of ancient mitochondrial 

DNA places OOA at 79 ka with an uncertainty range of 63–95 ka (Fu et al., 2013). Tassi et al. 

(2015) provided support for an early wave of migration along the southern route to Oceania, with 

Australo-Melanesian divergence times dating to pre-Toba even when including the uncertainty 

ranges. More recently, Pagani et al. (2016) estimated the timing of an early OOA wave at ~120 

ka.  

 Timmerman et al. (2016), using a numerical human dispersal model forced by 

spatiotemporal estimates of climate and sea level changes over the past 125 ka, identified three 

favorable pre-Toba OOA migration windows at >125–120 ka, 106–94 ka, and 89–73 ka, and two 

later windows at 59–47 ka, and 45–29 ka. The modeled data are in good agreement with pre-

Toba paleoclimate proxy data indicating peak humid periods in North Africa and the Levant 

from ~135–115 ka and again from 100–75 ka (Blome et al., 2012), in the Horn of Africa from 

130–80 ka and again from 57–50 ka (Tierney et al., 2017), and along the ‘Tabuk Corridor’ 

between the Levant and the Arabian interior from 137–114 ka and again from 85–71 ka (Breeze 

et al., 2016). 

Scenario 1: Out of Africa post-Toba 

There is evidence based on large modern eruptions to suggest that the Toba supereruption 

may have caused a southward migration of the Intertropical Convergence Zone (ITCZ), resulting 

in reduced rainfall at low latitudes of the NH and a general weakening of the African monsoon 

system (Baldini et al., 2015). Climate models previously discussed in the Introduction indicate a 

significant decrease in precipitation in Africa for years 1 and 2 after the eruption, and our data do 

indicate a brief aridity event immediately after the Toba eruption. However, given that the 

likelihood that the Toba supereruption, from an aerosol forcing perspective, was on the same 
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order of magnitude as the 1815 Tambora eruption that produced ~1.1 °C global cooling, human 

populations in Africa would have passed through this period of moderate and short-term cooling 

and aridity relatively unscathed. A human genomic study by Mallick et al. (2016) yielded no 

evidence of an African population bottleneck that coincided with the Toba supereruption. This is 

not to say that populations further away from the equator at latitudes with more moisture and 

temperature variability would not have been negatively affected to some degree. However, a 

small population loss within one generation would not have left a detectable reduction in genetic 

diversity (Rogers and Jorde, 1995). 

Scenario 2: Out of Africa pre-Toba 

The argument for a pre-Toba (~74 ka) dispersal out of Africa is still valid and perhaps 

gaining ground (Tassi et al., 2015; Pagani et al., 2016; Clarkson et al., 2017). With an optimal 

climatic window from ~130–80 ka (Blome et al., 2012; Tierney et al., 2017), small populations 

of AMH could have been scattered along a route from Arabia to India, Southeast Asia, and 

Indonesia. The 1815 Tambora eruption produced 5 to 90 cm of ashfall and dark sky conditions 

up to 500 km away, and a 1 m high tsunami was reported over 1000 km away (Stothers, 1984). 

Although likely similar in the amount of aerosol injected into the atmosphere, the Toba eruption 

ejected ~100 times more magma than Tambora, so the Toba ashfall and tsunami effects would 

have been significantly more impactful than Tambora, as evidenced by the deposition of ~5 cm 

of ashfall over much of India (Costa et al., 2014) and up to several meters of reworked ash in 

alluvial sediments along the east coast of India (Oppenheimer, 2002). Jones (2012) hypothesized 

that the Toba eruption had highly varied impacts on hominin populations throughout India, with 

localized population extinctions in some areas and population survival and continuity in other 

areas. Several studies examining Middle Paleolithic occupations attributed to AMH in India 
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(Haslam et al., 2010; Clarkson et al., 2012) reported cultural continuity before and after the Toba 

eruption. However, tribal populations from the eastern coast of India predominantly exhibit 

unique M haplogroups and lack N subgroups, consistent with local drift resulting from near 

extinction (Oppenheimer, 2012). Interestingly, at least 2% of the modern Papuan genome reflects 

an earlier, otherwise extinct, OOA dispersal (Pagani et al., 2016). 

 There is little doubt that AMH living in relatively close proximity to the Toba eruption 

would have been severely impacted, possibly leading to the disappearance of early OOA genetic 

lineages in parts of Indonesia and a genetic bottleneck in India. However, pre-Toba AMH 

populations in much of South Asia, as well as those in Africa and elsewhere would likely have 

experienced little to no population change associated with the Toba supereruption. After all, the 

persistence of Denisovans in southern Asia and Homo floresiensis in Indonesia after the Toba 

supereruption (Malaspinas et al., 2016; Sutikna et al. 2016) indicate that archaic hominin 

populations were able to survive the eruption. 

   

4.7. A falsified Toba catastrophe hypothesis 

 Since the publication of Ambrose (1998), the Toba supereruption and its proposed 6-

year-long volcanic winter continues to be cited repeatedly, particularly in introductory 

paragraphs, as the natural catastrophe that brought humanity to the brink of extinction (human 

populations reduced to 10,000 individuals). Recent studies have clearly shown that volcanic 

winter conditions never occurred in East Africa after the eruption (Lane et al., 2013a; Jackson et 

al., 2015), and we have shown that there was a very limited vegetation perturbation in the 

Southern Rift Valley of East Africa after the eruption. Further, we demonstrated the 

overestimation of SO2 injections in Toba supereruption climate model simulations by one or two 
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orders of magnitude. This overestimation includes the early models of Rampino and Self (1992) 

that helped to build the volcanic winter model proposed in Ambrose (1998). The hypothesis that 

Toba triggered the 1000-year GS-20 cold period is also unlikely to be correct given that rapid 

cooling in the NH actually started a few hundred years before the Toba eruption, not to mention 

the fact that modeling by Robock et al. (2009) using a 900× Pinatubo SO2 injection failed to 

initiate NH glaciation. 

 Numerous genetic analyses have not detected a bottleneck that coincides with the Toba 

eruption. In fact, if the source population for the OOA expansion suffered a severe bottleneck, 

there should be a poorer linear fit to the decline of heterozygosity with distance from Africa 

(Henn et al., 2012). With the advancement of whole genome sequencing, the once elusive 100–

50 ka Late Pleistocene human genetic bottleneck is now converging on ~50 ka (Lippold et al., 

2014; Karmin et al., 2015; Malaspinas et al., 2016) and is being attributed to an OOA founder 

effect bottleneck (Mallick et al., 2016) instead of a population reduction bottleneck. Studies 

focusing on reconstructing population histories are identifying a possible population reducing 

bottleneck between ~150 and ~130 ka (Li and Durbin, 2011; Kidd et al., 2012), which coincides 

with the penultimate ice ace during MIS 6. However, the peak in Ne at ~150 ka could have also 

arisen from increased genetic diversity due to population structure involving separation and 

admixture (Li and Durbin, 2011), which is reasonable to expect during a cooler and drier MIS 6 

climate in Africa. The hypothesis that human populations were reduced to 10,000 individuals 

after the Toba eruption is currently unsupported, as AMH populations were always relatively 

low, started to decline around 150 ka, and continued to decrease until ~30 ka (see Discussion 

above). As paleoenvironmental, archaeological, and genetic research continues to accumulate, it 

is becoming increasingly hard to find evidence in favor of the Toba catastrophe hypothesis.  
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5. Conclusions 

 Our phytolith and charcoal analysis of continuously sampled lake sediments of 

subdecadal resolution for ~100 years before and >200 years after the Toba supereruption found 

no evidence of a volcanic winter event or of a major vegetation perturbation for the Lake Malawi 

watershed that would have been catastrophic to human survival. These results are in agreement 

with recent paleotemperature (Lane et al., 2013a) and paleolimnological (Jackson et al., 2015) 

studies that came to similar conclusions but did not address terrestrial paleoecological conditions 

in Africa around the Toba eruption. A review of previously published Toba tuff melt inclusion 

studies and the GISP2 ice core H2SO4 record suggest a 50 to 100 Mt SO2 atmospheric injection 

from the eruption, which is equivalent to a 3 to 6 times Pinatubo (Tambora-like) eruption; 

however, most Toba-forced climate models use SO2 injections that are one to two orders of 

magnitude higher and greatly overestimate the amount of global cooling. For climate modeling, 

this highlights the inherent uncertainty in scaling the SO2 injection of the Toba eruption based on 

the relative size of the Pinatubo eruption. Together, our current study and the previously 

discussed Lake Malawi core studies indicate that a modeled 4.5 °C drop in temperature for East 

Africa by Timmreck et al. (2012) using a 100x Pinatubo SO2 injection did not take place, but that 

a modeled ~1.3 °C drop using a more accurate Tambora-like (3x Pinatubo) SO2 injection is 

reasonable. 

 There is no doubt that the Toba eruption resulted in significant but short-lived cooling, 

aridity and vegetation change both proximally (Williams et al., 2009) and distally (Wagner et al., 

2014) to the eruption. However, for the Lake Malawi watershed, the effects of the Toba eruption 

appear to have been confined to higher elevation (>1500 m) afromontane forests of the Rungwe 

Highlands, which may have at least partially died-off, burned and been replaced by grasses. It 
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appears that aridity was the major driver for this change and explains why the lower elevation, 

more arid-adapted woodlands appear to have been unaffected by the eruption. It is possible that a 

much larger disturbance footprint post-Toba may have been reduced due to the fact that the NH 

was already at least 100 years into the rapid cooling transition from GI-20 to GS-20 when Toba 

erupted. Millennial-scale NH cooling is linked to increased aridity in East Africa, so drought-

sensitive vegetation may have already been gradually dying, decomposing and burning prior to 

the Toba eruption. Supporting this, core 2A records a long-term reduction in arboreal taxa, an 

increase in C4 xerophytic grasses, and increased fire frequency and severity that initiate well 

before the Toba eruption. 

 The body of evidence presented herein leads us to the conclusion that the volcanic 

winter/weak Garden of Eden hypothesis as first proposed by Ambrose (1998), later revised by 

Rampino and Ambrose (2000), and commonly referred to as the Toba catastrophe hypothesis, 

cannot be supported. Thus, the Toba supereruption at ~74 ka did not 1) produce a 6-year-long 

volcanic winter in East Africa, 2) cause a genetic bottleneck among East African AMHs, or 3) 

bring humanity to the brink of extinction.  
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Tables 
 
Table 1 
Summary of modeled Toba supereruption cooling and SO2 loadings used in climate models and 
estimates obtained from petrological and ice core studies. 
 
Data source Climate model SO2 model 

loadings 
(Mt)a 

Max. avg. 
global and [E. 
Africa] temp. 
anomaly (°C) 

Pinatubo 
eruption 
equivalencyb 

Rampino and Self 
(1992) 

Devine et al. (1984) 653  -4.0 ×38 

Oppenheimer (2002) ΔT=−5.9 ×10−5 × Ms0.31 (low est.) 91c -0.9 ×5 
ΔT=−5.9 ×10−5 × Ms0.31 (high est.) 328c -1.3 ×19 

Jones et al. (2005) HadCM3 1,400 [-17] -10.0 ×100 
Robock et al. (2009) CCSM3.0 2,000 -10.0 ×100 

ModelE 670 -8.0 ×33 
2,000 -12.0 ×100 
6,000 -16.0 ×300 

18,000 -18.0 ×900 
Timmreck et al. (2012) MAECHAM5/HAM + MPI-ESM 1,700 [-4.5] -3.5 ×100 
  53 [-1.3] -0.8 ×3 
Data source Toba supereruption sulfur injection 

estimate method 
Est. SO2 
loadinga 

Max. global 
temp. anomaly 
(°C) 

Pinatubo 
eruption 
equivalencyb 

Scaillet et al. (1998) Tuff fluid/melt partitioning 60  ×4 
Zielinski et al. (1996) GISP2 H2SO4 conc.: Total (low) 460c  ×27 
 GISP2 H2SO4 conc.: Total (high) 2,300c  ×135 
 Annual over 7.5 yrs (low) 61  ×4 
 Annual over 7.5 yrs (high) 305  ×18 
Chesner et al. (2010) Melt inclusion; all S exolved (low) 196  ×12 

Melt inclusion; all S exolved (high) 392  ×23 
  25% S exolved (low) 52  ×3 
 25% S exolved (high) 98  ×6 
Metzner et al. (2014)  Modern eruption: 1991 Pinatubo 17 -0.4 ×1 
Reible et al. (2016) Modern eruption: 1815 Tambora 53–58 -1.1  ×3 

 
a SO2 (sulfur dioxide) mass was calculated when originally reported as either H2SO4 (sulfuric acid) or S (sulfur). 
b Pinatubo equivalency as reported by the study. When not stated, equivalency calculated from 17 Mt SO2 value. 
c Lowest and highest values from Zielinski et al. (1996) calculated from 5 GISP2 samples within the YTT H2SO4  
spike that spans 6–7.5 years. The temperature estimates reported by Oppenheimer (2002) are derived from annual 
SO2 loadings, not a single mass injection.   
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Table 2 
Phytolith morphotypes used in this study for analysis and interpretation. 
 

Morphotypea 
Anatomical 

Origin 
Taxonomic 

Interpretationb 
Interpretive 
Index Usec 

Plant Functional Type 
or Group 

Rondel–angular keeld Leaf/Culm/Inflor. Phalaris spp. Ic, D/P° C3 Grass 
Rondel–keeled Leaf/Culm/Inflor. Pooideae Ic, D/P° C3 Grass 
Trapeziform sinuate Leaf/Culm/Inflor. Pooideae Ic, D/P° C3 Grass 
Plateaued saddled Leaf/Culm/Inflor. Phragmites spp. Ic, D/P° C3 Grass 
Very tall saddled Leaf/Culm/Inflor. Bambusoideae Ic, D/P° C3 Grass 
Bilobate Leaf/Culm/Inflor. Panicoideae Ic, D/P°, Iph C4 Mesophytic grasse 
Cross Leaf/Culm/Inflor. Panicoideae Ic, D/P°, Iph C4 Mesophytic grasse 
Polylobate Leaf/Culm/Inflor. Panicoideae Ic, D/P°, Iph C4 Mesophytic grasse 
Saddle Leaf/Culm/Inflor. Chloridoideae Ic, D/P°, Iph C4 Xerophytic grass 
Bulliform–cuneiform Leaf Poaceae   Grass–indeterminate 
Dendriform Inflorescence Poaceae  Grass–indeterminate 
Multicellular long cell fragment Leaf/Culm/Inflor. Poaceae  Grass–indeterminate 
Substomatal & stomatal complex Leaf Poaceae  Grass–indeterminate 
Rondel–horned Leaf/Culm/Inflor. Poaceae Ic, D/P° Grass–indeterminate 
Rondel–pyramidal  Leaf/Culm/Inflor. Poaceae Ic, D/P° Grass–indeterminate 
Rondel–conical  Leaf/Culm/Inflor. Poaceae Ic, D/P° Grass–indeterminate 
Elongate psilate Leaf/Culm/Inflor. Poaceae & Cyperaceae  Grass/Sedge 
Elongate echinate Leaf/Culm/Inflor. Poaceae & Cyperaceae  Grass/Sedge 
Trichome Leaf/Culm/Inflor. Poaceae & Cyperaceae  Grass/Sedge 
Cone cells w/papilla & satellites Leaf/Culm/Inflor. Cyperaceae  Sedge 
Polygonal cells w/central papilla Achene (seed) Cyperaceae  Sedge 
Blocky w/dark infilling Leaf/Culm Cyperaceae  Sedge 
Thin w/ridgesd Culm Cyperaceae  Sedge 
Irreg. w/tubular projectionsd Root/Rhizome Cyperaceae  Sedge 
Perforate decorated Leaf Podostemaceae  Herbaceous 
Prismatic domed cylinder Seed Commelina spp.  Herbaceous 
Opaque plate w/perforations Achene (seed) Asteraceae  Herbaceous 
Spherical psilate Various Ferns, monocots, dicots  Various plants 
Elongate w/helical thickenings Vascular tissue Various plants  Various plants 
Elongate decorated Tracheary tissue Woody/Arboreal  Woody/Arboreal 
Elongate facetate Sclereid tissue Woody/Arboreal  Woody/Arboreal 
Polyhedral facetate Sclerenchyma Woody/Arboreal  Woody/Arboreal 
Wavy margin plate Leaf epidermis Woody/Arboreal  Woody/Arboreal 
Spherical decorated Woody tissue Woody/Arboreal D/P° Woody/Arboreal 
Spherical echinate Various tissue Arecaceae (palms)  Woody/Arboreal 

a References used for morphotype names and taxonomic interpretations are listed in Methods section 2.3. 
b Because of issues with taxonomic multiplicity and redundancy in grass phytolith morphotype production, there are 
few to no morphotypes unequivocally diagnostic of grass subfamilies Pooideae, Panicoideae, Chloridoideae, and 
others. However, the dominant association of particular morphotypes with specific photosynthetic pathways and/or 
ecological requirements allows for the generalized taxonomic interpretations used here. 

c See Methods subsection 2.5 for index definitions and calculations. 
d See Supplementary Online Material (SOM) for illustrations and descriptions of these morphotypes. 
e In the highlands of East Africa some Panicoideae grasses utilize the C3 photosynthetic pathway (see Bremond et 
al., 2008). 
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Table 3 
Selected Paleolithic localities and sites from the Lake Malawi region. 
 

Map 
# 

Locality/site name Proximity to 
modern lake 

Location 
(Lat, Long) 

Chronology (age range) Reference 

1 Songwe River Valley  ~150 km NW -8.716667, 
33.116667a 

MSA, LSA, Iron Age Willoughby 
and Sipe, 2002 

2 Kafula Ridge West ~7 km W -9.7632186, 
33.818381 

MSA Thompson et 
al., 2010 

3 Mwanganda’s Village ~6 km W -9.940956, 
33.890729 

MSA (~42 to 22 ka) Wright et al., 
2014 

3 Airport Site ~5 km W -9.954392, 
33.893016 

MSA Thompson et 
al., 2014 

3 CHA-II ~5 km W -9.955, 
33.892 

MSA (~65 to 17 ka) Wright et al., 
2017 

4 Ruasho Catchment ~5 km W -10.007420, 
33.935695a 

MSA Thompson et 
al., 2014 

5 Remero Catchment ~5 km W -10.160397, 
33.966707a 

MSA Thompson et 
al., 2014 

6 Ngara-I ~3 km W -10.239652, 
34.083460 

MSA Thompson et 
al., 2016 

6 White whale ~4 km W -10.275133, 
34.034740 

MSA Thompson et 
al., 2016 

6 Wovwe Fork ~13 km W -10.335643, 
34.104536 

MSA Thompson et 
al., 2016 

7 Vintukuthu ~6 km W -10.414440, 
34.195838 

MSA Thompson et 
al., 2016 

8 Misse ~15 km E -12.342667, 
34.850552a 

MSA, LSA Gonçalves et 
al., 2016 

9 Lunguíce ~12 km E -12.475373, 
34.808078a 

ESA, MSA Gonçalves et 
al., 2016 

10 Kalambo Falls ~300 km NW -8.591947, 
31.242603 

Acheulean, MSA, LSA, 
Iron Age 

Duller et al., 
2015 

11 Isimila ~250 km NE -7.896667, 
35.603333 

Acheulean, MSA, LSA Cole and 
Kleindienst, 
1974 

12 Mikuyu Lakeshore -12.724067, 
34.825083 

MSA (~29 ka) Mercader et 
al., 2012 

12 Mvumu Lakeshore -12.734983, 
34.81915 

MSA (~29 ka) Mercader et 
al., 2012 

12 Ngalue ~42 km E -12.858617, 
35.198367 

MSA (cave; 105–42 ka 
– multiple habitations) 

Mercader et 
al., 2009a 

 
Abbreviations: ESA = Early Stone Age; MSA = Middle Stone Age; LSA = Late Stone Age. 
a Approximate location. 
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Figures 

 

 

 
Figure 1. Atmospheric SO2 injections used in volcanic-forced climate models and estimated 
from geologic sources to determine maximum global cooling from the Toba supereruption. SO2 
mass is expressed numerically along the x-axis as equivalency to the 1991 Pinatubo eruption SO2 
release. Global cooling estimates for the geologic-sourced SO2 injection values were calculated 
from the Timmreck et al. (2012) values using an exponential best fit. The two Oppenheimer 
(2002) calculations are low and high annual estimates based on SO2 values from Zielinski et al. 
(1996). The first Robock et al. (2009) calculation uses the CCSM3.0 climate model. The next 
four calculations are derived from the ModelE climate model and only vary by the SO2 value 
used. The Timmreck et al. (2012) calculations only vary by the SO2 value used. The two 
Zielinski et al. (1996) calculations are low and high annual estimates averaged over 7.5 years. 
The Chesner et al. (2010) calculations are couplets of low and high estimates for 100% and 25% 
sulfur exolved, respectively. 
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Figure 2. Map of the potential natural vegetation of the northern Lake Malawi region, with 
locations of Lake Malawi core sites used in this study, and locations of selected Middle Stone 
Age (MSA) Paleolithic archaeological sites (see Table 3). GIS layers from Potential Natural 
Vegetation Map of Eastern Africa Version 2.0. (van Breugel et al., 2015). 
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Figure 3. Phytolith micrographs of important grass (Poaceae) morphotypes recovered from Lake 
Malawi sediments. Morphotype order approximately follows the phytolith diagram order (Figs. 5 
and 6). a) Rondel with angular keel derived from the C3 genus Phalaris. b–c) Modern reference 
Phalaris phytoliths (SOM Fig. S4). d) Rondel with straight keel typical of C3 subfamily 
Pooideae grasses. e) Plateau saddle phytolith typical of C3 genus Phragmites (SOM Fig. S3). f) 
Pyramidal rondel typical of C3 grasses but also produced by some C4 grasses. g) Rondel with 
keel and basal sinus typical of C3 grasses in side view, and h) in top view. i) Cylindrical rondel 
typical of C3 and C4 grasses in side view, and j) in top view. k–m) Range of trapeziform sinuate 
morphotypes typical of C3 Pooideae grasses. n) Very tall saddle (VTS) considered diagnostic for 
bamboo (SOM Fig. S1) and most likely derived from the C3 bamboo Yushania alpina. o) Burned 
VTS saddle phytolith. p) Bilobate phytolith diagnostic of the typically C4 Panicoideae subfamily. 
q) Burned bilobate phytolith. r) Polylobate phytolith typical of the Panicoideae subfamily. s) 
Cross phytolith typical of the Panicoideae subfamily. t) Saddle phytolith typical of the C4 
Chloridoideae subfamily. u) Burned saddle phytolith. v) Bulliform phytolith diagnostic of grass 
leaves. w) Dendritic long-cell phytolith diagnostic of grass inflorescence tissue. x) Burned grass 
leaf fragment with bilobates visible. y) Burned grass leaf fragment with stoma and long cells 
visible. z) Unburned fragment of grass leaf epidermis with papilose long cells. a’–b’) Silicified 
cf. substomatal cavity phytoliths. c’) cf. Substomatal phytolith attached to stoma guard cells 
(black arrow). d’) cf. Substomatal phytolith attached to interstomatal cell (black arrow). White 
scale bar at bottom right equals 10 μm. 
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Figure 4. Phytolith micrographs of important sedge (Cyperaceae), other herbaceous, and 
arboreal/woody tissue morphotypes recovered from Lake Malawi sediments. Morphotype order 
approximately follows the phytolith diagram order (Figs. 5 and 6). a) Elongate echinate. b) 
Elongate psilate. c) Bulliform cell. d) Trichome (prickle). The morphotypes in a–d are produced 
by grasses and sedges. e–f) Polygonal sedge achene epidermis cells with central papilla. g) 
Sequence of sedge (Cyperaceae) achene epidermis cone cells with satellites around the papilla. 
h–i) Thin facetate plates with raised ridges from sedge culms (SOM Fig. S6). j) Irregular with 
tubular projections from sedge (Cyperaceae) roots (SOM Fig. S5). k) Fragment of a perforate 
decorated plate from riverweed (Podostemaceae) leaves. l) Fragment of a perforate plate from 
composite family (Asteraceae) achenes. m) Prismatic dome cylinder with decorated stalk from 
Commelina seeds. n) Commelina seed phytolith in side view, and o) in top view. p–q) Elongate 
decorated arboreal tracheary element phytoliths. r) Elongate facetate arboreal sclereid phytolith, 
possibly burned. s–u) Globular granulate phytoliths from woody arboreal tissue. v) Globular 
echinate phytolith from palm (Arecaceae) leaf/bark/fruit tissue. w) Burned globular echinate 
(palm) phytolith. x) Wavy margin plate from arboreal leaf tissue. White scale bar at bottom right 
equals 10 μm. 
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Figure 5. Core 2A relative abundance diagram for phytoliths, charcoal, and other microfossil 
remains. All percentages are based on the total phytolith count. Dark gray vertical shading is 5× 
exaggeration. The upper horizontal gray shaded area is the Toba cryptotephra zone, and the 
dashed line represents the position of first occurrence of Toba cryptotephra. The lower gray 
vertical shading represents a turbidite, which was only present in core 2A. 
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Figure 6. Core 1C relative abundance diagram for phytoliths, charcoal, and other microfossil 
remains. All percentages are based on the total phytolith count. Dark gray vertical shading is 5× 
exaggeration. The upper horizontal gray shaded area is the Toba cryptotephra zone, and the 
dashed line represents the position of first occurrence of Toba cryptotephra.  
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Figure 7. Summary phytolith, charcoal, and cryptotephra plots for core 2A. The red shaded area 
is the Toba cryptotephra zone defined by an elevated abundance of cryptotephra attributed to the 
Youngest Toba Tuff (YTT). This zone is within the 2-cm interval where Lane et al. (2013a) 
chemically identified YTT cryptotephra, and further refines the position of first occurrence for 
core 2A (dashed blue line). a) Relative abundance of grass silica short cell (GSSC) phytoliths 
ascribed to a specific functional type. b) Climatic index (Ic) is the ratio of C3 Pooideae versus all 
GSSC phytoliths, which is essentially a measure of C3 versus C4 grasses. c) Tree cover index 
(D/P°) is a ratio of globular granulate versus all GSSC phytoliths. d) Aridity index (Iph) is the 
ratio of saddle phytoliths versus saddle + bilobate + cross + polylobate phytoliths, which is 
essentially a measure of C4 xerophytic versus C4 mesophytic grasses. e) Percent burned 
phytoliths calculated from the total phytolith sum. f) Charcoal concentrations for <45 μm (local 
and regional fires) and >45 μm size fractions (local fires). g) Phytolith concentrations. h) 
Cryptotephra concentrations from this study. i) Greenland Ice Sheet Project 2 δ18O values from 
Grootes and Stuiver (1997), and location of the H2SO4 spike attributed to the Toba supereruption 
from Zielinski et al. (1996). Greyed-out portions of the δ18O record are outside the timeframe of 
our analysis. 
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Figure 8. Summary phytolith, charcoal, and cryptotephra plots for core 1C. The red shaded area 
is the Toba cryptotephra zone defined by an elevated abundance of cryptotephra attributed to the 
Youngest Toba Tuff (YTT). This zone is within the 2-cm interval where Lane et al. (2013a) 
chemically identified YTT cryptotephra, and further refines the position of first occurrence for 
core 1C (dashed blue line). See Figure 7 caption for individual plot descriptions.  
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SOM S1 

 

1. Phytolith counts for cores 2A and 1C 

 

Phytolith, other microfossil and particle counts for Lake Malawi core 2A and 1C samples are 

provided in Tables S1 and S2 as a separate SOM Excel file. 

 

2. Photomicrographs and descriptions of phytoliths from select modern plants 

 

Modern reference plant material from several specific plants and plant parts that are either not 

represented or underrepresented in the existing phytolith literature was analyzed for its 

phytoliths. These phytoliths were identified in Lake Malawi sediment cores 2A and 1C. 

Analyzed plant material was either collected by author Yost or obtained from commercial 

growers. Specific sourcing of plant material is discussed for each plant below. Micrographs were 

taken at 400x magnification and reference microscope slides are archived with author Yost at the 

Department of Geosciences, University of Arizona. 
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2.1. Saddle-like bamboo phytoliths 

 

There is currently some confusion concerning the identification, naming, and production of 

saddle-like phytoliths that are produced by bamboo grasses (Bambusoideae). Although it is not 

the intent to resolve these issues here, a brief review is given before presenting results from the 

modern reference study. The terms ‘tall saddle’, ‘very tall saddle’, and ‘collapsed saddle’ were 

used by Piperno and Pearsall (1998) to describe phytoliths with at least one saddle-like face in 

bamboo subtribes Guaduinae and Chusquineae. Tall saddle refers specifically to saddles where 

the width, measured along the axis parallel to the concave margins, is greater than the length, 

which is measured along the axis parallel to the convex margins that are sometimes referred to as 

‘battle-axe’ edges. Piperno and Pearsall (1998) found that 90% of Bambusoideae saddles are the 

tall saddle morphotype. Very tall saddles have a width that measures >15 µm and Piperno and 

Pearsall (1998) found that this morphotype dominates Bambusoideae saddle assemblages and did 

not observe them in Chloridoideae grasses. The collapsed saddle descriptor can only be obtained 

from a side view along the width, which may not be possible using scanning electron microscopy 

(SEM) or fixed mounting mediums on light microscope slides. When looking at a cross-section 

of the width, a collapsed saddle often has a deeply concave upper face (top) and an acutely 

convex lower face (base). The base can sometimes be flat rather than convex. Collapsed saddles 

were thought by some phytolith workers to be diagnostic of the Bambusoideae; however, 

Barboni and Bremond (2009) found that some Chloridoideae grasses produce collapsed saddles. 

The term ‘long saddle’ was used by Lu and Liu (2003) to describe bamboo morphotypes in 

species of Arundinaria, and by Kondo et al. (1994) for some bamboo taxa from Southeast Asia. 

For East African bamboos, Mercader et al. (2010) also used the term ‘long saddle’ but not 

‘collapsed saddle’ for their examination of bamboo taxa common in Zambezian miombo 

woodlands of Central and East Africa. They observed ‘long saddles’ in Arundinaria alpina, 

Oreobambos buchalaldii, and Oxytenanthera abyssinica. Palmer and Tucker (1981) clearly 

showed phytoliths with a tall/long saddle face in SEM micrographs of Oreobambos buchalaldii, 

Oxytenanthera abyssinica, and Puelia olyriformis that are most likely collapsed saddles if they 

could be viewed from the side. Palmer and Tucker (1981) also looked at the bamboo 

Arundinaria alpina, a dominant grass of the upper mountain forest zone (2200 to 2500 m) of Mt. 
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Rungwe near the north end of Lake Malawi (Bremond et al., 2008); however, the saddle-like 

phytolith featured was difficult to discern. 

Blade (leaf), sheath, and culm material from Yushania alpina (formerly Arundinaria alpina) 

was obtained from Tradewinds Bamboo Company, a commercial grower located in Oregon 

(USA), and examined for phytolith production. It should be noted that Arundinaria alpina K. 

schum., also identified as Sinarundinaria alpina (K.Schum.) C.S. Chao & Renvoize, is currently 

placed in the genus Yushania (K.Schum.) W.C. Lin (Triplett and Clark, 2010), and this 

taxonomy is used here. The terms ‘very tall saddle’, and ‘tall saddle’ are used here as opposed to 

‘long saddle’. Very tall saddles, as identified in our study where the width is ≥15 μm, are 

assumed to be diagnostic of Bambusoideae grasses (Fig. S1a). 

The phytolith assemblage from Yushania alpina blade material was dominated by bilobate 

morphotypes (Fig. S1d–g), followed by cross morphotypes (Fig. S1h–k), which were not as 

common. Very tall saddles (VTSs; Fig. S1a), were rare at only 1.8% relative to the occurrence of 

bilobate and cross morphotypes (Table S3). Saddles, which included tall (width <15 μm) saddles 

(Fig. S1b) and equidimensional (length = width) saddles (Fig. S1c), occurred at 0.9% and cannot 

be differentiated from those commonly produced by C4 Chloridoideae grasses. Yushania alpina 

sheath material was dominated exclusively by rondel morphotypes (Fig. S1l–m), as bilobates, 

crosses, and saddles were not observed (Table S3). The low VTS occurrence in the modern 

reference sample seems to be in agreement with (Bremond et al., 2008) who found tall saddles 

(which would include VTS types) and collapsed saddles in soils collected within the bamboo 

forest zone on Mt. Rungwe present at about 3% relative to the total classified phytolith count. 

This low bamboo saddle phytolith abundance may be due, in part, to the overwhelming (97.3%) 

production of cross and bilobate rondel phytoliths in Yushania alpina blade material, and the 

100% occurrence of rondel phytoliths in sheath material. Seemingly at odds with our modern 

phytolith results, Mercader et al. (2010) found that tall and VTS (simply identified as long 

saddles) are present at 44.7% relative to bilobates, rondels, and saddles in unspecified 

Sinarundinaria alpina (assumed to be Yushania alpina) plant-part material from the Democratic 

Republic of the Congo. Thus, there could be intraspecies variability in tall and VTS production 

and additional Yushania alpina specimens should be examined. 
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Figure S1. Common Yushania alpina (formerly Arundinaria alpina) short cell phytolith 
morphotypes from blade (a–k) and sheath (l–m) structures. a) Very tall saddle in top, oblique, 
and side views. b) Tall saddle in top and side view. c) Saddle (chloridoid-type) in top view. This 
bamboo morphotype is not diagnostic of bamboo since it is commonly produced by 
Chloridoideae grasses. d–g) Bilobate morphotypes. h–k) Cross morphotypes. l–m) Rondel 
morphotypes in side (left) and top (right) views. These rondels were observed exclusively in 
sheath material (Table S3). White scale bar equals 10 μm. 
 
 

For comparative purposes, blade (leaf), sheath, and culm material from the North American 

bamboo Arundinaria gigantea was obtained from Tradewinds Bamboo Company, and examined 

for phytolith production. VTS morphotypes (44.2%) were codominant with bilobate/cross 

morphotypes (44.8%) in the blade, but were only present at 0.9% in sheath material (Fig. S2; 

Table S3). Like the previously discussed Yushania alpina, sheath material was dominated by 

rondel morphotypes at 91.9%. For the grasses, including bamboos, the sheath and blade are both 

part of the leaf structure, and are typically separated by a node or ligule. For non-botanists, the 

blade is often referred to as a leaf, and sheaths are often mistaken for the culm (stem). It is 

remarkable that the phytolith assemblages from bamboo sheath and blade material are so 

different, and highlights the need to sample both structures, not just the blades as is often the 

case when herbarium specimens are used as a source for reference material. Also, soil A-

horizons collected from within a bamboo stand would likely provide a better measure of an 

entire bamboo phytolith assemblage than that obtained from a disproportionate sampling, from a 

biomass perspective, of fragmented sheath and blade material. 
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Figure S2. Arundinaria gigantea saddle and rondel phytolith morphotypes. a) Very tall saddle in 
top (left) and side (right) views from blade material. b) Tall saddle in top (left) and side (right) 
views from blade material. c) Rondel phytolith in top (left) and side (right) views from sheath 
material. White scale bar equals 10 μm. 
 

 

 

Table S3 

Short cell phytolith morphotype counts for Yushania alpina and Arundinaria gigantea. 
Plant and part 

analyzed 

Saddlea Very tall 

saddleb 

Bilobate/Cross Rondel Total 

count 

Yushania alpina      

blade 9 (0.9%) 18 (1.8%) 973 (97.3%) 0 1000 

sheath 0 0 0 1000 (100%) 1000 

Arundinaria gigantea      

blade 114 (11.2%) 450 (44.2%) 455 (44.8%) 0 1019 

sheath 11 (1.1%) 9 (0.9%) 61 (6.1%) 919 (91.9%) 1000 
a Saddle category includes tall (width <15 μm) and equidimensional (width = length) saddles 
b Possible diagnostic morphotype for Bambusoideae grasses 
 

 

2.2. Plateaued saddle phytoliths from Phragmites 

 

Saddle-like phytoliths have been observed in members of the Arundinoideae grass subfamily, 

and, in particular, species of Phragmites. Brown (1984) used the term ‘wide-saddles’ to describe 

these saddle-like Phragmites phytoliths. Ollendorf et al. (1988) used the term ‘saddle-topped 

short trapezoids’ to separate this morphotype from more typical saddles in Phragmites australis. 

Piperno and Pearsall (1998) used the term ‘plateaued saddle’ to distinguish this same distinctive 

morphotype from less distinctive tall saddles in Phragmites australis. Yost and Blinnikov (2011) 
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used the term ‘concave rondel’ for this distinctive phytolith because of its oval outline in top 

view and rondel-like height, and the four to six faces that are typically concave. 

For comparative purposes, blade + sheath (leaf), culm, and inflorescence material from 

Phragmites australis was collected in Minnesota (USA) by Yost (2007) and examined for 

phytoliths. Some of the typical inflorescence and culm phytoliths can be viewed in Yost and 

Blinnikov (2011). Here we use the term ‘plateaued saddle’ to describe this distinctive and 

possibly diagnostic Phragmites morphotype, which is produced primarily in the leaf (Fig. S3). 

The following criteria are used in this study of Lake Malawi sediments to designate a 

plateaued saddle as being derived from Phragmites. All five of these criteria must be met; 

however, it is acknowledged that adjustments may need to be made as more modern references 

are studied. Neumann et al. (2017) cautioned on the use of the plateaued saddle morphotype, as 

they report its occurrence in numerous Chloridoideae and Panicoideae taxa. These criteria can be 

used to determine the limitations of the Phragmites designation and to identify possible 

confusers. 

 

(a) Maximum height must be > 0.5 × maximum length. It’s possible this rule may need 
to be increased to a height ≥ 0.75 × maximum length. 

(b) All six faces must be concave (see Fig. S3a–c). 
(c) The top face must be narrower than the base, meaning that in top view you must be 

able to see the entire outline of the base (see Fig. S3d). 
(d) The two ridges or keels on the top face must not be connected (see Fig. S3f) and 

must be more or less parallel. 
(e) A base margin between the two parallel ridges must have a small indent or sinus 

(see Fig. S3e). 
 

 
Figure S3. Plateaued saddle phytoliths from Phragmites australis leaf material. a-b) Plateaued 
saddles in side view. c) Plateaued saddle viewed from an oblique angle. d) Plateaued saddle in 
top view that looks similar to a typical Chloridoideae saddle. e) Plateaued saddle that looks like a 
tall saddle produced by some Chloridoideae and many Bambusoideae grasses. f) Plateaued 
saddle-like phytolith with a “c-shaped” ridge instead of the parallel curvilinear ridges. White 
scale bar equals 10 μm. 
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When applying the plateaued saddle criteria to modern Phragmites reference material, less 

than 10% of the short cell phytolith assemblage meets the requirements (Table S4). Keeled 

rondels (44.5%) and tall saddles (27.0%) were the most common morphotypes observed. 

Given the cosmopolitan distribution of Phragmites australis and its ecological preference as 

an obligate wetland plant, the ability to identify Phragmites phytoliths would make a valuable 

contribution to paleoecological studies. However, the numerous Chloridoideae and Panicoideae 

taxa reported by Neumann et al. (2017) to produce plateaued saddles may make an 

unequivocally diagnostic morphotype for Phragmites difficult to attain. However, application of 

the plateaued saddle criteria above may eliminate some of those possible confuser taxa. Also, a 

priori knowledge of potential confuser species distribution, ecological requirements, or 

geographic limitations, and the context of the sample, may allow for local or regional diagnostic 

status for the plateaued saddle morphotype. 

 

 

Table S4 

Short cell Phragmites australis leaf phytolith morphotype counts. 
Plant part analyzed Saddle Tall saddle Plateaued 

saddlea 

Keeled 

rondel 

Pyramidal 

rondel 

Total 

count 

Leaf (blade + sheath) 8 (4.0%) 54 (27%) 19 (9.5%) 89 (44.5%) 30 (15%) 200 
a Possible diagnostic morphotype. 

  

2.3. Angular keel rondels from Phalaris arundinacea inflorescence structures 

 

Phalaris arundinacea is a cosmopolitan species with an ecological preference for hygrophytic 

to wet mesophytic conditions. Like for Phragmites, the ability to identify Phalaris phytoliths 

would make a valuable contribution to paleoecological studies. For comparative purposes, leaf 

(sheath + blade), culm, and inflorescence (lemma + palea + glume) material from Phalaris 

arundinacea was collected in Minnesota (USA) by Yost (2007), and examined for phytolith 

production. Phytoliths commonly found in leaf and culm material can be viewed in Yost and 

Blinnikov (2011). This discussion focuses on what are being termed ‘angular keeled rondels’ 

from Phalaris inflorescence and leaf structures (Fig. S4). 
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Figure S4. Angular keeled rondels from Phalaris arundinacea leaf and inflorescence material. 
The black lines are a trace of the rondel keels. Rondels a–o are considered highly distinctive of 
Phalaris and may be diagnostic. Rondels p–r are produced by Phalaris but are not considered 
diagnostic for Phalaris because they are common in many other Pooideae grasses. For these 
three non-diagnostic types, the keels are either curvilinear, the angle is too obtuse, or there are no 
end keels. White scale bar equals 10 μm. 
 

The key characteristic of an angular keeled rondel is the angularity of either the main keel or 

the side keels as they meet the main keel (black lines in Fig. S4). If thought of as a Roman 

numeral ‘I’, the main keel would be the vertical line segment and the side keels would be the two 

horizontal line segments. The main keel is either straight between the end keels (Fig. S4a, d, e) 

or is typically comprised of two segments that meet at an angle (Fig. S4 i). An additional keel 

can sometimes join the main keel at the apex of the angle (Fig. S4 j). Many subfamily Pooideae 

grasses produce keeled rondels, and some may even produce an angular keel with two main keel 

segments; however, it is the combination of an angular main keel and the presence of end keels 

that make these Phalaris rondels distinctive and possibly unique.  

Piperno (2006:Fig. 2.1d) noted that ‘tent-like’ rondel phytoliths, which resemble angular keel 

rondels, might be unique to the Pooideae. While there is no doubt that not all of the rondels in 

Figure S4 a–o are diagnostic of Phalaris, many of those morphotypes may be. Additional species 

of Phalaris, as well as other Pooideae grasses need to be examined or re-examined for rondel 

keel angularity. For now, angular keel rondels from Lake Malawi sediment samples matching 
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those in Figure S4a–o were identified as Phalaris. If not diagnostic of Phalaris, these rondel 

phytoliths are at a minimum distinctive of Phalaris and likely diagnostic of C3 Pooideae grasses, 

which still makes a valuable contribution to the paleoecological record. 

 

2.4. Schoenoplectus acutus (Cyperaceae) rhizome phytoliths 

 

Although phytoliths from sedge leaf and inflorescence structures have been examined by 

several researchers over the past few decades, phytolith production in sedge rhizomes has, until 

now, not been reported in the phytolith literature. Thick woody rhizomes from Schoenoplectus 

acutus were collected in Minnesota (USA) by Yost (2007) and examined for phytoliths (Fig. S5). 

The phytolith assemblage was dominated by two morphotypes, 1) an irregularly shaped form 

with tubular projections and circular pits, and 2) a thin tabular form with raised ridges. 
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Figure S5. Schoenoplectus acutus (Cyperaceae) woody rhizome phytoliths. a-g) Phytoliths with 
hollow or tubular projections that radiate outward from the central portion of the phytolith. There 
can also be circular openings to the interior of the body, which seem to be related but lack the 
tubes that project from the main body. h-i) Thin tabular phytoliths with either raised ridges (h) or 
facets when the phytolith body is thicker (i). White scale bar equals 10 μm. 
 

The dominant morphotype was the first type, which on the phytolith diagrams has been 

named ‘irregular with tubular projections’ and shortened to ‘irreg w/tubular proj’. It is a difficult 

phytolith to name, as it typically presents in a globular or spherical form, but can also be 

amorphous or amoeboid. Asteriform is another name that could be applied to this morphotype. 
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The main characteristics are the hollow or tubular projections that radiate outward from the 

central portion of the phytolith. There can also be circular openings to the interior of the body, 

which seem to be related but lack the tubes that project from the main body. A similar 

unidentified phytolith that is likely a sedge rhizome morphotype was recovered from African 

wetland soils by Novello et al. (2012, Blo-10 in Plate II). These sedge rhizome phytoliths were 

rare in Lake Malawi core 1C but were much more common in core 2A, which is closer to the 

edaphic grassland and marsh that exists today at the north end of Lake Malawi. 

The second phytolith morphotype from the rhizome was present at very low levels relative to 

the previous morphotype. It is a thin tabular form with either raised ridges (Fig. S5h) or facets 

when the phytolith body is thicker (Fig. S5i). This morphotype is called ‘Thin w/ridges’ on the 

phytolith diagrams for Lake Malawi cores 2A and 1C.  It is likely that these phytoliths are not 

derived from the rhizome proper, but instead from the sheaths or scales that arise from the crown 

of the rhizome, extend above ground, and often resemble a leaf. 

Because sedges produce blocky and bulliform morphotypes and elongate psilate and elongate 

echinate morphotypes that are also produced by grasses, there are very few morphotypes that are 

unequivocally diagnostic of sedges. Those that are diagnostic, like cone cell phytoliths from 

leaves and achenes, are lightly silicified, preserve poorly, and are often underrepresented in 

phytolith records. The ‘irregular with tubular projections’ sedge rhizome phytolith provides a 

robust sedge morphotype that is likely diagnostic of sedges; however, rhizomes from many more 

taxa need to be examined for phytoliths, as root and rhizome material is underrepresented in the 

phytolith literature. The ‘thin tabular with ridges’ phytolith is not diagnostic of sedge roots, as it 

has been observed in leaf, culm, and inflorescence structures; however, this morphotype is likely 

diagnostic of the sedge family (Cyperaeae). 

 

2.5. Thin tabular with ridges phytolith from Cyperus papyrus 

 

Although there have been several recent studies that have looked at phytolith production in 

numerous Cyperaceae taxa (Fernández Honaine et al., 2009; Novello et al., 2012; Fernández 

Honaine et al., 2013), there are no published accounts, recent or otherwise, of a morphotype that 

matches the ‘thin tabular with ridges’ (TWR) morphotype discussed here. To better document 

this morphotype with material from a sedge that occurs in East Africa, plant-parts (roots, sheath, 
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culm, pith, involucral bracts, and umbel rays) from Cyperus papyrus were collected by Yost in 

2011 from an outdoor exhibit at the Denver Botanic Gardens (USA) and examined for phytolith 

production. Achenes were not present on the living plant and the plant was not old enough to 

have produced woody rhizomes, so those plant parts were not examined. 

Phytoliths were observed in all parts of the Cyperus papyrus plant examined except for the 

pith. The sheath was the most heavily silicified part at 1.4% (Table S5). When considering the 

entire plant, Cyperus papyrus has relatively low phytolith production, especially since grasses 

have a phytolith content of around 5%. Numerous phytolith morphotypes were observed, as 

reported by others, but only the TWR type is discussed further. TWR morphotypes were 

observed in all plant parts except the pith, which produced no phytoliths. 

 

Table S5 

Cyperus papyrus plant part phytolith extract weights. 
Plant part Dry weight (g) Extract weight (g) Phytolith fraction (%) 

Sheath (root scales) 0.1039 0.0015 1.443 

Involucral bract 0.2053 0.0015 0.730 

Umble rays 0.077 0.0004 0.519 

Culm 0.2472 0.0009 0.364 

Roots (not rhizome) 0.2028 0.0001 0.049 

Pith  0.087 0.0000 0.000 

 

 

TWR types appear to grade into more heavily silicified phytoliths that better fit other 

morphological categories such as elongate facetate and elongate echinate types produced by 

grasses and other plants. This is illustrated in Figure S6, where the TWRs are arranged from thin 

(a–d) to thickened (e–h) silica bodies. The thin morphotypes in (Fig. S6a–d) were classified as 

sedge phytoliths for the Lake Malawi samples, and are derived primarily from root, sheath, culm 

and bract structures. TWR phytoliths were slightly more numerous in core 2A than 1C, which 

makes sense given the proximity of core 2A to the edaphic grassland at the north end of Lake 

Malawi. Although not presented here, TWR phytoliths have also been observed in the genera 

Scirpus, Schoenoplectus, and Eleocharis, and likely occur in other Cyperaceae as well. 
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Figure S6. Thin tabular with ridges (TWR) and elongate echinate phytoliths from Cyperus 
papyrus. a–d) TWR phytoliths arranged in order of thin- to thick-bodied, and derived from 
involucral bracts (a, d, h), root (b), sheath (c), and umbel rays (e, f, g). e–f) Intermediate forms 
between TWR types and other elongate types. g) Elongate facetate type from umbel ray material. 
h) Elongate echinate type from involucral bract material. White scale bar equals 10 μm. 

 

It is unknown why this morphotype has not been associated with Cyperaceae by other 

authors; however, the method used to oxidize modern plant material may have something to do 

with it. Most phytolith workers use calcination to process plant material, which can be good for 

preserving large silica sheets of articulated phytoliths. This study uses wet oxidation (HCl > 

HNO3 > KOH), which does a better job of disassociating phytoliths and better mimics what is 
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typically observed when fossil phytoliths are extracted from sediments. When calcination is 

used, TWR phytoliths may become brittle and separate into smaller fragments or more likely 

remain articulated to other silicified tissues and become obscured from view. Like the previously 

described rhizome phytoliths, these TWR morphotypes provide another seemingly robust sedge 

phytolith that is more resistant to dissolution than the cone cells which are typically featured in 

modern reference studies of Cyperaceae taxa. 
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APPENDIX B 
 
Phytoliths, pollen, and microcharcoal from the Baringo Basin, Kenya reveal savanna 
dynamics during the Plio-Pleistocene transition 
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Abstract 
 
As part of the Hominin Sites and Paleolakes Drilling Project (HSPDP), phytoliths, pollen, and 
microcharcoal were examined from the 227 m (3.29 to 2.57 Ma) Baringo Basin-Tugen Hills-
Barsemoi drill core (BTB13). A total of 652 samples were collected at ~10 to 32 cm intervals, 
corresponding to sub-millennial to millennial scale temporal resolution. Microcharcoal was well-
preserved throughout the core and often peaked in abundance ~5 kyr before and after an 
insolation peak. Phytolith preservation varied between excellent to total dissolution in alternating 
intervals throughout the core. Pollen was rarely preserved. These combined datasets indicate that 
prior to ~3.0 Ma, woody cover fluctuated between open savanna (< 40% cover), woodland (40–
80% cover), and forest (> 80% cover) at typically precessional (19–23 kyr) periodicities. During 
the mid-Piacenzian Warm Period (MPWP; 3.26–3.01 Ma), intervals with exceptionally high 
microcharcoal abundance suggest regional turnover from wooded to open habitats was driven in 
part by fire. After ~3.0 Ma, low elevation woody cover likely never exceeded 40%, with 
oscillations between mesic tall-grass vs. xeric short-grass savanna at precessional periodicities. 
Mesic C4 tall-grass (Panicoideae) peaked in abundance during insolation maxima, whereas xeric 
C4 short-grass (Chloridoideae) peaked during insolation minima. The onset of Northern 
Hemisphere glaciation (NHG) ~2.75 Ma coincides with the appearance of deep lake phases and 
increases in grass density and fire frequency. Spectral analysis and intervals with well-preserved 
phytoliths indicate that precession and interhemispheric summer insolation gradients influenced 
vegetation via their effects on equatorial precipitation and fire. This study fills a crucial gap in 
Pliocene vegetation reconstructions from the East African Rift Valley and its associated hominin 
localities. It also provides orbitally resolved regional vegetation data useful in paleodata–model 
comparisons for the onset of the MPWP (which is often used as an analog for future warming) 
and NHG. 
 
Under revision with journal: 
Palaeogeography, Palaeoclimatology, Palaeoecology. Submitted March 20th 2019. 
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1. Introduction 

Late Neogene geological sections from the Baringo Basin and Tugen Hills area of the 

central Kenyan Rift Valley have been the focus of intensive paleoenvironmental and 

paleoanthropological investigations for the past several decades (Pickford et al., 1983; Hill, 

1985; Hill et al., 1992; Hill, 2002; Jacobs, 2002; Kingston et al., 2002; Deino et al., 2006; 

Kingston et al., 2007). The Hominin Sites and Paleolakes Drilling Project (HSPDP) targeted the 

Plio-Pleistocene fluviolacustrine deposits of the Chemeron Formation in the Tugen Hills, Kenya, 

as one of six East African drill sites with high potential to reveal linkages between environmental 

change and human evolution (Cohen et al., 2016). The Chemeron Formation contains over 100 

fossil vertebrate localities, including several hominin sites. Three of the hominin sites are located 

within 3 km of the HSPDP drill site and within the time interval encompassed by the drill core 

(Deino and Hill, 2002; Deino et al., 2002; Campisano et al., 2017). 

 Various hominin-environment models have been proposed to explain possible 

environmental drivers of hominin evolution. These include the Savanna Hypothesis (see Bender 

et al., 2012; Domínguez-Rodrigo, 2014 for reviews of its century-long origins), the Red Queen 

Hypothesis (Van Valen, 1973), the Turnover Pulse Hypothesis (Vrba, 1985), the Aridity 

Hypothesis (deMenocal, 1995), the Variability Selection Hypothesis (Potts, 1998), the Shifting 

Landscape Heterogeneity Hypothesis (Kingston, 2007), the Pulsed Climate Variability 

Hypothesis (Maslin and Trauth, 2009), and the Accumulated Plasticity Hypothesis (Grove, 

2015). However, none of these can explicitly or uniquely be linked to hominin evolution, and as 

Maslin et al. (2015) noted, aspects of all of these models may have acted on hominin evolution. 

Variables such as precipitation, Earth orbital parameters, and tectonics (rifting and volcanism) 

are often invoked in these hominin evolutionary models. However, it has been argued that 
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regardless of the specific selection mode that was operative, ultimately it is the availability of 

water (Cuthbert and Ashley, 2014; Cuthbert et al., 2017) and the structure and composition of 

vegetation (Barboni et al., 2019) that are critically important for hominin survival. These aspects 

of landscape architecture support faunal populations and set the framework for predator-prey 

relationships, species/functional group competition/facilitation, and dispersal into novel 

environments (Potts, 2004; Kingston, 2007; Wells and Stock, 2007; Bunn and Gurtov, 2014). 

Almost four decades ago, Hill (1981) called for the explicit inclusion of paleoecology 

into discussions on the evolution of human morphological change. However, vegetation-based 

paleoecological data at the appropriate taxonomic resolution from the basins where hominins 

lived are scattered and discontinuous across the Plio-Pleistocene (Bonnefille, 2010; Jacobs et al., 

2010; Barboni, 2014). Several studies have recently produced such datasets (e.g., Novello et al., 

2015; Arráiz et al., 2017; Novello et al., 2017; Albert et al., 2018; Ivory et al., 2018; Owen et al., 

2018), yet there remains a paucity of paleovegetation records. This is especially true for records 

from the Plio-Pleistocene transition, that show vegetation dynamics at time scales relevant to 

issues of hominin adaptation to abrupt vegetation change and high-frequency variability 

(Campisano et al., 2017).  

To specifically address this shortcoming, we use direct paleoecological evidence 

primarily from phytoliths and microcharcoal, complemented with pollen data where preserved, 

to reconstruct fire and vegetation dynamics in the Baringo Basin at millennial to sub-millennial 

scales from the Baringo Basin-Tugen Hills-Barsemoi HSPDP drill core (BTB13), which spans 

3.29 to 2.56 Ma. This interval captures the mid-Piacenzian Warm Period (MPWP) and the 

subsequent initiation of global cooling, the onset of Northern Hemisphere glaciation (NHG), the 

diversification of Paranthropus and Homo, and the earliest evidence for stone tools 350 km 
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north of the drill site (Harmand et al., 2015). With 652 samples analyzed from a 227-m core 

spanning 730 kyr, this record represents one of the most extensive phytolith studies ever 

conducted. 

 

2. Background 

 

2.1. Vegetation reconstruction from phytoliths 

Phytoliths are microscopic opal silica (SiO2 • nH2O: opal-A) infillings and casts of plant 

cells (Piperno, 2006; Strömberg et al., 2018). They are similar in size to pollen, but unlike pollen, 

can be produced in various plant tissues. When plant material decays or is burned, phytoliths 

persist and are incorporated into soils and sediments. Phytoliths can generally be differentiated at 

the family level, although not all plant families produce phytoliths (Piperno, 2006). 

Monocotyledons (e.g., grasses, sedges, palms) are prolific producers of phytoliths (Hodson et al., 

2005), whereas dicotyledons, especially trees and shrubs, producing many fewer. In general 

terms, subtropical and tropical trees are moderate phytolith producers, whereas cooler climate 

trees, such as those found in the afromontane zone of Africa, are poor phytolith producers 

(Barboni et al., 2007). However, phytolith production in wood and bark is understudied, and 

recent work is expanding the taxonomic resolution of tree phytoliths (Collura and Neumann, 

2017; Esteban et al., 2017). 

Phytoliths in soils and paleosols are assumed to be derived primarily from plants growing 

within ~10 m of the sample site; however, transport of phytoliths on land from 10-1000 m has 

been observed (Fredlund and Tieszen, 1994; Blinnikov et al., 2013), and long distance transport 

in dust plumes is also possible (Bowdery, 1999). Phytoliths are transported to soils and lake 
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sediments by sheet-wash, fluvial, and eolian processes while still embedded in plant fragments 

and ash particles or after in situ plant matter decays. The source area for phytoliths in lake 

sediments depends on the hydrologic system and surrounding topography. Phytoliths from lakes 

surrounded by flat topography and no inlets are primarily derived from near-shore habitats 

(Aleman et al., 2014). Lakes in similar settings, but with an inflowing river receive phytoliths 

from a slightly wider proportion of the catchment (Yost et al., 2013). Phytolith assemblages for 

lakes surrounded by moderate to high relief landscapes, such as rift settings, are assumed to 

reflect a weighted average of the lake catchment vegetation mosaic and can be transported > 104 

m (Yost et al., 2018; Li et al., 2019).  

 

2.2. The use of grass subfamily phytolith indicators 

Grasses (Poaceae) are found in all major vegetation biomes and have strategies to survive 

along a moisture gradient that includes deserts (xerophytes), tall-grass savanna (mesophytes), 

and shallow bodies of water (hydrophytes). Because grass pollen can rarely be identified below 

the family level, and stable carbon isotopic approaches cannot distiguish C3 grasses from all 

other C3 plants, the diversity and habitat specificity of grasses has not been fully exploited in 

paleoecology. 

A major strength of phytolith analysis is the ability to identify grasses, with some degree 

of certainty, to subfamily and sometimes lower taxonomic levels, for which there are often 

significant differences in photosynthetic fixation of carbon (C3, C4 NADP-ME, C4 NAD-ME and 

PCK), moisture, temperature, and light requirements. However, phytolith morphotype 

multiplicity and redundancy within African grasses can present identification problems at 

subfamily and lower taxonomic levels (Barboni and Bremond, 2009; Neumann et al., 2017). 
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These limitations can be overcome when considering the overwhelmingly dominant association 

of particular phytolith morphotypes at various taxonomic and functional type levels, which 

allows for more specific taxonomic interpretations (Yost et al., 2018). This view is strengthened 

by the fact that a small number of grass species comprise the majority of the biomass in many 

grass-dominated systems (Edwards et al., 2010). For example, there are 200 grass species in the 

Serengeti (Williams et al., 2016), but only 10 to 15 species are common, and often only two or 

three species dominate a given grass community (Belsky, 1983, 1985, 1986; Banyikwa et al., 

1990). 

 

2.3. Short-grass vs. tall-grass savanna 

The short-grass–tall-grass boundary is a significant, but underappreciated ecological 

division in paleoecology. By extension, an underutilized paleoecological tool is the Iph phytolith 

index which can differentiate between short-grass and tall-grass savannas (Bremond et al., 2008; 

Novello et al., 2017). Short-grass savannas are dominated by Chloridoideae grasses, and their 

abundance is negatively correlated with precipitation (Taub, 2000). Tall-grass savannas are 

dominated by Panicoideae grasses whose abundance and stature are positively correlated with 

precipitation (Taub, 2000; Bocksberger et al., 2016). The short-grass–tall-grass boundary occurs 

at ~750 mm mean annual precipitation (MAP) for the Sudanian, Sahelian, and Somali-Masai 

phytogeographic zones of western, central, and eastern Africa (van Wyk, 1979; McNaughton, 

1983). Interestingly, ~800 mm MAP is the upper limit for most (but not all) pedogenic carbonate 

nodule formation (Quade and Cerling, 1995; Retallack, 2005), suggesting that in paleosol 

studies, the absence of soil carbonate nodules and the presence of tall-grass Panicoideae 

phytolith dominance can signal MAP > 800 mm. 
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Vegetation structure and ecosystem services are vastly different in short- and tall-grass 

savannas. Short-grass savanna grasses are typically one to several decimeters in height, highly 

nutritious, heavily grazed, and often form rhizomatous lawns (McNaughton, 1985; Quigley and 

Anderson, 2014; Hempson et al., 2015b). Short-grass savanna mammals are typified by a high 

variety and very high abundances of large browsers (e.g., giraffe, greater kudu) and medium-

sized social mixed-diet species (e.g., gazelles and oryx) (Hempson et al., 2015a). Tall-grass 

savanna grasses can reach heights of one to two meters, are less nutritious (low in N, P, and Na), 

less palatable/digestible (high lignin and silica), hide predators, and promote high fire frequency 

and intensity (Dobson, 2009; Pays et al., 2012; Quigley and Anderson, 2014). Tall-grass savanna 

mammals are typified by high relative abundances of non-ruminant grazers such as equids, 

hippos, rhinos and suids, and water-dependent grazers such as wildebeest, hartebeest, 

Hippotragus sp. and Kobus sp. (Hempson et al., 2015a). Hominin behavior would likely have 

been very different within these two structurally and compositionally different savanna types. 

Thus, in addition to determining tree-cover dynamics, a major goal of this study is to identify 

periods of short- and tall-grass dominance and how these two habitat types vary over time. 

 

2.4. Records of East African Pliocene plant communities 

As Jacobs (2010) noted that, “[T]he Pliocene, a critical time interval for human evolution, 

is unfortunately not a good time for the preservation of plant fossils…”. She and others 

(Bonnefille and Riollet, 1987; Rossouw and Scott, 2011) have surmised that increased Pliocene 

seasonality enhanced by high latitude glacial teleconnections and locally complex topography 

resulted in periodic wetting and drying of soils and sediments and the oxidation of pollen and 

plant macrofossils. This is especially true for the Baringo Basin and the Turkana Basin to the 
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north, which generally lack Pliocene pollen and macrofossil records. However, there are some 

terrestrial eastern African Pliocene pollen and phytolith records from Ethiopia (Hadar, Middle 

Awash) and Northern Tanzania. At Hadar between 3.4 and 2.9 Ma, there is pollen evidence for 

open grasslands (steppe), tropical and temperate xerophytic woodlands and scrublands, and 

earlier in the Pliocene, warm mixed forest (Bonnefille et al., 2004). At 4.4 Ma in the Middle 

Awash, there is phytolith, pollen, and macrofossil evidence for riparian habitats, wooded 

grasslands, woodlands, and spring-forest patches associated with groundwater (WoldeGabriel et 

al., 2009; Cerling et al., 2010; Barboni et al., 2019). For Pliocene northern Tanzania, a suite of 

pollen, phytolith, and macrofossil, and leaf wax and pedogenic carbon isotopic records indicate 

the presence of wetlands, wooded grasslands, river and groundwater-fed woodlands and patches 

of forests (Barboni, 2014; Albert et al., 2018). Overall, the Pliocene in East Africa was drier than 

the Miocene. But compared to today, the Pliocene supported fewer arid plant communities, and 

wooded versus open habitats varied at higher frequencies (Bonnefille, 2010). Situated midway 

between Tanzania and Ethiopia, the BTB13 phytolith and leaf wax isotopic records (Lupien et 

al., 2019, this issue) fill a void in our understanding of Pliocene vegetation structure and 

composition in the central Kenyan Rift Valley. 

 

2.5. Regional and local setting for the drill-core site 

The Baringo Basin is part of the eastern branch of the East African Rift System (EARS), 

and contains present-day Lake Baringo and Lake Bogoria to the south. Like most of the EARS, 

the Baringo Basin is surrounded by a landscape that is topographically complex, resulting in a 

high level of plant diversity (Fig. 1). It is likely this complex mosaic of vegetation was in place 

to some degree in the central Rift Valley by the Pliocene (Jacobs, 2004; Jacobs et al., 2010). A 
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review of the plant fossil record suggests that vegetation complexity has been increasing over the 

Neogene (Linder, 2017). 

The modern 6569 km2 Lake Baringo watershed spans an elevation range of ~1000 to > 

2000 msl, and encompasses 10 vegetation types that range from open grassland to afromontane 

forest (van Breugel et al., 2015). The BTB drill site is located ~12 km west of Lake Baringo in 

the Tugen Hills at 1158 msl. Modern vegetation at the drill site is classified as Somalia-Masai 

Acacia-Commiphora deciduous bushland and thicket with 40% or more woody cover (White, 

1983; van Breugel et al., 2015). The area experiences low and erratic MAP, which varies 

between 500 and 750 mm, and has annual evaporation rates between 2000 and 2800 mm 

(Ngaira, 2005). Little is known about the extent and depth of the Chemeron Formation 

paleolakes, but the depocenter may have been to the east of the drill site (Deino et al., 2006).    

 

3. Methods 

 

3.1. Drill core extraction and core chronology 

A single, vertical 227.9 m borehole was drilled at the Tugen Hills site (Lat 0°33'16.56" 

N, Long 35°56'15.00" E) in May–June 2013. BTB13 was drilled using truck-mounted standard 

wireline diamond bit drilling with standard IODP butyrate core liners. The 227 m of core was 

airfreighted to LacCore, the National Lacustrine Core Facility (University of Minnesota, USA) 

for full scanning, processing, description, and subsampling. See Cohen et al. (2016) for coring 

details and initial core descriptions. Core depths are reported in meters below surface (mbs). A 

Bayesian stratigraphic age model for the core was developed by Deino et al. (2019, this issue) 

using 40Ar/39Ar dating, magnetostratigraphy, and tephrostratigraphy. 
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3.2. Microfossil separations from sediment 

With the exception of core intervals with voids, approximately 2 cm3 of sediment was 

initially collected for pollen and phytolith/microcharcoal separations every 32 cm along the 

227.9 m core, resulting in 652 samples. Pollen and phytolith/microcharcoal samples were split at 

the University of Arizona, and ages for each sample were assigned from the age model. On 

average, each sample represented 66 years, with 1093 years between samples. 

 

3.2.1. Phytolith, pollen, and microcharcoal separations 

Phytoliths and microcharcoal particles were extracted together and counted on the same 

slide. All 652 samples were analyzed for phytoliths and microcharcoal using a modified version 

of the wet oxidation and heavy-liquid density separation method described in Piperno (2006). In 

a controlled comparison of microcharcoal separation methods, density separation using a heavy 

liquid and chemical removal of organic matter, like that used here, produced a significantly 

higher microcharcoal yield than other common methods (Turner et al., 2008). Synthetic 

microspheres were added to each sample in order to calculate concentrations. Detailed extraction 

steps are provided in the Supplementary Online Material (SOM).   

As an initial assessment of pollen preservation, pollen was analyzed at 96 cm intervals 

(every third sample collected; 108 total). Preliminary results suggested that pollen concentrations 

in the BTB13 samples were very low, necessitating larger than normal sample volumes. 

Therefore, for all 108 samples, ~10 g of sediment was processed using standard methods of 

Faegri and Iversen (1989) and sieved at 10 microns. Lycopodium tablets were added to each 

sample in order to verify pollen preservation and to calculate concentrations. 
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3.3. Microscopy: phytolith, pollen, and microcharcoal identifications 

3.3.1. Phytoliths and microcharcoal 

Entire sample or subsamples were mounted on microscope slides using Permount and 

sealed with fingernail polish just prior to counting. Permount requires ~ 7 d to dry completely, 

allowing in the mean time for phytolith rotation, which is essential for many phytolith 

identifications. Phytolith and microcharcoal counting was conducted using an Olympus BX-43 

transmitted-light microscope at 400´ magnification, with a goal of 200 index-specific phytoliths 

counted (Strömberg, 2009). 

 The phytolith classification used 60 phytolith morphotypes. The primary descriptive 

reference(s), anatomical origin, and taxonomical interpretation for each morphotype are listed in 

Table 1. Morphotype names used were either derived from the International Code for Phytolith 

Nomenclature (ICPN 1.0; Madella et al., 2005) or from the primary references used to identify 

them. This classification includes the use of the bilobate and cross supertypes suggested by 

Neumann et al. (2017). Microcharcoal was identified (absolute counts) using the diagnostic 

characteristics described by Turner et al. (2008), with particular emphasis on avoiding 

misidentifications from pyrite and unburned plant fragments that may have darkened naturally 

over time. 

 

3.3.2. Pollen 

Pollen residues were mounted onto slides in glycerol and sealed with fingernail polish. 

Because of low pollen yields, two slides were made for each sample and completely scanned 

using transmitted-light microscopy at 400´ magnification to verify the presence of identifiable 

pollen, algae, and other non-pollen palynomorphs. Samples with no pollen present were marked 
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as “sterile”, and no further analysis was conducted. For samples with at least one identifiable 

pollen grain, five further slides were mounted, and pollen was identified using atlases of pollen 

morphology and the African Pollen Database (Maley, 1970; Bonnefille and Riollet, 1980). No 

samples yielded more than 12 pollen grains. Because of these low concentrations, the pollen data 

presented here should be considered qualitative and not completely or robustly representative of 

the ancient flora. In particular, the presence of a pollen type indicates the presence of that plant 

taxon; however, the absence of a pollen type does not necessarily indicate its absence on the 

landscape. The pollen analysis resulted in the identification of 14 pollen taxa plus fern spores and 

green algae. The nomenclature for these follows Vincens et al. (2007). 

 

3.4. Phytolith calculations 

Percent relative-abundance calculations were based on the total phytolith count for each 

sample. Concentrations were calculated from the microsphere counts and starting volume of the 

sample (SOM Table S1). Influx values reported as particles per cm2 per yr were based on 

calculated concentrations and sedimentation rates determined from the age model. The relative 

abundance plot of C3, C4 mesic, and C4 xeric grass phytoliths was based solely on grass silica 

short-cell (GSSC) phytoliths attributed to those plant functional types (Table 1). The tree cover 

(D/P°) and aridity (Iph) phytolith indices were calculated as described in Bremond et al. (2008) 

and Yost et al. (2018) using the specific morphotypes listed in Table 1. The 95% confidence 

intervals (CI) for the D/P° and Iph indices were determined by nonparametric bootstrap 

resampling using the ‘boot’ and ‘simpleboot’ packages in R (R Core Team, 2018). The R 

bootstrapping and error propagation code written to run on lists of D/P° and Iph values is 

provided in the SOM. The Ic3 index used here is a variant of the Ic climatic index described in 
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Bremond et at. (2008). We calculate the Ic3 index by including all GSSC morphotypes ascribed 

as being derived from a C3 or C4 grass in Table 1, which then becomes (C3 / C3+ C4) ´ 100. 

 

3.5. Statistical and time series analyses 

Detrended canonical correspondence analysis (DCCA) was conducted on the counts of 

specific phytolith morphotypes using CANOCO ver. 4.55 (ter Braak, 1986). Only the 

morphotypes ascribed to a particular taxonomic level, typically family or subfamily, but 

sometimes genus level (Table 1), were included in the analysis. Grass morphotypes that could 

not be identified lower than family level (Poaceae) were not included. All cross and bilobate 

types were summed into one category (Panicoideae), as were all woody dicot morphotypes 

(trees), excluding palms. DCCA applied to stratigraphic plant data with age as the only constraint 

(temporal gradient) yields an estimate of adjacent sample plant taxa compositional turnover in 

units of standard deviation (Birks, 2007). 

 Time series (spectral) analysis was conducted using PAST ver. 3.2 (Hammer et al., 

2001). Lomb periodograms were produced using the REDFIT procedure with a rectangular 

window function, and confidence intervals were determined using 1000 Monte Carlo simulations  

(Schulz and Mudelsee, 2002). Spectral analysis was applied to the entire microcharcoal 

concentration record, and to D/P° and Iph index values from three time-slice intervals with good 

preservation. The microcharcoal concentration data was log transformed, detrended, and linearly 

interpolated to 1200 yr time steps prior to analysis. The D/P° and Iph data were detrended and 

linearly interpolated to 1500 and 1100 yr time steps, respectively, prior to analysis.  
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3.6. Compilation of relevant modern phytolith assemblages from Africa 

Phytolith assemblages and indices from modern soils and lake sediments provide 

comparative data with which to interpret paleosols and paleolake sediments. However, there is a 

world-wide dearth of modern (core-top) lake sediment phytolith samples, with only one study 

from Africa (Aleman et al., 2014). This necessitates the use of modern soil phytolith 

assemblages for comparative purposes in paleolake sediment studies based on the informed 

assumption that lake sediment phytolith assemblages reflect a weighted average of the phytolith 

producing vegetation biomass within the catchment of the lake (see Section 2.1). This requires 

that modern soil phytolith assemblages used in paleolake sediment studies be representative of 

dominant vegetation at the watershed scale and not be derived from an ecotone or micro-habitat 

such as a grassy opening in a forest or an edaphic wetland surrounded by grassland. 

Modern phytolith datasets (186 samples) from 10 published studies (Alexandre et al., 

1997; Barboni et al., 1999; Runge, 1999; Bremond et al., 2005a; Bremond et al., 2005b; 

Bremond et al., 2008; Garnier et al., 2012; Novello et al., 2012; Arráiz et al., 2017; Barboni et 

al., 2019) were compiled from eastern and western Africa to assess the relationship between 

D/P° values and tree cover, and the relative abundances of palm (Arecaceae), woody 

dicotyledonous (trees), and GSSC (grass) phytoliths (A:D:P) with vegetation formation. These 

10 datasets only represent a subset of samples in the African phytolith database of modern 

samples first compiled by Barboni et al. (2007) and recently updated with a total of 265 samples 

(Barboni et al., 2019). The modern phytolith dataset from Albert et al. (2018) was not used 

because some of the D/P° specific phytolith counts were very low (< 20) and most of the 

sampled habitats were patch or micro-habitats likely to be influenced by phytoliths from the 

surrounding dominant vegetation formations. From the 10 selected modern datasets, 18 samples 
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(9.7%) were excluded from this analysis because they were either derived from ecotones, micro-

habitats, or fluvial sediments of unknown origin. Many, but not all of these samples were outlier 

values (SOM Table S2). The remaining 168 D/P° values were selected as originally published or 

recalculated if based on a different D/P definition; an A:D:P ternary plot was calculated from 

those same 168 samples. Each D/P° and A:D:P sample was assigned to a basic vegetation 

formation type and woody canopy cover based on White (1983) as follows: swamp (open), 

shrubland (open), bushland (> 40% short woody cover) grassland (0–10% tree cover), wooded 

grassland (10–40% tree cover), woodland (40–80% tree cover), forest (80–100% tree cover). 

 

4. Results 

 

4.1. Phytolith and microcharcoal recovery 

Phytolith preservation and recovery in BTB13 varied from excellent to poor, with some 

intervals yielding no phytoliths, ostensibly the result of total dissolution of biogenic silica (Figs. 

2 and 3; Table 2). Intervals with either generally good or poor phytolith preservation delineated 

the five zones identified in Figure 3. Of the 652 phytolith samples analyzed, 161 (25%) yielded 

no phytoliths. Additionally, 311 samples (48%) did yield phytoliths – sometimes many – but the 

assemblages were biased because of the loss (partial or complete dissolution) of smaller 

morphotypes like GSSCs (see Section 5.2). This precluded the calculation of D/P°, Ic3, and Iph 

indices, and A:D:P on those samples. However, 180 samples (27%) scattered throughout the core 

yielded well-preserved phytoliths with no evidence of morphotype assemblage bias. There 

appears to have been a significant change in the prevailing climate, and/or basin morphology that 

initiated sometime between 3.10 and 3.05 Ma, and this change had an effect on phytolith 
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preservation and vegetation composition. Thus, the following sections often discuss pre- and 

post-3.05 Ma aspects of the BTB13 records discussed herein.     

A total of 50,520 phytoliths were counted from BTB13 material, with the number per 

sample ranging from 0–1,866. Phytolith concentrations by volume varied between 0–6.728 ×	106 

per cm3 (Fig. 3F). Phytolith influx varied between 0–1.2 × 105 per cm2 yr-1 (SOM Table S1). 

Average phytolith concentration and influx before 3.05 Ma was 93 per cm3 and 6.8 per cm2 yr-1, 

and after 3.05 Ma was 1.39 × 105 per cm3 and 3736 per cm2 yr-1, respectively. Low phytolith 

concentration values early in the record for the well-preserved samples were associated with 

coarse-grained alluvial and fluvial sediments (Scott et al., 2019, this issue). Low concentration 

values for the poorly preserved samples in typically more lacustrine sediments are attributed to 

high pore water pH and salinity, as evidenced by the presence of phillipsite and other zeolites 

(Fig. 3F; Minkara et al., 2019 this issue). Good phytolith preservation before 3.05 Ma typically 

coincided with insolation minima and extended periods of dampened insolation maxima. High 

amplitude peaks in phytolith concentrations and well-preserved intervals after 3.05 Ma are 

typically coincident with insolation maxima. 

Microcharcoal was recovered in all samples. Microcharcoal concentrations varied 

between 30–1.556 ×	106 per cm3 (Fig. 3J) and influx varied between 1–7.6 × 104 per cm2 yr-1 

(SOM Table S1). Average microcharcoal concentrations before and after 3.05 Ma were 35,732 

and 6487 per cm3, decreasing by a factor of 5 after 3.05 Ma. Influx values decreased 10-fold 

after 3.05 Ma. Phytoliths darkened from exposure to fire were rare and their occurrence was not 

included in the analysis.  

 Phytoliths from woody dicots (trees), Arecaceae (palms), Cyperaceae (sedges), C3 

Pooideae grasses, and dayflower (Commelina spp.) (Figs. 3 and 4) are most abundant from the 
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bottom of the core at ~3.29 Ma to 3.05 Ma. There are many species of Commelina in East Africa 

at both low and high elevations; most have an affinity with wet soils in open and closed habitats 

(Agnew, 2013). Phytoliths diagnostic of riverweed (Tristicha trifaria, Podostemaceae), an 

aquatic plant that only grows on rocks in rapids and waterfalls at low and high elevations 

(Agnew, 2013; Koi et al., 2015), appears in the record only after 3.05 Ma. Peaks in riverweed 

abundance are coincident with insolation maxima. Phytoliths from bamboo (Bambusoideae) and 

orchids (Orchidaceae), which are typically montane vegetation indicators (Agnew, 2013), are 

most abundant after 2.59 Ma. Possible fern phytoliths (cf. Cyclosorus sp.) and 

Murdannia/Floscopa-type phytoliths, indicators of freshwater swamps (Lind and Morrison, 

1974), are almost exclusively observed after 2.59 Ma. The significance of these plants is 

discussed in Section 5.6.  

An interesting relationship between insolation and grass community composition was 

observed throughout the core. During periods of insolation maxima, C4 mesic (tall-grass) 

Panicoideae are dominant and peak in abundance; during insolation minima, C4 xeric (short-

grass) Chloridoideae become dominant. This short-grass/tall-grass savanna relationship with 

insolation, to our knowledge, has never been documented before. 

When just comparing the relative abundances of C3, C4 mesic, and C4 xeric GSSC 

phytoliths, average C4 xeric grass values before and after 3.05 Ma are 38% and 25%. For C3 

grasses, the before and after 3.05 Ma averages are 12% (max 50%) and 8% (max 35%), 

respectively. Thus, arid-adapted C4 grasses and mesic/cool/shade-adapted C3 grasses were both 

more abundant before 3.05 Ma. This is an interesting hydroclimate paradox that appears to be 

derived from a change in when phytoliths are preserved. We hypothesize that (i) before 3.05 Ma, 

phytoliths are typically best preserved during insolation minima and periods of dampened 
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insolation maxima, and (ii) after 3.05 Ma, phytoliths are best preserved during high amplitude 

insolation maxima. This insolation–phytolith preservation relationship is discussed in detail in 

Section 6.1.1.  

 

4.2. Other siliceous microfossils recovered 

Diatoms, chrysophyte stomatocysts, sponge spicules, and sponge spherasters were also 

recovered with the phytolith extracts (Figs. 2, 3H, and 5). Because BTB13 diatoms were being 

studied in detail by another team (Westover et al., 2019, this issue), only diatom presence and 

absence was recorded. Freshwater siliceous sponge spicules and spherasters were counted, and at 

times found to be very abundant. Sponge spicule concentrations varied between 0–5.24 × 105 (x̄ 

= 6.4 × 103) per cm3. Fossil sponges are difficult to identify from sediments, as megasclere, 

microsclere, and gemmulosclere assemblages need to be recovered together. However, very 

distinctive sponge asterose microscleres (Fig. 5.7), consistent with those produced by the 

freshwater sponge Dosilia brouni (Manconi and Pronzato, 2009), were observed at 131.58 mbs 

(3.04 Ma) and 160.77 mbs (3.12 Ma), along with Dosilia-like microscleres and gemmuloscleres. 

Dosilia brouni was collected in 1979 from Lake Baringo when it had a measured salinity of 

0.5% and a pH of 8.4 (Vacelet et al., 1991), indicating its tolerance of saline and basic 

conditions. This population is ~1500 km from its type locality along the White Nile River. The 

possible recovery of Dosilia brouni in BTB13 may suggest a prior hydrologic connection to the 

Nile River system (Vacelet et al., 1991; Stewart, 2009), or simply a wider distribution for this 

taxon in the past. 

Sponge spheraster concentrations varied between 0–1.13 × 105 per cm3 (x̄ = 1.3 × 103).	

Sponge spherasters have a striking similarity to palm (Arecaceae) phytoliths and can easily be 
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confused with them unless rotated to see if a small pore-like opening is visible (Fig. 5.16-21). 

During transitions from neutral to high pH, sponge microremains were often the last biogenic 

silica particles to be lost to dissolution, with sponge spherasters the very last to remain under 

increasing pH. This is discussed further in Section 5.3. 

 

4.3. Pollen recovery 

Pollen recovery was poor throughout the record. Of the 108 samples processed for this 

study, 80 yielded no identifiable pollen and were considered sterile. The remaining 28 samples 

contained at least one grain of identified pollen (Fig. 3G; Table 2), however, all concentrations 

were extremely low (the highest concentration was < 1 grain per g dry sediment).   

As discussed in the previous sections on biogenic silica preservation, conditions within 

the lake throughout the intervals where pollen samples occurred included episodes of extreme 

pH variability as well as probable occasional subaerial exposure and input from nearby rivers. 

Given these conditions, the poor preservation of pollen is not surprising. Although sporopollenin 

is an extremely inert molecule under many conditions, oxidizing environments result in 

degradation (Brook and Shaw, 1978). Further, abrasion with riverine transport is known to result 

in poor preservation in the paleoecological record (Delcourt and Delcourt, 1980).  

 

4.4. Compilation of modern D/P° tree cover index values 

Boxplots of the selected 168 modern D/P° values are presented in Figure 6. From lowest 

to highest, the mean D/P° values are as follows: shrubland, 0.08 (n = 27, #	= 0.10); grassland, 

0.12 (n = 15, #	= 0.13); wooded grassland, 0.21 (n = 43, #	= 0.27); swamp, 0.21 (n = 10, #	= 
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0.21); bushland, 0.43 (n = 5, #	= 0.30); woodland, 1.31 (n = 29, #	= 0.40); and forest, 8.51 (n = 

39, #	= 4.11). 

The D/P° index could not distinguish vegetation types with < 40% tree cover. However, a 

D/P° value of 1 separates all but three woodland samples with > 40% tree cover, one of which is 

nearly 2	#	from the mean, and all of which are located near the edge of a present-day woodland 

patch. The D/P° value of 2.2 clearly separates woodland (40–80% tree cover) from forest (> 80% 

cover), and is similar to the D/P° value of 2.0 used by Novello et al. (2017) to distinguish forests 

from more open savanna habitats. 

 

4.5. Ternary plot comparison of modern and BTB core sample A:D:P 

A ternary plot for the percentages of palm (Arecaceae), tree (dicotyledonous/ligneous), 

and grass short cell (GSSC; Poaceae) phytolith indicators (A:D:P) is plotted in Figure 7. This 

plot also includes 168 samples from BTB13. No samples from the core plot within forest or 

woodland after 3.02 Ma. Among the 17 samples that plot within woodland or forest zones, one 

plots within semi-evergreen forest, four plot near modern miombo woodlands, two plot near a 

cluster of modern riparian floodplains, and two plot near palm woodlands. Seven forest samples 

with 30 to 60% palm phytoliths plot between a palm (swamp) forest sample and a cluster of drier 

semi-evergreen forest samples. These results suggest most of the BTB13 woodland and forest 

samples are groundwater-supported vegetation types that may denote swamp, lake margin, or 

floodplain (riverine) habitats. 
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4.6. BTB core D/P°, Iph, Ic3, and plant turnover indices  

4.6.1. D/P° index 

The index-specific count size for D/P° ranged from 8–233 phytoliths (x̄ = 82). Calculated 

D/P° values range from 0–22, and span open (grassland, wooded grassland, woodland) to closed 

(forest) vegetation formations (Fig. 8A). However, because of low index-specific count sizes, the 

bootstrapped 95% CI range varied from 69–300% (x̄ = 163%) of the D/P° value. This is not a 

surprising result and is consistent with the fact that when the D/P° value is very high or very low 

(D/P° � 1 and D/P° �	1), the magnitude of the sample size error relative to the D/P° value itself 

increases dramatically (Strömberg, 2009). In many cases, except for those with high D/P° values, 

the large CIs did not cross a vegetation formation D/P° boundary, and a long-term trend of 

decreasing woody cover is evident. All but one D/P° value indicating formations of > 40% 

woody cover occur before 3.1 Ma, and none are observed after 3.02 Ma. Although many of the 

samples with high D/P° values are from intervals with low phytolith counts, these samples did 

not exhibit evidence of dissolution. This is discussed further in Section 5.1. 

 

4.6.2. Iph (short-grass vs. tall-grass) index 

The index-specific count size for Iph ranged from 4–205 (x̄ = 61). Calculated Iph values 

ranged from 0–89%, spanning the short-grass–tall-grass dominance spectrum (Fig. 8B). The 

bootstrapped 95% CI range varied from 24–300% of the Iph value (x̄ = 102%), in agreement 

with Iph sample size errors identified by Strömberg (2009). 
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4.6.3. Ic3 (C3 grass) index  

The index-specific count size for Ic3 ranged from 4–229 (x̄ = 78). Calculated Ic3 values 

range from 0–42% (Fig. 8C). Average Ic3 values before and after 3.05 Ma are 11% and 6%, 

respectively. The five highest values (x̄ = 34%) occur before 2.98 Ma; however, there is no 

relationship between D/P° and Ic3 values (r2 = 0.0008, n = 123, p = 0.758), suggesting that C3 

grass occurrence is neither promoted or suppressed the presence of woody plants.  

 

4.6.4. Plant compositional turnover 

The DCCA-derived measure of plant taxa compositional turnover in units of standard 

deviation is highest during the mid-Piacenzian warm period (MPWP, 3.26–3.01 Ma), with 

adjacent samples varying by an average of 1 #. After 3.05 Ma the adjacent sample variability 

was 0.47 # (Fig. 8D). 

 

4.7. Spectral analysis of Iph and D/P° indices, and microcharcoal influx 

Results of the REDFIT spectral analyses of D/P° (grass vs. tree cover) and Iph (xeric C4 

short-grass vs. mesic C4 tall-grass) for three time-slice intervals are provided in Fig. 9. D/P° 

index variability exhibits precessional periodicity before 2.98 Ma. Iph index variability exhibits 

precessional periodicity only after 2.98 Ma. Half-precession and quarter-precession periodicities 

are detected somewhat sporadically between the different indices and time-slice intervals. 

Although a relationship between insolation and short- vs. tall-grass dominance (i.e., Iph) is 

clearly visible throughout much of the record where phytoliths are preserved (Figs. 3A and 8B), 

the middle time-slice interval may contain a ~40 kyr hiatus (Deino et al., 2019; this issue), likely 

confounding the spectra in that interval. For the oldest time-slice interval, preservation of 
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contiguous samples spanning the transition from short-grass to tall-grass dominance were limited 

because phytoliths were mostly preserved only during insolation minima. This is discussed more 

in Section 6.1.1.  

Results of the microcharcoal concentration spectral analysis are provided in Fig. 10. 

There is spectral power well above the 95% confidence level at periodicities of 237, 9.6, and 4.6 

kyr (Fig. 10A). Power spectral density of the Lomb periodogram reveals a power dependence on 

frequency that resembles a 1/f pink noise system (Fig. 10B). The 9.6 and 4.6 kyr periodicities 

correspond with half-precession and quarter precession, respectively. There is no precessional 

(23–19 kyr) periodicity detected, but precession is likely the carrier of the half-precession signal 

that arises from the double-peak in charcoal concentrations often associated with peaks in 

insolation (Fig. 10B). Peaks in mesic C4 tall-grass abundance vary at precessional periodicity 

(Fig. 9) and are correlated with peaks in insolation (Fig. 10C). The 237 kyr and other non-

primary orbital periodicities observed may be artifacts of stochastic resonance, which in a 

mathematical model of savanna vegetation and fire dynamics, has been shown to produce 

oscillations (Touboul et al., 2018). 

 

5. Discussion 

 

5.1. Estimates of tree cover from modern D/P° values  

The ability to detect forest formations with > 80% woody cover is statistically significant 

when D/P° reaches a value of ~2.0 (Bremond et al., 2005a; Novello et al., 2017). For our study, a 

D/P° value of 2.2 was set as the lower limit for > 80% woody cover based on the highest 

woodland D/P° value (Fig. 6B). Our study differs from others in that we set a D/P° value of 1.0 
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to differentiate woodlands (40–80% tree cover) from more open vegetation types. This was made 

possible by removing five unusually high wooded grassland D/P° values (SOM Table S2) from 

the Bremond et al. (2005a) dataset. Bremond et al. (2005a) obtained the samples we removed 

from our analysis from a savanna opening within a forest, where the savanna phytolith 

assemblages were likely skewed by the close proximity of the surrounding forest. Such samples 

would be an example of (i) a patch habitat that is likely not representative of the broader 

vegetation, and (ii) the type of reassessment that may be necessary for some modern datasets, 

especially when applied to lacustrine records. Novello et al. (2017), using a slightly different but 

related calculation, were able to detect vegetation formations with 40–80% cover. Like previous 

studies, we were unable to separate grasslands (< 10% woody cover) from wooded grasslands 

(10–40% woody cover). This likely results from the fact that the relatively continuous matrix of 

grasses are annually or biannually producing phytoliths at concentrations that would swamp 

inputs from sparse, dispersed woody taxa, especially those that only produce the globular 

granulate morphotype in their wood and bark. 

 Lacustrine sediments such as those from BTB13 are expected to record the dominant 

surrounding vegetation differently than would a contemporaneous paleosol, as the lacustrine 

phytolith pool would be derived from several vegetation types. Modern sampling of patch 

(micro-habitats) and ecotones are important, especially when comparing them to fossil datasets 

from paleosols. However, setting D/P° threshold values from endmember vegetation types that 

are unlikely to be influenced by adjacent vegetation types may be more relevant for interpreting 

lacustrine records that are likely representing a mix of vegetation types. A potential shortcoming 

of lacustrine D/P° estimates of tree cover is the possible underestimation of forest cover within a 

catchment. The signal from a forest with > 80% tree cover within the catchment could be 
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significantly diluted by the presence of grassland or wooded grassland patches also within the 

catchment. Thus, the absolute values of the D/P° index for tree cover from lacustrine contexts 

need to be carefully integrated into paleoenvironmental interpretations. 

 

5.2. Biogenic silica diagenesis in BTB13 

5.2.1. Biogenic silica dissolution sequence 

Throughout BTB13, zones with well-preserved and poorly preserved phytoliths, sponges, 

and diatoms were observed. Some intervals yielded no siliceous microfossils, possibly the result 

of total dissolution. High salinity and pH in sediment pore water are the ostensible cause of poor 

biogenic silica preservation. These conditions are inferred from the presence/absence of 

authigenic calcite and zeolites in the XRD analysis of the core (Minkara et al., 2019; this issue), 

many of which commonly form at pH ≥ 9. Zeolites are aluminosilicate minerals with a 

tectosilicate framework and commonly form by alteration of volcanic glass and the diagenesis of 

aluminosilicate gels, feldspars, and clay minerals in saline alkaline waters (Renaut, 1993). 

Zeolites were sometimes in the phytolith extracts themselves, especially when biogenic silica 

fossils were completely absent (Fig. 3F). This reflects the fact that phillipsite, clinoptilolite-

heulandite, chabazite, and analcime, the most common zeolites detected in BTB13, have specific 

gravities in the 2.1–2.3 g/cm3 range and the heavy liquid used in the phytolith extractions was set 

to 2.3 g/cm3. 

When progressing from older to younger sediments (core bottom to top), a repeated 

dissolution sequence was observed over 19 times (Fig. 11). As sediment pore water salinity and 

pH increased, as inferred by increasing fragmentation and depth and width of dissolution pits, 

diatoms were the first biogenic silica microfossils to disappear, followed by small phytolith 
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morphotypes (e.g., GSSCs), then, elongate, trichome, and bulliform phytolith morphotypes, 

followed by sponge spicules. Finally, sponge spherasters were the last biogenic silica 

microfossils observed, sometimes co-occurring with authigenic zeolites that often form between 

pH 9 and 10. Diatom, phytolith, and sponge microfossils will often reappear in the opposite order 

as pH trended to lower values. To our knowledge, this is the first documentation of a biogenic 

silica dissolution sequence for lake sediments.   

This biogenic silica dissolution sequence is not surprising given that differences in size, 

reactive surface area, and density between diatoms, phytoliths, and freshwater sponges lead to 

varying dissolution rates under conditions of increasing salinity and pH (Iler, 1979; Bartoli and 

Wilding, 1980; Barker et al., 1994; Van Cappellen et al., 2002; Fraysse et al., 2009). Our 

observation that small phytolith morphotypes such as GSSCs are lost before larger bulliform 

phytoliths, as first glance, seems to contradict the findings of Cabanes and Shahack-Gross (2015) 

who found in a controlled partial dissolution study that small morphotypes such as rondels and 

bilobates (GSSCs) and spherical phytoliths are more resistant to dissolution than other 

morphotypes. However, many of our observations are, in fact, predicted by the Cabanes and 

Shahack-Gross (2015) study. The absolute abundance of bilobate phytoliths from the grass 

Oryza sativa was reduced ~55% after partial dissolution in their study, whereas that of bulliform 

phytoliths remained unchanged within the margins of error. Globular echinate phytoliths from 

the palm Phoenix dactylifera were reduced in absolute abundance by 18% after partial 

dissolution. Thus, over time in high pH pore water, bulliform phytoliths would likely be 

preferentially preserved relative to GSSC and spherical arboreal phytoliths. Although the 

Cabanes and Shahack-Gross (2015) study is an excellent first-step in understanding how 

dissolution can differentially affect phytolith morphotype assemblages, they did not assess saddle 
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and rondel phytoliths from Chloridoideae grasses, bilobate and rondel phytoliths from 

Panicoideae grasses, or spherical phytoliths from dicotyledonous trees, all of which are 

extremely important and abundant morphotypes for much of Africa. Additionally, the dry ashing 

method (4 hr at 500º C) of phytolith extraction from modern plant material may not be the best 

analog for the release of phytoliths from naturally decaying plant matter, as heating increases 

phytolith solubility (Cabanes et al., 2011). Future dissolution studies should consider whole-leaf 

exposure, as it has been shown that the presence of organic matter decreases phytolith solubility 

(Parr and Sullivan, 2005), thus making phytolith location within a given plant tissue another 

variable to consider. 

 

5.2.2. Biogenic silica replacement/re-precipitation 

A type of biogenic silica reverse weathering has also been observed in BTB13 sediments 

where the opal silica matrix is partially or fully replaced and voids are infilled by crystalline 

material (Figs. 11 and 5.14-15). This reverse weathering process is consistent with diatom 

frustule aluminosilicate replacement observed in near-shore marine deltaic anoxic muds 

(Michalopoulos et al., 2000; Michalopoulos and Aller, 2004; Derkowski et al., 2015) and saline-

alkaline Bolivian lakes from the Altiplano (Badaut and Risacher, 1983). Arráiz et al. (2017) 

observed the growth of zeolites on phytoliths from Early Pleistocene sediments at Olduvai 

Gorge, Tanzania. Biogenic fossils that have been altered in this way will exhibit weak 

birefringence under cross-polarized light. In a controlled dissolution study by Prentice and Webb 

(2016), evidence for re-precipitation of silica on phytolith surfaces was observed when silica 

saturation was above 30–40%. Sediment pore water silica saturation in combination with 
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alkaline (high pH) conditions (Badaut and Risacher, 1983) may play a role in the replacement/re-

precipitation alteration of biogenic silica observed in BTB13. 

 

5.3. Sponge spherasters and the potential for phytolith misidentifications 

Sponges are notable in their ability to tolerate alkaline conditions well above pH 8, as 

many African taxa inhabit lakes in the pH 8 to 9 range (Manconi and Pronzato, 2009). This was 

also observed in BTB13, where sponges initially were abundant, then declined, and then became 

abundant again through the best-preserved phytolith zones, indicating their preference for 

slightly alkaline conditions as lakes were either transgressing from highly evaporative (high 

alkalinity/pH) states or regressing from higher lake level (low alkalinity/pH) states (Fig. 3H). 

 Thus, it is not surprising that sponge spicules and spherasters are relatively resistant to 

dissolution. Spherasters were found to be the sponge structures most resistant to high pH (Fig. 

11). Spherasters are a type of microsclere called a euaster in which the diameter of the centrum 

exceeds the length of the conical rays (Boury-Esnault and Rützler, 1997). Spherasters are 

produced by some, but not all freshwater and marine sponges (e.g., Łukowiak et al., 2013; 

Łukowiak, 2016), and have been observed in modern lake sediments from temperate North 

America (Yost et al., 2013). For Africa, spherasters have been described for the tropical and 

equatorial taxa Corvospongilla boehmii, and C. micramphidiscoides (Manconi and Pronzato, 

2009). They are likely produced by many other sponge taxa but may be overlooked by some 

researchers. 

Spherasters are strikingly similar to globular echinate phytoliths produced by palms 

(Arecaceae); however, they have a small pore-like opening that is usually visible if rotated. The 

spherasters in Figures 5 and 11 were chosen because they have openings that are easy to see; 
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however, the openings that are only a fraction of a micron in diameter, as is often the case, may 

be difficult to spot. Furthermore, the openings can be found anywhere on the centrum or even on 

one of the echinate projections. As dissolution progresses, the diameter of the opening increases 

and the echinate projections become diminished (Fig. 11). Under conditions of silica replacement 

or re-precipitation, the opening can in-fill. As diagenesis proceeds and the echinate projections 

continue to diminish, the spheraster may come to resemble a globular morphotype associated 

with woody plants. The implications of this are that globular echinates from phytolith 

assemblages exhibiting evidence of dissolution or that contain sponge spicules must be rotated 

fully to rule out the presence of a pore-like opening before being interpreted as a palm phytolith. 

To our knowledge, and with the exception of Yost et al. (2013, 2018), sponge spherasters have 

not been reported in published phytolith paleoecological studies, raising a concern that palms 

may have been misidentified in some of those studies. 

 

5.4. Recognition of biased phytolith assemblages 

Of the 652 phytolith samples analyzed, 48% exhibited evidence of biased preservation, 

and 25% yielded no phytoliths. Had relative abundance, D/P°, Iph, and Ic3 indices been 

calculated from the biased samples (Figures 2 and 3F), skewed and misleading results would 

have been obtained. In particular, given the persistence of sponge spherasters in alkaline 

environments and their diagenetic transformation to appear as globular granulate (woody dicot) 

phytoliths, tree cover would have been grossly overestimated, and palms would have been 

identified when in fact there was no evidence for them. This would also be the case for globular 

echinate palm phytoliths that appear more like globular granulate tree phytoliths when poorly 

preserved, a phenomenon observed in BTB13. 
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Pitting and surface etching of phytoliths is typically, but not always indicative of 

dissolution (see Madella and Lancelotti, 2012) or indicative that the morphotype assemblage is 

biased. Cabanes and Shahack-Gross (2015) propose that solubility tests be applied to fossil 

phytolith assemblages to document preservation bias. However, for high-resolution drill core 

studies with limited material, this may not be practical. We propose that in the absence of a 

solubility test, the complete absence of GSSC phytoliths, which usually coincides with high 

percentages of bulliform, trichome, and elongate phytoliths, would be a good indicator of a 

preservation-biased assemblage. Even in closed-canopy equatorial rainforests, GSSC phytoliths 

are part of the assemblage (Runge, 1999; Bremond et al., 2005b). 

 

5.5. Samples with high D/P° (tree cover) values  

Most, but not all of the samples with high D/P° values indicating 40–80% and > 80% 

woody cover occurred adjacent to samples with very low to no phytolith recovery. For example, 

one sample from 157.83 mbs (~3.11 Ma) had a D/P° value of 11 ± 6 (n = 146) indicating > 80% 

canopy cover, but only yielded 9 GSSC phytoliths and exhibited no evidence of dissolution. The 

adjacent sample yielded only three phytoliths and no evidence for dissolution, as the phytoliths 

were well-preserved and low-density zeolites and high pH resistant sponge spicules and 

spherasters were not observed. This was true for many of the other samples with high D/P° 

values, but their total D/P° phytolith counts were often low, resulting in large error bars. The 

often coarse-grained, deltaic, and fluvial nature of the core sediments before ~3.05 Ma suggests 

that high clastic inputs rather than dissolution may be primarily responsible for the low phytolith 

concentrations in well-preserved phytolith samples. Although the D/P° error bars are large, the 
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decrease in percent woody canopy cover after ~3.05 Ma is in agreement with the d13C leaf wax 

record (Lupien et al., 2019, this issue) and is likely robust. 

 

5.6. Phytoliths identify ecologically diagnostic plants 

5.6.1. Dayflower (Commelina spp.) 

 At least two species of Commelina (dayflower) were identified from the phytolith record 

(Table 2; Figures 3D and 4). Commelina spp. are a common agricultural weed in Africa 

(Eichhorn et al., 2010), but are also an important component of undisturbed plant communities. 

Over 23 species are listed for the highlands of Kenya, with seven occurring in Baringo County 

(Agnew, 2013). Although some species in Kenya occur in dry grasslands, most are associated 

with wet soils in grasslands, woodlands, and forests. The highest abundances of Commelina 

phytoliths, and in particular C. diffusa-type phytoliths, occurred before 3.1 Ma (Fig. 3D). C. 

diffusa is found today at the edges of swamps, riverbanks, and wet forests (Agnew, 2013). 

Commelina is eaten by African primates, including lowland gorillas, monkeys, and chimpanzees 

(Mitani et al., 1993; Huffman et al., 1997; Isbell, 1998). Considering its widespread consumption 

in Africa by modern humans (van der Burg, 2004), and its common occurrence in BTB13, 

Commelina should be considered as a probable food source for hominins. Commelina is typically 

considered to be a C3 plant, but CAM has been detected in at least one species (Deshmukh and 

Murumkar, 2013). 

 

5.6.2. Riverweed (Tristicha trifaria, Podostemaceae)   

Riverweeds (Podostemaceae) are a family of aquatic plants restricted to flat rocks in 

rapids and waterfalls, especially on the rims, where they are seasonally submerged by 
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oligotrophic waters and exposed during dry seasons (Müller et al., 2003; Koi et al., 2015). There 

are three Podostemaceae genera in Kenya, each with only one species. The Podostemaceae 

phytoliths recovered here are a good match with Tristicha trifaria (da Costa et al., 2018)(Fig. 4), 

which occurs today in Baringo County above 1300 m elevation (Agnew, 2013). For the other 

two Kenyan genera, Ledermanniella does not produce phytoliths (Ameka et al., 2003), and 

production in Sphaerothylax is unknown.  

Riverweeds only appear in the BTB record after 3.1 Ma (Fig. 3C), indicating either an 

increase in seasonal precipitation or a change in basin morphology and sediment sourcing. Prior 

to 3.1 Ma, sediments may have been delivered by low gradient rivers. After 3.1 Ma, 

reconfiguration of the hydrology could have resulted in sediment delivery from higher elevation 

source areas. Peaks in riverweed abundance are coincident with insolation peaks, indicating 

enhanced monsoonal precipitation and inflow to the basin during insolation maxima (Prell and 

Kutzbach, 1987; Tuenter et al., 2003). Because of their extremely narrow habitat niche, 

riverweed phytoliths are an underutilized indicator of stream flow gradients and precipitation 

change, and could prove particularly useful in studying EARS development. 

 

5.6.3 Trees 

Globular granulate phytoliths have been reported across 15 families of African trees in 20 

genera and 26 species (Table 3). For the 14 genera (70%) that occur in Kenya today, three are 

found in dry savannas, nine are found in mesic habitats (wet savanna, riparian, riverine forest, 

forest), and two occur in both arid and mesic habitats. Thus, it appears that globular granulate 

phytoliths are most typical of trees that grow in mesic habitats. Wood and bark derived non-
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globular granulate morphotypes are also typically produced by taxa found in mesic habitats 

(Table 4). 

 

6. Paleoenvironmental reconstructions 

 

The combined pollen, phytolith, and microcharcoal datasets are used here to reconstruct 

the vegetation and fire history of the paleolake Baringo catchment from 3.29 to 2.57 Ma (Fig. 

12). Discussion is organized by the phytolith preservation zones depicted in Figure 3. 

 

6.1. Zone 1: 3.29 to 3.10 Ma 

 Zone 1 represents the bottom of the core at 3.29 Ma (~228 mbs) to 3.10 Ma (~152 mbs). 

This interval captures the last half of the marine isotope stage (MIS) M2 global cooling event 

(~3.31-3.26 Ma; De Schepper et al., 2014), which caused cooler and drier conditions in eastern 

Africa (Bonnefille et al., 2004; Dolan et al., 2015; Tan et al., 2017), and the first two-thirds of 

the MPWP (3.26-3.01 Ma), when global surface temperatures were 3º to 4º C warmer than 

modern, atmospheric pCO2 was similar to modern values, and models and paleodata indicate 

tropical savannas, woodlands, and forests expanded in Africa at the expense of drier biomes 

(Salzmann et al., 2008; Haywood et al., 2016). The MPWP is often used as an analog for future 

global warming (Salzmann et al., 2009; Salzmann et al., 2011). 

The pollen and phytolith records in the BTB core both indicate that woodlands and 

forests were more widespread compared to later in the record, particularly during the MPWP. 

This finding supports reconstructions based on the MPWP vegetation models and paleodata 

referenced above. Pollen presence/absence data recorded the occurrence of typically high 
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elevation afromontane trees (particularly Podocarpus), mid-elevation montane forests, and dry 

lowland forests in close temporal proximity. Although the presence of tree taxa that occur today 

in the higher elevations under cooler temperatures could be interpreted as representing the 

existence of montane forests near the lake during this time, recent work has shown that many 

montane species’ ranges are more constrained by moisture than by cooler temperatures (Ivory et 

al., 2016; Ivory et al., 2018).  In either case, this suggests the existence of heterogeneous but 

largely arboreal mesic to seasonally dry vegetation during these times. 

A relatively continuous phytolith record, which is a more localized signal than pollen, 

indicates oscillations between open savanna (< 40% woody cover), woodland (40–80% cover) 

and forest (80-100% woody cover) formations (Figs. 8 and 12). The highest levels of plant taxa 

compositional turnover for BTB13 was observed in Zone 1. Arid short-grass savanna and 

woodlands prevailed during MIS M2, and fire frequency was at its highest levels observed for 

the core, particularly during the transition from MIS M2 to the MPWP, when microcharcoal 

influx was 14	´	the BTB13 average. Extremely large microcharcoal peaks (truncated in Figs 8 

and 12), may point to catastrophic stand-replacing fires within the watershed. This data supports 

phylogenetic evidence that the late Pliocene was a peak period for the evolution of fire-adapted 

woody clades in Africa (Bond, 2015). 

Forests with > 80% woody cover appear in the phytolith record during the MPWP, but 

were relatively short lived (~10 kyr), and often transition to or from woodlands or savanna 

within 0.5 to 1 kyr. Many of the woodland and forest phytolith assemblages have a significant 

proportion of palm phytoliths, and comparisons to modern samples (Fig. 7) suggest these may 

primarily be groundwater-supported riparian settings. It is possible that the relatively rapid 

transitions between these vegetation types were caused by riverine corridor migration at or near 
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the BTB drill site; however, changes in precipitation and/or disturbance (e.g., fire, grazing, 

browsing) regimes, could also effect rapid vegetation formation transitions.  

The alternative stable states theory provides such a framework for the existence of sharp 

forest–savanna boundaries across space and time by considering the positive feedbacks of fire 

and herbivory along a precipitation gradient (Oliveras and Malhi, 2016). Spectral analysis of the 

D/Pº tree cover index detected a strong precessional signal during this interval (Fig. 9), providing 

a mechanism for peaks in enhanced monsoon precipitation. Peaks in microcharcoal 

concentrations are antiphased with the woodland and forest occurrences.  

 

6.1.1. Zone 1 (3.29 to 3.10 Ma) C3–xeric C4 hydroclimate paradox	

Trees (including palms), C3 grasses, and sedges, sometimes occurring in very high 

percentages and generally indicative of more mesic conditions, are most prevalent within Zone 1; 

yet at the same time, xeric C4 grasses are much more abundant than mesic C4 grasses (Figs. 8 and 

12). Further, the correlation between peaks in summer insolation and mesic C4 tall-grass 

dominance observed in Zones 3 and 5 was not observed in Zone 1 (poor phytolith preservation 

precluded detection in Zone 4). This could signal that precipitation was not enhanced by 

insolation during the MPWP and C3 trees and C3 grasses were maintained by groundwater along 

a riverine corridor, or that the short-grass/tall-grass dynamic was decoupled from climate, as can 

happen when grazing lawns are created under high herbivore pressure (McNaughton, 1983). 

However, comparison of phytolith preservation zones to the summer insolation curve shows that 

before ~3.10 Ma, phytoliths were best preserved at insolation minima and during periods with 

low amplitude insolation maxima; after ~3.10 Ma they were best preserved during insolation 

maxima (Fig. 3). Zone 2 (discussed below) appears to be transitional between these two 
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preservation schemes. This switch in the relationship between phytolith preservation and 

insolation can be explained by a change in basin depth and the fluctuating proximity of high pH 

lake water to the drill core location (Fig. 13). 

The model in Fig. 13 shows that before ~3.10 Ma, enhanced precipitation during 

insolation maxima raises the elevation of high pH lake water levels above that of the drill site, 

resulting poor to no phytolith preservation. Because of the more proximal position of the drill 

site within a relatively shallow basin, reduced precipitation during insolation minima (and 

dampened insolation maxima) reduces the elevation of high pH lake water levels below that of 

the drill site, resulting in exposure to only relatively less saline/alkaline shallow groundwater and 

surface seeps, springs and streams, and thus much better phytolith preservation. Similar 

scenarios of high pH lake water being drawn down during periods of low precipitation, exposing 

freshwater features and habitats has been documented on orbital time scales for the Bonneville 

Basin in Utah (Balch et al., 2005) and the Olduvai Basin in Tanzania (Ashley et al., 2009). Some 

of the well-preserved phytolith extracts within this zone included phillipsite crystals that were 

either inherited from the substrate or transported to the drill site from adjacent areas. It is 

possible that the basin was completely desiccated at times during insolation minima. BTB13 

lithologies before 3.10 Ma include lacustrine, floodplain, wetland (gleyed soils), and deltaic 

facies (Scott et al. 2019; this issue).  

After ~3.10 Ma, accommodation space in the basin increased, allowing for deeper lakes 

during periods of high insolation and enhanced precipitation. The presence of riverweed 

(Podostemaceae) starting at 3.04 Ma (Fig. 3C) is evidence that steep gradient streams and rivers 

were feeding oligotrophic water into the basin. This would have diluted any alkaline (high pH) 

lake water formerly present during periods of high insolation, allowing for good phytolith 
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preservation. Phytolith samples during peak insolation were typically well-preserved, suggesting 

neutral or even slightly acidic lake water pH. During periods of reduced precipitation (insolation 

minima and dampened insolation maxima) lake water increased in salinity and alkalinity/pH, as 

evidenced by the precipitation of sodic zeolites (Fig. 3F), but lake levels were not low enough to 

expose sediments to fresh groundwater or meteoric water, precluding phytolith preservation. 

The phytolith preservation model depicted in Fig. 13 implies that prior to 3.10 Ma, 

phytoliths would be recording vegetation primarily during periods of decreased precipitation, and 

after 3.10 Ma, they would be recording vegetation primarily during periods of enhanced 

precipitation. This appears to be in fact what is happening, as C4 xeric grasses are much more 

dominant before 3.10 Ma (Fig. 12G). There are two major implication here: 1) the phytolith 

record is an aliased or “clipped” record, and this clipping is phase-shifted (dry to wet) after 3.10 

Ma, and 2) the pre-3.10 Ma phytolith record may be underestimating tree cover. Because the 

potentially wetter periods are generally not preserving phytoliths, woodland and forest 

occurrence may be more common before 3.10 Ma than what is depicted in Figure 12F. There is 

actually a short interval centered around 3.21 Ma when good phytolith preservation was scattered 

across an interval with a prominent and dampened insolation maximum and two insolation 

minima (Fig. 14). As expected, C4 xeric grasses are dominant during insolation minima and 

dampened insolation maxima, and C4 mesic grasses are dominant during the prominent 

insolation maximum peak. 

 

6.1.2. Zone 1 (3.29 to 3.10 Ma) summary 

At the bottom of Zone 1 during the MIS M2 glacial (Fig. 12), tree cover was moderate, 

xeric C4 short-grasses dominated, and regional fires were common. The transition to the MPWP 
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was marked by an exponential increase in microcharcoal concentrations, and high soil/sediment 

pore water pH resulted in poor phytolith preservation. The MPWP was characterized by 

alternating periods of forests, woodlands, and savannas. The woodland and savanna grass layer 

for the uplands was typically dominated by xeric C4 taxa during insolation minima and periods 

of dampened insolation maxima. Generally poor phytolith preservation during insolation maxima 

likely precluded the detection of more periods with mesic C4 dominance. Sedges, C3 grasses, and 

dayflower (Commelina spp.) likely flourished along a riparian margin. The high abundance of C3 

grasses within this zone and throughout much of BTB13 may indicate the presence of a low 

elevation grass community with no modern analog in eastern Africa. The last forests were 

detected during the MIS KM2 glacial, however, phytolith dissolution during the MIS K1 

interglacial (see Zone 2 below) precluded vegetation reconstruction.  

 

6.2. Zone 2: 3.10 to 3.05 Ma 

 Zone 2 spans from 3.10 Ma (~152 mbs) to 3.05 Ma (~135 mbs), encompassing the MIS 

K1 interglacial. Poor phytolith preservation, resulting in biased and sometimes no phytolith 

recovery, precluded vegetation reconstructions. There is a peak in phytolith concentrations 

coincident with a peak insolation at 3.08 Ma; however, pore water conditions were apparently 

still too basic for smaller phytoliths to be preserved. High microcharcoal concentrations and 

influx at the beginning of K1 followed by very low values for the remainder of K1 and through 

G21 suggests that catastrophic fires followed by drought may have drastically reduced woody 

vegetation on the landscape. Climate model simulations indicate that K1 was a much warmer 

event than KM5c in Africa. In fact, the KM5c interglacial may not have produced any 
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appreciable increase in temperatures in equatorial Africa (Prescott et al., 2014), a finding 

supported here. 

 

6.3. Zone 3: 3.05 to 2.91 Ma 

Zone 3 spans 3.05 Ma (~135 mbs) to 2.91 Ma (~100 mbs) and occurs during the last half 

of a 300 kyr interval with high eccentricity. The highest 30º N to 30º S summer insolation 

gradient value for BTB13 (284 w/m2) occurred at 3.037 Ma (Fig. 3F; see SOM Fig. S4), which 

coincides with well-preserved phytolith samples and the deposition of the oldest of the thick 

Barsemoi outcrop diatomites, “D0”, identified by Deino et al. (2006) and recently described in 

BTB13 by Westover et al. (2019, this issue). 

Another peak in the 30º N to 30º S summer insolation gradient occurs between 2.993 and 

2.981 Ma (117.13–114.66 mbs), where the highest phytolith concentrations for the core were 

observed (mean for interval = 1.4 ´	106 per cm3, maximum = 6.8 ´	106). In fact, for a few 

samples between ~117–116 mbs, phytoliths comprised ~30% of smear slide particles 

(unprocessed lake sediments smeared on microscope slides). This suggests the presence of a 

near-shore, emergent aquatic vegetation habitat with near-neutral pH water for a portion of this 

~1 m interval,  which impeded siliciclastic sediment dilution, and from which most of the 

original organic matter decayed, leaving a phytolith concentrate. Modern sediments with similar 

high phytolith abundances have been observed from the Ngoitokitok wetland, Ngorongoro 

Basin, Tanzania (Deocampo and Ashley, 1999) as well as in other HSPDP core samples 

interpreted as having been deposited in wetlands. 

This zone contains a third interval with good phytolith preservation and high phytolith 

concentrations that also coincides with a peak in the 30º N to 30º S summer insolation gradient at 
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~2.92 Ma. However, there is a very prominent insolation gradient peak at ~2.94 Ma that does not 

correspond with a zone of good phytolith preservation. This is the same region of BTB13 where 

Deino et al. (2019; this issue) suggest that there may be a ~40 kyr depositional hiatus. Thus, 

sediments associated with the insolation gradient peak at ~2.94 may not have been recovered, or 

the phytolith concentration peak at 2.92 Ma may actually be associated with the 2.94 Ma 

insolation gradient peak. 

Other than the brief appearance of woodland at 3.03 Ma, vegetation during this zone had 

transitioned to savanna and was unlikely to have had more than 40% tree cover. Phytoliths 

diagnostic of woody taxa generally decrease over time across the zone. Very high percentages of 

bulliform grass phytoliths, as well as riparian indicators suggest the presence of a swamp at or 

near to the drill site (Fig 12). No tree pollen was observed, but one sample yielded grass pollen 

(Fig. 3G). 

For the upland grass community, short-grass/tall-grass dynamics appear to be mediated 

by insolation, whereby mesic C4 tall-grasses become dominant during periods of high summer 

insolation in response to increased (presumably monsoonal) precipitation. Iph values ≤ 27.8% 

may indicate MAP in excess of 750 mm (Fig. 8). Riverweed (Tristicha trifaria, Podostemaceae) 

appeared for the first time in the BTB13 record in Zone 3, and its abundance also appears to peak 

during insolation maxima (Fig. 3C). This suggests that either basin morphology changed towards 

steeper gradients, allowing for more rapidly flowing oligotrophic waters over rocky substrates to 

enter into the basin, or there was simply more precipitation that allowed for spillover of 

oligotrophic waters from higher elevations. 

Microcharcoal concentrations tend to peak ~5 kyr before and after peaks in insolation, 

similar to what is depicted in Figure 10C, resulting in double charcoal peaks along the shoulders 
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of an insolation peak. This ties insolation to a 10 kyr periodicity in increased fire frequency. Fire 

frequency in African savannas is positively correlated with annual precipitation (Lehmann et al., 

2014). In eastern Africa, fire-adapted C4 mesic tall-grasses (Simpson et al., 2016) dominate the 

herbaceous layer when MAP crosses an approximately ~750 mm threshold (McNaughton, 1983). 

It appears that fire regimes, C4 tall-grass Panicoideae abundance, and precipitation variability are 

all influenced by eccentricity modulated peaks in insolation at precessional periodicity. 

Lastly, MIS G17 interglacial (Fig. 12) appears to have been a time of significantly 

decreased effective moisture, as high sediment pore water pH, resulted in phytolith dissolution, 

precluding vegetation reconstruction. Relatively high peaks in microcharcoal influx at over four 

times the mean were observed at the onset of G17, similar to that observed for the K1 interglacial 

from previously discussed Zone 2. Since woody cover was already much reduced by this time, 

these significant fire events could be derived from fires occurring in higher elevation forests. 

Humic acid content was also high during G17 indicating the presence of soils or shallow 

wetlands at the core site (Fig. 3I). 

In summary, these results indicate that low latitude precession has an influence on 

equatorial vegetation and fire dynamics, a unique finding that validates similar modeled results 

(Tuenter et al., 2003). Comparison of our results with the 30º N to 30º S insolation gradient 

curve also indicates that cross-equatorial advection of heat and moisture may enhance or 

modulate eastern African precipitation, in agreement with similar findings from southern Kenya 

(Verschuren et al., 2009) and Asia (Beck et al., 2018). 

 

 

 



 

 153 

6.4. Zone 4: 2.91 to 2.72 Ma 

Zone 4 spans from 2.91 Ma (~100 mbs) to 2.72 Ma (~75 mbs), and is characterized by no 

pollen, the nearly complete absence of well-preserved phytoliths, and relatively low charcoal 

concentrations, suggesting that plant densities were typically too low for fire transmission across 

the landscape (Figs. 3J and 12H). Regarding the drivers of fire in southern Africa, Archibald et 

al. (2009) found that fire was rare in areas with MAP < 288 mm. This zone coincides with an 

interval of particularly low eccentricity, when normally strong 100 kyr periodicity almost 

disappeared. Berger and Loutre (1991) note that this also occurred between 4.8–4.4 Ma and that 

these are unique features in the time evolution of eccentricity over the last 5 Ma. Zone 4 is 

subdivided into two 100 kyr intervals, 4a and 4b, which are separated by an approximately 2000 

yr interval (88.47 to 88.14 mbs) with good phytolith and diatom preservation, and coeval with 

peak MIS G10 glacial cooling (Fig. 12). There were no zeolites or calcic minerals within this 

phytolith/diatom interval, but there are sodic zeolites above and below (Fig. 3F). The middle 

portion of Zone 4a coincides with Mineral Zones 3 and 4 from Minkara et al. (2019, this issue), 

which was virtually zeolite free, possibly because of unsustained inflow of solutes.  

The well-preserved phytolith samples at ~88 mbs (2.81 Ma) indicate that during the MIS 

G10 glacial, precipitation increased significantly. Fire also returned to the landscape during this 

interval and for 20 kyr afterwards. There was likely an herbaceous swamp near the drill site. The 

Iph index indicates that tall-grass savanna was in place for part of this interval in the uplands, 

and this suggests that MAP may have been near or above 750 mm. However, there is no 

evidence that woody cover increased, suggesting the length of dry season must have remained 

long (> 6-7 months; Hély et al., 2006). Preserved diatoms from this same interval indicate the 

presence of a relatively deep, and well-mixed lake (Westover et al., 2019, this issue). With no 
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insolation peak associated with this pluvial event, it appears that the G10 global cooling event 

through atmospheric dynamics brought more moisture to the basin over ~20 kyrs, which 

increased grass densities and returned fire to the landscape.  

Zone 4b spans the MIS G9 to G7 interglacial interval and also corresponds with Mineral 

Zone 5 from Minkara et al. (2019, this issue), which they describe as the most sustained episode 

of aridity and salinity for the core. No pollen was observed, presumably from repeated wetting 

and drying, and phytoliths were either not present because of complete dissolution, or present as 

a biased assemblage, precluding index calculations. Some saddle (xeric C4 Chloridoideae), 

bulliform, and larger sedge stem (TWR) phytoliths were observed. Microcharcoal concentrations 

were very low, suggesting low plant densities and the likely presence of a xeric short-grass 

savanna in the uplands. 

 

6.5. Zone 5: 2.72 to 2.57 Ma 

Zone 5 spans 2.72 Ma (~75 mbs) to 2.57 Ma (5.43 mbs) and occurred during the 

intensification of NHG. This zone contains the four previously described Barsemoi drainage 

outcrop diatomites (Deino et al., 2006; Kingston et al., 2007) and other intervals with moderate 

to high diatom abundance (Westover et al., 2019, this issue). There is excellent phytolith 

preservation, and pollen (mostly grass) was observed in 11 samples. The first well-preserved 

phytolith sample occurs at 2.723 Ma (73.66 mbs) coeval with the coldest part of MIS G6 glacial, 

and there is an increase in microcharcoal concentrations soon after, suggesting an increase in 

plant density on the landscape. Short-grass/tall-grass savanna dynamics became strongly coupled 

with insolation at precessional periodicities, with C4 mesic Panicoideae becoming dominant 

during insolation maxima and xeric C4 Chloridoideae becoming dominant during insolation 
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minima (Figs. 3A and 15). Iph values ≤ 27.8% may indicate MAP > 750 mm. This provides 

strong evidence that monsoonal precipitation was enhanced by increased insolation enough to 

change the composition of grasses on the landscape. 

In contrast to the previously discussed zones where peaks in June/July insolation at 30º N 

appear to correlate with tall-grass savanna dominance, peaks in local insolation during the month 

that precedes the East African short rains appear to be a better match with tall-grass savanna 

dominance once NHG intensifies (Fig. 15). Previous studies with good chronological control 

have indicated that insolation maxima occurring in either March/April or September/October in 

East Africa may be responsible for enhancement of either the long rains or short rains, 

respectively (Trauth et al., 2003; Bergner and Trauth, 2004; Verschuren et al., 2009; Junginger et 

al., 2014). However, age model uncertainty in this part of the BTB core is ±17 kyr, so linking 

tall-grass savanna dominance to any particular individual insolation curve is difficult. It is 

interesting to note that the abrupt changes from either short- or tall-grass dominance suggests the 

existence of an insolation threshold where precipitation is significantly enhanced or diminished 

within 570 years or less. Analysis at a higher resolution than our systematic 32-cm intervals may 

reveal even shorter transition times between humid and arid periods. This nonlinear pattern has 

similarities to that seen for the onset and termination of the Holocene epoch African Humid 

Period (Tierney et al., 2011; Armitage et al., 2015; Collins et al., 2017). 

Throughout this zone, double peaks in microcharcoal concentrations, separated by ~10 

kyr, are associated with peaks in insolation (Fig. 10). Phytoliths from the swamp and stream 

margin fern Cyclosorus, and trilete spores indicative of ferns suggest the presence of freshwater 

Cyclosorus–Papyrus swamps or forested streams during the uppermost part of the zone. Pollen 

and phytoliths from Celtis, a tree associated with a wide variety of mesic habitats, was observed 
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in this zone. This same interval also yielded numerous indicators of afromontane plants such as 

Podocarpus pollen, increased C3 grass phytoliths, orchid and Murdannia/Floscopa 

(Commelinaceae)-type phytoliths, and numerous siliceous cysts from chrysophyte golden algae 

(Figs. 2 and 3). This suggests the possible downward migration of afromontane vegetation from 

upper elevations and the expansion of swamps during Early Pleistocene glacials. However, there 

is no evidence that woody cover increased above the 40% detection limit of the D/Pº phytolith 

index along the lake margins. 

Although the diatom (Westover et al., 2019, this issue) and mineralogy (Minkara et al., 

2019) datasets indicate extreme hydroclimate variability during the Zone 5 interval (Fig 3F), it 

does not appear vegetation was varying to quite the same degree. In fact, there is a decreasing 

trend in plant compositional turnover across the extent of the BTB record (Fig. 8D). The 

previously discussed abrupt changes between short and tall-grass dominance are significant, but 

can be induced by a MAP change of a few hundred mm. It is possible that sometime after ~3.1 

Ma, subsidence associated with rifting created an underfilled basin with more accommodation 

space (Carroll and Bohacs, 1999). This new basin configuration could have then become more 

sensitive to changes in precipitation, a phenomena which has been referred to as an amplifier 

lake (Trauth et al., 2010). Junginger and Trauth (2013) have shown that relatively small changes 

in precipitation can result in very large changes in lake depth for paleolake Suguta. Thus, the 

relative changes in hydroclimate recorded by some paleolimnological and sedimentary proxies 

may not be proportional to that recorded or experienced by terrestrial vegetation. 
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7. Broader implications from this study 

 

The results obtained here have broader implications for phytolith analysis and 

paleoenvironmental reconstruction from Rift Valley settings. Phytolith dissolution and 

morphotype assemblage bias must be determined to ensure robust and accurate interpretation of 

phytolith indices such as Iph and D/Pº. Because the potential for palm phytolith misidentification 

resulting from the morphological similarity of sponge spherasters is very high, the results of 

some studies may have to be reconsidered and reinterpreted. An increase in sponge abundance at 

low elevation Rift Valley locations likely signals increasing alkalinity/pH. Riverweed 

(Podostemaceae) phytoliths could be useful in understanding the timing of EARS orogenesis. 

Phytolith studies from paleosols are likely missing precession-scale variability. Phytolith 

assemblages from paleosols and lake sediments formed during insolation minima (maxima) will 

be recording more xeric (mesic) adapted vegetation. Tree cover reconstructions based on modern 

calibrations of  C3 versus C4 isotopic mixing models need to consider that C3 grasses can be 

abundant in some low elevation mesophytic and hydrophytic habitats. The magnitude of 

hydroclimate variability, as recorded by Rift Valley lake basin sedimentology and minerology, is 

likely not proportional to that experienced or recorded by within-basin terrestrial vegetation. And 

lastly, precession-scale variability in vegetation is often greater than long-term (secular) 

variability. 
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8. Conclusions 

 

Millennial-scale phytolith and microcharcoal records from 3.29 to 2.57 Ma track short-

and long-term changes in vegetation and fire during the MPWP and the onset and intensification 

of NHG in the Baringo Basin/Tugen Hills of Kenya. Prior to ~3.0 Ma, landscapes varied 

between open savanna (< 40% woody cover), woodland (40–80% woody cover), and forest (> 

80% woody cover) at typically precession (19–23 kyr) periodicities. After ~3.0 Ma low elevation 

woody cover likely never exceeded 40%, and mesic tall-grass and xeric short-grass savanna 

fluctuated with precession periodicities. Hominin behavior would likely have been very different 

in tall-grass versus short-grass savanna ecosystems, which support different herbivore guilds, 

predator-prey relationships, and fire regimes. During the MPWP, high microcharcoal influx 

suggests regional turnover from wooded to open habitats was driven, at least in part, by fire. The 

intensification of NHG coincides with the appearance of deep lake phases, mesic tall-grass 

savanna dominance during insolation maxima, increased fire frequency during transitions to and 

from insolation maxima, and the possible migration of montane vegetation to lower elevations 

during Early Pleistocene MIS glacials. Comparison of our results with the 30º N to 30º S 

insolation gradient curve suggests that cross-equatorial advection of heat and moisture can 

enhance or modulate eastern African precipitation. These results indicate that both low- and 

high-latitude orbital forcing influence equatorial vegetation and fire dynamics, a unique finding 

that independently confirms climate model reconstructions (Tuenter et al., 2003).  

With 652 samples analyzed from a 227 m core that spans 730 kyr, this record represents 

one of the most extensive phytolith studies conducted to date, and illustrates how phytoliths can 

complement other types of reconstruction datasets. The combined phytolith and pollen data 
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provide the first Pliocene record of plant taxa for the Baringo Basin and Tugen Hills, helping to 

fill a critical gap in plant functional type data for the central Kenyan Rift Valley and its 

associated hominin localities. This study also fills a gap in orbitally resolved regional vegetation 

data useful for paleodata–model comparisons for the onset of NHG and the MPWP, the latter of 

which is often used as an analog for future warming. 
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Table 1. 
Phytolith morphotypes used in this study for analysis, interpretation, and index calculations  
 

Morphotype 
Anatomical 
Origin References 

Taxonomic 
Interpretation1 

Plant Functional 
Type1 

Interpretive 
Index Use 

Rondel–angular keel Leaf/Culm/Inflor. Yost et al., 2018 Phalaris spp. C3 grass Ic3, D/P° 
Rondel–keeled Leaf/Culm/Inflor. Fredlund and Tieszen, 1994 Pooideae C3 grass Ic3, D/P° 
Rondel–length > 15 μm  Leaf/Culm/Inflor. Barboni and Bremond, 2009 Pooideae C3 grass Ic3, D/P° 
Trapeziform sinuate &Trapezoid Leaf/Culm/Inflor. Madella et al., 2005 Pooideae C3 grass Ic3, D/P° 
Plateaued saddle Leaf/Culm/Inflor. Piperno and Pearsall, 1998; Yost et al., 2018 Phragmites spp. C3 grass Ic3, D/P° 
Very tall saddle Leaf/Culm/Inflor. Piperno and Pearsall, 1998; Yost et al., 2018 Bambusoideae C3 grass Ic3, D/P° 
Rondel/Bilobate–irregular Leaf/Culm/Inflor. Piperno and Pearsall, 1998 Bambusoideae C3 grass Ic3, D/P° 
Bilobate angulate–asym. lobes Leaf/Culm/Inflor. Esteban et al., 2017 Danthonioideae C3 grass Ic3, D/P° 
Bilobate–scooped ends Leaf/Culm/Inflor. Yost and Blinnikov, 2011; Neumann et al., 

2017 
Ehrhartoideae C3 grass Ic3, D/P° 

Saddle Leaf/Culm/Inflor. Madella et al., 2005 Chloridoideae C4 xeric grass Ic3, D/P°, Iph 
Rondel–spool/horned Leaf/Culm/Inflor. Lu and Liu, 2003; SOM Fig. S2 cf. Chloridoideae C4 xeric grass Ic3, D/P° 
Bilobate: B/VLL/VLS Leaf/Culm/Inflor. Neumann et al., 2017 cf. Chloridoideae C4 xeric grass Ic3, D/P°, Iph 
Cross: Triangle Leaf/Culm/Inflor. Neumann et al., 2017 Panicoideae C4 mesic grass Ic3, D/P°, Iph 
Cross: Q/VLL Leaf/Culm/Inflor. Neumann et al., 2017 Panicoideae C4 mesic grass Ic3, D/P°, Iph 
Cross: Q/LL Leaf/Culm/Inflor. Neumann et al., 2017 Panicoideae C4 mesic grass Ic3, D/P°, Iph 
Cross: Q/ML Leaf/Culm/Inflor. Neumann et al., 2017 Panicoideae C4 mesic grass Ic3, D/P°, Iph 
Cross: Q/SL Leaf/Culm/Inflor. Neumann et al., 2017 Panicoideae C4 mesic grass Ic3, D/P°, Iph 
Bilobate: B/VLL/LS Leaf/Culm/Inflor. Neumann et al., 2017 Panicoideae C4 mesic grass Ic3, D/P°, Iph 
Bilobate: B/LL/VLS Leaf/Culm/Inflor. Neumann et al., 2017 Panicoideae C4 mesic grass Ic3, D/P°, Iph 
Bilobate: B/LL/LS Leaf/Culm/Inflor. Neumann et al., 2017 Panicoideae C4 mesic grass Ic3, D/P°, Iph 
Bilobate: B/LL/SS Leaf/Culm/Inflor. Neumann et al., 2017 Panicoideae C4 mesic grass Ic3, D/P°, Iph 
Bilobate: B/LL/Con Leaf/Culm/Inflor. Neumann et al., 2017 Panicoideae C4 mesic grass Ic3, D/P°, Iph 
Bilobate: B/ML/LS Leaf/Culm/Inflor. Neumann et al., 2017 Panicoideae C4 mesic grass Ic3, D/P°, Iph 
Bilobate: B/ML/SS Leaf/Culm/Inflor. Neumann et al., 2017 Panicoideae C4 mesic grass Ic3, D/P°, Iph 
Bilobate: B/ML/Con Leaf/Culm/Inflor. Neumann et al., 2017 Panicoideae C4 mesic grass Ic3, D/P°, Iph 
Bilobate: B/SL/Con Leaf/Culm/Inflor. Neumann et al., 2017 Panicoideae C4 mesic grass Ic3, D/P°, Iph 
Polylobate Leaf/Culm/Inflor. Neumann et al., 2017 Panicoideae C4 mesic grass Ic3, D/P°, Iph 
Multicellular long cell fragment Leaf/Culm/Inflor. Rosen, 1992 Poaceae Grass2  
Bulliform–cuneiform/rectangular Leaf Madella et al., 2005 Poaceae  Grass2  
Trichome Leaf/Culm/Inflor. Madella et al., 2005 Poaceae Grass2  
Substomatal/stomatal complex Leaf Yost et al., 2018 Poaceae Grass2  
Dendritic long cell Inflorescence Madella et al., 2005 Poaceae Grass  
Elongate psilate long cell Leaf/Culm/Inflor. Madella et al., 2005; Yost et al., 2018 Poaceae & Cyperaceae Grass/Sedge2  
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Elongate echinate long cell Leaf/Culm/Inflor. Madella et al., 2005; Yost et al., 2018 Poaceae & Cyperaceae Grass/Sedge2  
Blocky w/dark infilling Leaf/Culm Novello et al., 2012 Poaceae & Cyperaceae Grass/Sedge2  
Thin sheets w/ridges (TWR) Culm Yost et al., 2018 Cyperaceae Sedge  
Irreg. w/tubular projections Root/Rhizome Yost et al., 2018 Cyperaceae Sedge  
Cone cell–psilate/rounded Leaf/Culm/Inflor. Ollendorf, 1992 Cyperaceae Sedge  
Cone cell–verrucate/polyhedral Achene (seed) Ollendorf, 1992; Piperno, 2006 cf. Cyperus/Kyllinga Sedge  
Perforate decorated Leaf da Costa et al., 2018 Tristicha trifaria Aquatic  
Prismatic domed cylinder Seed Eichhorn et al., 2010; Yost ref. collection Commelina spp. Herbaceous  
Conical truncated Seed Eichhorn et al., 2010 cf. 

Murdannia/Floscopa 
Herbaceous  

Pyramidal w/ridges Leaf Levin, 2015 cf. Cyclosorus spp. Herbaceous  
Conical echinate Leaf Benvenuto et al., 2015; Prychid et al., 2003 Orchidaceae Herbaceous  
Elongate irregular Bark Collura and Neumann, 2017  Tree/Shrub  
Elongate facetate Bark Collura and Neumann, 2017  Tree/Shrub  
Sclereid pitted3 Bark Collura and Neumann, 2017  Tree/Shrub  
Irregular striate/verrucate3 Leaf/Wood Wallis, 2003; Scurfield, 1974  Tree/Shrub  
Blocky facetate Bark Collura and Neumann, 2017  Tree/Shrub  
Blocky irregular Bark Collura and Neumann, 2017  Tree/Shrub  
Blocky w/irreg. proj.  Bark Collura and Neumann, 2017 Bignoniaceae Tree/Shrub  
Globular granulate Bark/Wood Collura and Neumann, 2017 Discussed in text Tree/Shrub D/P° 
Globular psilate Bark/Wood Collura and Neumann, 2017  Tree/Shrub  
Ellipsoid echinate Bark Collura and Neumann, 2017 cf. Boscia Tree/Shrub  
Nodular Mostly Wood Collura and Neumann, 2017 Discussed in text Tree/Shrub  
Granular Wood Collura and Neumann, 2017 Discussed in text Tree/Shrub  
Blocky cavate Bark Collura and Neumann, 2017 cf. Celtis Tree/Shrub  
Globular echinate Bark, Leaf Benvenuto et al., 2015; Albert et al., 2009 Arecaceae (palms) Tree/Shrub  
Facetate blocky/globular Leaf Kealhofer and Piperno, 1998; Piperno, 2006 Annonaceae Tree/Shrub  
Anticlinal epidermis sheet Leaf Piperno, 2006  Tree/Shrub  

1 Because of issues with taxonomic multiplicity and redundancy, there are few to no phytolith morphotypes unequivocally diagnostic of grass subfamilies or 
plant functional types (PFTs). However, the dominant association of particular morphotypes with grass subfamily membership, photosynthetic pathway, and/or 
ecological requirements allows for the generalized taxonomic and PFT interpretations used here. 
2 These morphotypes were lumped into a category called ‘drought-stressed/wetland graminoids’ for a summary diagram (see SOM). 
3 These two morphotypes were lumped together during counting but in retrospect should have been separated. 
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Table 2. 
List of plants identified from BTB13 sediment pollen and phytoliths 
 
Plant group Family Subfamily/Tribe Genus/Species Indicator 
     
Dicotyledons 
(Ligneous trees 
and shrubs): 

   Phytoliths 

 Amaranthaceae   Pollen 
 Annonaceae   Phytoliths 
 Bignoniaceae   Phytoliths 
 Boraginaceae  Cordia-type Pollen 
 Burseraceae  Commiphora1 Pollen 
 Capparaceae  Boscia Phytoliths 
 Cannabaceae (Ulmaceae)  Celtis Phytoliths, pollen 
 Euphorbiaceae  Macaranga-type Pollen 
 Fabaceae  Cassia1 Pollen 
   Indigofera1 Pollen 
 Myricaceae  Myrica2 Pollen 
 Myrtaceae  Syzygium2 Pollen 
 Podocarpaceae  Podocarpus3 Pollen 
 Rhamnaceae  Ziziphus-type1 Pollen 
 Rosaceae  Prunus africana-type2 Pollen 
Monocotyledons Poaceae   Pollen 
  Panicoideae  Phytoliths 
  Arundinoideae Phragmites Phytoliths 
  Chloridoideae  Phytoliths 
  Bambusoideae  Phytoliths 
  Ehrhartoideae  Phytoliths 
  Pooideae  Phytoliths 
  Pooideae Phalaris Phytoliths 
 Cyperaceae   Phytoliths 
   Cyperus / Kyllinga-type Phytoliths 
 Arecaceae   Phytoliths 
 Commelinaceae Commelineae Commelina Phytoliths 
   C. diffusa Phytoliths 
   Murdannia / Floscopa-type Phytoliths 
 Orchidaceae   Phytoliths 
 Podostemaceae Tristichoideae Tristicha trifaria Phytoliths 
Pterophytes Thelypteridaceae Thelypteridoideae cf. Cyclosorus Phytoliths 
 Triletes   Pollen 

1Dry lowland indicator; 2Montane indicator; 3Afromontane indicator 
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Table 3. 
Globular granulate phytoliths reported in West, Central, and East African trees 
 

Family Genus and Species Plant part 

(A)bun-
dant 
(R)are 

Genus 
in 
Kenya 

Species 
in 
Kenya Habitat 

Anacardiaceae Lannea barteri Wood1 R X  Savanna and Riverine forest5 
Anacardiaceae Lannea humilis Wood1 A X X Savanna6 
Annonaceae Annona senegalensis Stem2 A X X Wet savanna6 
Apocynaceae Diplorhynchus condylocarpon  Leaf2 A   Zambezian scrub woodland7 
Apocynaceae Strychnos spinosa Leaf2 A X X Savanna6 
Burseraceae Canarium schweinfurthii Wood1 A   Lake Victoria swamp forest7 
Burseraceae Commiphora africana Wood1 A X X Savanna6 
Burseraceae Commiphora africana Bark1 R X X Savanna6 
Capparaceae Capparis tomentosa Wood1 A X X Forest to Savanna6 
Celastraceae Cassine peragua Wood/Bark3 A X  Mesic savanna, Forest, Riparian6 
Chrysobalanaceae Maranthes polyandra Wood1 A   Wetter Sudanian woodland7 
Chrysobalanaceae Parinari curatellifolia Wood1 A X X Wet savanna6 
Chrysobalanaceae Parinari curatellifolia Bark1 R X X Wet savanna6 
Dipterocarpaceae Monotes kerstingii Wood1 A   Wetter Sudanian woodland7 
Dipterocarpaceae Monotes kerstingii Bark1 R   Wetter Sudanian woodland7 
Dipterocarpaceae Monotes sp. Stem2 A   Zambezian wooded grassland7 
Euphorbiaceae Drypetes gilgiana Wood1 R X  Forest6 
Euphorbiaceae Sapium shirakiopsis Wood1 R X  Forest6 
Malvaceae Cola cordifolia Bark1 A X  Forest, Riverine forest6 
Olacaceae Olax subscorpioidea Wood1 A   West African savanna7 
Phyllantaceae Hymenocardia acida Wood1 A X X Savanna6 
Phyllantaceae Uapaca togoensis Wood1 A   Wetter Sudanian woodland7 
Rubiaceae Mitragyna inermis Wood1 A X  Kenyan sp. is a riparian tree6 
Sapotaceae Synsepalum brevipes Wood1 A   Riverine forest, Lake margin forest8 
Sapotaceae Synsepalum brevipes Bark1 R   Riverine forest, Lake margin forest8 
Tamaricaceae Tamarix gallica Leaf4 A X  Riparian tree in sandy soil6 

Phytolith references: 1Collura and Newmann, 2017; 2Mercader et al., 2009; 3Esteban et al., 2017; 4Das et al., 2013 
Species habitat references: 5Katende et al., 1995; 6Dale and Greenway, 1961; 7White, 1983; 8White et al., 2001 
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Table 4. 
Possible taxonomic attributions for wood, bark, and leaf phytolith morphotypes recovered from BTB13 

 

Phytolith morphotype 
Plant 
part 

Species examined for 
phytoliths Family 

Genus 
in 
Kenya 

Species 
in 
Kenya Kenyan Habitat6 

Blocky w/irregular projections1 Bark Kigelia africana  Bignoniaceae X X Savanna and riparian sites 
 Bark Stereospermum kunthianum Bignoniaceae X X Savanna, rocky/dry sites 
Ellipsoid echinate1 Bark Boscia angustifolia Capparaceae X X Mesic savanna 
 Bark Boscia salicifolia Capparaceae X X Mesic savanna 
 Bark Boscia senegalensis Capparaceae X   
Blocky cavate1 Bark Celtis mildbraedii Cannabaceae X X Mesic forest 
Nodular1 Wood Lannea fruticosa Anacardiaceae X   
 Wood Lannea humilis Anacardiaceae X X Savanna 
 Wood Sapium shirakiopsis  Euphorbiaceae X  Kenyan sp. in mesic savanna 
 Wood Dialium guineense Caesalpiniaceae X  Kenyan sp. in coastal rainforest 
 Wood Cola cordifolia  Malvaceae  X  Kenyan spp. in mesic and riparian forest 
 Wood Trichilia emetica Meliaceae X X Mesic forest and riparian sites where dry 
 Wood Manilkara obovate Sapotaceae  X  Kenyan spp. in mesic forest 
 Wood Pouteria alnifolia  Sapotaceae X X Coastal forest 
 Wood Synsepalum brevipes Sapotaceae X X Coastal and mountain forests 
 Wood Vitellaria paradoxa Sapotaceae    
 Wood Uapaca togoensis  Phyllanthaceae    
Granular1 Wood Mitragyna inermis  Rubiaceae  X  Kenyan spp. in mountain and riparian forests  
 Wood Mimusops kummel  Sapotaceae  X X Mesic forests 
 Wood Pouteria alnifolia Sapotaceae X X Coastal forest 
Facetate blocky/globular2 Leaf Polyalthia suberosa Annonaceae X  Kenyan sp. in coastal forest 
*Cystolith3 Leaf Celtis africana4 Cannabaceae X X Mesic forests, Rift Valley forests 
 Leaf Trema tomentosa5 Cannabaceae X  Kenyan sp.in coastal and mesic forests 

1Collura and Newmann, 2017; 2Kealhofer and Piperno, 1998; 3Piperno, 2006; 4Esteban et al., 2017; 5Wallis 2003; 6Dale and Greenway, 1961  
*Cystoliths with obvious stalks were not observed in BTB13 samples, but these may not preserve well (unpublished observation) and/or could have been 
included in the spherical decorated category. Wallis (2003) reports verrucate spheroids for Celtis and Trema. 
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Figures 
 
 

 
 
Fig. 1. Present-day tree-canopy cover, natural vegetation, and topography of the study area. A) 
Modern percent tree canopy cover per 500-m MODIS pixel (Hansen et al., 2003) grouped into 
categories used by White (1983) in his vegetation type (formation) descriptions for Africa. Note 
that MODIS percent canopy refers to the amount of skylight obstructed by tree canopies equal to 
or greater than 5 m in height, which is different than percent crown cover (crown cover = canopy 
cover + within crown skylight) used by White (1983). B) Potential natural vegetation from van 
Breugel et al. (2015), which is based on White’s original vegetation map of Africa, but mapped 
at much higher resolution. C) Shaded relief map of eastern Africa, with the Baringo Basin 
identified within the red box.  
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Fig. 2. BTB13 phytolith relative abundance for selected morphotypes. Phytolith percentage values are based on the total phytolith 
count. Some morphotypes include a gray shaded 5x exaggeration. Green shaded zones are intervals with good phytolith preservation. 
Unshaded (white) intervals had poor phytolith preservation, which resulted in the partial or complete loss of grass silica short cell 
phytoliths and precluded unbiased calculations of the Iph and D/Pº indices. 
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Fig. 3. Summarized phytolith, pollen, microcharcoal, sponge, chrysophyte cyst, and mineralogy 
datasets from BTB13. Horizontal blue bars delineate periods with high diatom concentrations 
and good phytolith preservation. Horizontal green bars delineate periods with no or few diatoms, 
but with good phytolith preservation. Regions with no phytolith data suffer from complete 
biogenic silica dissolution or exhibit preservation biases that prohibit relative abundance or index 
calculations. A) Relative abundance of grass silica short cell (GSSC) phytoliths ascribed to C3 
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and C4 functional types. B) Percentage of sedge (Cyperaceae) phytoliths. C) Percentage of 
riverweed (Tristicha trifaria, Podostemaceae) phytoliths. D) Percentage of dayflower 
(Commelina spp.) phytoliths. E) Percentage of palm (Arecaceae) and ligneous dicot (tree) 
phytoliths. F) Phytolith concentrations (log scale per cm3) plotted with mineral presence/absence 
from XRD analysis. Calcic minerals include calcite, low-Mg calcite, and dolomite. Sodic zeolites 
include heulandite-clinoptilolite, chabazite, and analcime. G) Pollen presence/absence (most 
samples were pollen sterile). H) Influx rate of sponge spicules and spherasters (per cm2 yr-1), and 
presence of chrysophyte cysts. I) Relative abundance of soil humic acids based on a color scale 
after removal with KOH during the phytolith extraction procedure. J) Microcharcoal 
concentrations (log scale per cm3) with 10x exaggeration in gray shading. K) 30° N to 30° S June 
insolation gradient with parameters calculated using INSOLA (Laskar et al., 2004). 
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Fig. 4. Selected distinctive and diagnostic phytoliths recovered from the Baringo Basin-Tugen 
Hills-Barsemoi (BTB) drill core (scale bar in micrograph 1 applies to all except for micrograph 
15). Grasses (Poaceae) 1–8, 15. Sedges (Cyperaceae) 9–11, 15. Herbaceous plants 12–14, 16–25. 
Trees and shrubs 26–36. (1) Very tall saddle (VTS) considered diagnostic for C3 Bambusoideae 
(bamboo) grasses. (2) C4 Panicoideae bilobate type B/ML/Con after Neumann et al. (2017). (3) 
C3 Ehrhartoideae bilobate with scooped ends. (4) Phalaris (C3 Pooideae) bilobate with angular 
keel. (5) C3 Pooideae rondel with length > 15 μm. (6) C3 Pooideae trapeziform sinuate phytolith. 
(7) Saddle phytolith typical of C4 Chloridoideae grasses. (8) Asymmetrical bilobate with one 
angulate lobe, possibly diagnostic of the C3 Danthonioideae grass Pentameris (see Esteban et al., 
2017). (9) Irregular with tubular projection or circular openings from sedge (Cyperaceae) roots. 
(10) Sedge (Cyperaceae) achene epidermis cone cell with verrucate surface and polyhedral 
margins. (11) Sedge (Cyperaceae) leaf/culm epidermis cone cell with satellites surrounding the 
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central papilla. (12–14) Perforate decorated phytoliths diagnostic of C3 emergent aquatic 
riverweed, Tristicha trifaria (Podostemaceae). (15) Elongate/blocky echinate produced by 
grasses and sedges. (16) Pyramidal with ridges type possibly diagnostic of the fern Cyclosorus. 
(17) Conical truncated type typical of C3 herbaceous plants Murdannia and Floscopa 
(Commelinaceae). (18–19) Conical echinate type typical of orchids (Orchidaceae) in side (18) 
and top (19) views. (20–25) Heteropolar (anisopolar) cylinders with a psilate prismatic domed 
end and a decorated end diagnostic of the C3 Commelinaceae (see Eichhorn et al., 2010). (20, 21, 
24, 25) Commelina africana types representing C. africana, C. bracteosa, C. aspera and C. 
erecta ssp. erecta). (22–23) Commelina diffusa type in side and top views. (25) Commelina 
africana type undergoing silica replacement diagenesis. (26) Ellipsoid echinate from bark, 
possibly diagnostic of Boscia (Capparaceae). (27) Spherical echinate diagnostic of palms 
(Arecaceae). (28) Blocky cavate from bark, possibly diagnostic of Celtis (Cannabaceae). (29–31) 
Spherical decorated morphotypes diagnostic of wood and bark. (32) Nodular morphotype 
derived typically from the wood of mesic trees (Table 3). (33–34) Granular morphotype 
observed in the wood of Rubiaceae and Sapotaceae taxa. (35–36) Irregular morphotypes with 
verrucate (35) and striate (36) ornamentation observed in tree leaf and woody tissues.  
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Fig. 5. Selected freshwater sponge and chrysophyte cyst microremains, and non-phytolith 
evaporites and zeolites recovered from the Baringo Basin-Tugen Hills-Barsemoi (BTB) drill 
core. White scale bar equals 10 μm. (1–2) Sponge megasclere oxeas. (3–5) Sponge megasclere 
acanthoxeas (6) Sponge megasclere strongyle. (7) Sponge asterose microsclere possibly derived 
from Dosilia. (8) sponge gemmulosclere rotule. (9–12) Sponge gemmulosclere birotules, with 
the birotule in 12 exhibiting minor diagenesis (dissolution). (13–15) Sponge megasclere spicule 
fragments exhibiting varying types of diagenesis. The spicule in 13 is exhibiting submicron 
pitting from silica dissolution. The spicules in 14 and 15 are exhibiting devitrification and re-
precipitation of silica, with deformation of the axial filament clearly visible. (16–21) Sponge 
spherasters with arrows pointing to circular openings that range from indistinct to obvious. 
Spheraster echinate spines become blunted and the circular openings become enlarged as 
diagenesis progresses. Rotation (3D observation) of spherical echinates is essential in separating 
palm (Arecaceae) phytoliths (see Fig. 4) from sponge spherasters. (22–25) Siliceous 
stomatocysts from chrysophycean algae. (26) Globular/hemispherical facetate zeolite (cf. 
analcime). (27–28) Conical zeolites disarticulated in 27 and as a rosette in 28. (29, 31) Thin 
hexagonal crystalline plates most likely formed as authigenic precipitates or as evaporites. (30, 
32) Authigenic precipitate or evaporite resembling a bilobate phytolith morphotype. 
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Fig. 6. Boxplots for 168 modern D/P° phytolith index values from western, central, and eastern 
Africa (SOM Table S2). A) Plots for the entire D/P° range of values. B) Plots for D/P° values 
between 0 and 4. 
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Fig. 7. Ternary plot for the percentages of palm (Arecaceae), tree (dicotyledonous/ligneous), and 
grass short cell (GSSC; Poaceae) phytolith indicators (A:D:P) from 168 western, central, and 
eastern African modern soils (colored dots), plotted with A:D:P values for samples from BTB13 
(black dots). The modern values were calculated from published phytolith counts (SOM Table 
S2) and then color coded by vegetation formation after White (1983). Shaded vegetation 
formation type regions are based on the modern samples. BTB samples older than 3.0 Ma that 
plot within a forest or woodland region are labeled with their respective age. The moderate to 
high percentages of palm phytoliths in these pre-3.0 Ma BTB samples indicate an affinity with 
groundwater-fed woodlands and forests. 
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Fig. 8. Phytolith indices for tree cover, aridity, C3 vs. C4 grasses, and plant taxa compositional 
turnover. A) D/P° phytolith index for tree cover and 10-kyr Gaussian smoothed microcharcoal 
influx. D/P° values 0–1 indicate open grassland, shrubland, or wooded grassland with < 40% 
woody cover. D/P° values of 1–2.2 indicate woodland with 40–80% woody cover. D/P° values > 
2.2 indicate forest with 80–100% woody cover (Fig. 6). Nonparametric bootstrap resampling was 
used to calculate the 95% confidence intervals. B) Iph phytolith index for aridity. A value of 
27.8% from Novello et al. (2017) separates mesic tall-grass Sudanian from xeric short-grass 
Sahelian communities (horizontal dashed line). Iph values ≤ 27.8% may indicate MAP > 750 
mm. Nonparametric bootstrap resampling was used to calculate the 95% confidence intervals. C) 
Ic3 phytolith index for the percentage of C3 short cell phytoliths relative to the sum of all C3 and 
C4 short cell phytoliths. D) Plant taxa compositional turnover index in units of standard 
deviation. Turnover was estimated using detrended canonical correspondence analysis (DCCA; 
Birks, 2007). Higher values indicate greater plant taxa compositional turnover in adjacent 
samples.   
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Fig. 9. REDFIT spectral analysis of Iph and D/P° phytolith indices for three time-intervals from 
BTB13 with good phytolith preservation. Spectra with gray backgrounds have precession 
periodicities (19–23 kyr). Precession and sub-precession periodicity peaks are in bold. Dashed 
lines represent 95% confidence levels. A) Iph aridity index for xeric C4 short-grass vs. mesic C4 
tall-grass abundance. B) D/P° index for tree vs. grass cover abundance. Tree vs. grass dynamics 
exhibit precession periodicity before 2.98 Ma and short- vs. tall-grass dynamics exhibit 
precession periodicity after 2.98 Ma.     
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Fig. 10. Spectral analysis of BTB13 microcharcoal concentrations and comparison to grass 
community composition. A) Lomb periodogram with a Monte Carlo 95% confidence level (CL). 
B) Power spectral density plot of the Lomb periodogram (Log power vs. Log frequency) with 
slope (β = -1.2) derived from a least squares regression. C) Records of insolation, microcharcoal, 
and C3/C4 grass phytoliths for a 20 kyr interval centered at 2.627 Ma. Peaks in microcharcoal 5 
kyr before and after an insolation maximum are likely the source of the half-precessional 
periodicity. Peaks in mesic C4 grass phytoliths correspond to peaks in insolation, indicating 
enhanced monsoon precipitation during insolation maxima.  
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Fig. 11. Conceptual model for the biogenic silica dissolution sequence (black bars) and silica 
replacement or re-precipitation (gray box) observed in BTB13 under increasing pore water pH. 
The dissolution model approximates the pH at which various microfossils disappear from the 
record relative to the others as pH increases. Images of pristine to degraded microfossils (left to 
right) illustrate how biogenic silica dissolution and diagenesis is typically observed using 
transmitted-light microscopy. Occasionally, microfossils exhibiting evidence of silica 
replacement or re-precipitation of crystalline silica are observed.  
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Fig. 12. Vegetation and charcoal summary with comparison to selected regional and global 
climate records. A) June/July 30º N to 30º S insolation gradient (see SOM Section 3.4) and 
eccentricity (Laskar et al., 2004). B) Terrigenous (dust) flux from Arabian Sea ODP site 721/722 
(deMenocal, 1995). C) LR04 global benthic d18O stack (Lisiecki and Raymo, 2005) with the 
horizontal line = 3.25‰ (avg. last 5 kyr of Holocene) dividing marine isotope stage glacials 
(blue) from interglacials (red). D) Global climate events. E) Summarized BTB core vegetation 
formation reconstruction. F) Percent tree canopy cover reconstruction based on a modern African 
dataset of D/P° phytolith index values and the White (1983) vegetation formation classification 
for Africa. G) Arid short-grass versus humid tall-grass savanna reconstruction based on the Iph 
phytolith index. H) Phytolith morphotype-based percentages of plant functional types (Table 1; 
see SOM), plotted with 10-kyr Gaussian smoothed microcharcoal influx values. White intervals 
indicate periods with partial to complete phytolith dissolution due to high soil/sediment pore 
water pH. Black arrows indicate intervals when upland plant densities may have been too low to 
carry fire on the landscape. 
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Fig. 13. Conceptual model for the changing relationship between insolation, BTB13 lake water 
pH, and phytolith preservation before and after 3.10 Ma. Lake levels and basin morphologies are 
not to scale and only illustrate relative differences between time periods. Pre-3.10 Ma lithologies 
include sediments indicative of lacustrine, riverine, wetland, and deltaic facies. 
 
 
 
 
 

 
 
Fig. 14. Grass, tree cover, and microcharcoal from 3.218 to 3.190 Ma. A) Summer insolation at 
30º N with one prominent and one dampened insolation maximum and two insolation minima. 
B) Percentages of C4 mesic, C4 xeric, and C3 grass phytoliths. C) Microcharcoal influx and D/Pº 
tree cover index. Despite inherent uncertainties in the age model, there is generally good 
agreement between the insolation curve and vegetation response to changes in the inferred 
hydroclimate. 
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Fig. 15. Comparison of insolation and tall-grass vs. short-grass savanna dominance for the 
uppermost portion of BTB13. A) Seasonal insolation curves for boreal spring, summer, and fall. 
B) Iph index values below 27.8% indicate the presence of tall-grass savanna. Dashed-lines 
denote intervals with poor phytolith preservation and no Iph values calculated.  
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1. SOM Methods 

 

1.1 Phytolith and microcharcoal separations 

Phytoliths and microcharcoal particles were extracted together and will just be referred to 

as phytolith samples for the remainder of this methodology. Phytolith extractions were processed 

in batches of 16 samples. For the phytolith separations, typically 1 cm3 of sediment was 

measured and then weighed. Larger volumes (2–3 cm3) were used for coarse-grained samples. 

See Table S1 (excel file) for starting sample weights and volumes. The samples were screen 

washed through custom made 5-cm diameter sieves with 250 μm Nytex mesh, using reverse 

osmosis deionized (RODI) water heated to 80–90º C and dispensed from a pump sprayer directly 

into 400 mL beakers. The use of hot water here helps to break up sediments with clay, and 

according to Zhao and Pearsall (1988), will remove calcium ions that may interfere with some 

heavy liquids. Samples were allowed to settle for a minimum of two hours before excess water 

and any clay-sized particles still in suspension were decanted and discarded. 

For each sample, 10 mL of 37% hydrochloric acid (HCl) was added to the 400 mL beaker 

and any reactivity with HCl was noted and allowed to subside. Next, 75 mL of 70% nitric acid 

(HNO3) was added to the beaker, mixed, and heated for 1 h at 80 ºC to oxidize organics and 

remove the acid soluble fraction. Samples were rinsed five times to neutral pH by adding RODI 
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water to the beaker, stirring, and settling for 1 hour before decanting and discarding the 

supernatant. Clays tend to settle rapidly when pH is very acidic, but by the fifth rinse, the 

supernatant may contain clay-size particles. 

The samples were then transferred to 50 mL centrifuge tubes and 5 mL of 10% potassium 

hydroxide (KOH), a strong base, was added to each sample to remove the base soluble organic 

fraction (humic colloids). After 10 min, the supernatant color was recorded: clear (0), very light 

brown (0.5), light brown (1), brown (2), dark brown (3), black (4). This serves as a qualitative 

measure of soil humic acid content. The samples were then rinsed to neutral pH with RODI 

water by repeating the following sequence four times: add water, mix, centrifuge 5 min at 3000 

rpm, decant and discard supernatant. The samples were then transferred back to their original 

400 mL beakers with RODI water.  

To remove clay-sized particles, each 400 mL sample beaker was filled with 5% sodium 

hexametaphosphate (SHP), mixed with a stir rod, and allowed to settle by gravity for 1 h. 

Samples were then decanted to remove any clay-sized particles and possibly diatom fragments 

still in suspension. This step was repeated using only RODI water (no additional SHP) a 

minimum of four more times until the supernatant was clear after 1 h of settling. A total of five 

rinse cycles was usually enough to remove all the clays, but some samples required additional 

rinse steps. The samples were then transferred to 15 mL centrifuge tubes and dried under vacuum 

in a desiccator at room temp, which usually took 24 to 48 hours.  

The dried samples were mixed with 2 mL of lithium metatungstate (LMT) heavy liquid 

(density 2.3 g mL-1), and centrifuged for 10 min at 1500 rpm to separate the phytolith fraction, 

which will float, from the denser inorganic mineral fraction. The phytolith fraction for each 

sample was decanted into a new 15 mL centrifuge tube, filled with RODI water, mixed well with 

a vortex mixer, centrifuged for 5 min at 3000 rpm, and then decanted to remove the rinse 

supernatant with LMT from the phytolith pellet at the bottom of the tube. This rinse step was 

repeated three more times. 

A temporary water mounted microscope slide was prepared for each sample to check the 

progress of the extraction. If numerous clay-sized particles were observed, a benchtop 15 mL 

tube swing-out centrifuge was used for clay removal “short-spins”. Each tube for clay removal 

was filled with RODI, mixed well, centrifuged for 30 seconds at 3000 rpm, and decanted to 
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remove any suspended clays in the supernatant. This was repeated until the sample tube 

supernatant was clear after a short spin. 

Occasionally, phytolith extractions yielded a large volume of devitrified volcanic glass 

fragments and/or platy evaporites that floated in the LMT, obscuring the phytolith assemblages. 

These samples were dried again under vacuum and then density separated a second time using 

cadmium potassium iodide (CdI3K) set to 2.3 g mL-1, which allowed most of the platy particles 

to sink and produced countable phytolith samples. Although the LMT and CdI3K solutions have 

the same density, CdI3K has a topological polar surface area (TPSA) of 0 Å. LMT has a TPSA of 

13 Å, which increases surface tension and may increase attractions with some particles. For 

comparison, sodium polytungstate, a popular heavy liquid, has a TPSA of 685 Å. Piperno (1988: 

122) noted that CdI3K gives the cleanest and highest yielding phytolith separations compared to 

other heavy liquids. Zhao and Pearsall (1988) came to a similar conclusion, but noted 

performance differences based on soil type. Since cadmium is a known carcinogen, LMT was 

first applied in our study and often performed sufficiently well. However, the use of CdI3K was 

critical in obtaining phytolith counts on samples exhibiting evidence of high sediment pore water 

pH and/or with high concentrations of altered and weathered volcanic glass, authigenic silicates, 

and evaporites. 

For concentration calculations, the final phytolith separations were spiked with 3,000 to 

50,000 ± 8% microspheres obtained and calibrated by LacCore (University of Minnesota). The 

number of microspheres added depended on the amount of material extracted to avoid having too 

many microspheres in each sample. The spiked extracts were then rinsed twice with RODI water 

(mix, centrifuge 5 min at 3000 rpm, decant), followed by a 100% ethyl alcohol rinse, and then 

transferred with alcohol to 1.5 mL vials for storage. 

It should be noted that this extraction procedure is optimized for phytolith recovery. It is 

quite probable that larger pieces of microcharcoal may have broken down further during the 

mixing and centrifugation steps, in effect, increasing the number of particles. Thus, the 

microcharcoal counts and influx values obtained here may not be appropriate for direct 

comparisons to other studies using different extraction protocols. However, it is assumed that 

this effect was uniform across all samples, making changes in the relative abundances of this 

microcharcoal record a coherent signal.  
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 1.2. R code for bootstrap resampling of D/Pº and Iph index values 

The 95% confidence intervals (CI) for the D/P° and Iph indices were determined by 

nonparametric bootstrap resampling using the ‘boot’ and ‘simpleboot’ packages in R (R Core 

Team, 2018). The R bootstrapping and error propagation code written to run on lists of D/P° and 

Iph values is provided below. 

 

1.2.1. Multiple sample BCa 95% bootstrap confidence interval code for D/Pº values 

First, create a .csv file called DPdata.csv with the following four columns of data: 1) 

“Depth”, “Age”, or “Sample No”; 2)” D” for the D counts; 3) “P” for the P counts; and 

4)”DPratio” for the calculated D/P values. Columns 2, 3, and 4 must be named as indicated for 

the code below to work. The code will not work if any of the D or P counts equal 0, these 

samples should be removed. If any of the samples have a D or P count equal to 1, a warning 

message will be returned, but the code will still execute. The following can be copied and pasted 

into the R or RStudio console: 

 

library(boot) 
library(simpleboot) 
  # Loads R packages with routines needed for the BCa Bootstrap CI code. 
 
DPdata = read.csv(file.choose(), header = T) 
  # Opens directory window to locate the .csv file to import 
  # Imports the .csv file as a Data.Frame named “DPdata” 
 
DPdata = na.omit(DPdata) 
  # Removes any extra rows and columns during csv import, which is necessary for the code to execute correctly. 
 
DPdata$ciLower = 0      
DPdata$ciUpper = 0 
  # Adds two columns to DPdata that will hold the calculated BCa bootstrap 95% confidence interval lower and 
  # upper endpoint values. 
 
rowcount = nrow(DPdata) 
  # Creates the variable “rowcount” used in the ‘for’ loop routine. 
 
for(n in 1:rowcount) { 
 

D = c(rep(1, DPdata [n,2]), rep(0, DPdata [n,3])) 
P = c(rep(1, DPdata [n,3]), rep(0, DPdata [n,2])) 
  # Creates binomial vectors for D and P variables 
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Dresults = one.boot(D, mean, 10000) 
Presults = one.boot(P, mean, 10000) 
  # Uses one.boot from the simpleboot R package to bootstrap a single sample statistic  
  # 10,000 times for each D and P value. 

 
ci_Dresults = boot.ci(Dresults, type = c("bca")) 
ci_Presults = boot.ci(Presults, type = c("bca")) 
  # Calculates the BCa confidence intervals for D and P counts separately 
Dmin = ci_Dresults$bca [1, 4]  
Dmax = ci_Dresults$bca [1, 5]  
Pmin = ci_Presults$bca [1, 4] 
Pmax = ci_Presults$bca [1, 5] 
  # Set variables for the calculated D and P lower and upper ci proportions from the bootstrap routine  
 
DPdata[n,5] = DPdata [n, 4] - ( DPdata [n, 4] * sqrt(((( DPdata [n, 2] - (( DPdata [n, 2] + 
DPdata [n, 3] ) * Dmin )) / DPdata [n, 2] )^2) + ((( DPdata [n, 3] - (( DPdata [n, 2] + 
DPdata [n, 3] ) * Pmin )) / DPdata [n, 3])^2))) 
  # Calculates the 95% confidence interval lower bound endpoints for each D/P value by standard error 
  # propagation (fractional uncertainties added in quadrature for the D/P ratio) and inserts the values 
  # into column 5 of the DPdata dataframe. 

 
DPdata[n,6] = DPdata [n, 4] + ( DPdata [n, 4] * sqrt(((((( DPdata [n, 2] + DPdata [n, 3] ) 
* Dmax ) - DPdata [n, 2] ) / DPdata [n, 2] )^2) + ((((( DPdata [n, 2] + DPdata [n, 3] ) * 
Pmax ) - DPdata [n, 3] ) / DPdata [n, 3] )^2))) 
  # Calculates the 95% confidence interval upper bound endpoints for each D/P value by standard error 
  #  propagation (fractional uncertainties added in quadrature for the D/P ratio) and inserts the values 
  # into column 6 of the DPdata dataframe. 

 
        } 
 
# End of the loop routine. Large datasets of 100 or more samples will take several minutes for the Bca 
# calculations to be completed. 
 
 
# The following warning message will appear (one for each occurrence) if any of the samples have a D or P 
# count equal to 1, but the code will still execute correctly:  
# Warning message: 
# In norm.inter(t, adj.alpha) : extreme order statistics used as endpoints 
 
write.csv(DPdata, "DPdataBCA.csv", row.names = FALSE) 
  # Creates a .csv file from the DPdata dataframe and outputs the file to the working directory. 
 

1.2.2. Multiple sample BCa bootstrap 95% confidence interval code for Iph values  

First, create a .csv file called IphData.csv with the following four columns of data: 1) 

“Depth”, “Age”, or “Sample No”; 2) “C4xeric” for the saddle counts; 3) “C4mesic” for the 

bilobate + cross counts; and 4)”Iph” for the calculated Iph index values. The code below will 
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return an error if either the Iph numerator or denominator = 0 for any of the samples. The 

following can be copied and pasted into the R or RStudio console: 

 

library(boot) 
library(simpleboot) 
  # Loads R packages with routines needed for the BCa Bootstrap CI code. 
 
IphData = read.csv(file.choose(), header = T) 
  # Opens directory window to locate the .csv file to import. 
  # Imports the .csv file as a Data.Frame named “IphData”. 
 
IphData = na.omit(IphData) 
  # Removes extra rows and columns during csv import, which is necessary for the code to execute correctly. 
 
IphData$ciLower = 0      
IphData$ciUpper = 0 
  # Adds two columns to IphData that will hold the calculated BCa bootstrap 95% confidence interval lower 
  # and upper endpoint values. 
 
rowcount = nrow(IphData) 
  # Creates the variable “rowcount” used in the ‘for’ loop routine. 
 
for(n in 1:rowcount) { 
 

Iph = c(rep(1, IphData [n, 2]), rep(0, IphData [n, 3])) 
  # Creates a binomial vector for the Iph count data 

 
IphResults = one.boot(Iph, mean, 10000) 
  # Uses one.boot from the simpleboot R package to bootstrap a single sample statistic 10,000 times. 
 
ci_IphResults = boot.ci(IphResults, type = c("bca")) 
IphData[n, 5] = ci_IphResults$bca[1, 4] 
IphData[n, 6] = ci_IphResults$bca[1, 5] 
  # Calculates the BCa 95% confidence interval lower and upper bounds for each Iph value and adds them 
  # to columns 5 and 6 in the IphData dataframe. You will need to multiply these values by 100 if reporting 
  # Iph as a percentage. 

 
        } 
 
# End of the loop routine. Large datasets of 100 or more samples may take several minutes for the Bca 
# calculations to be completed. The code will return an error if either the Iph numerator or denominator = 0 
# for any of the samples.  
 
write.csv(IphData, "IphDataBCA.csv", row.names = FALSE) 
 # Creates a .csv file from the DPdata dataframe and outputs the file to the working directory. 
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1.3. Correspondence analysis of BTB13 phytolith assemblages 

Multivariate correspondence analysis (CA) was conducted on the BTB13 phytolith 

morphotype raw count dataset using PAST ver. 3.2 (Hammer et al., 2001). CA was used to 

identify morphotypes that tended to cluster together in ordination space. Because of low counts, 

the following morphotypes were combined into single sum categories for CA: all C3 grass 

rondels, all Cyperaceae (sedge) morphotypes, and all non-globular granulate woody dicot (tree) 

morphotypes. All other morphotypes remained as singular variables. 

 

2. SOM Results 

 

2.1. Correspondence analysis of BTB13 phytolith sample assemblages 

Results of the phytolith morphotype CA are plotted in Fig. S1. Axis 1 of the scatterplot 

represents 31.3% of the sample score variance (inertia) and primarily represents a moisture 

gradient. Axis 2 represents 17.1% of the inertia and may represent a temperature or length of dry 

season gradient. Based on groupings of phytolith morphotypes typically associated with 

particular modern vegetation types and/or moisture, evapotranspiration, and temperature 

affinities, the following vegetation and plant functional types were inferred from the scatterplot: 

drought-stressed grasses, xeric short-grass savanna, mesic tall-grass savanna, montane, 

riparian/wetland, and woodland/forest. 
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Fig. S1. Correspondence analysis (CA) ordination scatterplot of BTB13 phytolith morphotypes. 
Vegetation and plant functional type (PFT) interpretations are based on groupings in ordination 
space of phytolith morphotypes typically associated with particular plant taxa, vegetation types 
and/or moisture, evapotranspiration, and temperature regimes. The woodland/forest indicator 
group plotted low in quadrant IV so it was inset on separate axes. Phytolith morphotypes in bold 
font had the highest count sum for the particular vegetation/PFT group. 
 

 

3. SOM Discussion 

 

3.1. C4 xeric grass Sporobolus rondel phytoliths 

Grasses from the genus Sporobolus are very common in C4 African savannas, particularly 

in areas with saline soils and low rainfall. Most xeric (low rainfall) C4 grasses belong to the 

Chloridoideae subfamily, which typically produce saddle phytoliths. However, there are a few 

Chloridoideae taxa that produce few to no saddles and instead produce rondel phytoliths (Fig. 

S2; Barboni and Bremond, 2009), a broadly defined morphotype typically associated with C3 

grasses. 
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Other researchers have associated particular rondel morphotypes with Chloridoideae 

grasses, namely spooled/pyramidal towers (rondels) and horned rondels (Lu and Liu, 2003), 

which are roughly equivalent to the Chionochloid class from Kondo et al. (1994). Recognizing 

the potential importance of these morphotypes, we included a spooled/horned rondel morphotype 

in our classification scheme. Results of the CA showed that spooled/horned rondels varied 

closely with saddles, thus indicating their association with more xeric grasses. This implies that 

indices such as the Ic index and the Iph index, as currently defined, may not be robust in arid 

savannas and grasslands when rondel producing Chloridoideae such as Sporobolus spicatus are 

common. This issue has also been previously discussed by Barboni and Bremond (2009). 

     
 
Fig. S2. Spooled and horned rondels from Sporobolus spicatus. These are phytolith micrographs 
of S. spicatus leaf phytoliths. This specimen was collected by Yost along the western beach 
margin of Lake Turkana, Kenya during July of 2013. A-B) Horned rondel in side and top views. 
C-D) Spooled rondel in side and top view. E) Leaf spodogram of S. spicatus showing the high 
density of mostly spooled rondels from the leaf epidermis. 
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3.2. Vegetation and plant functional types identified through correspondence analysis 

 Correspondence analysis is a data exploration tool that can be useful in identifying 

phytolith morphotype associations and possible environmental gradients (Neumann et al., 2017). 

For phytolith assemblages from BTB13, globular echinates (palms) and globular granulates 

(woody trees and shrubs) plotted well away from all other morphotypes in quadrant IV and were 

labeled as woodland/forest indicators. Globular granulate phytoliths have been reported across 

15 families of African trees in 20 genera and 26 species (Table 3, main text). For the 14 genera 

(70%) that occur in Kenya today, three are found in dry savannas, nine are found in mesic 

habitats (wet savanna, riparian, riverine forest, forest), and two are found in both arid and mesic 

habitats. Thus, it appears that globular granulate phytoliths are most typical of trees that grow in 

mesic habitats. 

Wood and bark derived non-globular granulate morphotypes are also typically produced 

by taxa found in mesic habitats (Table 4), but on the CA ordination they plot with morphotypes 

interpreted as indicating riparian/wetland habitats. These include phytoliths derived from sedges, 

C3 grasses, and dayflower (Commelina spp.). 

The drought-stressed grass group is based on the very high relative abundance of 

bulliform phytoliths during particularly arid intervals between ~3.1 and 2.6 Ma (Fig. 2 of main 

text). Some of the high bulliform abundance can be attributed to the dissolution of grass silica 

short cell (GSSC) phytoliths; however, the absolute abundance of bulliforms was often very 

high. High bulliform occurrence here is interpreted as arising from lake regression and the 

expansion of swamps. It has been conclusively shown that bulliform production in grasses 

increases with increasing drought stress (Issaharou-Matchi et al., 2016). Also, grasses growing in 

mesic soils (e.g., swamps) in arid environments have very high levels of bulliform production 

(Novello et al., 2012) caused by increased rates of plant transpiration (Issaharou-Matchi et al., 

2016). 

The xeric short-grass savanna group is primarily based on the occurrence of saddle 

phytoliths indicative of xeric C4 Chloridoideae taxa, but also includes spooled/horned rondels 

(<15 μm) and VLL/VLS bilobates (total length >27 μm, shank length >7 μm; see Neumann et 

al., 2017). Spooled/horned rondels are produced in abundance by some species of the C4 genus 

Sporobolus (Bamford et al., 2006; Barboni and Bremond, 2009; Lu and Liu, 2003; Rossouw, 

2009). They are especially numerous in Sporobolus spicatus (Fig. S2; see SOM Section 3.1), a 
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very common grass in areas with low rainfall and saline soils in eastern Africa (Agnew, 2013). 

The VLL/VLS bilobates are very abundant in species of Aristida (Neumann et al., 2017), a 

common C4 grass of arid savannas (van Wyk, 1979). 

The mesic tall-grass savanna group is based on cross and bilobate morphotypes typical 

of C4 mesic tall-grass Panicoideae taxa. In ordination space, this group is widely dispersed 

relative to the other groups, and is likely being influenced by multiple gradients. The 

morphotypes furthest away from the origin were present in very low numbers and may have an 

affinity with an aquatic habitat. It is interesting that the xeric and mesic savanna groupings 

overlap on the CA axis 1 (moisture) gradient. This results from the fact that Panicoideae and 

Chloridoideae taxa are not mutually exclusive in these two types of savanna, just their relative 

abundances change. They are separated along the CA axis 2 gradient, which is interpreted here 

as either temperature or length of dry season. 

The montane group is based on the very tall saddle morphotype (Fig. 4.1, main text) 

considered diagnostic of grasses from the bamboo family (Bambusoideae; see SOM in Yost et 

al., 2018), and the conical echinate morphotype (Fig. 4.18-19) considered here to be diagnostic 

of orchids (Orchidaceae; Benvenuto et al., 2015). Montane forest zones can contain 

monospecific stands of Arundinaria alpina (syn. Yushania alpina), the likely source of the 

Bambusoideae saddle-type. The orchid family is very diverse, with numerous genera occurring 

today in Kenya. Most, but not all, occur in swamps and mesic grasslands above 2000 msl 

(Agnew, 2013). 

 

3.3. Spectral analysis of eccentricity and precession parameters 

Lomb periodograms for the eccentricity and precession parameters over the time span of 

the BTB13 core yielded a number of spectral peaks above white noise. For eccentricity, these 

included periodicities of 219, 112, 95, 79, 64, and 56 kyr (Fig. S3). For precession, these 

included periodicities of 23.5, 22.4, and 18.8 kyr.  
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Fig. S3. Lomb periodograms for the eccentricity and 
precession parameters over the BTB13 time span. 

 

 

3.4. Use of the 30º N to 30º S insolation gradient curve  

Various insolation curves are often plotted with a paleoenvironmental time series to 

explore potential linkages with Earth orbital parameters. For study areas from Africa, insolation 

curves for boreal spring (long rains), summer (monsoon), and fall (short rains) at the latitude of 

the record are often used. Other common choices include using summer insolation curves for 20º 

N or 30º N to place more emphasis on the North African monsoon system. In particular, (Deino 

et al., 2006), and (Deino et al., 2019, this issue) found that the summer (June/July) insolation 

curve for 30º N provided the best solution for matching insolation with the Barsemoi outcrop and 

BTB13 diatomites. All of these previously mentioned insolation curves were compared to 

various aspects of our phytolith record. Prior to the intensification of Northern Hemisphere 

Glaciation (NHG), the best match between phytolith preservation and insolation peaks and 

amplitudes was with the 30º N to 30 ºS June/July insolation gradient (Fig. S4). After ~2.7 Ma, 

the local insolation curve for September/October was the best match (see Fig. 15 from main 

text). Not all phytolith preservation zones correspond perfectly with high or low amplitude 

gradient values (see Section 6.1.1 from main text), but that is expected given the average 

uncertainty of the age model is ± 35 kyr or ± ~1.7 precession cycles. Also, there may be a ~40 

kyr depositional hiatus around 2.92 Ma (Deino et al., 2019, this issue). 
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Fig. S4. Comparison of phytolith and diatom preservation to orbital parameters. A) Obliquity, B) 
30º N to 30º S June/July insolation gradient, and C) 30º N June/July insolation. Vertical blue bars 
delineate humid periods with high diatom abundance and good phytolith preservation. Beck et al. 
(2018) noted that the summer insolation gradient curve (B) matches the net-range and patterns of 
variation exhibited by the summer insolation curve for 65º N. 

 

An increasing number of modeling (Erb et al., 2013; Erb et al., 2015; Mantsis et al., 

2014) and proxy studies (Beck et al., 2018; Raymo and Nisancioglu, 2003; Verschuren et al., 

2009) suggest that low-latitude interhemispheric insolation gradients influence monsoon strength 

in Africa and Asia. In fact, Verschuren et al. (2009) found that large low-latitude 

interhemispheric insolation gradients in either summer or winter enhanced precipitation in 

equatorial eastern Africa over the past 25 kyr. They also suggested that this gradient can 

modulate the effects of local insolation, resulting in enhanced or diminished “long rains” and 

“short rains”. Tuenter et al. (2003) also found that there was a local precession signal and a 

remote precession signal in modeled African monsoon response to orbital forcing.  
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3.5. Comparison of the Iph index to correspondence analysis of phytolith supertypes 

The Iph phytolith index is considered a robust measure of hydroclimate variability 

(Barboni and Bremond, 2009). It is based on the proportion of saddle versus bilobate + cross + 

polylobate morphotypes. A morphotype classification that essentially subdivides crosses and 

bilobates based on various shape and size metrics has been proposed by Neumann et al. (2017) 

and was used on the BTB13 phytolith assemblage. When BTB13 Iph index values are plotted 

with CA axis 1 scores obtained from the Neumann supertype classification assemblages, a very 

close correspondence is revealed (Fig. S5A). Thus, the simple cross and bilobate classification 

and the limited number of total morphotypes used by the Iph index captures the same variability 

as the multivariate ordination of a much greater number of morphotypes (see SOM Section 3.2). 

 

 
Fig. S5. Comparison of BTB core Iph phytolith index values with CA axis 1 sample scores from 
the Neumann phytolith supertype classification. Iph values are the solid lines and CA axis 1 
scores are the dashed lines. A) Iph versus CA axis 1 for all supertypes. B) Iph versus CA axis 1 
for only the bilobate supertypes. 
 

For habitats where Chloridoideae grasses are rare, the Neumann supertype classification 

may be a very useful measure of effective moisture or hydroclimate variability. This is supported 

by the fairly close correspondence between the Iph values and CA axis 1 sample scores from 

only the 10 bilobate supertypes used in the BTB13 study (Fig. S5B). However, from 3.23 to 3.04 

Ma during the Mid-Piacenzian Warm Period (MPWP), the relationship between the Iph and 

bilobate supertype variability is sometimes phase-shifted. This is the same interval where 

phytoliths were primarily preserved and recovered during much drier insolation minima, as 
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opposed to the more typical insolation maxima (see Section 6.1.1. of main text). Because 

phytoliths were being preserved at insolation minima, saddle phytoliths derived from 

Chloridoideae taxa were dominant. Thus, low bilobate counts may have obscured a correlation 

between Iph and bilobate supertype CA axis 1 sample scores during portions of the MPWP 

interval. In summary, the bilobate and cross supertype classification proposed by Neumann et al. 

(2017) is promising but requires more evaluation. 

 

SOM Tables 

 

SOM Table S1 

Phytolith, other microfossil, and particle counts for BTB13 samples (provided as a separate 
Excel file). 
 

SOM Table S2 

Surface (modern) phytolith assemblages from published datasets used in D/P° phytolith index 
box plots and the A:D:P phytolith ternary plot.  
 
Sample ID Glob. 

Gran. 
(D) 

Glob. 
ech. 
(A) 

GSSC 
(P) 

D/P Vegetation 
formation1 

Country Source Comments 

Dimonika 46 5 3.5 13.1 Forest D.R. Congo Alexandre (1997)  
LDAI 6 0 32.5 0.2 Shrubland Senegal Alexandre (1997)  
83/80 0.7 0 39.8 0.0 Wooded grassland Senegal Alexandre (1997)  
85/2 0 0 33.9 0.0 Wooded grassland Senegal Alexandre (1997)  
83/13 6.3 0 14.9 0.4 Wooded grassland Senegal Alexandre (1997)  
83/47 1.7 0 30 0.1 Shrubland Senegal Alexandre (1997)  
MA94-103 54 11 323 0.17 Grassland Ethiopia Barboni et al. (1999)  
MA94-101 435 0 392 1.11 Woodland Ethiopia Barboni et al. (1999) Sample collected in a swampy 

area surrounded by trees at 
riparian forest margin. 

MA94-106* 101 5 291 0.35 Fluvial sediments 
from multiple 
formations 

Ethiopia Barboni et al. (1999) Sample collected after one flood 
of the Ganduli River and not 
used in modern soil analysis. 

CAM1 49 217 11 4.45 Forest Cameroon Bremond et al. (2005a)  
CAM2 177 84 17 10.41 Forest Cameroon Bremond et al. (2005a)  
CAM3 192 33 11 17.45 Forest Cameroon Bremond et al. (2005a)  
CAM4 214 2 17 12.59 Forest Cameroon Bremond et al. (2005a)  
CAM5 233 1 22 10.59 Forest Cameroon Bremond et al. (2005a)  
CAM6 195 28 18 10.83 Forest Cameroon Bremond et al. (2005a)  
CAM7 221 10 44 5.02 Forest Cameroon Bremond et al. (2005a)  
CAM8 161 48 26 6.19 Forest Cameroon Bremond et al. (2005a)  
CAM9 219 9 41 5.34 Forest Cameroon Bremond et al. (2005a)  
CAM10 208 3 21 9.90 Forest Cameroon Bremond et al. (2005a)  
CAM11 167 65 31 5.39 Forest Cameroon Bremond et al. (2005a)  
CAM12 233 10 57 4.09 Forest Cameroon Bremond et al. (2005a)  
CAM13 217 0 23 9.43 Forest Cameroon Bremond et al. (2005a)  
CAM14 216 8 38 5.68 Forest Cameroon Bremond et al. (2005a)  
CAM15 194 16 58 3.34 Forest Cameroon Bremond et al. (2005a)  
CAM16 190 3 64 2.97 Forest Cameroon Bremond et al. (2005a)  
CAM17 190 0 87 2.18 Woodland Cameroon Bremond et al. (2005a)  
CAM18 156 6 107 1.46 Woodland Cameroon Bremond et al. (2005a)  
CAM19 111 2 192 0.58 Wooded grassland Cameroon Bremond et al. (2005a)  
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D/P Vegetation 
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CAM20 100 2 205 0.49 Wooded grassland Cameroon Bremond et al. (2005a)  
CAM21 144 12 159 0.91 Wooded grassland Cameroon Bremond et al. (2005a)  
CAM22* 185 4 115 1.61 Wooded grassland Cameroon Bremond et al. (2005a) *Not used in modern soil 

analysis because of close 
proximity to (surrounded by) 
closed forest. 

CAM23* 142 2 108 1.31 Wooded grassland Cameroon Bremond et al. (2005a) 
CAM24* 137 5 125 1.10 Wooded grassland Cameroon Bremond et al. (2005a) 
CAM25* 186 7 144 1.29 Wooded grassland Cameroon Bremond et al. (2005a) 
CAM26* 147 4 100 1.47 Wooded grassland Cameroon Bremond et al. (2005a) 
82-46 5 5 164 0.03 Shrubland Senegal Bremond et al. (2005b)  
82-47 12 3 186 0.06 Shrubland Senegal Bremond et al. (2005b)  
82-77 12 12 149 0.08 Wooded grassland Senegal Bremond et al. (2005b)  
82-78 20 20 226 0.09 Wooded grassland Senegal Bremond et al. (2005b)  
82-79 1 1 165 0.01 Wooded grassland Senegal Bremond et al. (2005b)  
83-100 14 0 196 0.07 Wooded grassland Senegal Bremond et al. (2005b)  
83-103 9 1 173 0.05 Wooded grassland Senegal Bremond et al. (2005b)  
83-115 7 0 232 0.03 Wooded grassland Senegal Bremond et al. (2005b)  
83-116 1 1 160 0.01 Wooded grassland Senegal Bremond et al. (2005b)  
83-120 14 1 197 0.07 Wooded grassland Senegal Bremond et al. (2005b)  
83-122 4 0 210 0.02 Wooded grassland Senegal Bremond et al. (2005b)  
83-127 81 0 84 0.96 Wooded grassland Senegal Bremond et al. (2005b)  
83-15 4 0 47 0.09 Shrubland Senegal Bremond et al. (2005b)  
83-151 158 54 10 15.80 Forest Guinea Bissau Bremond et al. (2005b)  
83-20 8 0 186 0.04 Shrubland Senegal Bremond et al. (2005b)  
83-30 5 5 114 0.04 Shrubland Senegal Bremond et al. (2005b)  
83-4 33 33 105 0.31 Shrubland Senegal Bremond et al. (2005b)  
83-46 6 1 214 0.03 Wooded grassland Senegal Bremond et al. (2005b)  
83-48 4 1 143 0.03 Shrubland Senegal Bremond et al. (2005b)  
83-62 2 2 123 0.02 Shrubland Senegal Bremond et al. (2005b)  
83-65 5 0 202 0.02 Shrubland Senegal Bremond et al. (2005b)  
83-68 10 1 179 0.06 Wooded grassland Senegal Bremond et al. (2005b)  
83-70 1 1 210 0.00 Wooded grassland Senegal Bremond et al. (2005b)  
83-75 11 11 175 0.06 Wooded grassland Senegal Bremond et al. (2005b)  
83-8 15 9 158 0.09 Shrubland Senegal Bremond et al. (2005b)  
83-35 1 4 213 0.00 Shrubland Senegal Bremond et al. (2005b)  
83-85 4 0 37 0.11 Shrubland Senegal Bremond et al. (2005b)  
83-98 6 1 157 0.04 Wooded grassland Senegal Bremond et al. (2005b)  
MAU 04 4 4 72 0.06 Grassland Mauritania Bremond et al. (2005b)  
MAU 05 1 1 34 0.03 Grassland Mauritania Bremond et al. (2005b)  
MAU 06 4 4 67 0.06 Grassland Mauritania Bremond et al. (2005b)  
MAU 07 9 9 49 0.18 Grassland Mauritania Bremond et al. (2005b)  
RIM 1 18 18 41 0.44 Shrubland Mauritania Bremond et al. (2005b)  
RIM 10 6 6 39 0.15 Shrubland Mauritania Bremond et al. (2005b)  
RIM 11 2 2 86 0.02 Shrubland Mauritania Bremond et al. (2005b)  
RIM 2 5 5 10 0.50 Grassland Mauritania Bremond et al. (2005b)  
RIM 3 4 4 24 0.17 Grassland Mauritania Bremond et al. (2005b)  
RIM 8 5 5 18 0.28 Grassland Mauritania Bremond et al. (2005b)  
S.155 144 56 17 8.47 Forest Guinea Bissau Bremond et al. (2005b)  
S.118 7 0 146 0.05 Wooded grassland Senegal Bremond et al. (2005b)  
S.12 16 0 93 0.17 Shrubland Senegal Bremond et al. (2005b)  
S.122 0 0 116 0.00 Wooded grassland Senegal Bremond et al. (2005b)  
S.128 7 1 127 0.06 Wooded grassland Senegal Bremond et al. (2005b)  
S.130 5 0 114 0.04 Wooded grassland Senegal Bremond et al. (2005b)  
S.136 10 0 55 0.18 Wooded grassland Senegal Bremond et al. (2005b)  
S.138 11 0 90 0.12 Wooded grassland Senegal Bremond et al. (2005b)  
S.24 1 0 164 0.01 Shrubland Senegal Bremond et al. (2005b)  
S.27 1 0 166 0.01 Shrubland Senegal Bremond et al. (2005b)  
S.29 9 9 119 0.08 Shrubland Senegal Bremond et al. (2005b)  
S.32 1 1 75 0.01 Shrubland Senegal Bremond et al. (2005b)  
S.33 12 12 165 0.07 Shrubland Senegal Bremond et al. (2005b)  
S.40 15 15 138 0.11 Shrubland Senegal Bremond et al. (2005b)  
S.44 3 3 134 0.02 Shrubland Senegal Bremond et al. (2005b)  
S.5 19 19 64 0.30 Wooded grassland Senegal Bremond et al. (2005b)  
S.54 2 0 123 0.02 Shrubland Senegal Bremond et al. (2005b)  
S.58 4 0 164 0.02 Shrubland Senegal Bremond et al. (2005b)  
S.7 11 1 69 0.16 Wooded grassland Senegal Bremond et al. (2005b)  
S.84 3 0 190 0.02 Wooded grassland Senegal Bremond et al. (2005b)  
S.88 5 1 189 0.03 Wooded grassland Senegal Bremond et al. (2005b)  
S.91 70 19 102 0.69 Wooded grassland Senegal Bremond et al. (2005b)  
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S.93 6 6 178 0.03 Wooded grassland Senegal Bremond et al. (2005b)  
MAS 1 52 0 26 2.00 Woodland Tanzania Bremond et al. (2008)  
MAS 3 61 0 32 1.91 Woodland Tanzania Bremond et al. (2008)  
MAS 7 94 8 74 1.27 Woodland Tanzania Bremond et al. (2008)  
MAS 8 61 1 56 1.09 Woodland Tanzania Bremond et al. (2008)  
MAS 9 76 2 37 2.05 Woodland Tanzania Bremond et al. (2008)  
MAS 14 39 1 82 0.48 Woodland Tanzania Bremond et al. (2008) Woodland D/P outlier. Open 

grassland patches within 75 m 
OUN1 95 12 73 1.3 Woodland Mali Garnier et al. (2013)  
OUN3* 71 28 144 0.5 Includes fluvial 

sediments from 
multiple unknown 
formations 

Mali Garnier et al. (2013) Seasonally flooded. Not used in 
modern soil analysis. 

OUN5 126 40 96 1.3 Woodland Mali Garnier et al. (2013)  
DC6 82 21 50 1.6 Woodland Mali Garnier et al. (2013)  
DC8 83 21 79 1.1 Woodland Mali Garnier et al. (2013)  
SP11 90 34 80 1.1 Woodland Mali Garnier et al. (2013)  
SP14* 38 9 298 0.1 Includes fluvial 

sediments from 
multiple unknown 
formations 

Mali Garnier et al. (2013) Seasonally flooded. Not used in 
modern soil analysis. 

MOZ1 22.5 0.3 23.6 0.95 Woodland Mozambique Mercader et al. (2011) Composite value from 11 
samples. 

MOZ2* 16 0.1 39.4 0.41 Woodland Mozambique Mercader et al. (2011) Composite value from 14 
samples, with over half from 
grass dominated (“degraded 
woodland”) habitats. Not used in 
modern soil analysis. 

50* 142 0 109 1.30 Woodland? Chad Novello et al. (2012) *Described as closed Acacia 
temporary herb-swamp with 40-
50% tree cover. These are small 
patches surrounded by savanna. 
Not used in modern soil 
analysis. 

53* 50 1 78 0.65 Woodland? Chad Novello et al. (2012) 
54* 27 2 90 0.3 Woodland? Chad Novello et al. (2012) 

51 34 1 117 0.29 Wooded grassland Chad Novello et al. (2012)  
52a 12 10 228 0.05 Wooded grassland Chad Novello et al. (2012)  
C1 34 50 142 0.24 Wooded grassland Chad Novello et al. (2012)  
C2 62 31 178 0.35 Wooded grassland Chad Novello et al. (2012)  
44 14 11 273 0.05 Grassland Chad Novello et al. (2012)  
43 8 8 274 0.03 Wooded grassland Chad Novello et al. (2012)  
B 33 16 111 0.30 Swamp Chad Novello et al. (2012)  
A3 6 0 63 0.10 Swamp Chad Novello et al. (2012)  
A1 38 58 118 0.32 Swamp Chad Novello et al. (2012)  
A2 78 42 103 0.76 Swamp Chad Novello et al. (2012)  
57a 14 1 305 0.05 Swamp Chad Novello et al. (2012)  
57b 25 3 128 0.20 Swamp Chad Novello et al. (2012)  
57c 12 8 156 0.08 Swamp Chad Novello et al. (2012)  
57d 16 17 133 0.12 Swamp Chad Novello et al. (2012)  
57e 13 5 208 0.06 Swamp Chad Novello et al. (2012)  
2 3 0 338 0.01 Grassland Chad Novello et al. (2012)  
20 1 0 259 0.00 Grassland Chad Novello et al. (2012)  
19 5 2 307 0.02 Grassland Chad Novello et al. (2012)  
28 6 2 313 0.02 Wooded grassland Chad Novello et al. (2012)  
9a* 36 4 295 0.12 Woodland Chad Novello et al. (2012) Outlier value for ‘woodland’. 

Roadside grasses may have 
influenced this sample based on 
Google Earth view at sample 
site coordinates. Not included in 
modern soil analysis. 

16 5 7 316 0.02 Grassland Chad Novello et al. (2012)  
7 151 0 143 1.06 Woodland Chad Novello et al. (2012)  
TMF-1-1 36 0 9 4.00 Forest D.R. Congo Runge (1999)  
TMF-1-2 28 1 3 9.33 Forest D.R. Congo Runge (1999)  
TMF-1-3 23 0 9 2.56 Forest D.R. Congo Runge (1999)  
TMF-2-1 64 2 9 7.11 Forest D.R. Congo Runge (1999)  
TMF-2-2 48 2 5 9.60 Forest D.R. Congo Runge (1999)  
TMF-2-3 64 2 6 10.67 Forest D.R. Congo Runge (1999)  
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GRF-1-1 43 0 6 7.17 Forest D.R. Congo Runge (1999)  
GRF-1-2 30 1 6 5.00 Forest D.R. Congo Runge (1999)  
GRF-1-3 37 0 5 7.40 Forest D.R. Congo Runge (1999)  
GRF-2-1 34 0 6 5.67 Forest D.R. Congo Runge (1999)  
GRF-2-2 45 0 4 11.25 Forest D.R. Congo Runge (1999)  
GRF-2-3 35 0 3 11.67 Forest D.R. Congo Runge (1999)  
GRF-3-1 51 0 3 17.00 Forest D.R. Congo Runge (1999)  
GRF-3-2 58 2 3 19.33 Forest D.R. Congo Runge (1999)  
GRF-3-3 38 1 4 9.50 Forest D.R. Congo Runge (1999)  
KIVU 26 0 5 5.20 Forest D.R. Congo Runge (1999)  
BFM 4 0 31 0.13 Grassland Cent Afr. Rep. Runge(Arráiz et al., 

2017; Barboni et al., 
1999) (1999) 

 

DB11_34 30 0 159.5 0.19 Wooded grassland Tanzania Arráiz et al. (2017)  
DB11_35 102 0 123 0.83 Bushland (Riparian) Tanzania Arráiz et al. (2017)  
DB11_36 159 0 129.5 1.23 Woodland (Riparian) Tanzania Arráiz et al. (2017)  
DB11_54 67 51 45 1.49 Woodland Tanzania Arráiz et al. (2017)  
DB11_55 53 60 100.5 0.53 Wooded grassland Tanzania Arráiz et al. (2017)  
DB11_56 125 332 99 1.26 Woodland Tanzania Arráiz et al. (2017)  
DB11_57 83 72 114 0.73 Woodland Tanzania Arráiz et al. (2017) Woodland D/P outlier. Site is 

15 m from open grassland 
DB11_58 170 18 100 1.70 Woodland (ecotone) Tanzania Arráiz et al. (2017)  
DB11_59A
* 

59 4 28 2.11 Swamp (near forest) Tanzania Arráiz et al. (2017) Location is 15 m from Forest 
w/80-100% tree cover. Not used 
in D/P box plots. 

DB11_59B 120 2 106.5 1.13 Woodland Tanzania Arráiz et al. (2017)  
DB11_61 169 124 112.5 1.50 Woodland (Riparian) Tanzania Arráiz et al. (2017)  
DB11_62 128 32 120 1.07 Woodland (Riparian) Tanzania Arráiz et al. (2017)  
DB11_64 113 2 138 0.82 Wooded grassland Tanzania Arráiz et al. (2017)  
DB11_66 85 0 126 0.67 Wooded grassland Tanzania Arráiz et al. (2017)  
DB11_68 45 1 151.5 0.30 Bushland Tanzania Arráiz et al. (2017)  
DB11_69* 27 16 105.5 0.26 Forest (near open) Tanzania Arráiz et al. (2017) Forest location within 20 m of 

wooded grassland with <40% 
tree cover. Not used in D/P box 
plots. 

DB11_70 128 14 122 1.05 Woodland Tanzania Arráiz et al. (2017)  
DB11_71 235 134 152.5 1.54 Woodland Tanzania Arráiz et al. (2017)  
DB11_72 26 1 160 0.16 Swamp Tanzania Arráiz et al. (2017)  
DB11_73 148 17 155 0.95 Woodland Tanzania Arráiz et al. (2017)  
DB11_74 188 141 140 1.34 Woodland Tanzania Arráiz et al. (2017)  
DB11_75 129 1 132.5 0.97 Woodland Tanzania Arráiz et al. (2017)  
S1 588 7 70.5 8.34 Forest Guinea Barboni et al. (2019)  
S2 805 85 110 7.32 Forest Guinea Barboni et al. (2019)  
S3 24 8 148 0.16 Grassland Guinea Barboni et al. (2019)  
S4 1231 47 143 8.61 Forest (Riparian) Guinea Barboni et al. (2019)  
S5 671 10 121 5.55 Forest Guinea Barboni et al. (2019)  
BB17_02 30 1 181 0.17 Bushland Ethiopia Barboni et al. (2019) 100 m from forest patch edge 

(80-100% cover)  
BB17_05 47 8 258 0.18 Bushland Ethiopia Barboni et al. (2019) Palm grove surrounded by 

Somalia-Masai Acacia-
Commiphora bushland 

BB17_39 27 0 41 0.66 Bushland Ethiopia Barboni et al. (2019) Collected in open area 20 m 
from riparian forest edge 

BB17_10* 31 6 36 0.86 Forest (Riparian) Ethiopia Barboni et al. (2019) Collected 30 m from bushland 
formation. Not used in D/P box 
plots.  

BB17_18* 80 30 73 1.10 Forest (Riparian) Ethiopia Barboni et al. (2019) Collected 25 m from bushland 
formation. Not used in D/P box 
plots. 

BB17_11* 28 247 86 0.33 Woodland (Riparian) Ethiopia Barboni et al. (2019) Collected 30 m from bushland 
formation. Not used in D/P box 
plots.  

1 Vegetation formation based on White (1983) was estimated from the source description or Google Earth imagery and 
vegetation maps when not explicitly stated.  
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Abstract 
 
Microcharcoal and phytoliths were examined from the 216 m (1.87 to 1.38 Ma) West Turkana 
drill core (WTK13), which targeted paleo-Lake Lorenyang sediments from the Nachukui 
Formation as part of the Hominin Sites and Paleolakes Drilling Project (HSPDP). A total of 287 
samples were collected at ~32 to 96 cm intervals, corresponding to millennial-scale temporal 
resolution. To better understand how basin sediments record fire and vegetation from the 
watershed, nine modern lake sediment samples collected along a transect of increasing distance 
from shore were also examined. The latter included vegetation surveys and phytolith production 
data for species from areas proximal to the basin. Results from the modern study found that 
phytolith and microcharcoal concentrations decreased predictably as distance from shore 
increased. However, phytoliths from plants sourced in the Ethiopian Highlands increased as 
distance from shore increased, ostensibly the result of increased exposure to the Omo River 
sediment plume. Microcharcoal was well-preserved throughout the WTK13 core, but phytolith 
preservation was poor below ~60 m (~1.50 Ma). Spectral analysis revealed that microcharcoal 
varied at precession (23–19 kyr), half-precession (9.6 kyr), and quarter-precession (5.1 kyr) 
periodicities, and linked orbital-forced peaks in precipitation with elevated fire on the landscape. 
Phytoliths show that C4 mesic and C4 xeric grasses vary at precession and quarter-precession 
periodicity, but that grass functional type composition is also mediated by basin geometry. 
Identification of the Natoo Tuff in WTK13 allowed a direct linkage to the Nariokotome Boy 
(KNM-WT 15000) Homo erectus/ergaster site (NK3), located ~3 km east of the WTK13 drill 
site. Phytoliths indicate that the area was a seasonally wet and open landscape dominated by 
short-stature C4 Chloridoideae grasses, sedges, and other herbaceous plants. 
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1. Introduction 

 

The Omo-Turkana Basin in northern Kenya and southern Ethiopia is among the most 

important localities in the world for studying human origins. Its hydrological connection to the 

Ethiopian Highlands and its geological setting within the East African Rift System has combined 

to produce fossil-rich sedimentary strata yielding hundreds of hominin fossils from species of 

Australopithecus, Kenyanthropus, Paranthropus, and Homo (Feibel, 2011; Wood and Leakey, 

2011). The Hominin Sites and Paleolakes Drilling Project (HSPDP) targeted Early Pleistocene 

sediments from paleo-Lake Lorenyang, a precursor to present-day Lake Turkana, to reconstruct 

regional climate and vegetation in relatively close spatial and temporal proximity to important 

hominin sites (Cohen et al., 2016; Campisano et al., 2017). This includes the Nariokotome site 

(NK3) and its hominin remains (Nariokotome Boy, KNM-WT 15000) located ~3 km from the 

drill site; NK3 yielded the most complete Homo erectus/ergaster skeleton ever recovered 

(Brown et al., 1985; Walker and Leakey, 1993). 

The recovered drill core interval of 1.87–1.38 Ma coincides with the first hominin 

appearance of modern human-like terrestrial adaptations, the expansion of grasslands, and the 

first hominin expansions outside of Africa (Campisano et al., 2017). Mammalian turnover and 

diversity peaks at ~1.8 Ma and includes the co-occurrence of Paranthropus boisei, Homo habilis, 

Homo rudolfensis and Homo erectus (Bobe and Carvalho, 2019). This period in the Turkana 

Basin has also yielded one of the oldest archaeological sites with Acheulean stone tool 

technology (Lepre et al., 2011) and the earliest evidence of aquatic resource subsistence by 

hominins (Braun et al., 2010). In addition, fossils attributed to Homo in the Turkana Basin show 

an apparent increase in the consumption of C4 resources (or animals that consume C4 resources) 
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after 1.65 Ma (Patterson et al., 2019). Interestingly, archaeological sites in East Turkana (Koobi 

Fora) exhibit potential evidence for the intentional use of fire at ~1.5 Ma (Hlubik et al., 2019). 

Lake Turkana is the largest desert lake in the world, and a series of predecessors to the 

modern lake have occupied this basin periodically since at least the Miocene (Brown and 

McDougall, 2011). Some of these paleolakes such as Lonyumun Lake at ~4.1 Ma have been over 

double the size of the modern lake (Feibel, 2011). Phytolith studies quantifying phytolith source 

areas, riverine influences, and depositional patterns on modern lake sediments are rare (Yost et 

al., 2013; Li et al., 2019). The study of modern Lake Turkana sediments provides an opportunity 

to elucidate these phenomena in a context appropriate for better understanding phytolith and 

microcharcoal records from much older lacustrine deposits in the Turkana Basin. Additionally, 

use of modern lake sediments originally collected in 1978 by Cohen et al. (1986) pre-dates 

construction of the Gibe I dam in the Ethiopian Highlands, significant changes in the Omo River 

delta configuration, and delta land use intensification since the 1970s (Carr, 2016).     

Here, we present an Early Pleistocene record of fire and vegetation through the use of 

plant opal phytoliths and microcharcoal for the Turkana Basin at millennial-scale resolution. We 

first look at modern Lake Turkana sediments and dominant vegetation within the basin to better 

understand how the potential phytolith landscape (phytoscape) is being recorded in sediments 

from across the lake, and how sediments from the Omo River may influence this signal. We then 

use phytoliths and microcharcoal extracted from early Pleistocene drill core sediments to 

reconstruct dominant vegetation and fire activity. We explore this data using time-series 

(spectral) analysis to reveal the influence of Earth’s orbital parameters on vegetation and fire. 

Lastly, we use a core-to-outcrop linkage to reconstruct the local paleoenvironment present when 

the Nariokotome Boy walked upon the landscape.   
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2. Background 

 

2.1. Geography, climatology, limnology 

 Lake Turkana is a closed-basin lake approximately 250 km long and 30 km wide that is 

situated in an arid depression between the Kenyan and Ethiopian Highlands (Fig. 1). The lake 

surface is at an elevation of ~360 m; mean and maximum depths are 35 and 120 m, respectively 

(Johnson and Malala, 2009). The dominant vegetation type within the Turkana Depression is 

arid-adapted Acacia-Commiphora deciduous bushland and desert. However, the watershed 

includes small areas of riverine and afromontane forests, freshwater swamps, and a large area of 

dry Combretum wooded grasslands (Fig. 1b).  

The Turkana Depression has a mean annual temperature of ~30 °C, and temperatures do 

not vary more than several degrees between day and night or seasonally. Historic (1990 – 1925) 

mean annual precipitation (MAP) is ~ 200 mm, and is delivered over two rainy seasons: the long 

rains during boreal spring and short rains during boreal autumn (Nicholson, 2000). However, 

MAP is trending recently to well under 200 mm (Nicholson, 2017). The Ethiopian Highlands to 

the north receive about 800–1200 mm MAP, mostly during boreal summer. The Omo River, 

which drains a portion of the Ethiopian Highlands, supplies 80 to 90% of the water in the lake 

(Yuretich and Cerling, 1983). Its sediment plume is dispersed throughout much of the northern 

lake basin via seasonal gyres (Fig. 1d; Hopson, 1975; Yuretich and Cerling, 1983). The Turkwel 

and Kerio rivers, draining a portion of the Kenyan Highlands to the south, supply 10–20% of the 

lake water (Johnson and Malala, 2009). However, strontium isotope data indicates that the 

proportion of Turkwel to Omo river water may have been significantly higher during humid 

periods in the past (van der Lubbe et al., 2017). It is interesting to note that through these rivers, 
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the Turkana Basin is hydrologically connected to two different precipitation modes, bimodal 

(spring and autumn) in the Kenyan Highlands and locally unimodal (summer) in the Ethiopian 

Highlands.   

The Omo River and Lake Turkana surface waters have average pH values of 7.1 and 9.2, 

respectively (Yuretich and Cerling, 1983). This is important to note since biogenic silica 

(diatoms, sponge spicules, and phytoliths) can begin to rapidly dissolve when sediment pore 

water pH is > 9.0 (Fraysse et al., 2009). Interestingly, measurements of pore water pH on short 

cores from Lake Turkana yielded values in the 8.6 range for depths of up to 120 cm. The release 

of carbonic acid from organic matter decay is thought to be the mechanism for lowering pH from 

that observed in surface waters (Yuretich and Cerling, 1983). The Turkana depression is 

extremely windy, with prevailing winds out of the south/southeast producing surface currents 

that generally move towards the north end of the lake (Fig. 1d). Lake Turkana is classified by 

Nutz et al. (2016) as a wind-driven waterbody (WWB), where wind and wave action have 

pronounced effects on surface currents, bottom currents, upwelling, shoreline stability, and 

sedimentation patterns. There is high resolution seismic profile evidence for the existence of 

erosion or non-deposition settings at sites where water depths are < 35 m caused by surface wave 

activity (Johnson and Malala, 2009). Our study provides new information on terrestrial 

microfossil transport and biogenic silica preservation in both modern and paleo-lake sediments 

from the Turkana Basin. 

 

2.2. Eastern African rainfall seasonality 

Areas between 7º S and 6º N in eastern Africa experience strong bimodal (spring and 

autumn) distributions of maximum precipitation (PPT). At 20º S and 20º N, maximum PPT is 
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unimodal during each hemisphere’s summer (Nicholson, 2018). Summer PPT in the Ethiopian 

Highlands is triggered by the onset of low-level westerlies, peaking in July/August. Low-level 

cyclonic flow over the Arabian Peninsula promotes the development of westward propagating 

convective systems (Nicholson, 2017). In a reanalysis study, Viste and Sorteberg (2013) found 

that moisture sources for convergence in the highlands were from three main regions: the Indian 

Ocean, the Congo Basin, and the Red Sea/Mediterranean Sea. Surprising, the Gulf of Guinea 

(Atlantic Ocean) contributed the least amount.   

The mechanisms behind the bimodal distribution of rainfall in eastern Africa have been 

attributed by many to the twice-yearly passing of the Intertropical Convergence Zone (ITCZ). 

However, the notion of a relationship between maximum PPT and an ITCZ-like feature over 

Africa has apparently been misapplied, as the surface convergence zone and maximum PPT are 

not closely coupled (Nicholson, 2018). Recently, Yang et al. (2015) proposed that bimodal PPT 

is the result of the annual cycle of monsoonal winds combining with the annual cycle of the 

Indian Ocean sea surface temperatures (SSTs). During boreal winter and summer, PPT is 

suppressed due to advection of low-moist static energy (MSE) air from a cooler off-shore Indian 

Ocean. During the two rainy seasons, low-level winds are much weaker, allowing for the import 

of unstable air into eastern Africa; SSTs off the coast are higher, with the highest SSTs 

associated with the long rains. 

 

2.3. Orbital forcing in the Omo-Turkana Basin 

Relationships between paleosol formation, paleolake high stands, and depositional 

processes and Earth’s orbital parameters in the Omo-Turkana Basin have been recognized for 

some time (e.g., Wynn, 2004; Trauth et al., 2005; Lepre et al., 2007). Research in this area 
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continues to expand and shows that eccentricity (400, 100 kyr) and precession (23–19 kyr) are 

major drivers of hydroclimate and lake level variability (Joordens et al., 2011; Joordens et al., 

2013; Nutz et al., 2017; Lupien et al., 2018a; Boës et al., 2019). However, volcano-tectonic 

impounding likely played a role in lake formation within the Turkana Basin as well (Lepre, 

2014; Boës et al., 2019). Nevertheless, first-order observations in stratigraphic records (e.g., 

Nutz et al., 2017; Boës et al., 2019) indicate that paleolake transgressive (regressive) phases and 

high (low) stands occur during periods of eccentricity maxima (minima). Stratigraphic and 

isotopic studies from the Turkana Basin have found that low precession, which results in high 

insolation, is correlated with increased PPT within the watershed (Lupien et al., 2018a), 

progradation within the lake (Nutz et al., 2017), and increased river inflow to the lake (Joordens 

et al., 2011; van der Lubbe et al., 2017). 

Causal mechanisms between increased insolation and increased PPT in the tropics and 

subtropics are not fully understood, but typically invoke the orbital monsoon hypothesis 

(Rossignol-Strick, 1983; Kutzbach and Guetter, 1986; Prell and Kutzbach, 1987); however, more 

refined perspectives are emerging (Tuenter et al., 2003; Merlis et al., 2013). Essentially, high 

(low) eccentricity amplifies (modulates) the precession parameter and increases (decreases) 

insolation values during boreal summer; higher insolation is thought to increase latitudinal and 

land–sea temperature gradients, evaporation, monsoon circulation, and convection (Ruddiman, 

2008). Our study provides a new understanding of how grass community composition and fire 

regimes within the Omo-Turkana Basin respond to changes in Earth’s orbital parameters.  
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3. Materials and methods 

 

3.1. Drill core extraction and core chronology 

A single, 10º from vertical ∼216 m borehole was drilled in West Turkana (Lat. 

4°6'34.92" N, Long. 35°52'18.48" S) in June–July 2013 (Fig. 1). The drill site was chosen to be 

in close proximity to outcrop exposures of the correlative Nachukui Formation, which is locally 

dipping at ∼5º W. When borehole instability, high torque, and/or high-pressure groundwater 

occurred drilling was terminated. The core, HSPDP-WTK13-1A (hereafter WTK13), was 

shipped via airfreight to LacCore, the National Lacustrine Core Facility (University of 

Minnesota, USA) for full scanning, processing, description, and subsampling. See Cohen et al. 

(2016) for coring details and initial core descriptions. Core depths are reported in meters below 

surface (mbs), and core lithology is provided in the Supplementary Online Material (SOM). An 

age model was developed by Lupien et al. (2018a) using tephra correlation, direct 40Ar/39Ar 

dating of a new tephra, and a paleomagnetic reversal (Sier et al., 2017). A plot of this age model 

is provided in the SOM. 

 

3.2. Lake Turkana modern sediment transect 

 Modern sediments from Lake Turkana were collected by A. Cohen in 1978–1979 using 

an Ekman dredge. Nine of these samples extending along a transect from the near eastern shore 

to the North Island were subsampled for phytolith and microcharcoal analysis (Fig. 1c). Distance 

from shore for the selected samples ranged from 0.15 to 15.7 km. Sample mass, volumes, lake 

depth, and distance from shore are provided in SOM Table S1. 
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3.3 Microfossil separations, microscopy, and classification 

The samples for phytolith and microcharcoal analysis were collected at 32 cm intervals 

along the entire 215.8 m long core by removing 1 cm3 of sediment. Samples for microfossil 

extraction were selected at 96 cm intervals (206 samples) for a coarse resolution analysis to 

assess biogenic silica preservation. Additional samples at 32 cm intervals were then selected for 

extraction from the intervals with biogenic silica preservation, yielding a total of 287 paleolake 

samples and 9 modern lake samples for analysis. Phytoliths and microcharcoal particles were co-

extracted using the wet oxidation and heavy-liquid density separation method described by Yost 

et al. (2019). Synthetic microspheres were added to each sample in order to calculate 

concentrations; the number added varying by the amount of extracted residue (SOM Tables S1 

and S2).  

For microscopy, entire samples or subsamples of the extract were mounted on slides 

using Type-A immersion oil and the cover glass was sealed with fingernail polish. Mounting in 

immersion oil allows for easy phytolith rotation when pressure is applied to the cover glass. This 

rotation is essential for many phytolith identifications and for differentiation between Arecaceae 

globular echinate phytoliths and freshwater sponge spherasters (Yost et al., 2019). Phytolith and 

microcharcoal counting was conducted using a Olympus BX-43 transmitted-light microscope at 

400" magnification, with a goal of counting 200 Iph and D/Pº index-specific phytoliths to 

minimize statistical uncertainties (Strömberg, 2009).  

Phytoliths were classified into 41 morphotypes (SOM Tables S1 and S2). See Yost et al. 

(2019) for primary descriptive reference(s), anatomical origin, and taxonomical interpretation for 

each morphotype. Bilobates and crosses in this study were not classified into the Neumann super 

types as Yost et al. (2019) had done for the paleo-Lake Baringo core (BTB13) because most of 
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the samples from this core had been counted before classifying the BTB13 samples. Each broken 

bilobate phytolith counted was given a value of 0.5. Microcharcoal was identified (absolute 

counts) using the diagnostic characteristics described by Turner et al. (2008), with particular 

emphasis on avoiding misidentifications from pyrite and naturally-darkened unburned plant 

fragments. Sponge spicules, sponge spherasters, and chrysophycean cysts were also identified 

and counted. Detailed descriptions of these microfossils can be found in Yost et al. (2019).  

 

3.4. Numerical calculations, statistics, and time-series analysis 

Relative-abundance percentages were based on the total phytolith count for each sample. 

Concentrations were calculated from the microsphere counts and starting volume of the sample 

(SOM Tables S1 and S2). Relative abundance plots of C3, C4 mesic, and C4 xeric grass 

phytoliths were based only on grass silica short-cell (GSSC) phytoliths attributed to those plant 

functional types (per Yost et al., 2019). The tree cover (D/P°) and aridity (Iph) phytolith indices 

were calculated as described in Bremond et al. (2008) using the specific morphotypes listed by 

Yost et al. (2019). The 95% confidence intervals for the D/P° and Iph indices were determined 

by nonparametric bootstrap resampling using the ‘boot’ and ‘simpleboot’ packages in R (R Core 

Team, 2018) and the R code in Yost et al. (2019). All other descriptive, regression, and 

correlation statistics were conducted in R.   

Time-series (spectral) analysis using the REDFIT procedure with a Welsh window and 

AR(1) red noise model (Schulz and Mudelsee, 2002) was applied to the selected data using 

PAST ver. 3.2 (Hammer et al., 2001). Microcharcoal concentration data was log transformed and 

linearly interpolated to 1700 yr time steps; the Iph index data was linearly interpolated to 800 yr 
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time steps prior to time-series analysis. Higher temporal resolution of the Iph data was possible 

due to 32 cm sampling throughout the phytolith preservation zones. 

 

3.5. Modern vegetation and phytoscape determination 

Plant species occurrence data was aggregated from Olang (1984), Carr (2016), and 

Mbaluka and Brown (2016) for West Turkana (WTK), the Lower Omo River Valley (LOR), and 

Koobi Fora (East Turkana; ETK), respectively. Boundaries of the floristic areas are depicted in 

Figure 1b. Emphasis was placed on studying grasses because of their prolific phytolith 

production and taxonomic distinctiveness. For each species of grass, dominant phytolith 

morphotype production was determined from published accounts or C. Yost’s personal phytolith 

reference collection (SOM Table S3). Grass species occurrence and the relative abundance of 

lobates (bilobates and crosses), rondel, and saddle phytoliths produced by those species were 

used to identify a grass short-cell phytoscape signature for each of the three floristic areas. 

 The plant species occurrence data for LOR and ETK were also compared to a previously 

compiled list by Yost et al. (2019, Tables 3 and 4) of woody plants in Africa known to produce 

phytoliths to determine the potential for LOR and ETK to produce an arboreal phytoscape signal. 

Samples from the modern Lake Turkana sediment transect were then compared to the 

phytoscape signatures to determine what effect distance from shore and proximity to the Omo 

River sediment plume had on the phytolith record. 

 

 

 

 



 

227 
 

4. Results 

 

4.1. Modern grass occurrence and phytoscape 

A total of 80 grass species from 38 genera occurred within the WTK, LOR, and ETK 

floristic areas (SOM Table S3). Highest species richness was found for Sporobolus (10 species), 

followed by Enneapogon (5), Eragrostis (5), Panicum (5), and Dactyloctenium (4). The only C3  

grass was Phragmites (common reed), an obligate wetland plant. At the subfamily level, 40 

species (51%) were Chloridoideae, 34 (43%) were Panicoideae, and 4 (5%) were Aristidoideae 

(Table 1). Only one Arundinoideae grass (Phragmites) was noted, and that was predictably from 

the LOR area. No taxa from the C3 grass subfamily Pooideae were listed in any of the study 

regions. Chloridoideae grasses, which are typically arid-adapted and drought tolerant, were most 

common in ETK and WTK (55–60%), and least common in LOR (48%), although a chi2 

contingency test shows these differences are not statistically significant. Panicoideae taxa, which 

typically thrive under more humid and mesic conditions, were most common for LOR (41%) and 

less common in ETK and WTK (20–30%). 

Regarding phytolith morphotype production, lobates were slightly more common in LOR 

grasses (61%), versus 59% and 53% for ETK and WTK grasses, respectively. Saddles were 

generally more common for ETK grasses (29%) and WTK grasses (35%) than for LOR grasses 

(22%). Rondels were slightly more represented in LOR grasses (18%), than for ETK (13%), and 

WTK (12%) grasses. Overall, the GSSC phytoscapes for LOR, ETK, and WTK were strikingly 

similar. Calculated Iph aridity index values based simply on the dominance of either lobates or 

saddles for the most commonly listed grasses were 36% (LOR), 36% (ETK), and 40% (WTK). 
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For woody plant phytolith production, LOR had nine species, and ETK had nine and six 

species respectively, in genera known to produce globular granulate phytoliths. Additionally, 

both LOR and ETK had two woody species known to produce other types of woody tissue 

phytoliths. Although these numbers are similar, the ETK study area is only 0.3% woodland, and 

0.1% forest (Mbaluka and Brown, 2016). Vegetation cover was not mentioned by Carr (1998) at 

LOR, but our GIS-based estimates from their maps put woodland and forest cover at 7% and 

16%, respectively. 

 

4.2. Modern Lake Turkana sediments  

 Microcharcoal was observed in all samples. Concentrations ranged from 676 to 5.14 " 

104 cm-3 (Fig. 2a). Concentrations decreased exponentially (r2 = 0.72, p = 0.01) with increasing 

distance from shoreline, becoming asymptotic at concentrations < 10 and distances >6 km. 

Sponge spicules and spherasters were typically most abundant within 6.5 km of the shoreline, 

and single occurrences of chrysophyte cysts were observed in two samples (SOM Fig. S3). 

Phytolith preservation was good, with low to moderate dissolution on phytolith surfaces. 

Phytolith concentrations ranged from 38 to 1.65 " 105 cm-3 (Fig. 2b), and decreased linearly (r2 = 

0.54, p = 0.04) with increasing distance from shoreline. An extreme outlier value (sample 27) 

was removed prior to the regression analysis (a possible reason for this outlier value is discussed 

in Section 5.2). The Iph aridity index also decreased linearly (r2 = 0.45, p = 0.05) as distance 

from shoreline increased (Fig. 2e). With one exception, the D/Pº tree cover index was low and 

did not vary with distance from shoreline. The exception was Sample 25, which yielded a D/Pº 

value of 1.22 which is within the range of savanna woodlands (Fig. 2f; SOM Table S1). The 

percentage of broken bilobate phytoliths increased linearly with increasing distance from 
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shoreline (Fig. 2g; r2 = 0.61, p = 0.01). The average abundance of broken phytolith samples 

collected between 0.2 and 0.5 km off shore was 57 ± 10% (n = 2), whereas the average value for 

samples 3 to 16 km off shore was 73 ± 4% (n = 7). The relative abundance of large phytoliths 

(bulliforms and trichomes) decreased linearly (r2 = 0.80, p = 0.001), whereas that of small GSSC 

phytoliths increased linearly (r2 = 0.41, p = 0.07) as distance from shoreline increased (Fig. 2 

c,d).  

 Using results of the modern vegetation study compilation and the recovery of phytoliths 

diagnostic of plants found only above ~1500 m (Podostemaceae) and ~2000 m (C3 Pooideae 

grasses) in the modern and paleolake samples, we created a new index called the upper Omo 

River source area index (Iomo; Table 2). The Iomo scatter plot shows a trend of increasing index 

values with increasing distance from shore (Fig. 2h), but the relationship is not statistically 

significant, in part, because Sample 25 had an Iomo index value of zero; if sample 25 is 

excluded, a moderate linear relationship emerges (r2 = 0.44, p = 0.07). Regardless, the index is 

promising and is discussed further below. 

 

4.3. Paleo-Lake Lorenyang (WTK13) samples 

Phytolith preservation and recovery in WTK13 varied from excellent to poor, with 

extensive intervals yielding few to no phytoliths as a result of biogenic silica dissolution (Fig. 3; 

SOM Table S2). Of the 287 WTK13 samples analyzed, 29 (10%) yielded no phytoliths. The 

majority of samples, 119 (41%), did yield phytoliths, but the counts (concentrations) were either 

very low, or the phytolith assemblages were likely biased from dissolution, which precluded 

reliable and robust index calculations. However, 90 samples (31%) occurring in four discreet 

intervals, yielded well-preserved phytoliths with no evidence of morphotype assemblage bias. 
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Among these, phytolith counts ranged from 0 to 10,326 (x$ = 528), and phytolith concentrations  

ranged from 0 to 1.2 " 105 cm-3 (x$ = 5.3 " 105 cm-3). Microcharcoal was recovered in all samples, 

with concentrations ranging from 100 to 1.95 " 106 cm-3. These phytolith preservation and 

charcoal abundance data were used to delineate the seven zones described in the following 

sections.  

 

4.3.1 Zone 1 (1.868–1.855 Ma) 

 Zone 1 was characterized by high charcoal concentrations (2.2 "	mean) and extremely 

poor biogenic silica (BSi) preservation. Phytoliths and sponge spicules were rare and often 

appeared severely pitted and/or dissolved when present. Diatom concentrations were relatively 

high (~1.85 " 107 cm-3) and appear to be mostly species of Aulacoseira; however they were 

severely altered. Silica replacement or reprecipitation rather than simple dissolution, (e.g., Yost 

et al., 2019) appeared to be the main mode of alteration.  

 

4.3.2. Zone 2 (1.855–1.728 Ma) 

 Zone 2 was characterized by very low microcharcoal concentrations (7 " below mean), 

and the lowest average phytolith concentrations of any zone (three orders of magnitude below 

the mean). There appears to have been total BSi dissolution in many of the samples, ostensibly 

the result of high pore water or lake water pH. 

 

4.3.3. Zone 3 (1.728–1.58 Ma) 

 Zone 3 was characterized by high microcharcoal variability, with peaks and troughs 

alternating between 4 "	above and 112 "	below the mean. Microcharcoal peaks appeared to be 
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correlated with peaks in summer insolation. Phytolith concentrations were higher than those in 

the lower zones, but morphotype preservation bias was evident in most samples. However, two 

short intervals centered at 1.651 Ma (109.93 mbs) and 1.607 Ma (97.98 mbs) exhibited good to 

excellent phytolith preservation, suggesting pore water pH in the 8–7 range. These two phytolith 

preservation intervals coincided with two high amplitude precession peaks that were separated 

by one low amplitude precession peak in the summer 30º N–30º S insolation gradient curve (Fig. 

3). Iph aridity index values for these two intervals were > 27.8%, and D/Pº tree cover index 

values were < 1.0 (Fig. 4), suggesting xeric short-grass (Chloridoideae) grassland or open 

savanna characterized the Turkana Basin at this time. Concomitant microcharcoal peaks with the 

phytolith intervals suggest that grass densities were sufficient to support frequent fires.  

 

4.3.4. Zone 4 (1.58–1.50 Ma) 

 Zone 4 was characterized by consistently very low microcharcoal concentrations that 

averaged 12 " below the mean, and poor phytolith preservation. Phytolith morphotype 

preservation bias was evident throughout, and low GSSC recovery precluded aridity and tree 

cover index calculations. Authigenic silicates, many of which resembled phillipsite, were 

observed in 5% of the samples. However, between 78.25 and 77.27 mbs (1.556 Ma), numerous 

sponge spicules were observed (Fig. 5). All of the spicules retained their original shape, but their 

silica appears to have been reprecipitated or devitrified, as has been observed in some spicules 

from Plio-Pleistocene paleo-Lake Baringo (Yost et al., 2019). Sponge concentrations were an 

order of magnitude above any other occurrence within the zone and appears to coincide with the 

large amplitude peak in the summer 30º N–30º S insolation gradient curve at 1.566 Ma (Fig. 3a).  
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4.3.5. Zone 5 (1.50–1.435 Ma) 

 Zone 5 had the longest interval with good to excellent BSi preservation, and it had the 

highest average phytolith and microcharcoal concentrations for the core. Iph aridity index values 

often exceeded the 27.8% threshold separating mesic tall-grass Sudanian savanna from xeric 

short-grass Sahelian savanna (Novello et al., 2017). Although there was considerable uncertainty 

in the associated tephra ages here (Lupien et al., 2018a), the mesic C4 tall-grass peaks appear to 

coincide with precession-scale insolation peaks (Figs. 3 and 6c). D/Pº aridity index values were 

typically well below the 1.0 threshold that identify woodlands with > 40% canopy cover (Yost et 

al., 2019)(Fig. 4). This zone marked the first appearance of phytoliths diagnostic of the aquatic 

riverweed family (Podostemaceae; da Costa et al., 2018)(Fig. 6e). Numerous phytoliths from at 

least two species of dayflower (Commelina spp.; Eichhorn et al., 2010) were also observed. 

Sponge spicule concentrations reached their highest concentrations here, and peaks in abundance 

appeared to correspond with periods of low insolation (Fig. 6i). Phytoliths derived from plants 

that are found today above 1500–2000 m elevation (Table 2), including phytoliths from the C3 

Pooideae grass subfamily, abruptly increased in abundance in the upper half of the zone (Fig. 6f). 

There was one interval between 43.69 and 42.06 mbs (~1.446 Ma) where all phytoliths were 

poorly preserved and the extracts were dominated by authigenic silicates, most likely phillipsite. 

 

4.3.6. Zone 6 (1.435–1.394 Ma) 

 Zone 6 was characterized by relatively low microcharcoal concentrations and poor BSi 

preservation. Phytolith concentrations were three orders of magnitude below the mean, and low 

GSSC recovery precluded aridity and tree cover index calculations. The longest core interval 



 

233 
 

with no sediment recovery occurred between ~19.1 and 13.5 mbs (~1.40 Ma), in the upper 

portion of this zone. 

 

4.3.7. Zone 7 (1.394–1.38 Ma) 

 Zone 7 was characterized by excellent phytolith preservation and high phytolith 

concentrations, except for the uppermost 4 meters, where phytolith preservation was poor. In this 

uppermost interval, authigenic silicates dominated the phytolith extracts and dissolution was 

likely responsible for low phytolith recovery. For the well-preserved interval between 11.73 and 

7.47 mbs (1.393–1.386 Ma), phytoliths from woody trees and shrubs were at their highest levels 

of relative abundance for the core (Fig. 5). The sample from 9.07 mbs yielded a D/Pº index value 

of 1.06 (Fig. 4), indicating canopy cover ≥ 40%. However, samples immediately above and 

below had very low D/Pº values suggesting a relatively short-lived (< 1 ka) riparian woodland 

episode. The Iph index tracks a change from mesic tall-grass dominance to xeric short-grass 

dominance, and this switch also takes place at 9.07 mbs. This variability illustrates the dynamic 

nature of hydroclimate and vegetation at this location. 

 

4.4. Spectral analysis of microcharcoal and phytolith time-series 

 REDFIT spectral analysis of the microcharcoal concentration time-series yielded 

precession (23–19 kyr), half-precession (9.6 kyr), and quarter-precession (5.1 kyr) periodicities 

with statistical significance (Fig. 7). Spectral analysis of the Iph aridity index for Zone 5 

exhibited statistically significant quarter-precession (5.2 kyr) periodicity (Fig 7b). Power in the 

half-precession band (11.5–9.5) was very weak. There was a peak in the precession band (23–19 
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kyr), but it was not significant at the 95% level, ostensibly reflecting the short (< 3) precession 

cycle time span of the zone. 

 

5. Discussion 

 

5.1. Modern Omo-Turkana Basin phytoscape 

Determining potential phytolith production at the landscape level (phytoscape), is an 

important step in understanding how terrestrial vegetation signals are integrated into lake 

sediments. Ideally this would be accomplished by sampling plants and modern soils within a lake 

basin watershed. Because that option was not available, we used a proxy approach based on 

species lists from local floristic surveys in concert with phytolith composition data for those 

species to determine a potential grass silica short cell (GSSC) phytoscape signal for portions of 

the watershed closest to the modern lake. Results of this literature-based grass phytoscape 

analysis found there was no appreciable difference between the Lower Omo River Valley (LOR), 

East Turkana (ETK) and West Turkana (WTK) areas when considering the most common 

grasses (Table 1). Accordingly, changes in the Iph aridity index should reflect change in the 

hydroclimate and grass community composition rather than changes in local sediment source 

areas. 

Results of the arboreal phytoscape analysis indicates that source area could have an 

influence on the D/Pº tree cover index, as nine woody taxa from the LOR and only six from ETK 

are known to produce globular granulate phytoliths. However, phytolith production based on 

biomass would be a better determinant than the number of species. Perhaps more important is the 

fact that woodlands and forests in ETK make up < 1% of total land cover, as opposed to ~20% 
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for the LOR. Details on woody cover were not provided in the floristic surveys of WTK, but are 

assumed to be similar to ETK. 

An interesting finding from the literature-based phytoscape study is that despite xeric C4 

Chloridoideae taxa representing 51% of all grass taxa listed for LOR, ETK, and WTK, saddle 

phytoliths were the dominant morphotype in only 23% of all grass species listed. This, in part, 

reflects the fact that xeric C4 Aristida spp. (Aristidoideae), which produce bilobates, were very 

common in all of the surveyed areas. Also, some of the most common Chloridoideae grasses in 

the Turkana basin, such as Sporobolus and Enneapogon, typically produce lobate and rondel 

instead of saddle phytoliths (SOM Table S3). The implication is that if the Iph index is calibrated 

in habitats with low or no occurrences of bilobate producing xeric C4 grasses (e.g., Aristida and 

Sporobolus spp.), the Iph aridity index could underestimate aridity and xeric C4 grass abundance 

in habitats that do contain those grasses since bilobates are often associated with mesic C4 

grasses. However, because Aristida and Sporobolus are common in the Lake Chad Basin, the Iph 

index developed by Novello et al. (2017) is considered to be accurate for the Omo-Turkana 

Basin. 

 

5.2. Phytolith and microcharcoal deposition in the modern lake system 

Natural fires in the Turkana Basin are rare today because plant production and cover 

densities are generally too low to carry fire. The exception is in grassy riparian corridors or 

higher elevation areas with a continuous grass layer where pastoralists have been known to 

intentionally set fires (Coughenour and Ellis, 1993). Intentional fire use by pastoralists has also 

been observed within the LOR during the dry seasons (Carr, 2016). The abundance of wind-

dispersed charcoal particulates typically decays non-linearly from the point source (Clark, 1988; 



 

236 
 

Lynch et al., 2004; Peters and Higuera, 2007). Considering the prevailing winds out of the 

southeast and the active use of the Koobi Fora Base Camp by researchers and support staff at the 

time of sample collection, the exponential decrease in microcharcoal concentrations suggests that 

the point source may have been close to the eastern edge of the lake and possibly related to 

human activities. 

The linear decrease in phytolith concentrations and large-sized phytoliths with increasing 

distance from shoreline (Fig. 2 b,c) is ostensibly a function of eolian transport from the east side 

of the lake (ETK) by the prevailing southeasterly winds (Fig. 1d). In contrast, Iph aridity index 

values decreased as distance from shoreline increased. Because a broken bilobate is given a 

value of 0.5, lower Iph values (i.e., more bilobates) are not the result of single bilobates being 

counted twice after breakage. Thus, lower Iph values likely reflect increased exposure to the 

Omo River sediment plume and its modification by currents associated with the north basin gyre.  

Sample 27, which was furthest from shore and closest to the hypothesized gyre center 

(Fig. 1d), yielded an extreme outlier phytolith concentration value and a slightly elevated 

microcharcoal concentration value that both deviated from the trend of decreasing concentrations 

from shore (Fig. 2 a,b). During microscopy it was noted that the phytolith and inorganic 

sediment particles were very uniform in size (~10–15 μm), and this apparent particle sorting may 

be related to the sample’s position within the gyre. 

Bilobates can and do break during lab phytolith extraction procedures, especially during 

vortex mixing. However, these processing-induced breakages should be similar from sample to 

sample.  The positive relationship between broken bilobate percentages and distance from shore 

we observed is considered here to be a consequence, and hence indicator, of long-distance 

bilobate transport from the upper reaches of the Omo River (Ethiopian Highlands). In support of 
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this hypothesis, modern soil samples (n = 3) from an arid part of the Serengeti (MAP = 550 mm) 

had an average broken bilobate percentage averages of 42 ± 5% (C. Yost, unpublished data). 

This is lower than the broken bilobate percentages for the modern Lake Turkana near shore 

samples (0.2–0.5 km; 57 ± 10%) and more off shore samples (3–16 km; 73 ± 4%) at the 95% 

confidence level. Further support for this hypothesis is the fact that phytoliths derived from C3 

Pooideae grasses, which are not found today in the lower Omo River Valley, also increase in 

abundance as distance from shoreline increases (Fig. 2h, Iomo index; SOM Fig. S3). A potential 

limitation of this index would be in depositional settings where partial phytolith dissolution may 

be responsible for bilobate breakage.   

In summary, our findings show that the proportion of the modern Lake Turkana sediment 

phytolith record derived from within the area immediately adjacent to Lake Turkana, or from the 

lower or upper Omo River Valley depends on the sample’s depositional position within the lake 

basin. It is possible that at least ~20% of the modern GSSC phytolith assemblage have been 

derived from the upper Omo River Valley, and that this proportion may have been higher during 

past humid periods. 

 

5.3. Paleo-Lake Lorenyang phytoliths and microcharcoal  

Phytoliths in lake cores provide two types of information: a broad measure of lake/pore 

water pH via preservation state (Yost et al., 2019), and a record of vegetation. The most striking 

aspect of the WTK13 phytolith record is the poor preservation before, and good to excellent 

preservation after 1.5 Ma (59.10 mbs). Interpreting phytolith records can be complicated in 

lacustrine contexts, especially when riverine sediment loads to the system are significant. The 

results of the modern phytoscape and modern lake sediment analysis enable us to determine that 
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~80% of the phytoliths in lake sediments located ~60 km from the Omo River delta were likely 

derived from the east and west sides of the lake. If proximity to the Omo River delta decreased, 

or river flow increased, the proportion of these locally derived phytoliths would diminish. With 

this in mind, the zones are discussed in more detail below.  

 

5.3.1. Zone 1 (1.868–1.855 Ma) 

The bottom of the Zone 1 core was characterized by very high charcoal concentrations, 

similar to other more humid intervals in the upper part of the core, and relatively high 

concentrations of severely altered diatoms (cf. Aulacoseira), and some severely dissolved large 

bulliform phytoliths (Fig. 3). This appears to have been a humid period, but post-depositional 

conditions were not favorable for BSi preservation. Currently, Zone 1 falls into the 1.87–1.86 Ma 

age range, but there is ongoing work to identify a bentonite in the core, that if linked to the KBS 

Tuff, would push Zone 1 closer to 1.9 Ma. Regardless, Zone 1 corresponds to the freshwater 

(exorheic) phase of paleo-Lake Lorenyang identified by Boës et al. (2019) from geological 

outcrops. Their lake level reconstruction reconstructed outflow to the east and temporarily to the 

west during the insolation maxima between 1.9 and 1.8 Ma. These outflow periods were likely 

relatively short-lived as pH remained high enough in the lake sediments to prevent good BSi 

preservation until ~1.65 Ma in our record. Lastly, the high microcharcoal concentrations in Zone 

1 suggest that fire may have played a role in the basin-wide increase in C4 vegetation that has 

been observed at ~2 Ma in both soil carbonate and leaf wax records (Levin et al., 2011; Uno et 

al., 2016). Extending the microcharcoal and phytolith records across this transition would test 

this hypothesis and provide additional context for the C4 vegetation increase. 
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5.3.2. Zone 2 (1.855–1.728 Ma) 

The low microcharcoal interval in the upper 1/3 of the zone (~1.77–1.73 Ma) suggests 

that vegetation was often too sparse to carry fire, ostensibly reflecting arid conditions. This is 

supported by the δDwax record (Lupien et al., 2018a), which recorded some of the highest δDwax 

values for the entire WTK13 core (Fig. 3f). In fact, the δDwax values here are much higher than 

relatively modern values (~400 yr BP) from Lake Turkana (Morrissey, 2014; Morrissey and 

Scholz, 2014). There is some disagreement for this particular interval between Nutz et al. (2017) 

who interpret a period of lake transgression from their Unit 3 outcrop sediments, and Lupien et 

al. (2018a) who do not see evidence for increased precipitation in the δDwax record at this time 

(see also Lupien et al., 2018b; Nutz and Schuster, 2018). Both proxies are likely accurate, but the 

discrepancies may be related to chronological inconsistencies associated with differing age 

models. In fact, Lupien et al. (2018a) make an argument for tuning the δDwax record in the high 

eccentricity interval centered at 1.74 Ma to the insolation curve. Some of their tie points are 

depicted in Fig. 3, and this implies that the top of Zone 2 may be closer to 1.718 Ma rather than 

1.728 Ma, Thus, we may be missing ~10 kyr somewhere in this region of the WTK13 core. The 

lower 2/3 of Zone 2 (1.86–1.77 Ma) corresponds to Unit 2 from Nutz et al. (2017), in which they 

identified five parasequences paced at precessional (~22 kyr) periodicities. They interpret Unit 2 

as being relatively dry with low climate variability. This is in agreement with our microcharcoal 

record’s relatively muted variability from the mean at this time (Fig. 3d). 

 

5.3.3. Zone 3 (1.728–1.58 Ma) 

There was high variability in microcharcoal concentrations at precessional periodicity 

throughout Zone 3. Increased fire on the landscape at this time likely helped to maintain a grass 
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dominated savanna mosaic, as has been indicated by pedogenic carbonates and faunal records 

(e.g., Quinn et al., 2007; Patterson et al., 2017). Peaks in microcharcoal were generally 

coincident with insolation peaks, and were also typically associated with low δDwax and high 

δ13Cwax values (Fig. 3d, f, g). This relationship is explained by the fact that in African savannas, 

there is a strong positive relationship between fire and precipitation owing to increased C4 grass 

biomass (fuel) under wetter conditions (Lehmann et al., 2014). Fires occurring when C4 grass are 

quiescent during subsequent dry seasons would be expected to significantly reduce tree and 

shrub cover (Oliveras and Malhi, 2016), thus increasing the proportion of C4 to C3 biomass with 

increases in precipitation. As aridity increases in these communities, plant cover, biomass and 

density decline and bare ground increases such that fire frequency and intensity is reduced, and 

xerophytic C3 trees and shrubs increase relative to C4 grasses. This is a simplistic model, as 

grazers can also suppress fire activity by creating grazing lawns (Hempson et al., 2015), and 

browsers can reduce woody vegetation abundance independent of fire (Rugemalila et al., 2016). 

However the basic relationships between fire, precipitation, and plant functional type dominance 

holds up at broad scales (Oliveras and Malhi, 2016). 

Although there were only two short intervals with good phytolith preservation within 

Zone 3, the Iph aridity and D/Pº tree cover indices indicate that tree cover was likely less < 40%, 

and xeric C4 Chloridoideae taxa were the dominant grasses. This change in vegetation would be 

consistent with the rise in arid-adapted antilopin, alcelaphin, and hippotragin bovids in KBS 

member paleontological assemblages from East Turkana (Patterson et al., 2017). However, the 

grass community overall was comprised of more mesic adapted grasses than today. This is 

supported by the δDwax record that shows hydroclimate within the watershed during the Zone 3 

period was likely wetter than near-modern (~400 yr BP; Fig. 3f). 
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5.3.4. Zone 4 (1.58–1.50 Ma)  

 Very poor phytolith preservation precluded Iph and D/Pº index calculations, but the peak 

in sponge spicule concentrations between 78.25 and 77.27 mbs (1.556 Ma) is a marker for a 

humid period that was likely related to the high amplitude peak in the summer 30º N–30º S 

insolation gradient at 1.566 Ma (Fig. 3a). In observing repeated humid-to-arid dissolution 

sequences for a Plio-Pleistocene record from the Baringo Basin in central Kenya, Yost et al. 

(2019) found that sponge spicules and spherasters were often the last biogenic silica microfossils 

to completely dissolve under conditions of increasing pore/lake water pH. Apparently, sponge 

silica is better polymerized to resist dissolution, possibly as an adaptation to alkaline lakes. Thus, 

for this short interval, lake water pH was apparently lowered just enough for marginal sponge 

preservation, but not enough for phytolith or diatom preservation. 

 

5.3.5. Zones 5–7 (1.50–1.38 Ma) 

The sudden change from poor to good phytolith preservation in less than ~1 kyr between 

Zones 4 and 5 was striking. This transition may have been faster, but 960 yr was the temporal 

limit of the 32-cm sampling resolution in this section of the core. The appearance of riverweed 

phytoliths from Tristicha trifaria (Podostemaceae) in Zones 5 and 7, a plant that only grows 

above 1500 m on rocks in fast moving water (Agnew, 2013; Koi et al., 2015), suggests that the 

WTK13 drill site at this time was close to the neutral pH waters of the paleo-Omo River. 

Numerous samples here with phytolith concentrations of 106–107 cm-3 are suggestive of 

subaerial or subaqueous soils in low-energy depositional environments. In fact, during initial 

core descriptions, smear slides of unprocessed sediments were often comprised of 20–30% 

phytoliths. Discreet intervals from the Baringo/Tugen Hills (Yost et al., 2019) and Olorgesailie 
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HSPDP drill cores also yielded high phytolith abundances in smear slides and were interpreted as 

possible wetlands. Modern East African sediments with even higher phytolith abundances have 

been observed from the Ngoitokitok wetland, Ngorongoro Basin, Tanzania (See Fig. 2C from 

Deocampo and Ashley, 1999). 

The percentages of broken bilobates were in the ranges typical of soils from near shore 

settings (Fig. 6g). Higher levels of leaf wax degradation in this part of the core (Lupien et al., 

2018a) are indictive of oxidative conditions or microbial activity (Buggle et al., 2010), and 

suggestive of shallow water or overbank depositional settings at times. Lithologic descriptions 

indicate the presence of ped structures, burrows, carbonate nodules, and laminated bedding, 

indicating paleosol alteration of original lacustrine deposits (Fig. 6). The grassland community 

for most of Zone 5 was typically dominated by tall-grass mesic C4 Panicoideae taxa, which is 

consistent with the rise in mesic grassland-indicative reduncin bovids in Okote member 

paleontological assemblages from East Turkana (Patterson et al., 2017). However, a trend of 

increasing xeric C4 grasses in the upper half of Zone 5 was not apparent (Fig. 4). The 

environmental setting around the time of the Natoo Tuff, which links the upper part of Zone 5 to 

the Nariokotome Boy site (NK3), is discussed further in Section 5.5.  

 

5.4 Orbital forcing of vegetation and fire  

Spectral analysis of the microcharcoal record indicated strong power in the precessional 

band (23–19 kyr) and related harmonics (~10 and ~5 kyr)(Fig. 7). The observed 32 kyr 

periodicity is not a primary orbital period, but may be a heterodyne between eccentricity and 

precession. Heterodynes are produced when variables operating at different orbital periods 

interact, and the 32 kyr periodicity has been observed in Chinese loess records (Thomas et al., 
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2016). However, Lupien et al. (2018a) had a similar periodicity band (32–40 kyr) in their δDwax 

record, and through a tuning exercise, determined it was most likely a product of the age model.   

Spectral analysis of the Iph grass phytolith aridity index from Zone 5 yielded quarter-

precession periodicity above the 95% confidence level (Fig. 7). Precession was present in the Iph 

index spectrum, but was not statistically significant at the 95% confidence level because of the 

short length (< 3 precession cycles) of the analyzed interval. It is unclear why half-precession 

was not detected in the Iph record and quarter-precession was statistically significant, but it may 

be related to the double maximum in equatorial insolation. Quarter-precession is a harmonic of 

precession that is predicted to appear in records from the equator caused by the double maximum 

in insolation during the equinoxes (Berger et al., 2006). In fact, Berger et al. (2006) found that 

quarter-precession and eccentricity (~100 kyr) had the highest spectral density. Yost et al. (2019) 

found precession and quarter-precession but no half-precession periodicities in the Iph index 

from paleo-Lake Baringo sediments in central Kenya at the Plio-Pleistocene boundary. 

Interestingly, transient simulations with a coupled atmosphere/ocean/vegetation model produced 

~10 and ~5 kyr periodicities from the Asian and African monsoons (Tuenter et al., 2007). These 

periodicities arose, not directly from precipitation, but from feedbacks between changing 

proportions of grass cover and surface runoff. 

Because fire is positively correlated with precipitation in African savannas, and 

precipitation is positively correlated with peaks in insolation, it is not surprising to find 

precession and sub-precession periodicities in both the microcharcoal and grass records. 

However, direct evidence that East African vegetation is forced at precessional and sub-

precessional periodicities is rare (e.g., Colcord et al., 2018; Yost et al., 2019). The results of this 

study add to that body of work, as well as to those specifically from the Omo-Turkana Basin, 
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that have identified precessional periodicities in various hydroclimate proxies (Joordens et al., 

2011; Nutz et al., 2017; van der Lubbe et al., 2017; Lupien et al., 2018a). 

 

5.5. Local environments of the Nariokotome Boy 

Identification of the bottom of the Natoo Tuff in WTK13 through single shard glass 

geochemistry (Feibel, 2017) provides a direct core-to-outcrop linkage to the Nariokotome Boy 

site, where the most complete Homo erectus/ergaster skeleton to date (KNM-WT 15000) was 

recovered. The Nariokotome Boy site (NK3) is ~3 km east of the WTK13 drill site, and the 

skeleton essentially rests on the Natoo Tuff (Brown et al., 1985). A detailed paleoenvironmental 

reconstruction of the site using microstratigraphy was conducted by Feibel and Brown (1993). 

They describe the depositional setting as a low-energy floodplain marsh, and suggest the 

skeleton was covered by a short-duration shallow body of water and rapidly buried. Sediment 

characteristics indicate the floodwaters were supplied primarily from the ancestral Omo River. 

Well-preserved phytoliths diagnostic of riverweed (Tristicha trifaria), and cysts from an 

algal chrysophyte, which were both transported to this location from the upper reaches of the 

Omo River in the Ethiopian Highlands, were deposited immediately below and above the lowest 

position of the Natoo Tuff in the WTK13 core (Fig. 6e, i), indicating that this was likely a broad 

system of freshwater channels and wetlands. Phytoliths from at least three species of Commelina 

(C. africana type, C. diffusa type, and C. benghalensis type; Eichhorn et al., 2010) were 

observed. Numerous phytoliths from sedge (Cyperaceae) stems, rhizomes (roots), and achenes 

(seeds), were present, as were high concentrations of grass phytoliths (2–4 " 106 cm-3). The 

highest abundances of C3 grass phytoliths from WTK13 were observed in this part of Zone 5, 

although they are likely derived from the Ethiopian Highlands. Phytoliths from trees and shrubs 
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were present as well, but the D/Pº tree cover index values were well below the 1.0 threshold for 

tree cover > 40%. The grass community appears to have switched to being dominated by more 

xeric C4 Chloridoideae taxa; however, the Iph index indicates the grass community was still 

more mesic than today (Fig. 4).   

In summary, high concentrations of well-preserved phytoliths from sediments associated 

with the Natoo Tuff indicate that the area ~3 km west of NK3 was a lush, seasonally wet, and 

open environment dominated by short stature grasses, sedges and other herbaceous plants during 

the time that the Nariokotome Boy walked this ancient landscape. Microfossils sourced from the 

Ethiopian Highlands link this area to hydroclimate fluctuations that would have operated on 

interannual to orbital time scales. The events at NK3 took place during a period of low summer 

insolation; however, winter insolation would have been at a maximum, resulting in overall 

reduced seasonality. This information adds some additional plant taxon detail to the original 

paleogeographic reconstruction by Feibel and Brown (1993), and perhaps confirms the extension 

of the floodplain ~3 km east, but does not change the overall reconstruction first proposed 26 

years ago.  

 

6. Conclusions 

 

Our new microcharcoal record from paleo-Lake Lorenyang spans 500 kyr and provides 

the first millennial-scale record of paleofire in the Omo-Turkana basin for a critical period of 

hominin and landscape evolution between 1.87 and 1.38 Ma. Microcharcoal concentrations were 

found to vary at precession (23–19 kyr), half-precession (9.6 kyr), and quarter-precession (5.1 

kyr) periodicities, and link orbital-forced peaks in precipitation with elevated fire on the 
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landscape. Phytoliths show that C4 mesic and C4 xeric grasses varied at precession and quarter-

precession periodicities, but other factors such as basin geometry also influenced grass 

composition. The interval between 1.72 and 1.58 Ma was notable for having extended periods of 

both high and low fire activity and for the prevalence of xeric C4 Chloridoideae grasses. With the 

switch from a lacustrine to fluvial-deltaic deposition at the drill site 1.5 Ma, tall-grass C4 

Panicoideae became dominant, with evidence of continuously high fire activity between 1.50 and 

1.44 Ma. The recovery of phytoliths diagnostic of riverweed (Podostemaceae) and C3 grasses 

(Pooideae), indicate long-distance transport from the Ethiopian Highlands via the Omo River. 

From the modern vegetation and lake sediment study, it was estimated that ~20% of the modern 

phytolith record could be sourced from the Highlands, and this proportion was likely higher 

during periods of increased precipitation. Thus, potential influences from the entire watershed 

need to be considered when interpreting microfossils and biomarkers derived from Turkana 

Basin sediments. 
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Tables 
 
 
Table 1. Grass subfamily occurrence based on Lower Omo River Valley1, East Turkana2 
and West Turkana3 floristic studies, and potential dominant phytolith morphotypes  
 

 Lower Omo River East Turkana West Turkana Species 
from all 

areas 
combined 

Subfamily Species 
(all) 

Species 
(common) 

Species 
(all) 

Species 
(common) 

Species 
(common) 

Panicoideae 19 (41%) 4 (25%) 20 (38%) 4 (31%) 5 (33%) 34 (43%) 
Chloridoideae 22 (48%) 8 (50%) 29 (55%) 7 (54%) 9 (60%) 40 (51%) 
Aristidoideae 4 (9%) 3 (19%) 4 (8%) 2 (15%) 1 (7%) 4 (5%) 
Arundinoideae 1 (2%) 1 (6%) – – – 1 (1%) 

TOTAL 46 16 53 13 15 79 
       
Dominant 
morphotypes4 

 
    

Lobates 31 (61%) 9 (53%) 33 (59%) 9 (56%) 9 (53%) 55 (61%) 
Rondels 9 (18%) 3 (18%) 7 (13 %) 2 (13%) 2 (12%) 14 (16%) 
Saddles 11 (22%) 5 (29%) 16 (29%) 5 (31%) 6 (35%) 21 (23%) 

TOTAL 51 17 56 16 17 90 
       
Iphplant  36%  36% 40%  

1 Carr (2016); 2 Mbaluka and Brown (2016); 3 Olang (1984); 4 SOM Table S3 
 
 
 
Table 2. Microfossils recovered from WTK13 and most likely derived from the lower and upper 
reaches of the Omo River based on modern plant and algae distributions 
 

Phytolith morphotype 
Taxonomy and carbon 
fixation pathway 

Lower 
Omo 
River1 

Ethiopian 
Highlands / 
Upper Omo 
River1 

Used in 
Upper Omo 
source area 
index2 

Trapeziform sinuate C3, Pooideae (grass)  X X 
Rondel-keeled C3, Pooideae (grass)  X X 
Rondel-angular keel C3, Pooideae (Phalaris)  X X 
Very tall saddle C3, Bambusoideae (grass)  X X 
Bilobate-scooped ends C3, Ehrhartoideae (grass)  X X 
Perforate decorated C3, Podostemaceae (Tristicha)  X X 
Conical echinate:  C3, Orchidaceae  X X 
Conical truncated C3, Commelinaceae (Murdannia 

and Floscopa) 
 X X 

Plateaued saddle C3, Arundinoideae (Phragmites) X X  
Prismatic domed cylinder C3, Commelinaceae (Commelina) X X  
     
Other microfossils     
Chrysophyte stomatocysts3 Chrysophyceae (golden algae)  X  
     

1 Modern plant distributions from Carr (2016) and GBIF (2019). 
2 Iomo index (%) = Total phytoliths sourced from Upper Omo River / Total phytolith count.  
3 Chrysophyte distributions from Kebede and Belay (1994) and Kebede and Willen (1998). 
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Figures 
 
 

 
 
Fig. 1. Study area maps. a) Colored relief map of the Turkana Depression. b) Potential natural 
vegetation (PNV; van Breugel et al., 2015) of the Turkana Depression and floristic study areas 
boundaries (1 = Koobi Fora [East Turkana], 2 = Lower Omo River Valley, 3 = West Turkana). c) 
Modern Lake Turkana sediment sample locations. d) MODIS satellite images (NASA, 2019) 
depicting the Omo River sediment plume, and inferred surface currents redrawn from Yuretich 
and Cerling (1983). e) Colored relief map of Africa with the Omo-Turkana Basin identified with 
the red box. 
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Fig. 2. Relationships between distance from shoreline and the relative abundance of selected 
phytolith and microcharcoal constituents of modern Lake Turkana sediment samples. Sample 
location numbers from left to right on plots are 22, 21, 24, 33, 25, 32, 26, 31, 27, respectively. 
See Table 2 for details on the Iomo index. As distance from shoreline increases, exposure to the 
Omo River sediment plume and proximity to the north basin gyre increases, but distance to the 
mouth of the Omo River does not appreciably change (see Fig. 1d). 
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Fig. 3. Summary phytolith and microcharcoal datasets (this study) and leaf wax d13C and dD 
datasets (Lupien et al., 2018a) from WTK13. Vertical dashed lines link insolation gradient 
minima/maxima with data discussed in text. a) Summer 30° N – 30° S insolation gradient 
calculated from Laskar et al. (2004). b) C3 and C4 grass relative abundance derived from grass 
short-cell phytoliths. c) Tree/shrub phytoliths relative to total phytolith sum, and the Iomo index 
indicating relative abundance of phytoliths sourced from the Ethiopian Highlands (Table 2). d) 
Microcharcoal concentrations (log scale) with horizontal reference line depicting mean for 
modern Lake Turkana sediment. e) Phytolith concentrations on log scale. f–g) dDwax and d13Cwax 
values from (Lupien et al., 2018a), with horizontal reference lines set at the late Holocene dDwax 
and d13Cwax values for Lake Turkana from Morrissey (2014). Black circles and the black triangle 
represent tephrochronologic and magnetostratigraphic control points used in the age model.  
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Fig. 4. Phytolith Iph (aridity) and D/Pº (tree cover) indices. Gray shading represents 
bootstrapped 95% confidence intervals. a) Solid horizontal reference line set at 27.8%, which 
separates mesic tall-grass Sudanian savanna from xeric short-grass Sahelian savanna (Novello et 
al., 2017). Dashed horizontal line denotes the average modern Lake Turkana Iph value. b) D/Pº 
tree cover index. 
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Fig. 5. Phytolith relative abundance for selected morphotypes between 1.66 and 1.38 Ma. Some morphotypes include a gray shaded 5x 
exaggeration. Black dots denote presence, but at values too low to appear on diagram. Horizontal gray shaded bars denote intervals 
with good phytolith preservation. Unshaded (white) intervals are periods with poor phytolith preservation and partial or complete loss 
of the phytolith record. The vertical dashed line marks the position of the Natoo Tuff in WTK13, which is a core to outcrop tie point 
for the Nariokotome Boy (Homo erectus/ergaster) site (NK3). 
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Fig. 6. Microfossil summary plots for Zone 5 (1.50–1.435 Ma). a) Summer 30º N – 30º S 

insolation gradient. b) Relative abundance of C3 and C4 grass functional types based on short-

cell phytoliths. c) Iph aridity index with xeric short-grass / mesic tall-grass transition set at 

27.8% (Novello et al., 2017). d) Relative abundance of tree/shrub and Cyperaceae (sedge) 

phytoliths based on the total phytolith sum. e) Podostemaceae (riverweed) and Commelina spp. 

(dayflower) relative abundance based on total phytolith sum. f) Upper Omo River source area 

index (Iomo), with higher values signaling more phytolith transport from plants likely growing 

above 1500 m elevation. g) Percentages of broken bilobate phytoliths, with higher values 

suggesting greater phytolith inputs from long-distance transport. h) Microcharcoal 

concentrations. i) Sponge spicule and chrysophyte cyst concentrations. Chrysophytes were most 

likely derived from waters sourced to the Ethiopian Highlands. 

 

 

 

 

 

 

 

 

 

 

 
 

Fig. 7. REDFIT spectral analysis of microcharcoal concentrations and Iph (aridity index) time 

series. Monte Carlo confidence intervals generated using 1000 simulations of an AR(1) red noise 

model. The microcharcoal record spans the entire core (490 kyr). The Iph record spans most of  

Zone 5 (57 kyr, or < 3 precession cycles). Peaks with statistical significance at the 95% 

confidence interval are labeled. 
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SOM Fig. S1. WTK13 age model redrawn from Lupien et al. (2018). Work on the WTK13 

chronology is ongoing, and Lupien et al. (2018) presented a preliminary age model. They did not 

connect the endpoints for their three straight-line segments. This resulted in a 6070 yr offset 

between segments 1 and 2. The millennial-scale phytolith interval presented in this current study 

encompasses this part of the age model. In order to eliminate this time gap for the purposes of 

phytolith time series (spectral) analysis, segment 2 was forced to intersect with segment 1 (see 

inset figure and solid line in the main figure above). 
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SOM Fig. S2. WTK13 initial core lithological descriptions. The descriptions were conducted at 

the National Lacustrine Core Facility (LacCore; University of Minnesota) during core sampling. 

Lithology and symbol schemes were created using the open source software PSICAT. Depth 

scale is meters below drilling surface. White blocks indicate intervals with no core recovery.  
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SOM Tables S1 and S2 

Phytolith, microcharcoal, and other microfossil counts for modern Lake Turkana (Table S1) and 

WTK13 core samples (Table S2) are provided as a separate Excel file. 
 

 

 

 

SOM Table S3. Grass species occurrence and their dominant phytolith morphotypes for the 

Lower Omo River (LOR), East Turkana (ETK), and West Turkana (WTK) floristic study areas 

 

Grass species Subfamily Dominant 
morphotype(s)1 

Phytolith 
reference2 

Location3 
LOR ETK WTK 

Aristida adscensionis Aristidoideae Bilobates J X X 
 

Aristida kenyensis Aristidoideae Bilobate, rondels K, N X X 
 

Aristida mutabilis Aristidoideae Bilobates J X 
 

X 

Bothriochloa insculpta Panicoideae Bilobates L 
 

X 
 

Brachiaria leersioides Panicoideae Lobates (genus only) A, J 
 

X 
 

Cenchrus ciliaris Panicoideae Lobates C X X 
 

Cenchrus setigerus Panicoideae Lobates C X X 
 

Chloris roxburghiana Chloridoideae Saddle (genus only) N X X 
 

Chloris virgata Chloridoideae Saddle J X X X 

Chrysopogon aucherl Panicoideae Lobates (genus only) N X 
  

Cymbopogon schoenanthus Panicoideae Lobates J, K X X 
 

Cynodon dactylon Chloridoideae Saddle B X X 
 

Dactyloctenium aegyptium Chloridoideae Saddle D 
 

X X 

Dactyloctenium aristatum Chloridoideae Saddle (genus only) A, L, N 
 

X 
 

Dactyloctenium bogdanii Chloridoideae Saddle (genus only) A, L, N 
 

X 
 

Dactyloctenium giganteum Chloridoideae Saddle A, L X 
  

Dichanthium foveolatum Chloridoideae Saddle (genus only) N 
 

X 
 

Digitaria macroblephara Panicoideae Lobates (genus only) N X 
  

Digitaria milanjiana Panicoideae Lobates N 
  

X 

Digitaria rivae Panicoideae Lobates (genus only) N 
 

X 
 

Dinebra retroflexa Chloridoideae Lobates A X X 
 

Dinebra somalensis Chloridoideae ? Lobates possible A 
 

X 
 

Diplachne fusca Chloridoideae Saddle N 
 

X 
 

Echinochloa colona Panicoideae Lobates A 
 

X 
 

Echinochloa haploclada Panicoideae Lobates A, L, N X X X 

Elionurus royleanus Panicoideae Lobates (genus only) N 
 

X 
 

Enneapogon brachystachyus Chloridoideae Bilobates (genus only) A, E, K X 
  

Enneapogon cenchroides Chloridoideae Bilobates A X X X 

Enneapogon persicus Chloridoideae ? Bilobates likely A 
 

X 
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Grass species Subfamily Dominant 
morphotype(s)1 

Phytolith 
reference2 

Location3 
LOR ETK WTK 

Enteropogon barbatus Chloridoideae Saddle (genus only) K 
 

X 
 

Enteropogon macrostachyus Chloridoideae Saddle (genus only) N X 
  

Eragrostis aethiopica Chloridoideae ? Bilobates and 
rondels possible 

L 
 

X 
 

Eragrostis cilianensis Chloridoideae Saddle G X X X 

Eragrostis ciliaris Chloridoideae ? Bilobates and 
rondels possible 

G, L 
 

X X 

Eragrostis namaquensis Chloridoideae Saddle (genus only) N, L X 
  

Eragrostis racemosa Chloridoideae Saddle F 
  

X 

Eriochloa fatmensis Panicoideae Lobates (genus only) N 
 

X X 

Eriochloa nubica Panicoideae Bilobates (genus only) N X 
  

Heteropogon contortus Panicoideae Bilobates N, Q X X 
 

Leptochloa obtusiflora Chloridoideae ? Saddle (at least two 

sp. have bilobates) 

D, H 
 

X 
 

Leptothrium senegalense Chloridoideae Bilobates A 
 

X 
 

Lintonia nutans Chloridoideae Saddle A, N 
 

X 
 

Loudetia phragmitoides Panicoideae Bilobates (genus only) J, N X 
  

Oropetium minimum Chloridoideae Saddle (genus only) A, N 
 

X 
 

Panicum atrosanguineum Panicoideae Lobates (genus only) N 
 

X 
 

Panicum coloratum Panicoideae Bilobates C X X 
 

Panicum maximum Panicoideae Bilobates L X 
 

X 

Panicum meyeranum Panicoideae Bilobates (genus only) A, C X 
  

Panicum poaeoides  Panicoideae Bilobates (genus only) A, C X 
  

Paspalidium desertorum Panicoideae Lobates (genus only) C 
 

X 
 

Paspalidium geminatum Panicoideae Lobates Q 
 

X 
 

Perotis patens var. 
parvispicula 

Chloridoideae Lobates (genus only) D, N X 
  

Phragmites australis Arundinoideae Rondels, tall saddles O X 
  

Phragmites cf. karka Arundinoideae Rondels, tall saddles 

(genus only only) 

O X 
  

Schoenefeldia transiens Chloridoideae Saddle J, N X 
  

Sehima nervosum Panicoideae Lobates N X 
  

Setaria acromelaena Panicoideae Lobates (genus only) C, N X 
  

Setaria verticillata Panicoideae Lobates A, Q 
 

X 
 

Seteria sphacelata Panicoideae Lobates L 
  

X 

Sorghum arundinaceum Panicoideae Lobates (genus only) C 
 

X 
 

Sorghum verticilliflorum Panicoideae Lobates (genus only) A, N X 
  

Sorghum virgatum Panicoideae Lobates (genus only) N X 
  

Sporobolus confïnis Chloridoideae ? Bilobates and 
rondels likely 

   
X 
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Grass species Subfamily Dominant 
morphotype(s)1 

Phytolith 
reference2 

Location3 
LOR ETK WTK 

Sporobolus consimilis Chloridoideae Rondel 
(spooled/horned) 

I X X 
 

Sporobolus fimbriatus Chloridoideae ? Bilobates/rondels 
likely 

 
X 

  

Sporobolus helvolus Chloridoideae Bilobates K X X 
 

Sporobolus ioclados Chloridoideae Bilobates, Rondels A 
 

X 
 

Sporobolus marginatus Chloridoideae Bilobates M X 
  

Sporobolus pellucidus Chloridoideae ? Bilobates/rondels 
likely 

 
X X 

 

Sporobolus pyramidalis Chloridoideae ? Bilobates/rondels 
likely 

 
X 

  

Sporobolus rangei Chloridoideae ? Bilobates and 
rondels possible 

  
X 

 

Sporobolus spicatus Chloridoideae Rondel 
(spooled/horned) 

P X X 
 

Stipagrostis hirtigluma Aristidoideae Rondels, bilobates L X X 
 

Tetrapogon cenchriformis Chloridoideae Saddle J X X X 

Tetrapogon tenellus Chloridoideae Saddle N X X 
 

Tragus berteronianus Chloridoideae Saddle K X X X 

Tricholaena teneriffae Panicoideae Lobates N 
 

X 
 

Urochloa sclerochlaena Panicoideae Lobates (genus only) N 
 

X 
 

Urochloa setigera Panicoideae Lobates (genus only) N X 
  

Vossia cuspidata Panicoideae Lobates J X 
  

1 Genus only indicates that species level phytolith occurrence was not determined from the literature. Bold font 

indicates a morphotype not typical for the subfamily. 
2 Phytolith reference code: A, Barboni and Bremond (2009); B, Chauhan et al. (2011); D, Fahmy (2007); E, Khan et 

al. (2017); F, Kinyanjui (2011); G, Lu and Liu (2003); H, McClaran and Coder (2003); I, Mercader et al. (2010); J 

Neumann et al. (2017); K, Novello and Barboni (2015); L, Rossouw (2009); M, Shaukat and Sarwar (2000); N, 

Watson et al. (1992); O, Yost et al. (2018); P, Yost et al. (2019); Q, C. Yost, personal collection. 
3 Location, study abbreviations, and study references: LOR, Lower Omo River (Carr, 2016); ETK, East Turkana 

(Mbaluka and Brown, 2016); WTK, West Turkana (Olang, 1984).  
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SOM Fig. S3. Modern Lake Turkana sediment relative abundance and concentrations for 

selected phytolith, chrysophyte, and sponge microfossils. Percentages are based on the phytolith 

sum. Gray bars represent 2x	exaggeration.  
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