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The Turkana Basin in northern Kenya and southern Ethiopia has yielded hundreds of hominin fossils and is among the most important localities in the world for studying human origins. High resolution climate and vegetation reconstructions from this region can elucidate potential linkages between hominin evolution and environmental change. Microcharcoal and phytoliths were examined from a 216 m (1.87–1.38 Ma) drill core (WTK13), which targeted paleo-Lake Lorenyang sediments from the Nachukui Formation of the Turkana Basin. A total of 287 samples were analyzed at ∼32–96 cm intervals, providing millennial-scale temporal resolution. To better understand how basin sediments record fire and vegetation from the watershed, the paleorecord was compared with nine modern sediment samples collected from Lake Turkana along a transect of increasing distance from the 1978 to 1979 shoreline. This included vegetation surveys and phytolith production data for species from areas proximal to the basin. We found that phytolith and microcharcoal concentrations decreased predictably moving off shore. However, phytoliths from plants sourced in the Ethiopian Highlands increased moving off shore, likely the result of increased exposure to the Omo River sediment plume. In our down-core study, microcharcoal was well-preserved but phytolith preservation was poor below ∼60 m (∼1.50 Ma). Spectral analysis revealed that microcharcoal often varied at precessional (∼21 kyr) periodicities, and through a correlation with δDwax, linked orbitally forced peaks in precipitation with elevated fire on the landscape. Phytoliths revealed that alternating mesic C4 versus xeric C4 grass dominance likely varied at precessional periodicities as well, but that grass community composition was also mediated by basin geometry. Two high eccentricity intervals of particularly high amplitude and abrupt environmental change were centered at ∼1.72 and 1.50 Ma, with the intervening period experiencing high fire variability. With the switch from lacustrine to fluvial-deltaic deposition at the core site by 1.5 Ma, mesic C4 grasses dominated and fire activity was high. This upper interval correlated to the time interval from which Nariokotome Boy (Homo erectus/ergaster) was discovered 3 km east of our drill site. Phytoliths indicated a seasonally wet and open landscape dominated by xeric C4 grasses, sedges, and other herbaceous plants.
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INTRODUCTION
The 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). 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). The Hominin Sites and Paleolakes Drilling Project (HSPDP) targeted Early Pleistocene sediments from paleo-Lake Lorenyang (HSPDP-WTK13-1A drill core; hereafter WTK13), 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 occurrence of hominins with modern, human-like terrestrial adaptations, the expansion of grasslands, and the first hominin expansions outside of Africa (Antón, 2003; Bobe, 2004; Bobe and Leakey, 2009; 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 vegetation (or animals that consume C4 plants) after 1.65 Ma (Patterson et al., 2019). Archaeological sites in East Turkana (Koobi Fora) exhibit potential evidence for the intentional use of fire at ∼1.5 Ma (Hlubik et al., 2019).
When evaluating potential environmental drivers of human evolution and cultural change, spatially and temporally relevant vegetation reconstructions are essential. Although isotopic approaches can provide information about vegetation structure (e.g., grassland, woodland, forest), they are limited in their taxonomic resolution. In grass-dominated plant communities, phytoliths (opal silica microfossils) and microcharcoal can reconstruct grass community dynamics and fire regimes important to understanding how herbivores and hominins may have interacted with their surroundings (e.g., Yost et al., 2021), and complement related isotopic studies (e.g., Lupien et al., 2021).
Essential to the use of phytoliths and microcharcoal to reconstruct vegetation from paleolake sediments is an understanding of phytolith source areas and depositional patterns in modern lakes. Because such studies are rare (see Yost et al., 2013; Li et al., 2019), the examination 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 (Cohen et al., 1986) pre-dates significant anthropogenic perturbations including 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, 2017).
Here, we present a millennial-scale record of fire and vegetation through the use of plant opal phytoliths and microcharcoal for the Early Pleistocene in the Turkana Basin. By incorporating an understanding of the sediments and dominant vegetation from modern Lake Turkana we are able to better understand how the potential phytolith landscape (phytoscape) is recorded in sediments across the lake, and quantify how sediments from the Omo River may influence this signal. We then use phytoliths and microcharcoal extracted from the WTK13 paleorecord to reconstruct dominant vegetation and fire activity during the Early Pleistocene. We explore these data using spectral analyses to reveal the influence of Earth’s orbital parameters on vegetation, in particular grass community composition, and fire. Lastly, we use a core-to-outcrop linkage to reconstruct the local paleoenvironment present when the Nariokotome Boy walked upon the landscape.
BACKGROUND
Geography, Climatology, Limnology
Lake Turkana is a closed-basin lake approximately 250 km long and 30 km wide situated in an arid depression between the Kenyan and Ethiopian Highlands (Figures 1A,E). 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 (Figure 1B).
[image: Figure 1]FIGURE 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 area 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 Turkana Basin location indicated with the red box.
The Turkana Depression has a mean annual temperature of ∼30°C, with a mean maximum and minimum of 34 and 24°C, respectively (Morrissey et al., 2017). Historic (1925–1990) mean annual precipitation (MAP) is ∼200 mm, and is delivered over two rainy seasons: the ‘long rains’ during boreal spring and the ‘short rains’ during boreal autumn (Nicholson, 2000). The Ethiopian Highlands to the north receive about 800–1,200 mm MAP, mostly during boreal summer (Nicholson, 2017). The Omo River, which drains a portion of the Ethiopian Highlands, supplies 80–90% 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 (Figure 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 past humid periods (van der Lubbe et al., 2017). Thus, 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 an average pH of 7.1 and 9.2, respectively (Yuretich and Cerling, 1983), and biogenic silica (diatoms, sponge spicules, and phytoliths) can begin to rapidly dissolve when sediment pore water pH is >9.0 (Fraysse et al., 2009). However, measurements of pore water pH on short cores from Lake Turkana yielded values of ∼8.6 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 (Figure 1D; Yuretich and Cerling, 1983; Johnson and Malala, 2009). Lake Turkana is classified by Nutz et al. (2016) as a wind-driven waterbody, 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 caused by surface wave activity at sites where water depths are <35 m (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 that can be applied to other large lake paleolimnological studies.
Eastern African Rainfall Seasonality
Areas between 7° S and 6° N in eastern Africa experience strong bimodal (spring and autumn) distributions of maximum precipitation. At 20° S and 20° N, maximum precipitation is unimodal during each hemisphere’s summer (Nicholson, 2018). Summer precipitation 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, with the Gulf of Guinea (Atlantic Ocean) contributing 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 tropical rain belt (Nicholson, 2018). Recently, Yang et al. (2015) proposed that bimodal precipitation 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, precipitation 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 divergent winds are much weaker, allowing for the import of unstable air into eastern Africa; SSTs off the coast are higher, with the highest levels associated with the long rains.
Orbital Forcing in the Turkana Basin
Relationships between paleosol formation, paleolake high stands, depositional processes and Earth’s orbital parameters in the Turkana Basin have been recognized for some time (e.g., Wynn, 2004; Trauth et al., 2005; Lepre et al., 2007). Research in this area 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., 2018; Boës et al., 2019). However, volcano-tectonic impounding likely played a role in lake formation within the Turkana Basin as well (Bruhn et al., 2011; Lepre, 2014; Boës et al., 2019). Nevertheless, first-order observations in stratigraphic records (e.g., Nutz et al., 2017; Nutz et al., 2020; Boës et al., 2019) indicate that some, but not all 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 precipitation within the watershed (Lupien et al., 2018), 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 precipitation in the tropics and subtropics are not fully understood, but researchers typically invoke the orbital monsoon hypothesis (Kutzbach and Otto-Bliesner, 1982; Rossignol-Strick, 1983; Prell and Kutzbach, 1987; Tuenter et al., 2003; Merlis et al., 2013). Essentially, high (low) eccentricity amplifies (modulates) the precession parameter and increases (decreases) insolation levels during boreal summer; higher insolation is thought to increase latitudinal and land–sea temperature gradients, evaporation, monsoon circulation, and convection (Ruddiman, 2008). Chandan and Peltier (2020) also show that insolation in combination with vegetation, soil, and lake feedbacks are necessary to achieve and sustain significant increasing in precipitation. Our study provides a new understanding of how grass community composition and fire regimes within the Turkana Basin have responded to changes in Earth’s orbital parameters.
MATERIALS AND METHODS
Drill Core Extraction and Chronology
A single borehole, deviated 10° from vertical, was cored to a depth of ∼216 m in West Turkana (4°6′34.92″ N, 35°52′18.48″ E) in June–July 2013 (Figure 1). The drill site was chosen for its proximity to outcrop exposures of the correlative type sections of the Kaitio and Natoo members of the Nachukui Formation, which are locally dipping at ∼5° W (Harris et al., 1988). The stratigraphy records deposition on a dynamic lacustrine margin which experienced repeated transgressive and regressive events (Beck, 2015). Borehole instability and/or high-pressure groundwater resulted in high torque and required the termination of drilling operations at the maximum depth. The WTK13 core was shipped via airfreight to LacCore, the National Lacustrine Core Facility (University of Minnesota, United States) for full scanning, processing, description, and subsampling. Full coring details and initial core descriptions are presented in Cohen et al. (2016). An age model (Supplementary Figure S1) was developed by Lupien et al. (2018) using tephra correlation, direct 40Ar/39Ar dating of a new tephra, and a paleomagnetic reversal (Sier et al., 2017). Core depths are reported in meters below surface (mbs), and core lithology is provided in Supplementary Figure S2.
Lake Turkana Modern Sediment Transect
Modern sediment samples from Lake Turkana were collected by A. Cohen in 1978–1979 using an Ekman dredge. Nine of these samples extending along a NW-SE transect from offshore of Koobi Fora (East Turkana) to North Island were subsampled for phytolith and microcharcoal analysis (Figure 1C). Distance from the eastern shoreline for the selected samples ranged from 0.15 to 15.7 km. Sample distances from the leading edge of the modern Omo River delta plain average around 60 km for most (Figure 1), but the delta plain has advanced ∼20 km southward since 1975 (see Carr, 2017). Straight-line distances from the eastern and western shorelines, grain size classifications, and lake depths were recorded for each sample (Table 1). Sample mass and volume are provided in Supplementary Material S1.
TABLE 1 | Modern Lake Turkana sediment sample characteristics.
[image: Table 1]Modern Vegetation and Phytoscape
Plant species occurrence data were aggregated from Olang (1984), Carr (2017), and Mbaluka and Brown (2016) for West Turkana (WTK), the Lower Omo River Valley (LOR), and Koobi Fora (East Turkana; ETK), respectively (Supplementary Table S1). Boundaries for these three floristic study areas are depicted in Figure 1B. Emphasis was placed on 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 lead author Yost’s phytolith reference collection (Supplementary Table S1). 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 study areas.
The plant species occurrence data for LOR and ETK were also compared to a compilation of woody plants in Africa known to produce phytoliths to determine the potential for LOR and ETK to produce an arboreal phytoscape signal (Supplementary Tables S2, S3). Samples from the modern Lake Turkana sediment transect were then compared to the phytoscape signatures to determine how distance from shore and proximity to the Omo River sediment plume affected the phytolith record.
Microfossil Separations, Microscopy, and Classification
The samples for phytolith and microcharcoal analyses were collected at 32 cm intervals along the entire 215.8 m 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 good 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. (2021). Synthetic microspheres were added to each sample in order to calculate concentrations; the number added varying by the amount of extracted residue (Supplementary Materials S1, 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., 2021). Phytolith and microcharcoal counting was conducted using an Olympus BX-43 transmitted-light microscope at 400× magnification, with a goal of counting 200 Iph and D/P° index-specific phytoliths to minimize statistical uncertainties (Strömberg, 2009).
Phytoliths were classified into 41 morphotypes (Supplementary Materials S1, S2). Primary descriptive references, anatomical origin, and taxonomical interpretation for each morphotype are described in Yost et al. (2021). Bilobates and crosses in this study were not classified into the Neumann super types as Yost et al. (2021) had done for the paleo-Lake Baringo core (BTB13) because most of 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 of pyrite and naturally-darkened unburned plant fragments as charcoal. Two microcharcoal size classes (<50 μm and >50 μm) were originally tallied, but later combined for change point and spectral analyses because of the intermittent occurrence and low abundance of the larger size class. Sponge spicules, sponge spherasters, and chrysophycean cysts were also identified and counted. Detailed descriptions of these microfossils can be found in Yost et al. (2021).
Phytolith dissolution, which can affect preservation and result in morphotype assemblage bias, was determined based on i) the presence of zeolites and evaporites in the phytolith extracts (especially when no phytoliths were observed), and ii) the presence of pits, breakage, and re-precipitation of silica on phytolith, diatom, and sponge spicule surfaces. The biogenic silica dissolution sequence described by Yost et al. (2021) for alternating high and low pore water pH was also used as a dissolution indicator.
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 (Supplementary Materials S1, S2). Relative abundance determinations 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., 2021). The tree cover index (D/P°), used to discriminate between open (shrubland to wooded grassland, 0–40% canopy cover), woodland (40–80% canopy cover), and forest (80–100% canopy cover) formations, and the aridity (Iph) phytolith index, used to discriminate short-grass xerophytic (Sahelian) savanna from tall-grass mesophytic (Sudanian) savanna were calculated as described in Bremond et al. (2008) and Novello et al. (2017) using the specific morphotypes listed in Yost et al. (2021). 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. (2021). The rolling Spearman correlation was conducted using the R package “RollWinMulCor” (Polanco-Martínez, 2020). Prior to correlation analysis, δDwax and microcharcoal concentrations were converted to z-scores and interpolated to 3,100-yr time steps. For spectral analysis, the periodogram and bivariate cross-wavelet power spectrum were produced using the R packages “astrochron” (Meyers, 2014) and “WaveletComp” (Roesch and Schmidbauer, 2018), respectively. Prior to the spectral analyses, microcharcoal concentrations were log transformed, detrended, and linearly interpolated to a 3,100-yr time-step. All other descriptive, regression, and correlation statistics were conducted in R.
Zonation of the WTK13 Core
The phytolith record could not be used to develop a zonation because dissolution throughout most of the core biased phytolith assemblages and negatively affected phytolith preservation and concentrations. Microcharcoal concentrations provided a continuous record and zone boundaries were identified from the change point analysis of log transformed microcharcoal concentrations using the R package “ecp”. (James and Matteson, 2014). The E-Divisive method from the ecp package is a nonparametric procedure that is able to estimate multiple change point locations that are statistically significant (set at 0.05) without a priori knowledge of the number of change points. This iterative process analyzes changes in both slope (trend) and mean.
RESULTS
Modern Grass Occurrence and Phytoscape
A total of 80 grass species from 38 genera occurred within the modern WTK, LOR, and ETK floristic areas (Supplementary Table S1). 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 2). Only one Arundinoideae grass (Phragmites) was noted, and in being a C3 obligate wetland grass 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 less common in LOR (48%), although a χ2 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%).
TABLE 2 | Grass subfamily occurrence based on Lower Omo River Valleya, East Turkanab and West Turkanac floristic studies, and potential dominant phytolith morphotypes.
[image: Table 2]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).
For woody plant phytolith production, LOR 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.
Modern Lake Turkana Sediments
Microcharcoal was observed in all samples. Concentrations ranged from 676 to 5.14 × 104 cm−3 (Figure 2A). Concentrations decreased exponentially (r2 = 0.72, p = 0.01) with increasing distance from shoreline, becoming asymptotic at concentrations <10,000 cm−3 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 (Supplementary Figure S3). Phytolith preservation was good, with low to moderate dissolution on phytolith surfaces. Phytolith concentrations ranged from 38 to 1.65 × 105 cm−3 (Figure 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 Phytolith and Microcharcoal Deposition in the Modern Lake System). The Iph aridity index also decreased linearly (r2 = 0.45, p = 0.05) as distance from shoreline increased (Figure 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/P° value of 1.22, which is within the range of savanna woodlands (Figure 2F; Supplementary Material S1). The percentage of broken bilobate phytoliths increased linearly with increasing distance from shoreline (Figure 2G; r2 = 0.61, p = 0.01). The average abundance of broken phytolith samples collected between 0.2 and 0.5 km offshore was 57 ± 10% (n = 2), whereas the average value for samples 3–16 km offshore 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 (Figures 2C,D).
[image: Figure 2]FIGURE 2 | Relationship between distance from shoreline and the relative abundance of selected phytolith and microcharcoal constituents of modern Lake Turkana sediment samples. Shaded regions represent regression 95% confidence intervals. Sample location numbers for points on the graphs are (left to right): 22, 21, 24, 33, 25, 32, 26, 31, and 27, respectively. 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 Figure 1D). (A) Microcharcoal concentrations decrease exponentially as distance from shoreline increases. (B) Phytolith concentrations decrease linearly as distance from shoreline increases. (C) Large-sized phytoliths decrease and (D) small-sized phytoliths increase as distance from shoreline increases. (E) The grass-based Iph (aridity) index decreases as distance from shoreline increases, presumably from the presence of phytoliths derived from the Omo River Valley. (F) The D/P° tree cover index shows no relationship with distance from shoreline, presumably because phytolith-rich grasses are much more abundant than trees that produce phytoliths in both the Turkana Basin and Omo River Valley. (G) Broken bilobates increase as distance from shoreline increases, presumably because they are smaller, but also because some proportion may have been transported long-distance from the Omo River Valley. (H) Phytoliths derived from plants sourced to the Omo River Valley increase as distance from shoreline increases. See Table 3 for details on the IOmo index.
Using results of the modern vegetation study compilation and the recovery of phytoliths diagnostic of plants found only above ∼1,500 m (Podostemaceae) and ∼2000 m (C3 Pooideae grasses) in the modern and paleolake samples, we created a new index called the upper Omo River watershed source area index (IOmo; Table 3). The IOmo index is calculated by dividing the sum of phytoliths derived from plants found in the upper Omo River watershed by the total sum of phytoliths counted. The IOmo scatter plot shows a trend of increasing index values with increasing distance from shore (Figure 2H), but the relationship was not statistically significant, in part, because Sample 25 had an IOmo index value of zero; with exclusion of sample 25, a moderately significant linear relationship emerges (r2 = 0.44, p = 0.07). Regardless, the index has promise, as later discussed in Section 5.2.
TABLE 3 | 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.
[image: Table 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, most likely the result of biogenic silica dissolution (Figure 3; Supplementary Material S2). Of the 287 WTK13 samples analyzed, 29 (10%) yielded no phytoliths. The majority of samples, 119 (41%), yielded 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 (Figure 3B), yielded well-preserved phytoliths with no evidence of morphotype assemblage bias. Among these, phytolith counts ranged from 0 to 10,326 ([image: image] = 528), and phytolith concentrations ranged from 0 to 1.2 × 105 cm−3 ([image: image] = 5.3 × 105 cm−3). Microcharcoal was recovered in all samples. Of the two size classes counted, charcoal particles >50 μm were rarely observed, so both size classes were combined for concentration calculations, which ranged from 100 to 1.95 × 106 cm−3 ([image: image] = 35,795 cm−3).
[image: Figure 3]FIGURE 3 | Summary phytolith and microcharcoal datasets (this study) and leaf wax δ13C and δD datasets (Lupien et al., 2018) from WTK13. (A) Summer 20° N insolation from Laskar et al. (2004). The numbered insolation peaks were tied to corresponding peaks in depleted δDwax values depicted here in panel E by Lupien et al. (2018). (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 at 5,000 cm−3 to highlight the zonal changes. (E, F)δDwax and δ13Cwax values from (Lupien et al., 2018), with horizontal reference lines set at the late Holocene δDwax and δ13Cwax values for Lake Turkana from Morrissey (2014). Black circles (tephrocorrelations and 40Ar/39Ar dating) and the black triangle (magnetic reversal) represent chronostratigraphic control points used in the age model. (G) Grain size summarized from the WTK lithological core description (see SOM Figure 2).
Correlation and Spectral Analyses
Spectral analysis of microcharcoal concentrations at 3,100-yr time steps detected precessional periodicities of 21.3 and 19.6 kyr with power above the 95% confidence level (Figure 4). Cross-wavelet analysis between δDwax and microcharcoal concentrations identified several intervals with high common power (variability at same statistically significant periodicity) over orbital and non-orbital periodicities (Figures 5B,D), including three intervals near and within the precession band (19–23 kyr). A large interval of high common power spans 1.75 to 1.66 Ma over periodicities between 23 and 41 kyr (centered on ∼33 kyr), and another interval is found from 1.84 to 1.70 Ma along a narrow periodicity band centered on 78 kyr. Almost all of the high common power areas indicate anti-phasing (anticorrelation), where more positive δDwax values are correlated with lower microcharcoal concentrations. The high common power area centered on 78 kyr shows δDwax consistently leading microcharcoal concentrations by about 10 kyr.
[image: Figure 4]FIGURE 4 | Spectral analysis of microcharcoal concentrations. Periodicities >5 × the 3,100-yr time step with power above the 95 and 99% confidence levels are labeled on the periodogram.
[image: Figure 5]FIGURE 5 | Correlations between WTK13 core leaf wax δD (precipitation) and microcharcoal (fire) records between 1.866 and 1.503 Ma. This analysis was not extended to the top of the core at 1.379 Ma because of a ∼30 kyr gap in the δD record. (A) Summer insolation for 20° N plotted with orbital eccentricity (Laskar et al., 2004). (B) Microcharcoal concentrations (this study) and δDwax (Lupien et al., 2018) z-scores after interpolating each record at 3100-yr time steps. Higher δDwax values signify lower precipitation while higher microcharcoal values signify higher fire frequency and/or intensity. (C) Rolling Spearman correlations between the δDwax and microcharcoal records. Correlation coefficients (black line) and their respective p values (gray line) were calculated using a 34,100-yr moving window. The gray and black bars represent intervals with strong negative correlations at the p ≤ 0.10 and p ≤ 0.05 levels, respectively. (D) Evolutive (periodicity through time) cross-wavelet correlations and phasing between the δDwax and microcharcoal records. Warmer colors signify higher spectral density, and white contours with internal phase paths signify p = 0.05 confidence levels. Cone of influence (boundary effects) marked with white transparent shading.
The rolling Spearman correlation analysis identified several intervals with strong negative correlations between δDwax values and microcharcoal concentrations at p ≤ 0.10 and p ≤ 0.05 significance levels (Figure 5C). The longest such interval spans from 1.74 to 1.65 Ma, followed by strong but intermittent correlations between 1.59 and 1.52 Ma.
Change Point Analysis and Zonation
Change point analysis of the log-transformed microcharcoal concentration record identified seven change points at the 0.05 significance level that were subsequently used as zone boundaries for eight zones (Supplementary Figure S4). A horizontal reference line set at a microcharcoal concentration of 5,000 cm−3 was used in Figure 3D to visually highlight the zonal changes in concentrations. These zones correspond well with major changes in phytolith preservation and some distinct lithological transitions. Results by zone are discussed next.
Zone 1 (1.868–1.855 Ma; 215.56–206.77 mbs)
Zone 1 was characterized by high charcoal concentrations (3 × mean) and very 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 appeared to be mostly Aulacoseira spp.; however, they were severely altered. Silica replacement or reprecipitation rather than simple dissolution, (e.g., Yost et al., 2021) appeared to be the main mode of alteration.
Zone 2 (1.855–1.774 Ma; 206.77–150.62 mbs)
Zone 2 was characterized by very low microcharcoal concentrations (∼14% of the mean), and extremely low phytolith concentrations (∼0.03% of the mean; 142 phytoliths per cm3). There was partial to total BSi dissolution in many of the samples (Supplementary Figure S4), likely the result of high pore water or lake water pH. Phytolith samples were too poorly preserved to reliably report morphotype relative abundances. The occurrence of sandy sediments in the lower third of the zone was also notable (Figure 3G).
Zone 3 (1.774–1.728 Ma; 150.62–135.44 mbs)
Of all the zones from WTK13, Zone 3 was characterized by having the lowest microcharcoal concentrations (4% of the mean) and the lowest phytolith concentrations (∼0.004% of the mean; 21 phytoliths per cm3). Like the previous zone, there was partial to total BSi dissolution in many of the samples, and the phytolith record was too poorly preserved to reliably report morphotype relative abundances. In addition, the highest δDwax values (higher values indicate lower precipitation) from the entire WTK13 core were obtained from this zone, which also had the highest average δDwax values of any zone (Supplementary Table S4). The lowest microcharcoal and phytolith concentrations and the highest δDwax values are centered around 1.74 Ma.
Zone 4 (1.728–1.582 Ma; 135.44–86.87 mbs)
Zone 4 was characterized by high microcharcoal variability, with peaks and troughs alternating between 4 × above and 112 × below the mean (Figure 3). The rolling Spearman correlation analysis detected negative correlations at p ≤ 0.05 between δDwax values and microcharcoal concentrations in the lower half of the zone (Figure 5C). The cross-wavelet spectral analysis detected this same anticorrelation throughout the zone at periodicities ranging between obliquity (41 kyr) and precession (23–19 kyr) but centered on 33 kyr (Figure 5D) Phytolith concentrations were higher than those in the lower zones, but morphotype preservation bias was evident in most samples (Supplementary Figure S4). 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. These two phytolith preservation intervals may coincide with the two precession peaks identified in Figure 6A. Iph aridity index values for these two intervals were >27.8%, and D/P° tree cover index values were <1.0 (Figures 6B,C), suggesting xeric short-grass (Chloridoideae) grassland or open savanna characterized the Turkana Basin at this time. Concomitant microcharcoal peaks with the phytolith intervals suggest grass densities were sufficient to support frequent fires.
[image: Figure 6]FIGURE 6 | Phytolith Iph (aridity) and D/P° (tree cover) indices. Gray shading represents bootstrapped 95% confidence intervals. The vertical blue dashed line marks the position of the Natoo Tuff in the WTK13 core, linking the Nariokotome Boy site (NK3) to the core. (A) Summer insolation for 20° N (Laskar et al., 2004). (B) Iph index with inverted y-axis. 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. Dashed vertical lines link possible tie points between peaks in insolation and peaks in phytoliths indicative of mesic C4 tall-grasses (C) D/P° tree cover index.
Zone 5 (1.582–1.50 Ma; 86.87–59.42 mbs)
Zone 5 was characterized by consistently low microcharcoal concentrations that averaged ∼8% of the mean, and poor phytolith preservation. Spearman correlation analysis detected negative correlations at p ≤ 0.05 between δDwax values and microcharcoal concentrations throughout much of the zone (Figure 5C). 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, at 1.556 Ma (between 78.25 and 77.27 mbs), sponge spicule concentrations were an order of magnitude above any other occurrence within the zone (Figure 7; Supplementary Material S2). 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 Lake Baringo (see Figure 5 from Yost et al., 2021).
[image: Figure 7]FIGURE 7 | 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 show up 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).
Zone 6 (1.50–1.436 Ma; 59.42–36.83 mbs)
Zone 6 had the longest interval with good to excellent BSi preservation, and it had the highest average phytolith and microcharcoal concentrations for the core. Of all zones, Zone 6 had the second lowest average δDwax value (−133.3‰; Supplementary Table S4). 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 tephra ages from this zone used in the age model (Lupien et al., 2018), the mesic C4 tall-grass peaks may coincide with precession-scale insolation peaks (Figures 6A,B). D/P° aridity index values were typically well below the 1.0 threshold that identify woodlands with >40% canopy cover (Yost et al., 2021; Figure 6C). This zone marked the first appearance of phytoliths diagnostic of the aquatic riverweed family (Podostemaceae; da Costa et al., 2018; Figure 8E). Numerous phytoliths from at least two species of dayflower (Commelina spp.; Eichhorn et al., 2010) were also observed. Sponge spicules reached their highest concentrations here, and intervals with high sponge abundances appear to correspond with intervals of low insolation (Figure 8I). Phytoliths derived from plants that are found today above 1,500–2,000 m elevation (Table 3), including phytoliths from the C3 Pooideae grass subfamily, abruptly increased in abundance in the upper half of the zone (Figure 8F). There was one interval between 43.69 and 42.06 mbs (∼1.446 Ma) where all phytoliths were poorly preserved and the phytolith extracts were dominated by authigenic silicates, most likely phillipsite.
[image: Figure 8]FIGURE 8 | Microfossil summary plots for Zone 6 (1.50–1.435 Ma). (A) 20° N summer insolation (Laskar et al., 2004). (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 1,500 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.
Zone 7 (1.436–1.393 Ma; 36.83–11.40 mbs)
Zone 7 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 with no sediment recovery occurred between ∼19.1 and 13.5 mbs (∼1.40 Ma), in the upper portion of this zone.
Zone 8 (1.393–1.379 Ma; 11.40–3.33 mbs)
Zone 8 was characterized by excellent phytolith preservation and high phytolith concentrations, except between 7.47 and 3.33 mbs, 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 interval with well-preserved phytoliths between 1.393 and 1.386 Ma (11.40 and 7.47 mbs), phytoliths from woody trees and shrubs were at their highest levels of relative abundance for the core (Figures 3C, 7). The sample from 9.07 mbs (1.39 Ma) yielded a D/P° index value of 1.06 (Figure 6C), indicating canopy cover ≥40%. However, samples immediately above and below had very low D/P° values suggesting a relatively short-lived (<1 kyr) 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. Lastly, Zone 8 had the lowest average δDwax value (−134.8‰; Supplementary Table S4).
DISCUSSION
Modern 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, as the relative abundances of grasses dominated by either lobate, rondel, or saddle phytoliths were nearly identical (Table 2). 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/P° tree cover index, as nine woody taxa from the LOR but 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% for the LOR. Details on woody cover were not provided in the floristic surveys of WTK, but based on similarities in the climate regime are assumed to be similar to ETK.
The literature-based phytoscape study demonstrates 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 C4Aristida 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 (Supplementary Table S1; Supplementary Figure S5). 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 accurate for the Turkana Basin.
Phytolith and Microcharcoal Deposition in the Modern Lake System
Natural fires in the Turkana Basin are rare today because plant cover and density 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, 2017). The abundance of wind-dispersed charcoal particulates typically decays nonlinearly from the point source (Clark, 1988; 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. Challenges in interpreting charcoal from paleolake sediments are discussed in Paleo-Lake Lorenyang Phytoliths and Microcharcoal.
The linear decrease in phytolith concentrations and large-sized phytoliths in the lake sediments with increasing distance from shoreline (Figures 2B,C) is likely a function of eolian transport from the east side of the lake (ETK) by the prevailing southeasterly winds (Figure 1D). In contrast, Iph aridity index values decreased as distance from shoreline increased. Because a broken bilobate was given a value of 0.5, lower Iph values (i.e., more bilobates) were 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 gyre center (Figure 1D), yielded an outlier phytolith concentration value (>3 σ) and a slightly elevated microcharcoal concentration value, which both deviate from the trend of decreasing concentrations from shore (Figures 2A,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 this hypothesis, modern soil samples (n = 3) from an arid part of the Serengeti Plain (2°56′7.94″ S, 35°14′50.21″ E; MAP = 550 mm) had an average broken bilobate percentage 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 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 increased in abundance as distance from shoreline increased (Figure 2H, IOmo index; Supplementary Figure 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, which can vary as a result of changes in lake levels, especially in regard to transgression and regression of the Omo River delta. It is possible that at least ∼20% of the modern GSSC phytolith assemblage has been derived from the upper Omo River Valley, and that this proportion may have been significantly higher during past humid periods.
Paleo-Lake Lorenyang Phytoliths and Microcharcoal
Phytoliths in lake cores provide two types of direct information: a broad measure of lake/pore water pH via preservation state (Yost et al., 2021) and a record of vegetation. Indirectly, phytolith concentrations can provide information about relative changes in lake levels if lake surface area change is significant and preservation states and sedimentation rates do not change substantially. The most striking aspect of the WTK13 phytolith record was the poor preservation before, and good to excellent preservation after 1.5 Ma (59.10 mbs). This transition corresponds with a first order facies transition from more lacustrine dominated sedimentation in the bottom of the core to fluvial-deltaic sedimentation at the top of the core (Feibel et al., 2017).
Interpreting phytolith records can be complicated in lacustrine contexts, especially when riverine sediment loads to the system are significant (Li et al., 2019). The results of the modern phytoscape and modern lake sediment analysis enable us to determine that ∼80% of the phytoliths in modern lake sediments located ∼60 km from the Omo River delta were likely derived from areas proximal to the lake. If proximity from the core site to the paleo-Omo River delta decreased, or river discharge increased, the proportion of phytoliths derived from mesic vegetation sourced more distally from the Upper Omo River Valley in the Ethiopian Highlands would likely increase.
Increased microcharcoal concentrations can arise from various sources, including increased fire frequency, increased fire intensity, increased area burned, and/or decreased distance to source area (Whitlock and Anderson, 2003). For instance, a significant increase in lake surface area could reduce microcharcoal concentrations independent of an actual change in fire activity. However, this reduction could be tempered by decreased clastic inputs (lower sedimentation rates). In a core with excellent chronological control, changes in sedimentation rates can be accounted for by calculating microcharcoal influx. With the more limited chronological control in WTK13, microcharcoal influx calculations would not have appreciably changed the microcharcoal curve.
In a meta-analysis of published charcoal source area estimates, Vachula (2021) modeled the relationship between charcoal size and source area, which was found to be within 50 km for all size fractions of sedimentary charcoal. We consider this model output to be an appropriate estimate of the source area for our paleolake sediment microcharcoal record. Additionally, because of the time-averaging inherent in our samples (∼24 yr/sample), microcharcoal variability is most likely a function of fire frequency, but fire intensity, distance to fire source, and area burned may also be contributing factors. In fact, with our proposed causal relationship between increased precipitation and increased mesic (yet fire-adapted) C4 grass biomass in the WTK13 record (see Zone 4 (1.728–1.582 Ma; 135.44–86.87 mbs) and Correlations Between Precipitation, Fire, Vegetation, and Orbital Forcing), both increased fire frequency (seasonal fires) and increased area burned (expanded fuel source) would likely contribute to higher microcharcoal concentrations. With these phytolith and microcharcoal taphonomic issues in mind, the paleorecord zones are discussed in more detail below.
Zone 1 (1.868–1.855 Ma; 215.56–206.77 mbs)
The bottom of the core, Zone 1, was characterized by very high charcoal concentrations, (similar to other more humid intervals in the upper part of the core), relatively high concentrations of severely altered diatoms (cf. Aulacoseira), and some severely dissolved large bulliform phytoliths (Figure 3). Overall, BSi preservation was very poor, indicating lake water pH was likely >8.5. Zone 1 corresponds to what Boës et al. (2019) interpret as the end of a lake level transgression during the freshwater (exorheic) phase of paleo-Lake Lorenyang. Conversely, Schuster and Nutz (2019) and Nutz et al. (2020) interpret lake level regression at this time. Lastly, the consistently high microcharcoal concentrations in Zone 1 suggest fire may have played a role in the basin-wide increase in C4 vegetation that has been observed after ∼2.3 Ma in the Turkana Basin (Levin et al., 2011; Uno et al., 2016), but more importantly after ∼2 Ma in the Omo Valley (Levin, 2015), as the Omo River may be a source for some of this microcharcoal. Extending the microcharcoal and phytolith records across this C3/C4 vegetation transition would test this hypothesis and provide additional context for the C4 vegetation increase.
Zone 2 (1.855–1.774 Ma; 206.77–150.62 mbs)
Zone 2 is characterized by the largest number of samples with no phytolith recovery, suggesting high pH lake/pore water was responsible for the partial to complete loss of biogenic silica observed. Numerous ped structures and a sandy sequence of sediments between 199 and 195 mbs suggest periodically low lake levels and exposed surfaces (Supplementary Figure S2). Zone 2 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 general agreement with both the δDwax and δ13Cwax records of precipitation and vegetation (Lupien et al., 2018), and with the relatively muted variability of our microcharcoal record for the upper half of the zone (Figure 3). Our cross-wavelet analysis detected significant anticorrelation between δDwax values and microcharcoal concentrations at precessional periodicity throughout this zone (Figure 5D). This spectral analysis indicates that variability in precipitation and fire, and by extension, vegetation, were being driven by precession. Nutz et al. (2020) identify a lowstand in the paleolake sometime between 1.85 and 1.75 Ma that would have taken place in either this zone or in Zone 3.
Zone 3 (1.774–1.728 Ma; 150.62–135.44 mbs)
Zone 3 is unique for its extremely low microcharcoal and phytolith concentrations (Figure 3F, Supplementary Figure S4). The low microcharcoal interval suggests that vegetation within the Turkana Basin was often too sparse to carry fire, ostensibly reflecting hyper-arid conditions. This is supported by the leaf wax hydrogen isotopic record (Lupien et al., 2018), which recorded the most D-enriched δDwax values of the WTK13 core (Supplementary Table S4), and also recorded two prominent peaks in 13C-enriched δ13Cwax values, reflecting extreme aridity (Figures 3E,F). In fact, the δDwax values in Zone 3 are much higher than modern values at ∼400 yr BP from Lake Turkana (Morrissey, 2014; Morrissey and Scholz, 2014).
Although two very high eccentricity modulated insolation peaks fall within this zone (Figure 3A), the three troughs (low points) in insolation appear to have had a significant effect on precipitation and fire, and may have also effected lake levels and the resultant sedimentary record. The sample with the lowest microcharcoal concentration at 139.78 mbs (1.7413 Ma) was collected ∼1 cm below the erosional surface of a 13-cm coarsening upwards sandy sequence with shells and fish bones that separates a green clay interval with carbonate nodules and silt-filled veins (interpreted as a paleosol) from a green clay interval above that is interpreted as lacustrine (Supplementary Figure S6). This erosional event corresponds with the insolation minimum between insolation peaks 2 and 3 labeled in Figure 3A. Similar events in this zone, at the bottom of Zone 4, and at other locations in WTK13 may contribute to uncertainty in the age model. Poor chronological control in this part of the core led Lupien et al. (2018) to conservatively tune the δDwax record in the high eccentricity interval centered at 1.74 Ma to summer mean insolation at 20° N. Some of their tie points are depicted in Figure 3A. As a consequence, it is possible that the top of Zone 3 may actually be closer to 1.718 Ma rather than 1.728 Ma.
The large insolation increase that culminated at peak 2 (∼1.72 Ma) straddles the boundary between Zones 3 and 4 and was the subject of a study by Lupien et al. (2020). They observed an approximately 30‰ D-depletion in δDwax within ∼200 years, suggesting that an abrupt, nonlinear climate response was triggered after crossing an insolation threshold. Similarly paced abrupt change likely took place in Zone 6, where phytoliths recorded changes between xeric short-grass savanna and mesic tall-grass savanna occurring in less than 600 years. These changes were likely more abrupt but our ability to fully resolve the timing was limited by the temporal resolution of the 32-cm sampling scheme and age model for Zone 6. Abrupt change between mesic and xeric savanna in less than 600 years was frequently observed from the Plio-Pleistocene Baringo Basin, where the existence of a precipitation response to an insolation threshold was proposed (Yost et al., 2021). Although low biomarker concentrations did not allow for δDwax measurements for the transition from Zone 5 to Zone 6, the microcharcoal and δ13C records suggest this was a period of similarly abrupt and extreme change in climate and vegetation. In summary, the transitions to Zones 4 and 6 were both characterized by high eccentricity intervals of high amplitude variability not observed elsewhere in the WTK13 record.
Zone 4 (1.728–1.582 Ma; 135.44–86.87 mbs)
There was high variability in microcharcoal concentrations that included precessional periodicities throughout Zone 4 (Figure 5D). Increased fire on the landscape during this period likely helped maintain a grass-dominated savanna mosaic, as has been indicated by pedogenic carbonates and faunal records from the Turkana Basin (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 (depleted) δDwax values indicative of increased precipitation and high (enriched) δ13Cwax values indicative of increased proportions of C4 (e.g., grass) vegetation (Figures 3D–F).
This inverse relationship between δDwax values and microcharcoal concentrations may be explained by the strong positive relationship between fire and precipitation owing to increased C4 grass biomass (fuel) when precipitation increases in savanna ecosystems (Lehmann et al., 2014; Probert et al., 2019). Fires occurring when C4 grasses 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 increased in these communities, plant cover, biomass, and density would decline and bare ground would have increased such that fire frequency and intensity would be reduced, and xerophytic C3 trees and shrubs would 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 remain coherent at broad scales in African savannas (Oliveras and Malhi, 2016).
Although there were only two short intervals with good phytolith preservation within Zone 4, the Iph aridity and D/P° tree cover indices indicate that tree cover was likely <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 4 period was likely wetter than near-modern (∼400 yr BP; Figure 3E).
Zone 5 (1.582–1.50 Ma; 86.87–59.42 mbs)
Very poor phytolith preservation precluded Iph and D/P° index calculations in Zone 5, 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 may be related to the high amplitude insolation peak at 1.566 Ma (Figure 3A). This is supported by a peak in D-depleted δDwax and a peak in microcharcoal concentrations (Figures 3D,E) that are coeval with the insolation peak. In observing repeated humid-to-arid dissolution sequences for a Plio-Pleistocene record from the Baringo Basin in central Kenya (Yost et al., 2021), 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 low enough for marginal sponge preservation, but not for phytolith or diatom preservation.
Zones 6–8 (1.50–1.379 Ma; 59.42–3.33 mbs)
The sudden change from poor to good phytolith preservation in less than ∼1 kyr between Zones 5 and 6 is striking. This transition was likely faster, but 960 yr was the temporal limit of the 32-cm sampling resolution in this section of the core. To have a sudden shift towards good phytolith preservation, lake water pH would need to be dramatically lowered, possibly from increased inflow from the Omo River. Zones 6 and eight had the second highest and highest average δDwax values, respectively, indicating generally stronger precipitation than in the lower zones in the core. The appearance of riverweed phytoliths from Tristicha trifaria (Podostemaceae) in Zones 6 and 8, a plant that only grows above 1,500 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 presumably neutral pH waters of the paleo-Omo River.
Numerous samples in these zones 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 sediment were often comprised of 20–30% phytoliths. Discreet intervals from the Baringo/Tugen Hills (Yost et al., 2021) and Olorgesailie HSPDP drill cores also yielded high phytolith abundances in smear slides and were interpreted as possible wetlands. Modern East African sediment with even higher phytolith abundances have been observed from the Ngoitokitok wetland, Ngorongoro Basin, Tanzania (See Figure 2C from Deocampo and Ashley, 1999).
The percentages of broken bilobate phytoliths were in the ranges typical of soils from near shore settings in the modern Lake Turkana samples (Figure 8G). Higher levels of leaf wax degradation in this part of the core (Lupien et al., 2018) are indictive of oxidative conditions and suggestive of shallow water or overbank depositional settings. Lithologic descriptions indicate the presence of ped structures, burrows, carbonate nodules, and laminated bedding, indicating paleosol alteration of original lacustrine deposits (Figure 8). The grassland community for most of Zone 6 was typically dominated by tall-grass mesic C4 Panicoideae taxa, but it periodically switched to xeric short-grass savanna presumably during insolation minima (discussed in Correlations Between Precipitation, Fire, Vegetation, and Orbital Forcing). Extended periods of mesic tall-grass dominance would be 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 6 was observed (Figure 6). The environmental setting around the time of the Natoo Tuff, which links the upper part of Zone 6 to the Nariokotome Boy site (NK3), is discussed further in Local Environments of the Nariokotome Boy.
Correlations Between Precipitation, Fire, Vegetation, and Orbital Forcing
A correlation between precipitation (δDwax) and fire (microcharcoal) is visually apparent throughout much of the WTK13 record (Figure 3). The rolling Spearman correlation analysis identifies several intervals with strong, statistically significant, negative correlations between δDwax values and microcharcoal concentrations (Figure 4C). As δDwax values decrease, signifying more precipitation, microcharcoal concentrations increase, signifying more fire. This relationship of increasing precipitation with increasing fire is observed in modern grass-dominated (savanna) ecosystems, as fire-adapted C4 tall-grasses increase when precipitation increases [see discussion and refs in Zone 3 (1.774–1.728 Ma; 150.62–135.44 mbs)].
While the rolling Spearman correlation can determine the strength of transitory in-phase (positive) and anti-phase (negative) correlations at the sampled time steps, evolutive cross-wavelet analysis identifies transitory correlations (intervals of high common power) at multiple time steps (i.e., periodicities) and can detect lead/lag relationships (Figure 5D). In agreement with the Spearman correlation analysis, anti-phasing between the δDwax values and microcharcoal concentrations is the dominant phase relationship within the high common power areas of the cross-wavelet spectrum.
Spectral analysis of the microcharcoal record (Figure 4) and the δ13Cwax record (Supplementary Figure S7) indicated that precession had an effect on fire and vegetation, most likely through changes in precipitation. However, this relationship is not consistent across the entire record (Figure 5D). The strong anti-correlation between the δDwax and microcharcoal records with a range of periodicities centered around 33 kyr is curious given that equatorial climate variability is often driven by eccentricity-modulated precession (19–23 kyr; Figure 5A) on time scales of 104–105 yrs (Lourens, 2021). However, for this same WTK13 interval, Lupien et al. (2018) observed a similar range of periodicities between precession and obliquity for the δDwax record alone, and demonstrated through a conservative tuning exercise that this is most likely a precession band signal that is possibly being obscured by large age uncertainties in this section of the core. By using the tuned age model on the δ13Cwax record, we also removed periodicities at 30 and 26 kyr (Supplementary Figure S7). This may or may not explain the strong non-orbital periodicity of 78 kyr between 1.82 and 1.70 Ma, where increased precipitation (lower δDwax) leads increased fire (higher microcharcoal concentrations) by about 10 kyr. Such a scenario could arise if increased precipitation leads to an expansion of woody vegetation that then burns more frequently during drier periods.
The Spearman correlation and cross-wavelet analyses indicate there is a strong positive relationship between precipitation and fire in the Turkana Basin between at least 1.84 and 1.57 Ma. This is indicative of a grass-dominated ecosystem with increased mesic (yet fire-adapted) C4 tall-grasses during humid periods, presumably during insolation maxima, and increased xeric C4 short-grasses during arid and less fire-prone periods, presumably during insolation minima. The findings from Lupien et al. (2018) and this study suggest that on orbital time scales, variability in Turkana Basin precipitation, fire, and vegetation is being driven primarily by eccentricity-modulated precession.
Local Environments of the Nariokotome Boy
Identification of the Natoo Tuff in WTK13 through single shard glass geochemistry (Feibel et al., 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 was recovered 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 (Figures 8E,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. This is notable since Commelina leaves are consumed by African primates (Mitani et al., 1993; Huffman et al., 1997; Isbell, 1998), and modern humans (Maundu et al., 1999). 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). Sedge stems, shoots, and starchy rhizomes are consumed by modern humans and have been considered a probable food source for early Pleistocene hominins (Sponheimer et al., 2013; Stewart, 2014). The highest abundances of C3 grass phytoliths from WTK13 were observed in this part of Zone 6, although they were likely derived from the Ethiopian Highlands. Phytoliths from trees and shrubs were present as well, but the D/P° 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 (Figure 6B).
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 seasonally wet and densely vegetated environment dominated by short stature grasses, sedges and other herbaceous plants during the time that the Nariokotome Boy walked the ancient landscape. This area would have been rich in terrestrial and aquatic floral and faunal resources for hominin subsistence. 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.
Implications for Hominin Paleoecology
We do not observe any long-term trends in environmental change between 1.87 and 1.38 Ma, similar to the leaf wax biomarker records (Lupien et al., 2018); however, these orbitally resolved records do indicate that vegetation communities were oscillating at precessional periodicities in the Turkana Basin. Specifically, our study indicates that mesic tall-grass savanna was dominant primarily during insolation maxima and xeric short-grass savanna was dominant during insolation minima and periods when insolation maxima were muted (modulated) by low eccentricity. Presently, the short-grass/tall-grass savanna boundary occurs at ∼750 mm MAP (van Wyk, 1979; McNaughton, 1983), so switches between these savanna types likely signify when the ∼700 mm precipitation threshold has been crossed.
Although both of these savanna types constitute an open mosaic landscape with scatted trees and shrubs, their grass community structures, faunal populations, and fire regimes are very different. Short-grass savanna grasses are highly nutritious, heavily grazed, and can form rhizomatous lawns (McNaughton, 1985; Quigley and Anderson, 2014; Hempson et al., 2015). Modern short-grass savannas support high diversity and very high abundances of medium-sized mixed-diet taxa such as gazelle and oryx (Hempson et al., 2015). Tall-grass savanna grasses are 1–2 m in height, less nutritious, less digestible, hide predators, and are adapted to frequent fire (Dobson, 2009; Pays et al., 2012; Quigley and Anderson, 2014). Modern tall-grass savannas support high relative abundances of non-ruminant grazers such as equids, hippos, rhinos and suids, and water-dependent grazers such as wildebeest and hartebeest (Hempson et al., 2015).
Xeric short-grass versus mesic tall-grass savannas would have afforded very different resources and predator-prey relationships to hominin populations, which presumably would have required very different foraging strategies. Hominins utilizing a short-grass landscape would likely have experienced large populations of highly visible medium-sized social animals on a landscape with infrequent fires. In contrast, those utilizing a tall-grass landscape would have encountered seasonal fires and large bodied animals, including predators, in generally less visible settings than short-grass savanna. This study and a previous study from the Baringo Basin (Yost et al., 2021) indicate that hominin lineages have been exposed to precession-paced variability in tall-and short-grass savanna for at least the past three million years in eastern Africa.
CONCLUSION
Our new microcharcoal record from paleo-Lake Lorenyang spans 500 kyr and provides the first millennial-scale record of paleofire in the 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 statistically significant precessional (21–19 kyr) periodicities, and through a correlation with δDwax link orbitally forced peaks in precipitation with elevated fire on the landscape. Phytoliths show that mesic C4 versus xeric C4 grass dominance likely varied at precessional periodicities, but other factors such as basin geometry also influenced grass composition. Two intervals of particularly high amplitude and abrupt environmental change were centered at ∼1.72 and 1.50 Ma, respectively, and corresponded with high orbital eccentricity. 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 by 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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