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Abstract 36 

The role of environmental refugia in human evolutionary ecology is unclear due to a lack of 37 

correlated high-resolution datasets linking climate and environmental change with human 38 

behavior. Panga ya Saidi, coastal Kenya, is one of the few sites in eastern Africa that has both on-39 

site climate and vegetation proxy archives and an archaeological assemblage that documents the 40 

Middle-to-Later Stone Age transition. Here, we present a 57,000-year plant wax biomarker record 41 

from Panga ya Saidi’s archaeological sediments and evaluate the site’s potential as an ecological 42 

refugium. Compound specific plant wax carbon (δ13C) and hydrogen (δ2H) isotope data indicate 43 

long-term ecological stability and a C3-dominated ecosystem since at least Marine Isotope Stage 44 

(MIS) 3. Despite arid phases, including a hyper-arid Last Glacial Maximum, the tropical moist 45 

broadleaf forest biome at Panga ya Saidi persisted through these perturbations, giving humans the 46 
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ability to access forest, grassland, and coastal habitats via mobile foraging and social networking. 47 

The ecological contrasts between the coastal forest mosaic and surrounding ecoregions likely 48 

played a role in deep-time technological developments, with habitat variability and ecological 49 

diversity being conducive to cultural innovations regardless of climatic perturbations. 50 

 51 

Main 52 

In evolutionary ecology, the term ‘refugia’ is often used to indicate ecosystems that resist spatial 53 

and temporal damages or recover quickly following perturbation or disturbances1. This is because 54 

these resilient ecosystems have distinct ecological characteristics that isolate them from regional 55 

climatic or environmental stress2. Refugia have also been discussed in terms of spatial variability 56 

and characterized as microhabitats that provide resources to specific biotic communities, including 57 

humans, that are not readily available in adjacent, less-resilient ecosystems3. Intrinsically, a 58 

refugium is an area in which a species’ habitat is present throughout a period of instability, 59 

supporting populations with varying dispersal abilities and response adaptations to ambient 60 

climatic processes4. 61 

There has been a recent emphasis placed on the importance of stable, or climatically 62 

resilient, ecosystems that may have allowed for the long-term development of material culture or 63 

engagement with specific resource bases5-13. The cultural and lithic assemblages from Panga ya 64 

Saidi, coastal Kenya (Fig. 1), have been instrumental for understanding long-term human 65 

habitation and resource procurement in a tropical, deciduous forest situated within a larger wooded 66 

grassland biome. The Middle-to-Later Stone Age occupation at Panga ya Saidi that spans the last 67 

five Marine Isotope Stages (MIS), is one of the few archaeological assemblages in eastern Africa 68 

that contains the MSA-to-LSA-to-Iron Age transitions and has both on-site climate and vegetation 69 

proxy data14-16. Placing human adaptive traits within a local-to-regional environmental framework 70 

is now the focus for linking climate and environment changes to the development of the LSA17. 71 

This is due to the emergence of the LSA in eastern Africa being associated with climate instability 72 

and hydroclimate variability18-21, but also the existence of biogeographic havens12.  73 

There is increasing evidence across Africa for human habitation of tropical forest biomes 74 

throughout the Pleistocene16,22-26. Rarely, however, are high-resolution records linking climate and 75 

environmental change with human behavior available in these biomes26. Panga ya Saidi exhibits 76 

the earliest known appearance of the LSA in Africa and is hypothesized to be a Late Pleistocene 77 

environmental refugium buffered against dramatic climate shifts4,14,16. Therefore, it presents a 78 

unique opportunity to test hypotheses on the degree to which eastern African forest biomes may 79 

have acted as refugia despite regional or global climate changes and environmental 80 

reorganizations.  81 

Here, we present a ∼57-thousand-year vegetation and hydroclimate record from carbon 82 

and hydrogen isotopes of plant wax n-alkanoic acids directly from Panga ya Saidi’s archaeological 83 

sediments spanning the period from Early MIS 3 to the Iron Age (SI Fig. 1). Biomarker metrices 84 

and compound-specific carbon (δ13C) and hydrogen (δ2H) isotope data provide complimentary, 85 

but additive, insight into the localized distribution of both C3 and C4 plants in response to 86 

precipitation variability by building upon existing faunal isotope data14,16. We use the isotopically 87 

well-defined distribution of C3 and C4 plants’ δ13C values to estimate past plant ecology and 88 

evaluate δ2H as a proxy for precipitation to investigate whether Panga ya Saidi acted as an 89 

ecological refugium for H. sapiens.  90 

 91 
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Results 92 

Plant Wax Biomarker Preservation and Distribution 93 

Panga ya Saidi is in the Northern Swahili Coastal Forests and Woodlands ecoregion (Fig. 1a). 94 

Because the site’s easterly facing position on an escarpment ~168 m.a.s.l. protects it from winds 95 

coming from the Indian Ocean coastal plain to the east and the elevated semiarid plateaus of the 96 

interior to the west, the dominant source of rockshelter sedimentary n-alkanoic acids are the 97 

tropical moist broadleaf forest species growing directly in and around the site (Supplementary 98 

Table 1; SI Fig. 2). Plant wax biomarker distributions are dominated by even-numbered, higher 99 

chain lengths indicating a terrestrial plant wax source27. All but three samples have C30 as the 100 

dominant n-alkanoic acid (presented as Fatty Acid Methyl Esters, or FAMEs), while the C32 and 101 

C28 homologues are most abundant in two and one sample, respectively. In samples with C30 as 102 

the most abundant compound, all but one has C32 as the second most dominant FAME; the other 103 

sample has C28 as the second most abundant compound (Fig. 2; Table 1). The relative contributions 104 

of C28 and C32 are negatively correlated (Spearman’s rs=0.756), co-varying throughout the 105 

sequence (Figure 2e). 106 

The carbon preference index (CPI) of the C20-C34 FAMEs ranges between 1.65 and 2.47 107 

(1.88 ± 0.05, n=19) (Fig. 2a). These values are somewhat low for plant-derived CPI values28, and 108 

may indicate that some degradation occurred in the longer chain compounds. However, the wide 109 

range of CPI observed in modern African plants (<1 to 99, with 96.0% of all CPI values being 110 

greater than or equal to 1; 81.2% greater than or equal to 2; and 60.7% greater than or equal to 5) 111 

precludes its use as a single metric on which to base sample integrity28.  112 

The average chain length (ACL20-35) ranges from 27.98 to 29.90 (29.37 ± 0.41, n=19) (Fig. 113 

2b), consistent with previous reports of ACL from African terrestrial plants28,29. Additionally, we 114 

measured the submerged/terrestrial ratio (STR24) and the algal/terrestrial ratio (ATR14-18), metrics 115 

to differentiate the fatty acids of submerged and terrigenous plants and algae and terrigenous 116 

plants, respectively30. The STR24 ranges between a 0.03 and 0.11 (0.06 ± 0.02, n=10) while the 117 

ATR14-18 ranges between 0.22 and 0.60 (0.35 ± 0.10, n=10), both of which indicate a dominant 118 

terrestrial plant wax source (Figure 2c, d). 119 

 120 

Compound-Specific Carbon Isotope Analysis 121 

The δ13C data from n-alkanoic acids show an unequivocal dominance of C3 vegetation throughout 122 

the Panga ya Saidi depositional sequence with a long-term trend toward 13C-depleted plant waxes 123 

(Fig. 3a; Table 1). δ13C values range between -28.4 ‰ and -32.8 ‰ (-29.9 ± 0.9 ‰, n=57), and 124 

when separated by FAME homologue, range between -28.4 ‰ and -30.1 ‰ (C28, -29.1 ± 0.4 ‰, 125 

n=19), -29.1 ‰ and -31.2 ‰ (C30, -29.8 ± 0.5 ‰, n=19), and -29.6 ‰ and -32.8 ‰ (C32, -30.7 ± 126 

0.8 ‰, n=19). The C32 FAME displayed the lowest, or most negative, δ13C values in all samples. 127 

The C28 n-acid on the other hand, showed the highest values in all samples, with the largest isotopic 128 

variations between C28 and C32 being -2.8 ‰ in Layers 1/2 (5-7cm). On average, C28 has higher 129 

δ13C values by 1.6 ‰ compared to C32, which is expected given that African herbs, shrubs, and 130 

trees often exhibit depleted δ13C values coinciding with increasing chain length29,31. Because the 131 

C28-C32 FAMEs exhibit the same isotopic trends through the column, we report on the weighted 132 

average in addition to individual compound δ13C (Fig. 3a).  133 

 134 

Compound-Specific Hydrogen Isotope Analysis 135 

Like the carbon data, the δ2H record from Panga ya Saidi shows a long-term trend toward lower 136 

values through time (Fig. 3b). In contrast to the δ13C data, there is a major, ~30 ‰, shift to higher 137 
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δ2H values during the LGM. This is followed by a ~40 ‰, shift to lower δ2H values in the Terminal 138 

Pleistocene. Hydrogen isotope measurements for the C28-C32 FAMEs range between -132.8 ‰ and 139 

-72.1 ‰ (-107.3 ± 12.1 ‰, n=47). When separated by FAME homologue, δ2H values range 140 

between -72.1 ‰ and -126.1‰ (C28, -109.1 ± 11.7 ‰, n=19), -82.4 ‰ and -124.4 ‰ (C30, -107.4 141 

± 10.1 ‰, n=19), and -82.1 ‰ and -132.8 ‰ (C32, -103.0 ± 16.3 ‰, n=9). The hydrogen isotopic 142 

composition of the C28 and C30 n-alkanoic acids are weakly correlated (Spearman’s rs=0.408), 143 

demonstrating that these compounds were derived from a common source and record similar 144 

climate processes. We also report on the weighted average in addition to individual compound δ2H 145 

(Fig. 3b). 146 

 147 

Discussion 148 

The CPI of the C20-C34 FAMEs initially indicates that some samples suffered from biodegradation 149 

(Fig. 2a; Table 1), with the site’s relatively wet and warm environmental setting likely acting as a 150 

catalyst for microbial activity that would have degraded sedimentary organic matter over time32,33. 151 

Although CPI20-34 values fall within a relatively narrow range (1.65 – 2.47), the plant wax δ13C, 152 

and for the most part, δ2H data follow the same general trend as the site’s bulk δ13C and δ18O 153 

faunal isotope values, respectively14,16 (Fig. 4; 5). Therefore, we are confident that biodegradation 154 

did not impact the isotope values of the C28-C32 FAMEs as has been shown elsewhere34,35. 155 

Relative abundances of plant wax biomarkers have previously been used to determine the 156 

proportional sedimentary input of C3 woody plants and C3 and C4 graminoids28,36. The C30 FAME 157 

is dominant in all but 3 of the 19 samples, with 15 of these having C32 as the second most prominent 158 

compound (Fig. 2e). These distributions show that woody plants were the major ecological 159 

component of the region since at least MIS 4 and, if herbs were present, only contributed a small 160 

portion of waxes to the archaeological sediments28,29,37,38.  161 

Average chain length (ACL) is another metric used as a vegetation proxy. ACL20-34 falls 162 

between 27.98 to 29.90 (29.37 ± 0.14), attributed to an abundance of woody vegetation. However, 163 

the presence of mid-chain homologues (SI Fig. 2) likely represent the biosynthesis of these 164 

compounds by non-vascular bryophytes30,39 favouring high levels of moisture and water pooling. 165 

Even today, the high-humidity micro-climate at Panga ya Saidi promotes the growth of a wide 166 

variety of plant ecological life-forms (Supplementary Table 1). Therefore, as Panga ya Saidi was 167 

heavily wooded and had a consistent water supply and relatively high humidity, the micro-climate 168 

throughout both the Pleistocene and Holocene likely fostered the growth of bryophytes and algae 169 

on both the ground layer and amongst rocky surfaces of cave walls. 170 

The C28-C32 δ13C data demonstrates a C3 dominated environment over the past ~57,000 171 

years. Interestingly, this deviates from previously measured bulk δ13C values14,16, which show a 172 

large contribution of C4 plants in animal diets (Fig. 4). Although the compound specific isotope 173 

record shows relatively higher values in Early to Mid MIS 3, followed by stability through the 174 

Terminal Pleistocene, and then a shift towards 13C-depleted values in the Holocene, the faunal 175 

isotopes signal more of a mosaic regional environment. That is, the immediate forest environment 176 

of Panga ya Saidi (as documented in the biomarker data) was surrounded by more open habitat 177 

types like wooded grasslands and grasslands (as documented by faunal data). The bulk δ13C range 178 

of both grazers and browsers indicates that fauna exploited by humans ate a variety of plant foods 179 

from tropical forest to open woodland habitats, including C4 grassland biomes14. Meanwhile, the 180 

C28-32 FAME δ13C data demonstrate that the escarpment on which Panga ya Saidi sits has hosted 181 

a tropical forest since at least Early MIS 3, likely brought on by more humid conditions and greater 182 

rainfall, as indicated by plant wax δ2H.  183 
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Panga ya Saidi’s position on an escarpment, that acts as physiographic barrier between the 184 

Indian Ocean coastal plain to the east and the elevated semiarid plateaus of the interior to the west, 185 

establishes it as a hydrologically unique archaeological site in eastern Africa. Overall, δ2H values 186 

at Panga ya Saidi suggest that MIS 3 was relatively drier than the Terminal Pleistocene and 187 

Holocene, with a mean δ2H difference of ~12 ‰ between the two phases (Figs. 3, 5). Separating 188 

these two phases is a comparatively intense dry period marked by a high weighted average δ2H of 189 

-76.7 ± 4.9 ‰, a ~30 ‰, likely reflecting increased global aridity of the LGM. This was then 190 

followed by a nearly 40 ‰ decrease in δ2H in the Terminal Pleistocene. This major excursion is 191 

not necessarily observed in other regional records from this region40,41, nor does it appear to be 192 

reflected in the faunal δ18O data (Fig. 5). Nevertheless, this arid perturbation did not have a 193 

significant influence on the overall proportion of C3 and C4 plants (i.e., δ13C) directly at Panga ya 194 

Saidi (Fig. 4), perhaps indicating that the forest biome surrounding Panga ya Saidi was buffered 195 

against, or recovered quickly from, dramatic perturbation or disturbances.  196 

The application of refugia models to the study of human evolutionary ecology is often 197 

complicated by the term ‘refugia’ being somewhat of an intangible concept. Although climatically 198 

resilient ecosystems that could support an enduring presence during regional disturbances would 199 

have been alluring to Pleistocene human populations4, identifying such biogeographic havens is 200 

difficult without correlated archaeological and paleoecological datasets. The coupled plant wax 201 

biomarker and faunal isotope data and archaeological assemblages from Panga ya Saidi bring new 202 

insights into the spatiotemporal ecological characteristics of the surrounding Northern Swahili 203 

Coastal Forests and Woodlands ecoregion. 204 

Occupations at Panga ya Saidi indicate a persistent human presence from ~78 ka onwards, 205 

marking a departure from the overall regional, eastern African pattern of long periods of site 206 

abandonment in the Late Pleistocene and Holocene17,42. Persistent occupations have been 207 

identified by archaeologists as putative refugial zones within Africa4. As Panga ya Saidi is under 208 

the influence of the Indian Ocean Monsoon, its proximity to the coast, and its geographical setting 209 

on an escarpment consisting of dense and taxonomically diverse coastal forest plant species likely 210 

enabled long-term habitation16, which was not necessarily the case at many other Late Pleistocene 211 

eastern African sites43. This stability would have been advantageous to the development of 212 

material culture at Panga ya Saidi during climatically variable episodes when extremely dry 213 

conditions caused severe habitat changes and limited resource availability elsewhere in eastern 214 

Africa.  215 

Two possibilities underlie the long-term ecological stability at Panga ya Saidi44: 1) the 216 

coastal forest biome was buffered against arid episodes and 2) local ecology was able to recover 217 

quickly once conditions ameliorated. The plant wax data attests to each of these in varying degrees. 218 

For example, the δ13C evidence shows that the Northern Swahili Coastal Forest persisted since at 219 

least MIS 3, while δ2H indicates a relatively humid climate buffered against more arid climate 220 

further inland40,45. The intense dry period during the LGM and other relatively minor dry phases 221 

in Mid MIS 3, the late Terminal Pleistocene, the Early Holocene, and the Iron Age (Fig. 3) attests 222 

to arid episodes occurring historically at Panga ya Saidi. The general lack of response in the plant 223 

wax δ13C, however, shows that the local plant ecology either did not suffer extensively from these 224 

arid phases or was able to recover quickly after disturbances by being resistant to drought in a way 225 

similar to other African tropical forests46-48. Exhibiting non-linear response attributes to regional 226 

climatic drivers14,16,44,49-52, the ecological setting at Panga ya Saidi would have been able to 227 

withstand relatively extreme, at least short-term, climate anomalies, such as mega-droughts that 228 

have been suggested to have occurred elsewhere in eastern Africa46-48,53.  229 
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If we consider ‘refugia’ as ecosystems that resist spatial and temporal damages or recover 230 

quickly following perturbation or disturbances1,2, then the plant wax biomarker data from Panga 231 

ya Saidi demonstrate that this tropical, deciduous forest had distinct ecological characteristics that 232 

isolated it from regional climatic or environmental impacts. Additionally, the greater, regional 233 

Northern Swahili Coastal Forests and Woodlands ecoregion exhibits spatial microhabitat 234 

variability that allowed spatially-adaptable biotic communities, specifically H. sapiens, to persist 235 

in this region despite environmental disturbances. These characteristics would therefore suggest 236 

that Panga ya Saidi’s enviro-geographic setting was an ecological refugium. Yet, these broad 237 

definitions of ‘refugia’ can theoretically apply to many habitable areas that vary in size and have 238 

favorable climate within a region of largely unfavorable climate. Thus, it may be best to evaluate 239 

H. sapiens’ long-term habitation of Panga ya Saidi within a microhabitat variability framework54 240 

that considers both resilient and less-resilient ecosystems. 241 

The interconnectedness of populations has been proposed as a key feature of the LSA55,56. 242 

Panga ya Saidi documents the earliest appearance of the LSA in MIS 4 in the form of miniaturized 243 

lithics52 alongside the novel symbolic material culture item of puka shell beads49. Here, newly 244 

developed technologies could have assisted in resource acquisition in the neighboring 245 

ecosystems14 while cultural materials could be dispersed along the coast and further inland, 246 

specifically along humid, gallery forest type corridors57. In MIS 3, for instance, backed lithics are 247 

found at both Panga ya Saidi and sites in the interior of eastern Africa52; in early MIS 2, the ostrich 248 

eggshell beads that characterize the LSA in the interior are dominant at Panga ya Saidi, despite 249 

them being produced elsewhere49; while in the mid-Holocene coastal connections are reflected in 250 

both shellfish consumption and the use of marine shell beads50. The contrast in plant wax and 251 

faunal isotope data shows that the occupants of Panga ya Saidi were making good use of the 252 

ecotonal setting of the site, bringing in faunal resources firstly from more open interior 253 

environments and later the coast, perhaps to complement the locally abundant plant resources.   254 

The relatively warm and humid Pleistocene environments within this spatially diverse 255 

ecoregion produced readily available food resources, incentivizing persistent habitation at Panga 256 

ya Saidi. Despite the hyper-arid LGM, plant wax δ2H exhibits relatively wet conditions since Late 257 

MIS 3, with generally uniform precipitation amounts providing dependable freshwater reserves 258 

that would have supported rich plant-food resources. This region would have been particularly 259 

valuable to hunter-forager communities during phases of ecological instability and regional drying 260 

relative to the more uneven resource distributions of environments further inland. The ecological 261 

contrasts between the coastal forest mosaic and surrounding ecoregions likely played a role in the 262 

deep-time technological developments that archaeologists are detecting across the region, with 263 

habitat variability and ecological diversity being conducive to cultural innovations rather than 264 

abandonment during times of climatic perturbation16.  265 

Living at the interface between the coast and the western interior, the inhabitants of Panga 266 

ya Saidi were likely players in, and beneficiaries of, the ecoregion’s microhabitat variability. The 267 

ability to access forest, grassland, and coastal habitats via mobile foraging, social networking, or 268 

both, lends Panga ya Saidi an ecotonal character that would have enhanced long-term stability for 269 

human populations. Compound-specific biomarkers have allowed us to get detailed insights and 270 

perspectives on climatic and environmental variables in this critical refugial setting, as well as the 271 

ecological benefits it may have provided in the Late Pleistocene. These dynamics may, 272 

additionally, provide important perspectives regarding population interactions along coastal 273 

regions and the development of the Later Stone Age, as well as predictions of landscape-level 274 

response variability to climate change in eastern Africa following the emergence of Homo sapiens. 275 
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 276 

Methods 277 

Sample Collection 278 

Today, Panga ya Saidi is a partially-open-ceiling cave system in the Dzitsoni Uplands, 15 km from 279 

the Nyali Coast of Kenya (Fig. 1). Although its archaeological significance has only recently been 280 

demonstrated, it contains the earliest known human burial in Africa51, the oldest stratified evidence 281 

of marine engagement in eastern Africa50, and an ~80-thousand-year sequence of lithic 282 

technological innovations16,44,52 and material culture traits49 that encompass the MSA-LSA-Iron 283 

Age transitions. 284 

Sediment samples (n=20) were collected from the west wall of Trench 8 during the 2020 285 

field season (SI Fig. 1). Using a solvent-cleaned trowel, 1-2 cm of the trench wall was removed to 286 

expose a fresh surface. Once the outer surface was removed, sediment was sampled starting at the 287 

bottom of the trench in units of ~2×10×10 cm (height × width × depth), with ~5 cm intervals 288 

between each sample. Roughly 150 g of sediment was collected for each sample for 289 

paleoenvironmental reconstructions. 290 

 291 

Plant Biomarker Extraction and Isolation 292 

Dry, homogenized sediments (~20 g) were extracted with a Büchi SpeedExtractor E-916 293 

Pressurized Speed Extractor (PSE) using 9:1 (v/v) Dichloromethane:Methanol at 100 °C and 103 294 

bar (1500 psi) in three, 10-minute cycles at the Max Planck Institute of Geoanthropology (formerly 295 

for the Science for Human History), Jena, Germany. Solvent containing the total lipid extract 296 

(TLE) was concentrated to ~1 mL using a Büchi Syncore­Plus evaporator and then evaporated to 297 

dryness using a steady stream of N2. The TLE was separated into Neutral, Acid, and Polar fractions 298 

by Aminopropyl column chromatography using 4 mL each of 2:1 Dichloromethane:Isopropanol, 299 

4% Acetic Acid in Diethyl Ether, and Methanol, respectively. The Acid fraction was then 300 

methylated with 1 mL of 2 % HCl in Methanol at 50 °C for 24 hours to convert n-alkanoic acids 301 

to Fatty Acid Methyl Esters (FAMEs). The FAMEs were then isolated with 1 mL of 5 % aqueous 302 

NaCl and 4 mL Hexane. The Hexane (containing FAMEs) was transferred to new vials and dried 303 

with N2, then the FAMEs were further isolated from other acids using silica gel column 304 

chromatography with Hexane and DCM eluents. The DCM fraction containing the FAMEs was 305 

characterized with gas chromatography and mass spectrometry. 306 

 307 

Molecular Characterization 308 

FAMEs were analyzed with an Agilent 7890B Gas Chromatograph (GC) System equipped with 309 

an Agilent HP-5 capillary column (30 m length, 0.25 mm i.d. and 0.25 μm film) coupled to a 310 

5977A Series Mass Selective Detector (MSD) at the Max Planck Institute of Geoanthropology, 311 

Jena, Germany. Samples were injected in splitless mode at 250 °C, and the GC oven was 312 

programmed from 60 °C (1 min hold) to 150 °C at 10 °C/min, then to 320 °C at 6 °C/min (10 min 313 

hold). Helium was the carrier gas with a constant flow of 1.3 mL/min. The MS source was operated 314 

at 230 °C with 70 eV ionization energy in the electron ionization (EI) mode and a full scan rate of 315 

m/z 30-650. The FAMEs were identified by comparing mass spectra and retention times with an 316 

in-house, external standard mixture. Abundances are given in uncalibrated intensity units and are 317 

intended for comparison as relative values. Relative abundances of the C28-C32 FAMEs are 318 

presented in Figure 2e. 319 

 320 
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The average chain length, or the weight-averaged number of FAME compounds, was calculated 321 

using the full range of identified compounds (C20-C34) and the following formula: 322 

ܮܥܣ 323  = (20ܥ)20 + (21ܥ)21 + ⋯ + (33ܥ)33 + 20ܥ(34ܥ)34 + 21ܥ + ⋯ + 33ܥ + 34ܥ  324 

 325 

Where Cn is the abundance of the chain length with n carbons.  326 

 327 

The carbon preference index (CPI), which examines the odd-over-even carbon number 328 

predominance and serves as an indicator for hydrocarbon maturity and degradation58, was 329 

calculated using the abundances of odd and even chain lengths from C20 to C34 and the following 330 

formula: 331 

ܫܲܥ 332  = 20ܥ) + 22ܥ + ⋯ + 30ܥ + (32ܥ + 22ܥ) + 24ܥ + ⋯ + 32ܥ + × 2(34ܥ 21ܥ) + 23ܥ + ⋯ + 31ܥ + (33ܥ  333 

 334 

The submerged/terrestrial ratio (STR), which differentiates fatty acids produced by submerged 335 

from terrigenous plants, with terrestrial plants generally having values <0.2530, was calculated as 336 

follows: 337 ܴܵܶ = 20ܥ24ܥ  + 22ܥ + ⋯ + 32ܥ +  338 34ܥ

 339 

The algal/terrestrial ratio (ATR), which differentiates fatty acids produced by algae from 340 

terrigenous plants, with terrestrial plants generally having values <0.830, was calculated as follows: 341 

ܴܶܣ 342  = 14ܥ  + 16ܥ + 28ܥ18ܥ + 30ܥ + 32ܥ +  343 34ܥ

 344 

Spearman’s rank test was used to correlate the molecular characterizations of ACL, CPI, and the 345 

δ13C and δ2H of the individual FAMEs. All tests were run using PAST 4.03123 and an Alpha (α) 346 

of 0.05. 347 

 348 

Compound Specific Stable Carbon and Hydrogen Isotope Measurements 349 

Compound specific carbon isotope ratios (δ13C) of FAME homologues C26-C34 were measured 350 

using an Agilent 7890A GC System equipped with an Agilent DB-1MS-UI capillary column (60 351 

m Length, 0.25 mm i.d. and 0.25 μm film), coupled to a Thermo Fisher Scientific Delta V Plus 352 

Isotope Ratio Mass Spectrometer at the Max Planck Institute for Biogeochemistry, Jena, Germany. 353 

1 μL samples were injected in splitless mode at 320 °C, and the GC oven was maintained for 1 354 

min at an initial temperature of 110 °C, then increased to 320 °C at 5 °C/min (7 min hold). All 355 

samples were measured in triplicates. Helium was the carrier gas with a constant flow maintained 356 

at 1.8 mL/min. We report on the C28-C32 FAMEs as they were the most abundant in all samples.  357 

 Compound specific hydrogen isotope ratios (δ2H) of the C26-C34 FAMEs were measured 358 

using an Agilent 7890B GC System equipped with an Agilent HP-5 MS capillary column (30 m 359 

Length, 0.250 i.d. and 0.25 μm film), coupled to an Elementar Isoprime AnthrovisION Mass 360 

Spectrometer by an Elementar GC5 Furnace System Interface operated at 1050 °C at the Max 361 

Planck Institute of Geoanthropology. The GC oven was temperature programmed from 60 °C (1 362 
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min hold) to 150 °C at 10 °C/min, then to 320 °C at 6 °C/min (10 min hold). Helium was the carrier 363 

gas with a constant flow of 1.1 mL/min. High purity Helium gas was introduced as three pulses 364 

into the IRMS at the start and end of each sample run to evaluate instrument performance and for 365 

standardization of the isotopic analyses. Samples were measured in triplicates. We report on the 366 

C28-C32 FAMEs as they were the most abundant in all samples, though the δ2H of the C32 FAME 367 

was only successfully measured in 9 of 19 samples. 368 

The accuracy of the δ13C and δ2H values were evaluated against in-house (C31-C33 n-369 

alkane, MPI Biogeochemistry) and international (Indiana F8-2, Arndt Schimmelmann, University 370 

of Indiana) standard laboratory mixtures injected after every three sample injections. The standard 371 

deviation of the C14-C20 methyl and ethyl esters and C31-C33 n-alkanes working standard were ≤0.5 372 

‰ for δ13C and ≤7.5 ‰ for δ2H. Drift corrections were determined by the standards run after every 373 

sample. Isotopic ratios are expressed as δ13C values in per mil (‰) relative to the Vienna Pee Dee 374 

Belemnite (VPDB) standard with the following equation: 375 

ܥ¹³ߜ 376  = ܥ¹²ܥ¹³)) ÷ ݈݁݌݉ܽܵ ܥ¹²ܥ¹³  (݀ݎܽ݀݊ܽݐܵ − 1 )  × 1000 377 

 378 

δ2H ratios are also expressed in per mil (‰) but relative to the Vienna Standard Mean Ocean 379 

Water (VSMOW) standard and the following equation: 380 

ܪ²ߜ 381  = ܪ¹ܪ²)) ÷ ݈݁݌݉ܽܵ ܪ¹ܪ²  (݀ݎܽ݀݊ܽݐܵ − 1 )  × 1000 382 

 383 

In addition, the H3
+ factor was determined daily for δ2H measurements, having an average value 384 

of 3.06 ± 0.06, thus confirming the stability of the analytical system. (The isotope software 385 

automatically corrected for H3 contributions using the H3
+ factor.) 386 

 387 

Corrections were made on the FAMEs to remove the isotopic contribution from the methyl group 388 

added during methylation using the following formulas for carbon and hydrogen: 389 

ி஺ܥ13ߜ 390  = (݊ + 1) × ி஺ொܥ13ߜ + 39.58݊  391 

Where: 392 

• δ13CFA represents the δ13C of the given FA prior to methylation 393 

• δ13CFAME is the δ13C value of the measured FAME 394 

• -39.58 (± 0.3) is the δ13C of the methanol used for preparation of the FAME 395 

• n is the number of carbon atoms in the (non-methylated) fatty acid. 396 

ி஺ܪ²ߜ 397  = (2݊ + 2) × ி஺ொܦߜ + 71.8 × 32݊ − 1  398 

Where: 399 

• δ2HFA represents the δ2H of the given FA prior to methylation 400 

• δ2HFAME is the δ2H value of the measured FAME 401 

• -71.8 (± 1.6) is the δ2H of the methanol used for preparation of the FAME 402 
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• n is the number of carbon molecules in the (non-methylated) fatty acid. 403 

 404 

Dates and Bayesian Modelling 405 

Our age model is constrained using Bayesian modelled radiocarbon and optically stimulated 406 

luminescence ages for the stratigraphic sequence59. We used the Bchronology algorithm from the 407 

R package “"Bchron” to create an age-depth model for Panga ya Saidi. The algorithm is based on 408 

a Poisson-Gamma model for sediment accumulation. The model assumes the sedimentation 409 

process is monotone (always increasing or paused but never decreasing) and that the deposition 410 

rate can change between a given set of chronological tie-points. The tie-points consist of dated 411 

sediment layers between which the model interpolates the age-depth relationship for any desired 412 

set of depths, in this case, the boundaries between stratigraphic layers.  413 
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 600 

Figure Legends 601 

Figure 1. Location of the Panga ya Saidi archaeological site in coastal Kenya. 1a. Ecoregions of 602 

the Afrotropic biorealm of southern Kenya and northern Tanzania: 1) Northern Swahili Coastal 603 

Forests and Woodlands; 2) Northern Acacia-Commiphora bushlands and thickets; 3) East African 604 

montane moorlands; 4) East African montane forests; 5) Southern Acacia-Commiphora bushlands 605 

and thickets; 6) Eastern Arc forests; 7) Zambezian flooded grasslands. 1b. Terrain of the Indian 606 

Ocean coastal plain and the Dzitsoni Uplands escarpment that separates the coastal plain from the 607 

semiarid plateaus of the interior to the west. 1c. Exaggerated elevation profile of transect A-A1 608 

from the Indian Ocean to the Dzitsoni Uplands.  609 

 610 

Figure 2. Plant wax biomarker metrics plotted against sample depth with the boundaries of the 611 

Marine Isotope sub-Stages labeled. 2a. Carbon preference index (CPI); 2b. Average chain length 612 

(ACL); 2c. Submerged/terrestrial ratio (STR); 2d. Algal/terrestrial ratio (ATR); and 2e. relative 613 

abundances of the C28-32 FAMEs. See Methods for molecular characterizations and calculations. 614 

Sub-categorization of the Marine Isotope Stages (MIS) follows those in Roberts et al., 2019. 615 

 616 

Figure 3. Isotopic ratios of Panga ya Saidi archaeological sediment samples plotted against sample 617 

depth with the boundaries of the Marine Isotope Stages (MIS) sub-stages labeled. 3a. C28-32 FAME 618 

and weighted-average δ13C values; 3b. C28-32 FAME and weighted-average δ2H values. Sub-619 

categorization of the Marine Isotope Stages (MIS) follows those in Roberts et al., 2019. 620 

 621 

Figure 4. Compound-specific and bulk carbon isotope signatures by Marine Isotope sub-Stage 622 

from both plant wax and faunal. 4a. C28-32 FAME δ13C; 4b. Bulk δ13C from faunal specimens 623 

classified as grazers; 4c. Bulk δ13C from faunal specimens classified as browsers. Bulk data 624 

from13,15. 625 

 626 

Figure 5. Compound-specific hydrogen and bulk oxygen isotope signatures by Marine Isotope 627 

sub-Stage from both plant wax and faunal samples. 4a. C28-32 FAME δ2H; 4b. Bulk δ18O from 628 

faunal specimens classified as grazers; 4c. Bulk δ18O from faunal specimens classified as browsers. 629 

Bulk data from13,15.  630 
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 631 

SI Figure 1. Stratigraphic sequence and chronology of Trench 8 at Panga ya Saidi following those 632 

first published in Shipton et al., 2018 (reference 16 in main manuscript). Bayesian modeled ages 633 

are based on those published in Miller et al., (In Review) (reference 59 in main manuscript). Sub-634 

categorization of the Marine Isotope Stages (MIS) follows those in Roberts et al., 2019 (reference 635 

14 in main manuscript). 636 

 637 

SI Figure 2. Generally, short-chain homologues (e.g., C14-C20 n-alkanoic acids) characterize 638 

aquatic algae, mid-chain homologues (C20-C26 n-alkanoic acids) characterize submerged and 639 

floating aquatic macrophytes and some terrestrial bryophytes, and long-chain homologues (C26-640 

C34 n-alkanoic acids) characterize terrestrial vegetation (Patalano et al., 2021 (reference 27 in main 641 

manuscript)). The dominant source of Panga ya Saidi sedimentary n-alkanoic acids are the tropical 642 

moist broadleaf forest species growing directly in and around the site (Supplementary Table 1). 643 

The presence of mid-chain homologues likely represents the biosynthesis of these compounds by 644 

non-vascular bryophytes rather than aquatic macrophytes, as the values from the 645 

submerged/terrestrial ratio (STR), which differentiates fatty acids produced by submerged from 646 

terrigenous plants, indicate a dominant terrestrial plant wax source. 647 
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