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a b s t r a c t

Quantitative, well-dated, local paleoenvironmental records are necessary to 1) evaluate responses to

regional to global-scale climate change at the scale of human habitats, and 2) test hypotheses regarding

the effects of environmental change and human biological and cultural evolution. Ostrich eggshell (OES)

fragments are common in African archaeological sequences, are amenable to 14C and 230Th/U dating, and

their stable carbon (d13C values) and nitrogen (d15N values) isotopic compositions track local vegetation

and mean annual precipitation (MAP), respectively. We review previous interpretations of the stable

isotopic composition of OES, apply a novel calibration to estimate paleo-MAP (PMAP) from d15N values,

and show that oxygen isotopes (d18O values) record evapotranspiration, which is controlled by tem-

perature, relative humidity, and/or photosynthetic performance, if other components of the water cycle

are constrained. The stable isotopic compositions of the organic fraction of OES remain unaltered to at

least ~50 ka, indicating potential to examine even older OES. We present a ~50e4 ka record of OES d13C,

d15N, and d18O values from archaeological sites recording the Middle to Later Stone Age (MSA/LSA)

transition at Lukenya Hill (Kenya) and Kisese II (Tanzania). Stable isotope proxies indicate contrasting but

subtle changes in local paleoenvironment throughout the records at both sites, likely explained by local

ecological and climatological effects that are not resolved by regional-scale paleoclimate records. These

records highlight the need for additional local studies to assess the covariance of paleoenvironments and

material culture. Furthermore, they indicate that the MSA/LSA transition at the two sites did not result

from paleoenvironmental change.

© 2019 Elsevier Ltd. All rights reserved.

1. Introduction

Archaeological and climate records are often spatially and

temporally discontinuous, particularly in eastern Africa (Blome

et al., 2012). Proxy records from ice, marine, and lake cores are

commonly used to assess relationships between climatic and hu-

man behavioral change (e.g., Jones and Stewart, 2016; Tierney et al.,

2017; Timmermann and Friedrich, 2016; Ziegler et al., 2013), even

though they represent large scale (>102 km2) changes. Eastern

African lacustrine records are more proximal but still may be

remote from archaeological deposits; thus, they are difficult to

correlate with archaeological sequences due to varying
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chronological resolution between records and theymay not resolve

environmental change at scales directly relevant to archaeological

sites (i.e., <102 km2; e.g., Kelly, 2013). The region of eastern Africa

today is characterized by rainfall regimes that differ spatially in

both amount and seasonality, and combined with highly variable

bedrock geology and topography, these factors have created a

heterogenous patchwork of local environments that can vary across

scales of 101e103 km (e.g., Adams et al., 1996; Lind and Morrison,

1974; Shorrocks, 2007; White, 1983). The extent to which the

present pattern of intra-regional environmental variability can be

extended into the past is unknown, but comparison of long-term

data from eastern African lacustrine records has suggested con-

trasting trends towards either increased aridity (Owen et al., 2018)

or increased humidity (Johnson et al., 2016) throughout the Late

Pleistocene.

In contrast, paleoenvironmental records retrieved from dated

archaeological sequences can facilitate hypothesis testing

regarding climate and changes in human behavior. For example, the

shift from Middle Stone Age (MSA) to Later Stone Age (LSA) tech-

nologies represents a fundamental change in the Late Pleistocene

African archaeological record and is widely thought to play an

important role in understanding the origin and dispersal of modern

humans (Homo sapiens). This is because (1) genetic and fossil data

support an African origin for our species, possibly in eastern Africa,

with a key interval of several out-of-Africa dispersals occurring

40e60 thousand years ago (ka) (Henn et al., 2018; Mallick et al.,

2016), (2) the earliest LSA assemblages in eastern Africa date to

40e60 ka (Ambrose, 1998; Gliganic et al., 2012; Tryon et al., 2018),

and (3) early Eurasian Upper Paleolithic assemblages associated

with fossil H. sapiens share broad technological similarities to early

LSA ones, particularly in the production of smaller, blade and

bladelet-based assemblages, and greater use of ochre colorants and

items of personal adornment (Klein, 2008). Why the MSA/LSA

transition occurred remains poorly understood, although the

timing of transition varies across Africa, from as early as ~60e70 ka

(Brown et al., 2012; Gliganic et al., 2012), to perhaps as late as the

Holocene (Bahain et al., 2017). This may be due to multiple inter-

related phenomena, including (1) local innovations in response to

changes in the immediate environment, (2) the presence of larger

and more dense human populations, (3) the spread of new ideas

through existing social networks, or (4) population dispersals

across Africa prior to and coincident with out-of-Africa expansions

(Tryon, 2019; Tryon and Faith, 2016).

Furthermore, while evidence from MSA archaeological sites

reveals the diverse array of ecosystems available to humans at

Middle and Later Stone Age sites, these sites are spatially unevenly

distributed across different biogeographic zones (Tryon and Faith,

2013), and detailed study of them has indicated that there may

be variable habitat-scale responses to larger scale climate change

(Ambrose, 2001; Blome et al., 2012). While the analysis of archae-

ologically recovered faunal assemblages and local sedimentology

are among the most robust records of qualitative local environ-

mental change (e.g., wet v. dry), there are few ways to assess

quantitative changes (e.g., precipitation amounts) without local

isotopic data (e.g., Cerling et al., 2011; Cerling and Hay, 1986; Levin

et al., 2006; Robinson, 2017).

Given such regional- and continental scale environmental

variability throughout the Late Pleistocene (Blome et al., 2012), our

study of possible environmental drivers for archaeological change

begins at the archaeological site. When stratigraphically associated

with other archaeological materials, ancient ostrich eggshell can

characterize past local environments at geographic and temporal

scales relevant to human subsistence. The carbon (C) and nitrogen

(N) stable isotope compositions of well-preserved ostrich eggshell

provide quantitative proxies for consumed vegetation and mean

annual precipitation (MAP), respectively (Johnson et al., 1998; Von

Schirnding et al., 1982). Below, we discuss ostrich (O) eggshell ox-

ygen isotopes, how they may relate to local environmental vari-

ables, and present a model to estimate evapotranspiration (related

to temperature, relative humidity, and plant photosynthetic

pathway). We evaluate the primary preservation and proxy re-

lationships of each isotopic record (d13C, d15N, and d18O values) in

ostrich eggshell and show that archaeologically recovered ostrich

eggshell fragments can retain primary compositions to at least ~50

ka in eastern Africa. By applying interpretations of established (C,

N) and novel (O) stable isotope compositions of ostrich eggshells

(OES), we characterize local paleoenvironments of archaeological

rockshelter localities in eastern Africa, at Lukenya Hill sites GvJm 22

and GvJm 16 (Kenya) and Kisese II (Tanzania), recording ~50 ka of

human occupation. The last 50 ka include various climatic and

archaeological changes such as the Last Glacial Maximum, the Af-

rican Humid Period, and the MSA/LSA transition at these sites. We

assess the presence of isotopic signatures of major climate events

recorded in the local paleoenvironmental records from Lukenya Hill

and Kisese II, compare them to lacustrine records >100 km away,

and discuss possible dynamic mechanisms responsible for inferred

paleoenvironmental changes. The isotopic proxies for past vege-

tation, precipitation, and evapotranspiration also allow us to

directly examine if local environmental characteristics were similar

or distinct at the two sites during the MSA/LSA transition and

whether environments were characterized by extreme or rapid

changes during or leading up to the MSA/LSA transition.

2. Background

2.1. Stable isotopes of ostrich eggshells as paleoenvironmental

proxies

Ostrich (Struthio camelus) eggshell fragments accumulate at

archaeological sites through human use, transport, and discard.

Ostrich eggs can serve as a food source, and ethnographic and Late

Pleistocene-Holocene examples demonstrate additional uses of the

shells as canteens (sometimes decorated with incisions) and as raw

material for the production of beads (e.g., Henshilwood et al., 2014;

Texier et al., 2013; Wilmsen, 2015). Because ostriches are broadly

unselective feeders, the isotopic compositions of their eggshells

reflect local environmental parameters where they obtain their

food (Milton et al., 1994). The carbon, nitrogen, and oxygen isotopic

compositions of ostrich eggshells are determined by the local

environment because the home range of daily food sources of os-

triches is ~85 km2 (Milton et al., 1994; Williams et al., 1993). This

distance is within both the geographic range of transport of MSA

obsidian tools (e.g., Blegen, 2017; Tryon and Faith, 2013) and the

home ranges expected for equatorial foragers (Kelly, 2013).

Eggshells rapidly form in <24 h (Nys et al., 2004, 1999) and their

stable isotope composition reflects a snapshot of the ostrich diet of

the prior ~3e5 days (Johnson et al., 1998). Ostriches lay eggs

annually over a period of ~2 weeks after the rainy season (Leuthold,

1976; Moreau, 1950; Sinclair, 1978). Even in regions with bimodal

rainfall, all but one modern subspecies of ostrich (S. camelus

molybdophanes) lay eggs in only one breeding season per year,

typically a few months after the long rainy season in eastern Africa

(MarcheMay; Leuthold, 1976). Northern Tanzania as well as the

highland regions of central Kenya, where our study sites are

located, receive rainfall in two phases, as short events

OctobereDecember and longer, more intense events MarcheMay

(McSweeney et al., 2012b; McSweeney et al., 2012a). The diverse

modern vegetation distribution in this area is shown in Fig. 1 (van
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Breugel et al., 2015). Below we outline previous efforts to under-

stand each isotope paleoenvironmental proxy. A list of commonly

used terms, with reference to these proxy records and those pro-

posed here, is provided in Table 1.

2.1.1. Carbon isotopes in ostrich eggshell

Observations of wild ostriches have shown they are opportu-

nistic water-conserving herbivores that feed almost entirely on

green plants within their home range with a slight dietary

Fig. 1. Map of modern physiognomic vegetation (after van Breugel et al., 2015) showing locations of the Lukenya Hill and Kisese II rockshelters and nearby lakes. Lukenya Hill is

surrounded by an extensive edaphic grassland but is within <50 km of other diverse vegetation, while Kisese II is immediately surrounded by diverse vegetation. Vegetation map

after van Breugel et al., 2015; map constructed using Google Earth.

Table 1

List of terms and proxy definitions.

Term Definition Units

R ratio of rare to common isotope; e.g.,18O/16O none

d
1000�

�

RSample � RStandard
RStandard

�

� 1
‰

aA-B RA/RB none

DA-B dA-dB ‰

D13Ccalcite-TOF d13Ccalcite - d
13CTOF ¼ 15 ± 2 ‰

d13Cdiet d13Ccalcite - 16.2 ‰

fC4 fraction of C4 plants consumed none

PMAP paleo-mean annual precipitation, using equation (4) mm/year

abodyH2O-calcite 1.0379 ± 0.002 none

d18ObodyH2O calculated from abodyH2O-calcite and d18Ocalcite ‰

d18OfoliarH2O model 1 solve for d18OfoliarH2O using calculated ostrich d18ObodyH2O and equation (5); result derived from d18Ocalcite ‰

d18OfoliarH2O model 2 foliar water d18O value calculated from ostrich d13Cdiet, fC4, and estimated d18O values for cellulose from C3 and C4 plants;

calculate d18OfoliarH2O using equation (8); result derived from d13Ccalcite

‰
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preference for C3 plants (e.g., leafy plants better adapted to cooler

and/or wetter climates), but they generally sample the ambient

vegetation in correspondence with the abundance of available

plant groups (Milton et al., 1994; Williams et al., 1993). d13C values

in OES from controlled feeding experiments from South African

wild ostriches were shown to reflect dietary (plant) d13C values

offset by biological fractionation (i.e., the trophic effect; Ambrose

and DeNiro, 1986; DeNiro and Epstein, 1981; Vogel, 1983) in both

the calcite and total organic fraction (TOF) of the eggshell:

D
13Ccalcite�diet ¼ d

13Ccalcite � d
13Cdiet ¼ þ16:2 ± 0:5‰ (1)

and

D
13CTOF�diet¼ d

13CTOF�d
13Cdiet ¼ þ 1:5 ± 0:8‰ (2)

(Johnson et al., 1998; Von Schirnding et al., 1982). The d13Cdiet of

ostriches and inferred local vegetation can be calculated from

either empirical relationship for the calcite or TOF d13C values. In

modern OES, the difference between the d13C values of eggshell

calcite and TOF reflect a constant biological fractionation D13Ccalcite-

TOF ¼ 14.7‰ (Johnson et al., 1998). While one study has shown that

in Japanese quail bone, the sources of bone carbon have different

time dependences (Hobson and Clark, 1992), Johnson et al. (1998)

demonstrate the consistent D13Ccalcite-TOF in OES of wild foraging

ostriches whose shells derive from a ~5 year sampling interval. This

D13Ccalcite-TOF relation should also apply in well-preserved ancient

eggshells and is a necessary condition for inferring that primary C

and N isotope values have been retained by ancient OES. Accord-

ingly, Johnson et al. (1998) recommended a widely accepted cri-

terion of:

D
13Ccalcite�TOF ¼ 15 ± 2‰ (3)

2.1.2. Nitrogen isotopes in ostrich eggshell

Ostriches obtain nitrogen primarily from consumed green plant

material (i.e., leaves), so the d15N values of OES are higher relative to

foliar d15N values due to the trophic effect (Ambrose and DeNiro,

1986; DeNiro and Epstein, 1981). Plants take up nitrogen from the

soil with negligible fractionation, especially in N-limited systems

frequently found in semi-arid to arid climates (H€ogberg, 1997).

Therefore, OES foliar d15N values should mainly reflect the N iso-

topic composition of soil sources. Soil d15N values increase with

decreasing MAP (Amundson et al., 2003) due to water availability

effects on soil N dynamics and belowground trophic effects

(H€ogberg, 1997). Previous work has demonstrated strong inverse

linear relationships between foliar d15N values and MAP (e.g.,

Austin and Sala, 1999; Craine et al., 2009). Because ostriches derive

their nitrogen from leaves, OES d15N values should preserve this

inverse relationship with MAP (e.g., Johnson et al., 1998). This

should record rainfall from the most recent rainy season when

leaves grew last, with some time-averaged component depending

on the timescales and proportion of N storage in a plant. Most areas

inhabited by ostriches experience seasonal long rains rather than

year-round rainfall (i.e., a winter or summer rainfall season); hence,

most rain for the year occurs in the season preceding egg-laying.

Therefore, OES d15N values from seasonally laid eggs should

closely reflect MAP, or perhaps slightly underestimate it, if there is a

second short rainy season not represented in seasonal egg-laying

patterns.

2.1.3. Oxygen isotopes in ostrich eggshell

In well-constrained cases, oxygen isotopes of biomineral

carbonates can serve as proxies for aridity, as is the case with tooth

enamel carbonate from evaporation-sensitive fauna (Levin et al.,

2006), and the 17O composition of eggshell and teeth (Passey

et al., 2014). Similarly, Miller and Fogel (2016) have proposed a

quantitative aridity proxy using d18O values of emu (Dromaius

novaehollandiae) eggshell, considering that emus are obligate

drinkers and their d18O values will mainly record the d18O values of

evaporatively enriched standing water bodies. Other studies have

interpreted d18O values of OES as a qualitative monitor of changing

aridity (Lee-Thorp and Ecker, 2015; Roberts et al., 2016).

2.1.4. Preservation of primary stable isotope compositions

Preservation of primary eggshell composition is required to

interpret stable isotope records from ancient OES, and because

ostrich eggshell is composed almost entirely of low-Mg calcite, it is

stable in soil environments in semi-arid to arid climates. Organics

represent ~1e3 wt% of OES comprised mainly of proteins (70%) and

polysaccharides (30%) which vary compositionally throughout the

eggshell (Feng et al., 2001; Mikhailov, 1997; Nys et al., 1999, and

references therein; Von Schirnding et al., 1982). Ratite eggshell

calcite structures may be preserved for ~106 years, including pri-

mary isotopic d13C values, under appropriate environmental con-

ditions (e.g., Segalen et al., 2002; S�egalen and Lee-Thorp, 2009;

Stern et al., 1994). Amino acids racemize over this timescale and

serve as the basis for amino acid racemization (AAR) dating, and

because they are sensitive to temperature, the preservation of

primary, diagenetically unaltered organic material is on the order of

~105e106 years in warmer climates (for soil temperatures ~18e26
�C: Brooks et al., 1990). OES from Equus Cave (South Africa) retained

the expected D13Ccalcite-TOF for up to 17 ka (Johnson et al., 1997), and

Newsome et al. (2011) presented d15N values of eggshells from

eggshells of emu and the extinct Genyornis newtonii as old as ~130

ka. Because OES are stable under modern storage conditions,

archival materials are suitable for light stable isotope analyses and

geochronology. While isotopic analyses of animal dentitions (and

more rarely bones) found at archaeological or paleontological sites

may be used to reconstruct past environments, OES offer an

important advantage over these systems in tropical to sub-tropical

environments because they can be directly dated by AMS 14C, AAR,

and 230Th/U burial dating (Bird et al., 2003; Brooks et al., 1990;

Niespolo et al., 2018; Sharp et al., 2016, 2019). If additional pro-

cesses such as burning (altering the isotopic composition of TOF,

e.g., Miller et al., 2016) or deposition under unsuitable conditions

for calcite stability have altered the eggshell composition, D13Ccal-

cite-TOFwould fall outside of its natural variability and these samples

would not be suitable to interpret the isotopic composition of TOF.

2.1.5. Modern local environmental context

The archaeological sites at Lukenya Hill and Kisese II are sepa-

rated by only by ~300m elevation, 3� latitude, and 350 km distance.

Yet, the two localities are characterized today by different local

ecosystems and rainfall amounts but similar temperatures. Situated

on the high plains above the Athi-Kapiti Plain east of the Kenyan

Rift Valley at ~1750 mASL, Lukenya Hill has a modern mean annual

temperature (MAT) of ~20e24 �C and MAP of ~630 mm/year

(McSweeney et al., 2010, 2012b). Vegetation surrounding Lukenya

Hill includes edaphic-wooded to upland acacia-wooded grassland

(van Breugel et al., 2015). Kisese II is located at ~1460mASL, ~200m

below the escarpment of the Irangi Hills that form the eastermost

margin of the Gregory Rift valley in Tanzania, with amodernMATof

~21e23 �C and MAP of ~850-1020 mm/year (McSweeney et al.,

2010, 2012a; Tryon et al., 2018). Woodlands in the Irangi Hills,

wooded and edaphic grasslands at the base of the escarpment, and

dry bushland further east, surround Kisese II (van Breugel et al.,

E.M. Niespolo et al. / Quaternary Science Reviews 230 (2020) 1061424



2015), and the site lies at the margin of the miombo woodlands

characteristic of south-central Africa.

The persistence of grazer-dominated faunas from GvJm 22

(Lukenya Hill) suggests that the MSA/LSA transition occurred

despite minimal changes in the local environment (Marean, 1992;

Tryon et al., 2015; Robinson, 2017), whereas fauna from Kisese II

suggest more diverse ecosystems (Tryon et al., 2019). In other

studies, these localities have been determined to straddle a climatic

boundary between regions defined as “show[ing] persistent cli-

matic similarities through time” by Blome et al. (2012) (Fig. 1).

However, these regions are not populated by equally rich paleo-

climate data sets. Kisese II is found within the “tropical Africa” re-

gion defined in Blome et al. (2012), a region that is populated by 19

terrestrial paleoclimate records and 5 marine records. Lukenya Hill

is found within the “eastern Africa” region defined by Blome et al.

(2012), populated by only 3 terrestrial paleoclimate records and no

marine records. Hence, OES stable isotope records additionally

provide an opportunity to fill gaps in terrestrial records in under-

sampled regions, such as in eastern Africa.

3. Methods

3.1. Eggshell samples

The majority of the Lukenya Hill (1� 280 12.0000S, 37� 00 0.0000E)

samples came from site GvJm 22, and two came from site GvJm 16

(~500 m from GvJm 22), two of many rockshelter sites on an in-

selberg of Precambrian gneiss east of the Kenyan Rift Valley

(Gramly, 1976; Tryon et al., 2015). All samples were drawn from

collections stored at the National Museums of Kenya, Nairobi.

Radiocarbon (14C)-dated OES and other lines of evidence indicate

that the Lukenya Hill localities record human activities from >46 ka

until the early 20th century (Gramly, 1976; Tryon et al., 2015). At

site GvJm 22, the MSA/LSA transition has been conservatively

estimated between ~46 and 26 ka. This relatively low temporal

resolution is a result of the ~50 ka 14C limit, the relatively coarse

excavation methods used in the 1970’s, and one or more sedi-

mentary unconformities. The MSA/LSA transition is recognized

here by a shift from Levallois to blade and bladelet lithic produc-

tion, the more frequent use of grinding stones, and the increased

use of ostrich eggshell beads (Tryon et al., 2015). There is a partial

human calvaria (KNM-LH-1) dated to ~23 ka (Tryon et al., 2015).

OES beads, fragments, or worked pieces are relatively rare at site

GvJm 22 (n¼ 16). Unworked OES fragments from Lukenya Hill were

selected for dating and isotopic analysis.

Kisese II is a painted rockshelter among the UNESCO World

Heritage Kondoa Rock-Art Sites (4� 250 15.0000S, 35� 500 0.0000E;

Bwasiri and Smith, 2015; Inskeep, 1962; Tryon et al., 2019, 2018).

Excavated in 1956, it contains artifacts representative of the MSA/

LSA transition including OES beads, ochre, blades, and backed

points, as well as much younger red-and-white paintings of

humans, animals and geometric figures (Bwasiri and Smith, 2015;

Tryon et al., 2018). Twenty-five AMS 14C dates and four conven-

tional 14C dates of OES allowed each horizontally excavated level (or

“spit”) to be constrained with maximum and minimum ages; the

site ranges in age from >46 to 4 ka, with the MSA/LSA transition

estimated to have begun ~36e34 ka (Tryon et al., 2018). Kisese II

preserves >5000 complete OES beads or fragments (Tryon et al.,

2018); the OES studied here are mostly unworked fragments and

some partial bead blanks (Fig. 2) from the archived collections

stored at the National Museum of Tanzania.

3.2. Stable isotopes

OES samples were prepared for stable isotope analyses with a

novel protocol designed to optimize yields of TOF and obtain

reproducible results on fragments from the same eggshell (see

Supplementary Materials, Sections 2 and 3; Niespolo et al., 2015).

Preliminary testing on 15 fragments from the same farmed modern

ostrich eggshell (Solvang, CA) were performed to identify the best

acid strength and acidification sequence to use. The protocol re-

quires sample sizes of ~300 mg to completely dissolve the calcite

fraction and retain sufficient TOF for online analysis. Further dis-

cussion of our findings and complete protocol is presented in the

Supplementary Materials (Sections 2 & 3). The N and C isotopic

compositions of our modern OES fragments should be similar given

that they all derive from the same egg. We measured an average

d15N value ¼ 7.0 ± 0.5‰ and average d13C. ¼ �24.0 ± 0.4‰ (n ¼ 11;

Supplementary Table 2). Thus, ancient OES stable isotope compo-

sitions should be reproducible at these levels of precision if mul-

tiple fragments came from the same egg. Eggs deriving from

different ostriches from a number of different years should show

greater variation due to differing plants on the landscape,

compared to the highly reproducible results of multiple fragments

from the same egg.

The stable isotope abundances are reported in delta (d) notation

in parts per thousand (‰) where: d¼ (RA/RS)�1), and RA and RS are

the ratios of the rare to abundant isotope (18O/16O, 15N/14N, or
13C/12C) in the sample of interest and in an international standard,

respectively. Isotopic analyses were completed in the UC Berkeley

Center for Stable Isotope Biogeochemistry (CA, U.S.A.). d13C and

d18O values of the extracted calcite fraction of OES were analyzed

using an IsoPrime-DI-MultiPrep system to dissolve samples in

H3PO4 at 90 �C, in line with a GV IsoPrime mass spectrometer in

dual inlet mode. Three internal laboratory standards and an

Fig. 2. Selected ostrich eggshell fragments from Kisese II. A. Bead blanks from Spit VI;

B. fragments from Spit X; C. fragments from Spit XIII. The 1-cm scale bar applies to

each sample.
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international standard were used for calibration and/or quality

control. These laboratory reference materials are calibrated annu-

ally against IAEA (International Atomic Energy Agency, Vienna,

Austria) certified reference materials. Calcite d13C values are cali-

brated relative to international standard NBS 19 (limestone) and

reported relative to the international standard Vienna Pee Dee

Belemnite (VPDB; Hut, 1987). Calcite d18O values are reported ac-

cording to Vienna Standard Mean Ocean Water (VSMOW; Coplen,

1996). Run precision for Lukenya Hill samples based on within-

run reproducibility of the quality control standard were 0.019‰

and 0.036‰ for d13C and d18O values, respectively (Table 2); all

errors 1s). Kisese II samples are reported according to the within-

run precision of 0.026‰ for d13C and 0.06‰ for d18O (samples not

labeled from 2017), and 0.05e0.1‰ for d13C and 0.046e0.057‰ for

d18O (samples labeled from 2017; Table 3). Long-term precisions of

d13C and d18O values are respectively 0.05‰ and 0.07‰.

The total organic fraction (TOF) of OES was analyzed using a

CHNOS Elemental Analyzer interfaced to an IsoPrime 100 mass

spectrometer. Raw data were calibrated using standards NIST

(National Institute of Standards and Technology, Gaithersburg, MD,

USA) Standard Reference Material (SRM) 1577b (bovine liver) and

SRM 1547 (peach). The international standards (relative to which

the TOF delta values are reported) are atmospheric nitrogen (air)

for d15N values and VPDB for d13C values. Raw instrument datawere

corrected for drift over time and linearity and normalized to the

international stable isotope reference scale. Run precision is ±0.1‰

and ±0.2‰ for d13C and d15N, respectively, except where specified

otherwise in the supplementary data. Long-term external precision

is ±0.10‰ and ±0.15‰, respectively for C and N isotope analyses.

For both calcite and TOF analyses, standards were added

throughout the run for raw data corrections and to measure ac-

curacy and precision. Statistical analyses on data sets were per-

formed in R (R Core Team, 2018).

3.3. Chronology and age modeling

OES from Lukenya Hill and Kisese II come from legacy collec-

tions from excavations conducted in the 1950se1970s (cf. Gramly,

1976; Inskeep, 1962; Tryon et al., 2019, 2018, 2015) that used hor-

izontal excavation units cross-cutting dipping sedimentary de-

posits. This resulted in the admixture of formerly discrete

depositional units, which combined with limited data on the hor-

izontal distribution of material at each site, reduces the resolution

of our understanding of the archaeological record.

However, each OES analyzed from Lukenya Hill has been 14C-

dated to obviate any ambiguity of chronostratigraphic placement

(Tryon et al., 2015), including two unpublished dates on OES from

GvJm 16 (Table 2). Samples weighing ~30e50 mg from GvJm 16

were prepared for analysis of the calcite fraction for 14C starting

with chemical abrasion of 25% of the sample to avoid surficial

modern carbon contamination, as is conventional for 14C dating of

ratite eggshells (Bird et al., 2003; Janz et al., 2009). Samples are

rinsed in de-ionized water and then hydrolyzed with phosphoric

acid (H3PO4) in an Exetainer septa seal vial on a heating block at

90 �C to evolve carbon dioxide as described in Santos et al. (2004).

AMS 14C analyses were conducted at the Chrono Lab at Queen’s

University (Belfast, Northern Ireland). For consistency, we report

the 14C dates for OES from Lukenya Hill (Table 2) using a mixed

southern- and northern hemisphere calibration curve (Hogg et al.,

2013; Reimer et al., 2013) to accommodate the samples being from

near-equatorial regions. (after Tryon et al. (2018) and using the

OxCal software version 4.3; Bronk-Ramsey, 2001; Bronk Ramsey,

2016). Sample 140e150A is calibrated after Cheng et al. (2018)

because it is older than the limit of 14C calibrations available in

OxCal; for explanation, see Sharp et al. (2019). Seven of the OES

from GvJm 22 also have reliable 230Th/U burial ages (Sharp et al.,

2016, 2019). Therefore, each OES from Lukenya Hill has a stable

isotope composition that can be precisely placed in time. At Kisese

Table 2

Lukenya Hill isotope data and re-calibrated 14C ages (after Tryon et al., 2015). All ages but one (140e150A) were calibrated using a mixed calibration between southern and

northern hemisphere calibrations (SHCal and IntCal13; Hogg et al., 2013; Reimer et al., 2013), determined using the OxCal software (Bronk-Ramsey, 2001, 2016). Italicized

samples have uncertainty of±0.4‰ on d15N rather than usual±0.2‰. Empty cells indicate samples were too small or not analyzed. Lines separate groups of samples averaged to

evaluate mean and standard deviation of a number of OES over discrete time intervals defined by the OES 14C ages. Samples with an asterisk (*) came from GvJm16, a nearby

rock shelter sequence, and these dates are presented here for the first time.

Lukenya Hill

Sample ID

Trench Total Organic Fraction Calcite Fraction D13C Calcite-TOF (‰) Geochronology

% N d15N

(AIR,‰)

% C d13Corg
(VPDB,‰)

d13Ccalcite

(VPDB,‰)

d18O

(VSMOW,‰)

14C Lab ID calBP (95.4%)

110e120 A 8.65 6.3 43.81 �22.4 �7.39 34.02 15.0 UBA-24889 3867e3693

120e130A B 12.93 5.4 48.03 �22.0 �7.25 35.49 14.8 UBA-24877 4814e4444

160e170 B 4.10 4.5 43.40 �22.5 �6.25 35.96 16.2 UBA-24887 4782e4416

150e160 B 11.12 7.1 42.10 �21.0 �6.07 34.74 15.0 UBA-24879 4861e4630

120e130A Test Pit �7.84 35.16 UBA-23927 5276e4871

105e110 C 9.41 7.3 37.95 �16.0 �3.20 34.70 12.8 UBA-24888 6879e6669

98.50e98.45A* Test Pit 8.71 6.6 36.07 �22.5 �6.85 37.54 15.6 UBA-24894 12,703e12,178

98.45e98.40B* Test Pit 7.43 5.7 38.90 �23.0 �9.51 29.09 13.5 UBA-24893 13,710e13,403

120e130B A 4.61 9.7 48.62 �22.2 �7.37 37.85 14.8 UBA-24885 15,350e14,933

120e130C A 7.14 9.3 58.31 �22.2 �7.37 38.89 14.8 UBA-24886 15,565e15,119

130e140A Test Pit �1.59 39.97 UBA-23928 15,591e15,157

140e150A A 6.09 8.9 49.82 �23.1 �6.68 37.05 16.4 UBA-24881 15,691e15,239

120e130A A 4.33 8.4 34.04 �22.5 �4.69 37.33 17.8 UBA-24884 15,771e15,283

140e150C A 10.04 9.2 49.62 �21.9 �6.49 38.49 15.4 UBA-24883 18,830e18,422

140e150B A 5.37 9.0 53.63 �23.0 �6.40 36.19 16.6 UBA-24882 22,155e21,565

140e150B Test Pit 44.52 �24.4 �4.04 36.66 UBA-23933 23,888e23,180

130e140C Test Pit 6.97 8.0 54.27 �22.8 �4.12 36.56 18.7 UBA-23930 23,924e23,226

130e140B Test Pit 5.34 9.2 49.32 �23.1 �4.15 36.28 18.9 UBA-23929 23,996e23,355

190-Breccia A 7.22 7.8 36.05 �20.7 �3.12 36.07 17.6 UBA-24890 26,319e25,777

170e180 B 5.40 8.8 38.99 �23.0 �7.26 34.29 15.8 UBA-24878 32,583e31,194

140e150C Test Pit 6.70 10.8 48.34 �21.4 �5.03 37.27 16.4 UBA-23934; AA 102890 32,792e31,247

130e140A B 4.07 10.3 28.49 �20.8 �4.07 34.34 16.8 UBA-24880 38,498e35,974

140-150D Test Pit 8.14 11.1 49.94 �22.2 �7.12 34.78 15.1 UBA-23935; AA102889 39,002e36,103

140e150A Test Pit 3.32 10.0 42.28 �21.9 �3.46 36.35 18.4 UBA-23932 50,003e45,201
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Table 3

Isotope data for Kisese II. Italicized samples have 1s analytical precision d13Ccalcite ¼ 0.1‰ analytical precision, d18Ocalcite ¼ 0.057‰; all others are d13Ccalcite ¼ 0.05‰ and

d18Ocalcite ¼ 0.046‰. Ages and age ranges are after Tryon et al. (2018).

Kisese II

Sample ID

Spit Total Organic Fraction Calcite Fraction D13C Calcite-TOF (‰) Geochronology

% N d15N

(AIR,‰)

% C d13C

(VPDB,‰)

d13C

(‰ VPDB)

d18O

(‰, VSMOW)

UBA-No. calBP (95.4%) maximum

age (ka)

minimum

age (ka)

KII II-B II �7.77 35.13 UBA-

27430

4230e3990 4.23 3.99

KII IeB I 1.97 6.8 7.26 �20.0 �4.57 36.60 15.42 UBA-

27428

4380e4090 4.38 4.09

2017KII-I-A I 14.19 7.4 50.22 �19.3 �4.49 34.36 14.83 4.4 4.1

2017KII-I-B I 14.15 7.0 50.90 �22.5 �9.13 31.11 13.34 4.4 4.1

2017KII-Ib-A Ib 13.01 8.0 52.86 �22.1 �8.38 30.90 13.67 4.4 4.1

KII I-A I 9.04 6.4 31.72 �19.1 �4.87 34.76 14.22 UBA-

27427

4410e4160 4.41 4.16

KII VeB V 8.66 5.9 35.35 �22.7 �9.66 33.33 13.00 UBA-

27434

10,650

e10,300

10.65 10.3

2017KII-II-A II 13.21 6.6 51.00 �20.9 �7.30 29.60 13.56 18.1 4.2

2017KII-II-B II 10.06 8.0 55.97 �22.8 �9.04 29.28 13.80 18.1 4.2

2017KII-II-C II 9.06 5.7 58.91 �24.1 �8.77 32.83 15.37 18.1 4.2

KII III-B III 5.89 9.2 24.27 �19.0 �4.01 35.51 15.00 UBA-

27432

17,230

e16,720

17.23 16.72

2017KII-III-A III 13.05 6.9 50.15 �21.9 �7.67 32.53 14.27 17.5 16.7

2017KII-III-B III 9.47 4.9 52.16 �23.3 �8.55 30.63 14.71 17.5 16.7

KII III-A III 1.91 7.5 9.20 �22.2 �6.01 34.84 16.22 UBA-

27431

17,550

e17,140

17.55 17.14

2017KII-IV-B IV 9.63 48.14 �22.7 �8.36 33.31 14.35 18.4 17.4

2017KII-IV-A IV 10.82 11.1 48.18 �21.7 �9.72 34.38 11.99 18.4 17.4

KII II-A II 5.91 7.1 41.22 �22.7 �6.13 34.59 16.55 UBA-

27429

18,190

e17,840

18.19 17.84

2017KII-V-A V 12.91 6.1 52.63 �21.2 �8.72 33.86 12.46 UBA-

34477

18,250

e17,900

18.25 17.9

2017KII-V-B V 8.69 3.4 51.39 �24.1 �8.73 30.95 15.33 18.8 17.9

2017KII-V-C V 11.89 8.9 49.09 �21.1 �7.39 34.80 13.75 18.8 17.9

KII V-A V 9.30 8.3 36.84 �15.1 �0.63 34.89 14.46 UBA-

27433

18,810

e18,510

18.81 18.51

KII XXI-A XXI 4.08 7.9 17.65 �22.2 �7.26 36.91 14.93 UBA-

27441

19,230

e18,890

19.23 18.89

2017KII-VI-A VI 13.05 5.4 52.18 �21.6 �8.00 31.72 13.60 22.7 17.9

2017KII-VI-B VI 11.15 7.6 51.17 �17.5 �2.28 33.89 15.22 22.7 17.9

2017KII-VI-C VI 10.57 6.5 43.12 �20.6 �3.55 34.69 17.03 22.7 17.9

2017KII-VI-D VI 11.27 8.6 50.82 �16.6 �1.82 31.71 14.76 22.7 17.9

2017KII-VII-B VII 9.66 7.3 53.86 �19.7 �3.18 34.49 16.51 22.7 17.9

2017KII-VII-C VII 7.38 7.4 63.44 �21.8 �7.05 33.08 14.79 22.7 17.9

2017KII-VIII-A VIII 12.22 6.0 50.76 �21.3 �5.87 36.53 15.42 22.7 17.9

2017KII-VIII-B VIII 12.27 7.4 52.06 �21.4 �7.57 33.03 13.83 22.7 17.9

2017KII-VIII-C VIII 11.08 6.7 48.23 �21.5 �7.07 35.29 14.44 22.7 17.9

2017KII-VIII-D VIII 12.23 7.3 49.16 �17.9 �2.35 38.24 15.58 22.7 17.9

2017KII-IX-A IX 10.60 8.1 43.70 �19.6 �4.60 33.97 15.02 22.7 21.2

2017KII-IX-B IX 6.44 6.7 35.16 �22.6 �6.20 37.41 16.39 22.7 21.2

2017KII-IX-C IX 8.65 4.9 58.94 �21.9 �6.53 36.75 15.39 22.7 21.2

2017KII-IX-D IX 3.20 5.7 13.04 �18.5 �6.95 35.99 11.54 22.7 21.2

2017KII-X-B X 3.99 4.8 30.63 �22.5 �5.53 36.95 16.97 23.7 23.1

2017KII-X-C X 9.63 5.1 61.02 �22.7 �8.14 36.56 14.52 23.7 23.1

2017KII-X-D X 7.33 5.7 54.11 �23.5 �8.26 34.09 15.21 23.7 23.1

2017KII-X-E X 6.89 4.3 42.07 �24.2 �8.52 33.95 15.70 23.7 23.1

2017KII-X-F X 7.38 7.0 28.55 �19.4 �7.20 33.27 12.24 23.7 23.1

2017KII-X-G X 9.59 8.1 60.41 �22.6 �8.44 35.46 14.14 23.7 23.1

2017KII-X-H X 6.41 7.4 37.83 �22.6 �6.52 35.75 16.04 23.7 23.1

2017KII-X-A X 5.99 5.3 38.43 �23.3 �7.59 36.50 15.69 UBA-

34479

23,680

e23,130

23.68 23.21

KII XII-B XII 5.55 6.6 23.53 �21.8 �7.25 35.43 14.53 UBA-

27436

34,580

e33,720

34.58 33.72

2017KII-XII-A XII 9.62 5.2 42.47 �22.0 �7.65 35.17 14.36 35.1 33.7

2017KII-XII-B XII 8.74 6.0 43.48 �23.2 �9.83 33.66 13.39 35.1 33.7

KII XII-A XII 7.34 6.8 33.76 �23.0 �9.45 34.62 13.53 UBA-

27435

35,050

e34,050

35.05 34.05

2017KII-XI-A XI 6.67 6.1 42.95 �21.7 �7.45 34.37 14.25 UBA-

34480

35,140

e34,250

35.1 34.3

2017KII-XI-B XI 7.43 6.3 32.52 �18.6 �3.55 35.65 15.03 35.1 34.3

2017KII-XI-D XI 5.73 4.8 43.20 �20.4 �4.00 35.28 16.44 35.1 34.3

2017KII-XI-F XI 10.55 7.1 52.21 �17.1 �2.37 32.30 14.73 35.1 34.3

2017KII-XI-G XI 9.07 5.9 41.60 �19.7 �5.32 33.85 14.42 35.1 34.3

2017KII-XI-H XI 11.43 5.9 58.02 �22.2 �9.50 32.60 12.73 35.1 34.3

2017KII-XI-C XI 7.19 7.5 68.55 �23.0 �6.84 35.65 16.18 35.1 34.3

2017KII-XI-E XI 8.92 5.6 37.53 �21.7 �7.30 35.76 14.41 35.1 34.3

(continued on next page)
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II, 29 OES were 14C-dated to estimate age ranges for each hori-

zontally excavated unit (Tryon et al., 2018) and are reported in

Table 3 using the same mixed calibration curve. It was impractical

to date every OES from Kisese II (n ¼ 87); therefore, the ages of

some OES fragments not directly 14C-dated are bounded by the age

range of the excavated spit that contained them as given in Tryon

et al. (2018) and provided in Table 3. All published 14C dates

derive from the calcite fraction of the OES.

In an effort to smooth out variation introduced by feeding habits

of individual birds and interannual variations in vegetation and

rainfall, we evaluate multiple OES per time interval (range of n for

d15N ¼ [2, 11], median n ¼ 4; range of n for d13C, d18O ¼ [2, 12],

median n ¼ 5) and compare means and standard deviations (s) of

contemporaneous OES isotope proxies between sites. We take the

average isotopic compositions of 2e5 OES at Lukenya Hill in groups

according to their calibrated 14C ages. At Kisese II, some spits

overlap with others in age. We have thus divided these overlapping

spits into age ranges that accommodate the highest temporal res-

olution possible and still include at least 4 OES fragments per

binned interval. Even at coarse chronological resolution, mean

isotope values in each system overlap at 1s between groups with

overlapping time intervals. However, lacking precise and contin-

uous chronological resolution, more robust statistical methods to

integrate stable isotope results through time (such as moving

average approaches) were not justifiable and resulted in either

truncated, overly smoothed models (for large n in the moving

average, or large smoothing parameters) or inaccurate moving

average results from integration of temporally disparate data. To

visualize how each isotope system changes through time at Kisese

II, we use linear interpolation of mean values from age bins for each

isotope system, but with expanded uncertainties in intervals with

less precise chronology (for example, from 18.1 to 4.2 ka, un-

certainties reflect the sum of uncertainties of overlapping bins).

4. Results from ancient OES

We used all samples with both TOF and calcite isotopic data in

order to calculate D13Ccalcite-TOF (Fig. 3, after equation (3), Johnson

et al., 1998). Deviation from the expected D13Ccalcite-TOF range was

interpreted as alteration of the primary isotopic composition of

TOF. Only the calcite isotopic composition of those samples were

further evaluated. Twenty-three OES calcite samples were analyzed

from Lukenya Hill, 21 of which yielded sufficient material for online

analysis of TOF. Fifteen out of 21 OES from Lukenya Hill show the

expected D13Ccalcite-TOF (Fig. 3) and retain primary TOF isotopic

compositions by inference. Eighty-four of 87 samples analyzed

fromKisese II were large enough to yield sufficient TOF for analysis;

73 of 84 samples reproduced the expected D13Ccalcite-TOF (Fig. 3).

There is no apparent relationship between sample age and TOF

isotopic preservation (Fig. 4), indicating that age is not a primary

control on it and the technique should be applicable on timescales

similar to those of preservation of amino acids in eggshells

(~105e106 years; e.g., Brooks et al., 1990; Demarchi et al., 2016).

Samples too small to produce sufficient TOF for isotopic analysis

were still large enough to produce calcite d13C and d18O values. All

isotope data, and C and N compositions from the TOF of 110 OES

fragments collected from the archaeological sites are found in

Tables 2 and 3 and all individual OES calculated proxy values can be

found in the Supplementary Data. While there are many more OES

available at Kisese II compared to Lukenya Hill, these records are

Table 3 (continued )

Kisese II

Sample ID

Spit Total Organic Fraction Calcite Fraction D13C Calcite-TOF (‰) Geochronology

% N d15N

(AIR,‰)

% C d13C

(VPDB,‰)

d13C

(‰ VPDB)

d18O

(‰, VSMOW)

UBA-No. calBP (95.4%) maximum

age (ka)

minimum

age (ka)

KII XV-A XV 3.29 7.2 19.42 �21.5 �5.91 33.07 15.55 UBA-

27437

35,470

e34,270

35.47 34.27

2017KII-XV-A XV 2.81 6.9 13.17 �19.8 �9.85 30.77 9.98 35.9 34.3

2017KII-XV-B XV 3.62 6.3 16.68 �21.8 �6.82 31.98 15.00 35.9 34.3

KII XV-B XV 3.42 4.3 18.75 �22.6 �7.78 34.89 14.82 UBA-

27438

35,850

e34,660

35.85 34.66

2017KII-XIV-D XIV 1.65 5.62 �22.5 �5.65 35.08 16.83 39.9 33

2017KII-XIV-A XIV 3.61 6.0 15.67 �21.3 �7.38 34.99 13.91 39.9 33

2017KII-XIV-B XIV 2.90 7.6 12.12 �19.5 �8.96 31.28 10.50 39.9 33

2017KII-XIII-A XIII 1.77 7.3 8.30 �16.9 �3.77 34.13 13.08 39.9 33.7

2017KII-XIII-B XIII 3.29 6.3 14.26 �20.7 �7.23 36.69 13.50 39.9 33.7

2017KII-XVI-A XVI 4.15 8.9 18.46 �20.9 �5.84 34.30 15.03 39.6 34.3

2017KII-XVI-B XVI 2.33 6.5 16.68 �21.1 �6.48 34.14 14.66 39.6 34.3

2017KII-XVII-A XVII 1.08 7.5 5.02 �18.8 �7.04 32.39 11.73 39.6 34.3

2017KII-XVII-B XVII 2.00 8.6 9.51 �17.4 �2.66 35.15 14.69 39.6 34.3

2017KII-XVII-C XVII 1.51 6.8 10.33 �16.5 �4.84 33.31 11.70 39.6 34.3

KII XIX-A XIX 1.89 6.2 10.32 �22.6 �7.41 32.50 15.19 UBA-

27439

38,600

e36,600

38.6 36.6

2017KII-XVIII-

B

XVIII 4.24 6.2 19.18 �21.9 �5.56 39.65 16.31 UBA-

34481

39,590

e38,340

39.6 38.3

2017KII-VII-A VII 9.04 11.4 49.17 �19.4 �6.90 32.77 12.49 UBA-

34478

42,790

e41,730

42.79 41.73

2017KII-XX-B XX 2.04 8.3 18.72 �22.1 �8.20 28.76 13.92 46.2 42.7

2017KII-XX-C XX 2.59 8.7 20.87 �23.1 �7.87 30.11 15.23 46.2 42.7

2017KII-XX-D XX 1.11 9.0 6.98 �18.6 �3.90 33.93 14.74 46.2 42.7

2017KII-XX-E XX 1.95 6.1 15.42 �22.6 �6.18 32.98 16.47 46.2 42.7

2017KII-XX-F XX 1.05 7.2 7.25 �22.1 46.2 42.7

2017KII-XXI-B XXI 1.78 9.4 15.48 �19.9 �2.68 37.16 17.17 46.8 42.7

2017KII-XXI-C XXI 1.68 6.6 13.50 �22.0 46.8 42.7

2017KII-XXI-D XXI 1.39 8.9 12.22 �20.2 �7.03 32.85 13.15 46.8 42.7

KII XIX-B XIX 4.03 6.4 25.71 �21.2 �4.93 32.02 16.29 UBA-

27440

46,710

e42,990

46.71 42.99

KII XXI-B XXI 3.94 6.2 27.34 �20.9 �5.69 33.18 15.25 UBA-

27442

46,850

e43,120

46.85 43.12
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both constrained in time well enough to allow comparisons be-

tween temporally equivalent groups of data. Tables 4 and 5 provide

the mean isotopic values for each time interval at Lukenya Hill and

Kisese II, respectively, and the inferred mean proxy values for each

system. Fig. 5 provides the measured d13C, d15N, and d18O values, as

well as the calculated individual and mean d13C values of the os-

trich diet, corresponding PMAP, and foliar d18O values, as a function

of time, at Lukenya Hill. Fig. 6 shows the same information for

Kisese II. Belowwe summarize the results of each isotope system at

both sites through time.

4.1. Carbon isotopes

We calculate the proportion of C3 versus C4 and/or CAM plants

in the diet from the d13C values of ancient OES based on a simple

two end-member linear mixing model (Fig. 3), taking a global

average value for each end-member (average d13CC3 ¼ �28.5‰,

Kohn, 2010; d13CC4 ¼�13‰, e.g., Ehleringer and Cerling, 2002). In a

study compiling modern global d13C values of C3 plants, Kohn

(2010) suggests there is a maximum d13C ¼ �23‰ for C3 plants.

We apply a cutoff d13C value of plants (and corresponding d13Cdiet

value) ¼ �21.5‰ to evaluate the presence/absence of C4 plants on

the landscape; this conservatively accounts for a ~1.5‰ decrease in

the average d13C of atmospheric CO2 from post-industrial plants

sampled by these modern studies due to the Suess Effect (e.g.,

Farquhar et al., 1989; Keeling, 1979; Keeling et al., 2017). d13C values

for C3 plants > �23‰ are restricted to places with MAP <10 mm/

year and some settings with the genus Pinus,which is native only to

northern African circum-Mediterranean regions prior to historical

introduction to South Africa in the 17th century (e.g., Moran et al.,

2000). d13C values of select modern eastern African plants range

from�27.0 to�31.4‰ for C3 plants and from�11.8 to�13.1‰ for C4
plants (Cerling et al., 2003), in agreement with the mean global

values.

Crassulacean acid metabolism (CAM) plants may also be present

in these environments and subsequently in ostrich diets (e.g.,

Williams et al., 1993) but can be difficult to resolve because they are

isotopically indistinguishable from C3 and C4 plants (Cornwell et al.,

2016, 2018; Farquhar et al., 1989). We also cannot infer their pres-

ence on the landscape directly since they do not have hard parts

(e.g., phytoliths) preserved in the geologic record. However, given

there is no evidence in themodern landscape or faunal records that

Fig. 3. Plot of d13C values of total organic fraction (TOF) versus inorganic fraction

(calcite) of modern (Solvang, CA) and ancient ostrich eggshells from this study. Green

panel shows expected D13Ccalcite-TOF ¼ 15 ± 2‰ (mean: solid line; uncertainty: dashed

lines). Boxes show compositions expected for diets consisting of 100% C3 and 100% C4

plants; endmember values are discussed in Section 4.1. The endmember for C4 and/or

CAM plants in the diet is referred in the text as the C4 component of the diet. Solid line

with dashed uncertainties (after Johnson et al., 1998) shows the consistent fraction-

ation observed between TOF and calcite in modern eggshells regardless of diet. Ancient

eggshells plotting within the dashed lines preserve pristine carbon isotope fraction-

ation, and by inference, primary d15N values. (For interpretation of the references to

color in this figure legend, the reader is referred to the Web version of this article.)

Fig. 4. Carbon isotope fractionation in OES versus age. Pristine D13Ccalcite-TOF of 15 ± 2‰ is shown by blue line and shaded area, respectively. Most samples show fractionationwithin

the expected range. Those that do not are poorly correlated with age, suggesting diagenesis is controlled by other factors. All Lukenya Hill and some Kisese II eggshells were directly

dated via 14C (diamond symbols). Ages of remaining Kisese II samples were estimated from dates on samples in the same excavation level (crosses; length of horizontal bar indicates

age range). Ages are from this study and Tryon et al. (2015, 2018). (For interpretation of the references to color in this figure legend, the reader is referred to the Web version of this

article.)

E.M. Niespolo et al. / Quaternary Science Reviews 230 (2020) 106142 9



CAM is/was predominant on the landscape near these localities

(Marean,1992,1991; Robinson, 2017; Tryon et al., 2019; van Breugel

et al., 2015), we will refer to plant dietary d13C values that may be

isotopically ascribed to C4 or CAM as the “C4” endmember.

At Lukenya Hill, calcite d13C values range from �1.6‰ to �9.5‰,

corresponding to a range of calculated diet d13C values varying

from �17.8‰ to �25.7‰ (Table 2 and Supplementary Data). These

imply ostriches were consuming diverse diets, with between 8 and

60% contributions of C4 plants (mean ¼ 33 ± 12% C4 diet). Ten of 23

OES produced dietary d13C values greater than�21.5‰, indicating a

Table 4

Mean isotope values and proxies for Lukenya Hill. 14C ages were used to constrain each interval of time represented.

Age

range

from (ka)

Age

range to

(ka)

Mean d13C

(VPDB,‰)

Mean d
13Cdiet
(‰)

± (1s) Mean

d15N

(AIR,‰)

± (1s) Mean

PMAP

(mm/yr)

± (1s) Mean

d18O

(VSMOW) (‰)

± (1s) Model 1

mean d
18OfoliarH2O

± (1s) Model 2

mean d
18OfoliarH2O

± (1s) n

6.9 3.7 �6.3 �22.5 1.7 5.8 1.1 790 103 35.0 0.7 3.9 0.5 2.0 0.8 4 (N); 4 (C/O)

13.7 12.2 �8.2 �24.4 1.9 6.1 0.6 761 55 34.1 3.6 2.7 4.1 1.1 0.9 2 (N); 5 (C/O)

18.8 14.9 �5.7 �21.9 2.2 9.2 0.3 482 28 38.3 1.1 6.1 0.7 2.4 1.1 5 (N); 7 (C/O)

26.3 21.6 �4.4 �20.6 1.2 ND ND ND ND 36.4 0.2 4.8 0.2 3.0 0.6 4 (C/O)

50.0 31.2 �5.4 �21.6 1.7 10.3 1.0 391 94 35.4 1.3 4.1 0.9 2.5 0.9 3 (N); 5 (C/O)

Table 5

Mean isotope and proxy values through time at Kisese II. Italicized error on PMAP value is an arbitrarily imposed error due to there being only one sample in this interval; errors

are standard deviation of the mean value. 14C ages and suggested age ranges after Tryon et al. (2018) were used to constrain each interval of time represented.

Age

range

from (ka)

Age

range

to (ka)

Mean

d13C

(VPDB,‰)

Mean

d13Cdiet
(‰)

± (1s) Mean

d15N

(AIR,‰)

± (1s) Mean

PMAP

(mm/

yr)

± (1s) Mean

d18O

(VSMOW) (‰)

± (1s) Model 1

mean d
18OfoliarH2O

± (1s) Model 2

mean d
18OfoliarH2O

± (1s) n

4.4 4.0 �6.5 �22.7 2.1 7.1 0.6 674 54 33.8 2.3 3.0 1.6 1.9 1.1 5

10.7 10.3 �9.7 �25.9 0.9 5.9 0.2 779 100 33.3 1.0 2.7 1.0 0.4 1.0 1

18.1 4.2 �8.4 �24.6 0.9 6.8 1.2 705 105 30.6 2.0 0.8 1.3 1.0 0.5 3

17.6 16.7 �6.6 �22.8 2.0 7.1 1.8 671 158 33.4 2.2 2.7 1.5 1.9 1.0 3

19.2 17.4 �7.1 �23.3 2.8 7.1 2.2 674 195 34.2 1.7 3.3 1.2 1.7 1.4 4 N; 6 C/O

22.7 17.9 �4.9 �21.1 2.5 7.0 0.9 681 81 34.3 2.1 3.3 1.4 2.8 1.2 10

22.7 21.2 �6.1 �22.3 1.0 6.6 1.6 723 143 36.0 1.5 4.5 1.0 2.2 0.5 3 N; 4 C/O

23.7 23.1 �7.5 �23.7 1.1 5.8 1.4 788 128 35.3 1.4 4.1 0.9 1.4 0.5 5 N; 8 C/O

35.1 33.7 �6.7 �22.9 2.4 6.2 0.8 758 73 34.5 1.2 3.5 0.8 1.9 1.2 11 N; 12 C/O

35.9 34.3 �7.6 �23.8 1.7 5.9 1.5 779 134 32.7 1.7 2.3 1.2 1.4 0.8 3 N; 4 C/O

39.9 33.0 �6.6 �22.8 2.0 6.5 0.7 729 60 34.4 2.0 3.5 1.4 1.9 1.0 3 N; 75C/O

39.6 34.3 �5.7 �21.9 1.6 7.3 1.3 658 121 34.5 2.5 3.5 1.7 2.4 0.8 5 N; 7 C/O

46.9 41.7 �5.9 �22.1 1.8 7.6 1.3 626 122 32.6 2.4 2.2 1.6 2.2 0.9 7 N; 11 C; 9 O

Fig. 5. The C, N, and O isotopic compositions of OES from Lukenya Hill and corresponding proxy variables through time. Each OES from Lukenya Hill was 14C-dated. Green boxes

showmean and standard deviation for grouped data. Calculated paleo-mean annual precipitation (PMAP) progressively increases through time from ~38 to 4 ka and correlates with

a modest shift toward more C3-rich diet. The MSA/LSA transition at Lukenya Hill, from c. >46e26 ka, occurs during the period with the lowest inferred mean PMAP in our record.

d18O values do not co-vary consistently with C and N isotopes.

E.M. Niespolo et al. / Quaternary Science Reviews 230 (2020) 10614210



C4-dominant diet in nearly half the samples. Mean dietary d13C

values (Table 4) range from �20.6 ± 1.2‰ to �24.4 ± 2.2‰, indic-

ative of mixed to C4-rich diets in different time intervals.

At Kisese II, calcite and TOF d13C values correspond to a range of

dietary d13C values between �16.8‰ and �26.1‰ (Table 3 and

Supplementary Data), reflecting 6e66% C4 dietary contribution

(mean C4 contribution ¼ 28 ± 13.7%), similar to the Lukenya Hill

OES samples. Twenty-one of 87 OES produced dietary d13C values

greater than �21.5‰, indicating a C4-rich diet in fewer than one-

quarter of the samples. At Kisese II, mean values of d13Cdiet
through time reflect a mixed to C3-rich diet (Table 5).

4.2. Nitrogen isotopes

The N isotopic composition of eggshell of wild South African

ostrich and Australian emu are inversely related to MAP in their

native habitats (Johnson et al., 1998; Newsome et al., 2011). Since

foliar N is found to be inversely related to MAP globally (Craine

et al., 2009), we expect similar relationships between d15N values

of ratite eggshells and MAP to apply wherever ratite feeding habits

are similar. Fig. 7 shows that modern eggshell d15N values of both

ratite species from different continents plotted versus contempo-

rary MAP are well fitted by a single linear regression (Pearson

correlation coefficient R2 ¼ 0.79, p-value ¼ 1.8 � 10�7):

d
15N ¼ �0:01 �

�

PMAP
�

þ 14:59 (4)

This relation is likely valid because both ratites are mostly her-

bivorous feeders, inhabit semi-arid to arid climates, and occupy

similar niches in their respective food webs. Accordingly, we can

estimate PMAP at Lukenya Hill and Kisese II using this inverse

relationship (Fig. 7).

Pristine d15N values of OES from Lukenya Hill range from 4.5‰

to 11.1‰, which correspond to PMAP values of ~900 to 310 mm/

year, respectively, using Equation (4) (after Fig. 7). Mean d15N values

become progressively less positive through time, corresponding

with a progressive increase in PMAP over time. The lowest mean

PMAP (386 ± 85 mm/yr) occurs 37.6e31.2 ka, and the highest mean

PMAP (790 ± 103 mm/yr) occurs from 6.9 to 3.8 ka, higher than

modern MAP at Lukenya Hill (~630 mm/year; McSweeney et al.,

2012b).

d15N values fromKisese II range from 3.4 to 9.2‰, corresponding

to PMAP from ~1010 to 490 mm/yr, respectively. In contrast to the

progressive increase in PMAP at Lukenya Hill, d15N values of OES

from Kisese II indicate mean rainfall throughout the record was

subtly oscillating between drier and wetter periods. The wetter

periods occur just before and after the temporal hiatus (mean

PMAP¼ 727± 46mm/yr from39.6 to 34.4 ka, n¼ 22; 765 ± 32mm/

yr from 23.7 to 21.2 ka, n¼ 9), both which appear drier than present

Fig. 6. The C, N, and O isotopic compositions of OES from Kisese II and corresponding proxy variables through time. Grouping of mean values is explained in the text. 14C-dated

samples are shown in gray diamonds. Individual analyses (gray crosses) are averaged over discrete time intervals to show trends through time (green lines; green shading shows 1s

envelope around mean). Trends reveal co-occurring shifts in vegetation and precipitation to ~50 ka. Dietary d13C values (left) trend toward more C3-rich vegetation during periods

with higher rainfall (center panel) and correspond with increased evapotranspiration (right). There are broadly oscillating trends in mean proxy values over time, with peak PMAP

occurring at ~22 ka and ~36e34 ka, approximately coincident with the onset of the MSA/LSA transition (36e34 ka) at Kisese II.

Fig. 7. Mean annual precipitation (MAP) versus d15N values of modern ostrich eggshell

from South Africa (from Johnson et al., 1998) and emu eggshell from Australia

(Newsome et al., 2011). Solid line is least squares best fit and dashed lines are 66.7%

confidence interval.
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conditions near Kisese II (McSweeney et al., 2012a). The drier pe-

riods are at the beginning of the record (mean

PMAP ¼ 646 ± 110 mm/yr from 46.8 to 41.7 ka, n ¼ 9) and in the

most recent interval in the Holocene (mean PMAP ¼ 674 ± 54 mm/

yr from 4.4. e 4.1 ka, n ¼ 5). Dry intervals at Kisese II are signifi-

cantly wetter than the drier intervals at Lukenya Hill.

4.3. Oxygen isotopes

The oxygen isotopic composition of OES calcite varies due to 1)

temperature at formation, 2) kinetic and equilibrium effects during

biomineralization, and 3) the d18O value of body water (hereafter,

d18ObodyH20). d
18ObodyH20 values depend on 4) atmospheric oxygen

incorporated during respiration and digestion, 5) consumedwaters,

and 6) water lost via excretion or evaporation during respiration

and thermoregulation (Koch, 1998; Luz et al., 1984). Ostriches are

warm-blooded animals with stable body temperatures at ~39 �C

(Crawford and Schmidt-Nielsen, 1967; Eagle et al., 2015), and since

eggshells mineralize very rapidly, temperature and equilibrium

effects can be considered constant during biomineralization and

should not be reflected in changes in OES d18O values. Atmospheric

oxygen d18O is roughly constant (~þ24‰, VSMOW; Luz and Barkan,

2011) and atmospheric enrichment in 18O (known as the Dole Ef-

fect) will result in more positive values of OES calcite d18O values.

However, respiration and thermoregulation are non-constant and

vary greatly with ambient temperature (Schmidt-Nielsen et al.,

1969) given that ostriches do not have sweat glands and require

increased respiration to thermoregulate. Unless the d18O value of

atmospheric O2 changed significantly in the past, we would expect

the majority of changes in the d18O value of body water to derive

from changes in d18O of consumed water. Like other animals

deemed “evaporation-sensitive” (e.g., Levin et al., 2006), as non-

obligate drinkers, ostriches derive most of their water from plant-

leaf water. Therefore, we propose that d18O values in OES calcite

should primarily reflect the oxygen isotopic composition of leaves,

or foliar d18O (hereafter d18OfoliarH2O).

4.3.1. Towards a measure of past evapotranspiration

d18O values of plant leaf water are controlled by the isotopic

composition of meteoric water, which is modified by soil evapo-

ration and transpiration. These processes are predominantly

controlled by vapor pressure difference (i.e. relative humidity) and

temperature (Barbour et al., 2004; Kahmen et al., 2011; Roden and

Ehleringer, 1999). This results in higher d18O values of plant leaf

water and derived cellulose than their sources. Since foliar d18O

values will vary depending on photosynthetic pathway and

ambient climatic variables (Epstein et al., 1977; Sternberg et al.,

1984), variations of foliar d18O values through time should reflect

relative changes in net evapotranspiration, whether driven by

temperature, humidity, and/or physiological responses in the plant

(if derived from a consistent meteoric water source; e.g., Dawson

et al., 2002).

The fractionation factor (a) between ostrich body water and

eggshell calcite (acalcite-bodyH2O¼ 1.0379 ± 0.002; Passey et al., 2014)

can be used to back-calculate the d18ObodyH2O values. We can then

quantify relative components contributing to body water using

mass balance and determine d18OfoliarH2O values. A model by Kohn

(1996) relates d18O values of biomineral apatite in obligate-drinking

herbivorous birds and other fauna to d18ObodyH2O values. This pro-

vides weighted estimates of each of the variables contributing to

d18ObodyH2O values. Modifying this model for non-obligate drinkers

like ostriches, the largest source of oxygen to the diet is from foliar

water (57%), with other contributions from atmospheric oxygen via

respiration and thermoregulation (~30%), leaf cellulose oxygen

(~9%), and oxygen fromwater vapor in air (4%, all after Kohn, 1996).

These can be simplified to a linear relationship between body water

and source water, namely, foliar water:

d
18ObodyH2O ¼A þ B � d

18OfoliarH2O (5)

For herbivorous birds, A and B are 5.83‰ and 0.71, respectively

(Kohn, 1996). Calculated d18OfoliarH2O values for each ancient OES

d18O value in our study were determined by calculating d18ObodyH2O

and then solving Equation (5) for d18OfoliarH2O (supplementary

data). Resultant d18OfoliarH2O values from these calculations will be

referred to as derived from “model 1”.

We can model the d18OfoliarH2O values another way, by using a

model for the mean oxygen isotopic compositions of cellulose and

leaf water in C3 and C4 plants in tropical semi-arid to arid climates

(Sternberg et al., 1984). Sternberg et al. (1984) showed that

measured d18O values of cellulose from C3 and C4 plants in hot

semi-arid climates have a ~10‰ difference between C3 and C4 plant

cellulose d18O values. This relationship can be used to estimate

cellulose d18O values in tropical arid climates if the fraction of C3

versus C4 plants is known. Using our calculated dietary d13C values

from measured OES d13C values, we can determine the fraction f of

C3 versus C4 (i.e. non-C3) plants in the diet usingmass balance using

the same linear two endmember mixing model (Section 2.1.1). For

example, the fraction of C4 plants in the diet can be determined as

such:

fC4 ¼ðd
13Cdiet�d

13CC3

�

÷ ðd
13CC4�d

13CC3

�

(6)

Using average cellulose d18O values in C3 and C4 plants

(Sternberg et al., 1984), we can calculate the d18O of cellulose

derived from the ostrich diet directly:

d
18Ocellulose ¼

�

1 � fC4

�

� d
18OC3 þ fC4 � d

18OC4 (7)

Then, we can calculate a d18OfoliarH2O value by using the rela-

tionship between oxygen isotopic compositions of leaf water and

cellulose (e.g., Sternberg, 1989):

d
18OfoliarH2O � d

18Ocellulose � 27‰ (8)

These derived d18OfoliarH2O values hereafter will be referred to as

derived from “model 2” (Supplementary Data). In both models,

lower d18O values should correspondwith lower d18OfoliarH2O values

and therefore decreased evapotranspiration, and higher d18O values

correspond with higher modeled d18OfoliarH2O values and increased

evapotranspiration.

4.3.2. d
18O values as an evapotranspiration proxy at each locality

The ranges of OES d18O values are similar at the two localities.

Individual OES d18O values at Lukenya Hill vary between 29.1 and

40.0‰ (Table 2). There are subtle shifts in mean values through

time (Table 4 and Fig. 5), but they mostly fall within uncertainty of

the preceding and following intervals. One exception occurs from

18.8 to 14.9 ka, when the mean d18O value (38.3 ± 1.1‰, n ¼ 7)

corresponds with higher evapotranspiration than the preceding

interval outside of uncertainty (36.4 ± 0.2‰, n¼ 4, from ~26.3e21.6

ka).

At Kisese II, d18O values range from 28.8 to 39.7‰. Shifts inmean

d18O values through time are again subtle and often within uncer-

tainty of bounding intervals (Table 3 and Fig. 6). Minimum mean

d18O values occur early in the record from ~46.9e41.7 ka

(32.6 ± 2.4‰) and from ~18.1e4.2 ka (30.6 ± 2.0‰), corresponding

with resolvable minima in mean evapotranspiration. Maximum

mean d18O values¼ 35.6 ± 1.4‰ from (~23.7e21.2 ka), just after the

hiatus in data, and they correspond with increased
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evapotranspiration.

5. Discussion

The isotopic variation in OES allows us to assess the relation-

ships between the three proxies and compare them to other

environmental proxy records. OES isotope proxy records are dis-

cussed 1) relative to each element, including the utility of the foliar

d18O models; 2) between localities, contextualized by co-occurring

faunal and material culture records, including the MSA/LSA tran-

sition; 3) in the context of well-known paleoclimate events recor-

ded in other records; and 4) compared to regional paleoclimate

records. We then evaluate which potential dynamic processes may

be recorded by the OES isotope proxy records.

5.1. Relations among isotope proxies

5.1.1. Correlations between the three isotope systems

Fig. 8 shows two-dimensional plots to assess correlations be-

tween isotope systems. If each isotope system is interpreted as an

independent paleoenvironmental proxy, they should not vary sys-

tematically with respect to each other. If proxies are interrelated,

we may observe correlations between some isotope systems. Sta-

tistical assessments are presented in Tables 6 and 7 as symmetric

matrices. Pearson product-moment correlation coefficients (R)

indicate small linear correlations between each isotope system

(Table 6) and a non-parametric rank correlation test, Kendall’s tau

correlation coefficient (t), also indicates weak correlation between

the three systems (Table 7). The weakest correlations are between

d15N and d18O values (R2 ¼ 0.016, p > 0.05; t¼ 0.074, p > 0.05), with

p-values indicating that there is no statistically significant corre-

lation between the two systems. The strongest correlations are

between d13C and d18O values (R2 ¼ 0.149, p < 0.05; t ¼ 0.265,

p < 0.05). Correlations between d15N and d13C values are weak

(R2 ¼ 0.071, p < 0.05; t ¼ 0.221, p < 0.05), but both correlation pairs

are statistically significant.

While there are no strong correlations between any two isotope

variables, we can speculate how each proxy record may affect the

others considering biological, climatological, and physiological

processes. For example, d15N values may weakly co-vary with d13C

values if plants adapted to drier climates, such as C4 plants, increase

in the diet during intervals with low PMAP. We may expect d15N

values to co-vary with d18O values if precipitation is coupled with

relative humidity. From these data, samples with estimated PMAP

<500 mm/yr also all have d18O values > 34‰ (Fig. 8C), implying

there may be a relationship between lower PMAP and higher d18O

values. This may be due to coupling of low precipitation and

decreased relative humidity. Subtle correlation between d13C and

d18O values may be related to the photosynthetic pathway of the

plants in the diet. More negative d13Cdiet values in the data set

(~�27 to �24‰) have lower d18O values ~ 28e35‰, and less

negative d13Cdiet values (~�22 to �15‰) have elevated d18O values

(~33e40‰). These ranges in d13Cdiet broadly correspond with C3
versus C4 plant types. An intermediate range of d13Cdiet values

(~�25 to �22‰), implying mixed C3 - C4 diets, corresponds with a

broad range of d18O values (~29e39‰). Other studies have deter-

mined that faunal tooth enamel d18O values are affected by the

paleodiet of the animal (Faith, 2018). Wemay expect increased d18O

values to co-vary with higher dietary d13C values because C4 plants

are better adapted to environments with high temperatures, low

humidity and low pCO2 (Ehleringer et al., 1997). Higher OES d18O

values may also be attributed to the physiological response of C3
plants to increased temperatures and decreased humidity, when C3
plants may shut down photosynthesis, resulting in enrichment in
18O (e.g., Sternberg et al., 1984). Hence, it is not surprising that there

is more variation in d18O values if there are mixed C3 - C4 diets.

Previous work interpreted OES d18O values as a qualitative

Fig. 8. Comparisons of each isotope system from OES results. There is a subtle positive correlation between d18O and d13C values (Pearson R2 ¼ 0.15).

Table 6

Pearson’s correlation coefficient R, R2 in brackets, and p-value in parentheses. Values are presented as a symmetric matrix. Null hypothesis is that there is no correlation

between the variables in the row versus the column.

Pearson’s R [R2] (p-value) d13C d15N d18O

d13C 1 0.267 [0.071] (0.00747) 0.386 [0.149] (4.861e-05)

d15N 0.267 [0.071] (0.00747) 1 0.127 [0.016] (0.2105)

d18O 0.386 [0.149] (4.861e-05) 0.127 [0.016] (0.2105) 1

Table 7

Kendall’s correlation coefficients t and p-value in parentheses. Values are presented

as a symmetric matrix. Null hypothesis is that there is no correlation between the

variables in the row versus the column.

Kendall’s t (p-value) d13C d15N d18O

d13C 1 0.221 (0.00129) 0.265 (6.229e-05)

d15N 0.221 (0.00129) 1 0.074 (0.2803)

d18O 0.265 (6.229e-05) 0.074 (0.2803) 1
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aridity proxy (e.g., Lee-Thorp and Ecker, 2015; Roberts et al., 2016),

in which case, we may expect a significant negative correlation

between aridity and precipitation (and thus a positive correlation

between d18O and d15N values). Here we have shown that d18O

values do not have any statistically significant correlationwith d15N.

Instead, OES d18O values appear to be responding to more than a

single climatic/physiological variable. This may include precipita-

tion amount, relative humidity, temperature, and plant transpira-

tion (via plant photosynthetic pathway). Evapotranspiration

incorporates these variables as an integrated signal from foliar d18O

values. This is a more robust interpretation of OES d18O values,

rather than interpreting it as an aridity proxy. In light of this, bio-

mineral carbonate d18O values used as an aridity index in other

paleo-studies should be interpreted with caution: without addi-

tional data to constrain other climatic variables, it will be chal-

lenging to robustly evaluate d18O values as a measure of aridity in

isolation.

5.1.2. Assessing the foliar d18O models

A comparison of the two models (Fig. 9) shows there is a sys-

tematic offset towards higher calculated d18OfoliarH2O values from

model 1 compared to model 2. The range of d18OfoliarH2O values for

model 1 versus model 2 are [-0.4‰, 7.0‰] and [0.3‰, 4.9‰],

respectively, while individual d18OfoliarH2O values differ between

0.1‰ and 4.6‰ (supplementary data). Model 1 may produce sys-

tematically elevated values with respect to model 2 because it

explicitly considers other factors that may increase the d18O values

of biominerals (such as respiration). Larger differences in the two

model results may imply a greater contribution of other biological

effects after foliar water consumption by ostriches that would

result in enrichment in 18O, such as increased respiration and/or

thermoregulation.

With little primary foliar d18O data from eastern Africa to

compare to the d18OfoliarH2O proxy values, we compare the results of

each of our models to those produced by modeled modern foliar

water d18O values in eastern Africa (West et al., 2008). Themodel by

West et al. (2008) is based on biophysical models of plant leaf

isotope fractionation and local point precipitation isotope and

climate data. Models 1 and 2, from the OES stable isotope data

presented here, produce a similar range of values as the model by

West et al. (2008) for equatorial and high-altitude Eastern African

regions and tropical central/western African regions (range

d18OfoliarH2O ~1e10‰; West et al., 2008: Fig. 1). Thus, our modeled

d18OfoliarH2O values thus appear credible.

To provide a d18OfoliarH2O value as a proxy for evapotranspiration,

Figs. 5 and 6 show OES d18O values on the upper x-axis, and

calculated d18OfoliarH2O values on the lower x-axis using the

approach of model 1. The d18OfoliarH2O values calculated frommodel

1 directly relate to the d18O values of OES calcite. This allows the

discussion of d18OfoliarH2O values to remain independent with

respect to the dietary d13C values, which contribute to the calcu-

lation of d18OfoliarH2O values in model 2. Further discussion of the

two model results can be found in the Supplementary Materials.

5.2. Comparison between the OES isotope records at Lukenya Hill

and Kisese II

We can compare the paleoenvironmental proxy data between

sites through the ~50 ka interval, particularly with respect to

archaeological change across the MSA/LSA transition at each site.

The d13Cdiet values from OES can also be compared to inferences

made about local plant ecology as determined from corresponding

faunal records.

At Lukenya Hill, individual d13Cdiet values vary subtly through

time, but mean values indicate a mixed to dominantly C4 plant diet

in most intervals. Faunal analyses at Lukenya Hill indicate a pre-

dominantly C4-rich landscape throughout the ~50 ka interval,

though several arid-adapted taxa (e.g., Equus grevyi, Oryx beisa, and

Damaliscus hypsodon) disappear at the onset of the Holocene (Faith

et al., 2012; Marean, 1992, 1991; Robinson, 2017). At Kisese II, mean

values subtly oscillate between mixed and C3-dominant diets:

lowest mean d13C values, indicative of C3-dominant diets, occur

~35.9e34.3 ka and 23.7e23.1 ka. Faunal analyses from Kisese II are

challenging to interpret due to the incompleteness of the available

collection (Tryon et al., 2019). Like Lukenya Hill, Kisese II appears to

record the loss of E. grevyi, O. beisa, and D. hypsodon by the Holo-

cene (Marean and Gifford-Gonzalez, 1991), but available fauna

generally indicate diverse grassland and wooded ecosystems in

contrast to the abundant grazers of Lukenya Hill (Tryon et al., 2019).

This is generally in agreement with the OES dietary d13C values.

Unlike the carbon isotopes, mean values in nitrogen isotopic

compositions at the two sites show distinct PMAP amounts and

trends through time (Figs. 5 and 6). Precipitation gradually in-

creases through time at Lukenya Hill from an arid to semi-arid

climate, while at Kisese II, precipitation patterns oscillate be-

tween wet and dry within the range of semi-arid to temperate

climates. The d15N values indicate that, as is the case today, Kisese II

had generally higher precipitation than Lukenya Hill in the past.

However, the nature of temporal variation differs at each site. There

is modest oscillatory variation in mean PMAP at Kisese II, while

PMAP at Lukenya Hill steadily increases through time to a

maximum in the later Holocene that is wetter than it is today. These

results may be readily reconciled with the faunal record at Lukenya

Hill and confirm that the observed local extirpation of arid-adapted

faunawas driven by increases in precipitation rather than changing

local vegetation (cf. Marean, 1992; Faith, 2014). The two records

also share some common characteristics. For example, relative

minima in mean PMAP occur at the earliest intervals, and similar

maximum values of PMAP are observed at the two sites, greater

than ~900 mm/yr (OES with d15N values < 4.6‰).

At Lukenya Hill, highest mean d18OfoliarH2O values occur in both

Fig. 9. Comparison of model d18O values. X-axis provides values calculated frommodel

2, and y-axis provides values are from model 1. Points near the 1:1 line (dashed)

demonstrate good agreement between models; values in the more positive direction of

either axis indicate higher temperatures (T) and/or lower relative humidity (RH).
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models between ~26.3e21.6 ka and 18.8e14.9 ka, implying

increased evapotranspiration during intervals of intermediate

PMAP and a C4-rich ostrich diet (Fig. 5). Because C4 plants are better

adapted to arid environments and are relatively abundant there,

high d18OfoliarH2O values at Lukenya Hill may be responding to

changes in temperature and/or physiological adaptation of C4

plants to arid climates.

At Kisese II, mean d18OfoliarH2O values are higher in intervals with

higher PMAP and more C3 plants in the diet, indicating wetter,

more C3-rich intervals are characterized by higher evapotranspi-

ration (Fig. 6). The trend of higher PMAP and concomitant evapo-

transpiration may imply a temperature control on d18OfoliarH2O

values here (if precipitation and relative humidity are coupled).

This relationship is apparent from ~35.1e33.7 ka and ~23.7e21.2 ka.

If precipitation and relative humidity are coupled, intervals with

lower d18OfoliarH2O values may similarly reflect lower temperatures,

such as from ~46.9e41.7 ka and from ~17.6 ka into the Holocene

(Fig. 6).

The OES stable isotope proxies indicate subtle but distinct

trends in the paleoenvironments of Kisese II and Lukenya Hill

through time, including across the MSA/LSA transitions (Figs. 5 and

6). Of the three isotope proxy records, PMAP at the two sites con-

trasts most during their respective MSA/LSA transitions. At Kisese

II, a maximum in PMAP and high evapotranspiration occurs during

the onset of the MSA/LSA transition, when the ostrich diets were

dominated by C3 plants. During the MSA/LSA transition at Lukenya

Hill, PMAP was lowest, C4 plants were relatively abundant, and

there was relatively moderate temperature and/or aridity. Dietary

d13C values indicate vegetation was consistently more C4-rich at

Lukenya Hill than at Kisese II. These differences provide little direct

support for a role for distinct environmental shifts as a key driver

for the behavioral changes expressed as the MSA/LSA transition.

5.3. Localized expression of regional paleoclimate events

The OES isotope records provide the novel capability of exam-

ining how global or hemispheric climate events such as the Last

Glacial Maximum and African Humid Period were expressed at the

study sites, as described below.

5.3.1. Lukenya Hill and Kisese II during the Last Glacial Maximum

(~26e19 ka)

Therewere drier and cooler climates in eastern Africa during the

Last Glacial Maximum (LGM, ~26e19 ka; Clark et al., 2009), an in-

terval defined by large Northern Hemisphere ice sheets and lower

pCO2 (Johnson, 2017; Petit et al., 1999). Such conditions would favor

higher proportions of C4 plants, lower PMAP, and/or increased

evapotranspiration (if humidity is coupled with precipitation).

There is no significant change in d13Cdiet values at Lukenya Hill

during the LGM, but PMAP and d18OfoliarH2O values are gradually

increasing. Increasing PMAP is in contrast with the notion that

there were relatively drier climates in eastern Africa during the

LGM, and paired with higher d18OfoliarH2O values, the local paleo-

environment at Lukenya Hill may be out of phase with larger scale

climate trends in this interval.

At Kisese II, one of two maxima in PMAP occur at the beginning

of the LGM. Eleven out of 26 OES reflect some dietary contribution

from C4 plants during the LGM, with relative increases in C4

contribution (increased d13Cdiet values) through the LGM (Fig. 6).

This subtle shift in diet may reflect an increase in vegetation

adapted to increased aridity and/or temperature. It could reflect an

ecological response to lower pCO2 during the LGM interval (Petit

et al., 1999): because C4 plants function better than C3 plants in

low pCO2 regimes, they may expand their abundance and/or range

in such climates (e.g., Ehleringer et al., 1997). Likewise, C3 plants

may become enriched in heavy isotopes in water-starved envi-

ronments (Sternberg et al., 1984). High d18OfoliarH2O values, com-

bined with a relative increase in C4 plants in this interval, may

indicate an adaptive ecological response of increased C4 vegetation

to lower pCO2 during the LGM.

5.3.2. Lukenya Hill and Kisese II during the African Humid Period

(~14e5 ka)

The African Humid Period (AHP, ~14e5 ka; DeMenocal et al.,

2000; Shanahan et al., 2015) is defined by a period of higher rain-

fall across circum-Saharan Africa while the Sahara itself supported

grass, trees, and lacustrine ecosystems. At Lukenya Hill, while

d13Cdiet and d18O values reflect no major changes relative to previ-

ous intervals, peak mean PMAP values at Lukenya Hill in the Ho-

locene are greater than those of all previous intervals and modern

MAP (~630 mm/year). This is consistent both with increased pre-

cipitation during the African Humid Period compared to prior in-

tervals and with a drier Late Holocene, supporting other evidence

that the AHP interval was wetter than it is today (Shanahan et al.,

2015). This is also the largest shift in isotope values of any proxy

record from either site, and it occurs in an interval known to host

wetter climates evidenced in many diverse local to global-scale

proxy records (e.g., Adkins et al., 2006; Cuffey et al., 2016;

DeMenocal et al., 2000; McGee et al., 2013; McGee and deMenocal,

2017; Schefub et al., 2005; Shanahan et al., 2015). This lends further

confidence to the fidelity of the d15N proxy for paleo-precipitation.

PMAP at Kisese II does not increase to its maximum mean value

during the African Humid Period, but the ages of the available OES

are poorly constrained and the data are sparse in this interval.

5.4. Comparing OES proxies with regional paleoclimate records

With the three isotope systems in OES from Kisese II and

Lukenya Hill, we can clarify how local environmental changes

compare with regional records. There appear to be some agree-

ments between records and, in other cases, contradictions. The

d15N-PMAP proxy allows assessment of wet and dry intervals

compared to nearby lacustrine records, summarized in Fig. 10. The

Fig. 10. Summary of wet intervals over the last ~50 ka from the sites discussed as

compared to proximal lakes. Qualitative, relative indicators of wet intervals are indi-

cated from proxies from lake records near Kisese II and Lukenya Hill compared to

relative wet and dry intervals at the sites indicated from the d15N PMAP proxy. Un-

marked intervals in lacustrine records lack evidence of wet climates. The MSA/LSA

transition at each locality is also highlighted (red bars) along with the Last Glacial

Maximum (LGM) and the African Humid Period (AHP). The proxy records come from

the following published literature: Lake Magadi (Owen et al., 2019, 2018); Lake Challa

(Verschuren et al., 2009); Lake Manyara (Bachofer et al., 2018; Casanova and Hillaire-

Marcel, 1992).
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OES stable isotope records at Kisese II and Lukenya Hill clearly re-

cord one or more of the “humid” intervals evidenced in proximal

lacustrine records, but the archaeological and proximal lacustrine

records do not agree in all intervals. For example, all of the nearby

lacustrine records display evidence of a wetter AHP, as does the

record at Lukenya Hill. Lake Magadi and Lake Manyara show con-

trasting responses to the LGM (Casanova and Hillaire-Marcel, 1992;

Owen et al., 2019, 2018). Furthermore, the Lake Magadi record

demonstrates progressive aridification following the LGM until the

AHP, indicated by increases in local, woodland, and afromontane

pollen (Owen et al., 2019). This is unlike the nearby Lukenya Hill

OES isotope record which becomes progressively wetter through

time up to the AHP. Nearby Kisese II, Lake Manyara records lake

level transgressions just before and through the LGM, and again at

the onset of the Holocene, identifying these as “humid” periods

(Bachofer et al., 2018; Casanova and Hillaire-Marcel, 1992). The OES

isotope record at Kisese II agrees with part of the Lake Manyara

record, particularly regarding the wetter LGM. However, Lake

Manyara shows no evidence of a wetter interval from ~39 to 34 ka,

as is indicated by the PMAP and vegetation proxies at Kisese II. The

Lake Challa record has themost in commonwith the Kisese II PMAP

record, indicative of a wet LGM and a drier mid-Holocene (during

the AHP), which is attributed to changes in the intensity of the

African monsoon (Tierney et al., 2011b; Verschuren et al., 2009).

Lake Eyasi, while proximal to Kisese II, hosts nearby archaeology

and fossils which have been recently dated to ~115 ka, contesting

previous ages of ~35 ka (Domínguez-Rodrigo et al., 2007;

Domínguez-Rodrigo et al., 2008). This record is difficult to reconcile

chronologically with our data and thus has not been included in our

comparisons.

Farther afield, other records similarly corroborate the expres-

sion of localized environmental differences. At LakeMalawi (farther

south of Kisese II), proxies indicate variation between wooded

grasslands and woodlands over the last ~50 ka with progressive

increases in wetness and temperatures, particularly by the LGM

(Johnson et al., 2016). This again agrees with a wetter LGM, but it

differs with respect to precipitation trends through time relative to

the Kisese II PMAP proxy record. Also south of Kisese II, the Congo

Fan record (~5.5� S latitude; Schefub et al., 2005) indicates that the

AHP terminated later with decreasing latitudes into the Southern

Hemisphere, in agreement with Shanahan et al. (2015). While the

AHP is apparent at Lukenya Hill, the Congo Fan record is closer in

latitude to Kisese II (4.42� S), which does not reflect a relatively wet

interval during the AHP.

OES stable isotope data suggest that Lukenya Hill (~1� S) and

Kisese II (~4� S) straddle an important boundary in Late Pleistocene

climate systems that serve to emphasize the importance of local-

scale reconstructions for comparison with hominid1 behavioral

change preserved in the archaeological record. Blome et al. (2012)

divide eastern Africa from tropical Africa at about ~1� S latitude,

and differences in the local paleoenvironmental records at Lukenya

Hill and Kisese II corroborate diverse climate regimes across this

~1� S boundary. They also imply that general trends in a regionally

wetting or drying climate apparent in lacustrine records do not

necessarily apply at the habitat scale precisely.

5.5. Possible drivers of diverse local paleoenvironments

Contrasting relationships between the three isotopes at each

locality imply that precipitation, humidity, temperature, and

vegetation may not co-vary analogously in each place. Differences

in humidity, temperature, and/or precipitation could be controlled

by the same dynamic variables at the two localities, but their

relative geographic positions may result in absolute differences in

the coupling of these climate variables. For example, PMAP trends

at Lukenya Hill may follow trends associated with the African

monsoon (e.g., Shanahan et al., 2015), as indicated by the presence

of an AHP maximum in rainfall. PMAP at Kisese II was subtly

oscillatory and may be associated with glacial and interglacial cy-

cles, but additional temporally highly resolved data, particularly in

the hiatus, would be needed to assess this carefully. Tierney et al.

(2011a) propose that contributing rainfall from different sources,

such as the Atlantic and Indian Oceans, may contribute to the in-

crease in net rainfall during the AHP. Since a wetter AHP is only

seen at one of the two localities studied here (Lukenya Hill), PMAP

there may partly reflect different geographic sources of precipita-

tion between low southern hemisphere and equatorial latitudes. If

this is the case, this would in turn affect the bulk meteoric water

d18O values if multiple water sources contribute to foliar water d18O

at one site but not at another site. However, changes in sea surface

temperatures over the Indian Ocean can also affect rainfall amount

over the two localities (e.g., Shanahan et al., 2015). Eastern African

equatorial meteoric waters derive mainly from the Indian ocean via

the Somali (andmore locally, the Turkana) Jet(s), whose trajectories

are strongly influenced by the steep altitudinal gradients charac-

terizing the eastern African highlands (Nicholson, 2017, and refer-

ences therein). Differences in atmospheric pressure controlled by

the strength of the Turkana Jet may lead to variation in wind pat-

terns and precipitation over these two localities and possibly dif-

ferences in humidity and/or air temperatures not related to

different precipitation sources. Hence, it is not necessary to invoke

multiple sources of precipitation to produce different rainfall in-

tensities over small distances.

Alternatively, different or shifting dynamic mechanisms may be

responsible for diverse climates at each locality. For example, the

Intertropical Convergence Zone (ITCZ)2 might undergo secular

latitudinal shifts through time (e.g., Blome et al., 2012) and control

un-correlated precipitation changes at both sites. The Lake Challa

record indicates that at equatorial latitudes, the ITCZ may experi-

ence shifts in mean annual position over orbital timescales which

can lead to compression of the tropical convective zone

(Verschuren et al., 2009). This may lead to different dynamic pro-

cesses governing rainfall over a range of near-equatorial latitudes,

such as the ITCZ, and its position relative to the Turkana Low Level

Jet (e.g., Hartman, 2018; Nicholson, 2016, 2017). This may explain

the distinct relationships between precipitation and climatic vari-

ables controlling evapotranspiration (humidity and/or tempera-

ture) differences in rainfall amount, and differing rainfall and

vegetation trends through time.

5.6. Summary

Blome et al. (2012) speculated that hominid “populations in

equatorial and eastern Africa may have been buffered from the

extremes of climate change by locally steep altitudinal and rainfall

gradients” (Blome et al., 2012: 563). However, data to reconstruct

the mosaic of paleoenvironments available to hominids through

time do not yet exist. For example, if the variability of environments

were correlated with human innovation, such as the transition to

the Later Stone Age technologies, we would expect the paleo-

environments to differ during the MSA/LSA transition relative to

1 For clarity, the term “hominid” is defined here to include all taxa on the human

lineage after the last common ancestor between chimpanzees and humans.

2 The ITCZ is a belt of low pressure which circles the Earth generally near the

equator where the trade winds of the Northern and Southern Hemispheres come

together.

E.M. Niespolo et al. / Quaternary Science Reviews 230 (2020) 10614216



preceding intervals. However, consistent though subtle environ-

mental change for the past ~50 ka appears to be the norm rather

than the exception at both localities. At any point in the last ~50 ka,

Lukenya Hill and Kisese II were environmentally distinct, and

transitioned to subtly different environments over ~ multi-ka

timescales (the temporal resolution at which we can assess most

climate and archaeological records of interest). For example, the

Lukenya Hill OES isotopic record shows evidence of a dry, C4-rich,

moderately arid and/or warm environment throughout the MSA/

LSA transition. In contrast, the wettest intervals at Kisese II coincide

with the LGM and the 36e34 ka interval coincident with the onset

of the MSA/LSA transition there. If the environments at these two

localities were always different from one another and were also

subtly changing through time, the time-transgressive MSA/LSA

transitions occurring in different paleoclimates across a distance

<350 km cannot be explained as an adaptive response to absolute

differences or similarities in environments, a specific environ-

mental change, or to the tempo of such of changes. This implies that

the origin(s) and spread of LSA technologies is in response to other,

non-environmental causes.

6. Conclusions

The diverse and unique paleoenvironments through space and

time at Kisese II and Lukenya Hill highlight the need for localized,

precisely and accurately dated paleoenvironmental records in order

to assess possible correlations between human evolution, innova-

tion, and environmental change (e.g., Robinson, 2017). Analyses of

ostrich eggshell fragments from the Lukenya Hill and Kisese II se-

quences, brought to these sites by humans, allow reconstruction of

past local environments directly relevant to human subsistence.

Modern calibrations of ostrich eggshells provide a basis to interpret

the isotopic compositions of carbon in OES as a proxy for paleo-diet

(Johnson et al., 1998). Modern nitrogen isotope data for ostrich and

emu eggshells (Johnson et al., 1998; Newsome et al., 2011), first

combined here, provide a proxy for mean annual precipitation. We

propose a model to interpret the oxygen isotopic composition of

OES as a novel proxy for evapotranspiration. Trends indicated by

d13C, d15N and d18O values of ostrich eggshell complement other

proxy records that highlight large-scale changes in climate, such as

the identification of the African Humid Period at Lukenya Hill, the

Last Glacial Maximum at Kisese II, and time-transgressive varia-

tions in precipitation with latitude. However, the isotopic compo-

sition of OES may reveal changes in local climate more relevant to

human subsistence in a given locality than those typically deter-

mined from regional scale proxy records. This is exemplified here

by the differences in the OES isotope proxies compared to proximal

lacustrine records, and in the coupling of temperature and/or

relative humidity (inferred from d18O values) compared to the

changes in rainfall or vegetation (derived from d15N or d13C values,

respectively) at the two localities. Different dynamic processes may

be responsible for the diverse paleoenvironments across equatorial

latitudes, or site position relative to a process that undergoes

secular shifts, such as the position of the ITCZ relative to the Tur-

kana Jet. Other frequently used paleoclimate proxy records, such as

ocean or lake cores, may not capture such mesoscopic variability in

climate as is possible with the isotope systems of OES.

The integrated three-isotope approach applied at two eastern

African archaeological localities demonstrates variable localized

paleoenvironments from ~50 ka onward where environmental

change (changing precipitation, vegetation, and temperature and/

or relative humidity) is the norm rather than the exception. These

records show that there is no significant environmental change

leading into or during the MSA/LSA transitions at the sites. Popu-

lating the landscape with highly resolved local OES isotope records

from archaeological sites could allowmore direct assessment of the

relationship between environmental and archaeological change at

a highly resolved spatial scale. The results from Kisese II and

Lukenya Hill also mark the first published use of stable isotopes in

the organic fraction of ostrich eggshells at eastern African archae-

ological sites. These data derive from significantly older eggshells

than previously studied African archaeological OES assemblages,

demonstrating the potential to apply these methods to other Afri-

can sites well into the Late Pleistocene. With the abundance of OES

at archaeological sites across the African continent and beyond, and

recent development of 230Th/U burial dating of ostrich eggshell

(Sharp et al., 2019), there is potential to build site-specific, precisely

dated paleoenvironmental records up to ~10 times the ~50 ka limit

of 14C dating.
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