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Abstract
We investigate how oxygen isotopes in equid teeth can be used as a record of seasonality. First, we use in situ laser ablation
and conventional microsampling techniques to understand time-averaging of environmental signals in intra-tooth isotope
proﬁles in modern feral horse teeth (n = 5) from Mongolia, where there is a large seasonal gradient in the oxygen isotopic
composition of precipitation. We demonstrate that laser ablation can be used to sample inner, middle, and outer enamel layers
in large mammalian herbivore teeth. The inner enamel layer records less attenuated isotopic signals than other layers, as predicted by the mineralization patterns, but intra-tooth signal amplitude is similar for laser and conventional sampling methods.
Second, we use modern zebra teeth (n = 21) collected in eastern Africa to evaluate how intra-tooth oxygen isotope variation
relates to rainfall patterns in the tropics. We show that the intra-tooth isotopic range increases with intra-annual precipitation
isotopic range, which in turn relates to aridity in the equatorial bimodal rainfall region but is inﬂuenced by other hydroclimate
processes in the region as a whole. Finally, we address isotopic seasonality during the Early Pleistocene in eastern Africa using
oxygen isotopes in fossil equid teeth from southwestern Kenya (n = 11) and northern Tanzania (n = 5). We ﬁnd variable
isotopic seasonality in the past, similar to present-day eastern Africa, consistent with the notion that hominins and other
mammals were able to accommodate environmental variability on intra-annual scales in addition to well-documented orbital
cycles.
Ó 2019 Elsevier Ltd. All rights reserved.
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1. INTRODUCTION
In the tropics today, climate seasonality (intra-annual
precipitation cycles) is a primary determinant of vegetation
structure (Good and Caylor, 2011; Staver et al., 2011; Guan
et al., 2014), ﬁre regime (Lehmann et al., 2014; Archibald
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and Hempson, 2016), primary productivity (Guan et al.,
2013, 2015), biogeochemical cycling (Knapp et al., 2008;
Feng et al., 2012; Rohr et al., 2013; Runyan and
D’Odorico, 2013), and mammal population dynamics
(Ogutu and Owen-Smith, 2003). Rainfall seasonality may
be important for understanding past ecosystem change,
such as the expansion of C4 plants since the late Miocene
(Osborne, 2008; Strömberg, 2011; Karp et al., 2018) as well
as changes in the environments of early hominins and other
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mammals in Africa (Foley, 1993; Kingston, 2005; Levin,
2015). A number of approaches have been developed to
assess aspects of climate seasonality in the fossil record,
including (1) paleolimnological proxies such as diatoms,
pollen, or leaf wax biomarkers (Stager et al., 2003;
Vincens et al., 2007; Verschuren et al., 2009; Barker et al.,
2011; Wilson et al., 2014); (2) paleosol carbonate horizon
thickness (Retallack, 2005); (3) isotopic microsampling of
invertebrate shells (Hailemichael et al., 2002; Vonhof
et al., 2013); (4) periodicity of stress lines in mammal teeth
(Macho et al., 2003); (5) cementum accretion analysis
(Wall-Scheﬄer and Foley, 2008; Lam, 2008); (6) dental
wear patterns (Sánchez-Hernández et al., 2016); and (7)
plant macrofossil morphology (Jacobs and Schloeder,
2002; Peppe et al., 2011; Bamford et al., 2013). In addition,
intra-tooth isotopic variation in mammal teeth oﬀers a
promising alternative for addressing seasonal-scale changes
in behavior or environmental conditions terrestrial.
Stable isotope analysis of animal bones and teeth is a
well established method in archaeological, paleontological,
and geological research for diet and climate studies (Kohn
and Cerling, 2002; Lee-Thorp, 2008; Clementz, 2012). Isotopic variation on seasonal scales, within the lifetimes of
individual animals, can be recovered by sampling tissues
that grow incrementally and do not remodel after formation, such as teeth. Tooth dentine provides high resolution
intra-tooth isotopic records (Zazzo et al., 2006; Codron
et al., 2012), but tooth enamel is preferred in fossil studies
because it is more resistant to diagenetic alteration (Wang
and Cerling, 1994; Lee-Thorp and Sponheimer, 2003).
Intra-tooth isotopic records are chronologically ordered,
spanning the period of enamel formation and maturation,
and preserve behavioral or environmental information on
intra-annual time scales (Kohn et al., 1998; Balasse, 2002;
Passey and Cerling, 2002; Zazzo et al., 2010; Green et al.,
2018b). Stable isotope ratios of oxygen measured in tooth
enamel (d18Oenamel) reﬂect body water, which is a function
of the oxygen isotopic composition of inspired air and
meteoric (precipitation-derived) water (d18Omw) ingested
directly by drinking and indirectly in food (Bryant and
Froelich, 1995; Kohn, 1996; Podlesak et al., 2008; Green
et al., 2018a). Variation in the oxygen isotopic composition
of precipitation (d18Oprecip) relates primarily to temperature
and rainfall amount (amount eﬀect) in high and low latitudes, respectively (Dansgaard, 1964; Rozanski et al.,
1993; Bowen and Revenaugh, 2003), including seasonal
(intra-annual) d18Oprecip variation (isotopic seasonality)
(Bowen, 2008). Oxygen isotope ratios of surface and
plant waters can be further modiﬁed by evaporation
and transpiration, such that d18O values of standing
water sources (e.g. lakes) and leaf water can be higher
than d18O values of meteoric water (Jasechko et al.,
2013; Cernusak et al., 2016). Thus, the degree of waterdependence of animals is critical for understanding how
enamel d18O relates to meteoric water (Kohn et al.,
1996; Levin et al., 2006; Blumenthal et al., 2017). Following from these principles, intra-tooth oxygen isotope
records have been used to address past climate seasonality (Sharp and Cerling, 1998; Higgins and MacFadden,
2004; Nelson, 2005; Bernard et al., 2009; Souron et al.,

2012; Metcalfe and Longstaﬀe, 2014; D’Ambrosia et al.,
2014; Zanazzi et al., 2015; Hartman et al., 2016; Reade
et al., 2018).
Equid check teeth (premolars and molars) are ideal candidates for reconstructing seasonality because these highly
hypsodont teeth grow over 2–3 years, potentially preserving
multiple seasonal cycles (Hoppe et al., 2004). Modern
equids are water-dependent grazers (Western, 1975;
Crowell-Davis et al., 1985; Scheibe et al., 1998; Bahloul
et al., 2001; de Leeuw et al., 2001; King, 2002; Redfern
et al., 2003; Sitters et al., 2009; Ogutu et al., 2010), and
among analyzed feral and wild equids tooth d18Oenamel
reﬂects meteoric water, the primary drinking water source
(Bryant et al., 1994; Huertas et al., 1995; Sharp and
Cerling, 1998; Hoppe et al., 2005; Levin et al., 2006;
Blumenthal et al., 2017). Seasonal-scale isotopic variation
in equid teeth has been documented by previous studies
on modern, archaeological, and paleontological specimens
from Africa (Kohn et al., 1998; di Lernia et al., 2013;
Lüdecke et al., 2016; Uno et al., 2018), North America
(Sharp and Cerling, 1998; Kohn et al., 2002; Higgins and
MacFadden, 2004; MacFadden, 2008; Feranec et al.,
2009), Asia (Nelson, 2005; Wang et al., 2008; Zhang
et al., 2009, 2012; Bendrey et al., 2015), Europe (Pellegrini
et al., 2008; van Dam and Reichart, 2009; Fabre et al.,
2011; Rivals et al., 2014; Julien et al., 2015; de Winter
et al., 2016), and the Middle East (Wiedemann et al.,
1999; Bocherens et al., 2001). However, despite the relative
abundance of equid intra-tooth isotope records, and extensive studies on enamel maturation and microsampling in
mammals generally (Passey and Cerling, 2002; Zazzo
et al., 2005; Blumenthal et al., 2014; Trayler and Kohn,
2017; Green et al., 2018b), there remains no straightforward
model to quantitatively infer aspects of climate from intratooth proﬁles of equids or other mammals. Signiﬁcantly,
the relationship between intra-annual isotopic variation of
precipitation and intra-tooth isotopic variation of enamel,
and how either of these parameters relate to intra-annual
climatic variation, remains poorly understood.
The climate in eastern Africa is complex, driven by
atmospheric circulation and topography, and the intraannual distribution of rain varies across the region
(Nicholson, 2017). Most of eastern Africa is characterized
by bimodal rainfall (boreal spring and autumn), termed
the ‘‘equatorial rainfall region” (Nicholson, 2017). The
bimodal rainfall pattern has traditionally been explained
by the seasonal passage of the Intertropical Convergence
Zone (ITCZ) (Ogallo, 1989; Nicholson, 1996, 2000); however, recent meteorological studies demonstrate that
regions of wind convergence associated with the ITCZ do
not correspond with areas of rainfall, and show that lowlevel atmospheric winds are divergent over most of the
region during the rainy seasons (Yang et al., 2015;
Nicholson, 2018). Instead, rainfall is associated with seasonal variation in atmospheric convective stability (surface
moist static energy and vertically integrated moisture ﬂux)
and sea surface temperatures in the western Indian Ocean
(Yang et al., 2015). Precipitation during both rainy seasons,
mostly falling during daytime, is brought by warm, moist
air ﬂowing from the southwestern Indian Ocean (southeast-
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erlies). During boreal winter and summer, rainfall is
suppressed by the ﬂow of air from the cool Indian Ocean
and by the low-level Turkana Jet (Yang et al., 2015;
Nicholson, 2016). Areas deviating from the equatorial rainfall regime include: (1) the boreal summer rainfall sector,
including much of Ethiopia, northern Uganda, and South
Sudan, which is inﬂuenced by the West African monsoon
and where moisture is transported from the Indian Ocean,
Atlantic Ocean, and Mediterranean (Levin et al., 2009;
Viste and Sorteberg, 2013); (2) the narrow strip along the
eastern African coast, where boreal summer rainfall is controlled by sea breeze circulation and its interaction with
Indian Ocean monsoons (Camberlin and Planchon, 1997);
(3) areas within and immediately adjacent to Lake Victoria,
inﬂuenced by mesoscale moisture circulation and lake surface temperature (Yin et al., 2000; Sun et al., 2015); (4)
areas of high relief, relating to orographic uplift and local
winds (Oettli and Camberlin, 2005; Hession and Moore,
2011; Camberlin et al., 2014); (5) nonseasonal humid
regime within a narrow equatorial band extending east
from the Congo Basin to western Kenya (Nicholson,
2000; Herrmann and Mohr, 2011). Such variability in rainfall patterns across eastern Africa, associated with changes
in circulation patterns and moisture source, likely accounts
for previous studies ﬁnding no relationship between seasonal precipitation d18O values and rainfall amount
(Bowen, 2008), or between meteoric water d18O values
and aridity (Blumenthal et al., 2017). Thus, although
d18Oprecip values do vary seasonally in eastern Africa
(Rozanski et al., 1996; Bowen, 2008), the relationship
between isotopic variability and climate is complicated
(Konecky et al., 2019).
In this study, we address the problem of reconstructing
climate seasonality using intra-tooth isotopic records from
equid teeth. First, we test alternative sampling strategies
in modern horse teeth by comparing in situ laser ablation
analysis of bulk enamel with conventional acid digestion
analysis of the carbonate component of hand drilled
enamel. We use horse (Equus ferus przewalskii) teeth from
Mongolia, where there is strong intra-annual variability in
d18Oprecip and herbivore d18Oenamel (Stacy, 2008;
Makarewicz and Pederzani, 2017), to test the eﬀectiveness
of sampling inner enamel for recovering greater amplitude
(d18Oenamel range) in intra-tooth proﬁles. Second, we evaluate the relationship between intra-tooth d18Oenamel variability and intra-annual d18Oprecip variability using plains zebra
(Equus quagga) teeth from eastern Africa. Third, we address
the climatological signiﬁcance of intra-annual d18Oprecip
variability in eastern Africa in order to understand which
aspects of climate can be inferred from intra-tooth
d18Oenamel records. Finally, we use intra-tooth d18Oenamel
variability from Pleistocene equids, including specimens
from archaeological sites in southwestern Kenya and northern Tanzania, to infer past isotopic seasonality in hominin
environments based on relationships between intra-tooth
d18Oenamel and intra-annual d18Oprecip variability among
modern zebra. We focus on the Early Pleistocene, an
important period of human evolution associated with
signiﬁcant changes in encephalization, diet, technology,
and mobility (Antón et al., 2014).
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2. TOOTH ENAMEL
Tooth enamel is a calcium phosphate Ca10(PO4)6(OH)2
with structural carbonate (CO3) present as a substitute for
phosphate (PO4) in the b position (90%) and as a substitute for hydroxyl (OH) in the a position (10%) (LeGeros
et al., 1969; Elliott et al., 1985; Elliott, 2002). Oxygen in
tooth enamel is present in the phosphate, carbonate, and
hydroxyl groups, with oxygen contents of 35%, 3.3%, and
1.6%, respectively (Cerling and Sharp, 1996). Each component is in isotopic equilibrium with body water and with
each other. The oxygen isotope fractionation between phosphate (low) and carbonate (high) is typically ca. 9‰, varying from ~6‰ to ~12‰ (Bryant et al., 1996; Iacumin et al.,
1996; Martin et al., 2008; Pellegrini et al., 2011). The fractionation between phosphate and hydroxyl has been indirectly estimated as 16.6‰ (Jones et al., 1999). Analyzing
targeting diﬀerent components of enamel is expected to provide diﬀerent oxygen isotope values, with in situ analysis
reﬂecting bulk enamel, which is mostly phosphate assuming
complete mixing.
Enamel formation is a multi-stage process, including the
appositional (or secretary) stage and the maturation stage
(Robinson et al., 1978; Suga, 1982; Robinson et al., 1995;
Moss-Salentijn et al., 1997; Beniash et al., 2009; Simmer
et al., 2012). During apposition, an organic-rich matrix is
secreted in layers at a low angle to the enamel-dentine junction (EDJ). Successive positions of appositional growth are
visible in mature enamel as incremental growth features
(Hoppe, 2004; Taﬀoreau et al., 2007; Kierdorf et al.,
2013). The mineral content of appositional enamel increases
to 15–25% by weight, except within the more highly mineralized innermost enamel layer 10–20 mm from the EDJ
(Suga, 1982; Taﬀoreau et al., 2007; Blumenthal et al.,
2014). During maturation, the removal of matrix proteins
and ﬂuid content is accompanied by crystal growth and
increasing calcium and phosphate ion uptake, such that
mineral content increases to 95–98% by weight in mature
enamel (Hiller et al., 1975; Robinson et al., 1979; Suga,
1982; Robinson et al., 1997; Smith, 1998; Passey and
Cerling, 2002). Maturation appears to follow a complex
geometry, variably described as following (1) a low angle
to the EDJ, similar to appositional growth (Passey and
Cerling, 2002; Hoppe et al., 2004; Zazzo et al., 2005), (2)
a high angle to the EDJ, roughly perpendicular to the outer
enamel surface (Trayler and Kohn, 2017), and (3) a spatially diﬀuse wave with no discernible maturation front
(Taﬀoreau et al., 2007; Green et al., 2017). These models
of enamel mineralization are based on observations made
using radiographic images, spectrophotometry, X-ray
imaging, and scanning electron microscopy, which may
capture diﬀerent aspects of mineral density, and the degree
to which maturational diﬀerences reﬂect biological or
methodological variation deserves further study. Previous
studies have consistently documented that inner and middle
enamel layers (75% of thickness) mineralize earlier than
outer enamel (25%) (Suga, 1982; Blumenthal et al.,
2014; Trayler and Kohn, 2017). Carbonate content declines
during maturation on both a mineral-weight basis (ca. 2–
5% in mature enamel) and relative to phosphate content
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(Hiller et al., 1975; Aoba and Moreno, 1990; Sydney-Zax
et al., 1991; de Winter et al., 2016). The ﬁnal mineral content of inner enamel is lower than outer enamel (Suga,
1983), and higher carbonate content near the EDJ compared to near the outer enamel surface may reﬂect greater
retention of earlier forming enamel mineral (Weatherell
et al., 1968; Hiller et al., 1975; Zazzo et al., 2005).
3. INTRA-TOOTH ISOTOPIC SIGNALS AND
SAMPLING
Conventionally, intra-tooth samples are collected by
drilling several mm3 of enamel in horizontal grooves perpendicular to the growth axis and extending from the outer
surface partially or entirely through the thickness of enamel
(Balasse, 2002). Idiosyncratic variation in the volume and
location of individual grooves, unavoidable when handdrilling, is likely unimportant as intra-tooth isotopic
proﬁles are to a large extent insensitive to diﬀerences in
sampling strategy (Passey and Cerling, 2002; Green et al.,
2018b). Small diﬀerences in enamel thickness incorporated
into individual samples could contribute to signal blurring
if outer and middle enamel reﬂect diﬀerent maturation time
intervals, but this is likely a minor eﬀect particularly in taxa
where enamel maturation follows a high angle to the EDJ,
such as equids (Trayler and Kohn, 2017). Additionally,
each intra-tooth sample, regardless of how small, integrates
isotopic input spanning the length of maturation and does
not represent instantaneous or even discrete intervals of
time (Passey and Cerling, 2002; Hoppe et al., 2004; Zazzo
et al., 2005; Blumenthal et al., 2014). The maturation length
varies among taxa, although in some cases maturation
appears non-linear with rapid mineralization occurring
over a relatively short distance, and possibly isotopically
resets appositional enamel (Trayler and Kohn, 2017;
Green et al., 2018b). Among common mammalian herbivores intra-tooth samples appear to correspond to intervals
of weeks to months (Kohn, 2004; Hoppe et al., 2004;
Trayler and Kohn, 2017; Green et al., 2018b). Consequently, intra-tooth isotopic signals are time-averaged relative to primary isotopic time-series of the body pool and
relative to temporal variation in diet or environmental conditions, well-documented in diet- and water-switch experiments (Balasse, 2002; Zazzo et al., 2005; Passey et al.,
2005; Podlesak et al., 2008; Zazzo et al., 2010; Green
et al., 2018b). Signal damping can alter both signal amplitude and structure, with severity dependent on maturation
length and primary signal duration and structure (Kohn,
2004; Passey and Cerling, 2004; Passey et al., 2005; Green
et al., 2018b).
Intra-tooth sampling strategies should be guided by the
geometry of maturation, which determines the distribution
of isotopes in enamel (Balasse, 2003; Blumenthal et al.,
2014; Trayler and Kohn, 2017). Sampling parallel to incremental features may minimize the integration of appositional growth increments, but is not eﬀective at reducing
signal blurring even when maturation mimics the geometry
of apposition (extending from the EDJ at a similarly low
angle) (Zazzo et al., 2005), and may worsen signal blurring
in cases where maturation proceeds at a high angle to the

EDJ (Trayler and Kohn, 2017). A more eﬀective strategy
is to target enamel zones that mineralize more rapidly
(Balasse, 2003; Zazzo et al., 2005; Taﬀoreau et al., 2007;
Metcalfe and Longstaﬀe, 2012; Zazzo et al., 2012;
Blumenthal et al., 2014; Trayler and Kohn, 2017). The
innermost enamel layer, extending <20 lm from the
enamel-dentine junction, mineralizes most rapidly and
appears to retain signiﬁcantly less altered intra-tooth isotopic signals (Taﬀoreau et al., 2007; Blumenthal et al.,
2014). The innermost enamel layer can be sampled using
secondary ion mass spectrometry (SIMS), a powerful tool
for resolving isotopic diﬀerences on a ﬁne spatial scale
(Blumenthal et al., 2014), although this approach has not
been widely applied due to cost, limited availability of
instrumentation, specimen size, and specimen preparation
limitations. A more accessible strategy may be to target
inner enamel, rather than speciﬁcally the innermost layer,
which nonetheless mineralizes more rapidly than outer
enamel, appears to retain less blurred intra-tooth signals,
and can be analysed using more widely available instrumentation, such as laser ablation, micromilling, or tooth dicing
(Zazzo et al., 2005; Metcalfe and Longstaﬀe, 2012;
Blumenthal et al., 2014; Trayler and Kohn, 2017; Green
et al., 2018b). This approach requires teeth where inner
enamel is exposed by sectioning or by natural damage.
In this study, we test the eﬀectiveness of inner enamel
sampling in horse teeth using laser ablation, a microsampling method with suﬃcient spatial resolution (ca. 100–
200 mm) to target discrete enamel zones (excluding the
innermost layer) (Passey and Cerling, 2006). In situ analysis
of bulk enamel mixes multiple oxygen-bearing components,
but is dominated by phosphate (90%) with minor contributions by carbonate (6%) and hydroxyl (3%) groups.
We compare laser proﬁles (bulk enamel) to conventional
hand drilled sequential samples of (enamel carbonate), following previous studies applying laser ablation methods to
tooth enamel (Cerling and Sharp, 1996; Passey and Cerling,
2006; Sponheimer et al., 2006; Lee-Thorp et al., 2012;
Garcia et al., 2015). Although carbonate represents a smaller fraction of oxygen in enamel compared to phosphate,
the isotopic composition of bulk enamel and carbonate
have a 1:1 relationship (Passey and Cerling, 2006). Carbon
isotopic enrichment between carbonate and bulk enamel is
0.3 ± 1.1‰ for modern enamel and 0.5 ± 0.8‰ for fossil enamel, and oxygen isotopic enrichment between carbonate and bulk enamel is 6.4 ± 0.7‰ for modern
enamel and 5.1 ± 1.2‰ for fossil enamel (Passey and
Cerling, 2006). The timing and routing of mineral uptake
and oxygen isotope incorporation in carbonate versus
phosphate components may vary, but evidence that this
impacts intra-tooth signal ﬁdelity is equivocal (Pellegrini
et al., 2011; Trayler and Kohn, 2017).
Mathematical models provide another way to interpret
intra-tooth isotope proﬁles. Inversion methods provide a
potentially powerful means to estimate primary input signal
amplitude and structure, based on sampling and mineralization geometry (Passey et al., 2005; Green et al., 2018b).
The (Passey et al., 2005) model works well when applied
to continuously growing teeth with roughly constant
growth rates, such as hippopotamus canines (Cerling
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et al., 2008) or rodent incisors (Podlesak et al., 2008;
Blumenthal et al., 2014). However, we do not apply the
model here because teeth of equids and other large mammal
teeth violate model assumptions, including continuous and
linear growth (Zazzo et al., 2012; Bendrey et al., 2015;
Nacarino-Meneses et al., 2017) and alignment of maturation geometry with incremental growth features
(Taﬀoreau et al., 2007). Additionally, inversion estimates
from this model are sensitive to small isotopic changes such
that high analytical reproducibility (<0.1‰) is needed to
produce interpretable results (Passey et al., 2005). A
recently developed alternative model (Green et al., 2018b)
addresses some of these problems, particularly nonlinear
tooth growth as well as spatial and temporal complexity
of enamel mineralization, and can accurately recover the
structure and timing of water input signals from oxygen isotope proﬁles from enamel phosphate of sheep molars.
Applying the model to other mammals (such as equids)
and to measurements of enamel carbonate rather than
phosphate may require additional model development
and/or validation, which lies beyond the scope of this study,
and we do not discuss this model further.
We focus on estimating only the amplitude of environmental signals from intra-tooth isotope proﬁles, which
can be addressed in a more straightforward manner. Following (Kohn, 2004), damping (d), of signal amplitude
can be calculated by comparing the amplitude of the environmental signal (ae) with the recorded signal (ar):
ae  ar
ð1Þ
d¼
ae
where ae is the intra-annual range of d18Oprecip values and ar
is the intra-tooth range of d18Oenamel values. The damping
factor ranges from 0 (perfect signal) to 1.0 (all signal lost).
Signal amplitudes in fossil teeth can be corrected using the
damping factor calculated using specimens of modern representatives. The corrected (undamped) intra-tooth range
of d18Oenamel values can be calculated using the following
equation:
ar
ð2Þ
ac ¼
1d
where ac is the corrected (undamped) d18Oenamel intra-tooth
range. We use this approach to address the relationship
between the intra-tooth range in d18Oenamel values and the
intra-annual range in d18Oprecip.
4. MATERIALS AND METHODS
4.1. Extant specimens
Mature teeth (n = 5) from feral horses were collected
from naturally deceased free-range individuals in northern
Mongolia for isotopic analysis, and additionally a tooth
germ (n = 1) was used for enamel maturation analysis.
Rainfall and temperature in this region are highly seasonal,
with one long summer rainy season (Cerling and Harris,
1999). Precipitation oxygen isotope measurements from
Ulaanbaatar, Mongolia are used for comparison
(Aggarwal et al., 2008). Zebra teeth were collected in maxillary bone from naturally deceased wild zebra in Kenya,
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including Amboseli (n = 8), Laikipia (n = 3), and Turkana
(n = 2), and Uganda, including Lake Mburo National Park
(n = 5), Kidepo (n = 3). Additional information on modern
teeth (element, collection date) is available in Table A.1.
Age of death is unknown, but likely ranges from a few years
to a decade prior to collection date, based on taphonomic
studies of skeletal preservation in African ecosystems
(Behrensmeyer, 1978; Tappen, 1994).
Annual and monthly average isotopic values were
obtained from a regionalized cluster-based water isotope
prediction (RCWIP) model based on the International
Atomic Energy Agency (IAEA) Global Network of Isotopes in Precipitation (GNIP) (Terzer et al., 2013). We compare d18Oprecip values to climate variables based on data
(1 km2 resolution) from WorldClim 2 (Fick and
Hijmans, 2017), including mean annual precipitation, precipitation seasonality, and water deﬁcit for a set of eastern
African sites used in previous analyses of isotope-climate
relationships (Table A.2) (Blumenthal et al., 2017). We calculate water deﬁcit following (Thornthwaite, 1948) using
monthly temperatures from WorldClim 2, which diﬀers
from previous water deﬁcit calculations for these sites using
mean annual temperatures from weather observation data
(Levin et al., 2006; Blumenthal et al., 2017).
4.2. Fossil specimens
Fossils sampled for this study were collected from Pleistocene sediments on the Homa Peninsula, southwestern
Kenya. Nine specimens are derived from the Kanjera Formation, a 36 m thick sequence exposed north of the Homa
Mountain complex and divided into two members (South
and North) (Ditchﬁeld et al., 1999). The Kanjera South
Member includes Early Pleistocene sediments exposed at
the Kanjera South locality and is comprised of ﬁve beds,
from oldest to youngest KS1 to KS5. Equid cheek teeth
were selected from KS1 (n = 3) and KS2 (n = 5), which
contain abundant in situ fossil and Oldowan archaeological
materials in ﬂuvio-lacustrine sediments dated to 2.0 Ma
based on a combination of biostratigraphy and magnetostratigraphy (Ditchﬁeld et al., 1999; Plummer et al.,
2009b; Ditchﬁeld et al., 2018). The Kanjera North Member
includes Early to Middle Pleistocene sediments exposed at
the Kanjera North locality and is comprised of 5 beds, from
oldest to youngest KN1 to KN5. One equid cheek tooth
was selected from KN3, a bed that includes both in situ
and surface collections of mammalian fossils and Early
Stone Age artifacts (Plummer, 1991; Behrensmeyer et al.,
1995; Ditchﬁeld et al., 1999). The Kasibos Formation,
exposed at Kanam East, is ca. 7 m thick clay-dominated
sequence dated to 1.0 Ma based on a combination of
biostratigraphy and magnetostratigraphy (Ditchﬁeld
et al., 1999). A diverse large mammal fauna has been collected on the surface and in situ and collected surface artifacts include Acheulean bifaces and other lithics that may
be derived from the Kasibos Formation, or associated with
the poorly deﬁned Abundu Formation (Ditchﬁeld et al.,
1999).
We also include previously published fossil equid data
from sites in northern Tanzania. Sites at Olduvai Gorge
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famously preserve dense concentrations of Early Stone Age
artifacts and mammal fossils, and we include teeth (n = 3)
from Olduvai Gorge Bed II sites MNK Main, FC West,
HWK EE sites (Uno et al., 2018). The HWK EE trench
is stratigraphically positioned between Tuﬀs IIA and Tuﬀ
IIB, and dates to 1.7 Ma based on estimated age of Tuﬀ
IIA (McHenry and Stanistreet, 2018), while NMK Main
and FC West trenches are positioned between Tuﬀs IIB
and IIC in close proximity to the Bird Print Tuﬀ (BPT)
dated to 1.664 ± 0.019 Ma (Diez-Martı́n et al., 2015). We
also include teeth (n = 2) from the MK4 locality in the
upper part of the lower member of the Manyara Beds,
exposed in the Makuyuni area and rich in mammal fossils
and Early Stone Age artifacts, dating to between 0.784
and 0.633 Ma based on magnetostratigraphy and the
MK16P 40Ar/39Ar age (Wolf et al., 2010; Schwartz et al.,
2012).
4.3. Enamel mineralization analysis
As previously reported (Blumenthal et al., 2014), a Mongolian horse tooth germ was embedded in epoxy and
imaged uncoated in variable pressure mode (50 Pa) using
a Zeiss EVO-50 (Thornwood, New York) scanning electron
microscope in backscattered electron imaging mode at
15 kV, 600 pA, and 8.5-mm working distance (Fig. A.1).
Two mineral density standards were used, including 99%
aluminum with a mineral density similar to mature enamel
and an iodinated methacrylate standard (C22H25O10I) with
a mineral density between dentine and enamel (Boyde et al.,
1995). Image montages were acquired automatically using
Zeiss SmartStich software, and ImageJ (NIH) was used to
measure image intensity (gray level) of individual pixels.
Gray levels relate to the number of measured backscattered
electrons, which is a function of mean atomic number of the
material and to weight percent mineral (Bloebaum et al.,
1997). Gray levels range from 0 for black (no mineral)
and 255 for white (most mineral). As previously reported,
gray levels of 222 (Al standard) correspond with 99% mineral, and gray level of 0 (epoxy) represents 0% mineral.
Mature enamel for this specimen has a mean gray level of
221 and mature dentine has a mean gray level of 132, corresponding to 98% and 59% mineralization. Gray level
transects presented previously from the same equid tooth
germ (Blumenthal et al., 2014) targeted the very thin innermost and outermost (or ‘subsurface’) enamel layers
(<20 mm), corresponding to zones of particularly fast and
slow mineralization, with remaining enamel was divided
arbitrarily into layers of equal thickness. In this study, the
innermost or outermost enamel layers are not relevant, as
we do not target this zone for isotope analysis. We assess
enamel maturation at the spatial scale relevant to laser
ablation, and re-measure gray levels using 100 mm-thick
transects parallel to the growth axis through inner, middle,
and outer thirds of the enamel layer, following previous
mineralization studies showing variable mineralization patterns within the thickness of the enamel layer (Suga, 1982,
1983; Blumenthal et al., 2014; Trayler and Kohn, 2017).
The division of the enamel layer into 3 zones of equal thickness can be readily extended to other taxa, regardless of

variation in enamel thickness, microstructure, or mineralization patterns. In this study, gray level transects are measured from the beginning of the maturation stage, excluding
the innermost enamel layer. This position is ca. 8 mm from
the position at which the mineral contents of the innermost
enamel layer begins to increase (Blumenthal et al., 2014).
4.4. In situ isotope analysis using laser ablation (LA-GCIRMS)
Columns of anterior or central buccal enamel from
Mongolian horse teeth were cut into thick sections for laser
ablation analysis using a Buehler Isomet (Evanston, IL)
with a diamond wafering blade and 70% ethanol solution.
Tooth sections were placed in the sample chamber and
purged with He overnight prior to each analytical session.
In situ laser ablation sampling was performed at the
University of Utah using a CO2 laser (6.6–7.5 W, 8.5 ms
pulse duration, 10.6 mm wavelength), operating in a helium
purged positive pressure environment, that thermally
ablates enamel in pits several hundred mm in diameter
and 100 mm in depth (Passey and Cerling, 2006). CO2 generated from 3-6 ablation events was cryogenically concentrated prior to inlet to a gas chromatograph (ﬂow
rate = 250 ml/min, GC temperature = 60 °C), and analyzed
on a Finnigan MAT 252 isotope ratio mass spectrometer
(IRMS) in continuous ﬂow mode via a GP interface. Internal laboratory CO2 gas and tooth enamel standards were
analyzed to monitor systematic and laser ablation fractionation, respectively, using the same standards as previous
laser ablation studies (Kimura et al., 2013). Spots were
placed parallel to the growth axis within the inner, middle,
and outer thirds of the enamel thickness (Fig. A.2). After
isotopic analysis teeth were examined under optical light
microscope, and laser spots with visible charring of organic
material or overlapping with cracks or edges were removed
from subsequent analyses. Analytical precision was <0.8‰
for d13C and d18O, which is typical for laser ablation
(Passey and Cerling, 2006).
4.5. Conventional isotope analysis
Tooth enamel to be analyzed conventionally by acid
digestion of enamel carbonate was sampled using a handheld rotary drill with a diamond bit (Fig. A.3). Cementum
or matrix was ﬁrst removed, if needed, and the enamel surface was cleaned with ethanol before sampling. Enamel
powder was collected along the growth axis from ca.
1 mm wide grooves at ca. 3–5 mm intervals, taking great
care to avoid the underlying dentine. Enamel was chemically treated before isotopic analysis using standard procedures to remove organic contaminants (3% H2O2) in
modern teeth and secondary exogenous carbonates (0.1 M
buﬀered acetic acid) in fossil teeth (Koch et al., 1997;
Sponheimer and Cerling, 2014). At the University of Utah,
enamel powder samples were reacted with >100% H3PO4 at
90 °C in silver capsules using a Finnigan CarboFlo, which
is a hybrid positive pressure/vacuum system with a common acid bath. 13C/12C and 18O/16O ratios of enamel carbonate were measured by analyzing the resulting CO2

4.6. Statistics
Statistical analyses were performed in R. Uncertainty in
estimates of d18Oprecip intra-annual range from fossil
d18Oenamel values intra-tooth range includes: (1) uncertainty
in the d18Oenamel intra-tooth range in a fossil collection, (2)
uncertainty in the slope of the regression between intraannual d18Oprecip ranges and intra-tooth d18Oenamel ranges,
and (3) uncertainty in the residuals of the regression
between intra-annual d18Oprecip ranges and intra-tooth
d18Oenamel ranges. We propagate these sources of error as
the square root of the sum of squares.
5. RESULTS
5.1. Mongolian horse tooth enamel mineralization and
oxygen isotopes
Gray levels of inner enamel (40%) are higher at the
beginning of the maturation stage than middle (31%) or
outer (25%) enamel (Figs. 1 and A.1). The initial mineralization of the entire enamel layer is 32%. Gray levels and
estimated mineral content of all layers increase rapidly
beyond the level of mature dentine. The maturation length
is ca. 20 mm, and outer enamel remains less mineralized
than inner and middle enamel. The innermost enamel layer
is clearly visible in immature enamel (Fig. A.1) and is more
rapidly mineralized compared to other layers of enamel
(Blumenthal et al., 2014), but we do not consider this layer
further in this study.
Intra-tooth d18Oenamel proﬁles were generated with laser
ablation for ﬁve horse teeth, multiple enamel layers were
sampled for three of these teeth, and four of these teeth
were also sampled conventionally (Figs. 2 and A.2). The
following results are reported in Table A.1, and summarized in Table A.3. The range in d18Oenamel values for
intra-tooth proﬁles generated with laser ablation for tooth
MG-96-518-M3 within inner, middle, and outer layers are
3.8‰, 3.2‰, and 2.4‰, respectively. The range in
d18Oenamel values for intra-tooth proﬁles generated with
laser ablation for tooth MG-96-515-M3 within inner,

250

BSE-SEM gray values

with a dual inlet isotope ratio mass spectrometer (Finnigan
MAT 252). Data were corrected with Carrara carbonate
and internal laboratory fossil enamel standards. Analytical
precision was <0.2‰ for d13C and d18O for modern and
fossil teeth. All isotopic ratios are reported using conventional per mil (‰) notation where d18Osample = (Rsample/
Rstandard  1)  1000. Numerous studies have demonstrated that tooth enamel is resistant to diagenetic alteration over geologic time, and there are no clear
relationships between mineralogical, crystallographic, and
chemical changes in enamel with isotopic alteration
(Wang and Cerling, 1994; Zazzo et al., 2004; Lee-Thorp,
2008; Roche et al., 2010). Diagenesis was monitored by
CO2 yield, since the addition of pure (100%) inorganic carbonates will markedly increase the amount of CO2 generated per volume compared to the expected range of
pristine biological enamel, where carbonate is ca. 3–4%
by volume (Koch et al., 1997; Elliott, 2002).
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Fig. 1. BSE-SEM gray level transects over the length of maturation of the inner (black), middle (dark gray), and outer (light gray)
enamel layers of a horse tooth germ. 100-mm moving averages are
used to smooth variability associated with enamel immaturity,
cracks, and other surface discontinuities.

middle, and outer layers are 5.0‰, 3.6‰, and 2.4‰, respectively, compared to 3.9‰ for the intra-tooth proﬁle generated with conventional sampling. The range in d18Oenamel
values for intra-tooth proﬁles generated with laser ablation
for tooth MG-92-578-M1 within inner and outer layers are
5.0‰ and 3.2‰, respectively, compared to 6.1‰ for the
intra-tooth proﬁle generated with conventional sampling.
The range in d18Oenamel values for the intra-tooth proﬁle
generated with laser ablation for tooth MG-92-578-M3
within the inner layer is 5.8‰ compared to 4.7‰ for the
intra-tooth proﬁle generated with conventional sampling.
The range in d18Oenamel values for the intra-tooth proﬁle
generated with laser ablation for tooth MG-92-521-P4
within the middle layer is 5.8‰, and the intra-tooth proﬁle
generated with conventional sampling. is 5.8‰. The range
in d18Oenamel values from inner enamel is on average
0.3‰ greater than conventional analysis. The mean range
in d18Oenamel values from all sampled enamel layers with
the laser is, on average, 0.4‰ less than conventional analysis. Across all conventionally analyzed horse teeth, including some teeth not analyzed using the laser, the range of
intra-tooth d18O values vary from 3.4‰ to 6.1‰, and average 4.5 ± 1.1‰ (±1r) (Fig. A.4). Compared to the annual
range in measured d18Oprecip values (20.4‰), conventionally
sampled horse intra-tooth d18Oenamel proﬁles (4.5‰) preserve 21% of the precipitation signal amplitude. Inner
enamel laser ablation intra-tooth d18O proﬁles (4.9‰) preserve 23% of the precipitation signal amplitude.
5.2. Eastern African precipitation and zebra tooth enamel
oxygen isotopes
In tooth collection areas in Kenya and Uganda, modeled d18Oprecip values are highly variable on seasonal scales
(Fig. 3). The modeled intra-annual d18Oprecip range across
sampled localities in eastern Africa varies from 4.1‰ to
9.2‰. Average intra-tooth d18Oenamel ranges are 3.5‰
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This statistically signiﬁcant regression (p < 0.01) has a
low residual standard error (±0.72‰) and a high coeﬃcient
of determination (r2 = 0.97), and as a result this model has
suﬃcient predictive power to address d18Oprecip variability
in the fossil record. A power analysis on regressions
between intra-tooth d18Oenamel and intra-annual d18Oprecip
variability, assuming a = 0.05 and (1  b) = 0.2, suggests
that between 4 and 5 samples are needed to detect signiﬁcant diﬀerences. The strength of enamel-precipitation relationships (r2 > 0.9) indicates that even small numbers of
teeth preserve environmental information, and owing to
inherent limitations of tooth collections we accept smaller
sample sizes to provide preliminary estimates of isotopic
seasonality for periods of fossil preservation.
To understand the signiﬁcance of seasonal variation in
precipitation and tooth enamel, we further consider the
relationship between d18Oprecip variability and climate in
Africa today. Using a compilation of climate data (WorldClim 2.0) from sites across eastern and central Africa
(Table A.2), we ﬁnd no relationship (p > 0.05) between
mean annual d18Oprecip and precipitation amount
(p > 0.05), or between intra-annual d18Oprecip range and
precipitation seasonality (p > 0.05). We also consider water
deﬁcit (or eﬀective rainfall), which describes the diﬀerence
between evapotranspiration and precipitation and is a useful indicator of water availability in terrestrial vegetated
environments in the tropics (Thornthwaite, 1948; Levin
et al., 2006; Blumenthal et al., 2017). We ﬁnd that mean
annual d18Oprecip increases with water deﬁcit (p < 0.001,
r2 = 0.32), and that the intra-annual d18Oprecip range
increases with water deﬁcit (p < 0.02, r2 = 0.15) (Fig. 5),
although these correlations are weak. After excluding sites
outside of the equatorial rainfall region, we ﬁnd that mean
annual d18Oprecip decreases with precipitation amount
(p < 0.01, r2 = 0.34) and increases with water deﬁcit
(p < 0.00001, r2 = 0.72), and intra-annual d18Oprecip range
increases with water deﬁcit (p < 0.0001, r2 = 0.61) (Fig. 5).
We ﬁnd no relationship between intra-annual d18Oprecip
range and precipitation seasonality (p > 0.05).
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undamped intra-tooth d18Oenamel ranges are 7.4 ± 2.3‰
(Turkana), 6.1 ± 0.7‰ (Kidepo), 5.5 ± 1.6‰ (Laikipia),
5.0 ± 1.7‰ (Lake Mburo), and 4.1 ± 1.5‰ (Amboseli).
Using corrected intra-tooth d18Oenamel ranges, there is a
positive, linear relationship (p < 0.01, r2 = 0.97) between
modeled intra-annual d18Oprecip range and intra-tooth
d18Oenamel range (Fig. 4). The regression coeﬃcients (slopes
and error) of these linear relationships vary signiﬁcantly
from each other (p < 0.05, F test). The relationship in
Fig. 4 can be inverted to reconstruct intra-annual d18Oprecip
variability from corrected fossil intra-tooth d18Oenamel
ranges using the following equation:
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Fig. 2. Intra-tooth oxygen isotope proﬁles of Mongolian horse
teeth using (A) laser ablation and (B) conventional sampling
methods.

(Turkana), 2.8‰ (Kidepo), 2.5‰ (Laikipia), 2.3‰ (Lake
Mburo), and 2.1‰ (Amboseli). There is a positive, linear
relationship (p < 0.01, r2 = 0.97) between modeled intraannual d18Oprecip range and intra-tooth d18Oenamel range
(Fig. 4). We calculate the damping factor (d) with Eq. (1),
using the intra-annual range of d18Oprecip values and the
mean intra-tooth range of d18Oenamel values for each sample
collection area. Averaged across tooth sampling locations,
the damping factor for zebra intra-tooth proﬁles is 0.54.
After correction using this damping factor with Eq. (2),

ð3Þ

5.3. Fossil equid tooth enamel oxygen isotopes
The relationship between ranges in intra-tooth
d18Oenamel and intra-annual d18Oprecip values can be used
to predict the intra-annual d18Oprecip range in the past.
Intra-tooth d18Oenamel proﬁles were generated with
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Fig. 3. (A) Modeled oxygen isotopic composition of precipitation. (B) Intra-tooth oxygen isotope variability in zebra teeth. Each row includes
teeth from a single individual.

conventional sampling from fossil equid teeth from the
Kanjera South Member, including three teeth from bed
KS1 and ﬁve teeth from bed KS2, and the Kanjera North

Member, including one tooth from KN3 (Fig. A.5 and
Table A.4). Two additional fossil equid teeth were sampled
from the Kasibos Formation (Fig. A.5). The range of
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5

Fig. 6. Intra-tooth range in d18O values of fossil equid cheek teeth.
Dotted lines represent intra-annual range in modeled d18O values
of precipitation from Turkana, Kenya and Serengeti, Tanzania, for
reference. Uncertainty represents the propagated error of estimated
d18Oprecip intra-annual range.

include 2 specimens from site MK4 (Wolf et al., 2010).
The range of intra-tooth d18Oenamel values is 1.5 ± 1.3‰,
and 3.1 ± 2.9‰ after correction using the damping factor.
Intra-annual d18Oprecip ranges in the Pleistocene, estimated
from corrected fossil intra-tooth d18Oenamel ranges, resemble intra-annual d18Oprecip variation in modern eastern African environments, bounded by Turkana and Amboseli in
our modern dataset (Fig. 6 and Table A.2). We ﬁnd no
trend over time (p > 0.05) for fossil collections included
here in southern Kenya and northern Tanzania, although
additional specimens and sites are needed to address this
issue in a meaningful way. The similar isotopic range in fossil compared to modern equid teeth (d18Oenamel range >1‰)
suggests that diagenetic alteration has not homogenized the
oxygen isotopic composition of these fossils.
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6. DISCUSSION
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6.1. In situ microsampling of tooth enamel
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Fig. 5. Water deﬁcit (WD) and intra-annual range in modeled d O
values of precipitation across all sites (gray) and sites located in the
bimodal equatorial rainfall region (black).

intra-tooth d18Oenamel values are 2.5 ± 0.5‰ (KS1),
1.9 ± 0.5‰ (KS2), 1.8‰ (KN3), and 1.8 ± 0.3‰ (Kasibos).
After correction using the damping factor and propagating
error, average intra-tooth d18Oenamel ranges are 5.4 ± 0.7‰
(KS1), 4.1 ± 0.7‰ (KS2), 3.9 ± 0.5‰ (KN3), and 4.0
± 0.5‰ (Kasibos) (Table A.5). For comparison we also
use previously published oxygen isotope data for fossil
equid teeth from Olduvai Bed II, including 2 teeth from
sediments stratigraphically positioned between Tuﬀ IIA
and IIB (Interval IIA), and 1 tooth from sediments stratigraphically positioned between Tuﬀ IIB and IIC (Interval
IIB) (Uno et al., 2018). The range of intra-tooth d18Oenamel
values are 2.7‰ (Interval IIA) and 1.4 ± 0.0‰ (Interval
IIB). After correction using the damping factor, intratooth d18Oenamel ranges are 5.9 ± 0.5‰ (Interval IIA) and
3.0 ± 0.5‰ (Interval IIB). Previously published oxygen isotope data for 2 fossil equid teeth from Manyara Beds

These results demonstrate that in situ laser ablation (LAGC-IRMS) analysis can be used to generate intra-tooth
proﬁles within discrete layers of large mammal tooth
enamel. Oxygen isotope time-series in Mongolian horse
teeth record the d18Oenamel shift associated with seasonal climate, although signal amplitude in intra-tooth d18Oenamel
values was blurred compared to intra-annual d18Oprecip values (Figs. 2 and A.4). The intra-tooth d18Oenamel range from
inner enamel is greater than middle and outer enamel proﬁles by 1.0‰ and 1.9‰, respectively, consistent with mammalian tooth enamel maturation patterns presented here
(Fig. 1) and elsewhere (Blumenthal et al., 2014). Thus, targeting inner enamel provides less blurred signal amplitudes
compared to middle and outer enamel layers, as previously
demonstrated (Zazzo et al., 2005). Innermost enamel may
provide even greater gains in signal amplitude
(Blumenthal et al., 2014), although this has not yet been
tested in large mammal teeth and lies beyond the scope of
this study. Despite observing reduced signal blurring in
inner enamel, we unexpectedly ﬁnd that laser ablation does
not provide greater intra-tooth signal amplitude compared
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to conventional sampling. The diﬀerence in intra-tooth
d18Oenamel range from inner enamel and conventional
proﬁles is small (0.3‰), and intra-tooth d18Oenamel ranges
from middle and outer enamel proﬁles are smaller than conventional proﬁles by 0.5‰ and 2.0‰, respectively. Thus,
inner enamel provides signal amplitude similar to conventional sampling, while other layers preserve more highly
blurred signals.
The failure to recover a less blurred signal in inner
enamel using laser ablation compared to conventional sampling is unexpected because hand drilled sample grooves
likely vary in depth and preferentially include outer and
middle enamel layers, potentially mixing enamel from different maturation time intervals (Zazzo et al., 2005). The
mineralization front in equid teeth appears to follow a high
angle to the EDJ, roughly perpendicular to the outer
enamel surface (Fig. A.1) (Trayler and Kohn, 2017), suggesting only minor signal blurring from enamel layer mixing in this study. Mixing enamel layers may pose a
greater problem in cases where enamel maturation is more
spatially complex, such as the wedge-shaped pattern
observed in cow teeth (Trayler and Kohn, 2017).
Our ﬁnding that inner enamel sampling does not
improve upon conventional sampling also contrasts with
the conclusions of previous studies isolating inner enamel
in bovid (Zazzo et al., 2005), proboscidean (Metcalfe and
Longstaﬀe, 2012), and rodent (Blumenthal et al., 2014)
teeth. However, in the proboscidean study other enamel
layers were not sampled for comparison with inner enamel
(Metcalfe and Longstaﬀe, 2012), and the bovid study relied
largely on model predictions and presented few inner
enamel isotope measurements (Zazzo et al., 2005). In the
rodent study, inner enamel was sampled using secondary
ion mass spectrometry (SIMS) and the outer enamel surface
was sampled using laser ablation, both targeting bulk
enamel (Blumenthal et al., 2014).
The comparison between laser ablation and conventional sampling may be complicated by the analysis of different oxygen-bearing phases of enamel. The majority of
oxygen in bulk enamel resides in phosphate, and phosphate
oxygen appears to retain either less blurred (Pellegrini et al.,
2011) or similarly blurred (Trayler and Kohn, 2017) intratooth signals; thus, ﬁnding greater signal amplitude in carbonate compared to (mostly phosphate) bulk enamel is
unexpected. Diﬀerences in the timing and routing of mineral uptake and oxygen isotope incorporation in carbonate
versus phosphate components (Pellegrini et al., 2011) could
result in additional signal blurring in bulk enamel compared to individual components. Isolating inner enamel carbonate using micromilling may provide a more eﬀective
comparison to conventional sampling (Zazzo et al., 2005;
Metcalfe and Longstaﬀe, 2012; Trayler and Kohn, 2017).
These observations indicate that novel microsampling techniques with high spatial resolution for targeting discrete
enamel layers or minimizing spot size is not always eﬀective
for reducing signal attenuation. Conventional sampling
methods remain preferred for routine measurements of
intra-tooth isotopic variability in large mammals for a wide
range of applications (Trayler and Kohn, 2017; Green
et al., 2018b).
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6.2. Climate and equid tooth enamel oxygen isotopes in
eastern Africa
Our ﬁndings indicate that changes in intratooth isotopic
variation can be used to address past precipitation isotopic
seasonality. The correspondence between d18Oenamel
variability and d18Oprecip variability among extant zebra
in eastern Africa (Fig. 4) can be explained by the waterdependence of zebras, which today are restricted by the distribution of permanent water sources (Western, 1975;
Sitters et al., 2009; Ogutu et al., 2010) such that the isotopic
composition of body water and enamel reﬂects variation in
environmental waters (Bryant et al., 1994; Huertas et al.,
1995; Sharp and Cerling, 1998; Hoppe et al., 2005; Levin
et al., 2006; Blumenthal et al., 2017). We ﬁnd that isotopic
seasonality relates to rainfall amount and aridity in the
present-day equatorial rainfall region of eastern Africa
(Fig. 5), suggesting that the amount eﬀect represents a useful model for understanding climatological control of isotopic seasonality in this areas, as observed elsewhere in
the tropics (Bowen, 2008). The amount eﬀect relates to a
number of diﬀerent processes, including re-evaporation of
rain and exchange with surrounding vapor, recycling of
vapor in the subcloud layer by convective ﬂux, intensity
of convective storms and rainout of air mass moisture,
and precipitation of vapor formed by evapotranspiration
near the land surface or evaporation of surface waters
(Dansgaard, 1964; Rozanski et al., 1993; Araguás-Araguá
et al., 2000; Risi et al., 2008).
Under the assumption that the distribution and isotopic
composition of source waters have not changed over geologic time, equid tooth d18Oenamel variability could conceivably be used to infer seasonal aridity in this region in the
past. However, when considering the whole of eastern
Africa including areas outside of the equatorial rainfall
region, inﬂuences on isotopic seasonality include hydroclimatic processes unrelated to humidity, such as precipitation
microphysics, cloud type, and moisture transport (Konecky
et al., 2019). Additionally, past climatic and hydrological
change, such as Pliocene-Pleistocene variation in tropical
sea surface temperatures (Wara et al., 2005; Herbert
et al., 2010; Liddy et al., 2016) or more recent migrations
of the Congo Air Boundary (Costa et al., 2014; Junginger
et al., 2014), indicate that inﬂuences on isotopic variation
of precipitation likely shifted over time. Given such uncertainties in the climatological controls on isotopic seasonality in eastern Africa, and past changes in these controls, we
use fossil tooth isotopic records to discuss past isotopic seasonality but refrain from quantifying past seasonality
aridity.
There are additional uncertainties in interpreting isotopic variation in equid teeth. First, isotopic variability
among teeth within a fossil collection necessarily integrates
environmental inputs over the duration of fossil preservation, which may have included changes in seasonality patterns. Even where fossil collections represent discrete,
geologically brief intervals of time, such as archaeological
levels, it is not possible to link individual fossils to particular millennial or sub-millennial climate cycles. Additionally,
teeth along the tooth row represent diﬀerent periods of
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growth such that even teeth from the same individual would
not perfectly overlap in time, and would record diﬀerent
isotopic signals. Finally, even individuals living in the same
time and place may vary isotopically, as demonstrated by
isotopic variation of body water among sheep consuming
the same food and water under controlled conditions
(Green et al., 2018a), suggesting some degree of baseline
isotopic variability driven by inter-individual behavioral,
physiological, and/or genetic variability.
Second, we cannot address aspects of the frequency and
duration of seasons, which are not clearly preserved in
intra-tooth d18Oenamel proﬁles among modern zebra
(Fig. 3). This issue stems from general diﬃculties in interpreting signal structure in intra-tooth d18Oenamel proﬁles,
which can be altered substantially from primary environmental signals primarily due to enamel maturation
(Passey et al., 2005; Green et al., 2018b). Inversion modeling may be useful for investigating the structure of
seasonal-scale signals (i.e. unimodal vs bimodal rainfall seasonality) from intra-tooth isotopic records, although relating signal structure of intra-tooth records even after
inversion is not straightforward, owing to variability in
drinking behavior or physiology. For instance, for a mammal in the tropics low and high d18Oenamel values would
normally be interpreted as wet and dry seasons, respectively, but the timing and duration of seasons could be
misidentiﬁed depending on seasonal patterns of water
intake from plants (higher d18O) and permanent water
sources (lower d18O). Additionally, the oxygen isotopic
composition of leaf water and cellulose of plants vary with
humidity, although leaf water enrichment over source water
is not always equivalent between C3 and C4 plants (Helliker
and Ehleringer, 2002). In eastern Africa, equids have consistently C4 grass-dominated diets since the late Miocene
(Uno et al., 2011), minimizing potential bias, if any, from
seasonally switching between C3 and C4 resources when
analyzing fossil equids in this region.
Third, movement over the landscape, associated with the
distribution of food, water, and predators (Bracis and
Mueller, 2017; Alerstam and Bäckman, 2018), could also
lead to modiﬁed intra-tooth isotopic signals. Zebras present
the particular problem of long-distance migrations, although
it is not possible to know to what extent past movements
resemble the migratory behavior of extant populations.
Future strontium isotope studies may be able to address past
movement patterns of mammals in eastern Africa, as demonstrated in other regions (Copeland et al., 2016; Lehmann
et al., 2018; Wallace et al., 2019). In sum, more work is
needed to understand behavioral and environmental correlates of intra-tooth isotopic variability in wild mammals.
6.3. Paleoclimate and hominin environments
Our tooth enamel records demonstrate variable isotopic
seasonality, likely reﬂecting seasonal changes in moisture
amount or source, during periods of fossil preservation in
southwestern Kenya and northern Tanzania in the Early
Pleistocene. These ﬁndings are consistent with the notion
that climate variability was an important feature of past
environments in Africa, including seasonal cycles superim-

posed on longer suborbital and orbital cycles (Potts, 2013;
Levin, 2015; Potts and Faith, 2015). There is abundant geologic evidence from marine (Rossignol-Strick, 1983;
Tiedemann et al., 1994; Larrasoaña et al., 2003;
deMenocal, 2004; Trauth et al., 2009; Rose et al., 2016)
and continental records (Deino et al., 2006; Ashley, 2007;
Kingston et al., 2007; Trauth et al., 2007; Lepre et al.,
2007; Joordens et al., 2011; Deocampo et al., 2017;
Lupien et al., 2018; Hopley et al., 2018) for moisture cycling
with orbital periodicities, suggesting that solar insolation
change was a primarily driver of paleoclimatic change
across Africa. Orbital precession (19–23 kyr cycles) inﬂuences the seasonal distribution of insolation in the tropics,
which manifests as variation in rainfall seasonality
(Clement et al., 2004; Kingston, 2005; Berger et al., 2006;
Merlis et al., 2013), indicating a potential link between climatic variability across time scales.
We ﬁnd no long-term trend in isotopic seasonality in
southern Kenya and northern Tanzania from ca. 2.0 Ma
to ca. 0.7 Ma (Fig. 6), indicating no long-term change in
seasonal aridity, moisture source, or other hydroclimate
controls on isotopic seasonality. The lack of long-term aridiﬁcation would be consistent with tooth enamel and leaf
wax biomarker records in Turkana, northern Kenya
(Blumenthal et al., 2017; Lupien et al., 2018), indicating
diversity in how basins respond to continental-scale aridiﬁcation (Levin, 2015). On the other hand, paleosol carbonate
d18O values in Olduvai (Cerling and Hay, 1986; Sikes, 1994;
Sikes and Ashley, 2007) and Turkana (Cerling and Hay,
1986; Levin et al., 2011) basins increase after 2.0 Ma,
which could reﬂect increasing aridity, or changes in basin
hydrology, soil water evaporation, and vegetation. These
factors can inﬂuence carbonate d18O and tooth enamel
d18O records in diﬀerent ways, complicating inter-proxy
comparisons even if both reﬂect meteoric waters generally
(Levin et al., 2011; Blumenthal et al., 2017). We do not
address the possibility of aridiﬁcation prior to 2.0 Ma,
which may be an important feature of late Miocene and
early Pliocene climatic change (Liddy et al., 2016;
Fortelius et al., 2016).
Isotopic seasonality can also be inﬂuenced by large
lakes, which are a common feature of many rift basins in
eastern Africa throughout the Pliocene and Pleistocene
(Trauth et al., 2005; Maslin et al., 2014), particularly in
cases where distinct mesoscale circulation systems alter seasonal precipitation patterns, as in the present-day Lake Victoria Basin (Yin et al., 2000; Sun et al., 2015). Kanjera and
Kasibos Formation sediments are located in close geographical vicinity to modern Lake Victoria, and Kanjera
North Member sediments (including KN3) indicate the
presence of a nearby lake, but the ancient lake was small
and likely unrelated to the present-day lake
(Behrensmeyer et al., 1995) that is thought to be middle
or late Pleistocene in age (Kent, 1944; Doornkamp and
Temple, 1966; Meyer et al., 1990; Johnson et al., 1996;
Danley et al., 2012). Paleolake Olduvai repeatedly
expanded and contracted during the early Pleistocene,
including lower Bed II, but was likely too small to inﬂuence
atmospheric circulation (Hay and Kyser, 2001; Ashley
et al., 2010; Stanistreet et al., 2018).
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Our ﬁndings suggest that Early Pleistocene hominins
inhabited environments that were seasonally variable to
an extent similar to climates in present-day eastern Africa.
In the tropics today, rainfall seasonality inﬂuences vegetation and animal communities, suggesting that selective pressures associated with seasonal changes in the abundance
and distribution of resources may have been important drivers of hominin evolution (Foley, 1993; Kingston, 2007;
Trauth et al., 2007; Macho and Leakey, 2009; Potts and
Faith, 2015), consistent with isotopic and histological evidence for seasonal-scale variation in diet and environmental
conditions (Macho et al., 1996, 2003; Sponheimer et al.,
2006; Lee-Thorp et al., 2010).
Equid teeth from Olduvai and Kanjera South indicate
higher isotopic seasonality in stratigraphically lower strata
(Olduvai IIA and KS1, respectively) and lower isotopic seasonality in the succeeding strata (Olduvai IIB and KS2).
That isotopic seasonality varied over relatively short periods of time indicates that these hominins were able to
accommodate signiﬁcant shifts in seasonality, consistent
with previous studies at Olduvai demonstrating shortterm environmental variability on orbital and suborbital
time scales (Liutkus et al., 2005; Ashley, 2007; Deocampo
et al., 2017; Colcord et al., 2018). Despite shifts in isotopic
seasonality, paleovegetation and mammal paleodiet proxies
indicate relatively stable ecological conditions, including a
C4 grass-dominated savanna biome (woody cover from
3% to 42%) with small areas of denser cover during lower
Bed II times at Olduvai (Bamford et al., 2006; Uno et al.,
2018; de la Torre et al., 2018; Bibi et al., 2018) and a
C4-dominated grassland (woody cover <10%) at Kanjera
South (Plummer et al., 2009a; Plummer et al., 2009b;
Cerling et al., 2015). The presence of archaeological traces
in the Kanjera and Kasibos Formations (Plummer, 1991;
Ditchﬁeld et al., 1999; Plummer and Bishop, 2016), Olduvai
Bed II (de la Torre et al., 2018), and Manyara Beds (Kaiser
et al., 2010), suggests no preference for isotopic seasonality.
The archaeological levels at Kanjera South and Olduvai
preserve particularly rich records of Early Stone Age hominin behavior, including selective use and transport of lithic
raw materials, repeated primary access to mammal carcasses, and the exploitation of a diversity of plant resources
including underground storage organs (Ferraro et al., 2013;
Lemorini et al., 2014; Arroyo and de la Torre, 2018;
McHenry and de la Torre, 2018; Pante et al., 2018). This
suite of behaviors suggests that by the Early Pleistocene
toolmaking hominins were omnivorous and relied on stone
tool-dependent foraging within variably seasonal
environments.
7. CONCLUSIONS
These ﬁndings demonstrate that in situ sampling with
laser ablation is useful for investigating the relationships
between enamel maturation and isotopic variability in large
mammalian herbivore teeth, but may not be ideal for widespread use because it does not eﬀectively remove signal
blurring compared to conventional sampling methods.
Equid intra-tooth variability in enamel d18O reﬂects intraannual variability in precipitation d18O, representing a
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proxy for past change in isotopic seasonality, although
the frequency and duration of seasons are not clearly preserved. Pleistocene fossil equid teeth from southern Kenya
and northern Tanzania indicate past isotopic seasonality
similar to modern eastern African climates. Addressing
the link between long-term changes in seasonality and other
environmental changes, such as the expansion of C4 plants,
requires additional intra-tooth d18O records from the late
Miocene and Pliocene and from additional basins. Finally,
additional modern datasets are needed to test the validity of
this approach in other taxa and in regions outside of tropical eastern Africa.
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Araguás-Araguá L., Froehlich K. and Rozanski K. (2000)
Deuterium and oxygen-18 isotope composition of precipitation
and atmospheric moisture. Hydrol. Process. 14, 1341–1355.
Archibald S. and Hempson G. P. (2016) Competing consumers:
contrasting the patterns and impacts of ﬁre and mammalian
herbivory in Africa. Philos. Trans. R. Soc. Lond. B Biol. Sci.
371, 20150309.
Arroyo A. and de la Torre I. (2018) Pounding tools in HWK EE
and EF-HR (Olduvai Gorge, Tanzania): percussive activities in
the Oldowan-Acheulean transition. J. Hum. Evol. 120, 402–421.
Ashley G. (2007) Orbital rhythms, monsoons, and playa lake
response, Olduvai Basin, equatorial East Africa (ca. 1.85–1.74
Ma). Geology 35, 1091–1094.
Ashley G. M., Dominguez-Rodrigo M., Bunn H. T., Mabulla A. Z.
P. and Baquedano E. (2010) Sedimentary geology and human
origins: a fresh look at Olduvai Gorge Tanzania. J. Sediment.
Res. 80, 703–709.
Bahloul K., Pereladova O. B., Soldatova N., Fisenko G.,
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