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Abstract

Calcium isotope analyses show a depletion of heavy calcium isotopes in vertebrates,
compared to food sources along each trophic step. Recent studies show considerable
variability of the calcium isotopic composition of bone and teeth in modern mammals,
leading to inconclusive interpretations regarding the utility of Ca isotopes for trophic
inference in mammal-dominated terrestrial ecosystems. Here, we analyzed modern
enamel samples from the Tsavo National Park (Kenya), and fossil enamel samples
dated from ca. 4 Ma to 1.6 Ma from the Turkana Basin (Kenya). We found a
constancy of taxa ordering between the modern and fossil datasets, suggesting that the
diagenesis of calcium isotopes is minimal in fossils. In modern herbivore samples
using similar digestive physiologies, browsers are enriched in **Ca compared to
grazers. Both grazer and browser herbivore tooth enamel is enriched in **Ca relative
to carnivores by about +0.30%o. Used together, carbon and calcium isotope

compositions may help refine the structure of the C; and C, trophic chains in the fossil
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record. Due to their high preservation potential, combining both carbon and calcium
isotope systems represent a reliable approach to the reconstruction of the structure of

past ecosystems.

1. Introduction

Calcium (Ca) is a major element (~40% weight) in carbonate hydroxylapatite
(CHA): the inorganic phase of vertebrate phosphatic tissues (i.e., bone, enamel and
dentine). Ca isotope ratios, *‘Ca/*’Ca (here expressed as 8***Ca, see details
thereafter), in vertebrate phosphatic tissues were first measured by means of thermal
ionization mass spectrometry (Russell et al., 1978; Skulan et al., 1997; Skulan et al.,
1999; Clementz et al., 2003). Ca stable isotope ratios have not been measured
routinely by means of multi collector inductively coupled plasma mass spectrometry
(MC-ICPMS) due to a major isobaric interference on *°Ca” by *Ar”, and polyatomic
and doubly charged interferences on **Ca’, “Ca" and **Ca” beams (Wieser et al.,
2004; Valdes et al., 2014; Tacail et al., 2016). Subsequent improvements of the Ca
purification chemistry and in MC-ICPMS analytics further encouraged the interest of
Ca isotope systematics in recent and fossil vertebrate samples with an emphasis at
understanding mammal, fish and reptile biology and reconstruction of associated
trophic chains (Clementz et al. 2003; Chu et al., 2006, Reynard et al., 2010, 2011,
2013; Heuser et al., 2011; Melin et al., 2014; Martin et al., 2015, 2017a, 2017b; Tacail
et al., 2017a; Hassler et al., 2018).

Two direct implications of the high Ca content in CHA stimulate the interest
for the analysis of Ca isotopes. The first is that minute amount of phosphatic tissue,
typically 100 ug, is necessary to process the measurement of Ca isotope ratios

accurately. Such a small amount of sample opens perspectives for the use of sample
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leftovers or the almost non-destructive sampling of precious fossils. The second is that
only extreme diagenesis, with more than 80% of reworked CHA, is predicted to have
an effect on the original Ca isotope composition (Martin et al., 2017a). These
calculations are made using water-rock interactions and assume that secondary
calcium carbonates are leached accordingly. Collagen nitrogen is rarely preserved in
fossils older than the Holocene or Late Pleistocene so that its potential as a trophic
indicator in the deep past is precluded. Therefore, measuring Ca isotope ratios have
the potential to allow reconstructing past trophic chains in vertebrate fossils of
Pleistocene age and older. So far, only trace elements, mainly the strontium-calcium
and barium-calcium ratios (Balter et al., 2001; Sponheimer and Lee-Throrp, 2006)
have been used to this end, but trace elements have the disadvantage to be potentially
altered by diagenetic processes (Reynard and Balter, 2014).

Trophic level reconstruction using Ca isotopes is based on the reasoning that
the whole body tissues of vertebrates are depleted in heavy Ca isotopes relative to
diet. The main observation is that bone Ca is depleted in heavy isotopes by -0.54%o in
average (expressed as 8****Ca) when compared to dietary Ca in mammals (Skulan
and DePaolo 1999, Chu et al., 2006, Hirata et al., 2008, Tacail et al., 2014, Heuser et
al., 2016). This systematic and well-conserved offset argues in favor of a shared
physiological effect on Ca isotope fractionation in mammal tissues. The depletion in
heavy Ca isotopes is variable among organs, but taking blood as a baseline, Tacail et
al. (2017b), based on a compilation of available data in mammals (Skulan and
DePaolo 1999; Morgan et al. 2012; Tacail et al. 2014; Channon et al. 2015; and
Heuser et al. 2016) on various organisms including humans, calculated a Ca isotopic

offset 8****Ca between blood and diet of -0.30 £ 0.13%o (1SD). The observed trophic
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level effects in ecosystems could thus be explained by the propagation of this
physiology-related isotopic fractionation from a trophic level to another.

Indeed, calcium isotope ratios were shown to decrease with trophic level
position in marine ecosystems by Skulan et al. (1997) and this finding was later
confirmed (Clementz et al. 2003; Martin et al., 2015; 2017b). Early work proposed a
model to understand the relationship between dietary and mineralized calcium
(Skulan and DePaolo, 1999) but subsequent studies raised some issues in interpreting
calcium isotope values in terms of trophic fractionation, notably in terrestrial
environments. Melin et al. (2014) studied calcium isotope ratios for terrestrial
mammal ecosystems and concluded that while confirming the decrease in Ca isotope
ratios in large carnivores, they also observed isotopic insensitivity to trophic levels
between small faunivores and low trophic levels, suggesting limited applications of
Ca isotopes in past ecosystems. Moreover the application of Ca isotopes for trophic
level reconstruction in past continental ecosystems, including dinosaur fauna, was not
conclusive (Heuser et al., 2011) although a recent study at regional scales permitted to
distinguish between food sources between predatory dinosaurs (Hassler et al. 2018).
Recent work offered encouraging perspectives in a Pleistocene mammalian fauna
(Martin et al., 2017a) but some outliers remain difficult to interpret and may be so
under the suspicion that physiological processes might be at play (Tacail et al. 2017a).
Also, complexation of Ca with aqueous compounds (e.g. citrates, oxalates) potentially
plays a role in isotopic fractionation between various plant or animal organs (Moynier
and Fujii, 2017). Physiological differences have been previously discussed between
fish and marine mammals (Martin et al. 2015) underlining the difficulty to interpret

mammalian calcium isotope variability solely under the light of a trophic effect on
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fractionation processes. Importantly, a comprehensive framework of Ca isotope
distribution in modern terrestrial mammals is lacking.

In an effort to fill this gap, the present work reports Ca isotope ratios of
modern enamel samples from the Tsavo National Park and from Turkana Basin
(Kenya) (n = 64), and fossil enamel samples (n = 51) dated from ca. 4 Ma to 1.6 Ma
from the Turkana Basin (Kenya). The #42Ca and ¥**Ca isotope ratios are compared
with carbon isotope (*C/"2C), oxygen isotope (‘*0/'°0), strontium-calcium (Sr/Ca),

and barium-calcium (Ba/Ca) ratios.

2. Methods

2.1. Samples

Tsavo National Park is situated in southern Kenya (ca. 3.4 S, 38.6 E, 550 m elevation)
and has a mean annual temperature of 25 °C and 550 mm annual rainfall
(Climatological Statistics for East Africa, 1975); it is a semi-desert bushland with
riparian woodland (White, 1985). Samples of mammals were collected between 1997
and 2011 and include the long-term collections at the Tsavo Research Center near
Voi; samples in this collection date back to the 1960s. Fossil samples from the
Turkana Basin were collected from the National Museums of Kenya and the Turkana
Basin Institute. Ages of fossils are based on the stratigraphic and geochronologic
work of Brown and McDougall (2011). Both modern and fossil materials were
collected as part of a paleoecology project reported earlier (Cerling et al., 2015). For

all samples, powdered enamel was collected using a low-speed dental drill.
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2.2. Analytical techniques

We compared samples that had undergone the standard pre-treatment used in light
stable isotope studies to remove organic matter and calcium carbonate (3% H,O,
followed by 0.1 M acetic acid as in Passey et al, 2002). Samples were analyzed for
8"°C and 8'°0 using digestion by 100% H3PO, and analyzed on an isotope ratio mass
spectrometer using the standard %o notation where
8"C(%0) = (R ample/Rstandara ~1)*1000 (1)

where Rample and Ryiandara are the °C/'*C ratios in the sample and standard,
respectively. An analogous equation defines 8'°0. The isotope standard VPDB
(Vienna-PDB) is used for both carbon and oxygen isotopes.

The remaining powdered samples were treated in the clean lab at LGLTPE,
ENS de Lyon, France. For each dissolved sample, a fraction was taken for
concentration analyses and another fraction was kept for purification of calcium.
Concentration analyses were performed by means of inductively coupled plasma mass
spectrometer (ICP-MS Agilent Technologies 7500 Series) for trace elements such as
Sr, Ba, U, and major elements were measured on an inductively coupled plasma
atomic emission spectrometer ICP-AES (Thermo electron corporation ICAP 6000).
Measurements were controlled through a set of blanks and standards such as
SRM1486. Calcium was purified following the protocol described in previous work
using Eichrom Sr-specific resin (Sr-spec Eichrom®) and cation-exchange resin (AG-
50WX-12) with ultrapure solutions of nitric and hydrochloric acids as elution agents
(see details in Tacail et al. 2014; Martin et al. 2015; 2017a; 2017b). The purified
fraction was measured for Ca isotopes on a Thermo Neptune Plus MC-ICPMS at

medium resolution in static mode. Delta values were obtained using the standard
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bracketing method using the /CP Ca Lyon standard issued from a Specpure calcium
plasma standard solution (Alfa Aesar) (Tacail et al., 2014, 2016, 2017a; Martin et al.,
2015, 2017a, 2017b; Hassler et al., 2018). SRM 1486 was used as a secondary
standard during each analytical sequence. Uncertainties are reported in Table S1 and
represent 2 standard deviations of these analyses. 8****Ca values are defined as:
8**2Ca(%o) =((**Ca/**Cagumpic)/ (*Ca/*Caicp caryon)-1)* 1000 (2)

where 8"*Ca is the normalized difference in per mil (%o) between a sample and our
in-house /CP Ca Lyon standard. In this work, all measurements are expressed in
§***2Ca (Table S1) and we invite the reader to refer to supplementary material (Figure
S1, Table S2) for details regarding conversions of data from the literature. Calcium
isotope values are often expressed as 8*/*’Ca values in the literature. As a guideline,
the magnitude of variations of 8****Ca is almost exactly half that of 8***°Ca.
SRM1486 yielded a value of —1.047 + 0.013 2SE (£ 0.13 2SD, n = 101), which is
undistinguishable from all SRM 1486 samples measured at LGLTPE, with an average
value of -1.024 £ 0.006 %o (n =404, 2SE, Tacail et al., 2014, 2016, 2017a, Martin et
al., 2015, 2017a, 2017b, Hassler et al., 2018) and reported 8***Ca values in 5 other
studies (-1.009 £ 0.026%o, 2SE, Heuser and Eisenhauer 2008, Heuser et al. 2011,
Heuser et al. 2016). More details on the compositions of reference materials are
available in Table S2. All measured samples plotted in a 8***Ca versus 8*"*Ca space
fall on a line with a slope of 0.514 + 0.026, 2SE, in good agreement with the 0.5067
slope predicted by the linear approximation of exponential mass-dependent

fractionation (Fig. 1).

3. Results
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Herbivores in both the modern and fossil samples range from browsers (8'°C < -8%o)
to grazers (8"°C > -1%o; see discussion in Cerling et al 2015); hippos are mixed
feeders in this modern Tsavo ecosystem. For the Turkana Basin fossil dataset, the
time span sampled is from ca. 4 to 1 Myr. A few taxa change their diets through this
time period and some taxa at the genus level are present only in the fossil record. The
elephantids Loxodonta and Elephas were grazers in the fossil record, but modern
Loxodonta is a browser in modern ecosystems in East Africa (see Table S1 and S2
and discussion in Cerling et al 1999, 2015) with Elephas being extinct in Africa
today.

In the savanna mammals of the South African Kruger Park, Sponheimer and
Lee-Thorp (2006) observed that grazers have higher Sr/Ca and Ba/Ca ratios than
browsers. This observation is not confirmed here in the East African modern
mammals of Tsavo (Fig S2). Noteworthy, we found that rhinos from this sample suite
have extremely high Sr/Ca ratios with typical Sr contents that are one order of
magnitude higher than in others animals (Fig S2). In agreement with the literature
(Balter, 2004; Peck and Clementz, 2012), however, the Sr/Ca and Ba/Ca ratios are
lower in carnivores than in herbivores in the modern dataset (Fig S2).

Fossil samples at Turkana are affected by diagenesis by the addition of trace
metals: there is a strong positive correlation between Ba and Mn concentrations (R* =
0417, p*** < 107; Fig S4C; Table 1) and between Sr and U (U; R?=0.247, p** =
0.0004; Fig S4D; Table 1). As a consequence, the Str/Ca and Ba/Ca ratios do not
discriminate carnivores from herbivores in this particular fossil assemblage (Fig S3).
In addition, the Sr/Ca and Ba/Ca ratios are correlated at Turkana (R?=0.225, pr* =
0.0008, Fig. S4B) while this correlation is not observed in the recent Tsavo fauna (Fig

S4A).
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That the Sr/Ca and Ba/Ca are correlated in fossil samples suggest a common
diagenetic process for Sr and Ba. Likely, this diagenetic process involved the addition
of a U and Mn-rich phase, which also contains Sr and Ba, explaining the overall
increase by a factor of 1.7 and 3.3 of the Sr/Ca and Ba/Ca ratios, respectively,
between modern and fossil samples. Mg/Ca ratios are not significantly different
between modern and fossil samples. We conclude that our results show that diagenetic
processes have altered the concentrations of Sr and Ba, and therefore the potential for
isotopic alteration of the *’Sr/*®Sr ratio in fossil materials must be evaluated carefully.

Inversely, the relative sensitivity of trace and major elements to diagenesis can
be used to ascertain that little or no diagenesis has occurred for major elements if the
trace elements normalized to calcium show ratios similar to modern samples. This is
most probably the case for South African Plio-Pleistocene fossils for which original
Sr/Ca and Ba/Ca patterns are apparently preserved (Sponheimer et al., 2006; Balter et
al., 2012).

The 8****Ca values range from —2.00%o to —0.98%o in the modern dataset of
Tsavo/Turkana (Fig. 2A) and from —1.77%o to —0.94%o in the fossil dataset of Turkana
(Fig. 3A). In both cases, carnivores exhibit the lowest 8***Ca values, but hippos also
have quite low values, between hyenas and felids. Equids have 8*/*Ca values that
fall in the variability of the felid carnivores, both in the modern and fossil datasets. In
the modern dataset, suids exhibit similar 8****Ca values to equids, while fossils suids
have relatively high 8***Ca values. Bovids, elephants and giraffes in the modern
dataset have 8****Ca values more positive than equids, carnivores and hippos,
although one equid outlier shows a 8****Ca value close to -1%o. The highest 8****Ca
values are from rhinos and some of the other herbivores such as one giraffe, one

equid, a few elephants and bovids for the modern taxa analyzed (Fig. 2A). In the
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fossil dataset, however, the fossil giraffes, bovids, rhinos and elephants have
undistinguishable 8****Ca values (Fig. 3A).

Therefore, diagenesis appears to affect some trace elements (Ba, Mn, possibly
Sr) but not for Ca-isotope ratios. The existence of a correlation between modern and
fossil 8****Ca values (Fig. S5) implies that diagenesis of the Ca isotope ratios at
Turkana is weak otherwise no correlation would have been obtained. Diagenesis of Ca
isotopes is expected to be minimal in most cases, because phosphatic tissues are so
rich in Ca that only extreme diagenesis (discussion above), which would modify the
stoichiometry of CHA, would be able to overprint the original Ca isotope composition

(Martin et al., 2017a).
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4. Discussion

Recent data of calcium isotope compositions in enamel suggest a strong potential
as a paleodietary indicator in marine settings (Skulan et al., 1997, Clementz et al.,
2003; Martin et al., 2015; 2017b). On continents, however, data exhibit generally
more complex patterning due, probably, to heterogeneous isotopic sources in soils and
further fractionation in plants (Skulan and De Paolo, 1999; DePaolo 2004; Melin et
al., 2014). Melin et al. (2014) analyzed the calcium isotope ratios of 21 bone samples
from two modern mammalian communities in northern Borneo and northwestern
Costa Rica: they observe a depletion of heavy calcium isotopes up the trophic chains
involving two large vertebrate predators (one Felis bengalensis individual in Borneo
and one Panthera onca individual in Costa Rica). Melin et al. (2014) concluded a lack
of sensitivity of Ca isotopes to carnivory. Although tooth or bone samples from large
predators are indeed difficult to secure, larger datasets including more of them are
required to further explore this issue.

Our Ca isotope measurements arise from two modern datasets of mammals
living at Tsavo National Park and at Turkana, both from Kenya; these datasets
comprise 64 samples from individuals covering 9 different families of large mammals
with 18 grazers, 21 browsers, 7 mixed feeders and 18 carnivores (Table 1). We
considered several different digestive physiologies in the herbivore mammals of our
dataset: ruminant foregut, non-ruminant foregut and hindgut. However, we found no
statistically significant differences between groups. Although recent finds have
highlighted that fractionation of calcium isotopes in the body mainly occurs from
renal activity (Tacail et al. 2017b), it will be worth to expand the dataset and further
explore potential links between digestive physiology and isotopic variability.

Comparisons of 8****Ca values with respect to body mass are premature with our
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current dataset; such studies should also include renal and digestive physiology as
well as the C3/C4 mix of diet while also comparing for body mass. Here, 1) we discuss
a Trophic Level Effect (TLE) as recorded in tooth enamel of modern mammals,
underlining significant differences in Ca and C isotope values between some
carnivores and herbivores; 2) we highlight that variability in mammal resource use
such as plants, soils and waters needs to be considered to account for the observed
variability in Ca isotope values of their tissues and may be related to differences in
calcium isotope ratios between grazers and browsers; and 3) we infer fossil mammal

Ca isotopic ecology in light of the knowledge derived from the modern samples.

4.1. 8" Ca and the Trophic Level Effect (TLE) in modern mammals

Carnivores exhibit an important variability of the Ca isotope composition being the
lightest samples of the dataset but also overlapping with herbivore Ca isotope values,
except some of the very large herbivores, i.e. rhinos, giraffes and elephants (Fig. 2A).
We report a carnivore-prey offset of 0.24%o when considering all carnivores versus
herbivores of the modern dataset, and an offset of 0.33%o when considering Panthera
leo and Crocuta crocuta from Tsavo versus all modern herbivores. Therefore, a
carnivore-prey offset of about 0.3%o seems to characterize mammalian faunas. For the
limited samples we have analyzed, the two modern felids from Tsavo, Panthera leo (n
=9) and Panthera pardus (n = 4) have differing 42 q ratios, P. leo being the most
depleted in heavy Ca isotopes (-1.63 £ 0.09%o, 1SD) similarly to the single hyenid
Crocuta crocuta from Tsavo whereas P. pardus is enriched in heavy Ca isotopes
(-1.46 = 0.16%o, 1SD). In the modern dataset from Turkana, C. crocuta (n = 2) is also
the most depleted in heavy Ca but in this ecosystem, P. leo (n = 2) is notably enriched

in heavy Ca (-1.18 £ 0.01, 1SD), more so than P. pardus from Tsavo. Large
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carnivores are flexible in their diet and their feeding habits may vary from one region
to another. Considering only P. leo and C. crocuta at Tsavo, carnivores possess
significant lower 8***Ca values than all herbivores, except the hippos (see discussion
below). Bone is often a significant component of the diet of hyenids but also of P. leo.
Across felid taxa, proportions of meat versus bone vary (Van Valkenburgh, 1996),
indicating bone consumption needs to be considered as a non-negligible supplier of
dietary calcium. Even a small amount of dietary bone ingested would shift the values
toward light Ca (Heuser et al. 2011), and could explain the low 8***Ca values
observed in our dataset for P. leo and C. crocuta. More calcium isotope data-points
are needed to test for a potential isotope scattering among carnivores according to
their feeding ecology. Based on behavioural observations, a dietary overlap exists
between C. crocuta and P. leo (Hayward, 2006) and may help explain that both taxa
display some of the most depleted Ca isotope values of the dataset. In the Pleistocene
of France, C. crocuta possesses the most 8****Ca-depleted value of the dataset
(Martin et al. 2017a), confirming our observations on C. crocuta from modern Kenya.
The §"C distribution clearly distinguishes C4 from Cs trophic chains (Fig. 2B)
and used with 8****Ca values provides further insights into niche partitioning.
Browsing herbivores, composed of a few bovids, giraffes, rhinos and elephants
exhibit high and low §*¥*2Ca and 8"°C values, respectively. They are separated in the
§*¥*2Ca versus 8'°C space from a group of predators, here represented by leopards,
which show similar 8'°C values but lower 8*/**Ca values (Fig. 2B). That P. pardus
avoids prey living in open habitats has been reported in the wild (Hayward et al.
2006b) and the isotopic distribution reported here indicates that some of the
herbivores mentioned above, especially small bovids, could represent potential prey

of the leopards. The preferred prey of the leopards have body masses not exceeding
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25 kg (Hayward et al. 2006b) and therefore are not elephants, rhinos or giraffes.
Further work is needed to sample and assess 8****Ca values for forest-dwelling small
mammals such as small bovids (e.g., duikers, dik-diks, other neotragins) or primates,
all of which are recognized prey of P. pardus and known to generally possess
depleted 8'"°C values (around -12 to -15%o) (Cerling et al. 2004). On the other hand,
another group of herbivores comprising most of the larger bovids, suids and equids
occupy a distinct §'°C distribution indicating a C4 source for predators represented by
P. leo, as indicated by their lower §****Ca values, corresponding to the expected
dietary shift in ****Ca values between consumer and prey.

Hippos do not follow the trends observed in other herbivores and have very
low 8***2Ca values typical of carnivores. Such measurements are difficult to reconcile
with a TLE given their known grazing ecology (Cerling et al. 2008); however, hippos
are semi-aquatic and thus have different physiological adaptations than all the other
non-aquatic mammals; influences on bone density and associated bone mass balance
may affect their §****Ca values. Although hippos have been occasionally observed to
exhibit carnivory (Dudley et al. 2016) the observations are so sparse to suggest that

carnivory is unlikely to have an observable Ca-isotope effect in hippos.

4.2. Ca isotope variability in environmental sources

Drinking water represents a source of calcium for mammals with concentrations
ranging between 15 and 150 ppm in modern-day streams (Tipper et al. 2016). Ca
isotopes do not fractionate in a significant extent during geological processes leading
to rather homogeneous isotope compositions in rocks, being sedimentary,

metamorphic, plutonic or volcanic (Tipper et al., 2016). The Turkana modern and
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fossil ecosystems are located around Lake Turkana and are comprised primarily of
fluvial Quaternary sediments derived primarily from Ethiopian Tertiary and
Quaternary volcanic rocks. The Tsavo ecosystem is located between Mombasa and
Nairobi and consists of metamorphic basement in the east (all of Tsavo East NP and
most of Tsavo West NP) with some Quaternary basalts in the western part of Tsavo
West NP. If local Ca-isotope variations are found between different substrates,
studies combining 8**Ca values with *’Sr/**Sr may be useful to study fossil
assemblages.

At the bottom of the trophic structure, mammalian herbivores source most of
their calcium from plants. Contrary to geological processes, reviewing the literature
shows that Ca isotopes fractionate in a significant extent between monocotyledons
(including grasses) and leaves of dicotyledons (Fig. 4), thus representing an important
source of isotopic variability. Roots of plants preferentially take up light Ca isotopes,
and there is a further fractionation in favor of heavy isotopes with variable amplitude
in leaves of dicotyledons, while this process is subdued or absent in monocotyledons
(Cenki-Tok et al. 2009, Holmden and Bélanger 2010). This leads to a difference of
+0.31%o (p*** < 10™*) between whole monocotyledon plant tissue and the leaves of
dicotyledons. This 8*/**Ca difference implies that grass and sedge consumers, i.c.
grazers, should have a 8*/*Ca value lower by about 0.3%o compared to the browsing
leave-eaters; this is generally true for the modern Tsavo dataset (Fig. 2). If different
plant parts (i.e., roots, shoots, leaves) have different 8**2Ca values, those differences
may be passed on to the consumer and this would be a useful tool for understanding
fossil diet partitioning.

This recognized isotopic difference between plant types, being passed on to

herbivores, eventually gets passed on to the next trophic level, i.e. carnivores. We
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expect that carnivores feeding on grazers should exhibit different calcium isotopic
compositions than carnivores feeding on browsers and this is supported by our
modern dataset with lions and hyaenas showing more negative values (—1.65 +
0.10%o, 1SD, n = 10) than leopards (—1.46 = 0.16%o, 1SD, n = 4).

Despite some scattering in 8****Ca values among predators, it becomes clear
that in a modern ecosystem such as Tsavo, P. pardus feeds on prey with higher
§***2Ca values, and that P. leo and C. crocuta primarily feed on prey with lower
§***2Ca values. Remarkably, there is a tight 8****Ca versus 8"°C clustering of all the
taxa in the modern Tsavo panel, suggesting that Ca and C isotope ratios are driven, at
least partially by common processes. The concomitant use of §****Ca and 8'"°C values
provides for the first time an encouraging perspective on carnivore niche partitioning
between Cs and Cy4 prey. Certainly, more *¥**Ca measurements covering specific
feeding ecologies among modern felids are required to further discuss the use of

calcium isotopes and decipher niche partitioning among large carnivores.

4.3. Palaeoecological inferences using Ca isotopes

The taxonomic distribution of the Ca isotope ratios have similar ordering for modern
and fossil East African faunas (Fig. 2A and Fig. 3A). Comparing the 8**2Ca values
in modern Tsavo and fossil Turkana on a family taxon basis leads to a good
correlation (R* = 0.621, p* = 0.012, Fig. 5) with an observed compression in the
§*¥*2Ca range possibly due to differing feeding ecologies between fossil and modern
analogues, as evidenced by high 8**Ca values for fossil suids and saber-tooth cats.
Plio-Pleistocene assemblages from Turkana in northern Kenya are from ca. 4.1

Ma to 1.4 Ma, a period well after the rise of C4 ecosystems (Cerling et al., 1997), but
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in a time where there were significant changes in dietary guilds represented in the
fossil record (Cerling et al., 2015). The fossil Turkana ecosystem had similar
taxonomic lineages as the modern Turkana ecosystem: bovids, elephantids, giraffids,
equids, rhinocerotids. Fossil hyenids and felids were analyzed from Turkana; those
fossil carnivora taxa include those with no modern analogues such as saber tooth
felids.

The 8****Ca and 8"C relationships are preserved for some taxonomic groups,
but not for all groups, when comparing the modern and fossil assemblages (Figure 2
and Figure 3). Most taxonomic groups have similar rankings for 8***Ca for fossil
versus modern samples (Figure 5) suggesting a conservative ecology and/or
physiology. Although most taxonomic groups have similar 8"°C values through time,
some notable exceptions, such as elephantids and rhinocerotids, show similar 8****Ca
values in spite of differing §'°C values for the data considered here.

Bovids and equids have similar 8"°C and §****Ca values for both modern and
fossil faunas although differences are noted. The fossil tragelaphins (Taurotragus and
Tragelaphus) had higher grass components in their diets than the modern ones from
Tsavo, and likewise the fossil alcelaphins (Megalotragus) had a slightly higher
browse content than do modern alcelaphins from East Africa (see Cerling et al.,
2015). Equids had similar 8"°C values for both modern and fossil samples. Fossil and
modern bovids have similar 8*/**Ca values, but modern equids have 8***Ca values
slightly different than fossil equids.

The comparison between modern and fossil elephantids and rhinocerotids is
noted here. Although the 8***Ca values are comparable, the diets of the studied
samples are quite different, unlike all other fossil-modern comparisons in this study.

Both elephantid fossil Elephas and Loxodonta were grazers, but modern Loxodonta is
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primarily a browser (Cerling et al. 2015). The abundant fossil rhinocerotid
Ceratotherium was a grazer and was analyzed as part of this study; the modern
rhinocerotid Diceros was a browser (Cerling et al., 2015) and was analyzed as well.
For these lineages, 8***Ca values are similar for fossil and modern comparisons, in
spite of the dietary (grazing versus browsing) differences. Clearly, further
comparison within the elephantid and rhinocerotids for both modern and fossil faunas
is needed to understand why 8*/*Ca values in these groups appears to be
conservative across dietary differences.

Modern suids, represented by Phacochoerus aethiopicus, have 8****Ca values
(-1.48 + 0.04%o, 1SD, n = 3) significantly different from fossil suids (-1.09 % 0.11%eo,
1SD, n = 3). The fossil dataset includes three genera (Kolpochoerus, Metridiochoerus
and Notochoerus) and there is little variation in their respective Ca isotope values.
Modern P. aethiopicus are mostly herbivorous, feeding on grass. More specimens of
fossil suids, especially contemporaneous lineages is needed to determine if Ca-
isotopes can distinguish different feeding strategies, such as using underground
storage organs, versus grass stems or leaves (Fig. 4).

It is noteworthy that the **Ca-enrichment observed for carnivores between
Turkana fossils and modern Tsavo samples is linked to five out of fourteen fossil
samples (Fig. 5), with *¥**Ca values above -1.2%o, which represent very high values
even considering the modern Tsavo carnivores. Excluding these five samples, it can
be noted that fossil and recent carnivores have identical ****Ca values (Fig. 5)
implying that those hyaenids and felids already occupied similar niches as modern C.
crocuta and P. leo. There are no pure C; carnivores in this dataset of fossil Turkana

carnivores that fill the niche of extent leopards. All the fossil Turkana carnivores
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examined in this paper relied on herbivores with a mixed Cs-C4 diet and cover a wide
time range.

The group (n = 5) of fossil carnivores with extremely **Ca-enriched values
(Fig. 3) includes four felids with two individuals of the genus Dinofelis (-1.17 £+
0.10% and -1.03 £ 0.22%o), one machairodontid of the genus Homotherium (-1.08 +
0.15%o) and one indeterminate felid (-1.09 £ 0.12 %o). Three of them are characterized
by saber-shaped canines, the function of which has been interpreted to deliver a
weaker bite force than P. leo (McHenry et al. 2007). According to our carbon isotope
data, this group of felids fed on herbivores that consumed a mixture of C3-C4 plants or
the diet was a mix of grazers and browsers. The high 8**Ca values of Turkana
saber-tooth cats imply an absence of bone consumption, probably reflecting
adaptation to exclusive flesh-eating. Even considering such a derived feeding
preference toward meat-based diet, the ****Ca values for this group of felids remain
high and applying an offset of about +0.3%eo (see 4.1) indicates a prey source with a
8*¥*2Ca enamel value around -0.8%o, i.e. not measured in our dataset. A provocative
explanation would be that these carnivores relied mainly on an unanalyzed group of
prey. As tempting as it may seem, two outliers may contradict such hypotheses and
are represented by a machairodontine (saber-tooth) with low 8****Ca value (-1.53 +
0.12%o) as well as a hyenid with a particularly high 8***Ca value (-0.93 + 0.13%o),
both of which should be expected to respectively display high and low 8****Ca values
instead. Alternatively, the model of Skulan and DePaolo (1999) could explain high
§*¥*2Ca values in some carnivores if a large proportion of ingested calcium ends up
mineralized, in other words resulting in no fractionation between mineral and diet.
Clearly, more data are needed to fully cover the range of §****Ca variations in modern

mammals, but the present study already gives encouraging grounds for first order



457  paleoecological reconstructions. Tighter time intervals for the fossil record would be
458  beneficial for understanding past relationships in 8****Ca space, and additional studies

459  of modern ecosystems are also needed.
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Figure captions.

Figure 1. Three-isotope-plot for all data measured in this study, with 8*'**Ca (%o) as
a function of 8**Ca (%o) relative to ICP Ca Lyon bracketing standard. The samples
and standards fall on a line with a slope of 0.518 + 0.028 (2SE), indistinguishable
from the 0.507 slope predicted by the exponential mass-dependent fractionation law
(red stippled line). Error bars correspond to 2SD. The blue line corresponds to the
regression line. The red shaded area corresponds to the 95% confidence interval on

the regression line.

Figure 2. A, ****Ca variability by taxonomic groups (%o, rel. ICP Ca Lyon),
arranged by increasing average values, as measured in tooth enamel of a mammalian

assemblage from the modern ecosystem of Tsavo, Kenya. B, 8****Ca as a function of
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8"°C measured from tooth enamel from the same modern assemblage. Note the spatial
distinction between Hyenidae + P. leo and P. pardus. Abbreviations: t, tragelaphine

bovids.

Figure 3. A, Calcium isotope variability by taxonomic grouping of fossil assemblage
of Turkana Basin, Kenya. B, 8**2Ca as a function of 8"C measured from tooth

enamel from the same fossil assemblage. Abbreviations: a, alcelaphine bovids.

Figure 4. Calcium isotope variability compared between soils, browser and grazer
tooth enamel and their potential source foods, i.e. plant parts including roots, shoots,
leaves/fruits and whole Poacea (data for soils and plants derived from Bagard et al.
2013; Chu et al. 2006; Farkas et al. 2011; Gussone and Heuser, 2016; Heuser et al.,
2016; Hindshaw et al. 2013; Holmden et al. 2010; Moore et al. 2013; Page et al. 2008;
Schmitt et al. 2003; Skulan and DePaolo, 1999; Tacail et al. 2014; Wiegand et al.

2005). Student t-test P values are indicated: **P = 0.001-0.01; and ***P<0.001.

Figure 5. 8***Ca in fossil tooth enamel from Turkana Basin compared to 8***Ca of

modern tooth enamel from Tsavo for similar taxonomic groups.
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Supplementary data

Conversion of literature data to ICP Ca Lyon
All standards and datasets from the literature expressed in 8***°Ca values were
converted to 8***Ca by dividing by 2.048, as calculated using the exponential mass-

dependent fractionation law (e.g. Russell et al., 1978, Maréchal et al., 1999).

The measured 8****Ca values of 4 international Ca isotope standards expressed with
respect to SRM915a standard were compared to 71 values from the literature as
compiled from 52 publications. The constant difference of — 0.518 + 0.025 %o
between standards measured against SRM915a versus ICP Ca Lyon (Figure S1) was
used to calculate the corresponding isotope compositions of international standards
from the literature with respect to ICP Ca Lyon, as well as to compare our dataset to
literature dataset published against SRM915a, Seawater, SRM915b, SRM 1486, CaF2
GEOMAR, BSE and the CaCO3 standard described in Skulan et al. (1997). All the
measured and compiled 8****Ca values of Ca standards and reference materials are

summarized in Table S2.

Table S1. Modern and fossil samples analyzed in this study for calcium isotope
values (expressed as 8****Ca and 8""**Ca in %o relative to standard ICP Ca-Lyon),
carbon and oxygen isotope values as well as concentrations and concentration ratios

for some major and trace elements.

Table S2. Table summarizing the isotope compositions of all 7 standards or reference

materials measured or converted to /CP Ca Lyon. Underlined values are the values



795

796

797

798

799

800

801

802

803

804

805

806

807

808

809

810

811

812

813

814

815

816

817

818

819

used to convert literature datasets from a given reference material to ICP Ca Lyon

when necessary.

Supp. Figure 1. Literature 5*¥**Ca average values (%o, rel. SRM9154) as a function of
measured 8****Ca average values (%o, rel. ICP Ca Lyon) of 4 international Ca isotope
standards (Seawater, SRM915a, SRM915b and SRM1486). This value is thus used to
convert literature datasets expressed against SRM915a to ICP Ca Lyon. The blue line
is the regression line for which the equation is given in blue. The dotted line is the
identity line (y = x); the dotted grey line is the line with slope 1 and y-intercept of
0.518%0. The 0.518%o0 value is the one used for conversions of datasets initially
expressed relative to SRM915a. Error bars are 2SE (95% confidence interval from the

Student’s t-test).

Supp. Figure 2. Log10(Sr/Ca) ratios in the modern mammal assemblage of Tsavo,
Kenya represented by A, family groups and by B, ecological groups. Log10(Ba/Ca)
ratios in the modern mammal assemblage of Tsavo, Kenya represented by C, family

groups and by D, ecological groups.

Supp. Figure 3. A, Logl10(Sr/Ca) and B, Log10(Ba/Ca) ratios in the fossil mammal

assemblage of Turkana Basin, Kenya represented by family.

Supp. Figure 4. Trace element concentrations measured from tooth enamel samples
from modern and fossil mammals analyzed in this study. Green corresponds to
herbivores and red corresponds to carnivores. A, Ba/Ca ratios as a function of Sr/Ca

ratios from the modern mammalian assemblage; B, Ba/Ca ratios as a function of
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Sr/Ca ratios from the fossil mammalian assemblage of Turkana Basin; C, Mn as a
function of Ba from the fossil mammalian assemblage of Turkana Basin; D, U as a

function of Sr from the fossil mammalian assemblage of Turkana Basin.

Supp. Figure 5. Comparison of 8****Ca values measured on pairs of treated versus
untreated samples (in %o, relative to /CP Ca Lyon standard). The blue line is the

identity line. Error bars are 2SD.
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TSAVO_TURKANA DIGESTIVEPHYSIOLOGY  ecology_613C MOD_FOSS sample_ID treat_untreal geol_fm DATE_MY_BIAGE_RANGE tooth_type  613C 6180  6a4/axa() 2D  63/4caie) 2D 644/42Ca AVSRMSISa  n  Ca/P(AES) Mg/CalAES) Sr/Ca  Ba/Ca  Ca(%)  Mn(ppm) U(ppm)
TSAVO HINDGUT untrested NN A Nan ms 1 04 107 013 056 016 056 3 21 o003 178 oooo2s 339 205 NA
Toa HINDGUT untreated NN N NN ms el 28 EE 005 083 007 063 3 21 000538 000932 000003 361 9 Na
TSAVO HINDGUT untreated  Nah N NN ms 106 o6 1 005 05 012 048 3 21 000325 0007169 0000435 376 156 Na
TSAvO HINDGUT untrested NN NA Nan m3 105 05 088 005 048 015 045 3 21 000403 0008029 0000249 362 148 NA
TSvO RUMINANT_FOREGUT untreated NN N NN w3 12 33 134 008 07 009 083 3 21 oomB2 0000959 O0000BEY 257 123 Na
TSAvO RUMINANT_FOREGUT untrested  Nan NA NN NaNy 141 02 126 007 063 002 074 3 2 oo0s951 0000768 0000125 351 84 A
TSvO HINDGUT untrested  NaN NA Nan ms 87 o 12 011 055 o s 3 21 000215 0001281 000014 331 as Na
TSAvO HINDGUT untreated  Nah N NN ms 96 02 a2 o1 081 013 07 3 21 0006053 00012 000008 35 71 Na
TSAvO HINDGUT untrested NN NA Nan Nany 13 04 120 005 081 008 on 3 21 000064 0001434 O0000ME 328 37 A
Ton RUMINANT_FOREGUT nireat Nany N NN w2 5 34 119 005 08 007 067 a 21 oooales 000727 000016 349 4 Na
TSAVO RUMINANT_FOREGUT untreated NN N NN P 116 51 134 005 073 021 082 5 2 ooost 0007 0000126 351 378 Na
TSAv0 RUMINANT_FOREGUT untrested NN NA Nan ms 126 16 135 001 069 01 083 a 21 ooms2 0000573 0000M7 325 se3 NA
TSvO Nan untr NaNy N NN m a1 53 15 005 08 013 108 3 Na A 3 Na A 3 Na
TSAVO NaN untrested  Nan NA NN 129 06 121 015 063 o1 07 3 Na NA A Na NA N A
TSvO Nan et Nan N NeN  ms(em2) 3 03 Er 005 074 o1 05 2 Na nA N Na A N NA
TS0 Nan untreated NN N NN 12 o 11 o1 056 009 058 3 Na A N Na A N Na
TSAvO NaN untrested  Nan NA Nan m3 a5 02 108 014 058 006 056 . A NA NA A NA NA A
Ton Nan untreats Nan N NN I s 55 116 002 057 009 o061 3 Na A N Na A N Na
TSAVO NaN untreated  Nah N Nan P2 119 37 133 003 063 012 081 3 Na A A Na NA A Na
TSAvO Nan ireat Nan N Nan P 108 3 12 o001 061 001 072 3 A NA A NA NA A NA
TSvO NaN untreated NN N NN I a1 39 105 015 053 008 053 3 N Na A N Na
TSAVO CARNIVORE untrested  Nan NA NN P2 8 2 181 021 091 o1 129 3 21 000507 0000628 000016 346 217 A
TSvO CARNIVORE untreats Nan NA Nan c 13 Y] a2 013 074 001 091 3 19 oomsel oowosz7 oooous 212 59 Na
TSAvO CARNIVORE untrear Naly N NN ms 128 23 168 009 085 006 116 3 21 0007102 000148 0000107 367 149 Na
TSAvO CARNIVORE untreated NN NA Nan c 143 21 131 008 068 01 078 a 21 000m32 oooses o000 351 358 A
Ton CARNIVORE untreated NN N NN < 148 B ) 005 07 016 092 5 21 ooos22 000035 0000031 335 116 Na
TSAVO CARNIVORE untreated  Nah N NN ' 58 1 176 015 05 o1 124 5 21 00056 0000623 000012 346 325 Na
TSAv0 RNIVORE untrested NN NA Nan c 69 7 13 007 089 006 111 . 21 000646 0000543 0000107 369 101 NA
TSvO CARNIVORE o NaNy N NN m a1 1 158 008 078 007 106 3 2 000651 0000613 0000127 293 2% Na
TSAVO CARNIVORE untrested  Nan NA NN m 58 02 175 017 05 006 123 5 21 000595 00002 0000065 349 569 A

SAv CARNIVORE untrested NN NA N m s2 14 an 008 085 001 12 6 21 5 0000525 0000205 333 281 Na
TURKANA NaN untreated NN N NN it 37 17 12 013 087 002 068 3 21 000993 000127 0000089 342 614 o
TURKANA NaN treated  Naly NA Nan 19 37 17 118 005 063 003 066 2 21 o0uon2 000MS4 0000117 292 429 0
TURKANA Nan untreated NN N e tpa 75 s 15 015 082 016 112 a 21 oo o001l 000005 36 375 o
TURKANA NaN resed  Nan N NN itpa 79 18 17 009 084 011 119 3 21 0007144 00015 000007 357 a1 Na

TsAv Nan untrested NN NA Nan P 45 0s 148 009 073 017 096 . A NA A NA A A NA
TSvO NaN untreat NaNy N NN m 55 08 185 013 082 023 113 3 Na A N Na A N Na
TSAVO NaN untrested  Nan NA NN m 71 01 158 014 08 014 106 5 Na NA A A NA A A
TSvO Nan et Nan NA Nan dm1 69 13 a7 018 081 016 105 3 Na NA A NA A N Na
TSAvO HINDGUT untreated NN N NN w3 05 5 156 005 075 009 108 3 2 ocose2 0001728 000015 353 65 NA
TSAvO HINDGUT untrested NN NA Nan M3 01 59 158 005 085 017 106 3 2 oo0s1 000128 00009 344 86 A
Ton HINDGUT untreats Nany N NN 3 02 38 a3 005 073 o1 091 3 21 ooosa3  o00ise7 000017 294 183 Na
TSAVO RUMINANT_FOREGUT untreated  Nah N NN M3 18 24 134 004 07 011 082 3 2 0008465 0000787 0000518 308 396 Na
TSAvO RUMINANT_FOREGUT nireat Nany NA Nan M3 05 26 158 021 077 009 106 6 21 000ssal 000046s 000022 342 27 NA
TSvO RUMINANT_FOREGUT untreated NN N NN P 05 28 125 009 058 019 073 3 21 00049 00006E8 000039 357 177 Na
TSAVO RUMINANT_FOREGUT untrested  Nan NA NN ms 06 51 109 014 062 01 057 3 21 0006751 0000601 000029 355 13 A
TSvO Bovidae oy beisa RUMINANT_FOREGUT untreats Nany N NN w2 04 15 124 014 061 03 072 3 21 o0o6l2s 0000832 0000235 351 84 Na
TSAvO Suidae Phacochoerus._aethiopicus INDG unir Nany N NN M3 02 07 v 01 075 011 095 3 21 0o0es1 0000972 0000227 351 203 Na
TSAvO Sudae Phacochoerus_aethiopicus HINDGUT nueated  NaN N 3 05 21 146 013 071 o018 094 3 2 ooise2 000068l 000023 319 217 A
Ton HINDGUT untreated NN N NN Nany 12 01 153 005 082 013 101 5 2 ooomsss 0000795 000026 297 2082 Na
TSAVO RUMINANT_FOREGUT untrested NN N NN P2 07 05 135 014 068 018 08 5 21 0004325 000097 000018 362 159 Na
TSAv0 RUMINANT_FOREGUT untrested NN NA Nan P2 13 21 a2 01 082 02 05 3 21 0006023 0000756 0000399 352 73 NA
TSvO RUMINANT_FOREGUT nireat NaNy N Nan w3 17 20 143 008 o7 009 091 3 21 000523 0000708 000019 365 39 NA
TSAVO RUMINANT_FOREGUT untrested  Nan NA NN M3 23 13 127 005 063 011 076 3 21 0005762 000089 0000233 355 63 A
TSvO RUMINANT_FOREGUT untrested NN NA Nan Pa 15 19 39 005 075 009 087 3 21 000S08 0000717 O0O0NG2 4 133 Na
TSAvO Nan untreated NN N Na ' 07 25 107 013 053 013 055 3 Na A A Na
TSAvO NaN untrested  Nan N Nan P 02 17 168 007 084 003 116 3 NA NA N A
Ton NON_RUMINANT_FOREGUT untreats Nany N NN w2 18 25 152 003 o7 009 EY 3 21 ooo3e7 ooosE2 0000217 354 884 Na
TSAVO "NON_RUMINANT_FOREGUT untreated  Nah N NN ms 59 18 2 004 107 o011 149 3 21 00063 0001959 0000215 35 128 Na
TSAvO NON_RUMINANT_FOREGUT untrested NN NA Nan c 6 a4 15 007 083 009 108 . 21 o003 000169 0000169 352 467 NA
TSvO "NON_RUMINANT_FOREGUT untr NaNy N NN Nany 29 E 183 005 082 002 112 3 2 oo oooise 0000131 335 143 Na
TSAvO iDGuT untrested  Nan N Nan P2 71 07 113 017 06 022 061 . 21 000621 000191 000016 362 10 A
TSvO HINDGUT . Nan NA Na m2 79 07 118 005 062 016 067 a 21 0O0elS2 0001791 000019 269 s Na
ToAv NaN untreated N NN s 5 1 14 01 089 013 088 3 Na A N NA A A Na
TURKANA NaN treated  Lomumon N a1 tM 116 21 126 o008 061 012 074 3 2 oooe 0002708 0000351 364 354 64
TURKANA Nan treatd N 1sslss M3 dla 32 119 009 059 o1 067 3 22 oooasss ooose o014z 344 775 76
TURKANA NaN weaed  lokochot  NA 34032 M3 118 a8 135 004 067 005 083 3 21 0007599 000848 00005 339 s02 63
TURKANA Nan treated  lokochot  NA 34032 miag 25 a 27 014 064 o1 075 a 21 000ases 0002145 000079 322 m a5
TURKANA Giraffidae. Giraffa_silei NaN weated KBS NA 18viss M3 121 38 095 015 045 015 043 a 21 00043 000305 0000704 398 393 3
TURKANA Bovidac. NaN_NaN NaN untreated  Okote NA 164139 m2 88 17 1w 009 062 01 065 a 21 oo0ss 0002921 oo0E3 23 o5 88
TURKANA Bovidae NaN_NaN Nan untreats Kes NA 189164 Nan 6 1 a3 NA 075 A 081 1 21 00059 000M6d 000037 183 2769 62
TURKANA  Deinotheridae  Deinotherium_bozasi NaN weated  Kanapol  NA 41 morm 124 18 095 o1 05 011 044 3 22 000519 000381 0000417 348 426 199
TURKANA Felidae NaN_Nah NaN untreated KBS NA 18s1se  Phorpd 22 153 001 077 005 101 3 22 02552 000088 415 6913 34
TURKANA Felidae NaN_NaN Nan treate NA 18v1sa Paorpt 3 22 148 o1 07 014 096 3 22 000723 000235 0000919 368 7151 35
TURKANA Felidae. Dinofelis?_NaN NaN untreated UpperBurgi  NA 218 mig 48 o 117 01 o6t 016 065 3 22 000875 000574 O0OLIS3 383 7591 132
TURKANA Felidae Dinofeli?_NaN Nan treated  UpperBurg N 218 mig a8 o 103 022 054 018 051 s 22 ooz 0005231 o001 376 70 P
TURKANA Hy: NaN_Na NaN nireated  Nal NA KBSorUBM  rtPa En 22 094 014 045 017 082 3 23 oooasa 000521 o000l 24 11023 447
TURKANA Hyaenidae Na NaN untrested KBS NA l8s1ss  nps 5 s 155 003 076 013 104 3 22 0004267 000246 0000544 206 7935 33
TURKANA Hyaenidae . Crocuta_NaN Nan treated NA 1ssisa  iRa 28 04 57 016 08 019 105 a 21 0003676 000065 329 915 17
TURKANA Hyaenidae itra NaN teated KBSorOkote  NA 151018  p3 05 27 154 009 073 019 102 3 22 000alsl 000375 0000724 271 6461 126
TURKANA Felidae Machairodontinae_NaN NaN treated  UpperBurg N 218 nc a7 a1 153 012 077 022 101 3 21 000sws 00071 00005 363 6721 78
TURKANA Felidae NaN_NeN Nan mivore  FOSSIL NM.ERGO97! treated  Nah N N o 38 14 109 o1 058 o1 057 a 21 oo 000233 oooossl 34 w05 15
TURKANA Felidac. Homotherium_t NaN FOSSIL NM-ER6100 teated UpperBurgi  NA 2189 rmi 39 a7 108 015 053 014 057 4 22 00064 0002944 000081 415 2314 93
TURKANA Hyaenidae Parahyaena_howell Nan MKP32SS ueated  Kanapol  NA a1 te3 61 04 a2 005 o6 008 091 3 22 0005 0002109 oo003s2 425 8er2 28
TURKANA Hyaenidae . Crocuta_NaN NaN NMWTI681 trested swerlomekv  NA 311028 IC 1 49 a7 o1 09 005 125 3 22 o079 o000ME4 0000714 366 8725 a3
TURKANA Hyaenidae rocuta_sp NaN - € wested iddelomek  NA 341031 el 53 25 166 004 085 o1 114 3 22 00012 000298 000085 361 2147 154
TURKANA ephantidae Elephas_NaN Nan WTa12akk1  treats anapoi  NA 1 morm 7 02 125 019 063 02 073 s 22 ooons 0002088 0000263 362 159
TURKANA  Rhinocerotidae  Ceratotherium_Nal NaN f6038 contro treated  Upper Burgi  NA 218 mieg 01 25 EEN 008 053 017 059 3 21 000348 0003013 O0DIISE 96 18904 43
TURKANA uicae Notochoerus_jaegeri Nan NMAWT 6428 untreated NA N N na 12 008 059 005 06 2 21 0008014 0002241 oOo00IS8 165 5087 172
TURKANA Suidse ilus Nan NMAWT 6028 untreated NN N NN w3 Na N 096 005 051 002 a1 3 21 000405 000%ls oo0llET 22 4893 81
TURKANA Equidae Equus._grewi? NaN KNM-ER268C treated  Okate NA 166139 UPorUPé 05 1 13 013 069 017 079 5 22 0007466 000545 000072 313 6868 56
TURKANA  Hippopotamidae  Hippopotamus_karumensis Nan graze KNMIER488;  treated  UpperBurgi A 2188 a3 s 153 013 081 008 101 s 22 000s195 0001894 O0000SI 358 1315 84
TURKANA Equus_grevyi? NaN M-ER206¢ treated  Okote NA 166139 UMIorUM2 07 16 138 o1 on 02 087 3 21 oOvesls 0004028 0000749 305 71 179
TURKANA Bovidac. Megalotragus Isaaci NaN KNM-ER 103¢ untreated  Okote NA O lee130 W 1 22 159 NA 088 NA 108 1 21 000488 0002805 0000717 272 12 49
TURKANA Bovidae NaN_NaN Nan KNM.ER435¢ untrested  Okote N lee13 M2 01 21 103 008 054 005 051 3 22 2 000604 000004 176 4066 59
TURKANA Bovidae NaN_NaN NaN 1 nreated  UBM N 218 NaN 07 o5 21 009 085 009 069 3 22 000437 0001331 0000493 24 2738 28
TURKANA Bovidae Megalotragus isaaci Nan KNMLERSIS untreated KBS NA 188, M 04 38 084 005 047 003 043 3 22 000asss 000438 0000987 309 7881 213
TURKANA Bovidae. Megalotragus_isaaci Nan KNVLER 254: untreated  Okote N el w2 07 51 a1 o 054 01 06 a 22 oom102 o002 0000633 307 6836 63
TURKANA Equidae Equus_Koobiforensis NaN KNMLER 1247 treated NA 18154 UMB 05 37 135 01 069 004 083 3 21 00038 0002443 0000315 355 625 88
TURKANA Equidae Equus_Koobiforensis Nan KNMLER 1271 treated  UpperBurgi A 218 UMioruM2 01 27 134 019 071 013 082 s 21 o048 0002187 0000705 285 11721 4
TURKANA Suidae Notochoerus_euils NaN razer KNM-ER225 teated  Lokochot  NA 34032 mira 05 a1 126 o1 087 005 070 a 22 00037 0002102 oooo2s2 37180 32
TURKANA  Elephantidae Elephas reck_recki NaN KNM-ERS87: treated  Upper Burgi  NA 218 mom 03 1 123 017 061 o011 072 . 22 2366 0000201 389 2798 191
TURKANA idae ipparion_sp Nan ERSIC weated KBS NA 185160 UMIorUM2 04 71 139 019 069 008 087 a 22 00049l 000393 O00OSNE 48 6102 39
TURKANA Sudae Metridiochoerus_andrews NaN azer KNM-ER 3696 treated  Upper Burgi  NA 2189 M3 o 2 103 005 052 006 051 3 22 0005307 0002931 000043 383 15408 122
TURKANA Sudae Kolpochoerus_heseloni Nan NM-ER61S0 untreated Lonyumon  NA a M3 5 37 108 01 052 015 057 3 22 0002163 0000788 305 7459 86
TURKANA Suidse Kolpochoerus_heseloni Nan LER G150t Lonyumon  NA a1 w3 = 37 108 009 054 018 052 3 21 000401 0001913 0000765 356 9631 101
TURKANA  Elephantidze Loxodonta_adauror NaN WI3833  weaed  Kanapol A 41 morm 11 22 129 012 064 o1 077 5 2 Oo0sis9 0002133 0000599 367 563 133
TURKANA  Hippopotamidae Hippopotamus_protoamphibius Nan KNM-ERALIE trested  Lokachot  NA 34032  miag 61 a1 134 011 066 o1 082 3 22 000317 0001957 00008 37 1340 96
TURKANA Equidae Equus_grewi? NaN KNMLER267;  treated  Okote NA 164139 UMIorUM2 L1 28 133 004 07 004 081 3 22 000s695 0003552 0000335 266 4635 291
TURKANA  Hippopotamidae  Hippopotamus_karumensis NaN KNMLER21BC treated KBS, NA 18814 mitg 18 41 147 014 078 o008 096 3 21 0004337 000154 000035 354 3499 68
TURKANA Bovidae. NaN_NaN Nan ERAISC untreated  Okote NA 164139 m 1 24 a2 01 061 001 075 2 21 ooo2162 00006 207 3597 22
TURKANA Equidae. Hi Nan SSIL KNM-ER 2786 unreated uluBor-low  NA 325 w 12 27 134 o1 089 01 082 3 22 ooou7 00067 000048 237 3637 15
TURKANA Bovidae NaN 7075 untreated  Okote NA 164139 m 57 18 141 024 071 004 080 2 21 000341 000197 00004SE 29 2273 61
TURKANA Bovidae NaN_NN Nan mived feeder  FOSSIL {12085 untreated  UBM N 218 nan 76 12 125 A on N 070 1 21 o093 o003 ooo0s 218 256 24
TURKANA  Elephantidze Elephas_ekorensis NaN mixed feeder  FOSSIL  WT3614  weated  Kanapol  NA 41 morm 25 11 12 013 058 015 069 a 22 oo0aEse 0002545 000037 336 4752 141



44/42 o0, 4/42, C . to ICP Ca L
Standard as sample Method n 5" ca (%) 2sD  2SE 6""Ca (%) onv- to . aLyon  peferences
rel. ICP Ca Lyon rel. Literature Ref. Mat. by adding :
Seawater Measured 17 meas. 0.412 0.107 0.027 - - - 32,51,52
Converted 39ref. 0.397 0.057 0.009 0.916 rel. SRM915a -0.518 1-5, 8-11, 13, 20-30, 36, 40, 41, 43, 44, 45, 49, 50, 54, 55, 57, 59
SRM915b Measured 26 meas. -0.144 0.101 0.020 - - - 32,51-53
Converted 7 refs. -0.146 0.073 0.034 0.372 rel. SRM915a -0.518 6,11, 15, 20, 40, 42, 58
SRM915a Measured 5 meas. -0.520 0.100 0.062 - = B 53
Used for conversion - -0.518 - - 0.000 rel. SRM915a -0.518 -
SRM1486 Measured 101 meas. -1.047 0.130 0.013 - - - This study
Measured 404 meas. -1.024 0.125 0.006 - - - 14, 33-34, 51-53
Converted 5refs. -1.009 0.041 0.026 -0.490 rel. SRM915a -0.518 15,18, 19, 31
CaF2 GEOMAR | Converted 13 refs. 0.180 0.041 0.013 0.698 rel. SRM915a -0.518 5,12,13,16, 17, 22, 36, 39, 44, 45, 54
BSE | Converted 5refs. -0.036 0.021 0.013 0.482 rel. SRM915a -0.518 7,35,37,38,46
CaCO3 (skulan et al. 1997) | Converted 2 refs. -0.023 0.041 NA -0.435 rel. Seawater +0.412 47,48
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