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Strontium isotope mapping of elephant
enamel supports an integrated
microsampling-modeling workflow to
reconstruct herbivore migrations

% Check for updates

Deming Yang ® 2
Thure E. Cerling®'?

, Katya Podkovyroff'*#, Kevin T. Uno ® '*, Gabriel J. Bowen ®, Diego P. Fernandez®' &

Strontium isotope ratios (¢’Sr/%°Sr) in dental tissues are widely used to study animal and human
migration. However, questions remain regarding how different biological processes and sampling
methods influence measured #’Sr/?°Sr and subsequent interpretations. We present a unique
experiment with the known relocation history of a zoo elephant to evaluate the influence of biological
turnover, tissue type, and sampling methods. We collected ®’Sr/**Sr data from the elephant’s tusk and
molar enamel using in-situ laser ablation microsampling, conventional drilling, and micromilling
techniques. Our data comparisons show that the innermost enamel best records the primary ¥ Sr/%°Sr
turnover history, while enamel maturation affects outer enamel 8’Sr/%¢Sr. Conventional drilling and
micromilling show attenuated 8"Sr/%Sr records due to enamel maturation and sample averaging. To
effectively account for 8Sr/#Sr signal attenuation due to turnover, we demonstrated a microsampling-
modeling workflow using our tusk and enamel data. This recommended workflow can facilitate

geospatially explicit interpretations of seasonal migration.

Understanding the biology of extinct species can have profound implica-
tions for anthropogenic global change and help us evaluate our impacts on
biodiversity'. Mega-herbivores have played vital roles in both current and
past ecosystems with their persistent influences on vegetation dynamics,
food web structures, and nutrient cycling’. Studies of extinct proboscideans
and their behaviors, such as dietary changes, movement/migration, and
reproduction, often utilize tracer chemicals and isotopes deposited in
mineralized tissues such as tusk dentine and molar enamel’. These dental
elements can serve as excellent archives of the focal individual because a
single tusk or molar may record more than a decade’s worth of life history™"’.

Strontium isotopes (*’Sr/*Sr) in mineralized tissues are a powerful tool
for reconstructing patterns of movement and migration''™"°. This utility is
based on the geospatial pattern of ¥’Sr/*Sr that depends on the local
environment, such as the underlying bedrock geology, soil conditions, dust
influxes, and sea spray'’. As animals move across the landscape, they
incorporate biologically available ¥’Sr/*Sr from the environment (e.g,
through food and water) into their incrementally grown tissues (e.g., enamel
and dentine), thereby providing histories of their past ¥’Sr/**Sr exposures'®"”.

High-resolution analytical methods such as laser ablation inductively cou-
pled plasma mass spectrometry (LA-ICP-MS) and geostatistical
methods™' have facilitated tremendous growth in geospatially explicit
reconstructions of provenance and movement/migration patterns in extinct
proboscideans™**. However, major challenges persist in the efforts to
reconstruct movement or migration history from intra-tooth *’Sr/*Sr data
series. One is the lack of longitudinal studies on modern analogs with known
movement histories. Another is the lack of systematic comparisons between
¥7Sr/**Sr measured in different tissue archives (e.g., enamel and dentine).
Experiments on modern analogs are essential in understanding how
isotope tracers record life histories and how they can be applied to extinct
taxa™**. Misha, a female African savanna elephant (Loxodonta africana)
with a known relocation history (Methods), offers an excellent experimental
setting to understand how ¥Sr/**Sr is archived in different dental tissues
(Fig. 1). Studies on her enamel and dentine growth, mineralization, and
intra-tooth isotopes have facilitated the application of similar tools to extinct
species””’. While tusk dentine is an excellent life history archive, molar
enamel is often preferred in archeological and paleontological studies due to
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Fig. 1 | Summary of Misha’s relocation history, its associated ¥’Sr/**Sr

archives, and sampling methods used in this study. A Schematics of how Misha’s
¥7Sr/*Sr intake history is recorded in incrementally grown tissues. The tissues
include (1) tusk dentine (published)™, and (2) molar enamel (this study). B Sagittal
section of an elephant molar showing the anatomy of the molar plates, modified
from Fisher and Fox'’ with permission. C Illustrations of the three sampling
methods to recover ¥Sr/**Sr intra-tooth series from the molar plate (Rm3.5): Laser
Ablation Inductively Coupled Plasma Mass Spectrometry (LA-ICP-MS),
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conventional drilling, and micromilling. Enamel growth starts from the crown top
and progresses towards the cervix, and from the enamel-dentine junction (EDJ)
towards the outer enamel surface (OES). The orange polygon marks the region of the
LA-ICP-MS analysis (details in Methods). The red arrows indicate sites of con-
ventional drilling with grooves on the OES (details in Methods). The turquoise
arrows indicate micromilling paths parallel to the enamel apposition lines. Silhou-
ette is modified from the original image by Agnello Picorelli, from https://www.
phylopic.org/.

its resilience to diagenesis™*’. However, enamel is challenging to work with
due to its complex mineralization process. Enamel mineralization com-
prises a secretion phase whereby less than half of the mineral fraction is
deposited onto a protein-rich enamel matrix almost instantaneously, and a
maturation phase whereby the remaining mineral fraction is slowly added to
the matrix often over the period of months to years****~. As a result, most
sampling techniques (e.g., conventional drilling) integrate mineral fractions
from the two heterochronous mineralization phases, leading to time-
averaging that manifests in the damping of the amplitude and the distortion
in the shape of the original isotope variation*".

For strontium, an overarching question is how enamel archives the
longitudinal ¥’Sr/*Sr intake/exposure of an individual. We focus on three
processes that can influence measured *’Sr/*Sr in enamel: biological turn-
over, enamel mineralization, and enamel sampling. First, the slow biological
turnover of ¥Sr/**Sr within the body is expected to attenuate *Sr/**Sr
intake™, which is shown in Misha’s tusk dentine™. Second, with the expected
damping and distortion of ¥Sr/**Sr record due to enamel maturation, the
next question is how maturation in different parts of the enamel attenuates
the ¥Sr/*Sr record. Since the innermost enamel layer adjacent to the
enamel-dentine junction obtains a higher fraction of its mineral fraction
from the secretion phase than the rest of the enamel’”™, it is expected to
exhibit a relatively unattenuated record of *’Sr/*Sr variations in the body™**’.
Lastly, if maturation influences the *’Sr/**Sr record in different ways within
the enamel, how different sampling techniques further integrate the *’Sr/*Sr
record becomes important, because they can affect our interpretation of
measured enamel ¥Sr/*°Sr. A detailed understanding of the relative con-
tribution of these sources to the overall attenuation of ¥’Sr/*Sr intake/
exposure can inform best practices in sampling, analysis, and data inter-
pretation workflows.

To answer these questions, we employed a Sr-isotope mapping
approach to examine *Sr/**Sr within the molar plate using high-resolution
in-situ LA-ICP-MS method (Fig. 1C). We used published data from Misha’s
tusk dentine™ as a reference to benchmark our LA-ICP-MS ¥'Sr/*Sr data
from the molar plate. To compare results from different sampling techni-
ques, we also collected enamel samples using conventional drilling and
micromilling (Fig. 1C and D) and analyzed them for *’Sr/*Sr. We evaluated
the influence of enamel maturation in each series using a Bayesian modeling
framework. Lastly, we demonstrated an integrated microsampling (e.g., LA-
ICP-MS) and modeling workflow, and discussed its utility in movement/

migration reconstructions and gaps in our knowledge with implications for
future research.

Results

In-situ LA-ICP-MS analysis of Misha’s Rm3.5 molar plate

A ¥Sr/*Sr map of the molar enamel shows high-resolution spatial hetero-
geneity along both the crown to cervix axis and the enamel-dentine junction
(EDJ) to the outer enamel surface (OES) axis (Fig. 2A). The major ¥Sr/**Sr
transitions (Change points 1 and 2, Fig. 2B) follow two parallel lines at an
acute angle to the EDJ (Fig. 2B). For Enamel transects 1-8, the positions of
both change points are consistent with the appositional angle (Fig. 2B). In
contrast, in Enamel transects 9 and 10, closest to the OES, both change
points are further from the EDJ than expected based on the appositional
angle (Fig. 2B). Enamel transects 9 and 10 also show elevated ¥Sr/*Sr values
compared to the other transects (Supplementary Fig. 2).

Multi-substrate comparisons

To allow data comparisons between multiple substrates, we aligned the
¥Sr/*Sr data series from molar enamel and tusk dentine (the reference)
along the same time-axis using their incremental growth patterns (Methods,
Supplementary Methods, Section 5). We found a remarkable agreement
between the LA-ICP-MS ¥Sr/*Sr time series of enamel transect 1 and
micromilled tusk dentine ¥Sr/*Sr data (Fig. 3A, B). Local variations in
¥7Sr/%Sr correspond well with that of the reference, with only a slight mis-
match in the time axis (Fig. 3A, B). The LA-ICP-MS ¥Sr/**Sr time series of
enamel transects 9 and 10, conventionally drilled, and micromilled enamel
%7Sr/*Sr series show slightly different patterns of turnover, especially with
higher ¥Sr/*Sr prior to the relocation and the smaller amplitudes of change
than the reference (Fig. 3C-F, Supplementary Discussion 1 and 2, Supple-
mentary Figs. 2 and 3).

Estimating the influence of enamel maturation

We evaluated the effects of enamel maturation using a model simulation of
the fraction of post-relocation *’Sr/*Sr in each data series (Supplementary
Methods, Section 6). We assumed that the elevated ¥ Sr/**Sr values observed
in the pre-relocation data of some series are due to the inclusion of post-
relocation Sr from Utah. For LA-ICP-MS transect 9 in the outer enamel, we
estimated a small fraction of influence from enamel maturation, with a
maximum a posteriori estimate (MAPE) of 0.06 (Fig. 3C, 89% credible
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Rm3.5 molar plate thick section and LA-ICP-MS transects
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Fig. 2 | Summary of Laser Ablation Inductively Coupled Plasma Mass Spectro-
metry (LA-ICP-MS) results in reference to the geometry of Misha’s Rm3.5 molar
plate. A LA-ICP-MS transects mapped onto the molar plate. The red line marks the
enamel-dentine junction (EDJ). Colored dots indicate LA-ICP-MS measured
¥Sr/*Sr in dentine (dark gray arrow) and enamel (orange arrows). Cool colors
indicate low ¥Sr/*Sr, while warm colors indicate high ¥Sr/*Sr. B LA-ICP-MS
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transects accounting for the natural curvature of the molar plate (or EJD “flattened”)
in the change point analysis. Change point 1 (CP 1, red diamond) marks the first
abrupt rise in *’Sr/**Sr (fast turnover phase). Change point 2 (CP 2, black diamond)
marks the subsequent gradual rise in ¥’Sr/**Sr (slow turnover phase). Linear trends of
CP 1 and CP 2 (dashed lines), using Enamel transects 1-8, compared to the measured
appositional angle (gray thick lines) of 3.3°*.

interval or CI: 0.02 to 0.10, Supplementary Fig. 9). For LA-ICP-MS transect
10 in the outermost enamel, we estimated the fraction to be twice that of
transect 9, with a MAPE of 0.13 (Fig. 3D, 89% CI: 0.09 to 0.17, Supple-
mentary Fig. 9). For the conventionally drilled enamel samples, the fraction
is the highest, with a MAPE of 0.23 (Fig. 3E, 89% CI: 0.18 to 0.29, Supple-
mentary Fig. 9). For the micromilled enamel samples, we estimated a small
fraction of influence from maturation, with a MAPE at 0.08 (Fig. 3F, 89% CI:
0.03 to 0.13, Supplementary Notes, Section 2, Supplementary Fig. 9). In
addition, we noted that conventionally drilled *’Sr/*Sr tend to plot below the
model simulations (Fig. 3E). Residual analysis shows a negative correlation
between the residuals and the depths of the sampling grooves (Supple-
mentary Fig. 10).

Discussion

The relocation history of Misha, with a unidirectional change in her ¥Sr/**Sr
intake (Fig. 1), permits a straightforward interpretation of isotope sampling
transects from multiple substrates. For Misha’s molar enamel, conventional
drilling produces more attenuated ¥Sr/**Sr data than does analysis of the
tusk dentine and in-situ LA-ICP-MS, as reflected in the smaller magnitude
of ¥St/**Sr change and slightly slower transition from the pre- and post-
relocation VSr/*Sr (Fig. 3). This can be explained by a combination of
enamel maturation and the relatively large width of the sampling groove
(~ 1 mm), both of which lead to time averaging (Supplementary Discus-
sion 4 & 5). In addition, sampling depths can have a strong influence on the
measured ¥Sr/**Sr when the enamel ¥’Sr/*Sr is heterogeneous. Our samples
were drilled at depths of ca. 1/3 of the enamel thickness, which explains the
cervical offset in the measured position of the turnover event relative to LA-
ICP-MS transect 10 close to the outer enamel surface (Supplementary
Fig. 3). Drilling deeper into the enamel would shift the location of turnover
towards the cervix by incorporating enamel that is formed earlier (with
lower *Sr/*Sr in this study) into the sample (Supplementary Notes, Sec-
tion 2, Supplementary Discussions, Section 5). Finally, since sampling
depths can be difficult to control during conventional drilling, they may
introduce uncertainty to the measured *’Sr/*Sr when sampling across
highly heterogeneous enamel. As such, conventional drilling is likely asso-
ciated with uncertainties that are contingent on the underlying ¥'Sr/*Sr
heterogeneity within the enamel, and we recommend prioritizing uniform
drilling depths for studies that employ this method. The advantages of
conventional drilling are ease of specimen preparation, less destructive

sampling, and high data accuracy and precision achievable using the solu-
tion method™'.

The appositional geometry of ¥Sr/*Sr turnover within the enamel
(Fig. 2) makes micromilling that follows the same geometry a potential
method to recover the primary ¥’Sr/*Sr turnover signal. However, ¥/Sr/*Sr
values of the micromilled enamel samples show a temporally averaged
turnover pattern with influence from post-relocation ¥Sr/*Sr, as well
(Supplementary Discussion 2, Supplementary Fig. 3). This is likely due to
our inability to set micromill paths that precisely follow the incremental
growth features in the thick section used for sampling. We mapped the
micromill paths as precisely as possible using measured appositional angles
(Fig. 1C) relative to the curvature of the EDJ (Fig. 2A). In reality, the
difference between the set micromill paths and the true incremental growth
features may have grown larger as the micromill moves further along an
individual path towards OES (Fig. 2B). §"°C and §"*O values of the same
molar plate also show more abrupt changes in conventionally drilled
samples than in micromilled samples™, thus supporting our interpretation
of time-averaging along each micromill sampling path. While micromilling
has been successful in recovering a high-fidelity record of ¥’Sr/**Sr turnover
in tusk dentine with a simple growth geometry®*, an improved milling
geometry that precisely follows the enamel growth may be necessary to yield
better results than in this study.

With the expected pattern of ¥Sr/*Sr attenuation due to enamel
maturation®, the ¥’Sr/*Sr value of Change point 1 can best inform the effect
of overprint on the enamel Sr isotope composition during maturation
(Supplementary Discussions, Section 4, Supplementary Fig. 7). Despite the
prolonged enamel maturation process in elephants™, the Change point 1
¥Sr/*Sr values of the LA-ICP-MS enamel transects are largely consistent
with that of the reference (Supplementary Fig. 2), suggesting that most of the
Sr within the inner half of Misha’s enamel is deposited in the enamel
secretion phase”. The geometry of the *’Sr/*Sr change points and its con-
sistency with the appositional angle also support this interpretation (Fig. 2).
This contrasts with results for carbon and oxygen isotopes in enamel and
tusk dentine that suggest a larger influence of enamel maturation in these
tracers (Supplementary Methods, Section 4, Supplementary Discussions
Section 6). Enamel maturation effects on the ¥Sr/**Sr of enamel seem to be
more localized in the vicinity of the OES than is the case for carbon and
oxygen (Supplementary Figs. 2 & 15). This can be explained by the OES-
located ameloblasts during the maturation process”: as mineral ions are
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Fig. 3 | Estimated influence of enamel maturation (or overprint) in selected Laser
Ablation Inductively Coupled Plasma Mass Spectrometry (LA-ICP-MS)
generated *’Sr/**Sr enamel transects and conventionally drilled and micromilled
enamel ¥Sr/**Sr data series. Reconstructed ¥'Sr/**Sr turnover timelines among
micromilled tusk dentine (A, light blue diamonds, Supplementary Table 1), LA-ICP-
MS molar enamel (B-D, 25-point mean as orange lines with standard deviations as
shadings, Supplementary Fig. 2), molar enamel with conventional drilling (E, red

Days from Misha's move

Days from Misha's move

F

dots), and molar enamel with micromilling (F, turquoise dots). Simulated serum
¥7Sr/**Sr timeline (A, gray thick curve with dashed bracketing) is used as the reference
(B-F, Ref,, gray thick curves). Simulated sample *’Sr/*Sr timeline with influence
from maturation (C-F, Sample, black dashed curves) is used to estimate the frac-
tional influence as “f” (displaying maximum a posteriori estimates or MAPE, Sup-
plementary Fig. 9) in each panel. Horizontal dashed lines indicate the presumed
8Sr/*Sr sources of California (CA) and Utah (UT).

transported to the OES", Sr diffuses into the enamel matrix through the
OES with more difficulty than bicarbonate, thus creating a more localized
effect near the OES. Enamel transect 10 is still ca. 300 microns from the OES
(Fig. 2), and projecting the relationship observed in the transects to the OES,
we expect that the maturation overprint at the OES would be even larger
than that seen in the conventionally drilled samples (f=0.23). In Misha’s
molar, the thick enamel (ca. 3 mm) likely limits the impact of this process to
locations in close proximity to the OES. In taxa with thinner enamel (e.g., in
Elephas or Mammuthus primigenius, both about half of Misha’s enamel
thickness) the influence of maturation may reach proportionally deeper into
inner enamel®’. As such, sampling strategies that include the outer enamel
(e.g., conventional drilling) may produce smaller amplitudes of *’Sr/**Sr
change than the primary ¥Sr/**Sr turnover series due to enamel maturation.

One way to potentially minimize the influence of maturation is to
remove the outer enamel layer or specifically target the innermost enamel ™.
To explore the theoretical efficacy of such sampling strategies, we used a
forward modeling framework with synthetic ¥Sr/*Sr intake histories,
simulated enamel appositional geometry and ¥Sr/**Sr, and sampling geo-
metries that aggregate the heterogeneous Sr/*Sr within the sampling
groove (Supplementary Discussions, Section 5). We found that

conventional drilling not only tends to produce temporally averaged
¥St/*Sr series than the primary *Sr/*Sr turnover due to sample averaging,
but also series with notable timeline shifts due to the underlying *Sr/*Sr
heterogeneity within the enamel (Supplementary Table 7, Supplementary
Fig. 14). These issues suggest exercising caution when interpreting results
from conventional drilling, as they may bias reconstructions of movement
history™. In comparison, sampling the innermost ca. 0.2 mm of enamel can
potentially recover a near-complete *’Sr/*Sr amplitude as in the primary
turnover, thus minimizing the influence of both enamel maturation and
sample averaging (Supplementary Fig. 14).

While signal attenuation due to enamel maturation can be minimized
by microsampling techniques that target the innermost enamel, the slow
¥7Sr/*Sr turnover within the body is still the primary source of input signal
attenuation. Therefore, we recommend an integrated microsampling and
modeling workflow that can facilitate geospatially explicit interpretations of
seasonal migration. We demonstrate how inverse modeling can account for
%7Sr/*Sr turnover, by extending the BITS model™ to Misha’s LA-ICP-MS
enamel data and micromilled tusk dentine data (Fig. 4, Supplementary
Material Section 1, Supplementary Data 2 & 3). BITS, or the Bayesian
Isotope Turnover and Sampling model, was originally developed to provide
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Fig. 4 | Comparison between the estimated *Sr/**Sr intake series from Laser
Ablation Inductively Coupled Plasma Mass Spectrometry (LA-ICP-MS) of
Misha’s molar enamel (Enamel transect 1) and micromilled tusk dentine, using
the Bayesian Isotope Turnover and Sampling (BITS) framework®. The black
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thick line represents the Maximum a posteriori estimates of the ’Sr/*Sr intake, while
the dashed lines represent the 89% highest density intervals. The blue line (A)
represents the 50-point averaged LA-ICP-MS *'Sr/*Sr series. The blue diamonds (B)
are the micromilled tusk dentine *’Sr/*Sr series.

quantitative ¥Sr/**Sr reconstructions from LA-ICP-MS ¥St/* Sr profiles in
proboscidean tusks™. Here, we improved the model framework with cus-
tomized dental growth rates and reduced computational demands (Sup-
plementary Discussions, Section 7). The independently estimated *Sr/*Sr
intake histories are consistent with Misha’s relocation, both in the ¥Sr/**Sr
amplitude of change and the timing of the relocation (Methods, Fig. 4).
Despite some differences in the posterior estimates of some model para-
meters for the two series, the estimated *Sr/**Sr intake series derived from
the two substrates are almost identical (Fig. 4, Supplementary Fig. 16). The
large ¥Sr/*Sr gaps between the estimated ¥’Sr/**Sr intake histories and the
intra-tooth results suggest that inverse modeling can support more robust
interpretation of intra-tooth ¥Sr/*Sr data than conventional approaches.
The small local variations estimated from the LA-ICP-MS series are likely
due to its higher data resolution than that of the tusk dentine (Supple-
mentary Discussions, Section 7). Overall, the combination of micro-
sampling (such as LA-ICP-MS) followed by inverse modeling is a promising
workflow for quantitative movement/migration reconstructions. With this
workflow, the resultant ¥Sr/*Sr intake series can be coupled with movement
models, isoscapes, and statistical tools to make geospatially explicit recon-
structions of animal movement and migration patterns™>*.

The demonstrated microsampling and modeling workflow has tre-
mendous potential in answering a wide range of questions in forensic sci-
ence, archeology, paleontology, and conservation biology. The workflow
allows in-situ analysis of small dental elements such as modern or ancient
human teeth to study movement histories of target individuals or
populations***, as well as life history events, subsistence strategies, cultural
practices, and social structures of past societies”>. When applied to
domesticated animals and coupled with additional isotopic tracers (e.g., §°C
and 8"0), the workflow can potentially inform strategies of animal hus-
bandry such as seasonal residence regions, trade, and the timing of
migration®’. The minimally destructive LA-ICP-MS method can also be
applied to fossil hominin tooth fragments to study their landscape use and
make inferences on their social or reproductive characteristics™. Lastly,
movement and migration patterns of the past can help us understand how
migrations evolved over time”, and how migrations of endangered animals
have been disrupted by human activities, guiding our future conservation
efforts™”.

With the recent growth in the application of Sr isotopes to studies of
mobility, gaps in our knowledge became more visible. For example, while we
estimated the fraction of the post-movement ¥Sr/*Sr in selected data series
(Fig. 3, Supplementary Methods 6), we were unable to evaluate the timing or
the extent of the influence of maturation for ’Sr/*Sr, as in studies of enamel
mineral density’”””. A controlled feeding experiment on a model organism

in multiple cohorts raised to different ontogenetic stages would be ideal to
investigate the extent and duration of the maturation process®. Studies on
modern animals provide the most fundamental understanding of how
strontium and other isotope tracers are archived in mineralized tissues, and
how such records can be used to inform their biology™’. While the *Sr/*Sr
turnover parameters in a captive elephant provide an excellent start, similar
work needs to be done on wild individuals and in other species to provide
confidence for broader applications of the workflow. With carefully
designed experimental and modeling approaches, future studies can test and
validate the workflow for more robust estimations of intake histories of
¥Sr/*Sr and other isotope tracers from molar enamel. Doing so can ulti-
mately improve our interpretation of movement/migration or other life
history patterns.

In conclusion, studies of modern animals can provide a fundamental
understanding of how strontium isotopes (¥’Sr/*°Sr) are archived in
mineralized tissues, and how we use such records to reconstruct animal or
human mobility. Our study addressed two major challenges associated with
interpreting movement/migration patterns from *Sr/*Sr in dental tissues.
The first was evaluating the relative influence of three sources of *Sr/**Sr
signal attenuation in enamel: biological turnover, maturation, and sampling.
The second was recovering the primary *’Sr/*Sr input signal from different
dental tissues. We showed that microsampling can minimize the influence
of maturation and sampling, but inverse modeling is essential to account for
attenuation associated with Sr turnover. Our demonstrated microsampling-
modeling workflow can support robust interpretations of animal and
human migration patterns in forensic science, archeology, paleontology,
and conservation biology.

Methods

Life history of Misha and experimental settings

Misha was a female African savanna elephant (Loxodonta africana) cap-
tured in South Africa at about 1 year old in 1982. She was soon transferred to
the Happy Hollow Zoo in San José, California, and again in 1983 to Marine
World Africa in Redwood Shores, California, and again in 1986 to Six Flags
Discovery Kingdom in Vallejo, California, where she stayed for nearly 20
years. On April 22, 2005, Misha was relocated to Utah’s Hogle Zoo in Salt
Lake City. On September 9, 2008, after ca. 3.5 years of residence in Utah,
Misha was euthanized due to rapidly declining health at about 27 years old™.
At the Hogle Zoo, she was provided ad libitum with commercial elephant
pellets, herbivore mineral supplements, dry hay produced in the Cache
Valley, Utah, and water from the municipal supply. With ¥Sr/*Sr measured
in her feed and water, dry hay was likely her primary source of Sr intake
based on her post-relocation ¥Sr/*Sr at ca. 0.71115%. While no food or
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pre-relocation *’Sr/*Sr of tusk dentine was stable, at ca. 0.7065 (Fig. 3A)*.

Material preparation and sampling

Misha’s lower right third molar had not erupted at death. The mesial four
molar plates were fully mineralized with cementum covering the entire
crown section. The fifth plate (Rm3.5) was not entirely mineralized (Sup-
plementary Note 1), with enamel and dentine formation fronts visible at the
cervix of the plate (Fig. 1C). We cut the Rm3.5 plate along the mid-sagittal
plane into three pieces. We left the lingual piece intact. We cut the middle
piece (~5mm thick) into three blocks (coronal, middle, and cervical) so
that each can fit the dimensions of a standard petrographic slide to produce
enamel growth and mineralization data®. We sampled the middle piece
with conventional drilling and micromilling techniques, with the resulting
powder used for ¥Sr/**Sr analysis (more details below) and stable carbon
and oxygen isotope analysis (Supplementary Methods 4)*°. We prepared the
buccal piece into a thick section by embedding it in transparent epoxy resin
before cutting it free with a precision saw (Buehler — Isomet Low Speed) and
an Isomet Diamond Wafering Blade (102 x 0.3 mm). The cut resulted in a
section at ca. 3.8 mm thickness. We ground down the freshly cut surface to
ca. 3.5 mm thickness, using a rotary polisher with abrasive paper at 400 grit,
then polished with successive finer grits to 1600 grit. We scanned the thick
section (ca. 100 mm by 25 mm) in color at 9600 dpi using an Epson® 4490
Photo flatbed scanner (Fig. 1C) and mounted it directly in the laser chamber
for subsequent in situ LA-ICP-MS analysis.

We removed the cementum from the middle piece of the Rm3.5
plate before conventional drilling and micromilling. We first col-
lected conventional hand drilled enamel samples from the lingual
side of middle piece of the Rm3.5 plate along its entire length
(Fig. 1C), using a low-speed rotary tool with a 1 mm diamond drill
bit. The serial sampling grooves are ca. 3 mm in length, perpendi-
cular to the growth axis of the tooth at ca. 2 mm intervals between
the grooves, and between 0.5 to 1.2 mm deep (Fig. 1C, Supplementary
code “data/Rm3.5 hand drill.csv”)*. After cutting the middle piece
into three blocks, we then collected micromilled enamel samples
from the buccal side of the middle block (Fig. 1C) at 1 mm depth
with 50-micron intervals from the OES to the ED]. We milled the
outermost nine samples at 100-micron intervals to produce enough
powder for analyses because of shorter effective milling paths and less
dense enamel. We set the micromill paths at 3.3 degrees to the ED]J,
following the appositional angle of the enamel™.

87Sr/%Sr analyses

We conducted the LA-ICP-MS analyses on the distal side of the Rm3.5 thick
section (Fig. 1C). The apposition of the molar enamel starts at the crown end
following an acute angle to the EDJ and continues towards the cervix’.
Therefore, older enamel is located on the crown side along the EDJ, and on
the EDJ side across the thickness of the enamel. We analyzed 10 enamel
transects, covering the majority of the Rm3.5 molar plate (Fig. 2B). We
placed the first enamel transect (Enamel 1) ca. 150 microns to the EDJ, and
subsequent transects parallel to the EDJ at 300-micron increment towards
the OES (Fig. 2). We started each transect from the crown end, following
enamel growth longitudinally towards the cervix. Because the natural cur-
vature of the molar plate may influence ¥Sr/**Sr turnover geometry, we
analyzed one dentine transect 150 microns to the EDJ (Fig. 2B, dentine) to
facilitate evaluation of the geometry. We transformed the original laser
positions of the enamel transects so that the EDJ is “flattened” referencing
the dentine transect (Supplementary Discussion 1). The coordinate trans-
formation produces enamel transects that are almost parallel to the EDJ
(Fig. 2B), which reduces the influences of the tooth’s curvature when eval-
uating the ¥Sr/**Sr turnover geometry within the enamel.

We carried out the LA-ICP-MS ¥'Sr/**Sr analysis using standard laser
settings with blank and major element ratio corrections (Supplementary
Methods 2, Supplementary Table 2). Due to the isobaric interference of
“Ca’"P'%0", we corrected the LA-ICP-MS ¥’Sr/*Sr results using published

equations (Supplementary Methods 2). Due to the high data density and
level of noise (standard deviation ~ 0.001), we calculated a 25-point moving
average and standard deviation for the corrected *’Sr/**Sr (Supplementary
Data 1, Supplementary code “01 Helper fx.R”). We mapped the ¥Sr/*Sr
moving averages onto the Rm3.5 molar plate by interpolating the ICP-MS
time stamps using the timed laser positions grid (Fig. 2A, Supplementary
Data 1, Supplementary code “01 Helper fx.R”, and “02 Data processing.R”).
We compared the LA-ICP-MS *’Sr/*Sr results with those of micromilled
tusk dentine samples (Supplementary Methods 1, Supplementary Fig. 1)
using the solution method with standard protocols to ensure the accuracy of
the LA-ICP-MS data (Supplementary Methods 3). Conventionally drilled
and micromilled enamel samples from the Rm3.5 molar plate (Fig. 1C) were
also analyzed using the solution method.

Comparisons of ’Sr/**Sr turnover among different data series
To reference different ¥Sr/**Sr series to the same time dimension, we per-
formed timeline reconstructions™ using growth rate estimates and intra-
tooth sampling distance measurements (Supplementary Methods 5). The
growth increments of Misha’s Rm3.5 plate show that the average enamel
extension rate is 55.3 microns per day”’. For enamel growth, we assumed
that the extension rate scales with the appositional angle that follows a
logarithmic trend along the length of the molar (Supplementary Fig. 4,
Supplementary code “04 timeline reconstruction.R”). We then used the
growth-length relationship to reconstruct timelines for all ¥Sr/*Sr data
series sampled along the Rm3.5 molar plate (Fig. 3, Supplementary code “04
timeline reconstruction.R”). We assumed that Misha’s tusk dentine was
growing at 14.7 microns per day radially”, with the equivalent sampling
interval at 547 microns (Supplementary Fig. 1). We calculated the time
interval between each pair of sampling locations, and the total time elapses
using a cumulative function (Supplementary Methods 5, Supplementary
Fig. 5). Lastly, we matched the different timelines by manually aligning the
first abrupt increase in each ¥Sr/**Sr turnover curve, corresponding to the
date of Misha’s relocation event (Fig. 3).

Statistics and Modeling

To evaluate the geometry of the ¥Sr/**Sr turnover within the enamel, within
each LA-ICP-MS transect, we used segmented linear regressions® to detect
major ¥’Sr/*Sr change points (Fig. 2B, Supplementary Discussion 1, Sup-
plementary Fig. 2). We mapped out the two change points along the
coordinate transformed transects (Fig. 2B) and compared their locations to
the enamel appositional geometry (Fig. 2C, Supplementary Discussion 1,
Supplementary Fig. 2, Supplementary code “03 Changepoint analysis.R”).
To estimate the effect of enamel maturation, we used a Bayesian modeling
approach based on the BITS framework (Supplementary Methods 6). We
used a linear mixing process between the overturning serum ¥Sr/*°Sr and
the post-movement ¥Sr/*Sr to estimate the fractional influence of enamel
maturation for four ¥Sr/**Sr data series (Fig. 3, Supplementary Methods 6,
Supplementary code “05 Overprint estimation.R”). To demonstrate the
recommended microsampling-modeling workflow of estimating *’Sr/*Sr
intake from different dental tissues, we apply the BITS Bayesian model
framework to Misha’s LA-ICP-MS of molar enamel and micromilled tusk
dentine ¥’Sr/*Sr data (Supplementary Discussion 7). We implemented the
two modeling approaches in R using the “R2jags” package® with the stan-
dalone JAGS (Just Another Gibbs Sampler) encoder installed separately®’.
We adjusted the model parameters based on a series of sensitivity tests
(Supplementary Note 3, Supplementary Table 3, Supplementary Figs. 8, 11,
12, 16). We carried out the above statistical analyses in RStudio using R
version 4.3.1%. We also applied the reaction progress framework (Supple-
mentary Table 8)° to Misha’s micromilled tusk dentine *’Sr/*Sr data as an
approach to account for the biological turnover of ¥Sr/**Sr (Supplementary
Discussion 8, Supplementary Fig. 17, Supplementary Data 4).

Reporting summary
Further information on research design is available in the Nature Portfolio
Reporting Summary linked to this article.
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Data availability

The compiled data files (Supplementary Data 1-4), LA-ICP-MS raw data
files, custom code with model scripts used to generate the figures that
support the findings of this study are available in Zenodo with the identifier
https://doi.org/10.5281/zenodo.12511048%.

Code availability

Custom code with model scripts used to generate the figures that support the
findings of this study are available in Zenodo with the identifier https://doi.
org/10.5281/zenodo.12511048%.
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