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Abstract

1.

Strontium isotope ratios ®7Sr/8Sr) of incrementally grown tissues have been
widely used to study movement ecology and migration of animals. However, the
time scale of &7Sr/8¢Sr incorporation from the environment into tissue and how
it may influence data interpretation are still poorly understood. Using the reloca-
tion of a zoo elephant (Loxodonta africana) named Misha, we characterise and
model the &Sr/8¢Sr turnover process using high-resolution measurements of its
tusk dentine. We seek to develop a framework that can improve quantitative in-
terpretation of 87Sr/8¢Sr data in tissues.

. The &7Sr/8¢Sr transition associated with the relocation is measured using laser ab-

lation inductively coupled plasma mass spectrometry (LA-ICP-MS) on a prepared
tusk slab. We develop a turnover model (BITS), with a rapidly exchanging central
pool and a slowly exchanging peripheral pool, in a Bayesian statistical framework.
The measured dentine data are first used to calibrate model parameters. The pa-
rameters are then used to estimate possible 8 Sr/8Sr input time series from two
datasets via model inversion: a fidelity test using Misha's dentine data and a case
study using published dentine measurements from an Alaskan Woolly Mammoth

(Mammuthus primigenius).

. The LA-ICP-MS data are consistent with a two-compartment turnover process

with equivalent half-lives of 41 days for the central pool and 170days for the pe-
ripheral pool. The model inversion shows good fidelity when estimating the intake
875r/8%Sr time series associated with Misha's relocation. In the case study, the
model suggests an abrupt pattern of change in, and a much wider range of, intake

875r/85Sr values than expressed in the woolly mammoth dentine data themselves.

. Our framework bridges the gap between environmental Sr/8¢Sr variation and

data measured in tusk dentine or other incrementally grown tissues. It could be

coupled with movement models and additional isotope tracers to study seasonal
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1 | INTRODUCTION

Stable isotopes in incrementally grown tissues (e.g. hair, feathers,
otoliths, dental enamel and dentine) have been used to provide
temporally resolved interpretations of diet, trophic relationships
and movement patterns of animals. The pathways by which an iso-
tope tracer is incorporated into tissue have been of particular in-
terest for ecologists (reviewed by e.g. Carter et al., 2019; Phillips
& Eldridge, 2006; Vander Zanden et al., 2015) because they de-
termine the time scale of the ecological/behavioural inferences
that can be made from isotopic data (Martinez del Rio et al., 2009).
Within a specific isotope system (e.g. carbon, nitrogen, oxygen or
strontium), different tissues are known to exhibit different response
patterns to a given intake signal (e.g. Dalerum & Angerbjérn, 2005;
Hobson, 1999). While studying tissue turnover can be challeng-
ing and require controlled experiments (e.g. Gannes et al., 1997;
Martinez del Rio et al., 2009; Wolf et al., 2009), models based on
such studies can improve interpretations of measured isotope varia-
tion in specific tissues/organisms (e.g. Magozzi et al., 2019; Thomas
& Crowther, 2015).

The utility of strontium isotope ratio data (8’5r/%Sr) in prov-
enance and mobility studies has gained increasing attention in
the recent decade (reviewed by e.g. Britton et al., 2020; Coelho
et al., 2017; Crowley et al., 2017; Holt et al., 2021; Makarewicz &
Sealy, 2015). High resolution and low-cost analytical methods such
as laser ablation inductively coupled plasma mass spectrometry
(LA-ICP-MS) and geostatistical methods (Isoscapes in e.g. Bataille
et al., 2020; Bowen & West, 2008; Wunder, 2010) have facilitated
data growth and geospatially explicit reconstructions of movement
or migration (e.g. Brennan et al., 2015; Kowalik et al., 2023; Lazzerini
et al., 2021; Willmes et al., 2016; Wooller et al., 2021). However,
the pathways and timescales of 8”Sr/8Sr incorporation from the en-
vironment (e.g. from food and water) to commonly studied tissues
are still poorly understood. An implicit assumption of instantaneous
incorporation has often been made (Wooller et al., 2021), which is
most likely invalid in large-bodied animals such as proboscideans.
Therefore, understanding 8”Sr/8Sr turnover and accounting for its
associated signal attenuation could refine the use of these data for
studies of movement ecology in a geospatial context.

In this study, we investigate the process of 875r/8%5r incorpo-
ration into proboscidean tusk dentine using a zoo elephant that
was moved between two distinct 8Sr/8¢Sr environments. We first

residency or the spatial and temporal patterns of movement/migration. The ge-
neric turnover processes can be adapted to other isotope systems, additional in-
cremental tissues, or other organisms, thus expanding our modelling toolkit to
investigate niche partitioning, life history traits and behavioural patterns in con-

servation biology, archaeology and paleoecology.

875r/8¢sr, elephants, isotope exchange, mobility, modelling, tusk dentine

document the record of 8Sr/%¢Sr turnover using high-resolution
measurements of tusk dentine. Building on previous studies of cal-
cium metabolism, we then develop a Bayesian Isotope Turnover
and Sampling (BITS) framework that simulates the processes of
875r/85Sr incorporation and turnover in the animal, and its output
into dentine. We demonstrate the utility of the model framework
using two inverse applications to 8/5r/%%Sr data from dentine and
discuss its potential application to other incremental tissues and
geospatial-explicit studies of movement/migration ecology. We pro-
vide context for the BITS framework by comparing it with previously

published approaches.

2 | METHODS
2.1 | Experimental background and data

875r/86Sr data come from tusk dentine of Misha, a female African
savanna elephant (Loxodonta africana). Misha had been in captivity
in Vallejo, CA, for about 20years before she was relocated to Utah's
Hogle Zoo in Salt Lake City, on 22 April 2005. After ca. 3.5years of
residence in UT, she was euthanized on 9 September 2008, due to
rapidly declining health (Uno, Fisher, Wittemyer, et al., 2020). The
Hogle Zoo agreed to loan one tusk to the University of Utah for re-
search. The tusk was longitudinally and transversely sectioned, and
a transverse slab (M640b) was prepared into a thin section for sub-
sequent analyses (Figure 1; Data S1).

On the M640b slab (Figure 1b), mass ratios for a suite of met-
als including ®Sr and 8¢Sr were measured by LA-ICP-MS (detailed
methods in Data S1) along a straight line perpendicular to the pri-
mary growth rings starting from the outer part of the slab toward
the pulp cavity (Figure 1b). Misha's mean tusk dentine growth rate
was calculated using the distance between the onset of 8Sr/8°Sr in-
crease along the laser transect, marking the date of Misha's move
to Utah, and the pulp cavity surface reflecting the date of death. To
document strontium sources (food, water, etc.) after Misha's reloca-
tion, we measured Sr concentration and 85r/8%Sr of elephant feed
samples from the Hogle Zoo and potential water sources using the
solution method (preparation and analysis methods in Data S1). To
make sure that 87Sr/%Sr data generated by the laser ablation and
the solution methods are comparable, a micromill series was made

on the longitudinal section of the tusk proximal to the M640b slab
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FIGURE 1 (a) Schematic of Misha's Pulp cavity

tusk (dentine) and its preparation @ Distal Proximal | Pulp cavity

(Data S1). Figure modified from Fisher (old) (young)

and Fox (2007) with permission. (b) Tusk axis Pulp cavity

Flatbed scan of the thin section (M640b)
made on the transverse section toward
the proximal one-third of Misha's tusk,
showing the laser ablation transect and
the approximate location where the move
was recorded:; (c) Measured & Sr/8¢sr
(50-point average, y-axis) of the tusk
dentine by laser ablation inductively
coupled plasma mass spectrometry
(LA-ICP-MS) and its associated distance
(micron) from the pulp cavity (x-axis). The
pulp cavity is the appositional surface for
new dentine and marks Misha's date of
death.

Thin

FIGURE 2 (a) lllustrations of the
pools (circles) and associated mass fluxes
(arrows) proposed in the Sr turnover
model. Sr exchange with the immense
bone pool (dashed circle) is limited to the
chemically active subset that is included
in Pool Il (Meiggs, 2007). (b) An example
of model inversion that can be used to
estimate possible intake 87 5r/%Sr time
series based on measured series in tusk

¢ {Measured tusk dentine
g

& A/\fm
n
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dentine. Silhouette images from https:// Length

www.phylopic.org/, CC-BY-NC-SA 3.0.
phylopic.or (b) Model
Inversion

Intake estimates

J\J\/’,—I_/I‘Lffl i g

87Sr/865r

Days

(Figure 1a). The resultant dentine powder was dissolved and anal-

ysed using the solution method (Data S1).

2.2 | Model description

Strontium is known to be a substitute for calcium in mineralized tis-
sues such as bone, dentine and enamel. Studies of calcium metabo-
lism suggested that there are at least two distinct pools of calcium in
the body that participate in the turnover process (Braithwaite & Ria-
zuddin, 1971; Meiggs, 2007). One is a rapidly exchanging pool (e.g.
serum and liver); the other is a slowly exchanging pool (e.g. muscles
and other internal organs) that is linked to the immense bone reser-
voir comprising over 99% of Ca and Sr in the animal (Meiggs, 2007).
We assume that the rapidly exchanging pool (Pool 1) is the central
pool of exchange where Ca/Sr intake, output and exchange with the
slowly exchanging pool (Pool Il) take place, while Pool Il includes

section

‘Cementum

Transverse Micromilled
section at 500-micron
increments

LA-ICP-MS 50 pt average

87Sr/%8Sr
0.705 0.707 0.709 0.711
| | 1 |

|

T T T T T T I
20,000 18,000 16,000 14,000 12,000 10,000 8000
Distance (micron) from the pulp cavity

(a) Turnover Model

Bone
(limited
exchange)

Pool I
(rapid exchange)

0=
Pool II

(slow exchange)

the chemically active subset of the immense bone pool (Figure 2a;

Meiggs, 2007). We also assume that (1) there is no change in dietary
Sr intake, concentration or Sr/Ca over time, (2) both pools are at
steady state with respect to mass (no change in the pool sizes, i.e. Sr
intake and excretion rates are equal), (3) both pools are isotopically
well mixed, and (4) there is no ®’Sr fractionation within the animal
(Flockhart et al., 2015; Lewis et al., 2017). With these assumptions,
we use the constants P, and F, to represent the mass (mg) of and
mass flux (mg/day) into/out of Pool n (respectively) and variable R, to
represent the Sr ratio of Pool/source n.

For P, the partial differential equation of its isotope ratio can
be written as:

ﬂ Fu

5 - P—”(Ru -R), (1)

where ? is the first-order isotope reaction rate constant (1) of P, under
]

a steady state assumption (Martinez del Rio & Carleton, 2012), which
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can be used to derive half-life (e.g. Cerling, Ayliffe, et al., 2007; Tieszen
et al., 1983):

In(2
tys = % )

Similar to Equation (1), the partial differential equation of the iso-
tope ratio of P, can be written as:
oR, F, Fi
i _P_IT(RI_Rin)_FI(RI_RH)' 3)
where da_'? is determined by the dynamic relationships between R, R;,
and R, and the two first-order reaction rate constants % and %, re-
1 1
flecting the processes of dietary intake and the exchange with P,

Following Equation (2), each process here has a half-life derived from

PI’PI andP”

will be referred to as a, b, c, respectively. Note that the rate constants

its reaction rate constant. For simplicity, the rate constants

have shared terms and are expected to show interactions. The rate
constants can be further consolidated into two physiological parame-
ters: the flux ratio i_—” = gand the pool ratio% = g which are ultimately
the independent terms of the turnover process.

Unlike enamel, tusk dentine is not affected by maturation av-
eraging during its formation and unlike bone, it is not remodelled
once it is formed (Boyde & Jones, 1972; Hillson, 2005; Passey &
Cerling, 2002; Smith, 1998; Suga, 1982). Therefore, we assume that
R, is directly recorded in tusk dentine. Because the rate of dentine
growth (micron/day) may vary from day to day, we consider that
dentine formation rate at time step t is drawn from a normally dis-
tributed random variable. To make a quantitative correspondence
between R, at time step t (days) and measured 87Sr/3¢Sr at tusk den-
tine length R, (micron), the length at time step t can be expressed

using a cumulative function of growth rates:

t
I = Z Rate,. (4)
1

At last, the Sr ratio measurement at length [ is an average between
lengths | — %Ia and | + %la, where |, is the sampling length associated
with the analytical method. Therefore, the corresponding time steps

of data integration at length | can be written as tp,%;a - t,_%la. The full

correspondence between the average 8Sr/8¢Sr measured at length |
(R}*®) and the 875r/86Sr time series of P, (R, can be written as an un-

weighted average of the latter:
ROS — 1 Z R, (5)
: iy, —tog '

2.3 | Model components

We implement the turnover model to simulate a length-series of
tusk Sr isotope ratios that can be compared directly with LA-ICP-MS
data and use the model in three applications (Table 1). First, we use
an assumed (stepwise) pattern of dietary change and tusk data docu-
menting Misha's relocation to calibrate the model's rate constants.
Second, we conduct a fidelity test using the calibrated rate con-
stants to estimate Misha's 8Sr/86Sr intake time series directly from
the measured data and compare the result with the assumed pattern
of dietary change. Lastly, the model is used in a case study to recon-
struct the intake 8Sr/8Sr time series of a woolly mammoth from
measured tusk dentine 8Sr/8%Sr data. We also explore the influence
of the turnover parameter values on the shape of the turnover curve
by building a forward model with synthetic intakes and turnover rate
constants (Section 5, Data S1).

In each model study, we use a Markov chain Monte Carlo
(MCMC) method to generate samples from the posterior distribu-
tion of all model parameters conditioned on the measured dentine
875r/8¢Sr series. The model described above is coded in the JAGS
(Just Another Gibbs Sampler) syntax, which is implemented in R
version 4.0.5 (R Core Team, 2023), using the ‘rjags’ package with
the standalone JAGS encoder (Plummer, 2021). Five chains are run
in parallel, and the minimum number of iterations is set at 5000 to
ensure model convergence, with the first 2000 iterations as burn-
ins. Average run time varies between 28 and 50h, depending on
the number of time steps (t, days) incorporated in the time series
simulation. Convergence is assessed visually via trace plots and with
reference to the convergence factor ‘rhat’ (Gelman & Rubin, 1992)
and effective sample sizes reported by the ‘rjags’ package. For each

model parameter, its posterior density is summarized via the Kernel

TABLE 1 Summary of the four model components (columns) in the strontium turnover model and the three ways the model is used
inversely (rows) in this study; bold text indicates the model component targeted for optimization in each study.

Model components

Intake 87Sr/8éSr time
Model study series

1. Calibration: estimate rate
constants

Step function

Turnover rate parameters

A fast central pool and a slow
peripheral pool, both with

Dentine growth

simulation Sampling simulation

Misha's dentine growth Misha's LA-ICP-MS

uninformative priors

Uninformative
random walk

2. Fidelity test: estimating
intake time series of Misha

Uninformative
random walk

3. Case study: estimating
875r/8%Sr intake time series
of Mammoth dentine

Posterior from Calibration

Posterior from Calibration
scaled to Mammoth's BM

Misha's dentine growth Misha's LA-ICP-MS

Mammoth dentine growth ~ Mammoth LA-ICP-MS
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density estimation function ‘density’ in the R package ‘stats’ with
default settings. For selected parameters, posterior density summa-
ries such as the maximum a posteriori estimate (MAP), and the 89%
highest density interval (89% HDI, following McElreath, 2018) are
reported using functions in the R package ‘bayestestR’ (Makowski
etal., 2019).

2.4 | Parameter calibration
In the parameter calibration study, the 87Sr/%Sr intake series is
modelled as a step function (Table 2), with values for the pre- and

post-move intake (R,; and R ) at each time step drawn from normal

pri
distributions centered on the measured 5r/%Sr values at the be-
ginning and end of Misha's dentine (Section 2, Data S1). The prior pa-
rameter range for the date of the move (Switch, Table 2) in the intake
time series is informed by both her dentine growth rate and 8’Sr/8sr

values of her dentine (Section 2, Data S1). The rate constants a and ¢

are given uninformative priors, while b is given the prior constraint:
b<a (Table 2), informed by the literature showing that the central
pool (P) exchanges faster than the peripheral pool (P,) (Braithwaite
et al., 1969; Braithwaite & Riazuddin, 1971). In all model studies, the
initial condition for each pool is drawn from a normal distribution
centred on the initial dietary intake value. Tusk dentine growth rate
parameters are from Uno, Fisher, Schuster, et al. (2020). Length of
averaging (I, in microns, Table 2) is calculated based on a 50-point
averaging function of the raw LA-ICP-MS data. R"™ and o] are the
50-point average values and their respective standard deviations.

Prior parameters of the precision terms for R,; and R, have been

pri
prescribed based on their variance in the raw LA-ICP-MS data. Prior
parameters of the precision terms for R;; and R;; have been pre-
scribed to reflect their relative uncertainties compared to R,,; and
R, in the turnover process. We test model sensitivities to prior pa-
rameterizations, including R value, the date of relocation and prior
constrains on the rate constants (results presented in Section 4,

Data S1).

TABLE 2 Deterministic/stochastic relationships, prior distributions and associated parameter values of the Sr turnover model used in the

parameter calibration step of the framework.

Model components  Deterministic/stochastic relationships

Intake RP”’mod ~N (RP"" Tan )

T, ~ Gamma (ershp, R, rate)

Raffmud ~N (Raff’ TRaft )

g, ~ Gamma (rRmshp, TRy rate)

Rinp’i ~N (Rﬁ'imodY TRmi )
Rinaff ~N (Raﬂmod’ TRyt )
Switch ~ Cat(py:py )

Turnover Ri1~N(R

primod’ TRl )
g ~ Gamma (zg;shp, 7y, rate)

Ryt =Ryt_1 +b(Rye—1 — Rie_1) +a(Rin_q — Rj;_q)

a ~ Unif(0, 1)
b= bcoefa

beoer ~ Unif(0, 1)
Ru,1 ~N (Rﬂrimod’ TRII )

gy ~ Gamma (g shp, g, rate)

Rie = Riye—1 + ¢(Rye—s = Ripet)
¢ ~ Unif(0, 1)

Dentine growth Rate; ~ N (u,0)

Sampling b1,
R"™ = t1+t 2 2 Ry

(0 TR T

RPN (RS, 7% )

Note: Tusk dentine growth rate is from Uno, Fisher, Schuster, et al. (2020).

Parameter values Data type (unit)

R, = 0.706 875r/8Sr (NA)
rRW’,shp = 100; Precision (NA)
g, rate=2x 107
Ry = 0.711 875r/8r (NA)
rRaﬂshp = 100; Precision (NA)
TR, rate = 2 x 107°
pri=1, ..., Switch 875r/86Sr (NA)
aft="Switch+1, ..., t 875r/865r (NA)
p, =83;p, =87 Date (day)
8751/86Sr (NA)
7gishp = 100; Precision (NA)

Tg rate =5x 107¢
875r/8%Sr (NA)

Reaction rate (day™)

Reaction coefficient (NA)
875r/8¢sr (NA)

Tgyshp = 100; Precision (NA)

gy rate =5 x 1077
87Sr/8sr (NA)
Reaction rate (day™)
u=147,6 =08
I, =524

Growth (pm day™)

Sampling window (pm)

RMes = mean <me - Rraw ) oS

31, -1,

O.;nea = Sd (RI’GW :Rr(lW )

il -3
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2.5 | Fidelity test: Estimating 8’Sr/%°Sr intake
series of Misha

To test the fidelity of the BITS framework, we use the rate constants
and Misha's dentine measurements to estimate Misha's 87Sr/8Sr
intake series. 8’Sr/%Sr intake (Rin,) is modelled as a random walk
(Table 3). The initial value of the intake time series (Rin,,) is given a
weakly informative prior following a normal distribution with a ge-
neric mean and an inflated o (Table 3). The change in Rin, at each
timestep is a random variable drawn from a Cauchy distribution with
a scale parameter modelled with a Gamma distribution (Table 3).
A Cauchy error term is selected over a normal random variable
(Section 4.4, Data S1) to accommodate possible abrupt changes in
875r/8%Sr, for example when an animal crosses discrete geological
boundaries in the real world. To avoid abrupt changes that are be-
yond the realistic gradients of 875r/86Sr on land, the per-step change
is limited to +0.006 (Table 3). We test model sensitivity to the
Cauchy scale parameter g, rate (results presented in Section 4.3,
Data S1). Due to the highly unusual step function in Misha's 8Sr/8¢sr
intake and its expected deviation from the Cauchy distribution, we
found it necessary to tune the prior of the Cauchy scale parameter
Tpin rate to avoid substantial mismatch between the turnover model
posterior parameter distributions in the fidelity and calibration stud-
ies (more in the Discussion). In this fidelity test, parameters a, b and
c are sampled from the posterior of the calibration study and pa-
rameters of dentine growth and measured dentine 85r/%%Sr are the

same as in Table 2.

2.6 | Case study: Estimating 8/Sr/2¢Sr intake
series of an Alaskan mammoth

To demonstrate the utility of the BITS framework, we use a subset of
the LA-ICP-MS derived ®Sr/8Sr data of a Woolly Mammoth (Mam-
muthus primigenius) tusk found in Alaska (Wooller et al., 2021) and es-
timate the animal's 8Sr/8¢Sr intake series. Sensitivity tests show that,

unlike in the fidelity test, the turnover rates are not very sensitive to

the prior on Cauchy scale parameter zy;, rate (Section 4.3, Data S1).
Therefore, 7y, rate =1 x 1077 is chosen (Table 4), which is near the
centre of the tested range and accommodates a range of step sizes
that are observed in bioavailable Sr isoscapes. Turnover model pa-
rameters a, b and c are first sampled from the posterior obtained in
the calibration study, then scaled using expected allometric relation-
ships between isotopic turnover rates and body mass. We assume
that the rate constant linked to the rapidly exchanging pool (param-
eter a) is not affected by body mass (Thomas & Crowther, 2015),
whereas those linked to the slowly exchanging pool (parameters b
and c) scale negatively (with an exponent of -0.19) with body mass
(Table 4, Thomas & Crowther, 2015). The body mass variables of both
Misha and the Woolly Mammoth are modelled using normal distribu-
tions with parameters informed by the species and sex of each (Lar-
ramendi, 2015). Parameters of dentine growth are calculated using
dentine lengths and annual markers (Wooller et al., 2021). To better
characterise data uncertainty and reduce computational demand, we
apply a 500-micron averaging window (I,,) to the raw data (Table 4),
which also mimics an dentine series generated by more conventional
sampling techniques such as micromilling (e.g. Miller et al., 2022; Uno,
Fisher, Schuster, et al., 2020). Dentine 875r/86Sr means and standard
deviations are calculated based on the 500-micron averaging window
(see model code in Yang, 2023).

3 | RESULTS
3.1 | LA-ICP-MS results and parameter calibration

Prior to the move, the baseline mean Sr/8¢Sr from the CA por-
tion of Misha's tusk is ca. 0.706 (Figure 3a), which falls just
out of the range of published surface water samples from the
Sacramento-San Joaquin delta (ca. 0.7061 to 0.7073) (Ingram &
Weber, 1999). No feed sample is available from the area. After
the move and at dentine distances ca. 17,000 microns from the
pulp cavity, tusk 8Sr/8¢Sr rises quickly to ca. 0.709, followed by a
long-term increase at dentine distances <17,000 microns from the

TABLE 3 Deterministic/stochastic relationships, prior distributions and associated parameter values of the Sr turnover model used in the

fidelity test of the framework.

Deterministic/stochastic

Model components relationships

Parameter values

Data type (unit)

Intake Riniye ~ N (Ring Ogint ) Rin;, = 0.710; 875r/8Sr (NA)
ogint = 0.01

Riny ~ N (Riniyg, tgin ) 875r/86Sr (NA)

Trin ~ Gamma (zg;,shp, Tr;, rate) Trinshp = 100; Precision (NA)

Trin rate = 2.5 x 1078

Rin, ~ Cauchy (Rin,_y, 7g;, )
Turnover Same as Table 2

Dentine growth & Same as Table 2

Sampling

| Rin, — Rin._, | < 0.006

Parameters a, b, and ¢ are sampled from the
posterior of the calibration study

875r/855r (NA)

Reaction rate (day ™)
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TABLE 4 Deterministic/stochastic relationships, prior distributions and associated parameter values of the Sr turnover model used in the

Parameter values

Trinshp = 100;
TRin rate = 1 x 107”7

a, b, and c are sampled from the posterior
of the calibration

sclx: exponents for allometric scaling with
body mass

u = 3000,0 = 150
u=7500,0 =500

Data type (unit)

Precision (NA)
Reaction rate (day™)
Reaction rate (day™)
Body mass (kg

)

Body mass (kg)

Scaling factor (NA)
(

case study.
Model
components Deterministic/stochastic relationships
Intake Same as Table 3, except for the Cauchy scale
parameter below
Trin ~ Gamma (tg;,shp, Ty, rate)
Turnover Same as Table 2, with additional relationships
below
am= a(BMmamm/BMMisha)Sda
b.m= b(BMmamm/BMMisha)Sdbc
cm= C(BMmamm/BMMisha)Sdbc
BMyjisha ~ N (4, 0)
BMMamm ~ N (u,0)
scla ~ N (u,0)
sclbc ~ N (u, o)
Dentine growth Rate; ~ N (u,0)
Sampling R;"’g _ a b L R,

= t
4, Liam t Llam 2 lam

R~ N (R, 7

Note: Dentine growth rate is calculated from Wooller et al. (2021).

pulp cavity (Figure 3a). Toward the end of the transect, the tusk
875r/8¢sr reaches ca. 0.711, which falls within the range of meas-
ured and published values of feed and water (between ca. 0.7080
and 0.7132, Figure 3b). The data generated by the laser ablation
method are consistent with those from the micromill via the so-
lution method (Figure S2, Data S1). A numeric model estimating
the daily Sr mass intake (Figure 3b; Section 3, Data S1) shows that
elephant feed (hay, pellets, and supplements) was Misha's primary
Sr source after the move.

Tusk 87Sr/8¢Sr values increase continuously throughout most of
the turnover event but show a transient excursion toward lower val-
ues early in the change (Figure 3a). We note that the excursion is in
close proximity to a crack in the tusk dentine slab that may have intro-
duced contamination along the laser transect (Data S1). The excursion
is also inconsistent with the step-function of the modelled intake and
the steady-state turnover process. Given this, and to avoid potential
errors in model calibration, the data associated with the excursion
are excluded from subsequent analyses (Figure 3c). From the onset
of 5r/%%Sr increase to the pulp cavity surface, the distance on slab
M640b is 18.14 mm, representing the total number of days Misha lived
in Utah (1236 days). This yields an average dentine growth rate Rate, at
14.7 +0.8 microns per day (Uno, Fisher, Schuster, et al., 2020).

All rate constants show clear central tendencies in the posterior
distributions obtained by inverting the ‘calibration’ version of the
model conditioned on the tusk 8Sr/%Sr data (Figure 3d). Parame-
ter a shows an MAP at 0.0169, which translates to a half-life of ca.
41days for turnover of P, via the intake flux (Table 5). Parameter c

R;nea = mean <RV(1W . RIGW )

u=0,0=0.05

u= —0.19,6 =0.05 Scaling factor (NA)
u=169,6 =27 Growth (pm day™)

lom = 500 Sampling window (pm)

875r/85Sr (NA)

2 lon =2 lam

o.;nea = Sd <me :Rraw >

2 =3 lm

shows an MAP at 0.0041, giving a half-life of ca. 170days for the
slow-turnover pool (Table 5). The bivariate posterior density of the
pool ratio (P,/P,) and flux ratio (F, /F,) shows a single peak at ca. 0.2
for pool ratio and ca. 1.05 for flux ratio, with a weak correlation be-

tween the two variables (Figure 3e).

3.2 | Fidelity test: Estimating 8’Sr/2°Sr intake
series of Misha

The model-estimated intake 8Sr/2Sr time series based on Misha's
LA-ICP-MS data shows good agreement with the intake estimated
using the more prescriptive prior in the calibration analysis (Sec-
tion 2.4). The estimated date of the relocation is almost identi-
cal to that estimated during calibration. The estimated magnitude
of change in intake 8Sr/8Sr (ca. +0.0045) is slightly smaller than
that estimated during calibration (ca. +0.0050), and the fidelity test
suggests a brief interval of more gradual increase immediately prior
to the modelled date of relocation (Figure 4). For most of the post-
relocation series, the estimated intake &Sr/2Sr values agree well
with those of the calibration and display local variations that are con-
sistent with the measured 8Sr/8¢Sr series (e.g. a transient rise and
fall around day 200, and a step up after day 600 Figure 4a). After
tuning the prior distribution of the precision parameter zg;, using its
hyper parameter zy,rate = 2.5 x 1078 the posterior distribution for
turnover parameter a is equivalent to that obtained in the calibration
(Figure 4b).
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FIGURE 3 (a)®5r/8Sr raw data measured by laser ablation inductively coupled plasma mass spectrometry (LA-ICP-MS, black dots), the
50-point average series (blue diamonds and lines), plotted with their associated distance (micron) from the pulp cavity of Misha's dentine (x-axis).
The vertical dashed line marks the approximate distance associated with the move. (b) 875r/8%5r of feed (hay, pellet, and supplements) and water
measured by the solution method (orange), and their modelled Sr daily intake amount (mg/day). (c) MCMC proposed R, time series (black lines)
based on the turnover model and their fit onto the LA-ICP-MS 50-point average series (blue diamonds and lines). (d) Posterior densities of rate
constants a, b, and c. (e) Bivariate density heatmap and contours of the two independent variables of the turnover model: Pool ratio and Flux ratio.

3.3 | Case study: Estimating 8’Sr/8¢Sr intake
series of an Alaskan mammoth

The selected LA-ICP-MS transect represents ca. 2 years of adult life
for the male Woolly Mammoth (Wooller et al., 2021). The dentine
data show three clusters of 87Sr/8Sr with gradual transitions be-
tween each cluster (Figure 5a,d). The sequence starts with dentine
clustering around the high 8Sr/8Sr values at ca. 0.712, then transi-
tions to the intermediate values at ca. 0.7105, and subsequently to
the low ones at ca. 0.709, and finally ends back in the high &/Sr/8¢Sr
values (Figure 5a). By contrast, the estimated intake 875r/8%Sr series
show a much wider range of values from ca. 0.707 to 0.713, and four

clusters instead of three (Figure 5b,d). In addition, the estimated in-
take 8Sr/8¢Sr time series displays abrupt changes in 8Sr/8¢Sr, which
deviate from the more gradual changes seen in dentine measure-
ments (Figure 5b). The posterior of the rate constant a.m (Table 4;
Figure 5¢) has shifted to higher values than the prior (parameter a
in the calibration), with an MAP at 0.0225 (Figure 5c) that translates
into a half-life of ca. 30.9 days for P, in response to intake (Table 5).
Parameter c.m shows a MAP at 0.0034 (Figure 5c) that translates
into a P, half-life of ca. 202 days (Table 5). The bivariate density of
pool ratio (P/P,) and flux ratio (F, /F,) shows a single peak at ca. 0.19
for pool ratio (lower than the calibration), and at ca. 1.28 for flux
ratio (higher than the calibration, Figure 5e).
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TABLE 5 Summary statistics of model parameters for the proboscidean individuals investigated in this study.
Posterior: Misha (Loxodonta Posterior: Alaskan mammoth
Model parameter Parameter description (unit) africana) (Mammuthus primigenius)
P/P, Pool ratio, central pool/peripheral pool (NA) MAP: 0.246 MAP: 0.187
89% HDI: 0.135-0.425 89% HDI: 0.124-0.335
F../Fy Flux ratio, intake flux/peripheral pool flux (NA) MAP: 1.03 MAP: 1.28
89% HDI: 1.00-1.47 89% HDI: 1.09-1.64
a Reaction rate from intake to P, (day™) MAP: 0.0169 MAP: 0.0225
89% HDI: 0.0122-0.0253 89% HDI: 0.0161-0.0298
b Reaction rate from P, to P, (day™) MAP: 0.0141 MAP: 0.0164
89% HDI: 0.0086-0.0227 89% HDI: 0.0105-0.0233
c Reaction rate from P, to P, (day™) MAP: 0.0041 MAP: 0.0034
89% HDI: 0.0025-0.0060 89% HDI: 0.0023-0.0053
In(2)/a Half-life associated with a (days) MAP: 41.0 MAP: 30.9
89% HDI: 27.4-56.8 89% HDI: 23.3-43.1
In(2)/b Half-life associated with b (days) MAP: 49.3 MAP: 42.2
89% HDI: 30.6-80.8 89% HDI: 29.7-66.1
In(2)/c Half-life associated with ¢ (days) MAP: 170 MAP: 202
89% HDI: 116-277 89% HDI: 130-300
Note: HDI, highest density interval; MAP, maximum a posteriori estimate.
Fidelity test: model input series vs. estimated input series Posterior densities
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FIGURE 4 Results of the fidelity test comparing estimated intake 87Sr/%¢Sr time series to model input (posterior distribution of the
calibration study). Blue diamonds are 50-point average series from laser ablation inductively coupled plasma mass spectrometry (LA-ICP-
MS); the black solid line represents maximum a posteriori estimates (MAPs) of model input. The magenta solid line represents MAPs of
estimated intake in the fidelity test. Dashed lines represent 89% highest density intervals. (b) Comparisons of posterior densities of the three

rate constants a, b and ¢ between the fidelity test and the calibration (Figure 3d).

4 | DISCUSSION

4.1 | Characteristics of the BITS framework

The Srisotope incorporation pattern, as recorded in Misha's dentine,
follows a two-compartment turnover process similar to the calcium
metabolism in sheep (Braithwaite et al., 1969; Braithwaite & Ria-
zuddin, 1971). The two-compartment turnover process can also be
described using the reaction progress (RP) model (Cerling, Ayliffe,
et al., 2007), which is particularly useful in detecting the number of

pools in an isotope turnover system (Cerling, Bowen, et al., 2007,
Section 6, Data S1). The advantages of the BITS model over the RP
model are the explicit and mechanistic representations of the iso-
tope exchanges between the pools, the more appropriate parame-
terization of the model and the ability to provide credible intervals of
the modelled isotope input time series with Bayesian statistics (see
a detailed comparison in Section 6, Data S1). Results from the BITS
forward model show that the combination of pool ratio and flux ratio
can accommodate a variety of shapes in the turnover curve (Sec-
tion 5, Data S1). The Sr isotope turnover process is notably different
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FIGURE 5 Results of the case study
using selected &7Sr/%°Sr data of a woolly
mammoth tusk (Wooller et al., 2021).

(a) &7Sr/8Sr raw data measured by laser
ablation inductively coupled plasma mass
spectrometry (LA-ICP-MS, black dots),
the 500-micron average series (light blue
diamonds and lines), plotted with their
associated longitudinal distance (micron)
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three clusters of &7Sr/8¢Sr measured in
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from that of carbon and oxygen isotopes inferred from Misha's den-
tine, which is best represented by a one-compartment turnover with
a short half-life at ca. 7-10days (Uno, Fisher, Schuster, et al., 2020).
The much slower turnover of both the central and the peripheral Sr
pools suggests that Sr isotope data in incrementally grown tissues
reflects a much longer time scale of integration than other isotope
systems such as carbon and oxygen. This can directly impact data
interpretation, in that synchronous changes in intake would lead to

lagged and smoothed expression in tissue Sr isotope data relative to
that in fast-turnover systems (e.g. carbon or oxygen). The best way
to account for such a potential bias is to use a modelling framework,
such as BITS and the RP model (Cerling, Ayliffe, et al., 2007), to esti-
mate the original isotope input time series.

In the fidelity test, the rate constants and the estimated input
time series are sensitive to the hyper prior parameter zy;, rate of the
intake time series (Section 4.3, Data S1). By contrast, little sensitivity
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is found in the case study with the woolly mammoth. This is likely
due to the extreme case of Misha's movement history and the as-
sociated 87Sr/8Sr change in her intake (a single step change), which
deviates from the more stochastic variation expected in natural set-
tings. In the case study, the model converged on slightly faster turn-
over rates than expected based on the scaling relationship with body
mass. Although we cannot validate these parameters independently,
this suggests the possibility that the BITS framework could help con-
strain turnover rates in extinct animals.

Our case study application shows that abrupt changes in
875r/8Sr intake, of the type that would be expected for an animal
moving across geological boundaries, are consistent with measured
dentine data that themselves exhibit gradual changes. We used the
Cauchy distribution in modelling the input time series to accommo-
date such abrupt changes (see Section 4.4 in Data S1 for a compar-
ison between different input time series structures), which appears
to be an acceptable solution but could be replaced by other model
forms that more accurately represent expected intake patterns for
mobile animals (e.g. Wooller et al., 2021). The much wider range
of estimated 87Sr/8Sr intake compared to measured dentine (Fig-
ure 5b,d) suggests that the input signal amplitude can be substan-
tially attenuated by the turnover process in proboscideans. It further
suggests the need to consider and correct for the effects of turnover
on measured dentine 8 Sr/8Sr series in order to generate robust re-
constructions of animal movements and home ranges.

Our BITS framework makes an explicit link between time and
tissue by simulating cumulative incremental growth. Although here
we assume only stochastic variation in the growth rate of Misha's
dentine, systematic variation in dentine growth rates, for example
due to seasonality or stressors (e.g. Koch et al., 1989; Uno, Fisher,
Schuster, et al., 2020; Wooller et al., 2021), can be accommodated
in the cumulative function (Equation 4). The built-in averaging func-
tion (Equation 5) serves to perform data reduction and to simulate
potential data averaging effects when sampling incremental tissues.
As such, the framework incorporates important sources of uncer-
tainties associated with the correspondence between the life history
of the organism (e.g. measured in days) and data measured in the

incremental tissue (e.g. measured in distance).

4.2 | Potential utility and future directions

Our BITS framework bridges the gap between environmental Sr/86Sr
variations and data measured in dentine or other incrementally grown
tissues. The model mathematically resolves the time scale of Sr iso-
topic integration and allows quantitative estimations of 875r/8sr
intake time series. The framework can be applied to micro-sampled
records of dentine in other organisms following the workflow es-
tablished in this study. Moreover, it can be coupled with upstream
geospatial modelling frameworks that use 7Sr/%¢Sr to study animal
mobility/migration ecology (e.g. Ma et al., 2020; Wunder, 2012). For
example, the posterior of the estimated 875r/86Sr intake series, when
coupled with movement models (e.g. Brennan et al., 2019; Sakamoto

et al., 2019; Trueman & St John Glew, 2019; Wooller et al., 2021),
could be used to estimate individual home range or movement his-
tory. The modelling approach can be particularly powerful when cou-
pled with additional tracers (e.g. carbon and oxygen isotopes; Kowalik
et al., 2023; Miller et al., 2022; Wooller et al., 2021) to inform, for
example seasonal residence patterns or the timing of migration. The
generic isotope turnover processes and the BITS framework dis-
cussed here can be adapted to data for other isotope systems (with
fractionations involved) or other organisms of interest (with additional
turnover calibrations). Applications like these can improve the reliabil-
ity of interpretations based on isotopic data in incremental tissues and
expand our modelling toolkit to investigate, for example niche parti-
tioning, life history traits, and behavioural patterns.

The BITS model of Sr isotope incorporation into tusk dentine
involves simplifying assumptions which could be revisited in future
studies. For example, the model does not consider variable Sr or Ca
elemental concentrations or compositions of food and water sep-
arately (e.g. Ericson, 1989; Meiggs, 2007; Phillips & Koch, 2002;
Weber et al., 2020) or represent non-steady state Sr or Ca mass
balance scenarios that involve changing pool sizes or elemental
fluxes, such as rapid growth or lactation that involve substantial ex-
change with the bone pool. Incorporation of such effects will help
researchers accommodate environmental, physiological and on-
togenic factors that may influence &Sr/8¢Sr data interpretation in
real-world systems. In addition, application of the model to other
tissues, such as dental enamel, presents additional challenges due
to time-averaging that occurs during tissue formation, and will re-
quire additional model components (e.g. Green et al., 2018; Passey &
Cerling, 2002). Regardless of these limitations, the BITS framework
is adaptable and could easily accommodate inclusion of these and
other processes, expanding its utility. Our results also emphasize
the importance of understanding isotope incorporation patterns
before isotope data can be confidently interpreted. The decades-
old appeals for conducting more laboratory experiments (Gannes
et al., 1997) and developing more theoretical models (Martinez del
Rio et al., 2009) still stand to this day.
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