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Abstract 

Seasonal variation in rainfall and temperature are major determinants of ecosystem 

structure and productivity and influence physical processes such as erosion rates and 

glaciation.  By extension, seasonality can drive evolutionary change, and is hypothesized to 

have influenced early human subsistence and technological development. Rainfall patterns 

are reflected by oxygen isotope ratios (δ18O values) in mammalian tooth enamel, which 

records environmental chemistry as reflected by blood chemistry during mineralization. 

Fossilized herbivore molars are commonly used to study paleoseasonality, since temporal 

variation in precipitation δ18O results in spatial variation in tooth mineral δ18O. However, 

this approach has been hampered by incomplete knowledge of isotope incorporation 

during tooth mineralization. Here we test a new synchrotron-based mineralization model 

and demonstrate its potential to quantitatively reconstruct original seasonal input histories 

under a Bayesian computational framework. To accomplish this, we first integrate the 

mineralization model with blood water oxygen isotope turnover to produce high-

resolution spatial δ18O predictions. We test these predictions using fine-scaled tooth 

enamel phosphate δ18O measurements (n=109 locations sampled in a 2D grid format) in a 

sheep (Ovis aries) subjected to a controlled water switch (switch δ18O magnitude of 12‰). 

Tooth mineralization, blood oxygen turnover and isotopic measurements demonstrate that 

enamel secretion and maturation waves advance at nonlinear rates with distinct 

geometries. Final enamel isotopic composition may be influenced by isotopic shifts during 

enamel maturation from amorphous precursors. We combine these observations to 

produce a Bayesian inverse model for reconstructing water δ18O inputs from tooth isotopic 

measurements. The system accurately reproduces the controlled switch of the 

experimental animal and reveals transient documented meteorological events that were 

unplanned during the experiment. A simulation approach shows that given appropriate 

priors and search methodologies, this system also reconstructs precipitation histories at 

different latitudes with striking fidelity. We show that in some contexts even simple 

sampling approaches (i.e. 1D transects) can yield accurate reconstructions of seasonality. 

Finally, we refine our mineralization model further by exploring the possible extent of 

isotopic resetting during mineral phase transitions. This work demonstrates that tooth 

isotopic measurements can be employed to reconstruct past seasonal isotopic variation in 
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rainfall quantitatively, allowing exploration of the relationships among climate, earth 

history and evolution.  

 

1. Introduction 

 

On a broad scale, seasonal climate patterns influence earth-scale phenomena including 

glaciation onset and extent (Haug et al., 2005), erosion rates (Wulf et al., 2010), and are an 

important variable in past environmental reconstructions (Tindall and Haywood 2015). 

Seasonal precipitation regimes are major determinants of ecosystem structure, regulating 

grassland, savannah and forest plant communities (Vincens et al., 2007; Good and Caylor 

2011; Mayer and Khalyani 2011; Hoetzel et al., 2013). Water and resource availability are 

thought to influence human and primate behavior, adaptation and evolution (Marshall and 

Wrangham 2007; Potts 2013; Isler and Van Schaik 2014; Melin et al., 2014). Human 

subsistence, health and conflict are all sensitive to ecosystem stability, and changes in the 

seasonality of precipitation are recognized as an important consequence of contemporary 

climate change (Sellen 2000; Morin and Comrie 2010; Hsiang et al., 2013; Kumar 2013; 

Watson et al., 2013; Garcia et al., 2014). Rainfall cycles can be inferred from spatial 

variation in the mineral composition of teeth because the stable oxygen isotope 

composition (δ18O value) of precipitation exhibits characteristic seasonal fluctuations that 

are recorded in teeth as they grow over time (Bryant et al., 1996; Gat 1996; Bowen and 

Revenaugh 2003; Balasse et al., 2012). The 18O of body water and blood of animals 

drinking surface waters reflects the 18O of precipitation, alongside food, air and 

physiological processes (Longinelli and Padalino 1980; Kohn et al., 1998; Podlesak et al., 

2008; Cerling and Sharp 1996). Oxygen in blood plasma phosphate, carbonate, and 

hydroxyl ions equilibrates isotopically with blood water, and these ions retain an 

equilibrium isotopic composition as they are incorporated into tooth enamel 

hydroxyapatite (HAp) (Kohn and Cerling 2002). Thus, tooth 18O values provide an 

invaluable record of recent and ancient seasonal climatic patterns, bearing in mind that 

animal behavior, physiology, and local hydrology can also influence the relationship 
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between environmental and animal isotopic compositions (Kohn et al., 1998; Podlesak et 

al., 2008).  

 

1.2 Documenting seasonality in teeth. Tooth δ18O can be measured for inference about 

past seasonal water sources using several techniques. While enamel and dentin are both 

viable tissues for isotopic analysis, enamel is favored for fossil specimens because it is 

more resistant to diagenetic modification over geological timescales (Kohn and Cerling 

2002; Kirsanow et al., 2008). Enamel carbonate δ18O is sampled in bulk or through 

microdrilling, also providing measurements of carbon isotopes (δ13C) that allow an 

estimate of feeding upon arid-adapted C4 plants and diet more broadly (Pellegrini et al., 

2011; Balasse et al., 2006; Balasse et al., 2012). Laser or ion-based ablative techniques can 

capture enamel δ18O or δ13C in much smaller samples, but cannot distinguish between 

oxygen in phosphate, carbonate and hydroxyl ions. This may be problematic because these 

ions have different susceptibilities to diagenetic alteration (Passey and Cerling 2006; 

Sponheimer et al., 2006; Aubert et al., 2012; Blumenthal et al., 2014), and the processes 

determining their incorporation into mineral vary (Lacruz et al., 2017; Trayler and Kohn 

2017).  

 

Enamel phosphate is particularly useful for the study of hydrology as bulk phosphate 

oxygen fractionation from water into teeth is well understood, and substitution after death 

and burial is limited (Fricke et al., 1998; Kohn and Cerling 2002; Pellegrini et al., 2011; 

Longinelli1984; Daux et al., 2008; Gehler et al., 2011; Kirsanow and Tuross 2011). Accurate 

δ18O measurements of phosphate and carbonate components of enamel can be made from 

very small enamel samples, which facilitates high-resolution intra-tooth sequential 

sampling, or repeated isotope measurements across a single tooth (Fricke and O’Neil 1996; 

Sponheimer et al., 2006; Wiedemann-Bidlack et al., 2008). Sequential sampling is ideal for 

estimating past seasonality, because the approach of conventional bulk sampling is limited 

by the problem of time averaging: a single low-resolution sample may include enamel 

secreted and mineralized over many months or even years.  
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Because of their large size and abundance in the fossil record, ungulate teeth are regularly 

sampled for δ18O to reconstruct seasonal pastoralist practices, hydrology, feeding and 

migratory behaviors (Longinelli and Padalino 1980; Zazzo et al., 2010; Stevens et al. 2011; 

Brookman and Ambrose 2012). Despite these efforts, the significance of intra-tooth δ18O 

fluctuations is difficult to evaluate because ungulate tooth mineralization remains poorly 

understood. In particular, it is unknown how mineralization integrates and dampens 

seasonal δ18O shifts in drinking water during incorporation into blood and ultimately 

enamel (Passey and Cerling 2002; Passey et al., 2005). Efforts to infer aspects of past 

climate or diet from sequential isotope sampling rely on models of mineralization 

developed for ever-growing canines and incisors. It is unclear if these models are 

appropriate for ungulates, which form their large molars at variable rates over a fixed 

period (Passey and Cerling 2002; Kohn 2004; Passey et al., 2005; Zazzo et al., 2010; Zazzo 

et al., 2012), or how developments in the understanding of enamel mineralization affect 

interpretations of isotopic patterns (Beniash et al., 2009; De Yoreo et al. 2015). An accurate 

understanding of the spatial and temporal pattern of tooth crown mineralization in 

ungulates is critical to efforts linking seasonal patterns to δ18O values in teeth. 

 

1.3 Tooth formation, temporal and spatial pattern of mineralization. Tooth enamel 

mineralization is conceptualized in two stages: secretion and maturation (Simmer et al., 

2012). During the secretion stage, enamel-forming cells (ameloblasts) secrete matrix 

proteins that are required for proper enamel formation. These control crystal size and 

shape, as well as the mineral phase, specifically the transformation of amorphous calcium 

phosphate (ACP) into hydroxyapatite (HAp) (Diekwisch 1998; Smith 1998; Beniash et al., 

2009; Simmer et al., 2012). This process begins at the interface between ameloblasts and 

dentin-forming cells at the location of the future cusp tip. A mineralization front advances 

towards the future enamel cervix and root (Fig. 1A) by successively activating neighboring 

ameloblasts to secrete enamel matrix, a process known as tooth crown extension. 

Simultaneously, through appositional growth organic matrix and mineral are added from 

the enamel-dentin junction (EDJ) towards the enamel surface in regular increments 

marking formation time (Boyde 1989; Smith 2006; Smith and Tafforeau 2008). The mineral 

content of secreted enamel is 20–30 % by weight, that is only about 10% by volume 
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(Passey and Cerling 2002; Smith et al., 2011; Simmer et al., 2012). The majority of mineral 

is added during maturation, a more complex and diffuse process that begins once 

ameloblasts complete secretion and full enamel thickness is reached (Driessens and 

Verbeeck 1990; Smith 1998; Green et al., 2017).  

 

A number of models have been proposed to explain maturation phase geometry and timing 

during mineralization. One describes a series of waves of increasing mineralization moving 

back and forth between the EDJ and the surface of the tooth crown. This model is based on 

radiographs of primates and ungulates (Fig. 1B) (Suga 1982; Hoppe et al., 2004; Tafforeau 

et al., 2007). Another model designed for ever-growing teeth, and based upon phosphate 

concentration measurements, proposes that an initial secretory front is followed 

immediately by a single, steady maturation wave in the same geometric orientation (Fig. 

1C) (Passey and Cerling 2002). This model has been employed using an inverse method to 

solve for original body fluid isotope composition in an experimentally manipulated rabbit 

and other domestic animals (Passey et al., 2005; Zazzo et al., 2010). However, a recent 

mineralization model based on synchrotron X-ray density mapping and Markov Chain 

Monte Carlo (MCMC) sampling demonstrates that secretion and maturation are temporally 

and spatially distinct, advancing at differing nonlinear rates (Fig. 1D) (Green et al., 2017). 

This model is consistent with our current understanding of ameloblast biology and 

supports observations of mineral density from phosphorus concentration measurements, 

scanning electron microscopy, and X-ray imaging of mammalian molars (Suga 1982; Passey 

and Cerling 2002; Hoppe et al., 2004; Tafforeau et al., 2007; Blumenthal et al., 2014; Lacruz 

et al., 2017; Trayler and Kohn 2017).  

 

Here we address longstanding uncertainty in the temporal and spatial nature of 

mineralization (Fig. 1B–D) and improve methods for reconstructing seasonal patterns from 

tooth δ18O measurements. To test available models of mineralization, we first conduct an 

experiment using a sheep subject to a controlled water switch. Measurements of enamel 

phosphate δ18O from this animal demonstrate that a synchrotron-based model from 45 

additional sheep (Green et al., 2017) can accurately predict tooth δ18O values from known 

δ18O inputs. Next, we show that these results suggest that the timing and geometry of tooth 
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δ18O values may be determined, in part, by phosphate oxygen exchange during 

mineralization. Lastly, we develop an inverse method that uses a Bayesian optimization 

framework to estimate original drinking water inputs (Fig. 2). This reconstruction method 

is able to correctly identify even transient past meteorological events and will ultimately 

improve the accuracy of environmental reconstruction at key sites where fossil herbivore 

teeth are abundant.  

 

2. Methods 

 

2.1 Experimental water switch. We raised a male high-percentage Dorset sheep at the 

Concord Field Station in Bedford, Massachusetts, USA, following weaning at two months of 

age. It was fed from a single batch of dry feed (Central Connecticut Co-op Farmers 

Association) and provided Bedford drinking water (ranging from –7.4 to −5.9 ‰ 

throughout the experiment; all 18O values are reported on V-SMOW scale) originating 

primarily (85% or more) from the 1.5km3 Quabbin Reservoir, and to a lesser extent from 

Bedford ground water (Green et al,, 2018). Between 201 and 263 days of age we provided 

the sheep with glacial melt water (−19.38 ‰, 1 s.d. = 0.05 over the duration of the switch) 

from Lake Fork Creek in the Beartooth Mountains near Red Lodge, Montana, USA (Fig. 3). 

At 201, 221, 263 and 283 days of age we gave the animal 8mg/kg subcutaneous calcein 

injections. Drinking water, feed, and jugular IV blood samples were collected at regular 

intervals prior to, during and after the water switch. At 1.4 years of age we sacrificed the 

sheep by 180mg/kg IV sodium pentobarbital injection. Animal care and data collection 

protocols were approved by the Harvard University Faculty of Arts and Sciences 

Institutional Animal Care and Use Committee. 

 

2.2 Water, blood, and feed δ18O measurements. Sheep blood (300 l) and drinking 

water samples (100 l) were aliquoted into He-flushed exetainer tubes. The exetainers 

receiving water standards and samples contained 0.3% CO2 in He for standard CO2-H2O 

equilibrations; blood samples were allowed to outgas and equilibrate endogenous CO2. 

Equilibration incubations were conducted for 24 hours at 26 °C on a Thermo GasBench II, 
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followed by headspace sampling and analysis using the GasBench II and Delta V Plus 

isotope ratio mass spectrometer (IRMS) at the stable isotope facility in the Deptartment of 

the Geophysical Sciences, University of Chicago. Samples were referenced to lab standards 

(HH and HL), which are stored in flame-sealed glass ampoules and processed and analyzed 

in parallel with samples. The HH and HL standards have 18O values of +1.59 and −23.8 ‰ 

as determined through repeat analysis against VSMOW, GISP, and SLAP2 standards. The 

precision of replicate analyses was better than 0.03 ‰ (1 s.d.), and accuracy for water 

samples is better than 0.1 ‰ (1 s.d.) based on repeat analyses on different days and 

participation in international laboratory intercalibration exercises . 

 

Aliquots of animal feed were dried at 60 °C and analyzed for oxygen isotope analysis on the 

TCEA-Conflo IV-Delta V Plus IRMS system at the University of Chicago. Feed δ18O was 

measured to be +25.3 (+/− 0.8 1 s.d.) ‰. Results were assessed relative to standards IAEA-

601 benzoic acid (+23.14 ‰) and IAEA-CH-6 sucrose (+36.20 ‰; also referred to as “ANU 

sucrose”) in addition to the HH and HL encapsulated waters (Qi et al., 2010). The larger 

scatter for organic 18O may represent feed heterogeneity and variable contributions of a 

small amount of residual moisture.  

 

2.3 Enamel sample dicing. The lower left M2 was extracted, embedded in 

methylmethacrylate, and the mesial loph sectioned with a Buehler Isomet saw to produce 

two 1 mm-thick sections at the maximum buccal-lingual loph breadth. One section, fixed to 

a silica wafer, was diced with a Disco DAD3240 dicing saw and zinc alloy blade (DZAD1150 

Z09-SD2000-Y1-60, Disco). The tooth was diced at 1.500 mm x 0.150 mm increments, with 

long axis cuts (1.500 mm) proceeding from the cusp tip to root, and short axis cuts 

proceeding from the EDJ to the enamel surface (Fig. 4A). Cut depth was 0.600 mm, and 

blade advance and water jet speeds were reduced to minimize sample loss. This method 

yields 80 – 130 individual block samples in columns and rows of blocks throughout the 

thickness and length of enamel, weighing c. 500 μg each. In this case we produced 106 

block samples from the enamel of the buccal loph. Blade cut precision is < 1µm and sample 

loss is limited to the 30 µm blade width, thus spatial resolution using this method is 
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primarily constrained by the mass required for chemical processing and analysis. The 

second section was polished to a thickness of c. 100 μm and mounted using UV curing resin 

(Logitech, resin 358) and DPX mounting media onto a glass slide for calcein fluorescence 

imaging (Fig. 4B).  

 

2.4 Silver phosphate δ18O measurements. After dicing, blocks were removed under a 

microscope using fine forceps and placed into separate 2ml microcentrifuge tubes. 

Following established protocols for silver phosphate microprecipitation (Colman 2002; 

Wiedemann-Bidlack et al., 2008), samples were pre-treated overnight with a 2.5% NaOCl 

solution to remove organic matter, centrifuged, rinsed in DI water five times, and dissolved 

overnight in 100l 2M HNO3. The Ca2+ in solution was removed through precipitation as 

CaF2 by adding 100l 2M HF and 150l 2M NaOH to each sample for 1–4 hours. The 

resultant suspension was centrifuged to pellet CaF2, and the supernatant transferred to the 

cut off bulb of a disposable transfer pipette. The solution was reacted uncovered at 50C in 

a heat block placed in a chemical hood with 750l silver-ammine solution (0.067M AgNO3, 

0.12M NH4NO3, 0.43M NH4OH), 450l 1.25M NH4NO3 buffer and 90l 1:1 NH4OH until 

solution volume was brought below 250l (ca. 12 hours). All reagents were from Fisher 

Chemical (Fairlawn, NJ, USA) or Sigma Aldrich (St. Louis, MO, USA) and were ACS grade or 

higher. Laboratory deionized (DI) water was 18.2 MΩ, produced by a Thermo Barnstead 

Nanopure system. 

 

Ag3PO4 crystals were then rinsed six times with 1000l DI to remove silver nitrate solution, 

dried, and weighed into silver foil capsules. A single apatite sample yielded sufficient 

Ag3PO4 for one to three 250–300 g aliquots of Ag3PO4 for analysis. The oxygen isotope 

analysis was completed using a ThermoFisher (Bremen, Germany) TCEA system operated 

at 1450C to thermally decompose the phosphate and produce CO from reaction between 

the released O and the graphite and glassy carbon reactor. The CO was entrained in a He 

carrier gas and conveyed to a Delta V Plus IRMS via a Conflo IV open split. Replicate 

analyses of Ag3PO4 samples derived from a single diced block gave an analytical precision 

of 0.15 ‰. Samples were analyzed relative to the following internal standards of 
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crystalline Ag3PO4 from Strem Chemicals (Newburyport, MA, USA), Aldrich (Sigma-Aldrich, 

St. Louis, MO, USA), and Elemental Microanalysis (Okehampton, UK) with δ18O values of 8.2, 

10.8, and 21.87 ‰ (VSMOW), respectively through repeat evaluation against YR-1, YR-2, 

and YR3-1 Ag3PO4 standards (Vennemann et al., 2002; Wiedemann-Bidlack et al., 2008) 

and checked against VSMOW, SLAP2, UC03, and UC04 silver-tube encapsulated waters 

(USGS, Reston, VA, USA).  

 

For columns 2–6 (15 blocks), some Ag3PO4 samples were lost after weighing and prior to 

measurement; the remaining Ag3PO4 within each of these columns was combined for 

columns 2–4, for three out of four blocks in columns 5–6 and 12, and for two blocks in 

column 12 (SI). 

 

2.5 Code structure and optimization. Blood physiological, isotopic, and mineralization 

modeling was conducted using Python2.7. Optimization of all physiological and 

mineralization parameters, and reconstructions of drinking water history, were performed 

with the aid of optimization algorithms hosted by the python non-linear optimization 

module (NLopt, Johnson, 2017). For each optimization, local parameter searches were 

conducted using constrained optimization by linear approximation (COBYLA) (Powell 

1998). Global searches were conducted using the quasi-Monte Carlo multi-level single 

linkage algorithm (MLSL) (Rinnooy Kan and Timmer 1987; Kucherenko and Sytsko 2005). 

Parameter goodness of fit was evaluated using a likelihood framework. 

 

3. Results and Modeling 

 

3.1 Blood and tooth δ18O measurements. The blood water δ18O value was −5.71 ‰ 

when the animal arrived in Bedford in mid-March 2013 at 65 days of age. Blood values in 

Bedford from April through August prior to the start of the experimental water switch 

were on average −4.30‰ (+/− 0.44 1 s.d.) (Fig. 3). During the water switch, blood water 

δ18O value dropped from −4.96‰ to -13.16 ‰ (a change of 8.2 ‰) in 20 days. Average 

blood water δ18O while the animal was at steady state with switch water was −13.24 ‰ 

(+/− 0.22 1 s.d.). After returning to Bedford water, average blood water δ18O was −4.83 ‰ 
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(+/− 0.45 1 s.d.) until the completion of the experiment in June, with the exception of two 

excursions related to snow consumption in early January and mid-March 2014 (−9.47 ‰ 

and -6.55 ‰, respectively). 

 

The M2 phosphate δ18O value is +14.30 ‰ at the cuspal tip, and values steadily decline 

toward the first third of the enamel crown until they reach a minimum of +9.47 ‰ (a 

change of 4.8 ‰) (Fig. 4C). In the region of the tooth with lower δ18O values, values 

increase from near the EDJ to the enamel surface. Toward the middle of the tooth, δ18O 

values increase, more rapidly near the surface and more slowly near the EDJ. In the last 

third of the tooth δ18O values return to higher values, with +14.9 ‰ measured at the 

cervical margin of the enamel. 

 

To evaluate available physiological and mineralization models using these data, we 

compare results to expectations given model parameters and known experimental δ18O 

inputs in the sections that follow. 

 

3.2 Blood-water δ18O modeling. Existing blood δ18O and turnover models were adapted 

to predict sheep blood δ18O changes given known water and feed ingestion histories. 

Following frameworks used for humans and rodents under controlled conditions 

(Gretebeck et al., 1997; Podlesak et al., 2008), we model the steady-state 18O/16O ratio in 

body water, or Rbw, as contingent upon the ratios of inputs and outputs: 

 

     
                                   

                                       
 

(1) 

 

where in the numerator, Rdw and Fdw are the isotope ratio and fractional contribution of 

drinking water to body water oxygen, RO2 and FO2 are those for inspired oxygen and αO2 is 

the fractionation factor between gaseous and dissolved O2 at the gas-liquid boundary in the 

lungs, and Rfd and Ffd are the ratio and fractional contribution of feed. In the denominator, 

FH2O-un is the fraction of water oxygen leaving the body in water without fractionation, FH2O-
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fr is that fraction of water oxygen leaving the body in water that fractionates according to 

the factor αH2O-fr, and FCO2 is the fraction of body water oxygen leaving as CO2, fractionated 

by the factor αCO2 (Gretebeck et al., 1997; Podlesak et al., 2008). We fit all of these 

parameters simultaneously using observed blood, drinking water and feed δ18O. Changing 

blood δ18O values over time are defined by: 

 

   
  

                        

(2) 

 

where λb is the decay constant, δb(t) is the blood δ18O value at time t, and δb,ss(t) is the 

theoretical blood δ18O steady state at that same time, determined by physiological 

parameters and feed and air δ18O values. Importantly, from equations (1) and (2) we can 

predict both the δ18O value of body water, and its rate of change, from environmental 

sources and physiological conditions (Green et al., 2018). 

 

Blood δ18O data from our experimental animal indicate an overall single-pool blood water 

oxygen half-life of 2.6 days, calculated by fitting λb with data. Fitting of physiological 

parameters with blood and input δ18O data suggest that the ratio of drinking water oxygen 

to metabolic oxygen (feed and inspired O2) intake is approximately 2:1, a value that closely 

corresponds with measured water and feed intake from August-October during the 

experimental switch. Modeling results suggest evaporation accounts for approximately 

19% of the water (as opposed to total oxygen) lost from the body (Table 1). 

 

Table 1: Modeled sources of oxygen inputs and outputs, and fractionation factors for δ18O. 

 Fraction 

Drinking water influx .69  

O2 influx .18 .990 

Feed influx .13  

O efflux (unfractionated) .69  

O efflux (fractionated) .13 .990 
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CO2 O efflux .18 1.040 

 

3.3 Blood δ18O integration with mineralization for 2D forward modeling of δ18O. 

Based on knowledge of enamel formation and body water oxygen fluxes, tooth δ18O values 

can be predicted from any given drinking water history. Tooth 18O maps generated from 

combining either measured or modeled blood or drinking water histories with 

mineralization modeling are described as “forward models”, because they predict spatial 

patterns in tooth 18O (Passey and Cerling 2002). Here, we produce forward models of 

tooth spatial δ18O distributions by using given body water histories (modeled, or measured, 

with missing data points filled by interpolation) with a synchrotron-based mineralization 

model (Green et al., 2017). The model discretizes tooth mineralization into daily 

increments.  On any day d, newly added mineral at pixel location pxx,y would be in 

equilibrium with blood δ18O on that day. The accumulated (i.e., time integrated) mineral 

phosphate at a specific location in the tooth would then have an oxygen isotope 

composition:  

 

                              
   

  

 

      

 

(3) 

 

where init denotes the first day of mineral density increase for that pixel, δ18Oi is the blood 

δ18O value for day i since mineralization began, ρi
Δ is the density increase for each day, and 

ρd
t is the total cumulative mineral density through day d over that same period. PO4-H2O 

represents the equilibrium offset between phosphate and water 18O. This offset is a 

function of temperature and was originally established by Longinelli and Nuti (1973), 

although we evaluate more recent assessments below. 

 

Because we test a synchrotron mineralization model built using sheep lower M1s with a 

sheep lower M2, we convert between spatial landmarks and tooth formation timing using 

transfer functions (Green et al., 2017). This transformation is analogous to the application 
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of a mineralization model designed for ever-growing teeth to a variety of taxa, and to 

molars which are not ever-growing (Passey and Cerling 2002; Passey et al., 2005; Zazzo et 

al., 2010). Briefly, enamel formed at time t in the M2 is deposited at tooth length l as a 

function of the M2 extension curve: 

 

                          

(4) 

 

where a is the wave amplitude (mm), erf is the Gaussian error function, s is the wave slope 

(mm/day), o is the offset (days) from birth, and lmax (mm) is the mature length of the M2. In 

the M1, equivalent spatial positions are distributed over a smaller area, due to the smaller 

size of the tooth. To predict the M2 18O spatial patterns resulting from a given drinking 

history using the M1 model, a new drinking water history characterized by events at times 

tm1 is generated:  

 

     
                                          

   
 

(5) 

 

in this case with parameters describing M1 extension and maximum length (Green et al., 

2017). This procedure is able to predict tooth isotopic values in an M2 from an M1 

mineralization model given knowledge of extension in both molars. Uncertainties in both 

M1 and M2 extension rates are incorporated into model estimates as a source of error 

during drinking water reconstructions (described in greater detail by eq. 12). 

 

Uncertainty in our parameterization of PO4-H2O arises in part from uncertainty in sheep oral 

temperature. Based on temperature measurements in our animal and differences between 

rectal, tympanic, and oral temperatures in sheep, we adopt a value of 38.0°C (+/- 0.5°C) as 

being broadly representative of mean sheep oral temperature over a diurnal cycle 

(Refinetti and Menaker 1992; daSilva and Minomo 1995; Goodwin 1998). This temperature 

uncertainty converts to an uncertainty in PO4-H2O and therefore 18Opx,d of approximately 
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+/- 0.13‰. A greater source of uncertainty in PO4-H2O stems from different thermometric 

equations, possibly resulting from differing source materials, analytical methods, and 

isotopic standards used (Longinelli and Nuti 1973; Longingelli 1984; Pucéat et al., 2010; 

Lécuyer et al., 2013; Chang and Blake 2015). The calculated PO4-H2O at a temperature of 

38.0°C with different available equations is 17.1 (Longinelli and Nuti 1973), 17.6 (Lécuyer 

et al., 2013), 18.0-18.9 (Pucéat et al., 2010, depending on the accepted value of NBS120c) 

and 19.8 ‰ (Chang and Blake 2015).  

 

Evolving water flux magnitude and turnover time throughout the course of the experiment 

further complicate the modelling of blood water 18O values (O’Grady et al., 2010). We test 

values ranging from 17.5 – 19.5 ‰ by using these offsets in our forward model and 

comparing resulting model 18O spatial patterns with our data using a likelihood score. 

Best fit offsets are sensitive to spatial uncertainty at the model perimeter and show a range 

of possible values from 18.6 – 19.3 ‰. We find a most likely value for PO4-H2O to be 19.1 ‰, 

close to the value found by Pucéat et al., (2010), and use this offset throughout this study. 

In summary, equations (3-5) permit the prediction of tooth 18O values from any given 

mineralization and blood 18O history, including for teeth with differing patterns of 

extension over time. 

 

3.4 Modeled and observed secretion and maturation. It is expected that the geometry 

and timing of tooth mineralization should be reflected by 18O values in the tooth, if 

mineralization was ongoing during a large, transient shift in blood isotopic values. This is 

because a short-term large excursion in blood 18O value can serve as a label for mineral 

density increases at a specific narrow interval of time, and therefore provide a snapshot of 

mineralization. The phosphate that mineralizes in enamel HAp during this pulse of 

isotopically distinct drinking water will also be isotopically distinct, tracking the magnitude 

of the excursion in blood water 18O (Fig. 1B-D). 

 

Integrating the drinking water history of our experimental animal (Fig. 3) with 

mineralization modeling (Green et al., 2017), we predict that depleted δ18O values from 
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Montana switch water should appear in two primary waves corresponding to observations 

of secretion and maturation (Fig. 4E). In the predicted tooth 18O spatial pattern resulting 

from equations (3-5), the secretory wave appears at a steep angle to the EDJ and is 

separated from the maturation wave by a gap that is visible near the EDJ but not the 

enamel surface (Fig. 4C). Isotopically, the maturation wave occupies more space in the 

tooth compared to the secretory wave and has an orientation more perpendicular to the 

EDJ. Predicted switch 18O values are far lower in the maturation wave than the secretory 

wave. This is due to the greater proportion of HAp mineral deposited during maturation 

phase (Passey and Cerling 2002; Passey et al., 2005; Smith et al., 2011; Simmer et al., 2012; 

Green et al., 2017). 

 

Phosphate δ18O values measured from the experimental sheep broadly correspond to 

synchrotron model predictions (Fig. 4E). In the measured tooth 18O values, the 

experimental switch is also expressed in two separate waves – secretion and maturation – 

that are even more spatially distinct than in predictions. Predicted and observed δ18O 

values corresponding to secretion and maturation (Fig. 4C, E) occupy a broader space 

within the tooth than transient, instantaneous mineral addition (Fig. 4D) because the 

switch occurred over a 40-day period (Fig. 3). While these predicted and measured 18O 

spatial patterns show a similar range of δ18O variation, the experimental animal shows 

lower δ18O values in the cuspal region, which return to higher δ18O values more gradually 

than the model prediction. This small discrepancy between modeled and measured 18Op 

maps is diminished if we assume that exchange occurs between a portion of the 

mineralized phosphate with phosphate in the extracellular enamel matrix fluid. The latter 

is replenished through the duration of enamel crown formation and is in isotopic 

equilibrium with oxygen in blood. We therefore present a model that incorporates this 

hypothetical delayed partial resetting of enamel phosphate oxygen isotopes, as supported 

by evidence that phosphate may exchange during the secretory transformation of 

amorphous precursors to HAp, and during dissolution-reprecipitation processes during 

maturation (Diekwisch 1998; Beniash et al., 2009; Josephsen et al., 2010; Simmer et al., 

2010; Simmer et al., 2012; Damkier et al., 2014; De Yoreo et al., 2015, Green et al., 2017).  
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3.5 Phosphate δ18O resetting modeling. We have constructed a refined model that uses 

three variables to describe delayed partial isotopic resetting of mineralized phosphate 

within the context of the overall progressive mineralization model. These variables are: 1) 

the delay between onset of initial mineral deposition and the onset of oxygen or phosphate 

ion exchange (during phase transformation and crystallite growth), 2) the proportion of 

phosphate that exchanges, and 3) the rate of exchange. In this model, we take into account 

the delay between initial mineral deposition and later changes in mineral phase and crystal 

size through mineral addition. Both are regulated by enzymatically driven changes in 

protein matrix composition and protein-mineral interactions. The dynamic sequence of 

events from initial ACP deposition in secretory stage, phase transformation to HAp and 

crystal expansion, is reflected in the  re-equilibration of oxygen isotopic compositions in a 

fraction of already precipitated mineral with blood water. Parameter results will be 

described below. 

 

We define MA as the mass of mineral formed at time tA, and we track the isotopic 

composition of MA within the 2D grid of our combined stable isotope-mineralization model. 

The initial PO4 of MA is represented by A, which represents equilibration with blood water 

18O at tA. Phosphate exchange in a labile fraction of MA begins after a pause of duration Δtex 

following initial deposition.  We have little direct information on the extent to which MA 

resets isotopically. In this simple model, we treat the fraction that resets as a constant, f, 

regardless of whether MA  was formed during secretion or maturation. We define the 

amount of labile or exchangeable MA as MA,ex.  For the interval tA < t < (tA + Δtex), MA,ex = f × 

MA, and we let MA,ex,0 represent this initial amount of exchangeable MA. After the exchange 

process begins, MA,ex diminishes according to:    

 

      
  

               

(6) 
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in which the rate of isotopic resetting is governed by the first order decay constant λPO4. 

Once this portion of mineral exchanges phosphate or phosphate oxygen, it is considered 

reset to a new isotopic composition, denoted by A,reset, that reflects equilibration with 

blood water at the time of the resetting. Solving for MA,ex, we have,  

 

                
                       

(7) 

 

where the term (t - (tA + Δtex)) measures the elapsed time since the resetting process began.  

The 18Op of this fraction of MA that undergoes resetting, A
’, is calculated as a two-

component mixture of unreset and reset phosphate: 

 

  
                      

(8) 

 

where 1 − x = the fraction of MA,ex,0 that has not yet reset =                         for the time 

interval corresponding to resetting.  The 18O of the cumulative exchanged, or reset, 

enamel phosphate,         , is then: 

 

          
                     
 

          

         
 

(9) 

 

which integrates the 18O of the phosphate in the incremental additions of exchanged 

mineral, averaging over the total amount of exchanged mineral. The model with this 

delayed partial resetting then treats the above equations numerically to allow for complex 

histories of       , which represents the 18O of mineral phosphate equilibrated with blood 

water at t. The overall 18Op for each location within the tooth is then calculated through 

combining equations 3, 8, and 9 to monitor the progression of original mineralization and 

delayed partial resetting.    



  

 19 

 

We estimate f to be 30%, Δtex to be 35 days (the average delay between secretion and 

maturation onset throughout the crown) (Green et al., 2017), and λPO4 to be 3 days based 

upon the rate of phase transition observed in mouse molars (Beniash et al., 2009). 

 

Accounting for possible phosphate oxygen exchange, the new predicted 18O values match 

experimental observations more closely. Modeling delayed partial phosphate exchange has 

the effect of elongating the predicted spatial distribution of the switch in the tooth, as is 

observed in our experimental animal (Fig. 4F). This model also follows the pattern 

observed in the measurements where the water switch is evident more cuspally in the 

tooth due to the partial resetting, during the switch, of enamel originally mineralized 

earlier.  

 

3.6 Seasonal drinking water reconstruction: general approach. The principle goal of 

sequential isotope sampling in teeth is to reconstruct the original seasonal physiological, 

behavioral or environmental process that produced observed tooth values. Reconstruction 

of drinking water δ18O histories from the spatial array of δ18O values of a “target” tooth can 

be achieved by iteratively proposing drinking water δ18O histories and generating 

associated forward tooth 18O maps until these closely match the target (Fig. 2). This 

iterative approach to identify a drinking water or body chemistry history that explains 

measured 18O values in a tooth is described as an inverse method (as opposed to a 

forward model) (Passey et al., 2005). 

 

We use a Bayesian framework to reconstruct drinking water histories from tooth δ18O 

values that takes into account model-target tooth δ18O differences, and expectations for 

likely water δ18O values in nature. In general, we wish to calculate the probability p of a 

drinking water history, δw, given tooth δ18O observations δd: 

 

         

(10) 
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Per Bayes’ theorem, this is equal to 

 

             

     
 

(11) 

 

where the prior p(δw) is the probability of the drinking water history given prior 

knowledge of what a reasonable drinking water history should look like. Here, we evaluate 

p(δw) based upon an assumed maximum likely rate of change in drinking water δ18O 

(expressed in ‰ per day), denoted by drate. The probability of measured data over all of 

theoretical parameter space p(δd) is for practical purposes difficult to calculate, but is 

constant and can therefore be ignored when evaluating the relative posterior probability p 

of drinking water histories δw: 

 

                  
           

(12) 

 

This probability can be calculated from the data δd and model δm tooth isotopic values 

resulting from δw for all i of n tooth locations (px), and from the expected (drate) and 

observed (δw
i - δw

i+1) rates of drinking water change for all i of n days during tooth 

formation: 

 

                
 

  
 
 
   
    

  
 

   
 

   

 

    
 
   
      

  
 

      
 

       

 

 

(13) 

 

For computational purposes, we employ a modified version of this equation that reduces 

search times, and is adequate for parameter optimization: 
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(14) 

 

where sw is the score weight equal to ndays / (npx + ndays), and pw the prior weight equal to 1 

- sw. When using this equation, tooth δ18O likelihood scores are weighted proportionally to 

the number of evaluated locations (i.e., to the sampling resolution). Total error per tooth 

location σ is estimated as the root of the sum of squared error sources: 

 

                        

(15) 

 

where σm is model error, σδ is the overall PO4 δ18O IRMS measurement error, and σz is a 

minimum error set to 0.05. Model error σm is estimated for each location in the tooth, and 

is derived from 30 possible δ18O values at that location: ten possible values drawn from the 

synchrotron-based model to account for population-level variability in the mineralization 

process, for each of three possible overall growth (extension) rates that might account for 

taxonomic differences. Here, rapid and slow extension curve amplitudes, slopes and offsets 

are set to 62.00, .0037, 0.00, and 74.00, .0031, -48.00, respectively, based upon mean 

extension rates for sheep lower M2s (Green et al., 2017). 

 

Proposed drinking water histories are composed of linearly interpolated δ18O value 

parameters spaced at 14 days, spanning the duration of tooth formation. For each proposed 

drinking water history, resulting blood, PO4, and tooth δ18O values are also calculated to 

produce tooth spatial isotopic compositions δm (see above, 3.3 Blood δ18O integration 

with mineralization). Minimization of the likelihood estimator L is implemented using the 

MLSL and COBYLA algorithms. Reconstructions are performed using a mineralization 

model that is spatially downsampled to the scale of sampling for isotopic measurements. 
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To shorten search times during reconstructions and capture input signal detail, for all 

reconstructions, optimizations are run in series of three with drate progressively relaxed for 

each optimization, using values of drate = 1/5, ½ and 1 ‰/day. Within a reconstruction trial, 

the first optimization is started with a δ18O drinking water history estimate, based upon 

target tooth δ18O averages moving from the cusp to the root. The results of each 

optimization are used as first guesses for the next. These techniques that modify priors and 

initial parameter start positions dramatically decrease the search times required for 

accurate reconstructions. 

 

3.7 Drinking water reconstruction: model results. Before testing our method of 

drinking water reconstruction experimentally, we test its ability to reconstruct drinking 

water histories from modeled forward tooth 18O spatial distributions. This should 

represent a best-case scenario, because the inverse model uses approximately the same 

representation of animal physiology and mineralization as the forward model that was 

used to generate the tooth isomap. By using this approach, we are able to determine 

features of drinking water histories that are robustly recovered and those that are difficult 

to reconstruct. We can also determine how the spatial resolution of measurements in a 

tooth impacts the quality of drinking water 18O reconstructions. This extends to 

consideration of the high resolution 2D sampling that we conducted (many samples 

collected in a grid pattern throughout the enamel) vs. traditional 1D serial sampling with 

high or low spatial resolution (many or few samples collected in a line from enamel). 

 

We first attempt to reconstruct drinking water history from modeled tooth 18Op values 

produced from water with sinusoidally varying oxygen isotope composition. We tested 

periods of 45, 90, 180 and 360 days to determine the sensitivity of reconstructions to 

different time scales of variation. When nonlinear extension and growth processes are 

accounted for, reconstruction of high frequency (45 and 90 day) inputs is possible using 

either sampling regimes with high or low resolution (Fig. 5). This result is particularly 

important, since many studies employ only a limited number of samples extending from 

the cusp down the tooth crown to the cervix (1D sampling along the tooth). It does appear 
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that sampling with a 2D sampling regime (at varying tooth crown heights and depths 

within the enamel) produces slightly more detailed reconstructions, recovering more of the 

45-day frequency compared to 1D sampling (Fig. 5). 

 

Reconstructions are most accurate early in tooth growth, when temporal signals are spread 

out over larger spatial scales due to rapid extension rates. The fidelity of drinking water 

isotopic reconstructions degrades later in tooth formation, and this degradation occurs 

earlier and is more pronounced with lower sampling resolution (when fewer samples are 

taken from the tooth to inform the reconstruction). We find that a direct interpretation of 

sequential sample analyses as reflecting time variation in drinking water inputs, without a 

model reconstruction based on patterns and timing of tooth mineralization, does not 

accurately reflect either the magnitude or the timing of original inputs in any of the tested 

circumstance. This stems from both dampening of the drinking water input signal due to 

animal physiology as well as time averaging during the mineralization process.  Coarser 

spatial resolution leads to enamel samples that mineralized over larger spans of time.  The 

coarser the sampling, the more the drinking water input variation is dampened in the tooth 

18Op measurements. 

 

We also find that the assumption of a linear growth rate, as might be expected for an ever-

growing tooth, results in reconstructions that distort the timing of the input signal (Fig. 5). 

However, when nonlinear growth and the complexity of the mineralization process are 

accounted for in the inverse model, both high and low resolution sampling regimes are able 

to effectively reconstruct the original water input δ18O values  over the majority of tooth 

formation time. Nevertheless, when input signals are especially complex, higher resolution 

sampling results in more faithful reconstructions (Fig. 6). 

 

We then test this reconstruction system using forward maps generated from published and 

open-access precipitation δ18O records at high and low latitude sites (Harvey and Welker 

2000; Moerman et al., 2013; IAEA 2017), setting the drinking water composition to match 

that of the precipitation record. Reconstructions with high-resolution and low-resolution 
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sampling are fairly accurate, and their accuracy decreases only marginally with lowered 

sample resolution (Fig. 7). Importantly, if a linear growth model is used along with 

conventional 1D sampling of the tooth, the inferred timing of seasonal variation in drinking 

water isotopic composition can be off by many months.  The reconstruction of the time 

variation in original input signal timing, and in many cases the accurate reconstruction of 

the amplitude of the variation,  requires an inverse method that incorporates nonlinear 

growth, a result consistent with previous findings (Passey and Cerling 2002; Kohn 2004; 

Passey et al., 2005; Zazzo et al., 2010).  

 

3.8 Experimental test of reconstruction method. Finally, we test this inverse method by 

reconstructing drinking water δ18O from the tooth phosphate δ18O measurements of our 

experimental animal. We compare the results with measured drinking water, feed, and air 

δ18O inputs in addition to blood δ18O values. In the special case of drinking water 

reconstruction from the tooth of our experimental animal, water histories are fitted using 

either naturalistic conditions (model as described earlier) or using an additional three 

parameters that allow the model to identify the step-function experimental switch in water 

source. This switch model is structured so that it is challenged to identify: the day of switch 

onset, the duration of the switch, and the δ18O value of the switch water. Rate of change 

penalization employed is either drate = 1/5, 1/3 and ¾ ‰/day (naturalistic scenario), or 1/5, 

1/3 and ½ ‰/day (experimental scenario). For the experimental scenario, penalization 

does not include the days of switch onset and conclusion, and drinking water δ18O does not 

change during the switch. 

 

Inversion trials reconstruct the approximate location and magnitude of the experimental 

switch (Fig. 8), although many solutions propose variable switch morphologies that 

preserve the integrated weight of the switch history. Interestingly, inverse trials reliably 

estimate depleted δ18O input values following the experimental water switch. These 

excursions were unplanned in the experimental design. However, local meteorological 

records from Hanscom Air Force base and news reports indicate that reconstructions track 

two unanticipated local snowstorms to which the sheep was exposed in an open pen. Video 

records show another sheep consuming snow during this post-switch interval. Additional 
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blood and snow δ18O measurements from February and March (Fig. 8) in our experimental 

animal and the snow in its environment confirm that blood water was isotopically light 

relative to expectations from drinking only municipal water and consistent with the 

ingestion of snow with its low 18O value.  Thus, the reconstructions accurately recovered 

the timing of meteorological events from tooth δ18O measurements. 

 

3.9 Optimization of PO4 resetting. We make use of available blood and tooth phosphate 

δ18O measurements to better constrain our estimate of possible phosphate resetting 

parameters by employing the optimization architecture used for inversion. Estimation of 

parameters f, Δtex, and λPO4 that govern PO4 exchange during mineralization is conducted 

using the code architecture developed for drinking water reconstruction. In this case, 

resetting parameters are varied to minimize the likelihood estimator L given known blood 

values over time, δb: 

 

               
       

 

  
 
  

   
    

  
 

   
  

   

 

 

(16) 

 

Where error σ is as described above (equation 13), and flat priors are employed for all 

resetting parameters. Observing the likelihood of parameter space for f, Δtex, and λPO4, we 

find that higher Δtex values are associated with lower f and λPO4 values. Δtex is optimized at 

55 days, though values of 40–65 days are found to be similarly probable. Resetting half-life 

(derived from λPO4) is optimized at 8 days, with probable values constrained to 5–15 days. 

Interestingly, some likely t1/2 values are higher, approaching 40 days, though we consider 

these unlikely. The fraction f that exchanges is optimized to 0.38, with likely values from 

0.3–0.5. Our modeling framework is not ideal for fully quantifying resetting for a number of 

reasons. One limitation of our approach is that we treat phosphate deposited during 

secretion and maturation equally, though it is likely that enamel deposited during secretion 

is more prone to resetting than that deposited during maturation over the full duration of 

mineralization. Another limitation is the empirical nature of the mineralization model, 
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which includes uneven sampling across the enamel formation process. Nevertheless, 

resetting dramatically improves model-data enamel δ18O mismatch (Fig. 4). Overall, these 

optimizations provide some support for the concept of mobility of oxygen in phosphate 

following deposition. 

 

4. Discussion 

 

Sequential isotopic sampling from herbivore teeth remains a favored and potentially 

powerful tool for reconstructing seasonality of climate and variation in animal physiology, 

behavior, diet, and environment. Despite longstanding interest, it has been difficult to 

interpret the implications of sequential enamel δ18O measurements for seasonality. A 

principle cause of this difficulty has been the recognition that the process of enamel 

mineralization, and in particular enamel maturation, dampens and distorts original inputs 

to an uncertain extent (Passey and Cerling 2002; Passey et al., 2005; Zazzo et al., 2010). 

Another obstacle to interpreting δ18O values is accounting for further attenuation of input 

drinking water signals within the body by physiological processes (Kohn 1996). Until 

recently, the only mathematical model describing mineralization was built for ever-

growing teeth (Passey and Cerling 2002; Passey et al., 2005). Tests in the most controlled 

of circumstances, for large herbivores, have been conducted using dietary δ13C 

manipulation with forward but not inverse modeling (Zazzo et al., 2010). 

 

The observation of rapid body water turnover in our experimental animal, and the 

appearance of transient meteorological events as an isotopic imprint in the teeth, suggest 

that this turnover pool may have a smaller dampening effect in some animal contexts 

(Podlesak et al., 2008; Zazzo et al., 2010). Modeling of oxygen throughput in our 

experimental animal, using available blood water isotopic measurements and δ18O values 

for sources of O to blood water, produces results consistent with observations of drinking 

water and feed intake through the duration of the experimental switch. Our results are also 

within the range of body water half-lives (2.2 – 9.0 days) previously reported for 

domesticated sheep using deuterated and tritiated water experiments (MacFarlane et al., 

1971; Dawson, 1978; Nicol, 1978; Green et al., 2018). Nevertheless, it is reasonable to 
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assume that parameters such as the magnitude of drinking water intake, evaporative water 

loss, and oral temperature will vary between breeds, species, and over seasonal and even 

diurnal cycles (Kohn et al., 1998; Zazzo et al., 2010; Gretebeck et al., 1997). In natural 

settings, changes in feed source and composition, water budgeting, and movement over the 

landscape represent significant complications for interpreting seasonal changes in body 

δ18O and δ13C values (Kohn 1996; Fricke et al., 1998; Kohn et al., 1998; Levin et al., 2009; 

Quinn et al., 2015). These obstacles highlight the importance of developing inferential 

models that link seasonal body isotopic compositions to complex foraging behaviors and 

landscape hydrology (Fricke et al., 1998). 

 

Despite these difficulties, the close match in the present study between measured 

phosphate δ18O values in teeth and predictions from the coupled stable isotope and 

synchrotron-based mineralization models is striking (Fig. 4). Most importantly, in both 

modeled and observed δ18O values, secretory and maturation waves appear as distinct 

events with predictable magnitudes and geometries. With modeling, the complex spatial 

and temporal patterns of signal attenuation can be used to reconstruct seasonal body δ18O 

values. An equally striking phenomenon is the efficacy of the mineralization component of 

the model, built using M1 teeth, when used in an M2 with somewhat different extension 

rates. The geometry of secretion and maturation waves recorded during the drinking water 

switch by the 2D δ18Op maps is similar to the geometry observed in other herbivores with 

multiple imaging platforms and analytical techniques (Suga 1982; Passey and Cerling 2002; 

Hoppe et al., 2004; Tafforeau et al., 2007; Jordana and Köhler 2011; Kierdorf et al., 2013; 

Blumenthal et al., 2014; Bendrey et al., 2015; Trayler and Kohn 2017). Similar 

reconstruction methods may be employed with modifications in a variety of taxa, as has 

been attempted in a few cases using linear estimates of tooth extension (Passey et al., 2005; 

Zazzo et al., 2010). 

 

A critical result is that sequential δ18O values, when viewed without modeling or 

reconstruction, may have little similarity to original seasonal inputs or body water 

compositions. This is consistent with prior forward and inverse modeling work (Passey 

and Cerling 2002; Passey et al., 2005; Zazzo et al., 2010). Our experimental observations 
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show that conventional sequential tooth δ18O values capture less than half of the total 

magnitude of drinking water variation over the duration of the experiment (Fig. 8). 

Modeling further suggests that the discrepancy between measured and reconstructed 

values would be especially pronounced in the tropics, where more rapid seasonal changes 

will result in apparently invariant conventional sample values (Figs. 6–7). However, with 

modeling, even a small number of samples can be sufficient for reconstructing both the 

magnitude and timing of inputs (Figs. 5–7). In theory, faithful reconstruction of a signal 

requires a minimum of two samples per signal period (Nyquist 1928). The fidelity of low-

resolution sampling in some contexts explored here underscores the value of the 

information gained from detailed study of tooth mineralization. In the case of our 

experimental animal, reconstruction recovered snowstorms that were not wholly apparent 

from sequential enamel δ18O measurements, informing us of unanticipated but real events 

that occurred during the experiment (Fig. 8). 

 

There are some cases where increased sample resolution improves the observable fidelity 

of reconstruction. At some low latitude sites, inverse methods reconstruct input signal 

amplitudes more fully through the use of higher sample resolution (Figs. 6–7). Increased 

resolution sampling may therefore be important for reconstructing seasonal patterns from 

some low-latitude ecosystems. Nevertheless, even reduced sampling resolution can 

quantitatively reconstruct the timing and magnitude of isotopic inputs from a wide range of 

locations, provided that nonlinear extension is accounted for. 

 

In sheep and in mammals more broadly, several aspects of mineralization remain unknown. 

These include the possibility of multiple (or more complex) maturation waves. Our 

experimental study coupled with detailed modeling work provides evidence that the 

phosphate oxygen isotopic signal acquired during initial mineral deposition is partially 

overprinted by a delayed isotope exchange or recrystallization (and phosphate ion 

exchange) process.  This leads to greater time averaging, and it also suggests that the three 

oxygen-bearing constituents of HAp (phosphate, carbonate, and hydroxyl ions) may all 

record different time intervals in the early life of the animal (Trayler and Kohn 2017). The 

inclusion within the isotope model of limited exchange of mineral phosphate oxygen (re-
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equilibrating with blood water at a later time), or limited exchange of phosphate ions 

between the mineral lattice and the dissolved (isotopically equilibrated) phosphate in the 

mineralizing fluid, is a simple mechanism for improving the spatial and numerical 

alignment of model with measured δ18Op values (Fig. 4). 

 

It is probable that our modeling of phosphate resetting does not fully reflect exchange 

processes occurring in both secretory and maturation phases, which we here treat equally. 

Nevertheless, by modeling the resetting of δ18O values we appear to find experimental 

support for some phosphate oxygen exchange after mineral deposition. There are a number 

of specific mechanisms, supported by recent advances in the field of biomineralization, by 

which enamel δ18Op values may be re-equilibrated with later body water. Upon initial 

secretion of matrix and ACP, the most abundant enamel matrix protein amelogenin is 

cleaved by the proteolytic enzyme matrix metalloproteinase 20. It has been shown that 

both amelogenin phosphorylation and cleavage are critical for its ability to stabilize ACP, 

regulate mineral phase transition, and control crystallite growth and orientation (Caterina 

et al. 2002; Kwak et al. 2009, 2014; Wright et al. 2009; Pugach et al. 2013; Le Norcy et al., 

2018). Amorphous mineral phosphate may substitute with matrix fluid phosphate during 

the transformation of ACP to HAp prior to maturation. This process could be facilitated by 

matrix protein cleavage by a second proteolytic Kallikrein 4, and calcium and phosphate 

concentration regulation by ameloblast cells (Beniash et al., 2009; De Yoreo et al. 2015; 

Lacruz et al., 2017). Substantial pH fluctuations during maturation, driven by proton 

generation during HAp precipitation and variations in solute carrier and anion channel 

activity, are further avenues for repeated dissolution and reprecipitation of existing enamel 

mineral (Smith et al., 2005; Simmer et al 2009; Josephsen et al., 2010; Hu et al. 2011; Smith 

et al. 2011; Damkier et al., 2014; Kawasaki et al. 2014; Lacruz et al., 2017). The diversity of 

ion channel activity during maturation suggests that the matrix abundance, and therefore 

the resetting of oxygen-bearing species in HAp mineral (PO4
3-, CO3

2-, OH-), will differ 

slightly. Despite these complexities, our modeling and observations overall appear to 

support the finding that amorphous calcium phosphate phases, protein-mineral 

interactions, and pH fluctuations are a potentially important part of mammalian tooth 

mineralization, and may affect isotopic compositions (Beniash et al., 2009; Josephsen et al., 
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2010; Simmer et al., 2010; Simmer et al., 2012; Omelon et al., 2013; Damkier et al., 2014; 

Robinson 2014; De Yoreo et al. 2015; Lacruz et al., 2017).  

 

Our model performs strikingly well both on the experimental study of a drinking water 

shift in sheep and in theoretical reconstructions of real-world precipitation records.  The 

experimental work confirms the broad patterns of mineralization observed using 

synchrotron density mapping. This is evidenced by the inverse model’s ability to recover 

not only the experimental switch but also transient meteorological events using the high 

spatial resolution measurement of δ18O values in teeth. This work will be extended to a 

wider range of contexts by adapting the mineralization and isotopic modeling to a range of 

taxa, including wild herbivores commonly found in archeological and fossil assemblages.   

The quantitative reconstruction of paleoseasonality is poised to become a more common 

feature of climatic and environmental studies. 

 

5. Conclusions 

 

Paleoseasonality reconstructions from teeth can play a critical role in resolving debates 

about the onset of tropical monsoon patterns, shifting ecological pressures, or the 

magnitude of temperature changes at high latitudes (Haug et al., 2005; Nelson, 2005; 

Retallack, 2005). In human evolutionary history, climatic variability has been proposed as a 

driver of behavioral innovation (Potts 2013; Antón et al., 2014), and seasonality may have 

influenced hominin foraging patterns, fallback food choice and extractive stone tool use 

(Isler and Van Schaik 2014; Melin et al., 2014). Yet given the substantial geographic 

heterogeneity and ecological diversity in Africa, legitimate questions remain about the 

importance of seasonality in driving evolutionary change. Here, we have approached 

seasonality reconstruction using new sampling strategies, experimentation, a more 

complex mineralization model, and a Bayesian inferential approach. Employing high-

resolution dicing (n=106 locations with single, duplicate or triplicate analyses within the 

buccal enamel crown), we show that enamel phosphate δ18O values reflect both secretory 

and maturation wave geometries, and nonlinear enamel extension rates.  We have 

demonstrated how large amplitude environmental drinking water changes (12 ‰ range) 
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over time are dampened in an experimental animal’s blood water (8 ‰ range) and tooth 

enamel measurements (5 ‰ range). 

 

By observing isotopically light values associated with our experimental switch in a wider 

region of enamel than predicted by synchrotron-based density measurements, we find 

evidence for possible resetting of a portion of phosphate oxygen after initial mineral 

deposition. We develop an inverse method for reconstructing δ18O from abundant bovid 

molars, and through a simplified modeling context, show that this method can distinguish 

between seasonal δ18O rainfall patterns globally, including at different sites in the tropics. 

The method demonstrates that in the context of less variable seasonality regimes, low-

resolution, 1D serial sampling strategies can recover most of the original seasonal δ18O 

signal. The method also highlights the importance of accounting for nonlinear 

mineralization patterns and the dampening of input signals during biomineralization when 

characterizing seasonality from spatial variation in tooth enamel oxygen isotope 

composition. 

 

These methods hold real promise for evaluating whether increased seasonal variability is 

observed at sites of early hominin stone tool manufacturing (Potts 2013). These results will 

also aid with the extension of general circulation models to paleoclimate applications, as 

seasonal variation in oxygen isotopes in precipitation is a sensitive indicator of moisture 

sources and air mass trajectories (Sturm et al., 2010; Jones et al., 2016).   Finally, we 

demonstrate that our inverse method can quantitatively reconstruct the drinking water 

history of our experimental animal, and reveals transient meteorological events that were 

unplanned during the experiment. This work, alongside further study of mineralization 

among diverse taxa, continued improvements in seasonal reconstruction methods, and 

ongoing efforts to describe isotope hydrology will help to resolve the complex relationship 

between climate, behavior and evolution.   
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Figure Legends 

 

Figure 1 Models of tooth growth. (A) Growing herbivore molar sectioned longitudinally 

across lingual and buccal (colored) loph. Mineralization initiates at the dentin horns (left) 

and proceeds towards the cervix crown completion. Above, solid lines represent formed 

enamel and dentin increments added during secretion, while dotted lines depict future 

incremental addition. Colors indicate the progress of maturation extent from low (green) to 

high (red), as measured by synchrotron density mapping. (B-C) Expected intensity of 

mineral density at a single, near-instantaneous moment of enamel mineralization. No 

addition is shown in dark blue, and increasing addition shown in warmer colors. (B) 

Wavelike pattern of maturation after secretion inferred from radiographs (Suga 1982). (C) 

Steady, continuous pattern of maturation immediately following secretion, proposed for 

ever-growing teeth (Passey et al., 2002). (D) Diffuse maturation wave following secretion 

after a pause, proposed by synchrotron imaging of sheep molars (Green et al., 2017). (E) 

For a single location in enamel (white star in tooth schematics B-D), the increase in mineral 

density over time predicted by each model is shown. 

 

Figure 2 Schematic of general approach to the reconstruction of drinking water 

history from tooth δ18O values. (A) Hypothetical δ18O rainfall pattern over time (black 

dashed line) reflecting environmental seasonal hydrology (landscape, gray). (B) Samples 

(white circles) drawn from the tooth of an animal (black schematic) that lived on that 

landscape. (C) Resultant sequential δ18O values (black dots), whose amplitude and spatial 

pattern correspond poorly to original rainfall. (D) During reconstructions, hypothetical 

rainfall histories are proposed (light blue lines) and integrated with mineralization to 

produce modeled tooth δ18O values. The probability p of each hypothetical water history δw 

is calculated given real tooth δ18O values δd and expectations e. (E) Ultimately, a best fit 
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rainfall history (dark blue line) is estimated and can be used to make inferences about past 

seasonal landscape hydrology (landscape, color).  

 

Figure 3 Experiment architecture. (A) Experimental set-up and blood δ18O data for the 

sheep water switch experiment, which holds feed (green line) and inspired air (light blue 

line) δ18O constant, while switching measured drinking water (blue stars) and therefore 

measured blood (red stars) to an isotopically lighter source from 201-263 days. (B) 

Estimated and measured first (M1) and second (M2) molar mineralization initiation and 

completion times are shown below, with dashed lines representing uncertainty in the 

timing. The experimental water switch (blue, “switch”) was planned to occur during the 

middle of M2 formation. 

 

Figure 4 Predicted and observed tooth δ18O values. Validation of mineralization model 

using (A) the buccal enamel section diced into 1.50 x 1.00 x 0.15 mm blocks. Both the diced 

samples and (B) the adjacent histological section are compressed along the cuspal-cervical 

axis for ease of visualization in this graph. Calcein labels (bright green lines in the 

histological section) were given to the sheep at 201, 221, 263 and 283 days of age from left 

to right. (C) Experimental tooth data shows phosphate δ18O values measured from the 

diced tooth blocks. White dotted lines indicate the positions of calcein labels and the extent 

of extension at the start (201 days) and end (263 days) of the experimental water switch. 

Black squares show where multiple blocks were combined for a single measurement due to 

sample loss. Data δ18O scale bar is provided at the bottom of (F), and raw values are 

available in the SI. (D) The mineralization model used to predict tooth spatial δ18O values 

predicts high mineral addition (orange) corresponding to secretion (thin band, right) and 

maturation (diffuse wave, left) at any moment in time. This prediction, based on 

synchrotron density estimates from an ontogenetic series of sheep teeth, influences the 

expected tooth δ18O observations resulting from the drinking water switch in our 

experimental animal. (E) Modeled data represents the predicted tooth δ18O values from the 

measured blood δ18O compositions integrated into the mineralization model. (F) A second 

model produces expected tooth δ18O values resulting from the experimental switch in the 

event of phosphate oxygen exchange during mineralization. 
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Figure 5 Reconstruction fidelity and signal complexity. Inverse method reconstructions 

of sine wave rainfall functions at different frequencies and amplitudes, with variable 

sampling rates. Optimum (blue) and a sample of best fit (light blue) inverse reconstructions 

of sinusoidal input drinking water δ18O histories (black dashed line) with 180 and 45, and 

360 and 90 day periods. Reconstructed inputs are compared to conventional serial samples 

measured from enamel at regular increments from the cusp tip (black circles), converted to 

water input values using known feed and air inputs; column values are averaged in the case 

of 2D sampling. Best fits are achieved using nonlinear extension for all panels except the 

bottom right 180 and 45-day-period plot. 

 

Figure 6 Reconstruction fidelity and sample resolution. Reconstructing a Bornean δ18O 

record at high and low sampling resolution. (A) Forward tooth 18O values resulting from 

monthly rainfall records from Mulu, Borneo (Moerman et al., 2013) shown at 2D, 1D high 

resolution, medium and low sample resolutions. These values correspond to sampling 

strategies choosing to take more or fewer samples from a tooth of interest. (B) The 

monthly rainfall records from Mulu (dashed black line) used generate forward tooth 18O 

values in (A). Reconstructions of rainfall from tooth values can produce a seasonal rainfall 

18O best fit estimate (blue line) and a sample of most likely trials (light blue lines). In this 

case, the  seasonal rainfall 18O reconstructed using 2D tooth sampling better recovers the 

original input than sampling at lower resolution. 

 

Figure 7 Modeling seasonality globally. Inverse method reconstructions of drinking 

water δ18O history (black, dashed) using 2D high-resolution (left) or 1D low-resolution 

(right) forward model 18O values derived from precipitation δ18O records in North Platte 

(United States) (Harvey and Welker 2000), Entebbe (Central Uganda) (IAEA 2017) and 

Mulu (Borneo) (Moerman et al., 2013). The reconstructed optimum drinking water inputs 

(blue) and a sample of the most likely 30% of discovered solutions (light blue) are 

estimated at 14-day intervals. The 2D and 1D tooth δ18O data used for reconstructions are 

shown at the bottom of each panel. Drinking water estimation from conventional serial 
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sampling using finely spaced (1.5mm, left) or coarsely spaced (5mm, right) enamel samples 

yields the precipitation history represented by black dots. 

 

Figure 8 Experimental validation of reconstruction. Inverse method reconstructions of 

drinking water δ18O for sheep 962 subject to a water switch, using experimental switch 

(top) and naturalistic (bottom) models. Optimum drinking water predictions (blue), most 

likely 30% of associated solutions (light blue), and optimum blood (red) predictions are 

shown alongside measurements of drinking water, snowfall and blood (blue, light blue and 

red stars). Tooth δ18O measurements as they would have been sampled conventionally are 

shown as black dots. The dots represent column averages, offset by –19.1 permil to shift 

the measured phosphate values to equivalent equilibrium blood water values (spatial 

sampling scale above in mm). The experimental solution employs dampening priors drate = 

1/5, 1/3 and ½, while the naturalistic solution employs priors drate = 1/5, 1/3 and ¾. 
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