Back to the Root: The Coming of Age of Cementochronology

Stephan Naji and William Rendu Tremendous progress has been made since the 1950s when the first applications of dental cementum analysis were implemented in faunal and human remains (Chapter 1). Today, with a better understanding of cementum biology, robust, replicable protocols support promising innovative research in cementochronology. This chapter summarizes the key advances presented in this volume. We will also address recurring issues that could confuse those who are not familiar with the cementum literature. Our hope for the future is to continue expanding our understanding of cementum from a biological perspective, optimizing the various protocols, and testing broad anthropological hypotheses from the fossil record to forensic contexts.

Part I: The Biology of Cementum

Many aspects of cementum biology are confusing to nonbiologists interested in using acellular cementum's circannual growth pattern in cementochronology (Introduction, Chapter 1). The first part of the volume addressed these issues, and we will summarize what is consensual today among specialists.

Biology

Two main types of cementum are present on teeth roots. Acellular cementum (AEFC) covers cervical root surfaces, and cellular cementum (CIFC) covers apical and furcation regions, even though variations exist between species in the proportion's distribution of AEFC or CIFC along the root. For example, only CIFC is present in horses [START_REF] Sahara | Development of coronal cementum in hypsodont horse cheek teeth: Coronal cementogenesis in horse cheek teeth[END_REF]. Human disease and experimental animal models are now providing new insights into these two cementum types' functions as growth and maintenance processes, respectively (Chapters 2-5). To further our knowledge of cementum, we argue (Introduction) that cementogenesis should be considered within a broader evolutionary framework describing the selection for the thecodont dental attachment morphology probably as early as 200 million years ago [START_REF] Newham | Reptile-like physiology in Early  Jurassic stem-mammals[END_REF]. Empirical evidence suggests that AEFC is under tight genetic control, with a constant growth rate within individuals and a consistent circannual deposit pattern (Introduction,. Cellular cementum provides the complementary adaptive system for tooth attachment against environmental influences, primarily biomechanical loadings and pathological insults (Chapters 3,5). Regarding AEFC composition and structure, clues to what we see when observing a semi-thin undemineralized section under transmitted light microscopy (TLM) start to emerge in Chapters 6, 7, and 14, particularly in terms of growth mineralization variation. The recent development of virtual 3D analysis combining x-ray fluorescence and x-ray diffraction mapping with synchrotron radiation microbeams was precise enough to follow individual increment oscillations across the cementum width. Independent experiments on several species of ungulates, primates, and humans evidenced the regular oscillations of calcium (Ca), phosphorous (P), zinc (Zn), strontium (Sr), and hydroxyapatite crystals (cAp) with seasons and revealed annual cementum band structure. Microtextural variation is also present across individual bands, demonstrating that the overall collagen fibril orientation undergoes subtle changes with the season. The "growth zones" creating wider and lighter (more translucent) increments should probably be interpreted as higher mineralization periods (higher mineral to organic ratio) but loosely organized. In contrast, the dark (opaque) "arrest lines" correspond to more densely packed but less mineralized events. A more comprehensive test of this hypothesis is already underway by some of the volume contributors.

Cementum: A Biological Archive of Life-History Events The most promising research area in cementochronology is probably the potential to identify life-history events precisely. The recognition that cementum growth variations can be potentially affected by a variety of "stressors" such as pathologies (environment), parturitions (development), or fractures (traumatic) has been empirically observed in many mammal species by several authors in the past twenty years. This variation opens the door to exciting life-history studies (Chapters 7, 8).

The consensus is that at least four signals -ontogeny, phylogeny, biomechanics, and environmentare reflected in the micromorphology of skeletal and dental tissues deposited at any time during the life of an individual [START_REF] Padian | Research applications and integration[END_REF][START_REF] Temple | Bioarchaeological evidence for adaptive plasticity and constraint: Exploring lifehistory trade-offs in the human past[END_REF].

The environment part refers to the direct effects on growth and tissue expression caused by periodic, cyclical (seasonal variations), and unique environmental events or stress in a single individual (Jylhävä et al. 2017). To address this topic reliably, broader questions must be tackled first, such as, What variables affect individual cementum deposits' width or how is individual frailty expressed in cementum growth variation throughout life? Today, we can only identify some of these changes in acellular cementum growth pattern in documented samples (Chapter 14). In other mammals, especially bears, these observations are routinely done [START_REF] Matson | A method for dating tetracycline biomarkers in black bear cementum[END_REF]. More valid protocols will be needed to translate these initial observations on documented samples to archaeological samples.

Other Considerations on Cementum Variations

We would like to address some confusing points that are lingering in the anthropology literature. The dietary hypothesis. The change in food coarseness, and consequently in biomechanical loading to process the seasonally soft (summer) and tough (winter) food items in wild populations, and its influence on AEFC composition and optical properties specifically [START_REF] Lieberman | The biological basis for seasonal increments in dental cementum and their application to archaeological research[END_REF], does not seem to be a robust explanatory mechanism across the large numbers of mammals that have been tested, including humans. Empirically, we know of several contexts that directly disprove this hypothesis: (1) Impacted teeth show a comparable amount of AEFC deposits than erupted teeth [START_REF] Azaz | Correlation between age and thickness of cementum in impacted teeth[END_REF][START_REF] Azaz | Aging of tissues of the roots of nonfunctional human teeth (impacted canines)[END_REF][START_REF] Nitzan | The effect of aging on tooth morphology: A study on impacted teeth[END_REF][START_REF] Rai | Effect of nutrition on coronal displacement of cementum in impacted teeth[END_REF] ; (2) vestigial red deer canines also exhibit the same contrasted growth pattern, even though they are not functional for nutrition (unpublished data); and (3) hibernating species display similar seasonal banding even though they do not consume food during winter months [START_REF] Grue | Review of the formation of incremental lines in tooth cementum of terrestrial mammals[END_REF][START_REF] Helm | Circannual rhythms anticipate the Earth's annual periodicity[END_REF][START_REF] Klevezal | Recording Structures of Mammals: Determination of Age and Reconstruction of Life History[END_REF]. Also, genetic analyses suggest that masticatory forces are probably not a driving factor (Chapter 4). Finally, this food coarseness hypothesis would predict that significant changes in the diet, such as the advent of farming (more reliable and predictable softer food) and the industrial revolution (quasi-complete homogenization of diet with processed food), should result in a clear decrease in cementum contrast and growth worldwide. This is not the case [START_REF] Klevezal | Recording Structures of Mammals: Determination of Age and Reconstruction of Life History[END_REF][START_REF] Naji | Cementochronology, to cut or not to cut?[END_REF]. Similarly, the same prediction should apply to wild versus domesticated animals. However, no noticeable changes in AEFC contrasts are visible in animal studies or across human populations [START_REF] Klevezal | Recording Structures of Mammals: Determination of Age and Reconstruction of Life History[END_REF]. If the diet influences the cementogenesis of AEFC, a more likely hypothesis would be that the nutritional status (i.e., the availability of nutrients related to seasonal food) influences growth and mineralization processes, mainly via dietary metabolic pathways. Sporadic deficiencies will be accounted for through energy allocation away from growth processes and toward maintenance, probably throughout the skeleton [START_REF] Bogin | Chapter 11 -The evolution of human growth[END_REF][START_REF] Temple | Bioarchaeological evidence for adaptive plasticity and constraint: Exploring lifehistory trade-offs in the human past[END_REF]. This is essentially the hypothesis we are testing when trying to identify "stress events" in cementum layers. Overall, outside of chronic conditions or genetic defects, nutrition is not expected to affect AEFC deposition in terms of the number of layers (probably under stricter genetic control) but potentially in terms of the mineralization rate or density. However, we would argue that the dietary hypothesis may be valid regarding CIFC growth. We hypothesize that accurate CIFC age-at-death estimates in specific taxa (Chapter 7; [START_REF] Matson | A Laboratory Manual for Cementum Age Determination of Alaska Brown Bear PM1 Teeth[END_REF]) convincingly illustrate its regular and continuous adaptive function under specific conditions. When the feeding pattern and consequent biomechanical pressure are regular, with strong cyclic changes in food coarseness and nutritional value, CIFC growth can mimic the AEFC circannual deposition and be used for age estimation. The seasonal adaptation hypothesis. The dietary hypothesis might be a covariant consequence of the dominating genetic control synchronized with a circannual periodicity (Introduction). This hypothesis is supported empirically for several species the northernmost latitude exhibiting the most contrast in growth layers and, inversely, for the tropical/equatorial samples showing the least contrast (Klevezal' 1996, 101). For example, in tropical regions, cementum layers are more annual than seasonal and are more complex to identify than in temperate areas. Likewise, growth layer formation is inverse in the two hemispheres (Klevezal' 1996, 91) and can shift for a displaced population between the two hemispheres. Also, hibernating species still produce seasonal increments [START_REF] Klevezal | Recording Structures of Mammals: Determination of Age and Reconstruction of Life History[END_REF]Klevezal' & Kleinenberg 1967). Overall, the complexity and variability of cementum growth layers are tied to seasonality gradient (i.e., the more seasonal, the more regular and predictable growth deposits can be identified). Today, the metabolic and endocrine pathways are understood at a much finer level. Some studies have elegantly linked bone growth to nutritional status and metabolic fitness on several ruminant species (Kohler et al. 2012). In summary, during the unfavorable seasons (dry/winter), ruminants are subject to cyclical variation in body core temperature, resting metabolic rate, and associated changes in hormonal levels (especially plasma insulin-like growth factor-1 or IGF-1). The consequence of this energy-conserving strategy is the formation of arrest growth lines. During the good season (humid/summer), the opposite happens (e.g., peak metabolic and IGF-1 levels, enhanced thyroid activity), which stimulates bouts of intense skeletal growth (Kohler et al. 2012). These cyclic growth patterns are synchronized with food availability and nutritional profile, which will dictate, in part, fat storage. Growth arrest and peak are, therefore, concurrent with hormonal and metabolic nadirs and zeniths, respectively. From this model, we predict that the number of circannual AEFC increments is tightly controlled genetically. However, the quality (i.e., increment width, mineralization density, collagen matrix organization) may vary according to external factors or stressors.

Part II: Protocols

The main hurdle in cementochronology and one that we have argued is probably the underlying reason the method never became more ubiquitous [START_REF] Naji | Cementochronology, to cut or not to cut?[END_REF] is the necessity to implement a histology protocol. Laboratory access and a cementumspecific protocol are required to optimize the observations of AEFC increments. Furthermore, numerous researchers have emphasized the critical importance of training. As Buikstra discusses in this volume (Chapter 1), standardization of a protocol has been overdue. This is no longer the case. For freshly extracted teeth with high collagen content, observing decalcified paraffin-embedded, stained ultrathin sections (anywhere between 5 to 15 μm depending on the species) is the most accurate option today [START_REF] Matson | A Laboratory Manual for Cementum Age Determination of Alaska Brown Bear PM1 Teeth[END_REF]. Because ultrathin sections are a standard histology procedure in a forensic context, decalcified thin sections have also been used in humans with high success (Chapter 1: Table 1.1). However, for dried teeth (e.g., archaeological, osteology collections, fossils), this process will destroy the entire root. Undemineralized, embedded semi-thin ground sections (around 100 μm) are the only viable option in archaeological contexts, except for virtual 3D reconstruction.

Optimizing Thin-Section Production

For humans, Wittwer-Backofen and colleagues [START_REF] Wittwer-Backofen | Age estimation using tooth cementum annulation[END_REF][START_REF] Wittwer-Backofen | Tooth cementum annulation for age estimation: Results from a large known-age validation study[END_REF][START_REF] Wittwer-Backofen | Age estimation by tooth cementum annulation: Perspective of a new validation study[END_REF] pioneered the standardization process, upon which Chapters 9-12 have improved. None exists for animals. These chapters propose systematic discussions on thin-section preparation variables and imaging parameters (Chapters 11,12). Consequently, Chapters 1, 9, and 11 propose speciesspecific protocols for human and ungulate teeth. However, though the methods deliver consistent results for experienced specialists, these studies also clearly underline the need for extensive training.

Season-at-Death Validation Studies

In wildlife populations and zooarchaeology samples, estimating the season of death has been implemented reliably for the past forty years (Chapter 1). In humans, seasonat-death estimation is only starting to be explored successfully (Chapter 13;[START_REF] Wedel | Determination of season at death using dental cementum increment analysis* †[END_REF]. In cementochronology, one of the central differences between humans and other mammals is that humans are long lived and thus accrue many cementum bands in a nonlinear pattern [START_REF] Jylhava | Biological age predictors[END_REF]. Consequently, in addition to the relatively small size of human teeth, the last deposited cementum band is challenging to identify optically. [START_REF] Wedel | Determination of season at death using dental cementum increment analysis* †[END_REF] was the first to develop a method in a documented collection of freshly extracted teeth for forensic season-at-death purposes and then applied it to archaeological remains [START_REF] Wedel | Using dental cementum increment analysis to estimate age and season of death in African Americans from an historical cemetery in Missouri[END_REF]. Chapter 12 expands cementochronology to subadults teeth, while Chapter 13 tests with success a comparable protocol on US army personnel.

However, there is a statistical sampling issue with season-at-death estimations that distinguished animal and human studies. In animal analyses, when the last band is a growth zone (summer), its large width allows for two to four subdivisions depending on the author or species (Chapters 17 and 18). Statistically, four outcomes are a critical difference over a binary outcome (summer/winter), which is the only option in humans with a thin, last band. In this scenario, the estimate would require a large sample to support its validity statistically. So far, human methods rely only on a binary (light/ dark) outcome. More tests are needed to exclude random results alone and validate the prediction of season at death.

Cementum Growth Variations and Stress Markers

Several researchers are trying to systematize observations from reference collections on animal and human remains to identify the impact of "stressors" on cementum growth reliably [START_REF] Edinborough | Mineralisation within human tooth cementum identified by secondary ion mass spectrometry[END_REF][START_REF] Mani-Caplazi | Imaging of the human tooth cementum ultrastructure of archeological teeth, using hard x-ray microtomography to determine age-at-death and stress periods[END_REF], 2019;[START_REF] Newham | Exploring the use of tomography for the quantification of cementum growth patterns across the mammal phylogeny[END_REF]. However, if we want to build a robust method, we need to proceed with caution. Cementum studies history (Chapter 1) should be a vivid reminder that rushed publications with oversimplified conclusions can confuse the wider anthropological community not familiar with the intricacies of cementochronology. For example, because aging processes are nonlinear and subject to local influences, using a simple growth ratio based on undefined layers in cementum seems hazardous at best [START_REF] Cerrito | Parturitions, menopause and other physiological stressors are recorded in dental cementum microstructure[END_REF]). Our view is that a proper cementum-specific protocol should be used to test external influences on AEFC growth variation. On the other hand, recent efforts by Mani-Caplazi et al. ( 2019 ) demonstrate a desire to build a robust protocol step by step. This is the way. We hope that these combined efforts will lead to a better understanding of cementum variations.

Noninvasive Virtual Cementochronology

Groundbreaking improvements have been made using synchrotron microCT 3D reconstruction of cementum (Chapters 15 and 16). The possibility of precise and accurate noninvasive analyses, especially when fully automated [START_REF] Newham | Reptile-like physiology in Early  Jurassic stem-mammals[END_REF]Chapter 16), opens a whole new research area for paleoanthropologists and paleontologists who can now extend their questions to the fossil record confidently. Even though synchrotron access remains exceptional, results from such analyses elegantly validate several hypotheses with the most precise and accurate imaging technique available today.

Automated Counting of Increments

Automated counting software is the next area where increased research will provide technological improvements to cementochronology for serial analyses. The development of an automated software has been long in the making (see discussion in Chapter 1), but it is now available for 3D imaging data [START_REF] Newham | Reptile-like physiology in Early  Jurassic stem-mammals[END_REF]Chapter 16). The University of Lille and Leica have been developing a commercial software [START_REF] Bertrand | Computerized cementochronology taking the 16-bit between the teeth[END_REF], which is unfortunately still untested and not publicly available. Conversely, Newham and Naji are currently testing the translation of Newham's 3D algorithm for 2D photomicrographs analysis in a freeware package.

Protocols -The Rise of Cementochronology

With recent methodological improvements and the rise of automation in image analysis, identifying and counting incremental layers in semi-thin/ground sections is now a reliable option for serial analysis of large collections with species-specific standardized protocols. Furthermore, the groundbreaking evolution of virtual cementochronology opens new opportunities to study the fossil record noninvasively. Applications of these new sets of tools on past hominid populations and other fossils open some of the most exciting research opportunities in cementochronology today. However, we must emphasize that these protocols require a significant learning curve to be implemented consistently. Today, few anthropology labs are adequately equipped, and the adaptation of a standardized protocol to the available equipment is counterproductive and should be avoided. By definition, changing any parameter no longer reflects the published protocol but creates a custom version that cannot guarantee tested outcomes.

Part III: Applications

The breadth of applications across disciplines is a testament to the potential of cementochronology as a tool to investigate age and season at death, seasonal mobility patterns, and eventually life-history events.

Seasonality: Discussing Mobility Pattern

In zooarchaeology, cementum increment studies have primarily focused on establishing the season of death of animal dental remains. One of the first major regional studies using cementum that significantly shifted mobility pattern interpretation discussed the seasonal hunting of reindeer during the Upper Paleolithic in France [START_REF] Gordon | Of Men and Reindeer Herds in French Magdalenian Prehistory[END_REF]. Since then, cementochronology has mainly been used to discuss animal migrations (Burke 1993), hunting behavior (Pike-Tay 1991), and mobility patterns [START_REF] Lieberman | Variability in hunter-gatherer seasonal mobility in the Southern Levant: From the Mousterian to the Natufian[END_REF]. With the method's generalization, the studies have progressively expanded to answer more specific questions such as the site function or the specific hunting strategies developed by past human populations (Chapter 17). Others (Chapter 18) propose a regional paleoecological approach to reconstruct past animal coevolution with humans during the Paleolithic. The next stage in cementochronological research applied to zooarchaeologicalcontexts will probably include multiproxies' analyses. Recently Sanchez-Hernandez and colleagues proposed a cross-study involving cementochronology and micro-wear analyses to discuss the site's seasonality of use and the environmental condition during its occupations [START_REF] Sanchez-Hernandez | Combined dental wear and cementum analyses in ungulates reveal the seasonality of Neanderthal occupations in Covalejos Cave (Northern Iberia)[END_REF]. Several authors of this volume obtained a sizable French grant (the ANR DeerPal project, E. Discamps) to characterize past reindeer behavior through a multiproxy analysis including isotopes, cementum, and micro-wear. We expect similar projects to start with the development of new analytical methods that allow us to directly sample elemental signatures of individual cementum increments to characterize the lives of past mammals' populations.

Life-History Events and Fertility

Many researchers have seen the circannual rhythm and continuous growth of acellular cementum throughout life as offering an exciting window of potential information of life-history recorded in the shape, texture, and chemistry of its increments. A host of studies have thus been presented studying the relationship between these factors and various life-history events affecting mammal physiology, most notably pregnancy and parturition (Chapter 8). Ongoing projects from some of this volume's contributors (Newham, Colard, Stock, Price, and Naji) are currently funded to model past human population's fertility rigorously on modern, dedicated cementum databases.

Life Span and Mammalian Evolution

The development of noninvasive 3D methods for imaging cementum increments using synchrotron radiation sources provides volumetric datasets of submicrometer resolution and a consequent precise age estimate for hominid and mammal fossils (Chapters 15,16). Cementum has been imaged successfully in samples from modern humans to Neanderthals [START_REF] Newham | Exploring the use of tomography for the quantification of cementum growth patterns across the mammal phylogeny[END_REF]. Furthermore, Newham and colleagues demonstrated that AEFC increments are still visible in the 200-millionyear-old teeth of early stemmammals [START_REF] Newham | Reptile-like physiology in Early  Jurassic stem-mammals[END_REF]. This unprecedented discovery about cementum preservation opens opportunities to address evolutionary questions in paleontology, such as the evolution of dental attachment and replacement among early mammals. Similarly, for our Homo lineage, the senescence rate and specifically the rate of osteological aging and hominid life spans can be tested directly. For instance, despite increasing knowledge of the anatomy, ecology, and evolution of early mammals, contradictory evidence limits our understanding of their physiology and the timing in which mammalian endothermy arose. Due to the relationship between longevity and basal metabolic rate (BMR) in living mammals, age estimation using virtual cementochronology can be used as a proxy for BMR in fossil taxa. When included in a multiproxy analysis on two early Jurassic stem-mammals, cementochronology has suggested that they had maximum life spans considerably longer than comparably sized living terrestrial mammals and more similar to those of reptiles. The use of this data to estimate BMR suggests that early stem-mammals had yet to develop the elevated endothermic metabolisms of living mammals [START_REF] Newham | Reptile-like physiology in Early  Jurassic stem-mammals[END_REF]. Additionally, new research perspectives in paleoecology are now foreseeable, such as reconstructing animal populations' feeding habits and mobility by analyzing trace elements and stable isotopes at the seasonal cementum increment scale. Finally, validation of the relationship between increment morphology and discrete lifehistory variables and events in living mammals has the potential to foster investigation of these variables in fossil taxa, promoting a new understanding of how they evolved through deep time.

The Elusive Search for the Ideal Skeletal Age Estimator One of the research program's starting points leading to this collaborative volume was the seemingly simple question of estimating the age at death of a human adult skeleton reliably. A slightly more complex follow-up question was how to estimate the age distribution of a skeletal sample accurately. These questions are overlapping, but only in part. A unique answer with a unique age indicator would be possible if such an indicator could provide a continuous, sequential, and unidirectional aging pattern throughout the life span. Preferably, changes should be observed within a short time interval as compared with the total life span. Also, age-related alterations should not be secondary to pathological, metabolic, or nutritional changes. Finally, the indicator should be valid across species -in other words, a precise and accurate estimate with a negligible error rate for all decades of life. In this scenario, the individual age at death could be aggregated into an unbiased age distribution, and our original questions would overlap entirely. Bocquet-Appel and Masset introduced this concept by defining a theoretical minimum requirement for estimating, without considerable risk of error, the individual age of a skeleton and the death structure to which it belongs [START_REF] Bocquet-Appel | Farewell to paleodemography[END_REF]. The correlation between the biological indicator and the age at death must be higher than r = 0.9 (Bocquet-Appel & Masset 1982, 325, table 1). This theoretical minimum is recommended because "the effect of the anthropological reference population on the estimated structure asymptotically decreases as the correlation between age and biological indicator converges towards one" (Bocquet-Appel & Masset 1982, 326). This strong correlation between a biological feature and age is a critical point. Unfortunately, most commonly employed anthropology methods are based on an osteological/dental age indicator staging system where the stages serve as proxies for age [START_REF] Hoppa | The Rostock Manifesto for paleodemography: The way from stage to age[END_REF]. In other words, the determination of biological age is inferred from variables that are poorly correlated with chronological aging. The reason is that skeletal indicators are based on degenerative, wear-and-tear, senescence mechanisms. These changes are primarily correlated with biomechanical loading (lifestyle, fitness) and environmental factors (nutrition, health). However, they are only loosely correlated to an intrinsic aging mechanism (genetic) or a continuous growth process because developmental ontogeny stops in the third decade of life. This methodological distinction is central to understanding some of the underlying mechanisms distinguishing chronological and biological age. If we step out of our discipline and consider the broader field of aging in biology, various biological clocks have been developed over the past decade to predict human health and longevity by providing a quantitative measure of the rate of aging of an individual and their overall resilience more accurately than chronological age. These clocks include DNA methylation patterns, gene expression patterns, serum proteins, and insulin growth factors glycans [START_REF] Jylhava | Biological age predictors[END_REF]. Recent developments in gerontology are starting to identify exact age estimators from living tissue samples. Some are already percolating in forensic anthropology [START_REF] Lee | Forensic DNA methylation profiling from evidence material for investigative leads[END_REF]. For example, the "Horvath clock" is becoming a benchmark in biomedical studies focused on aging mechanisms [START_REF] Horvath | DNA methylation-based biomarkers and the epigenetic clock theory of ageing[END_REF]. More recently, plasma protein age estimation [START_REF] Lehallier | Undulating changes in human plasma proteome profiles across the lifespan[END_REF]) also yielded precision levels above r2 = 0.95, for all decades of life, with a small error rate. Two of these clock calculators [START_REF] Hannum | Genome-wide methylation profiles reveal quantitative views of human aging rates[END_REF][START_REF] Horvath | DNA methylation age of human tissues and cell types[END_REF]) are currently among the most robust predictors of chronological age. Both show high age correlations (r = 0.96 for Horvath and r = 0.91 for Hannum) and small mean deviations from calendar age (3.6 and 4.9 years, respectively) calculated from large validation samples (n = 8000 for Horvath and n = 656 for Hannum). They also cover the entire adult life span and diverse populations [START_REF] Jylhava | Biological age predictors[END_REF]. These are very promising avenues of research on living tissues. Unfortunately, in forensic anthropology and bioarchaeology, we can only rely on techniques for individual skeletal age applicable to dry osteological or dental remains, with two options: (1) Use a single, standard skeletal/dental age indicator [START_REF] Buikstra | Standards for Data Collection from Human Skeletal Remains: Proceedings of a Seminar at the Field Museum of Natural History, Organized[END_REF]. The resulting estimation is invariably associated with a significant standard error (>10 years at best), especially for adults above fifty. (2) Use a multifactorial method combining several skeletal indicators into an "expert opinion" [START_REF] Milner | Transition analysis: A validation study with known-age modern American skeletons[END_REF]. Unfortunately, few procedures provide a viable mechanism for combining age-related information from separate anatomical structures in different parts of the skeleton in terms of point estimate or confidence intervals. From a statistical standpoint, this is problematic because the information from multiple age indicators is not independent. Without an unrealistically large reference sample, a reliable estimate is impossible, at least not without considerable simplifications [START_REF] Boldsen | Transition analysis: A new method for estimating age from skeletons[END_REF]. However, the transition analysis method's recent evolution (http://ta3info.com) explores an entirely new approach to the expert-opinion aging process. We are looking forward to Milner and Boldsen group's fully published method and the subsequent validation tests. Until then, these two options are highly unsatisfactory, especially with the growing rigorous legal criteria that expert witnesses must uphold in forensic contexts. Recommendations are starting to emerge favoring a probabilistic summary of results, presenting posterior probabilities for each age [START_REF] Chariot | Age estimation in undocumented migrant adolescents: Medical response to judicial authorities[END_REF][START_REF] Konigsberg | Optimal trait scoring for age estimation[END_REF]. We argue that this is the most rigorous approach when using standard anthropological age indicators. In paleodemography, the debate to estimate a skeletal sample age-at-death distribution has come a long way since its initial deconstruction (Bocquet-Appel & Massat 1982). A strong consensus has emerged promoting a Bayesian approach of collective age estimation [START_REF] Bocquet-Appel | Estimation of an age distribution with its confidence intervals using an iterative bayesian procedure and a bootstrap sampling approach[END_REF][START_REF] Hoppa | The Rostock Manifesto for paleodemography: The way from stage to age[END_REF][START_REF] Konigsberg | Multivariate cumulative probit for age estimation using ordinal categorical data[END_REF][START_REF] Seguy | Estimating the age structure of a buried adult population: A new statistical approach applied to archaeological digs in France[END_REF]. In this probabilistic framework, two main trends have emerged. The English-speaking trend is mostly focused on parametric hazard models [START_REF] Gage | Variation and classification of human age patterns of mortality: Analysis using competing hazards models[END_REF][START_REF] Konigsberg | Optimal trait scoring for age estimation[END_REF][START_REF] Usher | Reference samples: The first step in linking biology and age in the human skeleton[END_REF]Chapter 22). In contrast, the French school is more data driven and proposes a fully Bayesian algorithm [START_REF] Caussinus | Un probleme cle de la paleodemographie: Comment estimer l'age au deces?[END_REF]Caussinus & Courgeau 2013). This method integrates any standard skeletal indicator into an age distribution with relatively tight credible intervals. Unfortunately, even if this should not be an excuse, both options' level of statistical proficiency prevents a broader deployment of these methods.

Back to the Root

Of course, this volume offers a third alternative. Cementochronology is, by far, the technique that complies with the most criteria defining a robust age estimation method (Kemkes-Grottenthaler 2002). Cementochronology is (1) based on a continuous growth process; (2) the most independently validated indicator, not only in humans but across eighty different species; (3) the most precise and accurate; (4) independent from any reference collection; and (5) based on teeth, one of the most available remains in archaeological samples. Cementochronology, with its high correlation to chronologicalage (>0.9, see Chapter [START_REF] Bertrand | Age at death estimation by cementochronology: Too precise to be true or too precise to be accurate?[END_REF]), cementochronology has never been described as a "perfect" age indicator. However, several authors have argued (Colard et al. 2015;Naji et al. 2016b;Introduction) that there is a clear distinction between cementochronology, which measures an actual growth process, and other skeletal adult age indicators, all based on degenerative changes. Cementum growth is subject to some aging processes and individual variations of phenotypic expression. Cementochronology estimates should thus always be assorted with an error rate. However, to date, this error rate is by far the smallest of any other skeletal or dental age indicators for any adult decade of life across species (Chapter 1: Table 1.1). Surely, this point is worth emphasizing. Theoretically, it is probably unreasonable to believe that a perfect indicator exists considering the natural variation expressed in any biological organism's growth/ senescent processes. In particular, recent discoveries on aging mechanisms [START_REF] Farr | The spectrum of fundamental basic science discoveries contributing to organismal aging[END_REF][START_REF] Lopez-Otin | The hallmarks of aging[END_REF] suggest that none of the visible changes associated with age is a linear process. Maintenance of body function and cohesion is contextdependent and subject-dependent, predicting a nonlinear relationship between any biological and chronological age, which we have all empirically observed [START_REF] Jylhava | Biological age predictors[END_REF][START_REF] Woodward | Skeletochronology[END_REF]). Any such pattern can and should be integrated into age estimation modeling to increase the method's precision, especially in the last decades of our life span.

Cementochronology, the Final Frontier

Traditionally, one theoretical and two practical concerns were usually invoked to dismiss cementochronology:

(1) the evolutionary process explaining circannual growth cycles, (2) the subjectivity of counting the increments, and (3) the destructive nature of histological thin-section preparation. We argue that the broader chronobiology framework (Introduction, Part I) provides the necessary hypotheses to test the first theoretical point further. Moreover, with the recent development of species-specific standardized protocols, the development of counting automation, and 3D noninvasive analysis (Part II), we argue that the two primary practical sources of concerns (subjectivity of counts and destruction of samples) have viable solutions. With these recent advances, we argue that cementochronology has the potential to renew several anthropology themes robustly (Part III). The goal of this volume was to promote interdisciplinary discussions and stimulate new research opportunities in cementochronology. The enthusiastic collaborations resulting from this endeavor illustrate the success of the project. We hope that the Cementochronology Research Program, and anyone interested in cementum, will continue their collaborative effort and interdisciplinary approach to expand the boundaries of cementum in anthropology.

  ), Colard et al. (2015) (Chapter 14), and Newham et al. (2020) (Chapters 8 and 16

  1, Table 1.1), should logically expand as a viable age indicator to estimate individual age at death or collective age distribution in all contexts (Chapters 19-23). Nevertheless, the search for an ideal skeletal age indicator (progressive, precise, accurate, universal, and simple) continues, motivated by the multitude of applications in wildlife biology, forensic anthropology, bioarchaeology, paleodemography, paleopathology, zooarchaeology, and paleontology. Contrary to what some authors claim
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