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ABSTRACT

Objectives: This paper explores conflicting perspectives on the adaptive significance of phenotypic plasticity during fetal and 

early postnatal development and the impact that stressors experienced during this critical early- life period have on later- life 

morbidity and mortality risk.

Methods: The sample (n = 216) comprised archeologically- recovered human skeletons. A geometric morphometric (GM) method 

was employed to evaluate first permanent molar (M1) fluctuating asymmetry (FA) and provide a proxy for early- life stress. Shifts 

in later- life physiology were inferred through two inflammatory lesions: periosteal new bone formation (PNBF) and periodontal 

disease (PD). To explore mortality risk, age- at- death was estimated through dental development for skeletally immature individ-

uals (n = 104) and through senescent skeletal changes for mature skeletons (n = 112).

Results: Significant differences were found in M1 FA between groups, with the immature cohort associated with elevated FA. 

Within- group analysis revealed age- at- death in the immature group had a significant positive relationship with M1 FA and PD 

presence. In the mature group, alongside sex and the co- occurrence of PD and PNBF, FA was a significant predictor of a shorter 

life. Higher FA was also associated with active and bilaterally expressed PNBF.

Conclusions: It is theorized that early- life stress, if survived, programmed a hyperinflammatory response to environmentally- 

mediated physiological perturbations which increased the chances of survival during subsequent development but also elevated 

later- life mortality risk. Findings demonstrate a complicated relationship between developmental stress and physiological shifts 

that helps to illustrate the adaptive significance of early- life programming and support the Thrifty Phenotype hypothesis.

1   |   Introduction

Phenotypic traits are observable characteristics which result from 

the interaction of genes with environmental influences. During 

sensitive developmental windows, which are periods of elevated 

somatic plasticity, traits are malleable and stressors can provoke 

phenotypic alterations that persist throughout life (Gowland 

and Caldwell 2023, 520). Thus, while stressors endured over life 

accumulate and coalesce to influence development, morbidity 

and mortality risk, those experienced during fetal life and the 

first postnatal year (a period referenced as “early life” hereafter) 

exercise a disproportionate impact (Agarwal 2016; Barker 2012; 
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Gowland and Caldwell  2023). It is, however, debated whether 

exposure to stressors during development is associated with ad-

aptations that increase survivorship and reproductive success 

(e.g., Bateson, Gluckman, and Hanson  2014) or, alternatively, 

if adaptations that promote survival initially are connected to 

trade- offs that diminish later resilience, increasing morbidity 

and mortality risk (e.g., Barker and Osmond  1986; Hales and 

Barker 2013; Wells 2010). Put another way, is there any truth in 

the popular aphorism “what doesn't kill you makes you stron-

ger”? To answer this question, stress- related variation in mortal-

ity risk and later- life inflammation are explored with reference 

to these conflicting hypotheses and through the examination of 

an archeologically- recovered skeletal sample (n = 216).

Due to the timing of their development, first permanent molar 

(M1) crowns were assessed as a proxy for early- life stress. M1 

morphogenesis is controlled by signaling centers located at 

cusps, begins at approximately sixteen weeks in utero, and con-

tinues throughout the fetal period (Antoine and Hillson  2016, 

223–224; Jernvall and Jung  2000; Kenessey, Stojanowski, and 

Paul 2024, 2; Scott and Turner 1997, 76). Although enamel for-

mation towards the cervical region is not complete until about 

the third postnatal year, M1 cusps begin to mineralize around 

birth with cuspal enamel formation complete towards the end of 

the first postnatal year or soon thereafter (Reid and Dean 2006, 

334). Mineralization of the signaling centers renders them inert. 

Thus, the spatial patterning of M1 coronal features is determined 

and fixed during the early- life period (Jernvall and Jung 2000; 

Kenessey, Stojanowski, and Paul 2024, 2). A geometric morpho-

metric (GM) approach was used to assess M1 coronal morphol-

ogy. Specifically, Procrustean techniques isolated shape variation 

so that M1 fluctuating asymmetry (FA) could be evaluated and 

used as a proxy for early- life stress (Wigley, Stillman, and Craig- 

Atkins 2024). Inflammation in later- life (i.e., beyond the early- 

life period), was inferred through two skeletal stress markers: 

periosteal new bone formation (PNBF) and periodontal disease 

(PD) (Ogden  2008; Weston  2008). Age- at- death was estimated 

with reference to  developmental as well as senescent changes 

(AlQahtani, Hector, and Liversidge 2010; Boldsen et al. 2002). It 

was therefore possible to model links between developmental ex-

perience, later physiological outcomes, and mortality risk.

2   |   Background

2.1   |   Stress and Critical Periods

A stressor can be defined as any stimulus that disrupts homeo-

stasis and provokes a physiological counter- response, such as a 

trade- off in resource allocation. Due to the plethora of stimuli 

that can cause such disruptions, stress is generally regarded as 

non- specific in nature (Escós et al. 2000, 331; Selye 1973). Early- 

life (i.e., the fetal period to the end of the first postnatal year) has 

been shown to be especially stress- sensitive and, due to elevated 

phenotypic plasticity, critical in influencing growth, develop-

ment, morbidity and survivorship (Agarwal 2016; Barker 2012; 

Gowland and Caldwell 2023; McPherson 2021).

The life- course outcomes of Dutch Famine survivors illustrate 

well the importance of early life experience. During the winter 

of 1944–1945, daily nutritional intake often fell below 1000 cal in 

the occupied Netherlands, leading to widespread malnutrition. 

Follow- up studies over subsequent decades found that maternally 

dependent offspring who experienced the famine during early 

life were subject to higher rates of chronic diseases, infections, 

and mortality risk in later life than their peers who escaped ex-

posure to nutritional shortages during this crucial developmen-

tal period (Lopuhaa et al. 2000; Ravelli et al. 1998; Roseboom 

et al. 2000; Roseboom, van der Meulen, and Ravelli 2001). These 

impacts were particularly pronounced when fetuses were af-

fected in the third trimester of development (Bleker et al. 2021; 

Roseboom, van der Meulen, and Ravelli 2001, 95).

Research has highlighted that environmental factors and their 

impact on maternal nutrition and health are likely a key stressor 

during critical periods of development and articulate that early- 

life adversity can be robustly associated with life- long increases 

in morbidity and mortality risk. Consequently, they have con-

tributed to fundamental shifts in the conceptualization of 

health, including the formulation of the Developmental Origins 

of Health and Disease Hypothesis (Agarwal 2016; Barker 2012; 

Gluckman, Hanson, and Beedle 2007; Gluckman, Hanson, and 

Buklijas 2010; Gowland and Caldwell 2023).

2.2   |   Adaptive Significance of Developmental 
Plasticity

Early work proposed that alterations to phenotype in response 

to early- life cues were often deleterious to health. The Thrifty 

Phenotype hypothesis developed by Hales and Barker  (1992, 

2001, 2013) is an example. This hypothesis took inspiration 

from what Neel (1962) referred to as a “thrifty” genotype, or a 

genetically programmed metabolism which was overly- efficient 

at processing nutritional resources. While beneficial when ac-

cess to food is irregular or unreliable, in relatively stable and 

plentiful environments, this leads to poor metabolic regulation. 

Building on this, Hales and Barker (1992, 2001, 2013) proposed 

that for individuals experiencing poor nutrition during early 

life, there is a reduction in investment in the production of 

cells key to normal metabolic functioning. This thrift, or con-

straint, during development is initially adaptive as it prevents 

scarce resources being deployed unnecessarily, but can lead to 

pathologically impaired functioning (e.g., increased susceptibil-

ity to Type II diabetes) if exposed to less adverse environmental 

conditions later in life (Hales and Barker  2013, 1219). Thrifty 

phenotypes are thus ones that promote survival during devel-

opmental adversity, but increase later- life morbidity and mortal-

ity risk. Although mechanisms have been debated, the Thrifty 

Phenotype hypothesis has been employed to explain differen-

tials in frailty (i.e., age- adjusted vulnerability) that have contrib-

uted to inter alia increased prevalence of degenerative disease, 

metabolic dysfunction, and growth deficits (e.g., Pomeroy 

et al. 2012; Weisensee 2013; Vaupel 1988, 277).

Not all researchers have viewed adaptations to early- life stress 

through such a negative lens, however. The Predictive Adaptive 

Response (PAR) hypothesis presents an alternative perspective 

on the significance of phenotypic plasticity (Bateson et al. 2004; 

Gluckman, Hanson, and Beedle 2007; Gluckman, Hanson, and 

Buklijas 2010; Wells 2007, 331). Although the PAR hypothesis 

does not rule out the capacity for phenotypic variation to provide 
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immediate benefits at the expense of later- life trade- offs, predic-

tive responses are characterized as alterations following devel-

opmental cues which increase fitness during reproductive years. 

PARs maximize the chances of having offspring and therefore 

promote long- term organismal success (Bateson, Gluckman, 

and Hanson 2014, 2358; Gluckman, Hanson, and Beedle 2007, 

4; Gluckman, Hanson, and Buklijas 2010, 9; Lu et al. 2019, 252; 

Wells 2007, 335). To illustrate, a review by Kuzawa (2007) found 

sexually dimorphic features (e.g., stature and hormone expres-

sion) were positively associated with birth weight, a widely- 

used proxy for fetal stress and experience of in utero adversity. 

Kuzawa (2007) proposed that investment in somatically costly 

dimorphic traits had been calibrated in relation to early- life nu-

tritional cues to increase the likelihood of long- term survival 

and reproductive fitness.

2.3   |   Exploring Relationships Between Early- Life 
Stress and Later- Life Outcomes in Skeletal 
Assemblages

Later- life morbidity and mortality risk have been associated with 

early- life stress (e.g., Barker and Osmond 1986). Various theories 

have attempted to explain the adaptive significance of stress- 

induced phenotypic alterations (e.g., Bateson, Gluckman, and 

Hanson 2014; Hales and Barker 2013). One of the main differences 

between these, and the question addressed in this paper, is the ex-

tent to which adaptations result in short- term or long- term benefit.

Addressing this question in archeological skeletal remains re-

quires careful consideration of how stress is evaluated. This is 

especially the case for developmental stress as the remains of 

individuals who are still growing represent a biased cohort of 

“non- survivors”, while the traces of developmental experience 

can be difficult to parse from the impact of perturbations experi-

enced in later- life for skeletally mature individuals (DeWitte and 

Stojanowski 2015, 416–418; Wood et al. 1992, 349). The assess-

ment of random deviations to perfect symmetry (i.e., fluctuating 

asymmetry) reflects developmental instability and can be used 

to infer stress experience (Klingenberg 2015; Graham et al. 2010; 

Van 1961). By focusing on teeth, which form at specific times and 

do not remodel throughout life, critical periods can be evaluated 

in the remains of both adults and non- adults (Wigley, Stillman, 

and Craig- Atkins  2024, 5). For example, Moes, Kuzawa, and 

Edgar (2024) evaluated FA in the deciduous dentition to explore 

the impact of gestational temperature on development. It was 

found that teeth forming during the second and third months in 

utero exhibited significantly higher dental FA. From this, it was 

suggested that fetal development is particularly sensitive to envi-

ronmental conditions during the first trimester. Elevated FA and 

dental stress markers have also been associated with morbidity 

risk (e.g., Dewitte and Wood 2008; O'Donnell and Moes 2020). 

Weisensee (2013), for instance, found significantly higher FA in 

individuals known to have died from degenerative conditions, 

linking increased developmental instability with elevated vul-

nerability to somatic dysregulation in later- life.

One way of evaluating later- life phenotype and its relation 

to morbidity in skeletal remains is through the examination 

of skeletal stress markers such as periodontal disease (PD) 

and periosteal new bone formation (PNBF). Investigating 

phenotype from these lesions is not uncomplicated, however, 

as they have been linked to different risk factors. As it largely 

results from the gradual accumulation of bacterial plaque, PD 

has been associated with diet, oral hygiene, and age- related 

degeneration (Caruso and Nikita  2024, 13; Larsen  1997, 77; 

Ogden 2008). In contrast, PNBF has often been connected to 

infection or trauma (Roberts and Buikstra 2019; Roberts 2019; 

Weston 2008, 49). However, both lesions frequently share an 

inflammatory pathophysiology (Caruso and Nikita 2024, 13; 

DeWitte and Bekvalac 2011, 615; Weston 2008, 49). As such, 

it has been proposed that PD and PNBF can be employed to 

reconstruct inflammatory phenotype (Crespo  2021, 79–80). 

This assertion is supported by findings from living popula-

tions. Although usually associated with age- related degener-

ation, PD has been observed in children alongside increased 

morbidity in inflammatory disorders (Chipirliu, Craciun, and 

Matei 2024; Koutsochristou et al. 2015).

The assessment of inflammatory phenotype is important as 

inflammation is a protective response of the innate immune 

system involving immune cells, signaling proteins, and the vas-

cular system. An effective inflammatory reaction eliminates 

the cause of cellular injury and initiates repair and removal of 

damaged tissues (Crespo 2021, 76–79; Oishi and Manabe 2018). 

Inflammatory phenotype is therefore key to long- term morbid-

ity and mortality risk.

Connections between developmental stress, later- life physiol-

ogy, and variation in mortality risk were explored by assessing 

M1 FA, PNBF and PD, as well as estimates of age- at- death. 

The use of skeletal proxies for stress is a complementary ap-

proach to the early work, which largely focused on links be-

tween developmental nutrition and metabolic morbidity in 

modern populations with longitudinal medical records (e.g., 

Hales and Barker 1992). Later research has successfully em-

ployed the Thrifty Phenotype hypothesis to explained diverse 

aspects of skeletal variation (e.g., Pomeroy et al. 2012; Wells, 

DeSilva, and Stock 2012) and it is increasingly being acknowl-

edged that the application of such hypothetical frameworks 

to bioarchaeological investigations can generate meaningful 

insights (e.g., Agarwal 2016, 131–133). To the authors' knowl-

edge, the use of this suite of stress markers to explore the 

adaptive significance of phenotypic plasticity is novel. The 

use of M1 FA allows stress experience at a key period of life to 

be captured, while inflammatory lesion prevalence and age- 

at- death estimates can be employed to reconstruct morbidity 

(and potentially the extent of immune competence/incompe-

tence) and mortality risk. These stress markers provide an 

opportunity for hypotheses to be tested in past populations. 

Necessarily, inferences must be made with caution due to the 

lack of in vivo data and limitations associated with sampling 

archeological populations (DeWitte and Stojanowski  2015, 

399; Wood et al. 1992). Two hypotheses were proposed to test 

the Thrifty Phenotype and PAR hypotheses.

Hypothesis 1. If the Thrifty Phenotype hypothesis were to 

hold true, it was predicted that M1 FA, as a proxy for early- life 

stress, would be linked to evidence that implied initially adaptive 

shifts in phenotype, but that ultimately individuals with elevated 

FA would have higher frequencies of stress markers (PNBF and 

PD) and/or earlier age- at- death.
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Hypothesis 2. Following the PAR framework, higher M1 FA 

should be linked to a lower frequency of skeletal stress markers 

and higher age- at- death estimates. This would suggest elevated 

stress had promoted resilience throughout life, reducing later- life 

morbidity and mortality risk.

3   |   Materials

The skeletal remains of 216 individuals curated by the 

Archeology and Heritage Science Facility at the University of 

Sheffield were assessed. The remains originate from four as-

semblages of medieval and post- medieval date: the Black Gate 

cemetery, Newcastle (BG); St Hilda's Church, South Shields (SS); 

St Lawrence's Church, Warwick (WS); and All Saints' Church, 

York Barbican (YB) (Table  1). Using data from multiple sites 

expanded sample size, enhancing statistical power. The popula-

tions represented by these assemblages experienced variation in 

living conditions and stress exposure.

The Black Gate collection dates to the early- medieval period and 

is associated with a community comprising both secular and re-

ligious elites along with a dispersed rural population likely ex-

posed to seasonal variations in resource availability (Mahoney 

Swales 2019; Nolan, Harbottle, and Vaughan 2010). The remains 

interred at St Lawrence's Church on the outskirts of Warwick 

were likewise a medieval rural population, but from a later date. 

The community faced repeated famines and bouts of plague 

(i.e., Black Death) which affected much of Britain during the 

14th century and were likely exacerbated in the Warwick re-

gion due to the over- exploitation of the surrounding landscape 

(Gethin n.d.; Harley 1958, 18; John 1997; Slavin 2013). The York 

Barbican and Warwick collections roughly correspond in date 

and therefore experienced the same periods of nationwide re-

source deprivation and epidemics. It is likely, however, that due 

to its position as a commercial hub the population of York had 

the capacity to mitigate some of the most severe effects of nutri-

tional shortages through trade and exchange (Barrett, Locker, 

and Roberts  2004; Bruce  2003; Goldberg  2019; McIntyre and 

Bruce  2010; Tilliot  1961). The individuals from South Shields 

are associated with a town experiencing rapid industrializa-

tion where residents, most of whom were of lower socioeco-

nomic status, were exposed to arduous labor practices and an 

ever- increasing range of environmental pollutants (Raynor, 

McCarthy, and Clough 2011; Report of the Commissioners 1845).

4   |   Methods

4.1   |   Geometric Morphometric Methods: M1 
Fluctuating Asymmetry

A geometric morphometric evaluation of dental fluctuating 

asymmetry was conducted to explore developmental stress. 

GM methods were selected as they represent a highly sensitive 

analytical toolkit capable of detecting the small, random depar-

tures from perfect symmetry which characterize FA (Graham 

et al. 2010; Klingenberg 2015). This evaluation focused on M1 

crowns. M1s form through a stress- sensitive process which 

begins in utero and determines the spatial patterning of the 

crown's occlusal features (Scott and Turner  1997, 76; Jernvall 

and Jung 2000). Subsequent enamel mineralization, which be-

gins at the signaling centers responsible for morphogenesis, 

largely fixes the shape of M1 occlusal features towards the end 

of the first postnatal year (Jernvall and Jung  2000; Kenessey, 

Stojanowski, and Paul 2024, 2; Reid and Dean 2006, 334). By as-

sessing the M1 occlusal surface it was possible to employ FA as a 

proxy for stress experienced during the early- life period (Wigley, 

Stillman, and Craig- Atkins 2024).

From the 216 individuals sampled, 154 maxillary first perma-

nent molar (M1) and 147 mandibular first permanent molar 

(M1) antimeric pairs were assessed. A Canon EOS 250D DSLR 

camera attached to a Kaiser Copy Stand and fitted with an 

AET- CS Auto Extension Tube was used to image teeth. M1s 

were placed so that the cemento- enamel junction was par-

allel to the camera lens when photographed. The location of 

homologous landmarks (Table  2) was defined through x–y 

coordinates digitized on each image using the R package 

Stereomorph (Olsen 2015; Olsen and Westneat 2015). Similarly, 

a curve was drawn and subsampled by 20 equidistant semi- 

landmarks to describe the occlusal outline of each tooth. As 

FA is exceptionally sensitive to error, three replicate measures 

were taken per tooth by the first author so that intra- observer 

error could be evaluated (Palmer 1994; Wigley, Stillman, and 

Craig- Atkins 2024, 6–7).

TABLE 1    |    Summary of the skeletal sample, highlighting variations in date as well as social, cultural, and economic context.

Site

Sample size 

(immature/mature) Date Characteristics

Black Gate, Newcastle- upon- 

Tyne (BG)

84

(37/47)

7th–11th century CE • Dispersed rural community

• Mixed social status

St Hilda's, South Shields (SS) 33

(14/19)

18th–19th century CE • Industrialized port town

• Highly polluted

St Lawrence's, Warwick (WS) 29

(20/9)

11th–15th century CE • Rural population

• Documented periods of resource 

scarcity

All Saints', York Barbican 

(YB)

70

(33/37)

11th–16th century CE • Densely- populated urban center

• Prosperous commercial hub
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With M1s represented through configurations of coordi-

nate points it was possible to isolate shape variation. This in-

cluded ensuring a point- to- point correspondence between 

semi- landmarks by sliding each one along a line tangent to the 

chord connecting adjacent outline points to reduce bending en-

ergy (Dryden and Mardia 2016, 368). To isolate shape variation, 

a Generalized Procrustes Analysis (GPA) was employed to relo-

cate, rescale, and rotate configurations to minimize the sum of 

squared distances between configurations and register them in 

Kendall's shape space. To circumvent the non- Euclidean geom-

etry of Kendall's shape space, GPA- aligned configurations were 

projected into tangent linear space where the sum of squared dif-

ferences between them could be explored through standard sta-

tistical techniques (Bookstein 1991; Dryden and Mardia 2016).

A two- way, mixed model Procrustes Analysis of Variance 

(ANOVA) decomposed sample- level variation. The interaction 

term of the Procrustes ANOVA quantified random deviations 

between sides without a directional bias (i.e., fluctuating asym-

metry) and the error term measured the contribution of between- 

replicate differences (i.e., intra- observer error). An F value was 

derived from the Procrustes ANOVA procedure by dividing the 

mean square for the interaction term by that of the error term 

(Palmer 1994; Klingenberg and McIntyre 1998). This provided 

a ratio of FA to error, contrasting random, stress- induced varia-

tion to the impact of error in the data collection process (Collyer 

and Adams  2024, 188–191). FA was deemed significant when 

the observed F value exceeded the 95th percentile (i.e., p < 0.05) 

of an empirical sampling distribution of random pseudo values 

generated from the residuals of null linear models added to the 

fitted values (Collyer and Adams 2018; Collyer and Adams 2024, 

185). These procedures were implemented using the R package 

Geomorph (Adams et al. 2023).

Contingent upon significant results, an individual measure 

of fluctuating asymmetry was calculated. First, M1 repli-

cates were averaged to mitigate the impact of observer error. 

Average left and right configurations associated with an indi-

vidual were then subtracted from one another to give a coordi-

nate configuration reflecting asymmetric differences between 

antimeric teeth. To adjust for directional biases in the overall 

skeletal sample, the difference between the sample's average 

left and right shapes was then subtracted. The values in the 

resulting configuration were squared, summed over x and y 

coordinates, and the square root found to give an individual es-

timate of antimeric FA (Klingenberg and McIntyre 1998, 1375; 

Bookstein 1991, 269; Wigley, Stillman, and Craig- Atkins 2024, 

11–12). To provide a more robust measure of developmental 

stress, isomeric FA scores were averaged to produce a single 

composite FA score that approximately represented an indi-

vidual's early- life stress experience (Graham and Ozener 2016; 

Wigley, Stillman, and Craig- Atkins  2024). By calculating an 

individual estimate, it was possible to explore between and 

within group patterns (i.e., analyzes were not limited to com-

parisons of mean values and FA scores could, for instance, be 

regressed on age estimates).

4.2   |   Osteological Methods: Demographic 
and Paleopathological Variables

To generate demographic data, initially individuals were sepa-

rated into skeletally “immature” and “mature” cohorts. Skeletal 

immaturity was identified here through the presence of teeth 

TABLE 2    |    Maxillary and mandibular first permanent molar 

landmarks.

Tooth

Landmark 

no. Description

Maxillary M1 1 The center of the 

mesial fovea, at the 

most mesial extension 

of the sagittal fissure

2 The intersection of 

the sagittal fissure by 

the buccal fissure

3 The intersection of 

the sagittal fissure by 

the lingual fissure

4 The center of the distal 

fovea located at the 

most distal extension 

of the sagittal fissure

5 Paracone apex

6 Metacone apex

7 Protocone apex

8 Hypocone apex

Mandibular M1 1 The center of the mesial 

fovea, at the most 

mesial extension of the 

longitudinal fissure

2 The intersection of the 

longitudinal fissure by 

the mesiobuccal fissure

3 The intersection of the 

longitudinal fissure by 

the lingual fissure

4 The intersection of the 

longitudinal fissure by 

the distobuccal fissure

5 The distal fovea located at 

the most distal extension 

of the longitudinal 

fissure and, when 

present, its intersection 

with the buccal and 

lingual foveal fissures

6 Protoconid apex

7 Hypoconid apex

8 Metaconid apex

9 Entoconid apex

10 Hypoconulid apex
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that were not fully developed and erupted. For these immature 

individuals, dental formation and eruption was assessed using 

the atlas of AlQahtani, Hector, and Liversidge  (2010) to pro-

vide an estimate of age- at- death. Skeletally mature individuals 

had fully formed and erupted dentition. For mature skeletons, 

age was estimated with reference to late- fusing epiphyses (i.e., 

the medial clavicle, spheno- occipital synchondrosis, vertebral 

epiphyseal rings, and sacrum) and stages of senescent change in 

the pubic symphysis and auricular surface. These were graded 

after Milner et al. (2019). The ADBOU transition analysis (TA3 

version 0.8.0) was employed to evaluate these observations and 

produce a Maximum Likelihood point estimate of age with 

reference to stages of change in a known age- at- death sample 

(Getz 2020; Boldsen et al. 2002).

Sex was estimated for mature skeletons through the assessment 

of dimorphic features in the pelvis and skull. Morphological 

characteristics were scored along a 5- grade scale which was then 

simplified (i.e., grades 1–2 combined into a “female” group, 4–5 

into a “male”, while sex was considered indeterminate for re-

mains with a grade of 3). An individual's average score was used 

to place them in a particular group (White and Folkens 2005, 

385–397; Buikstra and Ubelaker  1994, 15–20; Ferembach, 

Schwidetzky, and Stloukal 1980).

Physiology and morbidity in later- life was explored through 

PNBF and PD presence. PNBF was recorded as present when 

plaques of elevated bone could be identified on the surfaces of 

larger appendicular long bones (i.e., femora, tibiae, fibulae, hu-

meri, radii and ulnae) (Weston 2008, 51). When dealing with 

younger individuals, PNBF was graded present only when 

circumscribed plaques were distinct from the underlying cor-

tical bone, to prevent confusion with normal bone growth 

(Lewis 2018, 114–116). To maximize sample size and increase 

statistical power, incomplete skeletons were included in the 

study. For these individuals, PNBF was recorded absent when 

no periosteal plaques could be discerned on the available long 

bones (i.e., for PNBF to be recorded as present/absent, a min-

imum of one well- preserved long bone had to be observable). 

Smaller skeletal elements, which do not survive as well in ar-

cheological contexts were not assessed to expedite data col-

lection. “Remodeled” and “active” lesions were differentiated. 

That is, plaques of lamellar bone with either a well- organized 

and striated or dense, sclerotic appearance were considered 

indicative of a resolved or remodeled/inactive inflammatory 

response, while a lesion with a woven, porous or disorganized 

appearance was interpreted as evidence of a process still active 

at time- of- death (Weston 2008, 51–52). Where possible, it was 

noted if periosteal lesions had a unilateral or bilateral distribu-

tion, with the latter being interpreted as more likely associated 

with systemic inflammation rather than a localized response 

to trauma (Weston  2012). PD was diagnosed and recorded 

after the criteria established in Ogden (2008, 293) (Table 3).

To evaluate PNBF and PD frequency, prevalence rates were cal-

culated. Crude prevalence rate (CPR) was found as the percent-

age of individual skeletons affected for whom an observation 

was possible. True prevalence rate (TPR) was computed as the 

percentage of bones (or, for PD, regions of the alveolus surround-

ing molars) exhibiting pathological changes where observations 

were possible (Waldron 1994).

4.3   |   Statistical Analysis: Predicting Life- Course 
Outcomes

A suite of standard statistical techniques was employed to ex-

plore relationships between factors. To be amenable to these 

procedures and mitigate against the GPA's arbitrary scaling, 

composite FA scores were log transformed and scaled so that 

they were centered about a mean of zero with a standard devia-

tion of ±1 (Grus 2015; Wigley, Stillman, and Craig- Atkins 2024, 

15). Similarly, as age estimates were positively skewed, they 

were log transformed.

Regression procedures were used to explore the relationships be-

tween stress markers and demographic variables so that the hy-

potheses relating to the Thrifty Phenotype and PAR models could 

be tested. Linear regression was employed when the response 

variable was quantitative (i.e., FA scores and age estimates) and 

binary logistic regression was employed when modeling the pres-

ence/absence of pathological lesions. Regression models were 

constructed with a stepwise selection process in which indepen-

dent variables were iteratively added and subtracted to find the 

best combination of explanatory factors (Gelman and Hill 2007). 

Given differences in prevalence rates noted in exploratory data 

analysis (below), for the purposes of modeling PNBF presence, 

later- medieval individuals from York Barbican and Warwick 

were combined into one group, while those from Black Gate and 

South Shields formed another. Similarly, when exploring which 

factors predicted PD presence, “absent” and “mild” cases were 

combined while “moderate” and “severe” lesions were grouped 

(Ogden  2008, 293); medieval sites were contrasted with post- 

medieval South Shields. The proportion of variation explained 

by models was measured through the coefficient of determina-

tion (R2); an adjusted coefficient was employed (adj. R2) for linear 

models and McFadden's pseudo- R2 was used for logistic regres-

sion (Hardin and Hilbe 2007, 60; McKillup 2012, 251–258).

5   |   Results

5.1   |   Geometric Morphometric Analyzes

Significant fluctuating asymmetry was identified in both max-

illary and mandibular M1s (Tables  4 and 5). FA accounted 

for a relatively modest proportion of morphological variation 

(circa 14%–15%) with individual differences generating most 

of the observed variation. However, the Procrustes ANOVA 

TABLE 3    |    Grading of PD after Ogden (2008, 293).

Grade Description of alveolar crest Diagnosis

x No observation possible Not applicable

0 Alveolar bone meets tooth at 

a knife- edged acute angle

No disease

1 Alveolar margin is blunt, 

flat- topped with a slight rim

Mild PD

2 Rounded and porous margin, 

with a trough 2–4 mm deep

Moderate PD

3 Ragged and porous with an 

irregular trough > 4 mm deep

Severe PD
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process revealed that variation attributable to FA was approx-

imately 26 times greater than that associated with error in the 

M1 (F = 26.411) and 35 times greater in the M1 (F = 35.943). 

Differences between replicates (i.e., intra- observer error) ac-

counted for 2.1% of variation in the M1 and 1.7% in the M1.

After individual composite FA scores were calculated, between 

group differences were evaluated. Following verification of 

underlying assumptions, an ANOVA procedure revealed that 

between- site differences in FA scores were not significant 

(F(3,212) = 2.501, p = 0.061) (Figure  1a). Similarly, although 

male scores were more variable, a Welch's t- test found no signifi-

cant differences between sexes (t = −1.4736, df = 82.22, p = 0.144) 

(Figure 1b). However, there was a pronounced significant differ-

ence between skeletally mature and immature groups, with the 

latter associated with higher FA (t = 4.963, df = 194.9, p ≤ 0.001, 

Cohen's d = 0.68) (Figure 1c).

5.2   |   Demography and Paleopathology

There was a relatively high frequency of younger individuals 

in the sample (Figure 2 and Table 6). All individuals included 

survived the early- life period, however, and the lowest age esti-

mate was 2.5 years. For older individuals, mortality appeared to 

increase after circa 40 years of age. Although there was a slightly 

higher frequency of male skeletons (n = 49) than female (n = 36), 

this was not statistically significant and there was no sex bias 

between age cohorts or sites.

It was possible to assess the presence and absence of PNBF in 

199 individuals and 1489 skeletal elements. When broken down 

and compared between cohorts (Tables  7 and 8), some clear 

trends emerged. The true prevalence of PNBF was higher in 

the later- medieval collections of Warwick (TPR = 16.1%) and 

York Barbican (TPR = 12.5%) when compared to early- medieval 

Black Gate (TPR = 7.2%) and post- medieval South Shields 

(TPR = 10.2%). There was a similar rate of PNBF between ma-

ture (CPR = 30.4%, TPR = 10.5%) and immature individuals 

(CPR = 25.8%, TPR = 10.6%). However, when PNBF was pres-

ent, there was a higher rate of individuals with active lesions 

in the immature cohort (CPR = 88.0%) compared to the mature 

(CPR = 51.6%). Similarly, there was a higher rate of bilateral cases 

among the immature individuals with PNBF (CPR = 82.4%) 

compared to mature skeletons with lesions (CPR = 69.0%).

Regarding PD, all individuals in the sample (216) could be as-

sessed and in total the alveolar regions associated with 1018 mo-

lars were observed. Again, higher frequencies of alveolar 

degeneration were seen among certain groups (Tables  9, 10, 

and 11). PD was most prevalent at South Shields (TPR = 51.5%), 

which was also the only site where the majority of skeletons 

(CPR = 58.8) had moderate- to- severe, rather than mild, signs of 

the condition. PD was relatively uncommon among immature 

skeletons (CPR = 14.4%, TPR = 10.9%). In contrast, PD was com-

mon in the mature cohort with most individuals (CPR = 73.2%) 

and molar tooth sockets (TPR = 50.2%) expressing some form of 

alveolar degeneration.

The above summarizes key findings. For further details of ex-

ploratory data analysis, refer to the Supporting Information.

5.3   |   Predicting Life- Course Outcomes: 
Mortality Risk

Investigation of within- group relationships between FA scores 

and age estimates detected a significant positive correla-

tion between age- at- death and FA in the immature cohort. 

Interpretation of regression coefficients suggests that a one- unit 

(i.e., one standard deviation; see Section  4: Methods) increase 

in FA scores predicts a 19.2% (95% CI [7.5%, 32.3%]) longer life 

within this cohort (Gelman and Hill 2007). The model, which 

explains a modest proportion of variation in estimated age- at- 

death (F(2,97) = 12.48, p ≤ 0.001, adj. R2 = 0.19), also includes PD 

(Table 12). The positive coefficient associated with this lesion, 

implies PD presence predicts a 58.4% (95% CI [16.6%, 115.1%]) 

increase in length of life.

In the regression of age- at- death in mature individuals 

(Table  13), PNBF, PD, FA scores and sex were all significant 

predictors and collectively accounted for a moderate propor-

tion of variation (F(5,55) = 11.2, p ≤ 0.001, adj. R2 = 0.46). Here, 

FA scores had a negative relationship with age- at- death, with 

a one- unit increase predicting a 13.2% (95% CI [11.6%, 32.7%]) 

reduction in length of life. The procedure predicted that males 

had lives that were 19% (95% CI [6.8%, 30.4%]) shorter than fe-

males. While the presence of PD and PNBF had positive correla-

tions with age- at- death, their significant interaction revealed 

that their co- occurrence predicts a 32.5% (95% CI [1.3%, 53.8%]) 

shorter life.

TABLE 4    |    M1 Procrustes ANOVA. FA is quantified through the 

interaction term of the procedure.

Effects df SS MS R2 F p

ind 153 3.530 0.023 0.833 5.854 0.781

side 1 0.011 0.011 0.002 2.862 0.003

ind × side 

(FA)

153 0.603 0.004 0.142 26.411 0.001

error 616 0.091 < 0.001 0.021

Total 923 4.237

TABLE 5    |    M1 Procrustes ANOVA. FA is quantified through the 

interaction term of the procedure.

Effects df SS MS R2 F p

ind 146 4.470 0.031 0.826 5.373 0.975

side 1 0.013 0.013 0.002 2.324 0.006

ind × side 

(FA)

146 0.832 0.006 0.154 35.943 0.001

error 588 0.093 < 0.001 0.017

Total 881 5.409
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5.4   |   Predicting Life- Course Outcomes: 
Inflammatory Responses

A logistic regression procedure revealed significant asso-

ciations between periosteal lesions and age, sex and site 

(χ2 = 164.36, p ≤ 0.001, McFadden's R2 = 0.71) (Table 14); there 

was no significant interaction between age and site. The 

model indicated that males, older individuals and those from 

later- medieval sites were significantly more likely to develop 

PNBF. In addition to this, although there was no significant 

difference in FA scores between individuals with and without 

PNBF (t = −0.674, df = 89.41, p = 0.502), among the individuals 

with lesions, a moderate difference between groups was de-

tected with significantly higher FA observed in skeletons with 

active compared to remodeled lesions (t = 2.052, df = 38.96, 

p = 0.047, Cohen's d = 0.55) (Figure  3a). Despite this, logistic 

regression implies that skeletal maturity explains PNBF ac-

tivity (χ2 = 9.040, p = 0.003, McFadden's R2 = 0.13) better than 

FA scores (Table  15). Similarly, FA was significantly higher 

in individuals who developed bilaterally distributed PNBF 

(t = −2.653, df = 34.61, p = 0.012, Cohen's d = −0.69) (Figure 3b) 

and, in this case, FA scores proved to be the best predictors 

in the regression model (χ2 = 6.268, p = 0.012, McFadden's 

R2 = 0.14) (Table 16). While the model only explains a modest 

proportion of variation, it implies that a one- unit increase in 

FA predicts a 2.63 (95% CI [1.07, 6.48]) times higher risk of de-

veloping bilateral periosteal lesions.

PD in contrast did not have a discernible relationship with FA 

scores and there was little to no significant difference in scores 

between individuals with and without PD (t = −0.118, df = 26.52, 

p = 0.907). Regression procedures found that age, PNBF and site 

significantly predicted PD development (χ2 = 81.541, p ≤ 0.001, 

McFadden's R2 = 0.66) (Table  17). Specifically, it emerged that 

the risk of developing moderate- to- severe PD increased with 

age and was also higher at post- medieval South Shields. Again, 

the interaction of age and site was not significant. Additionally, 

individuals with periosteal new bone formation are at a 5.11 

(95% CI [1.36, 62.6]) times greater risk of developing moderate- 

to- severe PD.

6   |   Discussion

6.1   |   Contextual Influences and Intrinsic Frailty 
Differentials

PNBF and PD prevalence rates imply that environments play 

a key role in defining later- life exposure to stressors. The sig-

nificant association between periosteal lesions and the later- 

medieval assemblages of Warwick and York Barbican could 

have several explanations. It may, for example, relate to a 

heightened prevalence of bacterial pathogens during the era 

and an impaired ability to resist them due to a series of famine 

events or, alternatively, the impact of hazardous labor practices 

and the concomitant increase in fracture risk (Harley 1958, 18; 

John 1997; Slavin 2013). In contrast, it is believed that the ele-

vated prevalence of moderate- to- severe PD in the South Shields 

sample (CPR = 58.8) relates to changes in diet (e.g., increas-

ing consumption of sugar) and the advent of tobacco- smoking 

during the post- medieval period, both of which promoted poor 

FIGURE 1    |    A comparison of FA scores between the sites of Black Gate (BG), South Shields (SS), Warwick (WS) and York Barbican (YB) (a), sexes 

(b), and skeletally immature and mature groups (c).

FIGURE 2    |    The age distribution of the sample.
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oral health and alveolar degeneration (Davies- Barrett and 

Inskip 2024; Gaskell 1836, 118–119; Lockhart et al. 2012; 2536; 

Newman 2016, 60; Palubeckaite et al. 2006, 362).

Intrinsic differentials in frailty also shaped morbidity and 

mortality risk. The positive correlations identified through re-

gressions tests between age and both PNBF and PD presence 

demonstrates that the longer an individual is exposed to a dele-

terious environment, the greater the chance of being affected by 

stressors that provoke degenerative skeletal changes. Regression 

procedures also revealed that males were significantly more 

likely to develop periosteal lesions and were predicted to live 19% 

(95% CI [6.8%, 30.4%]) shorter lives than females. These findings 

imply that as individuals become older resilience diminishes 

and reiterate well- established sex differentials in morbidity and 

mortality (DeWitte 2010; Stinson 1985). Together they suggest 

that intrinsic frailty (i.e., due to age or sex) influences the impact 

of contextually defined stressors.

6.2   |   FA, Inflammatory Lesions and Mortality

The GM assessment of M1 occlusal FA is a reliable and an in-

terrogatively useful approach (Wigley, Stillman, and Craig- 

Atkins  2024). It was found that intra- observer error only 

accounted for a marginal proportion of overall variation (2.1% in 

the M1 and 1.7% in the M1) and variation due to FA was between 

26 and 35 times greater than error. This is crucial as fluctuating 

asymmetry is a subtle marker of stress and is easily obscured by 

recorder inconsistency. Moreover, the level of error is compara-

ble with recent research, such as McPherson et al.  (2024) who 

TABLE 6    |    A tabular summary of mortality in the overall sample as well as for each site.

Age categories BG SS WS YB Combined

2.5–5 7 (9.9%) 4 (16.7%) 1 (4.0%) 7 (11.1%) 19 (10.4%)

5.1–10 10 (14.1%) 2 (8.3%) 13 (52.0%) 6 (9.5%) 31 (16.9%)

10.1–15 11 (15.5%) 3 (12.5%) 5 (20.0%) 6 (9.5%) 25 (13.7%)

15.1–20 7 (9.9%) 5 (20.8%) 2 (8.0%) 16 (25.4%) 30 (16.4%)

20.1–25 10 (14.1%) 0 (0.0%) 1 (4.0%) 8 (12.7%) 19 (10.4%)

25.1–30 6 (8.5%) 1 (4.2%) 0 (0.0%) 1 (1.6%) 8 (4.4%)

30.1–35 4 (5.6%) 0 (0.0%) 0 (0.0%) 1 (1.6%) 5 (2.7%)

35.1–40 4 (5.6%) 1 (4.2%) 0 (0.0%) 2 (3.2%) 7 (3.8%)

40.1–45 3 (4.2%) 2 (8.3%) 0 (0.0%) 3 (4.8%) 8 (4.3%)

45.1–50 3 (4.2%) 1 (4.2%) 1 (4.0%) 2 (3.2%) 7 (4.4%)

50.1–55 4 (5.6%) 1 (4.2%) 0 (0.0%) 4 (6.4%) 9 (4.9%)

55.1–60 1 (1.4%) 3 (12.5%) 1 (4.0%) 5 (7.9%) 10 (5.5%)

60.1–65 0 (0.0%) 1 (4.2%) 1 (4.0%) 0 (0.0%) 2 (1.1%)

65.1–70 0 (0.0%) 0 (0.0%) 0 (0.0%) 0 (0.0%) 0 (0.0%)

70.1–75 1 (1.4%) 0 (0.0%) 0 (0.0%) 1 (1.6%) 2 (1.1%)

75.1–80 0 (0.0%) 0 (0.0%) 0 (0.0%) 0 (0.0%) 0 (0.0%)

80.1–85 0 (0.0%) 0 (0.0%) 0 (0.0%) 0 (0.0%) 0 (0.0%)

85.1–90 0 (0.0%) 0 (0.0%) 0 (0.0%) 0 (0.0%) 0 (0.0%)

> 90 0 (0.0%) 0 (0.0%) 0 (0.0%) 1 (1.6%) 1 (0.5%)

Total 71 24 25 63 183

TABLE 7    |    PNBF prevalence at each site. In brackets, the number 

of individuals/bones with PNBF is contrasted to the total number of 

individuals/bones.

Site CPR of PNBF presence

TPR of PNBF 

presence

BG 19.2% (15/78) 7.2% (49/641)

SS 25.0% (7/28) 10.2% (18/177)

WS 24.0% (6/25) 16.1% (27/168)

YB 41.2% (28/68) 12.5% (63/503)

TABLE 8    |    The crude prevalence of active and bilateral PNBF among 

skeletally mature and immature individuals with lesions.

Maturity

CPR of active 

PNBF

CPR of bilateral 

PNBF

Immature 88.0% (22/25) 82.4% (14/17)

Mature 51.6% (16/31) 69.0% (20/29)
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reported an intra- observer error rate of 1.8% in deciduous dental 

FA. Regarding the utility of the approach, the most illuminating 

findings came from within- group analyzes of estimated age- at- 

death which included individual FA scores in conjunction with 

inflammatory lesions.

Within the immature cohort, age- at- death had a significant 

positive correlation with FA scores and PD presence. To il-

lustrate, a one unit increase in FA predicted a 19.2% (95% CI 

[7.5%, 32.3%]) longer life. As FA and dental defects are gener-

ally associated with elevated morbidity and mortality risk (e.g., 

Dewitte and Wood 2008; Temple 2014; Yaussy 2024) and PD is 

a pathological condition (Caruso and Nikita 2024, 13; DeWitte 

and Bekvalac  2010; Larsen  1997, 77; Ogden  2008), this was 

unexpected. It does, however, suggest that stressors can be linked 

to positive outcomes (i.e., a longer life). As M1 FA is a proxy for 

early- life stress, it is proposed that for those individuals who 

survived early life, perturbations experienced during this period 

of elevated plasticity were critical in shaping phenotypic shifts 

which enhanced survivorship during later development (i.e., in 

childhood and adolescence). The positive contribution made by 

PD presence to the regression model is more challenging to in-

terpret. It is not inconsistent with clinical research which has 

suggested that inflammatory responses, while eventually delete-

rious, can initially be helpful in containing the spread of pertur-

bations to health such as bacterial and viral pathogens (Gustine 

and Jones  2021; Oishi and Manabe  2018; Tan, Komarasamy, 

and Balasubramaniam 2021; Zietek and Rath 2016). However, it 

could also reflect the fact that periodontal lesions are more likely 

to occur as individuals become older, as shown by the regression 

of lesion presence on age estimates and other factors.

Quite different results were detected in the regression of age- 

at- death in the mature group. It was found that a one unit in-

crease in FA scores predicts a substantial reduction in length 

of life (i.e., by 13.2% (95% CI [11.6%, 32.7%])), implicating 

early- life stress in increased mortality risk during later- life for 

individuals that survived into maturity. That is, stressors ex-

perienced during early life appear to be associated with het-

erogeneity in frailty. While this appears to be at odds with the 

pattern identified in the immature cohort, it does align with 

past research. For example, Yaussy  (2024) found that higher 

craniofacial FA (another marker of developmental stress) was 

associated with earlier age- at- death in adults (i.e., skeletally 

mature individuals for whom sex could be estimated). It was 

also noted here that the combined presence of PNBF and PD 

in mature individuals predicts a shorter life (i.e., by 32.5% (95% 

CI [1.3%, 53.8%])). Again, while this seemingly contradicts 

the results of analyzes conducted on the immature group, it 

is congruent with the supposition that elevated systemic in-

flammation, being energetically costly and disruptive to nor-

mal somatic functioning, is ultimately harmful (Gustine and 

Jones  2021; Tan, Komarasamy, and Balasubramaniam  2021; 

Wells 2016, 141–142).

Thus far, it has been proposed that for individuals who survive 

past early life, stress experienced in this period is implicated 

in phenotypic programming that initially promotes resilience 

during subsequent development. The significantly higher 

FA scores among the immature cohort (t = 4.963, df = 194.9, 

p ≤ 0.001, Cohen's d = 0.68) as well as the negative coefficient 

associated with FA scores in the regression of age in the ma-

ture cohort do, however, strongly suggest that, despite possi-

ble immediate/short- term benefits (discussed below), elevated 

TABLE 10    |    Severity of lesions in skeletons with PD.

Site

PD mild 

(CPR)

PD 

moderate 

(CPR)

PD 

severe 

(CPR) Total

BG 33 (86.8%) 5 (13.2%) 0 (0.0%) 38

SS 7 (41.2%) 9 (52.9%) 1 (5.9%) 17

WS 9 (81.8%) 2 (18.2%) 0 (0.0%) 11

YB 27 (87.1%) 3 (9.7%) 1 (3.2%) 31

TABLE 11    |    PD prevalence in skeletally mature and immature 

cohorts. In brackets, the number of individuals/molar sockets with PD 

is contrasted to the total number of individuals/molar sockets observed.

Maturity CPR of PD TPR of PD

Immature 14.4% (15/104) 10.9% (37/341)

Mature 73.2% (82/112) 50.2% (340/677)

TABLE 12    |    Linear regression (n = 100) of log transformed estimated age- at- death in skeletally immature individuals on significant predictors 

(F(2,97) = 12.48, p ≤ 0.001, adj. R2 = 0.19).

Coefficient 95% CI Std. error t p

Constant 2.095 1.978, 2.212 0.059 35.66 < 0.001

M1 FA score 0.176 0.072, 0.279 0.052 3.379 0.001

PD (present) 0.460 0.156, 0.764 0.153 3.002 0.003

TABLE 9    |    PD prevalence at each site. In brackets, the number of 

individuals/molar sockets with PD is contrasted to the total number of 

individuals/molar sockets observed.

Site CPR of PD presence

TPR of PD 

presence

BG 45.2% (38/84) 34.1% (117/343)

SS 51.5% (17/33) 51.5% (87/169)

WS 37.9% (11/29) 40.0% (48/120)

YB 44.3% (31/70) 32.4% (125/386)
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early- life stress is associated with increased mortality risk 

and variation in frailty for mature individuals. Similarly, the 

higher prevalence of active (CPR = 88.0%) and bilateral PNBF 

(CPR = 82.4%) among the immature individuals with PNBF 

implies that unresolved and diffuse inflammation are linked 

to reduced survivorship. These findings generate a complex 

picture of the interactions between early- life stress, physiolog-

ical phenotype, and mortality risk.

6.3   |   Shifts in Physiological Phenotype?

Further connections can be drawn between FA and inflam-

matory lesions. Specifically, FA scores were significant predic-

tors of whether periosteal lesions had a unilateral or bilateral 

distribution ( χ2 = 6.268, p = 0.012, McFadden's R2 = 0.14) with 

the latter lesions associated with significantly higher FA 

(t = −2.653, df = 34.61, p = 0.012). Significantly higher FA 

scores were also observed among individuals with active 

PNBF (t = 2.052, df = 38.96, p = 0.047), although this was com-

plicated by the greater frequency of immature skeletons with 

active lesions due to their generally elevated M1 FA. Based on 

these findings, it is suggested that heightened early- life stress 

increases the chances of developing systemic inflammation 

which either took longer to resolve or was less likely to do so in 

response to later- life perturbations. Given periosteal lesions, 

especially when diffuse and symmetrically distributed, are 

frequently associated with an inflammatory response to infec-

tion (Roberts and Buikstra 2019; Roberts 2019; Weston 2008, 

49), the results of this project may implicate early- life stress in 

reduced immune competence.

As a counterpoint to this interpretation, it might be argued 

that connections between FA and PNBF evidence a predis-

posed frailty across the life- course and the impact that has on 

the likelihood of manifesting stressors skeletally, rather than 

the influence of stressors endured earlier in life on later expe-

rience (DeWitte  2010, 8; DeWitte and Stojanowski  2015, 399; 

Vaupel 1988, 277; Wood et al. 1992, 357). Although that is per-

haps the most parsimonious explanation, experimental and 

clinical research implies it is not the most probable. It has been 

demonstrated that exposure to a physiological stressor can lead 

to systemic changes. This may include a shift in physiological 

phenotype which increases the chances of later developing a 

suite of inflammatory lesions, as well as more aggressive and 

diffuse inflammatory responses (e.g., Crespo et  al.  2016; Tan, 

Komarasamy, and Balasubramaniam  2021). Associations be-

tween early- life stress and inflammation might also be ques-

tioned due to the absence of a discernible comorbidity between 

FA and PD. Possibly due to the localized nature of periodontal 

disease, its development is more dependent upon dietary factors 

and oral health than systemic changes in physiology (Caruso and 

Nikita 2024, 13; Davies- Barrett and Inskip 2024; Larsen 1997, 

77). Alternatively, the method employed to assess PD here may 

not have been optimal and poorly captured in vivo disease man-

ifestation, potentially obscuring links between FA and PD (Bertl 

et al. 2020; Ogden 2008).

Although the evidence must be treated cautiously, plausible 

links between skeletal proxies for early- life stress (i.e., M1 FA) 

and aggressive and/or systemic inflammatory responses (i.e., 

active and bilateral PNBF) in later- life have been identified. It 

appears that while contextual factors are important in deter-

mining exposure to risk factors (e.g., infectious agents) that 

lead to skeletal inflammation, early- life stress likely impacts the 

characteristics of inflammatory responses to later- life perturba-

tions. Stressors experienced during the critical early- life period 

are therefore implicated in durable physiological shifts, specif-

ically the development of a “hyperinflammatory” physiology 

in which aggressive inflammation is more common (e.g., Tan, 

Komarasamy, and Balasubramaniam 2021, 3). It is doubted that 

such a shift is beneficial in the long term, as is evident from the 

TABLE 13    |    Linear regression (n = 61) of log transformed estimated age- at- death in skeletally mature individuals on significant predictors 

(F(5,55) = 11.2, p ≤ 0.001, adj. R2 = 0.46).

Coefficient 95% CI Std. error t p

Constant 3.145 2.929, 3.361 0.108 29.154 < 0.001

PNBF (present) 0.640 0.304, 0.977 0.168 3.811 < 0.001

PD (present) 0.588 0.356, 0.819 0.116 5.089 < 0.001

M1 FA score −0.154 −0.253, −0.056 0.049 −3.140 0.003

Sex (male) −0.216 −0.363, −0.069 0.073 −2.944 0.005

PNBF × PD −0.393 −0.774, −0.011 0.190 −2.063 0.044

TABLE 14    |    Logistic regression (n = 66) of PNBF absence (0) and presence (1) on age and site (χ2 = 164.36, p ≤ 0.001, McFadden's R2 = 0.71).

Coefficient 95% CI Std. error z p

Constant −5.577 −9.089, −2.872 1.565 −3.564 < 0.001

Age 0.067 0.023, 0.121 0.025 2.726 0.006

Sex (male) 2.079 0.689, 3.758 0.772 2.693 0.007

Site (YB & WS) 1.627 0.383, 3.047 0.669 2.432 0.015
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prediction of a reduced length of life for mature individuals with 

the combined presence of PNBF and PD. However, research 

demonstrates inflammation elicits a mix of outcomes (Gustine 

and Jones 2021; Oishi and Manabe 2018; Zietek and Rath 2016). 

Tan, Komarasamy, and Balasubramaniam (2021), for example, 

reported that while in the long- term stimulation of multiple in-

flammatory pathways increases the risk of tissue damage and 

multi- organ failure, it can initially contain pathogen spread and 

enhance survivorship.

6.4   |   Adaptive Significance of Stress- Induced 
Variation

The results presented here have clear implications regarding 

the adaptive importance of stress- induced phenotypic shifts. 

Developmental stress appears to provoke phenotypic alterations 

(possibly shifts in inflammatory response) which enhance the 

likelihood of survival during immaturity at the expense of later- 

life outcomes in morbidity and mortality.

FIGURE 3    |    A comparison of FA scores between individuals with active versus remodeled lesions (a) and unilaterally and bilaterally distributed 

PNBF (b).

TABLE 15    |    Logistic regression (n = 56) of PNBF activity—that is, whether lesions were active (0) or healed (1)—on skeletal maturity (χ2 = 9.040, 

p = 0.003, McFadden's R2 = 0.13).

Coefficient 95% CI Std. error z p

Constant −1.992 −3.433, −0.933 0.616 −3.237 0.001

Maturity (mature) 1.928 0.636, 3.508 0.713 2.705 0.007

TABLE 16    |    Logistic regression (n = 43) of PNBF distribution—that is, whether lesions were unilaterally (0) or bilaterally (1) expressed—on FA 

scores (χ2 = 6.268, p = 0.012, McFadden's R2 = 0.14).

Coefficient 95% CI Std. error z p

Constant 1.534 0.724, 2.610 0.463 3.313 < 0.001

M1 FA score 0.967 0.190, 2.010 0.451 2.144 0.032

TABLE 17    |    Logistic regression (n = 171) of PD presence on significant predictors when absent and mild cases were grouped together (0) and 

moderate and severe cases combined (1) (χ2 = 81.541, p ≤ 0.001, McFadden's R2 = 0.66).

Coefficient 95% CI Std. error z p

Constant −8.421 −12.722, −5.662 1.743 −4.831 < 0.001

Age 0.099 0.056, 0.159 0.026 3.808 < 0.001

PNBF (present) 2.221 0.506, 4.389 0.958 2.319 0.020

Site (SS) 4.364 2.362, 7.151 1.180 3.698 < 0.001
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It could be argued that the pattern of life- course experiences/

outcomes identified here represent a Predictive Adaptive 

Response with a mismatch between developmental and later- 

life environment. Environmental mismatches result from faulty 

“forecasts” of conditions. Somatic plasticity decreases following 

early life, leaving individuals insufficiently flexible to re- adapt. 

Mismatches in early and later- life conditions can therefore ren-

der maladaptive a formerly beneficial PAR (Bateson et al. 2004; 

Bateson, Gluckman, and Hanson 2014). Thus, the paradoxical 

positive correlation between M1 FA scores and immature age- 

at- death, but the higher scores observed among this cohort in 

comparison to the mature group, may be accounted for by un-

expected environmental changes diminishing the value of un-

modifiable shifts in phenotype. It can, however, be questioned 

to what extent PARs, which rely on an accurate long- range fore-

cast of conditions (Bateson, Gluckman, and Hanson 2014, 2358; 

Wells 2010, 4), are beneficial for human populations. Humans 

habitually manipulate and alter environments in processes of 

construction and reconstruction, and the value of long- term 

predictive adaptations is doubted (Fuentes, Wyczalkowski, 

and MacKinnon  2010; Lu et  al.  2019; Prince- Buitenhuys and 

Bartelink 2021; Wells 2012, 232).

Instead, we argue the findings and the interpretations presented 

here more naturally align with the Thrifty Phenotype hypothe-

sis. Hypothesis 1 (see Section 2: Background) predicted M1 FA 

would be linked to patterns in stress- marker prevalence and/or 

age- at- death that implied shifts in phenotype which were ini-

tially adaptive would be later associated with increased morbid-

ity and/or earlier age- at- death. This articulated the expectations 

of the Thrifty Phenotype hypothesis which proposes that the 

allocation of somatic resources during development promotes 

immediate/short- term survival. Where resources are scarce this 

comes at the expense of constrained investment in other physi-

ological systems and dysregulation in later- life, increasing mor-

bidity and mortality risk (e.g., Hales and Barker 2013; Pomeroy 

et al. 2012). The Thrifty Phenotype hypothesis is highly consis-

tent with the supposition advocated here: that early- life stress 

(inferred through M1 FA scores) was associated with both en-

hanced survivorship during development (i.e., whilst skeletally 

immature), but also with later pathological inflammation and 

shorter length of life. Such an outcome is likely adaptive in harsh 

environments, such as those experienced by the historical pop-

ulations sampled here, where access to nutritional resources is 

unreliable (e.g., due to famine or seasonal availability) and dis-

ease burden is high. In such conditions, relatively few individu-

als reach old age, regardless of how well physiological systems 

are regulated and maintained for long- term functioning. The 

chances of achieving success from an evolutionary perspective 

(i.e., producing offspring) are therefore maximized by investing 

resources in robust responses to immediate physiological per-

turbations (e.g., through hyperinflammatory responses) to in-

crease the likelihood attaining somatic maturity, even if that is 

at the expense of increased later- life morbidity and mortality risk 

(Ellis and Del Guidice 2019, 116; Metcalfe and Monaghan 2001, 

257; Wells 2016, 131–144).

Returning to the question posed at the beginning of the paper, 

it appears that adverse experiences which are not immediately 

fatal may in fact encourage adaptations that are beneficial. 

These phenotypic alterations are, however, seemingly only 

adaptive in the short- term and likely have a deleterious impact 

on future morbidity and length of life. So, it may be more accu-

rate to rephrase the popular saying to something along the lines 

of “What doesn't kill you makes you stronger for a while, but you 

pay for it later.”

6.5   |   Sampling Considerations and Further 
Research

The skeletons analyzed here were drawn from different col-

lections. This enhanced sample size and statistical power. 

However, it could have introduced variation into the analy-

sis that distorted results, especially when exploring mortality 

patterns and lesions that are age- progressive. Despite this, the 

results of age estimation suggested the overall sample and the 

subsets drawn from each collection broadly approximated a typ-

ical pre- modern living population with an attritional mortality 

profile (Chamberlain 2000; Gowland and Chamberlain 2005, 

146). This is congruent with previous analyzes involving com-

plete assemblages (e.g., Mahoney Swales  2019; McIntyre and 

Bruce 2010; Raynor, McCarthy, and Clough 2011). Moreover, 

the interaction of site and age was not significant in the logis-

tic regression procedures employed to predict PNBF and PD 

presence, suggesting that analyzes had not been confounded 

by differences in the proportion of younger/older individuals at 

each site and the age- progressive nature of these pathologies. 

The trends of mortality identified in this paper are unlikely 

to be influenced by catastrophic events and inferences drawn 

from analyzes are likely applicable to other samples and living 

populations.

Due to the methodology employed certain age- related biases 

were identified. As M1s do not erupt until approximately the 

sixth year of life and sampling did not involve invasive and 

destructive techniques to remove unerupted teeth from the al-

veolar processes, relatively few infants and younger children 

were assessed (i.e., only those with M1s freed from alveolar 

crypts by post- mortem breakage). It is not believed that FA 

had yet to manifest in any of these individuals as the young-

est age estimate (2.5 years) is beyond the point at which the 

spatial patterning of M1 occlusal features is fixed through 

the mineralization of developmental signaling centers (i.e., 

around the end of the first postnatal year). Moreover, the max-

imal diameter (i.e., the occlusal outline) of a tooth is approxi-

mately one- third to halfway between the occlusal surface and 

the cemento- enamel junction (Benazzi et  al.  2011, 349). As 

this region mineralizes by the end of the second postnatal year 

(Reid and Dean 2006, 334), the M1s of even the youngest indi-

vidual were sufficiently well- developed for the outline analy-

sis employed here (Wigley, Stillman, and Craig- Atkins 2024). 

Conversely, as skeletons were selected based on the availabil-

ity of two observable and relatively unworn antimeric M1s, 

the oldest individuals are likely underrepresented due to 

age- progressive factors such as dental wear and ante- mortem 

tooth loss. In fact, only five individuals were associated with 

age estimates > 60 years. Potentially this may have obscured 

patterns in mortality.

Finally, despite the substantial disparities in social, cultural, 

and economic conditions associated with each assemblage, 
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between- site differences in FA scores were not statistically 

significant (F(3,212) = 2.501, p = 0.061). Moreover, well- 

established differentials in frailty were not observed when 

FA was contrasted between sexes (t = −1.4736, df = 82.22, 

p = 0.144). Given that offspring are maternally- dependent 

during early- life, it is proposed that external stressors and in-

trinsic differentials were mitigated during this critical period. 

Variation in M1 FA scores may therefore reflect differences 

in maternal condition and offer an opportunity for further re-

search to explore inter- generational health in past populations 

(Wigley, Stillman, and Craig- Atkins 2024).

7   |   Conclusion

This paper has tested the theoretical expectations associated with 

the Thrifty Phenotype and Predictive Adaptive Response hy-

potheses (e.g., Bateson, Gluckman, and Hanson 2014; Hales and 

Barker  2013). Four main findings can be drawn from the data. 

First, environmental factors play an important role in stress ex-

posure and responses to stressors can be mitigated or magnified 

by age and sex differentials in frailty. Second, a contradictory re-

lationship between early- life stress, inflammation, and mortality 

risk was identified. Potentially, for those individuals who survived 

early life, elevated early- life stress and a predisposition towards 

aggressive and systemic inflammatory responses initially promote 

survival, but in the long run are associated with increased frailty 

and mortality risk. Third, it is proposed that early- life stress con-

tributes to durable shifts in physiology and influences the devel-

opment of a hyperinflammatory physiology in later- life. Finally, 

these findings, while not entirely inconsistent with the expecta-

tions of the PAR model, align better with Hales and Barker's (1992, 

2001, 2013) Thrifty Phenotype hypothesis. This posits that stress- 

induced phenotypic alterations eventually lead to increased mor-

bidity and mortality risk which, while not definitive, can have a 

substantial impact on life- course outcomes.
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