
ABSTRACT 

 

HALE, AMANDA RENEE. Nutritional Implications in 19
th

 Century Portugal: A LEH Study 

of Frequency and Duration. (Under the direction of Dr. Ann H. Ross, Dr. D. Troy Case, Dr. 

Eugénia Cunha, Dr. Arnab Maity, and Dr. Scott M. Fitzpatrick). 

 

Linear enamel hypoplasia (LEH) has frequently been used to infer general health 

conditions in past populations. This study documents LEH presence to infer and compare the 

quality of life between temporally similar rural and urban populations from late 19
th

 – early 

20
th

 century Portugal.  Due to the effects of urbanization, an increase in LEH is expected in 

the urban sample.  Data were collected from the Coimbra identified collection and the new 

Lisbon collection.  These data is compared to the Oloriz collection from Spain. Prevalence of 

LEH was documented by counting the frequency of LEH in each tooth class.  Measurements 

of each hypoplasia were taken to calculate the percentage of enamel affected as a total 

hypoplastic area variable for each tooth.  Craniometric data from each population were also 

utilized to calculate Fst values to establish genetic affiliation.  Fst values suggest a close 

relationship with the expected variation between the Lisbon and Coimbra collections 

(Fst=0.038).  However, the Lisbon and Oloriz collection exhibited the closest relationship 

(Fst=0.022) of all three samples.  Independent t-tests were performed to compare the LEH 

frequencies and the total hypoplastic area. The frequency comparison for central incisors (p-

value = 0.001) suggests there is a significant difference between the groups.  The sample 

comparison using total hypoplastic area (p-value = <0.0001) also indicates there is a 

significant difference between the two populations.  For both frequency and hypoplastic area 

methods, there were no significant sex differences found within and between each sample.  



However, age differences were detected for the central incisor and canine in both groups.  

MANCOVA was used to assess the differences in both method used and both found 

significant population differences between Lisbon and Coimbra (Wilk’s Lambda = 0.0047, 

0.0023).  These results suggest that using total hypoplastic area may not be a more sensitive 

parameter than frequency alone.  However, a bias was found in the distribution of LEH 

within each tooth that may indicate the width differences in LEH may be due to the 

developmental nature of the enamel matrix and not indicative of stress episodes.  The 

methods employed in this study as well as the use of identified collections illustrates the need 

to detect more sensitive parameters used in future LEH studies.  Also, this study can 

contribute to our understanding of European dynamics during this time period.  
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INTRODUCTION 

Linear enamel hypoplasia (LEH) has frequently been used to infer health and 

nutrition within and between prehistoric and historic populations (Cucina 2002, King et al. 

2005, Larsen 2010, Lewis 2002, Malville 1997, and Paluebeckaite et al. 2002).  LEH results 

from disruptions in enamel secretion due to environmental stressors that occur during 

development (Goodman and Rose 1990).  The hypoplastic events can be measured to infer 

general health conditions and are useful indicators since teeth are preserved more readily 

than other skeletal elements.  The dentition has also been shown to be more resistant to stress 

than other skeletal features.  As a result, LEH can provide a more conservative estimate of 

population health than skeletal indicators (Cardoso 2007).  While LEH is not indicative of a 

specific stressor, it varies in frequency and pattern giving an overall view of population 

health within and between populations (Cucina 2002). 

Linear enamel hypoplasia (LEH) has been useful in interpreting stress in past 

populations because of many characteristics unique to enamel.  The most relevant 

characteristic is the inability of enamel to remodel after deposition (Goodman and Rose 

1990).  This inability causes LEH to be visible throughout life.  Other characteristics include 

its ring-like regular structure (Sarnat 1940).  This nature provides a visible, chronological 

record of stress that occurred during tooth crown formation (Goodman and Armelagos 1985, 

Goodman and Rose 1990).  Their visibility in the archaeological record has allowed for their 

utility in understanding stress and disease in past populations. 

LEH results from systemic perturbations during enamel secretion; thus, it can be used 

as a non-specific indicator of stress.  Enamel secretion is performed by ameloblasts, which 
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are epithelium cells derived from inner enamel epithelium found at the dentin enamel 

junction (DEJ).  Ameloblasts lay enamel in a ring-like formation around the DEJ and once 

established cannot be remodeled.  These characteristics of LEH suggest that physiological 

stressors weaken ameloblast secretion resulting in the decrease of enamel thickness, which 

becomes a permanent defect on the tooth surface (Goodman and Rose 1990).  These defects 

are typically identified as horizontal lines on the enamel surface with a gradually sloping or 

trough-like appearance (King et al. 2002). 

    Age of onset can be useful in confirming presence of LEH as well, because LEH 

can be correlated on more than one tooth within a developmental field.  This characteristic of 

LEH is an important concern for data collection because correlating episodes of LEH within 

a developmental field ensures accurate assessment of a LEH event rather than an inflicted 

trauma (King et al 2005).  The drawback to attempting LEH lesion correlation for accuracy 

comes from levels of preservation and wear because the same teeth from each individual 

must be chosen for study due to their differential susceptibility to stress and timing in 

formation and enamel development (Cucina 2002).  Also, hidden hypoplastic defects in 

molars can obscure correlation among tooth classes (King et al. 2005).   Preservation can 

limit the types of dentition chosen and the ability to confirm LEH between multiple teeth in 

one individual, which can lower the accuracy of a study.   

Many different approaches have been used in understanding the relationship between 

LEH prevalence and human lifeways.  These include determining frequency of hypoplastic 

events, temporal interval between events, earliest age of occurrence, and periodicity of 

events.  These parameters have been used to understand relationships within and between 
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populations.  The parameters have also been used to examine a possible relationship between 

enamel defects and age at death (King et al. 2005).  In addition, these data can be used to 

understand sex and age divisions with regard to differential access to resources.  The ability 

to measure differences in the incidence of LEH can allow for inferences about 

socioeconomic status within a population, particularly in reference to sex and age divisions.  

LEH frequency can also indicate the disease susceptibility of a population when combined 

with knowledge of population densities and subsistence practices.  The severity of LEH will 

vary according to environmental and cultural factors and this characteristic allows for these 

types of inferences (Cucina 2002).  Thus, LEH can be used to examine the quality of life 

within and between populations, which is the focus of this study. 

This study documents LEH presence and duration to infer and compare the quality of 

life between temporally similar rural and urban populations from Portugal.  Skeletal data, 

such as LEH, can represent economic effects within a population through the appearance of 

biologically and culturally induced traits.  LEH is one trait that provides a reliable document 

of childhood physiological stress, which can be observed in juveniles and adults following 

dental eruption (Steckel 2003).  LEH can vary in frequency, duration, and age of occurrence 

within and between populations allowing for comparison, in some cases utilizing the 

different manifestations of LEH rather than solely its presence.  This should be emphasized 

as studies have shown both rural and urban European populations experienced stressful 

development during the 19
th

 century.  However, their responses have differed across 

populations in terms of severity and age of occurrence illustrating differences in overall 

health between both types of populations (Cucina 2002, Lewis 2002).  Interestingly, the 
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Iberian Peninsula has been found to deviate from the traditional 19
th

 century European 

findings.  Ubelaker et al. (2009) found only 2.3% of individuals affected by LEH in a 19
th

 

century Spanish population, while King et al. (2005) found 100% of individuals affected by 

LEH in two 18
th

-19
th

 century English populations. 

It is hypothesized that 19
th

 century Portuguese  rural and urban populations will show 

similar frequencies of hypoplastic events due to dependence on maize and wheat subsistence 

and the widespread access to refined sugar by this time period (Wasterlain et al. 2009, cf. 

Galloway 2000).  However, differential diets may affect these two populations.  The rural 

population was more dependent on maize and domestic animal consumption while the urban 

population was more dependent on wheat imports and marine diets due to location.  These 

affect the development of LEH in different ways.  Maize has a low nutritional benefit, 

particularly, during development, while wheat consumption is more nutritional.  However, 

urbanization would have increased sedentism and exposure to disease.  This should be 

indicated by increased duration of LEH episodes within the urban population relative to the 

more rural population. 
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REVIEW OF THE LITERATURE 

  

I. Enamel Development 

 

 Growing dental structures, particularly enamel and dentin, provide permanent records 

of normal fluctuations and pathological disturbances of metabolism.  Due to their regular 

growth pattern in a knowable periodicity they provide easily interpreted markers (Sarnat and 

Schour 1941).  Enamel is also the hardest tissue in the human body comprised of 96% 

inorganic hydroxyapatite with less than one percent organic material (Goodman and Rose 

1990, Hillson 1996, Hillson 2005).  This resilience allows for the increased preservation of 

teeth in the archaeological record, but this specialization also makes the tissue more sensitive 

to environmental perturbations (Goodman and Armelagos 1985, Cardoso 2007). 

Enamel is formed sequentially from an interaction between ectodermal and 

mesenchymal tissue approximately starting during the 6
th

 week in utero and continues to 

approximately the eight year of development, excluding the third molar (Goodman and Rose 

1990).  The regularity of enamel formation during this developmental period also allows the 

stage of enamel development to be used in determining chronological age due to a 

measurable periodicity for each stage of amelogenesis (Reid and Dean 2006).  Enamel 

formation, or amelogenesis, begins when the cells of the inner enamel epithelium 

differentiate into ameloblasts and line up along the dentin-enamel junction.  Amelogenesis 

takes place in two stages called matrix production and maturation (Hillson 2005).  The 

odontoblasts responsible for dentin formation stimulate the ameloblasts to begin secretion of 

the enamel matrix (Slavkin et al 1984).  The secreted enamel matrix contains only one-third 
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mineral with the other two-thirds comprised of protein and water, which is removed during 

the maturation process (Hillson 2005).   

The resulting enamel matrix consists of the outer tooth crown and the underlying 

structures known as striae of Retzius (Hillson 1996, cf. Retzius 1836).  Striae of Retzius 

differ in spacing increments between tooth types as well, which suggest differential 

susceptibility during development (Hillson and Bond 1997).  The striae are more visible in 

developmental defects such as LEH (Hillson 2005).  There are three different enamel 

prismatic patterns of striae of Retzius that influence the overlaying enamel crown surface 

(Hillson 1996).  These differences between tooth types are in part determined by the 

geometry of the tooth crown due to differences in angles between incisors, canines, and 

molars (Hillson 1996).  The differences between the incisor and molar geometry are 

illustrated in Figure 2.1. 

     
 

 

Figure 2.1. Diagram representations of tooth crown growth.  Shaded areas of tooth represents  

appositional enamel.  (A) Represents crown growth in permanent upper central incisor.  (B) Represents 

crown growth in lower second molar (Hillson and Bond 1997). 
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The process of enamel secretion begins at the occlusal surfaces of the tooth crown 

following odontoblastic formation of dentin.  Following enamel deposition, calcification of 

the enamel matrix begins and shape changes in the enamel are affected by the types of 

ameloblasts responsible for secretion including tall and short, ruffle-bordered cells (Reith and 

Cotty 1967).  The record of enamel deposition is visible on the surface of an unworn tooth 

crown and its formation pattern is recorded by sequences of regularly spaced grooves known 

as perikymata (Hillson and Bond 1997).  There are three main types of perikymata, or 

imbrication lines.  The occlusal type is viewed as broad, shallow waves with smooth 

transitions between ameloblasts enamel deposition.  The mid-crown type still contain wave 

impressions, however, there is a sharp delineation between the grooves.  The cervical type 

appears more as imbrication lines with sharp grooves between the ridges of enamel matrix 

giving an overlapping sheet appearance (Hillson 1996, Hillson and Bond 1997).  These 

differences result in a variation in susceptibility among tooth types, but also within teeth as 

well.  

Overall, the sequence of enamel development allow for a pronounced susceptibility to 

stress induced defects during this critical period.  The most common indicator of stress is  

enamel hypoplasias, but hypocalcifications can also occur during the maturation period.  The 

unique composition of enamel allows for these defects to be visible throughout life and 

through time as well (Hillson 2005).  This visibility is owed to the inorganic composition of 

enamel and its inability to remodel after its development, which is unlike other hard tissues 

(Cardoso 2007, Conceição and Cardoso 2011).   
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II. Features of LEH 

LEH Characteristics 

 Enamel hypoplasia is defined as a deficiency in enamel thickness that disrupts the 

contour of the crown surface (Hillson 1996).  Enamel hypoplasias are seen as a recorded 

history of systemic disturbances resulting from a temporary cessation of ameloblastic activity 

(Sarnat and Schour 1941).  Massler et al. (1941) show these are permanent records of 

physiologic or pathologic changes in metabolism within an organism.  Enamel hypoplasias 

are typically associated with abnormal changes in histology such as accentuated striae of 

Rezius or “Wilson” bands.  However, these histological abnormalities do not always manifest 

as surface depressions suggesting they do not always result from physiological perturbations 

(Goodman and Rose 1990, King et al. 2005).  

 LEH is a form of enamel hypoplasia that is associated with developmental 

disturbances (Commission on Oral Health 1982, Goodman and Rose 1990).  It is a 

quantitative furrow-type defect that is identified visually and morphologically as an external 

defect of surface enamel (Commission on Oral Health 1982, Hillson 1996).  These 

developmental disturbances are environmental in nature and not related to genetic defects 

(King et al. 2005).  The Commission on Oral Health (1982) defines developmental defects of 

enamel as disturbances in the hard tissue matrix that occurs during mineralization.  Thus, 

LEH appears as lines or grooves on the enamel surface of dentition that result from the 

disruption to enamel growth (Martin et al. 2008).   

LEH are produced by a broader than normal band of ameloblasts that cease matrix 

secretion (Hillson 1996).  Pitting in a linear composition is also indicative of LEH (Goodman 
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and Rose 1990).  Histologically, LEH appears as a deficiency in the normal enamel surface 

profile externally with a convergence of striae of Retzius along the defect surface (King et al. 

2002).  They are also known to only occur in the imbricational zone of crown formation, 

which is the outer most portion of enamel excluding the occlusal surface (Hillson 1996).  

The inability of enamel to remodel leaves these surface depressions as permanent 

markers after their development.  LEH defects are associated with enamel growth layers that 

form with a regular pattern (Hillson and Bond 1997).  Suckling and Thurley (1984) found 

that the appearance of accentuated striae of Retzius suggest the ameloblasts present did not 

die, but slowed in order to sufficiently recover following the insult.  There was a difference 

found in their ability to recover with older ameloblasts more susceptible to irreversible harm 

during a metabolic insult (Suckling and Thurley 1984).  This is because not all ameloblasts 

develop at the same time, but rather sequentially.  However, they do continue to deposit 

enamel throughout the crown surface.  Witzel et al. (2008) corroborate these results with 

stress factors and the age of ameloblasts affecting the type of hypoplastic defect.   

Another advantage of LEH as a stress indicator is its ability to be correlated with age 

of occurrence.  The regularity of enamel development has allowed for the creation of detailed 

timing charts.  Many studies have attempted to create enamel development charts.  However, 

these studies did not allow for the addition of cuspal enamel formation unlike the more recent 

formation chart created by Reid and Dean (2006).  The timing of enamel development is also 

population specific (Hillson 2005).  Despite the challenges presented by the specific nature of 

enamel development, an approximate age of occurrence can be determined when utilizing 

dental formation charts that include cuspal enamel development (Reid and Dean 2006).  This 
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feature of LEH also allows developmental perturbations to be correlated across tooth classes 

that overlap in developmental timing (Goodman et al. 1980, Goodman and Rose 1990). 

Etiology of LEH 

 

 Many archaeological, clinical and epidemiological studies have been done to 

establish a definitive etiology for the development of LEH (Anderson and Stevenson 1930, 

Blakely et al. 1994, Cutress and Suckling 1982, Kreshover 1940, Sarnat and Schour 1941, 

Suckling 1989).  The earliest recording of LEH was by Bunon (1746) who noted their 

presence in children from 16
th

 century France with rickets, scurvy, measles, and smallpox (cf. 

Hillson 2005).  Sarnat (1940) identified rickets, hypoparathyroidism, fluorosis, and 

exanthematous diseases as possible etiological factors in the development of LEH in early 

20
th

 century America.  However, several individuals with LEH were found to be idiopathic in 

origin with no discernible cause (Sarnat 1940).   

Sarnat and Schour (1941) tested 300 hypoplastic teeth from children in the Chicago 

area.  Using a morphological classification and medical records they were able to distinguish 

some correlation with exanthematous diseases (e.g. scarlet fever, measles).  Rickets showed 

the highest correlation with LEH, but over fifty percent could not be paired with a known 

etiology.  Sweeney et al. (1969) showed that prevalence of LEH in Guatemalan children was 

higher in children who had suffered an exanthematous infection during their first postmatal 

month.  There was also an increase in defects among children suffering from severe 

malnutrition (Sweeney et al. 1969).   

Clinical studies in the 1980s focused on the increased rate of hypoplasias related to 

fluoride exposure due to public health issues (Goodman and Rose 1990).  Many studies 
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found an increase in LEH among children with increased exposure to fluoride (Suckling and 

Pearce 1984).  However, LEH associated with fluorosis is typically distinguished from other 

systemic causes by an association with enamel opacities (Goodman and Rose 1990, Pindborg 

1982).   

 Anderson and Stevenson (1930) found a correlation between decreased nutrition and 

prevalence of LEH in a contemporary Chinese population.  This study showed an association 

between LEH and nutrition deficiencies with over 90% of individuals affected by LEH 

(Anderson and Stevenson 1930).  Other studies have shown an association with 

socioeconomic status in developing countries that may be related to nutritional differences.  

Enwonwu (1973) found a 21% increase in LEH prevalence among lower socioeconomic 

children in the Yoruba population.  Infante and Gillespie (1974) also found that Guatemalan 

children with LEH present were only from lower socioeconomic classes.  Goodman et al. 

(1991) found the proportion of individuals with LEH was twice the amount of individuals 

given nutritional supplements during development.  These results suggest a combination of 

nutritional and systemic factors play a role in the etiology of LEH. 

 Archaeological studies involving LEH have primarily focused on interpreting health 

in past populations.  Goodman et al. (1980) studied the transition to agriculture in the 

Dickson Mound populations finding a significant increase in the agricultural sample and 

found the distribution to be different with the greater prevalence later in development.  Other 

studies have focused on this transition as well with results suggesting the agricultural 

transition severely impacted health in these agricultural populations in comparison to hunter-

gatherer lifeways (Cohen and Armelagos 1984).   
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The weaning hypothesis has been addressed using LEH among different populations.  

The use of LEH to test the weaning hypothesis stems from its current standing as a 

nonspecific indicator of metabolic disturbance.  Weaning is traditionally a time of nutritional 

and systemic stress during development (Blakely et al. 1994).  Blakely et al. (1994) used an 

enslaved African-American population to assess the weaning hypothesis and found that while 

these populations had a high prevalence of stress they did not exhibit LEH associated with 

the weaning period.  This was corroborated by Saunders and Keenleyside (1990) who also 

found no LEH at the peak ages for weaning in 19
th

 century Ontario, Canada.  However, 

Moggi-Cecchi et al. (1994) found a correlation between LEH and the weaning age in a 19
th

 

century sample from Florence, Italy.    

 The studies presented above suggest a nonspecific etiology for the development of 

LEH.  The results show a combination of nutritional deficiencies and systemic disturbances 

during enamel development are the likely cause for LEH prevalence.  Goodman and Rose 

(1990) suggest a hypothetical threshold model for the development of enamel hypoplasias.  

They suggest 30% of the threshold contribution comes from genetic factors that influence 

susceptibility to environmental stressors.  Nutritional factors are hypothesized to contribute 

another 30% to the threshold.  Illness history contributes the remaining 40% to LEH 

development.  This model is illustrated in Figure 2.2.  These LEH can be correlated to 

specific cultural periods such as infant weaning or their nonspecific character can be 

indicative of larger cultural processes.  As Kreshover (1960) states, “developmental tooth 

disturbances are generally nonspecific in nature and can be related to a wide variety of 
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systemic disturbances.”  Figure 2.3 summarizes the factors that influence the development of 

LEH. 
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Figure 2.3. Chart illustrating the factors that influence the development of LEH. 

Adapted from Goodman and Rose (1990). 

Figure 2.2. Chart illustrating the threshold model proposed by Goodman 

and Rose (1990) based on the development of a hypothetical anterior tooth. 
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III. LEH Methodologies 

 

Early archaeological studies utilized frequency counts to compare the prevalence of 

LEH (Goodman and Rose 1990).  The most frequent choice of tooth is the maxillary central 

incisor and mandibular canine due to their higher susceptibility to metabolic insult (Goodman 

and Armelagos 1985).  This is due to a differential distribution of LEH found across tooth 

types with polar (e.g. anterior) teeth showing a higher prevalence of LEH in most populations 

(Hillson and Bond 1997).  The frequency of LEH is assumed to represent the exposure to 

stress during development (Goodman and Rose 1990).      

Studies have used frequency methods to compare prevalence of LEH between 

populations to understand the transition from foraging to agriculture.  Goodman et al. (1980) 

found an increased frequency in LEH at Dickson Mounds in Illinois.  Their study involved 

archaeological samples dating to A.D. 950-1300 documenting the prevalence of LEH on 28 

permanent teeth from each individual.  The results of their study showed a significant 

difference among the Late Woodland to Middle Mississippian periods with an increase in the 

Middle Mississippian due to the agricultural transition (Goodman et al. 1980).   

Other studies have used prevalence to investigate health in hominid populations.  

White (1978) investigated health in South-African Plio-Pleistocene fossil hominid samples.  

The Swartkrans hominids were found to have a higher prevalence of LEH than the 

Sterkfontein hominids, particularly in the first molar.  White (1978) suggests these results 

corroborate other taphonomic evidence found at the two sites.  Ogilvie et al. (1989) found a 

75% prevalence of LEH per individual for Neandertal remains of 669 Neandertal dental 
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crowns.  These results suggest a higher incidence of developmental stress for Neandertal 

populations than other Homo sapien populations (Ogilvie et al. 1989).  However, these 

results were not corroborated by Guatelli-Steinberg et al. (2004) in a comparison of 

Neandertal dentition to modern Inuit foragers.  There were no significant differences between 

the two samples to suggest increased developmental stress for Neandertal populations 

(Guatelli-Steinberg et al. 2004). 

While many studies have used LEH frequency to assess population differences, fewer 

studies have incorporated an analysis of sex differences within populations to assess 

treatment differentiation in past populations.  This is problematic due to the inherent 

differences in enamel development between males and females.  Also, it is theoretically 

assumed that males are more susceptible to physiological stress (Guatelli-Steinberg and 

Lukacs 1999).  Griffin and Donlon (2008) used LEH prevalence to explore sex differences in 

an Iron Age Jordan population.  They found a higher incidence of LEH present in females 

than males, which implies differential access to resources during this period.  El-Najjir et al. 

(1978) found significant sex differences in both European-American and African-American 

populations from 20
th

 century Cleveland, Ohio.  Slaus (2000) found significant sex 

differences in a late medieval Croatian cemetery that are explained by a differential access to 

resources according to historical documents. 

While most studies involving frequency of LEH have been used to explore differences 

between and within populations, other methods have arisen due to the complexity of LEH 

patterning.  The most common macroscopic method involves measuring the width of 

individual LEH as a proxy for duration of physiological perturbation.  Blakely et al. (1994) 
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described two different types of LEH: 1) relatively wide/deep defects known as major growth 

arrests and 2) narrow/shallow lesions.  These differences in defect type suggest an alternative 

methodology involving width analysis was needed (Corruccini et al. 1985). 

Blakey (1981) developed a width methodology that involves measurements of the 

incisal and cervical aspects of LEH to estimate duration of LEH episode.  This is based on 

the assumption that the width of LEH is indicative of an increased metabolic insult (Blakely 

and Armelagos 1985).  Blakely and Armelagos (1985) assert this methodology more truly 

represents stress duration in individuals because hypoplasias in separate teeth are evaluated 

as representative of a continuous episode for those individuals.  However, this method 

involves the use of one tooth at a time and produces several variables per individual.  An 

alternative method was developed by Ensor and Irish (1995).  This method has been termed 

the hypoplastic area method.  The advantages to this method are it involves the creation of a 

single variable term per individual (individual hypoplastic area) and the ability to separate a 

hypoplastic area variable per tooth type chosen (total hypoplastic area) (Ensor and Irish 

1995). 

Studies have incorporated the use of both methods, particularly by the authors who 

developed these methods (Blakely 1981, 1984, Blakely and Armelagos 1985, Goodman et al. 

1980, Goodman and Armelagos 1985, Goodman and Rose 1990).  However, this method has 

experienced some criticism as of late.  Hillson and Bond (1997) found that a progressive 

decrease in perikymata spacing occurs from cervical to occlusal ends on the crown sides.  

This spacing decrease inherently affects the prominence and width of a LEH defect, which 

implies that measurements may not be a useful indicator of duration as it pertains to 
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metabolic insult (Hillson and Bond 1997).  Hubbard et al. (2009) also found that due to the 

differences in perikymata spacing across the tooth crown, width may only be a useful 

indicator under restrictive conditions.  They state that width measurements of LEH may only 

be useful to rank populations in terms of a relative average of stress duration (Hubbard et al. 

2009).   

The study performed by Goodman and Armelagos (1985) on the Dickson Mound 

populations also indicates a biased distribution of LEH within the tooth crown itself.  They 

found a higher prevalence of LEH in the middle third of each tooth crown and the lowest in 

the occlusal third (Goodman and Armelagos 1985).  Hillson and Bond (1997) suggest this 

biased distribution is based on the different ameloblast structures responsible for enamel 

secretion within each tooth third. 

Microscopic methodologies have been developed to address the issues with defect 

formation and biased distribution (Hillson 1996).  The definition of LEH changes when 

identified microscopically as a greater than expected spacing between pairs of perikymata 

(King et al. 2002).  The advantage of microscopic methods is the ability to disregard the 

assumption that the tooth crown maintains a uniform rate of growth and the ability to account 

for cuspal enamel development (King et al. 2002, 2005).  King et al. (2005) found that 

utilizing a microscopic method that accounts for perikymata spacing allows for a more 

sensitive parameter of total percentage of enamel affected.  This parameter measures the total 

enamel surface that contains increased perikymata spacing that implies a hypoplastic defect 

(King et al. 2005).  Cunha et al. (2004) also used a methodology that incorporates perikymata 

spacing to address physiological stress of Sima de los Huesos Middle Pleistocene hominins.  



 

18 

Their study found a low prevalence of LEH that suggests a low level of developmental stress.  

These methods have the potential to advance our knowledge of health in past populations by 

accounting for cuspal enamel growth and the non-uniformity of crown development. 

Along with the methodology for documenting LEH severity in populations, differing 

methodologies have been created to assess age of occurrence when defects are found.  These 

methodologies were developed due to the largely predictive nature of crown development.  

Traditionally, the method used population averages for age of onset and tooth crown 

formation.  Then, the tooth crown was divided into equal-size increments that were 

considered to reflect a regularly timed interval (e.g. six months).  LEH was assigned to one 

of these intervals by measuring the distance between the LEH and the cemento-enamel 

junction (Goodman et al. 1980).  The most common chart used was formed by Swärdstedt 

(1966).  However, these formation charts did not account for cuspal enamel growth, which 

affects the age distribution (King et al. 2005, Reid and Dean 2000).  Charts have since been 

formulated to account for cuspal enamel growth and allow for a more accurate prediction of 

age of occurrence.  These formation charts also do not rely on the arbitrary designation of the 

tooth crown into equal-size increments (Reid and Dean 2006). 

The differing methodologies presented here are based on alternative assumptions 

about the formation of LEH.  The microscopic approach appears to rely on the least number 

of fundamental assumptions.  However, this approach is likely more subjective in its reliance 

on observing abnormal areas of perikymata spacing that may not be visible on the enamel 

surface (King et al. 2002, 2005).  The frequency and duration methods may provide more of 

an advantage in certain studies due to the knowledge that these defects were severe enough to 
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create a visible, macroscopic defect since there is currently no consensus on the minimum 

expression of an LEH (Hillson 2005).      
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HISTORICAL BACKGROUND 

 

I. Geography of Portugal 

 

 Portugal is a small country that covers an area of 35, 383 square miles including the 

adjacent islands, the archipelagos of Madeira, and the Azores (Robinson 1979).  It is 

surrounded by the Atlantic Ocean to its north and west, and it additionally borders the 

Mediterranean Sea to the south.  In 1930, Portugal’s population enumerated 6,826,000 people 

(Pinto 2011, Robinson 1979).  The country has only one land neighbor, Spain, with which it 

shares the Iberian Peninsula.  However, its boundaries were fixed before any other European 

country by 1297, making it Europe’s very first “nation state” (Birmingham 2003).  

Geographically, Portugal is not distinct from its neighbor, which shares the Castilian plateau, 

the Serra da Estrela, and both the Douro and Tagus rivers.  The mainland of Portugal is 

divided into eighteen distritos (districts): Braganza, Vila Real, Viana do Castelo, Braga, 

Oporto, Guarda, Viseu, Aveiro, Castelo Branco, Coimbra, Leiria, Santarém, Lisboa, 

Portalegre, Èvora, Setúbal, Beja, and Faro (Robinson 1979).  Coimbra is located in the 

central area of Portugal on the Mondego River.  Lisbon is Portugal’s main port city located 

where the Tagus River empties into the Atlantic Ocean (Anderson 2000, Robinson 1979).   

The geography of Portugal is illustrated by Figure 3.1. 

II. Portuguese Landscape 

 The Portuguese landscape is Mediterranean in climate, vegetation, and lifeways.  

There is a variety of vegetation across the landscape with a dearth of forests, mostly 

represented by clumps of shrubbery and trees.  This climate is suitable to fruit trees, 

vineyards, and wheat, maize, barley, and rye.  However, the soil is poor with a largely 
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mountainous terrain.  Thus, only approximately one-half the state is cultivated (Marques 

1972).  The country is primarily divided into northern and southern regions along the 40
th

 

parallel.  Most of the lowlands lie in the southern region while most of the mountain terrain 

lies farther to the north.   

 

 

 
 

 

 

Figure 3.1. Map of Europe with the Iberian 

Peninsula in red and map of Iberian Penisual with 

Portual identified in blue (Adobe Illustrator). 
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Valleys known to be deep and humid exist in the north, which receives a much higher 

percentage of rainfall per year.  Thus, northern inhabitants have favored dense, scattered 

settlement patterns (Robinson 1979).  In contrast, the southern region is marked by large 

plains that favored the development of large, separated settlements (Marques 1972). 

     

III. History of Portugal 
 

Portugal is considered one of history’s most successful survivors.  In over eight 

hundred years its’ population rose from approximately one million to over nine million 

(Birmingham 2003).  It does not have precise ethnic borders, but has still maintained 

autonomy since 1297 except for a brief time period between 1580 and 1640 (Robinson 

1979).  Unlike other countries such as Scotland, Naples, or Bavaria, it was not absorbed into 

larger nation-states during the unification of the 19
th

 century (Birmingham 2003).  This has 

allowed for an ideal environment to develop individualization within the ethnic aggregate in 

customs, language, and national feeling (Corrêa 1919).   

Portugal is also considered one of the pioneers of historical developments of the 

European world with the creation of the modern nation-state and overseas colonization of the 

Atlantic islands.  One of the defining moments in the formation of Portuguese history was the 

revolution of 1383.  During this year, the peasant rebellion against land barons opened the 

door to increased participation in political affairs (Birmingham 2003).  The events led to the 

signing of a ‘perpetual alliance’ treaty with England, which formed the cornerstone for 

Portuguese diplomatic relations into the twentieth century.  These diplomatic relations guided 

them through many difficult transitions.  
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However, the most prominent feature of Portuguese history is its role in colonization.  

Portuguese expansion into North Africa began in 1415 in the Moroccan town of Ceuta 

(Disney 2009).  This conquest was primarily due to a need to gain fertile lands for wheat 

production (Birmingham 2003).  Thus, Portugal led the European age of expansion and its 

success was more dependent on the burghers of Lisbon rather than land barons or knights.  

This was mostly due to the lure of African gold for the merchants of the Mediterranean world 

(Disney 2009, Birmingham 2003).  This was also the impetus for the Atlantic slave-trade that 

continued through the sixteenth century (Saunders 2010).  By 1460, Portugal had reached the 

Gold Coast for the gold trade and trade was mediated in the Lisbon ports.  Then, in 1492 

Portugal began its first great colonizing journey under the guidance of Christopher Columbus 

(Disney 2009).  By 1500, Portuguese sailors found the southern part of Brazil.  Also, in 1498 

Vasco de Gama reached the coast of India and increased the maritime trade routes for 

Portugal (Anderson 2000, Disney 2009, Birmingham 2003).  These expansions also led to 

fundamental social transformations within Portugal, particularly religious changes.   

In 1497, Portugal began to enforce legislation that forbade public worship by 

Muslims and Jews (Birmingham 2003).  However, Philip II of Spain regained control of 

Portugal in 1580.  Initially, this was seen as advantageous to the Portuguese people because it 

ended border conflicts and increased prosperity in Portugal.  However, due to the rebellion of 

Catalonia in June of 1640, the Portuguese people were conscripted to aid the Spanish military 

and the call for independence rose (Birmingham 2003, Robinson 1979).  This rebellion came 

on the heels of the French and English Revolution and the Thirty Years War, which 

influenced the Portuguese people to react to their oppression by the Spanish crown.  



 

24 

Following Portugal’s independence from the Spanish crown, they suffered severe economic 

difficulties.  The inability of trade in salt, corn, and fish to bring prosperity to Portugal led to 

the first attempt at industrialization in Portugal (Birmingham 2003). 

Industrialization attempted to make use of the country’s raw material resources and 

slave labor force.  The largest manufacturing policy enacted was the mass production of 

textiles.  Woven cloth was its largest bulk commodity due to Portugal’s sheep farming.  This 

policy was met with strong antagonism by traditional weavers because of a fear of 

competition.  Other attempts were also made to export raw materials to other industrialized 

countries for production (Birmingham 2003).  However, by 1697 the Brazilian gold rush and 

the tobacco trade industry allowed prosperity to reign in Portugal once again.  This stifled the 

need for production innovation and increased their colony holdings while rendering 

industrialization obsolete (Disney 2009).   

By the 18
th

 century, Portugal had 

reached a golden age.  The most lasting 

features of this time are the University of 

Coimbra library and the commission of 

Roman-style aqueducts in Lisbon (seen in 

Figure 3.2) (Birmingham 2003, Robinson 

1979).  By the mid 1700’s the Brazilian 

diamond trade began to overtake the gold trade for Portugal’s economy due to overuse of 

Brazilian gold mines.  However, the Lisbon earthquake of 1750 destroyed many of the 

factories and the Custom House (Birmingham 2003).  The desolation of Lisbon ceased trade 

Figure 3.2. Painting of Roman aqueducts 

in Portugal (architecturalsalvage.com). 
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temporarily, but within six months the port was open once again.  The closing years of the 

18
th

 century saw a fundamental change with the indigenous trading class moving to rural 

areas to enhance wealth by offering a wider variety of products to the open markets 

(Robinson 1979). 

The 19
th

 century in Portuguese history began with an invasion by Napoleon’s French 

military in 1807.  While the French invasions were largely unsuccessful, the attacks 

impoverished the country and the unease led to the Portuguese Revolution of 1820.  The 

Portuguese Revolution was initiated in response to the unrest still lingering from foreign 

invaders (Anderson 2000, Birmingham 2003, Disney 2009).  It was a form of patriotic 

restoration of independence that allowed an expression of liberalism and allowed the country 

to be more adaptable and to settle into a constitutional monarchy.   

Lisbon continued to dominate the political landscape in 19
th

 century Portugal and 

social reforms were enacted across the country.  Primary education and grammar schools 

began to form and replace church schools.  Civil registers of births, marriages, and deaths 

were formed to replace ecclesiastic documentation.  The 18
th

 century had also introduced an 

agricultural revolution with the introduction of Brazilian maize that continued into the 19
th

 

century.  The potato also was introduced and cultivated, but was halted by famine in 1845 

(Birmingham 2003).  The effects of the famine were exacerbated by the increased family 

sizes that resulted from increased agricultural production.  It was during this distress that the 

last phase of the Portuguese Revolution ensued.   

The most prominent aspect of this rebellion was the leading involvement of women.  

Northern Portugal had been experiencing increasing economic importance and legal 
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autonomy of women (Birmingham 2003).  Due to the drive for men to emigrate as a result of 

colonization, women had taken a primary role in land plots for intensive agriculture 

(Anderson 2000, Birmingham 2003).  Women had become heads of households and led the 

rebellion in order to register land ownership.  The Portuguese Revolution lasted thirty-one 

unstable years and during that time forty government regimes existed.  The end of this 

rebellion also shifted the economic importance to Lisbon with the growth of industry due to 

the adoption of free trade for Portuguese shipping (Reis 2001). 

Agriculture continued to dominate the economic scene until 1900 with 61% of the 

labor force devoted to its production.  However, by 1890 industry began to grow in Lisbon.  

The domestic market was heavily protected by the mainland population and industrialization 

was a slow process (Giner 1982, Reis 2001).  Regardless of the impetus to gain ground 

industrially, low productivity persisted in all branches:  textiles, metal working, and food.  

The low productivity was due to the tradition of small familial or traditional sectors that 

comprised industry (Cardoso 2007).  However, Lisbon was increasing in industrial 

production causing an emigration from other regions of the country to increase the labor 

force.   

The increased population density within the Lisbon city center was a result of the 

emigration from the surrounding agricultural districts (Cardoso 2007, Reis 2001).  

Commonly, as a result of urbanization, this migration increased the disease loads of many of 

the city inhabitants where water was typically not potable and overcrowding was typical 

(Cardoso 2007).  Another result of this rapid urbanization was the class changes due to 
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economic development.  The middle class was subsumed into the elite classes and the 

working class developed into a “peasantry” (Cardoso 2007).    

Coimbra experienced some of the same issues, but also was affected by inadequate 

nutrition (Santos 1995).  This is largely due to slight differences in diet between towns such 

as Lisbon and Coimbra.  Lisbon, a coastal city, primarily relied on marine sources of meat 

and ate a wide variety of imported cereals such as wheat, barley, maize, and rye.  However, 

towns such as Coimbra relied on a more domestic variety of meat from cattle and sheep.  

They also subsisted on a maize diet due to wheat restrictions (Santos 1995).  This created a 

nutritional disparity between the larger port cities and inland towns. 

Disparities such as these can be seen in the skeletal record.  Differences in population 

health can manifest through multiple lines of evidence.  A few of these include 

developmental dental disturbances, decreased stature, increased pathologies, and higher 

morbidity and mortality rates.  The effects of urbanization have been seen in both the Lisbon 

and Coimbra populations from this time period with an increase in the mortality rates and a 

decreased stature development (Cardoso 2007, Santos 1995).  LEH may be able to illuminate 

these differences from a comparison perspective to discern patterns related to urbanization 

and nutritional intake.          
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MATERIALS AND METHODS 

I.  Materials 

 

 Three identified Portuguese samples were utilized in this study for the analysis of 

enamel hypoplasias: the Lisbon Collection, the Coimbra Identified Skeletal Collection, and 

the Medical School Skull Collection.  Both the Lisbon and Coimbra collections contain 

skeletal material collected from local cemeteries and Portuguese medical schools (Cunha and 

Wasterlain 2007).  Individuals in all three collections have known sex, age-at-death, 

occupation, date-of-death, cause-of-death, and city of residence.  Data were collected from 

both adults and juveniles in this study to compare mortality and morbidity estimates.  LEH 

frequency data from a twentieth century Spanish sample, the Oloriz collection, was also 

compared to gain a comprehensive picture of the Iberian Peninsula.  The sample composition 

is presented in Table 4.1.  

 The individuals selected from the samples were primarily determined by levels of 

attrition and secondary dentition represented.  The tooth types included were the maxillary 

central incisor, maxillary canine, and the maxillary second molar.  These teeth were selected 

due to higher disease susceptibility and to acquire a holistic representation of metabolic insult 

during enamel development.  When neither the left nor right maxillary central incisor was 

available, the maxillary lateral incisor was substituted. Only individuals who possessed these 

tooth types with mild attrition were selected for study.  Juveniles were selected based on 

progression of dental development with only secondary dentition. Age ranges for individuals 

is listed in Table 4.1.  Also, crown height was measured for individuals exhibiting no attrition 

from each sample in order to determine percentage of enamel affected.   
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 Craniometric data were included in the analysis to illustrate genetic affiliation among 

the samples.  These data were collected from the Lisbon, Coimbra Identified, and Oloriz 

collections and were provided by Humphries and Ross (2011).  The sample compositions are 

presented in Table 4.2.    

 

Table 4.1. Dental sample composition  

Group N Age Ranges Reference Collection 

 

Coimbra, Portugal 

Total (N) 

Male (N) 

Female (N) 

Subadults (N) 

 

 

32 

6 

23 

13 

 

 

 

18 

22 – 45 

9 – 17 

Current Study Coimbra 

Identified 

Skeletal 

Collection 

(CISC) 

 

Coimbra, Portugal 

Total (N) 

Male (N) 

Female (N) 

Subadults (N) 

 

 

91 

55 

36 

6 

 

 

 

18 – 59 

18 – 55 

11 – 17 

Current Study Medical School 

Skull Collection 

 

Lisbon, Portugal 

Total (N) 

Male (N) 

Female (N) 

Subadults (N) 

 

 

111 

49 

62 

22 

 

 

 

19 – 43 

18 – 45 

10 – 17 

Current Study Lisbon Collection 

 

Spain 

Total (N) 

Male (N) 

Female (N) 

 

 

128 

82 

44 

 Ubelaker et al. 

2009 

Oloriz Collection 
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Table 4.2. Craniometric Sample Composition 

Group N Reference Collection 

Coimbra, Portugal 62 Humphries and Ross 

(2012) 

Coimbra Identified 

Skeletal Collection 

(CISC) 

Lisbon, Portugal 80 Humphries and Ross 

(2012) 

Lisbon Collection 

Spain 131 Ross et al. (2004)  Oloriz Collection 

 

 

II. Samples 

a. Coimbra, Portugal – Medical School Skull Collection 

This cranial collection was amassed by Bernardino Machado between 1895 and 1903 and 

is comprised of 585 skulls known as Escolas Médicas I (Cunha and Wasterlain 2007).  It is 

housed at the Museum of Anthropology at the University of Coimbra.  The individuals 

originate from medical schools in Lisbon, Coimbra, and Oporto (Rocha 1995, cf. Cunha and 

Wasterlain 2007).  The remains are represented by 366 males and 219 females who died in 

Portugal between 1895 and 1903 (Cunha and Wasterlain 2007).  However, only 17 subadults 

are present in this collection. From the occupation data, this collection appears to represent 

individuals from a low socioeconomic status engaged in an agrarian lifestyle.  

Permission to collect these data was granted by Dr. Ana Luis Santos, University of 

Coimbra.  This study utilized males (n=6), females (n=23), and subadults (n=13) that 

exhibited mild attrition on the occlusal surface and whose dentition contained a maxillary 

central incisor, canine, and second molar. Also, only those individuals known to have died in 
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or around the vicinity of Coimbra were selected for study in order to avoid individuals from 

an urban setting.  

b. Coimbra, Portugal – Coimbra Identified Skeletal Collection 

This collection contains 505 complete skeletons from the Cemitério de Conchada, the 

main Coimbra cemetery (Cunha and Wasterlain 2007).  This collection is also housed at the 

Museum of Anthropology at the University of Coimbra.  The individuals represented died 

between 1904 and 1938 and were born between 1831 and 1921 (Santos 1995). All 

individuals died in central Portugal.  There were only nine foreigners, which were not 

included in this study (Cunha and Wasterlain 2007).  There are 266 males, 239 females, and 

45 juveniles in this collection (Cunha and Wasterlain 2007). These individuals also represent 

low socioeconomic groups from central Coimbra (Santos 1995). 

Permission to utilize this collection was provided by Dr. Ana Luis Santos, University of 

Coimbra.  For this study, males (n=55), females (n=36), and juveniles (n=6) with mild 

attrition on the occlusal surface and with dentition containing a maxillary central incisor, 

canine, and second molar were selected for inclusion.  Year of birth and death ranges for the 

samples are provided in Table 8.1.     

c. Lisbon Collection 

This collection was amassed by Luís Lopes in the 1980s and consists of 1,692 individuals 

of which 699 are available for study with documentation (Cardoso 2006).  It is curated at the 

Bocage Museum in Lisbon, Portugal. The individuals were collected from three cemeteries in 

Lisbon: Alto de S. João, Prazeres, and Benfica (Cardoso 2006).  These individuals died 

between 1880 and 1975 in Lisbon and were born between 1805 and 1972.  This information 
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is presented in Table 8.1.  The composition of this sample represents a low to middle 

socioeconomic strata of an urban population (Cardoso 2006). 

Permission to access this collection was granted by Dr. Hugo F.V. Cardoso, National 

Museum of Natural History, Lisbon, Portugal.  For this study, males (n=49), females (n=62), 

and subadults (n=22) with minimal attrition and possessing a maxillary central incisor, 

canine, and second molar were selected for inclusion.   

d. Oloriz Collection, Spain 

This cranial collection was amassed by Federico Oloriz Aguilera, a Spanish anatomist, 

during the latter half of the nineteenth century (Ubelaker et al. 2009).  The collection consists 

of over 1900 crania of mostly Spanish origin collected from Granada and Madrid.  It is a 

known collection with demographic information about sex, age-at-death, and region of origin 

(Ubelaker et al. 2009).  This collection is housed at the Departamento de Anatomia y 

Embriologia Humana I of the Facltad de Medicina, Ciudad Universitaria in Madrid 

(Ubelaker et al. 2009).  

These data were obtained from Ubelaker et al. (2009), who examined n=133 individuals 

for dental disease in 2007.  Appearance of hypoplasia was recorded for n=128 individuals for 

all tooth classes in both the maxilla and mandible. 

II. Methods 

Population Variation Analysis 

 To establish the amount of variation among the populations Relethford’s (1994) 

multivariate method estimating Fst values was used.  Fst values are a “ratio of among-group 

variation to total variation expected under panmixia (Relthford 1994).”  The first analysis 
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assumed complete heritability (h
2
=1.0) and then assumed average heritability (h

2
=0.55).  

Twenty craniometric measurements from the Moore-Jansen et al. (1994) set were used in this 

analysis and they are presented in Table 4.3.  The measurements were analyzed using RMET 

5.0, a statistical program that performs population genetics analyses using metric data 

(Relethford n.d.).    

 

Table 4.3. Craniometric measurements used in this study (Moore-Jansen et al. 1994).   

Abbreviation Description 

GOL Maximum Cranial Length 

BNL Cranial Base Length 

BBH Basion-Bregma Height 

XCB Maximum Cranial Breadth 

WFB Minimum Frontal Breadth 

ZYB Bizygomatic Breadth 

BPL Basion-Prosthion Length 

NLH Nasal Height 

NLB Nasal Breadth 

MAL Maxillo-Alveolar Length 

MDH Mastoid Length 

OBH Orbital Height 

OBB Orbital Breadth 

DKB Interorbital Breadth 

EKB Biorbital Breadth 

FRC Frontal Chord 

PAC Parietal Chord 

OCC Occipital Chord 

FOL Foramen Magnum Length 

FOB Foramen Magnum Breadth 
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LEH Data Collection 

 In this study, each cranium from the Coimbra and Lisbon collections were examined 

for LEH in their maxillary dentition using a DeskBrite 200 5X magnifying lamp to better 

visualize perturbations in the enamel.  Enamel defects were identified on the criteria set by 

the DDE Index (1982).  An example is shown in Figure 

4.1.  When present, the frequency of LEH for each tooth 

class (central incisor, canine, and second molar) was 

recorded.  Also, the width of each LEH was measured 

using Mituotyo Caliper 573-721 Digital Pointed Jaw  

 

calipers following the Ensor and Irish (1995) method.  The LEH width was recorded along 

with the distance between the vertical midpoint of the LEH and the cemento-enamel junction 

(CEJ) to reference where each LEH was distributed among each tooth.  Total crown height 

was also measured from a subsample of individuals to calculate the total hypoplastic area.  

The subsample size is provided in Table 4.4. 

 

 

 

 

 

 

 

Figure 4.1.  Enamel hypoplasias 
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Figure 4.2.  Anterior dental development chart 

(Reid and Dean 2006). 

Figure 4.3.  Posterior dental development chart (Reid 

and Dean 2006). 

Table 4.4. Sample size and age range for overall crown height. 

Group 

 

N Age Range 

Coimbra, Portugal 

 

Females (N) 

Males (N) 

 

 

12 

13 

 

 

19 – 44 

16 – 47 

Lisbon, Portugal 

 

Females (N) 

Males (N) 

 

 

11 

10 

 

 

13 – 24 

16 – 21 

 

 Age of occurrence was determined using the dental development chart devised by 

Reid and Dean (2006).  This chart accounts for cuspal enamel development, which provides a 

more accurate representation of enamel deposition timing.  Measurements were taken from 

the proximal and distal ends of each LEH to the CEJ and these were used to place each 

hypoplasia within the appropriate age ranges, according to the chart in Figures 4.2 and 4.3. 
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 The measurement recorded from the midpoint of each LEH to the CEJ was used to 

provide the distribution of LEH within each tooth third (occlusal, middle, and cervical) for 

each population.  The overall tooth crown height was divided into thirds to provide the most 

accurate demarcation of each tooth third.  Then, the measurement from the LEH to the CEJ 

was placed within the appropriate third.  These were counted and divided by the total number 

of individuals within that population with LEH.  

 Total hypoplastic area (THA) was calculated for each tooth by dividing the width of 

the each LEH by the average total crown height for the tooth class.  The equation is as 

follows: 

THA = (Σ widthi) / tooth crown height (1) 

where i = all hypoplasia widths per individual.  Hypoplasias found to be 0.5mm or less (e.g. 

acute hypoplasias) were given an area of 0.1 according to the Ensor and Irish (1995) method 

and those larger than 0.5mm were calculated by dividing the width by total crown height.  

These values were added for each individual if more than one LEH occurred within a tooth 

class to comprise the THA score.  Thus, each individual had two variables per tooth class for 

each method used and are listed in Table 4.5. 
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Table 4.5. Variables collected in this study. 

Variables 

Population 

Sex 

Age 

C. Incisor Frequency 

C. Incisor THA 

Canine Frequency 

Canine THA 

2nd Molar Frequency 

2nd Molar THA 

 

LEH Statistical Analyses 

 Independent t-tests were performed to test the null hypothesis that there are no 

significant mean differences between and within populations.  Independent sample tests were 

used because the two populations in this study are assumed to be independent of one another.  

Initially, t-tests were performed to test for significant mean differences of each tooth 

variable, both frequency and THA, between the Lisbon and Coimbra populations.  Then, t-

tests were implemented to asses all within group comparisons between sex and age.  

Biological sex is a dichotomous variable so it did not need to be categorized.  However, the 

age-at-death variable was restructured to represent two groups: subadults and adults.  

Subsequent tests performed to assess age differences refer to this newly assigned age 

grouping.  All independent sample t-tests were performed using PASW Statistics 18 for 

Windows (PASW 18 2009). 

 A one-way analysis of variance (ANOVA) was performed to test the null hypothesis 

that there is no significant mean variation according to frequency and THA for each tooth 
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class across the populations and among sex and age groups.  The ANOVA was also used to 

ascertain if there was an interaction between age and sex that could affect the variation seen 

between populations.  The model for this test is: 

yijk = µ + τi + βj + τβij + εijk (2) 

where yijk is the response for the tooth frequency/THA for both age and sex of an individual, 

µ is the overall population mean, τi is the effect due to sex, βj is the effect due to age, τβij is 

the two-way interaction between age and sex, and εijk is the random error associated with all 

the factors combined (Ott and Longnecker 2010).  The earliest ages of occurrence were 

tested using ANOVA for the null hypothesis that there if no significant mean variation across 

the populations between individuals.   

Because the interaction between age and sex was not significant both were used as 

covariates for one-way analysis of covariance (ANCOVA) to test the null hypothesis that 

there is no significant mean variation according to frequency and THA for each tooth class 

while controlling for age and sex.  The model used to test this hypothesis is: 

yij = βo + τi + β1xij + β2xij + εij  (3) 

where yij is the response for the tooth frequency/THA for each individual, βo is the intercept, 

τi is the effect due to population, β1xij is the regression slope on the effect of age as a 

covariate, β2xij is the regression slope on the effect of sex as a covariate, and εij are the 

random errors (Ott and Longnecker 2010).  ANCOVA was also used to compare the tooth 

variables using a contrast for the age of occurrence groupings. 

 A one-way multivariate analysis of covariance (MANCOVA) was performed to test 

the null hypothesis that there is no significant mean variation using all variables combined 
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across the two populations.  MANCOVA allows for all of the tooth variables to be placed in 

one model as the response variables and then be measured across a dependent variable in 

matrix form.  Thus, it follows the model above for ANCOVA; however, it combines the 

response variables and model parameters in matrix form (Johnson and Wichern 2007).  This 

test controls for the variation seen in the other variables when testing each tooth variable.  

These statistics were performed using SAS 9.2 for Windows (SAS Institute 2011). 
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RESULTS 

I.  Population Variation Analysis 

 As noted above, craniometric data were analyzed assuming complete heritability 

(h
2
=1) and average heritability (h

2
=0.55).  The results show little variation is present among 

all three populations.  There is a lower Fst value for the Lisbon and Oloriz comparison than 

the other two comparisons with Lisbon and Coimbra showing the highest variation at average 

heritability coinciding with the results by Ross et al. (2011) and Humphries and Ross (2012).  

The results are presented in Table 5.1. 

 

Table 5.1. Fst values calculated from the craniometric data for each group. 

Populations h
2
= 1 h

2
=0.55 

Lisbon-Coimbra 0.018 0.038 

Lisbon-Oloriz 0.009 0.022 

Coimbra-Oloriz 0.018 0.036 

All 0.019 0.039 

 

II. Frequency of LEH 

Percentages for frequency of LEH in both populations are presented in Tables 5.2 – 

5.7.  Graphical distributions are presented in Figures 5.1 – 5.2.  The Coimbra sample shows a 

generally higher frequency in comparison to the Lisbon sample.  Males also exhibit a 

generally higher frequency in both samples relative to females. 
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Table 5.2. Overall percentage for LEH in Lisbon sample. 

Variable N Percentage 

Central Incisor 110 55% 

Canine 110 62% 

Second Molar 110 12% 

 

 

Table 5.3. Lisbon Female LEH frequencies. 

 

Variable N Percentage 

Central Incisor 

0 22 44.9% 

1 22 44.9% 

2 5 10.2% 

Canine   

0 18 36.7% 

1 27 55.1% 

2 4 8.2% 

Second Molar 

0 42 85.7% 

1 7 14.3% 

 

 

Table 5.4. Lisbon Male LEH frequencies. 

 

Variable N Percentage 

Central Incisor 

0 28 45.9% 

1 28 45.9% 

2 5 8.2% 

Canine   

0 24 39.3% 

1 31 50.8% 

2 6 9.8% 

Second Molar 

0 55 90.2% 

1 6 9.8% 
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Table 5.5. Overall LEH frequencies for the Coimbra sample. 

 

Variable N Percentage 

Central Incisor 123 73% 

Canine 123 74% 

Second Molar 123 16% 
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Figure 5.1.  LEH Frequency distribution for Lisbon. 
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Table 5.6. Coimbra Female LEH frequencies. 

 

Variable N Percentage 

Central Incisor 

0 19 30.6% 

1 31 50.0% 

2 9 14.5% 

3 3 4.8% 

Canine   

0 20 32.3% 

1 31 50.0% 

2 9 14.5% 

3 2 3.2% 

Second Molar 

0 50 80.6% 

1 12 19.4% 

 

 

Table 5.7. Coimbra Male LEH frequencies. 

 

Variable N Percentage 

Central Incisor 

0 14 23.0% 

1 35 57.4% 

2 12 19.7% 

Canine   

0 12 19.7% 

1 35 57.4% 

2 13 21.3% 

3 1 1.6% 

Second Molar 

0 53 86.9% 

1 8 13.1% 
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III. LEH Distributions 

 The distribution of LEH by tooth thirds is shown in Figure 5.3 and 5.4.  These 

diagrams visually represent the distribution of LEH by tooth third to demonstrate the bias in 

their development towards the middle third.  Figure 5.3 represents the distribution for the 

Coimbra population.  Figure 5.4 represents the distribution for the Lisbon population.  

33 32 

103 

66 66 

20 21 22 
3 3 

0
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Coimbra LEH Frequency 

0
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2

3

Figure 5.2.  LEH Frequency distribution for Coimbra. 
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IV. Overall Sample Means 

Summary statistics for LEH frequency are presented in Table 5.8 – Table 5.11.  These 

show the overall greatest frequency for the Coimbra sample.  The canine shows the greatest 

frequency for each group except for Coimbra females.  This may be due to less prevalence in 

the latter developmental period for females from this sample. 

 

Table 5.8. Lisbon Female Descriptive Summary Statistics. 

 

Variable N Mean Std Dev 

Central Incisor 

Frequency 49 0.65 0.663 

THA 49 0.0653 0.0663 

Canine 

Frequency 49 0.71 0.612 

THA 49 0.0776 0.06891 

Second Molar 

Frequency 49 0.14 0.354 

THA 49 0.014 0.0354 

 

 

Figure 5.4 Percentage of LEH within each tooth third 

for the Lisbon sample. 
Figure 5.3.Percentage of LEH within each tooth third 

for the Coimbra sample. 
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Table 5.9. Lisbon Male Descriptive Summary Statistics. 

 

Variable N Mean Std Dev 

Central Incisor 

Frequency 61 0.62 0.637 

THA 61 0.0623 0.06368 

Canine 

Frequency 61 0.70 0.641 

THA 61 0.0883 0.08520 

Second Molar 

Frequency 61 0.10 0.300 

THA 61 0.010 0.0300 

 

 

Table 5.10. Coimbra Female Descriptive Summary Statistics. 

 

Variable N Mean Std Dev 

Central Incisor 

Frequency 62 0.94 0.807 

THA 62 0.0935 0.08072 

Canine 

Frequency 62 0.89 0.770 

THA 62 0.0887 0.07705 

Second Molar 

Frequency 62 0.19 0.398 

THA 62 0.019 0.0398 

 

 

Table 5.11. Coimbra Male Descriptive Summary Statistics. 

 

Variable N Mean Std Dev 

Central Incisor 

Frequency 61 0.97 0.657 

THA 61 0.1007 0.07245 

Canine 

Frequency 61 1.05 0.693 

THA 61 0.1066 0.07002 

Second Molar 

Frequency 61 0.13 0.340 

THA 61 0.015 0.0358 
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V. Independent Sample t-tests 

 Independent sample t-tests were used to analyze the differences between and within 

the two populations.  The population t-tests were used to show individual effects for each 

population per variable for both frequency and THA.  Both methods were significant for 

population differences on the central incisor.  However, only frequency was shown to be 

significant on the canine.  The second molar showed no differences between populations for 

either method.  The results are presented in Table 5.12.   

 

Table 5.12. Independent sample t-test results for population comparison. 

Variable df t-statistic Significance (α=0.05) 

Central Incisor 

Frequency 231 -3.459 0.001* 

THA 231 -3.583 0.000* 

Canine 

Frequency 231 -2.872 0.004* 

THA 231 -1.690 0.092 

Second Molar 

Frequency 231 -0.969 0.334 

THA 231 -1.133 0.259 

 

 

T-tests to compare sex differences within and between the populations were also 

performed.  Neither the Lisbon nor Coimbra samples showed any significant differences 

between males and females for either method or tooth within each population.  These results 

are presented in Tables 5.13-5.14.  The between population sex comparisons did show some 

significant differences, however.  Males in both populations had significant differences on 
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the central incisor for both the frequency and THA methods.  No other tooth was significant.  

The females showed significant differences on the central incisor as well for both methods.  

The females also showed significant differences on the canine for only the frequency method.  

These results are presented in Tables 5.15-5.16.     

 

Table 5.13. Independent sample t-test results for Lisbon sex comparison. 

Variable df t-statistic Significance (α=0.05) 

Central Incisor 

Frequency 108 0.242 0.809 

THA 108 0.242 0.809 

Canine 

Frequency 108 0.078 0.938 

THA 108 -0.381 0.704 

Second Molar 

Frequency 108 0.714 0.477 

THA 108 0.714 0.477 

 

 

Table 5.14. Independent sample t-test results for Coimbra sex comparison. 

 

Variable df t-statistic Significance (α=0.05) 

Central Incisor 

Frequency 121 -0.239 0.812 

THA 121 -0.514 0.608 

Canine 

Frequency 121 -1.226 0.223 

THA 121 -1.344 0.182 

Second Molar 

Frequency 121 0.933 0.352 

THA 121 0.674 0.502 
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Table 5.15. Independent sample t-test results for males from both populations. 

 

Variable df t-statistic Significance (α=0.05) 

Central Incisor 

Frequency 109 -1.978 0.050* 

THA 109 -1.978 0.050* 

Canine 

Frequency 109 -1.282 0.203 

THA 109 -0.793 0.429 

Second Molar 

Frequency 109 -0.699 0.486 

THA 109 -0.699 0.486 

 

 

Table 5.16. Independent sample t-test results for females from both populations. 

 

Variable df t-statistic Significance (α=0.05) 

Central Incisor 

Frequency 120 -2.938 0.004* 

THA 120 -3.106 0.002* 

Canine 

Frequency 120 -2.846 0.005* 

THA 120 -1.649 0.102 

Second Molar 

Frequency 120 -0.564 0.574 

THA 120 -0.823 0.412 

  

 Independent sample t-tests were performed to analyze the age differences within and 

between the populations.  The adult sample comparison between populations showed 

significant differences on the central incisor for both frequency and THA.  The canine LEH 

frequency also showed significant differences.  The results are presented in Table 5.17.  The 

subadults showed no significant differences between the populations and results are 

presented in Table 5.18.  Age comparisons within populations were also performed.  The 

Lisbon sample showed significant age differences for the central incisor using both the 
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frequency and THA methods.  The Coimbra sample showed age differences on the central 

incisor as well but only using the THA method.  The results are presented in Tables 5.19-

5.20.  

 

Table 5.17. Independent sample t-test results for adults in both populations. 

Variable df t-statistic Significance (α=0.05) 

Central Incisor 

Frequency 187 -3.352 0.001* 

THA 187 -3.357 0.001* 

Canine 

Frequency 187 -3.188 0.002* 

THA 187 -1.858 0.065 

Second Molar 

Frequency 187 -0.466 0.642 

THA 187 -0.466 0.642 

 

 

Table 5.18. Independent sample t-test results for subadults in both populations. 

 

Variable df t-statistic Significance (α=0.05) 

Central Incisor 

Frequency 42 -1.295 0.202 

THA 42 -1.661 0.104 

Canine 

Frequency 42 0.000 1.000 

THA 42 0.066 0.948 

Second Molar 

Frequency 42 -1.230 0.226 

THA 42 -1.572 0.123 
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Table 5.19. Independent sample t-test results for age comparison in Lisbon sample. 

Variable df t-statistic Significance (α=0.05) 

Central Incisor 

Frequency 108 2.655 0.009* 

THA 108 2.655 0.009* 

Canine 

Frequency 108 1.299 0.197 

THA 108 0.530 0.598 

Second Molar 

Frequency 108 -0.439 0.661 

THA 108 -0.473 0.661 

 

 

Table 5.20. Independent sample t-test results for age comparison in Coimbra sample. 

Variable df t-statistic Significance (α=0.05) 

Central Incisor 

Frequency 121 1.638 0.104 

THA 121 2.168 0.032* 

Canine 

Frequency 121 -0.730 0.467 

THA 121 -0.719 0.473 

Second Molar 

Frequency 121 0.903 0.368 

THA 121 1.403 0.163 

 

VI. One-way analysis of variance (ANOVA) 

 ANOVA tests were performed to analyze the sex and age differences for each tooth 

and method between the populations.  It was also used to measure a statistical interaction 

between age and sex for each variable.  No interaction was detected for the tooth classes and 

methods as shown in Table 5.21.  There were no significant sex differences in either 

population for any tooth class or method.  The results are presented in Tables 5.22- 5.23.  
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The Lisbon sample showed significant age differences for the central incisor using both 

frequency and THA.  The Coimbra sample also shows significant age differences on the 

central incisor, but only for the THA method.  These results are presented in Tables 5.24-

5.25.  All ANOVA results are reported for type III sums of squares. 

 

Table 5.21. ANOVA results for age and sex interaction. 

Tooth Variable F value df p-value (α=0.05) 

Central Incisor 0.08 1, 228 0.7714 

Canine 1.15 1, 228 0.2857 

Second Molar 1.81 1, 228 0.1801 

 

 

Table 5.22.  ANOVA results for sex differences in Lisbon for both frequency and THA. 

Tooth Class-Frequency F-statistic df p-value 

Central Incisor 

Frequency 

THA 

 

0.06 

0.06 

 

1, 108 

1, 108 

 

0.8092 

0.8092 

Canine 

Frequency 

THA 

 

0.01 

0.15 

 

1, 108 

1, 108 

 

0.9382 

0.7040 

Second Molar 

Frequency 

THA 

 

0.51 

0.51 

 

1, 108 

1, 108 

 

0.4770 

0.4770 

*Significance (α=0.05) 
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Table 5.23. ANOVA results for sex differences in Coimbra for frequency and THA. 

Tooth Class-Frequency F-statistic df p-value 

Central Incisor 

Frequency 

THA 

 

0.06 

0.26 

 

1, 121 

1, 121 

 

0.8117 

0.6084 

Canine 

Frequency 

THA 

 

1.50 

1.81 

 

1, 121 

1, 121 

 

0.2227 

0.1815 

Second Molar 

Frequency 

THA 

 

0.87 

0.45 

 

1, 121 

1, 121 

 

0.3525 

0.5018 

*Significance (α=0.05) 

 

Table 5.24. ANOVA results for age differences in Lisbon for both frequency and THA. 

Tooth Class-Frequency F-statistic df p-value 

Central Incisor 

Frequency 

THA 

 

7.05 

7.05 

 

1, 108 

1, 108 

 

0.0091* 

0.0091* 

Canine 

Frequency 

THA 

 

1.69 

0.28 

 

1, 108 

1, 108 

 

0.1967 

0.5975 

Second Molar 

Frequency 

THA 

 

0.19 

0.19 

 

1, 108 

1, 108 

 

0.6613 

0.6613 

*Significance (α=0.05) 
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Table 5.25. ANOVA results for age differences in Coimbra for frequency and THA. 

Tooth Class-Frequency F-statistic df p-value 

Central Incisor 

Frequency 

THA 

 

2.68 

4.70 

 

1, 121 

1, 121 

 

0.1041 

0.0321* 

Canine 

Frequency 

THA 

 

0.53 

0.52 

 

1, 121 

1, 121 

 

0.4667 

0.4733 

Second Molar 

Frequency 

THA 

 

0.82 

1.97 

 

1, 121 

1, 121 

 

0.3684 

0.1632 

*Significance (α=0.05) 

  

 An ANOVA was also used to assess population differences based on age of 

occurrence for the earliest hypoplastic event.  There were no significant population 

differences found.  The results are presented in Table 5.26. 

 

Table 5.26. ANOVA results for population differences in age of occurrence. 

Variable F-statistic df p-value (α=0.05) 

Central Incisor – Age 

of occurrence 

0.01 1 0.9291 

Canine – Age of 

occurrence 

 

0.00 1 0.9675 

Second Molar – Age 

of occurrence 

1.03 1 0.3218 

 

VII. One-way analysis of covariance (ANCOVA) 

 An ANCOVA was used to analyze population differences among each tooth class for 

both frequency and THA controlling for age and sex.  There were significant population 
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differences for the central incisor using both frequency and THA methods.  There were 

significant population differences for the canine, but only for the frequency method.  The 

results are presented in Table 5.27.  All ANCOVA results are reported for type III sums of 

squares. 

 

Table 5.27. ANCOVA results for population differences for frequency and THA. 

Tooth Class-Frequency F-statistic df p-value 

Central Incisor 

Frequency 

THA 

 

12.93 

14.19 

 

1, 229 

1, 229 

 

0.0004* 

0.0002* 

Canine 

Frequency 

THA 

 

8.54 

3.08 

 

1, 229 

1, 229 

 

0.0038* 

0.0806 

Second Molar 

Frequency 

THA 

 

0.82 

1.20 

 

1, 229 

1, 229 

 

0.3657 

0.2752 

*Significance (α=0.05) 

 

VIII. Multivariate analysis of covariance (MANCOVA) 

 A MANCOVA was used to analyze the overall population differences for all tooth 

classes for both frequency and THA controlling for the effects of age and sex.  The 

MANCOVA results suggest significant population differences using both methods at an 

α=0.05 significance level.  The results are presented in Table 5.28. 
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Table 5.28. MANCOVA results for population differences using both methods. 

Method Type F-statistic df Wilk’s Lambda (α=0.05) 

Frequency 4.44 3, 229 0.0047* 

Total Hypoplastic Area 

(THA) 

4.99 3, 229 0.0023* 
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DISCUSSION 

 

I. Population Variation Analysis 

 

 Studies have shown a limited degree of variation among major geographic regions 

(Relethford 1994).  The minimum Fst values assumed under complete heritability suggest a 

very low amount of among-group variation between all three populations (Fst = 0.019).  The 

Fst values comparing the Coimbra population to both the Lisbon and Oloriz separately gave 

the same amount of variation (Fst = 0.018) suggesting the Coimbra population is equally 

separated from both groups.  Interestingly, the Lisbon and Oloriz comparison gave the lowest 

value (Fst = 0.009), which suggests this group may share more common genetic markers.  

This pattern is mirrored when minimum Fst values assuming average heritability were 

calculated.  The variation between all populations increased under average heritability (Fst = 

0.039).  The Lisbon and Oloriz population also still exhibit the lowest amount of variation 

(Fst = 0.022).  The close relationship between both Lisbon and Oloriz populations may be 

due to their shared history concerning the Moorish stronghold and an influx of Africans from 

the Alantic-Slave trade (Alvarez et al. 2010, Birmingham 2003).  Also, during the 16
th

 

century Spain claimed Portugal under the Spanish crown.  During this time the Spanish court 

and military occupied Lisbon (Marques 1972).  This would have allowed for admixture of 

the population of Lisbon with Spanish immigrants.  Overall, the low values of variation 

found among all three populations suggest a close affiliation ancestrally that is supported by 

mitochondrial DNA research in the Northern Plateau and craniometric analysis (Alvarez et 

al. 2010, Ross et al. 2011, Humphries and Ross 2012). 
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II. Frequency of LEH 

 

The Coimbra sample exhibits a higher frequency of individuals with LEH than the 

Lisbon population (see Tables 5.2 and 5.4.  The central incisor exhibited the largest disparity 

in frequency with 73% of individuals from Coimbra exhibiting at least one LEH and 55% of 

Lisbon individuals exhibiting at least one LEH.  However, the canine had the highest 

percentage of individuals with at least one LEH for both populations.  This is likely due to 

the canine’s increased timing for enamel deposition (Goodman and Rose 1990, Reid and 

Dean 2006).  The second molar showed a lower frequency for both populations with 16% of 

Coimbra affected and 12% of Lisbon affected.  This is likely due to the lower susceptibility 

of the molars to developmental disturbance because of their crown geometry (see Figure 2.1) 

(Hillson and Bond 1997).  The Oloriz population shows a similar distribution with canines 

exhibiting the highest frequency of 33.3%.  However, the incisors had 0% prevalence with 

the total percentage of LEH at 2.3% (Ubelaker et al. 2009).   

 The percentage of sex frequencies was also presented in Tables 5.2-5.3 for Lisbon 

and Tables 5.5-5.6 for Coimbra.  In general, males from both populations exhibit a higher 

frequency of LEH than females.  The same pattern is observed with the canine exhibiting the 

highest percentage for both males and females.  Again this supports the assertion that the 

canine will be more sensitive because it has the longest developmental timing (Hillson 2005).  

The pattern in both populations with males exhibiting the greater prevalence of LEH may be 

due to the hypothesis that females have developmental buffer mechanisms.  The fundamental 

assumption that males are more susceptible to physiological stress because of innate female 

buffer systems is supported by Guatelli-Steinberg and Lukacs (1999).  Males are expected to 
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exhibit higher rates of LEH due to their increased susceptibility to metabolic insult and that is 

seen for both the Lisbon and Coimbra populations.  This pattern is mirrored in the Oloriz 

population with 4.5% of males exhibiting LEH in the maxillary dentition and 1.2% of 

females affected (Ubelaker et al. 2009). 

III. LEH Distributions 

 The LEH distributions between tooth thirds exhibits a definite bias towards the 

middle tooth third for each tooth used in this study for both the Lisbon and Coimbra 

populations (see Figures 5.3 and 5.4).  The LEH distribution for the central incisor in the 

Coimbra population shows 62% of LEH was found in the middle tooth third and 61% was 

found in the Lisbon population.  The cervical third showed the next highest percentage of 

LEH for both populations and all tooth classes as well.  However, the canine in the Lisbon 

population showed a much closer prevalence between the middle and cervical tooth thirds 

than any other tooth with the distribution being 49% and 42%, respectively.  This distribution 

bias is likely due to the differential enamel deposition pattern between tooth thirds.  The 

middle tooth third ameloblasts are the fastest moving and thus, may be more susceptible to 

metabolic disturbances (Hillson and Bond 1997).  This distribution is corroborated with 

Goodman and Armelagos (1985) and their study of the LEH distribution in the Dickson 

Mound populations were they found an increased distribution in the middle tooth third 

followed by the cervical tooth third. 

IV. Overall Sample Means 
 

 The overall sample means corroborate the frequency percentages found previously.  

The canine shows the highest frequency of LEH in both populations and sexes, except for the 
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central incisor for Coimbra females.  This difference may be attributed to an earlier age of 

occurrence for LEH in Coimbra females relative to the other groups.  The second molar 

shows the lowest population means for both sexes and populations suggesting the lower 

susceptibility of the molars and also that metabolic insult were rare later in the developmental 

period (Goodman and Rose 1990).  Also, the means show that the Coimbra population 

exhibits a higher frequency of LEH for both males and females than the Lisbon population. 

V. Independent Sample t-tests 

 

 Independent sample t-tests evaluated the significance of population differences in 

LEH frequency and duration.  The central incisor showed a significant difference between 

both populations for both frequency and duration.  However, the canine showed a significant 

difference between populations for only frequency.  These differences show that the Coimbra 

population has a significantly higher frequency of LEH prevalence for those teeth that are 

more susceptible to metabolic insult (e.g. central incisor and canine).  The insignificant 

duration for the canine suggests that width may not be an accurate measure of metabolic 

insult (Hubbard et al. 2009).  The second molar showed no significant differences between 

the two populations for either frequency or duration.  This is likely due to the decreased 

susceptibility of molars due to their lower percentage of the imbricational zone relative the 

anterior dentition (Hillson 2005). 

 Independent sample t-tests were also used to evaluate the significance of sex 

differences in LEH within and between both populations.  Both the Lisbon and the Coimbra 

population showed no significant sex differences within each population suggesting there 

was no differential treatment of the sexes during this time.  This corroborates with 
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Birmingham (2003) who found that women had begun to take active political roles as they 

applied to land ownership by the end of the 17
th

 century.  However, these results also suggest 

males may not have been more susceptible to metabolic insult contra the results from 

Guatelli-Steinberg and Lukacs (1999), which found males in stressed populations were more 

afflicted than females. 

 The between-population sex comparison showed significant differences between 

males for the central incisor using both frequency and duration.  Females also showed 

significant differences for the central incisor, but also for LEH frequency of the canine.  

These results indicate that males and females from the Coimbra population may have been 

more stressed in comparison to their Lisbon counterparts.  These results also correlate with 

the overall population significance between Lisbon and Coimbra. 

 Age differences between the populations were also evaluated using independent 

sample t-tests.  Coimbra adults showed a significantly higher frequency of LEH than the 

Lisbon adults for the central incisor and canine.  Duration was significant for the central 

incisor only.  However, subadults showed no significant differences between the populations.  

This was evidenced by a significant difference in the central incisor for the comparison 

between adults and subadults in both Lisbon and Coimbra samples.  Interestingly, the 

Coimbra age comparison was only significant for duration of the central incisor.  This 

suggests frequency was equivalent, but the duration of insult was greater for adults in the 

Coimbra population.  These results are contra to most studies on morbidity and mortality of 

populations, which illustrate that metabolic insults in subadults should be higher than 

surviving adults in a population (Saunders 1992).  However, Wood et al. (1992) suggest that 
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these stress indicators, such as LEH, may be higher in surviving adults because they indicate 

survival of a stress episode during life.  This may be the explanation for the increased 

prevalence of LEH in the adults for both the Lisbon and Coimbra populations. 

VI. Population and Method Comparisons 
 

 This study showed no significant sex differences from ANOVA for either method 

between the Lisbon and Coimbra populations (see Tables 5.22-5.23).  This corroborates the t-

test results for each tooth class.  ANOVA does show significant differences in age for the 

Lisbon and Coimbra populations (see Tables 5.24-5.25).  These results are similar to the t-

test results where only the central incisor showed significant differences and duration was the 

only significant difference in the Coimbra population.  Again, these results show the 

increased susceptibility of the central incisor to metabolic insult, but also show that duration 

may not always be a more sensitive parameter relative to prevalence.   

 There were no significant differences between the populations for age of occurrence 

for any tooth.  This indicates that there may not have been different factors contributing to 

metabolic stress (Goodman and Armelagos 1985).  It is likely that all individuals were 

experiencing at least the same types of systemic diseases and there were no differences in 

cultural practices related to weaning and other developmental processes. 

 When age and sex were controlled in the analysis, there were significant population 

differences between the Lisbon and Coimbra populations for the central incisor and the 

canine.  However, the canine was only significant for frequency.  The multivariate analysis 

also shows significant differences between the two populations for both methods.  These 
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results suggest many things about the populations and the use of LEH as an indicator of 

physiological stress.    

Overall, this study shows an increase in stress for the Coimbra population.  This is 

likely related to their diet, which appears to indicate malnutrition and known unsanitary 

conditions (Santos 1995).  The Lisbon populations had a more varied nutritional diet and did 

not rely on maize as a primary nutritional component (Cardoso 2007).  The analysis also 

indicates that duration is not a more sensitive parameter for estimating LEH severity in 

populations.  This is corroborated by Pearson correlation coefficents that show the central 

incisor correlation between frequency and duration is 0.99 and decreases with the canine and 

molar (see Appendix 1).  Most significant results were found using only the frequency 

method.  This is likely due to both the biased distribution found in the tooth thirds where 

width may be more indicative of where the insult occurred during development.     
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CONCLUSION 
 

 The outcome of this study shows that the Coimbra population was more stressed than 

individuals from the Lisbon population.  These results suggest that malnutrition may play an 

increased role in the development of LEH than increased systemic disease.  The increased 

stress in the Coimbra population was likely related to both malnutrition and disease because 

they were living in unsanitary conditions and were more dependent on a maize diet (Santos 

1995).  Maize subsistence has been shown to decrease health in populations that use this as 

their primary source of caloric intake (Cohen and Armelagos 1984).  

 However, both populations only had at most approximately 70% prevalence of LEH.  

This is in contrast to 100% prevalence for individuals in 19
th

 century England (King et al. 

2005).  This indicates the Iberian Peninsula was more healthy than most of Europe during 

this transition to industrialization.  This is because Portugal did not undergo a true 

industrialization like many other European powers, but relied on agriculture and colonial 

expansion for economic prosperity in the 19
th

 century (Reis 2001).  This also supports the 

results from Ubelaker et al. (2009) that the 19
th

 century Spanish populations were healthier 

than other European countries. 

 This study also shows that, macroscopically, there is a biased distribution in LEH 

prevalence with the middle third being the most susceptible in all tooth classes.  This bias 

may affect the outcome of LEH studies that use duration because the more rapid moving 

cells in the middle tooth third may show a larger duration that may not be related to actual 

timing of metabolic insult.   
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 These results were in contrast to the hypothesis proposed.  The Coimbra population 

did show an increased frequency in LEH in comparison to the Lisbon population.  However, 

the Lisbon population did not show an increase in duration of LEH related to urbanization.  

Typically, the more urban population will exhibit increased evidence of physiological stress 

related to increased disease loads.  However, the results presented in this study indicate 

malnutrition may be a more significant factor and the increased levels of malnutrition in 

Coimbra had a greater effect on physiological stress than increased disease load in Lisbon 

during the 19
th

 century. 

Limitations 
 

 The most obvious limitation of this study is the lack of microscopic methods.  

Microscopy allows for a greater resolution of the tooth surface to aid in the identification of 

LEH.  However, microscopic methods can be subjective in their determination because of 

they define LEH as an abnormal spacing between perikymata (King et al. 2005).  There has 

been no standard published on the minimum abnormal spacing that signifies an LEH in the 

tooth microstructure.    

Suggestions for Future Research 
 

 Future research is necessary to establish a standard on the minimum expression of a 

developmental defect to be considered a LEH.  Also, research related to the developmental 

timing of enamel deposition within the tooth crown of each tooth type is necessary to 

understand the relationships between LEH frequency and patterns.  Some questions may be: 

Are widths indicative of duration of insult or representative of differences in ameloblast 

timing within the tooth crown?  Another important consideration pertains to sex differences 
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related to development.  The fundamental theoretical assumption that males are more 

susceptible to physiological stress may not be always true as shown in this study. 
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APPENDIX 1 

Table 8.1 Year of birth and death ranges for the collection used in this study. 

 

Population Year Birth Range Year Death Range 

Coimbra 1831 – 1921 1896 – 1926  

Lisbon 1805 – 1972 1880 – 1975 

 

Table 8.2. Pearson correlation coefficients for LEH distribution in this study. 

 Central Incisor Canine Second Molar 

Central Incisor 1.0000 0.7086 0.1795 

Canine 0.7086 1.0000 0.1777 

Second Molar 0.1795 0.1777 1.0000 

 


