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In living human populations, there are important sex differ- 
entials in risks of mortality, and in the majority of living populations that 
have been studied, females tend to face lower age-specific mortality rates at 
most or all ages and to live longer than males (Lopez and Ruzicka 1984; Coale 
1991; Teriokhin et al. 2004; Case and Paxson 2005). For example, in the over-
whelming majority of 225 populations for which data are available, female 
life expectancy at birth was longer than that for males, and in many cases the 
differences were quite dramatic (https://www.cia.gov/library/publications 
the-world-factbook/index.html). There are few exceptions to this general 
pattern; male life expectancy exceeds female life expectancy in less than 3% 
of the countries observed. The worldwide patterns of age-specific mortality 
rates in living populations are similar to those observed for life expectancy. 
As shown in table 8.1, age-specific mortality rates were higher for males than 
for females in every age interval from birth to 100 years in the majority of 
regions around the world in 2009 (World Health Organization 2012).

Sex differentials in mortality that favor females exist, in part, because 
males are more susceptible to a wide variety of diseases caused by viruses, 
bacteria, parasites, and fungi (e.g., Brabin and Brabin 1992; Klein 2000; 
Noymer and Garenne 2000; Wells 2000; Owens 2002; Pennell et al. 2012). 
The prevalence or incidence of many diseases, such as tuberculosis, menin-
gitis, respiratory infections, and hepatitis, also is higher in males than 
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females (Rustgi 2007; Falagas et al. 2007; Oren et al. 2011; Case et al. 2012; 
Mobarak 2012). For many diseases, even when the prevalence or incidence is 
quite similar for males and females, or in some cases even higher in females, 
males tend to suffer more severe symptoms and face higher risks of death 
(Acuna-Soto et al. 2000; Leone et al. 2004; Jansen et al. 2007; Diaz 2011).

Males are also at higher risk of morbidity and death from many degen-
erative diseases, such as cardiovascular diseases, diabetes, malignant neo-
plasms, and cirrhosis of the liver (e.g., Lopez 1984; Pilote et al. 2007; Kalra 
et al. 2008; Silbiger and Neugarten 2008). Many external causes of death, such 
as accident, suicide, homicide, and interpersonal violence, disproportionately 
affect males (World Health Organization 2008). Similarly, male fetuses and 

Age (years) Number %
< 1 180 93.26
1–4 128 66.32
5–9 146 75.65

10–14 153 79.27
15–19 167 86.53
20–24 173 89.64
25–29 163 84.46
30–34 165 85.49
35–39 177 91.71
40–44 188 97.41
45–49 190 98.45
50–54 189 97.93
55–59 189 97.93
60–64 187 96.89
65–69 186 96.37
70–74 189 97.93
75–79 182 94.30
80–84 184 95.34
85–89 179 92.75
90–94 169 87.56
95–99 165 85.49

Source: World Health Organization 2012

Table 8.1 Regions Worldwide (n = 193) Where Male Age-Specific Mortality Was Higher 
than Female Age-Specific Mortality in 2009
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neonates are more likely than females to die from such external causes as 
birth trauma, intrauterine hypoxia, and birth asphyxia (Waldron 1998).

Males do not suffer disproportionately from all diseases. Malaria and 
toxoplasmosis, for example, more severely affect females even though the inci-
dences of the diseases are frequently similar in both sexes (Vlassoff and Bonilla 
1994; Roberts et al. 2001). Mortality from measles and influenza is significantly 
higher for females compared to males from birth to age 45 (Garenne 1994; 
Klein et al. 2011). Some degenerative diseases also disproportionately affect 
females. For example, there is a higher prevalence of chronic obstructive pul-
monary disease, arthritis, reproductive cancers, and autoimmune disorders 
among females (Case and Paxson 2005; Fairweather et al. 2008; Cote and 
Chapman 2009; Amur et al. 2011; Pennell et al. 2012; Sawalha et al. 2012), and 
females are more likely to suffer more severe symptoms and higher mortality 
from stroke and diabetes (Moriyama 1984; Reeves et al. 2008).

Obviously, maternal mortality (death while pregnant or during a short 
period after giving birth) exclusively affects females (Kamel 1984), and preg-
nancy itself can increase susceptibility to certain diseases (Roberts et al. 
2001; Rothberg et al. 2008). In populations where differentials favoring males 
exist, they are often attributed to the complications associated with preg-
nancy and childbirth, which are viewed as ultimately acting to balance the 
natural female advantages (see Lopez and Ruzicka 1984; Gage 1994).

Explanations for Sex Differentials

Despite the existence of some causes of death that disproportionately affect 
females, and a few exceptions to the general worldwide pattern of longer life 
expectancies and lower mortality rates for females, they appear to be gener-
ally less frail than males. In fact, in many cases where males seem to fair 
better overall, male fetal and neonatal mortality rates are nonetheless higher, 
and physiological stress appears to negatively affect male prenatal growth 
more strongly (Chen et al. 1981; Bhatia 1984; Stinson 1985). Both phenomena 
are often interpreted as reflecting the “innate frailty” (Bhatia 1984:167) or 
“higher biological risk” (Chen et al. 1981:57) of males. Essentially, higher risks 
of morbidity and mortality for males are viewed by many researchers as the 
natural biological condition. Exceptions where sex differentials favor males—
at least at ages for which maternal mortality does not offer a satisfactory 
explanation—are often explained in terms of cultural factors (e.g., preferen-
tial provisioning of food or medical care to males in cultures with patrilineal 
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inheritance) or behavioral differences that create heterogeneity in exposure 
to risk factors (Chen et al. 1981; Stinson 1985; United Nations 2011).

In addition to the nearly universal patterns of sex differentials in longev-
ity and in susceptibility to and risks of death from disease in humans, there 
are many species of mammals, fish, birds, reptiles, and insects in which 
females live longer and males suffer disproportionately from a variety of dis-
eases (Clutton-Brock et al. 1982; Klein 2000; Moore and Wilson 2002; Owens 
2002; May 2007; Zuk and Stoehr 2010). Such pan-species patterns further 
indicate that sex differences in mortality are due at least in part to funda-
mental biological differences between the sexes (Retherford 1975). There are 
several possible mechanisms underlying the observed sex differentials in 
morbidity and mortality, including the effects of sex hormones, genetic dif-
ferences, and behavioral differences.

Sex hormones greatly influence susceptibility to and severity of disease 
(Klein and Roberts 2010). In general, estrogens enhance immune compe-
tence, whereas androgens reduce it, and females thus tend to mount stronger 
immune responses (Ahmed et al. 2010; Klein and Huber 2010). The immune-
enhancing effects of estrogens include the upregulation of pro-inflammatory 
cytokines and associated molecules, increasing the phagocytic activity of 
macrophages, increasing the activity of interferon-producing killer dendritic 
cells, enhancing antibody production by B cells, and enhancing CD4+ T cell 
differentiation (Ahmed et al. 2010; Klein and Roberts 2010). Androgens tend 
to reduce immune competence by, among other things, suppressing pro-
inflammatory responses, limiting the size of the thymus, limiting macro-
phage activity, reducing the function of CD4+ T cells, and inhibiting mast 
cell/basophil activity (Ahmed et al. 2010; Alexander et al. 2010). Numerous 
studies have demonstrated the beneficial effects of estrogen (or the costs of a 
lack of sufficient estrogen) with respect to infectious and degenerative dis-
eases (e.g., Leone et al. 2004; Choi and McLaughlin 2007).

Sex differentials in morbidity and mortality associated with infectious and 
parasitic diseases can result from differences in behavior. For example, the 
higher prevalence and severity of certain parasitic infections (e.g., schistoso-
miasis) in females in many populations result from females’ heightened risk of 
exposure to pathogens in water (which contains the disease agents themselves 
or their vectors) while engaging in gendered activities like food preparation 
and fetching water for the household (Vlassoff and Bonilla 1994). In the case of 
bubonic plague, the prevalence is higher for men in the United States (Butler 
1989; Poland 1989) because hunting and ranching activities, which increase 
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one’s risk of encountering infected animal vectors, are more commonly 
engaged in by men (Cleri et al. 1997; Perry and Fetherston 1997). On the other 
hand, in Tanzania, women are more commonly infected by bubonic plague, 
likely because of differences in sleeping locations (men sleep in beds, women 
sleep on the floor) or differences in outdoor activities that increase the risk of 
exposure for women (Davis et al. 2006; Kamugisha et al. 2007).

Sex differentials in extrinsic causes of mortality are partly the result of 
males engaging more frequently in risk-taking behaviors that might result in 
injury or death. Such behavioral variances are the result of differences in 
both socialization and sex hormones (Waldron 1998).

Differences between the sexes are also thought to result from variation 
in access to and utilization of health care. Excess female mortality during 
childhood is found in several areas of the world where parents are less likely 
to obtain medical care, including vaccinations, for daughters compared to 
sons (United Nations 2011). In other populations, men suffer higher morbid-
ity and mortality from many diseases (even when controlling for sex-specific 
conditions) because they are less likely to seek medical care and are less likely 
to comply with medical treatment (Oksuzyan et al. 2008). The sex differen-
tials associated with some degenerative diseases are also the result, in part, 
of  behavioral differences, such as higher rates of cigarette smoking and alco-
hol consumption among men; both behaviors are linked to excess mortality 
from such causes as coronary heart disease, certain cancers, and cirrhosis of 
the liver (Hetzel 1984; Lopez 1984).

Some behavioral differences between the sexes that are associated with 
variation in morbidity and mortality are ultimately associated with hormonal 
differences. For example, sex hormones might influence sex differentials in 
age-specific mortality rates or life expectancies via higher rates of injury in 
males, since exposure to higher testosterone levels is associated with higher 
activity levels, risk taking, and physical aggression (Waldron 1998). Aggressive 
behavior itself might result in increased androgen concentrations in the body 
and thus increased susceptibility to infection via the immunosuppressive 
effects of such hormones (Klein 2000).

Genetic differences, beyond those that underlie differences in sex hor-
mone production, also determine some sex differentials in mortality. For 
example, diseases that are caused by recessive X-linked genes, such as X-linked 
immunodeficiency syndromes, disproportionately affect males (Waldron 
1984, 1998). There is evidence of a genetic component to sex differences in 
hypertension, since the second X chromosome in females appears to play a 
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role in maintaining normal blood pressure independent of the effect of sex 
hormones (Sandberg and Ji 2012). Similarly, lupus is more common in females, 
at least partly because of X-linked gene dosing effects, since males with 
Klinefelter syndrome (XXY) develop lupus at approximately the same rate as 
females do (Sawalha et al. 2012). Researchers have found several examples in 
mouse models of sexually dimorphic loci that affect viral infection severity 
and disease susceptibility genes, whose effects are moderated by sex hor-
mones (Klein and Huber 2010).

Sex Differentials in the Past

The pervasiveness of female advantages in living populations has prompted 
many researchers to examine sex patterns of morbidity and mortality in the 
past. Such studies have primarily been done using historical records, but 
unfortunately good documentary data on sex and age patterns of disease and 
mortality are generally limited to the last 200 years and are not available for 
all populations. According to Bullough and Campbell (1980), in the ancient 
and medieval periods it was generally believed that men lived longer than 
women, and beginning in the fourteenth century, some documents indicate 
that women lived longer than men. Unfortunately, there are few empirical 
data to confirm such patterns. There is some historical evidence that mortal-
ity rates were lower for females in seventeenth-century London (Graunt 
1975), but data on ages at death for both sexes in past populations are gener-
ally not available prior to the eighteenth century (Wrigley and Schofield 1981; 
Gage 2005). According to Coale (1991) and Retherford (1975), mortality rates 
have been lower for females in European populations in general since at least 
the mid-nineteenth century.

Empirical data from archaeological sites may allow for a more thorough 
examination of the antiquity of sex differentials in morbidity and mortality. 
Skeletal samples, though not completely free of biases themselves, can in 
many cases provide data that are missing from existing historical docu-
ments. For example, skeletal samples may provide data for people who were 
marginalized and therefore not represented in historical data, or may pro-
vide the only data available for past populations with no surviving written 
demographic records.

There is a long history of bioarchaeological examination of sex differ-
ences in mortality, and these studies have revealed a variety of often conflict-
ing patterns and temporal trends. Bennett (1973), for example, estimates 
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higher life expectancies for females in a prehistoric southwestern United 
States sample, and Nagaoka and colleagues (2006) similarly find higher life 
expectancies for females in a medieval sample from Japan. However, Šlaus 
(2000) reports lower mean age at death among females in a medieval Croatian 
sample, and Storey and colleagues (2002) find significantly fewer females than 
males above the age of 40 at the Mayan site of Xcaret. Högberg and colleagues 
(1987), using life table analyses of medieval Swedish skeletal remains, estimate 
higher mortality rates for females between the ages of 14 and 59, but lower 
mortality rates for females compared to males at advanced adult ages, a pat-
tern they ascribe to high maternal mortality at younger ages.

Bioarchaeological studies of sex differences in skeletal stress markers 
have also revealed variable patterns. Many studies have found higher frequen-
cies of skeletal lesions among males in the past. For example, studies of pre-
historic Native American samples by Ortner (1998), Larsen (1998), and Cassidy 
(1984) find higher frequencies of periosteal lesions (indicative of inflammation 
of the periosteal membrane covering bone in response to nonspecific infec-
tion or trauma) in males than in females. According to Guatelli-Steinberg and 
Lukacs (1999), when significant differences in enamel hypoplasia (enamel 
defects indicative of disease or malnutrition during childhood) exist in skel-
etal samples, there is generally a higher frequency in males.

In contrast, many other studies have found higher frequencies of lesions 
in females. For example, both Cucina and colleagues (2006) and Mittler and 
Van Gerven (1994) report higher frequencies of cribra orbitalia (porous lesions 
in the eye sockets often attributed to childhood anemia) in adult females at a 
second- to third-century Roman site and in a medieval Nubian sample, respec-
tively. Similarly, King and colleagues (2005) find a higher frequency of linear 
enamel hypoplasia among females in samples from eighteenth- and nine-
teenth-century London, and Lukacs (2008 and this volume) has reported a 
general trend of higher dental caries frequencies in females, particularly in 
agricultural contexts.

Limitations of Bioarchaeological Studies of Sex Differentials

The varying patterns of sex differentials found in previous bioarchaeological 
studies might reflect real, underlying population or temporal differences in 
health and mortality. However, some of the observed variation might be the 
result, at least in part, of the limitations of the skeletal data and the methods 
used in those studies.
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Although numerous studies have demonstrated that various skeletal 
stress markers are reliable indicators of frailty (e.g., Larsen 1997; Usher 2000; 
Roberts and Manchester 2005; DeWitte and Wood 2008; DeWitte and 
Bekvalac 2010; DeWitte and Hughes-Morey 2012), it is potentially problematic 
to compare raw frequencies of stress markers in order to evaluate differences 
in health. Doing so assumes that stress markers indicate identical levels of 
frailty for all individuals, and that might not always be the case. Despite fre-
quent assumptions to the contrary, the stress markers that are typically used 
in bioarchaeological studies might not always indicate poor health (Ortner 
1991; Wood et al. 1992; Milner et al. 2008). In order for individuals to develop 
a stress marker that can later be identified in their skeletal remains, they must 
be minimally healthy enough to survive a physiological stressor long enough 
for the stress marker to form to a detectable level. Some individuals in a skel-
etal sample might lack stress markers despite exposure to stress because they 
were very frail and died before skeletal stress markers had an opportunity to 
form. Other individuals in a sample might lack stress markers because they 
had low frailty and were either fortunate enough to avoid exposure to a par-
ticular stressor or had immune systems sufficiently robust to fight off disease 
before lesion formation could occur. The presence of skeletal stress markers 
might actually indicate relatively good health or low frailty in some cases, but 
this will not be apparent in a simple dichotomous comparison of lesion 
frequencies.

Attempts to infer health status from skeletal stress marker frequencies are 
also complicated by the fact that many stress markers are nonspecific, that is, 
a single stress marker can be caused by a variety of stressors, such as infectious 
disease, malnutrition, or traumatic injury. Thus, a single stress marker might 
be associated with a variety of physiological stressors that might have had 
varying effects on risks of mortality.

As with skeletal stress markers, there are problems with inferring health 
and mortality patterns using age-at-death data. Many bioarchaeological 
studies use traditional methods of age estimation, which have a tendency to 
underestimate older adult ages (Van Gerven and Armelagos 1983; Buikstra 
and Konigsberg 1985; Müller et al. 2002; Milner and Boldsen 2012). This 
occurs because traditional age estimates are biased toward known-age refer-
ence samples, which tend to be composed predominantly of young individu-
als (Bocquet-Appel and Masset 1982; Müller et al. 2002). Another limitation 
is the use of broad terminal age intervals (e.g., 50+), because of the difficulty 
of estimating age in older adults (Buikstra and Konigsberg 1985; Boldsen 
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et al. 2002). Combined, these limitations mean that analyses of sex differen-
tials based on traditional age estimates will not be able to discern reliably (if 
at all) the patterns that might have existed at later ages, that is, precisely those 
ages at which sex differentials in many living populations become most dra-
matic (Retherford 1975; Moriyama 1984).

Several researchers have relied on life tables for assessing sex differences 
in mortality (e.g., Högberg et al. 1987). Life tables are representations of a pop-
ulation’s age-specific mortality rates, survival rates, and other related mea-
sures. The construction of life tables using paleodemographic data is based on 
the assumption that the age-at-death distribution of a skeletal sample is equiv-
alent to the cohort’s age-at-death column in a life table (Milner et al. 2008). 
However, this is true only when the population that gave rise to a cemetery 
was stationary (i.e., closed to migration, with an intrinsic rate of increase equal 
to zero, and age-specific mortality and fertility rates that did not change over 
time), a condition that is not always met (Milner et al. 2008). Furthermore, life 
table analysis requires the estimation of the central mortality rate for each age 
interval. The reliable estimation of these parameters requires huge sample 
sizes and information about the original population at risk, neither of which 
are usually available to bioarchaeologists (Wood et al. 2002).

Hazards Analysis in Bioarchaeology

Many researchers argue that some form of hazards analysis is the most pow-
erful way to derive information from the small samples typical of paleode-
mography (Gage 1988; Konigsberg and Frankenberg 1992, 2002; Buikstra 
1997; Hoppa and Vaupel 2002; Wood et al. 2002), and some bioarchaeological 
work on sex differentials has utilized this approach. An analysis of sex dif-
ferences in preindustrial and industrial revolution samples from London 
(DeWitte 2014) using hazards models found similar risks of mortality 
between the sexes in the earlier sample, but a higher risk for males in the 
industrial sample. Similar excess mortality among males during industrial-
ization has also been observed in some historic data, and some researchers 
have attributed the differentials to social factors, including accidents at work 
(Vallin 1991).

Wilson (2010, 2014) uses a hazards analysis approach to assess temporal 
trends in mortality across Late Woodland and Mississippian samples and 
reports evidence of mortality crossovers. Female mortality rates were much 
higher than those of males (sometimes as much as twice as high) at young 
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adult ages, but were lower at middle and older adult ages, indicating the 
effects of high maternal mortality for females during their reproductive years. 
Kreger (2010) estimates adult mortality using a hazards model for postclassic 
Cholula, Mexico, and finds similar mortality rates between the sexes at 
younger adult ages, but excess male mortality at older ages.

The results of this research using hazards analysis approaches are prom-
ising, but the paucity of such studies indicates that further work needs to be 
done to deepen our understanding of the antiquity of sex differentials under 
a variety of conditions.

Sex Differentials in Frailty: The Case of the Black Death

My research addresses whether females experienced survival advantages 
compared to males in medieval Europe. I previously assessed sex differen-
tials in frailty using skeletal material from the East Smithfield cemetery in 
northeastern London, an exclusively Black Death cemetery dated to the first 
outbreak of the medieval plague in London in 1349–1350 (DeWitte 2010b). In 
that study, I used hazards analysis to test whether exposure to physiological 
stress before the Black Death arrived in London (i.e., health history) subse-
quently affected the risk of death during the epidemic in the same way for 
adult males and females, or whether one sex was better buffered (i.e., less 
frail) than the other during the epidemic.

The previous study (DeWitte 2010b) reveals that there was excess mortal-
ity associated with skeletal stress markers for both sexes, but there was a higher 
excess mortality for males. These results suggest that both adult males and 
females who were already in poor health before the Black Death were more 
likely than their healthier peers to die during the epidemic, but the effects of 
previous physiological stress on risk of death were stronger for males. These 
results further suggest that females were less frail than males in this popula-
tion; females with histories of physiological stress were better able to resist 
dying during the epidemic than were males with similar histories of stress.

The advantage of using the East Smithfield cemetery to examine sex dif-
ferentials in medieval mortality is that the vast majority, if not all, of the indi-
viduals interred there died from the same cause of death in a very short period 
of time (several months). I was able to examine mortality patterns without the 
potential confounders of different causes of death or different temporal trends 
in mortality and fertility patterns (i.e., demographic nonstationarity), either of 
which might have obscured differences between the sexes. However, my focus 
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on the East Smithfield cemetery raised the question of whether the results are 
unique to the Black Death or are more widely reflective of general medieval 
mortality patterns. This chapter builds on my previous work by examining sex 
differences in the effects of physiological stress on risk of death in a normal, 
non-epidemic (i.e., attritional) cemetery sample from medieval Denmark for 
comparison with the results from East Smithfield.

Materials and Methods

East Smithfield Black Death Skeletal Sample

As mentioned above, my analysis of the sex differential in frailty during the 
Black Death was conducted using a sample from the East Smithfield cemetery 
in London (DeWitte 2010b). This burial ground is one of only a few excavated 
cemeteries with both documentary and archaeological evidence clearly link-
ing it to the fourteenth-century Black Death (Grainger et al. 2008). East 
Smithfield was used for the burial of victims of the Black Death in London 
during 1348–1350. According to records from the Church of the Holy Trinity, 
which note the exact location and dimensions of the burial ground, the East 
Smithfield cemetery was founded in late 1348 in anticipation of the over-
whelming mortality associated with the Black Death (Hawkins 1990). During 
excavation, more than 600 individuals were disinterred from East Smithfield 
and are now in the care of the Museum of London’s Centre for Human 
Bioarchaeology. Stratigraphic evidence indicates that the burials were com-
pleted in a single phase, and there is no evidence of interments after 1350 
(Grainger et al. 2008). Most, if not all, of the individuals buried in the East 
Smithfield cemetery died as a result of the Black Death.

I selected a sample of 299 adults (173 males, 126 females) from the East 
Smithfield cemetery. This sample comprises all of the excavated adults from 
the burial ground who were preserved well enough to provide sufficient data 
on age, sex, and the presence of certain skeletal stress markers. Because of 
the difficulties associated with determining sex in juveniles, this study only 
examined patterns of mortality among adults.

Attritional Medieval Mortality Skeletal Sample

The results previously obtained from East Smithfield (DeWitte 2010b) were 
compared to those from normal, non-epidemic mortality samples from 
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two medieval Danish urban parish cemeteries: St. Albani Church in 
Odense and St. Mikkel Church in Viborg, both of which date to the 1100s 
to mid-1500s and are part of the Anthropological Database at Odense Uni-
versity (ADBOU) collection. Given evidence that the Black Death targeted 
the sick and the elderly (DeWitte and Wood 2008; DeWitte 2010a) and 
caused dramatic demographic changes (Bowsky 1971; Hatcher 1977; Gott-
fried 1983; Herlihy 1997; Cohn 2002), and that catastrophic mortality can 
affect demographic patterns in the surviving population for decades (Paine 
2000), for this study, I wanted to avoid using a post–Black Death sample as 
a comparison sample for East Smithfield. One major advantage of the 
Danish cemeteries is that they allow for the selection of a pre–Black Death 
sample based on the arm positions of the interred individuals (Kieffer-
Olsen 1993; Jantzen et al. 1994). For comparison with East Smithfield, I 
selected a sample from the Danish cemeteries of adults interred with arm 
positions used exclusively or predominantly before the Black Death arrived 
in Denmark in 1350.

There are several other advantages to using the Danish cemeteries as 
a comparison for East Smithfield. The combined Danish sample is suffi-
ciently large to allow for the estimation of the parameters of the model 
used in this study. Also, there were many economic, demographic, and 
social similarities between the English and Danish medieval populations 
up to the time of the Black Death (Benedictow 1993; Sawyer and Sawyer 
1993; Poulsen 1997; Widgren 1997; Roesdahl 1999). The Danish cemeteries 
are also from urban areas, similar in kind, if not in scale, to London at the 
time. Last, there were probably genetic similarities between the two popu-
lations, which persist today, as a result of the preconquest Norse settlement 
of England (e.g., Capelli et al. 2003). These similarities between the English 
and Danish populations mean that differences between the two samples 
can be at least partly attributed to differences between Black Death and 
normal mortality. However, potential population variations must also be 
considered as an explanation for differences between the samples.

I selected a combined sample of 196 individuals (109 males, 87 females) 
from the St. Mikkel and St. Albani church cemeteries. This sample includes 
all of the adults (dated to 1100–1350) from these cemeteries who died before 
the Black Death arrived in Denmark in 1350 and were preserved well 
enough to yield data on age, sex, and the skeletal stress markers described 
below.
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Age Estimation

Ages were estimated using transition analysis (Boldsen et al. 2002), an 
approach that avoids the problem of age mimicry associated with traditional 
methods (Bocquet-Appel and Masset 1982; Boldsen et al. 2002). The general 
approach of transition analysis begins with estimating, from a known-age 
reference sample, the conditional probability that a skeleton exhibits a cer-
tain age indicator stage, given the individual’s known age. This conditional 
probability is then combined with a prior distribution of ages at death (either 
a uniform prior or an informed prior distribution based on documentary 
information) using Bayes’ theorem to determine the posterior probability 
that a skeleton in the unknown-age target sample died at a certain age, given 
that it displays particular age indicator stages.

For this study, transition analysis was applied to skeletal age indicators 
present on the pubic symphysis and iliac auricular surface and to cranial 
suture closure as described by Boldsen and colleagues (2002). The ADBOU 
age estimation software was used to determine individual ages at death. The 
ADBOU program uses a conditional probability estimated from the Smith-
sonian Institution’s Terry Collection of age indicators given age. The program 
also uses a prior age-at-death distribution based on data from seventeenth-
century Danish rural parish records. Using Bayes’ theorem, the ADBOU pro-
gram combines the informative prior and the conditional probability to 
calculate the highest posterior point estimate of age for each individual in the 
sample. One major advantage of transition analysis, compared to traditional 
methods, is that it provides point estimates of age for all adult ages, even for 
older individuals, thus removing the potential limitation of a broad terminal 
age interval.

Sex Estimation

I determined sex based on sexually dimorphic features of the skull and pelvis 
using the standards described in Buikstra and Ubelaker (1994). The following 
features of the skull were scored: the glabella/supraorbital ridge, the supra-
orbital margin, the mastoid process, the external occipital protuberance/
nuchal crest, and the mental eminence. The following features of the pelvis 
were also scored: the ventral arc of the pubis, the subpubic concavity, the 
ischiopubic ramus ridge, and the greater sciatic notch.
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Skeletal Stress Markers

This study analyzes the risk of death associated with the following nonspecific 
skeletal markers of physiological stress: tibial periosteal lesions (periosteal new 
bone formation), porotic hyperostosis, cribra orbitalia, and linear enamel 
hypoplasia. Periosteal new bone formation (fig. 8.1) can occur at any age and is 
the abnormal proliferation of bone that occurs as part of an inflammatory 
response to trauma or infection (factors that damage the periosteum or lift it 
from the surface of the underlying bone) (Larsen 1997; Ortner 2003; Weston 
2008). I focus on periosteal new bone formation on the tibia because studies 
have repeatedly demonstrated that such lesions commonly affect the tibia and 
because the tibia is a robust bone that is often well preserved in skeletal samples 
(Eisenberg 1991; Milner 1991; Larsen 1997; Roberts and Manchester 2005).

Porotic hyperostosis and cribra orbitalia (fig. 8.2) are lesions on the cranial 
vault bones and orbital roofs, respectively, which are characterized by a porous 
appearance of the outer table of the affected bone that is often associated with 
expansion of the underlying diploic bone (Mensforth et al. 1978; Ortner 2003). 
Both of these skeletal lesions are usually attributed to anemia or other etiolo-
gies that occur during childhood and that result in an expansion of the bone 
marrow and thus an expansion of the surrounding diploic bone. Both stress 
markers, if formed during childhood, can be retained into adulthood and thus 
provide a long-term record of childhood health history (Walker et al. 2009). 

Figure 8.1 Periosteal new bone formation on an adult tibia (from DeWitte and Bekva-
lac 2011). The rough, irregular surface of the tibia is a result of the abnormal excess 
growth of bone.
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For the current study, the cranial vault was scored for porotic hyperostosis, and 
the roofs of both orbits were scored for cribra orbitalia.

Linear enamel hypoplasia is a tooth defect caused by the disruption of 
enamel formation during childhood; such disruption can occur in response to 
infection or malnutrition (Huss-Ashmore et al. 1982; Dahlberg 1991; Roberts 
and Manchester 2005). Though enamel hypoplasia occurs only while the teeth 
are developing during childhood, because enamel, once formed, is not subject 
to remodeling, enamel defects can be retained well into adulthood (until the 
surface of the tooth is worn away) (Roberts and Manchester 2005). Linear 
enamel hypoplasias appear as horizontal lines of varying width on the surface 
of the affected tooth. For the current study, linear enamel hypoplasias were 
identified macroscopically on the buccal surface of the mandibular canines. 
Only permanent teeth with very little or no wear were scored. Linear enamel 
hypoplasia was scored as “present” if one or more depressions on the surface 
of the tooth were palpable and visible to the naked eye.

Model

The risk of death associated with skeletal stress markers among adults in the 
Danish cemeteries was assessed using a multistate model of health and 

Figure 8.2 The porous appearance of the bone on the roof of this child’s orbit is char-
acteristic of cribra orbitalia. Photo courtesy Sharon DeWitte.
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mortality (Usher 2000). The model (fig. 8.3) has three, non-overlapping states: 
state 1 includes individuals without skeletal stress markers, state 2 includes 
those with stress markers, and state 3 is death. Everyone in the skeletal sam-
ple used for this study was observed in state 3, so states 1 and 2 represent the 
two possible living states the individuals could have been in immediately 
before they died. The transitions from either of the two living states to death 
are determined by age-specific hazard rates. The model allows for variation 
in the hazard rates between each of the two living states and death; thus, the 
model can be used to estimate differences in risk of death between those with 
and without stress markers.

For this study, the baseline risk of death from state 1, h13(a), was esti-
mated as a Gompertz-Makeham model: 

  

  1 2 e      a h a  In this model, 	  1α  
is the constant age-independent risk of mortality, and 

 

 

2 
a e    is the exponen-

tially increasing senescent risk of mortality (Gage 1988). Because it is often 
not possible to determine the age at which an individual experienced physi-
ological stress sufficient to cause a stress marker, the hazard of moving from 
state 1 to state 2, h12(a), was estimated as an exponentially random variable 
k1. The hazard of dying from state 2, h23(a), was modeled as proportional to 
the baseline age-specific risk of dying from state 1. Under the proportional 
hazards specification, k2 is a proportional term on the Gompertz-Makeham 
function and is thus independent of age. The k2 parameter value indicates 
the proportional difference in risk of death between individuals with and 

Figure 8.3 Multistate model of health and mortality (modified from Usher 2000).
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without stress markers. Estimated k2 values greater than, less than, or equal 
to one indicate that individuals with stress markers were at higher, lower, 
or equal risk of dying, respectively, compared to peers without stress 
markers.

To evaluate sex differences in the excess mortality associated with skel-
etal stress markers and thus whether previous exposure to stressors had the 
same effect on risk of death for males and females, sex was modeled as a 
covariate (females = 0, males = 1) affecting the k2 parameter in the Usher 
model. A significant positive or negative estimate for the parameter represent-
ing the effect of the sex covariate would suggest that the excess mortality 
associated with stress markers was higher or lower, respectively, for males. 
The model was fit separately to data on the presence of each of the stress mark-
ers described above. Maximum likelihood analysis was used to estimate the 
parameters for this study using Holman’s (2005) MLE program. Likelihood 
ratio tests (LRTs) were used to evaluate the fit of the full model, which included 
all of the parameters of the Usher model plus the parameter representing the 
effect of the sex covariate, compared to the reduced model, which did not 
include sex as a covariate. The LRT therefore tests the null hypothesis that the 
risk of death associated with stress markers was the same for males and 
females. The LRT was computed as follows:

LRT = −2[ln(Lreduced) − ln(Lfull)]

LRT approximates a χ2 distribution with df = 1. It should be noted that 
the errors associated with age estimates were not taken into account when 
using the Usher model. Therefore, the estimated values of the k2 parameter 
and the parameter representing the effect of the sex covariate should be 
viewed as general, qualitative measures of the excess mortality associated 
with stress markers and the sex differences thereof.

Results

The maximum likelihood estimates of k2 and the estimated values of the 
parameter representing the effect of the sex covariate, along with their 
standard errors and the results from the likelihood ratio tests, are shown 
in table 8.2. The results indicate that stress markers are associated with 
increased risk of mortality for both sexes combined. Further, for all stress 
markers, the estimated values of the parameter representing the effect of 
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sex covariate are positive, suggesting that the excess mortality associated 
with those stress markers was higher for males. In the Danish sample, the 
results of the LRT for porotic hyperostosis indicate that including the sex 
covariate improved the fit of the model (p = 0.007); however, for the other 
stress markers, the results of the LRTs are not significant, and thus the 
observed sex differences for those must be considered inconclusive. In gen-
eral, the results from the Danish sample are similar to the patterns observed 
in East Smithfield, although in the latter cemetery all skeletal stress mark-
ers were associated with significantly higher excess mortality in males.

Discussion

The estimated values of the excess mortality associated with skeletal stress 
markers provide evidence that under conditions of normal medieval mortal-
ity in Denmark, regardless of sex, people with skeletal indicators of exposure 
to physiological stress faced elevated risks of mortality compared to their 
peers without such stress markers. These results are consistent with previous 
analyses of these stress markers (Usher 2000; DeWitte and Wood 2008; 
DeWitte 2010b). Further, the estimated values of the effect of sex on the 
excess mortality associated with skeletal stress markers indicate that in the 
medieval population of Denmark, under normal mortality conditions, adult 
females were better able than males to resist death despite exposures to 
stressors sufficient to cause porotic hyperostosis. This suggests that frailty 
was lower for females compared to males in this population, at least under 
some circumstances.

East Smithfield Denmark

Stress Marker k2 (SE) Sex (SE) LRT k2 (SE) Sex (SE) LRT

Periosteal lesions 1.74 (0.30) 0.47 (0.28) 50.8* 7.77 (3.33) 0      (0.29) 0

Porotic hyperostosis 1.72 (0.27) 1.71 (0.33) 15.6* 2.80 (1.1) 0.93 (0.33) 7.25*

Cribra orbitalia 1.90 (0.60) 0.84 (0.36) 5.45* 3.64 (2.17) 0.99 (0.14) 2.03

Linear enamel hypoplasia 2.90 (1.39) 1.3 (0.54) 12.3* 9.9 (1.23) 0.44 (0.80) 0.24

Notes: Effect of sex covariate = 0; * = p < 0.01.

Table 8.2 Maximum Likelihood Estimates of k2  and the Effect of the Sex Covariate 
(0 = female, 1 = male) with Associated Standard Errors, and the Results of the 
Likelihood Ratio Test of the Null Hypothesis
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The differences between the East Smithfield and Danish samples (i.e., 
significantly higher excess mortality among males compared to females for 
all stress markers in the former but for only one stress marker, porotic 
hyperostosis, in the latter) might reflect population variation in sex differ-
ences in frailty. There might have been a stronger distinction in frailty 
between males and females in medieval England compared to medieval 
Denmark. Perhaps in Denmark, males and females exposed to the physi-
ological stressors associated with cribra orbitalia, periosteal lesions, and 
enamel hypoplasia really did face roughly equal risks of dying. A lack of 
sex differentials in the Danish sample might reflect differences between the 
Danish and English populations in diet, disease environment, behavior, or 
genetics, all of which might have affected disease experience and risk of 
mortality.

The differences between the two samples might also be an artifact of 
sex differentials and selective mortality operating differently at different 
ages. That is, there might have been strong sex differentials in frailty 
between the sexes in both populations, but in Denmark the effects of such 
differentials and their interaction with selective mortality operated pri-
marily during childhood and adolescence, whereas such interactions might 
have occurred predominantly at older ages or equally throughout the life 
course in England. If selective mortality were a stronger force during sub-
adult ages in the Danish population compared to the English population, 
sex differentials would not be apparent in the Danish sample used in this 
study, since it includes only adults who survived the effects of selective 
mortality at younger ages. If selective mortality were stronger at younger 
ages, particularly for males, in Denmark compared to England, it would 
have weeded out a larger proportion of frailer individuals at earlier ages in 
the Danish population compared to England. Such selective mortality at 
young ages would have produced less variation in frailty between the sexes 
at older ages and thus fewer distinct differences between adult males and 
females in the risk of mortality associated with stress markers in the 
Danish sample. Such a possibility of stronger selective mortality during 
childhood in Denmark, resulting in relatively reduced heterogeneity in 
frailty among adults, was suggested as a possible explanation for the lack 
of a significant association between adult stature and risk of mortality in 
the same Danish sample used in the study described here (DeWitte and 
Hughes-Morey 2012). However, there is currently no independent evidence 
of stronger selective mortality during childhood in Denmark.
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Alternatively, the lack of a significant effect of sex on the excess mortal-
ity associated with cribra orbitalia, tibial periosteal lesions, and enamel 
hypoplasia in the Danish sample might be an artifact of maternal mortality 
operating in the normal mortality sample but not in the catastrophic Black 
Death sample. In the Danish sample, it is possible that maternal mortality 
during reproductive ages increased mortality rates for females compared to 
males at those ages, as has been observed in living populations and inferred 
from other bioarchaeological studies. Perhaps in the Danish population, 
maternal mortality overcame the inherent biological advantages of females 
during the reproductive ages, and perhaps pregnant females were more vul-
nerable to dying from a variety of causes—as occurs in modern populations 
with malaria, measles, and other diseases. Such an elevation of female mor-
tality during reproductive ages could have obscured differences between the 
sexes in the excess mortality associated with stress markers that might have 
existed at pre- or postreproductive ages.

Given that this analysis examines the effects of each stress marker on 
adult mortality across all adult ages simultaneously, without allowing for 
variation with age, changes in excess mortality during reproductive ages 
will not be apparent here. Maternal mortality would not have similarly 
obscured an effect of sex on excess mortality associated with stress markers 
in the East Smithfield sample because the cemetery housed people who 
primarily (if not exclusively) died from the Black Death and not from other 
causes, including maternal mortality. Further examination of the possible 
effect of maternal mortality on the sex patterns of excess mortality associ-
ated with stress markers would require the use of a model that allows for 
variation in the effect of the sex covariate with age. Such an analysis has the 
potential to reveal whether the excess mortality for females increased dur-
ing reproductive ages, which would suggest an effect of maternal mortality. 
However, modeling variation in age would require the estimation of addi-
tional parameters and thus larger sample sizes than those available for this 
study.

Last, the differences between the two samples might be the result of varia-
tion in sample size, that is, the combined Danish sample may be too small to 
allow for the estimation of statistically significant parameter values.

In my previous study of East Smithfield, I raised the possibility that the 
significant estimated effect of sex on the excess mortality associated with 
stress markers might reflect sex differences in selective mortality during 
the Black Death, rather than a higher average frailty of males. That is, the 
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results might have indicated that the Black Death was selective with respect 
to frailty among both males and females, but that it discriminated less 
strongly between females with and without preexisting health conditions 
than it did for males. It is possible that the Black Death was not as strongly 
selective with respect to frailty among females compared to males. If this 
were the case, then the lower risk of mortality associated with stress mark-
ers among females compared to males in East Smithfield was the result of 
the Black Death killing a greater proportion of otherwise healthy females 
than healthy males, rather than reflecting lower average frailty among 
females compared to males. However, the results of the current study using 
a normal mortality sample, combined with the results from a previous 
study (DeWitte 2009) that failed to reveal a significant difference in risk of 
death during the Black Death between males and females, suggest that the 
more parsimonious interpretation of the findings is that females were less 
frail than males, at least under certain conditions of medieval mortality.

The results of this study might reflect gendered patterns of access to 
food in medieval Europe, given that nutritional status can strongly influ-
ence immune competence (Floud et al. 1990; Scrimshaw 2003; Hughes and 
Kelly 2006; Fernandes 2008; Jones et al. 2010). Poor nutritional status nega-
tively affects all aspects of the immune response, including the production 
of pro-inflammatory cytokines, the production of antibodies, and the 
activity of natural killer cells (Jackson and Calder 2004). In living popula-
tions, nutritional status is a significant factor in determining the frequency 
and severity with which people suffer from a variety of infectious diseases 
(Gage et al. 2012). The association between nutritional status and immune 
competence is so powerful that deaths during famines are often the result 
not of starvation itself, but of attendant infectious disease (Ó Gráda 1999).

The apparent superior ability of females in these medieval populations 
to resist death despite exposure to physiological stressors might indicate that 
medieval women had better nutritional status and thus superior immune 
competence compared to men. Alternatively, given that there are currently 
no data to suggest that women actually had preferential access to food or bet-
ter nutritional status in this population, women might have had roughly the 
same nutritional status as men, and therefore were not nutritionally compro-
mised compared to men. By not being relatively nutritionally compromised, 
women would have been able to achieve their innate biological advantages 
compared to men. Another alternative explanation for these results is that 
men did indeed have preferential access to food, but diet in general was so 



Sharon N. DeWitte210

poor during this period that such access had no discernible beneficial effects 
on male immune competence.

There is little direct evidence regarding dietary differences between 
men and women in medieval Europe. Because of patterns of inheritance 
and ownership of property, sons were often preferred over daughters in 
many areas of medieval Europe, so one might expect that there was prefer-
ential treatment of sons, including provisioning with more or better food. 
Further, there is some evidence that women received substantially lower 
wages than men in medieval Europe and had limited control over property 
(Green 1994; Bardsley 1999), which might have negatively impacted access 
to food resources for some women during adulthood. However, according 
to Bullough and Campbell (1980), improvements in diet, particularly 
increases in dietary protein and iron, following the adoption of the three-
field system of agriculture in the ninth century might have disproportion-
ately benefited females by reducing the risk of iron-deficiency anemia, to 
which females are inherently more susceptible, given the iron-depleting 
processes of pregnancy, childbirth, menstruation, and lactation.

Empirical research on what people were actually eating in medieval 
Europe would help to resolve the question of whether women were well nour-
ished compared to men and thus capable of achieving their biological poten-
tials with respect to morbidity and mortality. Stable isotope analyses are a 
promising avenue of research that can reveal dietary patterns at the levels of 
both the individual and the population. To date, however, existing stable 
isotope studies, though informative about small-scale patterns in diet, have 
not revealed consistent dietary patterns by sex in medieval populations 
(Mays 1997; Richards et al. 2006; Muldner and Richards 2007; Szostek et al. 
2009; Yoder 2010).

Conclusion

The results of this study are consistent with those from a previous analysis of 
sex differences in frailty during the Black Death, though in this study the 
results were not statistically significant for all of the skeletal stress markers 
examined. At the very least, the combined results suggest that differentials 
favoring females might have been operating in medieval European popula-
tions. The lack of significant differences between males and females for all 
observed skeletal stress markers in the normal mortality sample from 
Denmark and the consistent differences between the sexes in the Black Death 
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sample highlight the potential utility of samples in which most, if not all, 
individuals died from a single cause.
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