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INTRODUCTION
Muge shell middens: chronological, historical and geographical setting

The importance of the Muge shell middens of Cabeco da Arruda, Cabe¢o da Amoreira
and Moita do Sebastiéo, in central Portugal, is undeniable due to the large number of
human skeletons recovered, representing more than 300 individuals belonging to the
final Mesolithic. With chronological boundaries between 8400 and 5080 cal BP (Bicho
et al. 2010) they represent the last hunter-gatherer communities of central and southern
Portugal (Bicho et al. 2013). From the several radiocarbon dates already performed it
seems that Cabeco da Arruda is the oldest site, with a date obtained from a human
skeleton (Skeleton 6, Beta-127451) consistent with an interval between 8400 and 8030
cal BP (Bicho et al. 2010), followed by Moita do Sebastido and Cabe¢o da Amoreira.
Nevertheless, it is worth mentioning that besides this skeleton dated before 8000 cal BP,
it looks like burial practices in Cabeco da Arruda still may have occurred after those in
Moita do Sebastido and Cabeco da Amoreira (Bicho et al. 2013).

From the thirteen shell middens identified in the Tagus valley, Cabeco da Arruda was
the first shell mound to be discover in 1863, by Carlos Ribeiro, while conducting a
geological survey for the drawing of the Portuguese geological map, followed by
Cabeco da Amoreira and Moita do Sebastido, one year after (Ribeiro 1884; Cardoso and
Roldo 1999-2000; Roldo 1999). In the following 100 years, several archaeological
campaigns were carried out at these sites, directed by Francisco Paula de Oliveira
(1884-1885), Mendes Corréa (1930, 1931 and 1933), Jean Roche and Octavio da Veiga
Ferreira (1952-1954, 1962-1965), with the support of other archaeologists, such as
Francisco Pereira da Costa, Nery Delgado, Alfredo Ataide, Joaquim R. dos Santos
Junior and Rui de Serpa Pinto (Paula e Oliveira 1888-1892; Mendes Corréa 1933, 1934;
Cardoso and Roldo 1999-2000; Umbelino 2006). In the first years of the 21% century the
excavations at Cabeco da Arruda and Cabeco da Amoreira were resumed by a team
leaded by the archaeologist Jodo Roldo (Ferreira et al. 2015). In 2008, a
multidisciplinary team directed by Nuno Bicho assumed the long-term excavations at
Cabeco da Amoreira.

Geographically these three shell middens are located in quaternary terraces not very
distant from the left Tagus river bank, at the margins of the Muge river, one of the
Tagus tributary, approximately 60 to 70 km far from the seashores of the mouth of the
Tagus (Ribeiro 1884). Cabeco da Arruda is placed on the right slope of the Muge river
valley, in a 15 m high terrace, 2 km away from the confluence of the Muge river with
the river Tagus, while Cabego da Amoreira and Moita do Sebastido are on the left shore
of the Muge river (Figure 1), respectively, at 1.9 and 1.2 km far from the confluence of
the Tagus river (Gongalves 2014). Cabeco da Amoreira is located at the extremity of a
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spur, nearly 22 m above the flood river bed and Moita do Sebastido about 15 m high
(Arnaud 1987; Roldo 1999).

The Muge shell middens are artificial deposits with an elliptical shape forming a quite
conspicuous mound. At the time of their discovery, Cabeco da Arruda had about 100 m
long and 60 m wide, with a maximum thickness of around 7 m (Ribeiro 1884). Cabeco
da Amoreira was 90 m long and 50 m wide, with a maximum thickness of about 3.3 m
(Roche and Veiga Ferreira 1967) and Moita do Sebastido stretched over an area of 300
m? with a maximum height of 2.5 m (Paula e Oliveira 1888-1892). Moita do Sebastido
was almost completely destroyed in 1952, as a result of the use of land for agriculture
(Arnaud, 1987). Nowadays, a building covers part of the excavated features (Roléo
1999). Muge shell middens have partially functioned as large residential sites attending
to their size, period of occupation, diversity of material culture, and the occurrence of
numerous human burials (Arnaud 1987; Roldao 1999; Bicho et al. 2010, 2013), occupied
by semi-sedentary communities based on the exploitation of aquatic and terrestrial
resources obtainable from the estuarine ecosystem.

The human skeletal material collected in the Muge shell middens is housed in three
different Museums, Museu de Historia Natural da Faculdade de Ciéncias da
Universidade do Porto, in Oporto, Museu do Instituto Geoldgico e Mineiro, in Lisbon,
and the former Museu Antropoldgico da Universidade de Coimbra, currently belonging
to the Department of Life Sciences from the University of Coimbra. The institutional
dispersion of the skeletal remains — and also its state of preservation — frustrates an
accurate determination of the number of individual skeletons recovered from the three
sites. According to Roldo (1999), 145 skeletons were retrieved from Cabeco da Arruda,
139 from Moita do Sebastifo and 26 from Cabeco da Amoreira. The 21% archaeological
campaigns resulted in the recovery of seven individuals from Cabeco da Amoreira and
two from Cabeco da Arruda.

Figure 1 Geographical location of the Mesolithic shell middens in Tagus Valley. The Muge shell
middens of Cabeco da Arruda, Cabego da Amoreira and Moita do Sebastido are surrounded by a green
circle

Osteoporosis: a silent disease

Osteoporosis, defined as a metabolic condition of skeletal fragility, attributed to the
decrease in bone mass and to the deterioration of bone microarchitecture, resulting in
the increase in the risk of fracture (Consensus Development Conference 1993), also
belongs to the «history of suffering» (in the faultless expression of Jacques Le Goff
[1985: 7]), a tragic narrative where individual horror merges with communal
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consciousness. Nevertheless, the immersion of bone fragility in history was, until
recently, only experienced when connected with major unbearable events such as
fractures: in the proximal femur, proximal humerus, distal radius and vertebrae (Curate
2014a). The late clinical awareness of osteoporosis and its ominous consequences does
not turn it into a disease without biography or history, but into a disease whose past is a
tomb of forgotten bodies, a derelict building expecting redemption.

Anthropology considers the interactions between people and the world; paleopathology
investigates the interactions between people and disease in an elapsed world. Usually,
paleopathology questions how external forces acted upon human bodies in the past and
how the bodies and societies responded to these pressures (Ortner 2003; Sofaer 2004).
Bone fragility has been widely studied in historical/archaeological skeletal samples,
supplementing diachronic depth to the clinical knowledge about bone modifications
related to age, menopausal status or lifestyle (Mays 2000; Agarwal 2008; Curate
2014a).

The purpose of this study includes the exploratory assessment and biocultural
interpretation of the overall patterns of sex-specific and age-related cortical bone loss in
the second metacarpal in an adult skeletal sample from the Muge shell middens
(Portugal) — with an important focus on endocortical bone loss and periosteal
apposition. This paper also aims to compare the magnitude of cortical bone loss in the
Mesolithic with a modern (late 19" — early 20" centuries) reference skeletal sample.
The presence of pathognomonic osteoporotic fractures (hip, distal radius and vertebral
compression fractures) in the Muge shell middens sample is also investigated.

MATERIALS AND METHODS

All adult individuals from the Muge shell middens (henceforth also Muge) collections
housed at the Museu dos Servigos Geoldgicos (Lisbon, Portugal) and the Department of
Life Sciences from the University of Coimbra with an intact second metacarpal were
co-opted into the study sample (N=71). Notwithstanding, only those individuals for
which sex and age at death could be estimated were included in the final analysis. As
such, the Mesolithic sample included 34 adult individuals (9: 14; &: 20) from the
Cabeco da Amoreira (N=1), Cabeco da Arruda (N=18) and Moita do Sebastido (N=15).
Hereafter also designated as Amoreira, Arruda, Moita and, collectively, as Muge.

Biological sex (i.e., skeletal sex, and not emic sex or gender) was estimated from
morphological features of the skull and pelvis (Buikstra and Ubelaker 1994) and
postcranial metric techniques (Silva 1995; Spradley and Jantz 2011; Curate et al.
2016a). Age at death assessment relied in standard anthropological aging indicators,
including degenerative joint surface changes at the auricular surface (Buckberry and
Chamberlain 2002) and pubic symphysis (Brooks and Suchey 1990). Age categories
were divided as follow: young adult (20 — 29 years), middle adult (30 — 49 years), and
old adult (50+ years).
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The Coimbra Identified Skeletal Collection (CISC) includes 505 individual skeletons
mainly recovered in the Cemitério Municipal da Conchada (Coimbra, Portugal).
Biographical details for each individual are available, e.g., name, place of birth, sex, age
at death and occupation, among others (Cunha and Wasterlain 2007). The studied
sample comprised 219 Portuguese citizens (2: 105; 3 114), with ages at death ranging
from 20 to 96 years old. All individuals were born between 1827 and 1914; and died
between 1910 and 1936 (i.e., before the systematic biomedical management of bone
loss). Individuals were mostly manual workers with low socioeconomic status.

Radiogrammetry quantifies the amplitude or geometry of cortical bone in tubular bones.
It is ineffectual to diagnose osteoporosis at the individual level, but perseveres as a
useful tool to evaluate cortical bone loss in epidemiological studies (Yasaku et al. 2009;
Curate 2014a). Conventional radiogrammetry was used to assess cortical parameters
(diaphysis total width [DTW], medullary width [MW] and cortical index [MCI]) at the
second metacarpal midpoint (lves and Brickley 2004). MCI is defined as:

DTW - MW

Radiographs were obtained in a digital radiographic system (Senographe DS, GE
Healthcare) at the Coimbra University Hospitals (focal distance 50cm, Kv 27-30 and
mAseg 14-20, in compliance with the characteristics of each bone) and measurements
were performed with Centricity DICOM Viewer 3.1.1. Osteoporotic fractures (proximal
humerus, distal radius, proximal femur and vertebral compression fractures) were
assessed macroscopically by the same observer (FC) with the aid of clinical and
palaeopathological protocols (Mays 2006a; Curate 2011, 2014a; Curate et al. 2016b).
Supplementary medical imaging was performed when required, i.e., all suspected
fractures were radiographed.

Descriptive statistics for MW, DTW and MCI, including group means, standard
deviation (SD) and 95% confidence intervals (95% CI) for the mean were estimated.
Normal distribution for these variables in both samples and sexes was evaluated through
skewness and kurtosis (Kline 2010). As such, with values of |Ku|<7 and |Sk|<3 it was
assumed that a violation of normality was not an issue. Homoscedasticity was assessed
with a Levene’s test. A student’s t-test (independent samples) was employed to consider
the null hypothesis that the means of two groups were equal. Analysis of variance
(ANOVA) was used for comparing multiple groups.

Thirty metacarpals were measured in two different days for repeatability assessment of
the cortical parameters (DTW and MW). Measurement error was evaluated with the
technical error of measurement (TEM), the relative technical error of measurement
(rTEM; Ulijaszek and Kerr 1999) and the reliability coefficient (Rc, Ward and Jamison
1991).

Statistical and graphical analyses were performed with R programming language (R
Development Core Team 2016; Chang and Wickham 2016) and IBM SPSS 20.0.
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RESULTS

Radiogrammetric measurements are procedurally demanding, particularly MW, as the
identification of the endosteal margin is occasionally difficult (Schafer et al. 2008).
Nonetheless, cortical measurements (DTW and MW) were accomplished within suitable
levels of measurement error (Table 1).

Table 1: Measurement error for DTW and MW.

Measurement N TEM rTEM Rc¢
DTW (mm) 30 0.15 1.93 0.98
MW (mm) 30 0.18 3.78 0.97

Descriptive statistics for both the Muge and CISC samples are summarized in Tables 2,
3 and 4. In the Mesolithic sample, diaphysis total width is significantly higher in men
(Student’s t: -2.502; df=32; p<0.018). Medullary width and MCI are also greater in men
but the differences are not significant (MW Student’s t: -0.946; df=32; p=0.351 / MCI
Student’s t: -0.036; df=32; p=0.971).

In the Muge females’ group, DTW increases through the age at death categories but the
differences between groups do not reach statistical significance (ANOVA F=0.924;
df=2; p=0.426). MW also increases across the age at death categories without reaching
statistical significance (ANOVA F=0.926; df=2; p=0.425). Between the first years of
adulthood (20 — 29 years) and the 50+ age category, periosteal apposition (DTW as
proxy) increases by 10.5%, and endosteal bone loss (MW as proxy) increases by 23.6%.
The net loss of cortical bone is 13.1%. Concurrently, MCI decreases through the age
categories but the differences between the groups are not significant (ANOVA F=0.517;
df=2; p=0.610). In the males’ assemblage, no clear patterns were observed. DTW and
MW increase from the first to the second age category, decreasing in the older group
(DTW ANOVA F=0.267; df=2; p=0.769 / MW ANOVA F=0.008; df=2; p=0.992).
Metacarpal cortical index increases across the age categories but not significantly
(ANOVA F=0.062; df=2; p=0.940). From the younger age group to the older, periosteal
bone apposition increases 3.5% and endocortical bone loss decreases 1.1%, resulting in
a net cortical bone gain of 4.6%.

Differences in the cortical parameters (DTW, MW and MCI) between the Muge and the
modern reference sample (CISC) are not significant amongst females (DTW Student’s t:
0.608; df=117; p=0.544 / MW Student’s t: 0.948; df=117; p=0.345 / MCI Student’s t: -
0.910; df=117; p=0.364). The absolute values for metacarpal cortical index in the 20 —
29 years age category are very similar between samples (Muge: mean=54.14, SD=9.85 /
CISC: mean=55.19, SD=10.05). In the older age category the difference, albeit non-
significant, increases (Muge: mean=48.33, SD=3.62 / CISC: mean=42.96, SD=10.46).
What is noteworthy is the variation in the «rate» of cortical bone loss: in the Muge



©CO~NOOOTA~AWNPE

females, MCI decreases 10.7% from the decade of peak bone mass (20 — 29 years) to
the presumed post-menopausal years (50+ years), whereas in the CISC women, MCI
declines 20.2%. Amongst males, DTW is significantly higher in the identified skeletal
sample from Coimbra (Student’s t: 2.347; df=132; p<0.05), while differences in both
MW and MCI are not significant (MW Student’s t: 0.050; df=132; p=0.960 / MCI
Student’s t: 0.745; df=132; p=0.458). In the males of Muge, MCI increased by 4.1%
from the early adulthood to the older age category, while decreasing by 4.3% in the
CISC.

A factorial ANOVA design was employed to account for the age structure of each
sample. As such, after considering the effects of age structure (i.e., the number of
individuals in each age category) it is possible to sustain that the variable «sample» still
significantly influenced DTW in men (ANOVA F=4.173; df=1; p<0.05; 1%=0.032;
observed power=0.527). All other analyses confirmed that the differences between
samples are not significant. The density distributions of MCI in both sexes and DTW in
males are depicted in Figures 2, 3 and 4.

Figure 2 Density distribution of MCI in the CISC and Mesolithic samples (females)

Figure 3 Density distribution of MCI in the CISC and Mesolithic samples (males)

Figure 4 Density distribution of DTW in the CISC and Mesolithic samples (males)

The crude prevalence of fragility fractures in the Muge overall sample is 5.9% (2/34).
The two individuals with fracture were older men (10.0%; 2/20) from Arruda and
presented vertebral compression fractures. The first individual (Arruda XV) displayed
fractures in the T9 (collapse, no measurements were possible), T11 (grade 1, possibly
cuneiform), T12 (grade 1, possibly cuneiform) and L1 (grade 1, cuneiform). From T7 to
T12 vertebrae were fused together (Figures 5 and 6). This individual’s MCI was 55.3
(Z-Score=0.28), higher than the average MCI for his age group and sex. The second
individual (Arruda N) presented vertebral collapse in the T10, and collapse and fusion
of the L1 and L2. As a result of taphonomic destruction, it was not possible to measure
the affected vertebrae. The MCI was 51.0 (Z-Score=-0.316), lower than age- and sex-
matched individual. Osteoporotic vertebral collapse of the Arruda N individual was
documented previously by Jackes and Lubell (1999).
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Figure 5 Vertebral column (T7 to L1) from the individual Arruda XV presenting compression fractures

Figure 6 Plain radiograph of the vertebral column (T7 to L1) from the individual Arruda XV presenting
compression fractures

DISCUSSION

Observed sexual differences in metacarpal cortical features in the Muge sample,
especially diaphysis total width (and, likewise — but without a significant statistical
support —, medullary width and metacarpal cortical index), arise from gendered
disparities in the degree and pattern of bone loss, and bone dimensions (Samuel et al.
2009). As a rule, men have bigger skeletons, with bone dimensions determined early in
the life cycle, conceivably still in utero, but more so during puberty (Seeman 2003,
2008; Samuel et al. 2009). After sexual maturation, oestrogen production in women
constrains periosteal bone formation, confining bone diameter; whereas, in males,
pubertal androgen increases bone growth in the periosteal envelope and stimulates the
expansion of bone diameter. In addition, men experience a long-term period of bone
gain during growth (Seeman 2003, 2008). Around and after menopause, bone loss
accelerates in women — oestrogen curtailment boosts bone remodelling rates, and less
bone is formed and more is resorbed at the basic multicellular units (Seeman 2008) —
this is especially relevant since older women from Muge have larger MW when
compared to younger women and men from all age categories.

Bone development and size is also affected by mechanical loading and nutrition, among
others, and it is plausible that the resulting influence on bone dimensions might be sex-
specific (Gilsanz et al. 1997; Nieves et al. 2005). Jackes and Lubell (1999) observed
significant differences in the percent cortical area at the femur midshaft between the
Moita and Arruda samples suggesting that lower activity levels and diet may have
played a role — in addition to a different demographic structure — in the development of
thinner cortical bone in the Arruda individuals. Dietary dissimilarities are hinted by
isotopical data, and differential dental attrition (Meiklejohn et al. 2009; Jackes
forthcoming). Umbelino (2006) and Umbelino et al. (2015) also found dietary
differences between the sites of Amoreira, Moita and Arruda. From the comparison of
trace elements and carbon and nitrogen stable isotope analysis it looks like the
individuals from Amoreira had a slight predominance of marine resources, followed by
Moita and lastly by Arruda (Umbelino 2006). For Amoreira the 5°C values vary
between -16.5 to -14.8%o (n=7), which corresponds to a percentage of marine resources
from 50 to 69%, while for Moita the 5'3C values obtained for three individuals of -
16.7%o, -16.6%o0 and -16.2%o reflect marine protein in their diet of 48%, 49% and 53%,
respectively (Umbelino 2006; Umbelino et al. 2015). For Arruda the 8*3C values are
quite different, of -15.7%o for a female and -17.2%. for a male, representing percentages
of protein of marine diet of 59% and 42% (Umbelino 2006, Umbelino et al. 2015). The
relationship between osteoporosis and nutrition has been known for long, and nutrition

8



©CO~NOOOTA~AWNPE

is recognized as a key risk factor for bone loss, disturbing bone health in different ways
(Curate 2014b) but dietary influences on bone strength must be interpreted with caution
(Agarwal 2008; Ruff et al. 2015) — especially because data on calcium consumption is
scarce, if not inexistent, for this period. Vitamin D is also a contributing factor for bone
health but skeletal indicators of vitamin D deficiency in non-adults and adults (Brickley
et al. 2007; Mays et al. 2008) were not present in individuals from Muge. Increased
sedentism — with concomitant declining mobility and physical activity — at the Arruda
site may have driven changes in femoral cortex (Jackes forthcoming). Physical activity
during growth, particularly vigorous activities, influence peak bone mass and physical
exercise also promotes bone health in postmenopausal women and elderly individuals
from both sexes (Curate 2014a). Due to small sample sizes, the individuals from Arruda
and Moita were pooled together and not compared with each other. It is clear, however,
that there are subsamples within the burials from the two sites (and also from
Amoreira), with sex determining one of the major subsamples. Differential activity
levels between sexes are also inferred by the cnemic index of the tibia in Arruda (Jackes
and Lubell 1999). In the wider European Mesolithic context, femoral and tibial strength
is reduced in females when compared to males (Ruff et al. 2015). Taken together, these
data support at least to some extent that sex-mediated physical activity could have
influenced cortical bone health in women and men from Muge.

Sexual dissimilarity in cortical bone loss has been described both in modern (e.g.,
Virtamd and Heleld 1969; Ginsburg et al. 2001) and archaeological/historical
populations (e.g., Dewey et al. 1969; Carlson et al. 1976; Thompson & Guness-Hey
1981; Drusini et al. 2000; Mays et al. 1998; Ives 2007; Curate et al. 2009; Agarwal et al.
2011; Cho and Stout 2011; Glencross and Agarwal 2011). Hormonal dynamics were the
primary source of these differences, but physical activity and nutrition, especially
during growth, certainly played an important role in cortical bone health in the past.

Cortical bone changes with age are not significant in the females and males from Muge
— sample size may have constrained statistical power. Nonetheless, a familiar
epidemiological pattern emerges in the females’ sample: DTW and MW increase, and
MCI declines, through the age categories. In men, similar average values for the cortical
parameters are the rule across the age groups.

Diaphysis total width is a proxy for periosteal apposition, and enduring apposition of
bone in the periosteum throughout aging has been interpreted as an adaptive reaction to
uphold resistance to bending (Mays 2001; Szulc et al. 2006; Seeman 2008; Peck and
Stout 2009). As such, the potential enlargement of the external dimensions of the
second metacarpal in the Muge females (>10% from the younger to the older age
category; in men, the increase was only 3.5%) may function as a compensation for
endocortical bone loss. The causes of periosteal apposition are manifold, and include
physical activity, but it is likely that the magnitude of mechanical compensation is
governed by initial bone dimensions, with larger bones — men in the Muge sample are
usually larger than women - exhibiting less periosteal apposition (Jepsen and
Andarawis-Puri 2012). In a prehistoric Mississippian skeletal sample, periosteal
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diameter also increased with age in women, while declining in men (van Gerven et al.
1969). Epidemiological and cross-sectional studies are inconsistent, with some showing
greater periosteal apposition in men (e.g., Virtama and Heleld 1969; Feik et al. 2000),
others in women (e.g., Garn et al. 1972; Kaptoge et al. 2003; Curate et al. 2009) and
others in both sexes (Mays, 2000, 2001).

Metacarpal central cavity widens during the life course as a consequence of the
discrepancy between endosteal bone resorption and formation that cause bone loss at the
endocortical envelope (Jergas 2008). Even though remodelling at the endosteal surface
increases slightly in aged men, it increases substantially in perimenopausal and early
postmenopausal women, stemming from oestrogen withdrawal, and decelerating later in
life (Clarke 2008). Menopause partially explains why the «rate» of endocortical bone
loss is faster in women during aging. Indeed, in the Muge sample medullary width —
functioning as a surrogate for endosteal bone loss — increases a whopping 23.6% in
women from early adulthood (presumably a pre-menopausal phase) to the older age
category (probably a peri- or post-menopausal phase), while remaining stable in men
during the same period of life. The unchanging average values of MW with age in the
males’ sample reflects the nonexistence of a physiological event like menopause in
men, and possibly sexual-specific activity patterns that could oppose bone loss in the
Mesolithic men from Muge. As pointed before, gendered activity patterns were
documented in the Muge shell middens — at least in Cabeco de Arruda (Jackes and
Lubell 1999). The European Mesolithic has long been perceived as a period of lower
sexual dimorphism (Frayer 1977, 1980; Meiklejohn et al. 1984; Borgognini and Repetto
1986), in which the patterns of activity of both sexes may have been more similar than
during any other chronological era (Frayer 1980; Schmidt 2005). Notwithstanding,
sexual division of labour — especially in behaviours related with hunting — is still
manifest in Mesolithic samples (Villotte et al. 2010). Also, sexual differences in relative
bone strength are of the same magnitude in Mesolithic and later samples (Ruff et al.
2015).

The general patterns of cortical bone loss with age observed in the Muge sex groups
closely emulate the ones observed in the femur (Curate et al. 2009) and the second
metacarpal (Curate et al. 2015) in the skeletal reference collection from Coimbra. The
sex-specific pattern of bone loss and maintenance with increasing age is well
documented in historical populations (e.g., Mays et al. 1996; Rewekant 2001; Ives
2007; Agarwal et al. 2011; Cho and Stout 2011).

A direct comparison between samples reveals significant differences only in the males’
DTW - even after adjusting for the age structure of each sample. Diaphysis total width
is highly correlated with bone size, and there is a significant difference in skeletal size
between the Mesolithic and the modern reference sample. In Portugal, a secular increase
of stature from the Mesolithic to the 20" century was also observed (Cardoso and
Gomes 2009; Lubell and Jackes 1985).
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Peak metacarpal cortical bone mass (MCI as proxy) appears very similar in females
from both samples. Peak bone mass — the maximum amount of bone acquired during
growth — is affected by genetic and environmental / behavioural factors. Of the latter,
nutrition and physical activity are possibly the most significant.

The intensity of strain and effort associated with a pre-historic hunter-gatherer economy
— even with the emergence of semi-permanent settlements, declining mobility and
constancy of regional occupation — was far greater than the observed in recent historical
times (Cunha and Cardoso 2001; Ruff et al. 2015; Villotte et al. 2010; Tarli and
Reppetto 1986). Nonetheless, it is important to note that most of the CISC women were
involved in physically demanding types of work (Cunha and Umbelino 1995).
Malnutrition throughout growth can hamper peak bone mass and bone mass in later
stages of life. The Muge shell middens were at an interface of marine, freshwater and
terrestrial environments with an extraordinary suite of nutritional resources, from
shellfish to edible plants (Jackes and Meiklejohn 2008). Carbon and nitrogen stable
isotope analysis substantiate a mixed diet, based on a large spectrum of food resources
that characterizes the estuarines ecosystems, of marine and terrestrial origin, animal and
vegetable (Umbelino 2006; Umbelino et al. 2015). The higher strontium levels observed
on Muge human bones when compared to those of Sado shell middens is interpreted as
a stronger reliance on marine food in Muge, which is corroborated by the 5!C data that
points to a proportion of marine resources of 50% in Muge and nearly 30% in Sado
(Umbelino 2006).

Calcium consumption for Muge is not known but calcium intake in the past was
generally adequate (Curate 2014b). In the early 20" century Coimbra, calcium
deficiency was also unlikely: crop fields, fruit orchards and animal farms surrounded —
and infiltrated — the city (Santos 1995). Other factors, like age at menarche and fertility,
may influence peak bone mass in women (Curate 2014a). Relative fertility was perhaps
slightly higher in Muge (Jackes and Meiklejohn 2008) when compared to Coimbra in
the early 20" century (Curate 2011): the mean number of offspring per woman was
roughly four to six in Muge (Jackes et al. 1997; Jackes and Meiklejohn 2008; Jackes
forthcoming) and 3.3 in Coimbra (Morais 1983).

Interestingly, MCI declines in both female groups but at a faster «rate» in the modern
reference sample (10.7% vs. 20.2%), a trend observed in other archaeological samples
(Lees at al. 1993; Cho and Stout 2003). On the contrary, Mays (2006b) observed that
the magnitude of cortical bone loss in a 34" century AD sample (Ancaster, England)
was greater than that documented for a modern reference population. LOESS regression
suggests that MCI decrease in the CISC females occurs only after the 50" decade, with
a precipitous decline after the presumed age at menopause (Figure 7). The term
«menopause» was introduced in the medical literature by Charles de Gardanne in 1812
but textual references to this physiological event are known since biblical times
(Pavelka and Fedigan 1991). It is noteworthy that the average age of menopause in
historical populations — from classical Greece and Rome to Medieval Europe — most
likely occurred around 45-50 years (Amundsen and Dyers 1970; Post 1971). Thus, it is
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plausible that mean age at menopause in the Mesolithic was also in the vicinity of the
fifth decade of life. Long-term physical activity and reproductive factors possibly
counterbalanced — at least partially — the menopausal effects on bone turnover in the
Muge sample. As stated before, the women from Muge had a higher relative fertility
(Jackes and Meiklejohn 2008), and it has been suggested that, later in life, parity (i.e.,
the total number of births) protects bone health (Streeten et al. 2005).

Figure 7 LOESS smoothing for MCI and age at death in females from CISC

Fragility fractures are not the most frequent type of fracture in archaeological samples
but evidences of such fractures in past populations — including prehistoric communities
— are multiplying (Mays 2006b; Curate et al. 2011; Curate 2014a). In this study, the
individuals with fragility fractures — compression fractures of the vertebrae — were both
older males. Compression fractures are the hallmark of osteoporosis, being the most
prevalent fracture in postmenopausal women (Johnell & Kanis 2006). Older men (> 65
years) are also at increased risk of vertebral compression fractures (Felsenberg et al.
2002).

Osteoporosis and bone loss are major risk factors for vertebral compression fractures
(Johansson et al. 2009) but, while Arruda N displayed a lower for age MCI, Arruda XV
had an MCI slightly higher than age-matched individuals. This suggests that, at least in
Arruda N, the fracture can be a consequence of bone loss. In the Arruda XV individual
other factors must have been involved, including activity-related trauma, infection (e.g.,
tuberculosis) or neoplastic diseases (Curate and Tavares 2012). The age-standardized
prevalence of vertebral fractures is similar for both men and women, but before age 65,
men presented a higher prevalence (O’Neill et al. 1996). The incidence of vertebral
fractures in men, however, is approximately half the rate of women (Felsenberg et al.
2002).

A significant proportion of osteoporotic fractures in younger men stems from
occupational hazards (Zebaze and Seeman 2003) — and it is possible that the
compression fractures observed in the Arruda XV individual are the result of high
energy-trauma and not bone fragility. It is also probable that these individuals faced
increased morbidity related with the fractures, including lower energy, poorer sleep,
pain, immobility and functional impairment (Burger et al. 1997).

CONCLUSIONS

Metacarpal cortical bone at the Muge shell middens shows sex-specific configurations
of periosteal apposition and endosteal bone loss, which are probably related to hormonal
and behavioural / cultural factors. Endocortical bone loss increases with age in women,
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with a concomitant enlargement of the metacarpal diaphysis. In men, periosteal and
medullary expansion at the second metacarpal is essentially absent, with bone strength
conserved during the course of life. The general patterns of cortical bone maintenance
and loss mimic those from a modern reference skeletal collection. Notwithstanding,
older women from Muge appear to lose less cortical bone than late 20™ century elderly
women from Coimbra — with long-term physical activity and reproductive factors
possibly playing a pivotal role in bone health.

This study presents some methodological limitations, including the small Mesolithic
sample size and the lumping of different Muge sites for analysis. The Muge shell
middens of Arruda, Amoreira and Moita show social diversity (Bicho et al. 2013) with
indications of dietary, activity and fertility dissimilarities (Jackes forthcoming) and span
roughly tree millennia — with broader anthropological implications, viz., secular
changes in bone dimensions and bone loss. However, genetic differentiation between
sites was probably insignificant, as well as the overall social relations and subsistence
economy. In the future, the study of bone health in the Portuguese Mesolithic would
benefit from an increment in sample size and inter-site comparisons.

Table 1: Mean values of DTW according to sample, sex and age class.

Females Males
Mean SD 95% ClI N Mean SD 95% CI N
20-29 6.69 0.80 5.85-7.52 6 7.42 0.89 6.31-8.53

Muge 30-49 7.01 0.56 6.12-7.90 4 7.70 0.74 7.20-8.20 11

50+ 7.39 1.00 5.79-8.99 4 7.68 0.22 7.33-8.03 4

Total 6.98 0.80 6.52-7.44 14 7.63 0.69 7.30-795 20

20-29 7.04 0.59 6.71-7.36 15 7.95 0.88 7.44-846 14

CIsC 30-49 6.99 0.64 6.75-7.23 30 8.02 0.84 7.73-8.32 33
50+ 7.16 0.63 7.00-7.32 60 8.09 0.72 7.92-8.27 67
Total 7.09 0.62 6.71-7.36 105 8.06 0.73 7.44-846 114

Table 2: Mean values of MW according to sample, sex and age class.

Females Males
Mean SD 95% ClI N Mean SD 95% ClI N
20-29 3.09 0.88 2.16-4.01 6 3.74 0.96 2.55-4.93
Muge 30-49 3.57 1.05 1.90-5.24 4 3.77 1.24 2.93-4.60 11
50+ 3.82 0.55 2.94-4.70 4 3.70 0.18 3.40-3.98 4
Total 3.44 0.85 2.94-393 14 3.75 1.01 3.28-422 20
20-29 3.24 0.83 2.78-3.70 15 3.63 1.07 3.01-4.26 14
CIsC 30-49 3.13 0.84 2.81-344 30 3.48 1.10 3.09-3.87 33
50+ 4.09 0.89 3.86-4.33 60 3.93 1.16 3.64-4.21 67
Total 3.70 0.98 3.51-3.89 105 3.76 1.14 3.55-3.97 114
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Table 3: Mean values of MCI according to sample, sex and age class.

Females Males
Mean SD 95% ClI N Mean  SD 95% ClI N
20-29 54.14 9.85 43.80-64.48 6 49.81 10.37 36.93-62.69

Muge 30-49 49.55 12.83 29.14-69.96 4 51.76 12.46 43.39-60.13 11

50+ 48.33 3.62 42.57-54.09 4 51.86 2.72 47.53-56.19 4

Total 51.17 9.23 45.82-56.51 14 51.29 10.31 46.47-56.12 20

20-29 55.19 10.05 48.63-59.76 15 5411 13.24 46.48-61.76 14

CISC 30-49 55.47 10.60 51.51-59.42 30 56.79 12.18 52.47-61.11 33
50+ 42.96 10.46 40.26-45.66 60 51.77 1249 48.72-54.81 67
Total 48.14 11.97 45.82-50.45 105 53.51 12.58 51.18-55.84 114
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Dear Reviewer #1,

Thank you for the kind remarks and very helpful comments. To best cope with your remarks, a reply to
each of your concerns is appended and/or intermingled to the comments.

«In the methods section the authors note 'supplementary medical imaging was performed when required' -
please expand this.»

We added a note stating that all suspected fractures were radiographed.

«The small sample size is problematic for a number of reasons (see below), but is probably due to
constraints on a) the number of Mesolithic skeletons (with the correct elements present) excavated, which
will typically be low and b) access to all of the excavated material. The study would be improved with a
larger sample size, incorporating other Mesolithic skeletons from shell middens in the Tagus Valley, but |
do not know if more individuals have been excavated. | would like the authors to consider if further data
collection is possible, and if it is | would encourage them to gather more data for the paper - but this is not
a condition of acceptance, and it is likely to be unfeasible.»

«While the small sample size is discussed in the discussion, | feel it also needs to be noted in the results
section. Larger sample sizes would increase the likelihood of the size differences noted in the descriptive
statistics being statistically significant (I refer to my comment about sample size above).»

There are more Mesolithic skeletons in Portugal (as stated in the article, the real number of individuals is
not known with accuracy), housed at the Natural Museum in Oporto, but, as of this date, we do not have
the necessary permissions from the institution that curates the skeletons to study them. Of course, we
believe it is only a matter of time to acquire those permissions which will allow us to enlarge sample size.
Unfortunately, we do not know if data collection will be possible in the next months or — much more
probably — in the next years. As such, new data are not available in a timely manner for inclusion in this
special issue of Archaeological and Anthropological Sciences.

«The methods note that tests for normality were performed, but the results are not mentions (one assumes
the samples are normally distributed). It would be helpful to indicate how the tests for normality were
performed (on which groups of data). Because of size differences in the measurements, the sexes should
be tested separately (risk of a bimodal distribution). ANOVA assumes that each of the groups are normally
distributed - which would give groups of 6, 4 and 4 (for example) - were all of these normally distributed?
This is difficult for the small number of samples used (and why ANOVA could be problematic, although the
tests undertaken do meet the minimum case rule for ANOVA). Further discussion of normality testing is
required.»

We added the parameters of skewness and kurtosis, as advised by Kline (2010), which configure the
assumption of normality. We also tested normality with the Shapiro-Wilk method, which further supported
“normality”, but did not include the results in the text since many publications are advocating against the
use of such tests as Shapiro-Wilk or Kolmogorov-Smirnov. Furthermore, and just to reinforce the
statistical interpretations, we have re-run the analysis with a non-parametric test — with the same practical
results (we did not include these tests in the text). As for ANOVA, we understand that the small group size
can be a problem but ANOVA is considered a robust test against the normality assumption, tolerating
violations to its normality assumption rather well (notwithstanding, the variables in these groups seem
normally distributed). In any case, we also re-tested with the Kruskal-Wallis H test, achieving the same
practical results.

«It is noted that clear patterns with regards to age were not seen for males - was this an expected result?
Previous work has indicated that cortical bone loss happens at a slower rate in males and females (see
papers by Mays in Am JI Phys Anthropol, for example).»

We would say — based on both epidemiological and bioarchaeological data — that these results are not
unexpected — bone loss is, of course, influenced by multiple factors, such as nutrition or physical activity,
but the experience of menopause in older women will partially overwhelm the other etiological factors,
something that does not happen in men.
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«On p7 prevalence rates are given for fragility fractures - it should be noted if these are true prevalence
rates, or crude prevalence rates. | don't think that the 95% ClIs are strictly needed for the prevalence
rates.»

For the overall sample, it is the crude prevalence. We also removed the 95% Cls.

«As noted above, | really enjoyed the discussion, and found it was very thorough. However, there was one
variable | thought the authors should consider - Vitamin D is required to absorb calcium. Although good
evidence for adequate calcium in the diet is presented, this section could be improved by also discussing if
the samples had adequate access to Vitamin D (almost certainly obtained through sunlight in Portugal, as
well as oily fish consumption), and if there was any evidence of rickets or osteomalacia in the populations
(including children; which are not the focus of this paper) - | would expect to see little evidence of vitamin D
deficiency, but adding this data would enhance the discussion.»

We added a note on the issue of Vitamin D as a contributing factor for bone health, also including the
absence in the sample of skeletal indicators of vitamin D deficiency in non-adults and adults, as advised by
Mays et al. 2008 and Brickley et al. 2007.

«Finally, | was surprised that none of the papers by Simon Mays on cortical bone loss were cited (Mays
2000, 2001, 2006, Am JI Phys Anthropol).»

A broader reference to other archaeological samples was incorporated in the text, including these
important works by Mays.

We tried to solve the problems with the figures and some parts of the text, as advised.
Our best regards,

The authors

Dear Reviewer #2

Thank you for the useful comments and advises, we expect to carefully cope with the questions identified
in our paper. As recommended, we have considered in the discussion of our outcomes the relevant results
from histomorphometric studies, namely those from Isola Sacra (Cho and Stout, 2003, 2011). Also, a note
on the long time span of the studied Mesolithic sample was added to the limitations of this work.

Our best regards,

The authors



