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1. Introduction

The late 5t century of the common era (CE) and the onset of the post-classi-
cal period were marked by profound socioeconomic and political upheavals in
Italy. The collapse of the Western Roman Empire in 476 CE led to the establish-
ment of the Ostrogothic Kingdom, which ruled Italy and neighbouring regions
from 493 CE onwards. In 553 CE, Emperor Justinian | launched a campaign to
reconquer ltaly, triggering three decades of devastating wars. These conflicts
unfolded alongside a period of climatic change known as the Late Antique Little
Ice Age (LALIA) in which weather became more variable, with intermittent colder
and drier conditions in some regions and probably a significant period of cooling
in Northern Europe (Blntgen et al. 2016; Eisenberg et al. 2019; Erdkamp 2021;
Labuhn et al. 2019). LALIA has been linked to the outbreak of the Justinianic
Plague, which struck Italy around 543 CE and recurred in waves over the follow-
ing two centuries (Harper 2017; Luterbacher et al. 2020). During the last
decades the combined effects of warfare, climatic change and disease have
been extensively discussed, as well as their consequences ranging from severe
population decline, abandonment of rural settlements, and widespread econom-
ic collapse (Harper 2017; Little 2007) to more nuanced transformations underlin-
ing geographical variability (Haldon et al. 2018; Labuhn et al. 2019; Luterbacher
et al. 2020; Peregrine 2020). After the Ostrogoths’ defeat in 554 CE, the Eastern

1 Division of Paleopathology, Department of Translational Research and New Technologies in
Medicine and Surgery, University of Pisa.

2 Max Planck Institute of Geoanthropology, Jena, Germany.

3 Department of Cultural Heritage, University of Padova.

4 Department of Civilisations and Forms of Knowledge, University of Pisa.
* Corresponding authors: bianca.casa@med.unipi.it, giulia.riccomi@unipi.it.

PCA 15 (2025) ISSN: 2039-7895 (pp. 55-84) DOI: 10.69106/pca2025.03 m



B. Casa, G. Riccomi, M. Marinato, A. Mazzucchi, F. Cantini, A. Chavarria Arnau, V. Giuffra

Roman Empire briefly reasserted control over the peninsula, but this dominance
was short-lived. In 568 CE, the Lombards invaded Northern and Central lItaly,
consolidating their power throughout the 7th century CE.

1.1. The Late Antique Little Ice Age (LALIA)

The year 536 CE was documented by historical sources as the “year without
summer” when a mysterious cloud dimmed the light of the sun for 18 months
(Gunn 2000; Stothers 1984, p. 344, Stothers, Rampino 1983, p. 6537). A climat-
ic shift was initiated in the Northern Hemisphere by a series of sequential vol-
canic eruptions in 536, 540, and 547 CE, which injected vast quantities of
aerosols into the stratosphere (Blntgen et al. 2016, p. 3; Newfield 2018; Sigl et
al. 2015, p. 5). The diminished solar radiation caused substantial and prolonged
cooling and may have been associated with precipitation shifts. Moreover, the
event in 536 CE was only one of many unfavourable climate developments, as
shown by the advance of the Alpine glaciers (McCormick 2013; McCormick et
al. 2012). Compared to other cold phases, the LALIA was exacerbated by a
stronger inclination angle of the Earth’s axis, and summer temperatures
dropped by up to 2°C (Buntgen et al. 2016, pp. 2-3). The worsening of the cli-
mate is described by contemporary writers such as Cassiodorus, Bishop
Zacharias of Mytilene, and Procopius of Caesarea, who mention how colder
weather had provoked serious food shortages for people and animals. Cas-
siodorus in particular describes the winter of 536-37 CE as ‘drier and harsher
than usual’ with ‘the air thickened into snow for the excessive cold’ that ‘could
not be melted by the warmth of the sun, persisting in that condition’ (Variae, XII,
XXV). The duration of the LALIA cold phase in the Northern Hemisphere ranged
from 536 to ~660 CE (BUntgen et al. 2016, p. 1).

The LALIA is hypothesised to have had an indirect impact on major societal
changes of the 6t century CE, which was marred by pestilence, crop failures,
and famine (Blntgen et al. 2022, p. 2337; Toohey et al. 2016, p. 410). The vol-
canic-induced cooling of the LALIA disrupted weather patterns (diminished sun-
light, lower temperatures, altered precipitation patterns) and led to shorter grow-
ing seasons, crop failures, and agricultural decline across the Northern Hemi-
sphere, particularly impacting Scandinavia and Northern Europe. Historical ac-
counts from 536-537 CE describe the sun shining for only four hours a day in the
spring and summer, and that the fruits did not ripen (Stothers 1984, p. 344). Co-
inciding with the apparent food shortages of the LALIA was the outbreak of the
great Justinianic plague across Europe from 541 CE until the mid-8t" century CE,
which led to mass mortality (Harbeck et al. 2013, p. 1; McCormick et al. 2012,
pp. 198-199). The same climate event may have also caused the migration of
some populations, such as the Pannonian Avars and the Slavs, westward in
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Fig. 1. Major events in Italy during the 5t to 7th centuries CE, which coincided with the LALIA.

search of new opportunities after the collapse of the Roman administrative struc-
ture. Such migrations would have had consequences for Italy also. In particular,
the arrival of the Avars to Pannonia (present-day Hungary) in 550 CE pushed the
Lombards towards Italy, which they invaded in 568 CE (Pohl 1988) (fig. 1). Even
in Northern Europe, in the Baltic area north of the Oder (the border between Ger-
many and Poland), multidisciplinary studies point to climate change as the moti-
vator for the sudden migrations that produced numerous abandonments and the
gradual depopulation of that area between the 5t and 12th centuries CE (Volk-
mann 2015).

Historically, climatic downturns have acted as stress multipliers that intensi-
fied sociocultural, political, and economic vulnerabilities, leading to famine,
plague, mass migrations, and political transformations (Buntgen et al. 2016, p. 5,
2020, p. 8; McCormick et al. 2012; Toohey et al. 2016, p. 408). If economic and
population growth favour climatic stability, then the opposite should be found in
periods of environmental instability (Buntgen et al. 2020, p. 9). The extent to
which the LALIA indirectly influenced the social, cultural, political, and economic
transformation of Italy cannot be definitively ascertained. An apparent relation-
ship between climatic shifts and acute episodes of health crises has been posit-
ed as the climate-infectious disease nexus (Zonneveld et al. 2024, p. 5). Marine-
core data from southern ltaly indicate that the abrupt onset of the LALIA resulted
in a temperature drop of -3°C compared to the highest decadal averages of the
Roman Climate Optimum (Zonneveld et al. 2024, pp. 3, 5), and the average tem-
perature drop caused by the LALIA in the Northern Hemisphere was -1.54°C
(Buntgen et al. 2022, p. 2337). Oxygen isotopes from stalagmites in the Ranella
Cave in Lucca (Tuscany, Central ltaly) returned a prominent century of lower
5180 values between 500 and 600 CE, indicating elevated autumn and winter
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precipitation, which was influenced by an increase in moisture transported from
the North Atlantic that incited a secondary cyclogenesis the Gulf of Genoa (Isola
et al. 2019; Zanchetta et al. 2021). This period of increased rainfall coincides with
evidence of recurrent palaeoflood activity (Bini et al. 2020). These climatic and
environmental changes caused by the downturn of the LALIA would have led to
both human social changes and food shortages, which in turn, impacted human
mortality and morbidity. A relationship between short-term health impacts (i.e.,
plague, epidemics) and the LALIA has been postulated in the literature based on
textual sources (Buntgen et al. 2016; McCormick et al. 2012; Zonneveld et al.
2024). Despite this, limited investigation into the long term implications of the
LALIA on the relative health of ltaly’s populations has been conducted using
bioarchaeological evidence.

The present study aims to evaluate whether the climatic shift of the LALIA
caused physiological disruptions in individuals from Central and Northern ltaly
during the 6t and 7th centuries CE, or if people exhibited resilience to these ex-
trinsic influences. The approach used to fulfil this aim is to evaluate the frequen-
cy of physiological stress markers, growth disruptions, and chronic respiratory
disease in spatiotemporally relevant osteoarchaeological assemblages.

2. Materials and methods
2.1. Archaeological sites

Six archaeological skeletal assemblages with contexts dating to the post-
Classical period formed the study base, including one site from Central ltaly
(vicus Wallarifoorgo San Genesio) and five sites from Northern lItaly (Bariano,
Covo, Verona, Arcole, and Povegliano) (fig. 2). These six sites were included
based on the presence of skeletal remains dating to the 6t and 7th centuries CE,
and that substantial excavations have been completed at these sites.

Vicus Wallari-borgo di San Genesio, hereafter called San Genesio, is a rural
site located in northern Tuscany, approximately three kilometres from San
Miniato (Pisa), and positioned along the via Francigena (fig. 2) (Cantini 2010, p.
81). In the Roman Period, the site hosts a mansio along the Via Quinctia, the
road that joined Pisa to Florence. In the first half of the 6th century CE, a barrier
was created on the road, using wooden posts and earth. The structure was
meant to control the road system during the Greco-Gothic war (Cantini et al.
2017, pp. 251-252; Cantini, Citter 2021, pp. 210-211). The area accommodated
a large necropolis which was in use from the mid-6th to the mid-13th centuries
CE (Cantini 2010, p. 90). Between the end of the 6th to the 7th centuries CE, the
site became a central node of religious, economic, and military activity, and was
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first mentioned in 715 CE with the place name Vicus Wallari, likely reflecting the
name of the Lombard aristocrat who controlled the settlement (Wallar) (Cantini
2010, pp. 83, 93-94). From over 400 inhumations which have been excavated
at the site (Viva et al. 2022, p. 39), a total of 59 individuals from the necropolis
of San Genesio dating to the 6! and 7th centuries CE were included in the pre-
sent study (tab. 1). During this period, the necropolis likely hosted the burial of
both local inhabitants and those passing through the area at the end of the
Greco-Gothic War and the Lombard conquest (Cantini et al. 2017, p. 252; Viva
et al. 2022).

The former Convent of the Neveri at Bariano, located in the Bergamo region
of Lombardy, forms part of a rural settlement that was possibly founded in the
Roman period and occupied until the Middle Ages (fig. 2) (Fortunati et al. 2024,
p. 201; Brogiolo 2014). During the late Roman period, a mausoleum was built,
and it attracted a privileged cemetery. A total of 98 inhumations have been ex-
cavated, some containing grave-goods (e.g., a gold cross); the earliest burials
date to the 5! and 6" centuries CE, of which eight individuals were included in
the present study (tab. 1) (Fortunati et al. 2024, pp. 202, 205).
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Site Region Chronology of the sites ::g;noz,::ch.'g?haff
San Genesio Tuscany Mid-6th-7th centuries CE 59

Bariano Lombardy |5th-6th centuries CE 8

Covo Cascina Bellinzana Lombardy |5th-7th centuries CE 21

Verona Veneto 4t-10th centuries CE 28

Arcole Veneto 6th-7th centuries CE 6

Povegliano Veneto 6th-7th centuries CE 14

Tab. 1. Archaeological sites, chronology, and the number of individuals per site included in the study.

Covo Cascina Bellinzana is a rural site located in the region of Bergamo in
Lombardy that dates to the 5t to 7t centuries CE (fig. 2). The site comprises
mainly a rural cemetery with a total of 24 inhumations, of which 21 individuals
were included in the current study (tab. 1) (Marinato 2019, p. 52).

Verona underwent several transformations after the fall of the Western Roman
Empire (fig. 2). In the early 6! century CE, the city was under the control of the
Ostrogoths and was a key location during the Gothic wars (535-553 CE). After its
conquest by the Lombards in 568 CE, Verona’s urban centre became a regional
centre of governance and military activity (Pohl 1997). The urban centre of
Verona has produced late Roman funerary contexts ranging from the 4t to the
10t centuries CE. The contexts included in this research include: the suburban
cemeteries of via Cantore, Corso Cavour, via Leoncino, and via Oberdan; the
urban cemeteries of via Pigna and via Duomo 8; and the Arena of Verona. The
site dates to the 18t century CE, and was in continuous use until the 14th-17th
centuries CE (Bolla 2012; Bruno 2016; Laffranchi et al. 2020), including funerary
reuse. A total of 28 individuals from Verona were included in this study, dating
between the 6t to 7t centuries CE (tab. 1) (Bruno 2016; Laffranchi et al. 2020).

The site of Arcole (Verona) (fig. 2) originated as a Roman rural settlement (Ar-
zone et al. 2012, pp. 49-51). In the absence of defined archaeological evidence,
it has been hypothesised that the site was likely reused for agricultural activities
from the Lombard period until the 10t century CE, and funerary reuse was prac-
ticed at the site (Arzone et al. 2012, pp. 108-109). Six individuals from Arcole
were included in the present study (tab. 1).

Povegliano is located approximately 15 km from the city of Verona and hosts
a renowned Lombard necropolis (fig. 2). The area of Povegliano has been in use
since at least the Bronze Age, and was continually occupied from the Iron Age
through the Roman period and until the Early Middle Ages (Bruno, Giostra 2012,
p. 216). Fourteen individuals derived from Povegliano were used in the current
study (tab. 1). Archaeological evidence attests to the site being inhabited by Lom-
bards during the 6! and 7th centuries CE, and their mortuary accoutrements sug-
gest individuals of moderate to high status (Bruno, Giostra 2012, pp. 218-219).
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The chronology of site occupation and use often exceeds the scope of the
present study; therefore, only the contexts dating to the 6t and 7th centuries CE
were included in the study. Articulated and semi-articulated individuals were in-
cluded in the study, and only crania from commingled contexts were included in
the study.

2.2 Limitations

Some contexts have not undergone absolute dating methods and, therefore,
their chronology may expand past the scope of the study. The archaeological
context is not published for all sites included in the present study, which may
limit more nuanced interpretations of the data on a site-specific basis.

2.3. Biological profile

For this study, age at death refers to physiological age, which is estimated
from biological changes to the body, and does not reflect social age (Halcrow,
Tayles 2008). Individuals were classified as adults upon the complete eruption
of the third molar at approximately 20 years of age (Hillson 2014, pp. 29, 229).
Adult age at death was assessed according to morphological changes to the
pubic symphysis (Brooks, Suchey 1990) and auricular surface of the ilium (Buck-
berry, Chamberlain 2002; Lovejoy et al. 1985). Adults were classified into three
categories: young adults (20-34 years), middle adults (35-49 years), and older
adults (50+ years) (Buikstra, Ubelaker 1994). Preadult age at death (< 20 years)
was estimated based on dental development and eruption (AlQahtani 2010), tim-
ing of epiphyseal union, and long bone diaphyseal measurements (Cunningham
et al. 2016). To aid analyses, preadult age at death was classified into five cate-
gories modified from Cunningham et al. (2016): foetal (nine weeks in utero to
birth); infant (birth to one year); early childhood (two to six years); late childhood
(seven to 12 years); and adolescence (13-19 years).

Sex was estimated using the dimorphic features of the pelvis and cranium (Ac-
sadi, Nemeskeéri 1970; Ferembach et al. 1980; Klales et al. 2012; Walker 2008),
and adult individuals were categorised as male, probable male, indeterminate
sex, probable female, female, and unknown sex. Adolescents with observable di-
morphic features were assigned to probable male or probable female categories.

2.4. Physiological stress markers
As health cannot be quantified, disruptions to the homeostasis of individuals
are assessed through non-specific physiological stress markers, interruptions to

growth and development, and disease (Pilloud, Schwitalla 2020, p. 2). During
periods of stress, such as malnutrition, disease, or chronic strain, the body de-
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velops a physiological response to adapt to the disturbance. These physiologi-
cal markers are expected to occur more frequently with increased periods of
stress (Pilloud, Schwitalla 2020, p. 2). As the exact aetiology of physiological
stress markers is heavily debated, they are often referred to as nonspecific and
include cribra orbitalia, cribra cranii, subperiosteal new bone formation (SPNBF),
and enamel hypoplasia (Pilloud, Schwitalla 2020, p. 2).

Cribra orbitalia presents as porosity on the orbital roof, and cribra cranii oc-
curs on the cranial vault, most frequently on the parietal bones (Walker et al.
2009, p. 109). Traditionally, cribra orbitalia and cranii have been linked to iron de-
ficiency anaemia and typically occur during childhood and infancy (Brickley
2024), but recent research has suggested that their aetiology is multifactorial and
could result from genetic haemolytic anaemias (thalassemia or sickle cell dis-
ease), megaloblastic anaemia (vitamin B12 or folate deficiencies), inflammatory
disease, or chronic parasitic infections (Walker et al. 2009, pp. 110-116). Cribra
orbitalia could be assessed if at least one (right or left) orbital roof was preserved,
and cribra cranii could be observed if at least one parietal bone was present.
Cribra orbitalia and cranii were evaluated according to the 5-scale scoring sys-
tem defined by Stuart-Macadam (1991, p. 109). Only severe cases of cribra or-
bitalia and cranii, corresponding to stages three to five on the Stuart-Macadam
(1991, p. 109) scale, were considered for statistical analyses.

SPNBF on long bones is linked to trauma, nonspecific inflammation, although
their aetiology may reflect their own or another pathological condition (Pilloud,
Schwitalla 2020, p. 2). In preadults, it can be difficult to discern new bone formation
resulting from normal growth versus inflammation caused by pathological process-
es (Lewis 2007, pp. 134-138). SPNBF in preadults typically presents as an isolated
area of new bone raised above the cortex and unilateral (Lewis 2007, pp. 135-136).
Active lesions of SPNBF have been suggested to reflect individuals who suc-
cumbed to disease or stressors compared to individuals with healed lesions, and
thus reflect frailty (DeWitte 2014, p. 39). SPNBF on the long bones was assessed
on the femora, tibiae, and fibulae, and an individual was considered observable if
a minimum of one tibia was present. Long bones with evidence of trauma or other
pathological changes were excluded from assessment of the presence and ab-
sence of SPNBF. Bone changes were classified as active, healed, or mixed, and
localised or diffused based on the criteria of Stothers and Metress (1975).

Enamel hypoplasia refers to pits or linear grooves on tooth crowns caused by
disruptions of amelogenesis during childhood when enamel is forming due to
episodes of malnutrition, systemic metabolic disturbances, and disease (Hillson
2014, pp. 184-197). Enamel hypoplasia could be assessed if a minimum of two an-
terior teeth, incisors or canines, were present and observable from the maxillary or
mandibular dentition. Enamel hypoplasia was considered present if it occurred in
two or more teeth. The types of enamel hypoplasia were recorded following Buik-
stra and Ubelaker (1994, p. 56) and the severity as per Corruccini et al. (1985).
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2.5. Short stature and stunted growth

Prolonged nutritional deficiencies, recurrent infections, disease, and sys-
temic inflammation during development can disrupt growth (Welsh, Brickley
2024, p. 2). Intrinsic and extrinsic environmental factors can constrain the growth
rate of bones, and long periods of stress can alter limb proportions and cause
stunting and receded adult stature (Humphrey 1998, pp. 70-72; Spake et al.
2022, p. 100; Welsh, Brickley 2024, p. 2).

Adult stature was calculated based on the maximum length of long bones,
with a preferential use of lower limb bones and the left side, using the regression
formulae for Afroamerican males and females by Trotter and Gleser (1958, 1952,
1977) because it is considered the most reliable for archaeological skeletal as-
semblages from lItaly (Giannecchini, Moggi-Cecchi 2008). Short stature was
evaluated in adult males and females by comparing the modified Z-scores to the
median for each sex group, as recommended for small sample sizes by Pezo-
Lanfranco et al. (2020). Short stature in adults was classified as final achieved
stature below the median.

Preadults could be included for assessment of stunting if they had at least one
long bone intact and if their age at death could be estimated from dental develop-
ment and eruption. Stunted growth in preadults was evaluated in individuals up to
12 years of age at death to avoid the influence of the pubertal growth spurt (New-
man, Gowland 2015, pp. 156-158). Stature equations for preadults followed Ruff
(2007), and stunting was evaluated using the World Health Organisation’s length-
and height-for-age formula for Z-scores: Z=[(x-m)/SD]. Estimated stature is x, the
median of the reference population per age group is m, and the standard devia-
tion of each age range is SD (WHO Multicentre Growth Reference Study Group
2006). The SD of Z-scores were compared to the World Health Organisation length
and height-for-age charts (WHO Multicentre Growth Reference Study Group
2006), and the European height-for-age charts (Bonthuis et al. 2012). Moderate
stunting was classified as <-2 SD, and severe stunting was classified as <-3 SD.

2.6. Chronic respiratory disease

Chronic respiratory disease has a variety of risk factors, including health de-
ficiencies in childhood, as well as environmental influences such as air pollution
and high concentrations of fine particulate matter due to both natural (volcanic
eruptions, fires, vegetation, dust, pollen) and anthropogenic (industrial and agri-
cultural activities, smoke) influences (Kim et al. 2015, p. 137; Lakey et al. 2016,
p. 1). In archaeological human skeletal remains, chronic respiratory disease can
be identified through bone changes to the maxillary sinuses (chronic maxillary si-
nusitis) and the auditory ossicles (chronic ofitis media) (Davies-Barrett et al.
2021, p. 63; Krenz-Niedbata, t.ukasik 2017).
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Chronic maxillary sinusitis could be observed in adult individuals with either
a right or left maxillary sinus present that was a minimum of 50% preserved, in-
cluding the floor and either the medial or lateral wall (Riccomi et al. 2021, p. 42),
and that were taphonomically broken so the internal surfaces could be observed
macroscopically. Maxillary sinuses with osseous changes consistent with chron-
ic maxillary sinusitis were included in the study, irrespective of their preservation.
Diagnostic features of chronic maxillary sinusitis, including spicules, remodelled
spicules, and pitting, followed the definitions of Boocock et al. (1995, p. 486).
Thickening of the sinus walls was considered as per Casa et al. (2025, p. 7), and
lobules after Merrett and Pfeiffer (2000, p. 309).

Adult and preadult individuals with at least one auditory ossicle, being either
an incus or malleus, could be assessed for osseous changes consistent with
chronic ofitis media because the stapes is the least frequently preserved. Audi-
tory ossicles were examined using stereomicroscopy, and bone changes, in-
cluding pitting, erosion, bone resorption, and new bone formation, were record-
ed following Gentile et al. (2025) and Krenz-Niedbata and t.ukasik (2017). Pitting
was differentiated from the vascularisation of the ossicles through the location,
quantity and margin of osseous changes (Gentile et al. 2025, p. 60). The severity
of pathological changes to the ossicles was scored in accordance with Gentile
et al. (2025).

3. Results

3.1. Demography

A total of 136 individuals were observable for all sites, including 59 individu-
als from Central Italy and 77 individuals from Northern Italy (tab. 2). Overall, 96

individuals (70.58%) were adults and 40 (29.41%) were preadults, and 49 indi-
viduals were estimated males and 32 individuals were estimated females (tab.

Site Adult Preadult Male Female Total
San Genesio 38 21 20 11 59
Verona 18 10 9 28
Bariano 8 6 8
Covo 18 6 10 21
Arcole 4 2 6
Povegliano 10 6 14
Total 96 40 49 32 136

Tab. 2. Number of individuals by age at death and sex per site.
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Fig. 3. Proportion of individuals per age at death category for the overall sample, males, and females.

2). Regarding adult age at death, the highest proportion of individuals were older
adults (50+ years) at 25.27%, followed by middle (19.78%) and young (13.19%)
adults (fig. 3). Preadult mortality was highest in early childhood (two to six years)
at 16.48%, followed by adolescence (13-19 years) comprising 9.89% of individ-
uals (fig. 3), late childhood (seven to 12 years) at 7.69% and infants (birth to one
year) at 6.59%. Foetuses were underrepresented, accounting for 1.10% of indi-
viduals (fig. 3). The most frequent age at death category for females was older
adults, followed by young and middle adults, respectively (fig. 3). In contrast,
males were equally represented in both middle and older adult categories and
least represented by young adults (fig. 3).

3.2. Physiological stress markers

Healed cribra orbitalia (score 1) was present in 25.39% (16/63) of individuals,
comprising 33.33% (15/45) adults and 5.55% (1/18) preadults. Severe cases of
cribra orbitalia (score 3-5) occurred in 17.46% of individuals, including 10.64%
of adults and 35.29% of preadults (tab. 3). Notably, males were more affected by
cribra orbitalia than females (tab. 3).

Four individuals (5.63%, 4/71) exhibited healed cribra cranii (score 1) on the
parietal bones. Active cribra cranii presented in 7.04% (5/71) of individuals,
being 6.12% (3/49) of adults and 9.09% (2/22) of preadults, and more frequently
in females (10.53%, 2/19) than males (3.33%, 1/30) (tab. 3). One infant (~1.5
years of age at death) from San Genesio (SK238) presented porotic changes to
the cranial bones consistent with scurvy on the endocranial surface, the orbital
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Sample Cribra orbitalia Cribra cranii SPNBF Enamel hypoplasia
n/N % n/N % n/N % n/N %
Adults 5/47 10.64% 3/49 6.12% 10/70 | 14.29% | 17/37 | 45.95%
Preadults 6/17 35.29% 2/22 9.09% 0/23 0 2/9 22.22%
Males 5/28 17.86% 1/30 3.33% 5/35 1429% | 10/24 | 41.66%
Females 017 0 2/19 10.53% 4/28 14.29% 712 58.33%
Overall 11/63 | 17.46% 5/71 7.04% 10/93 | 10.75% | 19/46 | 41.30%

Tab. 3. Crude frequency of physiological stress markers (severe and active lesions only) (n=affected,

N=observable).

Fig. 4. San Genesio SK238 exhibiting bone changes diagnostic of infantile scurvy: (a) bilateral and
symmetrical cribra orbitalia of trabecular type in active stage and (b) bilateral and symmetrical poros-
ity <1 mm and new bone formation on the greater wings of the sphenoid; (c) Linear enamel hypopla-
sia on the anterior maxillary dentition of San Genesio US26122 SK303.
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roofs and on the left zygomatic bone (fig. 4a), as well as diagnostic changes to
the right and left greater wings of the sphenoid (fig. 4b) (Brickley, lves 20086).

Lesions of SPNBF occurred in 10.75% (10/93) of individuals, exclusively in
adults (14.29%, 10/70), and to a similar extent in both males (14.29%) and fe-
males (14.29%) (tab. 3). Enamel hypoplasia was found in 41.30% of individuals,
and more than twice as frequent in adults (45.95%) than preadults (22.22%) (tab.
3) (fig. 4c). Females presented enamel hypoplasia more frequently (58.33%)
than males (41.66%) (tab. 3).

Enamel hypoplasia was the most common stress marker, followed by cribra
orbitalia, SPNBF, and, least frequently, cribra cranii (tab. 3).

3.3. Short stature and stunted growth

Stature could be calculated for 28 adult males, of which the minimum stature
calculation was 161.58 cm and the maximum was 194.32 cm. The mean stature
of males was 180.59 cm, and the median was 182.50 cm. Adult female stature
could be calculated in 19 individuals and ranged from 140.93 cm to 170.57 cm,
with a mean of 154.58 cm and a median of 153.07cm. Stature below the median
occurred in 48.39% (14 /28) of estimated males and 47.62% (9/19) of estimated
female individuals.

Preadult stature could be estimated for 10 individuals, of which six exhibited
stunted growth. When compared to the European height-for-age charts (Bon-
thuis et al. 2012), two preadults exhibited moderate stunting and four preadults
had severe stunting (fig. 5). Eight preadults could be compared to the World
Health Organisation’s length-for-age and height-for-age charts (WHO Multicen-
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SGSK238  Arc. T00US301  SG US32450 Covo T5 SG SK197 SG SK232 SG SK198 SGUS32581  SGUS32513  SG US26122
(15 years) (3.5 years) SK148 CranH (4 years) (4.5 years) (45 years) SK187 SK17 SK303
(3.5 years) (3.5 years) (4.5 years) (6.5 years) (12.5 years)

| European charts male European charts female  ® WHO charts male = WHO charts female |

Fig. 5. Standard deviation of preadult stature z-scores compared to the European height-for-age
charts and the World Health Organisation (WHO) length and height-for-age charts for males and fe-
males (SG=San Genesio, Arc.=Arcole).
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tre Growth Reference Study Group 2006), of which three individuals presented
moderate stunting at negative two standard deviations, and two individuals had
severe stunting at negative three standard deviations, indicating that six of eight
preadults had stunted growth (fig. 5).

3.4. Chronic respiratory disease

A total of 35 adult individuals, including 22 males and six females, had at
least one preserved and observable maxillary sinus (tab. 4). Overall, 51.52% of
individuals presented pathological changes consistent with chronic maxillary si-
nusitis (tab. 4, figs. 6a-b). A similar frequency of chronic maxillary sinusitis was
found in females (60.00%) and males (50.00%) (tab. 4). A total of 29 individuals
had at least one incus or malleus present and observable (tab. 4). Chronic otitis
media occurred in 58.62% of assessable individuals, with a similar frequency in
preadults (55.55%) and adults (60%) (tab. 4; figs. 6¢-e).

4. Discussion

This study analysed archaeological human skeletal remains from Central and
Northern Italy dating to the 6t and 7th centuries CE to determine whether the cli-
matic downturn of the LALIA contributed to the burden of physiological stress,
impaired growth, and chronic respiratory disease. Out of the 136 individuals
analysed, the majority of individuals lived into adulthood, and specifically into
older adulthood, while under one-third (29.41%) of individuals succumbed as
preadults, particularly during early childhood (two to six years). In general, fe-
males lived into older adulthood more frequently than males, who most often suc-
cumbed in middle adulthood. Active cases of cribra orbitalia and cranii, and
SPNBF occurred in a small portion of individuals, whereas enamel hypoplasia
occurred in almost half of the observable individuals. Physiological stress mark-

Chronic maxillary sinusitis Chronic ofitis media
Sample
n/N % n/N %
Adult 17/33 51.52% 12/20 60.00%
Preadult N/A N/A 5/9 55.55%
Male 11/22 50.00% 7/9 77.78%
Female 6/10 60.00% 5/10 50.00%
Total 17/33 51.52% 17/29 58.62%

Tab. 4. Crude frequency of chronic maxillary sinusitis and chronic otitis media (n=affected, N=ob-

servable).
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Fig. 6. Osseous changes consistent with chronic maxillary sinusitis in (a) San Genesio US 32521
SK180 right maxillary sinus with remodelled spicules and spicules, and (b) San Genesio US 13022
left (spicules) and right (remodelled spicules and spicules) maxillary sinuses; Bone changes of
chronic otitis media, (c) San Genesio US 32730 SK230 pitting and erosion of left malleus and pitting
of left incus of grade one, (d) San Genesio US 32078 SK89 left incus with periosteal new bone for-
mation, and (e) San Genesio US 32524 SK174 left incus with pitting of grade one.

ers generally occurred in females more than in males, and were relatively similar
in adults and preadults. Growth disruptions were evidenced through short
stature below the median in roughly half of adult males and females, and more
than half of assessable preadults exhibited stunted growth. Chronic respiratory
disease was apparent in half of the observable individuals, evidenced by both
chronic maxillary sinusitis and chronic otitis media.

The stasis between frailty and resilience, morbidity and mortality, is a way in
which bioarchaeologists can quantify the intrinsic and extrinsic, as well as an-
thropogenic and environmental factors, that impact survivorship in the human
past. Frailty refers to an individual’s ability to survive exposure to stressors (e.g.,
malnutrition) and disease. Individuals who survive multiple stress events
throughout their lives tend to live longer and exhibit greater resilience; however,
in turn, these individuals have increased frailty (Marklein et al. 2016, p. 209). This
leads to the osteological paradox, whereby individuals with increased frailty like-
ly succumbed to disease or stressors before it affected the skeleton, whereas in-
dividuals with skeletal lesions likely reflect resilience (McFadden, Oxenham
2020, p. 206; Wood et al. 1992). Furthermore, individuals with healed lesions ex-
hibit resilience, whereas individuals with active lesions near the time of death
were frailer (McFadden, Oxenham 2020, p. 206; Wood et al. 1992).

Considering the climatic disruptions caused by the LALIA in ltaly, in combi-
nation with the sociopolitical and economic transformation, warfare, pestilence,
and famine reported during the 6th and 7t centuries CE, a high level of frailty
could be anticipated in the populations of Central and Northern Italy. Despite
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this, the results of the present study seem to indicate that the majority of individ-
uals lived into older adulthood, and that preadults show a slight increase in mor-
tality during early childhood, but then remain stable into adulthood and increase
with age. This mortality pattern corresponds with that of other Lombard period
sites, such as Universita Cattolica of Milan (Moro et al. 2025, p. 5) and La Selvic-
ciola (Salvadei et al. 2001, pp. 711-712). However, in these studies, the highest
proportion of adults died during middle adulthood.

To assess if there is a shift in the frequency of physiological stress markers
coinciding with the 6! and 7t centuries CE in ltaly and the LALIA, their preva-
lence was compared to other published post-Classical sites from ltaly preced-
ing and following the temporal scope of the present study. No temporal or geo-
graphically relevant comparative studies are available for chronic maxillary si-
nusitis and chronic otitis media. There is a slight shift in mortality patterns from
Roman-period sites of the common era compared to the Lombard period. For
example, 5th-century CE Portus Romae exhibited high childhood mortality, par-
ticularly before the age of 10 (De Angelis et al. 2025, p. 3), and 18t to 314 cen-
turies CE Lucus Feroniae had higher preadult mortality from birth to three years
of age at death (Salvadei et al. 2001, p. 712), in addition to a higher proportion
of young adults from Isola Sacra and young-middle adults in Lucus Feroniae
(Manzi et al. 1999, p. 330). This pattern of decreasing childhood and young
mortality from the Roman to the Medieval period has previously been identified
by Baldoni et al. (2021, pp. 7-8), and suggests there was a relatively high level
of resilience in individuals from Central and Northern ltaly during the 6t and 7th
centuries CE, which raises questions about the adaptation strategies to the cli-
matic shift of the LALIA.

As the frequencies of cribra orbitalia and cranii, and SPNBF were less than
17%, they are, in general, substantially lower than those of preceding centuries
(tab. b), suggesting that only a small portion of the sample succumbed to phys-
iological stress. An important consideration is that only active cases were in-
cluded in frequency counts of the present study, meaning individuals who suc-
cumbed while the pathological process was still ongoing. These results support
the interpretation that the study sample exhibited resilience in the face of the
challenges caused by climatic and anthropogenic changes of the 6th and 7th
centuries CE. Comparisons are limited, however, by the differential recording
protocol; many studies have not defined whether they included both healed and
active cases in their prevalence counts, and some studies only included adults

Tab. 5. Comparative crude frequencies of physiological stress markers from lItalian archaeological
sites dating to the Common Era.
*Cribra orbitalia and cranii grouped together
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or preadults, respectively (tab. 5). Comparative studies (tab. 5) have ascribed
cribra orbitalia and cranii to undernutrition, parasites poor sanitation, weaning
practices, cultural traditions, and anaemia potentially relating to lead poisoning
(Belcastro et al. 2007; Facchini et al. 2004; Malis et al. 2024). SPNBF has been
interpreted as indicative of nonspecific inflammation, nutritional deficiencies,
trauma, and localised or systemic infection (Malis et al. 2024), which could also
account for the occurrence of SPNBF in this study. Similarly, enamel hypoplasia
has been attributed to alimentary deficiencies acquired during childhood, par-
asitic and worm infections, and unsanitary conditions (Belcastro et al. 2007;
Manzi et al. 1999; Facchini et al. 2004). Concerning the current study, the LALIA
may have contributed to the burden of cribra orbitalia and cranii through con-
sequent environmental changes impacting both food supply and diversity, lead-
ing to nutritional deficiencies, which is also evidenced through the moderate
prevalence of enamel hypoplasia in <42% of assessable individuals, the most
common physiological stress marker observed. Finally, while the aetiology of
cribrotic lesions has been heavily debated (Oxenham, Cavill 2010; Walker et al.
2009), they have been linked to iron deficiency anaemia, megaloblastic
anaemia (B12/folate deficiency) (Ferrando-Bernal 2023; Rivera, Mirazén Lahr
2017, Wang et al. 2023), malaria (Gowland, Western 2012; Smith-Guzman
2015), and thalassemia (Lewis 2012). The climatic shift of the LALIA in ltaly
caused increased rainfall and humidity as well as the formation of swamp-like
areas (Kaniewski et al. 2022, p. 8), which likely served as an ideal breeding
ground for mosquitoes and the consequent spread of malaria, which was en-
demic to Italy until the 20t century. Swamp and marsh areas are known to have
existed in the vicinity of the sites of Covo (Marinato 2019, p. 151) and Poveg-
liano (Bruno, Giostra 2012, p. 218), as well as wetlands near Arcole and Bariano
(Arzone et al. 2021; Fortunati et al. 2024). Although malaria could have afflicted
individuals from these sites, no evidence of porotic hyperostosis of the cranial
vault was found in the current study.

Limited evidence of metabolic disease was found in the current study, with
only one child from San Genesio, Tuscany, exhibiting infantile scurvy. Despite
this, several other contemporaneous studies from Italy have found evidence of vi-
tamin C deficiency. Another case of infantile scurvy was found in a two-month-old
male infant, dating to the 3'd to 5t centuries CE from Piano della Civita di Artena
in Central Italy (Cecconi et al. 2025). The 7th and 8th centuries CE Lombard
necropolis of Selvicciola, Central Italy, presented 22 preadults with pathological
features diagnostic of scurvy (Panella et al. 2019). In the 7t to 11th centuries CE
Castel Tirolo, in South Tyrol, Northern Italy, exhibited two cases of scurvy (Paladin
et al. 2018, pp. 716, 723). Some of the primary sources of vitamin C include fruits,
vegetables, as well as marine fish, and scurvy can develop more rapidly in chil-
dren due to the nutritional requirements of growth (Brickley, lves 2006, p. 163). In-
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fantile scurvy can manifest after approximately four to five months of vitamin C de-
ficiency, which impairs collagen synthesis and causes fragile blood vessels,
which can cause haemorrhages, as well as defective osteoid formation, leading
to bone thinning and widened trabeculae (Brickley, lves 2006, p. 163; Tamura et
al. 2000). The underreporting of cases of scurvy in archaeological assemblages
from Italy has led to the assumption that such metabolic disorders were not com-
mon in ltaly (Paladin et al. 2018, p. 723); however, vitamin C deficiency is likely
underrepresented in the literature due to the poor preservation of archaeological
human infantile skeletal remains and a lack of systematic studies on its occur-
rence. During the post-Classical period, isotopic data from adults suggest an in-
creasing reliance on cereals in Italy (Riccomi et al. 2020, pp. 2, 12). Ongoing iso-
topic studies of children will investigate whether this shift, together with inappro-
priate weaning practices and variations in the composition of children's diets
compared to adults (Mays 2014, p. 60), contributed to the development of
metabolic diseases, such as vitamin C deficiency, during the LALIA.

Prolonged periods of malnutrition and disease during childhood cause an
energy trade-off between phenotypic adaptation to extrinsic and intrinsic stres-
sors and the prioritisation of biological functions needed for survival (McFad-
den, Oxenham 2020, p. 206; McPherson 2021; Quade, Gowland 2020). This
adaptive resilience causes disruptions to growth, as well as reduced life ex-
pectancy and increased frailty (McFadden, Oxenham 2020, p. 206). Concern-
ing the present study, almost half of the adults exhibited evidence of growth dis-
ruptions in the form of stature below the median, indicating a high level of adap-
tive resilience to stressors during childhood. The median calculation of adult
stature may, however, be influenced by the different genetic admixture of indi-
viduals present at the sites included in the study. For example, at San Genesio,
Goths and Lombards of Germanic origin were present at the site, who are
known to have a substantially higher stature than those local to Italy for the pe-
riod (Cantini et al. 2017, p. 252; Viva et al. 2022). Other sites from Northern Italy
(e.g., Verona (Pohl 1997)) are known to have had Lombard occupation, which
may have also contributed to deviations in the median stature of adults. Stunted
growth in most of the assessable preadults is not wholly surprising when con-
sidering the osteological paradox and that the preadults that could be observed
were the frailer members of society, and consequently, they succumbed to
stressors when they surpassed their bandwidth of adaptive resilience (McFad-
den, Oxenham 2020; Wood et al. 1992).

The onset of volcanic winter in the LALIA created the ideal environment for

the spread of respiratory diseases, which could have contributed to the pres-
ence of chronic maxillary sinusitis and chronic otitis media in more than 50%
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of assessable individuals from Central and Northern ltaly. The temperature
drop of ~2°C caused by the LALIA and resultant colder winters probably
caused people to spend more time indoors; in turn, the close proximity indoors
to other people and potentially animals would have exacerbated the spread of
viral and bacterial diseases and consequently increased the susceptibility of
individuals to chronic maxillary sinusitis and chronic otitis media (Buntgen et
al. 2016, pp. 2-3; Gentile et al. 2025, p. 64; Panhuysen et al. 1997). In addition,
the increased time spent indoors likely also heightened exposure to smoke
from hearth fires, exacerbated by poor ventilation, a known risk factor for
chronic maxillary sinusitis (Panhuysen et al. 1997; Riccomi et al. 2021, p. 45;
Roberts 2007). Agricultural activities are known to be associated with chronic
maxillary sinusitis; crop harvesting, ploughing of fields, and the use of animals
for labour during cultivation exposed people to dust, animal dander, as well as
zoonotic diseases, which could account for part of the burden of chronic max-
illary sinusitis in the present study (Ahman etal. 2001; Sundaresan et al. 2015).
The palaeoclimatic changes induced by the LALIA in Italy increased humidity
and swamp environments, which in turn would have increased exposure to
mould and fungi, which could have both contributed to the burden of chronic
maxillary sinusitis (Cacciari et al. 2024, p. 1235; Kaniewski et al. 2022, p. 8;
Slavin et al. 2005, p. S16).

After the collapse of the Western Roman Empire in Northern ltaly, there was
a greater reliance on local resources for subsistence that had been previously
underutilised (Rottoli 2014, p. 5). For example, in the Po Valley in northeastern
Italy, the LALIA caused cooler and wetter winters, increased humidity, the ex-
pansion of wetlands, and stimulated river avulsions (Cacciari et al. 2024, p.
1235). In consequence, there was an expansion of lowland cultivation, dominat-
ed by oats (Avena-Triticum) and barley (Hordeum), and a notable introduction
of millet (Panicum miliaceum (L.), which is characteristic of impoverished envi-
ronments (Cacciari et al. 2024, p. 1235). Archaeobotanical evidence from
Northern ltaly also supports this model of localised adaptation, with increased
cultivation of rye, millet, and sorghum; the spread of edible chestnuts from the
5! to 6th centuries CE; and a combination of cultivated and wild/semi-wild plant
species being utilised as part of a self-sufficient system (see Marinato 2019;
Rottoli 2014, pp. 5-6). An increasing incorporation of minor crops into the diet
during the post-Classical period was apparent at San Genesio, with evidence
of both C5 and C, plants consumed by individuals at the site from mid-6t" to 7th
centuries CE onwards (Riccomi et al. 2020, pp. 12-14). These localised adap-
tive strategies to the climatic fluctuations of the LALIA may account for the low
levels of physiological stress observed in the skeletal assemblages from Central
and Northern ltaly.
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5. Conclusion

This study reveals that communities in Central and Northern Italy during the
6th and 7t centuries CE endured a period of profound climatic instability and
shifting subsistence strategies with a remarkable degree of resilience. This is
supported by mortality patterns indicating the majority of individuals lived into
late adulthood, low frequencies of active physiological stress markers, limited
evidence of metabolic disease, and a high proportion of individuals encountered
growth disruptions and chronic respiratory disease. Archaeobotanical and
zooarchaeological data support the interpretation that communities modified
their subsistence practices by diversifying crops, exploiting local resources, and
shifting their dietary patterns to buffer against climatic fluctuations. Although the
bioarchaeological evidence does indicate a relative health impact on individuals
during the period (e.g., short stature from growth disruptions), particularly during
childhood, the behavioural adjustments likely mitigated the potential impacts of
environmental stressors on the nutritional requirements of populations long-term.
Future research should systematically assess the frequency of physiological
stress markers, growth disruptions, and chronic respiratory disease in archaeo-
logical skeletal assemblages from Italy dating from the post-classical period to
the end of the Early Middle Ages to determine if there are indeed fluctuations co-
inciding with the LALIA and other periods of climatic disruption. This study un-
derscores that the human experience of climatic downturns is neither uniformly
catastrophic nor uniformly benign; rather, it reflects the interplay between vulner-
ability, adaptation, and endurance, highlighting how past communities navigated
ecological crises — insights that remain strikingly relevant in understanding
human responses to climate change today.
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Abstract

The Late Antique Little Ice Age (LALIA) introduced cooler, wetter conditions to 6th and 7th
centuries CE Italy, coinciding with sociopolitical and economic transformation. This study
evaluated whether this climatic shift caused physiological disruptions in individuals from
Central and Northern Italy during this period. Bioarchaeological analysis of 136 individuals
from six sites revealed low frequencies of active physiological stress markers, frequent
growth disruptions, and chronic respiratory disease. Despite environmental challenges,
most individuals lived into adulthood, exhibiting adaptive resilience. Bioarchaeological
evidence suggests local adjustments to subsistence mitigated environmental stress and
highlights complex human-environment interactions during the LALIA.

Keywords: LALIA, climate change, volcanic winter, adaptive resilience, frailty.

La piccola era glaciale tardoantica (abbreviata dallinglese con I'acronimo LALIA) ha
portato condizioni climatiche pit fredde e umide nell'ltalia del VI e VIl secolo d.C., in coin-
cidenza con una trasformazione socio-politica ed economica. Questo studio ha valutato
se tale cambiamento climatico abbia causato disturbi fisiologici negli individui dell'ltalia
centrale e settentrionale durante questo periodo. L’analisi bioarcheologica di 136 individui
provenienti da sei siti ha rivelato una bassa frequenza di marcatori di stress fisiologici in
stadio attivo, frequenti ritardi della crescita e malattie respiratorie croniche. Nonostante le
difficolta ambientali, la maggior parte degli individui é vissuta fino all'eta adulta, dimostrando
capacita di adattamento. Le prove bioarcheologiche suggeriscono che gli adattamenti
locali alla sussistenza hanno mitigato lo stress ambientale e mettono in evidenza le com-
plesse interazioni tra uomo e ambiente durante la piccola era glaciale tardoantica.
Parole chiave: LALIA, cambiamento climatico, inverno vulcanico, capacita di adattamento,
fragilita.
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