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During the Middle Bronze Age, farming settlements covered much of the Po Plain, but little is known about their
herding strategies, e.g. in terms of mobility and foddering. According to faunal data and archaeological mate-
rials, herding practices focused on sheep husbandry for multiple products, including wool. Meanwhile, trans-

Isvizlzg:glit humance, involving the movement of flocks from the plain to the upland pastures, has been proposed to emerge
Wool Y during this period, but direct evidence for this practice is scant. To fill these gaps, we employed multiple isotope
Fodder analyses of faunal remains embedded within palynological, archaeobotanical and micromorphological analyses

to uncover sheep husbandry practices at two Middle Bronze Age sites (Oppeano 4D, La Muraiola di Povegliano
Veronese) near Verona, northern Italy. These settlements have both stratigraphic evidence of animal penning
investigated through high resolution multi-proxy geoarchaeological and archaeobotanical methods. Incremental
carbon, oxygen and strontium analysis of sheep molars embedded within a bulk 5'3C/8'°N framework from
domesticated and wild species indicates that transhumance was not practised at either site. Instead, we
demonstrate the seasonal exploitation of local environments for pasturing animals with strong indications for the
collection of plant resources for livestock (leafy-hay, grass hay) including the use of C4 plants as cattle feed. This
practice of fodder collection may have been an important step in the evolution of herding practices, as it allowed
herds to remain within the local area and, at the same time, showing incipient pressure that might have led to the
development of more mobile strategies.

1. Introduction moulded by human demographics, culture, and economic demand,
while at the same time are heavily influenced by the local environmental
context. Demographic pressure together with increasing social

complexity have been seen as key aspects influencing subsistence stra-

1.1. Research framework

Animal products form one of the cornerstones of human economies,
directly connecting communities with their landscape (Kristiansen and
Stig Sgrensen, 2019; Sherratt, 1981). Livestock husbandry practices are
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tegies and the development of specialised economies across Europe
(Carrer and Migliavacca, 2019; Kristiansen and Stig Sgrensen, 2019).
For example, demographic pressures drive an increase in food
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production, expanding cultivated land at the expense of pastures, as well
as allowing the increase of specialised craftsmen and production of
items, such as textiles, leading to not just changes in socio-economic
dynamics but also in local ecosystems. Strongly associated with the
European Bronze Age is the emergence of sheep with fine wool coats
which transformed wool textile quality and thus becoming an important
commodity to these communities (De Grossi Mazzorin, 2013; Sabatini
et al.,, 2019, 2022). Maintaining large flocks within cultivated land-
scapes may have required herders to adopt novel strategies, such as
transhumance, to prevent crop damage and conflict.

During the Middle Bronze Age (MBA; 1650-1350/1300 BCE, Car-
darelli, 2010) in the Po Plain, northern Italy, population growth is evi-
denced by the formation of interconnected settlement systems
(Cardarelli, 1997, 2010; Di Renzoni, 2006). These systems featured
large ditched settlements called Terramara (Bernabo Brea et al., 1997;
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Cupito and Leonardi, 2015) which showed uncommon complexity even
within the frame of the European Bronze Age (Kristiansen and Stig
Sgrensen, 2019; Miiller, 2015). Changes in land use (Debandi, 2021),
crop diversification (Cremaschi et al., 2016; Mercuri et al., 2006a;
Perego et al., 2022; Rottoli, 2024), specialised wool production
(Sabatini et al., 2018) emerged at this time, while increased herd
mobility has been suggested (Carrer and Migliavacca, 2019). The
adoption of periodic seasonal movements of domestic herds between
different and complementary grazing areas — from the alluvial plain to
the mountains — has been proposed as a key component of Bronze Age
communities in the Po Plain (Carrer and Migliavacca, 2019). Yet direct
evidence of such practices remains scant. In the above-mentioned
archaeological framework, multi-proxy bioarchaeological perspectives
can strongly contribute to our understanding of the development and
dynamics of northern Italian Bronze Age herding strategies.
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Fig. 1. Geomorphological map showing the floodplain between the Lessini Highlands and the present-day Po River. The map is based on Sorbini et al. (1984),
Castiglioni (Castiglioni, 1997), and Carta Geologica d’Italia 1:100.000 sheets n° 48, 49, 62, 63 (modified from Polisca, 2025, Fig. 1). The archaeological sites of La
Muraiola di Povegliano Veronese and Oppeano 4D are indicated, along with the sampling locations used to construct the local Sr isotope baseline (numbers and
letters refer to the lithological units described in the text; see “Materials™). LGM: Late Glacial Maximum.
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1.2. Evolution of seasonal herding practice in bronze age northern Italy, a
state of the art

The abundance of sheep (Ovis aries) and goats (Capra hircus) within
Terramare faunal assemblages highlights their importance compared to
the other domestic animals (De Grossi Mazzorin, 2013; Debandi, 2021).
Herding strategies, particularly fodder and pasture management, would
have needed to be well-organised to balance with other land use de-
mands, such as crop cultivation. Moreover, expansion of herd sizes in
response to an increased demand for animal products, such as wool,
would have driven herders to explore new territories and pasture areas.
For example, during the Roman period, in the plain there were impor-
tant centres for wool textile (i.e., Padova and Altino; Busana, 2024) and
extensive agricultural production (Bonetto, 2024). The competition
between agriculture and large herds for wool production has been
proposed as a driver for the use of summer upland pastures. Considering
the north-eastern Po Plain, the region of the present investigation, it has
been proposed that its varied geomorphology (Fig. 1), i.e. floodplain,
hills and mountains, across a relatively short distance encouraged the
seasonal movement of herds (Bonetto, 2024; Migliavacca et al., 2015).
Medieval written sources and those of later periods attest to the many
agreements, as well as struggles, between mid-mountain communities —
where herding was a primary economic activity — and landowners of the
plain (e.g., Lessini Highlands in the Venetian Prealps; Sauro, 2018).
Specialised shepherds were allowed to bring down large flocks from the
mountains during winter, when the upland pastures used in summer
were covered with snow (Bortoli, 2019; Chemin, 2019). More recently,
herding strategies encompassed the large alluvial plain up to the lagoon,
the fore alpine hills, and the highlands for pastures, until the 1970s
when the opening up to other markets created a crisis in Italian wool
production (Bortoli, 2019; Iannetti, 2021).

Focusing on the historical and ethnoarchaeological evidence, a
palimpsest of archaeological evidence suggests the practice of trans-
humance since the late prehistoric period (De Guio, 2019). A survey of
600 pastoral structures — of uncertain chronology — identified in the
Lessini Highlands highlighted the significance of seasonal transhumant
practices in the region's recent past (Carrer and Migliavacca, 2019). The
discovery of multipurpose tools, such as knives, daggers, and axe heads,
dating to the MBA and Recent Bronze Age (RBA) along the main routes
connecting the Lessini Highlands to the Adige Valley may support
Bronze Age seasonal herd mobility (Migliavacca, 2014). Ethno-
archaeological studies indicate that such tools were often part of a
shepherd's toolkit, used for defence and for clearing vegetation (Carrer
and Migliavacca, 2019), although further evidence is needed to confirm
this interpretation. Only for BA daggers recent organic residue analysis
showed that they were mostly used for animal (wild game or domesti-
cates) carcass butchering and carving (Caricola et al., 2022). Addition-
ally, beginning in the MBA and into the RBA, the spread of
archaeological sites, including ritual ones, e.g. sanctuaries (De Guio,
2019), into the hill and mountain ranges has been interpreted as possible
establishment of way stations or control settlements along herding
routes (Cupito and Leonardi, 2015; Leonardi, 2006). Despite these ele-
ments, we lack an in-depth investigation of herd population dynamics,
diet and mobility, which is crucial to understand herding strategies and
this dynamic period and region.

1.3. Review of terramare palaeo-environmental setting and subsistence
practices

The spread of the Terramare settlement systems during the MBA and
RBA corresponds to a period of unprecedented human occupation of the
Po Plain (Cardarelli, 2010; Cremaschi, 2009; Dalla Longa et al., 2019;
Debandi, 2021). At an environmental level, in comparison to previous
periods (Castelletti and Maspero, 1992; Rottoli, 1999; Rottoli and Cas-
tiglioni, 2009b; Wick, 1996; Zanon et al., 2018), differences can be
found in woodland composition and density, and in the spread of
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synanthropic vegetation attesting the creation of new open habitats by
the MBA-RBA farming communities (Mercuri and Sadori, 2012; Mercuri
et al.,, 2013; Nisbet and Rottoli, 1997). This variety of natural and
anthropogenic environments has been attested through several archae-
obotanical records, but how extensive and subdivided within the land-
scape remains difficult to quantify. This is due to the fact that the
floodplain, as such, was and remains a dynamic and patchy landscape.
There is a scarcity of undisturbed and long sedimentary sequences
encompassing the Bronze Age and previous/later phases (see “off-site”
in Dal Corso et al., 2025; Ravazzi et al., 2022). Therefore, relying on
standard methods alone, such as palynology, to reconstruct vegetation
character and cover in the floodplain is challenging (e.g. Magri et al.,
2015; Zanon et al., 2018). However, archaeobotanical records offer a
high level of taxonomic detail to understand plant resources and to infer
the environmental setting on and around Terramara sites.

Settlement structures (e.g. dwellings, fences, etc.) were built with
wood, mostly from mixed deciduous woodlands (e.g. Cremaschi et al.,
2021; D'Aquino et al., 2026;Rottoli and Castiglioni, 2009a), composed of
deciduous oak species, ash, maple, lime, elm, hazelnut, and hornbeam
(Accorsi et al.,, 1996; Magri et al., 2015). In particular, hornbeam
became a fundamental element of the mesophile woods of the Po Plain
beginning in the mid-4th millennium BCE (Magri et al., 2015; Ravazzi
et al.,, 2013; Zanon et al., 2019), possibly due to changes in forest
exploitation in relation to coppicing, the collection of leafy-hay, or
browsing by livestock (Ravazzi and Pini, 2013). Arboreal resources used
for fuel are evidenced by anthracological studies that reflect their local
presence in the floodplain and neighbouring hills (Chiaffarelli et al.,
2021; D'Aquino et al., 2026; Mercuri et al., 2015; Motella De Carlo,
1997; Nisbet and Rottoli, 1997; Rottoli and Motella De Carlo, 2004).
Alder carr and other hygrophilous trees and shrubs from local riparian
environments, typical of the riverine landscape, have been also attested
(Dalla Longa et al., 2019; Florenzano et al., 2021). With species selected
for specific purposes, such as alder for durable fence construction in
water-saturated soil (D'Aquino et al., 2026), and deciduous oak for
timber (Cremaschi et al., 2021; Nisbet and Rottoli, 1997). Episodes of
deforestation for construction phases have been suggested at some sites
(Chiaffarelli et al., 2021) as well as the periodic use of fire for land
clearing (Mercuri et al., 2006a). Meanwhile, where pollen sequences are
available, evidence of a wide spectrum of shrubs and light-demanding
trees, that would have provided edible fruits, nuts, and berries, char-
acterise the landscape during occupation phases (c.f. Dal Corso, 2018;
Florenzano et al., 2021; Mercuri et al., 2006a, 2006b, 2015; Ravazzi
et al., 2004). Archaeobotanical data demonstrates a clear interest in the
consumption of fruits suggesting sophisticated management of these
resources (Cremaschi et al., 2016), which were regularly harvested
evidenced by stones/seeds that are found frequently in the carpological
records (Chiaffarelli et al., 2021). The consumption of cornelian cherries
was particularly relevant in this period, when concentrations of stones
suggest processing/fermentation (Cremaschi et al., 2016; Nicosia et al.,
2025; Rottoli and Castiglioni, 2009a).

Synanthropic vegetation from open habitats was also thriving in
correspondence with the sites, where people and animals moved and
lived, nutrients enriched the soil, and tree re-growth was prevented by
fire, cutting, grazing, trampling, and buildings. This vegetation is
particularly evident in the palynological records recovered from
archaeological stratigraphy (Aceti et al., 2009; Dal Corso, 2018; Flor-
enzano et al., 2021; Mercuri et al., 2006a, 2013, 2015; Nicosia et al.,
2025; Ravazzi et al., 2004; Ravazzi and Valsecchi, 2001) through the
so-called “anthropogenic pollen indicators” (Behre, 1981; Mercuri et al.,
2013). Many of the synanthropic herbs attested at Bronze Age sites
indicate wet pastures/meadows (e.g. plantain/Plantago, clovers/Trifo-
lium, meadows buttercup/Ranunculus acris), dry pastures (e.g. white
laceflower/Orlaya grandiflora), footpath and ruderal areas (e.g. net-
tle/Urtica, common sorrel/Rumex acetosa), weeds of arable fields with
winter cereals (e.g. cornflower/Centaurea, bindweed/Convolvolus, pop-
py/Papaver), weeds of summer cereals or orchards (e.g.
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goosefoot/Chenopodium), fallow land (e.g. common knotgrass/-
Polygonum aviculare), and some of them encompass more of the above
mentioned categories (e.g. wild grasses/Poaceae, the dandelion and
chicory tribe/Cichorieae tribe). Especially xerophytic vegetation of dry
grasslands has been observed to emerge in the Bronze Age, likely asso-
ciated with drained terrains used as rangelands (Nicosia et al., 2025;
Perego et al., 2011; Pini et al., 2021). Synanthropic plant remains are
also abundantly preserved in carpological assemblages from water-
logged settlements (Nicosia et al., 2025; Perego, 2017; Rottoli, 2001). In
both carpological and palynological records, an additional pathway for
plant remains to enter sites was through herbivore dung, besides inputs
from human activities such as food preparation, constructions, baske-
try/fibres, medicine, and other uses (Nicosia et al., 2025; Perego, 2017;
Polisca et al., 2025; Schepers and Van Haaster, 2015). Evidence for
Terramare cereal consumption and processing has been attested by
frequent carbonised caryopses and chaff found in the carpological re-
cords (Carra, 2009; Chiaffarelli et al., 2021; Mercuri et al., 2006b;
Nicosia et al., 2025; Perego, 2017; Rottoli, 2001; Rottoli and Castiglioni,
2009a) and high values of related pollen (Mercuri et al., 2013; Nicosia
etal., 2025). A diversified range of cereals characterises the period, with
continuity from the Neolithic (barley, einkorn, emmer, free-threshing
wheat, Timopheev's wheat, spelt) and novel introductions, i.e. millets.
These small-grained panicoid cereals (broomcorn millet, foxtail millet,
and barnyard grass) have a C4 photosynthetic pathway and can be found
since the MBA (Dal Corso et al., 2022; Debandi, 2021; Perego et al.,
2022; Rottoli, 2024), some of which were directly radiocarbon dated
(Filipovic¢ et al., 2020). Their relevance for people's diet is further
confirmed by stable isotope analysis. Within the Veneto region, previous
human palaeodietary reconstruction using carbon (§'3C) and nitrogen
(6'°N) isotope values from bone collagen included sampling of animal
bones to produce a baseline (Tafuri et al., 2009, 2018; Varalli et al.,
2016, 2022). Results showed that people in northeastern Italy started
eating C4 plants around the MBA (Tafuri et al., 2018), and by the RBA,
these plants were consumed regularly.

Although pulses were already known in northern Italy (Breglia et al.,
2025; Rottoli and Castiglioni, 2009b; Tecchiati et al., 2024), they are
rarely found in terramara sites in the Po Plain (D'Aquino, 2025; Perego
et al., 2022; Rottoli, 2024). Information about crop cultivation is scarce:
a rotation system that integrates winter cereals, summer cereals, and
fallow land has been proposed (Cremaschi et al., 2016). While alterna-
tion with pulses is not evident in the plain (Rottoli, 2024), soil nutrients
could have been improved via animal manure either collected from
stalls or by allowing animal grazing after harvest and/or in fallow lands,
which would also have helped in that sense.

Zooarchaeological studies of faunal remains from Terramare culture
sites have revealed in many cases a strong focus on sheep and goat
husbandry (mostly sheep; Riedel and Tecchiati, 2003), with varying
proportions of cattle (Bos taurus) and pigs (Sus scrofa domesticus) north
and south of the Po River (De Grossi Mazzorin, 2013; Debandi, 2021). In
sites south of the Po River, pigs usually constitute a significant part of the
faunal assemblages (approximately 22-48%), whereas cattle are
generally scarce, often below 20% (De Grossi Mazzorin, 2013; Maini
et al., 2021). North of the Po River, the pattern is sometimes reversed: at
the RBA site of Bovolone, for example, cattle are the most abundant
domestic species, while pigs are less represented (Bertolini et al., 2015).
In other northern sites, the proportions of cattle and pigs are more
similar and, although not as numerous as caprines, remain an important
component of the assemblage (around 20-30%) (Cupito et al., 2024; De
Grossi Mazzorin, 2013; De Grossi Mazzorin, 2015; Depellegrin and
Tecchiati, 2016). Notable exceptions to these patterns are the MBA sites
of Gaggio di Castelfranco Emilia and Baggiovara, both situated south of
the Po River, where caprines are present in quantities respectively
similar to and lower than those of pigs (De Grossi Mazzorin, 2013).
Hunting generally played a marginal role at Terramare settlements (De
Grossi Mazzorin, 2013). The most frequently hunted species were red
deer (Cervus elaphus), whose antlers were exploited for the manufacture
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of objects and tools (Provenzano, 1997), followed by wild boar (Sus
scrofa) and roe deer (Capreolus capreolus) (De Grossi Mazzorin, 2013).

The analysis of kill-off patterns of the main domestic species has
revealed some variability in the management practices across the Ter-
ramare culture. With regard to sheep/goat husbandry, in some cases
there is clear evidence of a strong focus on meat production, as indicated
by the high proportion of animals slaughtered at a young and subadult
age. Often, in these cases wool seems to be also exploited, as shown by
the presence of mature adult individuals. Milk exploitation appears to
have been of minor importance, given the scarcity of specimens culled
before six months of age (Cupito et al., 2024; De Grossi Mazzorin, 2013;
De Grossi Mazzorin, 2015; Depellegrin and Tecchiati, 2016; Maini et al.,
2021). In other cases, however, the data suggest a mixed economy aimed
at both meat production and secondary products, including milk
(Bertolini et al., 2015; De Grossi Mazzorin, 2013). Cattle tend to be kept
as mature animals for traction and milk production (Bertolini et al.,
2015; De Grossi Mazzorin, 2013; De Grossi Mazzorin, 2015; Depellegrin
and Tecchiati, 2016; Maini et al., 2021). A post-lactation slaughter
model for milk exploitation (Balasse and Tresset, 2002) seems most
likely, given the lack of infant calves and the presence of young/-
subadult age groups, which also provide high-quality meat. As for pigs,
kill-off patterns often show high percentages of individuals slaughtered
before two years of age (Bertolini et al., 2015; Cupito et al., 2024; De
Grossi Mazzorin, 2015; Depellegrin and Tecchiati, 2016; Maini et al.,
2021).

As illustrated above, age-at-death distributions are important for
determining the animal production and husbandry strategies. Based on
observations of modern Turkish herders, Payne (1973) proposed three
models for sheep/goat based on survivorship curves: milk, meat, and
wool. The age-at-death distribution for wool would include a large
proportion of mature adults. However, in mixed model productions,
young animals — particularly males — may have been slaughtered earlier
for meat (Helmer et al., 2007). Recent analysis of sheep and goat teeth
has been carried out at the Terramara of Montale (Emilia-Romagna,
northern Italy, c. 1600/1550-1200/1150 BCE), where a large amount of
sheep/goat remains together with numerous spindle whorls (>4500)
have been recovered (Sabatini et al., 2018). Even though artefactual
evidence highlights the importance of sheep wool processing,
age-at-death analysis indicates a focus on meat production, with low
frequency of mature adults (Sabatini et al., 2022), which does not sup-
port wool exploitation following the classic wool model (Payne, 1973).
Previous zooarchaeological investigations into livestock seasonal
movements have focused on presence and absence of specific
age-at-death classes in complementary site types, i.e. upland sites are
represented by a high percentage of neonatal remains, while lowland
sites would have absence of younger age classes (SW France: Helmer and
Vigne, 2004; Helmer et al., 2005; Bréhard et al., 2010; Balkans:
Greenfield, 1999; SW Alps: Barker, 1999). A modern example of com-
plementary site use is the Balkan Vlach herders (Ryder, 1994), where
upland sites were used as birthing and milking stations during the
spring, while the subadult animals and males remained at lowland set-
tlements. At present, there has been no published comparison nor survey
of sheep/goat mortality between upland/low land sites in northern Italy.

An understudied perspective of animal husbandry is direct analysis
of micro- and macro-botanical remains from herbivore dung, coprolites,
stabling layers, and further potential fodder sources recovered from
well-preserved archaeological contexts. These datasets, especially single
coprolites (Fuks and Dunseth, 2021), can provide important seasonal
insights into fodder collections as well as animal movements. However,
such fragile organic remains are rarely recovered under dry preservation
conditions if mineralisation processes do not occur (Shillito et al., 2020).
Waterlogged sites, mainly pile-dwellings from the surroundings of Lake
Garda, provided paleo-environmental/dietary evidence from sheep/-
goat pellets indicating animals mainly grazing in open habitats, from
cultivation areas to open dry/wet grasslands, pastures, and ruderal
places around the settlements, with some evidence of woody plant
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consumption, e.g. at Lucone (Polpenazze del Garda, Brescia) and Lav-
agnone (Desenzano, Brescia). Here the botanical finds mostly indicate
open habitats, from cultivation areas to open dry grasslands, pastures,
and disturbed places around the settlements. Less frequent is the use of
woodland areas for fodder and pasture, with species such as oak, hazel,
blackberry and ivy (Perego, 2017; Perego et al., 2025). From dung
studies in alpine pile-dwellings of the Bronze Age, mostly arboreal re-
sources are observed, derived from the evergreen conifers, shrubs, and
vines of the extended alpine woodlands, indicating winter foddering of
livestock kept onsite in the cold season (Fiave, Trento; Karg, 1998).
Micromorphological studies of intra-site sediments from Italian Bronze
Age sites have highlighted that livestock, particularly sheep/goat and
bovids, were frequently penned within Terramare settlements, in both
open and roofed structures (Cremaschi and Ottomano, 1996; Cremaschi
et al., 2004; Nicosia et al., 2022, 2025; Polisca, 2025; Polisca et al.,
2025). Data from the sites here investigated are provided in section 2.

This review highlights the need for detailed investigation of animal
herding practices via an integrated, multidisciplinary approach to pro-
duce a nuanced understanding of Bronze Age societies and their herds in
a very populated region for that time. Many questions remained unan-
swered, such as how did communities of the Po Plain manage the plant
resources and environments for animal herds? Did they maintain year-
round sedentary animal husbandry or were highland pastures used
seasonally? Answering these questions will lead us to a deeper
comprehension of Bronze Age socio-economic organisation and envi-
ronmental impact, as well as the triggers for the development of trans-
humant practices.

1.4. Model of sheep herding and its impact on isotope values

To ground our study in a theoretical isotope framework, Fig. 2a
presents a model of sheep herding, against the seasonal dynamics of
agricultural (internal circle) and natural landscape (external circle). The
annual cycle of herding activities (Fig. 2a) begins each year with the
birth of the new stock. Sheep are highly photosensitive and, as a result,
have highly seasonal birthing periods (Balasse et al., 2017). Although
modern sheep have undergone over ten thousand years of breeding by
human populations (Jeanjean et al., 2025), the majority of herds have a
breeding season from late summer to early winter with births occurring
5 months later (Balasse et al., 2017). This highly regimented system
would have an impact on work organisation and seasonal availability of
animal products. Oxygen isotopes can be used to predict birthing season,
and based on previous analysis we assume that the birth season occurred
late winter to early summer, similar to 5th-4th millennium BCE sheep
from Romania (Balasse et al., 2017). The birth of animals may have
taken place within the settlement, to prevent the loss of infants to
exposure and predators. The mother's milk will sustain infants for the
first two weeks, and then it will require additional sources of food
(Tinley, 1949).

Domesticated species including sheep and goat have different dietary
tolerances and physiologies. While goats, sheep, and cattle are rumi-
nants and herbivores, they individually have preferences to specific
types of plants with the former preferring browse while the latter two
graze. This can influence herders in where they pasture their herds.
Another factor is the size of a herd, where cattle herds may be small
given their relative slow maturity in comparison to pigs and sheep/goat,
who become sexually mature within their first year. To prevent over-
grazing, animals may have been moved to pastures throughout the
seasonal calendars. Within the context of the Po Plain, synanthropic,
xerophytic and water rich environments offered herders a diverse range
of pastures and sources of fodder (Fig. 2a: outer circle). Animals may
have also had access to cultivated areas after the crop has been harvested
(Fig. 2a: inner circle). Fodder may have been supplied when access to
pasture is restricted by snow and floods, or during times when animals
are penned for the collection of animal products, such as milk and wool,
and/or to reduce overgrazing. Potential fodder collection from specific
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environments, such as grasslands and meadows for hay, marshlands for
sedges (Sucholas et al., 2022) and woodlands for leafy-hay (Halstead
et al., 1998) is indicated with an arrow directed circle, whereas their
position in the outer circle highlights when these fodder stocks may have
been fed to herds.

Stable isotope analysis of animal bone and teeth can be used to
investigate husbandry practices, including forage and pasture manage-
ment strategies (cf. Gillis et al., 2013; Knockaert et al., 2018; Madgwick
et al., 2012; Varkuleviciute et al., 2021). The diet of the animal will be
reflected in the isotope composition found in collagen (Fig. 2b) and
bioapatite (Fig. 2¢). A caveat to this is that bony tissue remodels over an
animal's lifetime, with the rate varying according to both the type of
bone and the age of the individual (Taguchi and Lopez, 2021). Growth
rates plateau when an adult body mass is reached or due to growth stasis
associated with weaning (McCracken et al., 1995). Consequently, we
expect bone samples, depending on the age-at-death of the animal, to
reflect the average diet over the animal's last 6-24 months (Webb et al.,
2016). The 53¢ composition of animal tissues reflect the carbon
component of protein and total diet in bone and enamel samples,
respectively. For herbivores, 5'3C ratios directly indicate the source of
animal feed, i.e. whether it comes from open pastures or from collected
fodders because these ratios are influenced by the growing condition of a
plant (Tieszen, 1991). The 55N ratios of bone can indicate the level of
anthropogenic activity associated with a food source. For example,
manured crop waste or plants growing within an area where animals are
intensively penned will lead to plants exhibiting higher 5!°N values due
to animal dung (Makarewicz, 2017a). Fig. 2b shows the hypothetical
position for 5'3C and 5'°N of a sheep of a range of diets: forest pastures;
open grasslands; cultivated crop wastes; collected fodders from for-
est/wetland environments, dry grasslands. As a place marker, in Central
Europe, herbivores grazing on forest pastures have been found to have a
range of 5'3C values from bone collagen samples between— 22.1%o to—
27.6%o. This is based on bone collagen samples from red and roe deer
and bison from the dense canopied deciduous Bialowieza forest
(Poland), which exhibited an average value of— 25.3%o (range:— 23.2%o
to— 27.1%o), while fallow and roe deer respectively had an average value
of— 25.2%0 (Wytham Woods, UK:— 22.1%o to— 26.1%o, Bonafini et al.,
2013) and — 26.2%0 (Dourdan Forest, France: — 24.9%o0 to— 27.6%o,
Drucker et al., 2008). These values have been corrected by 1.5%o for the
Suess effect i.e. correction for the effect of fossil fuels (Friedli et al.,
1986). With regard to 5'°N values, within plants they can provide an
indication of soil conditions, such as humidity, as well as the levels of
key nutrients, such as nitrates (Amundson et al., 2003; Fraser et al.,
2011). The incorporation of manure into the soil can lead plant §'°N
values to increase by 4-9%o, where manure is enriched with 1°N due to
the loss of *N by the animal during digestion and excretion (Robbins
et al., 2005). Analysis of cereal grains from experimental farms has
provided ranges of §'°N values for different levels of manuring schemes:
without manure (c. 2.5%o); with low quantities of manure (2.5-6%o); and
with a long, moderate to intensive manuring regime (>6%o) (Fraser
et al,, 2011; Bogaard et al., 2013). One way of ensuring fields are
manured is allowing animals to graze on fields after the harvest, which
also provides animals with a fodder supply, thereby reducing over-
grazing on surrounding natural pastures.

Seasonal mobility between different pastures can be explored via
carbon (613C), oxygen (6180), and strontium (87Sr/86Sr) isotope ratios.
These can help us to explore which pastures were used at different times
of the year (Fig. 2¢) by utilising the fact that isotope data reflect the local
geology (87Sr/%%sr), environment and ecology (5'3C, §'%0). The 6'3C and
580 isotope values of sequential enamel samples from high-crowned
ruminant molars are fixed during enamel mineralisation, and there-
fore provide a snapshot of an animal's diet within a specific period of its
life. Seasonal changes in the diet reflected in 5'3C values can be tracked
due to the temporal framework provided by those from 5'®0. This is due
to ingested water being in almost equilibrium with local water source
5'80 values, which are in turn strongly correlated to mean annual
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Fig. 2. Models of sheep husbandry and its isotopic signature. a. Sheep herding annual cycle for a farming community in a temperate floodplain environment. Along
the outer circle seasonal herd dynamics are represented within different landscapes (woodland, marshland, mesic grasslands, dry grassland) of which herders may
choose to stock flocks. The potential collection of fodder from these environments as well as the timing of this collection is represented in the small circles. The inner
pictograms on brown background represent the seasonal agricultural cycle of C3 and C4 cereals. The collection of fleece/wool and penning/stabling in the village are
given between inner and outer circles; b. Hypothetical spacing of bone collagen values 5'C/5'°N for sheep stocked within different environments (from left to right):
(1) woodland/marshland (low §3C/8'°N), (2) open pasture on mesic grassland, (3) penning on cultivated land or permanent pasture with diet of mainly C3 plants
(wild or cultivated) (high 5°N), (4) open pasture on dry grasslands(high 5'3C), and (5) penning and feeding on a mixed diet of C3/C4 plants (cultivated)(high st3c/
51°N); c. Incremented 5'3C(green)/5'%0 (blue) for different seasonal herding strategies, from left to right: 1) Year-round grassland pasture, with summer grazing in
dry grasslands highlighted (dotted line); 2) Summer highland pasture, where summer 5'®0 values will be more similar to lowland winter values, dampening and

potentially reversing the 5'%0 values; 3) Winter forest/marshland grazing or leafy hay provision during winter. Graphic work MDC and REG using Adobe Illustrator.

ambient temperature. Therefore, low 520 corresponds to cold periods
while high values during warm periods (Luz et al., 1984). Moreover,
580 values have been used to explore vertical seasonal movement of
herds from the plains to higher areas during summer, based on the fact
that 6'®0 isotopes ratios at higher altitudes will be lower during the
summer than those in the plain (Henton et al., 2010; Makarewicz,
2017b, Fig. 2¢).

Strontium isotope ratios serve as a key proxy for investigating
mobility patterns and the exchange/trade of animals, by identifying
movement across different geological zones during an animal's lifetime.
Animals incorporate bioavailable strontium from food and water into
their bones and teeth. The 7Sr/®0Sr ratios of the bioavailable strontium
reflect the environments from which the food and water are sourced.
These values are primarily determined by the age and composition of the
underlying bedrocks, but can also be influenced by additional factors
such as airborne dusts and sea sprays (Bataille et al., 2020; Holt et al.,
2021). By comparing the &Sr/%0Sr ratios in animal tooth enamel with
those of local plants, archaeologists can assess whether animals were
raised locally. When these enamel ratios are evaluated against a
well-validated 87Sr/%0sr isoscape, it becomes possible to identify po-
tential nonlocal areas where the animals may have been raised (Holt
et al., 2025; Lugli et al., 2022).

The 5'3C, 5'80 and 8 sr/®6Sr ratios of sheep and goat teeth and bones
have been used to study herd mobility in the NW Mediterranean
(Knockaert et al., 2018; Sabatini et al., 2022; Tornero et al., 2018;
Varkuleviciute et al., 2021). Recent studies conducted in different areas
of the Pyrenees have focused on both modern animals and archaeolog-
ical specimens. In particular, Tornero et al. (2018) carried out sequential
analyses of §'°C and 5'80 on tooth-enamel bioapatite from one of the
last flocks still practising vertical mobility between the Ebro Valley and
the central Pyrenees (Spain) to develop an interpretative model that can
be applied to archaeological samples from the region. The analysed
transhumant sheep show inverse covariance between 5'3C and 5'%0.
5'80 values of meteoric water collected in both valley and mountain
locations exhibit high values during summer and low values during
winter, while §'3C values decrease with altitude in the pastures along
the altitudinal gradient. Knockaert et al. (2018) sampled caprines from a
mountain site (Llo) and a coastal site (Portal-Viehl), dating respectively
to the Middle and Late Bronze Age, in the eastern Pyrenees (France) and
compared their values with those of modern sedentary and transhumant
sheep. At Portal-Viehl there is no evidence of herd vertical mobility,
while at Llo a full adaptation to a mountain environment is attested, but
the question of vertical mobility remains unresolved. Moving to the
Italian context, small-scale transhumance during the Neolithic (specif-
ically during the Cardial phase, 5400-5300 BCE) has been identified for
some sheep at Arene Candide (Liguria, northern Italy) through the an-
alyses of sequential 5*C and §'80 bioapatite values (Varkuleviciute
et al., 2021). Recent Sr/80Sr ratio analysis of sheep and goat teeth has
been carried out at the aforementioned Terramara of Montale (Emi-
lia-Romagna, northern Italy, c. 1600/1550-1200,/1150 BCE), which has
been interpreted as a key site for sheep herding and wool production
(Sabatini et al., 2022). The %Sr/%0sr analysis did not support herd
movement over either short and long distances, further complicated by
the investigated areas of the Apennines and the floodplain sharing very
similar bioavailable 8Sr/%0Sr. As a result, whether Apennines were used

as pasture remains unresolved (Sabatini et al., 2022).

The models presented here, along with the summary of isotope
studies, provide a framework to explore Bronze Age herding dynamics
and modalities embedded within the natural and anthropogenic land-
scapes. To do this a multi-isotope approach has been used, integrated
with zooarchaeological, archaeobotanical, and palynological evidence
from penning/stabling deposits to reconstruct a key point during the
evolution of the agro-pastoral dynamics of the central-eastern Po Plain.
The study focuses on the MBA sites of Oppeano “site number 4D”
(hereafter, Oppeano 4D) and La Muraiola di Povegliano Veronese
(hereafter “La Muraiola"), located in the middle of Verona plain (Fig. 1).
The correlation of stable isotopic data from faunal material integrated
with botanical records allows us to explore seasonal husbandry practices
and to understand what local and non-local resources were available and
used for rearing domestic herds, particularly sheep. Moreover, this will
allow us to assess whether long-range herding practices evident in his-
torical times originated during the MBA and to uncover the driving
forces that led to their development.

2. Materials
2.1. Study sites of Oppeano 4D and La Muraiola

2.1.1. Oppeano 4D

The waterlogged site of Oppeano 4D is located within a depression
on the Holocene floodplain of the Adige River. In 2014-2015, during a
rescue excavation a multi-phase settlement was exposed with well-
preserved domestic structures. Here we focus on the second settlement
phase dating to the MBA 1-2, when eight contemporary wooden struc-
tures oriented north-south were built at the ground-level, with wooden
walls, internal partitions and hearths (Fig. 3a) (Nicosia et al., 2022;
Polisca, 2025).Soil micromorphology and faecal biomarker analysis
indicated that the deposits inside the structures resulted from domestic
and stabling activities (Nicosia et al., 2022, 2025). They consisted of
finely laminated layers primarily composed of ash from the combustion
of wood, cereal by-products, and food remains (i.e., burnt bones, shells),
interspersed with in situ trampled herbivore dung, testified e.g. by faecal
spherulites and biomarkers (Fig. 3b). These structures were interpreted
as byre-houses, where people and livestock coexisted under the same
roof. The abandonment of the site was likely driven by a rise in the
groundwater table that triggered permanent waterlogged conditions
until today.

The faunal remains from Oppeano 4D were mainly from domestic
species (92.4%) with sheep and goats, many morphologically identified
as sheep, constituting the dominant taxa, followed by cattle and pigs
(Fig. 3c). The zooarchaeological data suggest agro-pastoral activities
with sporadic hunting, likely aimed at preventing crop damage, so-
called ‘garden hunting’ (Orton pers. comm.). Sheep/goat were initially
slaughtered primarily at around 6 months old, while in the subsequent
phase there was an increase in heavy lambs (6-12 months) as well as
young adult individuals (2-4 years) (Supplementary Table S1). Referring
to models proposed by Helmer et al. (2005), this may reflect mixed
production of both meat and milk. Wool production has been classically
identified as an increase of adults, which is not evident at this site from
the dental remains.
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Fig. 3. a. Excavation plan of Oppeano 4D (modified from Nicosia et al., 2025, Fig. 2); b. Example of a finely laminated sequence of hearth rake-out and stabling
layers from structure F at Oppeano 4D; c. Summary of faunal records from Oppeano 4D; d. Summary of archaeobotanical records from Oppeano 4D: percentage
values are based on the total sum of finds specified into brackets (complete sample information on pollen and carpological datasets are available in Nicosia et al.,
2025; for wood and charcoal, in D'Aquino et al., 2026), see Supplementary Table S2 for the plant taxa considered in each ecological plant group.

From the dung-rich deposits, the palynological and (uncharred)
carpological records revealed a large variety of environments probably
used as pastures and for fodder and bedding material (D'Aquino, 2025;
Nicosia et al., 2025). Humid environments typical of the floodplain were
evident from the abundance of sedges and alder (for wood use, see
D'Aquino et al., 2026). Other open habitats, mostly anthropogenic, are
represented by a large variety of grasses and forbs, such as xerophytes
from dry grasslands, some typical pasture/meadows indicators, arable
weeds, and nitrophilous/ruderal herbs from disturbed areas and fallow
land. Abundant cereal chaff, some grains and rare pulses, and seeds of
edible fruits are mainly carbonised and unrelated to the livestock.
Charred seeds of barnyard grass, a wild and edible panicoid grass similar
to millet, are particularly abundant. The most attested tree of the mes-
ophilous woodland was deciduous oak, with little evidence of maple and
elm (D'Aquino et al., 2026). An overview on the archaeobotanical re-
cords from Oppeano 4D is illustrated in Fig. 3d and complete taxa list per
ecological plant group is provided in Supplementary Table S2.

2.1.2. La Muraiola di Povegliano Veronese

The Terramara site of La Muraiola di Povegliano Veronese is located
in the spring belt, within an incision of the Late Pleistocene alluvial
megafan of the Adige River (Castagnetti, 1977; Filippi, 1998; Zorzin,

1997). Excavations in the 1980s revealed a large moat-and-rampart
system surrounding the settlement, along with domestic structures
(Salzani, 1997). The site dates from MBA 1/2 to the RBA, although only
limited evidence from RBA due to modern agricultural activities. New
excavations, started in 2022 as part of the ERC-GEODAP project
(Fig. 4a), revealed that the settlement contained both ground-level
structures — such as external cooking plates, floors and livestock
penning areas — and buildings on posts. Animal penning areas were
clearly identified through the presence of phosphatic crusts (Fig. 4b),
which formed through the cementation of herbivore dung in stocking
areas due to peculiar diagenetic processes (see Polisca et al., 2025,
where spherulites presence is also discussed). Livestock were a key in the
formation of these deposits, with accumulations of trampled herbivore
dung being observed both in external areas and within specific struc-
tures interpreted as barns (Polisca, 2025).

The zooarchaeological and archaeobotanical analyses are ongoing.
However, the analysis colludes with previous fauna analyses from the
1980s excavations (Riedel, 1997), with a strong focus on sheep/goat
herding (Fig. 4c). The preliminary age-at-death profiles of the La Mur-
aiola sheep/goat assemblage indicate the presence of almost all age
classes. A substantial proportion of individuals were culled by the age of
2 years (with many slaughtered between 6 and 12 months), whereas a
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2025, Fig. 5f); c. Summary of faunal records from La Muraiola; d. Summary of archaeobotanical records from La Muraiola: percentage values are based on the total
sum of finds specified into brackets (complete sample information on pollen is available in Polisca et al., 2025; for carpological, wood, and charcoal datasets in
D'Aquino, 2025), see Supplementary Table S2 for the plant taxa considered in each ecological plant group.

considerable number reached adulthood (3-4 years), with several
specimens exceeding 4 years of age. Lambs culled between 2 and 6
months are also documented, although in smaller numbers
(Supplementary Table S1). Neonates were attested — albeit in small
quantities — from post-cranial elements.

The records of charcoal and mineralised wood fragments attest the
use of mesophilous woodland with mixed oaks, hornbeam, elm, and of
cornelian cherry from woodland margins, likely used for the collection
of fruits and perhaps also for animal fodder/bedding (D'Aquino, 2025).
Carbonised crop remains are abundant, i.e. rare pulses, abundant emmer
and einkorn, and broomcorn millet (D'Aquino, 2025). A dense concen-
tration of burnt broomcorn millet was found in a possible storage
context close to an animal penning area (D'Aquino, 2025; Polisca et al.,
2025). Panicoid phytoliths likely deriving from broomcorn millet have
been found also in the phytolith record from the stabling crusts (Polisca

et al., 2025; Supplementary Table S2). Seeds of wild plants from grass-
lands are rare, and are mainly from arable weed species of cultivated
plots. However, the pollen record from phosphatic crusts (Polisca et al.,
2025) presents herbs typical of pastures/meadows and of dry grasslands,
in addition to being dominated by Cichorieae, observed to thrive in
overgrazed pasturelands (Florenzano et al., 2015). Despite the site being
close to springs, vegetation from humid habitats is almost absent in the
archaeobotanical records: sedges occur only as rare mineralised seeds,
likely preserved because of/in dung, and alder is absent also from the
charcoal, mineralised wood, and pollen records. Dry preservation con-
ditions can lead to a bias in the reconstruction of the natural vegetation
in contrast to food plants, due to the under-representation of
non-carbonised plant material associated with animal husbandry and to
differential pollen preservation, with the resistant and highly recog-
nizable pollen of Cichorieae being overrepresented. However, overall
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the archaeobotanical records associated with dung suggest a different
foddering strategy than at Oppeano 4D, as evident from the overview on
the archaeobotanical records from La Muraiola illustrated in Fig. 4d
(complete taxa list per ecological plant group is provided in Supple-
mentary Table S2).

2.2. Faunal samples

Ten sheep/goat mandibles from each site were selected (Table 1) for
bulk bone collagen and incremental bioapatite sampling from the sec-
ond (M2) and third molars (M3) for carbon and nitrogen, and for carbon,
oxygen and strontium isotope analysis respectively. Sheep and goat are
morphologically very similar; however, they can be distinguished based
on morphological criteria (cf. Balasse and Ambrose, 2005; Boessneck
et al., 1964; Gillis et al., 2011; Halstead et al., 2002; Zeder and Pilaar,
2010). Distinguishing between these two species is important as they
have different physiology and feeding habits that may be reflected in the
stable isotope results, as shown by Balasse and Ambrose (2005). Based
on the morphological characteristics of mandibles and teeth (Gillis et al.,
2011; Halstead et al., 2002), these mandibles were identified mainly as

Table 1
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sheep, while sample OPP2 and possibly OPP3 may belong to goats.
However, in the absence of confirmation from proteomics, all teeth will
from now on be described as sheep/goat. We targeted the seasonal diet
via incremental samples from M2 and M3, that represent approximately
the first and second year of life. This is based on tooth formation in Soay
sheep (Witzel et al., 2018), where the mineralisation of second molar
crown completes between 9 and 11 months, while that of the third
molars begin mineralisation at approximately 12 months and complete
by 26 months.

In addition to molars, bone samples were taken for carbon and ni-
trogen isotope analysis. Mandible bone samples were taken from indi-
vidual sampled previously for M2/M3 at both Oppeano 4D and La
Muraiola. These samples from mandibles were taken in the area next to
the M3/M2. Ten post-cranial bones samples were taken from other
species from Oppeano 4D and 15 post-cranial bones were also sampled
from La Muraiola site for carbon and nitrogen isotope analysis (Table 1).

2.3. The %7Sr/%0Sr baseline plant samples

We targeted a 30 km radius around Oppeano focused on plants from

List of samples selected for stable isotope analysis with: Sample Id; taxon; bone sampled; symmetry (L = left, R = right); tooth wear and fusion stage (Wear stages are
based on Grant (1982); F = fused); age-at-death estimation (based on Payne (1973) and Barone (1995)) and the stable isotope analysed. Further archaeological in-

formation for each sample is found in Supplementary Table S6.

SAMPLE ID Taxon Bone sampled Symmetry(L/R) Tooth wear (Grant)/Fusion stage Age (Payne/Barone) SI

Oppeano 4D

OPP_OC1 Ovis aries/Capra hircus Mandible/M,, M3 L Ms: g 2-4 years 0, C, N, Sr
Ms: g

OPP_OC2 Ovis aries/Capra hircus Mandible/M,, M3 R My g 2-4 years 0, C, N, Sr
Ms: g

OPP_OC3 Ovis aries/Capra hircus Mandible/M,, M3 R My g 4-6 years 0,C, N, Sr
Ms: g

OPP_OC4 Ovis aries/Capra hircus Mandible/M,, M3 R M g 2-4 years 0, C, N, Sr
Ma: f

OPP_OC5 Ovis aries/Capra hircus Mandible/M,, M3 R My g 2-4 years O,C N, Sr
Ms: g

OPP_BT1 Bos taurus Astraglus L - - C, N

OPP_BT2 Bos taurus Metatarsal - proximal R - - C, N

OPP_BT3 Bos taurus Mandible R C, N

OPP_BT4 Bos taurus Radius - proximal R F >12/15 months C, N

OPP_BT5 Bos taurus Phalanx 1 - F >20/24 months C, N

OPP_SD1 Sus domesticus Tibia - distal L F >24 months C, N

OPP_SD2 Sus domesticus Mandible L Mas: a Subadult C, N

OPP_SD3 Sus domesticus Astragalus L - - C, N

OPP_SD4 Sus domesticus Scapula L F >12 months C, N

OPP_CE Cervus elaphus Mandible L Adult C, N

La Muraiola di Povegliano Veronese

PVG_OC1 Ovis aries/Capra hircus Mandible/M,, M3 R My: g 4-6 years O,C, N, Sr
Ms: g

PVG_0OC2 Ovis aries/Capra hircus Mandible/M,, M3 L M g 4-6 years 0, C, N, Sr
M;: g

PVG_OC3 Ovis aries/Capra hircus Mandible/M,, M3 R Ma: k >6 years O,C, N, Sr
Ms: g

PVG_0C4 Ovis aries/Capra hircus Mandible/M,, M3 R M,: h >6 years 0, C, N, Sr
Ms: g

PVG_0OC5 Ovis aries/Capra hircus Mandible/M,, M3 L M g 4-6 years 0, C, N, Sr
Ms: g

PVG_0C6 Ovis aries Tibia - distal R F >25-35 months C, N

PVG_OC7 Ovis aries/Capra hircus Radius - shaft L - - C, N

PVG_0OC8 Ovis aries Astragalus R - - C, N

PVG_0C9 Ovis aries Metacarpal R F >30-36 months C, N

PVG_BT1 Bos taurus Tibia - distal L F >24-30 months C N

PVG_BT2 Bos taurus Calcaneus R F >36 months C N

PVG_BT3 Bos taurus Metacarpal R - - C, N

PVG_BT4 Bos taurus Astragalus R - - C, N

PVG_BT5 Bos taurus Phalanx 1 - F >20-24 months C N

PVG_SD1 Sus domesticus Radius - proximal L F >12 months C N

PVG_SD2 Sus domesticus Calcaneus L F >24-30 months C, N

PVG_SD3 Sus domesticus Astragalus R - - C, N

PVG_SD4 Sus domesticus Scapula R F >12 months C N

PVG_CE1 Cervus elaphus Astragalus L - - C, N

PVG_CE2 Cervus elaphus Phalanx 1 - F - C, N

10



M.S. Manfrin et al.

the following lithological units (Supplementary Table S3): LU-1: West-
ern portion of the Lessini Mts., calcareous bedrock, LU-2: Eastern
portion of the morainic amphitheatre of the Garda Lake, calcareous
bedrock, LU-3: Last Glacial Maximum megafan of the Adige River, LU-4:
Holocene floodplain of the Adige River, and LU-5: Eastern portion of the
Lessini Mountains, basaltic bedrock. The sampling was carried out on
August 29th and September 1st 2022 by MDC and FP. In each litho-
logical unit, we sampled 1 to 2 areas (A and B in Fig. 1) with arboreal
vegetation that was at least 50 m from cultivated fields, modern rivers
and channels, and major roadways. These precautions were to avoid
contamination from fertilizers, pesticides, and water sources other than
the local groundwater and soil.

We collected leafy material from trees and shrubs in managed and
unmanaged woods, and from two historical gardens, as summarised in
Supplementary Table S3. Both native and allochthonous plant species of
the Po Plain and the pre-alpine Lessini Highlands were sampled
(Supplementary Table S4). Native vegetation is based on the palyno-
logical studies of Holocene sequences in the region (Dal Corso, 2018).
Leaves were hand-picked at different heights (between 50 and 300 cm
from the soil) and at differing levels of exposure to sunlight. For con-
sistency, the leaves were collected from a single plant per species
(Supplementary Table S4). Within a plot, the plants were less than 50 m
far away among each other. Healthy plants were selected, and leaves
were left to air-dry indoors laying on a table, outside their bags, for two
days and then stored in clean paper bags.

3. Methods
3.1. Preparation of isotope samples

Prior to sequential enamel sampling, the tooth surfaces were cleaned
using an abrasive drill bit. A sequence of enamel samples were then
drilled from enamel-root junction (ERJ) to the apex of the crown with a
Komet drill bit (no. 835-104-010). For Oppeano 4D, the mean number
of sequential samples taken was 10 for M2 and 14 for M3, while for La
Muraiola, it was 8 and 9 samples respectively. The pre-treatment pro-
tocol was carried out for Oppeano 4D, which involved samples being
soaked in 0.1M Acetic Acid per mg for 5 h, rinsed in distilled water 5
times and then dried in a freeze dryer (Tornero et al., 2013), while
powders from La Muraiola were not. All samples were analysed for §'%0
and 5'3C isotopes. Furthermore, 2 samples per tooth from Oppeano 4D
and one sample per tooth from La Muraiola have been taken and ana-
lysed for 87sr/%0sr. Different protocols should not have affected the
interpretation of results since we are principally concerned with rela-
tive, rather than absolute, values and consequently the differing pre-
treatment protocol should not impact on the shape of curves.

In preparation for sampling for strontium isotope analysis, tooth
surfaces were also cleaned using an abrasive drill bit. A single sample
was then taken for each tooth from near the occlusal surface. Samples
were further cleaned in an ultrasonic bath, rinsed, and dried. The clean
enamel samples, weighing 20-40 mg, were stored in clean micro-
centrifuge tubes and transferred to a clean working area (class 100,
laminar flow) at Cardiff Earth Laboratory for Trace Element and Isotope
Chemistry (CELTIC) for further sample preparation and & Sr/%0Sr
isotope analysis. To prepare plants for strontium chemistry, the plants
were first freeze dried. Then an approximately 0.2-0.3 g sample of each
plant was crushed and combined with samples of plants from the same
sampling plot, resulting in a mixed sample of approximately 1.0-1.5 g.
These samples were stored in clean microcentrifuge tubes and trans-
ferred to CELTIC.

For 5'3C and 6'°N isotope analysis, collagen was extracted using a
modified Longin (1971) method (Brown et al., 1988). Mass spectrometry
was performed using a Flash 1112 series elemental analyser coupled
with a Finnigan DELTA V Advantage (Thermo Fisher Scientific) using
established protocols (Scorrer et al., 2021). Analytical precision (1c) of
the in-house calibrated standards (Scorrer et al., 2021) were 0.08 and
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0.07 for 5'3C and §'°N, respectively.
3.2. Isotope analysis

The isotope composition of the structural carbonate within the
sequential enamel samples was analysed for 5'80 and 6'3C at the Cardiff
University Stable Isotope Facility. Samples were acidified for 5 min with
>100% ortho-phosphoric acid at 70 °C and analysed using a Thermo
MAT253 dual inlet mass spectrometer coupled to a Kiel IV carbonate
preparation device using protocols described in Scorrer et al. (2021).
The resultant isotope values are reported as per mil (*80,/%%0) normal-
ised to the VPDB scale using an in-house carbonate reference material
(BCT63) calibrated against NBS19 certified reference material. The
long-term reproducibility for §'%0 BCT63 is & 0.04 per mil and +0.03
for 8'3C (10). Oxygen carbonate values (5180(; vppB) Were converted to
phosphate (6*80p vsmow) using the formula from Chenery et al. (2012).

In the CELTIC laboratories, mixed plant samples for strontium
isotope analysis were transferred to clean beakers, 2 mL of concentrated
HNO3 was added, and the samples were left to digest under a fume hood
for at least a week. Next, 2 mL of 30-32% H,0, was added to each
sample and the samples were left to digest under a fume hood for at least
2-3 days. The lids were then removed, and the samples were placed on a
hot plate to dry down for 24 h. After the samples were dried, 1 mL of 8 M
HNOj3 was added to each sample, and they were allowed to flux on a hot
plate at 120 °C for at least 24 h until fully dissolved. The redissolved
digested samples were transferred to clean microcentrifuge tubes using
unique clean pipette tips and centrifuged for 2-3 min. Only the liquid
portion of each sample was loaded into columns for strontium extrac-
tion. Bulk enamel samples for strontium isotope analysis were digested
in 8M HNOj3 and heated overnight at 120 °C. The dissolved samples were
then loaded into columns for strontium extraction.

Strontium extraction used Sr Spec™ resin following a revised version
of the protocol of Font et al. (2007). The samples were loaded into resin
columns in 1 ml 8M HNOs. Matrix elements (including calcium and
traces of rubidium) were then eluted in several washes of 8M HNO3 and
the samples placed on a hotplate (120 °C) overnight. This process was
then repeated for a second pass to remove all remaining calcium. Once
the purified samples were dry, the samples were re-dissolved in 2%
HNOs. The strontium isotope ratios were measured using a Thermo
Fisher Scientific Neoma MC-ICP-MS/MS installed May 2024 at Cardiff
University. Instrumental mass bias was corrected for using the expo-
nential law and a normalization ratio of 8.375209 for %8Sr/8%Sr (Nier,
1938). Residual krypton (Kr) and rubidium (®’Rb) interferences were
monitored and corrected for using 84Kr and 8%Kr (83Kr/84Kr = 0.20175
and ®Kr/®°Kr = 0.66474; without normalization) and S°Rb
(3°Rb/%"Rb = 2.5926), respectively. Accuracy of the method is assessed
by measurement of the in-house EC-5 coral standard during all analyt-
ical sessions, which gives an 87Sr/%6Sr value of 0.709162 + 0.000020
(20, n = 217), consistent with the expected value of approximately sea
water (0.709180). Data is also corrected against a NIST SRM 987 value
of 0.710248 (Avanzinelli et al., 2015). The values are reported to 5
decimal places.

The §'3C and 5'°N isotope analysis of collagen samples was carried
out at the National Environmental Isotope Facility at the British
Geological Survey (UK) using an Elementar vario ISOTOPE cube
elemental analyser (EA) coupled to an isoprime precisION isotope ratio
mass spectrometer (IRMS) with an onboard centrION continuous flow
interface system. The EA inlet converts organic materials in solid sample
matrices into pure gases via high-temperature combustion. The post-
combustion gas mixture is then separated and focused into individual
molecular species for quantitative analysis of nitrogen and carbon
content and are then passed online to the IRMS for the determination of
their stable isotope composition. Carbon and nitrogen isotope data are
reported in delta (6) notation in per mille (%o) relative to the interna-
tional reference scales VPDB and AIR, respectively. Sample 5'3C and
5'°N were normalised to VPDB and AIR, respectively, using a multi-
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point calibration including B2215 (8'3C —22.92%0, 5'°N +4.26%o),
USGS88 (5'3C —16.06%0, 5'°N +14.96%0), USGS40 (5°C —26.39%,
51N —4.52%0), USGS61 (5'3C —35.05%0, 5'°N —2.87%0), and USGS63
(6'3C —1.17%0, 5'°N +37.83%q). An internal laboratory collagen stan-
dard, SADCOW (6'3C —22.6%o, 5'°N +4.4%0), was used as a secondary
reference material to check the calibration. External precision (1c) for
the within-run standards was <0.1%o for 8'3C and 6'°N. Acetanilide
(71.09 %C and 10.36 %N) was used to calculate the carbon and nitrogen
elemental content of samples, and C/N is reported as the atomic ratio.

3.3. Dietary value inference

The enrichment of '3C values between diet and bioapatite has been
shown to vary between species depending on dietary composition,
physiology, and body size (Cerling and Harris, 1999; Passey et al., 2005;
Zazzo et al., 2010). For diet-bioapatite spacing, we used the 14.5%o
based on ruminants (Cerling et al., 2021). For collagen, we applied a
5.1%o - enrichment between diet and collagen (Ambrose and Norr,
1993).

3.4. Statistical analysis

Isotope results were statically tested using PAST (Hammer), the
significance level was set to <0.05. As all sample groups consisted of
fewer than 30 individuals, only non-parametric tests were employed
(Kruskal-Wallis/Mann-Whitney), given the limited reliability of
normality tests for small datasets. No statistical tests were performed
when there were fewer than 10 samples. When pairwise Mann-Whitney
tests were conducted following the Kruskal-Wallis test, Bonferroni
correction was applied to adjust the resulting p-values. All standard
deviation is given to 1c.

4. Results

4.1. Sequential enamel carbon and oxygen isotopes for sheep/goat
individuals

The 5*3C values of the Oppeano 4D M2s ranged from —12.7 to
—5.1%o with an average amplitude of 4.4%o. (range: 2 to 6.5%o), while the
M3 values fall between —13.6 and —4.6%o., with an average amplitude of
5.1%o (range: 3.9 to 6.7%o, Table 2; Fig. 5a—j). Where repeated samples
were taken, a typical standard error between samples was 0.05%o.

Table 2

Quaternary Science Reviews 382 (2026) 109961

Overall, the range in values suggests that animals were consuming
plants with a large variation in 53C. The paired molars for each indi-
vidual showed good correspondence between teeth, suggesting no sig-
nificant missing records. On average, OPP3 had the lowest amplitude
observed in M2 of 2%., and in M3, the lowest 613C (=13.7%0) values
observed at Oppeano 4D (Fig. 5e/f), while OPP5 had the highest 5'3C
values (5.1, —4.6%0) and largest amplitude (6.5, 6.7; Fig. 5h/j). The
Kruskal-Wallis test showed that there was a significant difference be-
tween sample medians (Hc = 25.6, p<0.05); specifically, after the p
value correction, the Mann-Whitney pairwise test exhibited significant
differences between individual OPP_OC5 and individuals OPP_OC1 and
OPP_OC3 (respectively p = 0.0008 and p = 0.001). At La Muraiola
(Fig. 5k-t), both M2 and M3 have similar 5'3C value ranges (M2: —12.3
to —9.8%o0; M3: —13.2 to —9%o). Moreover, the values from M2 and M3
exhibit low amplitude between the highest and the lowest values (an
average of 1.5 and 1.9%o respectively). At La Muraiola, a significant
difference between sample medians is attested as well (Hc 51.5,
p < 0.05) and the Mann-Whitney pairwise test (after p values correction)
showed that PVG_OC1 and PVG_OC3 were not significantly different
from one another, but they both differed significantly from all other
individuals. This is because both PVG_OC1 and OC3 present the lowest
amplitude for M2 (0.7 and 0.6%o respectively) and for M3 (1.2 and 1.7%o
respectively). On the other hand, the other specimens (PVG_OC2,
PVG_OC4, and PVG_OC5) did not show significant differences among
themselves. The distribution of the §'3C values was significantly
different between sites, with La Muraiola exhibiting a smaller range
overall (Mann-Whitney for 513C, U = 4116, p=0.03).

The 6'80 values, observed in all sheep/goat teeth from Oppeano 4D,
present a sinusoidal curve (Fig. 5). The M2 values range from —7.7 to
—0.8%o and exhibit large variation in amplitude between values (1.8 to
5.1%o). OPP_OC3_M2 had the lowest amplitude (1.8%o), considerably
lower than that observed in its respective M3 (4.1%o0) and in other in-
dividuals. The M3s overall exhibited a larger range of values (—8.4 to
—0.1%o) than M2s, with an average amplitude of 5.5%o. The 580 values
from La Muraiola generally present a different picture than that
observed at Oppeano 4D. For the M2s, the 50 values vary between
—6.2 and —3.7%o with a lower amplitude than exhibited in Oppeano 4D
teeth (1.2 to 2.1%o). Sheep are non-obligate drinkers and can receive
most of their daily water intake from leaf-water. The 580 composition
of leaf-water is strongly influenced by seasonal changes in temperature,
and results in a large amplitude between the highest and the lowest
values (Levin et al., 2006). A low 5'80 variation could be an indication

Summary of the §'%0 and §'C results from incremental samples of sheep/goat molars. The mid-point is calculated Max + Min/2, while the amplitude is Max-Min. N
represents the number of incremental samples taken for each tooth. The complete list of values can be found in Supplementary Table S5.

5180 53¢
SAMPLE ID N Max Min Mid-point Amplitude Max Min Mid-point Amplitude
OPP_OC1_M2 13 -2.8 -7.7 -5.3 4.9 -9.1 -125 -10.8 3.4
OPP_OC1_M3 16 -0.8 -6.7 -3.8 5.9 -8.3 -12.9 -10.6 4.6
OPP_OC2_M2 9 -1.6 -4.4 -3 2.8 -6.2 -11.3 -8.8 5.0
OPP_OC2 M3 16 -2.5 -8.5 -5.5 6.0 -6.8 -12.3 -9.6 5.4
OPP_OC3_M2 7 -3.3 -5.1 -4.2 1.8 -10.1 -12.1 -11.1 2.0
OPP_OC3 M3 12 -1.8 -5.9 -39 4.1 -9.6 -13.6 -11.6 3.9
OPP_OC4_M2 12 -0.8 -5.9 -3.4 5.1 -7.5 -12.7 -10.1 5.2
OPP_0OC4_M3 15 -1.9 -6.8 -4.4 4.9 -6.8 -11.8 -9.3 4.9
OPP_OC5_M2 10 -1.3 -4.8 -3.1 3.5 -5.1 -11.5 -8.3 6.5
OPP_OC5_M3 12 -0.1 -7.0 -3.6 6.9 -4.6 -11.3 -8.0 6.7
PVG_OC1_M2 8 -4.1 -5.2 —4.7 1.2 -9.9 -10.5 -10.2 0.6
PVG_OC1_M3 9 -3.9 -5.5 —4.7 1.6 -9.8 -10.9 -10.4 1.2
PVG_0C2_ M2 9 -4.1 -6.2 -5.2 2.1 -10.2 -12.5 -11.4 2.3
PVG_OC2_ M3 9 -4.5 -7.8 —6.2 3.3 -10.3 -12.5 -11.4 2.3
PVG_OC3 M2 6 -3.8 -5.9 —4.9 2.1 -9.8 -10.4 -10.1 0.6
PVG_OC3 M3 8 -3.4 -6.0 —4.7 2.6 -9.0 -10.7 -9.9 1.7
PVG_OC4_M2 6 -3.7 -4.9 —4.3 1.2 -10.6 -11.7 -11.2 1.1
PVG_0C4_M3 9 -4.4 -9.3 -6.9 4.9 -10.6 -13.2 -11.9 2.6
PVG_OC5_M2 9 -3.7 -5.5 —4.6 1.7 -10.9 -12.3 -11.6 1.4
PVG_OC5_M3 9 -4.9 -7.9 —6.4 2.9 -10.8 -12.6 -11.7 1.9
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Fig. 5. 5'%0 (blue) and 5'3C (green) results on Oppeano 4D (OPP) and La Muraiola (PVG). ERJ: The distance from the enamel root junction.

of water imbibed from water sources with low 5'%0, such as springs
(Makarewicz and Pederzani, 2017). At La Muraiola, a similar larger
amplitude was observed in M3s, however the average of 3.3%. was lower
than those observed in Oppeano teeth (range: —9.3 to —3.4%o; ampli-
tude: 1.7 to 4.9 %o). Individual PVG_OC4 showed the highest amplitude,
4.9%o, and its values, as well as those from PVG_OC2 and PVG_OC5, are
the most similar to individuals from Oppeano 4D, while PVG_OC1 and
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PVG_OC3 showed the lowest variation (Fig. 6).

Significant differences were also found between individuals (Fig. 6)
at Oppeano 4D but not at La Muraiola (Oppeano Kruskal-Wallis:
Hc 9.976, p 0.04; La Muraiola: Kruskal-Wallis, Hc 6.67,
p = 0.1). The Mann-Whitney pairwise test shows a significant difference
between individual OPP_OC5 and OPP_OC1, OPP_OC2, OPP_OC3, but
after the correction of the p values no statistical difference remains

Species
A Sheep/Goat

PVG_0OC1_M3
PVG_0C2_M2
PVG_0C2_M3
PVG_0C3_M2
PVG_OC3_M3
PVG_0OC4_M2
PVG_0OC4_M3
PVG_0OC5_M2
PVG_OC5_M3

Fig. 6. Comparison of 5'%0 values in sheep/goat from Oppeano 4D (OPP) and La Muraiola (PVG).

13



M.S. Manfrin et al.

significant. However, if we look at the oxygen values it is evident how
individual OPP_OC5 presents the highest value, attested in the M3
(—0.1%o). Overall, there is a significant difference between values and
the variance observed at the two sites (Mann-Whitney: U = 2985.5,
p<0.001).

There is a strong correspondence between carbon and oxygen isotope
curves at both sites, i.e. the 5'3C values are low when the 5'%0 is low i.e.
cold periods, and vice versa. At Oppeano 4D, §'3C values show c. 4 to 5%o
difference between summer and winter, with values reaching a
maximum -4-6%o in warm periods (OPP_OC5_M3) and values less than
—11%o were observed coinciding with low 5180 (Fig. 6). While at La
Muraiola, instead, we observe a low amplitude of c. 1 to 2 %o throughout
the year with individual PVG4_M3 exhibiting the lowest 5'C value of
—13.2%o that occurs with low 580 values i.e cold period. Applying the
fractionation adjustment of 14.5%o, the average 5'3C diet-inferred values
range for La Muraiola is between —26.5 and —24.6%o, falling within the
expected range for an environment composed of C3 plants. The values
from Oppeano 4D are similar (—26.4 to —22.7%o) albeit more enriched
in 13C, which may reflect a wider grazing catchment that were not
exploited by or available to La Muraiola herds.

4.2. Strontium isotope results from sheep/goat samples

The results of the baseline plants suggest a fairly small range of
879r/%0r ratios in the areas around Oppeano 4D and La Muraiola
(Table 3). Samples LU-1 and LU-2 were taken on top of Eocene limestone
substrates and gave ratios of 0.708338 and 0.708085. LU-3 was taken on
top of the Late Pleistocene alluvial megafan and gave a ratio of
0.709148. LU-4 was taken on top of a Holocene overbank and gave the
highest ratio of the sampled plants at 0.710581. LU-5 was taken on top
of a Lower Miocene-Upper Cretaceous basalt and gave a very low ratio of
0.705475, reflecting the unradiogenic composition of basalts.
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The 87Sr/8%Sr ratios in enamel samples from Oppeano 4D individuals
showed little variation (mean: 0.7107 + 0.00005, Fig. 7). There was no
significant difference observed between samples of M2s and M3s (Mann-
Whitney: U = 44, p = 0.7). The results do not provide evidence of ani-
mals grazing on the higher ground to the north of the site (i.e., pre-Alps).
This area is characterised by lower ratios (<0.709) than are observed in
the Oppeano 4D dataset. OPP3 had a ratio of 0.7119 at the crown apex in
M2, >0.001 greater than the mean of other individuals. The closest
known comparable 8Sr/%%Sr ratios are found approximately 80 km to
the north, in the area of the Alps around modern Trento and Bolzano.
Measured 8Sr/8°Sr ratios in this area are varied, however. Some plants,
soil leachates, and mineral waters gave ’Sr/%®Sr ratios similar to or
more strongly radiogenic than Opp3M2.1, while some fauna, plants, and
soil leachates gave much less radiogenic ratios more closely reflecting
the underlying limestone and dolomite bedrocks (Lugli et al. 2022). The
amplitude of §'%0 values from Opp3M2 was the lowest within the
dataset, and may suggest that this animal was raised in a different herd,
in another area and subject to a different management regime. OPP4 was
also an outlier, with an average 873r/805r ratio of 0.7098, similar to the
plant baseline value given by LU-3. The comparison of the 8”Sr/%sr data
with 580 values, revealed an interesting pattern observed in all teeth
except OPP3_M2 where the 8Sr/%Sr ratios shifted very slightly down (c.
0.00005) from ‘winter’ to ‘summer’ (based on 5180 values). This sug-
gests that there is a relatively consistent pastoral management system,
where animals moved between different summer and winter pastures.

The La Muraiola samples (N = 10) had a mean 875r/80r ratio of
0.7089 + 0.0002. They were significantly different from those observed
at Oppeano 4D (Mann-Whitney: U = 0, p < 0.0001). There were no
marked differences between teeth of the same individuals, providing no
evidence for longer term movement during early life. Moreover, the low
amplitude in 580 values, suggests that possibly animals imbibed water
from a source with a low seasonal amplitude in values with limited input

Table 3
Results of strontium analysis of baseline plant samples and sheep/goat specimens from Oppeano 4D and La Muraiola.
Site Sample 878r/808r ratio 2SE Material
Plant baseline LU-1 0.708338 9.28E-06 Acer campestre, Cornus mas, Corylus avellana, Fraxinus ornus, Fagus sylvatica
Plant baseline LU-2 0.708085 7.76E-06 Fraxinus ornus, Ostrya carpinifolia, Prunus mahaleb, deciduous Quercus (pubescens?)
Plant baseline LU-3 0.709148 6.94E-06 Acer campestre, Cornus mas, Fraxinus excelsior, Prunus mahaleb
Plant baseline LU-4 0.710581 6.68E-06 Carpinus betulus, Fraxinus excelsior, Ulmus
Plant baseline LU-5 0.705475 7.52E-06 Acer campestre, Castanea sativa, Corylus avellana, Ulmus galbra/minor?
La Muraiola PVG_0OC1_M2 0.709088 9.64E-06 My
La Muraiola PVG_OC1_M3 0.708781 8.98E-06 M3
La Muraiola PVG_OC2_M2 0.709125 8.72E-06 M,
La Muraiola PVG_0OC2_M3 0.709245 9.24E-06 Ms
La Muraiola PVG_0OC3_M2 0.708725 1.10E-05 My
La Muraiola PVG_OC3_.M3 0.708721 8.90E-06 M3
La Muraiola PVG_0C4_.M2 0.709072 9.72E-06 My
La Muraiola PVG_0C4 M3 0.709031 1.05E-05 Mz
La Muraiola PVG_OC5_M2 0.708671 8.22E-06 M,
La Muraiola PVG_OC5_M3 0.708672 1.19E-05 M3
Oppeano 4D OpplM2.1 0.710491 1.03E-05 M,
Oppeano 4D OpplM2.2 0.710743 7.50E-06 M,
Oppeano 4D OpplM3.1 0.710756 9.94E-06 M3
Oppeano 4D Opp1M3.2 0.710459 9.34E-06 Ms;
Oppeano 4D Opp2M2.1 0.710909 1.24E-05 M,
Oppeano 4D Opp2M2.2 0.711021 1.02E-05 M,
Oppeano 4D Opp2M3.1 0.710804 1.10E-05 M3
Oppeano 4D Opp2M3.2 0.710931 5.52E-06 M;
Oppeano 4D Opp3M2.1 0.711958 6.12E-06 M,
Oppeano 4D Opp3M2.2 0.711083 6.34E-06 M,
Oppeano 4D Opp3Ms3.1 0.711163 6.76E-06 M;
Oppeano 4D Opp3M3.2 0.710912 9.42E-06 M3
Oppeano 4D Opp4M2.1 0.709824 8.54E-06 M,
Oppeano 4D Opp4M2.2 0.710088 8.04E-06 M,
Oppeano 4D Opp4M3.1 0.709836 8.12E-06 M3
Oppeano 4D Opp4M3.2 0.709775 7.18E-06 M3
Oppeano 4D Opp5M2.1 0.710769 8.90E-06 M,
Oppeano 4D Opp5M2.2 0.710914 7.58E-06 M,
Oppeano 4D Opp5M3.1 0.710559 9.16E-06 M3
Oppeano 4D Opp5M3.2 0.711010 8.70E-06 M3
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Fig. 7. Results of Sr/%°Sr from baseline plants and faunal (sheep/goat) material from Oppeano 4D and La Muraiola.

from leaf-water.

4.3. Bone collagen carbon and nitrogen isotopes

The concentrations of carbon and nitrogen and the atomic ratios of
the analysed samples fall within ranges proposed by van Klinken (1999)
indicating that the collagen was of a good quality. In detail, at Oppeano
4D the C:N ratio ranges between 2.7 and 3.3, with %C values ranging
from 36.7 to 44.1% and %N values from 12.9 to 18%; at La Muraiola, the
C:N ratio varies between 3.2 and 3.3, with %C between 36.8 and 45%
and %N ranging from 13.2 to 16.2%.

The §'3C values from La Muraiola faunal samples range from —21.1
to —15.1%o (N = 20, Table 4, Supplementary Fig. S1). The sheep/goat
samples' 5'3C values range from —20.9%o to —17.3%o (N = 9). Turning to
cattle, 5'3C values were enriched by c. 2%, than those observed in sheep/
goat (—18.4 to —15.9%o0, N = 5). This suggests that sheep/goat and cattle
may have not shared the same pastures, with the diet of the latter
potentially containing some C4 plants (Depaermentier et al., 2025). The
pig samples range from —19.6 to —15.1%o (N = 4), with two individuals
(PVG_SD2 and PVG_SD3) that have similar values to that of the deer
samples (average: —20.8%o), while one animal (PVG_SD1: —15.1%o), as
in the case of cattle, exhibits values of a diet composed partially of C4
plants (Depaermentier et al., 2025). This would fit within the wider
context of the arrival of millet and its cultivation (Tafuri et al., 2018). At
Oppeano 4D (N = 15), the range of carbon isotope values was greater
than La Muraiola (—21.6 to —13.3%o0). Sheep/goat individuals ranged
from —19.8 to —17.5%o. This low variation in sheep/goat values found in
Oppeano 4D may reflect the fact that all samples came from mandibles,

Table 4

while samples from La Muraiola came from different skeletal elements.
Cattle at Oppeano 4D show a wide range of carbon isotope values, be-
tween —19.1 and —13.3% (N = 5), with one individual (OPP_BT3)
clearly indicating the consumption of C4 plants. As for the pigs from
Oppeano 4D (N = 4), they exhibit little variability in comparison to
those from La Muraiola, with values ranging from —21.1 to —20.1%o. and
being close to those of the single red deer examined for the site. Two
samples of red deer from La Muraiola and the single sample from
Oppeano 4D, provided a 5'3C wild herbivore 5'3C ‘baseline’ of between
—21.6 to —20.5%o, albeit based on a small sample (N = 3).

The overall average §'°N value for Oppeano 4D individuals was
5.0 £ 0.7%o (from 3.8 to 6.1%o), slightly lower than at La Muraiola
(5.3 = 1.2%0; from 3.1 to 7.4%.), with a cattle sample (PVG_BT3)
exhibiting the lowest value of 3.1%o, while the highest value was
observed in a sheep/goat sample (PVG_OC8: 7.4%o). Breaking it down by
species, we observed that sheep/goat from La Muraiola had values be-
tween 4.4 and 7.4%., which was on average lower than pig samples,
which exhibited a higher average 6.5 + 1.1%o (range: 4.9 to 7.2%o). The
5N for sheep/goat and pig values from Oppeano 4D, have a lower
average than observed in La Muraiola (Table 4). While cattle samples
from La Muraiola were lower than those from Oppeano 4D (La Muraiola:
from 3.1 to 5.2%o; Oppeano 4D: from 3.8 to 5.7%o). Interestingly, a single
red deer sample from La Muraiola (PVG_CE1) exhibited a similar value
to that observed in domesticates (5.5%o), perhaps reflecting that plants
growing in the region were enriched in '°N naturally due to local soil
conditions (c.f. Schliitz et al., 2023).

Summary of the 5'3C and 5N results (maximum, minimum and average) from Oppeano 4D (OPP) and La Muraiola (PVG). The complete list of values can be found in

Supplementary Table S6.

SITE SPECIES N 5'3C (%o VPDB) 515N (%o Air)
Max Min Average Max Min Average

OPP Sheep/goat 5 -17.5 -19.8 -18.5 5.6 4.9 5.2
OPP Cattle 5 -13.3 -19.1 -17.1 5.7 3.8 4.6
OPP Pig 4 -20.1 -21.1 —-20.6 6.2 4.6 5.4
OPP Red deer 1 -21.6 -21.6 -21.6 4.2 4.2 4.2
PVG Sheep/goat 9 -17.3 —-20.9 -19.5 7.4 4.4 5.4
PVG Cattle 5 -15.9 -18.4 -17.0 5.2 3.1 4.6
PVG Pig 4 -15.1 -19.6 -17.9 7.2 4.9 6.5
PVG Red deer 2 -20.5 —21.1 —-20.8 5.5 3.6 4.5
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4.4. Comparison of carbon and nitrogen isotope results from veneto region
(Italy)

In Fig. 8, the bulk collagen stable isotope data presented here were
compared with those published from other Bronze Age sites located in
the province of Verona (Tafuri et al., 2009, 2018; Varalli et al., 2016,
2022). We only included species data from each site where two or more
samples were available. Therefore, we excluded the values from
sheep/goat, pigs, and deer bones from Olmo di Nogara. First, we
consider the red deer values, whose collagen 5'3C values range from
—21.6 to —17.4%0 (N = 5). These values fall within the range from other
stable isotopic studies from sites from central and southern regions,
—22.4 to —18.0%0 (N = 14, N of sites = 7; Davitashvili, 2024).

Returning to the domesticated animals, if collagen results are only
considered, the overall range of 5!3C values from sheep/goats was be-
tween —20.9 to —17.3%o with the lowest values observed in La Muraiola.
However, when we consider the bioapatite values, then Oppeano 4D has
the widest range in values (Diet inferred: —27.4 to —19.1%o; Fig. 9). The
remarkable difference of c. 2%o between §'3C values from cattle and
sheep/goats at La Muraiola, was not evident at other sites, where § the
range of 5'3C values for sheep/goats and cattle tend to be more similar.
It is worth noting that only at La Muraiola and Oppeano 4D there was a
suggestion of C4 plant consumption in at least two cattle individuals
(PVG_BT3 and OPP_BT3).

Turning to pigs, among the sites examined in this study, the speci-
mens from Fondo Paviani stand out for their wide range of §'3C values,
including markedly higher than other sites, an indication of a diet with a
C4 plant component. A single individual from La Muraiola exhibits 5'3C
values consistent with the consumption of C4 plants (PVG_SD1). The
samples from Fondo Paviani date to the RBA, a period during which
millet became more common in northern Italy (Cavazzuti et al., 2019).
There is also the question of identification of domesticated pigs, which is
hampered by similar shape and size between the domestic and wild
individuals. At La Muraiola, the 5'3C values may help us distinguish
between species, where two individuals (PVG_SD2 and PVG_SD3)
exhibit values that overlap with that of the red deer, while another
(PVG_SD1) may have a diet with some contribution from C4 plants,
suggesting an animal eating a diet composed of waste from human food
sources. The first two are metrically similar to domesticated pigs.
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Overall, this demonstrates that domesticated pigs have a wide dietary
niche, which is evident from the wide variation observed in our
comparative cohort. The variation is greatest at La Muraiola and Fondo
Paviani in comparison to Arano di Cellore and Oppeano 4D.

For 6'°N values, there are a number of similarities and differences
between sites for all species. Focusing on red deer, the red deer samples
from all sites were all below 5.5%o, with the highest value observed in La
Muraiola. It should be noted that a sample from red deer at Olmo di
Nogara had a value of 6.3%o (Tafuri et al., 2018). This falls within the
broad range exhibited in other Bronze Age red deer samples from central
and southern Italy (central: 4.2 to 5.3%o; southern: 3 to 8.5%o, Davi-
tashvili, 2024). With respect to domesticated animals, all species from
Oppeano 4D and Arano di Cellore exhibit values below 6%, although
ruminants from the latter site exhibit ¢.3 %o variation (Varalli et al.,
2016). This may be a reflection of young animals within the sample.
Sheep/goat at La Muraiola overlap with these sites, although they
exhibit a larger range, with values reaching a maximum of 7.4%o. Cattle
in general have values below 6%., except at Fondo Paviani (7.2%o)
(Tafuri et al., 2018) and Olmo di Nogara (7.3%o) (Tafuri et al., 2018);
also at the latter site, sheep/goat exhibited high values (7.2%o) (Tafuri
et al., 2018). Pigs overall are variable with samples from some sites
exhibiting values as high as 9.7%o. (Fondo Paviani: Tafuri et al., 2018)
while at Arano di Cellore as low as 3.6%o (Varalli et al., 2016). The high
values would be consistent with the omnivore nature of pigs and the
consumption of protein-rich food waste or manured crop waste. Indeed,
there appears a trend towards '°N enrichment observed in other species
from sites dating to the later phases of the Bronze Age (Olmo di Nogara,
Fondo Paviani). Those samples identified as domesticated pigs with low
values such as at Arano di Cellore, may be wild animals.

5. Discussion

5.1. Sheep/goat husbandry at Oppeano 4D and La Murdaiola: variations
in animal diets and local husbandry strategies

Sheep husbandry is central to understanding the Italian Bronze Age
economy, because of its implications concerning wool production within
the framework of the evolution of social complexity and specialised craft
production characteristic of the period. Furthermore, uncovering past
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Fig. 8. Bulk collagen 5'3C and §'°N results from La Muraiola (PVG) and Oppeano 4D (OPP) (this study), together with published results from the Early Bronze Age
(EBA) site of Arano di Cellore (AC), the MBA-RBA site of Olmo di Nogara (ODN) and the RBA-Final Bronze Age (FBA) site of Fondo Paviani (FP) (Tafuri et al., 2009,

2018; Varalli et al., 2016, 2022).
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Fig. 9. Comparison between the maximum, minimum and mean inferred diet 5'3C values from enamel and collagen samples. The enamel carbon isotope are from the
M2 and M3 samples from sheep/goat individuals from La Muraiola (PVG) and Oppeano 4D (OPP), while the collagen carbon isotope results are based on multiple
individuals from sheep/goat, cattle, pig and red deer (the number in brackets is the sample size) from OPP, PVG (this study), the EBA site of Arano di Cellore (AC), the
MBA-RBA site of Olmo di Nogara (ODN) and the RBA-FBA site of Fondo Paviani (FP) (Tafuri et al., 2009;Tafuri et al., 2018; Varalli et al., 2016;Varalli et al., 2022).
The fractionation adjustment for diet follows 14.5%o (Cerling et al., 2021) for bioapatite and 5.1%0 (Ambrose and Norr, 1993) for collagen.

pasture and fodder management strategies can help us uncover Bronze
Age land use dynamics. Our case study of two MBA sites demonstrates
that, while belonging to the same archaeological culture, the isotope
data indicate different pastoral strategies that appear both tied to local
resource availability and environments.

At Oppeano 4D, seasonal variation in the diet of sheep/goat was
detected. The '®C-enriched 513Cbioap values (M2 and M3: —5.1 and
—4.6%o respectively) may indicate these herds had access to open
grassland pasture during summer. Moreover, these high values indicate
sheep grazed in a relatively arid environment during summer. There is a
strong signal of pollen from dry secondary grasslands found at the site.
Secondary grasslands are enhanced by farming and grazing flocks in
drained calcareous substrates (Perego et al., 2011, 2025; Rosch, 2018),
similar to substrate on the ancient Adige megafan close to the site
(Sorbini et al., 1984), or on smaller alluvial ridges (Marcolin and Zanetti,
2012), and dunes with coarse sediment within the floodplain (Tosco,
1958) (Fig. 1). The 580 signal from individual teeth at this site exhibit a
large amplitude, which suggests a strong leaf-water effect. This is
commonly observed in non-obligate ruminants, such as sheep and goats,
in arid environments (Levin et al., 2006). The collagen values also
suggest pasturing on open environments, supported by the relatively low
5N values (average: 5.2%o) that are indicative of herds grazing in areas
with evidence of limited or low-level manuring (Fraser et al., 2011).
Moreover, these §'°N values suggest a low stocking rate, and/or no
restricted movement within the pasture, such as corralling, indicating
that the animals grazed for at least part of the year possibly under an
extensive grazing strategy in open habitats and not in corrals/cultivated
plots (Fig. 2b). Overall, from the perspective of the stable isotope
analysis, there is strong indication that sheep were managed under a
non-intensive system with access to open dry grasslands pastures during
summer.

The evidence from the stabling layers at Oppeano 4D, brings further
nuances to sheep herding practices. Faecal biomarkers have been
attributed mainly to ruminants, which indicates that animals were
housed on the site (Nicosia et al., 2025). This may have occurred at
specific times of the year, for example for lambing and subsequent
milking of females, and fleece collection from the flock as a whole. The
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latter activity was supported by the presence of puparia of sheep tick
(Meolophagus ovinus L.) found within carpological remains (Nicosia
et al., 2025). This species is usually associated with sheep shearing and
wool processing (Buckland and Perry, 1989; Kenward, 2009). Inte-
grating the scenarios proposed from the stable isotopic and archae-
obotanical analyses, we propose that the pollen from the dry grasslands
may have entered the structures via animal fleeces, via sediment
attached to animal hooves, and in dung, when fleeces were collected in
the summer (cf. Tinley, 1949).

In contrast to the summer, in winter the diet of Oppeano 4D sheep
was depleted in 13¢ (513Cbioap minimum values for M2 and M3: —12.7
and —13.6%q) associated with low §'%0 values. Adjusting these values
for fractionation would give inferred-dietary values of —27.2 and
—28.1%o0, which would suggest a diet composed of plants coming from
either wetlands, dense forest pasture, or leafy-hay (Fig. 2b). There were
water-rich environments with woodland carrs and marshland sedges in
the palaeovalley where the site is located, which have been conspicu-
ously attested by the botanical records (D'Aquino et al., 2026; Nicosia
et al., 2025). The twigs and buds of deciduous oak and maple have also
been found, which may derive from sparse stands of mesophilous
woodland and, with regard to oak, possibly woodworking leftovers
(D'Aquino et al., 2026). These twigs and wood splits may have been used
as bedding/litter during winter or when animals were in the
byre-houses. It is unlikely that sheep were pastured on marshland in
winter, due to flooding and foot rot (Shahack-Gross, 2017: 267).
Therefore, we propose that animal diets during winter were supple-
mented by either leafy-hay or collected sedges.

In comparison, for most sheep/goats of La Muraiola, incremental
5'3C sampling of molars indicates a lack of seasonal variation in their
diet consistent with year-round grazing in open vegetation (Fig. 2b).
Nitrogen isotopes provide us a potential insight into stocking densities
and penning intensity. It is interesting to note that some of the collagen
samples from sheep/goat individuals at La Muraiola exhibited §'°N
values higher than those from pigs. There is clear archaeological evi-
dence of penning on site in the form of phosphatic crusts (Polisca et al.,
2025), composed of sheep/goat dung pellets. The palynological record
of the phosphatic crusts is mainly composed by non-arboreal pollen that
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indicate the site was situated within an open anthropogenic landscape,
characterised by arable fields, with areas of disturbed ground, grass-
lands, open woodlands, and shrubs (D'Aquino, 2025; Polisca et al.,
2025). Mineralised wood fragments from twigs and small branches
testify to the exploitation of woodland resources for leafy-hay or
bedding material for sheep/goat herds procured from mixed deciduous
woodlands with hornbeam, deciduous oak and light-demanding shrubs
from woodland margins, such as cornelian cherry (D'Aquino, 2025). The
use of winter leafy-hay is supported by low §'C values occurring with
low 6'80 (lowest values for M2 and M3: —12.5 and —13.2%o) observed in
some sheep/goat individuals. Overall, there is a suggestion that at La
Muraiola herds were pastured in open areas close to the sites and sup-
plemented with collected fodders from both grasslands and woodlands.

5.2. Testing mobility of Middle Bronze Age sheep/goat husbandry at
Oppeano 4D and La Muraiola

The 87Sr/%Sr results from sheep/goat teeth, when compared to
baseline samples, provide no evidence of long-distance seasonal
mobility and support local rearing of the flocks by the MBA communities
of Oppeano 4D and La Muraiola (Fig. 7). Plants were analysed for
875r/%55r, from five lithological units within a relatively short distance
(ca. 30 km) from the sites. The variation in 875r/80Sr ratios between
units is relatively small, particularly between the calcareous bedrock
(LU-1: Western portion of the Lessini Mts., LU-2: Eastern portion of the
morainic amphitheatre of the Garda Lake). These two units represent the
closest upland pastures to the study sites in the floodplain and, if sum-
mer seasonal mobility took place, we assume that it would be in these
regions. However, none of the teeth exhibited ratios consistent with
these units. Moreover, despite being very close (ca. 28 km), herds from
Oppeano 4D and La Muraiola were not raised in the same lithological
unit. Respectively, the individuals from Oppeano 4D mainly cluster with
the signal of the Holocene floodplain of the Adige River (LU-4) where
the site is located. Although there are differences of up to 0.0014 be-
tween the 87Sr/%Sr ratios of the individuals from Oppeano 4D and the
873r/865r ratio of LU-4, this is consistent with the variability of measured
878r/%0Sr ratios of similar archives from the same locations, noted
particularly on some Holocene sediments (Holt et al. 2025). Only one
individual (OPP_OC3) exhibits ratios of its first year potentially indi-
cating it was born outside the Holocene floodplain, possibly in a part of
the Alps around modern Trento and Bolzano (Lugli et al. 2022). Another
individual (OPP_OC4) tends towards the nearby Late Pleistocene Adige
megafan (LU-3). In comparison, sheep from La Muraiola grazed mainly
on the Late Pleistocene Adige megafan where the site is located.
Although the vast majority of animals are consistent with being raised in
the vicinity of the sites, equifinality is invariably a problem for confident
assignment of origins and these ratios are also consistent with origins in
central Emilia Romagna, Liguria and Lazio (Lugli et al. 2022). These are
less likely areas of origin, but cannot be entirely excluded.

Concerning mobility, the comparison of seasonal 5'%0 values has in
the past been used for identifying seasonal movements to upland pas-
tures (Messana et al., 2023), resulting in a dampening of the sinusoidal
5180 signal. This is assumed to be the result of animals consuming
snow-melt fed streams with low 580 values in the highlands in summer,
and returning to the plains in the winter, where they consume water
with similar or lower 5'80 values. Sheep from La Muraiola exhibited a
low amplitude in §'%0 values compared to those from Oppeano 4D. As
discussed, the high variation observed at Oppeano 4D is likely the result
of a strong leaf-water effect associated with pasturing on dry grassland
vegetation. In contrast, the La Muraiola animals appear to have grazed
not on dry grasslands but in the vicinity of a spring-fed stream. While
mountain rivers often exhibit greater seasonal variability in their §'%0
signal due to snowmelt and rainfall (Brighenti et al., 2023), spring-fed
rivers maintain a more consistent signal, as groundwater undergoes
fewer rapid changes (Pederzani and Britton, 2019; Regione
Emilia-Romagna, 2016:76). The exploitation of spring-fed rivers at La
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Muraiola likely accounts for relatively low variability in 580 values.
However, the tendency towards less radiogenic ratios at La Muraiola
(closer to LU1) raises the possibility that transhumance could be taking
place, but the 680 isotope data suggests that this is unlikely.

From the stable isotope and archaeobotanical datasets, we propose
that plant resources as both pasture and fodder from multiple local en-
vironments in the plain were sufficient to allow the livestock to remain
within the vicinity of the respective sites year-round. The 8 Sr/%Sr re-
sults indicate little evidence for mobility both local and long distance:
flocks were likely grazing on grasslands in the plain, with the possibility
of some additional fodders collected from woodlands and marshland
potentially to prevent overgrazing and protect cultivation areas from
grazing. Finally, at both settlements there is the geoarchaeological
attestation of stabling deposits and penning areas formed by regularly
repeated deposition of dung and litter during times when the livestock
were kept on-site. This also supports small-scale village-based hus-
bandry strategies for local consumption of animal product (milk, meat
and wool), alongside other regular agricultural routines and production.
Meanwhile, the presence of livestock in the vicinity of (or within) do-
mestic structures also underlines the crucial importance of these animals
and their products for these MBA communities (cf. Fokkens, 1999;
Olausson, 1999; Zimmerman, 1999).

5.3. Use of collected wild and cultivated plant resources as animal feed

Our analysis demonstrates that plant resources from a variety of local
environments were exploited for husbandry. In terms of pasturelands,
repeated grazing on the same pastures might have favoured the devel-
opment of resistant synanthropic herbs, expanded open habitats, and
prevented wood regeneration. At La Muraiola, the large abundance of
pollen of Cichorieae, a tribe of the Asteraceae family including perennial
herbs such as dandelion and chicory, could suggest overgrazing or
intensive grazing in penned locations (Florenzano et al., 2015; Mercuri
et al., 2013). However, it must be noted that this family may be over-
represented due to its preservation. Both sites, and other records in the
northern Po Plain, attest secondary grasslands that developed in newly
open areas on drained locations (Dal Corso, 2018; Nicosia et al., 2025;
Perego et al., 2011, 2025; Pini et al., 2021; Polisca et al., 2025; Zanon
et al., 2018).

Meanwhile, there is strong archaeobotanical, micromorphological
and isotope evidence for collected plant resources for fodder. Collected
fodder allowed communities to feed their animals when access to pas-
tures was restricted, as well as preventing pasture exhaustion. Given the
strong geoarchaeological evidence for onsite penning within structures,
the collection and probable storage of additional fodder supplies and
plant bedding materials were necessary. At both sites, the botanical
records from dung-rich penning areas contain an abundance of wild
herbs and grasses likely derived from different sources besides digested
vegetal matter itself, i.e. fodder, litter, and seeds or pollen inadvertently
carried via wool or on the hoof (Nicosia et al., 2025; Polisca et al., 2025).
The palynological data from stabling layers at Oppeano 4D, especially
evidenced different kinds of open habitats close to the settlement. These
include passageways and uncultivated areas potentially used for pas-
tures/meadows, alongside other habitats spanning from wetlands with
sedges in the valley to areas with dry substrate and xerophytic vegeta-
tion on fluvial terraces. When considering plant physiology, some
vegetation would respond and serve differently than others for hay
collection. For example, we suggest that hay from inside the structures at
Oppeano 4D was collected from disturbed/anthropogenic open envi-
ronments (e.g., meadows/pasture, verges) and not dry grassland vege-
tation due to the latter containing short and shrubby plants (e.g.,
sunrose), which makes poor quality hay (Ziliotto et al., 2004). Herbs
from other open habitats nearby the site generally grow taller, thus
being easier and more convenient to harvest/mow (see for comparison
Lodwick, 2017; Reed, 2024). This hay may have been provisioned to
animals during the birthing/milking or shearing season.
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Leafy-hay from deciduous and hygrophilous woodlands is usually
connected to winter fodder (e.g., Jakobitsch et al., 2023; Karg, 1998).
The stable isotope results of Oppeano 4D sheep/goats indicate the in-
clusion of wetland plants or forest resources. This matches botanical
evidence of fragments of tree twigs and bark from woodland carrs
alongside sedges that favour wetlands. While marshland would not be
suitable pasture during winter due to flooding, sedges from these envi-
ronments would provide a plentiful source of fodder as known in recent
traditional husbandry strategies (Sucholas et al., 2022). Also at La
Muraiola, the mineralised wood fragments from twigs and small
branches testify the exploitation of forest resources for leafy-hay and/or
bedding material from mixed deciduous open woodlands, including
cornelian cherry. While consumption of resources from open woodlands
is problematic to identify in the isotope record, collaboration between
archaeobotanical and stable isotope evidence points to the use of
leafy-hay during winter.

Finally, crop cultivation was largely attested in the archaeobotanical
records at both sites, with little cereal remains in the stabling/penning
layers suggesting that cereals were mainly consumed by humans. Stable
nitrogen isotope values from sheep/goat and cattle from La Muraiola
suggest that sheep on average had access to plant stuff that were more
enriched with 1°N. The values suggest plants that were receiving low to
moderate levels of manure according to Bogaard et al. (2013). This
could suggest that animals had access to manured cereals processing
waste, such as crop stubble. The isotope analysis helped to disentangle
further the use of crops for fodder, especially for C4 plants. At both sites,
there is clear indication of faunal species-specific feeding practices.
According to Bender (1971), 6'3C values of Cs plants normally range
between —22 and —33%., whereas C4 plants have a range of —10 to
—20%o (Bender, 1971; O'Leary, 1988). This has been further developed
recently in Depaermentier et al. (2025), who have examined region
specific variation in stable isotopic values of C4 and Cg plants, and
demonstrated that local growing conditions influence plant isotopic
values. For Northern Italy, they propose that c.—17 + 0.7%o for C4 plants
consumers, while the value for a mixed C3/C4 diet will be closer to that
of C3 plants. At Oppeano 4D, there are some cattle individuals exhibiting
high diet inferred 5'3C values, for example, OPP_BT3 exhibits a diet
inferred value of —18.4%., suggesting C4 component. The frequently
attested wild edible millet, barnyard grass (Echinochloa crus-galli) at
Oppeano 4D, may have been a source of fodder for cattle, a practice
known at present (Quattrocchi, 2006). Interestingly, the barnyard grass
grains are mostly charred (D'Aquino, 2025; Nicosia et al., 2025), simi-
larly to the other cereals, suggesting they were also consumed by
humans. Another source of C4 plants is broomcorn millet, of which only
a few charred grains were attested. In contrast, at La Muraiola, a rich
deposit of burnt broomcorn millet was uncovered within a barn where
animals were penned. At this site, a single sample from cattle (PVG_BT3)
and pig (PVG_SD1) exhibit diet inferred 513C values of —21.0%o and
—20.2%o that may also indicate a C4 plant component to these species
diet. This may have been provisioned seasonally; further incremental
analysis of cattle teeth is needed to test this hypothesis.

5.4. Choice and sustainability of plant resources and environments for
animal husbandry

Cross-correlating our datasets provides us with a rich picture of MBA
herders, who exploited a local catchment within the floodplain, with
potential seasonal alternation of marshlands, fluvial banks, and alluvial
terraces. These landscapes hosted different kinds of vegetation as well as
a richness of plant resources that allowed local year-round management
of the herds. Indeed, it appears that cattle, sheep/goats, and pigs were
kept in areas surrounding the settlements, and for at least for part of the
year, both settlements show frequent evidence of sharing living space
among people and their animals. The byres and fenced pens served as
protected locations to keep livestock safe from predators at night and to
ensure accessibility for the seasonal collection of seasonal products such
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as wool and milk.

The integration of collected fodders into the diet of all species sug-
gests that herders were aware of the fodder potential of local environ-
ments. Plants from synanthropic environments dominate the
archaeobotanical records of the dung-rich deposits. These include many
open habitats where grasses and forbs were used for pasture and as hay
fodder, besides cultivated fields for human consumption. At both sites,
we can observe the use of plants from humid and woodland environ-
ments during periods in the seasonal calendar when sheep herds
returned to the fold. The impact of husbandry led to the creation and
maintenance of open environments (see for comparison in the Alps, e.g.
Garcés-Pastor et al., 2025, and in other areas of Europe e.g. Dal Corso
et al., 2025). While difficult to quantify, in combination with agriculture
and woodland exploitation, confirms the picture of considerable land-
scape opening during the MBA in the Po Plain.

Among the four animal species investigated here, there is little evi-
dence of grazing consistently on plants growing on nitrogen-rich or
manured land. Overall, it suggests extensive herding strategies, sup-
plemented with collected fodders with restricted use of manured cereal
stubble or by-products as fodder. Ongoing isotope analyses on cereals
from these sites in the future will elucidate cultivation practices.
Archaeobotanical evidence indicates millets, barnyard grass, and
broomcorn millet were provided or accessible to livestock. Millets were
probably available for human consumption and employed as fodder to
feed cattle when penned for milking or other purposes. The question is
what is the carrying capacity of the landscape under the presented
model (Fig. 10). The integration of fodder into the husbandry strategy of
sheep and other domesticates may have been a response to the reduction
of land to pasture animals due to an increase in cultivation areas to feed
expanding populations. The next step in this model may be the stocking
of animals on cultivated areas after harvest, to increase agricultural
production. Finally, once more land is turned over to cultivation,
herders may then be pushed to explore alternative pastures at a greater
distance from the site.

6. Conclusions and future perspectives

This investigation, integrating geoarchaeological, archaeobotanical,
zooarchaeological, and isotope evidence, elucidates MBA sheep herding
dynamics in the Po Plain, opening a window on past lives and economies
(Fig. 10). The integration of botanical and isotope archives allowed a
more precise reconstruction of animal diet. For example, the consump-
tion of leafy-hay can result in consumer values being depleted in '3C,
while there is always a problem with equifinality, here we could directly
point to leafy-hay coming from open woodland. In contrast to the initial
expectation, the study indicated that sheep herds were reared within the
vicinity of the study sites, challenging the preconception that during the
MBA herders were driven to expanding herding ranges to distant regions
at different altitudes. However, the study does indicate that commu-
nities linked by material culture maximised and tuned their herding
strategies in response to local environments available to them for both
grazing and fodder collection. The movement of animals between
grazing areas has been mainly suggested as a strategy to reduce the risk
of overgrazing, increase access to rich pastures enhancing production,
and avoid cultivation areas. An interesting open question remains con-
cerning the difference of livestock treatment between the two sites, that
further research on those and other sites will help to delineate.

Competition with cultivated land and absence of feed for winter
seemed not to be a problem at these case study sites, which saw the
collection of supplementary fodders from a range of environments leafy-
hay, and possibly of grass hay too, as useful strategies to maintain herds.
This apparent resource sustainability within the floodplain may have
come under pressure after centuries of similar land-use by expanding
village communities and their herds; at La Muraiola, indeed, a signifi-
cant zooarchaeological record has been recovered (around 10,000 bones
from an excavated area of 70 m?). Focusing on hay making, this activity
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Fig. 10. A reconstruction of the MBA landscape at the sites of Oppeano 4D (in the palaeovalley, on the right) and of La Muraiola (in the upper plain, on the left).
Vegetation and possible scenarios of land use partitions for animal husbandry and agriculture are illustrated. Graphic work MDC and REG using Adobe Illustrator.

has traditionally been considered an Iron Age prerogative (Eriksson,
2020), mainly due to the presence of iron tools. Hay making is associated
with many social aspects, ethnographic evidence emphases the use of
collective labour in traditional agro-pastoral systems (lannetti, 2021;
Smerdel, 2014), as well as technological and environmental aspects,
worthy of further investigations. The botanical and isotopic data pre-
sented here suggests that wild forbs/grasses harvest was already estab-
lished in the MBA, possibly derived from mesic grasslands and open
habitats on disturbed ground nearby the sites. From medieval to modern
times, we know that pastoral mobility and strategies have also been
shaped by political aspects, land ownership, social order, and market
requirements, but whenever it has been possible to consider ethno-
graphic and traditional comparisons of husbandry for farmers’ subsis-
tence (see for instance “morra” in the Appennines, Sonsini and
Angelucci, 2012), a rather small mobility was compensated by diversity
of fodder resources.

The comparison between the data from this study and those pub-
lished for the region highlighted the limited corpus of isotope data from
faunal records available for the northern Italian Bronze Age. Further
analysis with higher numbers of samples would be also beneficial to
more accurately detect signs of intensive or extensive grazing, as
demonstrated by e.g. Schliitz et al. (2023), Vaiglova et al. (2018).
Moreover, increased sampling of wild species will help us develop iso-
scapes that can be fine-tuned with botanical evidence. Further incre-
mental tooth analyses are needed to clarify the seasonality of herd
management and the emergence of transhumance, providing insight
into how animals were managed both temporally and spatially. In this
regard, while within pre- and protohistoric mobility the directional
pattern is often supposed to be lowland to highland, in contrast to his-
torical times, it would be particularly valuable to also investigate faunal
assemblages from mountain sites through combined zooarchaeological
and isotopic approaches. This will allow a better nuanced understanding
of what, when, and why transhumance strategies emerged and to
develop an articulated model for its evolution.
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