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Abstract

This paper delves into the intricate nature of neolithic subsistence economies in northern Italy by
providing a comprehensive overview of all previously edited data, quantitatively compared,
including plant macroremains, faunal remains, and aquatic resources. Additionally, it introduces
new findings from the site of Molino Casarotto, recently investigated as part of the ERC CoG
GEODAP project, through an interdisciplinary approach that combines carpological analysis,
phytolith analysis, and archaeozoological studies of both terrestrial and aquatic fauna. This
wetland settlement, with material culture fully representative of the middle neolithic Square-
Mouthed Pottery (SMP) culture, showcases an economy primarily based on hunting, fishing,
gathering molluscs and wild fruits, with water chestnut serving as the staple food. The rare
presence of bone remains from domestic animals and a few cereal grains indicates access to
food from a agro-pastoral economy. However, the absence of chaff remains, confirmed by
phytolith analysis, suggests that cereal cultivation and processing did not occur on site. These
findings, within the broader context of the cultural and environmental diversity of the northern
Italian Neolithic, challenge the rigidity of concepts often used to describe Neolithization
processes. The emerging picture is non-linear and complex, both chronologically and
geographically, with local peculiarities that push to abandon a dichotomous view of foraging

versus agricultural economy.

Introduction

Since its 19th-century definition[1], the term Neolithic has expanded from a pure technological to
a broader cultural, social, and economic concept. Classical notions such as the “Neolithic
revolution” and “Neolithic package” describe the transition to farming[2-5], herding[6], and new
material markers, though since the 1980s they have been increasingly debated[2,3,7—17]. Critics
argue that the package model oversimplifies the process, emphasizing instead the variability of
subsistence strategies shaped by both environmental and cultural factors across time and
space[16].

Although paleogenetic research has shown that the diffusion of neolithic lifeways in Europe was
caused by migrations of human groups from Anatolia and the West Asia, in some regions incoming
farmers encountered indigenous hunter-gatherers, leading to different neolithization models[18—
29]. Early research, mainly based on archaeozoological evidence highlighting the importance of
hunting, hypothesized that sub-Alpine Italy may have been one of these regions and interpreting
Neolithization of northern Italy in terms of an admixture of diffusionist and acculturation models[30—

34]. Later studies — based on material culture and radiocarbon dating — have questioned the extent



of such interactions, except in the Adige Valley, where stratigraphic evidence may support
them([35]. Besides a possible Mesolithic substrate, the Neolithic of the region was shaped by its
geography. Enclosed by the Alps, Apennines, and Adriatic Sea, the forested plains of northern Italy
with their hydrographic network[36—41], served as a crossroads between the Mediterranean and
Central Europe (north-south) and between the Balkans and southern France (east—west). In the
6th millennium BCE, at least three diffusion routes reached the region: a western one through
Liguria, a southern along the Adriatic via the Romagna plain, and an eastern through the Balkans
into Friuli. These brought diverse traditions that shaped a cultural mosaic, represented by the
Ligurian Cardial Pottery, Fiorano, and Friulian groups[42,43]. By the late 6th millennium BCE, new
groups appeared—Vho in the central Po Plain, Isolino in the Varese Prealps, and Gaban in the
Adige Valley. From the outset, this mosaic was dynamic, as pottery and lithic circulation indicate
strong interaction, especially in border areas, supported by medium- and long-distance exchange
networks[44—48]. Over the past decade, scholars have argued that these dynamics gave rise to
the Square-Mouthed Pottery (SMP) culture, emerging from Early Neolithic traditions through the
gradual integration of local communities into a new syncretic framework[49-51]. This process,
beginning around 5000 BCE and culminating by 4700 BCE, marked the onset of the middle
Neolithic, characterized by cultural homogeneity in northern Italy. The SMP sequence spans the
5th millennium BCE, with three internal styles grouped into two main stages: stabilization (SMP |-
[I) until mid-millennium, and expansion (SMP IIl) until about 4000 BCE[52]. This expansion is
especially evident in the north-eastern area, where SMP spread northward and eastward.
Settlements now include plains, hills, lakesides, and high-altitude sites, as well as open-air
locations, caves, and rock shelters, reflecting a full territorial “fill-in,” broad environmental
adaptation, and likely diversification of resource use[52]. At the same time, processes of cultural
fragmentation marked the late Neolithic in other areas. In north-western Italy, new elements from
southern France gradually replaced SMP Il traditions. The Chassey culture spread eastward,
merging with local SMP elements in western Lombardy to form a ‘Protolagozza’ phase, later
developing into the Lagozza culture[51,53]. In Emilia, Chassey and SMP sites coexisted around
4300—4200 BCE, with limited direct contact and potential tensions, before SMP traits eventually
disappeared. Further southeast, in the Romagna plain, communities associated with peninsular
cultures (i.e. Ripoli and Diana) established a broad territorial presence, later incorporating Chassey-
Lagozza influences, reflecting the growing spread of western traditions[54]. By the end of the 5th
millennium the earlier cultural framework was largely displaced. Even in the north-east, the first half
of the 4th millennium BCE saw demographic contraction and the dissolution of the SMP horizon,
with poorly standardized ceramics retaining only residual SMP traits, strong north-Alpine and

eastern influences emerging, and settlement patterns focusing on lakesides, hills, and continued



high-altitude occupation, possibly reflecting economic changes[52]. State of knowledge on
Neolithic subsistence

Although knowledge of Neolithic subsistence has grown, comprehensive reconstructions remain
limited by scarce, non-systematic archaeobotanical and archaeozoological analyses,
compounded by taphonomic constraints and variable sampling methods. Sampling strategies
critically affect the quality and representativeness of faunal and botanical assemblages.
Systematic recovery through sieving or flotation, calibrated to stratigraphic units, produces more
reliable data[55], yet this approach was often neglected in older excavations, where hand-
collection of visible remains prevailed. As a result, comparisons between sites excavated in
different periods and by different research groups cannot be fully standardized. These biases
may underrepresent certain taxa (e.g., fish bones, small seeds) or activities (e.g., fishing, mollusc
gathering), so reconstructions should be regarded as partial and open to refinement as more
systematically sampled datasets become available. Although some regional reviews have been
produced, these rarely present quantitative data and generally treat agriculture[39,56,57] and
husbandry[58,59] separately, neglecting aquatic resources and not presenting an overall view.
Generally speaking, early archaeobotanical studies suggested a gradual introduction of cultivated
crops[60], while zooarchaeological evidence pointed to the continued importance of wild species,
including red and roe deer and wild boar[61-70]. As already mentioned this combination of
domestic and wild resources was initially interpreted as reflecting acculturation processes[31,33].
However, more recent research has shown that all the main crops — hulled wheats, naked
wheats, barley, lentils, peas, and bitter vetch — were present from the earliest phases[39,56,57].
Nonetheless, the collection of wild fruits, especially hazelnuts, remained economically significant
throughout the early and middle Neolithic as also seen in other part of Europe[71-76], while
hunting continued to play a variable role, possibly related to the local forest coverage[77].

Within this framework, the middle Neolithic site of Molino Casarotto plays a crucial role in
understanding the socio-economic dynamics of the Neolithic in northern Italy. Known since the
late 1960s, and alongside sites in the Adige Valley, Molino Casarotto was initially central to
hypotheses of acculturation models, as early archaeologists interpreted the site’s economy as
primarily based on hunting, fishing, and gathering[78]. Recent excavations, however, have
provided new data through systematic sediment sampling, including flotation and sieving,
ensuring that no archaeobotanical or faunal evidence was lost, either qualitatively or
quantitatively. This rigorous investigation did not radically alter the overall reconstruction of the
site’s economy, leaving open the question of why a site with a predominantly foraging-oriented
economy existed during the middle Neolithic, approximately 1,000 years after the last Mesolithic
occupations in the region. To understand and interpret this evidence within the broader Neolithic
dynamics of northern Italy, we not only present the results from Molino Casarotto but also a

complete quantitative review of all available carpological and faunal data from Neolithic sites in



northern Italy, excluding its westernmost part (Figures 1-2). This review is based on all variables
related to plant and animal subsistence, including fish and mollusc exploitation, and evaluates
potential chronological and geographical patterns while remaining attentive to the nuances and

peculiarities that might fall outside broader trends.

Molino Casarotto: old data and new excavations

The Neolithic site of Molino Casarotto is located in the Fimon valley, within the Berici Hills district
(Veneto, north-eastern Italy). The site was first reported in 1943 during extensive peat extraction
activities that had begun in the late 19th century and intensified during the Second World War.
These operations brought to light a variety of archaeological materials and structural remains,
among them a distinctive elliptical hearth made of stone resting on wooden planks[79]. This
feature was later precisely relocated during the systematic excavations conducted between 1969
and 1972 by Barfield and Broglio, which established Molino Casarotto as one of the earliest
lakeside settlements in northern Italy[78]. The investigations of 1969-1972 covered about 450 m?
and revealed three distinct habitation areas, each characterized by substantial hearths, layers of
ash, and accumulations of burnt mollusk shells and domestic refuse, interpreted as shell
middens[80]. These were built directly above wooden platforms composed of horizontally
arranged beams and posts, interpreted either as house foundations or as reclamation structures
designed to stabilize the lacustrine margins[78,81,82]. While the first dwelling area was explored
in its entirety, the second and third were only partially excavated. Ceramic assemblages were
classified within the SMP culture, while a rich lithic industry, primarily based on high-quality flint
from the Monti Lessini and greenstones from south-western Lombardy, testified to long-distance
procurement networks[46]. One of the distinctive aspects of the earlier research was the analysis
of plant and animal remains, which provided a preliminary outline of the subsistence
economy[62,68]. Zooarchaeological studies emphasized the predominance of wild animals in the
faunal assemblage, especially red deer and wild boar, suggesting that hunting played a central
role in the community’s diet. Fish bones were also recorded, with pike identified among the
species, together with shells of freshwater mussels (Unio sp.). Mollusc remains were abundant,
though their quantity was not systematically quantified, as well as that of the plant remains[61,78],
and one of the main hearths was described as containing “alternate layers of freshwater mussel
shells and water-chestnut shells”’[62]. Alongside the predominance of water chestnut, plant
macro-remains included abundant hazelnuts and some wild grape pips, while cereals were very
rarely attested. These data led to an interpretation of Molino Casarotto’s economy as a distinctive
adaptation to the wetland environment of the Fimon valley. Because of the very limited presence
of cereals and domestic animals, the settlement was originally described as practicing “a basically
Mesolithic economy of hunting and gathering by people with a Neolithic material culture”[62]. This

formulation encapsulated the double hypothesis proposed at the time: either that Neolithic settlers



had adapted their economy to the particular ecological conditions of the valley, or that indigenous
Mesolithic groups had adopted selected elements of Neolithic technology and material culture.
After several decades, new fieldwork was initiated. Preliminary geophysical surveys carried out in
2020 indicated the presence of anomalies corresponding to the hearth previously excavated by
Barfield and Broglio in the second dwelling area. These results led to a new excavation in 2022,
within the framework of the ERC-CoG GEODAP (Geoarchaeology of Daily Practices) project, with
the goal of re-examining Molino Casarotto. The new campaign reopened and extended the
second habitation area explored in the 1970s, allowing for the first time a clearer definition of the
structural boundaries of the settlement. A line of wooden posts uncovered at the northern edge of
the excavation has been interpreted as a palisade or delimitation element, possibly separating the
habitation zone from the external space of the valley floor. This discovery contributes to the
understanding of the spatial organization of the settlement[79].

Excavations allowed researchers to determine that the site was built some centuries after the
withdrawal of Lake Fimon and the subsequent establishment of a terrestrial peat-covered
environment dating to 5306—5068 cal BCE. The new set of radiocarbon dates and the
stratigraphic excavations show that the site was built and functioned between 4680 and 4440 cal
BCE, during the 2nd phase of the SMP culture (Figure 3.a). Within the newly exposed area, a
new fireplace, termed the “northern hearth,” was found and dated to 4670-4543 cal BCE (Figure
3.b). This chronology was established through a new series of radiocarbon determinations.
Samples were carefully taken from wooden posts, animal bones, charred seeds, and peat layers,
and modelled using Bayesian statistical methods[79]. The northern hearth and its associated
sediments were the focus of specific micromorphological analyses, which provided valuable
insights into food preparation (including mollusc cooking practices) and a more accurate
assessment of fish consumption, as well as into hearth cleaning and the management of
domestic space[83].

This new research season has also enabled systematic sampling for the study of macro- and
micro-plant remains (S| Table S2), as well as terrestrial and freshwater faunal assemblages, to
rigorously outline a subsistence economy framework for this site. In order to interpret the results
within their archaeological context, the analysed stratigraphic units have been grouped into six
macro-contexts: abandonment layers (i.e., areal layers covering the structures and the walking
surface — SU 7, 9, 11), charcoal layers (i.e., charred materials scattered on the domestic floor
during the later use of the combustion areas — SU 5, 20), northern hearth (i.e., a fire structure
including the hearth plate and the related cleansing layers — SU 6, 42, 46, 48, 60, 66), reworked

hearth residues (i.e., the reworked remains of smaller firing structures including burnt soil



fragments and large amounts of charcoal — SU 21, 67, 72, 73), Barfield—Broglio hearth (SU 56),

and pre-site peat layer (i.e., natural layer preceding the establishment of the settlement — SU 25).

Results

Plant macro-remains

The archaeobotanical analysis resulted in the extraction of 4337 plant remains, of which 2306
were identifiable to a taxonomic level. These remains exhibit a remarkable floristic variety, with 76
different taxa recognized and organized into six categories based on economic and
environmental criteria. The complete table of results is available in the supplementary materials
(Sl Table S3).

Aquatic or wetland plants are by far the most represented category (1988 remains for 18 taxa),
followed by grassland and undergrowth herbs (165 remains for 22 taxa), arboreal fruit remains
(80 remains for 19 taxa), non-habitat-specific herbaceous plants (33 remains for 10 taxa), cereals
(9 remains for 5 taxa) and pulses (6 remains for 3 taxa). Two taxa dominate the assemblage: the
water chestnut (Trapa natans), with 868 charred remains (854 shell fragments and 14 seed
fragments) and the Nymphaeaceae family with 822 uncharred seeds. Cladium mariscus,
Persicaria lapathifolia, Carex sp., and Chenopodium opulifolium follow with significantly lower
numbers; respectively 210, 94, 36 and 31 uncharred seeds. All other taxa found have quantities
below 20 units. Categories of primary economic importance (cereals, pulses, and tree fruits) are
represented by a total of 95 remains, most of which (67) come from edible plants (Figure 4).
Among the cereals are caryopsis of emmer (Triticum dicoccum), einkorn (T. monococcum),
naked wheat (T. aestivum/durum), and barley (Hordeum vulgare), while among the pulses are
vetch (Vicia sp.), lentils (Lens culinaris), and peas (Pisum sp.) all documented by few units. It's
worth noting the total absence of chaff remains in the assemblage. Wild edible fruits include
hazelnuts (Corylus avellana), acorns (Quercus sp.), beech nuts (Fagus sylvestris), berries (Rubus
sp. R. idaeus, R. saxatilis) and other fleshy fruits (Comarum palustre, Cornus mas, Sambucus
nigra, Vitis vinifera var. sylvestris).

A limited number of remains (15) similar to charred crumbs were classified as amorphous charred
objects (AOV). They are considered food remains originating from fruit pulp or flour-based dough
products[84—86]. As for the unidentified remains (2031), they are mostly charred nutshell
fragments (866) and seed fragments (44) without diagnostic anatomical elements. A significant
number of charred remains (1115) were too small and poorly preserved to be attributed to a taxon
or a specific part of the fruit. Most of the remains in the entire assemblage (70.85%) are charred,
while 29.15% are desiccated. This dehydration likely began with peat removal in the 1940s, since

the Barfield-Broglio excavations (1969-1972) documented good preservation by waterlogging.



Over the next 50 years, organic matter decomposed, but some elements were preserved.

Therefore, the carpological record is richer than dry sites but poorer than wet sites

Plant micro-remains

To test whether a preservation bias could explain the absence of macroscopic charred chaff
remains, we conducted a phytolith survey to check for the presence of pooid cereal phytoliths,
which would indicate on-site crop processing. Cereals of the Pooideae grass subfamily such as
barley, emmer, einkorn and other wheat species are extremely rich in phytoliths and have been
widely studied, from modern reference material (see a review in Ball et al.[87] as well as from
neolithic archaeological sites[88—91]). The husks in the ears produce ELONGATE DENDRITIC
phytoliths that are considered typical of the chaff of pooid cereals[87,92], among further
morphotypes diagnostic of the grass family. For this purpose, 17 sediment samples have been
collected from 11 SU (S| Table S4) that corresponded to the main anthropogenic deposits and
the natural substrate of lake marl as control. The results of the phytolith analysis (SI Table S4)
shows that ELONGATE DENDRITIC phytoliths from chaff are absent in Molino Casarotto. The
investigated units correspond to the main anthropogenic deposits, including the ashes from the
northern hearth, and the natural substrate of lake marl as control (SU 10). At the site, phytoliths
are few and corroded (0.003-0.08 g on 1 g of sediment; 0.8-32.5% of phytoliths in the AlF/Acid
Insoluble Fraction, Sl Figure S1) and they mostly originated from the leaves of monocotyledons
such as common reeds, Phragmites australis, Cyperaceae and Poaceae (BLOCKY and BULLIFORM
FLABELLATE, Sl Figure S2). Sponge spicules are also present (S| Figure S2). The record of

siliceous microfossils thus reflects the wild vegetation of the lakeshore humid environment.

Terrestrial faunal remains

The terrestrial faunal remains will be discussed briefly, as they are few, extremely fragile and in a
fragmentary state of preservation. Only 36 remains out of 779 have been anatomically and
taxonomically determined - or at least assigned to their respective genus or a higher taxonomic
level — (Table 1; Sl Table S5) due to the reasons stated in the materials and method section. As
for taphonomy, 16.8% of the remains showed burning traces, with evidence of exposure to fire at
different temperatures[93]. Only two remains exhibited cut marks. Among the few remains that
could be identified are elements of red deer (5 antler pieces, 2 teeth and a metatarsal), roe deer
(a mandibular portion and 6 teeth), two Suidae elements identified as wild boar (a humerus and a
radius) and cattle (2 teeth). Additionally, there are 4 teeth and a metapodial belonging to
unidentified small carnivores (e.g., small canids or mustelids such as badgers), 5 teeth and 3
post-cranial elements of micromammals (mainly small rodents) and one Suidae humerus hardly
identifiable as domestic pig or wild boar. The assemblage also includes 2 fragments of a turtle's

plastron and one from a bird. Among the unidentifiable fragments are diaphysis of small and large



herbivores and pieces of tooth enamel from large herbivores. As for the rest of the fragments, it
has not even been possible to hypothesize the size of the animal they belong to.

The poor state of preservation of these remains is most likely attributable to taphonomic
processes and the features of the recovery context rather than reflecting intensive carcass
exploitation. The excavated area appears to be a domestic space that was kept relatively clean.
The recovered faunal remains do not seem to result from food waste disposal or butchering
activities — which were likely carried out and discarded elsewhere — but rather appear to

represent residual materials.

Freshwater faunal remains

Compared to previous research, fewer fish bones were recovered in absolute terms, likely due to
the much smaller excavated area in 2022 (=60 m?) compared with approximately 450 m? in earlier
investigations. However, the 2022 assemblage is proportionally richer thanks to targeted recovery
and improved sieving techniques (Table 1). Pike is the most frequent taxon, with cyprinid remains
also present. Among cyprinids, tench skull bones were identifiable at taxonomic level, but
vertebrae could not be further identified. Both pike and tench inhabit shallow, calm waters.
Generally, pikes measure around 20 cm in their first year and can grow up to 1 m in length and
over 10 kg in weight in adulthood; tench generally measure between 30 and 50 cm and weigh up
to 6 kg. Fish bones were distributed among the main archaeological features, with less significant
layers included only in the overall record (Table 1). Identified elements mainly include those
useful for taxonomic identification, such as cyprinid pharyngeal bones (Sl Table S5). 19 fish
bones exhibited burn marks, with no species or anatomical elements showing a higher frequency.
This data is consistent with the presence of burning structures at the site. Size reconstruction was
performed for pike remains (S| Table S6-S7, Figure 5), but not for tench bones due to their
fragmented state. Pike sizes ranged from 31.8 cm to 83.4 cm, with weight from approximately
182.29 gr to 4.3 kg. Notably, only one individual exhibited significant size and weight, while most
others measured between 30 and 40 cm and weighted between 180 and 400 gr. Lastly,
seasonality data were obtained from seven pike vertebrae, only one of which was recovered from
SU 21, with the remaining refer to SU 20. These data suggest that pikes were caught during the
warmer seasons (i.e., spring—summer). Due to the limited number of specimens, this evidence
cannot be considered statistically or interpretively significant on its own. The poor preservation of
other fish vertebrae, including those of cyprinids, prevents us from drawing further conclusions
about seasonality patterns related to fishing. A substantial number of mollusc shells were
recovered (Table 1) with Unio sp. shells being the most frequent.

A recent study suggests that Unio elongatulus is currently prevalent in the Adriatic drainages of
the ltalian peninsula, whereas Unio mancus is more common in the Tyrrhenian and lonian

freshwater courses, making them allopatric faxa separated by the Appennines[94]. This could



imply that Molino Casarotto shells may belong to Unio elongatulus; however, these species
distribution during the Neolithic is uncertain and limited information from archaeological sites
could be misleading. Although NISP suggests a high frequency of mollusc remains, the MNI
points to a lesser significance at the site. Only 11 Unio sp. individuals were identified following
Girod[95], confirmed by the presence of 22 umbones, whose laterality could not be determined.
For other species, the MNI calculation was facilitated by the intact shells. Unidentified snail
remains were also counted, though it was impossible to distinguish whether they were freshwater
or terrestrial species. Freshwater mollusc remains dominate the assemblage: Unionidae are
commonly found on swamp and river bottoms; Lymnaeidae and Planorbarius corneus typically
inhabit shallow, calm waters; lastly, various species of the Viviparidae family are frequent in
ponds and swamps. Some land species were also recovered, but their presence may be
intrusive. The presence of terrestrial gastropods in the assemblage, although minimal, is likely the
result of post-depositional intrusion. Land snails are commonly regarded as intrusive elements in
archaeological contexts, particularly in sheltered environments, where they may accumulate due
to favourable microhabitat conditions such as moisture and shelter provided by stone structures
or cavities. Their limited presence in this context suggests passive introduction rather than
deliberate human-related deposition and is unlikely to reflect significant paleoenvironmental or
behavioural implications[95]. Freshwater mollusc species were further divided into bivalves and
gastropods, with unidentified snail fragments also considered to better gauge the quantity of
molluscs consumed. These two classes were analysed based on their NISP and weight : the
1840 bivalves weigh 235,78 gr, while the 664 gastropods weigh 45,57 gr. This analysis indicates
that, despite their high number, Unio sp. shell fragments exhibit a significant degree of
fragmentation. It can be concluded that gastropod shells are fewer in number and species but

slightly better preserved, while bivalves are more fragmented.

Statistical analysis

The analyses were conducted on published data from 53 different assemblages from a total of 49
sites, distributed across seven geographical areas and three chronological phases.
Archaeobotanical data were available for 28 contexts, faunal data for 37 contexts, and in 12
cases both proxies were available from the same context.

With regard to the most significant chronological trends, the univariate analysis highlights distinct
patterns in plant and faunal assemblages across the early, middle, and late Neolithic (Figure 6).
Cultivated crops show a progressive increase over time, reaching their highest values in the late
Neolithic. A similar trend is observed for fresh fruits, whereas nuts are more abundant in the early
Neolithic and decline markedly in later phases. Animal resources display more variable patterns:
domestic species increase progressively, while wild game declines. Suids, however, deviate from

this trend, peaking in the middle Neolithic and then remaining stable, whereas fish and mollusc



remains, although less abundant, are present throughout the sequence with only minor
fluctuations. The results of the stepwise correlation analysis, based on the Pearson coefficient (r)
and the associated p-value for each pair of variables, reveal a series of moderate to strong
correlations that are statistically significant (Table 2). For plant remains, negative correlations are
observed between crops and nuts and between nuts and fresh fruit. Among animal remains,
domesticates are positively correlated with suids and negatively correlated with game.
Ichthyofauna shows a negative correlation with all other animal variables, with potential sampling
biases already noted. Overall, these results confirm the univariate analysis: increasing farming
and herding activities are associated with a decline in gathering, hunting, and fishing. The
negative correlations between nuts and fresh fruit, as well as game and ichthyofauna, likely
reflect differences in environmental contexts or resource availability.

The PCA biplots are shown in Figure 7. Overall, clear chronology- or geography-based clustering
is absent. In the PCA of plant remains, an apparent left-to-right pattern is observed, roughly
corresponding to early to late Neolithic sites, with nuts more prevalent on the left and crops and
fresh fruits more prevalent on the right. In the PCA of faunal remains, two clusters appear at the
right end of the plot, both representing mixed economies: in the lower cluster (mainly early
Neolithic sites) wild game is more prominent, while in the upper cluster (mainly middle Neolithic
sites) domesticates are more prevalent. In the PCA combining plant and animal remains, a
cluster of sites from the Garda-Veneto Prealps and Adige Valley — including one site from the
neighboring Venetian area — forms a relatively homogeneous and stable group over time in this
region. In this plot, sites can be broadly divided into three groups: at the bottom, sites with
predominantly agro-pastoral economies; at the top, Molino Casarotto (Figure 7-FIM-MC), with an
economy largely based on hunting, fishing, and gathering; and in the central band, sites with
relatively mixed economies integrating agriculture, gathering, herding, hunting, and fishing.
Across all PCA analyses, a large, scattered cluster includes most sites of varying chronology and
regions, highlighting the variability of Neolithic economic systems. For the four sites with data
from two distinct chronological phases (Isolino Virginia, Figure 7-IsV, Bazzarola, Figure 7-BAZ, La
Vela, Figure 7-LaV, Grotta dellEdera, Figure 7-EDE), the later phases show a higher incidence of
agro-pastoral indicators compared with the earlier phases. Analyses focusing on livestock-related
taxa (caprines, cattle, and suids) revealed widespread mixed herding systems, with regional
patterns evident in the multivariate analysis (Figure 8a). These were further explored through

univariate analyses of chronological trends (Figure 8b) and regional variation (Figure 8c), which



highlighted central tendencies and variability across Neolithic phases and diverse regional

livestock management strategies that will be discussed in detail below.

Discussion

Food choices at Molino Casarotto

The reconstruction of food supply choices must begin with a taphonomic consideration. The
comparison between the occurrence of carpological macro-categories across the analysed
contexts reflects the ratio between charred and uncharred remains. (Figure 9). The graphs clearly
show that the sum of seeds/fruits of cereals, pulses, arboreal plants, water chestnut, and AOV
almost perfectly matches the proportion of charred remains, whereas that of grassland and
undergrowth herbs, other non-edible aquatic/wetland plants, and herbaceous plants of non-
specific-habitat matches the uncharred remains. The former thus have a paleo-economic
significance mainly related to dietary use, while the latter provide additional information, primarily
of paleoenvironmental nature. This interpretation aligns with the results of phytolith analysis
indicating a predominance of wetland and aquatic species. The ubiquitous presence of
Nymphaeaceae small seeds — particularly abundant in the pre-site peat and in the abandonment
layers — suggests the persistence of shallow, stagnant-water or marshy conditions before and
after human occupation of the site.

The spatial distribution of charred remains shows that cereals, pulses, berries, and arboreal fruits
are concentrated near the two fire structures (Figure 10.a) suggesting the simultaneous use of
gathered and cultivated plant foods and their accidental combustion through discard near the

hearths, thus representing meal residues. Bones of terrestrial fauna and fish (Figure 10.b) show a

similar distribution, being highly fragmented and fire-exposed. The scarcity of complete skeletal
elements points to the cleaning of domestic spaces, with larger refuse discarded farther away.
Small fish bones are ubiquitous around the hearths, while medium- and large-sized mammal
bones (suids, cervids, cattle) occur mainly a few meters east of them. Micromammals, small
carnivores, and tortoise remains follow the same pattern as fish bones, supporting the
interpretation that rake-out deposits around the hearths retained finer material, while bulkier
waste was removed. Within this framework, the considerable number of fish bones suggests the
primary economic importance of fishing at the site, in line with previous interpretations by Barfield
and Broglio. The presence of tench (30-50 cm) and pike (30-40 cm) indicates the use of traps
and nets in the nearby lake, while larger pike (70—80 cm) point to additional techniques such as
harpoons and hooks, similar to those proposed for Lugo di Romagna[96].

Mollusc shells are more widely scattered (Figure 10.d), occurring throughout almost the entire
excavation area. This distribution may be due to fragmentation and small size, with burned shells

found only near cooking structures and absent in contexts without them. This pattern suggests



shell disposal around hearths and a possibly post-depositional origin of burning traces[97]. The
distribution of water chestnut remains deserves particular attention (Figure 10.c). Although most
are concentrated near the hearths, they are also widespread across the site and display the
highest ubiquity value (S| Table S9). Nearly all water chestnut remains (98%) are charred shell
fragments, even those far from hearths. Since the edible nut must be extracted from the shell and
can be consumed raw, boiled, or roasted[98], the evidence points to deliberate roasting and
shelling. Combustion, therefore, was likely part of a specific processing sequence rather than
accidental or post-depositional. Water chestnut is by far the most abundant food resource: a
conservative estimate indicates at least 213 collected fruits — a remarkable quantity given the
limited excavation area — suggesting it served as a staple food. Nutritionally comparable to
cereals in starch and protein content[98,99], this plant likely played a central role in the site’s
subsistence. Abrasive stone fragments with flattened surface found near the northern hearth
could represent pieces of a grinding tool used to process roasted nuts into flour, a practice
documented historically and ethnographically[100]. Some AOVs in the macro-remain assemblage
might represent the final product; however, no residue, functional, or petrological analyses have
yet been conducted, and this interpretation remains hypothetical.

The predominance of foraging-based strategies at Molino Casarotto is evident. Domestic
mammals identified at species level account for only 3.76% of the assemblage (5,680 remains).
The “suids” category, representing 35.04%, complicates interpretation, as distinguishing between
domestic pigs and wild boar is notoriously challenging in Neolithic contexts[101-103]. However,
previous biometric and demographic reanalysis of the Barfield-Broglio faunal assemblage[104]
does not indicate a substantial presence of introduced domestic pigs at the site, suggesting that
most suid remains are most likely wild individuals. This, in addition to the high proportion of
certainly wild species in the assemblage (61.20%), supports the interpretation of a subsistence
economy primarily based on hunting, fishing, mollusc exploitation, and wild fruit gathering —
categories that together account for almost the entire archaeobotanical and archaeozoological
assemblage. The use of water chestnut as a staple food further reflects a foraging-oriented
adaptation, probably linked to the abundant availability of this resource near the site, as observed
in other wetland neolithic sites across the Balkans and Central Europe[74,98,100]. This strategy
aligns with the broader middle Neolithic pattern of increasing environmental diversification and
flexible resource use. The deliberate roasting, shelling, and possibly grinding of the fruits indicate
a degree of processing conceptually comparable to that applied to hulled cereals, suggesting
structured food preparation practices rather than immediate consumption. Finally, the site’s
material culture — including greenstone axes from the Oltrepd pavese (southwestern
Lombardy)[46], flint from the Lessini Mountains [79], and SMP pottery — demonstrates integration

into regional exchange networks of raw materials, suggesting that such interactions could also



have involved plant or animal food resources, though further analyses are required to test this

hypothesis.

Neolithic subsistence economies in northern Italy

The environmental variability of Holocene northern Italy — encompassing plains, forests, coastal
zones, hilly areas, mountain, valleys, and wetland or lacustrine environments — had long provided
favourable conditions for human settlement and diversified resource exploitation. During the late
Mesolithic, this is reflected in the systematic occupation of lowland areas, particularly near
watercourses, springs, and wetlands [105—-111]. Subsistence economies in these areas were
based on hunting and hazelnut gathering, as well as fishing and mollusc collection[105,111]. This
is indicated by archaeobotanical and archaeozoological assemblages, along with the frequent
recovery of antler harpoons from sites across the Alpine region and northeastern Italy[112].

The same ecological richness offered early Neolithic farmers a wide range of resource
opportunities and may partly explain the persistence of flexible and locally adapted subsistence
strategies throughout the Neolithic.

From the early Neolithic onward, subsistence economies in northern Italy developed along
multiple trajectories, likely reflecting both environmental diversity and cultural variability. Our
review, based on the available data from 49 sites distributed across seven geographic regions
and three chronological phases, together with the related univariate and multivariate analyses,
provides a general overview of Neolithic subsistence patterns. In general terms, cultivated crops,
fresh fruits, and domesticated animals increased progressively from the early to the late Neolithic,
while wild resources such as nuts and game tended to decline (Figure 6). Aquatic resources,
including fish and molluscs, although minoritarian, remained consistently represented throughout
the sequence. In contrast, PCA, while showing possible temporal trends and regional clustering,
highlights the full complexity of subsistence economies, revealing a broad spectrum of mixed
strategies rather than a single, homogeneous model (Figure 7). To further explore these patterns,
Figure 11 presents six maps of northern Italy, each showing all available sites for a given
chronological phase. For each site, pie charts illustrate the relative proportions of plant food
sources (edible wild nuts and fruits vs. cultivated crops - Table 3) and meat sources (wild game,
suids, domesticates - Table 4). This visualization allows a detailed comparison of site-specific
economic strategies.

The introduction and spread of early agriculture in northern ltaly likely followed multiple routes,
including both maritime and terrestrial paths along the Tyrrhenian and Adriatic coast[113], as well
as from the Balkan area, as suggested by the presence of Triticum timophevii[114], a species
widely distributed in the latter region. The main introduced crops were barley, emmer, and
einkorn, while free-threshing wheats are less frequent and pulses are generally poorly
represented. Lentil, pea, Lathyrus sativus/cicero, Vicia ervilia, and V. sativa are documented, with



V. sativa being more abundant in some sites[57]. The Adriatic diffusion route of agriculture is
visible in the early appearance of crops in the Romagna and southern Po Valley, at Lugo di
Romagna, Bazzarola, and Spilamberto[115—-117]. While in these areas agriculture was
predominant from its introduction, in the eastern Friulian plain, alongside sites with dominant or
prevalent agriculture, the gathering of wild fruits — mainly hazelnuts — is well attested at
Sammardenchia (56%) and Fagnigola (98%)[36,118,119]. A westward diffusion gradient in the
spread of agriculture may be indicated by the progressive decrease in crop percentages, shifting
from 87% in the Southern Po Plain and 60% in the Friulian plains, to about 45% at Lugo di
Grezzana and La Vela[120,121], and reaching around 20% at Isolino Virginia[122,123], further
west. During the middle Neolithic, when the SMP culture prevailed in most of the study area,
agriculture became predominant across most regions, with crops exceeding 94% in the Southern
Po Plain and around 85% in the Garda Prealps and Adige Valley. The importance of free-
threshing wheats also seems to increase[57]. Deviating from this pattern are the assemblages
from Masera di Padova (crops = 71%) and Forli-Via Navicella (60%), where crops are less
abundant but still prevalent. Molino Casarotto — as previously discussed — represents the most
striking exception, with crop frequencies below 1%. In the late Neolithic — a period characterized
by the fragmentation of earlier cultural uniformity — agriculture is widespread, but an apparent
increase in the incidence of wild fruits is observed, particularly where abundant remains are
preserved under waterlogged conditions. This is evident at Tosina di Monzambano (63%), and
Palu di Livenza (78%), but also at the dry site of Bannia-Palazzine di Sopra (67%)[124—126]
While this pattern is likely influenced by preservation bias, it may also reflect an actual greater
exploitation of fresh fruits concurrent with the decline of nut gathering, as already noted in the
univariate analysis. In particular, wild grape (Vitis vinifera ssp. sylvestris) becomes frequent, even
if it does not constitute a significant dietary component, while hazelnut shell fragments are less
common than in earlier phases[57].

The introduction and spread of animal husbandry in northern Italy followed the same diffusion
routes as agriculture, with domesticates such as sheep, goats, and cattle introduced through
multiple pathways[127], including the Tyrrhenian, Adriatic, and Balkan areas. The situation is
more complex for pigs. Given that distinguishing between wild boar and domestic pig is often
problematic and debated[101], we opted to use the inclusive category of “suids”, encompassing
both taxa. This choice allows for a clearer understanding of suid management practices,
regardless of their precise domestic status, since their domestication pathway appears to differ
from that of caprines and cattle. The difficulty in distinguishing wild from domestic suids in
Neolithic assemblages is not only methodological but also historical and economic. Although it is
undisputed that west Asian domestic pigs were introduced into Europe during the Neolithization
process, genetic, biometric, and demographic data[104,128,129] support the hypothesis of a local

domestication process of the Italian wild boar during the Neolithic [129-131]. This interpretation,



though still under discussion, suggests the emergence of local pig populations retaining
morphological traits of the native wild boar, with limited genetic input from introduced stock.
Tecce (2020) provides several arguments in favor of this scenario, including the absence of
abrupt morphometric changes between Mesolithic and Neolithic suids, the persistence of the
typically small Italian wild boar tooth size relative to postcranial bones, and the biometric similarity
of Neolithic pigs to local wild boars rather than west Asian specimens[104]. Pending further
evidence, this remains a plausible working hypothesis. Univariate analysis shows that suids
follow a chronological trend more similar to that of domesticates and inversely related to wild
game (Figure 6). This suggests that — whether locally domesticated or imported — their presence
broadly reflects herding practices, although exceptions exist. Examining the distribution patterns
across the three chronological phases (Figure 11), in the early Neolithic livestock management
(caprines and cattle) is predominant only in a few sites, such as Grotta del’Edera (99%) and
Piancada (73%) in the Friulian plains[58,132—134] , Casalecchio di Reno (84%) and Casa Gazza
(54%) in the southern Po plain[70,135], and Lugo di Grezzana (84%) in the Garda—Venetian
Prealps [136]. Hunting — especially of deer[68] — remained important in- most other sites, with
game frequencies ranging between 30—60%. This indicates a complex and locally variable
transition to herding. Suids are well attested in this phase, particularly in the central Po plain
(Ostiano—Dugali Alti, Isorella, Vho di Piadena), Casa Gazza (southern Po plain), and Cologna
Veneta (Venetian plain), with frequencies of 25-35%, whereas their role is minor in the Adige
Valley, southern Po plain, and Friulian plains (average 13%). During the middle Neolithic, animal
husbandry becomes the dominant subsistence strategy almost everywhere (average > 70%). The
only exceptions are Razza di Campegine (~9%)[137] and Molino Casarotto (~4%)[62], where
clear evidence of wild boar hunting has been reported[104]. In these sites, wild game (mainly
cervids) reaches 61-67%, though significant proportions are also recorded at Botteghino
(27%)[138] and Isera—La Torretta (~32%)[58,139]. This likely reflects opportunistic hunting
strategies driven by specialization or local environmental conditions, such as the abundance or
concentration of game in specific locations, which could make hunting more efficient in terms of
energy investment and yield compared with livestock management[59]. Suids increase both in
frequency and spatial distribution compared to the earlier phase: apart from five sites (mostly in
the southern Po plain) showing low values (1-13%, mean = 8%), the remaining nine sites yield
19-35% (mean = 28%). During the late Neolithic, the pattern becomes less linear. In the Central
Po Plain, hunting regained some relevance (15-28%), as also observed at Cornuda (48%)[140],
the only other case, besides Molino Casarotto, where suid remains may represent hunted wild
boar[104]. Nevertheless, wild animals overall likely lost importance as meat providers due to
agricultural expansion and habitat reduction[59]. These broader changes could have promoted a
shift from a loose free-range system toward more intensive pig management (now ranging

between 10-45%, mean = 28%), with closer control of herds. This likely caused selective



morphological changes resulting in a clearer distinction between wild and domestic forms[104]
and indicating the growing economic importance of pigs within subsistence systems. Naturally,
within this scenario, the exploitation of caprines and cattle remained central. Statistical analyses
focusing on livestock-related taxa (Figure 8, S| Table S8) reveal noteworthy patterns. General
chronological trends (Figure 8.b) show that caprines were consistently important across all the
phases, cattle were most prominent in the middle Neolithic, and suids gradually increased over
time, with occasional sites showing particularly high suids abundance (i.e. Molino Casarotto, Vho
di Piadena, Razza di Campegine and Cornuda) perhaps reflecting a bias related to wild boar
hunting. The PCA (Figure 8.a) and the scatter plots (Figure 8.c) highlight distinct livestock
management patterns across northern ltaly. In the Trieste karst, caprines dominate throughout all
phases, indicating a strong focus on sheep and goats. In the remaining areas, mixed herding
systems are observed, with all three species exploited but showing regional differences. In the
southern Po plain, cattle are clearly predominant. In the central Po plain and in the Venetian
plains and hills, caprines are generally less abundant, cattle more frequent, and suids
predominant, nevertheless in the central plain, cattle surpass suids in the middle Neolithic and the
two taxa become comparable in the later phase. In the Garda-Venetian Prealps and Adige valley,
early Neolithic sites show lower cattle abundance compared to caprines and suids, whereas
middle Neolithic sites display an almost even distribution among the three taxa. Finally, in the
Friulian plain, the dataset is too limited to draw general conclusions.

Fishing, while never dominant, remained a persistent and complementary component of Neolithic
subsistence in northern ltaly, but the data must be interpreted cautiously, as they may be
underestimated due to sampling biases and the limited recovery of small remains without fine
sieving or flotation. Stepwise correlation analysis shows that ichthyofauna is negatively correlated
with other animal categories, suggesting that fishing generally complemented hunting and
herding rather than forming the primary subsistence base. Early Neolithic evidence in the central
Po plain is limited to a few fish remains [65,70], reflecting this general pattern. Exceptions are
Piancada, where molluscs represent an important food source[132,133], and especially Lugo di
Romagna, where a richer assemblage of marine and freshwater fish, alongside molluscs, indicate
that fishing played a fundamental role[96,141]. In the PCA combining faunal and botanical data,
Lugo di Romagna occupies a distinct quadrant, highlighting the site’s unique agro-ichthyic
economy (Figure 7-LUG-ROM). In the middle Neolithic, freshwater fish are documented in the
central Po Valley and the Venetian hills[142—-144], as well as at Molino Casarotto where pike,
trout and mollusc represent a conspicuous part of the faunal assemblage. Other notable
assemblages are reported at Riva del Garda[145] and, during the late Neolithic, at Tosina di
Monzambano[146,147]. Rare fishing hooks suggest occasional tool use[148,149], but their
scarcity indicates simple, archaeologically elusive techniques, consistent with ethnographic

evidence [150,151]. Overall, the available evidence depicts a dynamic and locally differentiated



Neolithic economy in northern Italy, in which the agro-pastoral model had become more stable
and consolidated than at its introduction. Hunting, fishing, mollusc collecting, and the gathering of
nuts and fresh fruits remained significant, contributing to mixed economies that exploited all
locally available resources. Each site adapted its subsistence strategies to local environmental
conditions, selecting the most advantageous activities. Variability in subsistence economies is not
fully explained by material culture; it appears more closely linked to environmental factors and
community needs, though local non-economic choices — such as traditions, social preferences,
symbolic norms, or innovations — may also have played a role. Despite overarching trends, this

complexity resists rigid or predictable regional, cultural, or chronological patterns.

Conclusion

The interdisciplinary study following the recent excavation campaign at the middle Neolithic site of
Molino Casarotto offers an opportunity to rethink the concept of the Neolithic in northern Italy in a
more flexible and nuanced way. Our results highlight the complexity of subsistence economies
across this culturally and geographically diverse macro-region. While previous models of
Neolithization often approached the adoption of agriculture and animal husbandry in a
dichotomous manner, the present study reveals a spectrum of “mixed economies” in which
farming, herding, hunting, fishing, and the gathering of wild fruits, nuts, and molluscs coexisted,
with the relative importance of each activity varying between sites.

Statistical analyses, although showing a general trend towards a progressively more consolidated
agro-pastoral economy over the course of the Neolithic, also underscore the persistence of
foraging-oriented strategies. Sites such as Molino Casarotto exemplify outliers within this trend,
highlighting the remarkable variability and flexibility of Neolithic subsistence traditions. The
specific drivers behind this mosaic remain uncertain but likely include environmental conditions,
economic opportunities, and possibly cultural factors. While our data cannot directly demonstrate
cultural intent, the continued exploitation of wild resources may reflect adaptive resilience, helping
communities maintain flexibility in resource knowledge and subsistence strategies.

Taken together, these results suggest that Neolithic communities in northern Italy adopted
context-specific and adaptive strategies rather than following a single, uniform model of economic
change. Future systematic archaeobotanical and archaeozoological research should aim to
further disentangle the social, ecological, and cultural interactions that informed subsistence
decisions, providing a more comprehensive understanding of the processes of neolithization in

the region.
Materials and Methods

Plant macro-remains



Sediment samples were collected from all excavated stratigraphic units. The number of samples
collected from each SU varied according to its extent, defined on the excavation site by a specific
grid of 100x100 cm, further subdivided into squares of 50x50 cm. In total, 99 samples were
collected, amounting to 166,15 |. However, excluding the samples from SU potentially
contaminated by recent peat extraction, a total of 71 stratigraphically reliable samples from 18 SU
were used for this study, amounting to 133 | of analysed sediment (Sl Table S2). The extraction
of macro remains was carried out during archaeological excavation operations through flotation
and water sieving using a flotation machine. The lighter plant material floated to the surface and
was collected in a 0,3 mm mesh sieve, while the heavier, non-floating fraction was sieved under a
water jet with a 1 mm mesh. Following this operation, the samples were transferred to the
laboratory for sorting and identification conducted through observations with a Optika SZA1
stereomicroscope. The identification of seeds and fruit remains was performed by consulting
seed atlases and specialized reference literature[84,152—-157].

For each taxon, the ubiquity value was measured based on both the samples and the SU
analysed (S| Table S9). The reliability of the analysed assemblage was estimated following
Diehl[55] as very high: with 71 samples analysed, there is a 2.6% (p=0.026) probability of missing
taxa that represent less than 5% of the total assemblage present at the site (i.e. taxa with a

theoretical ubiquity less than 0.05).

Plant micro-remains

For the extraction of siliceous microfossils from the main stratigraphic units excavated at Molino
Casarotto, the laboratory protocol for sample processing followed Madella et al.[158], for details
see S| Methods. For the calculation of acid insoluble fraction (AIF), the procedure follows
Lancelotti[159], adapted from Albert and Weiner[160]. Phytoliths nomenclature respects ICPN
2.0[92]. Seventeen sediment samples have been processed that came from eleven different

stratigraphic units as in Sl Table S4.

Terrestrial faunal remains

Materials were collected through both archaeological excavation operations and the flotation and
sieving of sediments. Unlike the faunal findings from previous archaeological research in the
area[62,68] the number of animal bones discussed here is relatively small and characterised by
an extremely fragile and fragmentary state of preservation. Most of the remains feature bone
flakes that, in fact, detach easily.

Bone identification was carried out using osteological atlases[161,162] and the reference
collection of the PrEcLab (Laboratory of Prehistory, Protohistory, and Ecology) at the Department
of Cultural and Environmental Heritage, University of Milan. Measurements were performed

following von den Driesch[163]. The distinction between domestic pig and wild boar was based



on comparison with reference specimens and observations of available measurements (the
humerus from SU 5/sq.C3-C4 shows the following measurements: Bd=47,2 and SD=20,7).

A total of 779 remains were examined, with a weight of 465 g. Only a small percentage of the
assemblage could be anatomically and taxonomically determined due to the reasons stated
above (4.6%, corresponding to 36 remains). The total number, however, is misleading. The size
of the undetermined fragments is in fact, in most cases, less than a centimetre and it is likely that
many of them belong to the same bone; this would greatly reduce the real number of recovered

remains.

Freshwater faunal remains

Archaeological sediments were wet sifted using mesh sizes of 1 and 2 mm. A total of 70 samples
were sifted with the 1 mm mesh, and 26 samples with the 2 mm mesh. The 1 mm samples
amounted to 162,08 litres of soil, while the 2-mm samples totalled 154,5 litres. No significant
difference was observed between the faunal materials recovered from the two mesh sizes;
therefore, the faunal sample will be discussed as a whole.

Fish bones and mollusc shells have been identified by using works from different specialists as
reference, namely: Wilkens[164], Lazzari[165] for the latter, Libois & Hallet Libois[166],
Radu[167], Davis et al.[168] for the former. For information regarding ecology and species
distribution, Bruno & Maugeri[169] was used as reference for fish and Cossignani &
Cossignani[170] for molluscs.

The Number of Identified Specimens (NISP) was calculated for all taxa, while the Minimum
Number of Individuals (MNI) was only calculated for molluscs following Girod[95]. Fish bones
measurements were recorded using the criteria described in Morales & Rosenlund[171]. The
Total Length (TL) and total weight of pike were calculated following Frezza[172] for cranial

remains and Jelu et al.[173] for vertebrae.

Statistical analysis

An integrated statistical data analysis was performed on the compositional dataset —i.e.,
normalized percentages of different classes of plant and animal remains — from 53 assemblages
belonging to 49 sites. These sites are distributed across seven geographical areas of northern
Italy: Trieste Karst, Friulian plain, Venetian hills and plain, Garda-Venetian Prealps and Adige
valley, Varese Prealps, central Po plain, and southern Po plain, and cover the early, middle, and
late Neolithic phases (Figures 1-2).

To minimize biases related to different sampling intensities, data were normalized by
compositional proportion. For simplicity in visualization and comparison, the following
macrocategories were defined: crops (cereals and legumes), nuts (hazelnuts, acorns, and beech

nuts), and fresh fruits (including water chestnuts) as plant remains; and domesticates (caprines



and cattle), suids (both pigs and wild boars), game (cervids and other mammals, birds, reptiles,
and amphibians), and ichthyofauna (freshwater and marine fish and mollusks) as animal remains
(Sl Table S8).

The dataset was pre-processed using a centered log-ratio (CLR) transformation to avoid the data
closure effect. The statistical workflow included: (1) univariate analysis based on boxplots and
scatter plots; (2) stepwise correlation analysis; and (3) principal component analysis (PCA) using
the covariance matrix. The PCA was conducted separately for sites with (a) plant remains, (b)
animal remains, and (c) both combined. A fourth PCA was performed on log-ratios of caprine,
cattle, and suid remains to explore livestock husbandry patterns. All calculations were performed
using Statgraphics Centurion 19. This approach allowed us to explore possible chronological and
geographical trends in the relative abundance of archaeological finds and to identify statistical
patterns linking the distribution of plant and animal materials.

Data availability
All data generated from this research are available in the main text and in the supplementary

information.
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Figure 1. Map of the study area in northern ltaly showing the location of the 53 Neolithic sites
analyzed, grouped into seven sub-regions and color-coded as follows: Trieste Karst (yellow: 29.
Grotta degli Zingari, 30. Grotta dellEdera — Phase 1, 36. Grotta del’Edera — Phase 2, 48. Grotta
del Mitreo — Trincea 5); Friulian Plains (cyan: 7. Sammardenchia, 8. Pavia di Udine, 9.
Fagnigola, 10. Valer, 11. Piancada, 20. Palu di Livenza, 21. Bannia — Palazzine di Sopra);
Venetian Hills and Plains (green: 18. Fimon — Molino Casarotto, 24. Fimon — Le Fratte, 25.
Masera di Padova, 26. Castelnuovo di Teolo, 28. Cologna Veneta, 45. Monselice, 49. Cornuda);
Garda-Venetian Prealps and Adige Valley (orange: 4. Lugo di Grezzana, 6. La Vela — Phase 1,
16. La Vela — Phase 2, 17. Riva del Garda — Via Brione, 27. Riparo Gaban, 44. Rocca di Rivoli,
51. Isera — La Torretta,); Central Po Plain (red: 23. Tosina di Monzambano, 31. Ostiano — Dugali
Alti, 32. Isorella, 33. Vho di Piadena, 37. Belforte di Gazzuolo, 38. Casatico di Marcaria, 39.
Rivarolo Mantovano, 46. Olmo di Nogara, 47. Gazzo Veronese — Scolo Gelmina, 53. Levata di
Curtatone); Southern Po Plain (magenta: 1. Bazzarola — Phase 1, 2. Lugo di Romagna, 3.
Spilamberto — Via Macchioni, 12. Ponte Ghiara, 13. Rivaltella — Ca Romensini, 14. Bazzarola —
Phase 2, 15. Parma — Via Guidorossi, 22. Spilamberto — Site VIII, 34. Casa Gazza, 35.
Casalecchio di Reno, 40. Parma — Benefizio, 41. Gaione — Parco del Cinghio, 42. Vicofertile, 43.
Razza di Campegine, 50. Botteghino, 52. Forli — Via Navicella); and Varese Prealps (blue: 5.
Isolino Virginia — Phase 1, 19. Isolino Virginia — Phase 2). Each site is also annotated with a
symbol indicating its chronological phase (Early, Middle, or Late Neolithic). Map modified from
Google Earth (© Google, 2025). Used for academic research purposes.
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Figure 2. Chronological spans of Neolithic archaeological sites in north-eastern Italy with available
zooarchaeological and/or carpological analyses referenced in this paper. The time intervals shown
for each site correspond to the radiocarbon dates listed in Sl Table S1. The solid black line indicates
the full chronological interval between the oldest and the most recent radiocarbon dates available.
Where possible, radiocarbon dates were selected to refer specifically to the archaeological layers
from which the faunal and carpological assemblages were recovered. Grey lines indicate cases in
which the full radiocarbon interval could be narrowed thanks to the attribution of a site to an
archaeological culture (blue dashed lines). Red dashed lines indicate sites for which no radiocarbon
dates are available and chronological reference is based solely on cultural attribution. Absolute
dates for archaeological cultures follow Pessina and Tiné[77]. For Fimon - Molino Casarotto, a
yellow box indicates the chronological interval based on radiocarbon dates from the 2022

excavation from which the studied assemblages come from.
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Figure 3. a) Plot with the dates from the 2022 campaign modelled. On the right are all the dates
of the posts to the north, which in the plot on the left have been 'combined' together using the
R_combine function of Oxcal; b) Plan of the 2022 campaign with an indication of the main
features discussed in this article. Map created using Adobe lllustrator (v. 25.2.1 - Adobe Inc.;
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Cereals

Cerealia (seed)

Hordeum vulgare (seed)
Triticum aestivumédurum (seed)
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Figure 4. Chart showing the results of the carpological analysis for the macro-categories of

economic interest: Cereals, Pulses, and Trees & Shrubs, grouped by provenance context.
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Figure 5. Size reconstruction of pike according to Frezza[172] for cranial remains and Jelu et

al[173] for vertebrae. Length is expressed in cm, while weight is expressed in g.
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96%, and 90% of total variance, respectively.
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Figure 9. a) Occurrence of plant macro-remain categories in the contexts analysed; b) Relative

proportions of charred and uncharred plant macro-remains in the contexts analysed.
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Figure 10. Spatial distribution of plant and bone remains in the samples collected within the 2022
excavation area (the two fire structures identified are highlighted in green): a) distribution of cereals,
pulses, fruits, and nuts (the drawing shows the exact number of remains identified); b) distribution
of mammal, reptile, and fish bone remains. (the drawings indicate the exact number of remains, for
fish remains the exact number is shown where the value was too high for a graphical
representation); c) distribution pattern of charred water chestnut (Trapa natans) shell fragments; d)

distribution pattern of mollusc shell fragments and burned shells.
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Figure 11. Agriculture/gathering and livestock/hunting in early, middle and late Neolithic northern
Italy. Sites with quantitative data are represented by pie charts, their size corresponding to the
number of analysed remains. Sites with insufficient or no quantitative data are depicted with a
specific icon. Additionally, evidence of fishing and mollusc gathering are indicated with
appropriate symbols. Numbers indicate the respective sites (see Tables 3-4), while the white star
and charts outlined in white indicate the site of Molino Casarotto. Map modified from Maps-for-
Free/OpenStreetMap (© OpenStreetMap contributors, licensed under ODbL,
https://www.openstreetmap.org/copyright).




Tables

Table 1. Identified taxa from the site of Molino Casarotto. The table includes the results of
archaeozoological analyses from previous excavations, as well as those presented in this study
and related to the recent archaeological investigations. As for Jarman’s study, the numbers in
brackets refer to specimens that he tentatively assigned to the taxon in question, while the
question mark placed next to Rupicapra rupicapra has been retained as originally indicated by
Boyle. The exact quantity of molluscs identified in previous studies is not reported, as the
publications do not provide the precise number of fragments recovered. Taxonomic categories
are presented using Latin nomenclature, as in Jarman, with slight adjustments and/or groupings

made for practical purposes.

TAXON NISP (JARMAN 1976) | NISP (BOYLE 2014) | NISP (THIS STUDY)
Bos taurus 52 (2) 68 2
Ovis/Capra 24 (3) 119

Ovis aries 3(1)

Equus caballus 1(2) 6

Cervus elaphus 2947 (166) 1036

Capreolus capreolus 275 (41) 288

Rupicapra rupicapra (?) 2

Sus scrofa 467 2
Sus sp. 2285 (61) 1
Vulpes vulpes 1 21

Canis lupus 3

Canis familiaris 28

Canidae 1

Ursus arctos 17

Felis silvestris 3

Meles meles 59 (6) 25

Lutra lutra 19

Martes martes 3

Mustela sp. 2

Mustela erminea 4

Martes sp. 1

Mustelidae indet. 2

Carnivora indet. 42 (6) 5
Castor fiber 4 1

Arvicola amphibius 8

Rodentia indet. 3

Leporidae 20

Lagomorpha indet. 2 6

Micromammalia




Anas platyrhynchos

Falco sp. 1

Aves 11 (2) 1
Anura indet. (2) 10
Emys sp. 14 (2)

Chelonia indet. 3(1)

Esox lucius 48
Tinca tinca 8
Cyprinidae sp. 14
Pisces 206 (1) 46

Helix sp. 25
Rumina decollata 1
Lymnea sp. 2
Planorbarius corneus 1
Unio sp. 1840
Viviparus sp. 7
Viviparus ater 17
Viviparus contectus 81
Total NISP 5933 (296) 2197 2090
Medium/small-sized mammals 54
Large-sized mammals 11

Unidentifiable

677




Table 2. Stepwise correlation analysis of CLR-transformed abundance data of different plant and

animal remains from all the selected archaeological sites; for each pair of variables, the Pearson

correlation coefficient (first row) and the p-value (second row) are indicated.

Plant remains Animal remains
Fresh Domesti- Ichthyo-
Crops Nuts Suids Game
fruit cates fauna
-0.3940 | -0.2650 0.5801 -0.3601 | -0.5645
Crops Domesticates
0.0380| 0.1729 0.0002 0.0310| 0.0003
-0.3940 -0.7818 0.5801 -0.0013| -0.7813
Nuts Suids
0.0380 0.0000 0.0002 0.9940| 0.0000
-0.2650 | -0.7818 -0.3601 -0.0013 -0.4852
Fresh fruit Game
0.1729 0.0000 0.0310 0.9940 0.0027
-0.5645 -0.7813 -0.4852
Ichthyofauna
0.0003 0.0000 0.0027

Table 3. Sites with available quantitative data on archaeobotanical analyses divided by
chronology (EN = Early Neolithic, MN = Middle Neolithic, LN = Late Neolithic). Cultivated crops
include cereals (caryopses and chaff remains) and pulses, while gathered fruits encompass all
remains of edible wild fruits, including nutshell fragments.

cultivated | gathered

n. Site region phase n.. crops fruits

remains ) )
1 | Bazzarola — phase 1[115] South. Po plain EN 8383 89.54 10.46
2 | Lugo di Romagna[116] South. Po plain EN 11088 72.62 27.38
3 | Spilamberto — via Macchioni[117] South. Po plain EN 153 98.69 1.31
4 | Lugo di Grezzana[120] Venet. plain&hills EN 807 47.34 52.66
5 | Isolino Virginia — phase 1[122,123] | Varese Prealps EN 3233 17.65 82.35
6 |La Vela-phase 1[121] Adige valley EN 126 45.24 54.76
7 | Sammardenchia[36,38,118] Friulian plains EN 10166 44.04 55.96
8 | Pavia di Udine[174,175] Friulian plains EN 5852 65.74 34.26
9 | Fagnigola[36,38] Friulian plains EN 4089 2.03 97.97
10 | Valer[36,38] Friulian plains. EN 52 90.38 9.62
11 | Piancada[176] Friulian plains EN 1478 91.47 8.53
12 | Ponte Ghiara[115] South. Po plain MN 6597 94.25 5.75
13 | Rivaltella Ca Romensini[115] South. Po plain MN 1000 94.30 5.70
15 | Parma — via Guidorossi[177] South. Po plain MN 3372 99.61 0.39




16 |La Vela — phase 2[121,178] Adige valley MN 4656 86.38 13.62
17 | Riva del Garda - via Brioni[178] Adige valley. MN 6050 83.82 16.18
18 | Fimon - Molino Casarotto Venet. plain&hills MN 1876 0.80 99.20
25 | Masera di Padova[179] Venet. plain&hills MN 312 71.15 28.85
52 | Forli — via Navicella[117] South. Po plain MN 397 59.19 40.81
14 | Bazzarola — phase 2[115] South. Po plain LN 1809 81.04 18.96
19 | Isolino Virginia — phase 2[122,123] | Varese Prealps LN 2220 72.75 27.25
20 | Palu di Livenza[124] Friulian plains LN 306 21.57 78.43
21 | Bannia - Palazzine di Sopra[125] Friulian plains LN 2197 32.54 67.46
22 | Spilamberto — Site VIII[180] South. Po plain LN 194 70.62 29.38
23 | Tosina di Monzambano[126] Central Po plain LN 137 37.23 62.77
24 | Fimon-Le Fratte[181] Venet. plain&hills LN 601 81.03 18.97
26 | Castelnuovo di Teolo[144] Venet. plain&hills LN 302 87.75 12.25
53 | Levata di Curtatone[115] Central Po plain LN 12275 98.12 1.82

Table 4. Sites with available quantitative data on archeozoological analyses divided by
chronology (EN = Early Neolithic, MN = Middle Neolithic, LN = Late Neolithic). The data on

domestic (caprines and cattle), suids (pigs/wild boars) and wild fauna are reported as published

by the respective authors (only the confirmed identifications were considered). The last two
columns indicate the sites that have provided evidence of fishing (fi) and mollusk gathering (mo).

n. domestic suids wild
n. site region phase ) fi | mo
remains (%) (%) (%)
27 | Riparo Gaban[58] Adige valley EN 449 33.60 18.00 48.40 X
La Vela —phase Adige
6 EN 104 51.92 11.54 36.54
1[102] valley.
Lugo di
4 Adige valley | EN 67 83.58 10.45 5.97
Grezzana[136]
Venet.
28 | Cologna Veneta[182] EN 357 36.97 35.58 27.45
plain&hills
Friulian
11 | Piancada[132,133] lai EN 307 73.29 25.08 1.63 X
plain
Grotta degli Trieste
29 EN 228 28.95 16.67 54.39
Zingari[183] Karst
Grotta dell'Edera — Trieste
30 EN 900 99.12 0.44 0.44
phase 1[184,185] Karst
Ostiano Dugali Central Po
31 EN 236 22.46 28.39 49.15 X
Alti[65] plain
Central Po
32 |Isorella[67,69] ) EN 189 33.33 29.63 37.04 X
plain
Vho di Central Po
33 EN 97 8.25 30.93 60.82
Piadena[58,103] plain




Southern

34 | Casa Gazza[70] ) EN 1409 52.45 24.63 22.92
Po plain
Casalecchio di Southern
35 EN 195 84.62 11.79 3.59
Reno[135] Po plain
Lugo di
Southern
2 | Romagna[96,141,18 ) EN 243 49.61 11.11 41.98
Po plain a
6-188]
La Vela — phase Adige
16 MN 749 72.63 20.83 6.54
2[102,189] Valley
Riva del Garda - via | Adige
17 MN 702 68.38 31.48 0.14
Brione[58,145,189] | Valley.
Fimon — Molino Venet.
18 MN 7862 3.76 35.04 61.20
Casarotto[62,68,78] | plain&hills
Casatico di Central Po
38 MN 850 63.06 34.71 2.24
Marcaria[190] plain
Parma — Southern
40 MN 80 86.25 11.25 2.50
Benefizio[143] Po plain
Gaione, Parco del Southern
41 MN 172 63.37 35.47 1.16
Cinghio[143] Po plain
Southern
42 | Vicofertile[143] ) MN 99 94.95 5.05 0.00
Po plain
Parma — via Southern
15 MN 394 86.80 12.18 1.02
Guidorossi[143] Po plain
Razza di Southern
43 MN 159 8.81 23.90 67.30
Campegine[137] Po plain
44 | Rocca di Rivoli[101] | Adige valley | MN 1155 61.56 34.46 3.98
Masera di Venet. MN
25 407 73.00 20.90 6.10
Padova[191] plain&hills
Grotta del Mitreo — Trieste MN
48 89 86.52 1.12 12.36
Trincea 5[58,134] Karst
) Southern MN
50 | Botteghino[138] 218 59.63 13.30 27.06
Po plain
Isera—La Adige MN
51 3927 48.76 19.66 31.58
Torretta[139] Valley
Rivarolo Central Po
39 LN 168 57.14 24.40 18.45
Mantovano[142] plain
Grotta del’Edera — Trieste
36 LN 493 86.82 9.74 3.44
phase 2[185] Karst
Belforte di Central Po
37 LN 766 39.03 32.64 28.33
Gazzuolo[64] plain




26

45

46

49

21

47

23

Castelnuovo di
Teolo[144]

Monselice[191]

OImo di Nogara[192]

Cornuda[140]

Bannia - Palazzine di
Sopra[193,194]
Gazzo Veronese -
Scolo Gelmina[195]
Tosina di
Monzambano
[146,147]

Venet.
plain&hills
Venet.
plain&hills
Central Po
plain
Venet.
plain&hills
Friulian
plain
Central Po

plain

Central Po

plain

LN

LN

LN

LN

LN

LN

LN

319

231

71

817

596

821

662

50.20

79.60

57.70

20.70

74.30

98.00

55.89

44.80

19.50

36.60

31.10

25.70

n/d

29.00

5.00

0.90

5.70

48.20

0.00

2.00

15.11




