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Abstract
The study of past human-environment interaction in mountain environments is of critical
importance to understand the evolution of human impact on alpine and subalpine ecosystems.
However, the dearth and complexity of archaeological evidence from the uplands prevents a full
understanding of socio-ecological dynamics at high-altitude. In order to overcome this limitation,
archaeologists are increasingly relying on ethnoarchaeological interpretation or computer modelling.
In this paper these two approaches are integrated. A static mathematical model is developed to
simulate rural economic strategies in two villages of the Italian Alps, between the 18th and the 19th
century. Simulation scenarios are created using the ethno-historical data collected in the area, and
simulation results are validated against historical land-use evidence. The outcomes suggest that the
use of ethnoarchaeological methods to develop and validate hypothetical scenarios can be
extremely beneficial for improving the heuristic potential of archaeological simulation, in the
mountains and elsewhere.
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Introduction
Environmental and morphological characteristics of mountain regions provide significant constraints
to pre-industrial subsistence strategies. The inverse correlation between temperature and elevation
(temperature decreases as the elevation increases) affects the duration of vegetative period and the
nature of the soil. Consequently, agriculture yields tend to decrease as the elevation increases, thus
conditioning land-use strategies. Furthermore, terrain variability in mountain regions has an impact
on mobility and production costs, influences slope instability, and reduces the available arable land.
All these constraining factors suggest that human groups had to develop specific adaptive strategies

to survive in these extreme environments (Netting 1981). On the other hand, the aforementioned
environmental and morphological characteristics contribute to amplify the consequences of human
impact on the vulnerable mountain ecosystems (Previtali 2011). The carrying capacity in the
mountains is much lower than in other areas, and overexploitation of these environments leads to
biomass reduction, decrease in biodiversity, soil-loss and hydrogeological instability, with dramatic
effects on local landscapes, ecosystem services provision and downstream areas. Therefore,
understanding socio-ecological processes in mountain areas is of key-importance not only for
unravelling human resilience and adaptability in extreme environments, but also for identifying and
promoting sustainable land-use strategies. Pre-modern practices and ecological knowledge of
mountain communities can be investigated using documentary sources and ethnographic methods
(Mathieu 2009; Netting 1981), whereas the prehistoric or early historic origin of these practices and
knowledge are inferred from archaeological data and palaeoecological proxies (Schmidl & Oeggl
2005).

Human environment interaction in the uplands
Archaeologists, ethno-historians and palaeoecologists are increasingly interested in the long-term
interaction of small-scale human communities with the alpine and subalpine zones of mountain
ecosystems (corresponding to the open pasturelands above the timberline). Here the vegetative
period is too short to make crop cultivation cost-effective, and therefore they are traditionally
associated with mobile pastoralism and other seasonal farming activities. In the western European
mountain regions, the earliest occupation of the high-altitudes is archaeologically documented since
the end of the Ice Age, when human groups exploited the mountain grasslands for hunting (Fontana
& Visentin 2016). Pastoral colonisation of the uplands began during the Neolithic, and expanded and
intensified during the Bronze and Iron Age, stimulated by population growth, increasing sociocultural complexity and new productive and economic strategies (Gleirscher 2010; Walsh et al. 2014;
Carrer et al. 2016; Reitmaier et al. 2017). Beside, in the late prehistoric period, other high-altitude
activities, like ore-mining, started to coexist along with pastoralism (Bourgarit et al. 2008). Historical
periods saw a further intensification of rural and non-rural upland practices, with the pinnacle
corresponding to the early-modern period, and a steep decrease in the last centuries, related to a
series of interweaved factors: demographic pressure, crisis and collapse of small-scale rural
economies, super-regional political and economic strategies, etc. (Carrer et al. 2018). This rapid
overview shows quite clearly that adaptation to ecological conditions is not the only parameter to
consider while analysing socio-ecological dynamics at high-altitude. Transformation in the political
background, demographic fluctuations and economic upheavals had a critical role in shaping human
seasonal strategies, at least since the late-prehistoric periods.

On the other hand, the aforementioned long-term evolution of human strategies had profound
consequences on the upland environments. Current mountain landscapes, albeit looking natural and
pristine, are the results of millennia of direct or indirect human intervention: from animal grazing, to
forest clearing, to the construction of shelters, animal enclosures, terraces, canals for irrigation and
paths (Catalan et al. 2017). These pre-industrial practices are generally perceived as perfectly
adapted to the characteristics of mountain environments, and are assumed to be ecologically
sustainable. However, recent research has shown that this has not always been the case, and that
the history of human interaction with high-altitude environments is often characterised by
overestimations of the carrying-capacity of an ecosystem, misperception of its vulnerability, and
underestimation of the long-term consequences (Brisset et al. 2017). Sustainability cannot be taken
for granted for pre-modern upland strategies, but it needs to be specifically evaluated.
Assessing adaptability and sustainability of pre-modern high-altitude practices requires an in depth
understanding of the traditional ecological knowledge, which can be reasonably acquired only for
the last few centuries (Fernández-Giménez & Fillat Estaque 2012). The resolution of archaeological
and palaeoecological data prevents a detailed reconstruction of ancient strategies, and the
evaluation of human-environment interaction at high-altitude in prehistoric and early historic
periods is usually limited to a generic assessment of their intensity. Therefore, the estimation of the
effect of specific economic practices on upland ecosystems neglects the early phases of
development of these practices, affecting the estimation of their long-term sustainability and
resilience. This issue is not only limited to mountain areas and high-mountain activities; indeed
ecologists all around the World are increasingly aware of the scientific limitations associated to it
(Bennett et al. 2015). Two approaches have been identified by the scientific community as the most
suitable for addressing the problem: the study of the relationship between humans and material
culture in the present to create analogical models or narratives for the past (ethnoarchaeology); and
the mathematical simulation of alternative scenarios given specific ecological and behavioural
constraints (computer modelling) (Balbo et al. 2016).

Ethnoarchaeological approaches to land-use and landscape transformation
Ethnoarchaeology is a sub-discipline of archaeology that studies the material results of human
behaviour: from the production, use and discard of artefacts, to the relationships with animals and
plants, to the management of intra-site and inter-site spaces (David & Kramer 2001). The original
purpose of ethnoarchaeology was to provide analogical inferences to interpret archaeological
records, assemblages and landscapes. In the last decades, this subsidiary role has been questioned,
and ethnoarchaeology has increasingly been perceived as a standalone discipline that can provide

useful insight to understand current World and especially pre-industrial and marginalized
communities (Cunningham 2009; Skibo 2009). However, the use of ethnoarchaeology for analogical
purposes has not been completely abandoned. Recent developments in quantitative archaeology
have stimulated the use of ethnoarchaeological case-studies to test and calibrate the statistical and
mathematical tools used in archaeological research. This experimental approach, well established in
the study of material culture, has recently developed also for the spatial analysis of inhabited
contexts (Lancelotti et al. 2017). Ethnographic and ethnoarchaeological inferences are also
increasingly used to understand human-environment interaction in the past. Adaptation strategies
of small-scale societies and the ecological impact of pre-industrial practices are investigated in the
modern World, informing not only future development and environmental management policies,
but also the interpretation of prehistoric/early-historic socio-ecological systems and landscapes
(Biagetti 2014).
Mountain regions represent an important reservoir of pre-industrial rural strategies in Europe, since
their aforementioned characteristics have prevented a full industrialisation of farming and land-use
intensification. Since the 20th century, ethnographic and ethno-historical research has investigated
different aspects of the economy and society of mountain communities, in particular in the Alpine
region (Cole & Wolf 1974; Netting 1981; Rosenberg 1988; Viazzo 1989). Recent projects have
particularly focused on the transformation of traditional land-use, farmer knowledge and landscape
identities in mountain areas (Rescia et al. 2008; Dossche et al. 2016). Upland rural activities, like
transhumance, summer dairy and hay-making, have also been widely analysed (for the Alps, see for
example: Garde et al. 2014; Viazzo & Woolf 2001). Despite the remarkable importance of
ethnography and ethno-history in the European mountains, ethnoarchaeological research is instead
quite rare. Some projects in the 1980s and early 1990s were aimed at providing interpretative tools
to archaeologists investigating prehistoric mountain strategies (Barker & Grant 1991; Chang &
Tourtellotte 1993). Although the use of ethnoarchaeological analogy has not disappeared (Carrer
2015; Le Couédic 2012), current projects are more focused on the identification of recent patterns of
landscape and land-use change for informing current and future policy (Christie et al. 2007; Mientjes
2004). The rapid disappearance of pre-industrial rural practices, and the growing interest of
archaeologists and palaeoecologists for human interaction with mountain environments (especially
the high-mountains), requires an expansion and intensification of mountain ethnoarchaeology in the
next decades (Carrer et al. 2015).

Ethnoarchaeological inferences for modelling landscape and land-use change
The use of computational models for simulating past socio-ecological systems is known and well
established in archaeology (Barton et al. 2010; Lake 2014), and is even more popular in other fields,
like quantitative ecology (Filatova et al. 2013; Dearing et al. 2010). Alternative scenarios are created
by integrating different ecological processes and human decision-making rules, in order to test
specific hypothesis related to the sustainability and resilience of (pre)historic human-environment
interactions (Danielisová et al. 2015). The creation of decision-making rules for simulation usually
relies on reconstructions of past behaviours based on archaeological evidence. But quantitative
archaeologists are increasingly aware of the limitations associated to this approach, such as the
circularity of the argument (inferring behavioural rules from archaeological interpretation to
improve the archaeological interpretation) and the equifinality (different behaviours can lead to
similar archaeological evidence). Ethnographic observations are increasingly employed in computer
modelling to infer past behaviour, and are particularly common in the study of hunter-gatherer
society and ecology (Barceló et al. 2015; Briz i Godino et al. 2014). This approach consists on
extrapolating socio-economic strategies observed in small-scale communities and use them to infer
the simulation parameters. Consequently, the use of ethnography in archaeological simulation faces
the same theoretical challenges associated with ethnographic analogy in archaeological
interpretation, widely discussed in theoretical works during the 1980s (Orme 1981; Wylie 1982): the
unsystematic and question-driven use of behavioural strategies, isolated from their economic,
cultural and social context, might lead to inaccurate estimations of past behaviours.
In this paper we promote an alternative and more solid approach to ethnographic analogy: the
application of computer simulation to ethnoarchaeological case-studies. Decision-making rules are
historically and ethnographically analysed in a pre-industrial context, and used to create a simulation
scenario to be applied in the same context. If the results of the simulation differ considerably from
the observed status of the investigated context, the simulation parameters need to be calibrated or
additional parameters need to be introduced. As pointed out before, this ‘experimental’ approach to
ethnoarchaeological analogy has proved very effective in modelling intra-site and inter-site spatial
patterns (Surovell & O’Brien 2016; Rondelli et al. 2014; Biagetti et al. 2016; Carrer 2013; Carrer
2017), but to the best of our knowledge it is still unknown in archaeological simulation 1.

Luke Premo introduced the concept of ‘experimental ethnoarchaeology’ to define the use of alternative
theoretical scenarios in agent-based modelling to test specific research hypotheses (Premo 2007). However,
this approach does not include the application of computer modelling to living communities, and is
conceptually closer to experimental archaeology.

1

In order to explore the potentials of ethnoarchaeologically-based computer simulation, we have
used a static mathematical model to analyse rural landscape and land-use change in two small
villages of the Italian Alps during the 18th-19th centuries. Particular attention is paid to the
transformations that occurred in the high-altitude sector of the analysed territory. In this area, like in
many other areas of the region, the seasonally-exploited upland landscapes underwent a rapid and
abrupt reconfiguration, which is commonly associated with a significant economic shift which
occurred in the 19th century: from unspecialised seasonal pastoralism to dairy-focused cattle
transhumance (Carrer & Angelucci 2017). Historical reconstructions, in turn, attribute this economic
change (and the consequent landscape change) to demographic pressure and macro-economic
processes (like the decreasing value of wool) (Mathieu 2009). Therefore, the main questions
addressed by this ethnoarchaeological model are: 1) is demographic fluctuations a key-driver of
economic change in mountain rural communities? 2) do macro-economic dynamics influence local
subsistence transformations? 3) does local economic change determine land-use change at highaltitude? 4) does a more specialised farming economy affect ecological sustainability? The outcomes
of the model will provide interesting data to understand socio-ecological processes in Val di Sole
during the transition to modernity, but they will also provide critical insights to investigate the
earlier evolution of rural communities in mountain regions, their economic resilience and their
ecological sustainability.

Historical evolution of the upland landscapes of Val di Sole (Italian Alps)
The area selected for this study corresponds to the rural landscapes pertaining to two small villages
located on the northern (south-facing) slope of Val di Sole, in the Trentino region (Italian Alps):
Ortisé and Menas (Fig. 1). The upland sector of their territory has been subjected to intensive
archaeological, geoarchaeological and ethnoarchaeological research since 2010, complemented by
the analysis of local historical sources. These investigations shed new light on the development of
high-altitude human-environment interactions in this area, and contributed to improving our
understanding of long-term socio-ecological dynamics in the Alps.

Study area: Val di Sole and the villages of Ortisé and Menas
Val di Sole is a ca. 40-km-long Alpine valley located in the Italian region of Trentino. Its WSW-ENE
orientation is responsible for a marked asymmetry between its side-slopes as far as microclimate,
geomorphology and land use are concerned. Permanent villages are situated along the valley
bottom and none is found on the south (north-facing) slope; only a few malghe (seasonal dwellings
exploited by herders for livestock grazing and cheese production) do exist at higher elevation in the
uplands of the south slope. In contrast, permanently-inhabited villages are found on natural terraces

up to ca. 1500 m elevation on the north (south-facing) slope – this is the case of both Ortisé and
Menas (Fig. 2, f-g). Several malghe are scattered on the uplands of the north slope, and mountain
pastures reach ca. 2500 m height. This setting causes traditional land use in Val di Sole to be
arranged on a 'vertical' basis, with seasonal movements to and from the valley bottom and the
uplands, especially for activities related to animal husbandry.
The community of Ortisé and Menas owns the property and the right of use of the stretch of land
upslope from the villages. The territory includes productive forests (mostly conifers) up to 20002200 m elevation, extensive pastures/grassland between ca. 2000 and 2500 m and unproductive
land at higher elevation (mostly rock outcrops and bare glacial or periglacial morphologies). Winter
stables for animals are located at short distance from the villages, at around 1600 m elevation, while
malghe are found all the way up and reach the elevation of 2200 m.
Geologically, the upland area of Ortisé and Menas is made up of metamorphic rocks, mostly gneiss,
locally covered by glacial and periglacial deposits and often affected by slope and mass movements.
The climate of the upland is Alpine, cold and humid, with average annual mean temperature around
0 °C, annual precipitation of ca. 1000 mm/a and about a half of the annual cycle dominated by frost
and snow. Geological and climate constraints control both hydrography and soil: water is abundant
all year round, and soils are mostly thin and desaturated, even if human impact has changed their
properties in the most-intensively-grazed pastures, due to the indirect input of organic matter and
animal dung over centuries of pastoral exploitation (see Angelucci et al. 2014 for details).

Landscape archaeology in Val Molinac and Val Poré
The two upland valleys within the territory of Ortisé and Menas, known as Val Molinac and Val Poré,
have been the main study-area of the “ALPES” (“Alpine Landscapes: Pastoralism and Environment of
Val di Sole”) research project since 2010. The aim of the project is to study the traces left by pastoral
exploitation in the uplands of Val di Sole under a diachronic and archaeological perspective and to
understand the mutual relationships between natural and cultural factors in the evolution of the
mountain lands (see Angelucci & Carrer 2015).
Archaeological surveys and excavations have identified several relict landscape features related to
the historical exploitation of the land, scattered in both valleys between ca. 1900 and 2450 m
elevation. They are mostly dry-stone structures related to pastoral use (Fig. 2,a-e). Numerous huts
and rock-shelters were recorded, but the most noticeable structures are enclosures, used as pens to
gather the livestock. Several small- to medium-size enclosures (up to few hundred square meters)
were identified in the study-area, as well as a few large ones (up to one thousand square meters),
both single and compound. Their characteristics are rather varied, and assessing the age of their

construction and use is often difficult. Archaeological excavation and test-pits undertaken in large
and compound enclosures showing similar characteristics (such as shape, position in the landscape,
building technique and average size) have yielded quite homogeneous archaeological evidence.
Most of the large and compound enclosures turned out to be built in late-Medieval and earlyModern times (15th to 17th centuries AD – see Dell’Amore et al. 2017) and used with variable
intensity until recent times (mid-20th century AD, as reported by local informants). Still,
archaeological data indicate earlier phases of human occupation of the area, namely during the
Bronze Age (2nd millennium BC), between the Late Bronze Age and the Early Iron Age (12th-8th
centuries BC), and in earlier stages of the Middle Ages (see Angelucci & Carrer 2015 and Angelucci et
al. 2017). Archaeological research has shown that the uplands of Ortisé and Menas have been
seasonally-exploited for distinct purposes for long time, and that the late-Medieval to early-Modern
features mark the formation of a landscape, progressively oriented towards the intensive, structured
exploitation of the uplands for pastoral production.

Historical background (15th-20th centuries)
Rural Alpine communities, like Ortisé and Menas, underwent profound socio-economical
transformations between the 15th and 20th centuries. Economic historians explain this upheaval as a
consequence of two interplaying factors: demographic increase and macro-economic trends at
continental level (Mathieu 2009). The Alpine region experienced a steady but significant population
growth in the early-modern period. Higher population density and the limited arable surface in
mountain areas triggered a series of correlated processes: more intensive farming activities led to a
higher human impact on the environment, which in turn caused loss of crucial ecosystem services
(soil, biodiversity, etc.). Local strategies to lower the pressure on natural resources included nonpermanent emigration and higher reliance on animal products, to exploit more effectively the
marginal areas (including the uplands). As a consequence of this, overgrazing became a major issue
in many parts of the Alps. External factors contributed to influencing the aforementioned changes as
well. The wool market grew in Europe between the 16th and the 18th century, and persuaded local
authorities to promote sheep husbandry (see Varanini 2004 for the Trentino region). On the other
hand, new crops were introduced in the Alpine region: buckwheat from the 15th century, corn during
the 16th century and potato from the 18th century. It is worth noticing, though, that in the Ortisé and
Menas area, the predominant crops remained wheat and barley until the introduction of potato
(Castiglioni 1976).
During the 18th century the price of wool decreased dramatically, under the pressure of the cheaper
wool from East Asia. Therefore, local authorities started shifting their economic interest towards
dairy produce. Since the early 19th century, incentives were given to farmers all around the Alps to

replace small livestock (sheep and goats) with cattle, and to focus their economic strategies on the
production of butter and cheese for the market. This initiative was mainly aimed at improving the
economic conditions of Alpine communities and promoting a more effective exploitation of natural
resources in the mountains (in this period forest and pasture degradation was simplistically
attributed to the inadequacy of traditional practices and ecological knowledge: see Battisti 1904 for
the Trentino region). Meanwhile, increasing population pressure prompted the transition from
seasonal to permanent emigration, thus rapidly reversing the demographic process. At the beginning
of the 20th century the Alpine region was economically marginal and increasingly depopulated, and
rural communities were largely relying on extensive pastoralism and new industrial activities (e.g.
mining or tannin extraction) (Carrer et al. 2018).

Pre-industrial pastoral and farming practices in Val di Sole: an ethnoarchaeological and
ethno-historical investigation
Unstructured interviews of retired farmers and herders of Ortisé enabled the collection of detailed
information about farming and pastoral practices pre-dating the crisis of local rural economy in the
1960s. The main goal of the interviews was understanding historical land-use change and the use
and abandonment of the dry-stone structures documented in the high pastures. Participant
observation was carried out with sheep and cattle herders, to better comprehend current practices
of environmental management at high-altitude. Ethno-historical data about local economy and landuse in the 19th and 20th century were acquired from published research (e.g. Castiglioni 1976). The
integration of ethno-historical data complemented the information provided by archaeological
research and documentary surveys. This contributed to investigating the evolution of pastoral
strategies in the last three centuries in Val Molinac and Val Poré, and its consequences for local
upland landscapes.
During the early modern period, until the end of the 18th century, local pastoralism was largely nonspecialised. Meat and dairy products were used to complement the local diet, mainly relying on
cereals (rye and barley) and marginally on horticulture. The growing importance of the wool market
boosted the number of sheep, at the expenses of goats and cattle. Livestock was stabled in the
villages during the winter, and the low- and mid-altitude meadows, as well as the woodlands, were
largely used for grazing during springtime and autumn. During the summer, sheep, goats and cattle
were taken to the upland pastures for three months, and meadows were mowed for winter fodder.
Three large dry-stone enclosures were exploited in each upland valley (Val Molinac and Val Poré)
during the summer, to gather the animals for the night and probably to milk them. Dairy production
took place primarily in the uplands, inside small dry-stone huts adjacent to the aforementioned

enclosures. High-altitude pastures exceeded the needs of the local communities, and they were
often rented to professional transhumant shepherds from the neighbouring Lombardy region (in
that period under the control of the Republic of Venice).
The decreasing value of wool on the market, together with the growing demand for dairy products,
triggered the transition of the local economy towards a dairy-focused cattle husbandry. Besides, a
steep increase in population between the 18th and the 19th century is assumed to have exceeded the
carrying capacity of local mountain environments. These factors had a profound impact on the
upland landscape structure: the enclosures were replaced by more specialised compounds called
malghe, constituted of a dairy structure adjacent to a barn. Some of these malghe are still in use
nowadays, for pastoral purposes, whereas the enclosures have been marginally exploited until the
mid-20th century. The larger number of cattle led to significant changes in land use, even around the
villages. The longer winter-stabling period of cattle, for instance, required more fodder, and
consequently a significant portion of arable land was converted to meadow. In addition, larger
sectors of the high-altitudes were exploited for hay-making, as suggested by the number of modern
dry-stone huts recorded in these areas. The introduction of potato from the early 19th century
represented a revolutionary change in local subsistence (Zaninelli 1979). Fallow was not practiced in
these mountain agro-systems, and three types of crops (rye, barley and potato) were annually
rotated (Castiglioni 1976). This economic strategy characterised Ortisé and Menas, with minor
variations, until the mid-20th century, when the increasing depopulation and the changed macroeconomic and social dynamics in Europe, Italy and the region (Trentino), led to a progressive
collapse of rural economy. Today crop cultivation has almost disappeared, and all the fields are
dedicated to fodder production. Two rural activities are still surviving: seasonal pastoralism and
horticulture. However, they are currently considered economically and socially marginal for the local
communities.

Reconstructing upland economic transformations and land-use change using
ethnoarchaeologically-informed mathematical simulation
Ethnographic, historic and archaeological information were used to create formalized behavioural
rules, in turn employed to produce realistic socio-economic scenarios and simulate pre-industrial
subsistence of small-scale mountain communities. Two static mathematical models were developed
to analyse two different snapshots in the historical evolution of Alpine rural economy (Fig. 3). The
first model includes demographic parameters, farming practices and economic strategies that
approximate the lifeways in Ortisé and Menas around the 1750s. The second model delineates the
socio-ecological system of Ortisé and Menas in the 1850s, after the introduction of new crops and

the transition towards a more intensive pastoral economy. The mathematical structure of the
models was adapted from an existing analytical protocol, recently developed by some of the authors
to reconstruct late-prehistoric subsistence strategies in Eastern Europe (Shukurov et al. 2017). The
results of computer simulations in the two study areas were tested against the historic land-use
patterns described by ethnographic and documentary sources, in order to assess the reliability of the
models and inspect the potential inconsistencies.

Parameters
The 1750s model (Model 1 = M1) describes a local subsistence system relying primarily on cereal
cultivation and animal husbandry. The latter is characterised by short-scale seasonal mobility and a
weak specialisation on wool trading. Historical sources suggest that cereals had a higher importance
on the local diet than domestic animal products (including dairy products), whereas wild animals
contributed only marginally to the calorific intake of local inhabitants. The 1850s model (Model 2 =
M2), on the other hand, delineates a scenario where subsistence agriculture is progressively
replaced by intensive and dairy-focused cattle husbandry. This transition produces a radical
economic transformation, with an increasing economic importance of cheese trading. Table 1
describes in detail the different parameter selected for describing the economy and ecology of
Ortisé and Menas between the 1750s (M1) and 1850s (M2). Source, calculation and accuracy of each
parameter are also specified in the table. It is worth pointing out that the two models are
preliminary and are not the product of a comprehensive screening of all the sources available in the
area. More accurate models will be created in the future, but the key goal of this paper is to assess
the feasibility and applicability of the trans-disciplinary methodology developed by the authors.
Although buckwheat and maize are documented in the region at the end of the 18th century (I.
Franceschini, com. pers.), there is no historical evidence that these cereals were cultivated in Ortisé
and Menas. On the other hand, since the potato spreads in the Trentino region during the first half
of the 19th century and is documented in the study-area during the early-20th century, it is assumed
to be already cultivated in Ortisé and Menas during the mid-19th century. The importance of wild
animals, already marginal in the first model, is assumed to drop in the later model, as a consequence
of overhunting – widely documented in the whole Alpine region. The proportion of wild animals in
the study-areas is also assumed to be stable, despite the variation in the absolute number of
animals.
Variation in the domestic animal parameters between the two models depends on the economic
focus of husbandry in the selected periods. The grazing area and fodder amount per animal is
assumed equal in the two periods, and it is attributed a general value available for comparable pre-

modern economies (Gregg 1988; Boserup 1965). The higher economic importance of wool in the
1750s and the higher importance of cattle dairy produce in the 1850s justify the difference in
bovine/ovi-caprine proportion, from ~1/3 to ~2/3. Due to the progressive specialisation of
husbandry, pig decreases its importance in the diet. Although detailed information about the
sex/age composition of herds and flocks is not available, zooarchaeological studies (Halstead 1996;
Cribb 1984) suggest that the higher value of wool (Model 1) might lead to low culling proportion and
later weaning for sheep, whereas a higher importance of milk (Model 2) might determine earlier
weaning and higher culling proportion for cattle. Milk surplus and the ratio of milking animals in
herds/flocks were in turn influenced by the aforementioned factors.
As detailed before, land-use organisation in Ortisé and Menas shows vertical patterns (Fig. 3). The
villages are located around 1500 m asl, and are surrounded by a variable proportion of meadows
and cultivated land (often terraced), with the ecological limit of arable land around 1650-1700 m asl.
No fallow is documented in the study-area, and in the 20th century a three-year crop rotation (rye,
barley and potato) guaranteed moderate soil regeneration (Castiglioni 1976). A remaining fraction of
land is dedicated to fruit and vegetable production. The uplands, above the timberline, are exploited
seasonally, and located above 1900 m asl. Large and small livestock is grazed in the uplands during
the summer, roughly between the 15th of June and the 15th of September (3 months), and 50% of the
nutrition for livestock is provided by winter fodder harvested in the high-meadows (Castiglioni
1976). The remaining 25% of the annual nutrition is assumed to come from early-summer and earlyautumn grazing in the high-meadows. Although marginal grazing is historically documented also in
the woodlands and in the meadows and fields nearby the villages, for parsimony and dearth of
detailed information this strategy has not been considered in the models.
The hypothetical average household is composed of 8 individuals: 2 adults, 2 young adults, 2
children and 2 old adults. Adults and young adults contribute equally to the labour and require an
equal amount of calories. Children and old adults are assumed to do 50% of the adults/young-adults
work, and require 50% of the calories. These estimations are kept constant in the two models. The
population of Ortisé and Menas is one of the most important parameters, and it has been given
particular attention. Lacking a specific census for the two periods considered, demography has been
inferred from a combination of later census and the surface of the villages. In 1910, Ortisé had 149
inhabitants, Menas 67, but the number of residents might have been slightly higher (Castiglioni
1976). Considering the negative demographic trend documented in the 20th century we can assume
a higher number of inhabitants for the mid-19th century. In the 1850s Ortisé and Menas had a
cumulative size of ~4 ha, and this suggests ~2 ha settlement size for the previous century. A constant

population density of ~75 people/hectare for the two periods, led to a cautionary estimation of ~150
people for the 1750s and ~300 people for the 1850s.

Simulations
The original model focussed on a central village, surrounded by concentric ‘zones’ (dominated by
arable land, pastures, and meadows, respectively); this was appropriate for a largely homogeneous
(steppe) landscape; and was of interest given that the time-constraints of daily travel to the fields
were an issue in that context. With Alpine seasonal farming, there is a clearer distinction between
different regions of land – at different altitudes, and in use for different purposes at different times
of the year – and daily travel is largely replaced by longer-term stays in the different regions. We
therefore instead consider such regions as separate zones in the current model: the ‘lowlands’ (in
the valleys – at altitudes 1500–1700 m – surrounding the village), used for arable and horticultural
land, plus some meadow (haymaking) land; the mid-altitude fields (at altitudes ca. 1800–2100 m),
used for spring/autumn pasture and summer meadows, and the high-altitude fields (at altitudes
2100–2500 m) used for summer pasture.
To model the transhumance, we introduce parameters 𝛿𝛿mid and 𝛿𝛿high for the fractions of the year for
which the mid-altitude and high-altitude regions, respectively, can be used. Although these are left

as adjustable parameters in some of the equations below, the current estimates assume 𝛿𝛿mid = 0.5

and 𝛿𝛿high = 0.25. In other words, the upper pasture is in use for 3 months, whereas the mid-altitude

fields are used for 6 months (3 months as pasture, before and after the high-altitude fields are

available; and 3 months as meadows, when the animals are in the upper fields); fodder must sustain
the animals for the remaining 6 months. As noted below, further developments of the model must
explore variations from these simple fractions.
Some woodland is also assumed to be present in our model: as a refuge for the wild animals which
make a minor contribution to the diet, as a grazing area for pigs, as a source of fuel, and as a source
of leafy fodder used to supplement animals’ winter diet. At present, the woodland is treated as an
infinite reservoir of resources, without any attempt to calculate the precise area required – for
instance, we do not currently model the use of wood for fuel – although some consistency checks
are ultimately performed for the results. Geographically, the woodland would be at altitudes
between the villages and the upper-altitude fields (which extend above the timberline).
Movement between the various regions is not an issue of daily concern, so the areas are essentially
considered as separate ‘boxes’ in the model. As a consequence, the current model no longer

attempts to quantify the fraction of ‘unproductive’ land existing alongside each region; here we just
focus on the productive land.
As noted earlier, there is no evidence that a fallow system was in use in the economies discussed;
instead, the farmers used a crop-rotation system. While fruit and vegetables are important for
nutrients (including vitamins), they do not contribute significantly to the calorie budget. They are
therefore dealt with implicitly within our current model, simply using the appropriate fraction 𝛿𝛿f of
the total crop land (i.e., to model this crop rotation). A later model may account for the nutrient
intake in more detail.
These land areas are sketched in Figure 3.

Agricultural land-use
The land-use calculations are based on those of Shukurov et al. (2015), under the modified base
parameters summarised in Table 1. Note that the grazing areas included in the table are based on
that land-use being relevant for 6 months of the year. Similarly, the haymaking (meadow) areas are
calculated on the basis of 6 months of productivity, and the requirement that the hay produced
sustains the animals for 6 months centred on the winter. This is discussed in more detail below, in
the context of seasonal farming.
As well as the differences in land zones discussed above, there are some additional changes to the
earlier model, although the basic scheme of calculations (working in terms of human energy
consumption from various sources) is unchanged. For completeness, we re-introduce all the relevant
equations here, even where no changes are required.
The possible use of surplus dairy produce for sale (discussed in more detail below), requires the
introduction of the parameter 𝑓𝑓dc (the fraction of dairy produce consumed locally). In terms of this,

the number of livestock per person, 𝑛𝑛a (measured in head/person: hd/pn), is given by
𝑛𝑛a =

𝜖𝜖d 𝐶𝐶
,
𝑘𝑘c 𝑎𝑎c 𝑚𝑚c 𝑒𝑒c + 𝑘𝑘s 𝑎𝑎s 𝑚𝑚s 𝑒𝑒s + 𝑘𝑘pi 𝑎𝑎pi 𝑚𝑚pi 𝑒𝑒pi + 𝑓𝑓dc (𝜅𝜅c 𝑎𝑎c 𝑦𝑦c 𝑒𝑒mc + 𝜅𝜅s 𝑎𝑎s 𝑦𝑦s 𝑒𝑒ms )

where we, for simplicity, neglect horses. In terms of this, the energy consumption (e.g., in calories)
per person per year, 𝐸𝐸a (measured in kcal/pn/yr) is then given by

𝐸𝐸a = 𝑛𝑛a �𝑘𝑘c 𝑎𝑎c 𝑚𝑚c 𝑒𝑒c + 𝑘𝑘s 𝑎𝑎s 𝑚𝑚s 𝑒𝑒s + 𝑘𝑘pi 𝑎𝑎pi 𝑚𝑚pi 𝑒𝑒pi � .

The grazing area for the transhumance species (cattle and sheep/goats), 𝐴𝐴a,trans (measured in

ha/pn), is then

𝐴𝐴a,trans = 𝑛𝑛a (𝑎𝑎c 𝐴𝐴c + 𝑎𝑎s 𝐴𝐴s ) .

In general, some separate, lowland grazing for the non-transhumance species (pigs and horses)
would be required:
𝐴𝐴a,low = 𝑛𝑛a �𝑎𝑎pi 𝐴𝐴pi + 𝑎𝑎h 𝐴𝐴h � ,

but in the present model we assume that pigs do not require dedicated field grazing (𝐴𝐴pi = 0) as
they forage in forests and consume scraps; and as noted above, we neglect horses (𝑎𝑎h = 0).

The total fodder-producing area, 𝐴𝐴p (also in ha/pn), is

𝐴𝐴p = 𝑛𝑛a (𝑎𝑎c 𝑀𝑀c + 𝑎𝑎s 𝑀𝑀s + 𝑎𝑎h 𝑀𝑀h ) ,

where we include the contribution for horses for completeness although it is neglected in any
estimates. This land will be split between the various zones, following the seasonal farming model.
The dairy production produces the following milk yield 𝑌𝑌mi (in litre/pn/yr) and energy output 𝐸𝐸m (in
kcal/pn/yr):

𝑌𝑌mi = 𝑛𝑛a 𝑓𝑓dc (𝜅𝜅c 𝑎𝑎c 𝑦𝑦c + 𝜅𝜅s 𝑎𝑎s 𝑦𝑦s ) ,

𝐸𝐸m = 𝑛𝑛a 𝑓𝑓dc (𝜅𝜅c 𝑎𝑎c 𝑦𝑦c 𝑒𝑒mc + 𝜅𝜅s 𝑎𝑎s 𝑦𝑦s 𝑒𝑒ms ) .

In terms of these quantities, we can re-derive our (prescribed) parameter 𝜖𝜖d = (𝐸𝐸a + 𝐸𝐸m )/𝐶𝐶.

The per capita (hd/pn) and total (hd) animal populations are given by

and

𝑛𝑛c = 𝑛𝑛a 𝑎𝑎c ,

𝑛𝑛s = 𝑛𝑛a 𝑎𝑎s ,

𝑛𝑛pi = 𝑛𝑛a 𝑎𝑎pi ,

𝑛𝑛h = 𝑛𝑛a 𝑎𝑎h ,

𝑁𝑁c = 𝑁𝑁𝑛𝑛c ,

𝑁𝑁s = 𝑁𝑁𝑛𝑛s ,

𝑁𝑁pi = 𝑁𝑁𝑛𝑛pi ,

𝑁𝑁h = 𝑁𝑁𝑛𝑛h .

For wild animals (adding chamoix and ibex to the red deer, roe deer and boar considered by
Shukurov et al. 2015), we have
𝑛𝑛w =

𝜖𝜖w 𝐶𝐶
,
𝑎𝑎r 𝑚𝑚r 𝑒𝑒r + 𝑎𝑎ro 𝑚𝑚ro 𝑒𝑒ro + 𝑎𝑎b 𝑚𝑚b 𝑒𝑒b + 𝑎𝑎ch 𝑚𝑚ch 𝑒𝑒ch + 𝑎𝑎i 𝑚𝑚i 𝑒𝑒i

𝐸𝐸w = 𝑛𝑛w (𝑎𝑎r 𝑚𝑚r 𝑒𝑒r + 𝑎𝑎ro 𝑚𝑚ro 𝑒𝑒ro + 𝑎𝑎b 𝑚𝑚b 𝑒𝑒b + 𝑎𝑎ch 𝑚𝑚ch 𝑒𝑒ch + 𝑎𝑎i 𝑚𝑚i 𝑒𝑒i ) ,

consistent with our (prescribed) parameter 𝜖𝜖w = 𝐸𝐸w /𝐶𝐶. The annual hunting culls (per capita and
total, respectively) are

𝑛𝑛r = 𝑛𝑛w 𝑎𝑎r ,

𝑛𝑛ro = 𝑛𝑛w 𝑎𝑎𝑟𝑟𝑟𝑟 ,

𝑛𝑛b = 𝑛𝑛w 𝑎𝑎b ,

𝑛𝑛ch = 𝑛𝑛w 𝑎𝑎ch ,

𝑛𝑛i = 𝑛𝑛w 𝑎𝑎i ,

and
𝑁𝑁r = 𝑁𝑁𝑛𝑛𝑟𝑟 ,

𝑁𝑁ro = 𝑁𝑁𝑛𝑛ro ,

𝑁𝑁b = 𝑁𝑁𝑛𝑛b ,

𝑁𝑁ch = 𝑁𝑁𝑛𝑛ch ,

𝑁𝑁i = 𝑁𝑁𝑛𝑛i .

For the crop productivity, we assume that manure is only gathered from cattle, and only when they
are in the lowlands. Given our other parameters, the fraction of the crop fields which can be
manured is
𝑓𝑓m = �1 − 𝑟𝑟mu +

𝜖𝜖g
𝐶𝐶𝐶𝐶(1 + 𝛿𝛿r
�
𝑚𝑚𝑛𝑛c (1 − 𝛿𝛿mid )(1 − 𝛾𝛾 − 𝜆𝜆) 𝑒𝑒g 𝑌𝑌u

−1

.

When potatoes are introduced as another staple crop (in Model 2), this is modified to
−1

𝜖𝜖g
𝜖𝜖p
𝐶𝐶𝐶𝐶(1 + 𝛿𝛿r
𝑓𝑓m = �1 − 𝑟𝑟mu +
�
+
��
𝑚𝑚𝑛𝑛c (1 − 𝛿𝛿mid )(1 − 𝛾𝛾 − 𝜆𝜆) 𝑒𝑒g 𝑌𝑌u 𝑒𝑒𝑝𝑝 𝑌𝑌pu

.

Here we assume, for simplicity, that the use of manure increases the productivity of both grain and
potatoes by the same ratio 𝑟𝑟mu .

Using 𝑓𝑓m , the various yields, areas and energy contributions can be calculated as
𝑌𝑌m = 𝑟𝑟mu 𝑌𝑌u ,

𝑌𝑌 = 𝑓𝑓m 𝑌𝑌m + (1 − 𝑓𝑓m )𝑌𝑌u ,
𝑌𝑌g = (1 − 𝛾𝛾 − 𝜆𝜆)𝑌𝑌 ,
𝑌𝑌p = (1 − 𝛾𝛾 − 𝜆𝜆)𝑌𝑌p,tot ,

𝑌𝑌pm = 𝑟𝑟mu 𝑌𝑌pu ,

𝐴𝐴g =

𝜖𝜖g 𝐶𝐶
,
𝑒𝑒g 𝑌𝑌g

𝐴𝐴po =

𝜖𝜖p 𝐶𝐶
,
𝑒𝑒p 𝑌𝑌p

𝑌𝑌p,tot = 𝑓𝑓m 𝑌𝑌pm + (1 − 𝑓𝑓m )𝑌𝑌pu ,

𝐸𝐸g = 𝑒𝑒g 𝑌𝑌g 𝐴𝐴g ,
𝐸𝐸p = 𝑒𝑒p 𝑌𝑌p 𝐴𝐴po ,

𝐴𝐴f = (1 + 𝛿𝛿f )�𝐴𝐴g + 𝐴𝐴po � .

The total crop areas (all in the lowlands, in ha) are then
𝐴𝐴1 = 𝑁𝑁𝐴𝐴f ,

𝐴𝐴cereal = 𝑁𝑁𝐴𝐴g ,

𝐴𝐴potato = 𝑁𝑁𝐴𝐴po ,

𝐴𝐴fruit + veg = 𝐴𝐴1 − 𝐴𝐴cereal − 𝐴𝐴potato .

The pasture and grazing areas (𝐴𝐴a in ha/pn and 𝐴𝐴graze in ha) are calculated for highlands and

midlands as

𝐴𝐴a,high =

2𝛿𝛿high
,
𝛿𝛿mid 𝐴𝐴a,trans

𝐴𝐴a,graze = 𝑁𝑁𝐴𝐴a,trans ,

𝐴𝐴a,mid = �1 −

𝐴𝐴graze, high = 𝑁𝑁𝐴𝐴a,high ,

2𝛿𝛿high
� 𝐴𝐴a,trans ,
𝛿𝛿mid

𝐴𝐴graze, mid = 𝑁𝑁𝐴𝐴a,mid .

Note that the high-altitude grazing land area calculated in this way is relatively small, compared to
the area of high-altitude pastures actually available (and documented in the historical records). The
size of the herds is effectively constrained by the areas available at other times of the year (including
the requirement to store sufficient fodder for winter), rather than by the area of the high-altitude
fields. As a result, the high-altitude areas calculated here must simply be regarded as a lower bound
on the upland area actually used. In practice, the animals may well have been able to graze over
considerably larger areas than required for summer subsistence (and this may have allowed for
increased summer dairy yields, although this is not currently modelled).
Similarly, the haymaking and meadow areas (𝐴𝐴hm in ha/pn and 𝐴𝐴meadow in ha, respectively) are

calculated as

𝐴𝐴hm = ℵ𝐴𝐴p ,

𝐴𝐴hm, mid = 𝐴𝐴a,mid 𝑓𝑓hm, mid ,

𝐴𝐴meadow = 𝑁𝑁𝑁𝑁hm ,

𝐴𝐴hm, low = 𝐴𝐴hm − 𝐴𝐴hm,mid ,

𝐴𝐴meadow, mid = 𝑁𝑁𝐴𝐴hm, mid ,

𝐴𝐴meadow, low = 𝑁𝑁𝐴𝐴hm,low .

The parameter 𝑓𝑓hm, mid is explained below. Several aspects of these calculations deserve attention.

As in the Neolithic model of Shukurov et al. (2015), the parameter ℵ allows for a proportion 1 − ℵ of
leafy fodder to be used in addition to the hay; thus, the area required for the latter is reduced. We
also note that the mid-altitude areas are ‘effective’ areas corresponding to the area that would be
required if six-month use (in terms of which our basic parameters such as 𝑀𝑀c are set). Since the mid-

altitude fields are only available for haymaking for half this time, the effective haymaking area is half
the actual area; this is accounted for with the parameter 𝑓𝑓hm, mid = 1/2. Further, the area of mid-

altitude haymaking fields is directly connected to the area of mid-altitude pasture fields; these are
the same fields whose use simply changes when the animals move to the high pastures in summer.
The pasture requirements therefore dictate the mid-altitude land-use in our model. As a result, the

mid-altitude area cannot produce enough fodder for the winter requirements, and some additional
meadow fields at low altitudes (near the villages) are required.
In reality, the low-altitude fields may well also have been used for pasture in early spring or late
autumn (or indeed as pasture for non-transhumance animals – pigs and horses – which we currently
treat differently or omit). And the 3-month/6-month land-use cycles which we use here could be
refined (e.g., to require slightly less than 6 months of fodder over winter). Even though the present
treatment is deliberately oversimplified, we obtain reasonable and plausible values for the areas of
various regions, animal numbers and crop produces, demonstrating that the basic assumptions of
the economy model are reasonable.

Labour costs
Preliminary estimates have been made of the time devoted to harvesting the major crops in these
models, such as reaping of cereals, cutting of grass for hay and, in Model 2, harvesting potatoes.
These activities are of most interest as they correspond to the narrowest ‘bottlenecks’ in the model,
where significant activity needs to be completed in a short span of time. If the models have been set
up unrealistically, then the work required for these activities might not be realistically feasible. These
calculations therefore act as a consistency check on our model.
In pre-mechanised agriculture, harvesting was an especially demanding task requiring significant
community effort. In both models, we assume that 0.5 (50%) of the population take part in these
activities, including children who can participate in less arduous parts of the tasks. In both models,
we assume the reaping of cereals (including the threshing) can be done at a rate of 30 m2/personhour; the cutting of meadow grass (which does not require threshing) can be done at a faster rate of
60 m2/person-hour; harvesting potatoes is slower, progressing at 16 m2/person-hour. The figures for
cereal and grass are adapted from Shukurov et al. (2015) with allowance for more efficient, historical
tools. The figure for potatoes is based on the data from Tripathi and Sah (2001), but reduced to
consider only the harvesting labour rather than the total annual labour. This reduction employed a
factor of roughly a third, this factor giving a suitable conversion for cereal crops.
In Model 1, the total cereal area requires 620 person-days to reap (based on a 10-hour working day).
With 50% of the settlement population participating, this equates to 8.2 calendar days. The
significant meadow area required to produce 6 months fodder poses a greater labour demand,
however: the relevant area requires 1960 person-days to cut. Even with 50% participation, this
translates to 26 calendar days.
For Model 2, the total cereal area requires 740 person-days to reap, which is only 4.9 calendar days
for the larger settlement. The potato area requires 690 person-days, or 4.6 calendar days. Again,
cutting the meadows for fodder is the most significant constraint: this requires 2980 person-days, or
20 calendar days.
In addition to harvesting costs, the daily labour required for milking and the bi-annual labour
required for shearing sheep are also calculated, again as consitency checks on our model.
For the milking calculations, we assume that it takes 15 minutes to milk each cow. In Model 1, we
assume that 4 people are devoted to this task; in Model 2, we assume 8 people. These numbers
would correspond to 2 and 4 individuals respectively, in each of two upland sites (in different
valleys); for Model 2, only two of the individuals at each site would likely be adults. In Model 1, a

total of 23 person-hours would be required daily; given the number of people involved, this is 5.7
clock hours. In Model 2, the milking requires 36 person-hours, or 4.5 clock hours.
For the shearing calculations, we assume that it takes 10 minutes to shear each sheep. For both
models, 4 individuals (skilled workers) would do this job. In Model 1, this would require 3.8 persondays, or 0.94 calendar days per shearing season (i.e., twice per year). In Model 2, the numbers are
3.3 person-days, or 0.82 calendar days.

Economic production (wool and dairy)
In comparison with the Neolithic model of Shukurov et al. (2015), the more recent agricultural
systems considered here are clearly more capable of producing surplus outputs, which can be
converted to economic value in the more-developed economy of the time. In this work we
concentrate on the surplus production of wool and dairy (cheese). The surplus is converted into
monetary values using contemporary pricing records (Schmelzer 1972; Dietrich 1980), and thus into
the amount of full-time labour (Full Time Equivalents: FTEs) – a more meaningful comparison for
other costs – using contemporary labourer costs.
Some of the wool and dairy produce always remains for local consumption. We introduce model
parameters 𝑓𝑓wc and 𝑓𝑓dc for the fractions of wool and dairy produce consumed locally. In Period 1,
modelling a wool-producing economy (with a relatively large sheep herd, for the size of the

settlement), 𝑓𝑓wc = 0.2 is low but 𝑓𝑓dc = 0.9 is high. In Period 2, modelling a dairy economy (with
larger cattle herds), 𝑓𝑓wc = 0.8 is higher while 𝑓𝑓dc = 0.5 is lower.

In terms of these parameters, the wool production 𝑌𝑌wool (kg/yr) is 𝑌𝑌wool = (1 − 𝑓𝑓wc )𝑦𝑦w 𝑁𝑁s , where 𝑦𝑦w

is the production per year (kg/hd/yr). We adopt 𝑦𝑦w = 2.5 kg/head, approximately 2/3 of the
productivity of modern-day Alpine species (e.g., black-brown mountain sheep).

Adopting a historical value of 20 Kr/lb (Austro-Hungarian Krone/Habsburg civil pound) for the
market price of wool for Model 1 , the settlement in Model 1 produces 450 kg/year of surplus wool,
earning an income of 16,000 Kr/year. Adopting then a historical value of 15 Kr/day for the wage of
an adult male worker, this income is the equivalent of 1,100 person-days; so that this local wool
income is the equivalent of 4.3 FTE workers (based on 250 working days in the year), which the
settlement could hire to work on other activities.
In Model 2, the corresponding costs are 24 Kr/lb for wool and 32 Kr/day for wages. The Mode 2
settlement, producing 98 kg/yr of surplus wool, therefore earns 4200 Kr/year from wool sales: the

equivalent of 130 person-days, or 0.53 FTE. (Recall that Model 2 is consuming most of its wool; most
of its economic activity is based on dairy farming.)
Considering dairy, we assume that 0.1 kg of cheese can be produced from 1 litre of milk. Adopting
then historical values for the market price of cheese – 3 Kr/lb for Model 1, and 9 Kr/lb for Model 2 –
we can similarly estimate the profits of the dairy economy. In Model 1, the cheese produced
(1,400 kg/year) is worth 8300 Kr/yr, or 2.2 FTE workers. In Model 2, more devoted to dairy, the
20,000 kg/yr of cheese produced generates an income of 330,000 Kr/yr, the equivalent of 41 FTE
workers (using contemporary wages).

Discussion
Simulation results, presented in Table 2, clearly show how the change in farming strategies between
the two periods led to a significant change in herd composition and in the overall number of
domesticated animals. The first model simulated 91 cows, 227 sheep and 45 pigs in Ortisé and
Menas for the mid-18th century. The proportion of sheep and cows (5/2) fits well with an economic
strategy primarily aimed at subsistence, including a non-specialized focus on wool trading.
Interestingly, the model estimated that the amount of wool and cheese produced and sold every
year could contribute to the annual salary of 6.5 farmers, corresponding to the 4.3% of the
inhabitants. This scenario also suggests that each family in the villages (8 individuals per family =
approximately 19 families) owned on average 5 cows, 12 sheep and 2 pigs. The few economic data
available for the area and the period suggest that these figures are not unreasonable, although
further investigations are needed to assess these preliminary outcomes. For the mid-19th century,
the model returns 143 cattle (+60% from the previous period), 196 sheep (-14%) and 18 pigs (-60%).
This scenario clearly fits with an alpine economy increasingly centred on dairy-cattle and on the
production and trading of dairy products. The decreasing economic value of wool in this period is
clearly mirrored in the drop of sheep number; furthermore, an estimation of the revenues of wool
trading shows that only 0.5 people in the village could hypothetically get a living by selling wool. On
the other hand, the increasing importance of cheese can be deduced by the increase in the absolute
number and proportion of cows, and by the fact that 41 people (approx. 14% of the population)
could get an annual salary by producing and selling cheese. Each of the 37 families estimated for this
period had, on average, 4 cattle, 5 sheep and 0.5 pigs: the number of cattle per family decreased,
and the number of sheep halved. These figures suggest the existence of “consortia” of families for
the management of rural activities as documented in the area for more recent periods (Castiglioni
1976).On the other hand, the negligible importance of pigs is intriguing, and would deserve further
investigations.

The most significant and surprising result of the simulation is related to the assessment of land-use
change in the two selected periods. The results of simulation for the mid-19th century suggest that
44.4 ha around the two villages were occupied by cultivated land (1/4 rye, 1/4 barley, 1/4 potato,
1/4 fruit/vegetables) and 97.9 ha by meadows for fodder production. In the uplands, 162.3 ha were
used for fodder and grazing animals during spring and autumn, and 162.3 ha were used as summer
pastures. These results are remarkably similar to the actual land use of Ortisé and Menas described
in the Habsburg cadastre of 1857. Here the surface of cultivated land was 36 ha, meadows near the
villages 73 ha and meadows at high altitude 110 ha. The only value that deviates significantly from
the simulation results is the surface of high-altitude pastureland (480 ha in the cadastre), but as
pointed out above, the model simulates the lower bound of the area used. The validation of
simulation results against the historical cadastre confirm that the parameters used for simulation
and their estimated value describe quite accurately the economic strategies carried out in the study
area during the transition to modern rural economy.
Another positive surprise of land-use simulation is the similarity between the first and the second
model. The first model (mid-18th century) is characterised by the absence of potato and by an animal
husbandry strategy less intense and specialized than the following period. Nevertheless, the
simulation for the 18th century produced a land-use scenario remarkably similar to the 19th century:
27.8 ha of the areas around the villages were used for cultivation and 61.2 ha for fodder, 113.3 ha of
the mid-altitude meadows were used for foddering and 113.3 ha of the high-pastures for summer
grazing. The increase in the surface used for agricultural and pastoral activities in the 19th century
ranges between 40% (highland meadows and pastureland) and 60% (arable land and lowland
meadows). This variation is rather moderate, considering the significant economic change occurred
between the two periods and, most importantly, considering that population doubled between the
18th and the 19th centuries. A moderate increase of the different sectors used for farming purposes
(from 315.6 ha to 466.9 ha, +47%), coupled with a significant increase in population (150 to 300,
+100%) suggests that rural economy during the 19th century might have been more efficient than the
subsistence strategies simulated for the 18th century. The even lower increase of the surface
exploited at high altitude shows that despite the intensification in animal husbandry and the
increase in large livestock (requiring larger grazing areas and more fodder for the winter), the
exploitation of the vulnerable high-mountain environments was less intense and sustained a much
larger population using roughly the same portion of the high-mountain environments. It can
therefore be argued that, despite the a priori perception of pre-modern farming practices as more
ecologically and economically sustainable than the modern ones, the transition from a subsistencefocused and sheep-based pastoral strategy to a dairy-focused and cattle-based strategy led to an

increase in ecological sustainability. However, the specialization of rural economy and the higher
reliance on external sources of income might have weakened the resilience and risk mitigation
strategies of local communities, thus increasing the vulnerability to macro-economic fluctuations.
The collapse of wool market at the end of the 18th century did not affect the local economy, as only a
small portion of the inhabitants (4-5%) could live out of wool trading, whereas the number of people
relying on cheese trading in the 19th century was three times higher, and so was their risk. This
tendency towards an increasing specialization and decreasing resilience continued and incremented
during the early twenty century, and might explain the collapse of local rural economy and the
abandonment of mountain villages, widely documented in many sectors of the Alpine region
(Rosenberg 1988). It must be acknowledged that the money acquired from cheese trading could
have been reinvested in activities aimed at improving the productivity of farming activities (e.g.
farming tools, new breeds, etc.). However, if this mechanism contributed to increasing the shortterm yields and gains, it did not compensate the decreasing ability of local economy to recover from
potential disturbances due to macro-economic trends.

Conclusions
As pointed out before, the models presented in this publication represent just the first step in the
development of more sophisticated dynamic models which will be able to address the complexity of
socio-ecological dynamics in mountain environments. But despite being preliminary, they produced
promising and interesting results, whose implications and methodological significance will be rapidly
discussed in this final section.
The assessment of the unexpectedly higher economic efficiency of the 19th-century intensive farming
shows how useful computer simulations can be to challenge general perceptions. It can be argued
that the approximation of some of the parameters and the static nature of the model prevents a
realistic evaluation of the reliability of these results. But the remarkable similarity of the simulated
land-use with the 1850s cadastre suggests that the set of parameters selected from ethnographic
and ethno-historical investigation are good proxies for delineating the subsistence economy of an
Alpine small-scale community. This in turn shows the importance of validating the model using the
same ethnographic context where the model’s parameters have been defined, in order to assess the
accuracy of the decision-making rules and the reliability of the model’s outcomes. Furthermore, this
assessment phase might help to calibrate the model according to the characteristics of the wider
socio-economic context. For example, it is clear that the efficiency of economic strategy simulated
for the 19th century is justifiable only in a market economy, where the revenue of cheese and butter
trading lower the pressure of increasing population on local resources. If we decrease the impact of

dairy products demand in the model (e.g. by assuming that the 80% of cheese/butter is consumed
locally), the ecological sustainability suggested before is expected to drop, along with local economic
resilience.
These observations suggest that the ethnoarchaeological approach improves the accuracy of
hypothetical scenarios for archaeological simulation, particularly in mountain socio-economical
systems characterised by the coexistence of permanent and seasonal farming. The use of decisionmaking rules inferred from ethnographic contexts and the calibration of simulation scenarios using
the data available for the same contexts, is more solid than simply using archaeological datasets to
test simulation results, as the available dataset might be significantly biased or so poor to prevent a
reliable estimation of the model performance. It is worth pointing out that we do not question the
comparison of simulation results with archaeological data to assess the explanatory value of the
models, since the ultimate purpose is the identification of realistic socio-ecological scenarios for the
past. We just argue that ethnoarchaeological validation and calibration should be an important
additional step of dynamic system modelling, to be carried out before archaeological model
validation. The preliminary results presented in this paper suggest the solidity of this approach,
which will be further developed and applied to archaeological contexts, to test its heuristic potential
beyond methodological coherence and significance.

Acknowledgments
Authors are indebted to Professors Andrea Bonoldi, Marco Bellabarba, Emanuele Curzel and
Giuseppe Albertoni (University of Trento) and Dr Italo Franceschini (San Bernardino Library, Trento)
for sharing first-hand historic and economic data and for providing useful suggestions.
Research in Val Molinac and Val Poré is conducted in the context of the ALPES project. The project is
co-directed by D.E.A. and F.C., is carried out with the collaboration of the Ufficio Beni Archeologici,
Soprintendenza per i Beni Culturali of the autonomous province of Trento and has been funded by
the Dipartimento di Lettere e Filosofia of the University of Trento, the GAL (Gruppo Azione Locale) of
Val di Sole and the Terre Alte programme of CAI (Club Alpino Italiano), with the logistical support of
the municipality of Mezzana.

Images
Fig. 1: Map of the study area
Fig. 2: Landscapes of the study area: Val Molinac (A) from the south, and Val Poré (B) from the north;
example of pastoral enclosure (C), dry-stone hut (D) and rock-shelter (E); the villages of Ortisé (F)
and Menas (G).

Fig. 3: Schematic representation of land-use simulation scenarios in the 1750s and 1850s.

Table
Table 1: Model parameters
Table 2: Model outputs

References
Angelucci D.E. & Carrer F. (eds.) 2015. Paesaggi pastorali d'alta quota in Val di Sole (Trento). Le
ricerche del progetto ALPES – 2010-2014. Dipartimento di Lettere e Filosofia, Università di Trento,
Trento.
Angelucci D.E., Carrer F. & Cavulli F. 2014. Shaping a periglacial land into a pastoral landscape: a case
study from Val di Sole (Trento, Italy). Post-Classical Archaeologies, 4: 157-180.
Angelucci D.E., Carrer F. & Pedrotti A. 2017. Due nuove datazioni dell’età del Bronzo da un sito d’alta
quota in Val Poré (Val di Sole). Archeologia delle Alpi, 2016/7: 154-156.
Balbo A., Baggethun-Gomez E., Salpeteur M., Puy A., Biagetti S., Scheffran J. 2016. Resilience of
small-scale societies: a view from drylands. Ecology and Society: URL:
http://www.ecologyandsociety.org/volXX/issYY/artZZ/
Barceló J.A. et al. 2015. Simulating Patagonian Territoriality in Prehistory: Space, Frontiers and
Networks Among Hunter-Gatherers. In Wurzer G., Kowarik K. & Reschreiter H. (eds.), Agent-based
Modelling and Simulation in Archaeology. Springer: 217-256.
Barker G. & Grant A. 1991. Ancient and modern pastoralism in central Italy: an interdisciplinary
study. Papers of the British School at Rome, 59: 15-88.
Barton, C. M., Ullah, I. I., & Bergin, S. (2010). Land use, water and Mediterranean landscapes:
modelling long-term dynamics of complex socio-ecological systems. Philosophical Transactions of the
Royal Society A: Mathematical, Physical and Engineering Sciences, 368(1931): 5275–5297.
Battisti C. 1904. Noterelle statistiche sul bestiame da pascolo, le malghe, le latterie e l'industria dei
latticini nel Trentino. Tridentum, 4: 159-173.
Bennett E.M., Cramer W., Begossi A., Cundill G., DÍaz S., Egoh B.N., Geijzendorffer I.R., Krug C.B.,
Lavorel S., Lazos E., Lebel L., MartÍn-López B., Meyfroidt P., Mooney H.A., Nel J.L., Pascual U., Payet
K., Harguindeguy Pérez N., Peterson G.D., Prieur-Richard A.-H., Reyers B., Roebeling P., Seppelt R.,
Solan M., Tschakert P., Tscharntke T., Turner II B. L., Verburg P.H., Viglizzo E.F., White P.C.L.,

Woodward G. 2015. Linking biodiversity, ecosystem services, and human well-being: three
challenges for designing research for sustainability. Current Opinion in Environmental Sustainability,
14: 76-85.
Biagetti S. 2014. Ethnoarchaeology of the Kel Tadrart Tuareg. Pastoralism and resilience in Central
Sahara. Springer, Heidelberg, Germany.
Biagetti S., Alcaina-Maeos J. & Crema E. 2016. A Matter of Ephemerality. The Study of Kel Tadrar
Tuareg Campsites via Quantitative Spatial Analysis. Ecology & Society, 21(1): 42,
http://dx.doi.org/10.5751/ES-08202-210142.
Boserup E. 1965. The Conditions of Agricultural Growth. London, Allen & Unwin.
Bourgarit D., Rostan P., Burger E., Carozza L., Mille B. & Artioli G. 2008. The beginning of copper
mass production in the western Alps: the Saint-Veran mining area reconsidered. Historical
Metallurgy, 42(1): 1-11.
Brisset E., Guiter F., Miramont C., Troussier T., Sabatier P., Poher Y., Cartier R., Arnaud F., Malet E. &
Anthony E.J. 2017. The overlooked human influence in historic and prehistoric floods in the
European Alps. Geology: http://dx.doi.org/10.1130/G38498.1.
Briz i Godino I. et al. 2014. Social Cooperation and Resource Management Dynamics Among Late
Hunter-Fisher-Gatherer Societies in Tierra del Fuego (South America). Journal of Archaeological
Method and Theory, 21: 343-363.
Carrer F. 2013. An ethnoarchaeological inductive model for predicting archaeological site location: A
case study of pastoral settlement patterns in the Val di Fiemme and Val di Sole (Trentino, Italian
Alps). Journal of Anthropological Archaeology, 32: 54-62.
Carrer F. 2015. Herding Strategies, Dairy Economy and Seasonal Sites in the Southern Alps:
Ethnoarchaeological Inferences and Archaeological Implications. Journal of Mediterranean
Archaeology, 28(1): 3-22.
Carrer F. 2017. Interpreting Intra-site Spatial Patterns in Seasonal Contexts: an Ethnoarchaeological
Case Study from the Western Alps. Journal of Archaeological Method and Theory, 24: 303-327.
Carrer F. & Angelucci D.E. 2017. Continuity and discontinuity in the history of upland pastoral
landscapes: the case study of Val Molinac and Val Poré (Val di Sole, Trentino, Eastern Italian Alps).
Landscape Research, DOI: 10.1080/01426397.2017.1390078.

Carrer F., Colonese A.C., Lucquin A., Petersen Guedes E., Thompson A., Walsh K., Reitmaier T., Craig
O.E. 2016. Chemical Analysis of Pottery Demonstrates Prehistoric Origin for High-Altitude Alpine
Dairying. PloS ONE, 11(4): e0151442. doi:10.1371/journal.pone.0151442.
Carrer F., Mocci F. & Walsh K. 2015. Etnoarcheologia dei paesaggi alpine di alta quota nelle Alpi
occidentali: un bilancio preliminare. Il Capitale Culturale, 12: 621-635.
Carrer F., Walsh K. & Mocci F. 2018. Ecology, economy and upland landscapes: Socio-ecological
dynamics in the Alps during the transition to modernity. Human Ecology
Castiglioni G.B. 1976. Ortisé, un piccolo centro rurale della Val di Sole. Aspetti geografici del
Trentino-Alto Adige occidentale, 34. Escursione geografica interuniversitaria (settembre 1974).
Universita di Padova, Istituto di Geografia: 179-192.
Catalan J., Ninot J.M. & Aniz M.M. 2017. The High Mountain Conservation in a Changing World. In
Catalan J. et al. (eds.), High Mountain Conservation in a Changing Worlds. Springer: 3-36.
Chang C. & Tourtellotte A. 1993. The Ethnoarchaeological Survey of Pastoral Transhumance Sites.
Journal of Field Archaeology, 20(3): 249-264.
Christie N., Beavitt P., Gisbert Santoja J. Gil Senís V., Seguí J. 2007. Peopling the Recent Past in the
Serra de L’Altmirant: Shepherds and Farmers at the Margins. International Journal of Historical
Archaeology, 11: 304-321.
Cole J.W. & Wolf E.R. 1974. The Hidden Frontier: Ecology and Ethnicity in an Alpine Valley. New York,
Academic Press.
Cribb R. 1984. Computer simulation of herding systems as an interpretative and heuristic device in
the study of kill-off strategies. In Clutton-Brock J. & Grigson C. (eds.), Animals and Archaeology: 3.
Early Herders and Their Flocks. BAR International Series 202: 161-171.
Cunningham J.J. 2009. Ethnoarchaeology beyond correlates. Ethnoarchaeology, 1(2): 115-136.
Danielisová A., Olševičová K., Cimler R. & Machálek T. 2015. Understanding the Iron Age Economy:
Sustainability of Agricultural Practices under Stable Population Growth. In Wurzer G., Kowarik K. &
Reschreiter H. (eds.), Agent-based Modeling and Simulation in Archaeology. Springer: 183-215.
David N. & Kramer C. 2001. Ethnoarchaeology in Action. Cambridge University Press, Cambridge.

Dearing J., Braimoh A.K., Reenberg A., Turner B.L. & van der Leeuw S. 2010. Complex Land Systems:
the Need for Long Time Perspectives to Assess their Future. Ecology & Society, 15(4): URL:
http://www.ecologyandsociety.org/vol15/iss4/art21/.
Dell’Amore F., Carrer F. & Angelucci D.E. 2017. Reperti archeologici dalla Val Molinac e dalla Val Poré
(Val di Sole, Trento, Italia). In Guerri L. & Pedergnana N. (eds.), Archeologia e Cultura in Val di Sole.
Ricerche Contesti Prospettive, Atti del Convegno – Molino Ruatti 10-11/09/2016. Associazione
Molino Ruatti, Rabbi: 131-143.
Dietrich W. 1980. Geschichte der Preise und Löhne in Stift Stams von 1532 bis 1806. PhD Thesis,
Leopold Franzens University, Innsbruck (Austria).
Dossche R., Rogge E. & Van Eetvelde V. 2016. Detecting people’s and landscape’s identity in a
changing mountain landscape. An example from the northern Appennines. Landscape Research,
41(8): 934-949.
Fernández-Giménez M.E. & Fillat Estaque F. 2012. Pyrenean Pastoralists’ Ecological Knowledge:
Documentation and Application to Natural Resource Management and Adaptation. Human ecology,
40(2): 1-14.
Filatova T., Verburg P.H., Parker D.C. & Stannard C.A. 2013. Spatial agent-based models for socioecological systems: Challenges and prospects. Environmental Modelling & Software, 45: 1-7.
Fontana F. & Visentin D. 2016. Between the Venetian Alps and the Emilian Apennines (Northern
Italy): Highland vs. lowland occupation in the early Mesolithic. Quaternary International, 423: 266278.
Garde L., Dimanche M. & Lasseur J. 2014. Permanence and changes in pastoral farming in the
Southern Alps. Journal of Alpine Research, 102(2): DOI : 10.4000/rga.2416.
Gleirscher P. 2010. Hochweidenutzung oder Almwirtschaft? Alte und neue Überlegungen zur
Interpretation urgeschichtlicher und römerzeitlicher Fundstellen in den Ostalpen. In Mandl F. &
Stadler H. (eds.), Archäologie in den Alpen. Alltag und Kult. Forschungsberichte der ANISA. ANISA,
Haus i.E. (Austria): 43-62.
Gregg S.A. 1988. Foragers and Farmers: Population Interaction and Agricultural Expansion in
Prehistoric Europe. Chicago, University of Chicago Press.

Halstead P. 1996. Pastoralism or household herding? Problems of scale and specialization in early
Greek animal husbandry. In Thomas K.D. (ed.), Zooarchaeology: New Approaches and Theory. World
Archaeology, 28 (1): 20-42.
Lake M.W. 2014. Trends in Archaeological Simulation. Journal of Archaeological Method and Theory,
21: 258-287.
Lancelotti C., Negre J., Alcaina Mateos J. & Carrer F. 2017. Intra-site spatial analysis in
ethnoarchaeology. Environmental Archaeology, https://doi.org/10.1080/14614103.2017.1299908.
Le Couédic M. 2012. Modéliser les pratiques pastorales d’altitude dans la longue durée. Cybergeo:
European Journal of Geography, doi: 10.4000/cybergeo.25123.
Mathieu J. 2009. History of the Alps 1500-1900. Environment, development, and society. Virginia
University Press, Morgantown (USA).
Mientjes A.C. 2004. Modern pastoral landscapes on the island of Sardinia (Italy). Recent pastoral
practices in local versus macro-economic and macro-political contexts. Archaeological Dialogues,
10(2): 161-190.
Netting R.M. 1981. Balancing on an Alp: Ecological Change and Continuity in a Swiss Mountain
Community. Cambridge University Press, Cambridge.
Orme B. 1981. Anthropology for archaeologists: an introduction. London.
Premo L.S. 2007. Exploratory agent-based models: Towards an experimental ethnoarchaeology. In
Clark J.T. & Hagemeister E.M. (eds.), Digital discovery: exploring new frontiers in human heritage.
CAA 2006. Computer applications and quantitative methods in archaeology. Archeolingua, Budapest:
29-36.
Previtali F. 2011. Mountain Anthroposcapes, the Case of the Italian Alps. In Kapur S., Eswaran & Hari
(eds.), Sustainable land management: learning from the past for the future. Springer, Heidelberg:
143-161.
Reitmaier T., Doppler T., Pike A.W., Deschler-Erb S., Hajdas I., Walser C., Gerling C. 2017. Alpine
cattle management during the Bronze Age at Ramosch- Mottata, Switzerland. Quaternary
International, http://dx.doi.org/10.1016/j.quaint.2017.02.007.

Rescia A.J., Pons A., Pons A., Lomba I., Estaban C. & Dover J.W. 2008. Reformulating the socialecological system in a cultural rural mountain landscape in the Picos de Europa region (northern
Spain). Landscape and Urban Planning, 88: 23-33.
Rondelli B., Lancelotti C., Madella M., Pecci A., Balbo A., Ruiz Pérez J., Inserra F., Gadekar C., Cau
Ontiveros M. Á. & Ajithprasad P. 2014. Anthropic activity markers and spatial variability: an
ethnoarchaeological experiment in a domestic unit of Northern Gujarat (India). Journal of
Archaeological Science, 41: 482–492.
Rosenberg H.G. 1988. A Negotiated World: Three Centuries of Change in a French Alpine Community.
University of Toronto Press.
Schmelzer M. 1972. Geschichte der Preise und Lohne in Rattenberg vom Ende des 15. bis in die 2.
Halfte des 19. Jahrhnderts. PhD Thesis, Leopold Franzens University, Innsbruck (Austria).
Schmidl A. & Oeggl K. 2005. Subsistence strategies of two Bronze Age hill-top settlements in the
eastern Alps-Friage/Bartholomäberg (Voralberg, Austria) and Ganglegg/Schluderns (South Tyrol,
Italy). Vegetation History & Archaeobotany, 14: 303-312.
Shukurov A., Sarson G., Videiko M., Henderson K., Shiel R., Dolukhanov P. & Pashkevich G. 2017.
Productivity of Premodern Agriculture in the Cucuteni-Trypillia Area. Human Biology, 87(3):
arXiv:1505.05121 [q-bio.PE].
Skibo J.M. 2009. Archaeological Theory and Snake-Oil Peddling. The Role of Ethnoarchaeology in
Archaeology. Ethnoarchaeology, 1(1): 27-56.
Surovell T.A. & O’Brien M. 2016. Mobility at the Scale of Meters. Evolutionary Anthropology, 25(3):
142-152.
Tripathi R.S. & Sah V.K. 2001. Material and energy flows in high-hill, mid-hill and valley farming
systems of Garhwal Himalaya. Agriculture, Ecosystems and Environment, 86: 75-91.
Varanini G.M. 2004. L'economia. Aspetti e problemi (XIII-XV secolo). In Castagnetti A. & Varanini
G.M. (eds.), Storia del Trentino, III. L'età medievale. Il Mulino, Bologna: 461-516.
Viazzo P.P. 1989. Upland communities: environment, population and social structure in the Alps since
the sixteenth century. Cambridge, Cambridge University Press.
Viazzo P.P. & Woolf S. (eds.) 2001. L’alpeggio e il mercato. La Ricerca Folklorica 43.

Zaninelli S. 1979. Una agricoltura di montagna nell’Ottocento: il Trentino. Società di Studi Trentini di
Scienze Storiche, Trento.
Walsh K., Court-Picon M., de Beaulieu J.L., Guiter F., Mocci F., Richer S., Sinet R., Talon B., Tzortzis S.
2014. A historical ecology of the Ecrins (Southern French Alps): Archaeology and palaeoecology of
the Mesolithic to the Medieval period. Quaternary International, 353: 52-73.
Wylie A. 1982. An analogy by any other name is just as analogical: a commentary on the GouldWatson dialogue. Journal of Anthropological Archaeology, 1: 382-401.

Table 1: Model parameters.
CATEGORY
Calorific
fraction of
diet
Domestic
animals
parameters

Grazing and
foddering
areas

PARAMETER
Cereal products
Domestic animal products
Wild animal products
Potatoes
Fraction of cattle
Fraction of sheep/goats
Fraction of pigs
Usable meat: cattle (kg/hd)
Usable meat: sheep/goat (kg/hd)
Usable meat: pig (kg/hd)
Energy content: cattle (kcal/kg)
Energy content: sheep/goat (kcal/kg)
Energy content: pig (kcal/kg)
Fraction of cattle culled annually
Fraction of sheep/goat culled annually
Fraction of pigs culled annually
Fraction of milking cows in a cattle herd
Fraction of miling ewes/does in a flock
Surplus cow milk after weaning (l/yr/hd)

NAME
∈𝑔𝑔
∈𝑑𝑑
∈𝑤𝑤
∈𝑝𝑝
𝑎𝑎𝑐𝑐
𝑎𝑎𝑠𝑠
𝑎𝑎𝑝𝑝𝑝𝑝
𝑚𝑚𝑐𝑐
𝑚𝑚𝑠𝑠
𝑚𝑚𝑝𝑝𝑝𝑝
𝑒𝑒𝑐𝑐
𝑒𝑒𝑠𝑠
𝑒𝑒𝑝𝑝
𝑘𝑘𝑐𝑐
𝑘𝑘𝑠𝑠
𝑘𝑘𝑝𝑝𝑝𝑝
𝑘𝑘𝑐𝑐
𝑘𝑘𝑠𝑠
𝑦𝑦𝑐𝑐

M1
0.55
0.35
0.10
0.
0.25
0.625
0.125
100.
25.
20.
1600.
1600.
3000.
0.2
0.2
0.5
0.4
0.2
1150.

Surplus sheep/goat milk after weaning (l/yr/hd)

𝑦𝑦𝑠𝑠

225.

Grazing area: cattle (ha/hd)
Grazing area: sheep/goats (ha/hd)
Grazing area: pigs (ha/hd)
Area for winter fodder: cattle (ha/hd)

𝐴𝐴𝑐𝑐
𝐴𝐴𝑠𝑠
𝐴𝐴𝑝𝑝
𝑀𝑀𝑐𝑐

1.
0.1
0.
1.5

SCOPENOTE M1
Inferred from Castiglioni 1976,
Battisti 1904
Not cultivated (Castiglioni 1976)
Inferred from Battisti 1904

Inferred from Shukurov et al.
2017

Inferred from Cribb 1984

Inferred from Battisti 1904
~2000 l/yr/hd milk prod. (0.4
modern alpine prod.); calves
intake ~5-6 l/day/hd; weaning
period ~7-8 months. (World
Bank)
Average ~100 l/yr/hd sheep +
alpine goats ~500 l/yr/hd;
lambs/kids intake ~0.6
l/day/hd; weaning ~5 months
(World Bank)
(Gregg 1988: adapted for 6
months grazing)
Grazing in the woodlands
(Gregg 1988: adapted for 6

M2
0.2316
0.37
0.06
0.3384
0.40
0.55
0.05
100.
25.
20.
1600.
1600.
3000.
0.4
0.2
0.5
0.55
0.3
2500.

250.

1.
0.1
0.
1.5

SCOPENOTE M2
Inferred from Castiglioni 1976,
Battisti 1904
Estimated
Inferred from Castiglioni 1976
(Battisti 1904)

Inferred from Shukurov et al.
2017

Inferred from Cribb 1984

(Battisti 1904)
~3000 l/yr/hd milk prod. (0.6
modern alpine prod.); calves
intake ~5-6 l/day/hd; weaning
period ~2-3 months (World
Bank)
Average ~100 l/yr/hd sheep +
alpine goats ~500 l/yr/hd;
lambs/kids intake ~0.6
l/day/hd; weaning ~2 months
(World Bank)
(Gregg 1988: adapted for 6
months grazing)
Grazing in the woodlands
(Gregg 1988: adapted for 6

Area for winter fodder: sheep/goats (ha/hd)
Wild animal
products

Labour
productivity
& Calorie
intake

Agriculture
parameters

Fraction of fodder as hay
Usable meat: red deer (kg/hd)
Usable meat: roe deer (kg/hd)
Usable meat: wild boar (kg/hd)
Usable meat: chamois (kg/hd)
Usable meat: ibex (kg/hd)
Fraction of red deer among wild animals
Fraction of roe deer among wild animals
Fraction of wild board among wild animals
Fraction of chamois among wild animals
Fraction of ibex among wild animals
Energy content: red deer (kcal/kg)
Energy content: roe deer (kcal/kg)
Energy content: wild boar (kcal/kg)
Energy content: chamois (kcal/kg)
Energy content: ibex (kcal/kg)
People per family
Fraction of family who work in the field
Area ploughed with ard (m2/pn-hr)
Cereal area reaped/threshed (m2/pn-hr)
Grass area cut (m2/pn-hr)
Potato area harvested (m2/pn-hr)
Length of working day (hr/day)
Length of working year (day/yr)
Fraction of family requiring reduced calories
(young/old)
Daily energy requirement per person
(kcal/pn/day)
Daily energy requirement p.p. young/old
(kcal/pn/day)
Seeding fraction of the yield
Yield fraction lost to pest etc.
Energy content of crops (kcal/kg)

𝑀𝑀𝑠𝑠

0.05

ℵ
𝑚𝑚𝑟𝑟
𝑚𝑚𝑟𝑟𝑟𝑟
𝑚𝑚𝑏𝑏
𝑚𝑚𝑐𝑐ℎ
𝑚𝑚𝑖𝑖
𝑎𝑎𝑟𝑟
𝑎𝑎𝑟𝑟𝑟𝑟
𝑎𝑎𝑏𝑏
𝑎𝑎𝑐𝑐ℎ
𝑎𝑎𝑖𝑖
𝑒𝑒𝑟𝑟
𝑒𝑒𝑟𝑟𝑟𝑟
𝑒𝑒𝑏𝑏
𝑒𝑒𝑐𝑐ℎ
𝑒𝑒𝑖𝑖
𝑁𝑁𝑓𝑓
𝑊𝑊
𝑠𝑠𝑡𝑡
𝑠𝑠𝑟𝑟
𝑠𝑠𝑐𝑐
𝑠𝑠𝑝𝑝
𝜏𝜏
𝜎𝜎𝑦𝑦𝑦𝑦
𝛿𝛿𝑦𝑦𝑦𝑦

0.8
130.
11.
130.
20.
35.
0.25.
0.25
0.125
0.25
0.125
1400.
1400.
3500.
1600.
1600.
8
0.625
260.
30.
60.
—
10.
250.
0.5

𝐶𝐶𝑦𝑦𝑦𝑦

c/2

𝐶𝐶

2500.

𝛾𝛾
𝜆𝜆
𝑒𝑒𝑔𝑔

0.12
0.25
3820.

months growing, to produce 6
months fodder)
Estimated
Inferred from Shukurov et al.
2017

0.05

Inferred from Viazzo 1990

0.8
130.
11.
130.
20.
35.
0.25
0.25
0.125
0.25
0.125
1400.
1400.
3500.
1600.
1600.
8
0625
260.
30.
60.
16.
10.
250.
0.5

Estimated

2500

Inferred from Swiss National
Park and National Park of the
Dolomites (Italy)

Inferred from Shukurov et al.
2017

Inferred from Viazzo 1990
Inferred from Gregg 1988,
Boserup 1965

Estimated

months growing, to produce 6
months fodder)
Estimated
Inferred from Shukurov et al.
2017

Inferred from Swiss National
Park and National Park of the
Dolomites (Italy)

Inferred from Shukurov et al.
2017

Inferred from Viazzo 1990
Inferred from Gregg 1988,
Boserup 1965

Estimated
Inferred from Viazzo 1990
Estimated

c/2
Estimated
Average of rye (3750) and

0.12
0.25
3820.

Estimated
Average of rye (3750) and

Energy content of potato (kcal/kg)
Fruit/vegetables fraction of land
Settlement area (ha)
Population density (pn/ha)
Unmanured cereal yield (kg/ha/yr)

Wool and
cheese
parameters

Trashumance
parameters

Unmanured potato yield (kg/ha/yr)
Ratio of manured to unmanured yield
(kg/ha/yr)
Manure produced by cattle (kg/hd/yr)
Manure applied to fields (kg/ha/yr)
Fraction of wool used for local consumption
Wool production (kg/hd/yr)
Cost of wool (Kr/lb)
Cost of labour (Kr/day)
Cost of cheese (Kr/lb)
Fraction of dairy used for local consumption
Conversion from Habsburg pound to kilogram
Kg of hard cheese produced for 1 l of milk
Fraction of year that mid-altitude area is used
Fraction of year that high-altitude area is used

𝑒𝑒𝑝𝑝
𝛿𝛿𝑓𝑓
𝐴𝐴0
𝜌𝜌

670.
0.5
2.
75.4

𝑌𝑌𝑝𝑝𝑝𝑝
𝑟𝑟𝑚𝑚𝑚𝑚

1.e4
1.2

𝑌𝑌𝑢𝑢

1200.

𝑚𝑚
𝜇𝜇
𝑓𝑓𝑤𝑤𝑤𝑤
𝑦𝑦𝑤𝑤
𝑅𝑅𝑤𝑤
𝑅𝑅𝑙𝑙
𝑅𝑅𝑐𝑐ℎ
𝑓𝑓𝑑𝑑𝑑𝑑
𝜎𝜎𝑙𝑙𝑙𝑙
𝛿𝛿𝑐𝑐ℎ
𝛿𝛿𝑚𝑚𝑚𝑚𝑚𝑚
𝛿𝛿ℎ𝑖𝑖𝑖𝑖ℎ

2.5e3
15.e3
0.2
20
15
3
0.9
0.560
0.1
6./12
3./12

barley (3890) (FAO)
(FAO)
Ortisé+Menas, from cadastre
Set to get a tot. population of
150
~1/2 the cereal yield of Austria
in 1960s (The World Bank)
Not cultivated (Castiglioni 1976)
Estimated

Estimated
Schmelzer 1972, Dietrich 1980
Estimated
Schmelzer 1972, Dietrich 1980
(Castiglioni 1976, Battisti 1904)

670.
0.5
4.
75.4

barley (3890); source: FAO
(FAO)

1.e4
1.2

Ortisé+Menas, from cadastre
Set to get a tot. population of
300
~1/2 the cereal yield of Austria
in 1960s (The World Bank)
Estimated
Estimated

2.5e3
15.e3
0.8

Estimated

1200

24
32
9
0.5
0.560
0.1
6./12
3./12

Schmelzer 1972, Dietrich 1980
Estimated
Schmelzer 1972, Dietrich 1980
(Castiglioni 1976, Battisti 1904)

The parameters changed from model 1 to model 2 are highlighted. Keys: ha=hectar, yr=year, hd=head (animal), pn=person, hr=hour, Kr= crowns (currency), lb= Habsburg
pound (weight)

Table 1: Model outputs
CATEGORY
Field areas

Arable yields

Domestic
animal
populations
Wild animal
populations

Labour costs

Wool
economy

Dairy
economy

PARAMETER
Cereal area (ha)
Potato area (ha)
Fruit and vegetable area (ha)
Lowland grazing area (ha)
Mid-altitude grazing area (ha)
High-altitude grazing area (ha)
Lowland meadow area (ha)
Mid-altitude meadow area (ha)
Cereal yield (kg/ha/yr)
Potato yield (kg/ha/yr)
Fraction of fields manured
Cattle (hd)
Sheep/goats (hd)
Pigs (hd)
Horses (hd)
Red deer (hd)
Roe deer (hd)
Wild boar (hd)
Chamois (hd)
Ibex (hd)
Cereal reaping time (day/yr)
Grass cutting time (day/yr)
Potato harvesting time (day/yr)
Sheep shearing time (day/season)
Milking time (hr/day)
Wool production (kg/yr)
Wool income (Kr/yr)
Income labour equivalent (pn-day/yr)
Income labour equivalent (FTE)
Cheese production (kg/yr)
Cheese income (Kr/yr)
Income labour equivalent (pn-day/yr)
Income labour equivalent (FTE)

NAME
𝐴𝐴𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐
𝐴𝐴𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝
𝐴𝐴𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓,𝑣𝑣𝑣𝑣𝑣𝑣
𝐴𝐴𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔,𝑙𝑙𝑙𝑙𝑙𝑙
𝐴𝐴𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔,𝑚𝑚𝑚𝑚𝑚𝑚
𝐴𝐴𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔,ℎ𝑖𝑖𝑖𝑖ℎ
𝐴𝐴𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚,𝑙𝑙𝑙𝑙𝑙𝑙
𝐴𝐴𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚,𝑚𝑚𝑚𝑚𝑚𝑚
𝑌𝑌
𝑌𝑌𝑝𝑝𝑝𝑝𝑝𝑝
𝑓𝑓𝑚𝑚
𝑁𝑁𝑐𝑐
𝑁𝑁𝑠𝑠
𝑁𝑁𝑝𝑝𝑝𝑝
𝑁𝑁ℎ
𝑁𝑁𝑟𝑟
𝑁𝑁𝑟𝑟𝑟𝑟
𝑁𝑁𝑏𝑏
𝑁𝑁𝑐𝑐ℎ
𝑁𝑁𝑖𝑖
𝑇𝑇𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟
𝑇𝑇𝑐𝑐𝑐𝑐𝑐𝑐
𝑇𝑇𝑝𝑝𝑝𝑝𝑝𝑝
𝜏𝜏𝑠𝑠ℎ𝑒𝑒𝑒𝑒𝑒𝑒
𝜏𝜏𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚
𝑌𝑌𝑤𝑤𝑤𝑤𝑤𝑤𝑤𝑤
𝐼𝐼𝑤𝑤𝑤𝑤𝑤𝑤𝑤𝑤
𝐼𝐼𝑤𝑤𝑤𝑤𝑤𝑤𝑤𝑤,𝑑𝑑𝑑𝑑𝑑𝑑
𝐼𝐼𝑤𝑤𝑤𝑤𝑤𝑤𝑤𝑤,𝐹𝐹𝐹𝐹𝐹𝐹
𝑌𝑌𝑐𝑐ℎ𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒
𝐼𝐼𝑐𝑐ℎ𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒
𝐼𝐼𝑐𝑐ℎ𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒,𝑑𝑑𝑑𝑑𝑑𝑑
𝐼𝐼𝑐𝑐ℎ𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒,𝐹𝐹𝐹𝐹𝐹𝐹

M1
18.5
—
9.3
—
113.3
113.3
61.2
113.3
1265.2
—
0.27
91
227
45
—
21
21
11
21
11
8.2
26.2
—
0.9
5.7
453
16200
1080
4.3
1550
8320
554
2.2

M2
22.2
11.1
11.1
—
162.3
162.3
97.9
162.3
1264.2
10535.
0.27
143
196
18
—
25
25
13
25
13
4.9
19.9
4.6
0.8
4.5
98.
4200
131
0.5
20300
326000
10200
40.7

Keys: ha=hectar, yr=year, hd=head (animal), pn=person, hr=hour, Kr= crowns (currency), lb= Habsburg pound
(weight)

