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Abstract
The development, floruit and decline of the urban phase of the Indus Civilisation
(c.2600/2500-1900 BC) provide an ideal opportunity to investigate social resilience and
transformation in relation to a variable climate. The Indus Civilisation extended over most of the
Indus River Basin, which includes a mix of diverse environments conditioned, among other
factors, by partially overlapping patterns of winter and summer precipitation. These patterns likely
changed towards the end of the urban phase (4.2 ka BP event), increasing aridity. The impact of
this change appears to have varied at different cities and between urban and rural contexts. We
present a simulation approach using agent-based modelling to address the potential diversity of
agricultural strategies adopted by Indus settlements in different socio-ecological scenarios in
Haryana, NW India. This is an ongoing initiative that consists of creating a modular model, Indus
Village, that assesses the implications of trends in cropping strategies for the sustainability of
settlements and the resilience of such strategies under different regimes of precipitation. The model
aims to simulate rural settlements structured into farming households, with sub-models
representing weather and land systems, food economy, demography, and land use. This model
building is being carried out as part of the multi-disciplinary TwoRains project. It brings together
research on material culture, settlement distribution, food production and consumption,
vegetation and paleoenvironmental conditions.

1. Introduction

The urban phase of the Indus Civilisation
(c.2600/2500-1900 BC) offers an interesting case of
social resilience and transformation in the face of a
variable and changing climate. This early expression
of urbanism in South Asia has long been associated
with climate dynamics, believed to have been enabled
by an intensification in precipitation and, centur-
ies after, impacted by a trend towards aridification.

However, the interrupted trajectories of Indus cit-
ies contrast with the trajectories of smaller settle-
ments (e.g. villages), which survive the period and,
in some regions, increase in number (Green and
Petrie 2018). This pattern suggests a systematic dif-
ference between urban and rural in terms of sus-
tainability and resilience of practices and institutions
under environmental stress (Petrie 2019, Petrie et al
2019). Although there is enough evidence to sup-
port a link between climate and social change, the
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mechanism(s) by which aridification contributed to
de-urbanisation, but not depopulation, is still under
debate. Moreover, the continuity of occupation of
the rural landscapes poses a challenge, particularly to
those interpretations defining the abandonment of
the Indus cities as societal collapse rather than social
transformation (Petrie 2019).

Here we introduce an agent-based modelling
(ABM) approach to represent and connect the
factors possibly determining the trajectory of vil-
lage settlements of the Indus Civilisation. This
approach includes a collection of modular compon-
ents designed to be sufficiently explicit, but still gen-
eric, representations of weather and land systems,
food economy, demography and settlement at a local-
to-regional scale. Although independent, all mod-
ules are being designed to fit together into a single
simulation model, the Indus Village model. Work-
ing towards a better understanding of how environ-
mental factors influence social change, we seek to use
this integral model to assess the implications of dif-
ferent food production strategies for the sustainabil-
ity of urban and rural populations and the resilience
of such strategies in the face of climate-driven changes
in water availability.

This work is part of TwoRains (2015–2020, ERC
H2020-648609), a multi-disciplinary project focused
on Indus Civilisation sites in Haryana, NW India.
The project goal is to improve the understanding of
human adaptations to variable rainfall systems and
climate change, as well as the resilience and sustainab-
ility of the choices available during the development
of the Indus Civilisation.

2. Indus Civilisation: a case of collapse or
resilience?

The Indus Civilisation spread over a large portion
of South Asia, including most of modern Pakistan
and parts of northwest India. The Indus Civilisation
is characterised almost exclusively through archae-
ological evidence, specifically, by a set of unique
architectural and artefactual types (e.g. Wright 2010,
pp 23, 326–30). More notably, the urban phase of
the Indus Civilisation, also named the Harappa or
Mature Harappan period (c.2600/2500-1900 BC),
presents one of the earliest instances of urban settle-
ments worldwide (Mcc 1981, Possehl 1990, 2002, Pet-
rie 2013). The full expression of Indus urbanisation
appears limited to five settlements that each grew to
a significant size (80+ ha) between c.2600 and 2500
BC and thrived for an exceptional amount of time (c.
600–700 years; Petrie 2013). Indus citieswere far apart
from each other, and were located in different ecolo-
gical zones within the plains of the Indus River Basin
(figure 1). As their low number indicates, cities were
the exceptions to the Indus settlement system, which
was mainly comprised of towns and villages. Several
lines of evidence suggest that Indus Civilisation was a

predominantly rural society (Singh et al 2018, 2020,
Parikh and Petrie 2019).

Indus social and cultural complexity underwent a
period of deterioration (c.2000–1900 BC), culminat-
ing with the abandonment of all but one of the large
urban centres (Harappa), which itself saw a decline
in occupied area, and a cessation in the use of Indus
script, seals, andmany elements specific to theMature
Harappan material culture. South Asia would not
see a comparable expression of urbanism for many
centuries, which makes it distinct to the trajectory
observed in the Near East (Petrie 2013).

Many causes have been proposed for the de-
urbanisation of the Indus Civilisation, among which
climate change has received increasing attention
(Macdonald 2011, Dutt et al 2019). Although a con-
sensus is still elusive (Petrie 2017), recent studies offer
multi-proxy evidence that suggest both the emer-
gence and decline of the Mature Harappan phase
broadly coincides with climatic changes linked to the
amelioration and degradation of regional precipita-
tion levels (Dixit et al 2018, Giesche et al 2019).

The Indus Civilisation thus presents a compelling
case of contrasting trajectories of different compon-
ents of a socio-ecological system, where the decline
of urban lifeways coexists with the resilience of rural
contexts (Petrie 2019). The relatively robust urban
centres, whose occupation endured centuries, were
ultimately unsustainable when facing a prolonged
period of environmental stress. Villages, however,
occupied a central place in the Indus settlement
system before, during, and after the urban period,
suggesting that rural lifeways remained flexible and
capable of adaptative transformation (Madella and
Fuller 2006: figure 9, Parikh and Petrie 2019). If Indus
urbanism was an experiment that proved unsustain-
able, Indus villages may hold the key for a successful
model (or rather models) of agricultural systems that
can be resilient to climate change.

3. Indus food production: patterns of
diversity and variability

Archaeological evidence dating to the Mature Harap-
pan period extends overmost of the Indus River Basin
and marginally towards Iran and northern Afgh-
anistan (figure 1). This large area consists of a mix
of diverse environments, affected by desert (BWh),
semi-arid (BSh) and humid subtropical (Cwa) cli-
mates under the Köppen–Geiger classification (Beck
et al 2018). Diversity and variability of environmental
conditions are expressed on both local and regional
scales, including alluvial plains and fans, intermont-
ane valleys and islands, with water input relying on
perennial rivers, rainfall, and groundwater.

The environmental diversity and variability in the
Indus River Basin are largely due to the incidence
of partially overlapping winter and summer rainfall
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Figure 1. The distribution of Mature Harappan major (white) and minor (yellow) sites.

systems (figure 2; Petrie et al 2017). Winter precip-
itation is produced by the confrontation of westerly
weather patterns, carrying moisture from the Per-
sian Gulf and the north of the Arabian Sea, with the
southern slopes of the Hindu Kush, the Karakoram,
and the Himalayas. Summer precipitation is associ-
ated with the South Asian summer monsoon, which
is triggered by the northward movement of the Inter-
tropical Convergence Zone. The presence of these two
atmospheric systems is influenced by complex cli-
mate dynamics, and renders precipitation in this area
highly variable from one year to another (Baudouin
et al 2020a, 2020b).

Despite the high interannual and spatial vari-
ability, the separation of winter and summer rains
remains consistent throughout the region (figure 3,
top row). Both rainy seasons are well defined with
daily precipitation often peaking in February and
July, separated by dry gaps around May and Novem-
ber (Baudouin et al 2020a, 2020b). Even though the
summer monsoon is stronger, particularly on the

plains, both rainfall systems are key to alleviate soil
water stress as reflected in the Agricultural Reference
Index for Drought (ARID) index (Woli et al 2012),
which accounts for other factors affecting soil water
balance (figure 3, bottom row).

Archaeological evidence suggests that Indus pop-
ulations were already well adapted to those envir-
onments during the pre-urban or Early Harappan
Period (c.3000–2600 BC) (Petrie et al 2017, Petrie
2019). The homogeneity implied by the term ‘civilisa-
tion’ should consider the many differences between
Indus sites regarding not only artefactual and archi-
tectural styles, but also subsistence strategies (Pet-
rie et al 2017, 2018). The spectrum of agropastoral
strategies of the Indus population is still not fully
understood. However, there is clear evidence that
Indus farmers engaged with a wide range of food
production practices (Joglekar et al 2013, Petrie and
Bates 2017). The Indus subsistence economy involved
mainly the cultivation of wheat, barley, millets and
other staple food crops, raising cattle (zebu, water
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Figure 2. The distribution of Mature Harappan major (orange) and minor (yellow) urban sites, and the average total
precipitation (mm) during summer (May–October) and winter (November–April) over the Indus Basin during 1951–2000
(Global Precipitation Climatology Centre, version 2018 at 0.25◦; Meyer-Christoffer et al 2018).

buffalo), sheep and goat, and other activities depend-
ing on local conditions, such as fishing and foraging.

Recent analyses of paleoclimate proxies (e.g. Dixit
et al 2018, Giesche et al 2019) have indicated that
Indus urbanism broadly coincides with a distinct
intensification of precipitation in the region (4.5–
4.3 ka BP), which appears to reflect an increase in
winter precipitation (Giesche et al 2019), while the
decline and abandonment of cities occurred during a
period of aridification that was driven by the decrease
in both winter and summer precipitation. Among the
many subsistence activities performed in the Indus
Civilisation, crop-based agriculture is the most vul-
nerable to the risks entailed by the complex condi-
tions influencing water availability in this region. It is
important to consider the degree to which the decline
of the Indus cities might have been directly or indir-
ectly linked to the underperformance or failure of
agricultural food production.

Recent contributions have raised a number of
points specifically concerning the diversity of crops
grown and consumed, both at local and regional
scales, during the time span of the Indus Civilisa-
tion (e.g. Madella and Fuller 2006, Petrie et al 2016,
Petrie and Bates 2017, Bates et al 2017a, 2017b,
Bates 2019). Given the current archaeobotanical evid-
ence, it has been argued that the frequency in use of
winter crops (rabi—wheat, barley, pea, lentil, chick-
pea) and summer crops (kharif—millet, rice, trop-
ical pulses) responded to the distribution of the two
rainfall systems (Kajale 1991, Meadow 1996, Weber
1999, Fuller and Madella 2002, Madella and Fuller
2006, Weber et al 2010, Wright 2010, Fuller 2011,
Pokharia et al 2014, Weber and Kashyap 2016). The
higher abundance of summer crops in southern Indus
sites (Gujarat), and lower abundance in western
sites (Sindh), correlates well with the distribution

of summer precipitation (figure 2, left). Conversely,
winter crops are clearly less present in those sites
that receive the least amount of winter rain (figure 2,
right). The eastern sites (Haryana and Indian Pun-
jab), receiving both summer andwinter precipitation,
display significant evidence of crops grown in both
seasons.

If conditions today are a valid reference for the
past, the population inhabiting sites in the Lower
and Middle Indus would have endured extremely
arid conditions year-round (figure 3, Mohenjo-daro
and Ganweriwala). The location of Mohenjo-daro
receives an average of 79 mm of annual precipit-
ation (1984–2008, NASA POWER), indicating that
this important city could have relied almost com-
pletely on river or groundwater. Conversely, rainfed
agriculture would have been feasible in the north-
ern regions closer to the Himalayas, which prob-
ably had the best conditions for growing both winter
and summer crops with no or little need for irriga-
tion. The easternmost part of the latter region, Hary-
ana and Indian Punjab, receives the most precipit-
ation on average (499 mm at Rakhigarhi), though
this is mainly due to the summer monsoon (figure 3,
Rakhigarhi).

Archaeobotanical research on the eastern sites
suggests thatwheat and barley (Triticum sp.,Hordeum
vulgare) could have played a more significant role
based on their calorific value, even under condi-
tions where summer crops are less exposed to risks
associated with aridity (Bates et al 2017a). However,
the widespread presence of millets (such as Echin-
ochloa sp.) indicates that these crops also received
special attention from Indus farmers. The ubiquity
of small grain crops raises the more general issue
of how to assess the factors determining the factual
and perceived adequacies of different crops, which
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Figure 3. Daily precipitation during 1990 (NASA POWER) on the location of the five major Indus urban centres and estimated
values of reference evapotranspiration (ETr), proportion of soil water content (WATp), and the ARID index (Woli et al 2012). ETr
was calculated following Allen et al 1998 and WATp and ARID were simulated using the Soil Water Balance model (Wallach et al
2014, pp 24–28 and 138–144).

could potentially include aspects such as resistance to
drought, easiness of cultivation, familiarity, function-
ality or even taste.

Haryana and Indian Punjab are particularly inter-
esting regions not only to illuminate food produc-
tion in the Indus Civilisation, but also to investig-
ate the decision-making involved in crop choices of
farmers in other past and also present societies. Crop
choices are more complex in regions like Haryana
where conditions can sustain two growing seasons
per year. It has been argued that different forms of
multi-cropping were used by Indus Civilisation farm-
ers (Petrie and Bates 2017). Multi-cropping, i.e. ‘the
production of two or more crops per year on the
same land’, is deemed an effective risk-management
strategy in the past, buffering the effects of insuffi-
cient harvests of any single crop in any particular year
(Marston 2011). As defined by Andrews and Kassam
(1976, Table 1), the term refers not only to grow-
ing crops on the same space of land over multiple
seasons (sequential multi-cropping), but also com-
bining crops within the same season (intercropping),
e.g. combining crops with similar ecological require-
ments or growing habits on the same area of land.
More broadly, the diversification of subsistence prac-
tices has been argued to be themost common adapta-
tion to a ‘predictable unpredictability’ (Miller 2011).

4. Towards a ‘testable narrative’ of the
Indus Civilisation

One of the overarching objectives of the TwoRains
project is the synthesis, integration and interrogation

of the heterogeneous datasets generated by its mem-
bers through the realisation of a modelling pro-
gramme. The programme mission is to explore
human adaptation to the shifting landscapes of
NW India and expose the sustainability of different
types of possible human responses to abrupt climate
change.

More specifically, themodelling approach presen-
ted here aims to evaluate the following sequence of
hypotheses or ‘testable narrative’, which is informed
in the background knowledge summarised above:

1. Urbanism is the product of a complex system.
Given enough frequency of exchange between
settlements, resources tend to concentrate on
‘hubs’. This theoretical premise agrees with the
archaeological evidence, as part of the char-
acteristic Indus artefact assemblage was either
imported or made of imported raw mater-
ials from significant distant sources (Wright
2010, pp 148–66, 182–203). There is also evid-
ence dating to the third millennium B.C. for
the integration of Indus settlements into a lar-
ger exchange network (Uesugi 2019), with the
presence of Indus products in Central Asia,
Pakistani Makran, Persian Gulf, and Mesopot-
amia (Possehl 2002, Wright 2010, pp 225–32).

2. Local diversity hinders settlement rural-
urban differentiation. Diversity of cropping
strategies at a local scale, together with pop-
ulation dispersal in small communities, are
cultural adaptations to the unpredictability of
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Indus environments. These traits improve resi-
lience locally, but decrease productivity at a
regional scale, shortening surplus directed to
non-food-producing activities and exchange,
thus undermining urbanism.

3. Favourable conditions relax adaptation. Pre-
urban Indus settlements were alreadywell adap-
ted to unpredictability. However, motivated by
the more favourable conditions towards the
transition to the urban period, farmers pro-
gressively took more risks by specialising in the
most productive crops under these conditions,
being able to feedmore people, thus supporting
settlement growth and urbanism. Productivity
here refers to the harvest yield in bulkweight per
labour hour and area, with the assumption that
under their respective optimal conditions, these
crops are more productive than the alternatives.

4. Unfavourable conditions strengthen adapta-
tion. Once precipitation began to decrease
towards the end of the urban period, the pro-
ductivity of winter mono-crop strategies also
decreased and, with them, the generation of
surplus for exchange. With fewer opportunit-
ies for exchange, farmers had strongmotivation
to adopt alternative cropping strategies (diverse,
resilient, low-level productivity).

5. The exchangenetwork collapses.With increas-
ing aridity and higher local crop diversity,
regional food production rates become pro-
gressively smaller and the extensive, unified
exchange network eventually collapses.

6. The subsistence crisis led to migration and
abandonment of cities. With exchange net-
works collapsing, urban settlements would be
lacking enough food to supply their inhabit-
ants. The bulk of the urban population would
be motivated to move to rural settlements or
migrate to other regions, as seems to indicate
the overall shift of settlement density from the
Lower and Middle Indus to Punjab, Haryana,
and Gujarat (Green and Petrie 2018).

5. The Indus Village model

5.1. Concept and purpose
The end-goal of the TwoRainsmodelling programme
is the Indus Village model (figure 4). This model
aims to represent one or more rural settlements with
a population structured in households. Households
engage in crop-based agricultural production. Other
economic activities, such as animal husbandry, are
simplified, but represented. The land use of a house-
hold, including one or multiple cropping strategies,
is allocated in the area surrounding settlements, con-
sidering the specific environmental conditions and
the current workforce, know-how and dietary pref-
erences of the household.

Food products are processed into foodstuffs to
be consumed or stored. Households may have the
opportunity to exchange foodstuffs with other local
households or with partners assumed to exist outside
the locality. Each household member receives a share
of food and has its probability of dying modified by
the differences of nutrients gained and needed. While
the nutrition of members impacts household sur-
vival, the difference between consumed and desired
diet is factored by household decision making as a
driver for changing the production strategy.

We explore different scenarios of adaptation to
specific environmental conditions, assessing the level
of resilience of different cropping strategies (e.g.
mono- versus multi-cropping). Our main object-
ive is to test the hypotheses listed above, especially
regarding if and how strategies emphasising diversity
strengthen resilience in the face of climate change,
but generally decrease the surplus needed for sustain-
ing the urban (i.e. non-food-producer) population.
However, we also expect themodel to set a framework
for exploring alternative models to those underlying
our current design.

5.2. Indus Village as an archaeological agent-based
model
The Indus Village model was conceptualised through
the ABM approach (Gilbert 2008, Crooks et al 2018,
Railsback and Grimm 2019). ABM stands out from
other modelling approaches as it allows for bottom-
updesign, generating aggregate patterns through pro-
cesses at the individual level, including the beha-
viour of entities (agents) towards other entities in
their environment (Epstein and Axtell 1996). ABM
is less abstract because it uses explicit representa-
tions of entities and processes within the systems
of interest. However, ABM often requires more spe-
cifications and assumptions and can produce highly
complex behaviour, presenting a workflow filled
with both conceptual and technical challenges, from
the interdisciplinary dialog to the control required
for programming and simulating complex systems
(Romanowska 2015, Lake 2015).

ABM is particularly extended in ecology, geo-
graphy, and most social sciences. In archaeology,
ABM has been applied to numerous case studies in
the last two decades (Christiansen and Altaweel 2006,
Lake 2014, Madella et al 2014, Cegielski and Rogers
2016, Barton 2016). The TwoRains modelling pro-
gramme is inspired by the Artificial Anasazi (Axtell
et al 2002, Diamond 2002, Janssen 2009, Swedlund
et al 2016), MASS (Wilkinson et al 2013), and Sim-
ulPast projects (Angourakis et al 2014, 2015, 2017,
Madella et al 2014).

5.3. The life of an Indus Village farmer
The development of the Indus Village model has
been focused on representing a generic, yet reliable,
portrait of the village economy during the Indus

6



Environ. Res. Lett. 15 (2020) 115004 A Angourakis et al

Figure 4. Graphic overview of the Indus Village model. Emoji’s reproduced from https://twemoji.twitter.com/. CC BY 4.0. Cube
representing land units reproduced from www.needpix.com/. CC0. This ‘Mother wtih infant icon’ has been obtained by the
author(s) from the Wikimedia website, where it is stated to have been released into the public domain. It is included within this
article on that basis. Pottery icon reproduced from https://svgsilh.com/. CC0. Images of people reproduced from
https://thenounproject.com. CC BY 3.0.

Civilisation’s urban period. The keystone of such a
portrait is the definition of howwe expect the ‘life’ of a
farmer to be, within the limits of the artificial world of
the model.

The Indus Village farmer is an abstraction of the
decision-making process within a household regard-
ing agriculture, through either leadership or con-
sensus. Agriculture is one of the possible solutions
to the deeper economic problem of food production:
how to satisfy the desired diet with limited mater-
ial, social, and cultural resources. Farmers are aware
of their satisfaction, and (re-)order their priorities
accordingly. The challenge for farmers is then to find
the best match between a target production and the
possibilities available (the ‘why’).

The first item in our artificial farmer’s agenda is
to decide what activities to perform, not only what
crops to cultivate, but also in what measure agricul-
ture is even preferable or viable (the ‘what’). Activit-
ies such as animal husbandry, fishing, hunting, and
foraging are complements or alternatives to agricul-
ture, particularly at the scale of households. The range
of options available for Indus Village farmers, both in
terms of activities and crop choices, is constrained by
the know-how accumulated through cultural trans-
mission in previous generations.

The options available to farmers are also lim-
ited by the land’s characteristics and social tenancy
(the ‘where’). Farmers only consider those land units
already in use by them or not used by others, as there
is no representation of conflicts in the Indus Village.
Farmers assess the potential of land units for each

activity considered by perceiving certain visible prop-
erties (elevation, state of soil water content, ecolo-
gical community). These properties are dependent
on, but not equal to, the quantitative variables at play
in yield generation (conservative assumption about
cognition). If the land is unavailable or irremediably
unproductive, households can reconsider their com-
mitment to the location and migrate.

Indus Village farmers must also account for
the workforce available (the ‘how’), dependent only
on household members (assuming no cooperation
between households). The labour availablemustmeet
the requirements for obtaining a minimum output
of a given activity, while additional investment may
increase production (intensification with decreasing
returns).While all other activities are simplified, crop
cultivation involves a specific calendar of tasks. When
considering the cultivation of crops in a land unit,
farmersmust distribute their workforce between tasks
spread over months, like field preparation (e.g. lev-
elling, clearing, draining, ploughing), sowing, field
maintenance (e.g. weeding, protection, monitoring),
and harvest. They can however, reassess their labour
investments daily or even their commitment to an
activity or land unit, e.g. by abandoning failing crops.

The Indus River Basin, though diverse, is marked
by the presence or proximity to rivers. Would Indus
Village farmers be more successful if cultivating crops
near a river, i.e. through recession or irrigated agri-
culture? As river inflow does not necessarily follow
the pattern of local precipitation, it may serve to
alleviate the consequences of aridification. However,
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cultivable land along rivers might not be available
locally, and its preparation and maintenance can be
more labour-intensive than rainfed fields. Moreover,
the rivers of the Indus River Basin are known to have
shifting paths and flood due to extreme precipitation
events.

These and other decision moments are expected
to emerge during simulations. They are guides for
establishing an acceptable compromise between com-
plexity and simplification in the Indus Village model.

5.3.1. Model design.
The Indus Village model is comprised of households,
land units, and a global environment, all of which
contain different variables and sub-models describ-
ing dynamics therein (figure 5).

The scale of the area represented in the model will
be one of the aspects explored in future simulation
experiments. However, both the model and experi-
ments are being design for the scale of the direct land
use of an agricultural village (c. 25 km2 or 2500 ha).

The entire model is to be run with a time step of
a day, though most processes occur only under cer-
tain conditions: some are active during a continuous
sequence of days, such as crop growth (from sow-
ing to harvest), while others are solved discretely after
certain events, one or more times in a year, such as
the selection of production strategies. The general
flow of the model describes a population of farm-
ing households and their members, settling or re-
settling within the local area, choosing a food pro-
duction strategy and the corresponding land use and
labour investment, andmanaging and consuming the
produce. The household re-evaluates the production
strategy seasonally, guided by an average diet desired,
while the actual consumption of nutrients affects the
probability of death of individual members.

The core of the model lies in between the work-
ings of the sub-models. Seasonally, household agents
will compare their desired diet, expressed as a com-
position of foodstuffs, to the diet realised during the
last yearly cycle (the last two cropping seasons), and
either continue or modify their production strategy
accordingly. Changes in the production strategies can
involve selecting other available land units, shifting
the activities or crops assigned to currently used land
units, or redistributing the labour invested in those
land units. The stress on diet satisfaction and, con-
sequently on the stability of strategies, can be allevi-
ated by acquiring foodstuffs through exchange with
external actors. Figure 5. Outline of the dependen-
cies of variables and sub-models of the Indus Village
model (parameters are not represented).

5.4. Modularity and progressive development
All models used within the Indus Village model are
purposely kept as independent components. Modu-
larity allows for a paced and cleaner improvement of
each model and even their eventual replacement by

a competing model. Additionally, significant effort
and discipline are being put into developing mul-
tiple versions that, though progressively more com-
plex, are revised, tested, and documented. In this way,
we hope to improve the intelligibility of their out-
comes and guarantee that these models survive the
project, remaining accessible for future replication or
re-use.

The development of the Indus Village model is
ongoing, but it has consolidated several sub-models.
These sub-models were implemented in NetLogo,
which is an open-source software platform for mod-
elling and simulation specialised in ABM (Wilensky
1999). NetLogo was considered the best option for
delivering compact sharable models within the short
term. All files related to the Indus Village model
and its sub-models are stored under version con-
trol in a public repository (https://github.com/Two-
Rains/indus-village-model) and have been released as
a citable repository (Angourakis 2020a).

5.5. Environmental sub-models
5.5.1. Weather model.
A relatively simple model whose function is to sim-
ulate daily weather variables required by the Soil
Water Balance and Crop models. Daily solar radi-
ation (MJm−2) and temperature (◦C) (average, max-
imum and minimum) are simulated using a sinus-
oid function (controlled by the annual minimum and
maximum) with daily normal noise (controlled by
daily standard deviation). Daily precipitation (mm)
is derived from the annual curve of accumulated pre-
cipitation, which is simulated using a double-logistic
function (Shabani et al 2018) followed by a stochastic
algorithm to break the curve into stepped slopes in
order to obtain discrete precipitation events. This was
selected as the best parametric approach able to recre-
ate the pattern found inmost of the Indus River Basin
and particularly Haryana (i.e. two rain seasons; see
model study in Angourakis 2020b). This approach
requires the annual total precipitation and six other
shape parameters that control the two seasons’ tim-
ing, spread and relative proportion of annual precipit-
ation. To simulate interannual variability, the curve is
re-generated every year with normal noise applied for
all parameters. Reference evapotranspiration (mm)
is calculated through the Penman-Monteith method,
using the grass cover reference and assuming a con-
stant wind velocity of 2 m s−1 (Allen et al 1998).
While all other weather model variables are assumed
homogeneous throughout the space of the model,
reference evapotranspiration is influenced by terrain
elevation. See example of the Weather model outputs
in figure 6.

5.5.2. Soil Water Balance model.
A dynamic systems model originally developed
by Woli et al (2012) for computing the ARID
and further documented and implemented in R
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Figure 5. Outline of the dependencies of variables and sub-models of the Indus Village model (parameters are not represented).

by Wallach et al 2014, pp. 24–28 and 138–144).
This model calculates daily changes in soil water
table in order to obtain ARID, depending on the
balance between inflows (precipitation, runoff in,
irrigation) and outflows (transpiration, runoff, deep
drainage). ARID reflects patterns of both overall
intensity and calendar distribution of precipitation.
For instance, because of differential transpiration,

winter rainfall will normally have a longer effect eas-
ing aridity than the same amount of rainfall during
summer (figure 6).

5.5.3. Land model.
A procedural generation engine to generate collec-
tions of terrain grid masks to be imported into
simulation experiments (section 5.3). This model
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Figure 6. Example of the combined output of the Weather, Soil Water Balance and Crop sub-models for a single land unit for
5 years (5× 365 d). The Weather model outputs are solar radiation, average daily temperature, precipitation, reference
evapotranspiration (ETr) (see parameter setting in Angourakis 2020c). The proportion of soil water content (WATp) and the
ARID index are calculated using the Soil Water Balance model (parameter values fromWallach et al , pp 138–144). The bottom
plot shows crop biomass (solid lines) and fraction returned as harvest yield (dashed lines) for wheat (Triticum) and rice (Oryza)
simulated by the Crop model (parameter values for Yecora Rojo and IR72 cultivars in Zhao et al 2019, Table 1a).

first generates the elevation of land units through
a series of algorithms aimed at emulating the ter-
rain of alluvial plains at a local scale. Flow direc-
tion and accumulation are derived following a stand-
ard algorithm used in GIS (Jenson and Domingue
1988, Huang and Lee 2015). As a proxy of long-
term erosion and deposition of materials, flow accu-
mulation is used for estimating soil depth and tex-
tural composition (percentages of sand, silt and clay)
using four sigmoid functions, to which normal noise

is added. Soil texture is then used to determine the
soil water conditions required by the Soil Water Bal-
ance model by cross-referencing soil texture type in
external tabulated data. As a proxy of long-termwater
availability, flow accumulation is also used to set the
composition of initial ecological communities (per-
centages of grass, brush and wood vegetation) using
three logistic functions constrained by the premise
of ecological succession (wood takes preference over
brush and grass, and brush over grass). The initial

10
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ecological community determines the climax state in
a land unit, with nowater stress (ARID= 0) andwhen
not allocated to crops or animal grazing. The ecolo-
gical community at any given time is to be used as a
visible property factored in the Household Position
model and the allocation of land use. Figure 7 shows
a few examples of the terrain data generated by the
Land model. To combine the outputs of the Weather
and Land models and provide ARID as input to the
Crop model, an extension was created to account for
surface water horizontal dynamics (runoff exchange
in figure 5), based on a simplified flow transmission
algorithm (Yang et al 2018) (see the video included in
Angourakis 2020c, showing an one-year simulation of
this integration of sub-models).

5.5.4. Crop model.
An adapted version of the dynamic crop model,
named SIMPLE, proposed by Zhao et al (2019).
This model is executed in each land unit used for
crop cultivation. It calculates daily crop biomass (fig-
ure 6), receiving weather variables, ARID coefficient
and labour invested as inputs and accounting for
crop properties as parameters based on contemporary
datasets (range of sowing and harvest dates, poten-
tial harvest index, base and maximum temperature
for growth, thermal age required for each stage of
development, radiation use efficiency and its sensit-
ivity to drought and extreme heat). At harvest time, it
delivers yields to be stored as foodstuff stocks by the
corresponding household. The SIMPLE crop model
greatly simplifies several aspects known to influence
crop growth (e.g. root and leaf growth, soil fertility),
and its results must be evaluated with caution. How-
ever, its parsimony allows for more clarity in the first
version of the Indus Village model.

5.6. Population and economy sub-models
5.6.1. Storage model.
A simple model of stored foodstuff that accounts
for inflows (production and import/acquisitions) and
outflows (consumption, losses due to expiration and
export/distribution). The yearly product of each type
of foodstuff (e.g. wheat grains) is controlled as separ-
ate stocks.

5.6.2. Nutrition model.
A model that calculates an index of nutritional stress
using the quantities of each type of nutrients required
and consumed by each household member. The out-
put, the index of nutrition stress, is used by the
Household Demography model to modify the age-
and sex-specific probability of death.

5.6.3. Household Demography model.
A demographic model that applies modelled life
table age- and sex-specific probabilities to individu-
als within households for giving birth, marrying, and
dying, and handles the repercussions of these events.

The output of theHouseholdDemographymodel, i.e.
the size and age/sex composition of households (ref-
erenced as ‘POPULATION’ in figure 5), are inputted
into the calculation of the available labour hours and
the required nutrients.

5.6.4. Household Position model.
A model representing the hypothetical rationale of
households when deciding a location to settle. Factors
in this model include quality of land available, path
cost distance to water source and to other household
bases.

5.6.5. Exchange model.
A model that handles the exchange of foodstuff
between households and simulates the supply and
demand of each product from outside the locality,
assuming the existence of a regional exchange net-
work. By representing external supply and demand,
this sub-model will allow controlled experiments
regarding the sensitivity of village-level subsistence
systems to its integration into a broader economic
system.

6. Experimental design

Simulation models are often characterised as ‘virtual
laboratories’ because simulation experiments follow
the same rationale of real-world experiments (Wins-
berg 2010). In both cases, experiments replicate what
is deemed essential of a system to test hypotheses
about its behaviour. In contrast to observing the ori-
ginal system directly, experiments are, by definition,
repeatable and executable under controlled condi-
tions. In contrast with direct observations, exper-
iments are designed to operationalise hypotheses,
minimising the influence of unknown and confound-
ing variables.

The Indus Village model include all elements we
considered necessary to replicate the key features of
the systemof interest—i.e. the food economy of Indus
Civilisation villages. Among these elements, paramet-
ers, i.e. variables controlled externally, play a cent-
ral role in setting the conditions for expressing our
guiding hypotheses as simulation experiments. How-
ever, before approaching hypotheses with simulation
experiments, it is important to perform an exhaust-
ive sensitivity analysis. Such a necessary step consolid-
ates the understanding of each parameter’s effect over
a selected group of variables and can help focus or
redirect experiments.

Experiments will address our guiding hypotheses
by monitoring different variables related to the con-
trolled variation of specific parameters. Although the
experimental design is still evolving during model
development, hypotheses will be tested through the
following general criteria:
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Figure 7. Examples of 50× 50 terrain masks generated by the land model emulating local terrains (25 km2, i.e. 1 land unit= 1 ha)
in the Indus Basin. Blue lines show direction and intensity of water flow. Soil texture types refer to the USDA’s classification based
on percentage of sand, silt and clay (USDA 1987). Ecological communities is a classification based on percentage of grass,
shrub/brush and wood vegetation; it translates into cover types used by the USDA to tabulate runoff curve numbers (Cronshey
1986, table 2.2). The terrain random number generator seed (right) controls the setting of parameters within predefined ranges
and all other stochastic procedures in the Land model (see parameter setting of these examples in Angourakis 2020c).

1. Urbanism is the product of a complex system.
This hypothesis is at the root of our model-
ling approach and serves as an assumption for
all other hypotheses. Because of that, it is pos-
sibly beyond the testing scope of amodel repres-
enting a single settlement. However, this hypo-
thesis can be illuminated by observing popula-
tion growth in the Indus Village while varying
the amount and diversity of the external supply
and demand of foodstuff (parametrised in the
Exchange model). Such an experiment would
be interpreting population growth as a factor in

urbanisation and foodstuff supply and demand
as proportional to exchange opportunities.

2. Local diversity hinders settlement rural-
urbandifferentiation.Wewill tackle this hypo-
thesis with an experiment monitoring popula-
tion growth while exploring the systemwide
food production know-how, limiting the max-
imum number of different food production
strategies at any given time. Through this exper-
iment it will be possible to observe the demo-
graphic consequences of extreme commitment
to mono-crop cultivation and compare it to

12



Environ. Res. Lett. 15 (2020) 115004 A Angourakis et al

various forms of multi-cropping. This experi-
ment will need to be run under different envir-
onmental scenarios, multiple times, to verify
that the demographic effects attributed to food
production diversity are not due to environ-
mental differences.

3. Favourable conditions relax adaptation/Un-
favourable conditions strengthen adaptation.
Once the effect of food production diversity
in population growth is understood, another
set of experiments will then observe both pop-
ulation growth and food production diversity
under varying conditions of water availability.
The two sources of water in the model, precip-
itation and river inflow, must be explored sep-
arately and then together in order to discern
their potential interaction. Following this first
batch of experiments with stable conditions, the
two mirrored hypotheses can be approached
through varying parameters during simulations
(i.e. climate change scenarios). For example,
by starting a simulation with a low average
of annual precipitation (unfavourable condi-
tion; expected adaptation through diversifica-
tion) and raising this parameter to a signific-
antly higher level (favourable condition; expect-
ing relaxation of adaptation throughmore risky
and high-yielding strategies) over a predefined
transition period.

4. The exchange network collapses. As with the
first hypothesis, to adequately address the
impact of food production diversification in
exchange networks between settlements would
require scaling up the IndusVillagemodel. Nev-
ertheless, we believe essential insights might be
gained by observing population growth and
foodstuff exported under controlled condi-
tions of food production diversity (systemwide
know-how). Assuming that the modelled vil-
lage is not an outlier, the level of foodstuff
exported would indicate how many exchange
opportunities exist within the exchange
network.

5. The subsistence crisis led to migration and
abandonment of cities. Even though the
hypotheses concerns cities, we can use the
Indus village model to address it by assum-
ing that the Exchange model represents an
exchange network that includes cities. Under
this assumption, the hypothesis can be tested
by observing foodstuff exports under decay-
ing environmental conditions (aridification).
However, the hypothesis (and ultimately our
‘testable narrative’) would not be confirmed
if an exports decrease is not accompanied by
changes in the local diversity of food production
strategies.

7. Validation plan

Validation of archaeological computational models
can have important pitfalls, such as uncertainty and
equifinality (Brouwer Burg et al 2016). In planning
this process, the concern in the Indus Village model
has focused on the danger of circularity and model
overfitting, which has been a valid criticism for many
iterations of ABM.

The validation of the model will necessarily be an
open-ended process as it is ultimately dependent on
the quantity and quality of the data in the archae-
ological record. As in most modelling applications in
archaeology, the data required for validation to be
statistically convincing is a promise that may never
come. There will always exist large areas of uncer-
tainty to be filled by assumptions to interpret the data,
which often are not extracted from direct and repeat-
able observations.

When approaching socio-environmental systems,
it may appear methodologically sound to run all sim-
ulation experiments using empirical data on onewell-
documented location. The obvious advantage would
be to skip the added complexity of simulating these
data, reducing the parameter space of the model sig-
nificantly. Such a line of reasoning would then sug-
gest that, after performing a sensitivity analysis on
the remainder of the model, simulation runs could
be directly compared with variables estimated from
archaeological data and thus calibrated and valid-
ated through error-measuring and optimisation tech-
niques. However, without the possibility of varying
the conditions fixed on the input data, there is little
guarantee that the conditions producing trajectories
approximating the archaeological record are not an
artifact of the specific dataset introduced.

We aim to avoid this pitfall by simulating ter-
rains andweather variables through parametricmod-
els, i.e. the Land and Weather models. Their inclu-
sion allows us to explore a large set of conditions that
are comparable but not equal to real datasets. With
this strategy, it becomes possible to assess the effect
of certain parameters through sensitivity analysis that
otherwise would not be visible, e.g. the total annual
precipitation or the presence and inflow of a passing
river. We believe this type of verification to be an
important step before validation, particularly when
ground-truthing may be unfeasible or take years of
re-focused research.

Our ambition regarding calibration and valida-
tion is to first characterise overall simulation res-
ults qualitatively through simulation experiments,
in order to test the narrative guiding the model-
ling process. In a later phase, advancing towards
validation, the model will be run under the range
of conditions estimated for the archaeological sites
and periods studied by TwoRains. Using paleoclimate
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proxies to calibrate the Weather model will be a
promising path to explore. The site-specific simulated
trajectories would then be compared to the avail-
able archaeological data, and model validation tech-
niques will be applied discretionally. The lines of
evidence currently considered for validation are site-
level estimated ranges of population, either as indi-
viduals or households, and the relative proportion
of archaeobotanical remains attributed to distinctive
crops, as an approximation of their weight in dietary
composition.

8. Conclusion

History and archaeology have proved invaluable
in investigating social resilience and transforma-
tion in the face of climate change. We argue that
the case of the Indus Civilisation can illuminate
the potential differences between urban and rural
communities facing aridification. Indus archaeology
offers a myriad of lines of evidence on this sub-
ject, which is unfortunately seldom unified. In Two-
Rains, we take this necessary synthesis as an essen-
tial requirement, achievable only through intensive
interdisciplinary work.

The Indus Village model represents an ongo-
ing effort in joining contextual knowledge, consol-
idated and ongoing datasets, assumptions, and nar-
ratives developed in multiple disciplines into a single
coherent ‘virtual laboratory’. To guide the model-
ling process, we have defined a set of hypotheses or
‘testable narratives’ about the process leading to the
floruit and decay of Indus Civilisation cities. This nar-
rative proposes that increasing precipitation led to
higher investment in fewer high-yield crops, boost-
ing exchange and urbanisation, while, later, aridifica-
tion favoured greater diversity andmore resilient low-
yield crops, reducing the opportunities for exchange
and rendering cities unsustainable. After an exhaust-
ive sensitivity analysis of the model parameters, we
will use the Indus Village model to test the various
components of this guiding narrative by performing
a series of experiments relating parameters to specific
effects in variables. Armed with these experimental
results, the last open-ended step will be to ground the
model with the available archaeological and paleocli-
mate data to address hypotheses within specific Indus
Civilisation sites.

Although ambitious in its scope and complexity,
the model is intended to be rigorous, controllable,
and intelligible at all stages of development. Addi-
tionally, by keeping its design modular and public,
we aim to guarantee its usefulness to future mod-
els and generations of modellers. We believe that
simulation approaches, such as the one presented
here, are essential for promoting model-based sci-
ence, emphasising the development of better explana-
tions and enforcing the foundations for better policies
and practices.
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