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Abstract
The challenge of sustainable development is enshrined in the ambitious 2030 Agenda 
for Sustainable Development of the United Nations. The 17 goals and its various targets 
are unique with water being one of the cross cutting themes. Taking examples of past 
water dependent societies in a comparative setting, this paper challenges the new field of 
Archaeo-hydrology in how it could contribute to the 2030 Agenda based on what can be 
learned from past and contemporary water dependent societies. We find that societies have 
coped with climate variability by diversifying both in occupation, livelihoods and use of 
space. Sharing the costs of coordinating such diversification requires inclusive institutions 
and technological innovations. Similar to technology, new social institutions emerge in 
response to a changing environment. However, in tandem, slow out-migration of people 
seems to go on, driven by better livelihood opportunities outside. If technological innova-
tion and institutional evolution are not rapid enough, then migration seems to take over as 
the adaptive mechanism in response to environmental changes resulting in rapid disper-
sal. This means that migration from smaller, less endowed societies can be expected to be 
rapid, with repetitive cycles of abandonment and rehabilitation after each critical climate 
or adverse environment events. Consequently, more place based local innovations should 
be encouraged and local economies should be diversified to increase the resilience so that 
vulnerable societies may inherit favourable know-how for a sustainable future under chang-
ing climatic conditions.

Keywords  Archaeo-hydrology · Diversification · Resilience · Migration · Indus valley 
civilization · Murrumbidgee river basin · Australia

 *	 Saket Pande 
	 s.pande@tudelft.nl

1	 Department of Water Management, Delft University of Technology, Stevinweg1, 2628CN Delft, 
The Netherlands

2	 International Water Management Institute (IWMI), 127 Sunil Mawatha, Pelawatte, Battaramulla, 
Colombo, Sri Lanka

3	 IHE-Delft, Westvest 7, Delft, The Netherlands

http://crossmark.crossref.org/dialog/?doi=10.1007/s12685-020-00264-2&domain=pdf


388	 S. Pande, S. Uhlenbrook 

1 3

Motivation: achieving sustainable goals

Tremendous progress in improving the human condition has been made as a result of the 
Millennium Development Goals. However, several challenges still remain. For example, 
the number of people living on less than $1.25 a day has been reduced from 1.9 billion 
in 1990 to 836 million in 2015 (UN 2015). The Sustainable Development Goals of the 
Agenda 2030, set up with the ambition of continuing the progress, have 17 new goals and 
associated 169 targets. These goals have been inspired by three dimensions of sustainabil-
ity: economic growth, environmental health, and social equity and development, both in 
the short and long run. As a result, there are several interlinked goals that are either in 
synergy with each other or potentially are in conflict, which makes the understanding of 
trade-offs very important for effective policy and decision making.

Understanding these interlinkages is thus critical in effective implementation of sus-
tainable development goals (UN 2018). The above example exemplifies the interlinkages 
and hints at possible mechanisms of potential interlinkages. The understanding of such 
mechanisms then can guide practitioners on how to leverage on the synergies between the 
goals and on how to avoid the conflicts. Poverty alleviation, food security and economic 
growth are linked through employment, while economic growth and food security can be at 
conflict with environmental issues through water and environmental degradation. Clearly, 
water availability fosters growth which in turn, if not managed sustainably, can reduce 
water quality and quantity.

The productive use of water for food production and economic growth is therefore often 
in tension with restorative value of water for eco-system regeneration and functioning. This 
balance or imbalance between the two forces determines how sustainable a system is. For 
example, if the productive use of water for agriculture production dominates other uses of 
water, less water may be left available for the environment downstream, possibly leading to 
problem such as salt intrusion, excessive nutrient loading into our seas and loss of biodi-
versity as a result of degradation of wetland and other ecosystems.

Such imbalances have been observed in many basins, such as the Aral Sea in Central 
Asia and the Murrumbidgee river basin in Australia. The Aral Sea has witnessed signifi-
cant drying from the 1960s to the present as a result of uninhibited water extractions from 
contributing rivers for cotton production. Despite of environmental deterioration and its 
direct health impacts, this desiccation went unabated (White 2013). On the other hand, the 
Murrumbidgee river basin, though witnessing similar pressure of productive forces, was 
successively able to restore the balance (Kandasamy et al. 2014). So, why is one different 
from the other and seems to have suffered a different fate? Is such temporal evolution of 
strongly water dependent societies similar to those in the past? Can we reaffirm the obser-
vations of contemporary basins and lessons learned from those of the past?

This paper argues that lessons of sustainable development can be learned from the evo-
lution—for example rise and dispersal—of water based societies. We argue that lessons 
can be learned by comparing across societies, from ancient to contemporary ones, to high-
light plausible mechanisms behind the rise and dispersal of such societies.

We have already stated our larger motivation: the attainment of the sustainable goals 
set out by the UN (Sect. 1). Next, we move to a theoretical discussion in which we outline 
what we mean by a comparative approach (Sect. “Need for comparative assessment”). In 
Sect. 3, we present two examples: the Indus River Basin (Sect. “The Indus river basin”) and 
the Murrumbidgee River Basin (Sect. “The Murrumbidgee river basin”). We then present 
the differences between the two cases and the obstacles these present to our comparative 
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approach (Sect.  “Differences between the Indus and the Murrumbidgee case studies”). 
Having addressed these differences, we assemble in Sect. “Dynamics common to both the 
case studies” a dynamic model that we believe applies to both cases. In Sect. “Generaliza-
tion: legacy of past technological innovations”, we present a generalization of this dynamic 
model, and argue for its applicability more widely based on a theory of technological path-
dependence. In Sect.  “Conclusions and implications for contemporary water policy”, we 
return to the original motivation, and draw implications from this model for policies that 
can support these sustainable goals.

Need for comparative assessment

By following a comparative approach, we challenge the new field of archaeo-hydrology to 
facilitate comparison of historical and archaeological chronologies of diverse water based 
societies and delineate dominant mechanisms underlying the evolution of its institutions, 
economic well-being, environmental health and social equity—that can then be used to 
develop useful tools for recreating the past and predicting the future (Guedes et al. 2016). 
This can be one potential contribution of archaeo-hydrology to the current debate on sus-
tainable development.

While water history and archaeology tend to be site-specific, several recent studies have 
highlighted how comparison of diverse societies can reveal interesting insights, for exam-
ple on variation among societal types (Peregrine 2004) and even testing of hypotheses such 
as the critical role of inclusive institutions regarding climate resilience of ancient societies 
(Peregrine 2017). As Feinman (2012) argues, issues such as “what factors and conditions 
historically have engendered human societies to rise, fall, and reorganize” are not only crit-
ical for understanding our history, but also to evaluate the shifting political economy of 
today. Yet, these issues remain to be addressed more frequently in cognate disciplines such 
as history and sociology. While these disciplines study shifts in socio-economic situations 
in the past and theorize about its change based on site specific case studies, they often 
remain averse to learn from comparative analysis of diverse societies (Feinman 2012).

Economic theory on the other hand provides a rich theoretical foundation for inter-
preting patterns that are common across case studies in a comparative setting (Acemoglu 
and Robinson 2012). It does so by abstracting patterns across case studies and building 
a generic understanding of societal evolution, e.g. based on concepts of river games that 
view sharing of a river as a game between associated agents (Ambec and Sprumont 2000; 
van der Brink et  al. 2012). Such river game models go beyond seeking correlations in 
data by using the models to decode the correlations. Yet another example is the theory of 
endogenous growth (Romer 1990) that suggests that technological innovation depends on 
past economic progress and demand for future innovation. This makes the co-evolution of 
coupled human-water systems dependent on the paths taken by societies, such as riches 
generated by cooperation with others through trade or collapse of societies due to overcon-
sumption of resources.

Indeed, basins from the past and the present are different in terms of time periods, time 
spans and climatic boundary conditions, to the extent that one may even say that all system 
parameters and variables have been randomized for the object of the study (i.e. the basin). 
But this is the strength of a comparative set up. If a common (i.e. generalizable) pattern, 
e.g. of rise and dispersal of societies, is the only constant in the randomized setting, then 
the underlying mechanisms of such a pattern can be interpreted in terms of some consistent 
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patterns of human behaviour that either create or respond to changing environmental con-
ditions. Against this background, the merits of environmental determinism, path depend-
ency and the importance of critical junctures in the evolution of coupled human water sys-
tems can be determined (Acemoglu and Robinson 2012).

Motivated by the need to delineate dominant mechanisms underlying the evolution of 
institutions, economic well-being and environmental health to inform the current debate 
on sustainable development, this paper sets out comparing a historical and a contemporary 
society, i.e. the Indus valley civilization and the Murrumbidgee River Basin respectively. 
The central hypothesis is that a generalized pattern of rise, fall and reorganization emerges 
from the imbalance between the two counteracting economic forces of demand and supply. 
As a result, statements about the role of interactions between hydrology and society in the 
rise and dispersal of societies and its policy implications for local to regional sustainable 
development are formulated.

The Indus river basin

The Indus river basin civilization emerged from isolated settlements along various tributar-
ies of the Indus river (now in Pakistan and India). The earliest settlements were reported 
dating back to the beginning of the Holocene, in locations such as in Mehrgarh (Pakistan) 
around 9000 BP (Kenoyer 2011). The stabilization of temperature in the Holocene meant 
that migration, which has been an adaptive mechanism to cope with changing climate, 
was no longer required. These settlements slowly grew into larger settlements, into bigger 
towns and cities that rapidly connected through trade. During its peak, major cities centers 
of Harappa and Mohanjo-Daro emerged and the Indus valley almost became a quasi-state. 
The dispersal of the civilization that followed did not decimate the population of the basin; 
instead, pockets of settlements around major cities remained. Further, the out-migrating 
population kept its culture and tradition and laid seeds to other traditions, such as the Indo-
Gangetic and Deccan traditions.

What is unique about the Indus Valley civilization is that its dispersal occurred around 
the time of a major drying event approximately 4200 years back. As Fig. 1 with paeleo-
discharge at the mouth of Indus shows, the drying event took nearly 700 years. Counter 
intuitively, the Indus Valley tradition matured, during the so-called Mature Harappa phase 
(see Fig. 1), in this period of drying, when the economy boomed and water-related technol-
ogies grew. This is counter-intuitive, as increasing scarcity is expected to negatively influ-
ence the development of a basin. For example, climate variability in late Holocene led to 
changes in subsistence strategy and outmigration in the West Liao River Basin, Northeast 
China (Jia et al. 2016). The Maya collapse has also often being attributed to the onset of 
a mega-drought that led to up to 40% reduction in water availability (Medina-Elizalde and 
Rohling 2012). Pande and Ertsen (2014) hypothesized that increased overall water scarcity 
led to increased cooperation throughout the Indus basin in terms of trade and within-basin 
migration of people. This allowed the population to diversify agricultural risk and flourish 
in spite of dwindling water supply, as has also been hypothesised for other ancient societies 
(Riel et al. 2014). Trade with the outside world accelerated and brought with it new tradi-
tions and people. These interactions led to more uniform cultural practices throughout the 
basin, yielding the tradition its identity of quasi-statehood (Kenoyer 2006).

Rainfall proxies for the winter rain and summer monsoons in the Indus river basin 
provides some insights into what happened during the 750 years period of Indus drying. 
As Fig. 2 shows, the winter rain serves the northern part of the basin, while the summer 
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monsoon mostly serves the southern part. Since winter rain also occurs as snow in high 
altitudes in the north, winter rains are an important source of melt water runoff in early 
spring the following year. Further, the Indus river and its tributaries flow from north to 

Fig. 1   Standardized (subtracting a time series by its mean and dividing it by its standard deviation) paleo-
climatic proxies of the Indus river flow (Staubwasser et al. 2003), the summer monsoon (Stott 2008) and 
the winter rain (Bar-Matthews et al. 2003) during the rise and dispersal of Indus valley civilization. Higher 
δ18O values indicate warmer conditions and lesser rainfall. LH Late Harappa period, MH Mature Harappa 
period, and EH Early Harrapa period. Note that Indus paleodischarge declined almost 5 standard deviations 
during the Mature Harappa period that lasted around 700 years. Figure  adapted from Pande and Ertsen 
(2014)

Fig. 2   An illustration of spatial distribution of summer monsoon and winter rain over the Indus river basin, 
located in South Asia, that generate stream flow at the outlet of the basin
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south. This makes summer monsoons crucial for southern parts, because with weak mon-
soons the population in the south are at the mercy of the water users upstream.

The decline in Indus streamflow was marked by consistent decline in water brought by 
winter rains. The summer monsoon instead weakened drastically towards 4200 BP. Thus, 
in the beginning of the mature phase, there was less need for cooperation between the north 
and the south, given the relative abundance of water in the south. However, towards 4200 
BP, water became relatively scarcer in the south due to a sudden weakening of the summer 
monsoon. Using game theoretic concepts (Ambec and Sprumont 2000), Pande and Ertsen 
(2014) suggested that this created perfect conditions to cooperate in terms of trade and 
specialization, instead of migrating out as one would imagine as a response to an aridity 
shock. The eastern parts cultivated summer crops, while the north and the north-eastern 
parts specialized in winter crops (Madella and Fuller 2006). Evidence of increased water 
management and control structure not only indicate the need to use water more efficiently, 
but also demonstrates that society was able to find surpluses to invest in the development 
of human capital, such as water engineering skills (Bisht 2001). This technology-fuelled 
economic and consequently population growth gave way, when human needs per capita 
exceeded the carrying capacity, leading to a dispersal of people to different parts of the 
Indian subcontinent.

The Murrumbidgee river basin

The Murrumbidgee river basin (Australia) is a comparatively young basin in terms of pop-
ulation numbers. The basin, with its river flowing through traditional lands of Aborigi-
nal tribes such as the Ngarigo, Ngunnawal, Wiradjuri, Nari Nari and Muthi Muthi, started 
to be inhabited at larger scale in late 1800s by European settlers for productive purposes. 
Often of British decent, these settlers were imbued with Victorian values of individualism 
and profit maximization. Water began to be used for agricultural production for private 
profit, which in turn fuelled population growth within the basin, mostly driven by migra-
tion of settlers from outside seeking better livelihoods. Increasing wealth within the basin 
further fuelled technological innovation-based agricultural production (Kandasamy et  al. 
2014).

The momentum of economic growth, individual well-being and technological growth 
meant that basin inhabitants felt being on top of nature. The early 1900s saw a rapid 
expansion of water storage capacities. The water stored in the reservoirs was increasingly 
diverted for irrigated agriculture, resulting in increased consumptive use in the form evapo-
ration of water that otherwise could have been used by wetlands downstream for ecological 
consumptive use. Improved irrigation technology such as drip irrigation facilities meant 
that more crops could be grown per drop (Roobavannan et al. 2017a). This created the per-
ception of abundance, attracting ever more people to the basin, as well as accelerating the 
within-basin natural growth rate.

Before the inhabitants could realize, the reduced river flow downstream resulted in con-
traction of wetlands that were home to its typical fauna. Also, water used for irrigation 
brought salinity with it, as the groundwater tables rose with irrigation. With more water 
storage capacity first being built downstream, communities started to emerge upstream 
along the river network, closer to the headwater where more storage capacity was devel-
oped. Community expansion upstream led to environmental degradation, making matters 
worse for the basin as a whole. The degradation continued to co-evolve with population 
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growth within the basin, before finally being triggered to a shift in the relationship between 
the basin community and its water (Kandasamy et al. 2014).

A rigorous data analysis reveals that population decline was symptomatic of the 
change in water policy that reduced the amount of water being diverted to agriculture and 
increased the water allocated to the environment. The threshold moment was 1996, when 
the population within the basin dipped and the new policy was introduced. However, inter-
nal dynamics as interpreted by the socio-hydrological models on the dynamics reveal that 
the population was increasingly aware of degrading environmental conditions within the 
basin (Roobavannan et al. 2017a, b). This meant that the population took some time, wit-
nessing green movements and media attention, before finally actions were taken to restore 
the environment. Till then, facilitated by technology to tackle environment degradation, 
such as fish steps and other artefacts to counter salinity, the population coped with environ-
mental degradation.

When the policy finally changed, the basin witnessed not just a dispersal of people, who 
were ‘pushed’ out of the basin, but also a change in occupational choice of the farmers who 
were affected by policy-induced water scarcity for agriculture. Perhaps one of the strongest 
reasons why the Murrumbidgee river basin was able to navigate this policy change without 
much resistance from the local population was that the other, non-agricultural, sectors were 
growing fast (Roobavannan et al. 2017b). This provided alternate employment opportuni-
ties, making it easier for affected farmers to find new avenues to earn a livelihood. Those 
farmers who were able to cope with loss of income for some time, were able to expand 
their operations by buying out migrating farmers.

Differences between the Indus and the Murrumbidgee case studies

One dominant difference between the Murrumbidgee River Basin (MRB) and Indus val-
ley civilizations is the intensity of anthropogenic activities. The Murrumbidgee evolution 
occurred in the era that is now famously dubbed as the Anthropocene. The rate of human 
settlement, the rate of water appropriation and the rate of crop production was very high. 
For example, the rate of population growth in the MRB was 600 people/year (Kandasamy 
et al. 2014). This was twice as high as the rate imputed for the Indus valley civilization 
based on archaeological evidence of human settlements and assumptions based on Vahia 
and Yadav (2011) (assuming an average settlement growth of 1.5 ha per year and an aver-
age urban population density of 200 people/ha). Note that the estimations for the Indus 
valley are conservative and may be at the higher end. Nonetheless, it shows that the MRB 
was populated at a higher rate, which was fuelled by water technology that allowed intense 
agriculture—at the cost of intense pollution.

Technology was not the only driver that allowed dense population settlement. Tech-
nology-enabled international trade further provided clear incentives to inhabitants in the 
MRB to shape their environment to their own benefit in the beginning. The Anthropocene 
also marked evolved political institutions, which accentuated the utilization of resources—
hence the decadal temporal scale of Murrumbidgee’s evolution from rise to its dispersal.

Settlement of the Indus Valley began in small pockets, e.g. Mehrgarh, with rudimen-
tary hunter-gathering technology made out of stones. The locations of settlements were 
more driven by availability of water compared to contemporary societies such as the MRB, 
because their production technology was rudimentary, which did not allow them to locate 
within the basin more flexibly. Their movement was restricted, resulting from such low 
level of technology.
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The emergence of trading patterns within the Indus, which was resulting in the homog-
enization of its culture and norm—imparting its quasi-statehood identity—took centuries. 
It took time for the settlers of the Indus valley to utilize agricultural surplus for technologi-
cal development, economic specialization and societal organization. Its low level of tech-
nology also prohibited intensification, which meant that farmers needed lot more land and 
water per unit of food grown—compared to the MRB. Low intensity therefore meant more 
distance between the settlements, meaning that more time was needed to initiate communi-
cation and trade between far-off settlements and trade.

Thus, low levels of technology, which in a way set settlers in the Indus Valley far apart, 
took time to endogenously evolve from surpluses generated from local/disconnected pro-
duction activities along the Indus. Had the Indus settlers had current levels of agricultural 
technology, e.g. in present day Doabs, the intensity of activities and population growth 
would have been higher, with interactions happening more rapidly and at shorted spatial 
scales. This we indeed see in present day Pakistan and western India, where smaller sub-
basins of the Indus are getting ever more troubled by dwindling water tables and increasing 
salinity as a result of intensive irrigation.

Declining water availability due to reducing rainfall was at a centennial scale for the 
Indus Valley. In case of the MRB, water stress was not a result of a change in climate. The 
time scale of the coupled evolution of humans and basin in both the case studies was also 
different. The Indus Valley chronology spanned over 7500 years, while in the case of Mur-
rumbidgee it spanned over 100 years. Also, we have more accurate documented evidence 
on what happened in the Murrumbidgee, including information about changing values with 
regards to water in popular news media. Indeed, cultural response to environmental change, 
either human-induced or extra-terrestrial (changes in solar irradiance), determined whether 
whole a civilization dispersed and its population diminished to much lower subsistence 
levels, such as the Indus dispersal, or populations migrated and adapted to new subsistence 
modes, such as in the more contemporary MRB (deMenocal 2001). The two case studies 
are not only different in terms of the time periods that they represent, but also in terms of 
the level of technology that they had and, as a result, the spatial and temporal scale over 
which the two societies operated.

Dynamics common to both the case studies

Despite the differences, the two basin societies share the boom-bust cycle of emergence 
and dispersal, or the exploitation–conservation–release cycle (Allcock 2017; Munoz et al. 
2010). Allcock (2017) observed that the time scale of boom-bust cycles (that is how long 
the cycle reorganization → exploitation → conservation → release, took) of ancient soci-
eties in Turkey became shorter as the rupture periods moved closer to the present. The 
cultures and phases that followed Indus civilizations were also brief in comparison to the 
rise and dispersal of the Indus valley civilization itself (e.g. Gandhara grave culture that 
followed lasted for 1500 years; Kenoyer 2011). Similar patterns are observed for the rise-
to-dispersal time scale of the MRB, which is approximately 100 years—much shorter than 
the Indus valley civilization. Further evidence for such interpretations can be found in the 
chronology of the Indus valley civilization and contemporary datasets of MRB (Pande and 
Ertsen 2014; Kandasamy et al. 2014).

Figure  3 shows time plots of settled area (black line) alongside social complexity 
(blue) of the Indus Valley, based on Vahia and Yadav (2011). Both parameters increased 
in magnitude, as the tradition matured. The water technology co-evolved with social 
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complexity, as a result of past surpluses, in terms of wealth and human capital, that 
were invested back into growth and technological development. However, as social com-
plexity increased in terms of expanded network of trade within the Indus, the overhead 
costs to coordinate became more than the surplus that was generated. This weakened the 
harmony between demand pull and the supply push, as the latter started to lag behind. 
The persistent drying of the climate added to the perils of increasing urbanization and 
an expanding trade network, which then led to eventual dispersal. As the major cities 
depopulated, lack of labor meant deteriorating water management infrastructure, further 
reducing the carrying capacity and accelerating the depopulation of the region.

Figure 4 plots the evolution of storage capacity in MRB over time, overlaid with a 
smoothed line (as shown in the inset). The smoothed line is similar to the illustrative 
curve of the evolution of water institutions in the Indus valley in Fig. 3. Both appear to 
be ‘S’ or logistic-shaped curves. Such curves can be interpreted as a symptom of endog-
enous, path dependent, technological growth and a reflection of society’s heritage. In 
the beginning, the demand pull for technological growth is weak. As a result, the curve 
is relatively flat. A similar flat part is at the higher end of the curve, but here the supply 
push is weak due to expanding overheads of a fast growing society and corresponds to 
upcoming population dispersal. The connecting part between the two flat parts of the S 
curve develops when demand pull is in harmony with supply push—similar to the inter-
pretation of the friction between productive forces and restorative forces in the MRB by 
Roobavannan et al. (2017a).

Fig. 3   Illustration of settled area (black lines) alongside social complexity (blue lines) based on Vahia and 
Yadav (2011) during the rise and dispersal of the Indus Valley civilization. Water management infrastruc-
ture and social political organization intensified during the drying period (4700–4200 years before present, 
see Fig. 1). The Integration period is the Mature Harappa phase, when the Indus Valley tradition emerged 
as a quasi-state. It was preceded by the period of Regionalization, during which trade links between differ-
ent parts of the Indus valley basin developed. Integration was followed by the Localization period, which 
is when the civilization dispersed to other parts of South Asia and regionally disconnected local traditions 
emerged
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The differences in scale and technologies of the two societies is then reflected in the 
slope or steepness of the middle part of the technological ‘S’ curve. This can be interpreted 
as an emergent property of how hydro-climatic and other conditions, such as soil fertility, 
facilitated economic production, surplus generation and technological innovation or adop-
tion. A landscape with poor soil and water availability conditions is likely to produce less 
surplus, thereby resulting in a technological S curve that may have a shorter and flatter ris-
ing part.

The mechanisms behind the transition from the synergetic pull–push part of the ‘S’ 
curve to the flat part may further be inferred, based on media records in case of MRB 
(Roobavannan et  al. 2018) and archaeological evidence in case of the Indus (Kenoyer 
2005). In the case of MRB, it is well documented that environmental degradation, which 
came along with technological innovation, led to community-wide dissatisfaction with 
the state of the environment (Roobavannan et al. 2018). This triggered changes in water 
use policy that consequently led to structural change in the basin wide economy, i.e. agri-
cultural sector shrank and water independent industry sector expanded. Farmers migrated 
either to other locations outside the basin or other occupations within the basin. In the case 
of the Indus, archaeological evidence suggests that the transition from the rising part to the 
flat part of the technological S-curve (Fig. 3) likely happened alongside weakening trade 
links between late Harappan settlements (Kenoyer 2005). The settlements sustained them-
selves through local production by migrating to fertile areas in the eastern Punjab, northern 
Rajasthan and Haryana areas, and to the Indo-gangetic plains, or by migrating to special-
ized farming practices of intensive cultivation of crops permitted by local rainfall.

The Indus Valley civilization dispersed after a sharp decline in Indus discharge, resulting 
from weakened summer monsoon and winter rain. This was not the case for MRB, though 
it did witness the millennium drought between 2001 and 2010. The MRB was already 
changing its water policy in the mid-1990s, in response to decades of environmental 

Fig. 4   Evolution of total water storage capacity of major dams (as a proxy of production enabling technol-
ogy) and population in the Murrumbidgee river basin, Australia. The inset figure shows the same water 
storage capacity time series, scaled between 0 and 1 with a best-fit S shaped function (in blue). Technology 
followed an S shaped curve, that flattened out before the population peaked around 1990 in the Murrum-
bidgee river basin
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degradation caused by water abstractions for agriculture. Yet, the effect on the population 
movement was similar, i.e. dispersal. As such, both basins witnessed swings of population 
and development of settlements in terms of a rising population and surplus being gener-
ated, followed by eventual dispersal. These features of co-evolution are the subjective mat-
ter of comparative analysis of water-dependent societies from both past and present (Fein-
man 2012; Peregrine 2004).

An extension of such dynamic conceptualization to other societies is presented in the 
following section, founded on economic theory and quantitative social sciences that rig-
orously seek generalizable patterns across case studies. This sacrifices more place-based 
information for the sake of abstraction at a higher level. Historical narratives instead are 
used to validate predictions of models based on abstracted generalized understanding. 
While the comparative approach proposed here is in tune with the need of archaeo-hydrol-
ogy to be more based on the method of scientific inquiry (like in hydrology), it may not be 
compatible with concepts from the humanities, such as history, that may view evolution as 
resulting from a series of events that are independent of the evolutionary path taken in the 
past. A common way forward in conceptualizing the human past may indeed be that the 
evolutionary path is neither entirely dependent on the path that it has taken in the past, nor 
that it resulted from a series of accidents beyond the control of the agents concerned, but 
that it was a combination of both.

Generalization: legacy of past technological innovations

Evolution of water-scarce societies may be conceptualized as a co-evolutionary process, 
resulting in path dependencies that emerges from endogenous change in technology. Often, 
such paths are perturbed at critical junctures that shock the dynamics to other states, beget-
ting another dynamic based on the creative destruction of prior achievements. If techno-
logical evolution were a completely random process, meaning that any society at any point 
in time randomly achieves a high level of technology independent of the technology it 
inherited from the past, then spatial and temporal scales of basin scale rise and dispersal 
of population would also be random. The S curve will then not be an emergent property 
of the coevolution. This may then also mean that the observed rise and dispersal of small 
scale societies, such as the Murrumbidgee, can occur at millennial time (and vice versa for 
the large scale Indus Valley). However, the spatio-temporal scales of the water dependent 
societies appears to become smaller over time. As the scales become finer with time, or in 
other words as the interactions intensified with time as represented by the steepness of the 
middle part of the S curve, the societies rise and disperse at shorter spatial and temporal 
scales—as observed in the case of the Indus and the Murrumbidgee. There are other exam-
ples to further support such arguments. The Maya and the Mesopotamian civilizations rose 
and dispersed at regional and millennial time scales (deMenocal 2001; Webster et al. 2007; 
Douglas et al. 2015), while the more recent Hohokam (Waters 2008; Purdue and Berger 
2015) and Cahokia societies (Munoz et al. 2015), in Arizona and Mississippi respectively, 
rose and dispersed at more local, sub-basins scale at centennial time scale. In this paper, we 
restrict ourselves to the Indus and MRB case studies when viewing water-based societies 
through the lens of endogenous growth theory.

Endogenous growth theory proposes that technological advancement is not a random 
sequence of historical events, but a consequence of past technological development is 
(Romer 1990; Pande et al. 2014). The theory suggests that technology is like other goods, 
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such as food, that an economy produces. It needs capital, e.g. money, labor, e.g. scien-
tists as skilled labor who produce new knowledge, as inputs and past technological kno-
whow to further advance technology. Thus, inheritance of technology developed, adopted 
or adapted by past generations, plays an important role in producing new technologies and 
distinguishes one society from another. However, the production of technology is hindered 
when either the availability of capital or labor is scarce or when application of technology 
does not yield the returns that are desirable for it to be an attractive investment of capital 
and labor.

Technological innovation, and the corresponding S curve, thus emerges due to an inter-
play between push and pull factors. Not only should there be societal need for technologi-
cal advancement (‘pull’), but society should also be at a certain level of specialization, 
efficiency and well-being to have enough surplus to afford such a technological innova-
tion (‘push’). In the beginning of societal development, demand for technological innova-
tion may be low due low population pressure and hence less need to produce food effi-
ciently, if there is enough water available. With increasing population and increasing stress 
on resources, the demand to produce efficiently often increases. However, the society may 
only be able to ‘push’ much needed innovation, if the society is specialized enough and is 
able to save enough.

Technological development appears to be no guarantee for uninterrupted growth. 
Stronger technological development may at best delay the peak of population or economic 
growth, since planetary boundaries of essential ingredients of growth such as water and 
minerals limit growth (Steffen et  al. 2015). Nonetheless, changes in water management 
norms and related institutions and hence behaviour induced by scarcity induced, i.e. endog-
enous water policy change, are important aspects of coupled human-water systems at basin 
scales. Past societal evolution appears to play an important role by facilitating or obstruct-
ing appropriate adaptation pathways for the future. The strong institutions of the MRB 
reduced and even reversed the effect of anthropogenic water use. Its inclusive institutions 
safeguarded the health and wellbeing of current and future generations of its inhabitants, 
allowing a more sustainable future (in context of ancient societies see Peregrine 2017).

Since technological and institutional development of a society depends on the past, it 
depends on the initial condition at the start. How a society begins to develop and the scale 
to which it is able to expand, determines how resilient it becomes and how much more it 
can develop further in terms of technology and resilience to exogenous influence, such as 
climatic changes. This is to say that technological and institutional capital that a society is 
gifted with, to a certain extent determines what it can achieve in the future. For example, 
small-scale societies, such as Cahokia (Munoz et al. 2015) and settlements in the coastal 
deserts of Peru (Dillehay and Kolata 2004; Sandweiss et al. 2009), could only afford small-
scale infrastructures. As a result, they were forced to migrate and resettle during moder-
ately severe drought events. Larger scale civilizations were able to comparatively cope with 
protracted drying conditions a lot longer.

Migration to more suitable locations, to less water-dependent occupation or to more 
intensive agriculture, appears to be a natural response to gradients in livelihood opportuni-
ties, such as in the case of MRB (Roobavannan et al. 2017a, b). Humans have often adapted 
to changes through such mechanisms, especially when adaptation strategies designed for 
anticipated (sets of) events fail. The Indus valley civilization was primarily an agrarian 
society with livelihood opportunities mostly dependent on water. Migration was likely 
driven by a gradient with respect to water productivity (Kenoyer 2006), perhaps because 
of occupational specialization built up from the past. That is, humans may have migrated 
to agricultural activities that could still be maintained at lower amounts of water or to 
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locations where water was abundant. However, this was not the case for MRB, where the 
economy was more diversified. Hence, migration mostly happened to other employment 
opportunities not necessarily linked to water (Roobavannan et  al. 2017a). The migration 
was driven by a gradient in employment opportunities, such as that in manufacturing and 
services sectors, and was not driven by the gradient in water availability. Farmers who gave 
up farming in the Murrumbidgee did not settle in other river basins, but instead picked up 
other jobs. Strong performance of other economic sectors diversified the agricultural risk.

Over time, faster cycles of boom and bust of ancient societies have been observed (All-
cock 2017; Munoz et al. 2010). This likely means that technology enabled not only more 
efficient appropriation of water resource for agricultural production and societal develop-
ment, but also more rapid use of it. This paradoxically led to more rapid population growth 
and faster approaching of unsustainable limits of water use. Here, the scale and initial level 
of wealth of a water-dependent society appears to be an important consideration, because 
such aspects affect how a society accumulates wealth, adopts or innovates new technology 
and adapt to variability by migrating out, if water technology is not enough. The settlement 
and out-migration cycle of the MRB has been rapid compared to the dispersal of the Indus.

Conclusions and implications for contemporary water policy

Societies have coped with climate variability by diversifying both in occupation/liveli-
hoods and use of space. They have moved from intensive agriculture to more trade based 
poly-centric governance structure in response to climate variability. Such a pattern is not 
surprising, since humans are driven by the need for stability (Peregrine 2017). However, 
it costs to coordinate diverse human activities. For example, rules and norms under which 
trade occurs, require policing and strong governance. Therefore, stable institutions are not 
possible if local economies do not perform well enough and generate sufficient surplus to 
pay for the cost of coordinating and regulating activities within a society. The adaptive shift 
from autarkic (isolated) pockets to a more trade based society, that brings different parts of 
the society together, therefore requires a strong economy that can generate sufficient sur-
plus to pay for the governance related costs (i.e. law enforcement, judicial system etc.).

The comparative analysis of an ancient and a contemporary society in the paper sug-
gests that technological innovation needed to grow an economy efficiently, in order to 
generate sufficient surplus, is often driven by the demands of a changing climate and a 
growing population. Similar to technology, new social institutions emerge in response to 
the changing environment. The emergent technology and institutions then become part of 
a society’s heritage. If technological innovation and institutional evolution are not rapid 
enough, then migration can take over as the adaptive mechanism in response to environ-
mental changes resulting in dispersal. Otherwise, the interplay between technology-fuelled 
economic growth and slow migration delays the eventual dispersal, until the carrying 
capacity can no longer cope with growing demands of changing demography and climate. 
This is what has been observed in the Murrumbidgee river basin and what archaeological 
evidence suggests for the Indus river basin. Further, if a society is endowed with limited 
technology and weak institutions to begin with, it may witnesses rapid cycles of migration 
in and out of its domain.

Migration is one key adaptive mechanism of societies, when faced with change and 
ineffective or insufficient technological advancement for coping with changing conditions. 
People in rich, resilient societies are less prone to migration. Poorer, less developed and 
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less resilient communities seem to have more frequent migrations. Second, the “boom-
bust” cycles are not only more rapid in smaller scale societies, but these cycles repeat more 
often too. This means that migration from such smaller, less endowed, societies are also 
expected to be rapid, with repetitive cycles of abandonment and rehabilitation after each 
critical climate or adverse environment event.

Based on these observations, the following policy implications can be synthesized that 
are of relevance to sustainable development:

•	 Encourage place-based technological innovations and sustainable, adaptive climate 
optimal farming practices: such intervention will positively nudge local development to 
produce agriculturally more efficiently and sustainably.

•	 Diversify local economies and consequently occupational and livelihood opportuni-
ties, especially in those societies that are more prone to climate variability and envi-
ronmental change. This will increase resilience to change and abate migration flows by 
empowering the population with the option of being employed in economic activities 
that are less dependent on water and natural resources.

•	 Raise awareness that water related technological innovation is not a ‘silver bullet’ and 
can only delay consequences of rising population and untethered economic growth. 
Technology is a means to an end and will not necessarily enable people to addresses 
the root causes of crises, such as water pollution and waste; however, technologies can 
remedy its negative effects up to a certain level.

•	 Engage all affected stakeholders in decision making for resilient adaptation to changing 
climatic and other environmental conditions: inclusive policy making produces options 
that considers different perspectives and is more likely to be accepted and effective.

These first policy conclusions are based on a synthesis of a limited number of societies. 
Future studies can be more organized and rigorous in drawing conclusions from a com-
parative project on current and ancient societies of relevance to policy making.
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