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Abstract. Ancient civilizations may have dispersed or col- scarcity. As a result, we draw the conclusion that declining
lapsed under extreme dry conditions. There are indicationgonsumption per capita despite technological advancement
that the same may hold for modern societies. However, hy-and increase in aggregate production may serve as a useful
droclimatic change cannot be the sole predictor of the fate opredictor of upcoming decline in contemporary societies in
contemporary societies in water-scarce regions. This papewater-scarce basins.
focuses on technological change as a factor that may ame-
liorate the effects of increasing water scarcity and as such
counter the effects of hydroclimatic changes. We study the
role of technological change on the dynamics of coupledl Introduction
human—water systems, and model technological change as an
endogenous process that depends on many factors intrinsic tbhe question of how climatic change affects societies has
coupled human-water dynamics. We do not treat technolog@roWn in importance in recent years and is expected to gain
as an exogenous random sequence of events, but assume tE¥er-increasing attention in years to come. In an attempt to
it results from societal actions. offer a way to explore the question, Pande and Ertsen (2014)
While the proposed model is a rather simple model offecently proposed a theory of endogenous change in the con-
a coupled human-water system, it is shown to be capabléeXt of basin-scale socio-hydrology under increasing water
of replicating patterns of technological, population, produc_scarcity conditions. The authors suggested that an exogenous
tion and consumption per capita changes. The model demorf€xternal to the system) change in hydro-climatology can
strates that technological change may indeed ameliorate thi§ad to endogenous changes in cooperative structures such
effects of increasing water scarcity, but typically it does so@S socio-political organization and trade (see also Pande and
only to a certain extent. In general we find that endogenoudVicKee, 2007). They also showed that this may bring about
technology change under increasing water scarcity helps t@ther endogenous changes such as in demography, and may
delay the peak of population size before it inevitably startsthus lead to a (virtuous or vicious) cycle of future changes in
to decline. We also analyze the case when water remain§00perative structures and demography.
constant over time and find that co-evolutionary trajectories Van der Zaag (2013), in a commentary on the original dis-
can never grow at a constant rate; rather the rate itself growgussion paper (Pande and Ertsen, 2014), criticized the pro-
with time. Thus our model does not predict a co-evolutionaryPosed theory by suggesting that it ignored the dynamics un-
trajectory of a socio-hydrological system where technologi-derlying the changes, for example the role of technological
cal innovation harmoniously provides for a growing popula- change in shaping human societies. Van der Zaag (2013), in
tion. It allows either for an explosion or an eventual dispersalOUr interpretation, suggested that without any consideration

of population. The latter occurs only under increasing waterfr (technological) change, the theory proposed an outcome
that is hydro-climatologically deterministic. As explained in

Published by Copernicus Publications on behalf of the European Geosciences Union.



3240 S. Pande et al.: Endogenous technological and population change under increasing water scarcity

Pande and Ertsen (2014), such determinism is not suggested Technological development is conditioned by factors such
by the concept of endogenous change. However, studyings earlier innovations, human resource development, market
processes of technological change within society would shediemand and the structure of a water economy (Van de Poel,
light on why change happens, as is also argued by Ertsett998, 2003; Ertsen, 2010). Let us perceive technological de-
et al. (2014). Indeed, technology may play a key role invelopmentin context of Sewell's and Giddens’ concept of so-
the departure of a society’s evolution from one predicted bycietal structure (Sewell, 2005; Giddens, 1979, 1984). A soci-
hydro-climatic determinism. See for example van Emmerik etal structure can be understood as rules and resources, which
et al. (2014), who inferred that technological change mayemerge from the evolutionary dynamics of human agencies
have played a similar role in the socio-hydrology of the Mur- within society (Latour, 2005). One may then suggest that hu-
rumbidgee Basin, Australia. mans construct technologies through social interactions in a
The historical development of water resources within thesimilar manner as they construct society. In the context of
Murrumbidgee Basin in Australia over the past century (asa coupled human—water system, this would mean that tech-
given in Kandasamy et al., 2014) shows that the basin wit-nology emerges from the intrinsic dynamics of the system.
nessed a rapid rise in population amid increasing concerns ofhat is, humans reproduce existing water-related technolo-
salinity and declining ecosystem services. It was able to susgies by applying and changing them. In its evolution, this
tain the growth in population and agricultural production by path-dependency is a symptom of an endogenous process
first increasing reservoir capacities and then through investef technological change (Jaffe et al., 2003; Lyon and Pande,
ments in infrastructure and technologies to control soil salin-2005; Pande and McKee, 2007). Such continuity necessarily
ity and algal blooms, such as drip irrigation systems, bar-excludes the case that technology develops like some exter-
rages and an upgrade of sewage treatment plants. Yet it wazal force, with a will of its own, without any possibility for
unable to curb the eventual decline in population and domeshumans to influence its course (Burlingame, 1961; Bijker,
tic production that began around 1990. The sustained declin@995; Wright, 1997).
in water available for the environment, and hence its ultimate No technological innovation may surmount the physical
degradation, led to the rise of the notion of the environmentalimit of water resource availability (Smart, 2005). Techno-
consumer in the basin by 2007 (Kandasamy et al., 2014). Théogical change may, however, buffer the response of a system
system reached the stage whereby inhabitants of the Murto change. Technological innovation or adoption can com-
rumbidgee Basin were no longer solely driven by consump-pensate for the effect of increasing population and reducing
tion from the income that agriculture generated if it was at thewater resource availability on human well-being (Aghion and
cost of environmental degradation. They reached the poinHowitt, 1997). Technological innovation is almost a neces-
where they were, collectively, willing to give up consump- sity if “timeless” growth is desired, which is when a society
tion for improved environment quality and higher environ- is sustained forever (Sachs and McArthur, 2002).
mental flows. Interestingly, the long-term socio-hydrologic We argue in this paper that in some cases technologi-
dynamics observed within the Murrumbidgee are not uniquecal change may delay a society’s response to change un-
one-off events. In fact, as Elshafei et al. (2014) demonstrategler increasing water scarcity, which may give an impres-
similar dynamics have also been recorded within the Lakesion that it is on top of change. In order to demonstrate and
Toolibin catchment in Western Australia. defend this claim, we propose a simple model of endoge-
Such a change in the values and norms of individualsnous technological change, along the lines of Romer (1990)
within the basin resulted in a different dynamic between agri-and Eicher (1996), but framed within the context of socio-
cultural production and environment quality (Chen and Li, hydrology and change (Montanari et al., 2013). The model
2011). The changing values and norms, via changes in thehows the evolution of a society under increasing wa-
dynamics of human consumption and environment qualityter scarcity by endogenous feedbacks between population
fed back to changes in the delivery of ecosystem servicesgrowth and technological change. The nature of feedbacks
Nonetheless, this led to a continued decline in population(whether positive or negative) are not externally imposed by
and rice production within the basin. Overall, the rise and falla modeler but are determined by the intrinsic dynamics of the
of population and crop production led to the spatio-temporalsystem. Our model, though simple, is general enough to em-
pendulum swing in the area under irrigation within the basin.ulate a variety of feedbacks between population growth and
What is observed in the Murrumbidgee River basin is an in-technological change, depending on how a society is concep-
trinsic part of the dynamics of coupled human—water sys-tualized (parameterized) in the model. All the cases that are
tems, as studied within the socio-hydrologic framework pro-considered assume that the water resources available at any
posed by Sivapalan et al. (2014). Notably, van Emmerik ettime are entirely consumed by the production activity that the
al. (2014) modeled technology as a function of gross basirsociety engages in. The change in water resources is assumed
product when modeling the socio-hydrology of the Mur- to be exogenous to mimic hydro-climatic change.
rumbidgee Basin, in spirit similar to the endogenous growth The model is used to generate valuable insights into the
theory proposed within this framework. dynamics of coupled human—water systems. For example,
the amount that is available to humans to consume per capita

Hydrol. Earth Syst. Sci., 18, 32393258 2014 www.hydrol-earth-syst-sci.net/18/3239/2014/



S. Pande et al.: Endogenous technological and population change under increasing water scarcity 3241

consistently declines over time before a decline in population 0.9
and production is witnessed. This is also corroborated by data
from the Murrumbidgee Basin as well as output from a limits
to growth model. The data from the basin indeed shows that
income per capita, calculated in terms of rice produced, con-
sistently declined prior to the drop in population and rice pro-
duction around 1990 (Kandasamy et al., 2014). Meanwhile,
the limits to growth model (Hayes, 2012) can be considered
as another conceptualization of the coupled human—water
system, which also suggests that food available per capita
first declines for some time before other co-evolutionary vari-
ables such as population and industry decline. 02 ‘ ‘ ‘ ‘ ‘

The supporting evidence provided by the Murrumbidgee S
data and by the outputs of an independent non-linear dy- ) _ _ _
namics model (called the limits to growth model) suggestF'gur_e_ 1_.Global cereal productlon_per capita (ton/caplta)_ obtained
that declining consumption per capita can be a useful pre?Y dviding global cereal production by global population (data
dictor of upcoming decline (or dispersal) of a technology- sourc_e.http.//faostat.fao._org/ Note that the population has been

. . . . 7 growing over the same time frame.
mediated socio-hydrological system. That is, the population
within a coupled system ultimately disperses if consumption
per capita has been declining for some time, even when the
population has access to technology. Whether this is alwaysf agricultural production. This especially holds in the case
the case requires us to demonstrate that the amount avaiwhen the population grows at a certain rate and produc-
able to consume per capita for humans always grows in case#on has to grow at a sufficient pace to sustain the growing
when coupled human—water systems do not disperse. Theopulation.
second part of the paper demonstrates this through a targeted The relevance of the concept of technological growth is
sensitivity analysis of the model. This analysis supports ourshown by the data on global cereal production per capita.
argument that model outputs are robust and that declinindg-igure 1 for example demonstrates that global cereal produc-
consumption per capita is a credible predictor of dispersal oftion per capita first declined and then rose sharply over the
socio-hydrological systems under increasing water scarcitypast 50 years (this is in contrast to Funk and Brown, 2009;
such as the Murrumbidgee Basin. here FAO data on world total population is used). Global ce-

Nonetheless, the model is limited in several aspects, espeeal production not only kept pace with population over the
cially since itis a simplistic conceptualization of the coupled years, but its rate even exceeded the population growth rate.
human—water system. Several limitations of the model, suctClearly, this could not have been possible without consistent
as its conceptualization of technology, population change angbrogress in production technology. However, how technol-
water use, are raised towards the end of the paper and theirgy grows is not yet given in these data.
bearing on model results are discussed. But first, we begin A technological change that is external to the dynamics of
with a discussion on the motivation and assumptions behingroduction and growth can also sustain such growing pro-
the socio-hydrological model based on endogenous technoduction per capita. But the persistent differences in the ob-
ogy and population growth that is introduced in this paper. served rate of production growth per capita (or in aggregate

production) across countries or across basins can only be ex-
plained by assuming that technology change is driven by de-
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2 Towards modeling endogenous growth cisions made by actors within a production system, as has
been argued for the differences in rates of overall produc-
2.1 Endogenous growth theory tion across countries (Hayami and Ruttan, 1970; Aghion and

Howitt, 1997). That is, technological change emerges from
The endogenous growth theory proposes that economithe inherent dynamics of the systems, possibly as a result
growth cannot be sustained in the long run without techno-of investments made in bringing about technological change
logical growth. One basic premise of such a theory is that(Kaldor, 1957; Arrow, 1962; Nordhaus, 1969; Shell, 1973).
capital depreciates in value over time. Consider water as In order to model behavior that emerges from the dynam-
the (natural) capital used in agricultural production for ex- ics of coupled human—water systems, we consider humans
ample. Often agricultural production leads to negative out-in the system as composed of two generations that over-
comes for the environment, such as environmental pollutionap. “Overlapping generations” models have a rich history of
that leads to depreciation in the value of water for agricul-modeling economic systems that span multiple generations
tural production. Production technology is required to grow (Oded, 1992; Diamond, 1965; Imrohoroglu et al., 1999). Of-
in order to compensate or offset such negative consequencésn they are used in different contexts, for example water
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quality and economic growth (Chen and Li, 2011). In particu- 3 Building the model equations

lar, these models are useful in modeling how agents save and

how investments (coming from those savings) in technologyThe model is composed of three main components: produc-
are made (Eicher, 1996). It is for this reason that we use ariion, individual livelihood maximization, and population dy-
overlapping generations model to understand technologicahamics. These components are then coupled to estimate the
change that emerges from the intrinsic dynamics of a socioPredictive equations of the socio-hydrologic model under
hydrological system. In such models, population growth iscertain conservation of mass-type equilibrium conditions.
either considered zero or constant. Our model makes popu- , , i

lation growth “endogenous”, in other words, it is determined 3.1 Production of composite goods and technological

by the internal dynamics of the system. change

We assume a Cobb-Douglas production function that pro-
ducesy, amount of the good for a given amount of available

As mentioned, we consider an overlapping generation modeWvaterX;, unskilled workerd/;, and skilled workers;.
with two generations. This is a simple conceptualization of ) ar B pl-a—p
a society that is assumed to be composed of two generation¥ ~ S X, Ur, B o) = v X U E; :

that overlap each other as they evolve in time. Each genergegre, 1, represents the current technology that scales up the
tion lives for two time periods, thus young individuals of one 5mount of production linearly (see for example Romer, 1990
generation always overlap with old individuals of the other 5nq Ejcher, 1996), @ @ <1 and 0< 8 < 1 are the parame-
generation. Each generation grows at a certain rate (based Qg5 sych thatr < B <1—a— B. We emphasize that water
the population growth model described in Sect. 3.3), with ayailapility here holistically represents the productive supply
a rate of growth that depends on consumption per capitgy ater. It encompasses the effects of both water quality and
(i.e., the amount <_3f food th_at is avallaple to |n_d|V|duaIs 10 quantity. The supply of water may effectively be reduced due
consume per capita). The individuals in a society produceyq |ower water quality, for example salinity that may lower
one composite good (that conceptualizes the entire Spectrurfiant water uptake, thereby affecting crop production.

of goods and services that a population lives from) that is Tgchnological change, in a particular time period, is
water intensive and requires both unskilled and skilled laboryqught about by researchers, but also depends on the
as the other two inputs. The technology scales this producgrent state of technology. If each researcher consufhes
tion linearly (Romer, 1990; Eicher, 1996). The technology i the technological innovation is thought of as a random pro-
such that one unit of additional skilled labor produces morecess that is proportional to the total consumption of the re-
of the composite good than one unit of unskilled labor. This searchers? S, thereby measuring total energy available for

conceptualizes that skilled labor is more productive than un{,novation. The expected change in technology per unit cur-
skilled workers (as one would expect by definition). rent technology=1=" | is then given by

Within each generation the newborns at any time are born T
without any endowment, that is, they are born penniless andv;+1 — v;
have to work to earn a living. They have to choose between 4,

either becoming a researcher who invests her time in innova-

tion to advance current technology or becoming an unskilled€"e, 0< ¥ < 1 represents the success rate with which a unit
worker and start to earn a living. They use this living to con- of energy available for innovation results in a technological

sume and save. The unskilled are assumed to retire in th@dvancement. It therefore represents how efficiently avail-

next time period and live on the savings (that may appreci-able energy gets converteq into technolo.gical adyancement.
ate or depreciate in value based on the intrinsic dynamics oft further bounds a change in technology in a particular time

the system) that they made in the previous time step. The reP€rod.

searchers in the next time period becomes skilled workers
earning a higher wage than unskilled workers in that time

period. Since the researchers do not yet make a living in theye assume all the individuals in a society have identical pref-
first time step, they have to live on a loan against their futurerance structures between the present and future consump-

earnings that they would make as skilled workers. The loan isjon, of the composite commodity. The choices of an individ-
provided by the savings of unskilled workers in that time pe- o1 born at time are driven by their tendency to maximize
riod. Itis assumed that only the unskilled workers reproduce 4heir livelihood (utility) function of consumption at time

Both the skilled and unskilled workers die penniless. See for, 4, + 1. However, they are limited by the income that they

example Eicher (1996) for a similar conceptualization. generate through their participation in the production activity
of the society.
For a researcher, who consumgsat times but becomes

a skilled worker at timer +1 and consumes/, ;, choice

2.2 Endogenous technological change model

=ycss,.

3.2 Livelihood (utility) maximization
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of {¢}, c£ |} is determined by the following maximization where,

t+1
problem: Q )

s s £ S >0 ifcl >V
wW»® = ma><{crsncrg+l’bt}lnc, —}-,BOInctH, t LQ <0 if ctU < QU
such that

This conceptualization is similar to the dominant mode anal-

cf = b, ysis of Cuypers and Rademaker (1974) of the World2 model

E = wE L — b (14r). of Forrester (1971). Cuypers and Rademaker (1974) found
i+l 1 ! that the complex set of coupled equations of the World2
Here,b, is the amount that the researcher at tin@ans to  model can be simplified to a hierarchical system where the
borrow to support herself, only to return it once she partic- population dynamics is driven by natural resource availabil-
ipates as a skilled worker in the production activity in the jty and capital investment. Consumption per capita repre-
next time period, earning an incomewf, , as aresult. The  sents the joint effect of water resource availability and food
amount that she has to return, i&.(1 + r;), may be larger  production on population growth rate.

or smaller than the amount that she borrowed (determined

by the rate of returm;) and depends on the availability of 3.4 Equilibrium conditions

the funds and propensity of agents to save. The parameter

Bo (> 0) represents how she weighs her future consumptionthe partitioning of total population at any time,

relative to present consumption. This parameter is equal td% =S +U;, into § and U is determined by assuming that
10_0’ where 0<# <1 is an individual's propensity to save. anindividual attime is indifferent to choosing between con-
Thus the larger th@o, the larger the propensity to save. tributing to production activity as an unskilled worker, or in-
The researcher, for given skilled labor income in the nextVesting herself in advancing current production technology.
time period (%, ;) and the current rate of returp plans her It is therefore assumed that the utility maximized by being a

+ . . o .
consumption over her lifetime such that her livelihood func- researcher is the same as the utility maximized by being an

tion is maximized. unskilled worker over a lifetime, that is

Similarly, for an unskilled worker, who consume’$ and
savesm, at timer but does not work at time+ 1 when
she consumes? . from what she saved at time choice

wS=wUY.

U+l _ ) RS The rate of return on savings; or the cost of borrowing;
of {¢{'. ¢f}4} is determined by the following maximization s . and it is determined by the balance between total de-
problem: mand for borrowings; b, and the total supply of funds that
wl = max.v ., }Inc,U +/30|”Czlﬁr1s is the sum of total amount of sa\{ir)gsﬁm, and surplusQl,
LT generated by the production activity. The surpi@isthat is
such that generated by the production activity is the produce left after
U —wl —m paying for the labor of unskilled workers,” U;, and skilled
t t t E . !
U workers,w,” E;. By pooling the surplus into the total sup-
¢y =me(1+r0). ply of funds, we assume that gains from production activity

Here,w? is the income that the unskilled worker earns at @nd gains in efficiency by advancing technology feed back
timer. At 7 + 1, she reproduces and provides an offspring for 0 @dvance technology in the future even more. Higher sur-

the next generation starting at time- 2. pluses lower the costs of borrowing, hence they encourage
higher participation of researchers in technological advance-
3.3 Population dynamics ment. The total borrowing; b, of researchers is balanced by

total savingdJ; m, of unskilled workers and surplug;,
The population of a generation at time2,, grows at a rate

of 2. The unskilled workers at time have the role of re- ~ S;b; — Uym; = Q;.

producing at timeg + 1 when they do not work and live off

their savings made at time Thus, it is assumed that the rate HereQ: =y, —w/ U, —wf E,.

of population growth may reduce or even become negative if 1he wages that workers are paid are at their marginal pro-
consumption per capita of unskilled worker reduces. This isductivity. Thus

to reflect the tendency of population outmigration or decline . .
when livelihood of individuals deteriorates. We model the w! = OF X1, U, Ev; vr) andwf = O Ko, Ur, Erivr)
rate of population growth to become negative once unskilled U IE,

worker's consumptiong’, falls below a certain threshold, we here note that workers earn a living at the rate

v of their marginal productivity, w’U, =8y, and

Q1= (1+,[Q) i wEE,=(1—a—B)y;. The surplus generated is the
implicit value of water or the contribution of water in total
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production, i.e.,Q; =wX X, =ay,. Here wX represents U 1
the marginal productivity of water. This has an interesting ?’ =f=—.
bearing on the discourse of scale of cooperation and tech-"* Bo (1+ %)

nological change that Pande and Ertsen (2014) proposed.
Larger surpluses per unit additional water are generatedince the sum of the unskilled workers and researchers
when water is relatively scarce. Thus an extension of thedefine the population of the generation starting at time
scale of cooperation under water-scarce conditions, which.e., S; + U, = ;, the number of unskilled workers and re-
results in an increase in total availability of water, generatessearchers at any timecan be obtained as

more surplus per unit additional water than when conditions

are not as scarce. This may in turn reduce the cost of borg, = 2 ,
rowing and hence spark more innovation per unit additional 1+4
water in the case when water is scarcer. We may thus find g/, _ 5 S .
positive correlation between technological innovation and 1+

rise to maturity of a society under water-scarce conditions.SinCe the income earned by individuals is at their marginal

This argument is close_ly relat_ed to Romer (1990), Whoproductivities, the wage rates for unskilled and skilled work-
suggested that larger integration of markets, for exam-

. . ers are given by
ple through trade, can result in larger surpluses. Imagine
integration, through trade, of smaller socio-hydrological SYS U — By, X yf-1pl-o—p
tems into larger systems. Note that the larger integration of ' Lt ! '

. . . . - E arB—lp—a—p
markets is equivalent to increasing the scale of cooperationw; = (1—a — v, X;U; "E; .
for example between basins or regions, through trade. This ) o
in turn can fuel further technological innovation because 1N€ SUrplusQ;, that is generated at timeis given by
of new synergies that are built by the expansion of scales.

; ; ; r=af (X, Ur, Er; vr).

Here we assume that technological innovation merely boost
the productpn level. We_ ignore innovations fthat are biasedry savings made by the unskilled workers, and the bor-
towards saving the limiting factor (Ha)_/aml and Ruttan, rowing of the researchers,, are given by
1970), which in the context of the paper is water. Hence we

will not be able to model innovations that may be triggered ,;, — guU

by increasing water scarcity conditions unless the scarcity £
conditions first trigger an increase in the scale of cooperatiory,, — gﬁ,
between basins or regions. Bo(1+rs)

In the analysis below, we do not consider an increasing\N
scale of cooperation, for example through the integration of
smaller socio-hydrological systems into a larger one, with owE
increasing scarcity conditions. Therefore we observe slow+; = 1
ing rates of innovation, even under heightened scarcity con- Po(+r0)
ditions, in certain cases that we examine below. The consumption per capita of unskilled and skilled workers

Finally, a researcher at time t becomes a skilled worker aican now be given as
timer+1,i.e.,5 = E; ;1.

here the rate of return on savingsg, is given by

ctU = th - Oth,
3.5 Model equations E

oS — Wikl .
A set of model equations for labor diversification, wages, rate ’ Bo(l+rp)
of return, production and surplus generated, technological
change and consumption per capita are obtained based
livelihood maximization, technological advancement, pro-
duction activity and the above equilibrium conditions.

The diversification of labor, that is, the ratio of individuals

who choose to be unskilled workers and those who choose tc,EH = U),EH — b (1+r0).
be researchers in order to become skilled workers in the next o
time step, is a constant. The diversification depends on hovfrinally the endogenous technology change equation is given

critical water is to the production activity and on an individ- by

ual’s propensity to save. U
Ur+1 = Ut [1+ vS: (9511)1 + Qt/St)] .

eanwhile the consumption of the same individuals at time
t + 1is given by

C,U+1=mt L+r),
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Note that the rate of technological change is never nega- A) Technology.v,

3245

B) Population, Ql

tive, in other words, technology never deteriorates but rather o.023

15

builds upon previously generated technology, in addition to
other factors. The rate of change is endogenous because if-%?? 10
depends on factors that are endogenously determined in theo_021
evolution of a society. It is proportional to a random vari-
able y that determines the rate of success of (implicit) in- o.02 0
. . . . 100 200 300 400 0 100 200 300 400
vestment in technological advancement. The investment is
the sum of the wage of an unskilled worker forgone by a re- C) Production, f(X,U,E)
searcher (since she decides to work on advancing technology, o.02 8

she lives on a debt and forgoes the income that she could have, ,;5 6
earned had she rather worked as an unskilled worker) and the o 01/\ .

D) Consumption (107%), ctU

surplus generated by the production activity.
0.005

0 0
4 Results 0 100 200 300 400 0 100 200 300 400

Time Time

4.1 Model parameters Figure 2. The co-evolution of technology, population, produc-

. . tion and consumption per capita under a modest rate of success
For our simulations we assume that (renewable) water ré{, —0.10). The population growth rate threshoje=0.10. Ran-

source availabilityX, declines exponentially over time atthe gdomness in technological rates of success is assumed to be gamma,
rate of 2% f=-0.02), i.e., X;+1=(1+k) X, =0.98X,. distributed with mea® and variance 1092.

We consider that a system reaches a physical limit dfice
falls below 1% of X,—o and the evolution of the society
abruptly stops. We also assume that gamma distributed,
with a mean ofy > 0, to represent sparks of innovation.
Thus, we assume that a positive surplus is not sufficient to

spark an innovation, thereby allowing certain additional fac-

tors that are exogenous to the system to determine the rate &onsider the case of a resilient society in the sense that its
SUCCESS. population growth rate is only affected once its consump-

We assumex = 0.3< 8 =0.35. The coefficiengy that tion per capita falls below 10 % of the initial level (@t 0),

measures the patience of an individual in terms of her preserlt€" 77 = 0-10. Let the long-run rate of success in technolog-

to future consumption is assumed to be 0.99. We therelc@l innovation bey =0.10. We assume that the random-

fore model a society with individuals who prefer, though ness in th.e rgte .of teqhnological success is represepte_d by a
marginally, to consume a unit at present rather than rele9@mma distribution with a mean and a standard deviation

=2
gating it to the future. We assume the positive and nega—Of 1007~ i
tive population growth rates® andr® are 0.01 and-0.02, The technology of the society advances throughout the

respectively, which suggests that population increases at geriod until said society reaches its physical limit, around

rate of 1% and once the consumption per capita of an un350 time units (Fig. 2a). Even though technology advances

skilled worker crosses a certain threshad. it falls to throughout, it does not allow the individuals in the soci-
—2%, representing decline due to outmi;ration or higherety to escape the physical limit. Clearly, the technological

death rate than birth rate. We assume that this critical thresh@dvancement is not sufficient to support an ever-increasing
old is 5 (0< 7 < 1) fraction of the consumption per capita population (Fig. 2b). The population initially increases un-
that unskilled workers witnessed under water abundanced€r technological advancement, which leads to an initial in-
ie.,cl= ”CzU—o- Thus varying sensitivity (resilience) of pop- f':reasg in production, even .though water scarqity is increas-
ulations to the critical threshold is modeled. We consideri"d (Fig. 2¢). However, the increase in production, both due
n=0.1, unless otherwise stated. Finally, we initialize the 0 technological advancement and the increasing population
model with an initial technological level;,—o = 0.02, ini- that contributes skilled and unskilled workers, is not suf-
tial population level,_o=1 and initial water resource ficient to support a comfortable level of consumption per

X,—o=1. The model can be scaled up by appropriately set.capita of an increasing population (Fig. 2d). Note that the
ting X,—o S:—o vs—o andk. consumption per capita of researchers and unskilled workers

is the same for alt. This leads to a persistent decrease in
consumption per capita over time.

The ever-decreasing consumption per capita and moderate
rate of success in technological advancement finally catches
up with an increasing population growth. Since technological

4.2 Population decline (or dispersal) under
technological advancement
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advancement does not just depend on its rate of success but . - A) B)
also “endogenously” on consumption per capita, persistently ; 6 5%
decreasing consumption per capita feeds back into the hu- 3 gD S 60
man capacity (or capital) to innovate and reduce the rate of §4 = E’ 20 5
technological change. While the technology still advances, it @ , o g 50
advances at a slower rate over time. g - g% o °

Once the population peaks and starts to decline, lower é 08 v 0 & 10900D ™ —
availability of workers reinforces the feedbacks of increas-
ing scarcity and decreasing per capita consumption (equiv-z , 08 D)

Mto

alent to attrition of human capital) on the rate of techno-
logical advancement and aggregate production. The reduc-g
tion in the rate of technological advancement is now sharper, g soo
and technological advancement can no longer stop the fall in3
aggregate production. While declining population negatively %
feeds back to reduce the rate of decline in per capita con-&  fooo
sumption, the society soon reaches its physical limit of water
availability.

The decline (or dispersal) of the society is triggered long Figure 3 (g)—(c) Histor_ic reseryoir capacity, pop_ulation and rice
before it reaches its physical limit. While reducing water re- production in Murrumbidgee River basin, Australia (Kandasamy et

N . o . I., 2014). The vertical lines indicate the year 19@f). Imputed
sources availability has a role, its decline is not determ'nedfigricultural Income per unit labor, in units of mton/capita. Based

by it. This is because the decline d_oes_ not happen W_he’&n New South Wales censuses 1976, 1981, 1986. See the Appendix
the water resource reduces to 0, which is around 350 tim&p how the values are imputed and converted into rice amounts. A

units. The decline in population and production well before decline in consumption per capita for a decade before 1990 (the year
350 time units points to a tradeoff between increasing watefof eventual decline in Murrumbidgee population) is evident.
scarcity and technological progress that attempts to compen-
sate for the effect of increasing water scarcity. Thus the de-
cline in population and production, even when mediated byavailability to 0 may be deemed inevitable under an increas-
technology, is not trivial. The dispersal is trivial if it occurs ing population since human tissue is mostly made of water.
when water resource availability reduces to 0. A growing population will reduce water available for produc-
The reason behind the non-trivial dispersal is the rate oftion since it will use up water to build body mass, effectively
success in technological innovation (as representeg’ )by removing an increasing amount of water from the water cy-
that is not sufficiently high. The individuals in a society cle. However given the timescale involved, it may not be re-
cannot escape the dispersal since they cannot innovate sufdistic to suggest that water resource availability eventually
ficiently fast, which in turn affects their future capacity to declinesto 0.
innovate (measured in terms of consumption per capita). The These results suggest that a society need not immediately
society witnesses a persistent decline in consumption pedecline once water scarcity starts to increase. A certain pop-
capita in spite of technological advancement and increasingilation level may contribute to technological advancement
production (until around 270 time units). This prolonged re- and an initial increase in production through individual con-
duction in human capacity to innovate finally triggers a de-tribution to innovation and production. This in turn may ini-
cline around 270 time units. Perhaps that is what happenetlally support an increasing population even under increasing
in the Murrumbidgee Basin around 1990. The early and mid-scarcity.
20th century saw technological innovation that was able to Consider Fig. 3, which displays the time series of reservoir
offset the negative consequences of population growth withirstorage capacity, population and rice production for the Mur-
the basin. However, towards 1990 it could no longer keep ugrumbidgee Basin (Kandasamy et al., 2014) and a proxy for
with population growth, leading to eventual dispersal of theconsumption per capita for New South Wales in Australia
population within the basin. (see Appendix for an explanation). The basin witnessed a
The conclusion that a society cannot escape a decline ipopulation decline in the 1990s amid ecological and salinity
they cannot innovate sufficiently fast appears to be intuitive.concerns stemming from the early 1960s (Kandasamy et al.,
It may as well apply when the reduction in water resource2014). The basin witnessed declining water availability un-
availability is not exogenous but induced by human activ-der our definition for nearly 4 decades. If the reservoir stor-
ities and when the definition of water resource availability age capacity (Fig. 3a) that scaled up production by smoothing
is broad enough to encompass the effect of quantity, qualitythe intra-annual supply of water can be considered a proxy
and variability on water use. The effect may even be strongefor technology, the similarity of its pattern with Fig. 2a is
since the rate of decline would then depend on the rate otlear. The patterns of population and production are also sim-
increase in production. Finally a decline of water resourceilar (compare Figs. 2b, ¢ and 3b, ¢). The consumption per

> - \
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O
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O

0
1975 1980 1985 1990
Time
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Figure 4. (a) World3 model output for business-as-usual scenario (Hayes, 2@ Z)utput of the endogenous technological change model
presented here. All the variables in both the figures have been scaled between 0 and 1 by subtracting the minimum and dividing by the range
Variables “food per capita”, “resource availability” and “industry”(a) are equivalent to “consumption per capita”, “water availability” and
“surplus” in (b).

capita (Fig. 3d; from census) shows a declining trend in theobtained from an endogenous technological and population
decade before the eventual decline of population in the Mur-growth model of a coupled human—water system.
rumbidgee Basin in the early 1990s. It therefore appears that Figure 4 demonstrates the major variables for a compar-
declining consumption per capita under declining water re-ison between limits to growth and the endogenous growth
source availability, even in presence of technological changemodels presented in this paper. Figure 4a suggests that the
may be a credible predictor of upcoming population decline.declining natural resource availability and increasing pollu-
Surely, the Murrumbidgee Basin had ample opportunity totion output may represent declining water resource availabil-
access and adopt smart water saving and purification techity in the context of this paper. The outputs suggest that popu-
nologies. Yet, it was unable to stem the eventual populationation and production (industry) initially increase despite de-
decline. This example therefore serves as a counterargumentining resource availability and increasing pollution. How-
to the suggestion that technological advancement is sufficiengéver, the eventual decline in population and production is pre-
for societies to be on top of physical constraints imposed byceded by a persistent decline in consumption per capita (food
nature. per capita) for over 50 years. Similar patterns are replicated

Consumption per capita as a credible predictor of even-by the model of endogenous technological change in Fig. 4b.
tual decline is further supported by the outputs of the “Limits Note here that as-shaped function is used to represent de-
to Growth World3” model (Hayes, 2012). In contrast to en- clining water resource availability (unlike the exponential de-
dogenous growth models, limits to growth models (Forrestercline that has been used elsewhere in the paper) in order to
1971) are complex models including high dimensional sys-reproduce a similar shaped decline in natural resource avail-
tem dynamics; they represent the dynamics of a coupledbility produced by the World3 model (in Fig. 4a).
human—environmental system through a system of coupled
differential equations that propose relationships between thd.3 Role of the rate of success in innovation on the
variables. In endogenous growth models the relationships be-  nature of population change
tween the variables themselves emerge from the inherent dy-
namics. Yet this difference between the limits to growth andWhile the model is currently unable to replicate the bell-
endogenous growth models is subtle. A simplification of lim- shaped patterns of consumption per capita that appear both
its to growth model by Cuypers and Rademaker (1974) inin Figs. 3 and 4a due to its parsimonious nature, the con-
the context of a coupled human—water system is a case inection between its persistent decline and eventual popula-
point. Here, water resource and investment in agriculturaition decline is evident in both the models. One may ascribe
production “drives” population growth (through prescribed the cause behind the decline in population to the resilience
functional relationships). Population growth, in tandem with of population growth to consumption per capita. Figure 5b
water resource availability and production, in turn affects wa-shows that the decline begins earlier when it is assumed
ter resource quality and production. Note that these relationthat population growth becomes negative when consump-
ships are prescribed a priori in the limits to growth model. tion per capita falls below 25 % of initial consumption per
A similar hierarchy and rationale of relationships can also becapita, i.e.,y =0.25 than when it is assumed tha& 0.10.

For the remainder of the paper, we jet 7, in other words,
we do not allow any randomness in the rate of success in
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Figure 5. The co-evolution of technology, population, produc- Figure 6. Technological singularity: the co-evolution of technology,
tion and consumption per capita under a modest rate of successopulation, production and consumption per capita under high rates
(y=0.10, 0.01) and no technological change<0.00). The pop-  of success) = 0.50, 1.00) and modest rates of success:0.10).
ulation growth rate thresholgi=0.25. No randomness in the tech-  The population growth rate threshold=0.25. No randomness in
nological rate of success is assumed, jesy. technological rate of success is assumed, j.es 7.

technological innovationy) for a given long-run mearyj), increments in technological levels may overcome the down-
and investigate the effect of the rate of technological innova-side pressure on production to the extent that consumption
tion on the timing of societal decline. All initial conditions per capita ultimately begins to rise, positively reinforcing
are assumed to be the same as in Sect. 4.1. technological advancement. A virtuous cycle ensues, allow-

Figure 5a demonstrates the evolution of endogenousng individuals in a society to “escape” water scarcity.
technological change for three rates of success: modest This is illustrated by Fig. 6, which demonstrates the effect
(y =0.10), low (» =0.01) and zero¥ = 0.00). The last case of the rate of technological success on population growth.
represents the case of no technological change. Figure 56or y =0.5 andy = 1.0, the technological level explodes
demonstrates that an increase in the rate of success delaya “technological singularity” is reached) before the society
the peak of population growth. Nonetheless, the populatiorreaches the physical limit. The level of technology at this sin-
eventually declines for the cases considered here. The popwgularity is infinite, implying that the society can sustain an
lation evolution also closely follows a gradual increase andinfinite population irrespective of water resource availability.
then fall in production (even under no technological change)Figure 6b shows that for = 0.5 the population explodes to
in Fig. 5¢. The consumption per capita appears not to be toanfinity around the time when the physical limit of water re-
different across the 3 cases. source availability is reached, while fer=1.0 it explodes

As a whole, Fig. 5 illustrates that societies may disperseto infinity around 190 time units. In both the cases, the con-
when the rate of success of technological innovation is notsumption per capita initially declines slightly but recovers at
sufficiently high. In these cases, technological change may diater time steps. The consumption per capita recovers before
best delay the advent of decline but may not allow individualsthe society reaches its singularity and this rise (at a rate faster
in a society to escape from it. than exponential) in consumption per capita accelerates its

However, it appears that individuals in society may escapeapproach to singularity.
an eventual decline if the rate of success in technological in- The implausibility of the notions of singularity and escape
novation is sufficiently high. Note that technological changefrom the ultimate resource constraint may suggest the im-
is a function of human capital (represented in terms of to-plausibility of rates of success such as 0.5 and 1.0. Nonethe-
tal consumption of the researchers) and the rate of succeskess, the model of endogenous technological and population
Furthermore, the production is a function of technological change allows for it.
level, water resource availability and availability of skilled  Unlike the cases when the rates of succegsafe high,
and unskilled workers. While increasing population and wa-population and technology are not always positively corre-
ter scarcity put downside pressure on aggregate productionated, even under technological advancement (Fig. 7a, b).
increasing population and technological levels attempt toThe population first rises and then falls with increasing tech-
pull up aggregate production as well. Thus sufficiently fastnological advancement. The maximum population that is
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Figure 8. (a) The asymptotic technological level is super-
exponential in the rate of succegb) The escape of society from
the physical limit beyond the critical rate of succgsswhen tech-

Figure 7. Population—technology and production—consumption dy-
namics: the relationship itself evolves over time and varies for dif-

ferrtlantr:]atﬁ ?: sucr:ces;aifizc{jo.ll,inO.OS,Vo.gl\ivﬁozsmerred. lt\loter tgat . nological singularity appears. Note that for< y¢, the population
consumption per capita decines eve €n aggregate proauctiog, ;¢ appears before the physical limit of water resource avail-

rises before its eventual decline. The population growth rate thresh-

o . . ability is reached, while foy > y¢, population explodes to infinity
;Iilssszr;g(f?é;lo_r;ndomness in the technological rate of Success(hence its peak) at the same time when technological singularity

appears.

achieved increases with increasipgHowever, the rise to a
maximum and fall thereafter with increasing technology arephysical limit. Thus societies decline before its individu-
steeper for lower values of. Even for a given rate of suc- als witness the physical limit of water resource availability.
cess,y, the fall in population with increasing technology is However, fory > y., societies witness technological singu-
steeper than the rise. These observations illustrate the comarity. The populations explode to infinity before the time of
plex feedbacks between population growth and technologithe physical limit and, at the same time, when its individu-
cal change that this model implements. These complex feedals withess technological singularity. The time to singularity
backs are communicated through variables such as aggrelecreases with increasing rates of successyheny > vc.
gate production and consumption. Figure 7c and d demonHence the time to population peak coincidentally decreases
strate that consumption per capita is first negatively corre-with increasing rates of success,wheny > y¢.
lated with production, followed by a positive correlation once  All the above cases suggest that the trajectories of the
population reaches its maximum. After a mild rise to a max-socio-hydrological system either co-evolve to O or to infin-
imum, aggregate production sharply drops per unit reducty at a rate faster than an exponential rate (so-called super-
tion in consumption once the population peaks for each ofexponential rate). Is it not possible that technology advances
the three rates of success. These results demonstrate that tileharmony with the demands of a growing population and
model is capable of imputing a relationship between vari-that they co-evolve at a constant rate? Are socio-hydrological
ables of interest that may change over time. systems that grow at a stable rate possible within the realm
Figure 7a suggested that the population peak occurs besf the model? The above cases also provided evidence that
fore the technology stabilizes. However, both the peak popu€onsistently declining consumption per capita may be a cred-
lation and “mature” (asymptotic) technological levet, in- ible predictor of population dispersal under increasing wa-
crease with increasing. Figure 8a shows that the change in ter scarcity conditions. Is it then that consumption per capita
v* with y is super-exponential. A technological singularity is decline only in systems where the population ultimately de-
achieved for a critical rate of succegsaround 0.49, suggest- clines or can it happen in other cases as well?

ing that unlimited population growth is possible far> y.. We now perform and analyze a targeted sensitivity anal-
Thus societies may escape from the physical limit posed byysis in order to demonstrate that declining consumption per
water scarcity at high rates of technological success. capita is a robust predictor of an eventual dispersal of popula-

Figure 8b shows that technology continues to advancetion under increasing water scarcity. The targeted sensitivity
though at slow rates, for low to medium rates of successanalysis is performed for cases when water availability re-
(v < y¢) until the time when the physical limit of water avail- mains constant in order to demonstrate that the rate of growth
ability is reached. The population peaks before it hits theof production and population is neither constant nor negative.
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Hence declining consumption per capita is a symptom only(i.e., n =0.01) that the conclusions we draw with constant

of socio-hydrological systems that eventually disperse. 7¢ remain the same (that a stabilized growth trajectory is be-
yond the realm constructed by the model).

4.4 Is growth-stabilized trajectory possible? Thus from Eq. (3) we have

A growth-stabilized trajectory is a case where the aggre-fi11  v41 (1+~Q),3 (1+~Q)1—a_ﬁ

gate production grows at a constant growth rate. If we rep- iy r r

resent aggregate productigitX,, U;, E;; v;) at timer by f;, Vr1 ~Q\1-«

then for a growth stabilization trajectory it is required that = v (1+r ) : ®)

It — 14 4. Hered is a (constant) rate of stabilized growth . )

that does not depend on time. However, as we can see from Eq. (4), even if the population

We now demonstrate through a targeted sensitivity analy9rows at a constant rate, the growth rate of aggregate produc-
sis that a growth stabilization trajectory is not possible unlesdion depends on the growth rate of technology. We now show
(i) the effectiveness of investment on technological changdhat unlesg =0, the technology does not grow at a constant
is zero (i.e.,y =0 or no technological change occurs) or fate.

(ii) water resource availability declines at a “unique” rate.  We note from the model equations that
Further, we show that the growth rate is never negative un-, +1

less water resource availability declines. Both these are im—— = [1+ Y Si (95th + Qz/&)]

portant conditions that are needed to demonstrate that declin- ! s

ing consumption per capita is a symptom only of technology- = [14— yU’ (98Utth + Q,)] . 4)
t

mediated socio-hydrological systems that eventually disperse
under increasing water scarcity.

, Further, the model equations (in Sect. 3.5) suggest that the
First we note that

ratio of researchers to unskilled workers at any time is con-
fi = uxeUPEXA, stant, given bys- = 1/5. _ .

We now note the following two equations from the model
We first consider the case of no declining water resourceequations that we obtained in Sect. 3.5. The first equation

availability, i.e.,k =0. Then suggests that the wage rate of an unskilled worker multiplied
P Lap by the number of unskilled workers is proportional to ag-
Ji+1 _ bl (Ut+1> (Et+1) 1) gregate production. The second equation suggests that the
fi U U; E; ' surplus that is generated by the society at any timg;, is

er)roportional to aggregate production. In both the cases the
constant of proportionality are corresponding factors of pro-
duction. Hence

The model equations suggest that skilled workers at tim
t + 1 are researchers at timgor E; 1 = S;. Further, accord-
ing to the model equations, the number of unskilled workers
and researchers at timeare proportional to the overall pop- U.wV ayB—1pl-a—p ayB pl-a—p

. . o] w, =U; v XU "E =Bv; X; U E =Bf:.
ulation of the system, i.el/;  Q; ands; « €2,. Substituting rwp =UpuXi Ui ", puX UrE, Al

these relationships in Eq. (1) we obtain Qr =afr.
P (Qz+1 B/ oq \lof If we now substitute these equations in Eq. (4), we obtain
= 2)
o) (a5) (
i v ‘ -1 M:[1+y(9ﬁ+a)f,]_ (5)

Again, from the derived model equations, we note that pop-

ulation growth is endogenous in the sense that, dependinginaly, if we substitute Eq. (6) in Eq. (4) we obtain a more
on a consumption per capita thresheld, it either grows simplified form for growth of aggregate production
at a certain rate (when consumption per capita is above this

threshold) or declines (when consumption per capita is be-fi+1 o 1-a
low this threshold) at a certain rate. The threshold therefore f, (147 @+ /1] (1+77)

represents the resilience of the population to livelihood that - [1+ V(68 +05)ft]- (6)

is possible within the basin. At one extremectf =0, the

society is extremely resilient and is able to grow even if no Equation (7) demonstrates that the only way the model sim-
livelihood is possible within the basin. Another extreme is ylates a stabilized growth trajectory would be whes=0

the case when” =, which is a case of a society that is (j.e., the effectiveness of investment on technological inno-
extremely vulnerable. vation is 0), especially since the parameters, « are re-

For now, we assume that the population grows at aguired to be greater than 0.f> 0, the growth rate is not a
certain constant raté®. We later show through simula- constant since it then depends firitself.

tions forcV =0.99¢”, (i.e., n=0.99) andcV =0.01c”,
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Figure 9. Case of a vulnerable society and highly productive skilled g re 10. case of a resilient society with highly productive skilled
labor. Assumptionsy =0.99 to represent a highly vulnerable so- 354, Assumptionsy = 0.01 to represent a highly vulnerable so-

ciety, low effectiveness of investment on technological change jery |ow effectiveness of investment on technological change
(y =1E — 3), the ratio of factors of production of skilled to un- (y=1E —3), 1—%—,3 —2 and constant availability of water re-

; 1-a=p _ ilabili -
skilled wquer, =2 and constant availability of water re sources (i.ek =0).
sources (i.ek =0).

Figure 9 plots four dominant variables of the coupled
dynamics (technology, population, production, consumption
Lw per capita).
di=[1+y@B+a) fi] 1+7) " -1 (7 For a stabilized growth trajectory we would expect the plot

for production to be linear on a log scale. None of the three
Clearly,d; is not a constant and varies over time. It is evident productive cases for water show a linear trend, though it ap-
from the above that as the magnitudejofncreasesd; is  pears to be linear for the case fer=0.8. The population
a stronger non-constant. Thus we perform a targeted sensgrajectories are also not linear in time for amyhence the
tivity analysis onc”as previously suggested for a low value popylation trajectories are not growth stabilized either. Con-
of y (=1E —3) and show that even in the case of weak ef- 5ymption per capita appears to co-evolve at a near-zero rate.
fectiveness of_ investment on technological change (i.e., |0WAgain the trajectories of technology appear to grow linearly
value ofy), d; is not a constant. in a log scale for: = 0.8, possibly due to near-stabilized pro-
duction growth. Thus, even in the case of weak effective-
ness of investment on technological change=(1 F — 3,

Vulnerable society and highly productive skilled lab@ve V_VhiCh is considerably Iess_than 1), we do not see Sta.bi'
lized growth for any scenario of factor of production. This

assume) = 0.99 to represent a highly vulnerable society. We b id hen the time limit for simulati .
also assume low effectiveness of investment on technolog- ecomssf evi zeon(t)g\é en t ehtlme Imit for smugtmf)_ns IS In-
ical change ¥ =1E — 3). Since skilled is more productive creasedirom , as in the present case g (figure

than unskilled worker, we assume the ratio of their factors of_n°t shown). Singularity (i.e., spiked trajectory) in the growth

production (the parameters associated with skilled and uni” all four dominant variables is observed. This holds for the

skilled labor in the production function)l—,_g_ﬂ > 1. Here following three cases as well

we consider a case th&%=2 =2. This would mean that 4.4.2 Case 2

for one unit of output produced by the society, the contri-

bution of skilled labor is twice the contribution of unskilled Resilient society with a highly productive skilled labor
labor. Hence we call this case a highly productive skilled la-We assumen=0.01 to represent a resilient society. We
bor case because there is a large difference between the (palso assume low effectiveness of investment on technolog-
unit output) contribution of skilled labor to that of unskilled ical change ¥ =1E — 3). We again consider the case that
labor. Finally, we assume constant availability of water re- 1=2—F _2 and assume constant availability of water re-
sources (i.ek =0). sources (i.ek =0).

To be exact, if we solve faf; in % =1+d,;, we obtain

44,1 Casel
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Figure 11.Case of a vulnerable society with marginally productive

skilled labor. Assumptionsy = 0.99 to represent a highly vulnera- skilled labor. Assumptions) =0.01 to represent a highly vulnera-

ble society, low effectiveness of investment on technological changeole society, low effectiveness of investment on technological change

—1F_3) l=e=F_035 i
(y=1E-23), A =03 to represent a skilled labor force that (y=1E —3), 1-a—f _ 035 44 constant availability of water re-

; ; ; ; Sl g~ 03
is marginally productlve_ over unskilled labor and constant availabil sources (i.e 4 =0).
ity of water resources (i.ek,= 0).

Figure 12. Case of a resilient society with marginally productive

Figure 10 present the results. As expected, a resilient

society sees “singularity” in the trajectories (spiky) of all technological changey(=1E — 3). We again consider the

four dominant variables for small to medium factors of pro- case that=2=# — 035 and assume constant availability of

i _ _ B .03
duction of water ¢ =0.2 anda = 0.5 resp.). In none of the water resources (i.ek = 0).

cases is the growth of any of the variables stable. For the
non-singular trajectory case of=0.8, which is when the Nonetheless, in none of the cases do we find stabilized

factor of productior_1 of Ial?or i_s; sma_ll cqm_pared o Fh‘?‘t O_f wa- growth, though for large it appears that a near-stable growth
ter, none of the variables t_ra]ectorles is linear. This |nd|catespath is realized. This was also concluded from Eq. (8). Al
that even here the growth is not stable. four cases were simulated for low effectiveness of investment
on technological change (for a low value pj. A higher
value of y would only introduce a stronger non-constant

Vulnerable society with marginally productive skilled labor 9rowth rate as Eq. (8) (and additional sensitivity analysis not

We assume;=0.99 to represent a highly vulnerable so- Shown here) demonstrates.

ciety. We also assume low effectiveness of investment on 1he above analytical result and targeted sensitivity anal-

technological changey(=1E — 3). We consider a case in ysis together demonstrate that for constant water resource
which =¢=f _ 935 15 represent a skilled labor force that availability, a growth-stabilized trajectory is only possible for

=03 -
is marginally productive over unskilled labor. Finally, we as- the case wher =0. However, this case then represents a
socio-hydrological system that is not exposed to technologi-

sume constant availability of water resources (ke-=,0). k :
cal innovation.

We witness a pattern similar to case 1 in Fig. 11. It ap- .
pears that the factor of production of skilled labor relative to 't May not be the only case when a growth-stabilized tra-

unskilled labor does not have much influence over the tral€ctory of dominant a variable is realized. We assuined)

jectories of dominant variables. Rather, it depends on the rel® i9nore the case of declining water availability. For a neg-

silience of a society to available livelihood and hence popu-&tivé ¥ > —1, reducing water resource availability compen-
lation growth. sates non-stabilized growth. We assumed this reduction to be

external to the system. It is, however, possible to incorporate
4.4.4 Case4 a negative consequence of growth on water resource avail-

ability (that encapsulated both quality and quantity) that may
Resilient society with a marginally productive skilled la- result in a constitutive relationship between growth and wa-
bor. We assumen=0.01 to represent a resilient soci- terresource availability. The growth may then stabilize if the
ety. We also assume low effectiveness of investment orconstitutive relationship is such that it exactly compensates

Again, we witness the same pattern as for case 2 in Fig. 12.

443 Case3
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for the effect of population and technology (time-varying) subsisted on loans provided by unskilled workers and the sur-
growth. plus maintained by the society.

To be exact, as we defined earlier, @Ll =(1+k;) rep- Multiple feedbacks between population, production, con-
resent how water resource availability varies in time. Thensumption and innovation were modeled. The strengths of
Eq. (8) under varying water resource availability can be re-these feedbacks were endogenously determined; hence, they

formulated as may vary over time. Population growth was determined
—on 1 w by consumption per capita realized by the various agents.
d=[1+y©f+a) fi] (1+7)" " A+k)* - 1. (8)  Population, depending on how it endogenously splits into

Then ford, to be constant in time for a growth-stabilized tra- four different types of agents, contributed to production ac-
jectory, sayd, it would require that water resource availabil- tvities and implicitly determined consumption per capita.
ity varies in correspondence with to preserve a constadt ~ Consumption per capita depended on how much income an

given by agent made, which in turn endogenously depended on the
. production technology, the labor participation and the level
1+d=[1+y@B+a) fi](1+79) " A +k)". of specialization. Production depended on available technol-

: - I . . ._0gy, available resources and the specialization of the labor
\é\lhet:;[hth's WOUIdfttf a reallrstlltcn::io r;:,ttl)tutlve rietl)?tlgn?hlfp IS Olforce (between skilled and unskilled workers).
€yo € scope oTthe paper. gntbepossible butateed- -5 qer 1o sustain a growing population, the produc-
back relationship between growth and water resource avail;

ability would often be determined by relationshios inde en_tion from technological advancement must surpass the con-
y . . y P P sumptive demands of a growing population. It must counter
dent of a growth-stabilized trajectory.

Nonethel declining water r rce availability is a n the downward pull of decreasing water resource availabil-
onetheless, declining water resource avariabiity 1S a eC'ity (though population growth also increases production at
essary condition (within the realm of the model) for popula-

: ) . . _a constant level of other inputs). Unfortunately water avail-
tion to decline (or disperse), even when newer technologie puts) y

. ) oD %bility decreases over time. The only way to avoid this phys-
are innovated to combat reducing water resource avallab|I|ty|Cal limit is a state of singularity wherein technology is so

we alsq note from Fhe aboye selnsg!\gty anglysl_ls that theinfinitely superior that a physical limit no longer applies.
was under reducing Water availability, we observed iha.t con- ent can at best_ delay the e_ffect of declining water availabil-
’ ity on consumption per capita and hence on eventual popu-

su_mpt|0_n per capita _pe_r5|s_tently dech_ned In cases Of.p.OpuTation decline. In all these realistic cases, it therefore appears
lation dispersals. This indicates that it would be sufficient

. o . . that persistent decline in consumption per capita, in spite of
to observe a persistent decline in consumption per capita t b P P P P

redict an eventual lation decline. Such nelusi ni?ncreasing production and technological change, is a credible
predict an eventual popuiation decling. such a conciusio redictor of eventual population decline.

also intuitive. The endogenous population growth depend A targeted sensitivity analysis was performed in order to

on consumption per capita in the model. If the latter falls be'test the robustness of the conclusion that a persistent decline

ltﬂvg tr;e Clgttl'((:)il tr:gestrr]]oltd rﬁg ﬁgn;{n;ptllgg ;;(te_r gapogg)fat.onin consumption per capita is a credible predictor of popula-
popuiation growth tu gative. INegalive populationy; ., , dispersal in a socio-hydrological system. It was shown

growth in turn reduces aggregate production since the POP 4 production and population of a socio-hydrological sys-

ulation supplies Ia_bor for the prodL_Jctlon activity. This feeds tem grow at a non-constant rate when water resource avail-
back to consumption per capita since lower aggregate pro-

duction reduces the wages which the population spend tabiIity is constant. The growth rate in fact itself grows at a
ucti uces the wages whi population Spends Bositive rate. Consequently consumption per capita grows.
consume. Thus a vicious circle of declining population and

consumption per capita ensues The targgteql sensitivity gnalysis thL_ls s_uggested that persis-
' tent decline in consumption per capita is a symptom only of
a technology-mediated socio-hydrological system that even-
5 Discussion tually disperses.
Needless to say, technological advancement is not neces-
The paper has presented an overlapping-generations modsérily sufficient to allow societies to be limitlessly on top of
of endogenous technological change and population growtmature — it is likely to be implausible. This mechanism of
under decreasing water availability. The overlapping generdimits to technological advancement was hypothesized to be
ation model parsimoniously represented an economy wher¢he case for the ancient Indus Valley civilization by Pande
only one good is produced and consumed by four differentand Ertsen (2014) and for the contemporary case of the Mur-
types of agents: young researchers, young unskilled workergumbidgee Basin by Kandasamy et al. (2014). The Indus
retired (unskilled) workers and skilled workers. Balances of Valley civilization rose to maturity despite decreasing wa-
the goods produced and the payments were maintained. ter resource availability and advances in technology such as
The technological change was either induced or adoptedophisticated water management systems. Yet it eventually
based on the total consumption of young researchers whdispersed. The Murrumbidgee Basin also witnessed a rise in
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population and agricultural production amid increasing con-modeling of leisure (free time) alongside labor (time spent
cerns of water quality. The population also eventually de-on work), which may further complicate the model.
clined in the 1990s and continued its decline despite heavy We assumed that water available is used up for production
investments in improving water management and changes igince its supply would always be binding in water-scarce re-
values and norms of individuals with respect to their usegions. Thus, the model at present does not allow agents to
of water. Similar dynamics were also observed within the choose the amount of water. The model can, however, be ex-
Lake Toolibin catchment in Western Australia (Elshafei et tended further to allow for this, and may yield additional in-
al., 2014). Our approach explains the rise and dispersal oferesting dynamics. Additional complexity to the model may
societies observed in these different cases, although we dbe introduced by allowing agents to choose between various
not claim that it can explain the development processes irsources of water supply (in addition to the amount that is
and of these societies in full detail. We do not claim that ourused from each such supply). We also assumed, except dur-
model is a unique or sole representation of the reality of theséng the sensitivity analysis, that water resource availability
societies, but that it may be one possible representation of thdeclines exponentially (at a rate close to 1) due to factors
underlying socio-hydrologic dynamics. Alternative explana- external to the system. The reducing water availability con-
tions may be possible and are of course welcome. ditions around 4200 BP in the Indus Valley and elsewhere
serves as one such example of externally imposed reducing
water resource availability (Pande and Ertsen, 2014). How-
6 Final remarks ever, the model can be made more realistic by implementing
a feedback between production activity and water resource
The presented model is still limited in several aspects, whichavailability (reducing water quality).
we discuss in the following. Only one type of technological While we provided a targeted sensitivity analysis for se-
change is considered that scales up production level (Jaffe éécted parameters in order to assess the possibility of a stabi-
al., 2003). We therefore have ignored technological innovadized growth trajectory, the specification of the remaining pa-
tions that may be biased towards saving water (Hayami andameters of the model was based on values generally reported
Ruttan, 1970). Other types of inputs such as land or othein literature. For example, the paramefigithat measures the
resources have not been considered. Stratification in the sgatience of an individual in terms of her choice to consume
ciety is simplistic and only one type of good is considered. at present or save and consume the same unit sometime in the
Net population growth rate depends only on consumption pefuture is commonly assumed to be close to 1 but less than 1.
capita. Important aspects such as environmental quality an@hus, we model individuals who are slightly impatient and
taxation to support technological innovation have been ig-like to consume at present, if given an opportunity, rather
nored (Chen and Li, 2011). We have also ignored the possithan patiently wait to consume the same at a later date. Our
bility of substitution between diverse sources of water due tosensitivity analysis (which we did not show) on this parame-
the parsimonious nature of the model. ter, however, suggests that patterns of dominant variables do
In principle, we do not see a decline in population as catasnot change withp.
trophic. The decline may be a story of comparative advan- We defined a closed economy through our parsimonious
tage. The threshold on consumption per capita conceptualeverlapping generations model. An economy within a basin
izes the notion of comparative advantage (though in a limiteds probably never closed since it is exposed to food prices,
manner). It is implicitly assumed that there are always placedrade and human migration, amongst other things (van
outside the basin that allow for larger consumption per capitsaEmmerik et al., 2014). However, such external effects can be
than this threshold. We therefore do not equate population téntroduced with the modeling framework presented here. For
the success of a society. Since our model associates successample, trade can be introduced in the livelihood maximiza-
of a society with aggregate production (which is equivalenttion problem by bringing in the effect of trade and external
to gross domestic product at basin scale), we can model poginternational) food prices on the wages of the agents.
itive population growth even under declining aggregate pro- Finally, the objective of the model was to understand
duction (see for example Fig. 4b). possible mechanisms behind a particular socio-hydrological
To allow for a response to population change, we havepattern observed in societies such as Lake Toolibin, Mur-
considered a very simple endogenous migration concepturumbidgee and the Indus Valley. The pattern was that of the
alization by having a step change in the population growthrise and dispersal of societies in the presence of technologi-
rate as a function of consumption per capita. Nevertheless;al innovation. A task for future research therefore is to see
our model does not sufficiently account for endogenous mi-if the model can explain, and therefore help to understand,
gration in the face of declining consumption per capita. Thisother potential patterns of societal development when addi-
limitation is partly due to the need to preserve a parsimoniougional complexities on both the hydrologic and societal fronts
construct of society within the model. For example, to in- are at play.
troduce the effect of increasing aggregate production on fer- The model developed in this paper is one of the first mod-
tility rates and hence on population growth may require theels that simulate endogenous growth with technological and
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population changes. The conceptualization is parsimonious.
It may have its limitations, but the outcomes suggest that en-
dogenous technological change can be linked to increased
water scarcity in a systematic, rather predictable way. To

what extent and level of detail our current conclusions would

change with additional complexities as discussed above re-
mains to be explored. We hope to pursue this in our future

work.
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Appendix A In order to convert income per unit labor into rice

produced per unit labor, the income per unit labor is
The census data for years 1976, 1981 and 1986 for Newnultiplied by its US dollar value in the December of that
South Wales, Australia were downloaded from the Aus-year and dividing it by the real price of Thai 5% rice in

tralian Bureau of Statistics websitét{p://www.abs.gov. (2005 USD mt?) for that year. The historical data for US

au/AUSSTATS/abs@.nsf/ViewContent?readform\&view= dollar value of AUS dollar were obtained from the Reserve

ProductsbyCatalogue\&Action=Expand\&Num=p.2 Bank of Australia historical monthly exchange rate data
The tables on income by occupation statistics were acset  ttp://www.rba.gov.au/statistics/hist-exchange-rates/

cessed and income levels for agricultural managers and landex.html?accessed=2013-09-17-14-08-00and  the

borers were obtained. Weighted (weighed by number of perprice for Thai rice was obtained from the World Bank

sons employed by the agricultural sector in a particular in-collection of commodity prices from 1960 to present

come bracket divided by total persons employed by the agri{http://econ.worldbank.org/WBSITE/EXTERNAL/

cultural sector) sum of agricultural income was thus calcu-EXTDEC/EXTDECPROSPECTS/0,,contentMDK:

lated in Australian dollars per unit agricultural labor for each 21574907~menuPK:7859231~pagePK:64165401~piPK:

of the 3 census years. 64165026~theSitePK:476883,00.html
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