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Abstract

My dissertation develops and analyzes ecologicah@mic models to study the complex
dynamics of an ecological economic system (EES)iawvestigate various conditions and
measures which can sustain a developing economy thee long term in view of
resilience and sustainability. Because of thansit complexity of the system, | take a
systems approach, using economics as the found#&tiorthe basic structure of an
ecological economic model, and system dynamicshasrtethod to build and analyze
such a complex ecological economic model. Throughoy dissertation, the model
developed by Brander and Taylor (1998) is adopted haseline model (henceforth the
BT model). The BT model explains population-reseudynamics and is characterized
as a general equilibrium version of the Gordon-8tdraModel, using a variation of the
Lotka-Volterra predator-prey model. The findinge presented as three articles. The
first article provides a comprehensive analysigshef BT model and its descendants, to
elicit directions for further research, includingpulation growth logic, substitutability,
innovation, capital accumulation, property rightsl anstitutional designs, and modeling
approach. The second article extends the BT mimdstudy the resilience of an EES
reflecting three key issues in modeling such systeft) appropriate system boundary, 2)
non-convexity of ecosystems, and 3) adaptation.e @&ticle discusses two types of
thresholds: the ecological threshold, a thresfmicn ecological system independent of
economic systems, and the ecological economichblésa threshold for an EES. The

latter is often different from the former and iglhly dynamic and context dependent.



The third article is another extension of the BTdeloto study the sustainability of an
EES by implementing the suggestions made by tkediticle except for property rights
and institutional designs. The main focus is oa ittnpact of endogenous innovation
regarding input substitutability on the system aumstbility. The main finding is that

improvement in the input substitutabilitygeteris paribus may not contribute to

sustainable development despite its contributioexjpanding the economy. However, it
could be possible for susbstitutability improvenserto contribute to sustainable

development when combined with other specific typieechnological progress.
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[The Limits to Growth and Beyond the Limits] do maoinform to either national
accounting systems or to standard economic dedimsti nor does any explanation occur
for the wealth of analytic neologisms.

- William D. Nordhaus (1992, p.8)

The study of possible feedback loops between povewpulation growth, and the
character and performance of both human institigiamd natural capital is not yet on
the research agenda of modern growth economists.

- Partha Dasgupta (2008, p.2)

Real problems in complex systems do not respedeata boundaries.

- Herman Daly and Joshua Farley (2010, xvii)

Chapter 1: Introduction

The purpose of my dissertation is to develop themak ecological economic
models using the system dynamics method and drafvorg economic theories to
investigate the complex interactions among poputathatural resources, and economic
growth in order to find demographic, ecological.daaconomic conditions that can
sustain an economy over a long term. This is aromapt issue for all economies, and

especially for developing economies.



Although ecological economic systems (henceforthS®Eare ‘undeniably’
complex (Limburg et al., 2002), traditional econosmhas generally taken a strategy of
simplification to be able to employ analytic appioes. However, simplification has
many drawbacks. There are many examples of fhist, simpler functions such as the
Cobb-Douglas type function (e.g., Solow, 1974a; &bk, 2003), while easy to handle
analytically, limit the analysis of substitutabjlibetween man-made capital and natural
resources that is essential for sustainable dewetapunder natural resource constraints.
Second, the system boundary is set narrowly foss#ik® of simplicity. In analyzing the
role of substitutability in an economy, the lawmbtion of resources is often ignored
(e.g., Bretschger, 1998). However, feedbacks betveeelogical systems and economic
systems play an important role (Costanza et a@3L9Whenever an element is treated as
exogenous, the feedback loops are dropped andédimeet does not respond to changes
in the state of the system. Third, standard ecantimeories mostly focus on equilibrium
conditions. “Transition dynamics” has mostly bewglected (Sargent, 1993), except for
the recent development of learning (expectatioeditr in modern macroeconomics (e.g.,
Evans and Honkapohja, 2009; Evans and Honkapobjal;2Bullard, 2006). Out-of-
equilibrium states and equilibrium-seeking adapsystems have not been investigated
well in economics, but such transition dynamics iarportant for ecological economic
models (Costanza et al., 1993).

System dynamics is an approach to analyze such legngystems (Forrester,

1961; Sterman, 2000). System dynamics strivesddeiand evaluate complex systems

2



as they are, without over simplifications that magve out the analysis of essential
aspects of the systems. However, system dynamicelsibave been criticized by some
economists for their inconsistency with economieoties. As a prime example, a
system dynamics approach to ecological economiceftma found in The Limits to
Growth by Meadows et al. (1972) has been severely izgtic by economists (e.g.,
Nordhaus et al., 1992).

My dissertation is an attempt to bridge economiod system dynamics in order
to provide deeper insights into the dynamics of EE®/hile system dynamics has often
neglected economic theories because of their ustieatendencies (in the views of
systems dynamicists), economics seems to ignoreerayslynamics (except for the
notable reaction againsthe Limits to Growth because of its inconsistencies with
economic theories. On the one hand, it is tru¢ ¢kcanomic theories provide a solid
foundation for modeling economic systems. On thieeo hand, system dynamics
provides tools and a way of thinking for studyirggnplex systems. Therefore | propose
to employ standard economic theories as a basecfdogical economic models and to
employ the system dynamics approach to build, a&didand learn from the models.
Since the research employs the system dynamicagpras a primary method, the
analysis of model results will look different frotime way they are typically presented in
economic journals.

Technically, system dynamics is a computer-aidgutagch to solve a system of

coupled, nonlinear, first-order differential eqoas. What characterizes system

3



dynamics is its emphasis on 1) feedback thinkinglo8p dominance, 3) nonlinearity,
and 4) taking an endogenous point of view. The gadous point of view is th&ne qua
non of systems approaches (Richardson, 2011). Systgmnucs also uses several
unique techniques for mapping a model, includingiseh loop diagrams, system
boundary diagrams, and stock and flow diagramerder to visualize a complex system.
The model developed by Brander and Taylor (1988nh¢eforth the BT model) is
adopted as a baseline ecological economic modeudgiwout my dissertation. The BT
model explains a pattern of economic and populagi@wth, resource degradation, and
subsequent economic decline. In a structural seheeBT model is characterized as a
general equilibrium version of the Gordon-Schadé¥del, using a variation of the
Lotka-Volterra predator-prey modeince its initial appearance Aamerican Economic
Review the BT model has generated many descendants (l&ed@003; Basener and
Ross, 2005; Basener et al., 2008; D'Alessandro/;2D8lton and Coats, 2000; Dalton et
al., 2005; de la Croix and Dottori, 2008; Ericksord Gowdy, 2000; Good and Reuveny,
2006; Maxwell and Reuveny, 2000; Nagase and MiefH)6; Pezzey and Anderies,
2003; Prskawetz et al., 2003; Reuveny and Decld0Q2Taylor, 2009). In addition to
its high quality, the BT model is attractive, besauof its simplicity and potential
extendability. Hence the BT model should serva geod starting point for investigating
the role of such critical factors as substituté#piliresource management regimes,
population growth, and adaptation in an economyeuniimited available natural

resources in evaluating the sustainability andieesie of an EES.
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My dissertation consists of three articles. Thst farticle is a comprehensive
analysis of the BT model and its descendants it elirections for future research. This
article has been published Ecological Economic§Nagase and Uehara, 2011). Dr.
Nagase and | are both primary authors for the paper The paper provides a
comprehensive analysis of the BT-type models fréva following six perspectives:
population growth, substitutability, innovation pti@l accumulation, property rights and
institutional designs, and modeling approach.

The second article builds and analyzes an exteBdethodel that reflects three
important yet not fully explored aspects of ecotadjieconomic models: appropriate
system boundary, non-convexity of ecosystems, aagtation. The main focus of the
paper is on resilience, particularly on the twoetypf threshold: thecological threshold
(hereafterET), a threshold for an ecological system independérégconomic systems,
which is also called theninimum viable populatiomr critical depensation(Daly and
Farley, 2010) and thecological economic thresholthereaftefEET), a threshold for an
ecological economic system. The main findings é&kg:ecological threshold and
ecological economic threshold may not be identi2algecological economic threshold
may be highly context dependent and dynamic, wtsalggests the precautionary
principle, 3) market response to an external shoay be insufficient to maintain
resiliency, 4) it may be possible to restore an EE&h after passing ecological economic
threshold by intervention, 5)various transitionalths could be possible to restore the

system, and 6) adaptation may affect resilienca mon-negligible way, which suggests
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the importance of better information and educatidime article is single authored. An
earlier version of the article has been acceptetvegre presented at the International
Society for Ecological Economics conference 201Bedneld in Brazil, June 2012.

The third article focuses on sustainability rattiem resilience. It further extends
the BT model reflecting suggestions by Nagase aeldath (2011). Since reflecting all
the six attributes is highly ambitious, the artitédt the role of property rights and
institutional designs for future research. The mmeontribution of the article is to
investigate the impact of endogenous innovatiomangigg input substitutability which is,
to the best of my knowledge, the first such attempfhe results show that the
endogenous substitutability could contribute to expansion of an economy (i.e.,
increases in production of goods and population) fot be favorable in terms of
sustainability due to barely changing utility pexpta and the greater use of natural
resources. However, there could exist some suadinpaths that can realize higher
utility and the lower use of the natural resourtzels, when endogenous substitution is
combined with other types of technological progregsich suggests the importance of
induced technological change (ITC). In additiorthe findings about the sustainability
conditions, the article also discusses the possgitiblems with the use of an exogenous
consumer preference and the differential systemaahpf innovation on the intrinsic
regeneration rate of a natural resource comparetthdoimpact of innovation on the
carrying capacity of the resource. | am the leath@r, with Drs. Nagase and Wakeland

as co-authors. Three earlier versions were: 1¥gmted at the International System

6



Dynamics Conference 2010 held in South Korea, @3qated at the International Society
for Ecological Economics conference 2012 held iazZdy June 2012, and 3) presented at
the International System Dynamics Conference 2@&1@ in Switzerland, July 2012.
Although the models are intended to contributenderstanding of developing
economies under resource constraints, the modelsvaluated based not on the fitness
of the model to historical data of specific deve@dpcountries, but rather on the
theoretical soundness of their model structuresmceSdeveloping economies may go
through unprecedented experiences because thitisits could be quite different from
the currently developed economies (e.g., the awtlaof many technologies and the
increased scarcity of natural resources), it maybeowise to place an emphasis on the
past experience of developed economies which haisted for a mere 250 years
(Dasgupta, 2008). The purpose of this dissertaoot to propose a model that strives
to serve as a panacea that could be applied toeeolpgical economic systems (cf.,
Ostrom, 2007; Anderies et al., 2007). Instead, dmssertation shows the importance of a
systems approach employing system dynamics andortos to tackle complex EESs,
and also adds to the existing repertoire of modetsgned to improve understanding of

the complex behavior of EESs for sustainable dereémnt.



Chapter 2: Evolution of population-resource dynamics

models
Abstract

This paper provides a comprehensive analysis aofid@aand Taylor's (1998) model
and its descendants from the following perspectipepulation growth, substitutability,
innovation, capital accumulation, property rightsl anstitutional designs, and modeling
approach. This survey aims to contribute to a bettelerstanding of population and
resource dynamics models in general and facilifatther application of the model
framework to relevant circumstances. Although ofterated as exogenous in optimal
growth models, making population growth an endogenfonction allows us to analyze
broader effects of economic activities on populatidhe issues of substitutability,
innovation and capital accumulation are intertwinalbiowing a model to address the
effect of an endogenous technological change omstisutability between natural and
man-made capital facilitates our analyses of snghdlity issues. To address internalizing
inter-generational externalities in resource usegliporating property right changes and
institutional designs to this type of model is afus exercise, but careful attention is
needed for the consistency between such an arramerind the mathematical
representation of the depicted economy. Finallyhoalgh the common criticism

regarding convenient mathematical assumptions eppdi the existing BT-type models,



the use of computer simulation can relax such apsans, to better represent the

intended relationships between the relevant vagabl



1. Introduction

An economy has a potential to outgrow its suppgrtatosystems, leading to a
collapse.

In economics, there are two types of literatureesources and growth. The first
type consists of models that assume that advamceschnology are fast enough to
overcome the increasing scarcity of renewable messug.g, Solow 1999), or even
nonrenewable resources.q, Stamford da Silva, 2008; Cheviakov and HartwB09).
The other type is characterized by models thatmdbe fluctuation of economic growth
driven by resource dynamics. Brander and Taylod998) so-called BT model,
originally designed to replicate the population aedource dynamics of Easter Island
(henceforth E.I.), belongs to this category. Sitsenitial appearance, the BT model has
generated many descendants (Dalton and Coats, Z@tkson and Gowdy, 2000;
Maxwell and Reuveny, 2000; Reuveny and Decker, 2@80@leries, 2003; Pezzey and
Anderies, 2003; Prskawetz et al., 2003; BasenerRosk, 2005; Dalton et al., 2005;
Nagase and Mirza, 2006; Good and Reuveny, 2006/d35andro, 2007; Basener et al.,
2008; de la Croix and Dottori, 2008; Taylor, 2009).

This study examines existing BT-type models throulgé following set of
attributes: (1) population growth, (2) substitutéfi (3) innovation, (4) capital
accumulation, (5) property rights and institutiodakigns, and (6) modelling approach.

By integrating the existing models through a commeenof attributes, this study aims to

10



provide a better understanding of population arsuece dynamics models in general,
and the BT-type models in particular, that areegsuib study the sustainability of certain
types of economies, as revealed by the followirujices.

Our comparative analysis of the models yields thiewing conclusions. An
endogenous, rather than exogenous, population Qrdwiction allows a model to
incorporate the effect of economic activities ompylation, through variables that reflect
individuals’ economic decisions. The issues of stiability, innovation and capital
accumulation are intertwined; a model that sheglst Ion the effect of an endogenous
technological change on substitutability betweetura and man-made capital or goods
facilitates our investigation of sustainabilityugs. Allowing a model to internalize inter-
generational externalities in resource use by pa@ting property right changes and/or
institutional designs is a useful exercise, buteftdr attention is needed for the
consistency between such an arrangement and theematical representation of the
depicted economy. Finally, the common criticism areljng the use of convenient
mathematical assumptions applies to the existingtyp& models, but computer
simulation allows for a wider array of functionsathcan better represent the intended
relationships between the relevant variables.

The rest of the paper is organized as follows. i&ecR provides a brief
introduction to the BT model. Section 3 compared arnegrates the BT-type models

through the above-mentioned six attributes. Seetioancludes our analysis.
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2. Basic characteristics of a BT-type model

Figure 2.1 depicts the period-by-period materiatl a&cash flow and agents
behaviour in a typical BT-type model. A typical Bjyjpe model has the following
characteristics. It depicts a small, closed econdirlyas a renewable resour® {o be
used to produce two types of good, a harvested ¢apdnd a manufactured goohl).
The resource dynamics is hence given by the resagn@wvth and harvesting activities.
An additional input for each sector is labolup,(Ly), or populationl{ = Ly + Ly), and
population growth is endogenously driven by a ligytifunction. The economy is
decentralized in the sense that the relative mit¢he goods and the wage are determined
by market forces. Although people as consumersviddally maximize utility in each
period, the original BT model has one sector-lgareduction function for each sector. In
the original BT model, the aggregate productionctiom for each sector is linear in
labour, given the existing resource and populatbock sizes. Therefore, a fully-
decentralized (and possibly primitive) interpredatiof production activities is possible,
namely, each worker independently has her one-pgusaduction activity and receives
the “wage” (v) that equals her marginal revenue product of anieai labour, given the
market prices of the two goods. Finally, in mosttieé BT-type models, individuals
behave in a myopic manner; these agents do notnmiutility across multiple time
periods and instead focus on the given period. &fbex, most of the BT-type models

consist of a combination of agents’ static optiti@a in each time period, taking the
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sizes of the resource stock and population as gaed transitional processes from one
period to the next given by a set of dynamic equigtifor these stock variables. Figure
2.2 shows this mechanism using the static equilibrvalues of the original BT model. A
major appeal of the BT-type models is its abildydemonstrate potential volatility of an

economic system. Also, its simplicity leaves roaon ihcorporating variables that can

address key issues of sustainability.

Resource

®

Harvested goodH)
Manufactured good\)

Behavioral assumption;

Households Max. Utility Producers
S.t.  Budget constraint

Behgfioral assumption
Mag. Return on labour

Labor Ly, Ly)

age W)

Figure 2.1. Period-by-period material and castvffmd agents’ behavior in a BT-type model.
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dS/dt = G(S) - H*
= rS(1-S/K) — H*

H*=h"L = afSl—— (9
* = (1_I@|_ \\
|
|
v
Households dL/dt=(b—-d+ ¢gh*)L Producers H* = aSL*
U* = h* Am*1# M®=Lw”

Figure 2.2 Static equilibrium outcomes and their feed-in mei$mas for the population and resource
dynamics. (Equations are based on the original B@ieh Asterisks indicate that these expressions are
equilibrium values.)

3.1. Population Growth

Although population growth has been treated as exogs in many studies of
economic growth and natural resources (e.g., Ddaguml Heal, 1974; Eliasson and
Turnovsky, 2004; Economides and Philippopoulos 808ndogenous population
dynamics is indispensable for models whose purpogeaddress sustainability of an

economic system. Empirical case studies supparthieee is a feedback mechanism
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between population and natural resource (e.g., Dmain2004). In general, population

dynamics models use ordinary differential equatiorthe form of:

% = f (weather, food, predators, etc.),

whereL denotes the population size. Population changdimer period is typically
defined as a summation of fertility at the indivadilevel.

Since a feedback mechanism between population anudlah resource is essential, it
is better to discuss population dynamics along vadource dynamics. The most popular
framework for modelling this type of predator-préyteractions has the following
structure (Turchin, 2003):

dS/dt = “prey growth in the absence of predators™total killing rate by
predators”

whereS denotes the natural resource stock and

dL/dt = “predator growth (or decline) in the absencey” + “conversion of
eaten prey into new predators.”
The basic idea is that the right-hand side of eaglmtion consists of two parts.
The first part of each equation indicates the imtelence of one stock variable from the
other, while the second part shows the interdeps®lbetween the two stock variables.
The original BT model uses Volterra’s (1931) franoekv in which a natural

resource grows logistically in the absence of thevést (as cited in Turchin, 2003):
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as_ rsS 1—§ -H,
dt K

whereK denotes the carrying capacity for this resouraenotes the intrinsic growth
rate, andH denotes the predatars harvest level (Figure 2.2)The population growth

function in the BT model is given by:

dL H
L P LAT
dt ( (”Lj

where the amount dfl in each static equilibrium depends 8iiFigure 2.2) The
BT model expresses Malthusian population dynamitswhich population growth
consists of two parts: the net birth rate«d) that is independent of the level of per-
capita food consumptiorH(L) and the fertility ratepthat affects the population growth
only with nonzero level oH/L. Sinceb — d is assumed to be negative, in the absence of
harvest from the nature the population will be moiti

This population growth function has two notableitsraFirst, the population
growth rate is linear itd/L, which implies that the more they eat the morg fhvdduce

offspring. This feature may contradict situationsome developed countries where there

! One of the standard frameworks of population-resediynamics in biology is the Lotka-Volterra (L-
V) model, a bilinear system that is the simplestgilde version of this type of interaction. Thegoral L-
V model, however, is not very realistic, and theage been many descendants with other functiomaisfo
(Turchin, 2003).
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is a negative relationship between income level population growtt. Second, the
function assumes that consumption of the manufedtgood (that could be regarded as a
composite of,e.g, medicine, fishing equipments, boats, and agucalt equipments)
does not affect population growth. Brander and dayll998) do not include such
manufactured goods, because, as Reuveny and D&ed) point out, in equilibrium
the per-capita manufactured good is always a condt/L = (1 - £), where 1- Sis a
parameter representing consumer’s preferencesofut g (Figure 2.2). However, as we
address later the effect of the consumption of rfeatured goods on population growth
matters when substitutability issues and the effeticapital accumulation are taken into
account.

Descendants of the BT model fall into two groupstérms of population
dynamics. The models in the first group use theupmn growth functions of the
original BT model, either as it is or with slightodtification. The models in the second
group employ population growth functions that aegyvdifferent from the one used in
the original BT model.

Regarding the models in the first group, Dalton &whts (2000), Pezzey and
Anderies (2003), Dalton et al. (2005), Good and\Rey (2006), and Taylor (2009) use

the same equation of motion as that of the origgBimodel, whereas several others use

2 Galor and Weil (2000) develop a unified growth rebithat captures the transition from a Malthusian
to a Post-Malthusian regime.
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variations. Erickson and Gowdy (2000) focus on éffect of manufactured capitah\)
accumulated from the harvested good. Compared thigharchaeological evidence of
E.l., the population in the original BT model peaksut 200 years too early. To explain
this gap and improve the fitness of the modlel,(to obtain the estimate of population
dynamics that is more consistent with the archapodb evidence), the authors introduce
the third equation of motion fak:

A s,
dt

where parametep represents the capital depreciation rate. The ragtaied
capital contributes to the fertility rate, with tlag of 100 years (denoted Ago):

dL H
=l b-d+po—+ ,
o [ T Wﬁp‘iooj

wherea and S are parameters representing the productivity efHhsector and
consumer’s preferences fdr respectively (Figure 2.2).

This approach invites us to contemplate its assiemgtand formulation. First,
this approach reflects the fact that individual€lMbeing, including health and fertility,
improves with the consumption of a capital goode T™mosen lag period improves the
fitness of the model for this specific case; asaegal rule, theoretical reasoning and/or
empirical evidence should guide such a choice. lferraative approach may be to let the
effect of the capital good be felt immediately, lwia coefficient that represents the

marginal effect. Second, an interpretation of thgp®sed mechanism of capital
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formulation would be helpful to better understahd portrayed economy. In the above
model, people consume the harvested good, whikheatsame time accumulating the
same amount of the good as capital. That is, theeked good in each period is used for
both immediate consumption and capital accumulatidhether capital should be
accumulated from the harvested good or the manutttgood is another issue to
consider. In another BT-type model by Anderies @00nvestments are made on the
portion of the manufactured good that is set ass#parately from immediate
consumption purposes to be accumulated for cdpitadation.

D’Alessandro (2007) provides a more general frantéwio account for the
heterogeneity of environmental development paths. rHodel includes two types of
natural resources: a renewable resource (forest)aaninexhaustible one (land). This
model can explain the situation in which people roagtinue to exist as they exhaust the
renewable resource stock, as it may have beenabe with E.l. This is expressed as

follows:

dL [ C H
oy C ™ —b-d)L,
- [yLwL ( )}

whereC denotes “corn” obtained from land, the harvestedddH is obtained from
forest, andyand gare the caloric units (or fertility rates) of congution of C andH,

respectively. Since land is assumed to be inexhd&speople can survive even after
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depleting the forest. An issue to consider here is the assumption of pheect
substitutability between the two types of goodsosé validity would depend on the
characteristics of the specific cases.

Reuveny and Decker (2000) incorporate populationnagament into the
population dynamics. They replace the linear fgytitoefficient ¢ in the original BT

model with a function:

4]

that can be concave (0xx<1), linear ¥ = 1, the original BT case), or convexX 1).
The characteristics of this fertility function deykeon the value of, a policy instrument.
Although the authors’ purpose for introducixgo the model is to examine the effect of
population management, their population function akso address the criticism that, in
the original BT model, fluctuation of the populatisize can be arbitrarily large when
harvest is abundant (Basener and Ross, 2005). Bjyoging 0 <x < 1, growth can be
tamed to a reasonable level. Also, nonlinearitya dértility function in consumption of

goods would be consistent with empirical evideribe (Demographic Transition”).

% In this model, good replaces goot. C has a production function of labour input only tfaes
production function oM in the original BT modelC also contributes to the utility function in thevsa
manner ad/ does in the original BT model. Therefore, anothiay to interpret this model is that the
manufactured good contributes to fertility.
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Maxwell and Reuveny (2000), followed by Prskawetale (2003), relate natural

resource scarcity to emergence of conflicts. Thesume that wheper-capita resource

level S /Lis less than a given threshold le¥e| conflicts emerge and increase the death

rate, expressed as follows:

dL H
= —_ — L'
p ((b f7d)+¢7Lj

where 77 represents the effect of conflictg.is greater than 1 under conflicts and is
equal to 1 otherwiséVhile the authors assume discontinuous changéseimynamics
once conflicts set in, Prskawetz et al. (2003) psapcontinuous changes by assuming
that the death rate is a function of a threshotdctnflict and natural resource scarcity,

defined as follows:

dL S H s DoV P
—=|b-np/v,—|d+ L: == fmaxT
dt { '7[ Lj qoﬂ ”(V Lj S

V“[Jp.

Here, 17 is a logistic function ofS/L 77, represents the maximum impact that a

conflict may exert on the death rate. When thegagita resource becomes very low, the

death rate is at its maximume., 7=1+ 77,,,. Together with two more conflict-driven

parameters that affect labour allocation and resowgrowth, both studies show that
conflicts can serve as a stabilizing feedback maishaas long as it becomes active early

enough.
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In contrast, models in the second group, propose8dsener and Ross (2005)
and Basener et al. (2008), abandon the framewaoek us the original BT model and
adopt the logistic predation originally proposed lgslie (1948), expressed as follows

(Basener and Ross, 2005):

{4

wherea and r are the intrinsic growth rates of population aratunal resource,
respectively’ Although without the fertility component that repents the conversion of
eaten prey into new predators, these models shaterdégness to the archaeological
data. Another advantage of this population funcisotihat they can avoid the BT model’'s
aforementioned problem of arbitrarily large popwatgrowth; with the logistic function,
the population growth rate is capped by the nasucarrying capacity. Meanwhile, this
population growth framework also has a disadvantadge per-capita consumption (and
hence production) level of the harvested good resabnstanti.e., scarcity does not

affect individuals’ economic decisions, contradigtieoclassical economic thegry.

* Basener et al. (2008) propose the discrete versitine model.

> Another study by de la Croix and Dottori (2008}es a different approach. Instead of the BT-type
predator-prey system, they incorporate competibietween two tribes. It is an overlapping generation
model in which each tribe chooses its fertilityerab maximize its tribal utility. Their approach is
considerably different from those of the other madand we do not fully explore it here.
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Although the resource side of equations of motawks$ variations across the models
(most BT-type models use the same logistic growthction minus harvest, as the
equation of motion), we examine one variation gilegrD’Alessandro (2007) and Taylor

(2009) who employ a critical depensation growthction:

L rs(1—§j(§—1j— H.
dt K\ K

K represents the *“tipping point” of the resourcecktdevel below which the

regeneration rate becomes negative (Taylor, 2008%. arrangement allows their models
to address the irreversibility problem. A tippingimt becomes a determinant of the
stability of the interior steady states in D’Alesdeo’s (2007) model, and Taylor (2009)
shows that it is one of the three preconditionstiigr system to reach an environmental
crisis, including the collapse of the syst8ricological studies support depensation
growth functions, and these authors’ results warfarther investigation of the use of
this type of function.

In conclusion, there are two types of the popufatitynamics among the BT-type
models, and each has different features. As Baseheal. (2008) suggest, unlike
fundamental laws of physics there is night single differential equation for the

population dynamics. Hence we should choose onedbas the purposes and the

® Taylor (2009) defines an environmental crisis asifamatic, unexpected, and irreversible worsening
of the environment leading to significant welfansdes.”
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corresponding assumptions of the model. An advantdgthe framework used in the
original model is that it incorporates neoclassieabnomics considerations into the
population growth in the sense that the harvesteddds obtained from agent’'s
optimization. There are pros and cons to the pojpularowth functions explored in this
section, and we further propose two directionseigtending the original BT model to
enhance its theoretical basis and empirical relevan application. First, incorporating
the manufactured good into the population growthcfion allows the model to capture
the effect of broader economic activities on thpuysation dynamics. Second, population
growth as a function of the nature’s resource dapatlows the population growth rate

to be aligned with, or constrained by, the surrangehature’s carrying capacity.

3-2. Substitutability

Opinions on economic models that presume variegreks of substitutability
between man-made and natural inputs are based thn tbeoretical and empirical
arguments. Theoretically, for a constant elastioftysubstitution (CES) function strong
sustainability requires that the elasticity of ditb#on (henceforth denoted bg)
between man-made good (or input) and environmetanities (or natural resources)

must be less than one (Gerlagh and van der Zw&@2; 2awn, 2003}.Using a nested

" We focus on what is known as Hicksian or fm{Markandya and Pedroso-Galinato, 2007).
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CES production function and multinational data, ement study by Markandya and
Pedroso-Galinato (2007) provides two sets of esémafo: one set of values based on
past studies (1971-1998), and another set frestlynated by the authors, using more
recent data. The first set consists of low values between capital and energy (0.87),
labour and energy (0.42), and labour-capital comg@and energy (0.42 and 0.3he
second set consists of higher valuesy, between capital-human resource-energy
composite and land (1.00), and capital-human resslabour composite and energy
(1.00). The only low figure from the second sebe&tween capital and energy (0.37).
Compared with the estimated value of 2.0 by Nordhand Tobin (1972), the estimates
given by this more recent study suggest that theegaofc are lower than previously
thought. Since we expect that the valuessathange as economies evolve, changes in
estimated values as described above are not sagyrathough a common view is that
as economies develop the relationship between grard capital tends to evolve from
being complements to substitutes (Ayres, 1998)fohssubstitutability in consumption,
although low degrees of substitutability have beeserved in various surveys (Gelso
and Peterson, 2005), we are not aware that emipirtesature (in real, rather than
hypothetical, settings) on this issue is pointia@uy particular direction.

Most of the BT-type models so far have not addr@ssibstitutability issues. As
for production functions, some of the BT-type madebntinue to employ variations of
the original BT model’s linear production functioinslabour () for both goodH and M:

H = aSLy andM = Ly, wherea is an exogenously given productivity parameter land
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andLy (Ly + Lv = L) are the labour force allocated to the two sec{bigure 2.2).
Meanwhile, other BT-type models employ variatiofisCobb-Douglas (C-D) functions.
This latter approach allows the authors to intredunputs in addition to labour. Among
these models, Anderies’ (2003) model is the moseg# in the sense that bdthandM
are functions of labour and manufactured capixf(
H=E, g L, ay AHl—aH
and
M = E,, LMaMAMl—aM ,
whereEy andEy are efficiency factors (to be explained more ictisa 3-3),ds, aw,
and ay; are between 0 and 1, aAd + Ay = A. AsL andS A is a stock variable and is
given during each period. While introducing man-maghpital is critical to address
substitutability between natural and man-made ®pGtD functions limito between
inputs to be one. Nagase and Mirza (2006) empld®ES functionM = [GHy” +
(1-0LwA1M? whereHy denotes the amount &f used as an input. Their study provides

sensitivity analyses with respect to various (exagesly given) values af.

8 Dalton et al. (2005) modify the production funetifor M to be a C-D function df and land, a non-
depletable but fixed amount of resource. De laxCanid Dottori (2008), due to their focus on thelgsia
of conflict and bargaining between clans, omit gbbftom the model and adopt fetr a C-D production
function of SandL.
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A different approach by Prskawetz et al. (2003)sl a production functioH(S,

L) = eSly(fLy + 97, wheree andf are positive parameters (while keeping the linear
production function foM). As a C-D or CES does, this function exhibits igishing
marginal returns and has a constan(= 0.5). Meanwhile, this function has a unique
feature: for a given level of an input, the outjguasymptotically bounded from above as
the other input level goes to infinity.

As for substitutability in consumption, most BTpgy models maintain the C-D
utility function adopted by the original model (Eig 2.2). In contrast, Nagase and Mirza
(2006) employ a CES function for the utility furasti as well as the above-mentioned
production function. Their simulation results shidvat reduced substitutability in both
production and utility functions makes the popuaatiand resource dynamics more
volatile. They also observe the fluctuation of ageutility levels to address the issue of
changes in agents’ well-being over time.

Most of the existing BT-type models have populatigrowth functions with
endogenously determined per-capita consumptiorhefhiarvested good; therefore, by
adopting utility functions that allow for varyingedrees of substitutability these models
can portray the effect of substitutability in comgtion on harvesting activities, and

hence on the population and resource dynamics.dthtian, adoption of production

° Prskawetz et al. (2003) classify this functioraddonod-type, although a classical Monod-type
kinetics function does not have the predator staglas part of the numerator.
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functions with man-made capital and endogenousviatnan will further allow these
models to examine how consumers’ preferences regparsubstitutability affect the
relative price of the two goods and drive the inmtan path--these topics are addressed
in the next two subsections.

While the empirical investigation af still awaits further studies, analysing the
existing BT-type models in terms of substitutaiilields some points to consider. First,
extending the existing models to allow for analyséshe effect of varying degrees of
substitutability both in production and consumpt@npopulation and resource dynamics
would serve one of the primary purposes of the @iketmodels: studying sustainability.
Second, allowingy to evolve over time endogenously has both themaketind empirical
bases--this is to be addressed3iB. Finally, while not explored by the authors, the
production function of Prskawetz et al. (2003) pdeg¢ another channel to address
substitutability issues. As described above, theglpction function caps the output level,
being consistent with the notion of strong sustailitg. Since the amount of harvest is
bounded by the existing stock size during any gitmere period and ultimately by the
nature’s carrying capacity, in addressing substiiiity issues this function could be
better suited for the manufactured good rather thanharvested good. Combined with
the introduction of man-made capital as an ingug tunction allows us to examine the

trade-off between man-made and natural capital uthdestrong sustainability criterion.

3-3. Innovation
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Non-exogenous technological change can be disshgd into endogenous
technological change (ETC) and induced technolbégibange (ITC). A technological
change caused by economic activities representezhtdggenous variables in the model
is an ETC, while a policy-induced additional changeETC can be considered an ITC
(Edenhofer et al., 2008Y.The economics literature on ETC and ITC is flohing; for
the purpose of this paper it suffices to say thate are strong supports for ETC and ITC
in both theoretical and empirical literature. Ecomo theory dictates that economic
agents respond to prices that reflect relative mesoscarcity, and empirical studies on
resource price and innovation support this impiocate.g, Popp, 2002; Khatri et al.,
1998; Thirtle et al., 1998} Another critical issue surrounding ETC and ITGhis effect
of learning curves. Studies show that in additionthe price of resources, existing
knowledge base affects the innovation path (Gragkgvand Nakienovi, 2000; Kdhler
et al., 2007).

The original BT model has no innovation procesgeand some of the BT-type
models provide comparative statics analyses of steady state, with respect to

parameters such as (harvest productivity) r (intrinsic growth rate), an#& (carrying

10 Alternatively, the term ITC can be used to repneseth ETC and ITC (Grubb et al., 2002).
" Popp (2002) uses U.S. patent data. Khatri e1.80g) and Thirtle et al. (1998) provide case stidie
on innovation and agriculture in the UK and Soufhida, respectively.

29



capacity). With the original BT model, the steatigts resource stock si& decreases
with an improvement in the harvesting technology ifacrease ina). The steady-state
population size.* increases with an innovation in biotechnology {acrease i or K),
while the effect of an increase mon L* depends on the steady-state resource growth
level. Anderies (2003), as described earlier, asl@3D production functions féd andM
with efficiency factorsEy and Ey. This model also has parametelan indicator of
negative impacts of agriculture on the natural wes® base. The author provides the
boundary combinations of the valueskpfandEy for the existence of a steady state and
a comparative static analysis on changes. iHlis analysis shows that, with the given set
of parameter values, higher productivity in bothtses (largelEy andEy,) increases the
likelihood of population overshooting and collapsnd that reduced externalities
(smallery) do not prevent this scenario without systemicngjes in the feedback loop
between resource use and population. D’Alessan2D07) examines the effect of an
innovation introduced as a shock that increasesvéihge of a. With the given set of
parameter values, the author shows that a prodhycsivock reduces the resilience of the
internal steady state and increases the risk ofcttlapse ofS. As described ir8-1,
thanks to the non-depletable resource (land), eviéim the collapse of the renewable
resourceSthis model yields a steady state with a positiopypation size. The author also

examines the effect of technology shocks that yiettleases in land productivity. Such
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changes can increase the steady-state populati@tst also reduces the resilience of the
internal steady state.

Two of the BT-type models adopt time-dependentgerous technological
change and ITC. Reuveny and Decker (2000) emplog-tiependent logarithmic and
exponential growth functions foK, r, and a. Their simulation results show two
intuitively sound results: innovation in harvestiteghnology ceteris paribuscan cause
population crash due to resource depletion, antienigesource growth rates, ceteris
paribus, can sustain larger population sizes. Quteome that awaits an interpretation is
that exponential growth of carrying capacity cagger a feast-famine cycle. Contrary to
all other studies, Dalton et al. (2005) incorpor&ft€ into their model. In this model,
changes irL (embodiment of the existing knowledge and expegewith technologies)
affect the sizes ofr andr, defined by the following difference equations:= a;4[1 +
EAAUL)] andr; = ri4[1 + §A(DL/L)] for dL > 0 anda; = a1 andr; = r,_, otherwise"?
They find that, compared with the original BT maqdeiaking @ andr endogenous
following these rules worsen the feast-famine cydlee negative effects (exacerbated
feast-famine cycle with lowe®* and/or L*) of increases ina or positive effects (more

stable system with high&- and/orL*) of increases im, ceteris paribusare qualitatively

12 parameter! (> 0) represents the marginal effect of populatitranges.ParametersS, and &

represent the status of institutional arrangeméptaperty rights, to be explained 3b.
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similar to those of above-mentioned studies. Onezlng aspect of their simulation
result is that increases firalongsideincreases imr affect the system negatively.

From these studies, we notice the general effdatertain types of technological
changes, namely, stimulating harvesting technotobee/e negative effects whereas bio-
technologies have positive effects (meaning of tiegand positive as described in the
previous paragraph). Meanwhile, the analyses cdedwso far are mostly of innovation
as one-time or time-dependent exogenous changeallowing us to study the effect of
continuous innovation driven by scarcity and magkétes on the stability of the system
and its agents’ well-being. One model by Daltoralet(2005) employs ITC, and each
innovation process is a function of the populatiathat represents the knowledge base of
the economy. Such an innovation function couldudel other variables that allow the
technology to evolve in response to changing nedasicarcity of productive resources,
including man-made or natural capital.

To conclude, since a major purpose of analysisgudie BT-type models is to
understand the interactions among population, resouse, and the stability of the
economy, letting this type of model depict the sitianal adjustment process by
incorporating both scarcity-driven ETC and poliaywdn ITC that address additional
needs for the depicted economy to reallocate ressuis a beneficial direction for

extending these models.

3-4. Capital Accumulation

32



Despite the remarks we have made so far on intindicapital accumulation into
the models, the main obstacle for most of the B T-type models in motivating the
agents to accumulate and maintain capital stockshés agents’ time preferences.
Accumulation and maintenance of any form of cagi@n-made or natural) takes place
when agents in the modelled economy care about fineire. Whereas in most of the
BT-type models agents are myopic, except one bydGow Reuveny (2006) in which
consumer’s choice is modelled as a dynamic, meltigol optimization process. The
resulting agent’s optimal choice in this model &kecount of the shadow prices of the
two stock variables (populatidnand natural capiteh). Such a model could potentially
incorporate saving activities and man-made cap@italumulation as typically done in
Ramsey growth models.

Two models that include man-made capital are giverErickson and Gowdy
(2000) and Anderies (2003). In Erickson and Gowd2800) model, accumulated man-
made capitalA affects the fertility function (se8-1 for the description of the capital
accumulation rule) but has no direct effects orepflanctions.As described ir8-2, in
Anderies’ (2003) model production of both and M are functions ofA. The capital
accumulation rule in this model is given by thefatiénce between the investment and

capital depreciationdA/dt = swil/Py — JA, wheres denotes the marginal propensity to

save anddthe depreciation rate, both exogenously given. [Tsagings of the economy
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in each perioddwi)) are used to purchase the manufactured good rto tiee man-made
capital, as described Bi1.

The motivations behind the introduction of man-madeital are, in Erickson
and Gowdy’s (2000) case to hypothesize weak susidity that seems to be indicated
by the archaeological evidence of E.I., and in Arede (2003) case to analyse the effect
of investment on demographic transition and theatfoéf innovation on the dynamics of
the system through capital accumulation. To focughese objectives, in both models
agents’ optimization processes are kept as statid,the question remains as to how to
interpret the motivation behind the formation opital in the portrayed economies. This
guestion is to be more fully explored 35 where we address the compatibility issue
between agents’ static views in the BT-type modaid introducing into the models
institutional designs or evolution of property righ

The existing models shed light on possible diredtito extend the models for
the purpose of studying sustainability issues i introduction of man-made capital.
In addition to incorporating man-made capital inmpooduction functions, another
dimension to consider is the consumption side. ia®%andA in a model allows us to
explore a variety of issues. For example, one naarporate substitutability between the
environmental amenity from the natural resourcekstand the service flow from the
man-made capital stock as social infrastructuree @tfiect of changes in the amount of
such services, as a result of accumulation or teplef these stocks, on individuals’

well-being can be studied by observing changeshen utility levels. One could also
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introduce a threshold level of the natural resostoek size that maintains the minimum
life-support system for individuals, or that keepslividual’'s consumption levels of
goods and services above certain levels, with agrgiegrees of substitutability between

the two stocks.

3-5. Property Rights and Institutional Designs

Two questions that help us address the treatnigaroperty rights in the BT-type
models are: what type of property rights histoticaxisted in E.I., and what type of
property rights are represented by the mathematmedifications of the models. For the
purpose of replicating the population and resodrgeamics of E.l., consistency between
the two questions is critical. Meanwhile, if onefgerest is to analyse property-right
issues using the BT-type models as a tool, it ipartant, first, to understand what a
chosen model framework represents and then extendhbdel accordingly. Dalton et al.
(2005) point to the evidence that Polynesian-stgiemmunal ownership ruled by a chief
or tribunal council, with tightly controlled access the resource and strong focus on
immediate consumption of resources, existed in Bnd the design and operation of the

BT-type models can be interpreted as stith.

13 We distinguish common or communal ownership, umdgch resources are subject to regulation
and access to the resources is restricted, from-apeess in which resources are up for grabs tbglakrs
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When an economy is “compact”, collective or commmunership can be
effective (Demsetz, 2002; Libecap, 2009), whereamesof the authors of the BT-type
models regard the potential of resource depleti@t ts inherent in these models as a
market failure due to inter-generational exterieditin resource us€.These authors
introduce into their models measures that can eeduoe risk of resource depletion and
population overshooting, namely, institutional desi such as user charges (Pezzey and
Anderies, 2003) and limitation on harvesting atiég (Dalton and Coats, 2000; Pezzey
and Anderies, 2003). These authors posit strormgerd private) resource ownership as
the motivation behind the emergence of such ingnisr Dalton and Coats (2000), for
example, explain that when a resource is expeaédetome relatively scarce in the
future, under stronger property rights people aoeentikely to assign a smaller labour
force for harvesting today than they would undeakes property rights. Meanwhile, the
mathematical specifications of these models repteske unchanging behavioural
assumptions for agents across varying degrees soluree ownership. Therefore, an

alternative interpretation for the emergence of¢hmstruments is possible, and it is that

(Merrill, 2002). It is our understanding that, irder to focus on the property right issues surringthe
renewable resource, authors of the BT-type modelsume implicitly that goods are traded as private
goods, and that labour is traded as a privatelyealwnput. When man-made capital is present in the
production function, it is also presumed to be gy owned (Anderies, 2003, p.240).

14 A “compact” economy is one in which economic iaigions are biologically, geographically,
and/or socially close so that cultural customsfaetings for others are influential (Demsetz, 2002)
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they are institutional designs introduced by a fcloe community leaders, while
maintaining the existing common resource ownersfiifuch an interpretation is
consistent with the theoretical and empirical atare that suggests that privatization is
not the only solution to resource overconsumptioden common ownership and that
historical examples suggest that long-lasting,-gelferned management of common
property resources is possible (Ostrom, 2002 a®@)19

In contrast to such institutional designs, Daltanak (2005) and Good and
Reuveny (2006) choose innovation in harvesting neldgy and discount rates,
respectively, as the areas affected by varying eegiof property rights. Dalton et al.
(2005) examine the effect of strong or weak prgoperghts on the direction of

innovation, by incorporating two types of technabad change: resource-conserving

15 Functional specification for an agent’'s optimipatiproblem can be considered different under
different property right regimes, reflecting agéntarying degrees of resource ownership and their
alternative states of preferences.g( Caputo and Lueck, 2003). With private properights, the
production activity in this sector may be bettefirel at the individual agent’s level as a functmfrher
property rather than the sector-level stock s&eDalton and Coats (2000), for example, introduce
parametery that represents the varying degrees of propegtytsi This parameter appears in the reduced-
form equilibrium labour allocation for the harvessctorLy*. ¥ does not appear in agents’ optimization
process, suggesting that the behaviour of agerttsisreconomy remains unchanged across the alieznat
states of property rights. Therefore, we could raftévely interpret these parameter changes as a
representation of a chief's resource conservat@icypunder the existing property right regime.
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technology and resource-depleting technology, ssied by parameteis, and & as
presented ir3-3. In this model, stronger property rights promoésaurce conserving
technology, whereas weaker property rights enceuragource-depleting technoloty.
Good and Reuveny (2006) examine the effect of vargtates of property rights on the
level of harvesting through changes in consumeigadint rates for their multi-period
utility maximization problem. In this model, withtrenger (weaker) property rights
people have low (high) discount rates.

The analytical results of these BT-type modelsaralitatively consistent with
the implications of comparative statics of the may BT model; changes in parameters
(due to institutional designs or otherwise) thascdurage harvesting activities tame
boom-and-bust cycles of population and resourcauhycs. These results are compatible
with the motivations behind the introduction of peoty right changes into the models by
these authors.

Existing literature provides two prime candidatesttexplain the mechanism of
evolution of property rights: interest-group thesriand social-norm theories (Merrill,
2002). The former suggests that in in-egalitariacieties changes in property rights are

imposed in a top-down manner by those who are roapable than others in an attempt

16 As described ir8-3, the technology paramete& and & in Dalton et al. (2005) appear in the
equations of motion for the innovation process it in agents’ optimization process; hence the same
alternative interpretation as described in the jpres/footnote is applicable here as well.
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to capture economic rent, whereas the latter stggbst in egalitarian, close-knit
societies changes in property rights emerge intoimeup manner as a social norm or
pressure, by societal members who shares strongnoannterestsg.g, Barzel, 2000;
Kaiser and Roumasset, 200%).As indicated by Pezzey and Anderies’ (2003)
interpretation of institutional designs as “sociakms, pressures, or taboos”, or Dalton et
al. (2005) and Good and Reuveny’s (2006) repretientaf the effect of property rights
on preferences and innovation paths, these modelscensistent with social-norm
theories, although in the BT-type models that ipooate property right issues, changes
in property rights are exogenotfsComparatively, as mentioned earlier these models
could alternatively be interpreted as being coasiswith Ostrom’s (1990, 2002) finding
that an introduction of institutional designs doest have to be interpreted as being
driven by moreprivate ownership but instead by “locally evolved instibms and
norms”, with theexistingcommon ownership.

Meanwhile, there remains an issue of compatiblil#iveen most of the BT-type

models being static optimization models and thegdtarm perspectives that motivate

" Barzel (2000) analyses the trade-off for a dictétetween alternative property right regimes, and
Kaiser and Roumasset's (2007) case study of Hasvaim example of the shift between the bottom-up an
top-down evolution of property rights.

18 While property rights are given exogenously in snatudies, some studies incorporate property
rights regimes as endogenous variabéeg,(Birdyshaw and Ellis, 2007; Bhattacharya and ku2©09).
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institutional designs or evolution of property righ(and, as discussed 84, capital
accumulation). Although motivated by stronger properights, with only static
optimization provided in the models the aforememg institutional designs are not
based on long-term rationality. Evolution of ingtibnal designs or property rights
themselves requires long-term perspectives amowlviduals. In response to the
guestion of how do norms for sustainable resouseeavolve, Ostrom (2002) states that
sustainable resource use is likely when long-taawardship rights are given to compact
groups of people who value fairness, trustworthsnesoperation and reciprocation and
who communicate with each other. With such groupspeople in society, an
introduction of institutional designs or propertight regime changes that facilitate
sustainable resource use tend to stem from conéarmfisture. Consequently, there seem
to be two reasonable alternatives for the BT-typmdehs to address these issues: (1)
switch to multi-period optimization models.¢, Good and Reuveny, 2006) to introduce
the forward-looking views of individuals in generar (2) while maintaining most
individuals’ myopic views, assume that someoeg ( a social planner or a chief) has
longer-term perspectives, and regard instituticshedigns and possibly property right
regime changes as representative of such persegctiv

To conclude, both institutional designs and evolutof property rights are
useful approaches, and which one (or possibly &itbuld be incorporated into a model
depends on the circumstances to be analysed. Equutipose of using a BT-type model

to analyse a compact economy, institutional desitireg sustain common-resource
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ownership, along with the mathematical specificatnd the optimization process of the

model that exemplify the chosen approach, are &orop

3-6. Modeling Approach

Dynamic modeling often faces the trade-off betweethematical representation of
intended characteristics of economic activities arahematical assumptions for the sake
of convenience. In this section, we revisit theigssof substitutability and innovation and
extend our analysis to consider alternative appresdco dynamic modeling based on
various objectives of using these models.

Certain functions are popular for the easines$ wihich to obtain analytic
solutions, but these functions may not necessagipyesent the intended relationships
between the relevant variables. As described earhiest of the BT-type models so far
employ linear or C-D production functions and C-ity functions. These functions are
easy to solve for equilibrium outcomes but resttltse models’ scope to address
substitutability issuexcf. 3-2). One way to address this problem is to use a fDB&ion
and conduct sensitivity analyses with respect ¢oeflasticity of substitutioa.

However, there still remains the issue @f being exogenously given and
constant across time. What is critical about studstbility is not its static value but the
rate of change in this parameter over time (Beifrd®97). Introducing innovation into a

model can help address the impact of technologicagress on substitutability. For
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example, changes in relative scarcity of harvesedus man-made inputs, represented
by the relative price of the two inputs, can dtike direction of innovation and affect the
value ofo.

Convenient mathematical assumptions also arise &headel aims to provide a
steady-state equilibrium. Neoclassical optimal glowodels tend to employ linearly
homogeneous functions so that steady-state graatds ican be expressed in per-capita
terms’® While this is a generally accepted approach, wdreithis desirable to require a
steady state in a model of population and resodyoamics depends on the objective of
the analysis. In reality an economy may never reacheady state due to a continuous
process of changes and disruptive forces that cissability (Scrieciu, 2007; Barker,
2008). Most of the BT-type models can be classifiedh combination of a static general
equilibrium model and a simulation model whose siional process is given by a set of

differential equation&’ By design a model of this type requires a statjailéorium for

19 Edenhofer et al. (2006) provide a general classifin for models with innovation and resource
issues: (1l)optimal growth modelginter-temporal maximization of social welfare),) (Bnergy system
models(cost minimization for the energy sector), §&nulation modelthat start with a set of initial values
for an economy and calculate the values for thieviehg periods using a set of differential equasipand
(4) general equilibrium market modekhat employ demand and supply analyses in multiple,rinte
dependent sectors.

% Good and Reuveny (2006) present an optimal gremgHel. Basener and Ross (2005) and Basener
et al. (2008) provide models that are defined detshe framework of neoclassical economic theory.
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each period; however, such a model does not nedgsseed to simplify functions to
obtain an analytic solution; instead of solvinghand, computational tools are available

to yield numeric solutions for simulation analy$és.

4. Conclusion

This survey article provides a review of modelsttlilemonstrate the inter-
dependency between population dynamics and natesalirce dynamics. In particular,
we focus on the BT framework and its descendards dhe originally designed for a
small, closed economy. These models are charaeteby the feedback mechanisms
between agents’ individual, period-by-period opiation of how to allocate their labour
endowment and consumption activities and the ttiansil processes from one period to
next given by a set of laws of motion for the p@bin and resource stocks. As a result,
the consequences of individuals’ static decisiores raflected in the population and
resource dynamics. We believe that this branchterfature is of great interest for the
study of sustainability issues. This literaturemps us to question our future prosperity,
through our reflection on the demise of past aeilions, and also through the

understanding of the modeling of population anduese dynamics in general. A little

2 Another possible direction is to employ a non-&biim approach in which we specify behavioural
and interaction rules for agents and let the pafexr computer reveal the dynamics of the modelutio
repeated simulation&¢onomist2009).
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over a decade has passed since the initial appeaodrthe BT model, and with various
extensions that have contributed to expand theatilee in multiple directions as we
demonstrated, it seems to be the right time toigeoa summary of the literature.

This survey aims to integrate a group of modelsugh a set of attributes that
are commonly present across these models, namelylation growth functions,
substitutability between man-made and natural goodsnputs, innovation, capital
accumulation, property rights and institutionaliges, and modelling approach through
requirements on the types of solutions and cormedipg functional choices. Through our
analyses in this manner we aim to elicit how edtibate can be incorporated in various
ways to address specific issues of one’s intendst. hope that such a survey will
facilitate a better understanding of this type afd®l and further application of the model
framework to relevant modern circumstances. Wercetiee BT model as the skeleton of
a general model of population and resource dynamis demonstrated by its
descendants, the simplicity of the original mo@eives room for incorporating variables
that allow us to address various issues that d&eaet in contemporary economfes.

Through our analyses we identify unexplored aread suggest alternative
approaches and interpretations as possible directob extending the model framework.

We are not proposing that a model should encompaay possible feature, but we hope

22 Brander and Taylor (1998) and Maxwell and ReuvéRB§00) provide examples of potential
application.
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that highlighting these features in relation to &hesting models will stimulate further

development of the literature.
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Chapter 3: Ecological Threshold and Ecological Economic
Threshold: Implications from an ecological economic

model with adaptation

Abstract

This paper investigates ecological threshold armlogical economic threshold by
developing an ecological economic model: an extensdf a population—resource
dynamics model developed by Brander and Taylor §1.9%he model reflects three
critical issues concerning an ecological economystesn: system boundary, non-
convexity, and adaptation. The main findings @&@logical economic threshold may
come first; ecological economic threshold may lghlyi context dependent and dynamic,
which suggests the precautionary principle; mar&sponse to an external shock may be
insufficient to maintain resiliency; we could r@®t the system even after passing
ecological economic threshold by intervention; eas transitional paths could be
possible to restore the system; and adaptation affagt resilience in a non-negligible
way, which suggests the importance of better infdrom and education. Because of the
complexity of the model, the system dynamics apgrogas used to develop and analyze

the model.
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1. Introduction

This paper develops a model of an ecological ecomsgsteni® in order to enhance
understanding of thresholds and resilience.

Since ecological economic systems are ‘undeniabbyhplex (Limburg et al.,
2002) because of intertwined relationships betweeslogical and economic systems,
whose characteristics are described with terms sgchmon-convexity, non-linearity,
feedback loops, adaptation, out-of-equilibrium, a@meksholds, it is hard to predict how
these systems behave and to implement optimal neamag (Folke et al., 2002). This
paper focuses on thresholds, which are a key corioephe resilience of the systems.
Currently, despite their critical importance, thésdimited understanding of resilience
and thresholds related to ecological economic syst{€arpenter et al., 2005).

This paper defines two types of threshold: ¢belogical thresholdhereafteieT),
threshold for an ecological system independentohemic systems, which is also called
the minimum viable populatioor critical depensationDaly and Farley, 2010), and the
ecological economic thresholghereafterEET), a threshold for an ecological economic

system. While it is well known th&T is not a threshold for an ecological economic

3 n resilience literature (e.g., Folke et al., 20G2&rpenter et al., 2005), a social-ecological esyst
(SES) may be more common but | will use an ecokdgaconomic system for my narrower focus on
economic systems rather than broader social systems
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system but a threshold in the absence of humanwiteed] EET has not been well
investigated® In this paper, | will provide a dynamic model abtain a better
understanding oEET, how EET depends on the context, the relationship betwEEn
andEET, how markets respond to disturbances to ecologistems, and what measures
could be used to maintain or increase the resiieri@n ecological economic systém.

The model developed in this paper reflects threeiksues that are essential for
studying ecological economic systems in generalheyTare 1) appropriate system
boundary, 2) non-convexity of ecosystems, and ZFptdion. They are particularly
important for developing economies, as | discugbénfollowing section.

The model is an extension of a population-resodycemics model developed by
Brander and Taylor and published in the AmericarorBmic Review in 1998
(henceforth the BT model). The BT model is chaarzeéd as a general equilibrium
version of the Gordon-Schaefer model, using a tianaof the Lotka-Volterra predator-
prey model. To reflect the three key factors, sidgapmechanisms for price expectations
and a variant of the logistic function proposedTaylor (2009) for the dynamics of a

natural resource that reflects a threshold arerparated into the BT model.

24 Kahn and O’Neil (1999) and Muneepeerakul and QjBa12) point out the similar point
developing a model but their models do not modehemic systems and adaptation.

% |n addition to the use of a model, Carpenter et(2005) suggest three other approaches to
investigate resilience. They are stakeholder assests, historical profiling, and case study conspar
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Because of the complexity of the model, | adoptystesn dynamics approach,
which uses computer simulations to analyze compistems (e.g., Sterman, 2000). As
Nagase and Uehara (2011) discuss, there are twe wfathe use of modeling: use a
model for replication and use a model as a todle purpose of the use of the BT model
for this paper is the latter. This paper usesBfiienodel as a tool to investigate various
possible scenarios. While the eventual target efrtiodel is its application to today’s
developing economies, the model fithess to hisabdata of a certain economy is not the
main focus because developing economies are faaiwpgecedented phenomena. For
example, Lech et al. (2011) describe the curreehpmenon as “complex and dynamic”
in which environmental conditions, developmentssirience and technology, social
systems and economic systems are changing morélyraph UN report (UNESCAP,
2010) called the unprecedented phenomenon “a nemoety” in which natural resource
constraints are largely defining the future outloakd a new economic paradigm is

needed.

2. Background

2.1. The Three Key Issues

Economic models have been developed in order tdystiie sustainability of an
economic system, and most of them are extensioegh@r a neoclassical growth model

(e.g., Dasgupta and Heal, 1974; Solow, 1974a; i&tigl974) or endogenous growth
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theory (e.g., Bretschger, 2005; Bretschger and &ens) 2006; Pittel, 2002). Whichever
growth theory is adopted, these economic modeleeshareference for simplification.
Such simplifications are sensible provided thatRabert Solow (1956) puts it, “the final
results are not very sensitive” (p.65) to such diicptions. Since an ecological
economic system is complex, the model of the sysieould contain an appropriate level
of complexity, with appropriate simplifications.eke | will discuss the importance of the
aforementioned three issues that represent complewcessary for an ecological
economic model to be able to provide useful palsyghts for developing economies.

1. System Boundary. Since an ecological economatem is undeniably
complex (Limburg et al., 2002), it is critical tetsan appropriate boundary of the system.
Specifically, population, economic growth, and makwesources should all be treated as
endogenous variables within the boundary of thdesys(Dasgupta, 2008). When a
variable is treated as exogenous, the feedbacksla@mpongst the variables are lost.
Consideration of these feedback loops has not theeprimary focus of modern growth
economists. New growth theory depicts economic ¢mownd natural resources
endogenously, but with a fixed (or zero) populatpowth on the one hand. On the other
hand, unified growth theory treats economic growaiad population as endogenous, but
natural resources are not incorporated into the eisod These assumptions may be
sensible for studying an economic system where ralattesource constraints and
population dynamics do not play significant rolesHowever, when it comes to

developing economies, these are among the mostatrissues. Treating ecological
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systems and economic systems separately is “agh@ace of boundary” (Costanza et al.,
1993). The lack of their strong interactions in ad®l results in severe misperceptions
and even policy failures (Costanza, 1987). Folkal.e(2002) call the two assumptions
adopted in policy making practices the fundameatairs underpinning past policies for
natural resource issues: an assumption that eemsysisponses to human use are linear,
predictable and controllable; an assumption thahdm and natural systems can be
treated independently. Dasgupta and Maler (2068¢ra that to drop natural resources
from a model is not sensible when studying develapimpossibilities today. This
argument is supported empirically as well. For epl@na report by the United Nations
(UNESCAP, 2010) shows that natural resource canssractually have an impact on the
growth of developing economies. In sum, to set ppr@oriate system boundary, it is
necessary to incorporate endogenously populatiatyral resources, and economic
growth.

2. Non-convexity of ecosystems. Concerning nat@sources, in contrast to the
abundance of studies on the dynamics of non-renlewabources and economic growth,
much room remains for studies on the modeling oewable resources in conjunction
with economic growth. A key is to reflect “ecosystanon-convexity” (Dasgupta and
Maler, 2003) or a “non-marginal system” (Limburg at, 2002) that enables us to
address more fully the complexity of the dynamidsrenewable resources. Non-
convexity of ecosystems often indicates the exggenf multiple equilibria, thresholds,

and positive feedback loops (Dasgupta and Maled3R0 One example of such non-
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convexity is that a renewable resource has a thlegjor critical depensation level or
minimum viable population (Daly and Farley, 2010))To incorporate non-convex
ecosystems into aeconomicmodel is particularly important for two reasonsaagupta
and Maler, 2003). First, developing economieseeisfly poor economies, often have to
operate very close to the threshold. Once an gmabeconomic system passes the
threshold for overusing natural resources, posifeedback drives the system to a
different state of equilibrium (often to a bad ejatSecond, poor economies often depend
heavily on natural resources and do not have thstgutes available to rich countries.
There are also empirical supports that some ecawrhave already passed their
thresholds (e.g., Rockstrom et al., 2009). In salihough identifying the locations of
these thresholds is often difficult (Daly and Fgyl2010), their impact is not negligible
SO we must strive to better understand their nblear aim is to study the implications of
policy interventions.

3. Adaptation (learning). Most economic modelsply the presumption of
instantaneously achieved equilibrium states, néigig@daptation or learning processes
that allow a system to be in an out-of-equilibrigtate. When the state of the system is
expected to change gradually, ignoring adaptatiag not make any notable differences.
However, this may not be the case where the stiate system changes rapidly or a
sudden external shock occurs. In such situatiagenta may have imperfect information
and cannot make the rational decisions assumedstantaneous equilibrium models.

Under such circumstances, incorporating adaptaporcesses into a model could
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contribute to a better depiction of the dynamicghaf system. An economy dependent
significantly on non-convex ecosystems may haveh rt attribute. As Leach et al.
(2010) maintain, today’s world is highly complexdaglynamic in the sense that system
state is changing dynamically at a rapid pace.h@ tontext of sustainability and
resilience, the importance of adaptation and otgepfilibrium has been often pointed out
(e.g., Folke et al., 2002; Leach et al., 2010; heet al., 1998; Solow, 1974b).
Meanwhile, modeling out-of-equilibrium has not beeeveloped well. Modeling
adaptation or learning is a prevailing subject iodern macroeconomics (e.g., Arifovic
and Maschek, 2006; Evans and Honkapohja, 2011)sibcit modeling approaches to
adaptation have not been applied to natural resossues, save a few exceptions (e.g.,
Hommes and Rosser, 2001 and Forini et al., 2603)daptation is likely to be a non-
negligible theme in developing economies whereatialable information is often more
limited. In sum, because of the important roleglatys for sustainability and resilience,
adaptation that allows for out-of-equilibrium sttean provide further insights that

instantaneous equilibrium models could not provide.

% Adaptation here is a narrower concept and is w@iffefrom “adaptive management” recently often
used in sustainability issues in the sense thafdireer focuses on how to form an expectation oheso
variables in the future such as prices. This Usthe term is similar to the one used in adaptation

learning in macroeconomics.
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2.2. Resilience and Sustainability

Resilience and sustainability are two major criteto evaluate an ecological
economic system. In economics, sustainabilitynbergenerational equity has been a
major focus. The first major contributions are méy Dasgupta and Heal (1974), Solow
(1974a), and Stiglitz (1974). Solow (1974a) sutggyesn operational notion of
sustainability which has been often used by latememists. Adopting the notion of
John Rawls, Solow forms the problem of sustaingbés the maximization of constant
consumption per capita which satisfies the max-pminciple. There have been various
definitions of sustainability proposed since théie Hartwick rule (Hartwick, 1977) is a
practical rule which satisfies the constant periteaaponsumption criteria. Instead of
consumption, Pezzey (1989) proposes non-decliniiigyu Later, Pezzey with Toman
propose an opportunity-based judgment instead ibfytliased judgment, that is, non-
declining wealth or aggregate capital (Pezzey amadn, 2005).

Those concepts could be appropriate when an dcalogconomic system
behaveswell (i.e., its dynamics are predictable and controllablehfiowever, when
ecological and economic systems are highly inteeddpnt, as Dasgupta and Maler
(2003) argue, the system may have positive feedpemtesses, thresholds, and multiple
equilibria. In this case, the system could crofisreshold and result in a sudden change
in the behavior of the system, which could leadataollapse. Most concepts of

sustainability may not reflect this possibility.n Feality, however, the possibility of
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thresholds followed by sudden changes in systemawieh are a realistic issue,
especially in developing economies. The concepesilience introduced to my model
takes into account such a possibifify.

Resilience is a concept rooted in ecology (e.glliky, 1986; Pimm, 1984) but it
has been also recently been applied to ecologimahamic system& For ecological
economic systems, Holling and Walker (2003) provite following explanation of

resilience:

"Resilience," as applied to ecosystems or to iatiegk systems of people and natural
resources, has three defining characteristics:

* The amount of change the system can undergotdhcetin the same controls on
function and structure (still be in the same staithin the same domain of attraction)

» The degree to which the system is capable ofmgHnization

* The ability to build and increase the capacityléarning and adaptation

21t should be noted that while sustainability iscamative concept, resilience is a descriptive ephc

% For example, Environment and Development Econor(i€98, (3), 221-262) published a policy
forum on the resilience of ecological economic eys.
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The main attribute of the resilience is the firfgitement. The second and the third
definition complement the first. In this paperfollow an operational definition of

resilience proposed by Derissen et al. (2011),iBpda@s follows:

The ecological-economic system in state g(x(iw(ts)) is called resilient to
disturbance by an actual shogkat time 4 if and only if the disturbed system is in the

same domain of attraction in which the system leeshlat the time of disturbance:

(X(ta), W(t2) LUA = (X(ta+ dt), w(ta+ dO) LA

whereA , X(ts), andw(t,), are respectivelith domain of attraction, and two different
types of natural stock at tintg?°

Because my model incorporates the non-convexityaitiral resource, | will

focus on the resilience of the system rather ttgstistainability”

% In my model, there is only one type of naturabrgse stockS.

% Resilience is often seen as a necessary condiiosustainability (e.g., Maler, 2008; Arrow et,al.
1995). However, Derissen et al. (2011) show thairtrelationship (i.e., necessary and/or suffifien
depends on the situation.
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3. Model

3.1. The Baseline Model

The BT model stylizes causal relationship betwegpopulation growth, resource
growth, and their effects on the state of the engnoand it has been applied to the
economy of Easter Island to demonstrate its hisdbthoom and bust. The BT model is
characterized as a general equilibrium versionhef Gordon-Schaefer Model, using a
variation of the Lotka-Volterra predator-prey madé&esource § dynamics and

Population ) dynamics are given by (dropping the time argunf@ntonvenience)

9S_5(9- H= rs(l——sj— H
dt Som

whereG(9), r, Snax andH are a logistic growth function & (or sustainable-yield),

the intrinsic growth rate, the carrying capacitygd ahe harvest d, respectively, and

dL H
—=Llb-d+¢p—
dt ( ¢]Lj

where b—d and @ are respectively the net base rate of populatmmmease and a
positive fertility parameter. The population dynasiis Malthusian in the sense that
higher per-capita-consumption of the resource deads to higher population growth.
The economy consists of two sectors, the harvegted {H) and the manufactured good
(M).

At any point in time, the production functions fgsodsH andM are given by
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HP = aSLy
MP= Ly
where a, Ly and Ly are respectively a productivity coefficient, labafocated to
producingH and labor allocated to produciMy(Ly + Ly =L).
A representative consumer who is endowed with amé af labor maximizes
utility:
u=hm?*
subject to the budget constraint
Puyh+Pym =w,
where h, m, £, Py, and Py are respectively individual consumption bf and M,
preference for consumption Bf and price foH andM.
Solving the representative consumer’s and produceagimizing problems, we

can get the reduced forms of the laws of motion:

dS_ gl1-_S |-

ax

%#:Lb—d+aﬂ6)

Three characteristics of the model are worth hggtiing. First, the harvedt is
determined endogenously as the result of an ecanantivity explained by a general
equilibrium model. Second, agents in this modekfacperiod-by-period optimization
problem, without taking into account any conseqesraf the future resource availability
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and population size. It would be a reasonable ass8am for a situation where the
resource stock is in open access and the agentst@restic (Taylor, 2009). Third, at
each moment of time, the economy reachestemporary general equilibrium
instantaneouslygiven fixed amounts of natural resource stock pogulation at that
point in time. Since the natural resource stock poplulation will change over time, so

do the equilibrium prices and quantities.

3.2. Methods: Main Extensions

The model expands the BT model to reflect the thimeissues: appropriate system
boundary, non-convexity of natural resources, addptation. Since the BT model
reflects an appropriate system boundausy, (population dynamics, natural resource, and
economic growth are modeled as an endogenous igiaibn-convexity of natural
resources and adaptation are additionally incotpdra To build the model, a system
dynamics approach is adopted. Because the extendddl includes many components
and some of them are technical, | focus here oraeipg how non-convexity and
adaptation are incorporated in the model. Forptlmpose of replication of the results in

this paper, a full list of equations for the modeNMensim format will be provided upon
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request’ The full model using the stock and flow diagra@n e found in the Appendix

A.

3.2.1. The Non-Convexity of Natural Resources

While the natural growth function in the BT modealed not include a threshold, |
include a threshold to reflect the non-convexity eofnatural resource growth. The
formulation follows Taylor (2009) who uses the fotmincorporate crisis into the BT

model.

G(9= (s 1)(1—&%]

ax
T represents th&T. Once the resource stock si@ds smaller tharl, even zero
harvesting cannot recov& The interpretation off depends on the situation. For
example, ifSis a forest, crossing could mean soil erosion due to lowgmtensifies a
decline inS It should be noted that the rate of growthSat O is strictly negative,

meaning that “since a negative stock is not possiblese dynamics will imply a sudden

31 parameters used by Brander and Taylor (1998)dangted except for variables newly added such as
the threshold and adjustment timesT o reflect the current unprecedented rapid chaimgdeveloping
economies (e.g., Leach et al., 2010), the ratebarfige are assumed to be per year instead of padelas

specified by Brander and Taylor.
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stop to stock depletion as tBe= 0 barrier is crossed. This has the flavor chahitting a

brick wall atS= 0 and decelerating to zero instantaneously” @rag009, p.1250).

3.2.2. Adaptation

Adaptation or learning is applied to producersrigag prices for goodH andM to
make production decisions.

There are many variations of learning that can beduto model bounded
rationality. For example, there is a growing bterre in macroeconomics (e.g., Arifovic
and Maschek, 2006; Evans and Honkapohja, 2011arniegy in macroeconomics refers
to models of expectation formation in which agemtgse their forecast rules over time
as new data becomes available (Evans and Honka@0(8). To be consistent with
the cognitive consistency principl@egents are assumed to be about as smart as (good)
econometricians (Evans and Honkapohja, 2611).

Instead of assuming agents to be econometricibrejopt simple adaptive
expectations (Nerlove, 1958; Sterman, 2000). Rergdurpose of this model, however,
such an assumption is problematic. The imperfecwkedge of agents is due to the

complexity of an ecological economic system in whiwe even do not know the

%2 The most commonly used estimation method may eeettursive least squarg®RLS) (Evans and
Honkapohja, 2008). Another approach is #@mple autocorrelation(SAC) learning which is, for
example, applied to the learning of prices foishdry market (Hommes and Rosser, 2001).
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probability of, for example, passing the thresholdhe global climate. Hence learning
without assuming the knowledge of probability conimore appropriate for the present
model3*:3* Because of its simple learning structure, it ifatieely easy to interpret
outcome. Agents’ knowledge and skills are assumeetde more bounded and they
gradually update their beliefs using a simple inktead of a sophisticated econometric
learning as they find the gap between their behefs the actual value of the variable.
Adaptive expectations are applied to producelsepexpectations in thid andM

industry as;

e =nt 1 e -
P = 91—1+ﬁ( B, By) AT2Li=H.M

where py; is the producers’ expected pricei dor t att-1, p,_, is the market price ofat

t-1 andAT; is the adjustment time or the speed of adjustriwent
In addition, market prices are assumed to be nakehalearing, to make the

adaptive characteristics of an ecological econ@ygtem more realistic. The dynamics

% This formation is in line with the Post Keynesiarcertainty which asserts that probability
distributions are not the basis for comprehendéaaj world behavior under uncertainty (Davidson, 199

3 There are four sources of imperfect knowledgéd, @snbiguity, uncertainty, and ignorance
(Common and Stagl, 2005) that are sorted basedebavailability of the information about probaldi
and outcomes.
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of market price follows the simpleshtonnementprocess or “market groping” (Day,

1994), defined as follows:

_ 1 Di(plx—l) _
P = pl_1+AT{S( p,t—l):|'I_H’M

whereDi(pit1), S(pi+-1) , and AT are quantity demanded-dt, quantity supplied &t1 for
i, and a fixed adjustment time for bathandM.

My model allows market transactions while the marise seeking a market-
clearing price, although market transactions aregaly not allowed in theatonnement
process until the market-clearing price is foundk@yama, 1974). In other words, non-
perishable goods are assumedHandM in the present model.

Once price expectations are formed, expected wiagdd andM are formed as
well. Since total revenues are paid exclusivelylaoor in bothH and M industry,

assuming zero rent, expected wages are computed as:

VviP:t — pi,t in,t—l ,i — H,M

it-1
wherew’,, Q ., L;,,are respectively expected wage for industigr t, quantity sold in
industry i, and labor in industiyatt — 1L While adaptive expectations are applied to the

price expectation, the quantity sold and labor igdpére at the current state. This is a

simplification and can be interpreted as a naiygeetation (i.e., expected value = current
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value). Since wages should be equal in equilibyilaior allocation betweeH andM
industry continues until wages are equalized.

In sum, the model has a self-referential feat@mrich, 2004; Davidson, 1991);
the [next] system state depends on expectationsshwdepend in turn on the [current]

system state.

3.3. Model Testing

3.3.1. Learnability of equilibrium

Since the model adopts a general equilibrium strecas a base, the markets should
be moving towards equilibrium. When the naturadoreceS and populationL are
changing, the system is always seeking marketinlgqrices under new andL and is
therefore often out of equilibrium. To examine ttadidity of the model, the dynamics of
the model are tested withandL kept constant (i.edSdt = dL/dt = 0) to see whether the

model can find an equilibriuri.

% Learnability here simply means that expected primenverge to actual market prices. Learnability
in macroeconomics provides more sophisticated d&ouns and definitions. For example, there arersgv
concepts of learnability or convergence to equiililbr such afRational Expectations EquilibriurfREE),
Restricted Perceptions EquilibriufRPE), andConsistent Expectations EquilibriugdCEE). A good
summary on these equilibria is made by Branch (2004
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The dynamics were tested by raising the markeedorH, Py, by 10 att = 10 as
a shock. To see the effect of different adjustntiemés (AT) for price expectations bf
andM, four combinations of them were tested: (1) bajustments were relatively quick
(AT = ATy = 2); (2) both adjustments were relatively slowT(A= ATy = 4); 3)
adjustment forPy was relatively slow (Al = 4 and ATy = 2); and 4) adjustment for
priceM was relatively slow (A = 2 and ATy = 4).

Because of a general equilibrium setting, a shmtkheH market affects thé

market as well. WhetPy changes, the change affeot§, which leads the relative

wage, Wy, , /Wﬁ, . to differ, causing labor reallocation between théndustry and thevi

industry. Different labor allocation to th industry affects the production bf as well.
Figure 3.1.a through 3.1.d show the results. liricair cases, fluctuations of the
price expectationsfor both commodities are moderated compared whiir tactual
market prices. This is because suppliers do rilgictehe price change totally (i.e., naive
expectations); instead, they update their expectatonly partially. Although there are
some differences in behavior for different comhbimag of ATs, they are not so obvious
given dSdt = dL/dt = 0. But these differences may be non-negligibleems andL are

endogenous as shown in the next section.
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3.3.2. Comparison of the Original BT with the Extended Model

To see the impact of different ATs on populatiord am natural resource, five
simulations are reported and compared. Theseviarations are: without adaptation
(i.e., zero adjustment time), and the four différenmbinations of ATs. Sensitivity
analysis using different combinations of ATs haligsto see the variability of results for
different ATs.

There are three points worth highlighting. Firgith the same ATSs, the trough of the
natural resource and the peak of population arslegver than observed in the model
without adaptation. This is because the modelHferadaptation process involves delays.
Second, the results do not change very much vido#éim ATs are changed by the same
degree. This is because in the baseline simuRti@riables change gradually, and
expectations remain close to actual prices. Thwten different ATs are applied to each
industry, however, the dynamics of the natural wes® and the population change
significantly. A longer AT indicates that agentgslwespond to a change slowly. When

agents in both industries update their expecteckprat the same speed (i.e., cases for
ATy = ATy = 2 and ATy = ATy = 4), the relative expected wag, , /W, , , does not

change very much, as shown in Fig. 3.2.c. Howewken their adjustment speeds are
different, their expected prices and the resulextected wages will change at different

rates, which has a more significant impact on tenal resource and on Population.
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In the simulation results of the case (3), bBthandPy decline initially. When the
market prices are going down, tl industry with a longer AT will stick more to
previous higher prices and will not lower the expdgrice and expected wage, relative
to the expected price and expected wage bwtiedustry with a shorter AT, resulting in
a higher relative wage. With the higher relativage, more labor is allocated to tHe
industry and more natural resources are exploagsdshown in Figure 3.2.a. Since the
consumption of influences population growth rate, population hesca higher peak, as
shown in Figure 3.2.b. Interestingly even thoudhpation processes take time, model
behavior when adaptation is included does not sac#g mean that the overall system

response is “slower” when compared to the instadas equilibrium model without
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adaptation. This is possible because of the neafinmpact of reinforcing feedback
loops.

This result reinforces the importance of settingappropriate system boundary—
a boundary that allows researchers to study mdhe fine interdependencies between

population and natural resources.

4. Results

In this section, | show how the models with andhaitt adaptation respond to an
external shock. Here the external shock is a thgimal shock that suddenly reduces the
stock of the natural resourc® This could be due to a natural disaster suclaras

earthquake and/or tsunami.

4.1. The Impact of an External Shock: The Model without
Adaptation

Figure 3.3.a through 3.3.f. show the results obtained from thedel without
adaptation under three different cases: no exteshatk (Case 1), a smaller external
shock (Case 2), and a larger external shock (Casidures on the left side show the
dynamics ofS. Figures on the right side show a phase plottler sustainable-yield,
G(9), (red line) and the harvest (blue line). Ecological threshold&T, is set asS =
2,000. To show the eventual convergenc&, digure 3.3.b. and 3.3.d. show the results

with longer simulation periodst = 1000). Case 1 shows thEt converges to the
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sustainable yield in the long run (Fig.3.3.b). Gase 2, althougl® declines suddenly
(Fig.3.3.c), it restores to the level wheéteequals ta5(S) (Fig.3.3.d). Hence the system
is resilient against this smaller external shock at100. Case 3 shows an interesting
result. Because of a larger external shock, theesysrosse&T andS goes zero in the
end. What should be noted here is that the eXtehwaek does not redu&below theET
instantaneouslylt is because of the EET by the shock that c&ms®ego extinct in the
end. This indicates, without economic activiti8should recover after the shock, which
is shown in the dashed line in Fig.3.3.e. Aftex éxternal shocks = 2,337 > 2,000.S
ends up crossin@T because of the interaction between the ecologodl economic
systems. As shown in Fig.3.3.f., sindas larger tharG(S), S keeps declining after the
shock. This tells us that to maintain system iexstle, we should pay more attention to
the ecological economic threshoEET, rather than the ecological threshdid, Even if
the external shock alone does not red8deeclow ET, S becomes zero if the external

shock reduceSbelowEET.
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Case 3: A Larger External Shockdeclines by 1,800 at time t = 100)
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The model adopts a general equilibrium structure dsmse, hence it allows us to

investigate how the economic systems respond textarnal shock. The reduced-form

solution of the original BT model provides usefasights into the system outcome. The

temporary equilibriumPy is 1/aS, the temporary equilibrium quantity isrALS

Therefore, with an external shock that redu8eBy will go up and the harvest will go

down. However, the response via price signals nzye enough to avoid a collapse, or

passingEET, as shown in Fig.3.3.e and 3.3.f.

condition has to be satisfied:

N
a_r(s T)[l S j aSl, =0.

ax

Hence th&EET s reached when
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g2 SN HATS 7=5. +7-LuSh
2 where r
Given fixedSnax T, @, £, andr, we can derive a threshold numberigf However,
as shown in Fig. 3.3.f,.34dt is positive after the shock, which warns thatghee signals
may not lowelLy enough to satisfy the above inequality. In sulthoaigh price signals
may help increase resilience in an ecological ecoasystem by reducing the harvest,

they may be insufficient. One of the reasonstiitg inadequacy of the price signals is

that they do not reflect information about resitieror theET (Levin, et al., 1998°
4.2. Context Dependency of EET

SinceEET is the result of interaction between ecological anonomic systemg&ET
changes as the state of the system changes. Whbtheystem passd=ET with an
external shock depends on the context.

Figure 3.4.a compar&sT with EET. While ET is fixed atS=T, EET changes aS

and Ly change EET is the result of complex interactions between agichl and

% While it is well recognized the difficulty of obséng ET (Carpenter et al., 2005), Maler (2008)
proposes one approach to price resilience. Thie s is to evaluate the distance between thectur

state of the system and the threshold (Maler, 2008)s valuation, however, does not reflect HEET.
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economic systems). By considering both Figures 3.4.a and 3.4.b, gh hiorrelation
betweenEET and population can be observed: when populatioreaseskEET rises as

well, which means that the system becomes ledgergsi
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Figure 3.4.a.ET andEET Figure 3.4.b. Population &atural Resource

The context dependency BET can be observed by comparing models with different
adaptations as well. Fig 3.5 shows the dynamigstifral resourcg for models without
adaptation and with various adaptations. The eateshock reduceSby 1,543 units at
=100 which is just above theET for the model without adaptation. With the sameckh
att = 100, the system with AT=4 and ATl =2 crosses th&ET, andS does not stop
until it becomes zero. The difference in adaptetiaffects the resilience in two ways.

First because of the difference of adaptations,stage of the system (e.&,in Figure

37 Since theEET cannot be derived analytically, it is derived bysation.
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3.5) att = 100 varies. Second, because of the differeheel@ptations, the responses to

an external shocle(g, how fast each price changes) are different.
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Figure 3.5 Change in Natural Resougafter an external shocktat 100

Table 3.1 shows how much external shock=atL00 each system can tolerate. When
an external shock larger than the tolerable maxinexiernal shock is given at= 100

(i.e.,Scrosse€ET), the system crosses th& later andS goes extinct.
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Table 3.1EETatt = 100 for different models

Tolerable Swhen the
Model EET Maximum ET

External Shock shock Oceurs
No Adaptation 2,639 1,543 4,182 2,000
ATH=ATy =2 3,051 2,112 5,163 2,000
ATh=ATy =4 3,036 2,157 5,193 2,000
ATh=4,ATy=2 2,884 290 3,174 2,000
ATh=2,ATu=4 3,252 4,146 7,398 2,000

There are two things to worth highlighting. FirBE:T differs among the models.

Second, interestingly, we can see wide differemeéslerable maximum external shock,

ranging from 290 to 4,146. This difference refleitis context of each model tat 100:

the size of population, the natural resource lekiatvest rate, and regeneration f

These results show that the computatiok BT is difficult, if not impossible, in practice,

as Carpenter et al. (2005) maintain.

5. Discussion

5.1.

Ecological Economic Threshold

Simulation results show that even when an exteshatk which reduces the natural

resource stockS, is not large enough for the ecological economgitesn to pas&T, S

could continue declining until it goes extinct byssingET due to interactions between

ecological and economic systems. This indicategptesence of another threshdiET.

78



The presence dEET has not been a focus in standard textbooks fayures
economics and ecological economics which uses piienal management approach to
renewable resources (Folke et al., 2002), whileitecal depensation type sustainable-
yield curve (hereafter SY) is often adopted as seb@.g., Conrad (2010); Daly and
Farley (2010); Tietenberg and Lewis (201%))Under the optimal management where
perfect information is assumed, the harvest is yvesgual to the sustainable yield so that
there is no possibility of either over-yield or @nd/ield. While | showe@&T andEET by
dynamic simulation, some implications about thenuldobe explained by using the
critical depensation type SY curve withstatic catch-per-unit-effort (CPUE) curve in
which the catching effort is fixed, as used by Dyl Farley (2010

In Figure 3.6, the straight ling{, is called a CPUE curve that shows a linear
relationship between efforl,.y, natural resourceS, productivity coefficient,a, and
harvestH. Syaxis the carrying capacitys’ is a stable equilibrium point, afeET is an

unstable equilibrium point. Daly and Farley (20H®missEET, saying “EET] is an

3 Among these textbooks, Conrad (2010) derives tiomdi for overshoot to occur but does not
analyze how economic systems respond to exteronakshwhich is the focus of this paper.

%9 In textbooks (Conrad, 2010; Daly and Farley, 20&60pdstein, 2007; Tietenberg and Lewis, 2011),
a curve for total revenues is derived by multiptythe sustainable yield curve by the price of the/ést to
find the profit maximizing catching effort leveHowever, in my model, it is assumed that agentsato
know the SY curve so that such total revenue cigwet adopted.

79



unstable equilibrium of no practical interest irdynamic world and hereafter ignored”
(p.214). However, this should be the truly impottéhreshold for the resilience of an
ecological economic system in which ecological andnomic systems affect each other.
When an external shock reducgslown to belowEET but aboveET, H is greater than
the regeneration @&, leading to a collapse. When the CPUE curveeaspstnough not to
cross the SY curve except@t 0 H° in Fig.3.6), which is the only steady state, thisre
no EET andS goes extinct anyway.

With adynamicCPUE curve, as my model shows, is changing over time. This
means that the slope of the CPUE curve is charspritatEET is context dependent and
dynamic. For example, as indicated in Fig.3.3.0 /S may not go extinct even if the
CPUE curve does not cross the SY curve temporaBlgcause of the dynamic nature of

the system, it is not easy, if not impossible,imol theEET analytically.

G(S),H
N

SY curve

b
s

Resource Sck S

Figure 3.6. SY curve and CPUE curves
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Since population and labor may change relativelpidigg in developing
economies, the dynamic version could be more apiatepfor developing economies. In
developed economies where population and labor digsaare relatively stable, the

static version could be more appropriate.

There would be two policy implicationEET could be a more accessible point

thanET for government to keep the system resilient int theould be relatively easier to

deal with; the additional complexity due EET suggests the further importance of the

Precautionary Principle.
/ L\
o & l
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Resource Stock

Figure 3.7. SY curve and CPUE curves with Goverrtrir@grvention

In contrast toET, EET could be a more accessible point for government to
intervene to prevent the extinction 8f Even once an external shock malkelselow
EET, (i.e, S”) as shown in Fig.3.7, an enlarged versionigf¥6, the system could avoid
the extinction ofS by lowering the catching effort tby, by policies such as tax and
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guota. Achieving a lowely, the CPUE curve could be flatter enough that tirsects
the SY curve EET is nowEET,). Since the harvest; is less than the regeneratiBrso
thatSwill eventually move back to the stable equililniuwhereS> 0.

Ly should not necessarily be reduced instantaneaostyake a CPUE curve low
enough to achiev€ > EET. As long asSis aboveET, we can avoid passing tiel by
satisfying the inequality (12) at some time befiveS passes thET. This indicates that
there are various transitional paths to keep tlsdigrce of the system from drastic
reduction to gradual reduction li,.

Because of the context dependency and dynamicenaftEET, our knowledge
about an ecological economic system is furthertéchthan when we deal witaT only.
Hence, when a situation is uncertain, as the mou#tates, and the environmental
consequence is non-negligible, the Precautionancipte should be supporté@** The

principle maintains that instead of a “wait and’sséitude, proactive policy is necessary

“While there is no consensus definition of the Bugionary Principle, one often-cited description
says ‘When an activity raises threats of harmuman health or the environment, precautionary nreasu
should be taken even if some cause and effectioetdtips are not fully established scientifically’
(Common and Stagl, 2005, p.389).

“1 Although the results support the importance ofptrezautionary principle, it does not mean that the
blind conformity to the precautionary principle sltebbe supported, which may result in the situation

where keeping everything intact is the best.
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and environmental quality goals should be morengémt than traditionally conceived

(Kahn and O’Neil, 1999

5.2. Adaptation

The impacts of adaptation on the dynamics of anogamal economic system have
not been well investigated. However, as simulatresults show, how to model
adaptation (i.e., the degree and difference insfieed of adjustment) may make a non-
negligible difference. There would be three poiimyplications: further understanding of
the role of adaptation, information, and education.

While it is not easy to identify and predict hodagptation works in real world, it
does not mean that we can ignore the impact oftatiap on maintaining the resilience
of the system. The model developed here showsspaee possible outcomes. Further
modeling and analyses can contribute to get baitaterstanding of the role of
adaptation.

Governments could provide information and educatio make an ecological
economic system more resilient. Adaptation is figstifor the situation in which people

are limited in obtaining information. Better awillity of information could help people

*2|n the same line with the Precautionary PrinciBafe Minimum Standards (SMS) which set the
minimum levels of natural capital stocks so that temaining stocks are above safe minimum levels
(Markandya et al., 2002). While the SMS could pelied to ET, it could be difficult to apply to EET
because EET could change more dynamically, nottaohs
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make better decisions. Therefore, governmentsdcoelp make systems more resilient
by providing information. In my model, productiatecisions are based on price
expectations that take market prices into acco@unsumers simply use market prices to
make decisions. Therefore, the scarcity of themahtresource is not reflected on their
decision. The knowledge of the scarcity could oeleonsumers to consume less. In
addition to further information, education could@akontribute to resilience. With better
education, agents could use more sophisticateaitgamechanisms. Without proper

education, however, people may not process provitfedmation very welf:®

6. Conclusion

This paper shows the context dependency and dynaaice ofEET. The presence
of EET adds more uncertainty to the understanding ofatogical economic system,
which supports the precautionary principle. Adapta which reflects an important
aspect of an actual ecological economic systeniksaffect EET in a non-negligible way,

a situation that could be improved by providingt&einformation and education. A
general equilibrium structure shows that markepoese to an external shock may be

insufficient to maintain resiliency. However, coaned withET, EET is more accessible

3 Recent theoretical and empirical studies on thelgence of resilience, learning, and education can
be found in Krasny et al. (2011).
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in the sense that government could intervene tadawestore the system even after
crossingeET, and it is likely that various transitional patimay exist. Because of the
importance oEET, we should investigate further to gain a bettetasstanding oEET.

For further research, Nagase and Uehara (2011liging six areas through a
comprehensive study of the BT model and its desa@sd population dynamics, capital
accumulation, substitutability, innovation, institunal designs, and modeling approach.
While the present model is already complex, specdmponents, such as the population
dynamics sector are not necessarily all that comjplasolation. Some factors, such as
substitutability and institutional designs, are matorporated into the present model, and
to elicit better policy implications for developimgonomies, these factors may need to be

incorporated.
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Chapter 4: System Dynamics Implementation of a Model of

Population and Resource Dynamics with Adaptation

Abstract

We build and analyze a dynamic ecological economimdel that incorporates
endogenous innovation regarding input substitutsthih order to elicit implications for
the sustainability of developing economies. The akehe system dynamics method
allows us to depart from conventional equilibriuhinking and to conduct an out-of-
equilibrium (adaptation) analysis. Simulation réswhow that while improvements in
input substitutability will expand an economy, thibange alone may not improve
sustainability measured by indicators such asyHiler-capita and natural resource stock.
It could, however, be possible that improvemeninput substitutability contributes to
sustainable development in combination with othechhological progress, which
suggests the importance of focused investmentsaddiition, with the use of the system
dynamics method, we also shed light on possiblélpnes with exogenous consumer
preference which is often assumed in standard ecimspand provide analysis regarding
the different system impacts of improvements iruratresource regeneration rates and

carrying capacity.
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1. Introduction

Real problems in complex systems do not respedeatia boundaries.

Herman Daly and Joshua Farley (2010, xvii)

Sustainable development in developing economiessfamew economic realitin
which natural resource constraints such as foodemand energy supplies, and climate
change are largely defining the future outlook (L8@AP, 2010, vii). Meanwhile, major
economic growth models such as Solow growth modegclassical growth model,
Ramsey-Cass-Koopmans, and the Overlapping Genesafidodel do not embrace
natural resource constraints as a primary componértheir models’* Given the
essential dynamic complexity of an ecological ecoimosystem (henceforth EES), we
need a methodological approach that goes beyonsdimaified, analytic approaches in
conventional economics. We build and analyze aanya ecological economic model
that incorporates endogenous innovation on inpostsutability. Our simulation results
indicate that over time improvement in input suiosbility, ceteris paribus may not
make a significant contribution to sustainable dmw@ent. We also demonstrate the

usefulness of the system dynamics approach to gicaleeconomics.

* Romer (2011) provides a comprehensive reviewese standard economic growth models.
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Although EESs are “undeniably complex” (Limburg &t, 2002), standard
economics has generally taken a strategy of siroglibn to be able to employ analytic
approaches; however, simplification has drawba€Ekst, simpler functions such as the
Cobb-Douglas type function, while easy-to-handlalwically, limit the analysis of
substitutability between man-made capital and @tuesources that is essential for
sustainable development under natural resourcdreamts. Second, natural resources are
often treated as exogenous, resulting in missiagdldacks between ecology and economy
that are critical in the study of the sustainapibf an economy. Third, our focus on the
state of equilibrium often results in neglecting thansitional dynamics. However, an
approach that specifies behavioral rules and feddlmops and allows the system to be
in a state of disequilibrium is critical for theudlyy of EESs.

This paper integrates system dynamics (hencefdthit@o economic modeling
and analyses to provide deeper insights into thramhycs of EESs. System dynamicists
often dismiss economic theories because of thewalistic assumptions (at least from
the system dynamists’ perspective). Meanwhile, B@lels that are inconsistent with
economic theories are not of interest to economigfe contribute to the two disciplines

through 1) the development of an ecological ecocomodel that is firmly based on

> There has been a development in equilibrium-segaitaptive systems in the form of the learning
(expectation) theory in macroeconomiesg Evans and Honkapohja, 2009; Evans and Honkap2@jdl ;
Bullard, 2006).
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economic theory, and 2) the construction and vabdaof the model using a SD method,
as explained below.

Our ecological economic model is an extension t@d so-called BT model
(Brander and Taylor, 1998) that can depict a patbéreconomic and population growth,
resource degradation, and subsequent economiméeatid is suitable for the study of
sustainability and resilience of an economic systerSince its initial appearanceue to
its simplicity and extendability the BT model haangrated many descendants (Anderies,
2003; Basener and Ross, 2005; Basener et al., 2088ssandro, 2007; Dalton and
Coats, 2000; Dalton et al., 2005; de la Croix aratt@i, 2008; Erickson and Gowdy,
2000; Good and Reuveny, 2006; Maxwell and Reuv2@@Q; Nagase and Mirza, 2006;
Pezzey and Anderies, 2003; Prskawetz et al., 2R@Byeny and Decker, 2000; Taylor,
2009). Our model is motivated by Nagase and U&h@P®11) review of the existing
models of this type and is an extension of the rhdeeeloped by Uehara et al. (2010).

SD provides useful tools and approaches to ana@gaglex systems. In addition

to technical characteristics of SD as a computdedhiapproach to solve a system of

8 The unified growth theory incorporates populatiynamics endogenously into economic growth
models. This theory is a variant of the endogergrosvth theory focusing on the transition to a sigad
growing economy €.g, Strulik, 1997; Galor and Weil, 2000; Hansen d&réscott, 2002; Galor, 2005;
Voigtlander and Voth, 2006; Strulik, and Weisd@®08; Madsen et al. 2010). However, natural resesur

stocks and flows are fixed or ignored in their nede
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coupled, nonlinear, first-order differential eqoas, what characterizes SD is its
emphasis on 1) feedback thinking, 2) loop dominar@enonlinearity, and 4) taking an
endogenous point of view. The endogenous poiniey ¥s thesine qua norof systems
approaches (Richardson, 2011). SD also uses $ewnegae techniques for mapping a
model, including causal loop diagrams, system baondiagrams, and stock and flow
diagrams, in order to visualize a complex systehm validate a complex model, SD
adopts various testing methods such as boundaguadg test, structure assessment, and
sensitivity analysisof. Sterman, 2000).

There are four main findings from our simulatiossults. First, over time,
improvement in input substitutabilityceteris paribus may not make a significant
contribution to sustainable development. While pheduction of goods will increase as
input substitutability improves over time, utiliper-capita may barely change and the
natural resource stock declines. Second, howeirer,combination with other
technological progress, over-time improvement ipuinsubstitutability could increase
utility-per-capita and save natural resource stockird, sensitivity analysis shows that
consumers’ preferences can affect the sustainalbiithe system drastically and hence
deserve careful attention. Fourth, the regenaratite and carrying capacity of a natural
resource may have very different impacts on systehavior.

Our model is most applicable to developing ecomsmvhere their sustainability
critically depends on natural resources and populatynamics. Consequently, we

intend our model to evolve further to provide cadadies that can yield policy
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implications for such economies. A caveat is thatrent developing economies are
going through experiences that are different frowse of the developed economies due
to, for example, the access to rapidly-evolvinghtexdogies and the increased scarcity of
natural resources (UNESCAP, 2010). Therefore, waat seek fitness of our model to
any particulahistorical data to validate the model. Instead, we validatemodel using
the “reference mode” (described in the next segtdosen for the model, so that we
assess the performance of our model based on hdwitwean depict the expected
behavioral patterns of resource-constrained eccébgconomic systems.

Section 2 presents the model and preliminary moekting, Section 3 provides
the primary results from conducting a variety moebgberiments focused on parameter
sensitivity. Section 4 provides a discussion of oesults; and section 5 provides

concluding remarks.

2. Model

2.1 Reference mode

To develop and validate a SD model, we typicallgchgraphs and other descriptive
data that representa pattern of behavioof the system to be modeled. In SD, this is
called a “reference mode.” A reference mode idiestikey concepts and variables for
the model and sets the appropriate time horizoth@imodel during which the modeled

system is expected to reveal, through the effetteomplex feedback loops, how
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problems emerge and how they affect the dynamicshefsystem. Through these
choices, the reference mode defines the pattebelwdvior of the system. The identified
behavioral pattern will become the point of refeenin the process of developing the
model and for its validation (cf. Sterman, 2000).

One possible behavioral pattern for our referemumle is a collapse of an
economy. There are many historical cases of calgpsamond, 2005). One of them is

the boom and bust in Easter Island that faced arsesollapse after depleting natural

resources as shown in Figure 4.1.
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Figure 4.1. Easter Island dynamics from archaeotigitudy by Bahn and Flenley (1992)

Another possible reference pattern is a dynanmasghich population increases at
the beginning and becomes stabilized later, witltmpleting natural resources. Japan
presents such an example in its history. FiguPesthiows the population and cultivated

land during theEdo era (1603-1868). During tHedo era, the Japanese economy was
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closed in that imports, exports, immigration, anchigration were all negligible.
Therefore, in terms of natural resources Japarosvity during this period depended
solely on its own. Population growth was S-shapedl then stabilized until thEdo era
ended, at which point the new, modern governmeaheg the country. Compared with
the peak of the size of cultivated land area in8l9dere seemed to be enough arable land

uncultivated.
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Figure 4.2. Population and Cultivated Land in Jaghating Edo Era (1603-1868). Source: Wikipedia

and Kito (1996)

In consideration of the fast-changing modern econ@nd environment (that
favors a shorter time horizon) on the one side thedhigher complexity of the modern

economic system (that favors a longer time horizom)the other side, we choose 300
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years as the time horizon for our reference mdsigstainability being the primary theme
of our research, we choose the behavioral patternofir reference mode to be
characterized by increasing population followedtby decline in the natural resource
stock, leaving possibilities for both a collapsel atabilization of the system. For this
purpose, the use of the BT model as the basis ohmael development allows us to

include the relevant variables and behavioral agsioms for the system.

2.2 Model

Our model can be classified as a static generalil®gum model whose dynamic
transitional process from one time period to anoilegiven by a set of first-order
differential equations--except that, as revealamttbh) our SD approach does not require
an analytic equilibrium solution for each time jeki

The model depicts an economy consisting of twavidgst and manufacturing)
sectors. Input availability in each time periodhsunded by the existing sizes of
population, renewable natural resource stock, amam-made capital. In contrast to
standard approach in natural resource econoraigs Conrad, 2010), agents are rational
but myopic; they maximize utility and profit yet lgnwithin each time period. It is a
reasonable approach for the situation where theuree stock is held in common and
agents are atomistic (Taylor, 2009). The renewaddeurce in our model is a common-

property resource (CPR), and the lack of long-t@enspectives among agents could
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result in severe resource depletion that can tanetite sustainability of the economy.
The production and consumption activities in eaehqa determine the growth rates of
population, resource stock, and man-made capital.

One aspects of our model specification is parituinovel: we allow the model
to address the issue of substitutability betweemirahresource and man-made capital
endogenously. For this purpose we introduce ataotiglasticity-of-substitution (CES)
production function for the manufacturing sectdnput substitutability in this sector
evolves over time due to the endogenous technabgicange (ETC) driven by the
relative input scarcity. Endogeneity of naturalsess man-made input substitutability is a
critical issue for sustainability, and to the bestour knowledge our model is the first

attempt to integrate ETC and substitutability.

2.2.1 Period-by-period behavior of agents

Let us now describe the specifics of the modatdtsubscripts are suppressed for
all variables)’ In each time period, agents make production am$wnption decisions
with the given sizes of populatioh)( natural resource stock)( and man-made capital
(K). As a consumer, a representative agent maximitdiy subject to the budget

constraint:

“"Nagase and Uehara’s (2011) circular flow diagraovides a useful visual representation for those
who are not familiar with the BT-type models.
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_ —p _ rk
{T%x Whm= A M st. ph pm(l )(s -IWL—j

h andm denote per-capita consumption levels of harvestigd) and manufactured
good M), respectively.s denotes the saving rate,andr are prices of labor and man-

made capital, respectivef§. This optimization problem yields the consumptéEmand

functions for the two goods:

He = L = (1_S)ﬂ(WL+rK) (1)
Pr
Mc = LOn = W(wu K) 2)
M

whereh andm denote per-capita consumption level$iaindM, respectively.

Two sectors’ constant-returns-to-scale aggregateyetion functions are defined
asH(L) = aSLy; andM(Ly, Hu, K) =Ly [/Hw” + (1-79K” 1”7, respectively, wherkly
denotes the amount of gobllconsumed as an inplty, =L — Ly, andyandA O (0, 1).

p <1 so that the elasticity of substitution= 1/(1- p) is positive. a and yare efficiency
parameters.

The degree of substitutability between man-madetalapnd natural resources

plays a critical role in determining the sustaitigbof EESs in which the economy faces

8 For simplicity each agent has one unit of labobéoallocated across the two sectors, and thelrenta
price of capital is evenly distributed back toadents.
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natural resource constraints. Studies on subdiitityahave been almost exclusively
conducted using CES production functidhswith o< 1, inputs are complements so that
the natural resource is essential for productioeamng that production becomes more
difficult without the natural resourc8.

In relation to sustainability, the key discussadrthe substitutability is the trade-
off between natural resources and the accumulatesh-mmade capital. Whereas
mainstream economics has implicitly supported = 1 through the ubiquitous
employment of the C-D function, ecological econdm@sserio < 1 for various reasons
(e.g, Cleveland et al., 1984; Cleveland and Ruth, 1®aly, 1991; Daly and Farley,
2010), although the empirical evidence remains nolsive €f. Nagase and Uehara,
2011).

The first-order conditions for the two sectors’ firmaximization are:

pyaS = w 3)

v (1) (L= L) [ + (1)K ] = w @

*9 Stern (1994) proposes the translog productiontfondecause it can effectively model minimum
input requirements, any elasticity of substitutiand uneconomic regions, for any number of input$ a
outputs.

0 For a comprehensive discussion about the reldtiprisetween substitutability and sustainability,
see Hamilton (1995).
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|oMV(1—V)(L—LH)l_yy[fTHM“(l—fT)K"]‘y’_lITHM”‘1 = py (5)

puv (1-y) (L= Ly )™ y] 72Hy  +(1-7) Kp]xyfl(l— mKPE =y (6)

Using equations (1) and (2) and the productionctions, the static market

equilibrium conditions in the H- and M-markets green by

(1_ps)ﬁ(WL+rK)+HM =4S, W
and
—(1_5)(1_’8) (wL+rK) = v(L-Ly )1_y[7rHMp+(1—7r)Kp]; . (8)

Pwm
Equations (3) through (8) yields the static equilitm solution set .*, Hy*, w*, r*,
p*, and py*}. > The harvest leveH in our model is determined endogenously as a
result of an economic activity, in contrast to sootieer similar studies on the dynamics

of population and natural resoureed, Shukla et al., 2011).

2.2.2 Dynamic transition

Given {Ly*, Hu*, W*, r*, py*, andpwu*}, the transitional dynamics for the three

stock variables are given by the following equadion

*L Hc* is obtained by substitutingy*, w* andr* into the production function fokl. H* = Hc* + Hy*.
M* is obtained by substitutingy* and Hy* into the production function favl.
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dL . . o 1 1 _ 1

o = Lb(hme)-d(hrm)]; b = W'm)w and d = &
9

ds S
E:G(S)_ H*:HSK:L_S“—]_ H* (10)

ax

*L+r*K

dK  _ s(w*L+r )—5K 1)

dt Pu *

Equations (9) and (10) characterize our model &m@on-Schaefer Model, using a
variation of the Lotka-Volterra predator-prey mo¢id#l Nagase and Uehara, 2011).
Equation (9) represents a Malthusian populationadyios in the sense that the
higher per capita consumption of the resource deads to higher population growtl.
and d denotes the birth and death rates. We adopt AeslgR003) formulation that
incorporates the impact of the manufactured goadcppitam as well ash in order to
reflect the demographic transition hypothesfs More specifically, real income and

fertility are negatively correlated, and mortalisy negatively correlated with improved

*2The hypothesis consists of four basic stagesP¢pulation has high birth and death rates that are
nearly equal leading to slow population growth) Dleath rate falls yet birth rate remains highdleg to
rapid population growth; (lll) Birth rate falls;\() Birth and death rates are both low and nearlyagq
stabilizing the population at a higher level thastage I.
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1
e

nutrition and infrastructure. The tenh)@,(l— jdepicts that as consumption of

harvested goochutrition) increases the birth rate increasestoup maximum oby. The

1 . .
term o represents the downward pressure on birth rate asumption of
e

manufactured good increases. The death rate tumdepicts that improved nutrition
reduces death rates via the tdrdp, while improved infrastructure reduces death ratas
the termhdom*.

Equation (10) represents the resource growth dyca@(S) represents a logistic
growth function ofS. 77 denotes the intrinsic growth rate, aBghx denote the carrying
capacity.

Equation (11) represents a standard economic apprdo model capital
accumulation. Capital accumulation is a basic comept in growth literature. In
ecological-economic modeling, incorporating capitatcumulation allows us to
investigate the role of substitutability betweennamaade capital and natural resources
for sustainability. The first term on the rightnidaside represents the amount of
manufactured good used for capital formatigns an exogenously given (for simplicity)
savings rate, and is the capital depreciation rate. Man-made chpitwumulation
depends indirectly on natural resource through ptaeluction of manufactured good.
Therefore, in our model, natural resources are -aaled “growth-essential” reource

(Groth, 2007).
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Finally, the transitional dynamics for the inpubstitutability is given by:

1 dx
)=—= _-1; =
p() 1+e—x(t) dt Z

p_rH-q 7>0. (12)

Variablex is a measure of knowledge or experience that ibanés to the innovation
process. >3 Equation (12) vyields an S-shaped curve for intioma as
knowledge/experience accumulates, as typically wese(Rogers, 1995). The equation
also embodies the premise that economic agent®ndsi price changes that reflect
relative resource scarcity (Loschel, 2002). Faorgdicity, we do not depict explicitly in
our model how innovation takes place; meanwhiles oan interpret that we implicitly
assume that innovation occurs as a side effectapital accumulation (Allow, 1962;
Romers, 1996; Castelnuovo et al., 2005). By inc@jog scarcity-driven ETC, our
model endogenizes the motivation for the depictednemy to better-utilize the
relatively scarce input. Hence the production fiomcfor manufactured good, the capital

accumulation rule, and the ETC rule together foraoae relationship.

2.3 System Dynamics

%3 A very simple formula is adopted here. Sincedtiera rich literature on this subject, the impact

different forms of innovation on sustainability siftbbe one of important topics for further research
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While the analyses of dynamic economic models témddepend on terminal
conditions of the system and focus on the steaaly,stan SD approach highlights the
transitional paths, that is, how the dynamics system change over time. Thanks to the
lack of requirement for analytic solutions, an Spp@ach facilitates the analysis of a
complex EES without making undue simplifications.

An SD approach takes two steps. First, we constncSD model of an EES
whose specifications of the feedback loops aredaseeconomic theory and scientific
causal relations. Second, we let the model retheatransitional paths of the variables,
by way of an adaptation (out-of-equilibrium) mecisam For our model, we employ a
simple hill-climbing method, an iterative algorith(®terman, 1980 and 2000). For
example, the manufacturing sector seeks to findofttenal combination of inputky,
Hy, andK to maximize profitj.e., to satisfy conditions (4), (5), and (6). Intarslard
equilibrium approach in economics, reduced-form lydia solutions represent the
optimal values. In using a hill-climbing methobdetsystem begins with an arbitrary set
of solutions. The system then repeatedly adomi®imental changes to the solutions to
find a better set of solutions. This process emtlen no further improvement can be
made to the solution set.

Two model descriptions can be helpful to gain @ktome picture of our model:
a causal loop diagram (CLD) and a description efrtftodel boundary. Figure 4.3 shows
CLDs for our extended model. The six boxes repredeee stock variables (population,

natural resource, and man-made capital) and threekets (harvested good,
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manufactured good, and labor). Thick arrows indicaitical interaction between man-
made capital and natural resource, throughMhmarket. An arrow tells the direction of
causality. For instance an increase in “populdt{@) results in a decrease in “food per
capita” ) as the “~" sign indicates. An increase in “foq#) results in an increase im
(“+” sign attached to the arrow). “R” means thhe tloop is a positive (reinforcing)

feedback loop, while “B” means that the loop isegative (balancing) feedback loop.
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Figure 4.3. Causal Loop Diagrams for the Extendedi®l Red texts and thick arrows indicate newly

added items.
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Table 4.1 documents the boundary of our model aladgifies endogenous
variables, exogenously-given parameters, and esdluariabless* The choice to
highlight specific excluded variables is somewhaijsctive. They are chosen for their
importance in view of EESs for developing economil®nrenewable resources are also
important, as most studies on the economics ofamadiility focus on nonrenewable
resourcesd.g, Hartwick, 1977). As energy inputs, societiesdtéo use less expensive
nonrenewable resources first, such as oil, and ¢istth to more expensive renewable
resources such as wind and solar when the margastlof the nonrenewable resource
begins to exceed that of the renewable resourceéste(iberg, 2011). Negative
externalities such as pollution may not be negl@ibFor example, a study by Asian
Development Bank showed that the costs associafdéd chmate change could be
equivalent to a loss of 6.7% of their combined grdemestic product (GDP) by 2100

(ADB, 2009).

Endogenous Exogenous Excluded |

> Some of the exogenous parameters in our modell tmimodeled as endogenous. For example, the
carrying capacity and the regeneration rate of rahttesources could be endogenous via innovation.
Adjustment times are often exogenously given inrB@els, but these could be endogenous as well. For
example, Kostyshyna (forthcoming) suggests an adaptep-size algorithm to allow a time-varying
learning speed (or a time-varying gain paramete) thange endogenously in response to changés in t
environment.
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Population
- Population ()

- Birth Rate b)

- Death Rated)
Natural Resource

- Resource stockyj

- Growth ofS(G)

- Harvesting ofS (Hy)
Harvesting

- Inventory ofH "

- Supply ofH (Hg)

- Demand foH (Hc + Hy)

- Price of goodH (pn)

Manufacturing
- Inventory ofM’

- Supply ofM (Mg)
- Demand foM (M)
- Price of goodM (py)
Labor
- Labor forH sector )
- Labor forM sector L)
- Wage ()
Man-M ade Capital
- Man-made capitalK)

- Rental pricen)
Household

- Total earning\ +r)
- Spending iy h + pym)

Population

Initial population (o)
Impact ofH andM on
population by, by, d;, dy)
Maximum fertility rate by)

Maximum mortality ratedp)
Natural Resource

Initial natural Resources()
Regeneration rate of natural
resource £)

Carrying capacity$na)
Harvesting

Efficiency parameterd)

Adjustment time fopy

M anufacturing
Adjustment time fopy

Efficiency parametery
Substitution parametep)
Weight parameter for H-K
compositey)

Distribution parameterf
Man-M ade Capital

Capital depreciation ratej)
Household

Consumer preference for goo

H®

Savings rated]

Non-renewable resources

Negative externalities of
production (pollution)
International relationships
(exports, imports,
immigration, emigration)
Unemployment

Table 4.1. Model Boundary

* After production, H and M are stored as invergsrbefore being sold.

International relationships may be most importaadtdrs excluded from our model.
When international relationships exist, as is thgecfor most developing economies, they
can use resources and new technologies from abaodd perhaps avoid collapse.
Unemployment is also a crucial issue in developgapnomies, but following the
standard treatment in growth literature, for simip}i factors that prevent our SD model
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from reaching full employment are outside the scofpeur model and are excluded. For
the purpose of replication, the full model will peovided upon request. The numerical
values adopted for our base model are availabéppendix B. Exogenous variables for
the baseline model are calibrated to generate avilghsuch that the population and the
natural resource are somewhat stabilized over tionbe consistent with our chosen
reference mode. Some values are adopted from Braa Taylor (1998) or Anderies

(2003). The stock and flow diagram for the fullaebis available in appendix C.
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2.4 Model Testing

In many cases, a full suite of model tests wouldpeeformed prior to actually
applying the model to find answers to the questiposed at the outset of a modeling
project. What is particularly unique about our SDdal is that structural assessment was
made based on economic theory, i.e., we assumeothramodel passes the structure
assessment tests because the basic structure ohddel follows standard economic
theory. We tested to verify that the integratidepssize was adequate. By conducting
the integration error test to verify that the nuicer integration parameters provide
sufficiently accurate simulation resuffs.

The baseline model run is shown in Figure 4.4 pufadion grows rapidly, then
declines and reaches a steady state value welleabm initial value. The natural
resource declines to nearly 60% of the carryingacap. The model’s behavior in Figure

4.4 is qualitatively similar consistent with ouroden reference mode.

% Euler integration is used for our simulation.

107



natural resourcei.g., decline in the natural resource stock).

Natural Resource S and Population L: Baseline

300
18,000

150
9,000

0 30 60 90 120 150 180 210 240 270 300
Time (Year)

Population L : Baselne—t+—t+—+—+—+—+—+—+—+—%+—+%
Natural Resource S : Baseline

Figure 4.4. Extended Model Population and Resources

Another standard test is sensitivity analysis. s& of preliminary sensitivity
analyses can also serve the role of model tesbtyghecking the model’s responses to
changes in certain variables. For example, a teum savings rate causes a decrease

in the man-made capital accumulation over time bhadce more intense use of the

regeneration rat@ stimulates its consumption and increases populatidn increase in
the positive effect of the consumption of the hated good on fertilityl{;) or a decrease
in the negative effect of the manufactured goaasaomption on fertility If;) results in a

faster population growth and enhanced overshootifigese results are all consistent

with the predicted responses of the model.
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3. Results

3.1 Sensitivity Analyses

For this paper we consider the sensitivity analysdse a primary result in addition to
serving as an important model validation tool. ety analysis can be used to
investigate possible transitional paths for EESseGthe complexity of such systems, it
is almost impossible for an SD model to take actofia complete set of information on
all possible future states. Nevertheless, poli@kens can learn from SD modeling and
analyses various transitional paths that highligb$sible ecological/economic changes
for society (Leach et al., 2018). Given past experiences, Folke et al. (2002) sstgge
“structured scenarios” as a tool to envision midtiglternative futures and the pathways
for making policies.

In this study, before providing the findings abdbe impact of endogenous
substitutability on sustainability, which is our mdocus of this paper, we discuss two
important topics: impacts of carrying capactye.x and the regeneration rate of a natural
resourcer on the system, and the effect of consumer preteren the system outcome.

The first section provides an interpretation alibet mechanism which improvements in

% Leach et al. (2010) points out that dynamics aochplexity have been ignored in conventional
policy approaches for development and sustaingbilihey relate this tendency to prevailing equilibn
thinking as we describe in this study.
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Snax and 7 have different impacts on the system. The seaamution sheds light on a
possible problem of a well-accepted modeling apgroan economics, that is, an
exogenous consumer preference. The third sectiows the impact of endogenous
substitutability in terms of sustainability. Theufth section provides a preliminary result
about the impact of endogenous substitutabititgombination withother technological

progresses.

3.2 Impacts of Smax and  on the System

As Nagase and Uehara (2011) point out, the BT-typelels with time-dependent
exogenous technological changesSix and 77 give interesting results, indicating the
need for further research to explain the logic behihe differences. While higher
resource regeneration ratgscan sustain larger population sizes, exponenti@avth of
carrying capacitySnax can lead to oscillations. Our SD model also gisiesilar results

as shown in Figures 4.5 and 4’63

" To make the difference explicit between with arithout technological progress, only one growth
rate was reported for each technological progr&sa.sensitivity analysis applying various growstes
was conducted and these tests show the similarpatqualitatively.

%8 Since growth rates were chosen simply to illustthe different behaviors, comparison of absolute
sizes ofSandL between the two different technological changeg have little meaning.
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20,000 800
15,000 600
10,000 M v
5,000 200
0 0
0 30 60 90 120 150 180 210 240 270 300
0 30 60 90 12Q 150 180 210 240 270 300 Time (Year)
Time (Year) . ) o
Natural Resource S : Exogenous Tech Change in-etat 4 4 4 4- 4- POPUIatpn L: Eonanous Tech Changes in eta
Natural Resource S : Baseline Population L : Baseline:

Figure 4.5. Impacts of Changes/jn
n with exogenous technological change = @°3%'(increasing resource regeneration rate; fixed
carrying capacity)

Natural Resource S Population L
20,000 800
15,000 600
10,000 400
5,000 200
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Time (Year) Time (Year)

Population L : Exogenous Tech Changes in Smax
Population L : Baseline

Natural Resource S : Exogenous Tech Change in Smax—+
Natural Resource S : Baseline:

Figure 4.6. Impacts of Changes ip.s
SmaxWith exogenous technological change = 12888 (increasing carrying capacity ; fixed resource
regeneration rate)

This is somewhat counterintuitive because the drdutctionG(S) is monotonically

increasing with respect t8,.x and 7 (i.e., %(;is) >Oanda(;7f7s) >0). However, their

difference becomes clear if we draw the growth eunAs shown Figure 4.7a and b,

while increases im push up the growth curve for all values of &% Snax remains

111



fixed. On the other hand, increasesSiax do not only push up the growth curve but also

expand the curve to the right.

300 - 200
150
:Z:. 100 N dSmax >0
50 +
0 i i Sm - Smax
0 3 ] 0 5000 10000 35000 20000
0 5000 10000°™ 15000 Natural Resource S
Natural Resource S
e G(S): Smax = 12000
——G(S): eta =0.04 =——G(S): eta =0.08 e G(S): Smax = 15000
Figure 4.7a. Impact of on G(S) Figure 4.7b. Impact af.90n G(S)

While dynamic behaviors in our model are resultsaiplex relationships among
positive and negative feedback loops, this diffeesim Syaxis the key for the oscillation.
The oscillation of a system with carrying capadis been well investigated in system
dynamics. Sterman (2000) points out the two camaktfor overshoot and/or oscillation
to occur: 1) the negative loops include some sicgmit delays, and/or 2) carrying
capacity is not fixed. Our model incorporates delay adaptations, and the simulation
with exogenous technological changesSp. Of course, changes carrying capacity.
When carrying capacity changes, a system tendseio for a new steady state consistent

with the new carrying capacity. With significanglays in the negative loopsg.¢, a
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downward pressure of population growth on availdbled intake in our model), the

system tends to oscillate, as shown in Fig.2.6.

3.3 Sensitivity to Consumer Preference

In our model, following standard economics a prfiee for harvested goagfl is
exogenously given.

Although any value between 0 and 1 is consistethh wconomic theory, a low
value forf causes the system to go straight to populationeiidn. Figure 8a shows the
results of sensitivity of to variousg, from 0.1 to 0.9 with an increment of 0.02( 5=
{0.10, 0.12, 0.14, ..., 0.90}). Fdr, higher values oB (i.e., stronger preference towards
goodH) causes the system to generate larger populatien tone, with more volatile
dynamics. Low values gf can cause the system to generate immediate dedirtbe
population, leading directly to extinction. In othgords, there is a threshold value ®f
below which population goes extinct. The thresha@hie of3is context dependenit€.,

it depends on the other parameter values and trdelnstructure). With our baseline

¥ The results are in line with the analytical expitaon for the original BT model by Brander and
Taylor (1998). They derive the condition for tleneergence to a steady state with oscillationsthad
monotonic convergence to the steady state. Whéhnedarger; leads to the system converging

monotonically, the larg&,.xleads to the system converging with oscillations.
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model, the threshold value gfis 0.26, below which. goes extinct, and as a result the

resource stock will return to its capacBy.x (Figure 4.8b) .

Baseline Baseline
50%  75% 95% il 1009 50%  75% 95% [l 1009
Population L Natural Resource S

800 20,000

600 15,000

10,000 \\—/—\

5,000 \-/ = x\ /_-

0 0
0 75 150 225 300 0 75 150 225 300

Time (Year) Time (Year)

400

200

Figure 4.8a. Sensitivity df to various8 Figure 8b. Sensitivity dbto variousf
The 50% region for value ¢# (0.3 to 0.7) is shown in yellow. The above figuiedso show the 75% region
(0.2 to 0.8), the 95% region (0.12 to 0.88), ared1B0 (0.1 to 0.9).

Population going directly to extinction indicatémt preferences are defined so that,
given the surrounding socio-economic circumstanagents in the system choose not to
consume enough harvested good (the dynamic consamyath ofh shifts downward as
L declines). In reality, such a scenario is ramfdgerved and hence is not of interest to
us.

We could avoid such a case by first finding theeshiold value of5 for each
numerical simulation. We could use a fixgdwhich is above the threshold or use a
specific utility function such as a Stone-Gearyetytility function (e.g., Anderies, 2000).

A constant preference for goods is a standard appron economics, and the effect
of varying preferences on an EES has not beentige¢sd. Stern (1997) points out that

neoclassical economists are very reticent to ds¢hs origin of preferences and that
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preferences are normally assumed to be unchangmgtime. Our sensitivity analysis,
however, highlights the potential significance tfdying the effect of varying consumer
preferences. The importance of endogenous prefesdor sustainability issues has been
argued in ecological economics (Common and Sta@fd)52 Georgescu-Roegen, 1950;
Stern, 1997), evolutionary economics (Gowdy, 200and institutional economics
(Hahnel and Albert, 1990; Hahnel, 2001). GowdyOQ@0argues that neoclassical
economics assumes that consumer choices are baisedlyon price signals but also on
other incentives such as individual’'s personaldmsttheir interaction with others, and
the social context of the individual choice. Theéhau calls the former theelf-regarding
preferenceand the latter thether-regarding preferencdf these factors change over
time, then preferences should reflect these changles author asserts further that
modeling the other-regarding behavior would be nreadistic for sustainability research.
Common and Stagl (2005) argue that to change mderis a normative requirement
from a sustainability perspective, including theadhat there could be an ethical basis
for changing preferences. While there have beerraéwiscussions on endogenous
preference, there is no standard way of modelirdpganous preference in economics

literature®°

0 One example of modeling endogenous preferencejsoped by Stern (1997). Using the symmetric
characteristics of production and consumption, happses the factor augmentation model using an
analogy to endogenously augmenting technologyaayction.
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3.4 Impact of Endogenous Substitutability Factor, p

As described in Section 2.2, the dynamic equatmnstibstitutability factorp
generates an s-shaped curve for the valye mfer knowledge accumulation (KA) index
X, varying from modest substitutability € -1, o= 0.5) to high substitutabilityo(= 0, o
~ 1) which would be the maximum substitutability legical economists would consider.
The point at whichp begins to shift rapidly upwards depends on endogen
technological change (ETC) which is driven by rgkatresource scarcity. Endogenous
here does not mean that the value is obtained $mme optimization but means that it is
determined in the system.

Figure 4.9 shows the results of an experiment tawéhat o is in fact being
endogenously influenced by the evolving state ef sgstem over time. The resource
regeneration rate, a parameter that, as we showed in the previocisose strongly
impactsS, L, and the production rates for thkgood and\V good, is first doubled and
then halved. With a higher, natural resource is more plentifpl; remains relatively low
for a long time, and there is less pressure tonld&igure 4.9, left plot, trace 3).
Consequentlyp remained low longer (Figure 4.9, right plot, tra®e before resource

depletion eventually stimulat@g, which increases KA indexandp.
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Change in Knowledge Accumulation Substitution parameter rho
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Change in Knowledge Accumulation : Halved eter Substtution parameter rho : Halved eta

Change in Knowledge Accumulation : Doubled etar Substitution parameter rho : Doubled etar

Figure 4.9. Test results to verify the logic thatlcolates o endogenously. Change in Knowledge
Accumulation over time is shown on the left, and i shown on the right. The traces in each sob-pl
reflect three values for the resource regeneratte baseline (3) in the middle, doubled (1) loard to
the right, and halved (2), higher and to the left
Once the endogeneity gfin our SD model is verified, we can compare thaleho

results with a fixegp and those with an endogenqgas Simulation outcomes of six key
variables, utility-per-capita (henceforth, UPC)pptationL, natural resource stock H
production,M production, and substitutability factprare shown in Figure 4.10, wigh=
-1, and endogenoug. A higher elasticity of substitution allows easi&actor
substitutions and a production could overcome deing returns to some degree. A
recent survey on a CES function and growth thegriKlomp et al. (2011) suggests that

in general the elasticity of substitution can beemgine of growth. Our model also

indicates that endogenopcontributes to largdr, H, M, and more use @& as shown in
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Figure 4.1¢' However, the UPC, which is one of the indiceswastainability (Pezzey,

1989), shows a barely discernible difference. Barehanging UPC is somewhat
counterintuitive since our population dynamics atee is not Malthusian but reflects the
demographic transition. Hence it is important tadg how the population dynamics

structure affects the UPC by using sensitivity gs@$ to population parameters.

%1 The impact of endogenous r for the case of weatamability, 0 <o < 1 (1 <g<w) is also tested

and the simulation shows the similar results.
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Figure 4.10. Impact of endogengasompared to fixeg for six key model outcomes. Traces show

endogenous (1), an€dl (2).
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We provide sensitivity analyses to investigate tvbethe barely changing UPC
between simulations with constant and endogemoissdue to the choice of population
parameters or if it indicates that the UPC is isgere to the choice of the population
parameters. Since utility is considered to beralinal number, we can only say whether
it is increasing, decreasing, or not changing.

Among the six population parameters, following Arids (2003), we provide
analyses of the sensitivity of birth rate to mawctideed good intakb,, and the sensitivity
of death rate to manufactured good intak®, which make our population model non-
Malthusian. In our model, increases Im, ceteris paribus lower population and
increases iml, ceteris paribuspush up population as would be expected.

The range of parameters for sensitivity analysisutd be reasonably wide to
provide a robust result. We adopt the same ranfgmrameters as Anderies (2003).
However, since his model is similar (a two-sectenawable resource dependent

economy with capital accumulation) but not iderticaour model, the meanings of the

2\Whereas Anderies (2003) fixes the other populgti@mmeters, we conduct preliminary sensitivity
analyses for the other four population parametg@gaplying halved and doubled each parameter.
Although thorough sensitivity analysis is recomneshdather than just double and half parameters, our
preliminary results indicate that difference in theC between simulations with constant and endageno
pis barely discernible for all the cases.
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size of parameters are not necessarily the $afellowing Anderies (2003)b, was
tested from O to 2, was tested from O to 3; and the combinatiot,0dndd, was also
tested.

Figure 4.11 shows the results. Results in thedlmidolumn show the UPC over
time for simulations with constaptand results in the right column show the UPC over
time for simulations with endogenows Comparing figures in each row, difference in
the UPC between simulations with constant and esdlmgso is barely discernable,
which indicates that the barely discernible differes in UPC are not likely to be due to

the parameter choice for population dynamics.

83 While Anderies (2003) chooses population pararsetsalytically, we cannot choose them in the
same way for our model because it cannot be sawatitically. This is a topic for further researaking
theoretical and/or empirical approaches.
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Figure 4.11. Sensitivity analyses to the choicébpfd,, andb, x d, on UPC between simulations with

constant and endogenogs
*Half of the simulations have generated a valuédinithe 50% region. For example, the figures mfitst
row show the simulation results by changmganging 0, 0.1, 0.2,, ..., 2. The 50% region isegated by

the half the simulations usiig = 0.6, 0.7, ..., 1.5. The 75% region is gener#tgdhe three quarters of

the simulations using b2 = 0.3, 0.4, ..., 1.8.

3.5 Impact of Technological Progress on Utility-per-Capita

As shown in the previous section, endogenously avipg substitutabilityo, ceteris

paribus may increas@, H, andL with a further use o§, but barely affect UPC. But,
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could a combination of the endogengyscombined with other aspects of technological
progress impact UPC? Fully incorporating otheretypf technological progress based
on recent literature on innovation is beyond owpss so the purpose of the following
experiments is merely to illustrafgossibleimpacts. Therefore, we apply a simple
exogenous technological progress without thorowgisisivity analysis.

Since our motivation is primarily to understand wimiluences UPCy, we first

consider how is calculated as a function HE, Mc, andL:

— HC MC — HC/? MC o
”(h’m)'{L’Lj‘(LMLj (13)

Since changes imtlc, Mc, andL can be positive, zero, or negative, there are

various combinations that could leaddio> O.

We experiment with the two primary types of teclugatal progress discussed in
the growth literature focused on natural resoumarcty €.9, Groth, 2007): 1) total
factor productivity forM (henceforth, TFP), and 2) resource-savingHgraugmenting
technological progress. The following simple forfnemogenous technological progress

is used to simulate each type technological pragres
E, = E, ot = & (14)
wherek is either TFP oHy-augmenting, and, _, and A« are, respectively, an initial

productivity (assumed to be 1), and the growth edfgeroductivity fork.
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Figure 4.12.a and b shows selected results. Thesetlaee points worth
highlighting. First, for both types of technolodigaogress, UPC could increase when the
technological progress is large enough, even vntitéd and constant substitutabilitg,
< 0, which is in line with growth literature (Stigl, 1974; Groth, 2007). Second, UPC
increases more when either type of exogenous témffical progress is combined with
endogenous substitutabiligg  Third, however, the “routes” by which the diiat types
of technological progress combine with endogenous order to contribute to a larger
UPC are quite different. With TFP, compared to ¢hee with constarn, endogenoup
raises UPC via darger Hc, Mc, and L, and withsmaller S. In other words, with
endogenoug and TFP, increases lic andMc are sufficiently larger than the increases
in L which causes UPC to increase, compared to the wikeconstanto and TFP*
With Hy-augmenting technological progress, however, endogep raises UPC via
smallerHc, Mc, andL, and withlarger S remaining. In other words, for the case with

endogenougp and Hy-augmenting technological progress, decreasdscimnd Mc are

6 We can compare the dynamics only qualitativelgaithe rate of growth is chosen arbitrary for TFP
and Hy-augmenting technology. The magnitude of the satedl differences between TFP ang-H
augmenting technology cannot be compared. For #gnitude of the differences to be meaningful, the

rate and/or structure of growth should be choseh avtheoretical and empirical basis.
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sufficiently smaller than the decreased.iwhich leads to higher UPC, compared to the
case with constamp and Hy-augmenting technological progress.

In sum, regarding technological progress and #ubability, while further
experimentation is warranted given the complexityth® model and our quite limited
experimentation, preliminary experimentation intésathat endogenous substitutability
coupled withHy-augmenting technological progress could be a aelsirstrategy from a
sustainability perspective because it appears toalile to improve UPS with less

consumption 06

% Further sensitivity was conducted and shows timélasi result. However, a more thorough

sensitivity analysis should be conducted to obdainbust result.
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Case 1: Total Factor Productivity: Constants. Endogenoug
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Figure 4.12.a. Impacts of Endogen@is combination with other technological progres<esse 1
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Case 2: I augmenting technology: Constamvs

. Endogenoup
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Figure 4.12.b. Impacts of Endogengaim combination with other technological progres<esse 2
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4. Discussion

In addition to implications for sustainable dey@teent in developing economies,
our simulation results provide two important cdmitions to the study of an EES. First,
we show that while both the regeneration rate ofatural resource; and carrying
capacity Snax have a positive impact on the growth of the natueaourceG(S), their
impacts on the system are quite different; the @arsustains larger populatidnwith
less oscillations and the latter creates osciltgtio The difference indicates that we
should focus on the better use of the existingnahtesources rather than expanding the
natural resource base if we want to avoid osaifegiofS andL. Second, the consumer
preference parameter value must be carefully ssletd keep the simulation outcomes
within the scope of our analytical interesg. to exclude the case of the population
heading directly to extinction despite abund&ntThe issue could be solved either using
an exogenous consumer preference chosen with gegat or endogenous consumer
preference. In view of system dynamics, an endogentreatment is highly
recommended. Even if an exogenous treatment dutemake the population go extinct,
it still means that consumers do not change thesfepence in response to changes in
their surrounding environment.

In terms of the implications for the sustainapilif developing economics, we
focus on the role of endogenous substitutabilitizjolv is the first such attempt, to the

best of our knowledge. Endogenous substitutability,comparison with a constant
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substitutability, could expand an economye. largerH, M, andL). However, its
contribution to sustainability is questionable. stinability is a subjective concept
(Derissen et al., 2011), and there are variousniiefns. In view of ecological
economics, utility and natural capital may be afipgale.g., Pezzey, 1989; Pezzey and
Toman, 2005). Our results indicate that endogersubsstitutability,ceteris paribus
reduces the natural resource stdglkand barely changes UPC. Larger useSois
somewhat counterintuitive because higher subshilitiagives us more flexibility in the
choice of inputs between the harvdsdf;, and the man-made capit&l, Our model is
however designed such that formidgs based oMM which requiredHy which is taken
from S Therefore even if we get more flexibility thanks higher substitutability
between K andK, we still requireS. In addition, our model assumes that agents are
myopic and no institutional designs or propertyhtggwhich promote the conservation of
natural resource are incorporated. However, oalirpinary simulation results indicate
that endogenous substitutability could contribute increases in UPC when it is
associated with other technological progress. Heurtthere could exist several paths to
increases in UPC. With total factor productivityy raising UPC endogenous
substitutability could expand an economy to a @gmedegree and uses moreSbn the
one hand. With another approach,y-Bugmenting technology, endogenous
substitutability could expand an economy to a leslegree and sav@ while raising
UPC. Since the simulation was simple, a thoroughsgivity analysis was not

conducted, further investigation is warranted. ldoer, based on our results, we could at
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least corroborate the importance of focused investsn to promote induced

technological changes (ITC) for sustainable dewelept as Jackson (2008pims®®

5. Conclusion

We built and analyzed a dynamic ecological ecogomodel that incorporates
innovation regarding input substitutability. Theeuof the system dynamics method
allows us to depart from conventional equilibriufmnking and conduct an out-of-
equilibrium analysis. Our results indicate that emdogenous substitutability could,
ceteris paribusexpand an economy but could do so in a lessisabla fashion (i.e.,
larger H, M, L with more use ofS. However, it could be possible for endogenous
substitutability to contribute to sustainabilitih combination with some other
technological progress, which promotes focusedstments to promote facilitate types

of technological progressi.€., Induced technological changes). In addition to

% Jackson (2009) provides a detailed discussiontalarious types of investment. He argues two
aspects of investment; thergetfor investment€.g, energy efficiency and renewable supply) and the
conditionof investment (commercial rate of return, quasnowercial rate of return, and social rate of
return). Given the fact that investments havebeetn made effectively, the author claims the ingrare
of ITC which promotes the right mix of investmeniBhe author also claims the importance of develgpi
ecological macro-economic models which incorpotigesinvestments properly to study a sustained

economy.
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investigating the impact of an endogenous subability, we also provided insights into
the different impacts of innovation regarding tlegeneration rate of a natural resource
and carrying capacity.

Our model was parameterized so as to create afispeeinavior that is consistent
with our chosen reference mode. However, thered#dferent model structures and
parameterizations which could create similar betravirherefore, further research using
different model structures and parameterizationsighly recommended to improve
understanding of the behavior of an EES. Our madels one variation to the existing
study of an EES. We do not claim that our modelad¢serve as a panacea that could be
applied to any EES (cf., Ostrom, 2007; Anderieslet2007).

As Nagase and Uehara (2011) suggest, one of tiéaadl topics to be further
investigated is property rights and institutionasidns, whose importance is well
supported both empirically and theoretically (e@strom, 1990). Our model assumes

open access.
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Chapter 5: Synthesis and Conclusion

My dissertation developed and analyzed ecologicahemic models to study the
complex behavior of an EES in order to find cormtii and measures that can sustain a
developing economy over a long term in view of lreste and sustainability. As a
partial fulfillment of the requirement for the degrof Ph.D. in Systems Science, | took a
systems approach, using the system dynamics methdddrawing from economics
theory. Because of the essential complexity oE&S, taking the systems approach, |
have shown results that could not have been imgetstl if | had taken only system
dynamics or economics.

My dissertation is comprised of three interwovetickes: the first article provided
a comprehensive analysis of the BT-type modeldi¢d directions of further research to
get better understanding of an EES to realize tasesl economy; the second article
built and analyzed an extended BT model with fosuse resilience and two types of
threshold i(e., ecological threshold and ecological economic tho&d); the third article
built and analyzed another extended BT model witocais on the sustainability of an
EES, especially investigating the role of an endogs innovation regarding input
substitutability.

The first article provides a comprehensive analg$§iBrander and Taylor's (1998)
model and its descendants from the following pesSpes: population growth,

substitutability, innovation, capital accumulatiopyoperty rights and institutional
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designs, and modeling approach. This review aintoidribute to a better understanding
of population and resource dynamics models in geraard facilitate further application
of the model framework to relevant circumstancegné¢, this article provides a
foundation for the modeling and analysis in theoselcand the third articles. The main
claims are as follows. Although often treated asgenous in optimal growth models,
making population growth an endogenous functioavedl us to analyze broader effects
of economic activities on population. The issuesudfstitutability, innovation and capital
accumulation are intertwined; allowing a model t@ss the effect of an endogenous
technological change on substitutability betweeturs and man-made capital facilitates
our analyses of sustainability issues. To addraeggrnalizing inter-generational
externalities in resource use, incorporating changeproperty rights and institutional
designs to this type of model is a useful exerdisg,careful attention is needed for the
consistency between such an arrangement and theematical representation of the
depicted economy. Finally, although the commoniaisitn regarding convenient
mathematical assumptions applies to the existingtyp€ models, the use of computer
simulation can relax such assumptions, to bettpresent the intended relationships
between the relevant variables.

The second article investigates ecological thrieslamd ecological economic
threshold by developing an ecological economic rhoale extension of the BT model.
Hence the focus of this article is resilience of EHBS rather than sustainability. The

model reflects three important issues concerning E&S: system boundary, non-
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convexity, and adaptation. The main findings ajeecological and ecological economic
threshold may not be identical, b) ecological eeonmothreshold is highly context

dependent and dynamic, which suggests the precanyigrinciple, ¢) market response
to an external shock may be insufficient to mamtaesiliency, d) it may be possible to
restore an EES even after passing ecological econibmeshold, e€) various transitional
paths could be possible to restore the system,f)aathptation may affect resilience in a
non-negligible way, which suggests the importancbetter information and education.
Because of the complexity of the model, the systiynmamics approach is used to
develop and analyze the model.

The third article implements some of the suggestimade by the first article
except for property rights and institutional desigm@An ecological economic model that
incorporates endogenous innovation regarding ispbstitutability is built and analyzed
in order to elicit implications for sustainability developing economies. The use of the
SD method allows us to depart from conventionalilgayium thinking and conduct an
out-of-equilibrium (adaptation) analysis. Simulatiesults show that while improvement
in input substitutability would expand an econortlye improvementgceteris paribus
may not contribute to sustainable development.colild, however, be possible that
improvement in input substitutability in combinatiovith other technological progress
could contribute to sustainable development, wlsighgests the importance of focused
investments to stimulate particular types of tedbgical progress. In addition, a

possible problem related to exogenous consumeenameée (which is often assumed in
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standard economics) is identified. Finally the sgstimpact of improvements in natural
resource regeneration rate and the carrying capa@tanalyzed and reported.

In addition to findings about conditions and measuor a developing economy
to sustain its economy in terms of resilience amstainability, my dissertation is also an
attempt to take a systems approach with econonsctha foundation for the basic
structure of an ecological economic model and SB asethod to build and analyze such
complex ecological economic models. They compldneath other and most of the
findings in my dissertation could not have beennfbif | had taken only an economic
approach or a SD approach. There are three catitits of the system dynamics
method to the study of an EES: computer simulatioodel description, and the SD way
of thinking.

As the first article points out, a method whiclakeles us to analyze models that
cannot be solved analytically can help obtain ferthnderstanding of a complex system.
For example, ecological economic threshold whiclangfes dynamically needs a
computer simulation to calculate its changes owmet The model in the third article
cannot be solved analytically, but using the SDhodtwe can easily analyze such
complex models. This method does not require aicabolutions. A hill-climbing
method allows us to analyze out-of-equilibrium bebea of the system. Sensitivity
analysis helps check the robustness of findingshasvn for the impact of endogenous

innovation regarding input substitutability.
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The SD method offers various techniques to ponjous aspects of a complex
model. Since the model involves many equations iatefdependencies, it is hard to
grasp the whole picture of the model by studying #guations themselves. Instead,
causal loop diagrams, a model boundary table, émck sand flow diagrams, each of
which sheds light on the different aspects of treeleh, were used to describe the model
in the third article.

SD is not just a technical tool for computationt blso offers a particular way of
thinking. For example, the issue with consumefgrence was found because the focus
of SD on transitional paths, endogeneity, and segitgi analysis. In the growth
literature, the main focus is on the conditionstfue steady state: with what conditions,
could an economy sustain its growth indefinitelyherefore, the steady state analysis
argues for finding the optimal conditions that ebaltain, for example, the maximum
consumption per capita forever rather than seetangveal possible transition paths we

might be encountered depending on changes in @éie st an EES.
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Appendix A: Stock and Flow Diagrams

The Stock and Flow Diagram for the model without Adaptation
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The Stock and Flow Diagram with Adaptation
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Appendix B: Values of exogenous variables for the baseline

model

Exogenous variables for the baseline model arebreaid to generate a behavior such that the
population and the natural resource are somewhhbiliged over time as observed in tBdo era in Japan
(Figure 2). Some values are adopted from Brander Baylor (1998) or Anderies (2003). Natural
Resource S and Population L are considered to ldax rather than some actual unit. While popaitat
parameters are adopted from Anderies (2003), hideirie not identical to our model so that the megsi
of them are not necessarily the same. Howeveh, thigse parameters, population growth with our lbeese
model ranges from —0.68% to 2.56% which is notdgjaally unrealistic.

Parameter Value Reference

Population
Initial population {,) 40 Brander and Taylor
Maximum fertility rate bo) 0.1 Ander?es
Maximum mortality ratedp) 01'2 223::::
Sensitivity of birth rate to resource good intakg ( 1 Varies as in Anderies
Sensitivity of birth rate to manufactured good katgb,)
Sensitivity of death rate to resource good intakg ( 5 Anderies
Sensitivity of death rate to manufactured goodkiat@,) 1 Varies as in Anderies
Natural Resource
Initial natural Resources)
Regeneration rate of natural resourgg ( 151820 Sranger ang _Tray:or

. : . rander and Taylor
ﬁz:r\y;gmcapacny?qm) 12,000 Brander and Tazlor
Efficiency parameterd) 0.00015 i
Adjustment time fopy 2 .
M anufacturing
Adjustment time fopy 2 -
Efficiency parametery 1 -
Substitution parametep) -1 -
Weight parameter for H-K composit® ( 0.5 )
Distribution parameterj 0.5 i
M an-M ade Capital 01 )
Capital depreciation rate)
Household
Consumer preference for gobi(5) 0.4 Brander and Taylor
Savings rated] 0.2 -
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Appendix C: Stock and Flow Diagram
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