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Abstract

We survey thoserecent devel opmentsin environmental and resource economicsthat have been prompted by a
puzzling cultural phenomenon, where one group (usually natural scientists) seesin humanity’ scurrent use of
Nature' sservicessymptomsof adeep ma ai se, evenwhileanother group (usualy economists) documentsthefact
that peopletoday are on average better off in many waysthan they had ever been (so why thegloom?). The
devel opments surveyed herereconcile some of the claimsand counter claims, by showing that the protagonists
havefrequently talked past one another. We show that some of the disagreementswould bebluntedif (i) usewere
madeof acomprehensve measureof wedthtojudgethe performance of economiesand (i) possibleirreversbilities
in ecological damageswere commonly acknowledged. Regiona estimates of changesinwealth per capitaare
reported. Implicationsaredrawn for the persistence of rural poverty intheworld’ spoorest regions, even asthey
experienceaggregategrowthin GNP,
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Environmental and Resour ce Economics. Some Recent Developments

Partha Dasguptaand Karl-Goéran M aler

1. The Evolving Agenda

If you wereto browse among leading journasin environmenta and resource economics, you would discover that
arecurrent activity inthefield hasbeen to deviseways of valuing the constituents of Nature (Freeman 111, 1993).
A question that would occur to youis, why?Why should there be aspecia need to determinetheworth of Earth's
variousresources? Why not rely on market prices?

Theanswer isthat for many natura resources marketsssmply do not exist. In some casesthey don't exist because
the costs of negotiation and monitoring are too high, two broad categories being economic activitiesthat are
affected by ecological pathwaysinvolving long geographica distances(e.g., the effectsof upstream deforestation
on downstream activities many miles away) and those involving large temporal distances (e.g., the effect of
carbon emission on climate, in aworld where forward markets don’t exist, because future generations are not
present today to negotiate with us). Then there are natural assets (the atmosphere, agquifers, the open seas) for
whichthe nature of the physical system (the migratory nature of the componentsof the assets) issuch asto make
it very difficult to define, let aloneto enforce, property rights; afact that keeps marketsfor such assetsfrom
existing. Ill-specified or unprotected property rights can a so prevent marketsfrom being formed (asisthe case
frequently with mangrovesand cord reefs), while non-convexitiesin transformeation possibilitiesamong ecologica
goods and serviceswould make marketsfunction wrongly evenif they wereto form. In short, marketson their
own aren’t an adequate set of ingtitutionsfor our relationshipswith Nature.

1.1 Institutional Externalities

We call those effects of human activitiesthat occur without mutua agreement, exter nalities. Understandably, the
study of externalitieshasgresatly influenced the devel opment of environmental and resource economics. Meade
(1973), Méler (1974), Baumol and Oates (1975), and Sandmo (2000) are book length accounts. However,
theseauthorshave shown that externditiesare* epi-phenomend’ : they arenot thered thing, but only manifestations
of thered thing. Despitethiscommonly acknowledged indght, it isnot uncommon to betold today that environmentd
and resource economicsinvolves not much more than astudy of externdities; whichisrather likebeing told that
the economicsof asymmetric information involvesnot much morethan astudy of externdities. Infact, neither isto
betold much. Interest in either subject ariseswhen we ask why there are externalities and what formsthey are
likely to assumein various circumstances.

Itisuseful to classify externalitiesinto two broad categories. unidirectional and reciprocal (Dasgupta, 1982).
Damageinflicted by upstream deforestation on downstream farmerswithout compensation (Hodgson and Dixon,
1992), theacid rainsthat areinflicted on aregion by another that isupwind (Mder and de Zeeuw, 1998), and the
spread of contagious diseases from infected to susceptible humans (Anderson and May, 1991; Ferguson et al .,
1997) are exampl es of the former; while the famous*“tragedy of the commons’ (Hardin, 1968) has becomea
metaphor for thelatter. Excessive emissionsinto the atmaosphere of carbon dioxide and the nitrogen oxidesfrom
industria activity and modern transportation are examples of thetragedy; asisthereduced capacity for nitrogen
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fixation owing to changing land use (Steffen et al ., 2004). Other instances where the tragedy occursinclude
unregulated fishing and groundwater withdrawa when thereisfree accesstothem.!

Economigshavetraditionaly viewed externdities as symptoms of market failure. In consequence, optimal public
insrumentsfor the preservation of amenities, the control of pollution, and the extraction of natural resourcesinthe
face of market failure have been the broad subjectsof enquiry in environmenta and resource economics. Severd
previous surveys of the subject have reflected those preoccupations admirably (Fisher and Peterson, 1976,
Cropper and Oates, 1992, Copeland and Taylor, 2004, on environmentd pollution; and Brown, 2000, on renewable
resources).

It has been appreciated for along time, though, that non-market institutions (e.g., communities) frequently
emergein situationswhere markets either do not function well, or, in the extreme, do not exist. It hasalsolong
been appreciated that markets would not be able to operate extensively in the absence of awell-functioning
State. But just asmarketscan mafunction, so can non-market inditutions (including the State!) fater. Animplication
of theway we have defined externditieshereisthat they reflect ingtitutional failure. Onemay say that environmentd
and resource problems are often symptoms of institutional failure, of which market failureisbut one class of
examples.

1.2 A Questionand A Puzzle

With thisbackground understanding, aquestion arises: In view of our dependence on the environment and natura
resources, iscontemporary economic development sustainable?

Thereisaremarkabledivergence of opinion on thequestion, ranging from astraightforward “yes’ toaflat “no”.
Thereisasotheopinion that the question mideads, inthat it is S0 aggregative asto suggest that environmenta and
(naturd) resource conflictsareto befound only between“us’ and asequence of future®thems’; wheress, or so
itisargued, large pockets of extreme poverty residing in what isotherwise anincreasingly affluent world ensure
that there are such conflicts even among contemporaries.

Theenvironmental and resource problemsfacing asociety areafunction of itsdemand for goods and services.
Population size contributes to that demand, but the average demand per person contributesto it too. Some
people have argued that per capita consumption in industrialized nations have reached levelsthat are socidly
very codtly and irrespong ble, while othershave claimed that high per capita consumptionisessentia if prosperity
thereisto be maintained and if poor countriesareto prosper.

Underlying theseintellectud tendonsarethe conflicting intuitionsthat havearisen from different empirica pergpectives
on whether the character of contemporary economic development, bothin the poor world and in industrialized
countries, issustainable.? On the one hand, if we look at specific resources and services (fresh water, awide
variety of ecosystem services, and the atmosphere asacarbon sink), thereis convincing evidencethat continued
growthintheratesat which they are utilized isunsustainable (Vitousek et al ., 1986, 1997; Postel et al., 1996;

Gordon (1954) wasthe first to analyse the implications of open accessfor aresource base. Scott (1955) isan original study
on the effects of open access on fisheries, and Milliman (1956) is another on the effects on groundwater. For over four
decades, the Prisoners’ Dilemma game has been used by economiststo show that aresource would be over-used under open
access, but it was Hardin (1968) who popul arised it by means of hisadmirable metaphor.

For agood illustration of the conflicting intuitions, see the debate between Norman Myersand thelate Julian Simonin Myers
and Simon (1994).
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Balin, 2003; Steffenet al., 2004). For example, Vitousek et al. (1986) estimated that something like 40 percent
of the net energy created by terrestria photosynthesis(i.e., net primary production of the biosphere) iscurrently
being appropriated for human use. Thisisof coursearough-and-ready figure; moreover, net terrestria primary
productionisn’t given and fixed: it dependsin part on human activity. Neverthel ess, the estimate does put the
scale of the human presence on Earth in perspective. The figures also give us an idea of the unprecedented
perturbation to the natural environment that has been created by human activity in ashort space of time.®

Onthe other hand, if we study historical trendsin the prices of marketed resources (e.g., mineralsand ores), or
therecorded growthin the conventionaly measured indices of economic progress(such asgrossnationa product
(GNP) per head) in those countriesthat are today rich, environmenta and resource scarcitieswould not appear
yet to have bitten (Barnett and Morse, 1963; Simon, 1990; Johnson, 2000). World GNP per capita hasgrown
three-fold (to over 5,000 USdollars) sincethe end of the Second World War; humanson averagelive some 20
yearslonger; and we arefar better educated.

The new developmentsin environmenta and resource economicswe survey in this paper were aresponseto
these conflicting intuitions. One of the achievements of that programme of research has been to establish that that
particular disagreement can beresolved by abandoning indices of economic welfarethat cover just theshort run,
such as GNP per head and the United Nations' Human Devel opment Index (HDI)#, and by adopting instead an
inclusive measure of wealth (Sections 6-8). GNP per head (or, for that matter, HDI) can increase during an
extended period, even whileweal th per head declines. Studying trendsin GNP per head, or HDI, can bemideading
in regard to the economic prospectsthat may lie ahead. They could also mislead if wewereto assessthe past
economic performances of nationssolely intheir terms (Section 6).

1.3 Resources and Pollutants

Natural resourcesare of direct usein consumption (fisheries), of indirect use asinputsin production (oil and
natura gas), and of usein both (air and water). It may bethat the vaue of aresourceisderived fromitsusefulness
(asasourceof food, or asessentia actorsin enabling ecosystemsto provide services- e.g., askeystone species),
it may bethat thevaueisaesthetic (places of scenic beauty), or it may bethat itisintrinsic (primates, bluewhaes).
Infact, thevalue may involveal three considerations (biodiversity). Theworth of aresource could befromthe
vaueof what isextracted fromit (timber), or fromitspresenceasastock (forest cover), or from both (watersheds).
Interpreting natural resourcesin abroad way, aswe are doing here, enablesusto include on our list those assets
that providethe many and varied ecosystemn services upon which lifeisbased. Those servicesinclude maintaining
ageneticlibrary, preserving and regenerating soil, fixing nitrogen and carbon, recycling nutrients, controlling
floods, filtering pollutants, ass milating waste, pollinating crops, operating the hydrologica cycle, and maintaining
the gaseous composition of the atmosphere. A number haveagloba reach, but many arelocal. Nature' sservices
arenot only of direct valueto us, they offer indirect benefitstoo: amultitude support and promote the natural
resource base on which our economic activitiesare founded. Thus, for example, mangroveforestsarenot only
sourcesof timber, but area so nursariesfor wide varieties of fish populations. Moreover, they protect coastlines
from storms, provide nutrientsfor aguatic life, and assimilate organic wastes that human popul ationsdeposit into
thesea. (Naylor and Drew, 1998, show how one can dicit information concerning the value of amangroveforest
to those who are dependent onit.)

3

Thiswasthetheme of aspecial symposium inScience, 1997, Vol. 277 (see especialy the article by Vitousek et al.). Seeaso
McNeill (2000) for global statistics on changesin the magnitude of the perturbationsthat were madeto the natural environment
during the 20th century.

HDI isasuitably normalised, linear combination of GNP per head, life expectancy at birth, and literacy (UNDP, 1990).
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Ecosystems have close smilaritieswith the interdependent economic systemsthat we economists study inthe
gpeciad circumstancesof agenerd equilibrium: individual actors (whether organic or inorganic) interact with one
another and generate ecosystem services(Mder, 1974). Thoseinteractionsin themaininvolvenon-linear dynamic
processes. |n Section 5weillugtrate by meansof asmple modd how such dynamic processes determine economic
possibilities. Ehrlichet al. (1977), Daily (1997), Ehrlich and Ehrlich (1997), Levin (1999, 2001), Presset al.
(2001), Gunderson and Halling (2002), and Steffen et al. (2004) contain extensive, authoritative accounts of the
processesthat yield Nature' sservices.

Pollutants arethe reverse of natural resources. In some casesthe emission of pollutantsamountsdirectly toa
degradation of ecosystemns (theeffect of acid rainsonforests); while, in others, it meansareductionin environmenta
quaity (deterioration of water quaity), which aso amountsto degradation of ecosystems (watersheds). Therefore,
for analytical purposes, thereisno reason to distinguish resource economicsfrom environmental economics, or
resource management problemsfrom environmental management problems. Roughly speaking, “resources’ are
“goods’ (in many Stuationsthey arethe sinksinto which pollutantsare discharged), while* pollutants’ (the degrader
of resources) are“bads’. If, over an extended period of time, the discharge of pollutantsinto an environmental
sink exceedsthe latter’ sassimilative capacity, the sink isdestroyed (Section 5). Pollution isthusthe reverse of
consarvation.® Inwhat follows, the terms natural resources and the environment are used interchangebly.

1.4 Rural Poverty and the L ocal Resour ce Base

Theabove, expandvereading of thetraditiona termsexter nalities, resources, and environment hasbeeninvoked
by afew economistsin recent yearsto extend the reach of environmental and resource economicsby investigating
the numerousrolesNature playsinthelivesof rura peopleintheworld spoorest countries. Thishasled tothe
study of institutionsthat were created by the rural peopleto manage natural resources. (Thefocusonrural, as
opposed to urban, poverty isunderstandable: some 60-70 percent of peopleintheworld’ spoorest countrieslive
inrural aress.) In studying Nature srolesinrural lifeand therural institutionsthat have emerged to better meet
thoseroles, investigators have drawn attention tolocal resource bases, which comprise such assetsas pondsand
streams, water holesand aquifers, swidden fallowsand threshing grounds, woodlands and forests, grazing lands
and villagetanks, and fisheriesand wetlands. They arefor the most part common property and are frequently
managed by communitarianinstitutions. Attempts have been madeto uncover the pathways by which poverty
and reproductive behaviour among rural peopleislinked to the state of their local resource base (Dasgupta,
1982, 1993, 20033, 2004, Dasguptaand Mder, 1991, 1995). Although the economics of development and
environmental and resource economics havetraditionaly remained silent about each other (see, for example, the
survey articles by Stern, 1989, on development economics; and by Cropper and Oates, 1992, and Brown,
2000, on environmental and resource economics, respectively), they areinfact closely related. You would not
obtain aclear pictureof rural lifeintheworld spoorest regionsif you wereto neglect thedirect rolethelocal
resource base playsthere. And you would be unableto track the evolution of local resource basesintheworld's
poorest regionsif you were to neglect the needs of the poor and thelocal ingtitutionsthey managed to createin
order to copewith those needs. We economists should not have expected mattersto have been otherwise.

The study of local economies has drawn attention to the fact that, what countsin the ecology of rural lifeare
populations of species. “ gpecies’ per seistoo broad acategory. Thus, whenwetlands, inland and coastd fisheries,
woodlands, forests, pondsand |akes, and grazing fiel dsare damaged (owing, say, to agricultural encroachment,

Dasgupta (1982) developsthe perspectivein greater detail. See Heal (2000) for an application of the viewpoint to awatershed
management problem in the Catskill Mountainsin the state of New Yark.
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or urban extensions, or the construction of large dams, or organizationa failure at thevillageleve, or resource
usurpation by the State), traditional dwellerssuffer. For them - and they areamong the poorest in society - there
arefrequently no aternative source of livelihood, nor ismigration usually an option. In contrast, for rich eco-
touristsor importersof primary products, thereis something el se, often somewhere el se, which meansthat there
aredternatives. Whether there are substitutesfor aparticular resourceistherefore not only amatter concerning
technology and consumer preferences: the poor suffer from alack of substitution possibilitiesin waystherich
don’t.® Even the range between aneed and aluxury is context-ridden. For these reasons environmental and
resource economics needs not only to beinclusiveinitsrecognition of what constitutesa capital asset, it needs
asotobesengtivetoindividua andlocationd differences. A pondinonevillageisadifferent asset from apond
inanother village, in part because their ecologica characteristicsdiffer, but in part al so because the communities
making use of them face different economic circumstances. In practice, of course, such refined distinctions may
not be realizable in national income accounts; but it is aways salutary to be reminded that macroeconomic
reasoning glosses over the heterogeneity of Earth’sresources and the diverse usesto which they are put - by
peopleresiding at the site and by those el sewhere. Nationa income accountsreflect that reasoning by failing to
record awidearray of our transactionswith Nature.

1.5 Nature's Non-Convexities and Policy Failure

Earlier, wetraced environmenta and resource problemsto ingtitutiond failure. But they can ariseaso frompolicy
failure.

The catalogue of policy failuresround theworld that hasbeen compiled over theyearsislong and varied. Some
arereflectionsof corruption, vested interests, or sheer ineptitude; but there are examplesof policy failurethat can
beinterpreted asbeing inadvertent. For example, in an andysisof deforestation in the Brazilian Amazon, Alston
et al. (1999) have argued that accelerated deforestation, followed by violent conflicts between landownersand
sguatters, has occurred because of legal incons stencies between the civil law, which supportsthetitle held by
landowners, and the congtitutional law, which supportstheright of squattersto claim land not in“beneficia use’
(e.g., farming or ranching). Ironicaly, thelatter right reflectsthe government’ sstated desirefor land reform. The
authors have shown that the vagueness of the* use” -criteriaand the uncertainty asto when aland owner’sclaim
to apiece of land or asguatter’ scounter claimtoit isenforced aretogether an explosiveforce.’

The politica economy underlying policy failure hasbeen much studied by economids, internationd agencies, and
non-governmenta organizations. By way of offering acontrast, wefocushere on policy faluresarisng fromthe
gpplication of incorrect modelsof ecosystems. Theoretica studieson the optimum extraction of renewableresources
and thepoliciesthat flow from them frequently assumethat transformation possibilitiesamong goods and services
condtitute convex sets. Convexity isamathematically convenient assumption.® However, alarge body of empirical

For empirical confirmation of the links between resource degradation and the persistence of poverty, see Agarwal (1986),

Cleaver and Schreiber (1994), Baland and Platteau (1997), Barbier (1997, 1999), Chopraand Gulati (1998), Aggarwal et al.

(2001), Campbell et al. (2001), and Jodha (2001), among many others.

In awider discussion of the conversion of forestsinto ranches in the Amazon basin, Schneider (1995) has shown that the
construction of roads through the forests has also been a potent force. Other examples of policy-induced environmental

deterioration are the massive agricultural subsidiesin the European Union. These are known to have encouraged agricultural

practices harmful to aguatic ecosystems.

For completeness, hereisthe definition of convexity of a set:

A commodity vector, say z, isaconvex combination of commodity vectorsx andy if zisaweighted average of x andy, where
the weights are non-negative and sum to unity (that is,z =ax + (1-a)y for somea e [0,1]). A set of commaodity vectorsissaid
to be convex if every convex combination of every pair of commodity vectorsinthe setisinthe set. A setisnon-convexif it
is not convex.
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studies by earth scientists has reved ed that the pathways by which the constituents of ecosystemsinteract with
oneanother and with the external environment frequently involve positive feedback. (See Steffenet al., 2004, for
anilluminating set of sudies.) Thefindingsimply that the transformation poss bilitiesamong environmental goods
and services, taken together, congtitute non-convex sets. Nature'snon-convexitiesarein many cases o sgnificant,
that to assume convexity there, even as an approximation, would be misleading (Section 5). For thisreason,
mathematica ecologists have sudied the structura stability of ecosystems and the sizesand shapesof their basins
of atraction for given setsof environmenta parameters(May, 1977; Murray, 1993). Such notionsastheresilience
of ecosystemsto withstand perturbationswithout siginificant changesin their character are expressionsof this
researchinterest (Perringset al., 1995; Levinet al ., 1998; Gunderson and Holling, 2002).°

Although non-convexitiesare prevaent in global ecosystems (ocean circulation, global climate), itisaswell to
emphasisethe spatial character of many positive feedback processes. Thelatter have adirect bearingonrural
peopleintheworld' spoorest regions. Eutrophication of ponds, salinization of soil, and biodiversity lossinaforest
patchinvolvecrossng ecologicd thresholdsat agpatialy locaised leve . Smilarly, the metabolic pathways between
anindividuad’ snutritional statusand hisor her capacity to work, and those between aperson’ snutritional and
disease status involve positive feedback.’? Unfortunately, even applied studies frequently adopt linear
approximationsfor model ling interrel ationshipsinvol ving non-convexities. Dose-response relationships between
pollutants and their effects on human functionings are often taken to belinear, asare additiona food and health-
care requirementsto combat widespread malnutrition (World Bank, 1993; UNDP, 2003).

Therearefurther linksbetween poverty and the non-convexitiesthat peopleface. For the poor, to crossecologica
threshol ds can mean the forecl osure of substitution possibilitiesamong resources, meaning that their range of
optionsisnon-convex. Studies of extreme poverty based on aggregation at theregional or national level can
thereforemidead greatly.™* The spatia confinement of many of the non-convexitiesinherent in Human-Nature
interactions needsawaysto bekept in mind.

1.6 Institutions and Non-Convexities

The market mechanismisespecialy problematic in those Situationswhere ecol ogical pathwaysreflect sgnificant
non-convexities. It may proveimpossi bleto decentralise an efficient all ocation of resourcesby meansexclusvely
of prices. Efficient mechanismswouldinvolve additiond socid contrivances, such as(Pigovian) taxesand subgdies,
quantity controls, social normsof behaviour, and so forth. Baumol and Bradford (1972) and Starrett (1972)
observed that non-convexitiesare preva ent when lossestraceabl eto environmenta pollution arebounded. Starrett
(1972) demonstrated that in the presence of such non-convexities, acompetitive equilibrium ssimply does not
exist: marketsfor pollution would be unableto equate demandsto supplies. If the market pricefor pollution were
negative(i.e., the pollutor hasto pay the pollutee), pollutees demand would be unbounded, while supply would
be bounded. On the other hand, if the price were non-negative, demand would be zero, while supply, presumably,
would be positive.?

° Dasguptaand Mder (2004) isacollection of technical articles on the economics of non-convex ecosystems.

See Dasgupta (1993) for the rel ationship between nutritional status and human productivity, and for evidence on synergies
between nutritional and disease status. An extensive set of references to the primary literature on these topics is aso
provided there.

Seetheinterchange between D. Gale Johnson (2001) and Dasgupta (2001b) on this.

Inan earlier classic, Arrow (1971) had observed that marketsfor externalitieswould suffer from another problem: no matter
whether the externalities are positive or negative, the marketswould be “thin”, meaning that they would not be competitive.

10
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Thefinding implied that private property rightsto environmental pollution would not be capable of sustaining an
efficient allocation of resourcesby meansof the price system. However, Shapley and Shubik (1970) had dready
demonstrated by means of an examplethat if property rights are awarded to polluters, even such anon-price
resource all ocation mechanism asthe core may not yield an outcome. The character of non-convexitiesis shaped
not only by Nature, but aso by human ingtitutions (Starrett, 1973).

Inhisclassic article, Starrett (1972) showed formally that a suitably chosen set of (Pigovian) pollution taxes,
together with asystem of competitive marketsfor other goods and services - assuming that thelatter congtitutea
convex sector - would be capabl e of supporting an efficient alocation of resources. Asthere are no marketsfor
pollution in such an alocation mechanism, the problem of equating supply to demand in pollution activitiesis
bypassed. Themora would appear to bethat socid difficultiesarising from the non-convexities can be overcome
if the State wereto assign property rightsin asuitableway - permitting private rightsto the convex sector, but
reserving for itself theright to control emissionsand discharges, beit directly intermsof regulationsor indirectly
by means of taxesand subsidies.”

1.7 Weéfare Economicsin an Imperfect State

Indtitutionsfater everywhere. Communitarianingtitutionsthat evolved to manageloca common property resources
have been found to function effectively in some places, but examples abound where they have malfunctioned
(Bdand and Platteu, 1996). Thereare even placeswheretrust among citizens has been so week, that communitarian
ingtitutionshave not involved membersbeyond the“family” (Banfield, 1958). Asnoted earlier, market failureisno
uncommon phenomenon ether.

It has been acommon assumption in welfare economics, though, that the State operates effectively in those
matterswhere other institutionsfalter. The assumption pervadespublic economics, which wasdeveloped for a
society inwhich the Stateisnot only trustworthy, but aso optimizeson behdf of itscitizens (Atkinson and Stiglitz,
1980; Myles, 1995). Policy prescriptions emerging from the theory arefirst-best (Utopian), or are at worst,
second-best (Agathotopian; Meade, 1989). But such prescriptions are not self-evidently relevant for theworld
we have cometo know; perhaps most especialy for the mgjority of today’ spoor countries. In some places, the
Stateisincompetent; in othersitispredatory and vicious. It ishard to imaginethe sensein which governmentsin
what are demonstrably failed or predatory states may be said to be optimizing on behaf of their citizens.

However, itisnot absurd to imaginethat even in themost corrupt and predatory of governments, there are honest
people. It can be safdly assumed that such figuresare only minor officids, involved in making margina decisions
(aroad here, alocal environmental protection plan there, and so on). What |language does welfare economics
have to speak to such people?What intellectua toolsdo they havefor assessing whether the economic policies
their governmentsare pursuing arelikely to lead to sustainabl e devel opment?

* Sincetherelative meritsof regulations and taxesto curb pollution under asymmetric information have been much discussed
inthe published literature (M eade, 1973; Cropper and Oates, 1992), weignorethem here.
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2. Plan of the Paper

Thispaper isnot meant to be asurvey of recent work in environmenta and resource economics. Our aimisfar
morerestricted. It isto offer an account of recent work that reconcilesthe conflicting intuitions mentioned in
Section 1.2. That work wasbuilt on the questions, observations, and findings sketched in Sections 1.3-1.7. Each
of theissuesdiscussed there hasbeen crucial for finding an answer to the question of how the honest decision
maker we havejust aluded to can best conduct policy analysis. We show how standard welfare economicscan
be adapted to enabl e the honest decision maker, evenin themost dysfunctional of societies, to weigh thevarious
cons derationswhen deliberating over small policy changes. Theformal languagethat isdeveloped below can
also be used inaninformal way by the concerned citizen to reason about economic policies.

Each of theissuesdiscussed in Sections 1.3-1.7 hasa so been crucid for constructing aformal languageinwhich
to determine whether economic development in aregion, or among a group, has been sustainable. We will
discover that, when our dependence on Nature's servicesis acknowledged, thereisastrong € ement of “common
sense” ineconomic reasoning. Paradoxes arise only whenimportant factors of production are dismissed asbeing

negligible

We confine ourselvesto theoretica devel opments. When required for the purpose of motivating or validating the
theory, we describe applied work. But we do not el aborate on the applied work, nor do weevaluateit. Applied
research has occasionally shaped the devel opment of the theory reported here (e.g., an extensiveliteratureon
policy failluresand the effects of civil disorder in many regionsof theworld), but it has on occasion a so been
prompted by it.* Unfortunately, applied research has al too often lagged behind economic theory. For example,
we havefound no more than ahandful of publicationsinwhich aproject involving ecologica serviceshashbeen
evauated comprehengively.®® Studies estimating the value of environmental amenities abound in the published
literature, but it isarare publication that uses such estimatesto conduct socia cost-benefit analysisof projects
involving thoseamenities. M oreover, macroeconomic forecastsrarely include environmenta resources. Accounting
for theenvironment, if it comesintothecaculusat dl, isan afterthought to thereal businessof “doing economics’.
To cite an example, the environment and natural resources made no appearancein the authors assessment of
what lies ahead in an influential, 38-page Survey of the World Economy in The Economist (25 September
1999). One can only assumethat the authorstook it as given that they arein unlimited supply.

On occasion, therefore, we report theoretical derivations even when we have no estimates of their orders of
magnitude. We do so in order to encourage applied work. One of our motivationsfor preparing thissurvey has
been to persuade professional colleaguesthat neglecting natural capital in studies of thelong run can be hugely
mideading. Asadiscipline, wewould have been far ahead today in our understanding of the pathwaysthat have
shaped economic change in various regions of the world if growth and development economists had taken
environmenta and resource economicsserioudy inthe past.

In Section 3, certain consequences of market imperfectionsin theuse of natura resourcesareidentified. Hidden
subsidies in the export of primary products, paid for, possibly, by some of the world’s poorest people, are
identified. Biasesin thedirection of technological innovationsare then discussed. Onetentative conclusion we
reach isthat the morefamiliar types of market imperfectionslead to an excessive use of natural resources.

14

See the pioneering works of Repetto et al. (1989), Vincent et al. (1997), and Lange et al. (2004) on the reconstruction of
national accountsin Indonesia, Malaysia, and Southern Africa, respectively, by including changesin the stocks of natural

; capital. For some years now, the United Nations Statistical Office hasbeen similarly engaged on an international scale.
Anderson (1987) and Markandyaand Murty (2004) are among the few.
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I nsights have been obtai ned by anthropol ogists, economists, and political scientists about resource management
inrura regionsof theworld’ spoorest countries. Their work documentsthat communitarian ingtitutions have often
been successful in managing the local commons, but that at other times and placesthey havefailed, or have
broken down. Whether or not communitarian institutions are asuccess, thereisaneed to model their activitiesif
public policiesareto be evaluated. Section 4isabout communitarian ingtitutions. The examplesreported there
suggest how they could be modelled for the purpases of understanding non-market allocation mechanismsguiding
the use of environmental resources.

Section 5 studiesan ecologica processinvolving positive feedback. The example concerns phosphorusdischarge
into ashallow, fresh water lake. Close variants of the mathematical model of the shallow, fresh water [ake have
been used by ecol ogists and oceanographersto characterize diverse natural processes. We use the model to
show that aprevailing view in the economicsliterature about environmental degradetion, that itismostly reversible,
ismideading.’®

Section 6 makesuse of thefindingsin Sections 3-5 to devel op welfare economicsinimperfect economies. We
areinterested intwo related questionsthere: (1) How should one evaluate policy reform (e.g., an investment
project) in animperfect economy? (2) How isoneto check whether an economic forecast reflects sustainable
development?We do not presumethat the economy isconvex, nor do we assumethat the government optimizes
on behdf of itscitizens. We demondtratefirst that, asin the case of first-best, convex economies, shadow prices
areuseful toolsfor economic evaluation. Sustai nable devel opment isthen defined to be an economic programme
along which intergenerational welfare does not decline. We show that the same set of shadow pricesshould be
used both for policy evaluation and for assessing whether or not an economic forecast reflects sustained
development. Thewedlth of anation isthe shadow vaue of itsentire stock of capital assets, including not only
manufactured capital, knowledge, and human capita, but also natura capital. VWe show that wealth, computed in
termsof shadow prices, can be used asacriterion function for problem (1) and anumerica index for problem (2).
Thefirg result followsfrom thefact that the present discounted val ue of theflow of aproject’ sshadow profitsis
the changein wedlth at constant shadow prices. In other words, thewell known criterion for project evaluation -
chooseaproject if and only if the present discounted value of theflow of itssocia profitsispositive- isredly
about changesto wedl th brought about by investment projects.

The second result follows from the fact that an increase in wealth, at constant shadow prices, signals that
intergenerationd welfareissustained during anintervd of time. Therefore, at any moment of time, wedth increases
if and only if netinvestment ispositive. First-best, convex economiesare shown to be an extreme special set of
instances of the economies studied here.

Using the methods reported in Section 6, the way shadow prices can be estimated isexplored in Section 7 by
means of two examples. One concernswater extraction under free entry, whilethe other studiesapolluted lake
that is subject to anon-convex ecological process. The models devel oped in Sections 6-7 assume constant
population and an absence of exogenoustechnologica and ingtitutiona change. They also assume an absence of
uncertainty. In Section 8 we relax those assumptionsin turn and extend the equivalence result pertaining to
changesin wealth and intergenerational welfare. Conditions under which wedlth per capita could beused asan
index of intergenerationa welfare are derived; moreover, recent estimates of movementsin wedth per capitain
anumber of countriesarereported. In Section 9 we offer concluding remarks.

° The wi despread appeal to the environmental Kuznets curve, publicised in World Bank (1992), is based on the idea that
resource depletionisreversible.
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3. Imperfect Markets

It isnot uncommon today to interpret macroeconomic development in terms of the choicesthat are made by an
optimising dynasty, facing perfectly competitive marketsfor goods and services (Blanchard and Fisher, 1989;
Romer, 1996). Previoudy, such aview would have seemed puzzling. A large, post-War literature on intertemporal
welfare economics sought to identify reasonswhy the economieswe observe should not be expected to reflect
optimum economic devel opment. Three prominent reasonswereidentified: (1) imperfect capital markets; (2)
imperfect risk markets; and (3) household myopia. Each can be shown to create awedge between private and
socid ratesof discount (see, for example, Arrow and Kurz, 1970; Lind, 1982; Arrow et al., 1996; Arrow et al .,
2004).

Herewefocuson the underpricing of environmental services. We study two examplestoillustratewaysinwhich
resourceallocation can go astray when marketsfail.

3.1 Structural Adjustment and the Natural Environment

People havecriticized theway the World Bank-International Monetary Fund structura adjustment programmes
wereimplemented in poor countriesin the 1980s. Some have pointed to the additional hardship the poor have
experienced intheir wake. Othershave argued that in order to reduce deficits, governmentswere led to embark
on economic programmesthat were particularly harsh on the natura resource base. Still othershave argued that
thetwo effectshave comein tandem, that structura adjustment programmes encouraged countriesto raiseexport
revenue by depleting natural capital inarapaciousmanner. On the other hand, proponentsof structura adjustment
programmes have argued that they encouraged the growth of markets and hel ped to reduce government deficits.

Itisjust possiblethat both proponents and opponents of the programmeswere correct. The growth of markets
and areductionin government deficits benefit many, but, s multaneoudly, they can make vulnerable peopleface
additiona economic hardship. It isposs blethat the economic gainsfrom structural adjustment werein principle
largeenough to compensatethelosers, but losersfrequently are not compensated; they may even remain undetected.
There areanumber of pathways by which this can happen. Here we sketch one.

An easy way for the Stateto earn revenuein countriesendowed with forestsisto issuetimber concessions. The
State can exerciseitsrightsto foreststhat are public property by ajudicious use of forceto evict long-term
dwellers. Timber concess ons can then be sold to favoured firms, reducing government deficit, whilesmultaneoudy
enlarging the private bank balances of officials. Forestsare an easy target of usurpation by the State, because
theretend to beno legal documents proving ownership.’

Weleave asdethelossesincurred by those evicted, becausethereisnothing redlly to say onthe matter other than
platitudes. It ismorefruitful to think instead about concessions made on forestsin the uplands of awatershed, so
asto consder theecologica pathways by which deforestation inflicts damage on peoplein thelowlands (sltation,
increased incidence of flooding, and so forth).*® It paysto study them in terms of the assignment of property

17

Colchester (1995) has recounted that political representatives of forest-dwellersin Sarawak, Malaysia, haveroutinely given
logging licencesto members of the statelegislature. Primary forestsin Sarawak are expected to be depleted within the next
decade or so. Cruz and Repetto (1992) have described other pathways by which structural adjustment programmes have
been unfriendly to the natural environment.

The exampleistaken from Dasgupta (1990). Chichilnisky (1994) has developed the argument in thetext in amore general
context. Hodgson and Dixon (1992) is a case-study on logging and its impact on fisheries and tourism, in Palawan, the
Philippines, that illustratesthe examplewell.
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rights. The common law in many poor countries, if weare permitted to use thisexpressonin auniversal context,
recognizespollutees rights. Soit isthetimber merchant who, in principle, would have to compensate downstream
farmersfor theright to inflict the damage that goeswith deforestation. However, evenif thelaw seesthe matter in
thislight, thereisagulf between the“written” law and the enforcement of law. When the cause of damageis
hundreds of milesaway, when the timber concess on has been awarded to public land by the State, and when the
victimsare ascattered group of poor farmersor fishermen, theissue of anegotiated outcome doesn’t usually
arise. But when thetimber merchant isn’t required to compensate downstream farmers and fishermen, the private
cost of logging islessthanitssocia cost. Therefore, from the socia point of view, wewould expect excessive
deforestation of the uplands. We would al so expect that resource-based goods would be underpriced in the
market (say, in export markets). Thelessroundabout isthe production of thefinal good, the greater would this
underpricing be, in percentage terms. Put another way, thelower isthevaluethat isadded to theresourceinthe
courseof production, thelarger isthe extent of thisunderpricing of thefina product. The shadow price of timber
being greater than itsmarket price, thereisanimplicit subsidy on primary forest products, possibly onamassive
scale. Moreover, the (export) subsidy ispaid not by the genera public viataxation, but by some of the most
disadvantaged members of society (the sharecropper, the small landholder or tenant farmer, thefisherman). The
subsidy ishidden from public scrutiny, whichiswhy it isn’t acknowledged officially. The hidden subsidy isa
weadlth transfer from the exporting country to the country that doestheimporting. We should beinapositionto
estimate such subsidies. Asof now there are no such estimates.

3.2 Technological Biases

Suchwefareindicesas GNP per head are biased because they don’ t incorporate changesin the stocks of natural
capital. Themarket price of natural resources on siteisfrequently zero, even though they are scarce goods. This
meansthat commercid ratesof return oninvestmentsthat rely particularly onresourcesare higher thantheir socid
rates of return. Therefore, resource intensive projects appear better |ooking than they actualy are. Wewould
expect that, over time, an entire sequence of resource intensive technol ogies would be installed. Moreover,
peoplelearn by doing and learn by using, not only installed technol ogy, but a so in research and devel opment. A
largeliterature ontechnologica change has shown that thereisin consequence an e ement of path dependencein
the development and use of new technology (L andau and Rosenberg, 1986; Doss et al., 1988). Thefindings
imply that modern technol ogies are not always appropriate technol ogies, but are often unfriendly towardsthose
who depend directly on theloca resource-base. The conclusionto be drawn posesadilemma: it could bethat we
require abig push to move usaway from our especial dependence on natural resources. Although empirical
evidenceisdtill scarce, theinappropriateness of ingtalled technology islikely to beespecidly truein poor countries,
whereenvironmentd legidationsare frequently neither strong nor effectively enforced.

Thetransfer of technology from advanced countries can beingppropriate even when that same body of technology
isgppropriateinthecountry of origin. Thisisbecause shadow pricesof naturd resources, especidly loca resources,
vary from country to country. A project-designthat issocidly profitablein one country may besocidly unprofitable
inanother. Thishel psto explain why the poorest in poor countries, when permitted, have been known to protest
againg theingtd lation of modern technol ogy. It aso helpsto explain why environmenta groupsin poor countries
not infrequently appear to be* backward-looking”, trying to unearth traditional technol ogiesfor soil conversation,
water management, forest protection, medical treatment, and so forth.’® However, to do so isn't necessarily to
assume an anti-science stance. Wrong prices cantilt the technol ogical agendainwrong directions.

? Agarwal and Narain (1996) isan interesting recent study in thisvein.
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One can presumethat the biastoward resource-intensive technol ogies extendsto the prior stage of research and
development. When naturd resourcesare underpriced, theincentivesto devel op technol ogiesthat woul d economize
ontheir usearelower than what they should be. It followsthat, onceit isperceived that past choices have been
especially damaging to the environment, cures are sought, whereas, prevention could well have been the better
choice. Contemporary debateson theviability of carbon sequestration on aglobal scaleisanillustration of this
sequenceof events.

4. Non-Market Institutions

Non-market ingtitutions abound. In rura communities of poor countries, peoplerely onthem for the purposes of
obtaining credit and insurance, purchasing lumpy private goods (in what are called rotating savings and credit
associations, or ROSCAS), and constructing and maintaining local public goods (terraces, shordines, cands, and
tanks). Non-market ingtitutions supporting activitiesthat involve the entire community (building and maintaining
loca public goods) are of acommunitarian variety.

Natural resourcesin rural regionsof poor countriesare, in consequence, often communally owned. Not unoften,
they are a'so communally managed. They arethelocal commons, comprising irrigation canas, tanks, water
holes, threshing grounds, coastal fisheries, grazing fieds, rivulets, and woodlands. Asaproportion of total assets,
the presence of local commonsrangeswidely across ecological zones. Thereisevidence from Indiathat the
commonsaremost prominent in arid regions, mountain regions, and unirrigated areas; they areleast prominentin
humid regionsand river valeys (Agarwa and Narain, 1989; Chopraet al., 1990). Thissuggeststhat communal
ownership enablestherura poor to pool risksmore effectively than private ownership. Typicaly, theownership
isnot “lega”, but isinstead, “historical”. Whatever the source of the authority that underpinsthe ownership
structure, the local commons are not open to outsiders. they are not * open access resources’. Communal
management isafrequent means by which therural poor havetried to avoid the tragedy of the commons. A
formal model of local commons, both when they are managed cooperatively and when not, was developed in
Dasguptaand Hedl (1979: Ch. 3). A largeemypirical literature has since devel oped, describing the many ingenious
rulesand regul ations societies have devised in order to managetheir local commons. (See Howe, 1986; Wade,
1988; Chopraet al., 1990; Feeny et al., 1990; Ostrom, 1990, 1992; Stevenson, 1991; Baland and Platteau,
1996; Beck and Nesmith, 2001; National Research Council, 2002; among many others.)

4.1 Importance of the Local Commons

Arethelocal commonsimportant in peopl€ slives? In apioneering study, Jodha (1986) reported evidencefrom
over 80 villagesin 21 dry digtrictsin India, that among poor familiesthe proportion of income based directly on
their loca commonsisintherange 15-25 percent. Inastudy of 29 villagesin south-eastern Zimbabwe, Cavendish
(2000) arrived at even larger estimates:. the proportion of income based directly on thelocal commonsis 35
percent, with thefigurefor the poorest quintile reaching 40 percent. Both investigatorsdiscovered intheir samples
that richer householdsdrew asmaller proportion of their total incomefrom the commonsthan poor househol ds.

Communa management of local resources makes connection with social capital, viewed as a complex of
interpersonal networks, and hints at the basi s upon which cooperation hastraditionally been built (Dasgupta,
1993, 2003Db; Pretty and Ward, 2001). Asthelocal commons have been seats of non-market relationships,
transactionsinvolving them are often not mediated by market prices. So their fate can go unreported in nationa
€conomic accounts.
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But there arewhed swithin whedl sin communitarian relationships. In hiswork on South Indian villages, Seabright
(1997) showed that milk producers cooperativesare more prevaent inthedrier districtsthere. But asthelocal
commonsarea so moreprevaentindrier districts, oneway tointerpret Seabright’ sfindingisthat cooperationin
one sphere of life (managing the commons) makes cooperation in other spheres (marketing milk) that much
easer: cooperation begets cooperation. Theempiricd literature onthelocal commonsisvaluable becauseit has
unearthed how ingtitutionsthat are neither part of the market system nor of the State devel op organicaly to cope
with resource dlocation problems.

4.2 Weaknessesin Communal Ownership

Thusfar, the good news about communitarianingtitutions. There are, however, two piecesof bad news. First, a
generd finding from studies on the management of local commonsisthat entitlementsto productsof the commons
isfrequently based on private holdings: richer househol ds enjoy agreater proportion of the benefitsfrom the
commons. Beteille (1983), for example, drew on examplesfrom Indiato show that accessto the commonsis
often restricted to the elite (e.g., caste Hindus). Cavendish (2000) has reported that, in absoluteterms, richer
householdsin his sample took more from the commons than poor households. That women are sometimes
excluded has also been recorded (e.g., from communal forestry; Agarwal, 2001).%

The second piece of bad newsisthat local commons have degraded in recent yearsin many parts of the poor
world. Why should this happen now in those places where they had been managed in a sustainable manner
previoudy?

Onereasonisdeteriorating externa circumstances, which lower both the private and communal profitability of
investment in the resource base. Therearemany waysinwhich circumstances can deteriorate. I ncreased uncertainty
inproperty rightsareaprime example. You and your community may think that you together own theforest your
forefathers passed on to you, but if you do not possess adeed to theforest, your communal rightsareinsecure.
Inadysfunctiond state of affairs, the government may confiscatethe property. Political ingtability (intheextreme,
civil war) isanother source of uncertainty: your communal property could be taken away fromyou by force.
Palitica ingtability isadsoadirect cause of environmenta degradation: civil disturbancedl too frequently expresses
itsdlf through the destruction of physicd capitd.

When people are uncertain of their rightsto a piece of property, they are reluctant to make the investments
necessary to protect and improveit. If the security of acommunal property isuncertain (owing to whichever of
the above reasons), the private returns expected from collective work on it arelow. The influence would be
expected to run the other way too, with growing resource scarcity contributing to political instability, asrival
groups battle over resources. Thefeedback could be“ positive”, exacerbating the problem for atime, reducing
privatereturnson investment further. Groupsfighting over spatially localized resourcesare afrequent occurrence
today (Homer-Dixon, 1999). Over time, the communitarian ingtitutionsthemsalves disintegrate.

The second reasonisrapid population growth, which can trigger resource depletionif institutiona practicesare
unableto adapt to theincreased pressure on resources. In Cted' Ivoire, for example, growthinrural population

20

McKean (1992) stressed that benefits from the commons are frequently captured by the elite. Agarwal and Narain (1996)
reveal ed the same phenomenon in their study of water management practicesin asemi-arid villagein the Gangetic plain.
Recently de Soto (2000) hasidentified the absence of well-defined property rightsand their protection asthe central facts of
underdevel opment. Rightly, he stressed the inability of poor peopleto obtain credit because of alack of collateral. Inthetext
we are offering amulti-causal explanation for poverty.
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has been accompanied by increased deforestation and reduced fall ows. Biomass production has declined, ashas
agricultural productivity (Lopez, 1998). Of course, rapid population growth in theworld’ s poorest regionsin
recent decadesitsalf requiresexplanation. Increased economic insecurity, owing to deteriorating ingtitutions, is
oneidentifiable cause: children areafairly reliableform of capital asset (Bledsoe, 1994; Guyer, 1994; Heyser,
1996). To besure, thereare other causes, but evenif rgpid population growthisaproximate cause of environmenta
destruction, the underlying cause would be expected to lie e sawhere. Thus, when positivelinksare observed in
the data between population growth, environmental degradation, and poverty, they should not be read to mean
that one of them isthe prior cause of the others. Over time, each could in turn bethe cause of the others. (For the
theory, see Dasgupta, 1993, 20033; for a recent empirical study on South Africathat tests the theory, see
Aggarwd et al., 2001.)

Thethird reason isthat management practicesat thelocal level have been known on occas onto be overturned by
centrd fiat. A number of satesin the Sahel imposed rulesthat in effect destroyed communa management practices
intheforests. Villages ceased to have the authority to enforce sanctions on those who violated locally-ingtituted
rules. Stateauthority damaged local ingtitutionsand turned thelocal commonsinto open-accessresources(Thomson
et al., 1986; Somanathan, 1991; Baland and Platteau, 1996).

And thefourth reason isthat the management of local commons often relieson socid normsof behaviour, which
arefounded on reciprocity. But ingtitutionsthat are based on reciprocity arefragile. They areespecidly fragilein
theface of growing opportunitiesfor privateinvestment in substitute resources (Dasgupta, 1993, 2001a[2004];
Campbell et al., 2001). Thisisacase where an institution deteriorates even when thereisno deterioration in
externd circumstances, nor population pressure. However, when traditional systems of management collgpseand
aren't replaced by ingtitutionsthat can act as subgtitutes, the use of thelocal commonsbecomesunrestrained. The
commonsthen deteriorate, leading to the proverbia “tragedy of thecommons’. In arecent Sudy, Baasubramanian
and Sdlvarg) (2003) havefound that one of the oldest sources of irrigation - villagetanks- have deteriorated over
theyearsin asample of villagesin southern India, owing to agradual declinein collectiveinvestment intheir
maintenance. The decline has come about because richer households haveinvested increasingly in private wdlls.
Since poor households depend not only on tank water, but aso on the fuelwood and fodder that grow round the
tanks, themoveto privatewd lson the part of thericher househol ds has accentuated the economi ¢ Stressexperienced
by the poor.

History tells usthat the local commons can be expected to decline in importance in tandem with economic
development (North and Thomas, 1973). Ensminger’ s(1990) study of the privatization of common grazing lands
among the Ormain northeastern K enya established that the transformation took place with the consent of the
eldersof thetribe. Sheattributed thisto cheaper transportation and widening markets, making private ownership
of land more profitable. The elderswere, quite naturally, from the stronger families, and it did not go unnoted by
Ensminger that privatization accentuated inequality within thetribe,

The point isnot to lament the decline of the commons, it isto identify those who are likely to get hurt by the

transformation of economic regimes. That there arewinnersin the process of economic development isatruism.
Much the harder task isto identify thelikely losersand have policiesin place that act as safety netsfor them.
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5. Nature's Non-Convexities

Thusfar, we havetraced environmentd problemstoingtitutiond fallureand toingtitutiona changes. \We now turn
to oneimportant source of policy failure: theinappropriate modelling of ecologica and economic pathways. We
dothat by studying non-convexitiesin ecological processes.

Despitethe strictures of ecologists, we economists have remained ambiva ent toward Nature' snon-convexities.
Often, that ambivaencereved sitsdlf indirectly. For example, itiscommonly thought that “... economic growthis
good for the environment, because countries need to put poverty behind themin order to care’, (Editorial, The
Independent, 4 December 1999); or that “ ... trade improvesthe environment, becauseit raisesincomes, and the
richer people are, themorewilling they areto devoteresourcesto cleaning up their living space’, (The Economig,
4 December 1999: 17).

Theview’ swidespread acceptancein the popular pressistraceableto World Bank (1992), which reported an
empirica relationship between GNP per head and atmospheric concentrations of industria pollutants. Based on
the historical experience of OECD countries, the authors of the document suggested that, when GNP per headis
low, concentrations of such pollutants asthe sulphur oxidesincrease as GNP per head increases, but that when
GNP per head is high, concentrations decline as GNP per head increases further. Among economists, this
rel ationship has been christened the* environmental Kuznetscurve’.?? Inthe popular literature, the morasthat
would appear to have been drawn from thefinding are (1) that * the environment” isaluxury good, affordableonly
by therich, and (2) that resource degradation isreversible: degradeal you want now, Earth can beredlied uponto
regjuvenateit later should yourequireit.

Asgeneral viewpoints, both presumptionsarefase. To besure, thereare natural amenitiesthat could beregarded
asluxuries(e.g., placesof scenic beauty); however, producing asit doesamultitude of ecosystem services, a
large part of what Nature offersusisanecessity. We offered illustrations of thisfact in the previous section when
accounting for therole of thelocal natural resource baseinthelivesof therura peopleintheworld’ s poorest
countries. Here, wenotethat Nature snon-convexitiesare frequently amanifestation of positivefeedback processes,
whichin turn can mean the presence of ecological thresholds. But if alarge damagewereto beinflicted onan
ecosystem whose ahility to functionisconditiona onit being above somethreshold level (in size, composition, or
whatever), the consequence would beirreversible. The environmental Kuznets curve was detected for mobile
pollutants (e.g., atmospheric pollutants). Mobility meansthat, solong asemissonsdecline, the stock at the site of
the emissionsdeclines. However, reversd isthelast thing that would spring to mind should agrasdand “tip” to
become covered by shrubs, or should the Atlantic gulf stream shift direction or cometo ahalt, or should asource
of water disappear, or should an ocean fishery become adead zone owing to overfishing. Asagenerd metaphor
for the possihilities of substituting manufactured and human capita for naturd capitd, therdationship embodiedin
the environmental Kuznets curve hasto bergected.?
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See aso Cropper and Griffiths (1994) and Grossman and Krueger (1995). Copeland and Taylor (2004) isan extensive survey
on the subject of trade, growth, and the environmental Kuznets curve.

Arrow et al. (1995) contains an early interpretative commentary on the environmental Kuznets curve. Responses to that
article were published in symposiain Ecological Economics, 1995, Vol. 15, No. 1; Ecological Applications, 1996, VVol. 6, No.
1; and Environment and Development Economics, 1996, Vol. 1, No. 1. See aso the special issue of Environment and
Devel opment Economics 1997, Val. 2, No. 4.
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5.1 Convex-Concave Pollution Recycling Functions

Weillustrate Nature s non-convexities by studying apollution problem that has been much analysed in recent
years. phosphorus discharge into ashallow, fresh water lake (Scheffer, 1997; Carpenter et al., 1999; Carpenter,
2001).%

Phosphorusinflow into alakeisabyproduct of agriculturein thewatershed. Theinflow isafertilizer runoff from
farms. Phosphorusisakey determinant of the state of alake. It isanecessary nutrient for such ecological services
asthosethat provide ahabitat for fish populations. Thus, shallow clear fresh water [akes can absorb alow level
of phosphoruswith ittleill effect. However, if the quantity of phosphorusin thewater column increases, more
agaegrow, meaning that less sunlight reachesthe lake bottom, thus damaging the green plantson the bottom. The
bottom sediments contain phosphorusin dead a gae and depositions of phosphorusfrom thewater column. The
lake bottom phosphorusis harmless. However, areduction in green plantsin the lake bottom meansthat bottom
sedimentsare lesswell protected from being flushed back into the water column by fish movementsand water
currents. Phosphorusisthen rel eased from the lake bottom into the water column, thereby increasing the growth
of dgae. Thischain of eventsisapositivefeedback. On the other hand, as noted above, some of the phosphorus
inthewater column continuoudly settles on thelake bottom, and this dampensthe feedback. We now mode the
phenomenon.

Timeisassumed to be continuousand isdenoted by t (3 0). Let the state of ashallow fresh water lake at t bethe
quantity of phosphorusin the water column at that moment, which we denoteby K, (* 0). Let C (* 0) bethe
phosphorus inflow into the system at t. It has been found that the following is a good approximation of the
dynamicsof the state of thelake (Scheffer, 1997):

dK/dt = C + bK(1+K2) - 2K B, 250,00 e, (1)

The positivefeedback governing the recycling of phosphorusfrom thelake bottominto thewater columnisgiven
by the second term on theright hand side of equation (1), whichisconvex-concave, with aleast upper bound of
b. Therate at which phosphorusin thewater column settles on thelake bottom isgiven by thethird term on the
right hand side of equation (1). Therefore, (bK 7/(1+K ?) - 7K)) isthe net natural reproduction rate of phosphorus
inthewater column; and ?/bisameasure of the strength of the dampeing effect that tempersthe positive feedback.

For smplicity, supposethat phosphorusinflow isacongtant, C. It followsthat
dK/dt = C + bK#/(1+K?) - 2K K,GOgiven®............... ()]

" A mathematical ly identical model, concerning open accessto anon-convex fishery, was presented in Dasgupta (1982).

® Closevariants of equation (2) have been postul ated for anumber of natural systems. Here are three examples:
() Inordertoexplain periodic infestations of the spruce budworm in boreal forests, Ludwiget al. (1978) postul ated that

the budworm'’s population, K, K changesin accordance with the equation

dK /dt= aKt - BKt? - bKt7/(1+Kt?) (@BD>0). .. (2a)

wherethefinal, forcing term denotes predation by birds.

(@ Theaccount of the Atlantic thermohaline circulation in Rahmstorf (1995) can be formalised in terms of an equation not
dissimilar to equation (2). Temperature and salt gradients acrossthe North and South Atlantic giveriseto thecirculation.
K, istaken to bethe North Atlantic deep water flow (travelling south) and Cisthe amount of fresh water entering, say,
the surface of the North Atlantic (in part fromice melts). Thecirculation would cometo ahalt if C weretoo large.

(3 Vegetation cover in the savannahs depends on rainfall, but rainfall in turn depends on vegetation cover. Denoting

rainfall by C, and vegetation (in biomass) by K, suppose, as afirst approximation, that
C,=aK anddK /dt=bCZ(1+C?)-?Kt ~ (ab,2>0)..................coiinie. (2b)
The pair of equations (2a,b) arevariants of (2).
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Equation (2) containsthree parameters: C, b, and ?. Wewould like to know how the ecosystem’ s character
dependson them. One expectsthat mostly the global properties of the ecosystem would vary continuoudy with
the parameters. One should a so expect that there are manifol ds partitioning the parameter spaceinto regions,
such that the ecosystem’ sstructureisthe sameat every point in any givenregion, but differsfrom the structurein
theregion adjacent to it. Such manifoldsbifurcate the system’ s properties. To study the bifurcations, wetake b
and ?tobegivenand vary C. Thereason we permit C to vary isthat C denotes human intervention and we could
inprinciplecontral it.

So, consider the equation
DK (1+K2) = 2K, )
Redl solutionsof equation (3) arethe stationary pointsof equation (2) withC =0.

We begin by assuming that ?/b > 1/2, meaning that phosphorusin the water column settlesin the lake bottom
rapidly. In this case equation (3) has only onereal solution: itisK = 0. Simple graphics (Figure 1) confirm,
however, that thereare values of C for which equation (2) hasthree (real) stationary points. Assuming onesuch
value, C=C¢ welabel the stationary pointsasK , (<) K, (<) K, respectively. K, isunstable, while K, and K,
arelocaly stable. K, isthe separatrix of the system - the point that separatesthetwo basins of attraction of the
ecosystem. K reflects an oligotrophic state (reasonably clear water), whereas K, reflects aeutrophic state
(turbid water).

Figurel: Dynamicsof Phosphorusin Water Column
(Largedampeningterm)
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\ 4
[
n
[
\ 4
[
AN

Special Issue, SANDEE Working Paper No. 7-04 17



5.2 Ecosystem Flips

Continuing to hold b and? constant, let usnow reduce C fromitsorigina value C¢ Itissmpleto confirmvisualy
that the unstable stationary point (continueto label it K.) and thelarger of thetwo locally stable stationary points
(continuetolabel it K.) get closer to each other continuously. Itissmpleto confirm aswell that thereisacritical
vaueof C, cal it C*, for which K, and K, coincideto form apoint that is stablefrom theright, but unstablefrom
theleft. C* isabifurcation point of the system: if C < C*, the ecosystem possesses aunique (stable) stationary
point, whereasif C> C* (but C < C**; seebelow), it possessesthree stationary points. In short, thesystem’s
structure changes discontinuoudly at C*. %

In contrast, suppose C wereto increase from C¢ It issimple to confirm visually (Figure 1) that the unstable
stationary point (continueto label it K.) and thesmaller of thetwo locally stable stationary points (continueto
label it K ,) would get closer to each other continuously, until, at acritical valueof C, call it C**, thetwowould
coincide, toform apoint that isunstablefromtheright, but stablefrom theleft. C** isanother bifurcation point of
thesystem: if C> C**, the ecosystem possesses aunique (stable) stationary point, whereasif C<C** (but C >
C*), it possessesthree stationary points.

In Figure 2 we have drawn the equilibrium values of K asacorrespondence of C for agiven pair of valuesof b
and ?. Equilibrium K is unique when C < C*. For C in the interval [C*, C**], the curve depicting K asa
correspondence of C bends back and then back again, to reflect the fact that equation (2) possesses three
stationary points. Thetwo upward sloping portions of the correspondence consist of (locally) stable stationary
vauesof K, whereasthe downward s oping portion consists of unstable stationary points.

We now conduct a thought experiment. Begin in a
Figure2: Equilibrium Correspondence stuation where C < C*. Weknow that equilibrium K is
of Shallow Fresh-Water L ake amdl. Wewould liketo discover how the sysemwould
changeif Cweretoincreasein apredictableway. Rather
thantry tointegrateequation (1), wesmplify by imagining
that Cincreasesdowly rdativeto the speed of adjustment
of K.. By “dowly” wemeanthat a each C theecosystem
isableto equilibrateitself. If C wereto increase under
such conditions, K would increase continuoudly aong
l thelower arm of the curveuntil C.= C**, &t which point
equilibrium K would“flip” to the upper arm of thecurve.
The ecosystem therefore undergoes adiscrete change
T at C**. Further increasesin C would lead to acontinual
~ increase in K aong the upper arm of the curve in
™ Figure2.

(The Reversible Case)

l Ecosystem flips have been observed many timesand at
'f‘ many scaes. Shallow lakeshave been knowntotipfrom

- clear toturbid water inamatter of months, villagetanks

5 - inamatter of weeks, garden pondsin amatter of hours.
I nsect populations have been known to crash or explode
inamatter of days. Larger ecosystemsgenerally take

° Mathematicianscall thisa" saddle-node bifurcation”.
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longer toflip at their bifurcation points, because the underlying processes operate over greater distancesand are
therefore dower. Grasd andsin sub-Saharan Africacan take more than adecadeto changeinto shrublands. The
“sdt conveyor” that drivesgloba ocean circulation would probably take between decades and acentury to shut
down (or changedirection) if the Greenland ice cover wereto melt at rates estimated in current model s of global
warming (Rahmstorf, 1995). Thefossi| records suggest that theinterglacial sand glacid s of ice ageshave gppeared
only occasondly, but have arrived and departed “ precipitoudy” - theflipsoccuring over severa thousand years.
And soon.

5.3 Hysteresisin Ecosystem Dynamics

Now suppose we were to reverse the process in our previous thought experiment. Start with C > C** and
reduceit dowly. Figure 2 showsthat onthereturn journey, K declines continuously aong the upper arm, solong
asC> C*. Thismeansthat for Cintheinterval [C*, C**], K remains higher than it had been on the onward
journey. To put it another way, the ecosystem displayshysteresis. However, at C = C* the ecosystem tipsonto
thelower arm of the curvein Figure 2. Further declinesin K would occur continuoudly if C werereduced further.
We concludethat even though the ecosystem displays hysteresis, environmenta degradationisreversible: given
enoughtime, K can bemadeto beassmdl aswelikeif C werereduced sufficiently. Thisistheintellectua basis
of the environmenta Kuznetscurve, mentioned earlier. It would certainly beacorrect view of future possibilities
if the dampening terminthe positive feedback were sufficiently large (/b > 1/2).

5.4 Irreversbility

But now consider aless happy possibility. Suppose that ?/b < 1/2, which meansthat the positive feedback is
powerful. Equation (2) possessesthreereal solutions. OneisK = 0, whilethe other two are positive. Figure 3,
whichisthe counterpart of Figure 1, depictsthiscase. We now use Figure 3 to construct Figure 4, which plotsthe
equilibrium values of K asacorrespondence of C. In contrast to Figure 2, the curve bends backward to cut the
vertica axis.

L et us conduct the thought experiment again. Suppose
we begin in a situation where both C and K are low,
meaning that the system ison thelower arm of the curve
inFigure4. AsCincreases, K increases continuously,
until the bifurcation point, C***, isreached. At thispoint
the ecosystem flipsto a higher value of K. However,
oncethat happens, the systemisincapable of reversing
itself. Declinesin C would certainly reduce K, but as
Figure 3 shows, even if C were reduced to zero, the
systemwould remain on the upper arm of thecurve, ata
higher vaueof K thanit did to begin with. Not only does
the ecosystem suffer from hysteresis, but environmental
degradationisnow in additionirreversble thesystemis
unableto return to whereit had been in the beginning.

Figure3: Dynamicsof Phosphorusin Water
Column (Small dampeningterm)

Now consider decision makerswho are persuaded that
the environmental Kuznetscurveisareliable summary
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of the complex relationships between the environment and economic development. If they wereto rely on that
curveto address phosphorusload in thelake, they would regard increasesin phosphorusin thewater column to
bereversible. Theirony would bethat, if, in aiding economic devel opment, the flow of phosphoruswereto be
allowed to go beyond C***, it would not be possibleto bring thelake back to aclear state by curbing C after
people becomerich. Moreover, if thelake were essential to peopl€ slivelihood (and, remember, weareusing
“lake’ as ametaphor here), the irony would be atragedy, because the very process by which people were
attempting to becomerichwouldlead to their eventua undoing: peoplewouldn’tberichif thelakeweredestiroyed.
Evenif Cwerereduced to zero, the lake would remain polluted. Thisiswhy the mechanism relating economic
development to the environment that wasinvoked by The Independent and The Economist, quoted earlier, is
mideading.

The“redlience’ of asystemisitscapacity to withstand perturbationswithout undergoing significant changesinits
character. It is neither agood nor abad property of asystem. To illustrate, suppose that the lake absorbs a
constant phosphorusload C (< C**) and suppose that the lakeisin an oligotrophic state (a point on the lower
armof Figure2). Itsresiliencewould be the extent to which it can admit an increase in phosphorus|oad without
tipping onto aeutrophic state. A smplemeasure of resiliencewould bethe distance (C**-C). Of course, thelake
could beredlient in aeutrophic satetoo. Thus, if K representsaeutrophic state, and thelake absorbs phosphorus
load C (apoint on the upper arm of Figure 2), the measure of resiliencewould bethedistance (C-C*). Inthecase
wherepollutionisirreversible (Figure4), the eutrophic stateiswholly resilient: oncethelakeisinthat Sate, there
isnoway it can be brought back to an oligotrophic state.

Figure4: Equilibrium Correspondence
of Shallow Fresh-Water Lake
(Thelrreversible Case)
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6. I nter generational Welfare Economics in Imperfect Economies

In Sections 3-5 we noted waysin which environmental and resource problemsarisefrom (1) ingtitutiona failure
and (2) policiesemerging from the use of misspecified models of ecosystems. Within institutional failurewe
includefailure of the State. We now usethoseinstancesto develop intergenerationa welfare economicsfor the
honest civil servant introduced in Section 1.7. Wedo thisby determining rulesthat can be used to eval uate small
perturbationsto macroeconomic forecasts Our motivation for modelling the eval uation probleminthismanner is
graightforward. Thecivil servant in questionishonest and wishesto improveintergenerationa welfare. But he (or
she) isonly asmall cog in machinery of government, and so can exercisevery littleinfluence. At best, our honest
civil servant hasthe opportunity to eva uate aperturbation to agiven economic programme.

A forecadt isbased on areading of technologicad and environmenta possihilities, and on the behaviour of households,
firms, communities, and the State. A perturbation to the forecast isto be interpreted as a project under the
jurisdiction of the honest civil servant. We show below that the required evaluation rule involves the use of
shadow pricesthat can be estimated by perturbing theforecast. Theruleitsalf isto check whether the present
discounted value of theflow of shadow profits generated by the perturbationispositive. Thus, the criterion for
choiceisthe onethat hasfor long been advocated for social cost-benefit analysisin optimizing economies. The
analysisdoes not requirethe economy to be convex.

Wedso devel op acriterion for assessng whether or not intergenerational welfareis sustained along an economic
forecast. Inthe context of an economic mode where populationisconstant, itisconfirmed that the shadow prices
that should be used in social cost-benefit analysis can also be used to compute an index for assessing whether
intergenerationa welfareissustained. That index isacomprehensive measure of the social worth of the entire
stock of the economy’ scapital assets, inclusive of manufactured, human, and natural capital assets. Wecdl this
wealth. Our analysis does not require the economy to be convex.

6.1 Resource Allocation Mechanisms

The economy to be studied is closed. Population isconstant. Timeis continuous and isdenoted variously by t
andt (t,t3 0). Thehorizonistakento beinfinite. For smplicity of exposition, we aggregate consumption into a
single commodity flow, C, and let R denote a vector of resource flows (e.g., rates of extraction of natural
resources, expenditure on education and health).

Wearethinking of an economy herein abroad sense. Depending on the context in which astudy isconducted,
the economy could beahousehold, avillage, adigtrict, aprovince, anation, or, at thegrandest level of aggregation,
theworld asawhole. The state of the economy isrepresented by the vector K, whereK isacomprehensivelist
of capital assets, including not only manufactured capital, knowledge and skills, but also natural capital. For
notationa smplicity, weeschew intratempord alocation problemshere. Werethey to beincluded, K wouldbea
vector of alarger dimension. Capital assetswould be“named” intermsof the character of their ownership, inthe
way generd equilibrium theory hasmadefamiliar.

Certaintypesof natural capital aredirectly vauable as stocksin production and consumption (e.g., resources
havingintrinscvalue). For expositiond ease, we assumein thissection that such stock effectsare absent. Labour
isassumed throughout to be supplied indastically and isnormaised to be unity. Current utility isthereforetakento
depend only on consumption. WewritethisasU(C), where U(C) isadtrictly concave, twice differentiable, and
monotonicaly increasing function.?” Intergenerationa welfare - henceforth, social welfare-att (3 0)is
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W, = U(C)EMdt d>0. ..o (4)
(Koopmans, 1972, uncovered ethical axiomsthat yield expression (4) astheindex of socia welfare.)

We now formalise theidea of animperfect economy (Dasguptaand Méler, 2000; Dasgupta, 2001a[2004];
Arrow et al., 2003a). Assumethat the economy faces not only technological and ecologica constraints, but also
awidevariety of institutional constraints (sometimes called transaction and information constraints). By the
economy’ sindtitutionswe mean market structures, the sructure of property rights, tax rates, non-market ingtitutions
(for credit, insurance, and common property resources), the character of variouslevelsof government, and so
forth. We do not assumethat the government isbent on maximizing socia welfare subject to congtraints. Asnoted
earlier, it could bethat the government is predatory, or isat best neglectful, and has objectivesof itsown that are
not congruent with citizens welfare. Nor isit assumed that ingtitutions are unchanging. What we do assumeisthat
ingtitutions co-evolve with the state of the economy (K') inwaysthat are understood. It isno doubt atruism that
social and palitical ingtitutionsinfluence the evol ution of the state of an economy, but it has aso been argued by
political scientists (Lipset, 1959) that the state of an economy (K) influencesthe evol ution of social and political
ingtitutions. Thetheory presented here accommodatesthismutua influence,

Let{C, R, K.} ¥ beaneconomic programmefromtto¥. Giventechnologica possihilities, resourceavailabilities,
and the dynamics of the ecol ogi cal-economic system, the decisions made by individua agents and consecutive
governmentsfromt onwardswill determineC, R, andK | - fort 3 t - asfunctionsof K , t, andt. Thusif K,
isthevector of capitd assetsat t, letf(K , t, 1), g(K,, t, t), andh(K , t, 1), respecgéively, be consumption, the vector
of resource flows, and the vector of capital assetsat datet (G t). {C,R, K}, canthereforea so bethought of
as aneconomic forecast at t. Now write

(2), P {C R, K}, 30 ..o ©)

Let{t, K} denotethe set of possiblet andK pairs, and{(?) ¥} the set of economic programmesfromtto
infinity.

Definition 1. A resource all ocation mechanism, a, isa(many-one) mapping

A {LKI® {(2) oo (6)

We do not assumethat a maps{t, K } into optimum economic programmes (starting at t), nor eventhat it maps
{t, K} intoefficient programmes (starting at t). Thefollowing andysisisvaid evenif aisriddled with economic
digtortionsand inequities. Asnoted above, nor do weassumethat theeconomy’ singtitutionsarefixed. If inditutions
and the state of the economy were known to co-evolve, that co-evolution would bereflected ina. Notetoo that
we do not assumetransformation poss bilities among commodities and servicesto congtitute convex sets.

I ndtitutiona assumptionsunderliethe notion of resource dlocation mechanism. For example, aspectsof the concept
of “socia capitd” (Putnam, 1993), ideasrelating to “socia capability” (Ademan and Morris, 1965; Abramovitz,
1986), and the notion underlying theterm “social infrastructure” (Hall and Jones, 1999) appear as part of the
defining characterigtics of a. Moreover, the prevaence (or absence) of trust and honest behaviour in theeconomy
areembodiedina, asaremutual expectationsof one another’ sintentions. However, oneimportant aspect of the

" The followi ng analysis does not require U to be concave. We assume concavity none the less for ethical reasons: (strict)
concavity reflects concern for equity, both among peopl e of the same generation and among peopl e of different generations.
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concept of socia capital, namely, interpersona networks, isacomponent of human capita, and therefore appears
inthevector K . (Dasgupta, 2003, el aborates on the classification.)

To make the dependence of the economic forecast ona explicit, let{ C(a), R (a), K (a)} 0¥ denotetheforecast
att=0. Consider datet (3 0). We may now write equation (4) as,

TV (o ) A @)

whichissocid welfarea t. W, isafunction of the state of the economy, K , and theresource al ocation mechanism,
a. So we can expressit as theval ue function:

V(K,at) ® W SU(C@)EUdt. ...t (8)

It trangpiresthat the val uefunction isamore useabl e object in the wel fare economics of imperfect economiesthan
thefamiliar Hamiltonian of dynamic optimization theory. So wework with the valuefunction here.

Before putting the concept of resource allocation mechanism to work, it isaswell to discuss examples. (In
Sections 7-8 weillustrate by means of formal models.)

1.

Consider aone-commodity world with constant population. Househol ds save a constant proportion,
s(0<s<1), of output. Capita depreciatesat aconstant rate? (>0). Assumethat if K isthe stock of the
capital asset, F(K) is aggregate output, where FEK) > 0, sF€0) > ?, and F2(K) < 0. It follows that
capita accumulates according to thedynamics

dK /dt = SF(K)) - 2Kt 3t 3 0

(Theaboveisadtripped-down vers;'é on of the Solow modd of economic growth). Aneconomic programme
attcanbeexpressedas{C, K}, ,whereC = (1-s)F(K,). The above specification definesaresource
alocation mechanism.

Imagine a first-best economy. There the resource alocation mechanism a maps (K ,at) to the
corresponding optimum programme. Much of theliterature on the welfare economics of the environment
has been based on thismechanism. (Heal, 1998, containsafine exposition of first-best allocations.)

Assumethat al capita assetsare private property and that thereisacomplete set of competitiveforward
markets capable of sustaining aunique equilibrium. Inthiscasea maps(K ,a,t) to the equilibrium. (If
equilibriumisnot unique, asdection ruleamong themultiple equilibriawould haveto be specified.) Much
modern macroeconomicsisfounded on thismechanism.

Of particular interest are situationswhere some of the assetsare not private property. Consider the cases
where manufactured capital isprivate property, but natural capital iscommon property (Section 4). It
may bethat natural capita assetsarelocal common property resources, not opento outsiders. If assets
aremanaged efficiently, we arein effect back to the case of acompetitive equilibrium alocation, albeit
one not entirely supported by market prices, but in part by, say, social norms.

Ontheother hand, it may bethat loca ingtitutionsare not functioning well (e.g., because socid normsare
breaking down and private benefitsfrom using environmental natural resources exceed socia benefits).
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Supposein addition that decisions bearing on the accumulation of manufactured capita are guided by the
profit motive. Then these behavioura rulestogether help to determinea. Inasmilar manner, we could
(aswedoin Section 7) characterizea for the case wherethereis open accessto anatura resource base.

Definition 2. a istime autonomous (henceforth autonomous) if for al t 3 t, At) isafunction solely of
K. and (t-t).
t

If aisautonomous, economic variablesat datet (* t) arefunctionsof K, and (t-t) only. Soawould be
non-autonomous if, say, knowledge, or the terms of trade (for atrading economy), were to change
exogenoudly over time. In Section 6.5 we have occasion to comment further on the reasonableness of
regarding a as autonomous.

Definition 3. aistime-consistent if
h(K Gt2tg = h(K t2t), foral t2, tGandt................. 9)

Time-consistency impliesaweak form of rationality. An autonomous resource all ocation mechanism,
however, haslittleto dowith rationality; it hasto do with theinfluence of externd factors(e.g., whether
trade prices are changing autonomoudly). In what follows, it isassumed that a istime-cons stent.

6.2 Differentiability of the Value Function

Let K. betheith capital stock. We assumethat V isright- and left-differentiablein K. for all i everywhere.
Unaided intuition could suggest that thisisastrong assumption. The mathematica propertiesof V depend upon
themathematica propertiesof a, and problems are compounded because production and substitution possibilities
inthe economy areembodied ina, asisthe economy’ sunderlying ingtitutional structure. Moreover, thereareno
obviouslimitsto thekindsof ingtitutions one canimagine. In many partsof theworld the State has been known to
act in bizarreand horribleways. Neverthel ess, we argue below that the assumptionisweak. Inany case, if the
location of the pointsat which V isnon-differentiableis uncertain and the uncertainty isasufficiently smooth
probability distribution, theexpected value of VV would be differentiable everywhere.

6.3 Shadow Prices
We confirm below that shadow pricesare useful inimperfect economies, whether or not they are convex. First,
wedefinethem. It would smplify theexpositionif we could avoid mentioning | eft- and right-derivatives of V. So,
inwhat follows, wework on theassumptionthat V isdifferentiable.
Definition 4. The shadow price, p,,, of theith capital assetisdefined as

p, = TV/IK, © TV(K, /MK oo (10)
Inexpression (10), p, isthespot priceof K. ; itisthe asset’ s social scarcity value. Notethat shadow pricesare
defined intermsof hypothetical perturbationsto an economic forecast. The shadow price of acapita assetisthe
present discounted val ue of the perturbationsto U that would arisefrom amargind increasein the asset’ squantity.
Notice a so that the shadow price of aprivate commodity could be negative in animperfect economy evenif it

would have been positiveif the economy were awell-managed one. For example, consder that when afoss| fuel
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isburnt, theresulting pollutant isemited into the atmosphere. If the atmosphereasasink isafree good, theresult
isatragedy of thecommons. The shadow price of thefossi| fuel would be negativeif the social damagethat is
caused when someone burnsthefuel exceedsthe private benefit to that person. In awell-managed economy, the
negative externdity would not exist.

Giventheresource alocation mechanisma, shadow pricesat t arefunctionsof K, and, if aisnon-autonomous,
of taswell. Thus, p, =p, (K ). Thepricesdepend also onthe extent to which various capita assetsare substitutable
for one another. If a is autonomous, shadow prices do not depend explicitly ontime, and so, p, =p,(K ). All
future effectson theeconomy of changesin thestructure of assetsarereflected in shadow prices. That iswhy they
are useful objects. Having stressed their functional dependence onaand K (and, possibly, t aswell), wedropa
and K from theformulae so asto save on notation.

6.4 Marginal Rates of Substitution vs Market Observables

Using equations (8) and (10), one can show that if a isautonomous, p, satisfiesthe equation,

dp,/dt = dp, - UKC)TC/TK,, - Sp(AK JA)/TK,. .. ............. (11)

Equation (11) reducesto the Pontryagin equations for co-state variables in the case where a is an optimum
resourcedlocation mechaniam.® However, in order to study the evolution of shadow prices under smple resource
allocation mechanisms, itismoreintuitiveto work directly with (10); whichiswhy thefamiliar Hamiltonian of
dynamical systems does not make an appearancein our account.

From equation (10) it also followsthat shadow priceratios (pit/pjt, p,¥p,), and consumption discount rates (see
bel ow) are defined asmargina social rates of substitution between goods. |n an economy wherethe government
maximizes socia welfare, marginal rates of substitution among goods and servicesequal their corresponding
margina ratesof transformation. Asthelatter are observablein market economies(e.g., border pricesfor traded
goodsin an open economy), shadow pricesare frequently defined in termsof marginal rates of transformation
among goods and services. However, marginal rates of substitution inimperfect economiesdo not necessarily
equal the corresponding marginal rates of transformation. Thisiswhy shadow pricesaredifficult to estimatein
imperfect economies. A distinction needs to be made between the ingredients of social welfare and market
observables. Using market observablesto infer socia welfare can be mideading inimperfect economies. That we
may haveto beexplicit about ethical parameters(e.g.,d and theeadticity of U) in order to estimate margind rates
of substitution inimperfect economiesisnot an argument for pretending that the economiesin question are not
imperfect after all. In principleit could be hugely mideading to use the theory of optimum control to justify an
exclusveinterestin market observables.

6.5 Waealth, (Inclusive) Investment, and Sustainable Welfare

The phrase* sustainable devel opment” wasintroduced by the Internationa Union for the Conservation of Nature
and Natura Resources (IUCN, 1980). The publication drew attention to therole played by the naturd environment
inour economic life. But the phrase become acommonplace only after the publication of areport by the World

* In Dasguptaand Méler (2000) it was mistakenly claimed that it does so even in imperfect economies. We are grateful to Geir
Asheimfor correcting the error in that article and deriving equation (11).
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Commission on Environment and Devel opment (WCED), widdly known asthe Brundtland Commission Report,
where sustainabl e devel opment was defined as*“ ... devel opment that meets the needs of the present without
compromising the ability of future generationsto meet their own needs’ (WCED, 1987: 43). Theideaisthat,
relativeto their respective demographic bases, each generation should bequeath to its successor at least aslarge
aproductive base asit had inherited fromits predecessor. If it were to do so, the economic possibilitiesfacing the
successor would be no worse than thoseit faced when inheriting productive assetsfrom its predecessor.

The notion of sustainable development therefore invites usto seek ameasure that would enable usto judge
whether an economy’ s productive baseisgrowing. Consider, however, an interpretation of sustainability thatis
based on the maintainence of socia welfare, rather than on the maintainance of the productive base:

Definition 5. The economic programme{C, R, K )} ¥ correspondsto asustainable devel opment path at t if
dv/dt3 0.

Below we show that the requirement that economic devel opment be sustainableimplies, and isimplied by, the
requirement that the economy’ s productive base be maintained (Propositions 1-3). Theseresultsgiveintellectua
support for Definition 5, which iswhy wedo not gointo various dternative definitions of sustainable devel opment
here.®

Noticethat the criterion for sustainablity in Definition 5 does not identify a unique economic programme. In
principleany number of technologically and ecol ogically feasible economic programmes could satisfy the criterion.
Ontheother hand, if subgtitution possibilitiesamong capita assetsare severdly limited and technol ogical advances
areunlikely to occur, it could bethat thereisno sustai nable economic programme open to an economy. Furthermore,
evenif the government were bent on maximizing socid welfare, the chosen programmewoul d not correspond to
asustainable path if thewelfare discount rate, d, were too high (Dasguptaand Heal, 1974). It could also be that
along an optimum path socia welfare declinesfor a period and then increases thereafter, in which case the
optimum programme does not correspond to asustainable path locally, but does so inthelong run.®

Optimdity and sustainability arethusdifferent notions. The concept of sustainability helpsusto better understand
the character of economic programmes, and is particularly useful for judging the performance of imperfect
€conomies.

Definition 6. Inclusive investment at t, | , is1 = S(p,dK. /dt).*

Differentiating equation (8) with respect tot, wehave

Proposition 1. dV /dt =V /Tt + Sp.dK /dt. . .................. (12)

* Pezzey (1992) and Pezzey and Toman (2002) are penetrating accounts of various interpretations of the idea of sustainable

development.
Kenneth Arrow has produced an example of an optimum economic programme displaying such afeature.
Dasgupta (2001a, [2004]) and Arrow et. al (2004) call thisgenuineinvestment.
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If aisautonomous, TV /Mt =0, and we have

Proposition 2. dV /dt=Sp dK /dt=1....................... 13
Equation (13) statesthat if aisautonomous, inclusiveinvestment equastheratea which socia welfare changes.®
Definition 7. Inclusive wealth at tisSp K...

Noticethat inclusveinvestment istherate at which inclusve wedth changes, whileholding shadow prices congant.
Therefore, Proposition 2 statesthat if a isautonomous, therate at which socia welfare changesequdstherate at
whichinclusvewedth changes, while holding shadow prices constant.

Thereisasenseinwhich, thesmaller istheunit that isbeing called an* economy”, thelesslikdy it isthat awould
be autonomous. A household, for example, facestermsof trade with therest of theworld, over whichit hasno
control. If thoseterms are expected to change over time, the resource all ocation mechanism within the household
would not be autonomous. In contrast, changes in the terms of trade would be endogenous in any detailed
analysis of the world economy. In other words, if the terms of trade were expected to change, aconvincing
exercisein politica economy would found those changes on the state of the economy, or in other words, onK .
And thiswould mean that a would be autonomousin sofar asit pertainsto theterms of trade.

Similar remarks apply to technologica change. Improvementsin available knowledge are mostly exogenousto
the household. The household can, of course, ride on those changesonly if it acquiresthe necessary human capita
(acomponent of household capitd), but improvementsin available knowledge would not depend onthe household' s
capita base; rather, the household would shapeits portfolio of capita assetsin responseto the available knowledge
and to the anticipated changesin available knowledge. In contrast, improvementsin the knowledge base for the
world economy asawhole should be attributabl e to research and devel opment. Serendipidy no doubt playsa
role, but it hasbeen suggested by scientiststhat in research, luck visitsonly the prepared mind. Recall that in
growth accounting, the“residua” istheamount of growth in output that cannot be attributed to changesin those
production inputsthat theinvestigator hasbeen ableto measure. Thereisno suggestion in thegrowth literature
that if capitd assetswere comprehengvely accounted for, therewould beany residud | eft. Certainly, the deve opment
of endogenous growth theorieswas motivated by thisviewpoint. Inafully articulated endogenous growth modd,
awould beautonomous.

Proposition 2 isaloca measure of sustainability. Integrating (13) yieldsanon-local measure:
Proposition 3. If aisautonomous, thenfor al T3 0,
V. -V,=S(p.K.-pK,-S[S(dp/at)K Jdt................ (14)
Equation (14) showsthat in assessing whether or not social welfare hasincreased between two dates, the capital

gansontheassetsthat have accrued over theinterva should be deducted from the differenceininclusvewedth
between the dates.

® Thisresult was proved (and its significance recognised) for optimally managed, convex economies by Pearce and Atkinson
(1995). Significant precursorsto their result were Samuelson (1961), Solow (1974), and Hartwick (1977). Dasguptaand Mder
(2000) proved the result for arbitrary economies. Arrow et al. (2003a) contains the most general results to date on the
equivalence between sustainable devel opment and wealth movements. (They studied arbitrary economies, where population
is not constant and where exogeneous technological and institutional changes occur.)
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Each of Propositions 1, 2 and 3isan equivalenceresult. None of the propositions sayswhether a givesrisetoan
economic programme adong which socid welfareissustained. For example, it can bethat an economy isincgpable
of achieving a sustainable devel opment path, owing to scarcity of resources, limited substitution possibilities
among capital assets, or whatever. Or it can bethat although the economy isin principle capable of achieving a
sustainable devel opment path, welfare is unsustainabl e along the path that has been forecast because of bad
government policies. Or it can bethat aisoptimal, but that because the welfare discount rated hasbeen chosen
to belarge, socid welfareisnot sustained along the optimum economic programme. Or it can bethat along an
optimum path socia welfare declinesfor aperiod and then increasestheresfter.

Imaginethat subgtitution possibilitiesarelimited, and theresource dlocation mechanismin placeisprofligatein the
useof natural resources. Under these circumstancesthe quality of lifewill not be sustainable. At somedateinthe
future shadow priceswill assume such valuesasto makeit impossiblefor inclusve wealth to be maintained. As
Proposition 2 shows, socid welfaredeclinesif inclusveinvestment isnegative.

6.6 GNP and NNP vsWealth

GNPisashort term measure of welfare because it does not recognise capital depreciation. In contrast, inclusive
investment isinvestment net of capital depreciation. We next show that itispossiblefor GNPtoincreaseover a
period of time even whilewedth declines.

Congder the stylised model of a* cakeeating” economy, by which we mean an economy wheretherate of return
on investment is zero. Imagine that the economic programme that isforecast involves continua increasein
consumption during afiniteperiod [0, T], to befollowed by asteady declineto zero. Assumethat it isexpected
that theentire cakewill be consumed over theinfinite horizon. If K jistheinitial stock of “cake”, it would follow
thet

JCdt+ oCdt=K,

wheredC/dt > Ofor tT [0, T] and dC/dt <Oforti [T,").
Noticethat GNP (equal to consumption) increasesat every moment during [0, T], but declines subsequently.
However, wealth (at constant utility price; Proposition 1) isadeclining function at each moment. Wetherefore
have

Proposition4. GNP couldincreasefor aninterval of time even whilewealth declines.

Propositions 1-4 provide the basis on which the conflicting intuitions sketched in Section 1.2 have been held by
their respective protagonists.

What of net nationa product (NNP) asameasure of socid welfare? Dasguptaand Heal (1979: Ch. 8) noted that
inthe cake eating economy NNPiszero dl dong an optimum consumption programme, because (i) consumption
at each moment equal's cake depletion and (i) the utility price of consumption equalstheutility price of the cake.
Sincewed th declines a ong the optimum, thereis adissonance between the directions of movementsin NNPand
wedlth. Inimperfect economies, the dissonance can be even greater.
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To confirm, suppose that
UC = -C° 2> L (15)
Consider the programme{C} 0¥ , Where
C = &K e? 23 0n e (16)

(Itiswell knownthat {C} 0¥ isoptimd if ? =d/?.) Theresourceallocation mechanism implied by equation (16)
isautonomous. Using equation (16) in equation (15), we have

URC) = 2(PK) . a7
Expression (17) givesusthe shadow price of consumptionin utility numeraire.

Assume that d > ??. To compute the shadow price of the cake, use equations (8) and (15)-(16) to obtain,

V(K) = -(?K )78 [e@00]dt

-(?K)?(d-2?),

fromwhichwehave

ButNNPattis,

(NNP),=(UKC) -p)C.2 . (19
Consider the case ?? <d < (1+7?)?. Then from equations (17) and (18), UC) <p,, implying that (NNP), <O.
From equation (16), dC/dt <0. Thus, at constant shadow prices, NNPincreases at eacht. But weknow that, at

constant prices, wealth declines al ong the consumption programme (16). This provesthat NNP and wealth, at
constant prices, can movein opposite directions.

6.7 What Else Does Inclusive | nvestment M easur €?

Imaginethat the capita baseat tisnotK , but K +?K , where? isan operator signifyingasmall difference. Inthe
obviousnotation,

V(a, K +?K) - V(a, K)» OUEC)?Ceddt. . ..........cooeee... (20)

Now supposethat at t thereisasmall changeina, but only for abrief moment, ?t, after which the resource
all ocation mechanism reverts back to a. Wewritetheincrement in the capital base at t+7?t consequent upon the

33

If ? =d/?, then from equations (16) and (17) it followsthat (NNP)t=0at all t.
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brief increaseininclusiveinvesment as?K . So 7K isthe consequence of anincreaseininclusiveinvestment at
tand (K, +7?K) istheresulting capital baseat t+?1. Let ?t tend to zero. From equation (20) we obtain
Proposition 5. Inclusiveinvestment measuresthe present discounted va ue of the changesto consumption brought
about by it.*

6.8  Policy Evaluation

Proposition 5 givesusthetoolsrequired to devel op atheory of policy evauationinimperfect economies. Imagine
that even athough the government does not optimize, it can bring about small changesto the economy by dtering
the exigting resource dlocation mechanismin minor ways. The perturbation in question could besmdl adjustments
tothe prevailing structure of taxesfor ashort while, or it could be minor alterationsto the existing set of property
rightsfor abrief period, or it could beasmall publicinvestment project. We call any such perturbation apolicy
reform.

Consider as an example an investment project. It can be viewed as a perturbation to the resource allocation
mechanismafor abrief period (thelifetime of the project), after which the mechanism revertsback toitsearlier
form. We consider projectsthat are small relative to the size of the economy. How should they be evaluated?

For simplicity of exposition, we supposethereisasingleoutput, Y (which servesa so asthe consumption good),
asingle manufactured capital good (K), and asingle extractive natural resource (S). Therate of extractionis
denoted by R. Let the project’ slifetimebetheperiod [0, T]. Denotethe project’ soutput and inputsat t by the
vector (?Y,?L,?K,?R).*®

The project’ s acceptance woul d perturb consumption under a. Let the perturbationat t (3 0) be?C. Itwould
affect U, by theamount U§C)? C.. However, becausethe perturbationincludesall “generd equilibrium effects’,
itwould betiresomeif the project evaluator were required to estimate? C for every project that came up for
consideration. Shadow pricesare useful becausethey enablethe evaluator to estimate? C. indirectly. Now, itis
most unlikely that consumption and investment have the same shadow pricein animperfect economy. So we
divide?Y  intotwo parts: changesin consumption and ininvestment in manufactured capita . Denotethem as? C,
and ? (dK /dit), respectively.

U isthe unit of account.®* Let w, denote the accounting wage rate. Next, let p, be the accounting price of
manufactured capital, g, the accounting price of the extractive resourceinput of the project, and?, thesocia cost

* Proposition 5 isfamiliar for economies where the government maximises intergenerational welfare (see Arrow and Kurz,

1970).
Proposition 5 isfamiliar for economies where the government maximises intergenerational welfare (see Arrow and Kurz,
1970).35 If the project has been designed efficiently, wewould have:

?Y, = (TFK)?K, +(TFL) 2L + (TFIR)?R,

where Fisan aggregate production function (Y = F(K,L,R)). Theanalysisthat followsin the text does not require the project
to have been designed efficiently. Aswe are imagining that aggregate labour supply isfixed, ?L, used in the project would
be the same amount of labour displaced from elsewhere.

35

36

Dasguptaet al. (1972) and Littleand Mirrlees (1974), respectively, devel oped their accounts of social cost-benefit analysis
with consumption and government income as numeraire. Which numeraire one chooses is, ultimately, not a matter of
principle, but one of practical convenience.
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of borrowing capita (i.e.?,=d- (dp/dt)/p).*
From the definition of accounting prices, it followsthat

HFUKC)2Cedt = FUKC)?C+p,?(dK /dt)-w,?L -?p 2K -q?R)e%dt. . . . ... ... (21)

But theright hand side of¥equati on (21) isthe present discounted va ue of socid profitsfrom the project, in utility
numeraire. Moreover, 0 UC,)?C e“dt =?V , thelatter being the changein socia well-being that would be
experienced if the project were accepted. We may therefore write equation (21) as,

?V, = O(UKC)?C +p,?(dK /dt)-w ?L -?p?K -q?R)e%dt. . . . ................. ... (22
Equation (22) leadsto thewell-known criterion for project eva uation:

Proposition 6. A project should be accepted if and only if the present discounted value of itssocial profitsis
positive.

Notice the connection between equations (13) and (22): they say the samething. Proposition 6 brings out the
connection between wealth asameasure of socia welfare (Proposition 2) and the present discounted value of
changesin consumption occas oned by amarginal changeininclusiveinvestment (Proposition 5). Proposition 6
saysthat theway to evauate an investment project isto compare reductionsin short-term welfare resulting from
theproject’ sinvestment outlay to theincreasein weal th those reductionshel p to create.

7. Estimating Shadow Prices. Two Examples

Estimating shadow pricesrequiresempirical ingenuity. A prior problemisto deriveexpressionsfor shadow prices
that are based on the character of the resource alocation mechanism a and on welfare parameters. Inthissection
we conduct two exercisestoillustrate how shadow prices could be derived. Oneinvolvesvaluing an open access
aquifer, whilethe other illustrates how shadow prices can be estimated even when the underlying processisnon-
convex. We could derive both shadow prices by integrating equation (11) - the Pontryagin equation. Wefollow
themoreintuitive route by working directly with equation (10) instead.

7.1  Open Access Pool

Shadow pricesof exhaustible resourcesin an economy where depletion ratesare optima have been much studied.
What isthe structure of their shadow priceswhen resources are instead common pool s?

Itissmplestif weavoid acomplete capital modd. So weresort to apartial equilibriumworld: incomeeffectsare
assumed to be negligible. Consider then an aquifer that is subject to open access. Let R bethe quantity of water

37

Thus
qt=to UEC, )TC, /MRte-d(t -t)d,

Noticethat if manufactured capital wereto depreciate at aconstant rate, say ?, the social cost of borrowing capital would be
?t=d+?-(dp/d)/p.

Let gt be the accounting price of the resourcein situ. At afull-optimum, ptfF/fRt = gt = gt, and U§C) = p,
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extracted at t. Incomeisthe numeraire. Let U(R) bethe areaunder the demand curvebelow R. So U§R) isthe
market demand function. U isassumed to be an increasing and strictly concave function of R for positivevalues
of R. Asbefore, the discount rateisaconstant, d. Let K bethe stock inthe aquifer at t. Then,

e T 3

L et the unit extraction cost of water be aconstant m (> 0). Under open access, Hotelling rents are dissi pated
completely. Therefore, the equilibrium extractionrate, R , isthe solution of the equation,

t?

UGR) = M. oo oot e (24)

t

Equation (24) confirmsthat, irrespective of the size of the pool, thereis excessive extraction. Let R* bethe
solution of equation (24). Wethen have,

dK/dt = -R*.
Reservesremain positivefor aperiod T=K /R*. Let usnormalize utility by setting U(0) = 0. It followsthat,
V, = FFORIMURY) -mR*eddt.. ... (25)
L et p, bethe shadow price of aunit of water in the aquifer. Then,
p,=dV/dK =[(UR*) - mR*)/R*]exp(-dK)/R*) >0............. (26)
Writep* = p/U&R*), whichistheratio of the shadow priceto unit extraction cost. From equations (25)-(26),
p* =[(U(R*) - mR*)/mR*]exp(-dK/R*) >0................... (27)
Equation (27) resemblesaformulaproposed by El Serafy (1989) for estimating depletion charges.® The charge
ispositive because an extraunit of water in the aguifer would extend the period of extraction. Noticethat p.* is
bounded above by theratio of the Marshallian consumer surplustototal extraction cost. Moreover, itincreases
astheaquifer isdepleted and attainsits upper bound at the date at which the pool isexhausted. If reservesare

large, p.* issmall, and open accessinvolvesno great loss - afamiliar result.

What are plausible orders of magnitude? Consider thelinear demand function. Assumetherefore that

UR)=aR-bR?, a>mandb>0...................... (28)
From equations (24) and (28),
R*=(@-m)/2b. ... .. (29)

38

See also Hartwick and Hageman (1993) for afinediscussion that links El Serafy’ sformulato Hicks' formulation of the concept
of nationa income (Hicks, 1942).
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Substituting equations (28) and (29) in equation (27),

p* = [(am)2mlexp[(-20dK)/@M)]. . . ..o (30)
Equation (30) saysthat

p* 3 1iff dS£ [(a-m)/2b]In[(a-m)/2m].

Equation (30) expresses p* intermsof the parameters of the model. Suppose, for example, that d = 0.02 per
year, K/IR* =100 years(i.e., a the current rate of extraction, the aquifer will be exhaustedin 100 years), (am)/
2m = 20 (e.g., m = $0.50 and (a-m) = $20). Then p* = 20e? » 7. We should conclude that the value to be
attributed to water at the margin ishigh (7 times extraction cost). Asthe date of exhaustion gets nearer, the
shadow pricerisestoitsupper bound, 20.

7.2  Shadow Price of Phosphorusin a Shallow Lake

Brock and Starrett (2003) have and ysed the optimum discharge of phosphorusinto the shallow, fresh water [ake
we studied in Section 5. Since phosphorus runoff into thelakeisabyproduct of agriculture, therunoff itself isa
benefit to society. Inthewater column of thelake, phosphorusasastock isbeneficia whenthelevel islow (itis
anutrient for fish), but is deletarious when the level isnot low. However, for smplicity, Brock and Starrett
assumed that, asastock inthewater column, phosphorusis*bad”, regardiessof itslevel. Asbefore, let C, bethe
runoff intothelakeand K. the stock inthewater column. Brock and Starrett (2003) assumed the utility function
to beof theform,

U(C, K) = logC, - hK ? h>0% ... . (31)

Here, weareinterested in animperfect economy. Thereare many farmersin the catchmentsareaof thelake, and
they all freely discharge phosphorusinto thelake. Shadow pricesare useful objectsin such aworld.

Consider astationary economy, wherethetotal runoff isaconstant, C. Recall that the dynamics of phosphorus
stock inthewater columnisgiven by theequation

dK/dt = C + bKZ(1+K?) - K,?  b>0andK_(>0) given...... (32)

Imaginethat the lake hasequilibrated, so that thelevel of phosphorusin thewater columnisgiven by asolution
(see Figures 2 and 4) of

CHbK(IHKD) = PK =0 oo e (33)

* Theauthors showed that, typically, there are multiple stationary points of the differential equationsthat the optimum runoff

necessarily satisfies; and that the stationary runoff rate which ought to be society’ slong run aim dependson theinitial level
of phosphorus in the water column. (See also Keeler et al., 1972.) More interestingly, they showed that the familiar
“transversality condition” in optimum control theory, used in convex optimization problemsin conjunction with the conditions
necessary for optimality, isnot sufficient: giventheinitial level of phosphorusin thewater column, the planner would have
to compute social welfare along each of the policiesthat satisfy the necessary conditionsfor optimality and tend in thelong
runto astationary runoff rate and compare them. In other words, anon-convex optimization problem, such asthis, cannot be
decentralised by means of a system of shadow prices: the planner has to conduct globa cost-benefit analysis. For a
pioneering analysis of optimizing anon-convex dynamical system, see Skiba (1978).
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For concreteness, we consider the case ?/b > 1/2. The relevant diagram is Figure 2. Assume C* C* and
Ct C*. LetK bethat stable solution of equation (33) at which thesystem hasequilibrated. Along thisprogramme,
socid welfare (equation (8)) is

VK)=(ogC-hK2)/d. . ... (34)
L et p(K) bethe shadow price of phosphorusinthewater column. In order to estimateit, imaginethat att =0,K
isincreased by e,. Sincethe phosphorusload remainsfixed at C (farmersdon’t carewhat the state of thelakeis;
they only care about farming), thelakereturnstoK. Let K. = (K + ). Linearising the expression ontheleft hand
side of equation (33) roundK (whichisastableequilibrium), itissmpleto confirm that

g = ee” ?=7?-20K/(1+K?)?>0. ... ... (35)

ButV(K + e) = (logC)/d - hd (K + €)%,
which, on using equation (35) and ignoring the square of €,, yields

V(K +e)»(logC-hK?)/d-2hKe/(?+d). .................... (36)
From equations (34) and (36), we conclude that
p(K) = [dV(K)/dK],_, = -2hK/(d+?-2bK/(1+K?)?) < 0. .......... (37)
Equation (37) isthe shadow price of phosphorusinthelake column.
Noticethat theaboveargument wouldn’t work at C=C* or C**. V(K) isdiscontinuousa C** if K isoligotrophic.
(However, it possesesal eft-derivativeat C**.) Moreover, V(K) isdiscontinuousat C* if K iseutrophic. (However,

it possesses aright-derivative at C*.) Shadow pricesremain useful objectsin anon-convex world, evenif the
locations of the bifurcation points C* and C** are known with certainty.

8. Extensions

In this section we extend the resultsthat were obtained in Section 6, by considering in turn, population change,
technological and indtititutiona change, and uncertainty.

8.1 Population Change
How doesdemographic changeaffect theindex of sustainable development? To answer this, wehaveto determine
how population changeinfluencesthe drift term (IV /1it) ontheright hand side of equation (12). Andternativeis

to regard population as a capital asset. Once we do the latter, what would seem to be a non-autonomous
resource alocation mechanism reducesto an autonomous one (Arrow et al., 2003Db).
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8.1.1Theory

Toillustrate, we adopt anatural extension of Harsanyi (1955), by regarding socia welfareto betheaverage
wedfareof al who are ever born. Thisform of “dynamic average utilitarianism” hasbeen modelled by Dasgupta
(20014, [2004)]) inthefollowing way:

Let N, bepopulationsizea t and n(N,) the percentagerate of changeof N..* For notational smplicity, weignore
intragenerational inequality and changes in the age composition of the population. L et ¢, denote per capita
consumptionat t. Therefore, if C, isaggregate consumption, ¢, = C/N,. Assumeas beforethat |abour is supplied
inglagtically in each period. Current utility of the representative personisU(c) and socid welfareis,

V.= ONU(c)e®Vdt/ SN e odt 4 ... ... (39)

Inorder to ensurethat V iswell-defined, assumed> &n(N,)dt)/t for largeenought. Let K. denote the stock
of theithtype of capital good and writek =K. /N.. Letk bethe vector of capital stocks per head. The state
variablesarethereforek and N.. Assumea to be autonomous. Then equation (38) impliesthat

V VKGN e (39)

Letthenumerairebetility. Definev, =V /TIN.. Itisthe contribution of an additiona personat tto socia welfare.
v, isthe shadow price of aperson (asdistinct from the shadow price of aperson’shuman capital). Let p, denote
the shadow price of k... Differentiating (39) with respect tot givesus

dV /dt = Sp.dk /dt + VANAt ... (40)

Theright hand side of equation (40) isnet investment, inclusive of the value of the changein population size. It
generalizesequation (12). We concludethat Proposition 2 remainsvalid, so long aswealth comparisons mean
comparisons of wealth per capita, adjusted for demographic changes.

Littleisknown of the circumstances wherethe adjustment term (v dN /dt) isnot neglligible, but at the sametime
can beestimated inasmpleway. It iseasy enough, however, to locate conditionsunder which theterm vanishes.
Suppose (i) n(N,) isindependent of N; (ii) al the production processesarelinear; and (iii) ¢ = c(k ), which means
that under a, per capita consumptionisnot afunction of population size. In such circumstancesV, =V (k); that
is, itisindependent of N.. (Effects of population change on'V work through capital assetsper capita.) Thismeans
thet

AV Jdt = SPAK /At .. (4

Thefinding can be summarised as

: If Ntisalogistic function, n(Nt) = A(N*-Nt), where A and N* are positive constants.
Notice that the social welfare ordering of economic programmes commencing at t is the same under dynamic average
utilitarianism asit would be under dynamic total utilitarianism (i.e., expression (38) without the denominator; asin Mirrlees,
1967, and Arrow and Kurz, 1970). Thisis because the denominator isaconstant, unaffected by choice of policy at t. However,
ascriteriafor sustainable development, the formulations differ (Arrow et al., 2003b). This should not be seen as a paradox:
optimality and sustainability are different notions
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Proposition 7: If (i) n(N,) isindependent of N, (ii) al the production processesarelinear, and (iii) ¢, = c(k ), then
social welfareissustained at apoint intimeif and only if the shadow value of the changesin per capitacapital
assetsat that instant isnon-negative.

8.1.2 Application

The conditionsunderlying Proposition 7 aretoo strong for comfort. Nevertheless, it istempting to use equation
(41) asafirst approximation to equation (40). A large number of villagelevel studiesin South Asiaand sub-
Saharan Africahave uncovered that the loca natural resource base has declined amidst growing populationsin
what continueto remain, broadly speaking, biomass-based economies.*? Wealth per capitainthosevillages
would appear to have declined. But what about the national level? Evenif anation’ snatural resource basewere
to decline, its wealth per capitawould increase if the decline were more than compensated by increasesin
manufactured and human capital.

Dasgupta (20014, [2004]) used Proposition 7, on data provided by Hamilton and Clemens (1999), in order to
assesswhether theworld’ spoorest regions have enjoyed sustainabl e devel opment inthe recent past. Theregions
cons dered were sub-Saharan Africa, China, and the countries of the Indian sub-continent (South Asia). Taken
together, those regions areinhabited by more than 3 billion people and are hometo the bulk of theworld' s 1
billion poorest. They area so among theregionsthat have experienced thelargest growth in populationin recent
decades.

Hamilton and Clemens (1999) had offered estimates of annud inclusiveinvestment during the period 1970-1993
for alargenumber of countries® There is much awkwardnessin the steps the authorstook to arrive at estimates
of shadow prices. Their accounts are also incomplete. For example, among the resources making up natural
capita, only commercid forests, oil and minerals, and theatmosphere asasink for carbon dioxidewereincluded.
Not included werefresh water, forests as agents of carbon sequestration, fisheries, air and water pollutants, soil,
and biodiversity. So thereisan undercount, possibly aseriousone. Such failings, however, areto be expectedin
pioneering empirical work. Moreover, one hasto start somewhere.

Intheir work on the sources of national economic growth during 1965-1994, Collinsand Bosworth (1996) had
found the“residual” to have been -0.6 percent per year in sub-Saharan Africa, 0.8 percent per year in South
Asia, and 1.1 percent per year in East Asia. If we interpret the residual to represent exogenous changesin
knowledge andindtitutions, itsinfluence on movementsin socid welfare (Proposition 1) would bereflectedinthe
drift term (V /1t) in equation (12). Nevertheless, Dasgupta (20013, [2004]) assumed TV /1t to have been zero
inthoseregions. Thejudtification he offered wasthat thefiguresfor inclusveinvestment in Hamilton and Clemens
(1999) arein all probability significant underestimates, and that figuresfor theresidual in Collinsand Bosworth
(1996) - low asthey arein South Asa- are neverthelesslikely to be overestimates (see Section 8.2).

Thefirst column of figuresin the accompanying table (taken from Dasgupta, 20014, [2004]) providesannua
rates of growth of population over the period 1965-96 in the countriesand regionsin question. Noticethat all but
Chinaexperienced ratesof growth in excess of 2 percent ayear, sub-Saharan Africaand Pakistan having grown
innumbersat nearly 3 percent ayear. The second column of the table contains estimates of annud ratesof change
inwedlth per head during 1970-1993. The striking messageisthat in all but Chinatherewasadecumulationin
per capita wealth. Moreover, comparing thefiguresin thefirst two columns, it may beinfered that during the

2 See, for example, thereferencesin footnote 6.
What we are calling inclusive investment was called “ genuine saving” by Hamilton and Clemens.
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period in question, Bangladesh and Nepal became poorer in the aggregate, not just on aper capita basis. In
contrast, the other regions accumulated wealth in the aggregate. However, weal th accumulation did not keep
pacewith population growth in India, Pakistan, and sub-Saharan Africa. All thismay not beasurpriseinthe case
of sub-Saharan Africa, whichiswidely known to have regressed in terms of most economic indicators; but the
figuresfor Bangladesh, India, Nepal, and Pakistan should cause surprise. Only Chinahas accumulated wedthin
excess of population growth. However, since the Hamilton-Clemens estimates of net investment do not include
soil erosion or urban pollution, both of which are thought by expertsto be especialy problematicin China, the
figurefor Chinacould be an overestimate. On the other hand, theresidua in Chinawasnot negligible: in excessof
1 percent per year. So it isunclear in which direction a bias has been created in the estimate for Chinaby the
neglect of thedrift term (TV /1) in equation (12).

It should be emphasi sed that negative figuresfor changesin wealthper capita over timein South Asaand sub-
Saharan Africadonot signd that peoplein thoseregions have been consuming too much! Inimperfect economies
itispossibleto raise both consumption and inclusive investment.

How do changesinper capita inclusive wealth compare with changesin conventiona measures of economic
wefare? Thethird column of thetable containsfiguresfor therate at which GNP per head changed during 1965
96; and the fourth column recordswhether the changein the United Nations Human Devel opment Index (HDI)
over the period 1970-1995 was positive or negative.

Noticethat our assessment of long-term economic development in the Indian sub-continent would be mid eading
if weweretorely on growthratesin per capita GNP astheindex of development. Pakistan, for example, would
be seen asacountry where GNP per head grew at ahealthy 2.7 percent ayear, implying that theindex doubled
invalue between 1965 and 1993. The corresponding figurein the second column impliesthough that the average
Pakistani became poorer by afactor of about 1.5 during that same period.

Bangladesh isrecorded as having grown interms of per capita GNP at 1 percent ayear during 1965-1996. The
figurein the second column of thetableimpliesthat at the end of the period the average Bangladeshi wasonly
about half aswealthy as shewasat the beginning.

The case of sub-Saharan Africaisof course especialy depressing. At an annual rate of declineof 2 percent in
wealth per capita, the average person in the region became poorer by nearly afactor of two. Theillsof sub-
Saharan Africaareroutine reading intoday’ s newspapers and magazines, but theillsare not depicted in terms of
adeclineinwealth. Thetable suggeststhat sub-Saharan Africahas experienced asubstantia declineinitscapital
assetsover the past three decades.

What of the Human Devel opment Index (HDI)? Asthe second and fourth columns of thetable show, HDI offers
apicturethat isanear opposteto the onewe should obtain when judging the performance of poor countries. The
Human Devel opment Index mideads even more than GNP,

Thefiguresinthetablefor changesin wedth per capitaare rough and ready and one should not regard them with
anything like the certitude that we have devel oped over the yearsfor international statisticson GNP and the
demographic and morbidity statisticsof poor countries. The estimatesreported inthetableareafirst cut at what
isanenormoudy difficult set of exercises. But thefigures, such asthey are, show how accounting for Nature can
makefor substantial differencesto our conception of the processes of economic development.
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8.2 Technological and Institutional Change

In amore comprehensiveinvestigation, Arrow et al. (2004) have derived aprocedurefor converting figuresfor
theresidud intofiguresfor thedrift term (v /1t) ontheright hand side of equation (12). The authorsused dataon
inclusiveinvestment published in World Bank (2002) and estimates of the residud in theworld’ s poorest regions,
theMiddle East, and the United States (US) and the United Kingdom (UK) from Klenow and Rodriguez-Clare
(1997), to arrive at figuresfor the average annual rate of changein wealth per capita, at constant prices, during
the period 1970-2001.

Asnoted earlier, theresdual wasin fact negativein sub-Saharan Africa, areflection of ingtitutiona regressthere.
Cons stent with Dasgupta sfinding, Arrow et al. (2004) found that social welfare declined in sub-Saharan Africa
during the period in question. They showed that the Middle East al so experienced adeclinein social welfare,
owinginlarge measureto adeclinein their oil wealth, unmatched by the accumulation of human capital and
foreignassets. TheUSand UK werefound to have enjoyed agrowth in socid welfare: thedrift term (TV /1it) was
positive and wealth per capita had increased in both countries. Chinawasfound to have enjoyed ahuge annual
percentage increase in wealth per capita (over 7 percent per year), the contribution of the drift term being
enormous. The authorsfound that Bangladesh and Pakistan had experienced asmdl annua declinein wedth per
capita during 1970-2001; but, encouragingly, they found that Indiaand Nepal had enjoyed asmall increasein
socia welfare (about 0.5 percent per year). Thelatter finding isat variance with the corresponding estimatesin
Dasgupta (2001a, [2004]), which, aswe noted in Section 8.1, had found adeclinein socia welfarethere. There
aretwo reasonswhy thefindingsin Dasgupta (2001a, [2004]) differ fromthosein Arrow et al. (2004). First, the
former publication ignored the residual, whereasthe latter incorporated it in their estimate; and second, the
periods under study were not the samein thetwo studies. In any event, thefact that one neglected theresidual,
whilethe other included it, can be regarded as congtituting asensitivity analysis of the recent macroeconomic
history of SouthAsa

Thissaid, thefiguresfor growth in wedth per capitain Arrow et al. (2004) aremost likely to be over-estimates.
Toseewhy, recdll that thetypica exercisein growth accounting postul atesthat aggregate output (Y) isafunction
of manufactured capita (K), labour force participation (L), and human capita (H). One specification would be

Y S AFK HL), « o (42)

whereA isascaefactor, reflecting total factor productivity, while Fisaconstant returnsto scalefunction of K
and HL (perhaps even of the Cobb-Douglasform).

Differentiating both sides of equation (42) with respect to time, re-arranging terms, and writing by g(X ) = (dX/
dt)/X forvaridble X ; by J =H L ;bys =K F /F (the“share’ of factor K in aggregate output); and by s =JF/
F (the“share’ of factor Jin aggregate output); we have

g(Y)=9(A) +sg(K)+s(gH) +a(L)). ...t (43)

Theideanow isto obtaintimeseriesof g(Y ), s, 9(K)), ands (g(H)) + g(L)) and thento arrive at an estimate of
g(A) fromequation (43). g(A) istheresidual.

Oneproblemwith thefunction Fin expression (42) isthat it leavesout theflow of Nature' sservicesin production.
Admittedly, ecosystem servicesare hard to estimate, but energy use could be used asasurrogate. Now suppose
that the use of Nature' sservicesin production hasincreased over aperiod. That increase would be missing from
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thelatter two termson theright hand side of equation (43). Therefore, it would beregarded asbeing apart of the
residual. But thiswould be morethan just ironic: anation could in principle step up therate at which its natural
resources are mined and then claim on the basis of its growth accounts that the figures reflect increasesin
technologica progressand improvementsinitsingitutions!

8.3  Uncertainty

How should uncertai nty be accommodated? Thetheory of choice under uncertainty, initsnormativeguise, remans
the expected-utility theory. Thereisalarge and still-growing experimental literature attesting to thefact that in
laboratory conditions people don’t choose in accordance with the theory (Bell et al., 1988). But hereweare
concerned with normative questions. That the choiceswe makein the laboratory don’t conform to expected
utility theory does not mean that the theory isnot the correct ethical basisfor evaluating policy aternativesor
assessing where or not the economic programme be ng pursued refl ects sustainabl e devel opment.

When gpplied to the va uation of uncertain consumption programmes, probabilitiesareimputed to future events.
The probabilities aretaken to be subjective, such asthoseinvolving long-range climate, although there can be
objective components. Let E, denote expectationsat t. Assumethat populationisconstant. Recalling expression
(8), socia welfare can then be expressed as,

V(K) = E(OU(C,)e%0dt). . ... (44)

A deficiency inthefiguresfor changesinwedlth reported in Section 8.1 isthat they are point estimates. However,
giventhat there are vast uncertainties associated with any such estimate, thereisthe possibility that changesin
wedlth per capita have been negative even though the central estimatesthemselvesare positive.

In considering the risks associated with degradation of natural capital, it isworth recalling that the biophysical
impacts of such degradation can be highly nonlinear: theimpacts could be small over aconsiderablerange, but
then becomeimmense once acritical threshold isreached. Aswe noted in the extended examplein Section 5,
crossing thethreshold leadsto abifurcation, wherethe natural system’ s characteristics change fundamentally.
Such non-convexitiesin ecological processesimply that the distribution for changesin wealth per capita may be
highly skewed - the downsiderisks associated with theloss of certain formsof natural capital may be substantial.
Estimates of changesin per capita wealth reported in Sections 8.1.2 may be interpreted as representing the
most-likely scenario; therefore, they do not capture the downside risks associated with the depletion of natural
capital. Tothe extent that societiesarerisk-averse, it isimportant to award additional weight to the negative
scenarios. Doing so would imply lower estimates of changesinper capitawedlth.

Models of global climateindicate that bifurcations can occur if the rates and magnitude of greenhouse gases
increase sufficiently. However, thethreshold pointsare not known. It isclear from paleoclimatic history, though,
that such eventswere common. Mastrandreaand Schneider (2001) have employed alinked climate-economy
model to investigate the future possibilities of climate thresholds of thistype, and have assessed theimplications
for climatepolicy.

Uncertaintiesregarding environmenta eventsinthevery distant futureare sometimescalled “ deep” uncertainties,
the qualification being taken to mean that it may not be possible to assign even subjective probabilitiesto those
events. Thisisanother way of saying that when thereare degp uncertainties, it isdifficult to know what one should
choose, or how one should organise one’ sthoughtsregarding what to choose. Examplesfrequently mentioned
arerisks associated with global climate change. There are decision theories (e.g., Bewley, 1989) that offer
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reasonswhy we ought to be reluctant to undertake activitiesinvolving unestimablerisks. They suggest that the
status-quo should assume afavoured status, which isthe hallmark of what many refer to asthe precautionary
principle (e.g., Appell, 2001), frequently espoused by environmentaists. Such theorieswould appeal to someone
who feelsthat it iseasier to prevent environmental damage than to repair it subsequently. The theory gives
expression to the demand that, in evaluating radically new technology (e.g., biotechnol ogy), the burden of proof
ought to shift away from those who advocate protection from environmental damage, to those supporting the new
technology.

The problemwith such theoriesisthat they are supremely conservative. Admittedly, even expected utility theory
can bemade ultra-conservativeif weadopt aninfiniteaversonto risk - whichisto say that the easticity of U€C)
inexpression (8) isinfinity - and imaginethat theworst that can happen under any changein policy isworsethan
theworst that can happen under the status-quo. But itisdifficult to justify such an attitude: wewouldn't adopt it
eveninour persond lives. At the moment we don’t have atheory, normative or otherwise, that coverslong-term
environmenta uncertaintiesin asatisfactory way.

9. Concluding Remarks

Inthisarticlewe have surveyed those recent devel opmentsin environmental and resource economicsthat have
been prompted by apuzzling culturd phenomenon of recent years. onegroup of scientists (usudly naturd scientists)
seesin humanity’ s current use of Nature' s services symptoms of adeep malaise, even while another group of
scientists (usualy economists) documentsthefact that peopletoday are on average better off in many waysthan
they had ever been (so why thegloom?).* The devel opments surveyed here have reconciled some of the claims
and counter claims, by showing that thewarring protagonists have frequently talked past one another. We do not
wishto suggest that disagreements between the two groupswill not arise oncethey adopt thetechnica vocabulary
recently developed by environmental and resource economists; but the disagreementsthat would continueto
arisewould be over interpretations of evidence (e.g., about the costs and benefits of doing something today about
global warming), they would not be over what to disagree about!

9.1 Shadow Prices and Wealth Estimates in National Accounts

By reconstructing welfare indicators to account for our use of natural resources, recent developments in
environmental and resource economics have seen an enlargement of the scope of both micro- and macro-economic
reasoning. Extending modern welfare economics, it hasbeen shown that discussionson intergenerationd welfare
should beabout indtitutionsand policiesthat bring about changesand movementsinwesal th, whereby an economy’s
wealth we mean the socia worth of itsentire set of capital assets, including not only manufactured and human
capital, but also knowledge and natural capital. Estimates of movementsin wealth per capitain anumber of
countriesand regionssincethe early 1970swere reported in Section 8. They suggest that, whileindustrialised
countries, such asthe United States and the United Kingdom, have accumul ated wedth per capita, sub-Saharan
Africaand the Middle East have suffered adecline. The Indian sub-continent would appear to be aborder-line
case. But these are early days, and much more work needsto be done toward estimating shadow pricesand

* The disagreement ismirrored in popular writings. See, for example, McNeil (2000) and The Economist (* Environmental
Scares: Plenty of Gloom”, 20 December 1997) for differing perspectives. For commentarieson thelatter article by agroup of
ecologists and economists, see the symposium in Environment and Devel opment Economics, 1998, Vol. 3, Part 4.
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using them for the preparation of comprehensive capita accounts beforewe can be reasonably confident of the
recent macroeconomic history of South Asa

Weare under noillusionthat estimating wedlthisgoing to proveasmpletask. Marketsfor environmenta natural
resourcesare often at best imperfect, at worst are non-existent. But that stricture offersno ground for pretending
that natura capitd isininfinite supply. To pretend thus, whilerefining theways GNP isestimated so asto better
record the progress of nations, isto bethe proverbial maninthedark, seeking to retrieve hiskeysfrom under the
lamp post even whileknowing full well that they are not there.

9.2 Poverty and the Natural Resour ce Base

The devel opmentsin environmental and resource economics surveyed here have also offered usalanguagein
which to study rural economiesinthe world’ s poorest regions. Aggregate statistics at the national level can
suppressinformation pertaining to local natural resource bases. M odern environmental and resource economics
has shown that theintellectual diputesamong those economistswho seesignsof economic betterment inincreases
in GNP per head (or improvementsin the United Nations' Human Development Index) and those who seethe
persistence of acute poverty inlarge parts of the poor world have arisen in part because the protagonists have
talked past oneanother. In Section 4 we reported recent work on village economiesand on theimportance of the
local resource basethere. Wefound that the study of village based, non-market institutions can help to explain
how certain groups of people may remainin poverty (possibly even suffer aworseningintheir circumstances),
even while othersthrive as markets grow elsewhere. The spatial character of ecosystems (and thence, of rural
economies) was stressed. Thefindings suggest that thereismuch scopefor further work inthewaysinwhichthe
spatid heterogeneity of natural capital affectsthe prospectsfacing rural economies.®

9.3 Growth Theories and Resource Constraints

Contemporary models of economic growth are by and large dismissive of theimportance of Nature. Intheir
extremeform, growth modelsassume apositive link between the creation of ideas (technological progress) and
population growth in aworld where the natural -resource base comprisesafixed, indestructiblefactor of production.
The modelsdo involve positive feedback, but of aPanglossian kind.*

Thereisagreat deal to commend in contemporary growth models, but recent devel opmentsin environmental and
resource economics suggest that we should be circumspect in our enthusiasm for them. Natureis not fixed and
indestructible, but cons sts of degradabl e resources (agricultura soil, watersheds, fisheries, and sources of fresh
water; more generally, ecological services). It may be sensible to make the wrong assumption for studying a
period when natural resource constraintsdid not bite, but it may not be sensible when studying devel opment
possibilitiesin poor countriestoday. Thelatter movewould be especialy suspect if no groundswere offered for
supposing that technological progress can be depended upon indefinitely to more than substitute for an ever
increasing loss of the natural-resource base. Moreover, aswas noted in Sections 1-4, ecological resourcesare
frequently underpriced. Thismeansthat the direction of technological changeisbiased toward an excessive
reliance on the natural resource base. Asthat base shrinks, it may prove harder and harder to find ways of
substituting our way out of the problem of resource scarcity.

45 Tilmanand Kareiva (1997) isan excellent collection of articleson spatial ecological dynamics.
46 Kremer (1993) develops such amode to account for 1 million years of world economic history.
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In any event, it isnot prudent to adopt apoint of view that places such enormous burden on an experience not
much more than two hundred and fifty yearsold. Extrapolation into the past isasobering exercise: over thelong
haul of history (a5,000 years stretch, say, upto about two hundred years ago), economic growth eveninthe
currently-rich countrieswasfor most of thetime not much above zero.”

Theforegoing remarks bear on the aggregate economy. At amore micro level, we noted in Sections 3-5 that
positivefeedback inecologicd (including individua metabalic) pathwaysarereasonswhy the prospectsof economic
betterment among theworld' spoorest are bleaker than among therich. The non-convexitiesthe poor face can be
areflection of their inability to obtain substitutesfor depleted natural resources. Resource depletion for the poor
can belikecrossing athreshold: their room for maneouver iscircumscribed hugely oncethey cross. In contrast,
therich canusudly “ substitute” their way out of problems.

The simultaneous presence of two types of positive feedback - one enabling many to move up in their living
standard, the other keeping many othersin poverty - may explainthe large scale pers stence of absolute poverty
inaworld that has been growing wedthier on average by substituting manufactured and human capitd for natural
capital. For human well-being, policies matter, asdo institutions, but thelocal ecology matterstoo. If we have
stressed the positive feedback mechanismsthat operate at the downside of life, it isbecause degradation of the
natural-resource baseisfdt first by the poor, not therich.

47 SeeFogel (1994), Johnson (2000), and especially Maddison (2001). The claim holdsevenif the past two hundred yearswere
to beincluded. Hereisarough calculation: World per capitaoutput today isabout 5000 US dollars. The World Bank regards
one dollar aday to be about as bad asit can be. People wouldn’t be able to survive on anything substantially less than that.
It would then be reasonable to suppose that 2000 years ago per capitaincome was not much lessthan adollar aday. So, let
us assume that it was adollar a day. Thiswould mean that per capitaincome 2000 years ago was about 350 dollars ayear.
Rounding off numbers, this means, very roughly speaking, that per capitaincome hasrisen about 16 timessincethen. This
in turn meansthat world income per head has doubled every 500 years, which in itsturn meansthat the average annual rate
of growth has been about 0.14 percent per year, afigure not much in excess of zero, which iswhat we have alluded toin the
text.
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APPENDIX 1

Economic Change: 1970-93

g(L)? g(Wi/L)P g(Y/L)® ?(HDI)
Bangladesh 2.3 -2.40 1.0 +ve
India 21 -0.50 2.3 +ve
Nepal 24 -2.60 1.0 +ve
Pakistan 29 -1.70 2.7 +ve
Sub-Saharan Africa 2.7 -2.00 -0.2 +ve
China 1.7 1.09 6.7 +ve

2g(L): average annua percentagerate of growth of population, 1965-96.

b g(WI/L): averageannud percentagerate of changeinwedth per head at constant prices. Adapted from Hamilton
and Clemens (1999) and from data provided in persona communication by Katie Bolt of the World Bank.

¢g(Y/L): average annual percentagerate of changein GNP per head, 1965-96.
4?2 (HDI): sign of changein the United Nations' Human Development Index, 1970-1995.

Source. Dasgupta (2001a, [2004]).

54 Special Issue, SANDEE Working Paper No. 7-04



