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Abstract

We survey those recent developments in environrhanthresource economics that have been
prompted by a puzzling cultural phenomenon, where group (usually natural scientists) sees in
humanity's current use of Nature's services symptafa deep malaise, even while another group fusua
economists) documents the fact that people todagpmmaverage better off in many ways than they had
ever been (so why the gloom?). The developmengyed here reconcile some of the claims and counter
claims, by showing that the protagonists have feedjy talked past one another. We show that some of
the disagreements would be blunted if (i) use weside of a comprehensive measure of wealth to judge
the performance of economies and (ii) possiblevargbilities in ecological damages were commonly
acknowledged. Regional estimates of changes intvpal capita are reported. Implications are drawn
for the persistence of rural poverty in the wortiierest regions, even as they experience aggrggetth
in GNP.
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1. The Evolving Agenda

If you were to browse among leading journals iniexmmental and resource economics, you
would discover that a recurrent activity in thddibas been to devise ways of valuing the constituef
Nature (Freeman lll, 1993). A question that woutdwr to you is, why? Why should there be a special
need to determine the worth of Earth's variousuess? Why not rely on market prices?

The answer is that for many natural resources rtgask@aply do not exist. In some cases they don't
exist because the costs of negotiation and mongare too high, two broad categories being economi
activities that are affected by ecological pathwiayslving long geographical distances (e.g., tfiects
of upstream deforestation on downstream activitiasy miles away) and those involving large temporal
distances (e.g., the effect of carbon emissionliomate, in a world where forward markets don't gxis
because future generations are not present todagmtiate with us). Then there are natural agdets
atmosphere, aquifers, the open seas) for whichdhee of the physical system (the migratory natdire
the components of the assets) is such as to makeyidifficult to define, let alone to enforcepperty
rights; a fact that keeps markets for such aseats éxisting. lll-specified or unprotected propeights
can also prevent markets from being formed (dseéscase frequently with mangroves and coral reefs),
while non-convexities in transformation possib@iamong ecological goods and services would make
markets function wrongly even if th@yereto form. In short, markets on their own aren'adequate set
of institutions for our relationships with Nature.

1.1 Institutional Externalities

We call those effects of human activities that oasithout mutual agreemengxternalities
Understandably, the study of externalities hastiyréd#luenced the development of environmental and
resource economics. Meade (1973), Méaler (1974)ni®hand Oates (1975), and Sandmo (2000) are book
length accounts. However, these authors have stttavexternalities are "epi-phenomena’: they ate no
the real thing, but only manifestations of the taalg. Despite this commonly acknowledged insight,
is not uncommon to be told today that environmeantal resource economics involves not much more than
a study of externalities; which is rather like lgpiold that the economics of asymmetric information
involves not much more than a study of externalitie fact, neither is to be told much. Interestithher
subject arises when we askythere are externalities and what forms they &ehfito assume in various
circumstances.

It is useful to classify externalities into two kb categoriesunidirectional and reciprocal
(Dasgupta, 1982). Damage inflicted by upstream rdsfation on downstream farmers without
compensation (Hodgson and Dixon, 1992), the adi that are inflicted on a region by another that
upwind (Méler and de Zeeuw, 1998), and the spréadriagious diseases from infected to susceptible
humans (Anderson and May, 1991; Fergusboal, 1997) are examples of the former; while the faso

"tragedy of the commons" (Hardin, 1968) has becameetaphor for the latter. Excessive emissions into



the atmosphere of carbon dioxide and the nitrogeides from industrial activity and modern
transportation are examples of the tragedy; akdsreéduced capacity for nitrogen fixation owing to
changing land use (Steffen al, 2004). Other instances where the tragedy odnahsde unregulated
fishing and groundwater withdrawal when there égfaccess to them.

Economists have traditionally viewed externalitesymptoms aharketfailure. In consequence,
optimal public instruments for the preservatioranfenities, the control of pollution, and the exticat
of natural resources in the face of market faihaee been the broad subjects of enquiry in envissriat
and resource economics. Several previous survellsecfubject have reflected those preoccupations
admirably (Fisher and Peterson, 1976, Cropper aatks) 1992, Copeland and Taylor, 2004, on
environmental pollution; and Brown, 2000, on renkeleaesources).

It has been appreciated for a long time, thougdlt, ilbn-market institutions (e.@ommunitiel
frequently emerge in situations where markets edbenot function well, or, in the extreme, do egist.

It has also long been appreciated that marketsdvwoot be able to operate extensively in the absehce
a well-functioning State. But just as markets caifamction, so can non-market institutions (inchugli
the State!) falter. An implication of the way wevkadefined externalities here is that they reflect
institutional failure One may say that environmental and resource gmublare often symptoms of
institutional failure, of which market failure isibone class of examples.

1.2 A Question and A Puzzle

With this background understanding, a questionearisn view of our dependence on the
environment and natural resources, is contempe@sgomic development sustainable?

There is a remarkable divergence of opinion orgtiestion, ranging from a straightforward "yes"
to a flat "no". There is also the opinion that tjuestion misleads, in that it is so aggregative asiggest
that environmental and (natural) resource conflicesto be found only between "us" and a sequehce o
future "thems"; whereas, or so it is argued, lgrgekets of extreme poverty residing in what is pihse
an increasingly affluent world ensure that theeesarch conflicts even among contemporaries.

The environmental and resource problems facingietyaare a function of its demand for goods
and services. Population size contributes to teatahd, but the average demand per person congibute
to it too. Some people have argued &t capitaconsumption in industrialized nations have reached
levels that are socially very costly and irrespblesiwhile others have claimed that higér capita

consumption is essential if prosperity there ibéanaintained and if poor countries are to prosper.

! Gordon (1954) was the first to analyse thplivations of open access for a resource baset Scot
(1955) is an original study on the effects of opetess on fisheries, and Milliman (1956) is anotmer
the effects on groundwater. For over four decattes,Prisoners' Dilemma game has been used by
economists to show that a resource would be owei-usder open access, but it was Hardin (1968) who
popularised it by means of his admirable metaphor.
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Underlying these intellectual tensions are the ladimig intuitions that have arisen from different
empirical perspectives on whether the characteoatfemporary economic development, both in the poor
world and in industrialized countries, is sustaledtOn the one hand, if we look at specific resesrand
services (fresh water, a wide variety of ecosystemices, and the atmosphere as a carbon sinkg, ithe
convincing evidence that continued growth in thiesaat which they are utilized is unsustainable
(Vitouseket al, 1986, 1997; Postet al, 1996; Bolin, 2003; Steffeet al, 2004). For example, Vitousek
et al (1986) estimated that something like 40 percétiteonet energy created by terrestrial photoswighe
(i.e., net primary production of the biospheregusrently being appropriated for human use. Thi is
course a rough-and-ready figure; moreover, ne¢saral primary production isn't given and fixed: i
depends in part on human activity. Neverthelegsestimate does put the scale of the human presence
Earth in perspective. The figures also give usdea iof the unprecedented perturbation to the ratura
environment that has been created by human aciivigyshort space of tinfe.

On the other hand, if we study historical trendthaprices of marketed resources (e.g., minerals
and ores), or the recorded growth in the conveatipmeasured indices of economic progress (such as
gross national product (GNP) per head) in thosetces that are today rich, environmental and resou
scarcities would not appear yet to have bitteniiBtirand Morse, 1963; Simon, 1990; Johnson, 2000).
World GNPper capitahas grown three-fold (to over 5,000 US dollamsgsithe end of the Second World
War; humans on average live some 20 years longdryva are far better educated.

The new developments in environmental and resagoromics we survey in this paper were a
response to these conflicting intuitions. One efdlchievements of that programme of research teas be
to establish that that particular disagreementoearesolved by abandoning indices of economic wnelfa
that cover just the short run, such as GNP per haddhe United Nations' Human Development Index
(HDI)*, and by adopting instead an inclusive measfiveealth(Sections 6-8). GNP per head (or, for that
matter, HDI) can increase during an extended peeioeh while wealth per head declines. Studyinpise
in GNP per head, or HDI, can be misleading in gathe economic prospects that may lie aheady The
could also mislead if we were to assess the pasioaaic performances of nations solely in their erm
(Section 6).

1.3 Resources and Pollutants

2 For a good illustration of the conflictinguitions, see the debate between Norman Myershanidte
Julian Simon in Myers and Simon (1994).

® This was the theme of a special symposiuBcience1997, Vol. 277 (see especially the article by
Vitousek et al). See also McNeill (2000) for global statistias changes in the magnitude of the
perturbations that were made to the natural enmeant during the 20th century.

* HDI is a suitably normalised, linear combioatof GNP per head, life expectancy at birth, and
literacy (UNDP, 1990).



Natural resources are of direct use in consumpfiisheries), of indirect use as inputs in
production (oil and natural gas), and of use irhl{air and water). It may be that the value ofspuece
is derived from its usefulness (as a source of,foods essential actors in enabling ecosystepsoiode
services - e.g., as keystone species), it maydtehta value is aesthetic (places of scenic beaarty) may
be that it is intrinsic (primates, blue whales).faat, the value may involve all three consideraio
(biodiversity). The worth of a resource could benfrthe value of what is extracted from it (timbe),
from its presence as a stock (forest cover), onfooth (watersheds).

Interpreting natural resources in a broad way, @sing doing here, enables us to include on our
list those assets that provide the many and vadedystem services upon which life is based. Those
services include maintaining a genetic libraryspreing and regenerating soil, fixing nitrogen aatbon,
recycling nutrients, controlling floods, filterirgpllutants, assimilating waste, pollinating cropgerating
the hydrological cycle, and maintaining the gasemmposition of the atmosphere. A number have a
global reach, but many are local. Nature's senaceshot only of direct value to us, they offeriredt
benefits too: a multitude support and promote titenal resource base on which our economic a&viti
are founded. Thus, for example, mangrove forestaatronly sources of timber, but are also nursdde
wide varieties of fish populations. Moreover, thmgtect coastlines from storms, provide nutrieots f
aguatic life, and assimilate organic wastes thatdrupopulations deposit into the sea. (Naylor are)
1998, show how one can elicit information concegrtime value of a mangrove forest to those who are
dependent on it.)

Ecosystems have close similarities with the infeetielent economic systems that we economists
study in the special circumstances of a generalliequm: individual actors (whether organic or
inorganic) interact with one another and generabsystem services (Méaler, 1974). Those interaciions
the main involvenon-lineardynamic processes. In Section 5 we illustrate bgms of a simple model how
such dynamic processes determine economic possgilEhrlichet al (1977), Daily (1997), Ehrlich and
Ehrlich (1997), Levin (1999, 2001), Predsal (2001), Gunderson and Holling (2002), and Steéfieal
(2004) contain extensive, authoritative accounthefprocesses that yield Nature's services.

Pollutants are the reverse of natural resourcesorme cases the emission of pollutants amounts
directly to a degradation of ecosystems (the efféetcid rains on forests); while, in others, itans a
reduction in environmental quality (deterioratidnv@ter quality), which also amounts to degradatibn
ecosystems (watersheds). Therefore, for analypicgloses, there is no reason to distinguish resourc
economics from environmental economics, or resoume@agement problems from environmental
management problems. Roughly speaking, "resousres’goods” (in many situations they are the sinks
into which pollutants are discharged), while "ptdlus” (the degrader of resources) are "badsvHr

an extended period of time, the discharge of pafitg into an environmental sink exceeds the Ilatter'



assimilative capacity, the sink is destroyed ($ech). Pollution is thus the reverse of conservetim
what follows, the terms natural resources and tive@nment are used interchangebly.
1.4 Rural Poverty and the Local Resource Base

The above, expansive reading of the traditionahsexxternalities resourcesandenvironment
has been invoked by a few economists in recensyteaxtend the reach of environmental and resource
economics by investigating the numerous roles Mapleys in the lives of rural people in the world's
poorest countries. This has led to the study ditini®ns that were created by the rural peoplmémage
natural resources. (The focus on rural, as opposerban, poverty is understandable: some 60-7€eper
of people in the world's poorest countries liveural areas.) In studying Nature's roles in rufaldand
the rural institutions that have emerged to betteet those roles, investigators have drawn atiemdio
local resource bases, which comprise such assets as aotidtreams, water holes and aquifers, swidden
fallows and threshing grounds, woodlands and ferggtazing lands and village tanks, and fishenes a
wetlands. They are for the most pesimmon propertand are frequently managed dcymmunitarian
institutions. Attempts have been made to uncoverpathways by which poverty and reproductive
behaviour among rural people is linked to the statibeir local resource base (Dasgupta, 1982, 1993
2003a, 2004; Dasgupta and Maler, 1991, 1995). Aljhothe economics of development and
environmental and resource economics have traditiomemained silent about each other (see, for
example, the survey articles by Stern, 1989, orldpment economics; and by Cropper and Oates, 1992,
and Brown, 2000, on environmental and resourceanims, respectively), they are in fact closelytezla
You would not obtain a clear picture of rural lifethe world's poorest regions if you were to negtae
direct role the local resource base plays therel you would be unable to track the evolution ofaloc
resource bases in the world's poorest regionsufwere to neglect the needs of the poor and tred loc
institutions they managed to create in order tceoofth those needs. We economists should not have
expected matters to have been otherwise.

The study of local economies has drawn attentidghdédact that, what counts in the ecology of
rural life are populations of species: "specigs" seis too broad a category. Thus, when wetlandsnéhla
and coastal fisheries, woodlands, forests, ponddades, and grazing fields are damaged (owing,teay
agricultural encroachment, or urban extension#)econstruction of large dams, or organizatioadlife
at the village level, or resource usurpation bySkege), traditional dwellers suffer. For them € dney
are among the poorest in society - there are fratyugo alternative source of livelihood, nor isgmation
usually an option. In contrast, for rich eco-totgrier importers of primary products, there is sdrimegt

else, often somewhere else, which means that #neralternatives. Whether there are substitutea for

®> Dasgupta (1982) develops the perspectivedatgr detail. See Heal (2000) for an applicatibihe
viewpoint to a watershed management problem irCéiskill Mountains in the state of New York.
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particular resource is therefore not only a mattercerning technology and consumer preferences: the
poor suffer from a lack of substitution possikéitiin ways the rich dort. Even the range betweaszed
and a luxury is context-ridden. For these reasars@mental and resource economics needs not only
to be inclusive in its recognition of what condiisl a capital asset, it needs also to be sensdive
individual and locational differences. A pond ineovillage is a different asset from a pond in aapth
village, in part because their ecological charésties differ, but in part also because the comitiesi
making use of them face different economic circamsts. In practice, of course, such refined disting
may not be realizable in national income accoubts; it is always salutary to be reminded that
macroeconomic reasoning glosses over the heteribgefhEarth's resources and the diverse uses ithwh
they are put - by people residing at the site anthbse elsewhere. National income accounts rettedtt
reasoning by failing to record a wide array of tansactions with Nature.
1.5 Nature's Non-Convexities and Policy Failure

Earlier, we traced environmental and resource problto institutional failure. But they can arise
also frompolicy failure

The catalogue of policy failures round the worldtthas been compiled over the years is long and
varied. Some are reflections of corruption, vestéerests, or sheer ineptitude; but there are elesg
policy failure that can be interpreted as beinglirgtent. For example, in an analysis of deforestan
the Brazilian Amazon, Alstoet al (1999) have argued that accelerated deforestétibmwed by violent
conflicts between landowners and squatters, hasmectbecause of legal inconsistencies betweertiihe
law, which supports the title held by landowners] ¢he constitutional law, which supports the right
squatters to claim land not in "beneficial used.(garming or ranching). Ironically, the latteght reflects
the government's stated desire for land reform.dttkors have shown that the vagueness of the-"use"
criteria and the uncertainty as to when a land owie&aim to a piece of land or a squatter's cauwiéem
to it is enforced are together an explosive fdrce.

The political economy underlying policy failure hé®en much studied by economists,
international agencies, and non-governmental azgfions. By way of offering a contrast, we focusche
on policy failures arising from the applicationin€orrect models of ecosystems. Theoretical stualies

the optimum extraction of renewable resources laagaslicies that flow from them frequently assuhs t

® For empirical confirmation of the links bedveresource degradation and the persistence oftgpve
see Agarwal (1986), Cleaver and Schreiber (199dlari®2l and Platteau (1997), Barbier (1997, 1999),
Chopra and Gulati (1998), Aggarvetlal (2001), Campbettt al (2001), and Jodha (2001), among many
others.

" In a wider discussion of the conversion oé&ts into ranches in the Amazon basin, Schneld€5)
has shown that the construction of roads throughdtests has also been a potent force. Other dgamp
of policy-induced environmental deterioration ane tnassive agricultural subsidies in the European
Union. These are known to have encouraged agrialifwactices harmful to aquatic ecosystems.
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transformation possibilities among goods and sesviconstitute convex sets. Convexity is a
mathematically convenient assumptfon. Howevengelaody of empirical studies by earth scientists h
revealed that the pathways by which the constitueintcosystems interact with one another and tvéh
external environment frequently involve positivedback. (See Steffeat al, 2004, for an illuminating
set of studies.) The findings imply that the transfation possibilities among environmental goods$ an
services, taken together, constitute non-conves. $éature's non-convexities are in many cases So
significant, that to assume convexity there, evearaapproximation, would be misleading (Section 5)
For this reason, mathematical ecologists have extiutie structural stability of ecosystems and iess
and shapes of their basins of attraction for gisetis of environmental parameters (May, 1977; Murray
1993). Such notions as thesilienceof ecosystems to withstand perturbations withigimi§icant changes

in their character are expressions of this resesmehmest (Perringet al, 1995; Levinet al, 1998;
Gunderson and Holling, 2002).

Although non-convexities are prevalent in globassstems (ocean circulation, global climate),
it is as well to emphasise the spatial charactenafy positive feedback processes. The latter hiaiect
bearing on rural people in the world's poorestaegi Eutrophication of ponds, salinization of saiid
biodiversity loss in a forest patch involve crogsatological thresholds at a spatially localisegtle
Similarly, the metabolic pathways between an irtlliai's nutritional status and his or her capaoitydrk,
and those between a person's nutritional and @istatsis involve positive feedbaék. Unfortunatelgn
applied studies frequently adopt linear approxioretifor modelling interrelationships involving non-
convexities. Dose-response relationships betweblntaots and their effects on human functionings ar
often taken to be linear, as are additional food health-care requirements to combat widespread
malnutrition (World Bank, 1993; UNDP, 2003).

There are further links between poverty and thecavexities that people face. For the poor,
to cross ecological thresholds can mean the faaoboof substitution possibilities among resources,

meaning that their range of options is non-con@&wdies of extreme poverty based on aggregatitmeat

® For completeness, here is the definitionofvexityof a set
A commodity vector, say, is aconvex combinatiolf commodity vectorx andy if z is a
weighted average afandy, where the weights are non-negative and sum tg (that is,z = ax + (1-w)y
for somex: € [0,1]). A set of commodity vectors is said todmavexf every convex combination of every
pair of commodity vectors in the set is in the geset isnon-convexf it is not convex.

° Dasgupta and Maler (2004) is a collectiontechnical articles on the economics of non-convex
ecosystems.

19 See Dasgupta (1993) for the relationship eetwnutritional status and human productivity, fomd
evidence on synergies between nutritional and sisstatus. An extensive set of references to theapr
literature on these topics is also provided there.
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regional or national level can therefore misleaghtly!* The spatial confinement of many of the non-
convexities inherent in Human-Nature interactioesds always to be kept in mind.
1.6 Institutions and Non-Convexities

The market mechanism is especially problematibasé situations where ecological pathways
reflect significant non-convexities. It may provapossible to decentralise an efficient allocatién o
resources by means exclusively of prices. Efficiemchanisms would involve additional social
contrivances, such as (Pigovian) taxes and subsiglimntity controls, social norms of behavioud aa
forth. Baumol and Bradford (1972) and Starrett @)3bserved that non-convexities are prevalent when
losses traceable to environmental pollution arentded. Starrett (1972) demonstrated that in thespies
of such non-convexities, a competitive equilibrisimply does not exist: markets for pollution woblg
unable to equate demands to supplies. If the mprlest for pollution were negative (i.e., the ptdiuhas
to pay the pollutee), pollutees' demand would d®unded, while supply would be bounded. On therothe
hand, if the price were non-negative, demand wdnddzero, while supply, presumably, would be
positive’

The finding implied that private property rightsénvironmental pollution would not be capable
of sustaining an efficient allocation of resourbgsmeans of the price system. However, Shapley and
Shubik (1970) had already demonstrated by meaaa ekample that if property rights are awarded to
polluters, even such a non-price resource allatatiechanism as the core may not yield an outcoime. T
character of non-convexities is shaped not onljatre, but also by human institutions (Starré373).

In his classic article, Starrett (1972) showed falfynthat a suitably chosen set of (Pigovian)
pollution taxes, together with a system of comjpetimarkets for other goods and services - assuthatg
the latter constitute a convex sector - would labée of supporting an efficient allocation of nesaes.

As there are no markets for pollution in such #&cation mechanism, the problem of equating supply
demand in pollution activities is bypassed. Theahaould appear to be that social difficulties iags
from the non-convexities can be overcome if theéeSigere to assign property rights in a suitable way
permitting private rights to the convex sector, tagerving for itself the right to control emissscaind
discharges, be it directly in terms of regulationéndirectly by means of taxes and subsidfes.

1.7 Welfare Economics in an Imperfect State

1 See the interchange between D. Gale Joh2€i) and Dasgupta (2001b) on this.

2 In an earlier classic, Arrow (1971) had obedrthat markets for externalities would suffemfro
another problem: no matter whether the externglitie positive or negative, the markets would b "t
meaning that they would not be competitive.

13 Since the relative merits of regulations &nes to curb pollution under asymmetric informatiave
been much discussed in the published literatura{el1973; Cropper and Oates, 1992), we ignore them
here.



Institutions falter everywhere. Communitarian ingtons that evolved to manage local common
property resources have been found to functiorceéffgy in some places, but examples abound where
they have malfunctioned (Baland and Platteu, 19B&re are even places where trust among citizens h
been so weak, that communitarian institutions metenvolved members beyond the "family" (Banfield,
1958). As noted earlier, market failure is no unown phenomenon either.

It has been a common assumption in welfare ecorsothicugh, that the State operates effectively
in those matters where other institutions faltdre Bissumption pervadpablic economigswhich was
developed for a society in which the State is mdy erustworthy, but also optimizes on behalf af it
citizens (Atkinson and Stiglitz, 1980; Myles, 199B8bdlicy prescriptions emerging from the theoryfast-
best (Utopian), or are at worst, second-best (Agafiian; Meade, 1989). But such prescriptions ate n
self-evidently relevant for the world we have cam&now; perhaps most especially for the majorfty o
today's poor countries. In some places, the Stateompetent; in others it is predatory and visiduis
hard to imagine the sense in which governmentshiat\are demonstrably failed or predatory states may
be said to be optimizing on behalf of their citigen

However, it is not absurd to imagine that everh@rnost corrupt and predatory of governments,
there are honest people. It can be safely assuma¢duch figures are only minor officials, involvied
making marginal decisions (a road here, a localrenmental protection plan there, and so on). What
language does welfare economics have to speakltopaople? What intellectual tools do they have for
assessing whether the economic policies their govents are pursuing are likely to leadststainable
developmertt

2. Plan of the Paper

This paper is not meant to be a survey of recemni woenvironmental and resource economics.
Our aim is far more restricted. It is to offer ataunt of recent work that reconciles the confiigti
intuitions mentioned in Section 1.2. That work vimaslt on the questions, observations, and findings
sketched in Sections 1.3-1.7. Each of the issusEsigsed there has been crucial for finding an antewe
the question of how the honest decision maker we st alluded to can best conduct policy analysis
We show how standard welfare economics can be edlaptenable the honest decision maker, even in
the most dysfunctional of societies, to weigh theious considerations when deliberating over small
policy changes. The formal language that is dewsldgelow can also be used in an informal way by the
concerned citizen to reason about economic policies

Each of the issues discussed in Sections 1.3-5.alea been crucial for constructing a formal
language in which to determine whether economielbgvnent in a region, or among a group, has been
sustainable. We will discover that, when our deeice on Nature's services is acknowledged, there is
a strong element of "common sense" in economioneag. Paradoxes arise only when important factors

of production are dismissed as being negligible.
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We confine ourselves to theoretical developmentsei\ftequired for the purpose of motivating
or validating the theory, we describe applied wa&ikt we do not elaborate on the applied work, ror d
we evaluate it. Applied research has occasionadiped the development of the theory reported leege (
an extensive literature on policy failures anddfiects of civil disorder in many regions of therlgd, but
it has on occasion also been prompted BY it. Unfately, applied research has all too often lagged
behind economic theory. For example, we have founthore than a handful of publications in which a
project involving ecological services has beenatald comprehensively. Studies estimating the value
of environmental amenities abound in the publiditedature, but it is a rare publication that usash
estimates to conduct social cost-benefit analysiprojects involving those amenities. Moreover,
macroeconomic forecasts rarely include environnmeasmurces. Accounting for the environment, if it
comes into the calculus at all, is an afterthougtthe real business of "doing economics”. To aiie
example, the environment and natural resources mad@pearance in the authors' assessment of what
lies ahead in an influential, 38-page Survey of\therld Economy inThe Economis(25 September
1999). One can only assume that the authors taskdgiven that they are in unlimited supply.

On occasion, therefore, we report theoretical déidns even when we have no estimates of their
orders of magnitude. We do so in order to encouapgdéied work. One of our motivations for preparing
this survey has been to persuade professionabgpléss that neglecting natural capital in studigh®f
long run can be hugely misleading. As a disciplime, would have been far ahead today in our
understanding of the pathways that have shapea®siochange in various regions of the world if giiow
and development economists had taken environmantatesource economics seriously in the past.

In Section 3, certain consequences of market irptoins in the use of natural resources are
identified. Hidden subsidies in the export of prignproducts, paid for, possibly, by some of theldisr
poorest people, are identified. Biases in the tre®f technological innovations are then discds€gne
tentative conclusion we reach is that the morelfamypes of market imperfections lead to an estes
use of natural resources.

Insights have been obtained by anthropologists)@uists, and political scientists about resource
management in rural regions of the world's poaresntries. Their work documents that communitarian
institutions have often been successful in manaiiedocal commons, but that at other times andgsla
they have failed, or have broken down. Whetherobrcommunitarian institutions are a success, tisere

a need to model their activities if public police® to be evaluated. Section 4 is about commignitar

14 See the pioneering works of Repettal (1989), Vincenet al (1997), and Langet al (2004) on
the reconstruction of national accounts in IndameMalaysia, and Southern Africa, respectively, by
including changes in the stocks of natural capkal. some years now, the United Nations Statistical
Office has been similarly engaged on an internatienale.

> Anderson (1987) and Markandya and Murty (3G0¢ among the few.
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institutions. The examples reported there suggest they could be modelled for the purposes of
understanding non-market allocation mechanismsimyidhe use of environmental resources.

Section 5 studies an ecological process involvingitive feedback. The example concerns
phosphorus discharge into a shallow, fresh waker. I&lose variants of the mathematical model of the
shallow, fresh water lake have been used by eattoghd oceanographers to characterize diversehatu
processes. We use the model to show that a prayaiiew in the economics literature about
environmental degradation, that it is mostly reises is misleading®

Section 6 makes use of the findings in Sectiond@develop welfare economics in imperfect
economies. We are interested in two related questlrere: (1) How should one evaluate policy reform
(e.g., an investment project) in an imperfect eoay® (2) How is one to check whether an economic
forecast reflects sustainable development? We tipnesume that the economy is convex, nor do we
assume that the government optimizes on behal$ @itizens. We demonstrate first that, as in tsec
of first-best, convex economies, shadow pricesuaedul tools for economic evaluation. Sustainable
development is then defined to be an economic prnogre along which intergenerational welfare does not
decline. We show that the same set of shadow pstwesid be used both for policy evaluation and for
assessing whether or not an economic forecasttreffestained development. The wealth of a nasion i
the shadow value of its entire stock of capitabtsssncluding not only manufactured capital, krexlge,
and human capital, but also natural capital. Wevghat wealth, computed in terms of shadow pricaes,
be used as a criterion function for problem (1) amtmerical index for problem (2). The first resul
follows from the fact that the present discountatlie of the flow of a project's shadow profitshs t
change in wealth at constant shadow prices. It @tbeds, the well known criterion for project evaiion
- choose a project if and only if the present disted value of the flow of its social profits isgitove -
is really about changes to wealth brought aboubtgstment projects.

The second result follows from the fact that arré@ase in wealth, at constant shadow prices,
signals that intergenerational welfare is sustathathg an interval of time. Therefore, at any matref
time, wealth increases if and onlyniétinvestment is positive. First-best, convex ecomanaire shown to
be an extreme special set of instances of the etesctudied here.

Using the methods reported in Section 6, the wagdast prices can be estimated is explored in
Section 7 by means of two examples. One concerter watraction under free entry, while the other
studies a polluted lake that is subject to a nam/er ecological process. The models developed in
Sections 6-7 assume constant population and amebsé exogenous technological and institutional

change. They also assume an absence of uncertail@gction 8 we relax those assumptions in tuch an

'® The widespread appeal to the environmentahiéts curve, publicised in World Bank (1992), is
based on the idea that resource depletion is liblers
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extend the equivalence result pertaining to chaimgegalth and intergenerational welfare. Condgion
under which wealttper capitacould be used as an index of intergenerationafaveelare derived;
moreover, recent estimates of movements in weatlcapitain a number of countries are reported. In
Section 9 we offer concluding remarks.

3. Imperfect Markets

It is not uncommon today to interpret macroeconataieelopment in terms of the choices that
are made by an optimising dynasty, facing perfexitypetitive markets for goods and services (Blarech
and Fisher, 1989; Romer, 1996). Previously, sugbwa would have seemed puzzling. A large, post-War
literature on intertemporal welfare economics saugldentify reasons why the economies we observe
should not be expected to reflect optimum econoddeelopment. Three prominent reasons were
identified: (1) imperfect capital markets; (2) innfeet risk markets; and (3) household myopia. Ezah
be shown to create a wedge between private andl sates of discount (see, for example, Arrow and
Kurz, 1970; Lind, 1982; Arrovet al, 1996; Arrowet al, 2004).

Here we focus on the underpricing of environmesaalices. We study two examples to illustrate
ways in which resource allocation can go astraynaharkets fail.

3.1 Structural Adjustment and the Natural Environment

People have criticized the way the World Bank-imétional Monetary Fund structural adjustment
programmes were implemented in poor countries in1®80s. Some have pointed to the additional
hardship the poor have experienced in their waltkei@ have argued that in order to reduce deficits,
governments were led to embark on economic progesrimat were particularly harsh on the natural
resource base. Still others have argued that theffects have come in tandem, that structuralsaaient
programmes encouraged countries to raise expoentevby depleting natural capital in a rapacious
manner. On the other hand, proponents of strucadplstment programmes have argued that they
encouraged the growth of markets and helped taceedavernment deficits.

It is just possible that both proponents and opptanaf the programmes were correct. The growth
of markets and a reduction in government deficgadiit many, but, simultaneously, they can make
vulnerable people face additional economic hardship possible that the economic gains from stmad
adjustment were in principle large enough to corsptnthe losers, but losers frequently are not
compensated; they may even remain undetected. Hnera number of pathways by which this can
happen. Here we sketch one.

An easy way for the State to earn revenue in caséndowed with forests is to issue timber
concessions. The State can exercise its rightsdsts that are public property by a judiciousafderce
to evict long-term dwellers. Timber concessionsttam be sold to favoured firms, reducing governmen

deficit, while simultaneously enlarging the privaenk balances of officials. Forests are an eaggtaf
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usurpation by the State, because there tend to begal documents proving ownership.

We leave aside the losses incurred by those eyibaghuse there is nothing really to say on the
matter other than platitudes. It is more fruitfthink instead about concessions made on foreskei
uplands of a watershed, so as to consider thegcalgathways by which deforestation inflicts dgma
on people in the lowlands (siltation, increasedtimace of flooding, and so fortf). It pays to sticm
in terms of the assignment of property rights. Gtxmon law in many poor countries, if we are pesadit
to use this expression in a universal context,geiees pollutees' rights. So it is the timber manttwho,
in principle, would have to compensate downstreamérs for the right to inflict the damage thatgoe
with deforestation. However, even if the law sdwes matter in this light, there is a gulf betweea th
"written" law and the enforcement of law. When ¢taese of damage is hundreds of miles away, when the
timber concession has been awarded to public latliogState, and when the victims are a scattermgg
of poor farmers or fishermen, the issue of a natgatioutcome doesn't usually arise. But when thiedr
merchant isn't required to compensate downstreemefa and fishermen, the private cost of logging is
less than its social cost. Therefore, from thead@aint of view, we would expect excessive deftaisn
of the uplands. We would also expect that resobiased goods would be underpriced in the market (say
in export markets). The less roundabout is the yotion of the final good, the greater would this
underpricing be, in percentage terms. Put anothgr tlve lower is the value that is added to theues
in the course of production, the larger is the iixtd this underpricing of the final product. THeadow
price of timber being greater than its market ptiere is an implicit subsidy on primary foresbghuicts,
possibly on a massive scale. Moreover, the (expali3idy is paid not by the general public via tiaxa
but by some of the most disadvantaged membersci#tgdthe sharecropper, the small landholder or
tenant farmer, the fisherman). The subsidy is mdétem public scrutiny, which is why it isn't
acknowledged officially. The hidden subsidy is altietransfer from the exporting country to the reioy
that does the importing. We should be in a positioestimate such subsidies. As of now there asinb
estimates.

3.2 Technological Biases
Such welfare indices as GNP per head are biasetibethey don't incorporate changes in the

stocks of natural capital. The market price of ratresources on site is frequently zero, evenghdhbey

" Colchester (1995) has recounted that pdlitegaresentatives of forest-dwellers in Sarawakliaykia,
have routinely given logging licences to memberthefstate legislature. Primary forests in Sarasvak
expected to be depleted within the next decad®.o€Criz and Repetto (1992) have described other
pathways by which structural adjustment programhae® been unfriendly to the natural environment.

8 The example is taken from Dasgupta (1990ict@hisky (1994) has developed the argument in the
text in a more general context. Hodgson and DiX@9®) is a case-study on logging and its impact on
fisheries and tourism, in Palawan, the Philippinleat illustrates the example well.

13



are scarce goods. This means that commercial oatefurn on investments that rely particularly on
resources are higher than their social rates ofimeherefore, resource intensive projects appetier
looking than they actually are. We would expect,tbaer time, an entire sequence of resource iivens
technologies would be installed. Moreover, peopéen by doing and learn by using, not only insthlle
technology, but also in research and developmetdardge literature on technological change has shown
that there is in consequence an element of paéndemce in the development and use of new technolog
(Landau and Rosenberg, 1986; Dagsal, 1988). The findings imply that modern technodsgare not
always appropriate technologies, but are ofteniemdty towards those who depend directly on thalloc
resource-base. The conclusion to be drawn posksandh: it could be that we require a big push twen

us away from our especial dependence on natu@lmess. Although empirical evidence is still scarce
the inappropriateness of installed technologykslyi to be especially true in poor countries, where
environmental legislations are frequently neitrhesrgy nor effectively enforced.

The transfer of technology from advanced counta@sbe inappropriate even when that same
body of technology is appropriate in the countryodfjin. This is because shadow prices of natural
resources, especially local resources, vary froomttg to country. A project-design that is socially
profitable in one country may be socially unprdileain another. This helps to explain why the psbre
in poor countries, when permitted, have been kndoviprotest against the installation of modern
technology. It also helps to explain why environtaégroups in poor countries not infrequently appea
to be "backward-looking", trying to unearth tragiital technologies for soil conversation, water
management, forest protection, medical treatmert,sa forth™> However, to do so isn't necessarily to
assume an anti-science stance. Wrong prices taénetitechnological agenda in wrong directions.

One can presume that the bias toward resourcesimgetechnologies extends to the prior stage
of research and development. When natural resowmresunderpriced, the incentives to develop
technologies that would economize on their usdoaver than what they should be. It follows thatcen
it is perceived that past choices have been edlyedamaging to the environment, cures are sought,
whereas, prevention could well have been the belteice. Contemporary debates on the viability of
carbon sequestration on a global scale is anrditish of this sequence of events.

4. Non-Market Institutions

Non-market institutions abound. In rural commusitié poor countries, people rely on them for
the purposes of obtaining credit and insuranceshasing lumpy private goods (in what are calledtitog
savings and credit associations, or ROSCAs), amstaacting and maintaining local public goods
(terraces, shorelines, canals, and tanks). Nonanhgstitutions supporting activities that invothe entire

community (building and maintaining local publicagis) are of a communitarian variety.

19 Agarwal and Narain (1996) is an interestiagent study in this vein.
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Natural resources in rural regions of poor coustaie, in consequence, often communally owned.
Not unoften, they are also communally managed. Treythelocal commonscomprising irrigation
canals, tanks, water holes, threshing groundstaidsheries, grazing fields, rivulets, and woattla. As
a proportion of total assets, the presence of lomamons ranges widely across ecological zonegeThe
is evidence from India that the commons are maosinprent in arid regions, mountain regions, and
unirrigated areas; they are least prominent in Husgions and river valleys (Agarwal and Narair89;9
Chopraet al, 1990). This suggests that communal ownershiplegadhe rural poor to pool risks more
effectively than private ownership. Typically, tbemnership is not "legal”, but is instead, "histatic
Whatever the source of the authority that underffiesownership structure, the local commons are not
open to outsiders: they are not "open access essuICommunal management is a frequent means by
which the rural poor have tried to avoid the trggefithe commons. A formal model of local commons,
both when they are managed cooperatively and wbignvas developed in Dasgupta and Heal (1979: Ch.
3). A large empirical literature has since devethmiescribing the many ingenious rules and reguiati
societies have devised in order to manage theit mmmmons. (See Howe, 1986; Wade, 1988; Chopra
et al, 1990; Feengt al, 1990; Ostrom, 1990, 1992; Stevenson, 1991; Bladaud Platteau, 1996; Beck
and Nesmith, 2001; National Research Council, 268@8#%ng many others.)

4.1 Importance of the Local Commons

Are the local commons important in people's livies& pioneering study, Jodha (1986) reported
evidence from over 80 villages in 21 dry districtdndia, that among poor families the proportidn o
income based directly on their local commons igharange 15-25 percent. In a study of 29 villdges
south-eastern Zimbabwe, Cavendish (2000) arrivexyem larger estimates: the proportion of income
based directly on the local commons is 35 perceith, the figure for the poorest quintile reachirng 4
percent. Both investigators discovered in their@asithat richer households drew a smaller proporti
of their total income from the commons than poardatolds.

Communal management of local resources makes ctomedth social capital, viewed as a
complex of interpersonal networks, and hints atohsis upon which cooperation has traditionallynbee
built (Dasgupta, 1993, 2003b; Pretty and Ward, 208% the local commons have been seats of non-
market relationships, transactions involving theenadten not mediated by market prices. So th&rdan
go unreported in national economic accounts.

But there are wheels within wheels in communitariationships. In his work on South Indian
villages, Seabright (1997) showed that milk prodsia®operatives are more prevalent in the drigridis
there. But as the local commons are also more lergvia drier districts, one way to interpret Seght's
finding is that cooperation in one sphere of lifleafaging the commons) makes cooperation in other
spheres (marketing milk) that much easier: coojperéiegets cooperation. The empirical literatureten

local commons is valuable because it has unealtbedinstitutions that are neither part of the marke
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system nor of the State develop organically to aefie resource allocation problems.
4.2 Weaknesses in Communal Ownership

Thus far, the good news about communitarian iriglite. There are, however, two pieces of bad
news. First, a general finding from studies onrttamagement of local commons is that entitlements to
products of the commons is frequently based onateivoldings: richer households enjoy a greater
proportion of the benefits from the commons. Blet€1983), for example, drew on examples from India
to show that access to the commons is often resdrio the elite (e.g., caste Hindus). CavendiSio@2
has reported that, in absolute terms, richer haldshn his sample took more from the commons than
poor households. That women are sometimes exclhdsdlso been recorded (e.g., from communal
forestry; Agarwal, 20013

The second piece of bad news is that local commaws degraded in recent years in many parts
of the poor world. Why should this happen now inskn places where they had been managed in a
sustainable manner previously?

One reason is deteriorating external circumstarweesh lower both the private and communal
profitability of investment in the resource basdefle are many ways in which circumstances can
deteriorate. Increased uncertainty in propertytsgie a prime example. You and your community may
think that you together own the forest your foreéat passed on to you, but if you do not possdsead
to the forest, your communal rights are insecura tlysfunctional state of affairs, the governnmay
confiscate the property. Political instability {ire extreme, civil war) is another source of uraiety: your
communal property could be taken away from youdrgd. Political instability is also a direct caude
environmental degradation: civil disturbance atl frequently expresses itself through the deswaabif
physical capital.

When people are uncertain of their rights to agiefcproperty, they are reluctant to make the
investments necessary to protect and improvethielsecurity of a communal property is uncertawirig
to whichever of the above reasons), the privatemstexpected from collective work on it are loweT
influence would be expected to run the other way with growing resource scarcity contributing to
political instability, as rival groups battle owvesources. The feedback could be "positive”, ekeatirg
the problem for a time, reducing private returnsimrestment further. Groups fighting over spatially
localized resources are a frequent occurrence fettayer-Dixon, 1999). Over time, the communitarian

institutions themselves disintegréte.

2 McKean (1992) stressed that benefits fronttimemons are frequently captured by the elite. vghr
and Narain (1996) revealed the same phenomenbeiinstudy of water management practices in a semi-
arid village in the Gangetic plain.

% Recently de Soto (2000) has identified theeabe of well-defined property rights and theitg@ction
as the central facts of underdevelopment. Rightystressed the inability of poor people to obtagdit
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The second reason is rapid population growth, wbgehtrigger resource depletion if institutional
practices are unable to adapt to the increasedyseesn resources. Irb@ d'lvoire, for example, growth
in rural population has been accompanied by inectateforestation and reduced fallows. Biomass
production has declined, as has agricultural pripdtyc(Lopez, 1998). Of course, rapid populatioowth
in the world's poorest regions in recent decadef itequires explanation. Increased economic uritgc
owing to deteriorating institutions, is one ideiatile cause: children are a fairly reliable forncapital
asset (Bledsoe, 1994; Guyer, 1994; Heyser, 1996helsure, there are other causes, but even d rapi
population growth is a proximate cause of environtaledestruction, the underlying cause would be
expected to lie elsewhere. Thus, when positiveslare observed in the data between population growt
environmental degradation, and poverty, they shaoldbe read to mean that one of them is the prior
cause of the others. Over time, each could intterthe cause of the others. (For the theory, segup#a,
1993, 2003a; for a recent empirical study on S@udtica that tests the theory, see Aggaretsal, 2001.)

The third reason is that management practicesedotal level have been known on occasion to
be overturned by central fiat. A number of stateshie Sahel imposed rules that in effect destroyed
communal management practices in the forests.gétlaeased to have the authority to enforce sasctio
on those who violated locally-instituted rules.t8tauthority damaged local institutions and turtred
local commons into open-access resources (Thoetsin 1986; Somanathan, 1991; Baland and Platteau,
1996).

And the fourth reason is that the management @fl loemmons often relies on social norms of
behaviour, which are founded on reciprocity. Batitations that are based on reciprocity are feadihey
are especially fragile in the face of growing ogpoities for private investment in substitute rases
(Dasgupta, 1993, 2001a [2004]; Campletlal, 2001). This is a case where an institution dmizgties
even when there is no deterioration in extern@uecirstances, nor population pressure. However, when
traditional systems of management collapse andtaegaced by institutions that can act as sulistt
the use of the local commons becomes unrestraifieel.commons then deteriorate, leading to the
proverbial "tragedy of the commons". In a recemtigt Balasubramanian and Selvaraj (2003) have found
that one of the oldest sources of irrigation -agt tanks - have deteriorated over the yearsamalg of
villages in southern India, owing to a gradual ghexin collective investment in their maintenarntiee
decline has come about because richer househaldsrheested increasingly in private wells. Sincermpo
households depend not only on tank water, butaidbe fuelwood and fodder that grow round thegank
the move to private wells on the part of the richeuseholds has accentuated the economic stress
experienced by the poor.

History tells us that the local commons can be etgukto decline in importance in tandem with

because of a lack of collateral. In the text wedfering a multi-causal explanation for poverty.
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economic development (North and Thomas, 1973). Ergaris (1990) study of the privatization of
common grazing lands among the Orma in northeastenya established that the transformation took
place with the consent of the elders of the tri8fee attributed this to cheaper transportation aidémning
markets, making private ownership of land moreigabfe. The elders were, quite naturally, from the
stronger families, and it did not go unnoted byr&ingier that privatization accentuated inequalit§himi

the tribe.

The point is not to lament the decline of the comspdt is to identify those who are likely to get
hurt by the transformation of economic regimes.tTthare are winners in the process of economic
development is a truism. Much the harder task identify the likely losers and have policies iaq# that
act as safety nets for them.

5. Nature's Non-Convexities

Thus far, we have traced environmental problemmgttutional failure and to institutional
changes. We now turn to one important source aéypfdilure: the inappropriate modelling of ecolcgi
and economic pathways. We do that by studying rmorvexities in ecological processes.

Despite the strictures of ecologists, we econormiste remained ambivalent toward Nature's non-
convexities. Often, that ambivalence reveals iisdirectly. For example, it is commonly thoughatHh...
economic growth is good for the environment, beeaasintries need to put poverty behind them inrorde
to care", (Editorial,The Independent December 1999); or that "... trade improvesedhgronment,
because it raises incomes, and the richer peoplettae more willing they are to devote resources to
cleaning up their living space'Tlie Economisé4 December 1999: 17).

The view's widespread acceptance in the populaspsdraceable to World Bank (1992), which
reported an empirical relationship between GNPheaid and atmospheric concentrations of industrial
pollutants. Based on the historical experiencel €O countries, the authors of the document sugdeste
that, when GNP per head is low, concentrationsicii pollutants as the sulphur oxides increase a8 GN
per head increases, but that when GNP per he#&ghisdoncentrations decline as GNP per head ineseas
further. Among economists, this relationship hasnbehristened the "environmental Kuznets cuf¢e". In
the popular literature, the morals that would appedave been drawn from the finding are (1) thia
environment" is a luxury good, affordable only bg rich, and (2) that resource degradation is sivier.
degrade all you want now, Earth can be relied upaejuvenate it later should you require it.

As general viewpointdoth presumptions are false. To be sure, thereaural amenities that
could be regarded as luxuries (e.g., places oisbeauty); however, producing as it does a mulétof

ecosystem services, a large part of what Natuezoifs is a necessity. We offered illustrationthisf fact

22 See also Cropper and Griffiths (1994) ands&man and Krueger (1995). Copeland and Taylor
(2004) is an extensive survey on the subject ditrgrowth, and the environmental Kuznets curve.
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in the previous section when accounting for the wodlthe local natural resource base in the liveke
rural people in the world's poorest countries. Hese note that Nature's non-convexities are fretiyen
a manifestation of positive feedback processeschwim turn can mean the presence of ecological
thresholds. But if a large damage were to be #efticon an ecosystem whose ability to function is
conditional on it being above some threshold I¢wvesize, composition, or whatever), the consegaeenc
would be irreversible. The environmental Kuznetsveuwas detected for mobile pollutants (e.g.,
atmospheric pollutants). Mobility means that, sogl@s emissions decline, the stock at the sitbeof t
emissions declines. However, reversal is the tasgtthat would spring to mind should a grasslaip! "
to become covered by shrubs, or should the Atlguiiicstream shift direction or come to a haltsbould
a source of water disappear, or should an oceherfiecome a dead zone owing to overfishing. As a
general metaphor for the possibilities of substiitnanufactured and human capital for naturaltegpi
the relationship embodied in the environmental Kaigrcurve has to be rejectéd.
5.1 Convex-Concave Pollution Recycling Functions

We illustrate Nature's non-convexities by studyagollution problem that has been much
analysed in recent years: phosphorus discharga isitr@allow, fresh water lake (Scheffer, 1997; Catgre
et al, 1999; Carpenter, 200%).

Phosphorus inflow into a lake is a byproduct ofiagdture in the watershed. The inflow is a
fertilizer runoff from farms. Phosphorus is a keyetminant of the state of a lake. It is a necgssatrient
for such ecological services as those that proaitlabitat for fish populations. Thus, shallow clieash
water lakes can absorb a low level of phosphorub little ill effect. However, if the quantity of
phosphorus in the water column increases, more @gav, meaning that less sunlight reaches the lake
bottom, thus damaging the green plants on thernofibie bottom sediments contain phosphorus in dead
algae and depositions of phosphorus from the veatieimn. The lake bottom phosphorus is harmless.
However, a reduction in green plants in the lak#dno means that bottom sediments are less well
protected from being flushed back into the watdurmm by fish movements and water currents.
Phosphorus is then released from the lake botttmthe water column, thereby increasing the grasfith
algae. This chain of events is a positive feedb&uk.the other hand, as noted above, some of the
phosphorus in the water column continuously settfethe lake bottom, and this dampens the feedback.

We now model the phenomenon.

8 Arrowet al (1995) contains an early interpretative commeraarthe environmental Kuznets curve.
Responses to that article were published in symapadtcological Economi¢s1995, Vol. 15, No. 1;
Ecological Applications1996, Vol. 6, No. 1; anBnvironment and Development Economik896, Vol.

1, No. 1. See also the special issugm¥ironment and Development Economik®97, Vol. 2, No. 4.

2 A mathematically identical model, concernapen access to a non-convex fishery, was presented
in Dasgupta (1982).
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Time is assumed to be continuous and is denoté@-bg). Let the state of a shallow fresh water
lake at t be the quantity of phosphorus in the mawumn at that moment, which we denote hy=K0j.
Let G (> 0) be the phosphorus inflow into the system ktiias been found that the following is a good
approximation of the dynamics of the state of HieI(Scheffer, 1997):

dK/dt = G + bK?/(1+K?) -AK, b,A>0. (1)
The positive feedback governing the recycling adgghorus from the lake bottom into the water column
is given by the second term on the right hand sfd=uation (1), which is convex-concave, with aste
upper bound of b. The rate at which phosphorubenatater column settles on the lake bottom is given
by the third term on the right hand side of equa(ib). Therefore, (bR /(1+K ) AK) is the net natural
reproduction rate of phosphorus in the water colilendA/b is a measure of the strength of the damping
effect that tempers the positive feedback.

For simplicity, suppose that phosphorus inflow astant, C. It follows that

dK/dt = C + bK?/(1+K?) -AK,, K, (> 0) given® 2

Equation (2) contains three parameters: C, b aiWde would like to know how the ecosystem's
character depends on them. One expects that nibstlyiobal properties of the ecosystem would vary
continuously with the parameters. One should alquee that there are manifolds partitioning the
parameter space into regions, such that the eeosgsstructure is the same at every point in avgrgi
region, but differs from the structure in the regaxjacent to it. Such manifolds bifurcate the eayss
properties. To study the bifurcations, we take @ &ato be given and vary C. The reason we permit C to

vary is that C denotes human intervention and wedcion principle control it.

% Close variants of equation (2) have beenupaistd for a number of natural systems. Here aeeth
examples:
(1) In order to explain periodic infestations oé tspruce budworm in boreal forests, Ludeig
al. (1978) postulated that the budworm's populatignchanges in accordance with the equation

dK/dt = aK, - BK2- bKZ(1+K), (o,f,b > 0), (29)

where the final, forcing term denotes predatiorbiogls.

(2) The account of the Atlantic thermohaline ciatidn in Rahmstorf (1995) can be formalised
in terms of an equation not dissimilar to equaf®n Temperature and salt gradients across thehNword
South Atlantic give rise to the circulation, K &keéen to be the North Atlantic deep water flow (&léing
south) and C is the amount of fresh water entesag, the surface of the North Atlantic (in padnfrice
melts). The circulation would come to a halt if @ too large.

(3) Vegetation cover in the savannahs depends iofalfa but rainfall in turn depends on
vegetation cover. Denoting rainfall by, C and vetieta (in biomass) by K, suppose, as a first
approximation, that

C, =aK,and dK/dt = b¢ /(1+€ ) AK,, (a,bA > 0). (2b)
The pair of equations (2a,b) are variants of (2).
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So, consider the equation

bKZ(1+K? = AK. (3)
Real solutions of equation (3) are the stationaipts of equation (2) with C = 0.

We begin by assuming thato > 1/2, meaning that phosphorus in the waterroolsettles in the
lake bottom rapidly. In this case equation (3) baky one real solution: it is K = 0. Simple graphic
(Figure 1) confirm, however, that there are valoie€ for which equation (2) has three (real) stadity
points. Assuming one such value, C 5 @e label the stationary points ag K (<) K (<) kespectively.

K, is unstable, while,K and K are locally stable. iK the separatrix of the system - the point that
separates the two basins of attraction of the stesy K reflects anligotrophic state (reasonably clear
water), whereas K reflectseatrophicstate (turbid water).

5.2 Ecosystem Flips

Continuing to hold b anél constant, let us now reduce C from its origindhgeC'. It is simple
to confirm visually that the unstable stationarynpgcontinue to label it K ) and the larger of tiveo
locally stable stationary points (continue to laib&l,) get closer to each other continuously. iimple
to confirm as well that there is a critical valdeCo call it C*, for which K, and K coincide to foria point
that is stable from the right, but unstable from ligft. C* is a bifurcation point of the systemQf< C*,
the ecosystem possesses a unique (stable) statjpmiat, whereas if C > C* (but C < C**; see below)
it possesses three stationary points. In shorisyeem's structure changes discontinuously &f C*.

In contrast, suppose C were to increase frénit@ simple to confirm visually (Figure 1) thhe
unstable stationary point (continue to label jt &}l the smaller of the two locally stable statigr@oints
(continue to label it K ) would get closer to eathes continuously, until, at a critical value of &l it
C**, the two would coincide, to form a point thatunstable from the right, but stable from the IEft*
is another bifurcation point of the system: if ©*", the ecosystem possesses a unique (stabl&)rstay
point, whereas if C < C** (but C > C¥), it possesdbree stationary points.

In Figure 2 we have drawn the equilibrium value& @fs a correspondence of C for a given pair
of values of b and. Equilibrium K is unique when C < C*. For C in tigerval [C*, C**], the curve
depicting K as a correspondence of C bends backhamndback again, to reflect the fact that equat®n
possesses three stationary points. The two upwapihg portions of the correspondence consist of
(locally) stable stationary values of K, whereas ttownward sloping portion consists of unstable
stationary points.

We now conduct a thought experiment. Begin in aasibn where C < C*. We know that
equilibrium K is small. We would like to discoveow the system would change if C were to increase in

a predictable way. Rather than try to integrateatiqn (1), we simplify by imagining that C increase

% Mathematicians call this a "saddle-node lo#itipn".
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slowly relative to the speed of adjustment of K."Blgwly" we mean that at each C the ecosysterbles a
to equilibrate itself. If C were to increase unslech conditions, K would increase continuously gltre
lower arm of the curve until C = C**, at which poiaquilibrium K would "flip" to the upper arm ofé¢h
curve. The ecosystem therefore undergoes a distiratege at C**. Further increases in C would lead t
a continual increase in K along the upper arm efdirve in Figure 2.

Ecosystem flips have been observed many times tamduay scales. Shallow lakes have been
known to tip from clear to turbid water in a matbémonths, village tanks in a matter of weeksdgar
ponds in a matter of hours. Insect populations lieeen known to crash or explode in a matter of .days
Larger ecosystems generally take longer to flibeit bifurcation points, because the underlyingcpsses
operate over greater distances and are thereforesiGrasslands in sub-Saharan Africa can take mor
than a decade to change into shrublands. Thecmaeyor" that drives global ocean circulation vebul
probably take between decades and a century taletaut (or change direction) if the Greenland iceeco
were to melt at rates estimated in current modedgtobal warming (Rahmstorf, 1995). The fossil neto
suggest that the interglacials and glacials cages have appeared only occasionally, but hawesdraind
departed "precipitously” - the flips occuring ogewveral thousand years. And so on.

5.3 Hysteresis in Ecosystem Dynamics

Now suppose we were to reverse the process inreuiopis thought experiment. Start with C >
C** and reduce it slowly. Figure 2 shows that oa thturn journey, K declines continuously along the
upper arm, so long as C > C*. This means that fiortGe interval [C*, C**], K remains higher thanhiad
been on the onward journey. To put it another Wag/ecosystem displaiiysteresisHowever, at C = C*
the ecosystem tips onto the lower arm of the cimvEigure 2. Further declines in K would occur
continuously if C were reduced further. We concltit even though the ecosystem displays hysteresis
environmental degradationrisversible given enough time, K can be made to be as smaledike if C
were reduced sufficiently. This is the intellectbakis of the environmental Kuznets curve, mentione
earlier. It would certainly be a correct view ofudte possibilities if the damping term in the piosit
feedback were sufficiently largé/p > 1/2).

5.4 Irreversibility

But now consider a less happy possibility. Suppbael/b < 1/2, which means that the positive
feedback is powerful. Equation (2) possesses tie@esolutions. One is K = 0, while the other twe a
positive. Figure 3, which is the counterpart ofufggl, depicts this case. We now use Figure 3ristagct
Figure 4, which plots the equilibrium values of &acorrespondence of C. In contrast to Figuree?, t
curve bends backward to cut the vertical axis.

Let us conduct the thought experiment again. Supp@sbegin in a situation where both C and
K are low, meaning that the system is on the loaven of the curve in Figure 4. As C increases, K

increases continuously, until the bifurcation ppo@t**, is reached. At this point the ecosystenpdlito
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a higher value of K. However, once that happeressistem is incapable of reversing itself. Declines

C would certainly reduce K, but as Figure 3 shasven if C were reduced to zero, the system would
remain on the upper arm of the curve, at a highkrevof K than it did to begin with. Not only dabe
ecosystem suffer from hysteresis, but environmelggiadation is now in additiameversible the system

is unable to return to where it had been in thermegg.

Now consider decision makers who are persuadedhbatnvironmental Kuznets curve is a
reliable summary of the complex relationships betwihe environment and economic development. If
they were to rely on that curve to address phosghload in the lake, they would regard increases in
phosphorus in the water column to be reversiblee Fony would be that, if, in aiding economic
development, the flow of phosphorus were to beaddtbto go beyond C***, it would not be possible to
bring the lake back to a clear state by curbingté people become rich. Moreover, if the lake were
essential to people's livelihood (and, rememberargeusing "lake" as a metaphor here), the ironyldvo
be a tragedy, because the very process by whigiigoeere attempting to become rich would lead #irth
eventual undoing: people wouldbérich if the lake were destroyed. Even if C werdueed to zero, the
lake would remain polluted. This is why the mechkanielating economic development to the environment
that was invoked by¥he IndependergndThe Economistquoted earlier, is misleading.

The "resilience" of a system is its capacity tohsiand perturbations without undergoing
significant changes in its character. It is neitaggood nor a bad property of a system. To illtstra
suppose that the lake absorbs a constant phosploadi€ (< C**) and suppose that the lake is in an
oligotrophic state (a point on the lower arm ofufg2). Its resilience would be the extent to whidan
admit an increase in phosphorus load without tigpinto a eutrophic state. A simple measure ofieesi
would be the distance (C**-C). Of course, the lakeld be resilient in a eutrophic state too. THhius,
represents a eutrophic state, and the lake abpbdsphorus load C (a point on the upper arm ofrgigu
2), the measure of resilience would be the dist§@Ge€*). In the case where pollution is irreversibl
(Figure 4), the eutrophic state is wholly resiliesrice the lake is in that state, there is no wagm be
brought back to an oligotrophic state.

6. Intergenerational Welfare Economics in Imperfecteconomies

In Sections 3-5 we noted ways in which environmleata resource problems arise from (1)
institutional failure and (2) policies emergingrirdhe use of misspecified models of ecosystemsikiit
institutional failure we include failure of the #a We now use those instances to develop
intergenerational welfare economics for the hooegtservant introduced in Section 1.7. We do thys
determining rules that can be used to evaluatel gyeaiurbations to macroecononfiarecasts Our
motivation for modelling the evaluation problemtimis manner is straightforward. The civil servamt i
guestion is honest and wishes to improve intergeioeral welfare. But he (or she) is only a smaj @o

machinery of government, and so can exercise W#gyihfluence. At best, our honest civil servéiass
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the opportunity to evaluate a perturbation to @&gigconomic programme.

A forecast is based on a reading of technologindl @environmental possibilities, and on the
behaviour of households, firms, communities, aral $ttate. A perturbation to the forecast is to be
interpreted as projectunder the jurisdiction of the honest civil servalie show below that the required
evaluation rule involves the use of shadow pribasd¢an be estimated by perturbing the forecag riile
itself is to check whether the present discountader of the flow of shadow profits generated by the
perturbation is positive. Thus, the criterion fbpice is the one that has for long been advocatesbtial
cost-benefit analysis in optimizing economies. @halysis does not require the economy to be convex.

We also develop a criterion for assessing wheth@obintergenerational welfare is sustained
along an economic forecast. In the context of anewmic model where population is constant, it is
confirmed that the shadow prices that should bd urssocial cost-benefit analysis can also be tised
compute an index for assessing whether intergeoeshtwelfare is sustained. That index is a
comprehensive measure of the social worth of thiesestock of the economy's capital assets, incéusi
of manufactured, human, and natural capital asag<all thisvealth Our analysis does not require the
economy to be convex.

6.1 Resource Allocation Mechanisms

The economy to be studied is closed. Populati@onstant. Time is continuous and is denoted
variously byt and t ¢, t > 0). The horizon is taken to be infinite. For siropy of exposition, we
aggregate consumption into a single commodity fléyand leR denote a vector of resource flows (e.g.,
rates of extraction of natural resources, experalibm education and health).

We are thinking of an economy here in a broad sévsgending on the context in which a study
is conducted, the economy could be a householdlage; a district, a province, a nation, or, a th
grandest level of aggregation, the world as a whdle state of the economy is represented by tbi®wve
K, whereK is a comprehensive list of capital assets, incgdiot only manufactured capital, knowledge
and skills, but also natural capital. For notati@maplicity, we eschew intratemporal allocatiorlpiems
here. Were they to be included, would be a vector of a larger dimension. Capitsets would be
"named" in terms of the character of their owngrsim the way general equilibrium theory has made
familiar.

Certain types of natural capital are directly vhlaas stocks in production and consumption (e.g.,
resources having intrinsic value). For expositiczage, we assume in this section that such sttedtef
are absent. Labour is assumed throughout to bdisdiprelastically and is normalised to be unityr@nt

utility is therefore taken to depend only on conption. We write this as U(C), where U(C) is a slyic
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concave, twice differentiable, and monotonicallgréasing functiod’! Intergenerational welfare -
henceforthsocial welfare- at t ¢ 0) is

W, = /"U(C,)e* ™, &> 0. 4)
(Koopmans, 1972, uncovered ethical axioms thatyg&pression (4) as the index of social welfare.)

We now formalise the idea of anperfect econom{pasgupta and Méaler, 2000; Dasgupta, 2001a
[2004]; Arrow et al, 2003a). Assume that the economy faces not @udygnological and ecological
constraints, but also a wide variety of instituibrconstraints (sometimes called transaction and
information constraints). By the economy's ingtitos we mean market structures, the structureopfguty
rights, tax rates, non-market institutions (forditeinsurance, and common property resources), the
character of various levels of government, andab fWe do not assume that the government isdoent
maximizing social welfare subject to constraints. Woted earlier, it could be that the government is
predatory, or is at best neglectful, and has obestof its own that are not congruent with citigen
welfare. Nor is it assumed that institutions arehamging. What we do assume is that institutions co
evolve with the state of the econoni)(in ways that are understood. It is no doubt smnthat social
and political institutions influence the evolutiohthe state of an economy, but it has also begueal by
political scientists (Lipset, 1959) that the staft@n economyK) influences the evolution of social and
political institutions. The theory presented herecenmodates this mutual influence.

Let {C., R, K. },” be aneconomic programm&om t to~. Given technological possibilities,
resource availabilities, and the dynamics of thelaggical-economic system, the decisions made by
individual agents and consecutive governments fromwards will determine CR_, andK . - fort >
t - as functions dk,, T, and t. Thus iK, is the vector of capital assets at t, l&t,f&, t), g(K,, T, t), and
h(K,, t, t), respectively, be consumption, the vectoresburce flows, and the vector of capital assets at
datet (> t). {C,, R,, K _},"can therefore also be thought of asemonomic forecasit t. Now write

€) ={C.R.K} t=0. ®)

Let {t, K)} denote the set of possible t akdpairs, and {£.),”} the set of economic programmes from t
to infinity.
Definition 1 A resource allocation mechanisig, is a (many-one) mapping

a {t, K} = {(€)}: (6)

We donotassume that maps {t,K} into optimum economic programmes (starting atdy, even
that it maps {tK} into efficient programmes (starting at t). Théldaing analysis is valid even i is

riddled with economic distortions and inequities. #oted above, nor do we assume that the economy's

%" The following analysis does not require béoconcave. We assume concavity none the less for
ethical reasons: (strict) concavity reflects conder equity, both among people of the same geioerat
and among people of different generations.
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institutions are fixed. If institutions and thetstaf the economy were known to co-evolve, that co-
evolution would be reflected in. Note too that we doot assume transformation possibilities among
commodities and services to constitute convex sets.

Institutional assumptions underlie the notion (force allocation mechanism. For example,
aspects of the concept of "social capital” (Putnd®93), ideas relating to "social capability” (Aahain
and Morris, 1965; Abramovitz, 1986), and the notiaderlying the term "social infrastructure” (Haid
Jones, 1999) appear as part of the defining chaisiits ofe. Moreover, the prevalence (or absence) of
trust and honest behaviour in the economy are elthade, as are mutual expectations of one another's
intentions. However, one important aspect of threcept of social capital, namely, interpersonal oets;
is a component of human capital, and thereforeagge the vectoK. (Dasgupta, 2003b, elaborates on
the classification.)

To make the dependence of the economic forecasieaplicit, let {C (), R(«), K, (®)},”denote
the forecast at t = 0. Consider date 0. We may now write equation (4) as,

W, = J"U(C,(x))e* d, @)
which is social welfare at t. W is a function oétstate of the economl,, and the resource allocation
mechanismg. So we can express it as thaue function

V(K,a,t) = W, = ["U(C_(a))e® " ck. (8)

It transpires that the value function is a moreabte object in the welfare economics of imperfect
economies than the familiar Hamiltonian of dynammtimization theory. So we work with the value
function here.

Before putting the concept of resource allocatia@tinanism to work, it is as well to discuss
examples. (In Sections 7-8 we illustrate by medrisrmal models.)

1. Consider a one-commodity world with constantpafion. Households save a constant
proportion, s (0 < s < 1), of output. Capital dejmes at a constant ratg> 0). Assume that if K is the
stock of the capital asset, F(K) is aggregate duyghere F(K) > 0, sF(0) > A, and F"(K) < 0. It follows
that capital accumulates according to the dynamics

dK/dt =sF(K)-AK, t>t>0.

(The above is a stripped-down version of the Satemdel of economic growth). An economic programme
at t can be expressed as {C_, K} , where C = (1-s)FF(Rhe above specification defines a resource
allocation mechanism.

2. Imagine a first-best economy. There the resoaltoeation mechanism maps K,,«,t) to the
corresponding optimum programme. Much of the liteon the welfare economics of the environment
has been based on this mechanism. (Heal, 199&ioera fine exposition of first-best allocations.)

3. Assume that all capital assets are private piyppad that there is a complete set of competitive

forward markets capable of sustaining a uniqudibguim. In this case: maps K,,«,t) to the equilibrium.
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(If equilibrium is not unique, a selection rule amahe multiple equilibria would have to be spexif)
Much modern macroeconomics is founded on this nrésima

4. Of particular interest are situations where sofrthe assets are not private property. Consider
the cases where manufactured capital is privatgepiyy but natural capital is common property (Bect
4). It may be that natural capital assets are lmmamon property resources, not open to outsiderssets
are managed efficiently, we are in effect backh®dase of a competitive equilibrium allocatiorest
one not entirely supported by market prices, bydart by, say, social norms.

5. On the other hand, it may be that local instihg are not functioning well (e.g., because social
norms are breaking down and private benefits freamgienvironmental natural resources exceed social
benefits). Suppose in addition that decisions bgaon the accumulation of manufactured capital are
guided by the profit motive. Then these behavioméds together help to determine In a similar
manner, we could (as we do in Section 7) charaeterior the case where there is open access to ahatur
resource base.

Definition 2 « istime autonomougenceforttautonomougif for all t > t, g(t) is a function solely oK,
and ¢-t).

If « is autonomous, economic variables at dafe t) are functions oK, and ¢-t) only. Soc
would be non-autonomous if, say, knowledge, ortédmmns of trade (for a trading economy), were to
change exogenously over time. In Section 6.5 we lbagasion to comment further on the reasonableness
of regardingx as autonomous.

Definition 3 « is time-consistent if

h(K_,t"1") =h(K,t"t), for allt", t’, and t. 9)

Time-consistency implies a weak form of rationalin autonomous resource allocation
mechanism, however, has little to do with ratiaalit has to do with the influence of externalttas
(e.g., whether trade prices are changing autondyjolis what follows, it is assumed thatis time-
consistent.

6.2 Differentiability of the Value Function

Let K, be the ith capital stock. We assume that Yight- and left-differentiable in K for all i
everywhere. Unaided intuition could suggest thiatitha strong assumption. The mathematical prigsert
of V depend upon the mathematical properties,@nd problems are compounded because production
and substitution possibilities in the economy amgbedied in«, as is the economy's underlying
institutional structure. Moreover, there are noiobs limits to the kinds of institutions one caragme.

In many parts of the world the State has been krtovat in bizarre and horrible ways. Nevertheless,
argue below that the assumption is weak. In ang,dashe location of the points at which V is non-
differentiable is uncertain and the uncertainy suifficiently smooth probability distribution, tegpected

valueof V would be differentiable everywhere.
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6.3 Shadow Prices

We confirm below that shadow prices are usefulipeérfect economies, whether or not they are
convex. First, we define them. It would simplifyetexposition if we could avoid mentioning left- and
right-derivatives of V. So, in what follows, we vikopn the assumption that V is differentiable.
Definition 4 The shadow price,,p , of the ith capital assdefned as

p, =9V/oK, = oV(K,a,t)/oK,. (10)

In expression (10),,p is the spot price gf K ; ihis asset's social scarcity value. Note that shado
prices are defined in terms of hypothetical pewtidns to an economic forecast. The shadow priee of
capital asset is the present discounted valueeopénturbations to U that would arise from a maalyin
increase in the asset's quantity. Notice alsdlteeshadow price of a private commodity could bgatiee
in an imperfect economy even if it would have bpesitive if the economy were a well-managed one. Fo
example, consider that when a fossil fuel is buttrg,resulting pollutant is emited into the atmaseh
If the atmosphere as a sink is a free good, thdtiissa tragedy of the commons. The shadow pri¢che
fossil fuel would be negative if the social damtg is caused when someone burns the fuel exteeds
private benefit to that person. In a well-managszhemy, the negative externality would not exist.

Given the resource allocation mechanisrshadow prices at t are functiondqfand, ife is non-
autonomous, of t as well. Thus, p #3)( The prices depend also on the extent to whiciows capital
assets are substitutable for one another.i#f autonomous, shadow prices do not depend ethplari
time, and so, p = (). All future effects on the economy of changedhe structure of assets are
reflected in shadow prices. That is why they arefulsobjects. Having stressed their functional
dependence om andK (and, possibly, t as well), we drapandK from the formulae so as to save on
notation.

6.4 Marginal Rates of Substitution vs Market Observabls

Using equations (8) and (10), one can show thaisfautonomous,,p satisfies the equation,

dp,/dt =0p, - U'(C)0C /oK, - X, d(dK, /dt)/oK . (11)
Equation (11) reduces to the Pontryagin equationsd-state variables in the case wheig an optimum
resource allocation mechanidin. However, in ordstudy the evolution of shadow prices under simple
resource allocation mechanisms, it is more intaitovwork directly with (10); which is why the faar
Hamiltonian of dynamical systems does not makepgearance in our account.

From equation (10) it also follows that shadow @ratios (p /p ., {0 ), and consumption

discount rates (see below) are defined as margimahl rates of substitution between goods. In an

8 In Dasgupta and Maler (2000) it was mistakefdimed that it does so even in imperfect ecoesmi
We are grateful to Geir Asheim for correcting theein that article and deriving equation (11).
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economy where the government maximizes social veglfaarginal rates of substitution among goods and
services equal their corresponding marginal rdtésuwsformation. As the latter are observable arkat
economies (e.g., border prices for traded goods iopen economy), shadow prices are frequentipetbfi

in terms of marginal rates of transformation amgoegds and services. However, marginal rates of
substitution in imperfect economies do not necdgsagual the corresponding marginal rates of
transformation. This is why shadow prices are clififi to estimate in imperfect economies. A disimrct
needs to be made between the ingredients of saelfire and market observables. Using market
observables to infer social welfare can be mislagih imperfect economies. That we may have to be
explicit about ethical parameters (e@and the elasticity of U) in order to estimate nraagrates of
substitution in imperfect economies is not an argoinfor pretending that the economies in questien a
not imperfect after all. In principle it could badely misleading to use the theory of optimum culrtty
justify an exclusive interest in market observables

6.5 Wealth, (Inclusive) Investment, and Sustainabl&/elfare

The phrase "sustainable development" was introdumedhe International Union for the
Conservation of Nature and Natural Resources (IUT380). The publication drew attention to the role
played by the natural environment in our econoiféc But the phrase become a commonplace only after
the publication of a report by the World CommissionEnvironment and Development (WCED), widely
known as the Brundtland Commission Report, whergasmable development was defined as "...
development that meets the needs of the presdmywtitompromising the ability of future generations
to meet their own needs" (WCED, 1987: 43). The iddhat, relative to their respective demographic
bases, each generation should bequeath to itsssarcat least as large a productive base as it had
inherited from its predecessor. If it were to dpthe economic possibilities facing the successmrlgy
be no worse than those it faced when inheritinglpctive assets from its predecessor.

The notion of sustainable development thereforggaws to seek a measure that would enable
us to judge whether an economy's productive bageising. Consider, however, an interpretation of
sustainability that is based on the maintainencofal welfare, rather than on the maintainandbef
productive base:

Definition 5 The economic programme {®,, K,)},” corresponds to a sustainable development aath
tif dv/dt > 0.

Below we show that the requirement that economield@ment be sustainable implies, and is

implied by, the requirement that the economy's petide base be maintained (Propositions 1-3). These

results give intellectual support for Definition Wwhich is why we do not go into various alternative
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definitions of sustainable development hére.

Notice that the criterion for sustainablity in Defion 5 does not identify a unique economic
programme. In principle any number of technolodjcahd ecologically feasible economic programmes
could satisfy the criterion. On the other handuibstitution possibilities among capital assetsawerely
limited and technological advances are unlikelgdour, it could be that there is nho sustainabl@eoc
programme open to an economy. Furthermore, evitie ifjovernment were bent on maximizing social
welfare, the chosen programme would not correspmadsustainable path if the welfare discount i@&te,
were too high (Dasgupta and Heal, 1974). It coldd ae that along an optimum path social welfare
declines for a period and then increases thereafftevhich case the optimum programme does not
correspond to a sustainable path locally, but doda the long ruf’

Optimality and sustainability are thus differentions. The concept of sustainability helps us to
better understand the character of economic pragesnand is particularly useful for judging the
performance of imperfect economies.

Definition 6 Inclusive investmerat t, |, is ] =XZ,(p,dK,/dt)*

Differentiating equation (8) with respect to t, have

Proposition 1 dV,/dt =o0V/ot + X,p,dK, /dt. (12)
If o is autonomousV/ot = 0, and we have
Proposition 2 dV,/dt =Z,p,dK, /dt = |. (13)

Equation (13) states thatdifis autonomous, inclusive investment equals threeattvhich social welfare
changes?

Definition 7. Inclusive wealthat t isX,p, K.

Notice that inclusive investment is the rate atolthinclusive wealth changes, while holding shaddeeg
constant. Therefore, Proposition 2 states thaisfautonomous, the rate at which social welfaanges

equals the rate at which inclusive wealth changbgde holding shadow prices constant.

% Pezzey (1992) and Pezzey and Toman (200)esretrating accounts of various interpretations of
the idea of sustainable development.

%0 Kenneth Arrow has produced an example ofgimmm economic programme displaying such a
feature.

1 Dasgupta (20014, [2004]) and Arretval (2004) call thiggenuine investment

% This result was proved (and its significareeognised) for optimally managed, convex economies
by Pearce and Atkinson (1995). Significant preawdo their result were Samuelson (1961), Solow
(1974), and Hartwick (1977). Dasgupta and MaleD@@roved the result for arbitrary economies. Arro
et al (2003a) contains the most general results toaratie equivalence between sustainable development
and wealth movements. (They studied arbitrary ecies, where population is not constant and where
exogeneous technological and institutional chawogesr.)

30



There is a sense in which, the smaller is thethattis being called an "economy”, the less likely
it is thato. would be autonomous. A household, for exampledaerms of trade with the rest of the world,
over which it has no control. If those terms arpested to change over time, the resource allocation
mechanism within the household would not be autanmnin contrast, changes in the terms of trade
would be endogenous in any detailed analysis oivhéd economy. In other words, if the terms ofia
were expected to change, a convincing exerciselitigal economy would found those changes on the
state of the economy, or in other wordskKamnd this would mean thatwould be autonomous in so far
as it pertains to the terms of trade.

Similar remarks apply to technological change. mapments in available knowledge are mostly
exogenous to the household. The household camuo$e, ride on those changes only if it acquires th
necessary human capital (a component of househpithf), but improvements in available knowledge
would not depend on the household's capital batesn; the household would shape its portfolicapitel
assets in response to the available knowledgeatit:tanticipated changes in available knowledge. |
contrast, improvements in the knowledge base fmtbrld economy as a whole should be attributable
to research and development. Serendipidy no ddays p role, but it has been suggested by scietttiat
in research, luck visits only the prepared mindcaRethat in growth accounting, the "residual” hie t
amount of growth in output that cannot be attridute changes in those production inputs that the
investigator has been able to measure. Theressiggestion in the growth literature that if capissets
were comprehensively accounted for, there wouléderesidual left. Certainly, the development of
endogenous growth theories was motivated by tiewpoint. In a fully articulated endogenous growth
model,a would be autonomous.

Proposition 2 is a local measure of sustainabilittegrating (13) yields a non-local measure:
Proposition 3 If « is autonomous, then for all T 0,

V- Vo= Zi(pirKir - Ro Ko) =0/ [Zi(dp./d0)K; Jd T, (14)

Equation (14) shows that in assessing whether osowal welfare has increased between two
dates, the capital gains on the assets that havaeatover the interval should be deducted from the
difference in inclusive wealth between the dates.

Each of Propositions 1, 2 and 3 is an equivaleasslt. None of the propositions says whether
o gives rise to an economic programme along whickabarelfare is sustained. For example, it carhiag t
an economy is incapable of achieving a sustaindélelopment path, owing to scarcity of resources,
limited substitution possibilities among capitadets, or whatever. Or it can be that although tioaemy
is in principle capable of achieving a sustainaeteelopment path, welfare is unsustainable aloagéth
that has been forecast because of bad governmaigéfdOr it can be that is optimal, but that because
the welfare discount rafehas been chosen to be large, social welfare isusthined along the optimum

economic programme. Or it can be that along anmapti path social welfare declines for a period and
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then increases thereafter.

Imagine that substitution possibilities are limjtadd the resource allocation mechanism in place
is profligate in the use of natural resources. Wridlese circumstances the quality of life will ot
sustainable. At some date in the future shadovepmdll assume such values as to make it imposkible
inclusive wealth to be maintained. As Propositigh@ws, social welfare declines if inclusive invmesiht
is negative.

6.6 GNP and NNP vs Wealth

GNP is a short term measure of welfare becauseets dot recognise capital depreciation. In
contrast, inclusive investment is investmeatof capital depreciation. We next show that itésgible
for GNP to increase over a period of time even evhikalth declines.

Consider the stylised model of a "cake eating" eocon by which we mean an economy where
the rate of return on investment is zero. Imagirad the economic programme that is forecast inglve
continual increase in consumption during a fingeiq [0, T], to be followed by a steady declineé&vo.
Assume that it is expected that the entire cakeo@itonsumed over the infinite horizon. if K ig thitial
stock of "cake", it would follow that

o/ Cdt +,/"C,dt = K,,
where dC/dt > 0 for ¢ [0, T] and dC /dt < O for ¢ [T, ).

Notice that GNP (equal to consumption) increasevaty moment during [0, T], but declines
subsequently. However, wealth (at constant utgiiige; Proposition 1) is a declining function atlea
moment. We therefore have
Proposition 4 GNP could increase for an interval of time evdrlewvealth declines.

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

What ofnetnational product (NNP) as a measure of socialarme® Dasgupta and Heal (1979: Ch.
8) noted that in the cake eating economy NNP is airalong aroptimumconsumption programme,
because (i) consumption at each moment equalsdsgketion and (i) the utility price of consumption
equals the utility price of the cake. Since wed#hlines along the optimum, there is a dissonaeteden
the directions of movements in NNP and wealth.niperfect economies, the dissonance can be even

greater. To confirm, suppose that

ui)=-Ccn, n> 1. (15)
Consider the programme {G} , where
Co=pKe"™, p>0. (16)

(It is well known that {€}~ is optimal ip = d/m.) The resource allocation mechanism implied byaéqn
(16) is autonomous. Using equation (16) in equafidy), we have
U'(C) =n(pK) ™. 17)
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Expression (17) gives us the shadow price of copsiomin utility numeraire.
Assume thad > pn. To compute the shadow price of the cake, usetieqsa(8) and (15)-(16)
to obtain,
V(K) = -(pK) "/ [e®*V]ds
= -pK)™(3-pm),
from which we have

p = V'(K) = np™(K) ™ /(8-pn). (18)
But NNP at tis,
(NNP) = (U(C) -p)G?* (19)

Consider the cagen <0 < (1+)p. Then from equations (17) and (18)(Q) < p, implying that (NNR)
< 0. From equation (16), dC/dt < 0. Thus, at cantsthadow prices, NNP increases at each t. But we
know that, at constant prices, wealth declinesgtbe consumption programme (16). This proves that
NNP and wealth, at constant prices, can move isigpdirections.
6.7 What Else Does Inclusive Investment Measure?

Imagine that the capital base at t isiigtbutK +AK,, whereA is an operator signifying a small
difference. In the obvious notation,

V(a, K+AK) - V(e, K)) = ["U’(C)AC e ¢k, (20)
Now suppose that at t there is a small changeliut only for a brief momen#t, after which the resource
allocation mechanism reverts backetoWe write the increment in the capital base att tsonsequent
upon the brief increase in inclusive investmeniAs. SoAK, is the consequence of an increase in
inclusive investment at t an#{(,,, + AK)) is the resulting capital base af\t+LetAt tend to zero. From
equation (20) we obtain
Proposition 5 Inclusive investment measures the present disedwalue of the changes to consumption
brought about by it}
6.8 Policy Evaluation

Proposition 5 gives us the tools required to dgvelgheory of policy evaluation in imperfect
economies. Imagine that even although the goverhduoas not optimize, it can bring about small clesng
to the economy by altering the existing resourtmation mechanism in minor ways. The perturbation
in question could be small adjustments to the fliegastructure of taxes for a short while, or dutd be
minor alterations to the existing set of propeitjhts for a brief period, or it could be a smalbpa

investment project. We call any such perturbatipolicy reform

% If p = 8/, then from equations (16) and (17) it follows t(lNP) = 0 at all t.

% Proposition 5 is familiar for economies whtre government maximises intergenerational welfare
(see Arrow and Kurz, 1970).
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Consider as an example an investment projectnlibeaviewed as a perturbation to the resource
allocation mechanism for a brief period (the lifetime of the projecdfter which the mechanism reverts
back to its earlier form. We consider projects #ratsmall relative to the size of the economy. Idbauld
they be evaluated?

For simplicity of exposition, we suppose there sirggle output, Y (which serves also as the
consumption good), a single manufactured capitalg&), and a single extractive natural resourge (S
The rate of extraction is denoted by R. Let thgqutts lifetime be the period [0, T]. Denote thejpct's
output and inputs at t by the vectd(, AL, AK, AR)>®

The project's acceptance would perturb consumpinaiere. Let the perturbation at £ (0) be
AC.. It would affect Y by the amount' (€,)AC,. However, because the perturbation includegeaih&ral
equilibrium effects", it would be tiresome if theopect evaluator were required to estimA®@ for every
project that came up for consideration. Shadoweprare useful because they enable the evaluator to
estimateAC, indirectly. Now, it is most unlikely that consutigm and investment have the same shadow
price in an imperfect economy. So we divikhé, into two parts: changes in consumption and ie&tment
in manufactured capital. Denote themA\&% andA(dK/dt), respectively.

U is the unit of accourif. Let,w denote the accauntiage rate. Next, let p be the accounting
price of manufactured capital, g the accountingepdf the extractive resource input of the projeny
A, the social cost of borrowing capital (=90 - (dp/dt)/p)¥’

From the definition of accounting prices, it follswhat

o/"U'(C,)AC.€% o =

% |f the project has been designed efficientlg,would have:
AY, = (OFIOK)AK, + (OF/OL)AL, + (OFIOR)AR,,
where F is an aggregate production function (Y I, ER)). The analysis that follows in the text does
require the project to have been designed effigieAs we are imagining that aggregate labour syl
fixed, AL, used in the project would be the same amourdlafur displaced from elsewhere.

% Dasguptat al (1972) and Little and Mirrlees (1974), respedtivdeveloped their accounts of social
cost-benefit analysis with consumption and govemtniecome as numeraire. Which numeraire one
chooses is, ultimately, not a matter of princijet one of practical convenience.

¥ Thus

g, =./"U’(C,)oC.IoR.e* ™ ck.

Notice that if manufactured capital were to defatecat a constant rate, sgythe social cost of borrowing
capital would bé\, =& + v - (dp/dt)/p .

Let g be the accounting price of the resourcsitu. At a full-optimum, pF/OR =q =_g and
U'(C) =n.
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o/"(U’(C,)AC. +p.A(dK /dt)-w,AL -1 p.AK -g.AR,)e’" ck. (21)
But the right hand side of equation (21) is thespre discounted value of social profits from thejgut,
in utility numeraire. Moreoveg/“U’(C)AC.e™ ct = AV, the latter being the change in social well-being
that would be experienced if the project were atsmbp/Ne may therefore write equation (21) as,

AV, = JT(U’(C,)AC +p.A(dK /dt)-w AL -A.p.AK -0.AR.)e® ck. (22)

Equation (22) leads to the well-known criterion fooject evaluation:

Proposition 6 A project should be accepted if and only if thesent discounted value of its social profits
is positive.

Notice the connection between equations (13) a@)l (Bey say the same thing. Proposition 6
brings out the connection between wealth as a measdsocial welfare (Proposition 2) and the présen
discounted value of changes in consumption occadifwy a marginal change in inclusive investment
(Proposition 5). Proposition 6 says that the wagnvaluate an investment project is to compare iteahe
in short-term welfare resulting from the projedtisestment outlay to the increase in wealth those
reductions help to create.

7. Estimating Shadow Prices: Two Examples

Estimating shadow prices requires empirical inggméi prior problem is to derive expressions
for shadow prices that are based on the charakctee sesource allocation mechanianand on welfare
parameters. In this section we conduct two exestsélustrate how shadow prices could be derizke
involves valuing an open access aquifer, whileatier illustrates how shadow prices can be estunate
even when the underlying process is non-convexcévdd derive both shadow prices by integrating
equation (11) - the Pontryagin equation. We folkn more intuitive route by working directly with
equation (10) instead.

7.1 Open Access Pool

Shadow prices of exhaustible resources in an ecpmdrare depletion rates are optimal have been
much studied. What is the structure of their shagdees when resources are instead common pools?

It is simplest if we avoid a complete capital mod&d we resort to a partial equilibrium world:
income effects are assumed to be negligible. Cendlicbn an aquifer that is subject too open actess.

R, be the quantity of water extracted at t. Incosrtaé numeraire. Let U(R) be the area under theaddm
curve below R. So UR) is the market demand function. U is assumdaktan increasing and strictly
concave function of R for positive values of R.l#efore, the discount rate is a constant,et K, be the
stock in the aquifer at t. Then,

dK/dt =-R. (23)

Let the unit extraction cost of water be a constant> 0). Under open access, Hotelling rents are
dissipated completely. Therefore, the equilibrivttraction rate, R, is the solution of the equation,

U'(R) =m. (24)
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Equation (24) confirms that, irrespective of theesdf the pool, there is excessive extraction. R’ebe
the solution of equation (24). We then have,

dK/dt = -R*.
Reserves remain positive for a period T & K /R*. usthormalize utility by setting U(0) = 0. It folls
that,

V, = JHORIY(R*) - mR*e*Vdr. (25)
Let p be the shadow price of a unit of water inahaifer. Then,
p, = dV,/dK = [(U(R*) - mR*)/R*]exp(dK)/R*) > 0. (26)

Write p* = p/U'(R*), which is the ratio of the shadow price totumitraction cost. From equations (25)-
(26),

p* = [(U(R*) - mR*)/mR*]exp(-0K/R*) > 0. (27)
Equation (27) resembles a formula proposed by Edf$€1989) for estimating depletion chardés. The
charge is positive because an extra unit of watéhe aquifer would extend the period of extraction
Notice that p* is bounded above by the ratio offteshallian consumer surplus to total extractiost.c
Moreover, it increases as the aquifer is depletebadtains its upper bound at the date at whiclptiod
is exhausted. If reserves are large, p* is smadl, @pen access involves no great loss - a famdmult.

What are plausible orders of magnitude? Considgelinlear demand function. Assume therefore

that

U(R)=aR -bR, a>mandb>0. (28)
From equations (24) and (28),

R* = (a - m)/2b. (29)
Substituting equations (28) and (29) in equatiof),(2

p* = [(a-m)/2m]exp[(-2BK})/(a-m)]. (30)

Equation (30) says that

p* > 1iff 8S < [(a-m)/2b]In[(a-m)/2m].
Equation (30) expresses p* in terms of the parametethe model. Suppose, for example, that0.02
per year, K/R* = 100 years (i.e., at the curreme i@&f extraction, the aquifer will be exhausted 00
years), (@-m)/2m = 20 (e.g., m = $0.50 and (a-1$26). Then p* = 20~ 7. We should conclude that
the value to be attributed to water at the maigimgh (7 times extraction cost). As the date dfagstion
gets nearer, the shadow price rises to its uppendyd0.
7.2 Shadow Price of Phosphorus in a Shallow Lake

Brock and Starrett (2003) have analysed the optimisecharge of phosphorus into the shallow,

% See also Hartwick and Hageman (1993) fanadiscussion that links El Serafy's formula tokdic
formulation of the concept of national income (Hick942).
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fresh water lake we studied in Section 5. Sincesphorus runoff into the lake is a byproduct of
agriculture, the runoff itself is a benefit to s&gi In the water column of the lake, phosphorua si®ck

is beneficial when the level is low (it is a nutridor fish), but is deletarious when the levehdt low.
However, for simplicity, Brock and Starrett assurntieat, as a stock in the water column, phospharus i
a "bad", regardless of its level. As before, Ieb€the runoff into the lake and K the stock inwaer
column. Brock and Starrett (2003) assumed theyufilinction to be of the form,

U(C,, K) = logG - hK?, h > G? (31)

Here, we are interested in an imperfect economgrd bre many farmers in the catchments area
of the lake, and they all freely discharge phospanto the lake. Shadow prices are useful objecsach
a world.

Consider a stationary economy, where the totalffus@a constant, C. Recall that the dynamics
of phosphorus stock in the water column is givethgyequation

dK/dt = C + bK? /(1+K?) -AK, A, b>0and K (>0)given. (32)
Imagine that the lake has equilibrated, so thatahel of phosphorus in the water column is givgrab
solution (see Figures 2 and 4) of

C + bK/(1+K2) -AK = 0. (33)
For concreteness, we consider the dabe> 1/2. The relevant diagram is Figure 2. Ass@neC* and
C = C*. Let K be that stable solution of equation (33) at whiehsystem has equilibrated. Along this
programme, social welfare (equation (8)) is

V(K) = (logC - hK)/3. (34)

Let p(K) be the shadow price of phosphorus in the watemoo. In order to estimate it, imagine
that at t = 0, Kis increased byg,. Since the phosphorus load remains fixed at @nas don't care what
the state of the lake is; they only care about ifagin the lake returns to.KH et K, = (K + €)). Linearising
the expression on the left hand side of equati8@h @und_K(which is a stable equilibrium), it is simple
to confirm that

€ = €£", p = A - 2bK/(1+K?)?*> 0. (35)

% The authors showed that, typically, therenaudtiple stationary points of the differential edions
that the optimum runoff necessarily satisfies; #rad the stationary runoff rate which ought to beety's
long run aim depends on the initial level of phaspik in the water column. (See also Keeteal, 1972.)
More interestingly, they showed that the familiaafisversality condition” in optimum control theonged
in convex optimization problems in conjunction wilie conditions necessary for
optimality, isnot sufficient: given the initial level of phosphorimsthe water column, the planner would
have to compute social welfare along each of tHeips that satisfy the necessary conditions for
optimality and tend in the long run to a stationamyoff rate and compare them. In other words,r& no
convex optimization problem, such as this, caneatdrentralised by means of a system of shadoespric
the planner has to conduct global cost-benefitysisalFor a pioneering analysis of optimizing a-non
convex dynamical system, see Skiba (1978).
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But V(K +ep) = (IogC)b - hy/"(K +€)’e™,
which, on using equation (35) and ignoring the sguée,, yields

V(K + ¢ = (logC - hK3)/& - 2hKe /(p+9). (36)
From equations (34) and (36), we conclude that
p(K) = [dV(K)/dK] - = -2hK/(8+A-2bK/(1+K?)?) < 0. (37)

Equation (37) is the shadow price of phosphorubkénake column.

Notice that the above argument wouldn't work at C*=or C**. V(K) is discontinuous at C** if
K is oligotrophic. (However, it posseses a left-dative at C**.) Moreover, V(K is discontinuous at C*
if K is eutrophic. (However, it possesses a right-dévig at C*.) Shadow prices remain useful objetts i
a non-convex world, even if the locations of thieitmiation points C* and C** are known with certaint

8. Extensions

In this section we extend the results that weraiobtl in Section 6, by considering in turn,
population change, technological and instititutiasteange, and uncertainty.
8.1 Population Change

How does demographic change affect the index aamable development? To answer this, we
have to determine how population change influerticedrift term §V,/dt) on the right hand side of
eqguation (12). An alternative is to regard popalats a capital asset. Once we do the latter, wiaid
seem to be a non-autonomous resource allocatiohamismn reduces to an autonomous one (Agbat,
2003b).

8.1.1 Theory

To illustrate, we adopt a natural extension of Hays (1955), by regarding social welfare to be
the average welfare of all who are ever born. Tdvis of "dynamic average utilitarianism" has been
modelled by Dasgupta (2001a, [2004]) in the follogvivay:

Let N, be population size at t and, n(N) the peragmtate of change,of K. For notational
simplicity, we ignore intragenerational inequabityd changes in the age composition of the populatio
Let ¢ denote per capita consumption at t. Thereib is aggregate consumption, ¢ # C/N. Assume as
before that labour is supplied inelastically integeriod. Current utility of the representativeguer is
U(c,) and social welfare is,

V, = /["N.U(c,)e*™ dt/ /"N e° dr.** (38)

“91f N, is a logistic function, n(N) = A(N*-N )where A and N* are positive constants.

“1 Notice that the social welfare ordering abamic programmes commencing at t is the same under
dynamic average utilitarianism as it would be undigramic total utilitarianism (i.e., expression Y38
without the denominator; as in Mirrlees, 1967, audow and Kurz, 1970). This is because the
denominator is a constant, unaffected by choiceadlity at t. However, as criteria for sustainable
development, the formulations differ (Arrogt al, 2003b). This should not be seen as a paradox:
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In order to ensure that,V is well-defined, assuimeg ['(n(N )dr)/t for large enough t. Let K
denote the stock of the ith type of capital good amite k, = K, /N . Letk, be the vector of capital stocks
per head. The state variables are therdépeand N . Assume: to be autonomous. Then equation (38)
implies that

V, = V(k,N,). (39)

Let the numeraire be utility. Defing = dV/oN.. It is the contribution of an additional persdn a
t to social welfarev, is the shadow price offgerson(as distinct from the shadow price of a persomadnm
capital). Let p denote the shadow price pf k . Défdiating (39) with respect to t gives us

dv/dt =X,p,dk, /dt +v,dN/dt. (40)

The right hand side of equation (40) is net investininclusive of the value of the change in
population size. It generalizes equation (12). \WWiectude that Proposition 2 remains valid, so logg a
wealth comparisons mean comparisons of wegmthcapita adjusted for demographic changes.

Little is known of the circumstances where the atiient term{dN,/dt) is not negligible, but
at the same time can be estimated in a simple lvisyeasy enough, however, to locate conditiordeun
which the term vanishes. Suppose (i),n(N) is inddpat of N ; (ii) all the production processes aredr;
and (i) ¢ = ck,), which means that undey per capitaconsumption is not a function of population size.
In such circumstances V =Kk{J; that is, it is independent of N . (Effects of pdgtion change on V work
through capital asseper capita) This means that

dv/dt =X.p,dk, /dt. (41)
The finding can be summarised as
Proposition 7 If (i) n(N,) is independent of N, (ii) all the pdlaction processes are linear, and (jii) ¢ =
c(k,), then social welfare is sustained at a poininretif and only if the shadow value of the chaniges
per capita capital assets at that instant is ngatie.

8.1.2 Application

The conditions underlying Proposition 7 are toorsfrfor comfort. Nevertheless, it is tempting
to use equation (41) as a first approximation wzetign (40). A large number of village level stigie
South Asia and sub-Saharan Africa have uncovestdté local natural resource base has declinedisami
growing populations in what continue to remain,aaly speaking, biomass-based econorffies. Wealth
per capitain those villages would appear to have declinad.vithat about the national level? Even if a
nation's natural resource base were to declinegitdth per capita would increase if the declineewsore

than compensated by increases in manufacturedwamdrhcapital.

optimality and sustainability are different notions
42 See, for example, the references in footfote
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Dasgupta (2001a, [2004]) used Proposition 7, oa platvided by Hamilton and Clemens (1999),
in order to assess whether the world's pooresimediave enjoyed sustainable development in tlemtec
past. The regions considered were sub-SahararaA@liina, and the countries of the Indian sub-nenti
(South Asia). Taken together, those regions araited by more than 3 billion people and are hame t
the bulk of the world's 1 billion poorest. They atgo among the regions that have experienceatbest
growth in population in recent decades.

Hamilton and Clemens (1999) had offered estimatesmoual inclusive investment during the
period 1970-1993 for a large number of counttiesher® is much awkwardness in the steps the authors
took to arrive at estimates of shadow prices. Taedounts are also incomplete. For example, amuang t
resources making up natural capital, only commeforasts, oil and minerals, and the atmospheie as
sink for carbon dioxide were included. Not includedre fresh water, forests as agents of carbon
sequestration, fisheries, air and water pollutaui, and biodiversity. So there is an undercopassibly
a serious one. Such failings, however, are to peagd in pioneering empirical work. Moreover, tias
to start somewhere.

In their work on the sources of national economisgh during 1965-1994, Collins and Bosworth
(1996) had found the "residual” to have been -@régnt per year in sub-Saharan Africa, 0.8 pengent
year in South Asia, and 1.1 percent per year it Ba&. If we interpret the residual to represent
exogenous changes in knowledge and institutioss,jnfluence on movements in social welfare
(Proposition 1) would be reflected in the driftne(oV/dt) in equation (12). Nevertheless, Dasgupta
(20014, [2004]) assumeV/ /ot to have been zero in those regions. The justifinehe offered was that
the figures for inclusive investment in Hamiltonda@lemens (1999) are in all probability significant
underestimates, and that figures for the residu&lllins and Bosworth (1996) - low as they ar&auth
Asia - are nevertheless likely to be overestimétes Section 8.2).

The first column of figures in the accompanyingléattaken from Dasgupta, 2001a, [2004])
provides annual rates of growth of population aber period 1965-96 in the countries and regions in
guestion. Notice that all but China experiencedsaf growth in excess of 2 percent a year, sula@ah
Africa and Pakistan having grown in numbers atIgeapercent a year. The second column of the table
contains estimates of annual rates of change ittlwear head during 1970-1993. The striking message
is that in all but China there was a decumulatioper capitawealth. Moreover, comparing the figures
in the first two columns, it may be infered thatidg the period in question, Bangladesh and Nepal
became poorer in the aggregate, not just paraapitabasis. In contrast, the other regions accumulated
wealth in the aggregate. However, wealth accunaulatid not keep pace with population growth in éndi

Pakistan, and sub-Saharan Africa. All this mayh®oé surprise in the case of sub-Saharan Africaghwh

43 What we are calling inclusive investment walled "genuine saving" by Hamilton and Clemens.
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is widely known to have regressed in terms of regshomic indicators; but the figures for Bangladesh
India, Nepal, and Pakistan should cause surprisdy Ohina has accumulated wealth in excess of
population growth. However, since the Hamilton-Géas estimates of net investment do not include soil
erosion or urban pollution, both of which are thaiigy experts to be especially problematic in Chiha
figure for China could be an overestimate. On therohand, the residual in China was not negligiile
excess of 1 percent per year. So it is uncleahigiwdirection a bias has been created in the astifior
China by the neglect of the drift ter@M/adt) in equation (12).

It should be emphasised that negative figurestHfanges in wealther capitaover time in South
Asia and sub-Saharan Africa dot signal that people in those regions have beenuooing too much!

In imperfect economies it is possible to raise lmathsumption and inclusive investment.

How do changes iper capitainclusive wealth compare with changes in conveationeasures
of economic welfare? The third column of the tatmatains figures for the rate at which GNP per head
changed during 1965-96; and the fourth column decehether the change in the United Nations' Human
Development Index (HDI) over the period 1970-19%sWositive or negative.

Notice that our assessment of long-term economvieldement in the Indian sub-continent would
be misleading if we were to rely on growth ratepen capita GNP as the index of development. Rakist
for example, would be seen as a country where Gé&tFhpad grew at a healthy 2.7 percent a year,
implying that the index doubled in value betweefig.&nd 1993. The corresponding figure in the second
column implies though that the average Pakistacaine poorer by a factor of about 1.5 during thatesa
period.

Bangladesh is recorded as having grown in ternmeotapitaGNP at 1 percent a year during
1965-1996. The figure in the second column of &idetimplies that at the end of the period the ayer
Bangladeshi was only about half as wealthy as sieeavthe beginning.

The case of sub-Saharan Africa is of course edjyed&pressing. At an annual rate of decline of
2 percent in wealtper capita the average person in the region became pooneednyy a factor of two.
The ills of sub-Saharan Africa are routine readintpday's newspapers and magazines, but thedls a
not depicted in terms of a decline in wealth. Tdlde suggests that sub-Saharan Africa has expedenc
a substantial decline in its capital assets oveptst three decades.

What of the Human Development Index (HDI)? As teeand and fourth columns of the table
show, HDI offers a picture that is a near oppositeahe one we should obtain when judging the
performance of poor countries. The Human Developrimelex misleads even more than GNP.

The figures in the table for changes in wealthgagita are rough and ready and one should not
regard them with anything like the certitude tha ave developed over the years for international
statistics on GNP and the demographic and morbéditistics of poor countries. The estimates reglort

in the table are a first cut at what is an enorryodifficult set of exercises. But the figures, buas they
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are, show how accounting for Nature can make fastsuntial differences to our conception of the
processes of economic development.
8.2 Technological and Institutional Change

In a more comprehensive investigation, Arretval. (2004) have derived a procedure for
converting figures for the residual into figuresttee drift term §V/adt) on the right hand side of equation
(12). The authors used data on inclusive investipgblished in World Bank (2002) and estimates ef th
residual in the world's poorest regions, the Middkst, and the United States (US) and the United
Kingdom (UK) from Klenow and Rodriguez-Clare (199(0) arrive at figures for the average annual rate
of change in wealtper capitg at constant prices, during the period 1970-2001.

As noted earlier, the residual was in fact negativesub-Saharan Africa, a reflection of
institutional regress there. Consistent with Dasgigfiinding, Arrowet al (2004) found that social welfare
declined in sub-Saharan Africa during the periodjurestion. They showed that the Middle East also
experienced a decline in social welfare, owingangé measure to a decline in their oil wealth, wched
by the accumulation of human capital and foreigetss The US and UK were found to have enjoyed a
growth in social welfare: the drift terrd\(/dt) was positive and wealter capitahad increased in both
countries. China was found to have enjoyed a hogeal percentage increase in wealén capita(over
7 percent per year), the contribution of the deiftn being enormous. The authors found that Baeglad
and Pakistan had experienced a small annual decdimesalth per capitaduring 1970-2001; but,
encouragingly, they found that India and Nepal @ajyed asmall increasen social welfare (about 0.5
percent per year). The latter finding is at vareandth the corresponding estimates in Dasguptal200
[2004]), which, as we noted in Section 8.1, hachtba decline in social welfare there. There are two
reasons why the findings in Dasgupta (2001a, [2084fer from those in Arrovet al (2004). First, the
former publication ignored the residual, whereasl|#tter incorporated it in their estimate; andoselc
the periods under study were not the same in thestuwdies. In any event, the fact that one negleitie
residual, while the other included it, can be rdgdras constituting a sensitivity analysis of teent
macroeconomic history of South Asia.

This said, the figures for growth in weafir capitain Arrow et al (2004) are most likely to be
over-estimates. To see why, recall that the tyigalcise in growth accounting postulates thategpe
output (Y) is a function of manufactured capita),(lebour force participation (L), and human cdit§.
One specification would be

Y, = AF(K, HL), (42)
where A is a scale factor, reflecting total fagiovductivity, while F is a constant returns to edahction
of K and HL (perhaps even of the Cobb-Douglas form)

Differentiating both sides of equation (42) witlspect to time, re-arranging terms, and writing
by g(X,) = (dX/dt)/X for variable X; by,J =,HL; by s Kk /F (the "share" of factor K in aggregate
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output); and by s =J,F /F (the "share" of factar dggregate output); we have

9(Y) =g(A) + s 9(K) + s (9(H) + a(L-)). (43)
The idea now is to obtain time series of g(Y), s, g@&nd s (g(K) + g(L)) and then to arrive at anneate
of g(A,) from equation (43). g(A) is the residual.

One problem with the function F in expression (&2dhat it leaves out the flow of Nature's
services in production. Admittedly, ecosystem s&wiare hard to estimate, but energy use coul@dxk u
as a surrogate. Now suppose that the use of Nagew/ices in production has increased over agherio
That increase would be missing from the latter teians on the right hand side of equation (43).
Therefore, it would be regarded as being a pdti@fesidual. But this would be more than justizoa
nation could in principle step up the rate at whismatural resources are mined and then claithen
basis of its growth accounts that the figures otilecreases in technological progress and imprevesn
in its institutions!

8.3 Uncertainty

How should uncertainty be accommodated? The thebmghoice under uncertainty, in its
normative guise, remains tlexpected-utilitytheory. There is a large and still-growing expental
literature attesting to the fact that in laboratoonditions people don't choose in accordance ihigh
theory (Bellet al, 1988). But here we are concerned with normativestions. That the choices we make
in the laboratory don't conform to expected utilfigory does not mean that the theory is not thesco
ethical basis for evaluating policy alternativesssessing where or not the economic programme bein
pursued reflects sustainable development.

When applied to the valuation of uncertain consumngbrogrammes, probabilities are imputed
to future events. The probabilities are taken tsudgective, such as those involving long-rangaate,
although there can be objective components. | eeBo expectations at t. Assume that population is
constant. Recalling expression (8), social weltame then be expressed as,

V(K) = E(/"U(C, ()™ d). (44)

A deficiency in the figures for changes in weaktparted in Section 8.1 is that they are point esis
However, given that there are vast uncertaintissaated with any such estimate, there is the pitiggi
that changes in wealier capitahave been negative even though the central essnla¢émselves are
positive.

In considering the risks associated with degradaifanatural capital, it is worth recalling thaeth
biophysical impacts of such degradation can belfigbnlinear: the impacts could be small over a
considerable range, but then become immense oogtcal threshold is reached. As we noted in the
extended example in Section 5, crossing the thtédbads to a bifurcation, where the natural sygem
characteristics change fundamentally. Such nonexitigs in ecological processes imply that the

distribution for changes in wealfer capitamay be highly skewed - the downside risks assedtiatth
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the loss of certain forms of natural capital maysbbstantial. Estimates of changegén capitawealth
reported in Sections 8.1.2 may be interpreted @®senting the most-likely scenario; thereforey tthe
not capture the downside risks associated witlléptetion of natural capital. To the extent thafieties
are risk-averse, it is important to award additieneight to the negative scenarios. Doing so wanngly
lower estimates of changespar capitawealth.

Models of global climate indicate that bifurcatiocesn occur if the rates and magnitude of
greenhouse gases increase sufficiently. Howeverthtteshold points are not known. It is clear from
paleoclimatic history, though, that such eventsenmmmon. Mastrandrea and Schneider (2001) have
employed a linked climate-economy model to inveddghe future possibilities of climate threshaiéls
this type, and have assessed the implicationdifoate policy.

Uncertainties regarding environmental events inviésy distant future are sometimes called
"deep" uncertainties, the qualification being takernmean that it may not be possible to assign even
subjective probabilities to those events. This nether way of saying that when there are deep
uncertainties, it is difficult to know what one sitd choose, or how one should organise one's tlteugh
regarding what to choose. Examples frequently roeat are risks associated with global climate chang
There are decision theories (e.g., Bewley, 1988) dffer reasons why we ought to be reluctant to
undertake activities involving unestimable riskf1ey suggest that thetatus-quoshould assume a
favoured status, which is the hallmark of what meefgr to as therecautionary principlge.g., Appell,
2001), frequently espoused by environmentalistshSlieories would appeal to someone who feels that
it is easier to prevent environmental damage thaegair it subsequently. The theory gives expoessi
to the demand that, in evaluating radically neanetogy (e.g., biotechnology), the burden of prmaght
to shift away from those who advocate protectiomfenvironmental damage, to those supporting the ne
technology.

The problem with such theories is that they areesuply conservative. Admittedly, even expected
utility theory can be made ultra-conservative ifadopt an infinite aversion to risk - which is &y ghat
the elasticity of W(C) in expression (8) is infinity - and imagine ttfae worst that can happen under any
change in policy is worse than the worst that Ggplen under thetatus-quoBult it is difficult to justify
such an attitude: we wouldn't adopt it even inmensonal lives. At the moment we don't have a theor
normative or otherwise, that covers long-term emvinental uncertainties in a satisfactory way.

9. Concluding Remarks

In this article we have surveyed those recent dgveénts in environmental and resource
economics that have been prompted by a puzzlingralilphenomenon of recent years: one group of
scientists (usually natural scientists) sees indnityls current use of Nature's services symptdrageep

malaise, even while another group of scientistsglliseconomists) documents the fact that peoplayto
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are on average better off in many ways than thdyelkar been (so why the gloom?). The developments
surveyed here have reconciled some of the clairdscannter claims, by showing that the warring
protagonists have frequently talked past one anote do not wish to suggest that disagreements
between the two groups will not arise once theypaduoe technical vocabulary recently developed by
environmental and resource economists; but thgmisenents that would continue to arise would be ove
interpretations of evidence (e.g., about the casts benefits of doing something today about global
warming), they would not be over what to disagreeud!

9.1 Shadow Prices and Wealth Estimates in Nation&lccounts

By reconstructing welfare indicators to account @ar use of natural resources, recent
developments in environmental and resource ecorsongice seen an enlargement of the scope of both
micro- and macro-economic reasoning. Extending modelfare economics, it has been shown that
discussions on intergenerational welfare shoulddmeit institutions and policies that bring abowdraes
and movements iwealth where by an economy's wealth we mean the sodghvef its entire set of
capital assets, including not only manufacturedlandan capital, but also knowledge and naturataapi
Estimates of movements in weajir capitain a number of countries and regions since thiy €8i70s
were reported in Section 8. They suggest thatewhdustrialised countries, such as the UniteceStand
the United Kingdom, have accumulated wealth capita sub-Saharan Africa and the Middle East have
suffered a decline. The Indian sub-continent waggdear to be a border-line case. But these ang earl
days, and much more work needs to be done towdirdagig shadow prices and using them for the
preparation of comprehensive capital accounts befe can be reasonably confident of the recent
macroeconomic history of South Asia.

We are under no illusion that estimating wealtigagng to prove a simple task. Markets for
environmental natural resources are often at bgstifect, at worst are non-existent. But that &trec
offers no ground for pretending that natural castén infinite supply. To pretend thus, while irehg
the ways GNP is estimated so as to better recergrttgress of nations, is to be the proverbial mahe
dark, seeking to retrieve his keys from under émed post even while knowing full well that they at
there.

9.2 Poverty and the Natural Resource Base

The developments in environmental and resourcecesims surveyed here have also offered us

a language in which to study rural economies invtbdd's poorest regions. Aggregate statistichat t

national level can suppress information pertaitintpcal natural resource bases. Modern environahent

“ The disagreement is mirrored in popular wgs. See, for example, McNeil (2000) ahie
Economis("Environmental Scares: Plenty of Gloom", 20 Debenil997) for differing perspectives. For
commentaries on the latter article by a group aflagists and economists, see the symposium in
Environment and Development Economi®98, Vol. 3, Part 4.
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and resource economics has shown that the intgdlledisputes among those economists who see signs
of economic betterment in increases in GNP per [@atinprovements in the United Nations' Human
Development Index) and those who see the persisteiacute poverty in large parts of the poor world
have arisen in part because the protagonists hlkegltpast one another. In Section 4 we reporteghte
work on village economies and on the importandb®tocal resource base there. We found that tiuy st
of village based, non-market institutions can helpxplain how certain groups of people may renmain
poverty (possibly even suffer a worsening in thgzumstances), even while others thrive as madets
elsewhere. The spatial character of ecosystemgliande, of rural economies) was stressed. Thanfed
suggest that there is much scope for further wotke ways in which the spatial heterogeneity adirza
capital affects the prospects facing rural econsffie
9.3 Growth Theories and Resource Constraints

Contemporary models of economic growth are by angel dismissive of the importance of
Nature. In their extreme form, growth models asswarmgositive link between the creation of ideas
(technological progress) and population growth imoald where the natural-resource base comprises a
fixed, indestructible factor of production. The retgldo involve positive feedback, but of a Pangiwss
kind.*°

There is a great deal to commend in contemporaytgr models, but recent developments in
environmental and resource economics suggest thahauld be circumspect in our enthusiasm for them.
Nature is not fixed and indestructible, but coss@ftdegradable resources (agricultural soil, veaieds,
fisheries, and sources of fresh water; more gegeeaological services). It may be sensible to entle
wrong assumption for studying a period when natigsburce constraints did not bite, but it mayhbet
sensible when studying development possibilitiepanr countries today. The latter move would be
especially suspect if no grounds were offered digp®sing that technological progress can be depende
upon indefinitely to more than substitute for arrauacreasing loss of the natural-resource basesdfer,
as was noted in Sections 1-4, ecological resoaresequently underpriced. This means that thection
of technological change is biased toward an exeessliance on the natural resource base. As tss b
shrinks, it may prove harder and harder to findsaafysubstituting our way out of the problem obrgse
scarcity.

In any event, it is not prudent to adopt a pointiefv that places such enormous burden on an
experience not much more than two hundred andyiégyrs old. Extrapolation into the past is a solgeri

exercise: over the long haul of history (a 5,008rgestretch, say, upto about two hundred years ago)

* Tilman and Kareiva (1997) is an excellentexilon of articles on spatial ecological dynamics.
4 Kremer (1993) develops such a model to adcfmuri million years of world economic history.
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economic growth even in the currently-rich courstiias for most of the time not much above Zéro.

The foregoing remarks bear on the aggregate ecanAtng more micro level, we noted in
Sections 3-5 that positive feedback in ecologirall(ding individual metabolic) pathways are reason
why the prospects of economic betterment among/thilel's poorest are bleaker than among the rich. Th
non-convexities the poor face can be a reflectfdhair inability to obtain substitutes for deplagteatural
resources. Resource depletion for the poor caikberdossing a threshold: their room for maneouser
circumscribed hugely once they cross. In contithgt,rich can usually "substitute” their way out of
problems.

The simultaneous presence of two types of posiéigdback - one enabling many to move up in
their living standard, the other keeping many athierpoverty - may explain the large scale penstste
of absolute poverty in a world that has been grgwiealthier on average by substituting manufactured
and human capital for natural capital. For humah-b&ing, policies matter, as do institutions, bu
local ecology matters too. If we have stressedpibstive feedback mechanisms that operate at the

downside of life, it is because degradation ofrtatiral-resource base is felt first by the poot the rich.

" See Fogel (1994), Johnson (2000), and ediyddiaddison (2001). The claim holds even if thestpa
two hundred years were to be included. Here isighr@alculation: World per capita output todayiewt
5000 US dollars. The World Bank regards one dallday to be about as bad as it can be. People miould
be able to survive on anything substantially laas that. It would then be reasonable to suppes@00
years ago per capita income was not much lessaluafiar a day. So, let us assume that it waslardol
a day. This would mean that per capita income 3@@@s ago was about 350 dollars a year. Rounding of
numbers, this means, very roughly speaking, that@gita income has risen about
16 times since then. This in turn means that wioddme per head has doubled every 500 years, which
in its turn means that the average annual rateowfth has been about 0.14 percent per year, afigotr
much in excess of zero, which is what we have alium in the text.
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Economic Change: 1970-93

g(L)?* g(wiL)® g(Y/L)¢A(HDI) ¢
Bangladesh 2.3 -2.40 1.0 +ve
India 2.1 -0.50 2.3 +ve
Nepal 2.4 -2.60 1.0 +ve
Pakistan 2.9 -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 annual percentage rate of growfhopiilation, 1965-96.

® g(W/L): average annual percentage rate of chamgesalth per head at constant prices. Adapted from
Hamilton and Clemens (1999) and from data providgaersonal communication by Katie Bolt of the
World Bank.

¢ g(Y/L): average annual percentage rate of cham@&NP per head, 1965-96.

4 A(HDI): sign of change in the United Nations' Huni2evelopment Index, 1970-1995.

Source Dasgupta (2001a, [2004]).
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