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Nature in Economics

Are humanity's dealings with nature sustainable? Waexpect world economic growth
to continue over the foreseeable future? Shouldexanfident that knowledge and human skills
will increase in such ways as to lessen our relianceaturanin relation to humanity's growing
numbers and rising economic activity?

Contemporary discussions on these questions are now Isgeegides old. If they have
remained alive and continue to be shrill, it isdhese two opposing empirical perspectives shape
them. On the one hand, if we look at specific examplenatural capital (aquifers, ocean
fisheries, tropical forests, the atmosphere as a carbkn sirecosystemgenerally), there is
convincing evidence that at the rates at which weeatly exploit them they are very likely to
change character dramatically for the worse, \itifle kdvance notice. Indeed many ecosystems
have already collapsed, with short notice (M.E2803; Hassan et al., 2005). On the other hand,
if we study historical trends in the prices of marketeslources, or improvements in life
expectancy, or growth in recorded incomes in regtbat are currently rich and in those that are
on the way to becoming rich, resource scarcities wdudghpear to have bitten. Suppose you
were to point to the troubled nations of sub-Sahafana and suggest that resource scarcities
are acute there today. Those with the former petispe@cologists generally) will tell you that
it is because people in the world's poorest regiaos &cute resource scarcities relative to their
numbers that they are so poor, while those withdtier perspective (economists usually) will
inform you that people there experience seriousures scarcities because they are poor. When
experts disagree over such a fundamental matteeaBrection of causation, there is little to go
on.

Those conflicting intuitions are also not unrelaieen intellectual tension between the
concerns people share about carbon emissions ahdaats that sweep across regions, nations
and continents, and about declines in firewood artdivgmurces that are specific to the needs
and concerns of the poor in small, village commesitWhich is why "environmental problems”
present themselves in different ways to differexgpgte. Some identify environmental problems

with population growth, while others identify themth wrong sorts of economic growth. Then

1 An "ecosystem" is a complex of the abiotiziEnment and plant, animal, fungi, and microorgami
communities, interacting as a functional unit. Hasare an integral part of ecosystems. M.E.A. (2003
Hassan et al. (2005), Reid et al. (2005), and Beauet al. (2007) offer excellent accounts of tHe ro
ecosystems play in economic life.



there are those who view them through the speatdigleverty. Each of those visions is correct.
There is no single environmental problem; there isrgel@ollection of them (Ehrlich and
Ehrlich, 1981, 1990; Dasgupta, 1993, 2001a; Sacl®g)20

Growth in industrial and agricultural pollutantslacompanied economic development;
and in industrialized countries neither preventigecurative measures have kept pace with their
production. That neglect is now prominent in the abpgrowing regions in China, India,
Mexico, and Brazil. Moreover, the scale of the horeaterprise, both by virtue of unprecedented
increases in the size of the world's populationthedevel of economic activity, has so stretched
the capabilities of ecosystems, that humankinoiday Earth's dominant species. During the 20th
century world population grew by a factor of foto (nore than 6 billion) and world output by
14, industrial output increased by a multiple of 4@ #me use of energy by 16, methane-
producing cattle population grew in pace with hurpapulation, fish catch increased by a
multiple of 35, and carbon and sulfur dioxide emissionsbre than 10. The application of
nitrogen to the terrestrial environment from the uskedilizers, fossil fuels, and leguminous
crops is now at least as great as that from all natanadces combined. In a notable work
Vitousek et al. (1986) estimated that 40% of the @%i#lion metric tons of carbon that are
harnessed annually by terrestrial photosynthesis @maty production of the biosphere) is
currently being appropriated for human use. To Ibe,gbis is a rough estimate; still, the figure
puts the scale of the human presence on the plapetspective (see also Vitousek et al., 1997,
Daily and Ellison, 2002; M.E.A., 2003; Hassan et2005; Ehrlich and Ehrlich, 2008).

On the other hand, economic growth itself has browugttt it improvements in the
guality of a number of environmental resources. [ahge-scale availability of potable water and
the increased protection of human populations agaotst Water- and air-borne diseases in
industrial countries have come with the economiewiin those countries have enjoyed over the
past 200 years. Moreover, the physical environmentlengie home has improved beyond
measure. Cooking in South Asia continues to be a d¢eatuae of respiratory illnesses among
women. Growth in scientific knowledge, investment iblpuinfrastructure, and universal
education in advanced industrial countries have miwattcitizens there have far greater
knowledge of environmental hazards than their copatés in poor regions and have the
resources to avoid them. Such positive links betweamamnic growth and environmental

guality often go unacknowledged by environmentalisthe West.



1 Natural Capital and Economic Development

Despite the conflicting intuitions, most economists wajpgear to be convinced that
technological advances and the accumulation obdegmible capital and growth in human capital
can overcome diminutions in natural capital. Othenitise hard to explain why twentieth-
century economics has been so detached from the envmteinseiences. Judging by the
profession's writings, we economists see naturenwve see it at all, as a backdrop from which
resources and services can be drawn in isolation. Mesnomic forecasts routinely exclude
natural capital, and accounting for nature, ifaines into the calculus at all, is an afterthought
to the real business of "doing economics"”. When askemhoetists acknowledge nature's
existence, but many deny she is worth much. | havedigafessional colleagues remark at
seminars that the services nature provides amobesato 2-3% of an economy's output, which
is the share of agriculture in the gross domestic mto@kDP) of the United States. Why, they
ask, should one incorporate a capital asset of nelglignportance in macro-economic models
of growth and distribution?

Typically it is assumed in growth models that naturefige, indestructible factor of
production (Ricardo's "land®. The problem with treswamption is that it is wrong: nature
consists of degradable resources. Agricultural lémm@sts, watersheds, fisheries, fresh water
sources, estuaries, the atmosphere - more geneailyystems - are resource stocks that are self-
regenerative, but suffer from depletion or detation when they are over-used. (I am excluding
oil and natural gas, which are at the limiting engdelf-regenerative resources.) Moreover, the
environmental sciences tell us that the elasticities lnftgution between reproducible capital
and human capital, on the one hand, and vital fafmatural capital, on the other, are less than
one (Ehrlich and Goulder, 2007). It may have bewtetstandable of economists to assume that
nature doesn't need to be counted at a time wharaheesources were abundant relative to the
demand that was made of them, but it isn't undedstale in models of development possibilities
open to the world today. The stance taken in mogieawth models is questionable also because
property rights to natural capital are often eitvegguely defined or weakly enforced (Sections
5-6), implying that nature's services are undegpria the market. Official statistics on national

income certainly give the impression that natural teqps of small importance; but official

2 Barro and Sala-i-Martin (2003), Helpman (20Ghd the survey articles in Aghion and Durlauf
(2005) provide excellent examples.



statistics are built on market prices, not shadaeep. Studies of local ecosystems suggest that
if shadow prices were to be used in economic statistiesjécomposition of national income
into its various components would look quite differéfdr example, Repetto et al. (1989) and
Vincent et al. (1997) estimated the decline in forester in Indonesia and Malaysia,
respectively, and found that when depreciation ikided, national accounts there look quite
different: net saving rates are some 20-30% lower thaeorded rates. In their work on the
depreciation of natural resources in Costa Rica, Zahr et al. (1991) found that the
depreciation of three resources — forests, sail feheries — amounted to about 10% of GDP
and over a third of capital accumulation.

Distortions in the pricing of primary factors of pradion filter down to influence
research and development. The latter in turn inflasrthe character of technological change.
Because nature's services are underpriced in the mankewators have little reason to
economize on their use. We shouldn't be surprised weertechnologies are rapacious in the
use of natural capital.

Modern growth theories ignore every layer of thes®urce allocation failures. Recent
concerns over global climate change and the growaagcity of fresh water in the world's
poorest regions are perhaps the first acknowledgemenhgammainstream development
economists and international development agencies &eagn, 2006; UNDP, 2006, 2007/08)
that at the scales at which the world economy kas bperating for some time, nature is in many
aspects fragile.

In any case we should be sceptical of a theory of@oanprogress that places such
enormous burden on an experience not much more#taypears old. Extrapolation into the past
is a sobering exercise: over the long haul of histary000 years stretch, say, upto about 250
years ago), economic growth even in the curreittysegions was for most of the time not much
above zero. The study of possible feedback loops batp@eerty, population growth, and the
character and performance of both human institatand natural capital is not common currency
in modern growth models. Which is probably why envin@ntal and resource economics, or
ecological economic®r short, remains isolated from the main bodgaitemporary economic
thinking.

Evidence of that isolation has been provided strilingven if unintentionally, by Kim

et al. (2006), who identified what has mattered ® é¢bhonomics profession since 1970, by



surveying 41 of the most prominent refereed ecoosiurnals. In his Plenary Lecture in 2007
at the Annual Conference of the European Associatibftnvironmental and Resource
Economists, Ehrlich (2008: p.16) observed thafdliewing words appeared neither in Kim et
al. (2006), nor in the titles of the top 146 articl®00 cites or more) in those 41 journals:
"abatement, aquifer, ..., biotic, ..., carrying aapa climate, ..., ecosystem, ..., fertility, forest,
..., pollution, population, poverty, ..., soil, toxic, ..., warming, and water."

2 Natural Capital and Development Economics

Official development economics reflects the restwfdiscipline, in that it too neglects
nature's place in economic development. The nelgleks odd to ecologists, who are trained to
study the slow processes that influence long-teaweldpment possibilities. A seemingly natural
retort to ecologists is that people come firstéduad,, after all, current poverty should matter most
There are two problems with the position. First, tharihas a habit of becoming the present.
Secondly, extreme poverty is frequently associated avithgraded environment.

It could be that economists neglect nature becdngssdrvices it provides are judged to
be luxury goods, as in the view expressed in prominewspapers that "economic growth is
good for the environment because countries need tpgwatrty behind them in order to care,”
(The Independen#d December 1999), or that "... trade improves thvir@mment, because it
raises incomes, and the richer people are, the miiregnthey are to devote resources to
cleaning up their living space,Tlle Economist4 December, 1999). But in the poor world
natural capital is not only an amenity, it is algarianary factor of production. Often it's a basic
need (see World Resources Institute, 2005, for a blbamary). In an early publication,
Falconer (1990) recorded the major significance ohtmiforest products among the poor in
the humid forest zone of West Africa. She also recotddeanany different ways people there
have coped with a decline in their access to thos#upts. In a carefully designed study in the
rainforest of Chiapas, Mexico, Lopez-Feldman an#2008) found that non-timber products
there are extracted mainly by the poor. They atteitibat in part to the fact that extraction
involves search and that the opportunity costoét{relative to the value of non-timber products
to the extractor) is low among the poor.

Hassan et al. (2005) is the most comprehensive studgtéoot the state of the local
natural-resource base in poor regions. The studiesrootifat the world's poorest people live

in especially fragile natural environments. When amdls, inland and coastal fisheries,



woodlands, forests, estuaries, village ponds, atgjibnd grazing fields are damaged (owing to
agricultural encroachment, nitrogen overload, uraensions, the construction of large dams,
resource usurpation by the state, open access,aievdr), it is the rural poor who suffer most.
Frequently, there are no alternative sources ofilieed. In contrast, for rich eco-tourists or
importers of primary products, there is somethisg,eften somewhere else; which means that
there are alternatives.

There may be a second reason why economists have ndgtetteal capital. Public
concerns over environmental problems are often pronipgedrge-scale disasters, such as
nuclear leakage, storms, and floods. The envirorehenpact of large undertakings (big dams
and irrigation systems) also catch the public @s shouldn't surprise. Big impacts of "single"
incidents are directly visible. So they provoke [gubutcry and elicit a response. In contrast, the
slow, shifting processes that characterize human-nattegeactions aren't easy to detect by
outsiders; at least, not unless and until a thidsheeached and a catastrophy occurs. Of course,
in the poor world small-scale disasters occur all the,titiseonly that they aren't visible to
outsiders. But large numbers of small-scale disasters cartime=add up to greater human
losses than a small number of large-scale catsesdBmpirical evidence collected over the past
two decades confirms an earlier intuition that rualgyty and environmental degradation in
poor countries is in large measure caused by fhestutional failures whose deletarious effects
accumulate slowly over time (Repetto, 1988; M.E.AQ2Hassan et al., 2005).

Upto now, even growth in the atmospheric concenmatf carbon dioxide has affected
economic outcomes very slowly. But as the evidesoggests, the process characterising global
climate change is remorseless and in all probabilitgdums any number of tipping points for
the future (Lenton et al., 2008). Although interoaal development agencies (e.g., UNDP,
2007/8) are now acknowledging the costs that peopiesa tropics are likely to face owing to
climate change, their concerns have been largelytdbe efficacy of an international "cap-and-
trade" system and the assistance rich nations ¢aighte poor countries in order to meet climate
change. They are legitimate concerns, but it seems to arder to identify good policies one
needs to examine the pathways by which people ntayagged in poverty when development
prescriptions ignore natural capital. That requiresyens, not rhetoric.

The systematic neglect of ecology in developmememics should be puzzling. 65-75%

of people in the world's poorest regions live in raraas. Mention agricultural land, threshing



grounds, grazing fields, village tanks and ponds, warat and forests, rivers and streams,
coastal fisheries, mangroves, or coral reefs, lamihtportance of thiecal natural-resource base
to the rural poor becomes self-evident. In a piangestudy, the (Indian) Centre for Science and
Environment (C.S.E., 1990) recorded that, of thal taamber of hours worked by villagers in
a microwatershed in the central Himalayas in Indd03vas devoted to cultivation, 20% to
fodder collection, and about 25% was spread evenlydss fuel collection, animal care, and
grazing. Some 20% of time was spent on household chafreghich cooking took up the
greatest portion, and the remaining 5% was involvesther activities, such as marketing.

Subsequent studies (e.g., Filmer and Pritchett, 082 also recorded the importance
of the local natural-resource base in rural life. &t&weless, apart from agricultural land,
ecologicalcapital has been absent from the formal modelastraam development economists
have used to discuss policy. It is absent too froilnéntial surveys and texts on the economics
of development (Stern 1989; Dreze and Sen, 199(%; &y, 1998; Sen, 1999; Banerjee and
Duflo, 2005).

That neglect has had far-reaching implicationsléelopment policy. Tallis et al. (2008)
report that of the more than 11,000 developmenegi®that have been supported by the World
Bank since 1947, only about 15% have included abbapital as a theme. They also report that
the number of World Bank projects approved in théopet993-2007 that had biodiversity as
a theme and poverty alleviation and the protectioecological capital as stated goals was a
mere 32, and that only five of those recorded imprmmts in environmental quality and a
reduction in poverty. As all economies suffer from segidistortions in the use of ecological
capital (see below), it should be possible to idemgdiicy reforms that both help to reduce
poverty and improve ecological services (Repetto.ef@92). With that in mind, Tallis et al.
(2008) have compiled a list of indicators that shoutae useful in designing, selecting, and
implementing projects that offer the prospect of reaxiwvhat the World Bank calls "win-win
outcomes".

Despite the neglect, there is now a growing litekabn the links between rural poverty
and the local ecology. Because economic theory prddatonomic empirics in that body of
work, empirical studies have frequently been desigiyestbolars to respond to the theory. In

this paper | draw on that literature to show howneeoics can be reworked to include nature's
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services in the study of development procedses. rtumately, even now there are few reliable
empirical studies. One reason for the dearth may hewiith the exception of forest cover,

government surveys (even the best of them, such as tlam INdtional Sample Survey) don't

include detailed information on ecological capibaladdition to studying household behaviour,
investigators therefore have to obtain their own dat¢he state of the local ecology.

Even though the field is nascent, the literatuspbrt below stands somewhat in contrast
to the environmental and resource economics thaeeaeloped over the decades in the United
States. In part influenced by the needs of the USr&mwental Protection Agency (EPA),
resource economists there mostly studied the economicslzdrt oil and natural gas, water
resources, and fisheries; while environmental ecosignfiocussed on environmental amenities
and pollution. Moreover, it was customary in the eariterature to interpret environmental
problems as symptoms of market fail@re.

| shall put some distance between the material | rapdtiis paper and the themes
usually covered in environmental and resource ecorsorhghall do that partly because, in
identifying the place of natural capital in thegsvof the rural poor, | want to shift the focus onto
ecological services; but partly also because in poantcies, people transact in a wide variety
of nonmarket institutions. It will be seen below that thclusion of natural capital in economic
reasoning alters not only our assessment of the contemplengelopment experience, but our
understanding of development processes as well. So esbasize that the context | am
studying here is rural poverty, we will regard egatal capital to be the quintessential example
of natural capital. When necessary though, | shaldallto natural capital, interpreted in an

inclusive way’

® For many years now | have both grumbled atr@itontinual neglect of the natural-resource brase
the study of poverty in poor countries and triedbting together environmental and development
economics (Dasgupta 1982, 1990, 1993, 2001a, 20@8L, 2008a,b; Dasgupta and Maler, 1991). Since
its inception in 1996, the journBnvironment and Development Econontias done much to advance
the subject.

* Scholars @esources for the Futureve been prominent in developing that excellealtylof work.
Kneese and Schultze (1975) is a fine representéistad (2007) and Siebert (2008) are excellexist
on the subject, covering both theory and optiméitpo

®> The publications that drew attention to thermmic importance of ecosystems are the clasgics b
Ehrlich et al. (1977) and Daily (1997). Hassanl.ef2805) and Brauman et al. (2007) provide a ogtad
of those services. For a succinct account of paliegsures that are currently being taken acrossdhe
with ecological services as the focus, see Turnérzaily (2008).
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3 Types of Natural Capital

Natural capital is of direct use in consumption (fisk€); of indirect use, as inputs in
production (timber); or of use in both (fresh wat@&he value of a resource is often derived from
its usefulness (as a source of food, or as an essaatl in ecosystems - e.g., a keystone
species); but there are resources whose value is aegh@ties of scenic beauty), or intrinsic
(primates, blue whales, sacred groves), or a combinatiah three (biodiversity). The worth
of a natural resource could be based on what is ¢ett&om it (forest products, fisheries), or
on its presence as a stock offering service (cord$,reetlands, forest cover), or on both
(watersheds).

Ecosystems provide innumerable services to us. Amonggiide products are food,
fibres, fuel, and fresh water, but many remain érdiilom view. Among other things, ecosystems
maintain a genetic library, preserve and regensmalgfix nitrogen and carbon, recycle nutrients,
control floods, mitigate droughts, filter pollutapaissimilate waste, pollinate crops, operate the
hydrological cycle, and maintain the gaseous compasiticthe atmosphere. As those services
are not visible, it is easy to overlook them. Howewvéath some ingenuity it is possible to
estimate the benefits we enjoy from them. Below | repomte of those findings.

Ecosystems offer joint products: wetlands recycleients and produce purified water;
mangrove forests protect coastal land from stomdsaae spawning grounds for fish; and so on.
Unhappily, social tensions arise in those many cases whezeosystem has competing uses
(farms versus forests versus urban developmemestfoversus agroecosystems; coastal fisheries
versus aquacultute ). As natural capital is a méstisources, what one means by an ecosystem
is usually influenced by the scope of the problemndpsiudied. A number of ecosystems have
a near global reach ("biomes", such as the Savannahg, gaver entire regions (river basins),
many involve clusters of villages (microwatersheds)jentthers are confined to the level of a
single village (the village pond). Sachs et al9&)%have traced the location of world poverty in
part to the fact that the tropics harbour some oinbst fragile environments. Hassan et al.
(2005) and Reid et al. (2005) contain a classiboadf ecosystems. They also provide an account
of the stresses that are being experienced by bothlgald local ecosystems.

Environmental pollutants are the reverse of natesdurces. In some cases the emission

® See Bockstael and Irwin (2000) and Tomichleteds. (2004); Tomich et al. (2004) and Palial et
(2005); and Hassan et al. (2005), respectivelyhose tensions.
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of pollutants amounts directly to the depreciattdmeproducible capital (corrosion of material
infrastructure). In others it means a degradatf@ctosystems (eutrophication of lakes). Roughly
speaking "resources" are "goods", many being sim&swvhich pollutants are discharged (rivers,
the atmosphere, and the oceans are among the sink$; "wbilutants” (the degrader of
resources) are "bads". Pollution is the other side nd@watior.

Ecosystems are driven by interlocking non-linear gees that run at different speeds
and operate at various spatial scales (Steffen e2@04). That is why ecosystems harbour
multiple basins of attraction. The global climate sysiemow a well known example (Bigg,
2003). But small-scale ecosystems also harbouipteutiasins of attraction, for similar reasons.
So long as phosphorus run-off into a fresh water Islkesis than the rate at which the nutrient
settles at the bottom, the water column remains dBarif over a period of time the run-off
exceeds that rate, the lake collapses into a éhitrgpate. Usually, of course, the point at which
the lake will collapse is unknown. That means the syssedriven by non-linear stochastic
processes. So, flips in the capacity of ecosystems faysupeful service to us share three
important characteristics: (1) they are frequemtiversible (or at best they take a long time to
recover); (2) except in a very limited sense, it iso4sible to replace degraded ecosystems by
new ones; and (3) ecosystems can collapse abruthygut much prior warning. Imagine what
would happen to a city's inhabitants if the infraginie connecting it to the outside world was
to break down without notice. Vanishing water sourceseriorating grazing fields, barren
slopes, wasting mangroves, and bleached coral reefspat&lly confined instances of a
corresponding breakdown among the rural poor. Eccdbgollapse, such as the one that has
been experienced in recent years in Rwanda, the éfdkfrica, and the Darfur region of Sudan,
can also trigger rapid socio-economic decline (Homgo, 1999; Diamond, 2005; Collier,
2007).

4 Contents

The plan of this paper is as follows:

" This classification was explored in Dasgup@s?2).

8 See Carpenter et al. (1999) and Carpent@i1(2@r formal analyses of the dynamics of (shajlow
fresh water lake systems. The existence of mulipi@ns of attraction has important implicationsthe
way the lake's shadow price ought to be estim&tagdgupta and Méler (2004) is a collection of estzgts
develops the welfare economics of non-linear e¢esys (see, for example, the article by Brock and
Starrett there).
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In Sections 5-6 | introduce two broad categoriesxdérnalities and discuss the kinds of
institutions that are likely to be most effectiver@moving them. The remainder of the paper
discusses ways to value natural capital and developstlodnéor evaluating economic
programmes. Two types of evaluation exercises are agiath: evaluating projects and
identifying sustainable development. In Section 7 mslisat GDP should not be used as a
welfare index in either exercise. Section 8 contairmkscussion of a number of methods for
valuing ecological capital. In Section 9 | show taatomprehensive measure of wealth is the
correct index to use in both types of evaluation @ger Section 10 demonstrates the reach of
the index for identifying sustainable development.ti®acll does the same for project
evaluation.

In many people's minds today, "environmental problems" rfeamate change”. One
of my aims in this paper is to dispel that notion. Nthedess, in the long run climate change
would appear to be one of the most serious environmehtgms facing poor countries. So in
Section 12 | offer an extended discussion of tleesduation methodologies that have fashioned
the empirical work on the economics of climate chahgeint to weaknesses in the analyses,
rather than harp on their strengths. Section 13 sumesarand the Appendix has a formal
demonstration of the theoretical propositions put fodwa Sections 9-11.

Throughout, | try to mingle theoretical analysishweémpirical studies. | do that not only
for micro studies (e.g., the value of planting farmets and investing in fresh water sources;
measuring the value of upland forests in stabiliziregew flows downstream), but also for
macroeconomic identification of sustainable developmieaid.the latter by putting the theory
to work on interpreting the development experievicine world's poorest regions in the period
1970-2000. With regard to the former, it is as weetote that empirical studies of household and
village behaviour governing local ecosystems diffetely in style. They range from narratives
on the lives of people in a single village to egoetric studies of data from many villages. Even
among the latter, some are based on carefullywmbstl controls, while others are more casual
in their approach to statistics. | believe | haverieénom each of that heterogeneous body of
styles. In any event, empirical studies of human-natuesactions are still so few in number,
that it would be foolish to insist on the style we emorsts have got used to in applied
microeconometrics. The catholocity of styles will satt everyone, but in drawing attention to

it here | am merely placing my cards on the provetibiale.
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Externalities

An early literature found market failure to be thederlying cause of environmental
problems (Pigou, 1920; Meade, 1973; Baumol and€D&8¥5). Which is why the phenomenon
of market externalities looms large in environmkatal resource economics. But there are non-
market institutions too, and they also can fail. Byeaternalitywe mean the effects that
decisions have on people who haven't been pattetdecisions. | offer this definition because
both theory and contemporary evidence tell us that@mmental externalities are a symptom
of a more general problermstitutional failure The malfunctioning institution could be the
market. But the failure could be that of a groumations unable to agree on common fisheries
policy in the seas; or it could be the state ridimgghshod over forest inhabitants; it could be the
local community whose norms have collapsed (Sectiornr@&)could be the household, where
the dominant male insists on growing fruit trees (bectheséuit can be sold in the market to
which the female doesn't have easy access) rathetrees that would supply the woodfuel the
female is expected to gather from the receding wooldla The consequences of those
malfunctions are resource allocation failures ammmrgemporaries and across the generations.
| shall also argue that one of the consequencesdmasthe very high population growth the poor
world has experienced in recent decades.

Activities involving ecological capital give rise é&xternalities because property rights
to them are either weakly defined or inadequatefgreed. And a common reason for the latter
is that key components of natural capital are neobi is the case with air and water. By property
rights | don't only mean "private" property righitsiclude "community” property rights and state
property rights. At an extreme end are "global'penty rights on global public goods, a concept
that is implicit in current discussions on climataiepe. But neither the idea of global property
rights nor of global public goods is new. That humahdye collective responsibility over the
state of the world's oceans used to be explicit inl8#¥0s, when politicians claimed that the
oceans are a "common heritage of mankind".

In the presence of externalities involving natuses/ices, individuals and communities
over-exploit natural capital, which is another wdysaying that ecological services are
subsidized. At the global level what is the annual sly#sOne calculation suggested that it is
10% of annual global income (Myers and Kent, 200B) reading is that the margin of error in

that estimate is very large. But it's the only gladstimate | have come across. The technical
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reports accompanying M.E.A. (2003) contain quarnainformation that could be used to
generate more reliable estimates of nature's subsidiemdtibnal organizations such as the
World Bank have the resources to undertake thdt.\vi&ut they appear to be reluctant to do so.

Two broad types of externalities may be contrastetdirectional and reciprocal
(Dasgupta, 1982). Unidirectional externalitiesjast that - unidirectional - where one agent (or
a set of agents) inflicts or confers an externalityaaonther (or others). The direction of the
externality is in part determined by social normd kegal rules (Coase, 1960), a matter to which
| return below. Under reciprocal externalities epalty inflicts or confers an externality on all
others, as in the case of unmanaged common propertycesolr the following two sections
we study the significance of the two types of extetieal
5 Unidirectional Externalities: Exports and Wealth Transfers

Exports of primary products often involve unidiientl externalities. There is evidence
that, other things being equal, freeing exports frastitipally motivated restrictions helps
economies to grow faster. There is evidence toothigapoor as a group enjoy the benefits of
faster growth (McCulloch et al., 2001). But asdeelogical consequences of growth in exports
are rarely measured, the case for trade expansion sheujdalified beyond the occasional
footnote. Here is an example of how an increase iexpert of primary products can hurt the
poor?

An easy way for domestic governments to earn reyenoountries that are rich in forests
is to issue timber concessions to private firms. Imaginediacessions are awarded in the
upland forests of a watershed. Forests stabiliZie $mit and water flow. So deforestation gives
rise to soil erosion and increases fluctuationsater supply downstream. If the law recognizes
the rights of those who suffer damage from deforestatiee timber firm would be required to

compensate downstream farmers. But compensation is ynhkeln (a) the cause of damage

° The example is taken from Dasgupta (1990)@mnidhilnisky (1994).

In a study of agricultural production in Ghana, &p1997) found that under a common property
regime (Section 6), biomass was exploited beyordI¢ivel at which aggregate profits would be
maximized, implying that reciprocal externalitieer& at work. The author noted that the underlying
externalities would be exacerbated if trade expanBer further weaknesses of trade expansion uhéer
contemporary world order, see Stiglitz (2002).

Trade doesn't invariably exacerbate negative ealiigs. An expansion in international trade in
activities with negative externalities for whiclt@untry has a comparatidsadvantage will reduce the
externalities. | am grateful to Dani Rodrik forglubservation.
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is many miles away, (b) the concession has been awhydbe staté] and (c) the victims are
scattered groups of farmers. Problems are compdumelmause damages are not uniform across
farms: location matters. It can also be that thdse are harmed by deforestation don't know the
underlying cause of their deteriorating circumstanéesthe timber firm isn't required to
compensate farmers, its operating cost is less thandla sost of deforestation, the latter, as
a first approximation, being the firm's logging costs #meldamage suffered by all who are
adversely affected. So, the export contains an imglibsidy, paid for by people downstream.
And | haven't included forest inhabitants, who nowe liunder even more straightened
circumstances; or worse, are evicted without compemsathe subsidy is hidden from public
scrutiny, but it amounts to a transfer of wealtmirthe exporting to the importing country. Some
of the poorest people in a poor country subsidizent@mes of the average importer in what
could well be a rich country. That doesn't feel tigh
5.1 Quantifying Externalities

The spatial character of unidirectional externaitis self-evident, but getting a
guantitative feel involves hard work. So the litara is sparse. As in other fields of ecology and
economics, some of the best advances in ecological ecombiave been made in studies of
"small" problems. There are now several believaltenates of subsidies on the use of natural
capital at the local level. Basing their estimate doraal hydrological model, Pattanayak and
Kramer (2001) reported that the drought mitigabenefits farmers enjoy from upstream forests
in a group of Indonesian watersheds are 1-10% of ggeagricultural incomes. In another
exemplary work, Pattanayak and Butry (2005) studmedextent to which upstream forests
stabilize soil and water flow in Flores, Indonesia (aB=® Pattanayak, 2004). Downstream
benefits were found to be 2-3% of average agricallmcomes. In a study in Costa Rica on
pollination services, Ricketts et al. (2004) discovehed forest-based pollinators increase the
annual yield in nearby coffee plantations by asmag20%. Ricketts et al. (2008) have analysed
the results of some two dozen studies, involvingrb@s in five continents, and discovered that
the density of pollinators and the rate at whichta & visited by them declines at rapid

exponential rates with the site's distance from thenadtirs' habitat. At 0.6 km (resp. 1.5 km)

19 Colchester (1995) has recounted that pdlitegaresentatives of forest-dwellers in Sarawakliaykia,
have routinely given logging licenses to memberthefstate legislature.
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from the pollinators' habitat, for example, the visita rate (resp. pollinator density) drops to
50% of its maximuni!
5.2 Internalizing Externalities

How should societies eliminate unidirectional emggities? In the case of the upstream
firm and downstream farmers, the state could tax thefbr felling trees (Pigou, 1920). The
firm in this case would be the "polluter”, the farmirs "pollutees”. Pigovian taxes therefore
invoke thepolluter-pays-principlgPPP). The efficient rate of taxation would be the damag
suffered by farmers. What the state does withakedvenue is a distributional matter, to which
| shall return presently. Pollution taxes are knowdagoas "green taxes".

But there is also a "market-friendly” way to elimia externalities. Lindahl (1958 (1919))

- and subsequently Meade (1953, 1972) and Coase (1%@)gested that the state (or the
community; see Section 6) could introduce private @ryprights on ecological capital, the
thought being that markets would emerge to eliminageettiernalities. A problem with the
proposal, at least as | have presented it hetleatist isn't clear who should be awarded property
rights. In our example of the upstream firm and dsineam farmers, the sense of natural justice
might suggest that the rights should be assign&rnters, who can be regarded as the pollutees.
Under a system of "pollutees-rights”, the timber firowd be required to compensate farmers
for the damage it inflicts on them. Such a propexirs regime also invokes PPP.

Of course, the rights could be awarded to the timberihstead. In that case it would
be the farmers who would have to compensate timefdir not felling trees. The latter system of
property rights invokes thgollutee-pays-principléa reverse PPP, as it were), which to many
people would seem repellent. But from the efficiepoint of view it's a matter of indifference
which system of private property rights is introducsallong, that is, as the prices that emerge
(including those in the markets for externalities) @mpetitive prices (Starrett, 1972).

In a famous article Arrow (1971) pointed to a pesblwith Lindahl's proposal. Markets
for externalities would be "thin". In our example leanarket would involve precisely two
parties: the timber firm and one farmer. It is har@magine that competitive prices could emerge
in such circumstances. Nevertheless, markets for extigsdiave attracted much attention

among ecologists and development experts in rgeans, under the labghyment for ecosystem

* For a more comprehensive study of ecosyseewices produced by avians, see Sekercioglu et al.
(2004).
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servicesor PES(see Pagiola et al., 2005, for a sympathetic revieavoarket based PES).

The ethics underlying PES is seemingly attractiveetislon makers in Brazil believe
that decimating the Amazon forests is the true fm#dtonomic progress there, shouldn't the rest
of the world pay Brazil not to raze them to theugrd? If the lake on my farm is a sanctuary for
migratory birds, shouldn't bird lovers pay me modtain it for conversion into farm land? Never
mind that the market for ecosystem services would Ipe ifta system involving PES were put
in place, owners of ecological capital and benefiesaof ecological services would be forced
to negotiate. The former group would then havenaaritive to conserve their assets (Daily and
Ellison, 2002; Pagiola et al., 2002; Goldsteinletz®06). In a review of current practices, Jack
et al. (2008) note that hundreds of new PES schemesh®®n established round the globe.
China, Costa Rica, and Mexico, for example, havéaied large-scale programmes in which
landowners receive payment for increasing biodiversiipservation, expanding carbon
sequestration, and improving hydrological services.

Although we have no firm empirical understandingpadcesses in which a single agent
is engaged in multiple bilaterial negotiations aver supply of what amounts to a "public good”,
we do have some theoretical understanding. Considéuatisn in which the farmers in our
example are willing to negotiate with the timbenti It can be shown that if the parties discount
future profits at a very low rate, all but one famwould free ride and enjoy the benefit (i.e.ythe
would make no payment to the firm). So farmers haveecentives to form a coalition among
themselves. Moreover, the (equilibrium) outcome isn'quei meaning that the farmer who
negotiates with the firm isn't necessarily the whe would be worst affected by deforestatibn.

Although PES may be good for conservation, one camimeasituations where the
system would be bad for poverty reduction and distive justice. Many of the rural poor in
poor countries enjoy nature's services from assets thelyadam Even though they may be
willing to participate in a system of property rights which they are required to pay for
ecological services (Pagiola et al. 2008, repatté@ir careful study of a silvopastoral project in
Nicaragua that they do), it could be that in theldvave have come to know, the weaker among
the farmers are made to pay a disproportionate am8ome may even become worse off than
they were earlier (Dasgupta and Heal, 1979: CrOBg could argue that in those situations the

state should pay the resource owner instead, fignalg obtained from general taxation. As Reid

12 See Dasgupta and Sabourian (2008).

19



et al. (2003), Bulte et al. (2008) and Zilbermaale{2008) observe, who should pay depends
on the context.

A PES system in which the state plays an activeisdhttractive for wildlife conservation
and habitat preservation. In poor countries prgpé@ghts to grasslands, tropical forests, coastal
wetlands, mangroves, and coral reefs are oftengurobs. The state may lay claim to the assets
("public" property being the customary euphemism), bthe terrain is difficult to monitor,
inhabitants will continue to reside there and lifieits products. Inhabitants are therefore key
stakeholders. Without their engagement the ecaongsteuldn't be protected. Meanwhile flocks
of tourists visit the sites on a regular basis.obrious thing for the state to do is to tax tourists
and use the revenue to pay local inhabitants faeptiog their site from poaching and free-
riding. Local inhabitants would then have an incento develop rules and regulations to protect
the site.

But even if inhabitants as a collective are giveimnagntive to self-regulate, individual
members may not have the incentives to conform to comariaritrules and regulations. The
economics of "common property resources"” studies wawyghich individual incentives can be
aligned to communitarian goals. We discuss that next.

6 Reciprocal Externalities: Common Property Resource@CPRS)

Who owns the local natural-resource base in rurak@r@athropologists, economists,
and political scientists working at the fringesffcial development economics have discovered
that, barring agricultural land, ecological capitabften neither private nor state property. Nor
are they "open access" resources. They are communaltgropeich is why they are called
common property resourcas,CPRs. If CPRs are badly managed, households in thencrity
free-ride, meaning that the commons suffer from excessee The point of communal
management is to restrict use (e.g. by establistiagges or quantity restrictions) and fend off
a possible "tragedy of the commons".

6.1 Why CPRs?

As a proportion of total assets, CPRs range widelgss ecological zones. In India they
are most prominent in arid regions, mountain regiond, unirrigated areas; they are least
prominent in humid regions and river valleys (Agdrasad Narain, 1989; Chopra et al., 1990).
There is a rationale behind this, based on the nepddiorisks. Woodlands, for example, are

spatially in-homogeneous ecosystems. In some years orng@rplants bears fruit in one part
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of a woodland, in other years some other group in sdhex part is fecund. Relative to mean
output, fluctuations could be presumed to be largearid regions, mountain regions, and
unirrigated areas. If a woodland were to be dividéa private parcels, each household would
face greater risks than it would under communal owngshd self regulation. The reduction
in individual household risks may be small, but as avenaggmes are very low in Indian
villages, household benefits from communal ownership coalexpected to be large.

Where users are symmetrically placed, distributiwsosld be expected to be symmetric,

a subtle matter to devise if the resource is hg&reous. Rotation of access to the best site is an
example of how this can be achieved. It is oftentmed in coastal fisheries, fuel reserves in
forest land, and fodder sites in the grasslandefiBaand Platteau, 1996). Rotation enables users
to get a fair shake.

Of course, it would be possible in principle foe tommunity to parcel out the resource
as private property and let households establmsbtaal insurance scheme. But that move would
jeopardize cooperation in other activities. Fdeast two reasons. First, cooperation appears to
be habit forming (Seabright, 1993); so, dispensiitly cooperation in any one activity could lead
to a weakening of cooperation in other activitiesc@dly, cooperation is more robust when
sanctions for opportunism in any one venture irelexiclusions not only from that venture, but
also from other collective ventures. Abandoningpasation in one field of activity thus reduces
the robustness of cooperation in other fields atag. This fact is an implication of the theory
of repeated games. It explains why relationships areegoéntly tied to one another in rural
communities (Dasgupta, 2007a).

Local ecosystems are frequently CPRs also becausetmstituents are mobile. Birds
and insects fly, fish swim, inorganic materialsusef in space, and even earthworms are known
to travel. Their mobility integrates an ecosysteraisous components. Ecosystem dynamics are
non-linear, involving positive feedback in a widaga of states, meaning that the system as a
whole is greater than the sum of its spatial parts. E@rsgstherefore have an element of
indivisibility to them. If you slice off a significanportion for some other purpose, the
productivity (e.g., biomass production) per unit asEavhat remains is reduced. But even if it
were decreed that no portion could be convertecahather use, parcelling ecosystems into
private bits would be inefficient because of the mdéties that are created by the mobile

components. Admittedly, private monopoly would avithie externalties, but it would grant far
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too much power to one person in the community.

Agricultural land, especially in densely populatedas, is a different matter. Both labour
and capital are critical inputs in production. Inwesht can increase land's productivity
enormously. Agricultural land as CPRs would be subj@derious management problems,
including those due to the temptations to free oiénvestment costs. The lack of incentives to
invest and innovate would lead to stagnation, eveaydel he fate of collective farms in what
was previously the Soviet Union testifies to tidose regions of sub-Saharan Africa where land
is, or was until recently, held by the kinship wekeeptions, but only because land was plentiful
in the past and because poor soil quality meant thdthad to be kept fallow for extended
periods. Of course, it may be that agriculturabmativity remained low thereecausdand was
held by the kinship, not by individuals. As elsewherée social sciences, causation typically
works in both directions.

6.2 The Importance of CPRs

Are CPRs important to rural people? Jodha (198&)nted evidence from a number of
dry rural districts in India that the proportion iotome among poor families that is based
directly on CPRs is 15-25%. Cavendish (2000) has araveven larger estimates than Jodha
from a study of villages in Zimbabwe: the propantaf income based directly on CPRs is 35%,
the figure for the poorest quintile being 40%. Atcauntry level, some 5 billion US dollars of
products are drawn from CPRs annually by the Indimal poor (Beck and Nesmith, 2001).
Woodfuel is prominent among CPR products. It isrested that some 2.4 billion of the world's
poor depend on wood or other biomass fuels foriogoknd heating (World Resources Institute,
2005). Which is why the finding by Cook et al. (8Dphat community forestry in poor countries
continues to ignore the importance of wood-fuel anmomgl households is ironic.

Marine fisheries are a major source of food and incaomeang the coastal poor. Some
250 million of the world's poor depend on coastaRS. Such evidence doesn't of course prove
that CPRs are well managed, but it does show thdthratseholds have strong incentives to
devise arrangements whereby tlaeg managed.

CPRs not only supply households with a regular tihwcosystem services and tangible
goods (water, fuelwood, fibres, building materialjtfrhoney, fish), they also offer protection
against agricultural risks. In a study of housebald the margin of the Tapajos National Forest

in the Brazilian Amazon, Pattanayak and Sills (3@0and that households make more trips into
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the forest for non-timber products when times are HaRRs are sometimes the only assets to
which the otherwise disenfranchised have access. Hedit €1988) have described the
importance obabassiproducts among the landless in Mar@amhBrazil. Extraction from those
plants offers support to the poorest of the poastraspecially women. The authors reported that
babassiproducts are an important source of cash incortieeiperiod between agricultural-crop
harvests. Economic theory says that where thexenarket for labour even the casual wage rate
of unskilled labourers would be higher in villageshwnore abundant CPRs (Dasgupta, 1993).
There is evidence of this (Barbier, 2005). That sham not implying that assetless people
featured prominently in community decisions to creaganbtitutions that govern CPRs, | am
merely drawing attention to a good feature of CPRs.
6.3 The Good News about CPRs

Most often CPRs aren't open to outsiders, but oniyhése having historical rights
through kinship ties and community membership. Communal neamagt of local resources
makes connection witkocial capita) viewed as a complex of interpersonal networks,rants
at the basis upon which cooperation has traditipbakn built. As CPRs have been seats of non-
market relationships, transactions involving them arenafiot mediated by market prices. So
their fate is frequenly unreported in national ecoitaccounts. However, a large empirical
literature has confirmed that resource users in many casggerate, on occasion through
democratic means. The empirical literature on CPRsvismme (Netting, 1985; Jodha, 1986,
2001; National Research Council, 1986, 2002; Wa#8881Chopra et al., 1989; Feeny et al.,
1990; Ostrom, 1990, 1992; Bromley et al., 1992; Baland Platteau, 1996, 1999; Noronha,
1997; Kadekodi, 2004; Baland et al., 2007; and &leatal., 2008, among many others). The
economidheoryof CPRs was however constructed earlier, in Dasgapd Heal (1979: Ch. 3).

Are CPRs managed communally? Not invariably, but in ne@sgs they are, or have
been in the past. Wade (1988) reported his findirags a study of community-based allocation
rules over water and the use of grazing land in datls Indian villages. He noted that
downstream villages had an elaborate set of rulefulating the use of water from irrigation
canals. Fines were imposed on those who violated tles.ridlost villages had similar
arrangements for the use of grazing land.

In a study on forest conservation in the centrat&ayas, Somanathan et al. (2005) have

found that the density of broad-leaf trees wasifsigmtly higher in places where the forest was
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managed by village councils than in areas where eretthuncils nor the state was involved in
forest management.

Of course, cooperation doesn't appear in vacuumeledhtemporary world there is a
potential role of government and non-government argdions (NGOSs) in helping to build or
rebuild local institutions through which communities Idoget to realize the advantages of
collective action. Such help would involve, amonigestthings, devising clearly-defined rules
concerning the allocation of burdens and benefilesrwhose compliance can be observed
(hopefully, verified also) by others involved. Istdy in North-West India, Chopra and Gulati
(1998) found that distress migration out of villages rele€GOs had been at work to create
institutions for managing water and pasture land communal basis was lower than in villages
where there had been little attempt to create swsthutions. Significantly, Chopra and Gulati
found that the probability of participation in comnal pasture land was higher among villagers
who were participating in communal water managerseimtmes than among villagers who were
not. Which suggests once again that cooperation begeperation.

How is cooperation maintained? Universally, stutlige found that collective sanctions
are imposed on those who misbehave (see e.g. BatahBlatteau, 1996). Today the underlying
mechanism is common knowledge among economiststhBloey of repeated games has shown
that so long as households don't discount futuses@nd benefits at too high a rate and so long
as behaviour is mutually observable, social norms inmghthe use of sanctions on non-
cooperative behaviour enable cooperation to be miagd. Sanctions range from the punitive
and unforgiving (permanent exclusion following a senglisdemenour; widely know in the
economic literature as the "grim" norm) to the feirg (as in graduated sanctions; see below).
The grim norm has been found in reciprocal relatgos (Czako and Sik, 1988), but appears to
be in force only in those environments where the gatiave access to formal markets as an
alternative. Something like "grim" is needed for preweg people from engaging in non-
cooperative behaviour in an environment where tergptiort-term opportunities appear
elsewhere from time to time.

Outside opportunities are often rare in rural comniemithat are to all intents and
purposes enclaves. There communitarian arrangenmenésare of high value to all and matters
are different. Graduated sanctions are in wide use.fif$t misdemeanor is met by a small

punishment, subsequent ones by a stiffer punishrpergistent ones by a punishment which is
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stiffer still, and so forth (see e.g. Ostrom, 19%¥here information is imperfect, a small penalty
for the first misdemeanour could be a warning titlaers are watching, or it could be that others
signal their acknowledgement that the misdemeacmuld have been an error on the part of the
offender and that he should try harder next time. smdn.

6.4 The Bad News about CPRs

So far, the good report on CPRs. There are, howeverpieces of bad news. The first
involves resource allocation in communitarian instog. Entitlements from CPRs are
frequently based on private holdings: richer hoakihenjoy a greater proportion of the benefits.
Beteille (1983), for example, drew on examples ftodia to show that access to CPRs is often
restricted to the elite (e.g., caste Hindus). Cawn(®000) has reported that in absolute terms
richer households in his sample of villages took more f@Rs than poor households. In an
early review, McKean (1992) noted that benefiteflGPRs are frequently captured by the elite.
Agarwal and Narain (1996) exposed the same phenamiartbeir study of water management
practices in the Gangetic plain, as did Bardhan Ragton-Johnson (2007) in a study of
irrigation systems in Mexico and South India.

However, the relative exploitation of CPRs by tbhemand the not-so-poor isn't uniform
across the world. In two large scale studies of housetaildin India and Nepal, respectively,
Bandopadhyay and Shyamsundar (2004) and Bandopadhghy(2006) found that woodfuel
consumption decreases with wealth in India, but inceeagtd wealth in Nepal. Their finding
suggests that the availability of cheap substitoitatters. In India, where rural markets are more
developed than in Nepal, relatively wealthy hous#hare able to save on labour costs by buying
fuel in the market place.

That women are sometimes excluded from CPRs has beenledcor communal
forestery (B. Agarwal, 2001). It is even possible thateliteexploitothers, in the strong sense
that the latter are worse off when the CPR is aggdlthan they would have been if the CPR was
unregulated (Dasgupta, 2000; see also Dasgupt8ap@ut because cooperation in one activity
is usually tied to cooperation in other activitiésyould be hard to establish empirically that one
group of CPR users is exploiting another group of users.

The second piece of bad news is that CPRs haveallated in recent years in many parts
of the poor world (see e.g., Jodha, 2001). Why shitngt have happened in those places where

they had been managed in a sustainable manner predustye are several reasons:
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One stems from deteriorating external circumstanceeruwhich both the private and
communal profitability of investment in the resailimse decline. Political instability is a general
cause. It is, of course, a visible cause of resourceadatyon, as civil disturbance all too
frequently expresses itself by a destruction of physiapital. But increased uncertainty in
communal property rights is a frequent, often hiddause. People could worry that the state or
warlords will assume authority over the CPRs. Ifgbeurity of a CPR is uncertain, the returns
expected from collective action are low. The infloerwould run the other way too, with
growing resource scarcity contributing to politicaktiability, as rival groups battle over
resources. The feedback could be "positive”, ekateig the problem for a time, thus reducing
expected returns yet further.

The second reason CPRs have deteriorated in manys péa@®id population growth.
The latter triggers environmental degradationstiiational practices are unable to adapt to the
increased pressure on resources. dteC'lvoire, for example, growth in rural populatioas
been accompanied by increased deforestation and cedait®vs. Biomass production has
declined, as has agricultural productivity (Lope2809

However, rapid population growth in the world's psd regions in recent decades itself
requires explanation. Demographers have arguea tiaditin the child mortality rate (which is
otherwise a very good thing) is a major factor (Bheag2008, identifies reasons why even
fertility rates respond to declines in child matialvith a lag). Here | suggest factors that haven'
been much studied by demographers. Increased econaruiity, owing to deteriorating
institutions, is one: children yield a higher pt&zaeturn in such circumstances than other forms
of capital assets (Bledsoe, 1994; Guyer, 1994; ¢te$996). Reproductive activity also involves
a number of externalities that encourage the prdisatahat is found in the world's poorest
regions (Dasgupta, 2003). For example, when instiigtigoverning the CPRs deteriorate,
households free-ride on the resource base. As some cbshef maintaining a household is
passed on to others, the net private benefitsanfmaalating more "hands" to mine the CPRs can
increase. Dasgupta and Maler (1991) and Nerlove {1&@led that receding firewood and
water sources may increase the household demalabtarr, leading to a rise in household size.
In an analysis of data from South Africa, Aggarwabket(2001) have found a positive link
between fertility increase and degradation of CPRsdf and Pritchett (2002) have reported

a weak positive link between the two in the Sindfiae in Pakistan.
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On the other hand, Loughran and Pritchett (1998hdicevidence in Nepal that more
acute resource scarcity was associated with lasvelitly, which suggests that growing scarcity
there raised the net cost of having children. Appty, increasing firewood and water scarcity
in the villages in the sample didn't have a strong ghaifect on the relative productivity of
child labour to induce higher fertility. It seems thiwat the relationship between resource
scarcity and fertility can be of either sitin. Admilife none of the empirical studies just
mentioned quite captures what the theory | am iggutb here tells us to study, namely, the link
betweerdesiredhousehold labour and the state of the local natesaurce base; but they come
close enough.

The third reason CPRs have deteriorated in some pktieaticommunal rights were
overturned by central fiat. In order to establistpitstical authority, a number of states in the
Sahel, for example, imposed rules that destroyedranal management practices in the forests.
Villages ceased to have the authority to enforcetsarscon those who broke communitarian
rules. But state officials didn't have the expertisenemage the commons, often they were
corrupt. Knowledge of the local ecology is held bgge who work on the commons. Local
participatory democracy offers a mechanism by wihelh knowledge can inform public policy.
Isham et al. (1995) found strong evidence from 12&lnwater projects (in 49 countries in
Africa, Asia and Latin America) that participatibg beneficiaries is positively correlated with
project performance. Relatedly, Thomson et al. (1986jmanathan (1991), and Baland and
Platteau (1996), among others, have identified theymaays by which the exercise of state
authority damages local institutions and turn CRRs open-access resources. In their study of
forest management in the central Himalayas, Somanatl@n(2005) found that crown cover
was no less in places that were governed by vikagacils than it was in areas managed by the
state, even while expenditure on governance was @er of magnitude higher in the latter
places.

Democratic movements among stakeholders and pedfssar international organisations
have encouraged a return to communitarian managemeeimsysshyamsundar (2008) is a
remarkable synthesis of the findings in nearly 20&lag on the efficacy of a devolution of
management responsibilities - from the state to localnconities - over the local natural-

resource base. Her article focuses on wildlife, foyesind irrigation. The balance of evidence

'3 Dasgupta (2003: Appendix) contains a formatlet that identifies conditions for each possipilit
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appears to be that devolution leads to better rescuemagement, other things being equal.
Shyamsundar of course offers a discussion of what thosetbthgs are.

The fourth reason CPRs have deteriorated in manygiactkat cooperation is fragile,
dependent as it is on many factors that have to wionkiltaneously in its favour. For example,
in the face of growing opportunities for private @stment in substitute resources, households
are more likely to break agreements that involve recify (Dasgupta, 1993, 2007; Campbell
et al., 2001). But when traditional systems of managerelidapse and aren't replaced by
adequate institutions, CPRs suffer from neglect. Heeetlaee examples illustrating the
phenomenon:

1. Mukhopadhyay (2008) is a historical study of tlmsformation of agrarian land in
Goa, India, that was earlier owned and regulatea lspmmunitarian institution called the
communidadesNhen Goa became a part of India, the governmémtduced land reforms that
gave tenants the right to purchase the land theéyoaked. Mukhopadhyay doesn't question the
underlying motivation behind land reforms, but sad@e unfortunate consequence, which is the
breakdown of cooperation among households in maintathie embankments that had earlier
prevented the land from flooding by tidal waters. Ovee years deterioration of the
embankments has led to an increase in soil salinity.

2. In her study of collectively managed irrigatiorstgyns in Nepal, Ostrom (1996)
accounted for differences in rights and respong#sliamong users (who gets how much water
and when, who is responsible for which maintenanceabtiie canal system, and so forth) in
terms of the fact that some farmers are head-enderg @thers are tail-enders. Head-enders
have a built-in advantage, in that they can pretahénders from receiving water. On the other
hand, head-enders need the tail-enders' labourgairrand maintenance of traditional canal
systems, which are composed of headworks madersé drees, and mud. Ostrom reported that
a number of communities in her sample had been givelanrezining aid by donors which
installed permanent headworks. What could be bettermay ask. But Ostrom observed that
those canal systems that had been improved were freguentbrse repair at the tail end and
were delivering less water to tail-enders than preshouOstrom also reported that water
allocation was more equitable in traditional farm agement systems than in modern systems
managed by external agencies, such as governmefaraigh donors. She estimated from her

sample that agricultural productivity is higher inditeonal systems.
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Ostrom's explanation for this is that unless it is accaomepeby counter-measures, the
construction of permanent headworks alters the relativgaining positions of the head- and
tail-enders. Head-enders now don't need the labaaile#nders to maintain the canal system.
So the new sharing scheme involves even less wattif@nders. Head-enders gain from the
permanent structures, but tail-enders lose dispropotéiynd his is an example of how well-
meaning aid can go wrong if the nature of the ingtih receiving the aid is not understood by
the donor.

3. Village tanks are one of the oldest sources afadtion in South Asia. In a study of a
group of villages in southern India, Balasubramani®®82 reports that village tanks have
deteriorated over the years owing to a declin@liective investment in their maintenance. That
decline has taken place as richer households haested increasingly in private wells. As poor
households depend not only on tank water but alsb@ fuelwood and fodder that grow round
the tanks, construction of private wells has accenduatenomic stress among the poor.

And fifthly, an erosion of CPRs can come in the wakeslifting populations
accompanying the development process itself (Dasgupf®).28s economic opportunities
outside the village improve, those with lesser ties. fpogng men) are more likely to take
advantage of them and make a break with custontéigations. Those with greater attachments
(e.g. women) would perceive this and thereby digtatia higher rate the benefits that could be
expected from complying with agreements. Either wayms of reciprocity could be expected
to break down, making certain groups of people (wordkeifgren, the aged) worse off.

History tells us that CPRs can be expected torgeatiimportance as economies develop
(North and Thomas, 1973). Ensminger's (1992) study gbiivatization of common grazing
lands among the Orma in northeastern Kenya edtablikat the transformation took place there
with the consent of the elders of the tribe. Sirtbated the move to cheaper transportation and
widening markets, making private ownership of land npocditable. However, as the elders
were from the stronger families, privatization adcated inequality within the tribe. The point
isn't to lament the decline of the commons; rathées to identify those who are likely to get hurt
by changes in economic regimes and the accompatrgingformations in the use to which the
resources are put. That there are winners in theepsoof economic development is a truism.
Much the harder task is to identify the likely losend &ave policies in place that act as safety

nets for them. In what follows we study policy evalmatand institutional reform when
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ecological capital is included in the exercize.
Valuation, Evaluation, and Sustainable Development

In evaluating an economy, there are five questionsameask: (A) How is the economy
doing? (B) How has it performed in recent year9H@w is it likely to perform under "business
as usual"? (D) How is it likely to perform under altgime policies? (E) What policies should
be pursued there?

National income accounts offer information releviananswering question (A), although
| argue below that they do so in an unsatisfactory. Wayicy evaluation, includingroject
evaluation is a way to answer questions (D) and (E). The ideaesaluate an economy at a
point in time before and after a hypothetical pdration has been made to it. In contrast, the
literature on "sustainable development" answers ques{®) and (C) by evaluating economic
change when the perturbation is the passage of tinte itse

Question (A) stands apart from questions (B) to (E)eastlif conventional practice
among national income statisticians is any guide. Heradbmmon practice to summarize the
state of an economy by its GDP, or equivalently itegg)y domestic income.

7 Inadequacies in GDP

A good history of the concepts of GDP and nationabime was provided by Richard
Stone in his Nobel Lecture, which is available onitbme page of the Nobel Foundation. But
even a cursory study tells us that GDP rose to promingmaeg the 1930s, when industrial
nations were suffering from economic depressiorthAt time there was a need to find an index
of aggregate economic activity. GDP filled thatchdeuring the post-War years, though, GDP
came to be regarded as a welfare index. That on is now so ingrained in us that it has
become common practice to use estimates of GDP grow#inswvering questions (B) to (E).
Indeed, if someone talks of economic growth, tstefier doesn't need to ask, "Growth in what?";
he will know that the speaker means growth in GDP.

The use of GDP as a welfare index has been muchizedicon grounds that it is
insensitive to distributional concerns. But the astic would be met if distributional weights
were applied to different income groups (Dasguptad e1872). The real weakness of GDP as
a welfare index lies elsewhere. Economic growtioisloubt a good thing - it usually purchases
a better quality of life - but as we shall see pregestlidying movements in GDP is of no use

in ascertaining whether economic growth is compatilile Vgustainable development".
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A famous report by the World Commission on Environmeiat Bevelopment (1987) -
known widely as the Brundtland Report - defimedtainable developmeas "... development
that meets the needs of the present without compromisengtility of future generations to
meet their own needs." In their version "sustainabletbpment"” requires that relative to their
populations, each generation should bequeath sodtsessor at least as largeraductive base
as it had itself inherited. Notice that the requiest is derived from a relatively weak notion of
intergenerational equity. Sustainable developmentahds that future generations have no less
of the means to meet their needs than we do oursdivksnands nothing more; it doesn't, for
example, demand that developmenbpemal orjust But how is a generation to judge whether
it is leaving behind an adequate productive basgsauccessol?

It is clear that tracking GDP won't do. GDP is aénindex of the final goods and
services. Even though it has been argued that thghtseattached to goods and services ought
to be shadow prices (Mirrlees, 1969; Sen, 1976ipma income statisticians use market prices,
shorn of taxes and subsidies. As large numbers of ecalaggevices in poor countries are
transacted in non-market institutions, official GB#s-specifies the level of economic activity.
But there is a more fundamental problem with GDP: titex mismanages intertemporal
considerations badly. (We confirm below that the ebhiNations' Human Development Index
suffers from that same weakness.) The point is that @D&és the depreciation of capital
assets. Among natural resources, that depreciatioracge from a full 100% of the services
drawn from oil and natural gas, to the degradatioecokystems through mismanagment. As
natural capital is especially vulnerable to overgsepus criticisms of GDP were first made in
the context of environmental and natural resourcblenos?®

We may put the matter another way: GDP measuresggregatéencomeof thecurrent
generation, whereas in seeking to determine the susiiéiynaf economic development, we
should be interested in tiaeell-beingof current and future generations. Sosbgial well-being

we will mean an ethically defendable numerical indkthe well-beings of the present and future

1 Pezzey (1992) and Pezzey and Toman (2002)sfisvarious ways of defining sustainable
development. Here | am following the literaturetthas related the concept to welfare economics.

> See Nordhaus and Tobin (1972), Maler (19v&)er and Wyzga (1976), Dasgupta and Heal (1979),
Hartwick (1990, 2000), Lutz (1993), and Aronssorle{1997), among others. Méaler (1991) and Weale
(2997) provide outlines of a complete system ofama accounts inclusive of environmental natural
resources. Lange et al. (2003) and Perrings andeviin2003) contain applied studies on both vadnati
and resource accounts.
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generations. As the future is uncertain, the numennchidx is taken to include an ethically
defendable attitude toward that uncertainty. Intiacl2 (where | review the welfare theory
underlying the economics of climate change) and\fiigendix (where formal accounts of policy
evaluation and sustainable development are illustyasecial well-being is understood to be a
generalized form of Utilitarianism. In what followsogh further reference to uncertainty (but
see Section 12.3 on the economics of climate chpage assume simply that the index of social
well-being reflects it.
8 Valuing Goods and Services

Evaluating an economy requires that we value goodsemites from a societal point
of view. The social values of goods and services atedesthadow pricesa familiar term in
development economics. In order to keep the asatyggitral across commodities, let social well-
being be thewumeraire
8.1 Defining Shadow Prices

In public economics shadow prices are defined as tferelifce between market prices
and optimum taxes or subsidies (Atkinson and $tidli980). This is too narrow a base on which
to build policy analysis in rural economies, where seaions are frequently based on
communitarian relationships. Moreover, the term "opltlroan rarely be applied to policies
chosen there. So we revert to the mathematical definit

Definition 1. Suppose at date t an economy is awaaseadditional unit of some asset
free of charge. The asset's shadow price is the resultinggehia social well-being

The Appendix provides the mathematical counterpaliadinition 1 (equation (A.6)).
But the definition already tells us that three pieakemformation are required for estimating
shadow prices:

(i) A descriptive model of the economy.

(if) The size and distribution of the economy's caytaets.

(iif) A conception of social well-being.
Requirements (i) and (ii) are the basis for esiimgathe changes that take place in the allocation
of resources if an additional unit of the asset is naa@dable free of charge. Requirement (iii)
is the basis for placing a value on that change.

At any date an asset's shadow price is a funcfitimecstocks of all assets. Moreover, the

price today depends not only on the economy todaypmihe entire future of the economy.
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Future scarcities of ecological capital are reflectedurrent shadow prices of all goods and
services. So shadow prices are functions of the degrehich various assets are substitutable
for one another, not only at the date in questiobhaball subsequent dates as well. Of course,
if the conception of social well-being involves theewf high discount rates on the well-being
of future generations, the influence on today's shapoees of future scarcities would be
attenuated. Intergenerational ethics plays an imporbdain the structure of shadow prices, a
fact that was displayed in the contrasting recongagons of Cline (1992) and Stern (2006) on
the one hand and Nordhaus (1994, 2008) on the aitier,how much the world community
should spend now to meet the problems of global warr(@egtion 12.3). In imperfect
economies (e.g., those experiencing the tragetheafommons) an asset's shadow price can be
negative even when its market price is positive.

8.2 Estimating Shadow Prices

How should shadow prices be estimated? Consider the hoamital asset we call
"health". Suppose we wish to value a marginal increasiée expectancy. Economists have
followed two ways to do this. One is to estimat @@ocial) cost of bringing about that increase.
The other is to estimate the value of the incre@ae expectancy itself. The two would lead to
the same estimate at a full optimum, but not indrfgect economies, where the latter is the right
way to go about the matter (Definition 1 and equefid.6)). But as the latter requires us to
estimate the value of a statistical life (Viscusi arldyA2003), the method has proved to be
controversial when deployed for making cross countmgparisons. Arrow et al. (2004) used
figures for public health expenditure for the shadmvee of health improvements in poor
countries, while Arrow et al. (2008) have combiaeg-specific mortality tables with values of
statistical life years so as to estimate the shaulte of increases in life expectancy. The latter
estimates have been found to be substantially higha the former, implying that the economies
in their sample of countries are highly imperfect.

Using Definition 1 directly is problematic because bé tenormous quantity of
information demanded by requirements (i)-(iii). Swironmental and resource economists have
devised two indirect methods (Freeman, 1992; Srh@87 are fine expositions of the methods).
In one, investigators ask people to place a vatuecological resources. In the other, they study
behaviour and the consequences of that behavioofeiothe value individuals place on those

assets. In the latter method, market prices oktlgoeds and services for which there are markets
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are often taken to be their shadow prices. As ampleof the latter, consider an asset that has
multiple characteristics (e.g., land). Tiedonic methodses the market price of a piece of land
to uncover the shadow price of one of its charatter(e.g., the price of its aesthetic qualities).
The hedonic method has been much used to value rei@. ésttneir work on inland wetlands

in eastern North Carolina (USA), Bin and Polasky @d0und that, other things being equal,
proximity to wetlanddoweredproperty values, presumably because of a greateratitasbf
insects and possibly bad odor.

The valuation methods that have become most populardesised for environmental
amenities, such as places of scenic beauty or cultignaificance. Theost of traveko a site
takes revealed preference to be the basis fomgathe site. Englin and Mendelsohn (1991), for
example, is a well-known application of the metfarestimating the recreation value of forests.
In contrast, in those cases where ther® observed behaviour, thentingent valuation method
(CVM) has proved to be extremely popular (see Car€ifid, Zor an extensive bibliography and
Smith, 2004, for an excellent history of the methddhe idea is to ask people how much they
would be willing to pay for the preservation of@mvironmental amenity (e.g., flood control) or
a resource of intrinsic worth (e.g., an animal or bpdcies).

Each of the above methods is of limited use for valtiregocal natural resource base
in the poor world. Moreover, one can question whetleguirements (i)-(iii) can be met
adequately by studying people's behaviour or analybieig responses even to well-designed
guestions. One reason for being circumspect ahogetmethods (there are many other reasons)
is that people often aren't aware of environmergks. Jalan and Somanathan (2008) conducted
an experiment among residents of a suburb of New DEllei.aim was to determine the value
of information on the health risks that arise fronmking water that contained bacteria of faecal
origin. Without purification the piped water in 608§ the households were found to be
contaminated. Among households in the sample that hdaeeat purifying their piped water,
some were informed by the investigators that theiemats possibly contaminated, while the
rest were not informed. The authors report thatoh@ér group of households was 11% more
likely to invest in purification within the followig 8 weeks than the latter group. An additional
year of schooling of the most educated male irhthesehold was associated with a 3% increase
in the probability that its piped water was beingtee. The finding is noteworthy because the

wealth and education levels of households in the samgle above the national average. If
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ignorance of environmental risks is pervasivenestes of the demand for environmental quality
that assume full information must be misleadihg.

So we return to requirements (i)-(iii). In their sikan the economics of climate change,
Cline (1992) and Stern (2006) met (i) and (iii) dihe (Section 12.3). Several recent valuation
studies have met requirement (i) by estimatingptioeluction functiorfor nature's service (e.g.,
pollination as a function of the distance to a forgsimary productivity as a function of
biodiversity; net reproduction rate of a specibaj,have otherwise assumed that market data are
more or less sufficient to meet the other requireméntattafayak and Kramer (2001) and
Pattanayak and Butri (2005), for example, construatéydrological model to measure the
contribution of upland forests to farm productivitpwnstream. Hassan (2002) used quantitative
models of woody land resources in South Africa toneste the value to rural inhabitants of
(among other resources) the Fynbois Biome, whichidates sandy soils there. Barbier (1994)
and Gren at al. (1994) used formal ecological modetiopile a catalogue of the various
services that are provided by wetlands. In their safdyetlands in northern Nigeria, Acharya
(2000) and Acharya and Barbier (2000) applied modeggound water recharge to show that
the contribution wetlands make to recharging the kasisome 6% of farm incomes. That's a
large figure.

The welfare economics of climate change requirasddrbon in the atmosphere is priced.
The early literature on the subject didn't have dapeomponent to that price. A figure of 20
US dollars per ton for carbon's global shadow price sumygested by Fankhauser (1995) and
Pearce et al. (1996). That figure has been usedeinAtbrld Bank's work on sustainable
development (Section 10.2). But there are likelgg@normous regional variations in the impact
of global climate change on economic activity (Raseeig and Hillel, 1998; Mendelsohn et al.,
2006; Dinar et al., 2008). Agriculture in semi-amdgical countries is expected to suffer from
warming, while in temperate regions it will probabkenefit. If we apply distributional weights
to the losses and gains, the disparity is biggar the nominal figures that have been suggested,

because the former group of countries are almosbal while the latter are middle-income to

'¢ Determining the "willingness to pay" for cigas in risk involves additional problems. See St
Desvouges (1987).

17 See Dobson et al. (1997), Barbier (2000)n&uret al. (2000), and Tilman et al. (2005) for
illustrations of ecosystem production functions #mel corresponding dynamics of the socio-ecological
systems.
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rich. Using a range of climate models, Mendelsohn €2806) have published estimates of
losses and gains in year 2100. The authors aggrefijateskctors: agriculture, water, energy,
timber, and coasts. Depending on the scenario fthad that the poorest countries (almost all
in Africa) are likely to suffer damages from 129289 of their GDP, while the range of impacts
on the richest countries (North America and nortli&urope) is from damages of 0.1% tgaan

of 0.9% of their GDP. Dinar et al. (2008) fear thath warming, the agricultural income in the
semi-arid tropics could be more than halved in 2106thfits projected value in the case where
there is no warming. But these estimates are b@setarket prices. If distributional weights are
applied to obtain a global shadow price of carltompuld be a lot higher than if we were merely
to add the regional gains and losses. It shoutdsoted that the effects of climate change on
health and the environment (e.g. loss of species) vagnaciuded in those estimates.

What is the point of basing shadow prices solely onpamgcular use-value when we
know that natural capital often possesses other valw®sThe answer is that the method
provides us wittbiasedestimates of shadow prices. That can be usefuirdtion. For example,
in a beautiful paper on the optimal rate of hareésiue whales, Spence (1974) took the shadow
price of whales to be the market value of their fleseeemingly absurd and repugnant move.
But on estimating the population growth functiohbloe whales and the harvest-cost functions,
he found that under a wide range of plausible pammetiues it would be most profitable
commercially for the international whaling industoyagree to a moratorium until the desired
long-run population size was reached, and forridastry to subsequently harvest the whales at
a rate equal to the population's optimal sustaéngield’® In Spence's analysis, preservation was
recommended solely on commercial ground. But if predem is justified when the shadow
price of blue whales is estimated from their magkete, the recommendation would, obviously,
be reinforced if their intrinsic worth were to bedad. This was the point of Spence's exercize.
9 Social Well-Being and Comprehensive Wealth

Social well-being is very difficult to estimate ditly because it is a non-linear function
of the flow of goods and services. We seek a limaex that moves in unison with social well-
being. Shadow prices are essential for the task.

9.1 A Unifying Model

'8 During the moratorium the whale populatioovgs at the fastest possible rate. In Spence's ricather
computations, the commerically most-profitable doraof the moratorium was found to be some 10-15
years.
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Imagine that we have estimated shadow prices on the dfetbie information covering
requirements (i)-(iii). Let us now use those pricewaghts to construct an aggregate index of
the economy's comprehensive stock of capital assets. The assie list include not only
reproducible capital (roads, buildings, machinestruments) and human capital (health, human
talents, education), but also population numbersnamaral capital. Moreover, the list contains
"knowledge", including scientific and technologi&alowledge, and institutional capabilities.

It is typically assumed in economic models, thotlght changes in some of the economic
variables are exogenous. Growth or decline in @i, movements in total factor productivity
(TFP), and in the price of imports are typical exammpBelow | show that an obvious way to
accomodate exogenous changes in economic variablegegatatime also as a capital asset.

Call the aggregate index of the economy's compeaestock of capital assets we have
thus constructed, itsomprehensive wealtkormally

Definition 2. An economy's comprehensive wealthagshadow) value of all its capital
assets.

We will find it useful to separate time from all otressets. So let all capital assets
excepting for time be indexed bylLetK(t) be the stock of asskeat timet (> 0) andK(t) the
corresponding vector of assets. We assume that noheftis a global public good (but see
Section 10.2). Let/(t) be social well-being @t We know thaw/(t) = V(K(t),t). In the Appendix
we study the standard representatioN(@®f. Letp,(t) be asseits (spot) shadow price (i.g(t)
= dV(t)/oK(t); see Appendix) andt) the (spot) shadow price of time (i.gt) = dV(t)/dt); see
Appendix). WritingWt) for the economy's comprehensive wealth) ate have

W) = ()t +Z[p.OK(1)]. (1)

Why should we be interested in comprehensive wealtkeddson lies in

Proposition 1 A small perturbation to an economy increases (resp., deskageial
well-being if, and only if, holding shadow prices canst it increases (resp., decreases)
comprehensive wealtfi

Proof: LetA denote a small perturbation. Assumwg differentiable, we have

¥ This finding has been proved with increagjegerality by Hamilton and Clemens (1999), Dasgupta
and Maler (2000), Dasgupta (2001a), and Arrow e(24103a,b). For a more complete account of the
theory, see Dasgupta (2008b). But the idea thatemewts in wealth should be the basis on which
"sustainable development” is discussed had beed iaiformally for several years earlier. See Sddage
(1995) and Pearce et al. (1996).
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AV(t) = [0VIot] At + Z[oVIOK ()] AK (t). (2)
As p.(t) =oV(t)/oK(t), equation (2) can be written as

AV(t) = [oVIot] At + Zp (H)AK;(t). QED (3)

Equation (1) and Proposition 1 suggest that congorgllie wealth (owealth for short)
is a measure of the economyteductive baseMoreover, Proposition 1 says that the reason we
should be interested in that particular measureeoptbductive base is that it moves in unison
with social well-being. Equation (3) is even strontam Proposition 1. The equation says that
if an economy is perturbed slightly, the change in aouiell-being accompanying the
perturbatiorequalsthe change in wealth (at constant shadow prices)shatised by it.

Now p,(t)AK;(t) is the shadow value of net investment in aissetdoV/ot is the shadow
price of timet (r(t) in expression (1)). Writ¢(t) = p(t)AK (t). Then equation (3) can be
expressed as

AV(t) = [oV/ot]At + Z[1;(D)]. 4)
Definition 2 says that the expression on the rigintd side of equation (4) is tbemprehensive
investmenthat accompanies the perturbation. This means Propogittan be re-stated as

Proposition 2 A small perturbation to an economy increases (resp., dekaseial
well-being at t if, and only if, the comprehensiveestment at t that accompanies the
perturbation is positive (resp. negati)

Proposition 1 explains why (comprehensive) wealtheé correct measure of social well-
being and why it ought to replace GDP, HDI, and rieny otherad hocmeasures that are
currently taken to reflect social well-being. As wikak a linear index of the stocks of the
economy's (comprehensive) list of capital assdigewocial well-being is aon-linearfunction
of its determinants (as in various forms of Ultilitarianisae Appendix), it is a far more
convenient index to use for responding to questionsaB) than social well-being itself.

We could imagine that the typical perturbation coaised in Propositions 1-2 involves

2 It may seem odd to regard the first termgnagion (4) as investment, since no one is doiryghémg
other than wait to see the corresponding asset.gkswvaiting is a cost, it seems to me there isingt
wrong in including §V/ot]At in our conception of comprehensive investment.

There is no settled term yet for the linear indexase calling "comprehensive investment" here.
I am borrowing the term from Arrow et al. (2007)tlit has been called "genuine saving" (World Bank,
2006), and also "inclusive investment" (Dasgup@)7). | am hoping that the term "comprehensive
investment” will prevail, because it is vivid.
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positive investments in some assets (e.g. roadbulting, education and health), but negative
investments in other assets (e.g., wetlands and forestgjodttion 2 says that so long as
comprehensive investment is positive, social well-bé@icgeases. Note though that if certain
ecological assets were to become very scarce siitow prices would be large, signalling that
further declines in their amounts, even when small, dvaubke a significant dent on
comprehensive investment.
9.2 The Welfare Significance of Net Domestic Product

Propositions 1-3 also explain whgt domestic produ¢NDP) isn't a measure of social
well-being. To see why, consider a closed econ@ugpose there ak consumption goods and
services (they are all flows), labelled_etC(t) be the consumption pfatt andq(t) its shadow
price (Appendix: eq. (A.4)). Write NDP atasNDP(t). Using equation (2), we have

NDP(t) =,Zq (t)C (t) + [0V/ot]At +,Z[p (HAK (D],
which can be re-expressed as

NDP(t) - Zq(t)C (t) = [oV/Iot] At +,Z[p (DAK (1)]. (5)

Proposition 2 and equation (5) together yield

Proposition 3 A small perturbation to an economy increases (resp., degkaseial
well-being at t if, and only if, aggregate consumiptis less than (resp. greater than) net
domestic product

Proposition 3 uncovers the welfare content of NDRa tlassic work, Lindahl (1933)
used what amounts to the obverse of Proposition 8efme "income” as the maximum
consumption that an economy can enjoy without redudis wealth. But in recent years
economists have wanted to claim a lot more fodoetestic product. They have wanted to prove
that NDP is proportional to social well-beifly. Butan be shown thaDP(t) moves in unison
with V(t) if, and only if, the conception of social well-bgithat is being adopted is wholly
insensitive to inequality among people, generatiand uncertain contingencies (Dasgupta and
Maler, 1991; Dasgupta, 2008b).

Earlier we distinguished a perturbation at a pioitiime from a perturbation that amounts
to the passage of time itself. That distinctiofstas that Propositions 1 and 2 can be interpreted

in two ways. We study them in the following two secsion

2 See Weitzman (1976) and an enormous litexdhat has followed that publication (for referes)ce
see Dasgupta, 2008b).
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10 Comprehensive Investment and Sustainable Development

Consider first the passage of time along an econtorecast. The forecast could be, say,
"business as usual".

10.1 The Basic Theory

Proposition 1 says that the Brundtland Commissiwoti®n of "sustainable development”
is equivalent to "sustainable social well-being". Eompleteness let us define sustainable
development in terms of the latter notion.

Definition 3. An economy enjoys sustainable developatdnf dV/(t)/dt> O.

Propositions 1 and 2 give us an ethical underpintinthe concept of "sustainable
development" in the sense of the Brundtland Commissibay &lso provide an operational
handle on the concept. On using Proposition 2 andhifieh 3, we have

Proposition 4. An economy enjoys sustainable develapraet if and only if
comprehensive investment at t is non-negative.

Notice that Propositions 1-4 are equivalence res@ih their own they can't tell whether
an economy is enjoying sustainable developmenpaird in time. It could be that owing to bad
policy choices in the past, the economy is expengnunsustainable development even though
sustainable development would have been possibledtter policies been chosen. Worse still,
if substitution possibilities between, say, certain v@ablogical assets and other assets are
limited and ecological capital has been drawn domimously owing to past profligacy, it could
be that sustainable development simply isn't feaéible.

Propositions 1-4 also say why GDP, NDP, HDI, afead hocmeasures of social well-
being won't do. It is certainly possible for an econsmyoductive base (i.e., wealth) to grow
while GDP, say, increases, which is no doubt a piéitonomic development we all would like
to follow. But it is also possible for an econonpreductive base tshrinkduring a period when
GDP (or even NDP) grow8. The problem is that nowoeld notice the shrinking if everyone's
eyes were rivetted to GDP. If the economy's prodaedb&se continues to shrink, economic

growth will sooner or later stop and reverse signPGMll then decline, as will the standard of

2 Proposition 3 would in this case be sayirag ithisn't feasible to maintain comprehensive weahd
at the same time enjoy positive aggregate consompti

% That both are theoretically possible is gasgiemonstrate, so | leave it to the reader. Dasgup
(2001a, 2007) and Arrow et al. (2007, 2008) illattd those possibilities using crude data from
contemporary national accounts. | report a vereiaheir findings below.
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living, but no one would suspect that a fall was irrest&o, growth in GDP per head can

encourage us to think that all is well, when ittidn that regard, the Human Development Index,
or HDI, is no better: it is possible for a country's H®increase even while its productive base
shrinks. This means that HDI too can mislead (for ilatgins based on international data, see
Section 10.3).

Propositions 1, 2, and 4 also imply that the huge eoapiliterature on the factors
influencing economic growth, admirably surveyed byr8ai1997) and Helpman (2004),
misdirects. The equations that define cross-cowgrowth regressions have GDP growth on the
left hand side. Proposition 1, on the other hand, #atsGDP growth should be replaced by
growth in comprehensive wealth. We should want to kfmvexample, whether, other things
being equal, political and civil liberties or tratilgeralization or any one of the many other
features of economies people take interest in prethe accumulation of comprehensive wealth.
No one has studied such questions empirically. ibane has done so is no doubt because there
are no reliable cross-country estimates of commstie wealth. But then there is no reason for
any one to create such statistics if economist¥ dsk for them. And they will certainly not ask
for them if they continue not to take natural calseriously. That said, a higher growth rate in
even comperehensive wealth isn't necessarily socially oesgable. A society's objective
should be to follow theptimumgrowth in wealth.

If we are to put Propositions 1,2, and 4 to worldata, we need to find simple formulae
for the various shadow prices. In earlier sections énted on a small recent literature which
offers estimates of the shadow prices of a numbeatoral capital assets. Here we look briefly
at simple formulae for the shadow price of time.

Begin with the contribution the "residual” makes tonpoehensive investment. In their
empirical work on sustainable development, Arrow ef(2004, 2007, 2008) constructed a
simple formula for that contributio@V/ot was shown to be proportional to the residual. The
authors estimated the contribution of the residnahe basis of the countries' macroeconomic
data.

Turning to population growth, it could seem intuitibat in place of wealth the correct
measure of social well-being is wealth per capitdatt that intuition is generally speaking
wrong. Dasgupta (2001a) proved that wealth peta#pthe correct index only if (a) social well-

being takes the form of what may be called "dynamirage utilitarianism" (see Appendix), (b)
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population grows (or declines) at a constant eatd,(c) each of the equations that represents an
economy's accumulation process can be expressed in tegtysaqler capita capital stocks.
Formally if conditions (a)-(c) are satisfied, we have

Proposition 5. An economy enjoys sustainable dpuadnt at t if, and only if, at constant
shadow prices (comprehensive) wealth per capita doesaetind at t
10.2 Global Public Goods

What of public goods? L&(t) be the stock of a global public good,ab be interpreted
here as carbon concentration in the atmospl@&is.an argument in thé-function of every
country. LetK, (t) be the vector of assets owned by residents of coomtifyV,, is social well-
being inm, we have,

V() = V(K (1), G(1), 1).
As before, lep,(t) be the vector of shadow prices of all the assetsedvay residents of, and
0.(t) =9V, (t)/oG(t). We noted earlier th& may well be an economic "good" for countries in
the temperate zone and an economic "bad" in thecsopor the formeug,, > O; for the latter,
O, < 0. LetE_(t) be the net emission rate from courmnandE(t), the net aggregate emission.

It follows that

dG(t)/dt = Z(E (1)) = E(1). (6)
In order to focus on the accumulationGfwrite

I,(t) = Zp(t)dK;(t)/dt. (7)
Using equation (7), equation (4) generalizes to

dv, (t)/dt =oV ot +1 (t) + g (t)dG(t)/dkt. (8)
On using equation (6), equation (8) becomes

aV,(0)/dt = oV ot +1 )+ g (O =(E L)]. 9)

We see next that recent empirical work on sustaingéNelopment has made use of
Proposition 5. But when valuing climate change,albauthors have made use of equation (9).
10.3 An Application

Hamilton and Clemens (1999) and World Bank (2006) estich@&omprehensive
investment in the period 1970-2000 in over 120 tdes The authors added crude estimates of
investment in human capital to official estimatémwestment in reproducible capital. They then
substractedisinvestments in natural capital from that sum. Rgestment in human capital, the

authors used expenditures on education as proxguanotify disinvestments in natural capital,
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they considered changes in the stocks of commerciastgreil and minerals, and the
concentration of carbon dioxide in the atmosph@reand minerals were valued at their market
price minus extraction costs. Forests were valued in teft®ir market price minus logging
costs. Contributions of forests to ecosystem functions igeceed.

In placing a value to increases in carbon conceortigdHamilton and Clemens (1999) and
World Bank (2006) made a curious move. They took tredeiv price of global carbon
concentration to be -$20 per tog,(t) in our notation) and multiplied that figure teetbarbon
emission rate of a country to arrive at the dantiageountry suffers from an increase in carbon
concentration. To put it formally, "net benefit"¢ountrym from emissions was identified as
[.20.(D]E (1), whereas, as equation (9) shows, the correct formg|dt)[,,ZE(t)]. The two
expressions are equal only under very special circunmesdeq., if countries are identical).

Arrow et al. (2008) have interpretgH(g,(t)) as the global shadow price of carbon in the
atmosphere (-$20 per ton). Using the estimates in Mssal®n et al. (2006), they arrived at a
figure forg,.(t) for countrym by calculating the share of the global damage &md multiplying
0.(t) by the global emission raj&E (t). In constructing the first column of figures in Talile
| have followed that procedure.

The list of natural resources in Hamilton and Clemef@8%)l was very incomplete. It
didn't include water resources, fisheries, airwater pollutants, soil, and other ecosystems. On
the other side of the ledger the authors' notioruofidn capital was inadequate. Health didn't
enter the calculus, even though life expectancyesm®d in most poor countries. Moreover,
Hamilton and Clemens had nothing to say about populgtiowth nor changes in total factor
productivity. In other words, their exercise didriinme close to an analysis of sustainable
development in the contemporary world, where pdmrarowth has been large and total factor
productivity growth has been non-negligible. Funthere, their estimates of shadow prices were
very crude. Nevertheless, one has to start somewdnedeheir attempt was a bold, first pass at
what is proving to be an enormously difficult resegmdgramme.

In Dasgupta (2001a) | adapted the Hamilton-Clemens dsniar South Asia, sub-
Saharan Africa, and China, by taking into accoumytation growth and public investment in
education. The theoretical basis of my estimates was §itimpo5. But | ignored TFP growth
in those economies because | didn't know how taaée the shadow price of the "residual”.

Arrow et al. (2004) adapted the estimates in Dasg@®@1@) by including the residual. They
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then went on to ask whether economic development uthSasia, sub-Saharan Africa, and
China has been sustainable in recent decades. Tabla definement of that publication. It
remains avery crude beginning to the study of sustainable developrbahagain, it's a start.

The places in question are sub-Saharan Africa, Baesftadndia, Nepal, and Pakistan
(all poor countries) and China (a middle incoment). The period under study is 1970-2000.
The first column of numbers in Table 1 consisteefihements of the estimates of Hamilton and
Clemens of comprehensive investment as a proporti@D#i. | have changed their figures by
adding crude estimates of public expenditures on healtheducation and by estimating the
"disinvestment" that corrresponds to the increagaibon concentration,((t)[ ,2E (t)] for each
m).

The figures in the second column are average apayallation growth rates during the
period and those in the third column are estimates on@iangrowth rates of total factor
productivity (TFP), which we interpret here as thmal percentage rate of change in a
combined index of knowledge and institutions. In o@gply Proposition 5, | have divided the
figures in the first column by the ratio of GDP(émmprehensive) wealth (the figures for which
are explained below). To them | have simply added ettmates of TFP growth. That
computation gives us an approximation to the (peagm)trates of change of (comprehensive)
wealth at constant shadow prices. If | now subtracgtbeith rates in population from them, |
arrive at estimates of the annual rate of change aitivper capita. Those estimates are given
in the fourth column.

In national income statistics, capital-output raoe typically in the region 4-5 years. In
our numerical computation, however, "capital” shcagdmeant to read the shadow value of all
capital assetexcepting for tim¢Arrow et al., 2008). We therefore expect cap@&P ratios to
be greater than 4-5 years. Arrow et al. (2008regtd that capital-GDP ratio in China is in the
region 10-12 years, most probably it is even highefdble 1, which should be taken to be
purely illustrative of the kind of empirical investigan in sustainable development that lies
ahead of us, | have assumed the capital-GDP ratio 10 pears.

Before summarizing the findings, it will be usetioilget a feel for what Table 1 is telling
us. Consider Pakistan. During 1970-2000 comprebhemsvestment as a proportion of GDP was
8.8%. TFP increased at an annual rate of 0.4%. As boimbers are positive, Pakistan's

productive base was larger in year 2000 than it legeh In 1970. But take a look at Pakistan's
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population, which grew at 2.7% rate annually. Tdwath column shows that Pakistan's per capita
wealthdeclinedin consequence, at an annual rate of 1.4%, inglyiat in year 2000 the average
Pakistani was a lot poorer than in 1970.

Interestingly, if we were to judge Pakistan's econgmidormance in terms of growth
in GDP per capita, we would obtain a different piet As the fifth column of Table 1 shows,
Pakistan grew at a respectable 2.2% rate a yeae. ffow look at the sixth column, we find that
the United Nations' Human Development Index (HBf)Pakistan improved during the period.
Movements in GDP per capita and HDI tell us nothingualsustainable development.

The striking message of Table 1 is that during 18000 economic developmentati
the countries on our list other than China (whiaswa poor country during much of the period
under study) was negative. To be sure, sub-SaharazeAdtiers no surprise. Comprehensive
investment wasiegative implying that the regiodisinvested in reproducible capital, human
capital, and natural capital, taken together, ararual rate of 2.1% of GDP. Population grew
at 2.7% a year and TFP barely advanced (annualtiymate: 0.1%). Even without performing
any calculation, we should suspect that the produtiase per capita in sub-Saharan Africa
declined. The table confirms that it did, at 2.886keyear. If we now look at the fifth column of
numbers, we discover that GDP per capita in sulas@ahAfrica remained pretty much constant.
But the region's HDI showed an improvement - camifig once again that studying movements
in HDI enables us to say nothing about sustainable dewednt.

What accounts for the striking difference betwe@vements in GDP and wealth during
1970-2000? There are two factors at work. First,itlkiestment ratios in the first column of
numbers in Table 1 are comprehensive investmeasyaind they are lower in each country than
the recorded investment ratio. Secondly, and more itapity, the capital-output ratio | have
used to convert figures in the first column of numberEd years, not the 4-5 years that appear
in national statistics.

Table 1 shows that Pakistan is the worst performer iintfian sub-continent. But the
remaining countries in the region also didn't mak@omprehensive investment in each country
(Bangladesh, India, and Nepal) was positive, asgn@asth in TFP. The two together imply that
the productive base expanded there. But populatont was sufficiently high to more than
neutralize growth in comprehensive wealth.

Comprehensive investment in China was 22.7% of GDihnik a large figure. The
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residual was a high 3.6% annually. Population grew relatively low rate: 1.4% per year. We
shouldn't be surprised that China's wealth per aaipanded - as it happens, at an annual rate
of approximately 4.5%. Per capita GDP also greanadnnual rate of 7.8%, and HDI improved.
In China, GDP per capita, HDI, and wealth per headed parallel to one another.

The figures we have just studied are\aly rough and ready, but they show how
accounting for natural capital can make a substadifidrence to our conception of the
development process. We should remember that theefidar several shadow prices | used to
arrive at Table 1 are conservative. For example,i@e pf $20 per ton of carbon in the
atmosphere is almost certainly a good deal belotuesglobal social cost. On the other hand,
Table 1 underestimates improvements in human cagttidast for India and China. If, instead
of using expenditure on health as proxy, we weratoe increases in life expectancy in terms
of the value of a statistical life, comprehensive inwestt in those countries would be a lot
higher. Nevertheless, with all the above caveais aore!) in mind, the message we should take
away is sobering.

It would be wrong though to think that people iropoountries should have invested
more by consuming less. In poor countries the potialu and distribution of goods and services
are highly inefficient, implying that consumption atmmprehensive investment there do not
compete for a fixed quantity of funds. Better ingtons would enable people in the poor world
to both consume more and invest more - comprehensivaetpuose!.

11 Evaluating Policy Reforms

Studying sustainable development requires that we cengpaeconomy's wealth as it
moves through time. Evaluating policy reforms requiihes we estimate the welfare effects of
perturbations to an economy at a point in time. Imagiat at datethe government considers
making a small change to existing policies. The pesatish could be adjustments to the
prevailing structure of taxes, it could be altenagido the existing system of property rights, or
it could be a small conservation project. Call any speturbation golicy reform The
government needs a criterion by which to judge twiethe reform is socially desirable. As the
perturbation is to be introducedtatve haveAt = 0 in equations (3) and (4), which therefore
reduce, respectively, to

AV() = Z[1®)], (10)
and  AV(D) = Z[p(HAK, (1), (11)
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Obviously, if the reform is not marginal, equations)(@0d (11) would be invalid. The
traditional method of estimating\/(t) in such a case, which dates back to Dupuit's wothen
nineteenth century, is to estimate the social sargénerated by the reform and add that surplus
to the right hand side of equation (11). An altéweamethod would be to estimate an "average"
of the shadow prices that prevailed before thernefand those that would prevail if the reform
were put in place, and then value changes in thitat@ssets at those prices. Formally the
method is to apply the "mean value theorem”. Writipgh(t) the "average" shadow price of
asset, we have

AV(D) = Z[p*(DAK D). (12)
11.1 Social Cost-Benefit Analysis

For concreteness we now interpret a "policy refamtje goroject Equations (10)-(11)
say that a project's (comprehensive) investment measucesitioution to social well-being.
So we have

Proposition 6. A project should be accepted if and oifilyt would increase
(comprehensive) wealth

Proposition 6 says that wealth is the criterion we shask for project evaluation. So
project evaluation and the economics of sustainablelolement involve the same welfare
criterion: wealtr??

Call the flow of social well-being soci&tlicity. Social well-being is most commonly
taken to be the sum of the (discounted) flow ofaddelicity (equation (13) below). Frequently
it is assumed too that felicity is a function solelylué flow of consumption (equation (13)).
Under those assumptions Proposition 5 can be restated as

Proposition 7. Comprehensive investment measures teemirdiscounted value of the
resulting changes in consumption

Proof: See Appendix.

Proposition 7 is familiar. It is also the basis for abcbst-benefit analysis, for we have

Proposition 8. The criterion that should be used tolwata projects socially is the
present discounted value of the flow of the project'd@lvgrofits

Together, Propositions 6 and 8 can be combined as

% In Dasgupta (2001b) | have more fully develbphe role comprehensive wealth plays as a unified
criterion in both sustainability analysis and ppl&valuation.
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Proposition 9. The present discounted value of a prejdaet) profits equals its
contribution to the economy's (comprehensive) wealth

| am unable to say who first proved Proposition & inplicit in Ramsey (1928), who
studied an economy at the full optimum. Marglin (19p8)ved the proposition for a simple
imperfect economy and used it to develop a theory@abkoost-benefit analysis (Dasgupta et
al., 1972). Our formulation here shows that Propossti®® are very general, covering as they
do any kind of institutional imperfection. The Posfiions form the welfare basis for responding
to questions (D) and (E).

11.2 Evaluating Projects in Practice

Modern social cost-benefit analysis was developed fdem@source management
(Eckstein, 1958; Brown and McGuire, 1967). What drihe attention of development
practioners to the subject, however, was Little andléés (1968, 1974), who developed a
methodology for use in poor countries. Although thigld-Mirrlees method was meant for
imperfect economies, the imperfections it admittede of a limited, structured kind. Dasgupta
et al. (1972) formulated a method for social cost-hienatlysis that is applicable to a wider
range of imperfect economi&s. Neither publicatimwever, had a word to say about ecological
capital.

Over the years a number of economists have developdethey of policy evaluation
S0 as to be applicable to environmental projecgoor countries (e.g., Dasgupta, 1982, 20014,
Hufschmidt et al., 1983; Andersen, 1987; NewcomB891 Duraiappah, 1997; Sterner, 2003).
Even so, there are very few case studies, and it iseagloring why.

Although the theory of project evaluation was muckcdssed within international
development agencies following the publication&itije and Mirrlees (see, for example, Squire
and Van der Taak, 1975), the subject appears tolhessme dropped there in the early 1980s. As
| understand it, even the World Bank abandonedhkoost-benefit analysfS. And | can't recall
ever reading the annudéluman Development Repoof the United Nations Development
Programme in which a policy that was promoted by ith@sthad been subjected to serious
economic evaluation. Elimination of extreme povergys Hbeen the stated goal among

international development agencies in recent yeatst mould appear to be believed that the

% See Dasgupta (1974) for an account of théasities and differences between the two methods.
% Little and Mirrlees (1991) have speculatedywh
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goal can be realized without the help of evaluation

Those who have taken the logic of social cost-benefiysis seriously aren't the only
ones who have complained. Proponents of "randorarempnts"” as a method for evaluating the
effectiveness of policy reforms in poor countriegeghaomplained too (e.g., Duflo and Kremer,
2005). However, social cost-benefit analysis, in thes@mwhich | am using the term here, is
a different species of evaluation technique from ramded trials. The latter identifies the
welfare impacts of a well-defined programme, which stidndl interpreted as a policy reform.
Randomized experiments would seem to be most suited toaprotes that target individuals
or local communities in education, health, and saoitatKkremer and Miguel (2006), for
example, is an illuminating exercise. The investigatorslacted randomized experiments on
a Kenyan programme involving the deworming of inte$ta@aasites. They found that there is
no realistic alternative to large long term extesadsidies on deworming drugs. For example,
charging a small fee for deworming drugs reducedittmand for treatment by 80%. Intenstive
school health education intervention had no effactvorm prevention behaviour. It would seem
that the private value on deworming is very low imiga

The strengths and limitations of random experiments adieyvaluation tool were
brought out in a classic paper by Heckman (1992hdrcbntext of environmental projects, it
should be assumed that randomized experimentbavié been conducted by ecologists in order
to determine the response ecosystems make toldistes (e.g., the toxity of chemicals in water
systems). We take it that feasibility reports ofimnmental projects are based on, among other
pieces of information, the findings of such expemts. When a report arrives on a government
decision-maker's desk, however, her job is to evaltigteriod.

It has been said that social cost-benefit analysis iglitboult in practice. Estimating
shadow prices is no easy matter. Future uncergiatboound and influence shadow prices. One
way to work round that problem is to conduct sensjtiaitalysis, by varying parameter values
in projects and evaluating the project variants. Ofte best the evaluator can do is to offer a
spread of recommendations ("Accept the project if inge of parameter values is R, reject it
if the range is outside it".).

One way to help routinise social cost-benefit asialyould be to conduct retrospective
studies. One imagines that the World Bank, for exanime in store a large pool of project

reports. A comparison could be made between a pjeueEntual performance and the

49



expectations that had led to its acceptance. Ibbas said, for example, that infrastructure costs
are almost invariably underestimated at the plannirggestathe claim is true, systematic cost
overruns could be used to raise projected costs ieryproject evaluation. Ecological capital
can be subjected to the same kind of exercise.

Duflo and Pande (2007) is an example of the valuetobspective evaluation. The
authors studied the economic effects of large scat@iion dams in India. They found that
while downstream districts gained (agricutural produtgti increased and volatility in
productivity declined), the districts where the danere built enjoyed only a negligible increase
in agricultural productivity even while they experced a rise in volatility. The latter group could
therefore be regarded as having become poorer. Toalidshe useful information when dams
are proposed in the future.

If policies are to be evaluated, there is no escapocial cost-benefit analysis. No doubt
methodological corners have to be cut in practiaeabchoring evaluation exercises to theory
force practitioners to make clear what corners anegoeut. That is good disciplindd hoc
evaluation procedures, usually developed to seit#se in hand, can often be nothing more than
a reflection of the evaluator's prior beliefs akihat merits of the case. They may even reflect the
evaluator's political prejudices.

Project evaluation, for example, is a way to deteerwhether restoring ecological capital
is better than installing substitute forms of capin a well known study Chichilnisky and Heal
(1998) compared the costs of restoring the Catskillevgaed in New York State, whose
ecological function in the past had been among dthirgs to purify water, to the costs of
building a water-purification plant costing 8 bitioUS dollars. The authors showed the
overwhelming economic advantages of restoration amestcuction. Independent of the many
other services the Catskill watershed provides andiigmahe annual running costs of 300
million US dollars for a filtration plant, the capitcosts alone showed a more than 6-fold
advantage for investing in the ecosystem.

The Chichilniski-Heal study took the social object(tiee supply of purified water to
New York City) as given. They sought to identify thest-effective way to achieve an
incontrovertible objective. Project evaluation mgeserally compares the costs with the benefits
in order to determine whether a project shoulddeepted. Perhaps for those reasons evaluation

of ecological projects continues to be rare. Ofrtiest comprehensive case studies | have come
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across, two were among the earliest in print, whilard is yet to be published.

In a pioneering monograph on a pair of afforestaposjects in northern Nigeria,
Andersen (1987) studied the contributions sheltesl@d farm trees, respectively, make to both
household and farm productivity - by supplying builgimaterial, fuelwood, fruit, and fodder;
and preserving soil and retaining moisture. The imlerate of return on investment in
shelterbeds was found to be 15%; the corresporiidjage for farm trees was 19%. It is hard to
imagine that social discount rates would be anywhsrhigh as those figures. We should
conclude that both were socially profitable projects.

In an equally interesting exercise, Newcombe (188®)d that population pressure had
led to rural deforestation in the regions of Debri @ed Debre Berhan, Ethiopia. Subsistence
farmers had therefore turned to dung as a sourceusehold fuel. Newcombe showed that
afforestation would enable farmers to switch to woellas a source of household energy,
thereby releasing dung for use as fertilizer. He estich#ihat the rates of return on such
investment were in the astonishingly high range 3%, 7/@epending on assumptions made on
fuelwood yield and the productivity of dung in amiture.

The other study, by Whittington et al. (2008), eatdis alternative methods for clean
water to households. The authors observe that thi&idarad method in rich countries involves
centralized water supply sources and wastewater trettfaeilities, combined with
comprehensive pipe networks for water distributiod sewage collection. But they go on to
show that this method may not be the most costteféein poor countries. They do that first by
evaluating a project in rural Africa that investghe construction of deep boreholes with public
hand pumps. The benefits that are considered inckdlections in the incidence of diarrhea.
Even at relatively low social discount rates (3-6%eary, the project's social profitability was
found to be high (the benefit-cost ratio was approxetyges).

Whittington et al. (2008) also evaluate a commulg@tycampaign in Bangladesh to free
localities of open defecation. Among the costs aretimstruction of communal latrines. The
authors recognise that the facilities would no $eduf they are found to be inconvenient. Even
S0, at social discount rates of 3-6%, the bene#st-ratios of the programme were found to range
from 2.4 to 7.5 depending on the sites chosen. The nsaraportant: in designing the supply
of household water and sanitation facilities, the esninatters.

12 Discounting Climate Change
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Perhaps the most vigorous application of social besgfit analysis in recent years has
been to the economics of climate change. Promaeanhples are Cline (1992), Nordhaus (1994,
2008) and Stern (2006). That Cline and Stern rebaheery different conclusion on the optimal
timing of global efforts to curb climate change from ¢ime reached by Nordhaus was noted and
discussed in Dasgupta (2007b) and Nordhaus (2887htergenerational ethics lies at the heart
of the welfare economics of climate change, it is ugefuéview the issues.

12.1 Global Activism Now or Later?

The current concentration of carbon dioxide indtraosphere is 385 parts per million
(p.p-m.). We are to imagine that there is a worldegment that can enforce whatever action is
required to implementworld optimum. Suppose the global objective is to limit comeion
to 500 p.p.m. Cline and Stern argued that the walrtalild spend substantial sums starting today
(Stern's figure amounts to 2% of the GDP of rictioms). Nordhaus (1994, 2008) in contrast has
argued that it would be more equitable and effidiemnvest in reproducible capital and human
capital now so as to build up the productive basecohemies - including, especially, poor
countries. He has proposed an upward sloping aipalicy ramp of ever tightening reductions
in carbon emissions over the ye#rs.

The difference between the two recommendations carabed to differences in the
authors' conceptions of intergenerational equity. d&efirm below that as global warming
involves the long run (100 years and more), ecoa@valuation of climate policies is sensitive
to the choice of social discount rates.

Thenumerairein social cost-benefit analysis is typically aatatinant of social felicity.
Most commonly the chosen determinant is aggregate consum{pt income) per head. We
continue to assume a deterministic world. As be¥ftedenote social well-being and letJ(t)
be social felicity per capita atlf c(t) is consumption per head, all three authors assi(te
U(c(t)). The present value shadow pricec@j is called thesocial discount factorThesocial
discount rateatt, which we write ag(t), is defined as the percentage rate of declitiearsocial

discount factor. Suppose by way of illustration (beg Appendix) that social well-beingtat

%" See also Schelling (1999). The Nordhaus-8obgbrescription is widely misconstrued. How can
they be so callous, it is asked, as to recommeadiey that could lead to a submersion of the (gutly)
densely populated coastal region of BangladesfHictrtheir thesis recommends Bangladesh to grow in
wealth so as to enable coastal inhabitants to meignad find employment elsewhere in the countrys Th
may not be a realistic nor aesthetically appegirggcription, but it isn't ethically repugnant.

52



Ois

V(0) =,/"TU(c(t))e™]dt, whered > 0. (13)

Until Section 13.5 we are to interpregs per capita world consumption avi@) in
equation (13) as global well-being. Assume that thegnall in expression (13) exists. In the
Appendix we confirm that in consumptianumeraire the social discount factor dtis
[dU(c(t))/dc(t)]e®. Leta(c(t)) be the elasticity of marginal felicity. As is welhdéwn, social
aversion to consumption inequality among individuauires that(c(t)) > 0. | follow the three
authors by assuming thats independent af(t). Write the percentage rate of change(thas
g(c(t)). A simple calculation shows that

p(t) =9 + ag(c(t). (14)
12.2 Negative Discount Rates

We confirm below that Cline, Nordhaus, and Stern hessmed that > 1. From
equation (14), we note thatgfc(t)) is forecast to be positivp(t) is positive. Notice though that
if g(c(t)) is forecast to be negative abids small, therp(t) is negative. To illustrate, suppose
=0,n =2, andy(C) = -1% per year. Then equation (14) says -2% per year. | have colleagues
in the US who find illustrations involving negativeomomic growth to be unrealistic. Recall
though from Table 1 that sub-Saharan Africa sufférech negative growth during 1970-2000.
What discount rates should government project etats there have chosen in 1970 if they had
an approximately correct forecast of the shape ofthia come?

That negative growth rates in consumption can implyative social rates discount rates
is significant because people in the tropics &ehlito suffer greatly from climate change under
business as usual. Moreover, the possibility of negajresvth in consumption takes an
interesting turn when we come to consider uncegtamfuture consumption (see Section 12.4).
12.3 The Welfare Economics of Climate Change

The most-preferred values®@ainde: in Cline (1992), Nordhaus (1994) and Stern (2006),
respectively, were as follows:

Cline:6 =0;0=1.5

Nordhausd = 3% a yeary = 1

Stern:d = 0.1% ayearg = 1
Notice the closeness between the parameter values assy@bdeband Stern. That explains

why their recommendations on the timing of expenditurelimate change were very similar.
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Unfortunately, despite the closeness, there was ncereferto Cline's work in the version of
Stern (2006) that was circulated prior to publmatiAnd there was only a perfunctory reference
to Cline in Stern (2006) and no mention that thesommendations were similar. The custom
of having texts screened by independent refereesl@sgned more than three centuries ago to
prevent such acts of omission. Priority should matter.

The point estimate aj(c(t)) under business as usual in Stern (2006) was 1.3%r.a yea
Using this figure in equation (14) yields

p(t) = 2.05% a year for Cline

p(t) = 4.30% a year for Nordhaus

p(t) = 1.40% a year for Stern
4.3% a year may not seem very different from 1.4% g Yed is in fact a lot higher when put
to work on the economics of the long run. Just how ninigher can be seen from the fact that
the present-value of a given loss in consumption, oveayg, to climate change 100 years from
now, if discounted at 4.3% a yeassventeetimes smaller than the present-value of that same
consumption loss if the discount rate used is Jadfgar. The moral is banal: If the time horizon
is long, even small differences in social discaatgs can mean large differences in the message
cost-benefit analysis gives us. The difference betwthe prescriptions in Cline (1992) and Stern
(2006), on the one hand, and Nordhaus (1994),@nottier, have little to do with differences in
the climate models the authors worked with, theyehali/to do with differences in the way the
authors interpret intergenerational equity. Nordh§2007) confirms that by using Stern's
specifications fo® andw in the climate-change model he has developed ovepaketwo
decades. It should be noted that in our numerikadtration, Nordhaus' choice pft) = 4.30%

a year would be consistent with the US government'©dirtaate policy (on the latter, see
Viscusi, 2007).

In a recent book Nordhaus (2008) has chosen a figut#a year to discount changes
in future consumption. He has justified the figure cougds that it is approximately the long
run risk-free interest rate in the US, which ameuatthe claim that the risk-free rate is the docia
rate of return on investment.

| have not understood the underlying logic. The dadigcount rate on consumption
equals the social rate of return on investment uilg éptimum economy. But 4% a year is an

observed figure in a world shot through with theeaxalities carbon emissions give rise to. The
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atmosphere is even now more or less an open aglobss common. For all we know the social
rate of return on certain forms of investment (&grbon intensive investment) is today negative.
It is certainly legitimate to selertvestmenasnumeraireand base the justification of 4% a year
on that choice. But if one selects investmemiuamerairein an imperfect economy, consumption
must be revalued at its shadow price (Marglin, 1@&E8sgupta et al., 1972; Little and Mirrlees,
1974). Nordhaus doesn't do that revaluation.

It should be a requirement of any exercise in sociat-benefit analysis that it be
subjected to sensitivity tests. In the economicdiofate change, alternative climate scenarios,
taken from publications of the Intergovernmentaié?$or Climate Change (IPCC) have featured
prominently. But social cost-benefit analysis involves tise of "value" parameters too. In the
formulation adopted by Cline, Nordhaus, and Stiyalue parameters ar@nda. Curiously,
Stern (2006) contains no simulation in whicando were made to assume alternative numerical
values. It is almost as though the values Stern chosefoamé&overnment House. But that's
hardly the way to do welfare economics. We havke Igrior intuition of wha® anda imply in
elaborate models of global climate change, whidlli$he more reason why project evaluation
should include alternative figures for value paranseter

It has been argued by philosophers that, leaving akielgpossibility of collective
extinction, d should be taken to be zero (Rawls, 1972; Broome, 192 the other hand,
Koopmans (1960, 1972) proved that a set of intugiagpealing ethical axioms on infinite
felicity streams, when taken together, demanddlsitould be positive. In Dasgupta (2008c) |
put d anda to a test by calculating the optimum rate of consumgtica classroom model of
consumption and capital accumulation. Assuming 0.1% a year and the rate of return on
investment to be 4% a year (which is an altogether generous figure), | found thataf= 1,
the optimum saving rate is over 95% of GDP. Bub% $aving rate is an absurdly heavy burden
on the present generation, in a world where futeregations will be increasingly rich owing
to the productivity of capital. The calculation segtgd, at least to me, that= 1 reflects an
ethics that is insensitive to intergenerational indgual
12.4 Social Aversions to Inequality and Risk

Larger values oftx suggest themselves, in the range 1.5 to 3 (see theiseseimn
Dasgupta, 2008c). As is a measure ohequality aversionlarger values would recommend

lower rates of saving in a deterministic world. That wowddsken the burden on the current
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generation. But the future is uncertain. If sociall\weing under uncertainty is taken to be the
expectation of the present discounted value oftine of social felicitiesy is a measure afsk
aversionas well. It can be shown thatif> 1, uncertainty in the rate of return on investment
a reason for savingorefor the future (Levhari and Srinivasan, 1969). Tiessage is awkward:
as o has a dual role in intergenerational ethics, it tea@ tension between two opposing
considerations.

Let ¢(t) be the uncertain consumption level per headfar mathematical tractibility,
| assume now that time is discrete=(0,1,...). Equation (14) says that if E is the elguem
operator, expected social well-being can be wrigen

EM0)] = E{,Z[UE)/(A+5)]}, &=0. (15)

Pesaran et al. (2007) and Weitzman (2007) have shmatif uncertainty over future
consumption possibilities is determined econometricalinfpast observations, it will have a
"thick" lower tail (e.g. a power function), imphgrthat there is a positive chance of consumption
dropping as close to zero as you could fear. Weitzgave colour to his analysis by alluding to
"catastrophic” events that could come in the wakdiwfate change. The authors showed that
if « > 1, and the horizon is infinite, and the uncertiahds a thick lower tail, the precautionary
motive for saving becomes so great as to rendextheept of intergenerational justice embodied
in equation (15) incoherent. Formally, the integnaéquation (15) diverges and social cost-
benefit analysis becomes meaningless.

The matter is worse, in that a much stronger resulbéeas known for years. Dasgupta
(2008c) used the model of capital accumulation in bevéind Srinivasan (1969) to show that
if « > 1 and the horizon is infinite and the uncertaintyuture consumption possibilities is
"large” relative to other parameters, expression (b8sd't convergeven ifthe probability
distribution overc(t) at each date is "thin" tailed, as in the case ofagenormal distribution.

How disturbed should we be by this result? Not muclspat seems to me. The most
recent publications of IPCC contain only a finitewber of scenarios, none of which considers
it to be even a remote possibility that consumption deitline to zero. Moreover, a major
artificiality in the models studied by Cline, Nordhausd Stern is the assumption tat 1.
Many years ago Arrow (1965) offered reasons aspwe should work with felicity functions
that are bounded at both ends. He argued in favioUrfanctions for whicha(c) increases

monotonically from values less than one to values grédade one. If we invoke such felicity
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functions, the paradox of infinity generated by éarigks would not occif.

Global project evaluation should involve the usa ofore disaggregated version of social
well-being than expression (15). letandc, respectively, be average consumption in the poor
and rich worlds. And leil, andN, be their respective population sizes. An appealingnesion
of expression (15) would be

V(0) = E{EIL(UELD)+L (HUED)I/(A+3)]}, &= 0. (16)

If o is taken to be constant in expression (16), it takebm@e roles. It is a measure of
inequality aversion among contemporaries, across therajemes, and across uncertain
contingencies. And that may be too much for a sipgkameter to do adequately. Which is also
why non-constant's suggest themselves.

12.5 Climate Treatise

Maximizing expression (13) (more so, expression (1L@3ymes an enlightened world
government. So, the social cost-benefit analysisrted in, for example, Stern (2006) is a pure
abstraction. In the absence of an overarching atythree can at best hope for agreements among
nations that are self-enforcing. Anthropogenic clinctange involves reciprocal externalities
(Section 6). Which is why the formation of coalitsoim the face of reciprocal externalities and
the policies that are likely to emerge on the bakisternational negotiations has received much
attention over the years (Barrett, 1994, 2003;&ay2002; Finus and Runshagen, 2003; Uzawa,
2003; Carraro and Fragnelli, 2004; Dutta and Rad@604, are among the prominent
contributions). By "self-enforcing”, one means an agie® with the property that if a party
expects those others who have signed the agre¢oranitie by it, then it is in the interest of that
party to abide by it too; that is, the agreemeatiash equilibrium. In negotiations over climate
change, the parties are countries. Barrett (19943)280d Dutta and Radner (2004), among

others, have argued that the Kyoto Protocol didyp'the groundwork for a self-enforcing treaty.

% There are two other assumptions underlyinession (15) that are surely artifacts: the carista
hazard rated) for humanity's extinction and an infinite horizod@ne way to ensure that the ethical
framework we invoke doesn't have contradictionsmadter how large the uncertainty would be to to
abandon the infinite time horizon. But the choita terminal date would at best be arbitrary. Thathy
economists have avoided working with finite timeibon models.

Another possible way out would be to continue tstplate an infinite time horizon, but formalise
humanity's extinction process in terms of a haratel that increases in an unbounded fashion awer ti
at a sufficiently high rate. The problem is thathee little intuition on how to formulate thatanwvay
that is scientifically reasonable.
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They used that to explain why the Protocol has besisagpointment.

As countries differ in size, wealth, and locatiblash equilibrium is not unique. Among
the equilibria is the "null-treaty”, meaning globanacooperation, commonly referred to as
"business as usual”. Treaties would however differeir gfficiency and in the distribution of
benefits and burdens. It is a feature of equiliorautcomes that not all countries would be party
to potential treaties; some (among them some small counivad)l free ride. Among the
choices to be made in designing a treaty are adapi@id mitigation measures. The costs and
benefits involving the two kinds of investment wabble expected to differ among countries. So,
economists who study the political economy of clincitange face the problem of having to
explain which equilibrium would be selected. Factantsiole theoretical models would be
particularly relevant here. The power of rich coigst could be expected to tilt the selection
toward their favour.

In an interesting and important paper, Barrett (200i83erves that although it is
frequently claimed that adaptation and mitigation eoenplements, they are more like
substitutes. As countries invest more in the forriay suffer less from climate change and find
mitigation less attractive. But mitigation is a glohmlblic good ("windmills"), whereas
adaptation is a national public good ("dikes"). Oae tmnagine a situation where the globally
optimal investment policy obtained from maximiziexpression (16) would have every country
invest in windmills, but where the non-cooperative ildgium is one where each country
constructs only dikes. Imagine that the ideal treatth(appropriate side payments) sustains a
high level of participation and requires so many wirldmo be built that no one needs to
construct dikes. Barrett constructs examples wheregrtheless, the treaties that are signed are
ones under which rich countries construct dikes arithitpothe atmosphere, leaving poor
countries not high and dry, but "low and wet". Sachominous possibility cannot yet be ruled
out.

13 Conclusions

In this paper | have reviewed what seems to me thé most salient issues in ecological
economics when the subject is applied to the fiekekcohomic development. My aim here has
not been to be scholastic but to examine the b¥dise world's poor so as to unearth the role of
natural capital there. | will have succeeded ifdlbeount here of the processes that characterise

human-nature interactions reads differently from theoants in recent surveys of both
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development economics and environmental and resouroereecs.

| began with the microfoundations of rural institugaim poor regions and offered a
picture of rural poverty in terms of household acceshé¢oocal natural-resource base. The
findings documented bring to date those | repomtddasgupta (1993). This article is a natural
extension of the earlier work and has advanced mergh the same viewpoint as that did about
the processes that shape world poverty.

The concept of sustainable development was exploradnacroeconomic setting and
an empirical study was conducted on the charactecafiomic development in the world's
poorest regions in the last quarter of the previemswry. Natural capital was for the most part
seen as "private" goods, in the sense of not beindyj@ohsumable. In the final section there
was a discussion of global climate as a "public" good.

What can we conclude from our analysis? It seemsetthe following should be noted:

(1) The socio-ecological processes that shapemegtpoverty in the world's poor regions
run at different speeds and operate at differentamtales. Disasters occur frequently in the
poor world, but unlike famines, civil wars, and huanes, their occurrence is localised and
confined to small groups. Which is why it is easy to gt them.

(2) The externalities that the use of ecological teqygives rise to are not confined to
market failure, they are expressions of institutiomdlfe in its widest sense: failure at the
international level, the level of the state, of comrities, of households. The locus of failure
depends, among other things, on the ecologicatalapiquestion. The cause of eutrophication
of a village pond in West Bengal is very differerarir the cause of dead zones in the Gulf of
Mexico.

(3) We should be circumspect about market-friesdlytions to environmental problems.
Externality markets are inevitably thin, meaning thhout a sympathetic involvement of the
state, the elite would be expected to enjoy the sfimm ecological services.

(4) The protection and promotion of ecological calpg encouraged in systems where
payment is made to owners for the ecological sesvprovided by their capital assets. Whether
payment for ecosystem services should be madeciyaheficiaries or the state depends on the
context.

(5) The persistence of rural poverty is tied botthmfragile state of the local natural-

resource base and the rate of population growththigutausality isn't unidirectional. Each
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variable would be endogenous in any model that spedisnan-nature interchanges.

(6) Both economic theory and empirical studies have shtvat devolution of
management powers over the local natural-resource $agenerally speaking, good for the
environment and good for poverty alleviation. Buetsgwhere in economics, mixed systems
work best. Textbook states would ensure that tte kelite don't take a disproportionate amount
from the commons. Where the state is weak or corN@Os can play a major role in keeping
the state at bay and the elite from enjoying the btitke services from nature.

(7) As a macroeconomic statistics of social welkgeGDP per capita is singularly bad.
So is the United Nations Human Development Index (HBMong other shortcomings, GDP
per head and HDI ignore depreciation of capitaé daficiency can be alarming in the world we
live in (Table 1).

(8) The statistic that moves in unison with social welkly (by the latter we mean an
aggregate of the well-beings of the present andudliré generations) is a comprehensive
measure of wealth, which is the social worth of aonemys entire stock of capital assets,
including not only reproducible capital, human talpand knowledge and institutions, but also
natural capital.

(9) Comprehensive wealth (or wealth for short) lsamused both for evaluation exercises
and for assessing whether development has been (orgéagbte be) sustainable.

(10) Although there are still only a few rigorowsdes in social cost-benefit analysis of
environmental projects, the message we shouldaiakg from them is that projects that protect
and promote natural capital can be socially veryitaiole.

(11) The relative appeal of alternative policiesdaoadvmitigating or adapting to climate
change is sensitive to the choice of social discoumtsrads we still have little intuitive
understanding of parameters reflecting ethical valegaluation exercises should contain
sensitivity analysis.

(12) Statistics (albeit very crude) suggest thabhefinal quarter of the twentieth century
South Asia and sub-Saharan Africa experienced landen wealth per head, even though South
Asia enjoyed positive growth in GDP per head and imgmeents in HDI, while sub-Saharan
Africa enjoyed an improvement in HDI but experiesheesmall decline in GDP per head. China
in contrast followed a path of sustainable developnEm macroeconomic history of nations

looks very different when nature is included as atabpsset in economic activity.
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(13) The problem of climate change as faced by poantries can only be addressed at
the collective level of nations. But case studies suggastso far the environmental problems
the rural poor face have been caused by institaitiarure at the national and community levels.
The composition of commodity demands from rich countriesceatainly veer poor countries
toward unsustainable resource use. But poor cosnigeally have choices. Moreover, there is
enough inefficiency in poor countries to enable goreents there to identify policies that both
protect and promote natural capital and alleviateepty. The idea that the poor world can enjoy
sustainable development only when there are signifizaptovement in the international
economic architecture is belied by evidence on \eéllég in poor countries.

The overarching moral that emerges from the studiesd peasented here may appear
banal, but is salutary:

Development policies that ignore our reliance oolegical capital are seriously harmful
- they don't pass the mildest test for equity anemmgemporaries, nor among people separated

by time and uncertain contingencies
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Appendix

We develop the simplest version of Propositions Aslin the text, assume that time is
continuous. Denote it variously Byandt (s> t > 0). So as to keep the analysis to essentials, we
avoid talking explicitly about future uncertaintyyt readers may, if they so choose, interpret
social well-being (expression (A.1) below)apectedocial well-being, and future consumption
flows and capital stocks as state contingent vectors.

Because it isn't possible to specify a final datdtie economy with certainty, the future
is taken to be infinitely long (expression (A.1)).
A.1 Economic Perturbation as Movement Through TimeSustainable Development

What follows is a formal account of the theory deped in Section 10.1. L€X(s) denote
a vector of consumption flows at tireeC(s) includes not only standard consumption goods, but
also leisure and consumption services supplied by naBome consumption goods are
marketed, others are not. Consumption goods aexaublbyj. Let K(s) denote the quantities of
a comprehensive list of capital assets &ahose quantities are stocks. For simplicity, assthat
demographic changes, movements in total factorymtodty, and changes in import prices are
exogenous. We will incorporate those exogenous changeshe notion of comprehensive
investment by regarding time also as a capitatds8e in the text, all capital assets other than
time are indexed by
A.1.1 The Formal Analysis

To fix ideas, assume population is constant. UgE(s),K(s)) be (social¥elicity ats.
Denote social well-being &by V(t). V(t) is a stock. For concreteness we assume that

V(t) = /" TU(C(9).K(9)e®]ds, 0> 0. (A.1)
0 is the felicity discount rate, which shouldn't befosed with discount rates to be applied to
consumption, or investment, or income (see below). &amemic forecast dtis the infinite
sequenced(s), K(s)} for s > t. We assume that the integral in expression (A.1) cgegesior
the forecast. Definition 2 says that development is swesiaait if

dv/dt > O. (A.2)
We now prove that (A.2) is satisfied if and onlg@mprehensive investmenttag non-negative

(Proposition 3).

2 But see Arrow et al. (2003b) for the corresting analysis when demographic changes are
endogenous to the model.
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To save on notation, | avoid writing down an exiplitynamical model of the economy
and merely note from equation (A.1) that even thasuggtainability has been defined for one
moment of tim& (condition (A.2)), the condition requires a forecafsthe economy's future
beyondt.*® That future depends on the economy's stock of assetit atso depends on the
evolving structure of its technology, people's valaed preferences, and institutions beyand
The stock of assets at any momsim the future would be determined by the stocks at th
"previous" daté€’ By proceeding from moment to momestwy, the entire future course of
capital stocks would be determined. In shorK(if) were knownK(s) andC(s), and thereby
U(C(9),K(9)), could be determined for all future times t. From equation (A.1)(t) could be
determined as well. Therefore we can write

V(t) = V(K(1).1). (A.3)

In equation (A.3) depends explicitly ohbecause the economy is assumed to undergo changes
owing to exogenous factors.

Let ¢(t) denote the shadow price of consumption goaid. Then

q;(t) = aU(C().K(1))/oC (1) (A.4)

But Proposition 3 says that the shadow prices wed far sustainability analysis are those for the
economy's capital assets.

Let us assume without justification th&t) is differentiable’? Differentiatindy/(t) with

respect td in (A.3) and using (A.2) yields the criterion for saisible development &t

dV(t)/dt = oViot + Z[(aV(t)/oK(t))(dK;(t)/dt)] > O. (A.5)
As in Section 9, define
pi(t) = aV(t)/oK(t), for alli. (A.6)

p(t) is the (spot) shadow price of tHeasset at (Definition 1). Ifi is a factor of production as
well as a final consumption good (e.g., a wetlapdi) reflects both. From expressions (A.1),
(A.4) and (A.6), we note that the shadow price afstonption goods at &l (the g(s)s) are
embodied in the shadow price of capital assetgtaep(t)s).

As in Section 9, writé(t) = p.(t)(dK (t)/dt) for net investment in assetUsing equation

% The sustainability criterion can be extenttecover a period of time by integrating the lefh side
of expression (A.2). For details, see DasguptagBpo

* We qualify only because in continuous time there ispnevious" date.
%2 Dasgupta (2001a: Appendix) offers the jusdition.
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(A.6) in equation (A.5) gives us

dV(t)/dt =oViot + ,Z[p (t)(dK;(t)/dt)] > O, (A7)
or =aViot + Z[1.(1)]. (A.8)

An easy way to interprél/ot is to regard time itself as a capital assetZsdfyZ =t, we
have

dz/dt = 1. (A.9)
With equation (A.9) defining the additional ass&fiot (= 0V/0Z) becomes the shadow price of
time and the right hand side of equation (A.8) bemownprehensive investmenttat his
proves Proposition 3.

A.1.2 Accounting for Population Growth

Population is a capital asset. In macroeconomic modelslggam growth is usually
assumed to be exogenous. We make the same assumpptiohetens also assume that
population cohorts are identical in their prefeemnand abilities. Then the size of the population,
P(t), is the stock of the demographic asset. It maynsatuitive that the way to tease exogenous
growth in population out afV/ot is to define comprehensive wealthpier capitaterms and re-
express Proposition 1 accordingly. Dasgupta (2001@ayeth that to be a correct move only
under very special circumstances. Let us see why in @dhermove is illegitimate.

Write c(t) = C(t)/P(t). In his classic work on optimum saving under constaptifation
growth, Koopmans (1965, 1967) assumed social vesighto be the present discounted sum of
each generation'averagefelicity, where average felicity is a function sgledf average
consumption. If, within each generation, consumptsequally distributed, Koopman(t)
assumes the form (equation (12) in the text),

V(1) = /[“TU(c(9)e* "] ds, 6> 0. (A.10)
Meade (1955) had however already drawn attenti@ndeep problem with expression (A.10):
it discriminates against future people if populatiocréases with time.

An alternative (studied in the context of optimum sgyioy Meade, 1966; Mirrlees,
1967; Arrow and Kurz, 1970; Arrow et al., 2003bgdan the context of optimum saving and
population by Dasgupta, 1969) is the present discdwstm of each generation's total felicity:

V(1) = ["[P(9)U(c(s))e®]ds. (A.11)

Arrow et al. (2003b) showed that if expression (A.&l)sed for studying sustainable

development, we would need to specify the level osamptiongc, at whichU(c) = 0, which
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would mean that when specifyikgwe would have only one degree of freedom (theesufdl)).
In the problem of optimum saving (as in Arrow and Kur970) we wouldn't be required to do
that, because we are free to choose both the scalewaafuU.*

It would be convenient in preparing national acdsuirthe level ofU, not just its scale,
could be freely chosen. So consider the followingesgion for social well-being:

V(t) = J[P(s)U(c(s))e* ]/ /" [P(s)e*!]ds. (A.12)
The numerator in expression (A.12) is expressiaft 1A whereas the denominator is the present
discounted sum of each generation's population. Letallsthe ethical theory on which
expression (A.12) is basedlynamic average utilitarianism

Notice that the denominator in expression (A.12W@lay no role in policy evaluation
att (questions (D) and (E); Section 11), because ¢neminator would simply be a scale factor
attached to expression (A.11). But for sustaingialnalysis (questions (B) and (C); Section 10)
the denominator matters, because the evaluation tharelertake@acrosstime.

Let k(t) = K;(t)/P(t). Now writek = (k;,K,, ...,k ...). From expression (A.12), we have

V(t) = V(K(1),P(1)). (A.13)

Dasgupta (2001a) showed thaPifjrows (or declines) at a constant rael if each of
the equations that represent the economy's acctiomgaocess can be expressed in terms solely
of per capitacapital stocks, thedV(t)/oP(t) = 0. That proves Proposition 4.
A.2 Policy Evaluation

Proposition 6 offered a well-known interpretatidicomprehensive investment. To prove
it, imagine that the vector of assetst & notK(t) but K(t)+AK(t), whereA is an operator
denoting a small difference. For simplicity of expositiccuppose (a) there is a single
consumption good, (b) population is constant, ande{@ity depends solely on consumption.
In the obvious notation, we then have

V(K(®)+AK (D) - VK() =/ TU’(C(s)AC(9)e** ]ds. (A.14)
Now imagine that dtthere a small increase in investment, but only forief momentAt. We
write the change in the vector of capital assets &t consequent upon the brief increase in
investment aaK(t). So K(t+At)+AK(t)) is the resulting vector of capital assetstait. Let At
tend to zero. Equation (A.14) then yields Proposiéon

% In the combined problem of optimum saving pogulation, expression (A.11) does require of us
to specify the value af at whichU(c) = 0. On this, see Meade (1955) and Dasgupta §1969
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Earlier we observed thdt in expression (A.1) is the felicity discount rate. (he
literature on environmental and resource econotisdrequently called the "pure rate of time
preference".) It is the discount rate to be usedpblecy reform (or a project) is described in
terms of the changes it brings about to felicitiesr time. However, policy reforms are typically
characterized in terms of the perturbations they cemsemmodityflows (e.g. consumption
flows). Which is why it has been customary in sboiest-benefit analysis to regard consumption
as thenumeraire Equation (A.14) says that, viewed franthe social discount factor at date
is U’(C(9))e®*Y. Letp(s) be the social discount ratesafthe percentage rate of decline of the
consumption discount factor). An easy calculation shtwas t

p(s) = -[(C(s)U"(C(9))/U’(C(s))][dC(s)/ds]/C(s) + d. (A.15)

But -(C(s)U"(C(9))/U’'(C(9)) is the elasticity of marginal felicity. If we demothat byw(C(s)),
equation (A.15) reduces to the familiar form

p(s) = a(C(9))[dC(9)/ds])/C(s) + b. (A.16)

If consumption equality is valuetd)"(C(s)) < 0, which meana(C(s)) > 0.

It has been common to assume that constant. To the best of my knowledge the whole
literature on the economics of climate change has based on that assumption. Equation
(A.16) says that even (C(s)) is taken to be a constapi(s) would be constant only along
steady states. The equation also sayspitspis negative if consumption is expected to decline
ats (Dasgupta, 2001a). As we noted in Section 11i8 hths far reaching consequences for the

choice of social discount rates when the future is niaice
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Table.1

The Progress of Poor Nations

Country/Region % Annual growth rate 1970-2000
Comprehensive
Iy Population ~ TFP' Wealth GDP HDI'
(percentage) (per head) (per head) (per head)

Sub-Saharan Africa -2.1 2.7 0.1 -2.81 -0.1 +
Bangladesh 7.1 2.2 0.7 -0.79 1.9 +
India 9.5 2.0 0.6 -0.45 3.0 +
Nepal 13.3 2.2 0.5 -0.37 1.9 +
Pakistan 8.8 2.7 0.4 -1.42 2.2 +
China 22.7 14 3.6 4.47 7.8 +

" comprehensive investment as a share of GDP (avexayel 970-2000).
" total factor productivity.
" change in HDI between 1970 and 2000.

Adapted from K. J. Arrow, P. Dasgupta, L. GouldgrDaily, P. R. Ehrlich, G. M. Heal, S. Levin,

K.-G. Maler, S. Schneider, D. A. Starrett, and Balkér, “Are We Consuming Too Much?”,
Journal of Economic Perspective$)04, Vol. 18, No. 3, pp. 147-172
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