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Foreword

We are facing a global crisis. We are totally dependent upon the natural world. It supplies us
with every oxygen-laden breath we take and every mouthful of food we eat. But we are currently
damaging it so profoundly that many of its natural systems are now on the verge of breakdown.

Every other animal living on this planet, of course, is similarly dependent. But in one crucial way,
we are different. We can change not just the numbers, but the very anatomy of the animals and
plants that live around us. We acquired that ability, doubtless almost unconsciously, some ten
thousand years ago, when we had ceased wandering and built settlements for ourselves. It was
then that we started to modify other animals and plants.

At first, doubtless, we did so unintentionally. We collected the kinds of seeds that we wanted
to eat and took them back to our houses. Some doubtless fell to the ground and sprouted
the following season. So over generations, we became farmers. We domesticated animals

in a similar way. We brought back the young of those we had hunted, reared them in our
settlements and ultimately bred them there. Over many generations, this changed both the
bodies and ultimately the characters of the animals on which we depend.

We are now so mechanically ingenious that we are able to destroy a rainforest, the most
species-rich ecosystem that has ever existed, and replace it with plantations of a single species in
order to feed burgeoning human populations on the other side of the world. No single species
in the whole history of life has ever been so successful or so dominant.

Now we are plundering every corner of the world, apparently neither knowing or caring what
the consequences might be. Each nation is doing so within its own territories. Those with lands
bordering the sea fish not only in their offshore waters but in parts of the ocean so far from land
that no single nation can claim them. So now we are stripping every part of both the land and
the sea in order to feed our ever-increasing numbers.

How has the natural world managed to survive this unrelenting ever-increasing onslaught by a
single species? The answer of course, is that many animals have not been able to do so. When
Europeans first arrived in southern Africa they found immense herds of antelope and zebra.
These are now gone and vast cities stand in their stead. In North America, the passenger pigeon
once flourished in such vast flocks that when they migrated, they darkened the skies from
horizon to horizon and took days to pass. So they were hunted without restraint. Today, that
species is extinct. Many others that lived in less dramatic and visible ways simply disappeared
without the knowledge of most people worldwide and were mourned only by a few naturalists.

Nonetheless, in spite of these assaults, the biodiversity of the world is still immense. And

therein lies the strength that has enabled much of its wildlife to survive until now. Economists
understand the wisdom of spreading their investments across a wide range of activities. It
enables them to withstand disasters that may strike any one particular asset. The same is true

in the natural world. If conditions change, either climatically or as a consequence of a new
development in the never-ending competition between species, the ecosystem as a whole is able
to maintain its vigour.

But consider the following facts. Today, we ourselves, together with the livestock we rear for
food, constitute 96% of the mass of all mammals on the planet. Only 4% is everything else —
from elephants to badgers, from moose to monkeys. And 70% of all birds alive at this moment
are poultry — mostly chickens for us to eat. We are destroying biodiversity, the very characteristic
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that until recently enabled the natural world to flourish so abundantly. If we continue this
damage, whole ecosystems will collapse. That is now a real risk.

Putting things right will take collaborative action by every nation on earth. It will require
international agreements to change our ways. Each ecosystem has its own vulnerabilities and
requires its own solutions. There has to be a universally shared understanding of how these
systems work, and how those that have been damaged can be brought back to health.

This comprehensive, detailed and immensely important report is grounded in that
understanding. It explains how we have come to create these problems and the actions we must
take to solve them. It then provides a map for navigating a path towards the restoration of our
planet’s biodiversity.

Economics is a discipline that shapes decisions of the utmost consequence, and so matters

to us all. The Dasgupta Review at last puts biodiversity at its core and provides the compass
that we urgently need. In doing so, it shows us how, by bringing economics and ecology
together, we can help save the natural world at what may be the last minute —and in doing so,
save ourselves.

David Attenborough
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Preface

Economics, like I imagine other scientific disciplines, normally moves in incremental steps, and
always without a central guide. Much like practitioners of other disciplines, we economists work
with models of those features of the world we want to study in detail. That involves keeping all
else in the far background. Models are thus parables, some say they are caricatures, which is of
course their point.

Economics is also a quantitative subject. Finance ministers need estimates of tax revenues if they
are to meet intended government expenditure; environment ministers today cannot but ask
how much farmers should be paid to set aside land for ‘greening’ the landscape, and whether
fossil-fuel subsidies should be eliminated; health ministers look to convince cabinet colleagues
that investment in health is good for economic growth; and so on. Which is why economic
models are almost invariably cast in mathematical terms.

That is also why the models that appear in economics journals can appear esoteric, unreal,
and even self-indulgent. Many would argue as well that to model human behaviour formally,
let alone mathematically, is to tarnish the human experience, with all its richness. And vyet,
economists in governments, international organisations, and private corporations find

those models and their adaptations essential for collecting and analysing data, forecasting
economic trajectories, evaluating options and designing policy. Perhaps, then, it should be no
surprise that those same models go on to shape the conception we build of our economic
possibilities. In turn, our acceptance of the economic possibilities those models say are open
to us encourages academic economists to refine and develop them further along their tested
contours. And that in turn further contributes to our beliefs about what is achievable in our
economic future. The mutual influence is synergistic.'

That has had at least one unintended and costly consequence. Not so long ago, when the world
was very different from what it is now, the economic questions that needed urgent response
could be studied most productively by excluding Nature from economic models. At the end

of the Second World War, absolute poverty was endemic in much of Africa, Asia, and Latin
America; and Europe needed reconstruction. It was natural to focus on the accumulation of
produced capital (roads, machines, buildings, factories, and ports) and what we today call
human capital (health and education). To introduce Nature, or natural capital, into economic
models would have been to add unnecessary luggage to the exercise.?

Nature entered macroeconomic models of growth and development in the 1970s, but in an
inessential form.? The thought was that human ingenuity could overcome Nature’s scarcity over
time, and ultimately (formally, in the limit) allow humanity to be free of Nature’s constraints
(Chapter 4*). But the practice of building economic models on the backs of those that had most

1t will be asked who is represented in the collective ‘we’ and ‘our’ that | am using here. It is not everyone in the world, and
certainly not restricted to those who agree with the claims | am making about the mutual influence of academic economic models
and a general reading of economic possibilities. The group | have in mind is not fixed by designation but through invitation — for
example, people who read this Review — to consider why and how we need to break the cycle and revise the conception we hold of
humanity’s place in the biosphere.

2 The significance of the years immediately following the Second World War for the economics of biodiversity is shown repeatedly in
the Review (see especially Chapter 4). | am referring to the evolution of economic thinking in the West. However, to the best of my
knowledge the economic models that shaped state policy in the Soviet Union, and the ones developed by prominent academics in
Latin America, also did not include Nature. In the Review, the terms Nature, natural capital, the natural environment, the biosphere,
and the natural world are used interchangeably.

3 See, for example, the special issue in the Review of Economic Studies (1974) on the economics of exhaustible resources.
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recently been designed meant that the macroeconomics of growth and development continued
to be built without Nature’s appearance as an essential entity in our economic lives. Historians
of science and technology call that feature of the process of selection ‘path dependence’.?

That may be why economic and finance ministries and international organisations today graft
particular features of Nature, such as the global climate, onto their models as and when the
need arises, but otherwise continue to assume the biosphere to be external to the human
economy. In turn, the practice continues to influence our conception of economic possibilities
for the future. We may have increasingly queried the absence of Nature from official conceptions
of economic possibilities, but the worry has been left for Sundays. On week-days, our thinking
has remained as usual.”

Biodiversity is the diversity of life. We will find that the economics of biodiversity is the
economics of the entire biosphere. So, when developing the subject, we will keep in mind that
we are embedded in Nature. The Review shows (Chapter 4*) that although the difference in
conception is analytically slight, it has profound implications for what we can legitimately expect
of the human enterprise. The former viewpoint encourages the thought that human ingenuity,
when it is directed at advancing the common good, can raise global output indefinitely without
affecting the biosphere so adversely that it is tipped into a state far-removed from where it has
been since long before human societies began to form; the latter is an expression of the thought
that because the biosphere is bounded, the global economy is bounded.

I imagine the person reading the Review is doing so because she wants to understand our place
in Nature as a citizen. She is curious to know what sustainable development should mean; what
criteria governments and private companies should use when choosing investment projects;
what rules private investors such as herself should use to compare alternative asset portfolios;
what she should insist be the practices of companies producing the goods and services she
purchases and consumes; whether the social returns on investment in family planning and
reproductive health to meet the unmet needs of millions of the world’s poorest women are so
low that the European Union assigns less than 1% of their international aid budget to them;
and so on. Depending on the context, | call her the ‘social evaluator’, or the ‘citizen investor’.
The social evaluator recognises that her perspective as a citizen is different from the one she
assumes as she goes about her daily life. And she wants to understand why that is so.

In the chapters that follow, the natural world is studied in relation to the many other assets

we hold in our portfolios, such as the vehicles we use for transport, the homes in which we
live, and the machines and equipment that furnish our offices and factories. But like education
and health, Nature is more than a mere economic good. Nature nurtures and nourishes us,

so we will think of assets as durable entities that not only have use value, but may also have
intrinsic worth. Once we make that extension, the economics of biodiversity becomes a study in
portfolio management.

That should be no surprise, for we are all asset managers pretty much all of the time.

Whether as farmers or fishers, foresters or miners, households or companies, governments or
communities, we manage the assets to which we have access, in line with our motivations as
best as we can. But the best each of us is able to achieve with our portfolios may nevertheless
result in a massive collective failure to manage the global portfolio of all our assets. The analogy
of each of a crowd of people trying to keep balance on a hanging bridge and bringing it
crashing down speaks to that possibility.

4 A clear statement is in P. A. David, ‘Clio and the Economics of QWERTY’, American Economic Review, 75(2), 332-337.

> Over the years the absence of Nature's essentiality from macroeconomic models of growth and development has been remarked
upon by scholars outside the mainstream of economic thinking and practice. But while it is all too easy to criticise existing practices,
it is a lot harder to develop alternative models of comparable analytical depth and empirical reach to ones that have been honed by
years of patient work. That may be why the criticisms have not been taken seriously by mainstream economists.
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The Review has been prompted by a growing body of evidence that in recent decades humanity
has been degrading our most precious asset, Nature, at rates far greater than ever before.
Simultaneously, the material standard of living of the average person in the world has become
far higher today than it has ever been; indeed, we have never had it so good. In the process

of getting to where we are, though, we have degraded the biosphere to the point where the
demands we make of its goods and services far exceed its ability to meet them on a sustainable
basis. That is ominous for our descendants and suggests we have been living at both the best
and worst of times.

The Review demonstrates that in order to judge whether the path of economic development
we choose to follow is sustainable, nations need to adopt a system of economic accounts that
records an inclusive measure of their wealth. The qualifier ‘inclusive’ says that wealth includes
Nature as an asset. The contemporary practice of using Gross Domestic Product (GDP) to judge
economic performance is based on a faulty application of economics. GDP is a flow (so many
market dollars of output per year), in contrast to inclusive wealth, which is a stock (it is the
social worth of the economy’s entire portfolio of assets). Relatedly, GDP does not include the
depreciation of assets, for example the degradation of the natural environment (we should
remember that ‘G’ in GDP stands for gross output of final goods and services, not output net
of depreciation of assets). As a measure of economic activity, GDP is indispensable in short-run
macroeconomic analysis and management, but it is wholly unsuitable for appraising investment
projects and identifying sustainable development. Nor was GDP intended by economists who
fashioned it to be used for those two purposes. An economy could record a high rate of
growth of GDP by depreciating its assets, but one would not know that from national statistics.
The chapters that follow show that in recent decades eroding natural capital has been precisely
the means the world economy has deployed for enjoying what is routinely celebrated as
‘economic growth’. The founding father of economics asked after The Wealth of Nations, not
the GDP of nations. The idea of wealth that is developed in the Review is, not surprisingly, a

lot richer than the one Adam Smith was able to fashion, but his identification of assets as the
objects of interest was exactly right.

Acknowledgement that by economic progress we should mean growth in inclusive wealth brings
the Review back full circle to where it begins, which is that just as the private investor manages
his portfolio with an eye on its market value, the citizen investor appraises the portfolio of

global assets with an eye on their social worth. Wealth maximisation in its various guises unites
microeconomic reasoning with its macroeconomic counterpart.

The Review makes use of this unification to develop the idea of sustainable development.

It constructs a grammar for understanding our engagements with Nature — what we take from
it, how we transform what we take from it and return to it, why and how in recent decades we
have disrupted Nature’s processes to the detriment of our own and our descendants’ lives, and
what we can do to change direction.

As this is a global Review, | often speak of the demands humanity makes on Nature. But much
of the time the Review is obliged to look closely at smaller scales and local engagement with
Nature. Differences in the way communities are able to live tell us that people do not experience
increasing resource scarcity in the same way. Food, potable water, clothing, a roof over one’s
head, clean air, a sense of belonging, participating with others in one’s community, and a
reason for hope are no doubt universal needs. But the emphasis people place on the goods and
services Nature supplies differs widely. To farmers in South Asia and Sub-Saharan Africa, it could
be declining sources of water and increasing variability in rainfall in the foreground of global
climate change; to indigenous populations in Amazonia, it may be eviction not just from their
physical home, but from their spiritual home too; to inhabitants of shanty towns everywhere,
the worry may be the infections they are exposed and subjected to from open sewers; to the
suburban household in the UK, it may be the absence of bees and butterflies in the garden;

to residents of mega-cities, it could be the poisonous air they breathe; to the multi-national
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company, it may be the worry about supply chains, as disruptions to the biosphere make old
sources of primary products unreliable and investments generally more risky; to governments in
many places, it may be the call by citizens, even children, to stem global climate change; and

to people everywhere today, it may be the ways in which those varied experiences combine and
give rise to environmental problems that affect us all, not least the COVID-19 pandemic and
other emerging infectious diseases, of which land-use change and species exploitation are major
drivers. Degradation of Nature is not experienced in the same way by everyone.

Nature has features that differ subtly from produced capital goods. The financier may be
moving assets around in his portfolio, but that is only a figure of speech. His portfolio represents
factories and ports, plantations and agricultural land, and mines and oil fields. Reasonably, he
takes them to be immobile. In contrast, Nature is in large measure mobile. Insects and birds fly,
fish swim, the wind blows, rivers flow, and the oceans circulate, and even earthworms travel.
Economists have long realised that Nature’s mobility is one reason the citizen investor will not
take the market prices of natural capital to represent their social worth even when markets for
them exist. The Review studies the wedge between the prices we pay for Nature’s goods and
services and their social worth (the Review calls their social worth “accounting prices’) in terms of
what economists call ‘externalities’. Over the years a rich and extensive literature has identified
the measures that can be deployed (the forces of the law and social norms) for closing that
wedge. The presence of the wedge is why the citizen investor will insist that companies disclose
activities along their entire supply chain. Disclosure serves to substitute for imperfect markets.

But in addition to mobility, Nature has two properties that make the economics of biodiversity
markedly different from the economics that informs our intuitions about the character of
produced capital. Many of the processes that shape our natural world are silent and invisible.
The soils are a seat of a bewildering number of processes with all three attributes. Taken
together the attributes are the reason it is not possible to trace very many of the harms inflicted
on Nature (and by extension, on humanity too) to those who are responsible. Just who is
responsible for a particular harm is often neither observable nor verifiable. No social mechanism
can meet this problem in its entirety, meaning that no institution can be devised to enforce
socially responsible conduct.

It would seem then that, ultimately, we each have to serve as judge and jury for our own
actions. And that cannot happen unless we develop an affection for Nature and its processes.
As that affection can flourish only if we each develop an appreciation of Nature’s workings,

the Review ends with a plea that our education systems should introduce Nature studies from
the earliest stages of our lives, and revisit them in the years we spend in secondary and tertiary
education. The conclusion we should draw from this is unmistakable: if we care about our
common future and the common future of our descendants, we should all in part be naturalists.

The Review builds on six previous publications of mine, each directed at a particular class

of problems that belong to the economics of biodiversity.® | may have been trying in those
publications to develop a grammar for the subject, but | did not know it then, at least

not consciously. For that reason, the exercises there now read like acts of reconnaissance.
Each has informed the Review in essential ways, but taken together they did not sum to an
economics of biodiversity. Which is why | am particularly grateful to Lord (Philip) Hammond,
who as Chancellor of the Exchequer of the UK Government, invited me to lead the Review in
Spring 2019.

6 PS. Dasgupta and G.M. Heal (1979), Economic Theory and Exhaustible Resources (Cambridge: Cambridge University Press), and P.
Dasgupta: The Control of Resources (Cambridge, MA: Harvard University Press, 1982); An Inquiry into Well-Being and Destitution
(Oxford: Clarendon Press, 1993); Human Well-Being and the Natural Environment (Oxford: Oxford University Press, 2004);
Economics: A Very Short Introduction (Oxford: Oxford University Press, 2007); and Time and the Generations: Population Ethics for a
Diminishing Planet (New York, NY: Columbia University Press, 2019).
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My education in what is the substance of the Review began in the late 1970s in conversations
with Karl-Géran Maler. He encouraged me to develop my ideas on the links between rural
poverty and the state of the local environmental resource-base in the world’s poorest countries —
a subject that was then notably absent from mainstream development economics, and which
remained absent until well into the 1990s. | was further encouraged by Lal Jayawardena,
Director of the World Institute of Development Economics Research (WIDER), Helsinki, who
invited Maler and me in 1988 to establish a programme at his institute on the environment and
emerging development issues.’

But it wasn’t until 1991 when, as the newly appointed Director of the Beijer Institute of
Ecological Economics, Stockholm, Maler asked me to serve as Chair of the Institute’s Scientific
Advisory Board, that we were able to pursue the programme jointly with ecologists. The
Institute’s mandate made it possible, which was unusual at that time, for ecologists and
economists to conduct a regular series of workshops in ecological economics. In this, Maler and
| were aided greatly by the intellectual authority of Kenneth Arrow, Bert Bolin, Paul Ehrlich, and
Simon Levin. The Institute’s activities have continued with the same exacting standard under
Carl Folke, who assumed the Directorship when Maler retired.

As these developments were confined to Continental Europe, it was natural for us to imagine
regional networks of ecological economists in developing countries. That was made possible

by a grant from the MacArthur Foundation, Chicago. It enabled Méler and me in 1999 to
establish the South Asian Network for Development and Environmental Economics (SANDEE)
and simultaneously the journal Environment and Development Economics (Cambridge University
Press). Our idea was to offer not only encouragement, but also financial help and a journal
based in the West where university teachers of economics in developing countries could publish
their research findings. We were able soon after to help colleagues in Eastern and Southern
Africa and in Latin America to establish their own networks.®

Maler and | received further help. This time from Miguel Virasoro, Director of the Abdus Salam
International Centre for Theoretical Physics (ICTP), Trieste, who invited us in 2001 to create a
programme in ecological economics at ICTP. We used the opportunity to invite economists in our
newly formed networks to the Centre, so that they could prepare their findings for publication
with help from members of the journal’s editorial board. Readers will find that the Review has
been much influenced by the rich body of work by colleagues in those networks.

The economics of biodiversity requires attention to local socio-ecological details. | was
introduced to the idea of social capital and its relevance for ecological economics at the
biannual retreat that Ismail Serageldin convened for an advisory panel he had constituted

in the mid-1990s at the Sustainable Development Vice Presidency of the World Bank.?

My understanding of the subject has deepened at the annual teaching workshop that SANDEE
has organised since its inception, from discussions with my fellow lecturers Rabindranath
Bhattacharya, Randall Bluffstone, Enamul Haque, Karl-Géran Méler, Pranab Mukhopadhyay,
M.N. Murty, Mani Nepal, Subhrendu Pattanayak, Priya Shyamsundar, E. Somanathan, Jeff
Vincent, and participants from Bangladesh, Bhutan, India, Nepal, Pakistan, and Sri Lanka, too
numerous to mention individually. On the science of complexity, | have learnt enormously from

7 The programme’s proceedings were published in P. Dasgupta and K.-G. Maler, eds., The Environment and Emerging Development
Issues, Vols. I and Il (Oxford: Clarendon Press, 1997), and P. Dasgupta, K.-G. Méler, and A. Vercelli, eds., The Economics of
Transnational Commons (Oxford: Clarendon Press, 1997).

8 Resource Accounting Network for Eastern and Southern Africa (RANESA) and the Centre for Environmental Economics and Policy
in Africa (CEEPA), Pretoria; and Latin American and Caribbean Environmental Economics (LACEEP) and the Tropical Agricultural
Research and Higher Education Center (CATIE), Costa Rica. SANDEE is based at the International Center for Integrated Mountain
Development (ICIMOD), Kathmandu.

9 The Panel’s proceedings were published in P. Dasgupta and I. Serageldin, eds. (2000), Social Capital: A Multifaceted Perspective
(Washington, DC: World Bank).
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discussions over a period of fifteen years with fellow members of the Scientific Advisory Panel of
the Programme on Complex Systems at the James S. McDonnell Foundation, St. Louis, and from
the Foundation’s successive Presidents, John Bruer and Susan Fitzpatrick.

Before beginning work on the Review, | asked Simon Beard, John Bongaarts, Simon Levin,

Tom Lovejoy, and Peter Raven to prepare essays for me on subjects | knew to be essential but
on which | was inexpert. The ideas they developed are reflected in the present work. The Review
has been much influenced also by Scott Barrett and Aisha Dasgupta, who assumed the lead in
collaborative works that form the basis of some of the central ideas here.

During the Review's preparation, | have gained enormously from correspondence and
discussions with Inger Andersen, Robert Aumann, Scott Barrett, lan Bateman, Simon Beard,
Simon Blackburn, Caroline Bledsoe, John Bongaarts, Stephen Carpenter, William Clark,

Mary Colwell, Diane Coyle, Aisha Dasgupta, Shamik Dasgupta, Zubeida Dasgupta, Paul Ehrlich,
Carl Folke, Patrick Gerland, Roger Gifford, Lawrence Goulder, Ben Groom, Andy Haines,
Geoffrey Heal, Cameron Hepburn, Girol Karacaoglu, Phoebe Koundouri, Pushpam Kumar,

Tim Lenton, Simon Levin, Justin Lin, Tim Littlewood, Georgina Mace, Robert Macfarlane,
Shunsuke Managi, Eric Maskin, Henrietta Moore, Tid Morton, llan Noy, Gustav Paez,

Charles Perrings, Stuart Pimm, Peter Raven, Martin Rees, Fiona Reynolds, Marten Scheffer,
Ingmar Schumacher, V. Kerry Smith, Denise Spinney, Will Steffen, Nicholas Stern, Thomas Sterner,
William Sutherland, Nicola Tagart, Alistair Ulph, Ruut Veenhoven, Jeff Vincent, Robert Watson,
Gavin Wright, Anastasios Xepapadeas, Menahem Yaari, and Aart de Zeeuw.

| am especially grateful to HM Treasury for enabling Sandy Sheard to assemble an

exceptionally gifted team who have helped me think through the economics of biodiversity.
Drawn from across the public sector and based in HM Treasury, they have provided me

with invaluable support over the course of the Review, including Mark Anderson, Heather
Britton, Abbas Chaudri, Dana Cybuch, Rebecca Gray, Haroon Mohamoud, Robert Marks,

Emily McKenzie, Diana Mortimer, Rebecca Nohl, Felix Nugee, Ant Parham, Victoria Robb,

Sandy Sheard, Sehr Syed, Thomas Viegas, Ruth Waters, and Lucy Watkinson. They have gathered
evidence from a wide range of experts from around the world, arranged for me to meet many of
them, supported my Advisory Panel, prepared a wealth of case studies, edited the Review, and
made vital contributions to drafting elements of the Review itself — particularly, the chapters in
Part Il. Even more, they queried every intellectual move | made; to a professor, there can be no
greater reward.

Above all, I am grateful to Carol Dasgupta, on whom | have tested pretty much every idea in the
Review. Her suggestions on what to emphasise and what is superficial have been invaluable.

The influence of Amiya Dasgupta, Kenneth Arrow, Paul Ehrlich, Peter Raven, John Rawls, and
Robert Solow on the way | frame economics has become increasingly evident to me.

Partha Dasgupta
St John's College, Cambridge
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Chapter 0
How We Got to Where We Are

Introduction

On our 4.5-billion-year old planet, life is perhaps as much as 3.7 billion years old, with
photosynthesis and multi-cellularity (appearing dozens of times independently) around 3 billion
years old. Oxygen levels began to rise some 650 million years ago or even earlier (coinciding
with the Metazoan stage); plants, animals, and fungi emerged on land perhaps 480 million
years ago; forests appeared around 370 million years ago; and modern groups such as
mammals, birds, reptiles, and land plants originated about 200 million years ago. The geological
record shows that there have been five global mass extinction events, the first of them about
540 million years ago. The records also suggest that 99% of the species that have ever existed
(perhaps 5 billion in number) have become extinct. The last major extinction event occurred
about 66 million years ago, and the number of species on Earth and the complexity of their
communities and ecosystems have increased steadily since that time.™

Over the past 66 million years, the number of species has grown to around 8 million to

20 million (possibly more) species of eukaryotic organisms — ones with cells that have a distinct
nucleus —and an unknown and much larger number of prokaryotes (Archaea and bacteria).

Our lack of knowledge is enormous. Only about 1% of the species that have existed during the
history of life on Earth live in the ecosystems into which humans evolved and live now. From the
time that human beings evolved, our dependency on biodiversity, that is, the diversity of life, has
remained complete. Indeed, we ourselves are a part of biodiversity.

Within the global ecosystem, the first members of humanity’s evolutionary line split from the
other African apes about 6 to 8 million years ago. Our closest relatives, a group that we call
hominids, appear in the fossil record about 2.7 million years ago, also in Africa. One of these,
Homo erectus, was the first to migrate out of Africa to the north, starting around 2 million
years ago, where it, along with the Neanderthals, the Denisovans, and a few more local species,
represented humanity until the occurrence of another significant migration out of Africa.

This event occurred at least 60,000 years ago, when the hominids present in Eurasia were
joined by modern Homo sapiens, which had originated in Africa about 200,000 years ago.
By about 30,000 years ago, Homo sapiens had conquered and killed the other hominids that
had preceded them in the Northern Hemisphere, after interbreeding with Neanderthals and
Denisovans when they came into contact with them.

For tens of thousands of years after Homo sapiens reached Eurasia, they lived as hunter-
gatherers. Over the years, they began to create artistic works and make weapons and musical
instruments; but because they were frequently on the move in search of food, necessarily
carrying their babies with them, there was little opportunity for them to develop what we today
call civilisation. Dogs were domesticated in Eurasia at least 20,000 years ago, and crops were
being cultivated by about 12,000 years ago. Domestication, therefore, took place in a period of
rising temperatures following the end of the preceding cold period.

The intercontinental migration of Homo sapiens took place during a period of glacial expansion
that lasted from 110,000 to about 10,000 years ago. Human dispersal from Eurasia to Australia
(about 80,000 years ago) occurred long before there was any domestication of plants and

19 The Introduction to this chapter has been taken from notes prepared by Peter H. Raven, President Emeritus of the Missouri
Botanical Gardens, for a joint meeting of the Pontifical Academy of Sciences and the Pontifical Academy of Social Sciences in Vatican
City in 2017. The proceedings of the conference were subsequently published as Biological Extinction: New Perspectives (Cambridge:
Cambridge University Press), 2019, edited by Partha Dasgupta, Peter H. Raven and Anna L. Mclvor.
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animals, a practice that never developed in that continent. Dispersal to North America (via

the then existing Bering Land Bridge connecting northern Siberia and Alaska) seems to have
occurred some 18,000 years ago (possibly even earlier), after the domestication of dogs, which
they brought with them. No crops were carried to the New World until modern times. Both in
North and South America, crop agriculture was developed independently.

Along with domestic animals, cultivated crops (the first appearance being some 12,000 years
ago in the Fertile Crescent, a crescent-shaped region in the Middle East) provided a major source
of storable food, one that could see humans through droughts, winters, and other unfavourable
times. At that time, the entire global population of humans is estimated to have been about

1 million people, with only about 100,000 in Europe. Agriculture allowed a single person to
feed more than themselves and their family, and made possible a rapid increase in population.
Farmers from the Fertile Crescent swept into Europe, displacing the sparse population that had
existed there earlier. In these cultivated lands, the numbers of people who could live together

in a village, town or city increased greatly. The first cities were built in Southern Mesopotamia
between the Tigris and Euphrates Rivers some 7,000 years ago. The economic surplus enabled
most aspects of what we call civilisation to develop in that region. Individuals could learn to
become toolmakers, soldiers, tradesmen and priests, and the various elements of what we
consider civilisation began to develop rapidly. A very important invention was writing. Sumerian
writing and Egyptian hieroglyphs, understood to be the earliest writing systems, were invented
around 5,500 years ago; the earliest texts about 4,000 years ago. The Sumerians are understood
today to have also invented a number system, some 4,000 to 5,000 years ago.

As our human numbers grew, our impact on the planet increased with them. By about
3,000 years ago, pastoralists, agriculturists and hunter-gatherers had transformed large areas as
they gathered and grew food for their increasing numbers. The roughly 300 million people who
lived at the time of the Roman Empire had grown to 500 million around the year 1500 CE, near
the beginning of the Renaissance, and today has reached nearly 7.8 billion (Table 0.2).

If human history is a mere blink in the history of the biosphere, economic history is only a

point in time. Drawing on material objects uncovered from archaeological sites, sketches of
quantitative history reach about 5,000 years into the past; while quantitative economic history
looks back at best to the start of the Common Era.'" In this chapter, we present data on changes
(or lack of changes) over time in regional living standards, and global population numbers

and health status since year 1 of our Common Era (Figures 0.1-0.2). We also report findings

on various successes and failures of past societies to overcome the environmental stress they
faced. In current understanding, those stresses arose from population pressure, climatic changes
and defective land management (soil erosion being a prominent result). The global evidence,

in its aggregative form, speaks to a long stretch, until about 1500 CE, of stagnant population
numbers, living standards and health status, rising slowly until the start of the Industrial
Revolution (round about 1750), growing somewhat more rapidly from then, and taking a sharp
and accelerated increase from around the middle of the last century until now.

0.1 Economic History Since Year 0

The economist Angus Maddison spent much of his professional life uncovering past living
standards across the world. To do that, he chose gross domestic product (GDP) per capita

as a measure of the standard of living in a society. He chose that because GDP is the index

in most common use today for assessing the performance of economies and for evaluating
macroeconomic policy. GDP is the market value of the flow of all final goods and services
produced within a country in a given year. It includes the monetary value of aggregate private
consumption (consumer spending, as it is often called), gross investment (including the

" Finley (1982) offered a few estimates of economic indicators in Homeric Greece (approximately 1200 BCE), but they have been
found by historians to be not without problems.
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capital expenditures of businesses), the sum of government expenditures, and the difference
between exports and imports. GDP is a measure of an economy’s aggregate output. As the
value of output has to reach someone’s pocket, we will use the terms ‘output’ and ‘income’
interchangeably.’?

Although it is routine today to study the performance of economies in terms of GDP, Maddison’s
work is especially interesting and important because it is on deep economic history. Peering into
the past 2,000 years with a measuring rod, which is what Maddison did, takes courage, but
Maddison used whatever record he could find that gave clues to wages, food consumption,
clothing, housing, land rents, and so on. Table 0.1 reproduces figures constructed in ongoing
work by others in what is now known as the ‘Maddison Project’ (Maddison, 2018; Bolt et al.
2018). The project is designed to improve upon the estimates Maddison (2001) offered in

his now-classic work. The table presents output per capita in five regions of the world. The

final row presents time series of global output per capita. The figures are expressed in 2011
international dollars.™

Table 0.1 Deep History, 1 — GDP Per Capita (2011 International Dollars)

1CE 1000 1500 1700 1820 1900 1950 2000 2016

Western Europe* 914 676 1,232 1,630 2,313 4,904 6,078 32,956 40,364
Western Offshoots* 636 636 636 755 2,070 8,027 14,867 44,331 51,342
Latin America* 636 636 660 843 999 1,822 3,048 8,728 13,470
Asia 725 747 904 909 939 1,099 1,201 5286 11,102
Africa 747 676 660 668 774 1,444 1,596 2,889 4,680
World 747 723 898 978 1,132 2,446 3,277 9,456 14,574
World Bank (World) 10,346 15,080

Source: Maddison (2018), Bolt et al. (2018). Note: ‘Western Offshoots’ include what are today US, Canada, New Zealand
and Australia.

Note: The Maddison Project Database (MPD) provides long-run data on GDP per capita for comparisons of relative income levels
across countries. The measure of real GDP per capita is based on multiple benchmark comparisons of prices and incomes across
countries and over time. The figures between the dates 1 CE to 1950 are updated from a combination of the 2010 and 2013 MPD
releases, which were in 1990 prices. To account for the change in price level, a simple GDP deflator is used to adjust all regions for
2011 prices. The differences between the rebased regions’ GDP and the newly calculated GDP do not significantly change the overall
trends at the regional and global level, relative to the 1990 price level estimates. The figures between 1950 to 2016 are taken from
the most recent release from the Maddison Project Database, in 2011 prices, apart from the regions denoted with a star where 1913
data was also available in their updated database. For comparison, the World Bank’s estimate of GDP per capita PPP (2011 prices) for
2000 and 2016 are given, which are both within 10% of the latest Maddison Project data.

The first thing to note about the figures in Table 0.1 is that the average person in the world was
very poor in terms of income right up to the beginning of the modern period (approximately
1700 CE). In Late Antiquity and the Middle Ages, average income in most regions everywhere
was not much above 1.90 dollars a day (a few even below it) — the figure that was taken by

the World Bank in 2015 to be the line below which spells extreme poverty. Regional variations
became prominent in the beginning of the Early Modern period (roughly, 1500), by which time
Western Europe had begun to diverge from the rest of the world. But Maddison’s estimates
suggest that even in 1700 the average person in Asia languished in near-extreme poverty, at
around 2.5 dollars a day. As tourists we are dazzled by the art, architecture and technology

12 GDP is to be distinguished from GNP (Gross National Product). The latter is GDP plus incomes earned by residents from overseas
earnings, minus incomes earned within the economy by overseas residents. For our purposes in the Review, the difference between
the two indices is inconsequential. See Chapter 13 for a fuller discussion of GDP.

13 In constructing international dollars (i.e. dollars at purchasing price parity, PPP), the official exchange rates of various currencies
with respect to the US dollar are converted so as to bring the purchasing power in the regions on par with one another. In what
follows, it should be read that ‘dollars’ mean ‘international dollars’.
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of past eras. We refer to them as great civilisations and imagine that those must have been
prosperous times as well. Table 0.1 says we should imagine otherwise. So long as there is a
ruling class to tax poor subjects, we have the beginning of the arts, humanities and the sciences.
The Taj Mahal, for example, which is today the most renowned construction of the Early-Modern
era, was built in the mid-17t" century on the orders of a tyrant in memory of his favourite wife,
on the backs of extremely poor subjects.

Figure 0.1 GDP Per Capita from Year 0 to 2016 CE
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Source: Maddison (2018), Bolt et al. (2018).

Great art, great architecture, great literature, and even great scientific and technological
discoveries can coexist with general squalor and widespread deprivation of the means available
for a reasonable existence. And they have coexisted for nearly all of history. Average world
income in 1820 CE, which in many economic historians’ reckoning was about the time of the
Industrial Revolution, was only about 50% higher than in 1 CE. That means the growth rate

of world income per capita over the 1,820-year period, when averaged, was indistinguishable
from zero. Table 0.1 confirms that significant increases in the standard of living took place
only in the 20" century, mostly in the West and what Maddison called Western Offshoots (US,
Canada, Australia and New Zealand). In a matter of a little under 70 years (1950 to 2016), GDP
per capita increased nearly seven times in Western Europe. It is true that in 1945 those nations
were in a devastated condition, meaning that the potentials for growth were large. But as
Table 0.1 tells it, we should not imagine that the poorer a nation, the greater its potential for
advancement. Western Europe had institutions in place, an educated population, and a social
coherence that enabled them to take advantage of their potentials. In contrast Africa, which
at the end of the Second World War was a lot poorer than the West, continues to languish in
poverty. Average income in Africa in 2016 was barely over 11% of that in Western Europe.

To be sure, Table 0.1 hides social improvements taking place in various places from time to
time during the 1,700 years following Year 0. An interval of 1,000 years (0-1000 CE) hides
fluctuations of fortunes. Temin (2013) has suggested that GDP per capita in the Roman Empire
in 2" century CE was about the same as in India in 1990. But in time the Empire fell, and
incomes dropped. We also know of the Black Death and Europe’s revival after it, both of which
are hidden from view in the thick, 500-year spell between 1000 and 1500 CE. Fouquet and
Broadberry (2015) peered closer into Europe for the period 1200 to 1870 and found that there
were periods when some regions enjoyed considerable growth in GDP per capita, while others
declined. But none would appear to have enjoyed sustained growth in incomes. Recent work
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by historians of Mughal India suggests that per capita income there rose considerably by year
1600. But the empire fell into disarray by the first half of the 18" century and the economy
skidded. Broadberry, Custodis and Gupta (2015) have estimated that in 1600 per capita income
in India was more than 60% of that in England, but by 1870 had fallen to less than 15%.
Notwithstanding the caveats, the pioneering Maddison estimates of GDP per capita in deep
economic history are a stark reminder that for nearly all of history the average person in the
world was extremely poor.

0.2 Economic Growth and Sustainable Development

Writing at the very end of the 18™ century, the Rev. Thomas Malthus postulated that population
size and the standard of living had kept each other in check throughout history in what we
would today call a low-level equilibrium. The world he read was composed largely of “organic
economies” (Wrigley, 2004), where not only food but also most raw materials needed for
manufacturing artefacts were either animal or vegetable in origin. Production was subject to
diminishing returns. Given the reproductive norms of societies (although this is not quite how
Malthus put it), population grew whenever living standards rose above the equilibrium level,
bringing living standards down. But whenever living standards fell below the equilibrium level,
more people died (wars and pestilence) and the system equilibrated. As a matter of common
observation, the equilibrium living standard was low.

Both population and living standards in Malthus’ theory, like any good theory, were determined
by factors operating at a deeper level. So, he identified various possible causes that had
perturbed economies throughout history (wars and crop failure were two proximate drivers),
from which they returned to equilibrium.™

Table 0.2, reproduced from Maddison (2001, 2018) and UNPD (2019a), provides estimates of
population size and expectancy of life at birth over the past 2,000 years.

Table 0.2 Deep History, 2 — Global Health and Numbers

Year 0 CE 1000 1820 1900 1950 2000 2020
Life expectancy at birth (years) 24 24 29 31 46 66 73
Population size, rounded 230 270 1,000 1,600 2,500 6,100 7,800

figures (million)

Source: Maddison (2001), Tables 1-5b and B-10, for columns 1-5; UNPD (2019a), for columns 6 and 7. See also the table of life
expectancy at birth since 1800 in Riley (2005), which reports that global life expectancy at birth in 1800 was 29 years.

Note: Life expectancy at birth for 1 CE is Roman Egypt, 33-258, estimate. Data from 1950 to 2020 from UN Population Division.

Taken together, the two tables suggest that the global experience until 1820 CE was pretty
much in line with the Malthusian theory. Global income per capita in 1820 was about 3 dollars
a day, world population was about 1 billion, and a new-born was expected to live for at best
30 years.™

4 For a mathematical formulation of Malthus' theory, see Day (1983), who also drew attention to possible fluctuations away from
equilibrium, depending on the parameters characterising organic economies.

1> See also the table of life expectancy at birth since 1800 in Riley (2005), which reports that global life expectancy at birth in 1800
was 29 years.

The Economics of Biodiversity: The Dasgupta Review 25



Chapter 0: How We Got to Where We Are

Figure 0.2 Global Population from Year 0 CE
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Source: Maddison (2001), UNPD (2019a).

While Malthus’ theory would appear to have fitted the global economy at the time he published
his work, it had begun to unravel in the West earlier; many experts believe as early as the 16%
century, with the seeds having been laid even earlier. Identifying the factors that led to the great
divergence between the West and the rest of the world has been a major subject of research
among scholars studying deep history.'®

Landes (1998) and Pomeranz (2000) are modern classics on the ‘Great Divergence’ and have
generated enormous debate.” It is not in contention that a series of societal changes took
place in the West in the Early Modern period (perhaps even earlier) which unleashed the
innovatory forces that account for the emergence of the modern world; the debate is over

the factors behind the divergence and its timing. Experience with reading evidence that bear
on socio-economic processes tells us that, as with ecological processes (Chapters 2 and 3),
monocausal explanations should be discounted. A multiplicity of factors can act on one another
synergistically, but they can also act on one another in a discordant or inharmonious way. The
former would be read in due course as societal success, the latter as societal failure. Landes
(1998) laid stress on multi-faceted cultural factors'® and noted as well that Europe in the Early
Modern era was not a monolithic state. Rivalry, competition, and differences in power and
beliefs among dukes, princes, and clerical eminences enabled ideas to flourish. If a scientist was
in disfavour in one state, he (it was always a ‘he’) could find service in a rival court.

The subsequent Industrial Revolution unleashed growth in labour productivity from
technological advances and the production scale economies that came with those advances,
and by the beginning of the 20" century, Malthus’ theory began to unravel elsewhere too,
barring Asia (Japan excluded) (Maddison, 2001) and Africa. By then world population had risen
to 1.5 billion, life expectancy at birth had advanced to Maddison’s estimate of 31 years, and
average income had grown to around 2,000 international dollars a year (at 2011 prices).

16 China was the exception, it was not only a contender with the West in 1500 CE, it is believed by historians of technology to have
been ahead of it. Among other inventions, paper, printing, gunpowder, and the compass had been made in China long before they
reached the West. But China fell behind in the centuries that followed because, or so it has been argued by historians, of a shift
toward an inward-looking national philosophy. For example, maritime trade was stopped by Imperial decree by the mid-15" century.

7 See O'Brien (2010) for a review of the debate.
8 Max Weber, in his work on Protestant ethic and the spirit of capitalism, had invoked a far narrower explanatory variable.

1% Johannes Kepler was a prominent case (Boorstin,1983).
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During the 20% century, several key dimensions of life improved greatly (and as we confirm in
Chapter 4, in the second half of the century they improved spectacularly). Global income per
head more than quadrupled, life expectancy of a new-born rose from 31 to 66 years (relatedly,
people enjoyed ever greater protection against water- and airborne diseases, greater use of
potable water and, since the end of the Second World War, antibiotics), even while world
population grew by a multiple of four, to 6 billion. Even the brief period 2000-2016 was
remarkable: global income per person grew by over 40%. By 2016, global income per head had
reached nearly 15,000 international dollars (at 2011 prices), life expectancy at birth had risen
to 73 years, and population had grown to nearly 7.8 billion. In Chapter 4, we draw attention
to the 70-year span beginning in 1950. Tables 0.1 and 0.2 confirm its exceptional character.
Prominent Earth scientists regard the middle of the 20" century as the period we entered the
Anthropocene (Voosen, 2016).

In a famous 1930 essay ‘Economic Possibilities for Our Grandchildren’, John Maynard Keynes
described a past that was consonant with the deep economic history of Tables 0.1 and 0.2. He
concluded that humanity in his time had never remotely had it so good (Keynes, 1931). The
world’s living standard today is a lot higher than it was even when Keynes made his observation.
The average person not only enjoys far higher income and lives longer, the proportion of the
world’s population in absolute income-poverty has fallen so dramatically (it is below 10% of

the world'’s population, down from around 50% in 1970) that enthusiasts predict that within

a generation the blight will have been eliminated for the foreseeable future (Jamison et al.
2013).2°

These successes have inspired a number of intellectuals to draw the attention of the general
public to the remarkable gains in the standard of living humanity has enjoyed over the past
century.?’ The authors collated data on growth in scientific knowledge and the accumulation

of our produced capital and human capital to argue that humanity has never had it so good.
But with the exception of rising carbon concentration in the atmosphere, trends in the state of
the biosphere accompanying those advances have gone unnoted by the authors. We note in
Chapter 4 though, that global climate change is but one of a myriad of environmental problems
we face today. And because it is amenable to technological solutions (innovating with cheap
non-carbon sources of energy and, more speculatively, firing sulphur particulates into the
stratosphere to reflect sunlight back into space (Pinker, 2018)), it is not representative. Global
climate change attracts attention among intellectuals and the reading public not only because
it is a grave problem, but perhaps also because it is possible to imagine meeting it by using the
familiar economics of commodity taxation, regulation and resource pricing without having to
forego growth in material living standards in rich countries. The literature on the economics of
climate change (e.g. Stern, 2006; Nordhaus, 2007; Lomborg, 2013) has even encouraged the
thought that, with only little investment in clean energy sources over the next few years (say 2%
of world GDP), we can enjoy indefinite growth in the world’s output of final goods and services
(global GDP).

That is a thought that should be resisted. It will be shown that, when looking at the wider
scope of the economics of the biosphere (based on an understanding of ecology and earth
sciences (Chapters 1, 2, 3, 4 and 4%*), our economic possibilities are circumscribed — even if
several steps removed via technological progress — by the Earth-System’s workings. We are
embedded in Nature; we are not external to it. No amount of technological progress can make
economic growth as conventionally measured an indefinite possibility. Ours is inevitably a finite

20 Global poverty is likely to have risen sharply in 2020 due to the COVID-19 pandemic, partially reversing some of the improvement
over recent decades. In October 2020, the World Bank suggested that the COVID-19 pandemic would push an additional 88 million
to 115 million into extreme poverty in 2020 (World Bank, 2020c¢).

2! Micklethwait and Wooldridge (2003); Ridley (2010); Lomborg (2013); Norberg (2016); and Pinker (2018). We will discover,
though, that time series of subjective measures of well-being, such as happiness and life satisfaction, tell a different story
(Chapter 11).
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economy, as is the biosphere of which we are part. Although there has been some recent
recognition among a few economists and ecologists of these issues (we highlight leading work
in Chapter 1), this understanding remains far from widespread.

Nevertheless, there is the temptation to say that because natural resources can be shifted
around today with relative ease, dwindling supplies in one place can be met by imports from
another (see Chapter 15 for more on trade). Intellectuals have been known to say that because
of ‘globalisation’ location does not matter. The view emphasises the prospects offered by trade
and investment and says if they are not enough, technological progress can be relied upon

to solve the problems arising from resource depletion and environmental degradation. Today
Malthus, the ‘pessimistic parson’, is seen as a ‘false prophet’, remaining as wrong as ever (The
Economist, 15 May 2008).2

0.3 Historical Success and Failures

In the past, when communities faced exceptional resource stress (droughts, pests and soil
erosion are only three causes), they introduced new practices and fashioned new arrangements.
If migration to better locations was a possibility, communities would be expected to have tried
that, if all else failed. We should not imagine people taking impending disasters lying down if
they saw them coming. Boserup (1965) collated evidence from agrarian societies to argue that
resource stress generates societal responses that not only fend off disaster but can even lead to
prosperity. Exceptional scarcities may raise exceptional ‘problems’, but as the saying goes today,
they offer exceptional ‘opportunities’ as well. Boserup’s work countered a widespread fear in
the early 1960s that our capacity to produce food was being overtaken by growth in human
numbers. She saw population growth as a spur to innovations. The Green Revolution that came
soon after her publication matched her narrative. Population was dropped from public discourse
even as Boserup came to replace Malthus.??

Boserup’s case studies were about organic economies. Inevitably, there was sample bias in her
choice of examples. Societies that had not made the cut would have disappeared or moved to
blend themselves among communities that survived; they would be absent from such records

as those that Boserup studied. In a study of a modern-day society, Turner and Shajaat Ali (1996)
put together the contrasting concerns of Malthus and Boserup by demonstrating that in the face
of rising population and a deteriorating resource base, small farmers in Bangladesh expanded
production by intensifying agriculture practices and, with government help, collectively
strengthening drainage systems and flood and storm defences. The farmers have not been able
to thrive, they still live in poverty, but they staved off collapse (they have not abandoned their
villages en masse for cities), at least for now. The metaphor that comes to mind is of a crowd
walking up an escalator that is coming down at the same speed. Studies with a similar flavour
for agricultural prospects in Africa have been reported in Christiaensen (2017) and Juma (2019).
Historically, migration has been a coping strategy against especial ecological stress. Petraglia et
al. (2020) have collated archaeological findings in south-eastern Arabia to show that ancient
droughts during the Holocene corresponded with population movements from inland regions to
the coast that were rich in resources.

If Boserup is a counterpoint to Malthus, Jared Diamond is a natural counterpoint to Boserup.
Techniques for reading archaeological records have improved since the 1960s. Reviewing a

22 The Review argues, however, that the COVID-19 pandemic can in large measure be traced to weaknesses in commodity supply
chains and to biodiversity loss.

23 Economic historians refer to our need for energy to make the same point. Human societies have over millennia improved their
living standard by finding new sources of energy in the face of rising costs of established resources. The succession of human sweat,
animal power, rivers and streams, wind, timber, coal, oil and gas, and most recently the nucleus of radioactive matter, is a frequently
cited example of the global success in finding ways to harness energy. Barbier (2011) contains a wide-ranging demonstration of
ways in which societies have historically depended on natural resources for growth and well-being.
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series of case studies drawn from the early-to-middle second millennium CE, Diamond (2005: 6)
classified the processes through which those collapsed societies he had studied had undermined
themselves by damaging their ecosystems. He identified eight categories: (i) deforestation and
habitat destruction; (ii) soil erosion, salinisation and fertility losses; (iii) water management
problems; (iv) overhunting; (v) overfishing; (vi) effects of introduced species on native species;
(vii) human population growth; and (viii) increased per capita impact of people.

Societies that are unearthed by paleo-ecologists were universes unto themselves. Those for
whom transportation was costly, trade was relatively small in comparison to domestic output,
and communities had to rely entirely on their own ecosystems. Communities that were under
resource stress demanded more from their ecosystem than it was able to supply on a sustainable
basis. Diamond’s category (viii) can be read as the ‘ecological footprint’ (see below) of the
organic economies he had studied.

In Chapters 2, 3 and 4, we find that items (i)-(vii) on Diamond’s list lead to (viii). For example,
Diamond reported that a number of societies that had deforested their land had been able to
develop successful forest management practices and population measures, but that in contrast
there were others — most notoriously in the public imagination, Easter Island — that had failed
to develop successful management practices, and had collapsed as a result. He also found a
common pattern in past collapses: population growth that followed access to an abundant
ecosystem made people intensify the means of food production (irrigation, terracing, double-
cropping) and expand into marginal land. Growing populations led to a mining of their
ecosystems. That left communities vulnerable to climatic variations, as there was little room left
for either mistakes or bad luck.?*

Proceedings of the National Academy of Sciences of the United States of America (PNAS, 2012)
published a Special Feature on historical collapses. Contributors reported 12 studies of past
societies that had faced environmental stress. Seven were found to have suffered severe
transformation, while five had overcome them through changes in their practices. Butzer (2012)
reported the ways in which a number of societies in 14%"-18" centuries Western Europe
displayed resilience by coping with environmental stresses through innovation and agricultural
intensification. Like Diamond, he concluded that collapse is rarely abrupt.

That collapse is rarely abrupt suggests that even robust socio-ecological systems become

less resilient in withstanding shocks and surprises when they experience continual stress
(Chapters 3 and 5). In a study of the European Neolithic societies that began some 9,000 years
ago, Downey, Haas and Shennan (2016) found that the introduction of agriculture spurred
population growth, but societies in many cases experienced demographic instability and,
ultimately, collapse. The authors also uncovered evidence of warning signs of eventual
population collapse, reflected in decreasing resilience in socio-ecological systems. Scheffer
(2016) has given further support to the thesis by reporting that there had been warning signs of
reduced resilience prior to the great drought in the late 1270s that destroyed the communities
that had built the iconic alcove sites of Mesa Verde.

Reviewing findings on past societal collapses, Beach, Luzzadder-Beach and Dunning (2019)
suggest that pioneer communities often caused soil degradation in conjunction with terrestrial
species collapse because of unfamiliarity with the ecosystem they had entered. They cite the case
of the Norse who first entered Iceland in about 875 CE. Vegetation covered about 65% of the
island then, but the cover dropped to 25%, of which forest cover shrank to 1% of its original
extent. The authors report that the decline in biodiversity was caused by deforestation and
overgrazing, mainly by sheep. More than half the island’s soil had experienced considerable to
severe erosion.

24 The present section is an elaboration of Section 5 of Dasgupta, Mitra and Sorger (2019), which contains a formal model of the
socio-ecological processes identified by Diamond in his study of the success and failure of organic economies.
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Greenland Norse communities disappeared in the 15" century, during a period known as the
Little Ice Age. Recent findings show that the communities were fishermen, and also hunted seals
and walrus tusks (Kintisch, 2016). Tusks were exported to the Continent. Over time, harvesting
costs increased, as severe storms over the sea occurred more frequently with a climate that had
become colder. The economic downturn in the Continent during the Little Ice Age also led to a
decline in the demand for tusks; the export price of tusks fell. The Norse experienced a fall in the
standard of living, below tolerable levels. The prevailing population size proved to be unviable
under the new climatic conditions.

As illustration of past societal successes and failures, it is useful to contrast the fate of the
Norse people with the Mayas, who emerged in Meso-America round 3,000 years ago. The
Classic Period of the Mayas was 250-900 CE. It saw widespread growth of infrastructure
including reservoirs and agricultural fields, which together can be called ‘landscape capital’.?®
This produced intensive, polyculture farming systems, water management systems, terraces,
wetland fields and extensive forest garden systems.2® Their construction boosted output while
conserving soil. Some terraced systems are thought to have been adaptations to eroded or
depleted landscapes from earlier periods, for some terraces were perched on slopes above
depressions containing sediments derived from previous earth-slope erosion, and some others
were built on bare bedrock, with soils formed behind the walls only since the Mayas built them.
Evidence suggests that the wetland fields were constructed on what had previously been dryland
agricultural fields, as the water table rose on account of sea level rise. This was the kind of
societal adaptation to changing circumstances that had excited Boserup. But a combination of
drought and warfare in what is now known as the Terminal Classic period of the 9™ century CE
led to an inability of the Mayas to maintain their landscape capital even as it led to soil erosion
and the eventual demise of their civilisation.

Loss at war can destroy a civilisation rapidly, in contrast to ecological decline which takes place
gradually until a tipping point is reached (Chapter 3). The very fact that societies had allowed
their socio-ecological system to come near a tipping point tells us that they probably could not
read the signs of their impending collapse until perhaps it was too late. Paleo-ecologists have
an advantage. They can read the archaeological record to uncover a society’s doings over an
extended period of time, long before they collapsed.

0.4 Understanding Humanity’s Contemporary Overshoot

Inevitably, paleo-ecologists study societies that had tight geographical boundaries. A community
that failed because of population overshoot or bad resource-management practices no doubt
destroyed their natural resource base, but it was their local resource base they destroyed,;
societies until modern times were incapable of affecting the Earth System as a whole. Matters
are different today. The human presence is so dominant that the Earth System is no longer as
modular as it was until recently. Disturbance in one location today gets transmitted to other
parts in short order. Movements of people and trade in goods have created a transmission
mechanism with a long and quick reach. The mechanism’s medium has, however, remained
the same: Nature is mobile. We weaken the Antarctica ice sheet without ever going there;
phosphorus discharge from farms in Minnesota contributes to a deadening of the Gulf of
Mexico; emissions of soot from kitchens in the Indian sub-continent affect the circulation
patterns of the monsoons; the Green Revolution’s demand for water, fertilisers and pesticides

5 This account of the Mayans is taken from Beach, Luzzadder-Beach and Dunning (2019).

26 Beach et al. (2019) have unearthed further evidence from below contemporary forest canopies of the extensive construction of
wetland fields for their food production.
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pollute the rivers and ground waters of the Indo-Gangetic Plain; fish in the North Sea eat
microplastic originating in markets in the Bahamas; and so on.?’

Much of Nature and the processes governing it are also silent and invisible (Chapters 2 and 4).
The three pervasive features — mobility, silence and invisibility — make it impossible for markets to
record adequately the use we make of Nature’s goods and services (Figure 0.3). That inadequacy
extends naturally to the goods and services we produce. There is thus an inevitable wedge
between the market prices of goods and services and their social scarcity values. This has far-
reaching implications for our conception of our place in Nature. Low market prices for Nature’s
goods and services (we will discover that many come with a negative price tag) has encouraged
us to regard ourselves as being external to Nature.

Figure 0.3 Nature's Properties

SILENT

INVISIBLE

MOBILE

The biosphere (Nature and the biosphere are used interchangeably in the Review) is the part of
Earth that is occupied by living organisms (Chapter 2). It pays to let our imagination roam and
imagine the biosphere as a self-regenerative asset, a gigantic version of forests and fisheries.

But there is a difference. We are a part of the biosphere; we are not external to it. What we

take from our neighbourhood over a period of time and put back in is known as our ecological
footprint. It is also known as our impact (Ehrlich and Holdren, 1971). We may even borrow from
the economist’s language and call our impact our ‘demand’.

Humanity's impact does not have to equal the biosphere’s regenerative rate. That is because
the difference would automatically be accommodated by a change in the biosphere’s stock
(S). A world rich in a healthy biosphere could, on utilitarian grounds, choose to draw down
the biosphere and use the goods and services it supplies so as to accumulate produced capital
(roads, buildings, machines, ports) and human capital (health, education, aptitude). That is
what economic development has come to mean among many people (Chapters 1 and 4). But
that view and the practices the view has encouraged have meant that in recent decades our
global impact on the biosphere has exceeded the biosphere’s regenerative rate. That is the
Anthropocene. As a result, the biosphere has been, and is increasingly being, drawn down.

In our figurative way of speaking, the biosphere has shrunk. But that has meant a decline in

27 A new species of crustacean, discovered deep in the Marina Trench in 2014, has been appropriately named Eurythenes plasticus
for the contents of its stomach (reported in The New Yorker, 2020, May 18, p.15).
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the biosphere’s regenerative rate, which in its turn has meant an increase in the gap between
demand and supply.

Contemporary models of long-run economic possibilities envisage that scientific and
technological progress can be relied upon to sustain an ever-increasing growth in global output
of final goods and services. That requires us to imagine that, in the long run, we can break free
of the biosphere when investing in further scientific and technological progress (Chapters 4

and 4*). And that is the sense in which contemporary economic thinking on sustainable
development assumes humanity to be external to Nature. The Review concludes instead that the
global output of goods and services is inevitably bounded.

We should therefore ask whether the biosphere could support on a sustainable basis a global
population of between 9.4 and 12.7 billion, which is the error bar round the UN Population
Division’s population median projection of 10.9 billion for year 2100 (UNPD, 2019b) at the
material standard of living we are encouraged to seek. In effect we are asked in contemporary
growth and development economics and the economics of climate change to imagine that
the population numbers being projected today will be able to enjoy, at the very least, the
current global living standard, even while making smaller demands on the biosphere than we
do currently. No study in the economics of technological change has explored whether that is
possible, let alone the question of what lifestyles that would involve. As of now we should be
more than circumspect that the scenario is plausible, because at least as grave a danger facing
humanity as global climate change is the unprecedented rate of loss in biological diversity now
taking place (Chapter 4).

Largely as a result of human activities, species are becoming extinct much more rapidly than in
the past. As currently calculated, extinction rates are judged to be 100 to 1,000 times higher
than their background rate over the past tens of millions of years (0.1-1 per million species
per year) and are continuing to rise (Chapter 4). Continued species extinctions will damage
the biosphere irreparably, involving unknown numbers of tipping points, which should tell us
that potential cascades cannot be staved off by mere technological fixes (Chapter 3). Politics
has intervened to prevent even the relatively small global investment that economic experts
only a few years ago suggested was required to contain climate change. So we should expect
the problem of biological extinctions to remain off the table, at least until citizens take the
matter seriously.?®

In any event, talking in percentage terms when pointing to reductions in our demand for the
biosphere’s goods and services through technological progress, as people often do, can be
misleading. The Earth’s life support system does not calculate percentage changes; it responds
at each instant to the absolute demands we make of it. That will be the message of Chapters 2,
3, 4 and 4*. If, as is nearly certain, our global demand continues to increase for several decades
(Chapter 16), the biosphere is likely to be damaged sufficiently to make future economic
prospects a lot dimmer than we like to imagine today. What intellectuals have interpreted as
economic success over the past 70 years may thus have been a down payment for future failure.
It would look as though we are living at the best of times and the worst of times.

The Review (Chapter 4) calls the excess of impact (/) over the biosphere’s regenerative rate (G),
the Impact Inequality.?® | is in turn decomposed into three factors: human population numbers,
global GDP per person, and the efficiency with which we convert the biosphere’s goods and

28 The really hard problem in the political economy of global climate change involves using the latter’s special features to frame
the way we should explore the prospects for international agreements. Barrett (2003), Barrett and Stavins (2003), Barrett and
Dannenberg (2012), Barrett and Dannenberg (2014a) and Barrett and Dannenberg (2014b) are incisive analytical and empirical
studies on this.

29 Barrett et al. (2020) introduced the Impact Inequality so as to understand the socio-ecological processes that are shaping the
Anthropocene. The Review builds on their analysis to construct the economics of biodiversity.
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services into GDP.3? The efficiency factor reflects not only technology but also institutions.
Moreover, the factors are not independent of one another. The remainder of the Review probes
into the drivers of the three factors. Our inquiry points to the types of international and national
policies that would help to convert the Impact Inequality into an Impact Equality; that is, to
bring about balance between / and G at a healthy stock (S) of the biosphere. That, the Review
argues, is what sustainable development should be taken to mean.

There is a risk that the Impact Inequality and the decomposition of the impact we have chosen
to work with will be read as a piece of Malthusian arithmetic. In fact, there is a risk that any
study of the overshoot in the global demand for the biosphere’s goods and services that
includes population as a factor is read as a Malthusian tract. But that would be to misread the
Review entirely. The Review applies the tools of modern economics to study the workings of

the socio-ecological world as they are currently understood. In the process, the Review tries

to explain how individual and group actions over the years have led globally to the Impact
Inequality. It reads the source of the Impact Inequality in the Anthropocene as analogous to
each of a crowd of people trying to keep balance on a hanging bridge, with a risk of bringing it
crashing down. The Review then identifies the options humanity has for reversing the sign of the
Impact Inequality.

The choices are hard, they involve a lot more than a tax here and a set of regulations there.
Unlike the economics of climate change, at least as it is currently presented, the economics

of biodiversity we construct in this Review requires not only national and intergovernmental
engagement, but engagement by communities and civil societies throughout the world.

The economics we construct here is neither entirely top-down nor entirely bottom up; it is
also lateral. It advocates institutions that encourage information and directives to flow in every
direction. Above all, it calls for changes in our sensibilities, because the silence and invisibility
of Nature make it utterly vulnerable to our activities, which neither communities nor states can
wholly address. Those changes can be realised only when our sensibilities toward Nature are
acquired from the earliest stages of our lives. And that is all the more reason we citizens need to
attend to them.

30 The decomposition of / follows Ehrlich and Holdren (1971).
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Chapter 1
Nature as an Asset

Introduction

We are all asset managers. Whether as farmers or fishermen, hunters or gatherers, foresters or
miners, households or companies, governments or communities, we manage the assets we have
access to in line with our motivations, as best as we can. This Review pays close attention to a
class of assets we call Nature and studies it in relation to the many other assets in our portfolios.

It is commonly accepted that growing urbanisation accompanying economic growth has created
a distance between people and the natural world. There is evidence of that (Chapter 11). Rural
communities in low income countries are a lot closer to Nature than are urban households in
high income countries. Daily engagements in rural Africa require goods and services extracted
from the local landscape, in contrast to the daily lives in urban Scandinavia, where people
depend equally on and extract more from Nature, but do so at several steps removed, often
drawing on natural resources from distant parts of the world. Households in villages in Niger,
in contrast to households in towns in Germany, may not have water on tap to drink, wash
and cook with, nor access to electricity. One measure of resource degradation facing rural
communities in poorer regions is the increased time needed for daily household production
(Box 1.1). But exit is not an option, for neighbouring villages also face increasing resource
scarcity and out of necessity are not welcoming.

In contrast, degradation of nature in distant lands has little to no bite on the lives of people
in high income countries, for there are alternative sources of supply from other parts of the
world, at least for now. Pendrill et al. (2019) for example have estimated that about one-sixth
of the carbon footprint of the average diet in the European Union can be linked directly to
deforestation in tropical countries.

As this is a global Review, we will often speak of the demands humanity makes on Nature.

But much of the time we will peer closely at smaller economic units. Differences in the way
communities are able to live tell us that people do not experience increasing resource scarcity
in the same way. Food, potable water, clothing, a roof over one’s head, clean air, a sense of
belonging, participating with others in one’s community and a reason for hope are no doubt
universal needs, but the emphasis people place on the goods and services natural assets supply
differs widely. To farmers in South Asia and sub-Saharan Africa it would be declining sources
of water and increasing variability in rainfall in the foreground of global climate change; to
indigenous populations in Amazonia it would be eviction not just from their physical home,
but also from their spiritual home; to inhabitants of shanty towns everywhere the worry would
be the infections they are subjected to from open sewers; to hunter-gatherers in the African
grasslands it would be their shrinking resource base; to the suburban household in the UK it
may be the absence of bees and butterflies in their garden; to residents of mega-cities it would
be the poisonous air they breathe; to the multi-national company it could be the worry about
supply chains as disruptions to the biosphere makes old sources of primary products unreliable
and investments generally more risky; and to governments everywhere it would be the call
from citizens, including children, to stem global climate change. Degradation of Nature is not
experienced in the same way by everyone.

1.0 Portfolio Management

Nevertheless, their varied experiences have a feature in common: each of the actors — or agents,
as we may call them —is responding to an asset management problem. Which is why it has
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become customary among economists to refer to natural resources generically as natural capital.
It is convenient (even natural) to create a two-way classification of natural capital in terms of
whether the assets are renewable such as fisheries (we will use the term “self-regenerative’) or
non-renewable (fossil fuels, minerals). As this is a review of the economics of biodiversity, we
pay attention almost entirely to living systems, which are self-regenerative unless they have been
degraded beyond repair.*’

Biodiversity means the diversity of life. In Chapter 2, it is shown that biodiversity resembles
diversity in the portfolios held by manufacturers and financial companies, and that it does so in
two ways. First, biodiversity is akin to the complementarities among inputs in factory production,
meaning that all inputs are significant in production. Second, biodiversity plays the same role

in natural capital as diversity does in financial portfolios: it reduces variability (uncertainty) in
yield. For many people the diversity of life has value independent of human wants and needs,
but we will find that it pays to build the study of biodiversity’s value from an anthropocentric
perspective and then add non-anthropocentric perspectives to give further urgency to repairing
our relationship with Nature (see Chapter 12). We will confirm, however, that by biodiversity we
should not mean a headcount of species — the concept is a lot richer.

By the ‘agents’ facing asset management problems we do not simply mean individuals.

The agent could be a person, household, village, company, the state, a nation or even an
international body whose management strategies are reached on the basis of their respective
decision-making processes (personal welfare, respect for tradition, bargaining, majority vote,
rank order rule, the sway of their Chair and so on). The coin with which the agent chooses her
portfolio or commends a portfolio to others depends on her role in the decision-making process.
In the local garden centre, she values goods in terms of her personal needs, the quoted prices
and her budget; as member of the local council, she would be expected to value maintenance
expenditure on the village common in terms of the welfare of the local community; as civil
servant, she would be charged, when comparing a wetland reclamation scheme to a highway
construction project, to evaluate the options on the basis of a conception of the common

good, or more broadly social well-being (Chapters 10-13). It could be that the agent chooses
(or recommends) portfolios in a well-functioning economy; it could be that she faces an asset
management problem in a society in turmoil; or it could be that she operates in one of the many
societies that lie in between. But no matter where and no matter what the context happens

to be, she would wish to allocate assets so as to achieve a portfolio that is best under the
circumstances. The account we offer below covers all agents — from the individual household, to
the corporate fund manager, to the government decision-maker.

Box 1.1
Managing Assets as Daily Chores

Some 65-75% of people in the world’s poorest regions are rural (World Bank, 2020a and

). In semi-arid regions of South Asia rural households have been found to spend four to
five hours a day collecting water from water holes, gathering firewood, and picking fruit,
berries and medicinal herbs from the local vegetation (Cain, 1977). The cooking area in the
family hut among the rural poor is organised as what economists call a ‘vertically integrated
industry’. Daily work there requires women to work from raw materials. There are no pre-
cooked meals on offer, nor even processed ingredients. Food preparation can take up to five

3! Throughout, we will use Nature, the natural world, the biosphere, natural resources, and natural capital interchangeably. The
context will, we hope, make clear which aspect of Nature we are emphasising.
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to six hours a day. Rural women in Bangladesh, for example, have been found to spend 50-
55% of their day cooking (Chowdhury et al. 2011).32

Mention agricultural land, threshing grounds, grazing fields, village tanks and ponds,
woodlands and forests, rivers and streams, coastal fisheries, mangroves, or coral reefs, and
the importance of the local natural resource base becomes self-evident. Details differ across
regions, but such tasks as collecting water, gathering fuel and minding domestic animals are
often the responsibility of children. Children have been found to work from as young as six
years old. Material needed for repairing homes is prepared using such resources as timber,
straw, stone and mud, which are collected locally. Herbs from plants in the vicinity serve to
contain illness. It is not that rural households in low income countries do not exchange goods
in the market; it is more that, unlike households in high income countries, they produce
much of their daily requirements in the home. In fact, the local ecosystem offers more to the
household. Pattanayak and Sills (2001) have provided quantitative evidence of the importance
of non-timber products as a buffer against agricultural shocks in the Brazilian rainforests.
Preserving the local resource base has the features of purchasing insurance against hard
times. Village life in the world’s poorest countries continues to be experienced in what the
historical demographer Tony Wrigley (2004) has called ‘organic economies’. To exclude the
local natural resource base when studying the lives of the world’s rural poor is not to know
how the poor live.?* Chapters 8 and 14 provide more on this.

The term asset has an evaluative hint to it — we say, for example, that our children are our
greatest assets. Assets are desired or are recognised to be desirable. The asset manager places

a positive value to them. A recurring societal problem we point to in the chapters that follow is
that no matter who she is and no matter where she resides, many types of natural capital and
the services they provide come free to her. But a free good does not appear to a person as scarce
any more than sunlight. She could of course extract or harvest those resources for immediate
use, or even store them for later use, but they do not appear to her as limited in quantity. The
demands she makes are limited only by the extraction and harvesting costs that she has to bear,
she is not required to pay for the resources.** That, as we will see, has profound consequences.
We will also confirm (Chapter 8 and Annex 8.1) that matters have been made even worse by
governments subsidising the use of what were previously free goods. If we include government
subsidies, the previously free goods have a negative price.

Such institutional imperfections create a gap between the prices we face for the goods and
services we produce and consume, and the social worth of those same goods and services
(Chapters 7-9). That creates a tension between our motivations in private life and our hopes
and aspirations as citizens. We realise that market prices of Nature’s goods and services often
do not reflect their social worth, and we understand that the criteria we use to manage our
personal assets differ from the criteria that we as citizens would want to use. The Review studies
this tension and tries to uncover ways in which private incentives can be brought into alignment
with public aspirations.

Assets are durable objects, producing streams of services. Durability does not mean everlasting.
Durable goods depreciate (machines suffer from wear and tear, plants wither, skills are lost

32 In an account of daily life of village people in a micro-watershed in the central Himalayas in India, the Centre for Science and
Environment (1990) recorded that of the total number of hours worked in a day, 30% was devoted to cultivation, 20% to fodder
collection and about 25% was spread evenly between fuel collection, animal care and grazing. Some 20% of time was spent on
household chores, of which cooking took up the greatest portion, and the remaining 5% was involved in other activities, such as
marketing.

3 For a book-length account of the place of the local natural resource base in rural life, see Dasgupta (1993). For pioneering studies
on the embeddedness of life in the organic economy that is rural India, see Jodha (2001). Tallis et al. (2011) is a fine essay on rural
poverty as seen through the reliance of the poor on the goods and services available to them from their immediate landscape.

34 A formal demonstration of this feature of our use of natural resources is set out in Dasgupta, Mitra and Sorger (2019).
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through neglect, indigenous knowledge disappears, people die), but unlike services they do not
disappear instantly. Assets acquire their value from the services they provide over their remaining
life. A refrigerator preserves food products by keeping them cold. It provides that service until it
breaks down beyond repair. The refrigerator’s worth is a measure of the benefits it provides over
its remaining life. An asset’s future performance is built into it today.*

1.1 Classification of Capital Goods

It is tempting to call all assets capital goods. This term has proved to be so attractive that it now
stretches to include public knowledge (‘knowledge capital’); the law, the market system, and
financial institutions (‘institutional capital’); mutual trust and solidarity (‘social capital’); culture
and norms of behaviour (‘cultural capital’); and even religion (‘religious capital’). Economists
have been a lot more reticent; they confine the use of the term to assets that are measurable.

In the past, economists used to reserve the term ‘capital goods’ even more stringently than
they do now, for they only included assets that are material (tangible) and alienable (i.e. whose
ownership is transferable). Roads, buildings, machines and ports are ready examples. As patents
held by a firm are part of the firm’s asset base, they appear in its balance sheet. So intangible
and alienable assets are included on the list of capital goods. Taken together, they are called
produced capital.

The range of capital goods in the economist’s lexicon has broadened over the years to include
intangible and non-alienable assets such as health, education and skills, which, taken together
form human capital. Economists include human capital as a category of capital goods because
they have discovered ways to measure its value, not only to the individuals who acquire it, but
also to society at large.

In the past decades, economists have developed methods for measuring the value individuals
place on natural resources, so we now have a third category of capital goods: natural capital.
The methods can be involved, for natural capital ranges over plants (tangible and alienable),
pollinators (tangible and often non-alienable), the view from one’s sea-front home (intangible
and alienable) and the global climate (intangible and non-alienable). Interactions among
produced, human and natural capital are depicted in Figure 1.1.

As this Review studies reasons for the growing disparity between private incentives and public
aspirations, we pay particular attention to the wedge between market prices of capital goods,
especially natural capital, and what we may call their social scarcity values, known as accounting
prices or ‘shadow prices’ (Figure 1.2). By a capital good's accounting price, we mean the
contribution an additional unit of it would make to the flow of social benefits (Chapter 10).
Accounting prices reflect an accommodation between the socially desirable and the socio-
ecologically possible. There are cases where market prices approximate accounting prices, but
for reasons we explore in the Review (Chapter 7), many kinds of natural capital simply do not
have markets. They are free to the user. So special methods have to be devised for estimating
accounting prices (Box 1.2). Moreover, measurement problems are also rife in estimating the
stock of many kinds of natural capital (even the number of species today is thought to lie in a
wide range of between 8 and 20 million, possibly more), but it is far better to work with rough
and ready figures than to ignore whole swathes of capital goods by pretending they do not
exist. Unfortunately, the macroeconomic growth and development theories that have shaped
our beliefs about economic possibilities and our understanding of the progress and regress of
nations do not recognise humanity’s dependence on Nature. One purpose of this Review is to
correct that mistake.®

35 Pollution can last as well, but as we confirm in Chapter 2, pollutants can be viewed as assets with a negative value.

3 Prominent representations of modern growth and development economics are Aghion and Howitt (1998), Barro and Sala-i-Martin
(2003), Helpman (2004), Acemoglu (2008), and Galor (2011). The absence of Nature is also prominent in the models that inform
government finance ministries and central banks. Chapter 4* contains a contrasting model of global economic possibilities.
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Figure 1.1 Interaction Between the Capitals
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Box 1.2
Valuing Nature's Stocks

Estimating natural resource stocks is difficult (Annexes 2.2 and 2.3 and Chapters 12-13).
Aerial surveys provide information about forest cover and soil quality, and sonar technologies
further enable fishing companies to estimate fish stocks in the oceans. But as they generate
aggregate figures, important details are missed.?” Economists have worked less on ways to
measure stocks of natural capital (it has been the object of interest among environmental
scientists) and more on ways to measure the benefits we derive from them (Chapter 12).
The latter also poses problems, because many forms of natural capital are free, meaning
there are no market prices that could be used as proxy. The benefits we derive from natural
resources can be direct (e.g. the pleasure of a walk in the park) or they can be indirect, often
several steps removed from experience (e.g. filtration of water by wetlands, or the natural
regeneration of soil). Valuation exercises on natural resources that are of direct benefit now
form a rich, informative literature.®® The exercises frequently involve asking people in subtly
devised questionnaires to disclose the value they place on those benefits (Chapter 12).
Valuation exercises on natural resources that are of indirect benefit (i.e. they are factors in
the production of goods and services that are of direct benefit) require an understanding
not only of the processes that regenerate them but also their role as factors of production
(Chapters 12-13%).

1.2 Rates of Return and Arbitrage Conditions

Of central importance to asset management is the concept of yield on investment (also known
as an own rate of return). Formally, the yield on investment in a capital good is the increase

in its size that can be expected tomorrow if a unit more of it were added to a portfolio today.
The additional unit today is the investment in question. An example would be the additional
biomass of a fishery less a unit that would be expected tomorrow if the biomass in the fishery
were increased by a unit today. A further example would be the increase in a tree’s biomass per
unit of biomass if we waited a while. Waiting suggests that an asset'’s yield is the growth one
obtains from investing in it.

The yield on investment in produced capital is its marginal product. But these contrasting
examples suggest that investment has a wider meaning than electric drills and workers in
hard hats applying tarmac to a road. Investment can be passive. If restoration of a wetland is
investment, then so is conservation: investment can mean simply waiting.*°

Yield is a pure number of per unit of time. Its dimension is therefore the inverse of time (i.e.
time™'). An example is the return the UK government offers, which has historically averaged
approximately 4% (or 0.04) a year, for its long-term bonds (Thomas and Dimsdale, 2017).4°
So 4% a year is the yield.

When comparing assets in a portfolio, however, own rates of return are not enough. Unless

the economy is in a stationary state, assets’ relative prices can be expected to change over time.
To illustrate, suppose a household values assets in pounds sterling. The rate of return on an asset
(as opposed to the asset’s own rate of return) is its yield plus the capital gains it enjoys over a
unit of time. Portfolio management requires that the household chooses a portfolio with the

37 See the lively interchange between Zhang et al. (2020) and Feng et al. (2020) on estimates of the size of water bodies in China.
3 Freeman (2003) and Haque, Murty, and Shyamsundar (2011) are prominent publications.

39 Solow (1963) reinstated the place of own rates of return in the economics of growth and distribution. His analysis, which is what
we follow here, covered investment in both its active and passive senses.

40 More recently, this has been closer to 1% (Bank of England, 2020).

40 The Economics of Biodiversity: The Dasgupta Review



Chapter 1: Nature as an Asset

maximum value among all the portfolios that are available to it. Of course, yields would typically
be uncertain, as would future prices. Value maximisation would reflect the uncertainty and the
household’s attitude toward risk and uncertainty (Chapter 5).

The portfolio decisions individual households make do not influence rates of return in the
economy: they are negligible in size. So, the prices and risks the individual household faces

are exogenous to it. At the other extreme are agents serving government, whose choices over
macroeconomic policies influence yields and the future accounting prices of goods and services.
As elsewhere in macroeconomics, there is circularity here: government policies influence yields
and accounting prices, even while, as portfolio managers, governments are required to choose
policy on the basis of yields and (accounting) prices. These mutual influences come together
when the choices made are optimal. Good governance exploits the circularity (Chapters 7, 13).

An asset that has a lower rate of return than another will not be chosen. A portfolio is the best
for the agent only if the assets in it have the same rate of return. Rules governing portfolio
selection are summarised in arbitrage conditions (Box 1.3). But people differ in the way they
read the world; they differ in their attitudes to risk and uncertainty; and they differ by way of the
opportunities open to them. That is why not everyone chooses to hold the same portfolio. The
value of an agent’s portfolio to her is her wealth.

However, even the arbitrage conditions are not sufficient for the task facing an asset manager.
The conditions tell her how to choose the right mix of assets to hold in her portfolio, but they
do not say what she should do with the returns. They do not say what proportion of returns
she could justifiably put aside for consumption and how the remainder should be allocated so
as to add to her portfolio. The study of optimal mixes of consumption and investments leads

us to discuss ideas underlying well-being across time and the generations (Chapters 10-13).

We confirm that optimum programmes of consumption and investment necessarily satisfy the
arbitrage conditions, and that they also necessarily satisfy a further set of arbitrage conditions
involving the agent’s valuation of the present in comparison to the future. Those considerations
are summarised in ethical objects such as ‘social discount rates’ (Chapter 10). The Review studies
reasons behind humanity’s failure to manage our portfolios well and explores ways in which we
could shift direction. The concept of inclusive wealth is crucial for the exercise (Chapter 13).

Box 1.3
Arbitrage Conditions

An individual in a deterministic world is considering whether to place £500,000 in an
investment bank that offers an annual 5% yield or whether to purchase an apartment at
that price and rent it at the going market rate of £15,000 a year. Under the first option

the person’s wealth in a year’s time would be £525,000, which would seemingly trump

the second option but for the capital gains she may enjoy in a year’s time from owning the
apartment. Imagine that the capital gains were £10,000. Then the return she would enjoy
from the apartment would be £25,000 (£15,000 rental income + £10,000 capital gains).
Because 25,000/500,000 = 5%, the person would be indifferent between the two options.
That is a requirement of an efficient capital market. If capital gains on her apartment were to
be either less or more, the two markets would be in imbalance. If it were less, she and others
in her situation would place their funds in the bank; if it were more, they would purchase
apartments and avoid the bank. For both markets in the example to exist, rates of return

on the two assets must be equal. That equality is the arbitrage condition in the example.

The condition identifies a process in which investors arbitrage their portfolios in such a way
that at the margin they are indifferent as to the mix of the assets they hold in their portfolio.
If asset markets were functioning well, their prices would adjust so as to equalise the rates
of return.
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To add to the example, suppose the same £500,000 could buy an agent a tract of timberland
and that sales of timber would generate £20,000 in net profit to him over a year. The agent
would be indifferent between purchasing the tract and investing in the government bond if
the market value of the tract were to increase by £5,000 over the year, because the rate of
return from the forest would then be 5%. That is another example of arbitrage conditions.

To study arbitrage conditions in a formal way, we continue for simplicity to consider a market
economy in a deterministic world. Let us choose an asset that is to serve as the unit of
account. That is the numeraire. The price of a unit of our numeraire is therefore 1.

We imagine that time is continuous. It is denoted by t. Let the yield on the numeraire be r(t).
Let p,(t) be the price of asset / at t. If r(t) is the yield on / at t, then for the two assets to be
equally attractive to the agent, the arbitrage condition reads

r(t) = r(t) + [dp(t)/dtl/pt) (B1.1)

The second term on the right-hand side of equation (B1.1) is the percentage rate of change
in p(t). That is capital gains in asset / (it could of course be losses, in which case the sign of
the term is negative). Repeated use of equation (B1.1) tells us that for any pair of assets / and
J in the agent’s portfolio, it must be that

r(t) + [dp@/dtlo o) = r(e) + [dp,)dtl/p ) (81.2)

Define the price of asset j relative to the price of asset / as p;. Then equation (B1.2) can be
expressed as

r(t) + [dp,(e/dtlp,0) = r(®) (81.3)
Equation (B1.3) is a formalisation of the numerical examples with which we started.

Because economies suffer from distortions, asset holders do not all face the same prices.
That means even if each agent were to allocate the assets at her command efficiently, the
economy in the aggregate would be inefficient. Environmental externalities are a prime

cause behind economy-wide inefficiencies (Chapters 7-8). Cases of particular interest are
assets that are open to all to use as each sees fit, free of charge. They are known as ‘open
access' resources. The atmosphere as a sink for our carbon emissions is the most well-known
example. Marine fisheries are another. The classic ‘tragedy of the commons’ speaks to them
(Hardin, 1968). In those cases, equation (B1.1) does not hold, because being free (p; = 0),
open access assets appear to each individual as unlimited in size. The only thing that prevents
people from drawing on them at an infinite rate are harvesting and extraction costs.

Public bodies, whose remit would not be the same as that of private investors, would also
want to choose their portfolios efficiently. They too would seek to choose their portfolios

so as to satisfy the arbitrage conditions. But unlike the agents in the examples we have just
studied, the prices they would use would be accounting prices. The enormous literature

on valuation of environmental resources alluded to in the text is about ways to estimate
accounting prices (Chapter 12). Equations (B1.1)-(B1.2) have been derived for a deterministic
world. Investors typically add discounts on assets to correct for risk and uncertainty in their
returns. These issues are discussed in Chapter 5.

1.3 Public Asset Management and the Wealth/Well-Being
Equivalence Theorem

We have identified three categories of assets that can be called capital goods: produced capital,
human capital and natural capital. The sum of the accounting values of a society’s capital

goods is known as inclusive wealth, the qualifier signalling that by wealth we mean not only the
accounting price of produced capital and human capital, but also of natural capital. The Review
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explains why inclusive wealth should be the coin with which citizens would wish to evaluate
economic change — but it will take us all of 12 chapters to get there. In Chapter 13 we show by
way of what may be called the wealth/well-being equivalence theorem, that social well-being

is maximised if and only if inclusive wealth is maximised. Accounting prices provide the link
between wealth and well-being, which is why the theorem is valid no matter which conception
of well-being is adopted by the portfolio manager. The theorem will bring us back full circle to
where we began, that the task of asset managers is to maximise the value of their portfolios,
and that inclusive wealth is the social value of an economy’s portfolio of capital goods. In ideal
circumstances the market value of a portfolio would equal its accounting value, but for reasons
the Review unravels, that ideal cannot be reached. Private incentives and social imperatives
inevitably differ, so a government’s task is to put into practice policies that bring the two into
alignment as close as possible.

The equivalence theorem is fundamental for economic evaluation. To see why, consider the
demand citizens could make of their government that it should only select policies that advance
the quality of their lives. The problem is that the demand does not offer guidance on what
should be selected. Even if restoring a degraded woodland advances the quality of life, there
would be contending projects, each with its own characteristics. Moreover, the same resource
may be an input in alternative projects. There would also be projects that may not appear to

be life-affirming but would contribute to their quality of life indirectly. As always, there are
alternative ways to allocate goods and services, each with its own set of likely consequences.
And goods and services do not come marked with ‘quality of life" stamps. Accounting prices are
the necessary stamps. The equivalence theorem says using inclusive wealth to evaluate society’s
options is in line with the requirement that its portfolio reflects societal ends, no matter what
the ends happen to be. And because it is an equivalence theorem, we know there can be no
measure other than inclusive wealth that can serve the purpose.

What about all those assets that are not on our list of capital goods? Quantifying such assets as
public knowledge, institutions and mutual trust raises insuperable difficulties. Try, for example,
to estimate the accounting price of differential calculus, or good governance, or the extent

of trust among citizens, and the stumbling block becomes apparent. So we create a separate
category named enabling assets, for they help societies to allocate capital goods. We will find
(Chapter 12) that the value of enabling assets is reflected in the accounting prices of capital
goods. A classroom in a society at peace can function in ways it cannot in a country at civil

war. That alone means its accounting price is not the same in the two contexts. A society could
raise its inclusive wealth and thereby social well-being simply by improving its institutions

and practices.*’

Biodiversity is a characteristic of natural capital, as diversity of aspirations, talents and drives

are features of human capital. In Chapter 2, we review a literature that has found biodiversity
to be a factor influencing the productivity of natural capital, or more concretely, ecosystems.
Biodiversity is an enabling asset. Which is why environmental and resource economists estimate
the accounting prices of items of natural capital — for example ecosystems — not biodiversity.
The value of biodiversity is embedded in the accounting prices of natural capital.

1.4 Two Types of Comparison

Portfolio management involves making two types of comparisons. We illustrate them by
considering public decision-makers.

41 The partitioning of a society’s durable entities into capital goods and enabling assets was proposed in Dasgupta and Maler (2000),
who also stated and proved the equivalence between societal well-being and inclusive wealth in a general setting. The equivalence
result was extended by Arrow, Dasgupta and Maler (2003a,b). Chapter 13 contains a detailed account. The term ‘inclusive wealth’
was introduced in UNU-IHDP and UNEP (2012, 2014). Arrow et al. (2012) used the term ‘comprehensive wealth’.
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One type of evaluation involves evaluating the change to a portfolio brought about by a
decision at a point in time, the hallmark of policy analysis. An example would be to evaluate a
proposal to change the government’s tax schedule (Meade (Report), 1978; Mirrlees (Review),
2011). Evaluation is necessary because the government would not otherwise know whether

the proposed change is desirable. A particular type of policy evaluation is cost-benefit analysis,
or project evaluation, which offers a methodology for evaluating investment projects. The
exercise involves evaluating alternative uses to which capital goods and their yields can be put —
for example, judging how much of the yield should be consumed and how much should be
reinvested, and in what form. The word ‘social’ is added to the term ‘cost-benefit analysis’, as in
social cost-benefit analysis, when the agent chooses on behalf of a public body.*

Another type of comparison involves valuing the change a portfolio displays over time. This is
the hallmark of sustainability assessment, which responds to such questions as, is our country
more prosperous today than it was a year ago? There is no presumption that by prosperity
the person asking the question is looking for GDP figures (there are in fact very good reasons
why he should not do so); it is more likely that prosperity is taken by him to mean the quality
of life, possibly even well-being (Chapters 10-11). However, during the year in question there
could have been an accumulation of produced capital and human capital and a decumulation
of natural capital. That is the experience of most countries in recent years (Managi and Kumar,
2018). The problem then is to weigh the changes in the asset structure so as to judge whether
well-being today and projected well-being in the future is greater now than it was previously.
The exercise involves inferring the extent to which one’s ‘ends’ have been met from changes in
the ‘means’ to those ends.

There is a third type of comparison, which is related to the above two but differs from them

in important ways. It involves comparisons of the state of affairs in different economies.

For "'economy’ we could, for example, read ‘country’. We may then ask whether country A

is more prosperous than country B. At the formal level, the question falls under the domain

of sustainability assessment. The difference is that it involves cross-country comparisons at a
moment in time rather than comparisons of the state of affairs in one country across time.
Neither involves policy choice. But problems arise in making such comparisons because political
cultures differ across countries. The use of a common metric is questionable. The current
practice among international agencies such as the World Bank is to make comparisons in terms
of features that are commonly thought to speak to human dignity, independent of differences in
political cultures. Life expectancy at birth, the maternal mortality rate, literacy and the standard
of living as measured by market prices are commonly used measures. There have been attempts
to aggregate them into a single index — for example, the United Nations’ Human Development
Index (HDI) — but those moves can be questioned because they apply weights to the various
components of the index that are independent of political cultures. Cross-country experiences
can nevertheless be of enormous use to individual countries as they search for policies that bring
about or maintain prosperity. So, although the economics of biodiversity is concerned with all
three types of comparisons, the Review for the main part develops the first two: policy analysis
and sustainability assessment.

But these are two lines of enquiry. The wealth/well-being equivalence theorem shows that,
fortunately, policy analysis and sustainability assessment involve the same considerations: both
require estimating the value of changes to the stocks in our portfolio of capital goods. Because
the value of a portfolio represents inclusive wealth, both policy analysis and sustainability
assessment involve wealth comparisons (Chapter 13).

To illustrate the use of inclusive wealth, imagine someone asks whether the United Nations'
Sustainable Development Goals (SDGs) would be sustainable if attained. Suppose also that

42 Little and Mirrlees (1968, 1974), Arrow and Kurz (1970), and Dasgupta, Marglin, and Sen (1972) developed the theory of social
cost-benefit analysis in imperfect economies.
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a national government produces a plan for attaining the SDGs, which requires accumulating
produced capital and human capital in sufficient amounts while distributing them appropriately.
Meanwhile, however, biodiversity loss and rising mean global temperature are found to be
depreciating natural capital. The government recognises that growth in produced capital and
human capital needs to be balanced against the depreciation of natural capital. The study

of inclusive wealth enables the government to do that. Assessing the progress or regress of
national economies requires one to study movements over time of the inclusive wealth of
nations, not the GDP of nations, nor the HDI of nations. The wealth/well-being equivalence
theorem assures that.*?

Inclusive wealth accounts for a country correspond to the balance sheets of firms. But we
should not expect countries to move from their current systems of national accounts to a
comprehensive system of wealth accounts. Measuring the value of natural capital stocks, not

to mention the quantity and quality of stocks, is notoriously difficult (Annexes 2.2 and 2.3, and
Chapters 12-13). The moves currently being made in individual countries such as the UK and
New Zealand involve the preparation of satellite accounts of sectors such as forests, fisheries and
ground water. They involve estimating accounting prices of their stock. There are countries that
are at a more advanced stage and have satellite accounts in which the value of natural capital is
presented in an aggregate form.*

1.5 The Earth System and Economic Growth

Natural capital is essential for our existence (the air we breathe, the water we drink are
immediate examples); of direct use as consumption goods (fisheries); of indirect use as inputs

in production (timber, fibres); and essential for our emotional well-being (green landscape,
sacred sites). Many have multiple uses (forests, rivers, the oceans). We are embedded in

Nature; we are not external to it. But until relatively recently, influential writers on economic
development saw natural capital only as luxuries. An unnecessary debate took place between
those who expressed environmental concerns in low income countries and those who saw the
need for economic growth there above all else. Well-meaning writers tried to reconcile the two
viewpoints. An editorial in the UK’s Independent (4 December 1999), for example, observed that
“[economic] growth is good for the environment because countries need to put poverty behind
them in order to care,” and a column in The Economist (4 December, 1999: 17) insisted “trade
improves the environment, because it raises incomes, and the richer people are, the more willing
they are to devote resources to cleaning up their living space.”

The origins of this limited view of the place of nature in economic life can be traced to the
World Bank (1992), which reported that in cross-country studies the emission of sulphur oxides
had been found to be related to GDP per head capita in the form of an inverse-U. Emissions
were found to increase with GDP per capita when countries are poor, but to decline with GDP
per capita when countries are rich. Inevitably, the relationship was named the ‘environmental

4 Arrow et al. (2004, 2012), UNU-IHDP and UNEP (2012, 2014) and Managi and Kumar (2018) contain quantitative studies of
movements of the inclusive wealth of nations. The publications covered periods between 1995 and 2010. See Chapter 13 and
Annex 13.1.

4 See Bright, Connors, and Grice (2019) and a literature, published by scholars involved in several ‘natural capital projects’, that
presents estimates of the monetary value of various forms of natural capital, mostly at the national level. They include Kareiva et al.
(2011), Fenichel et al. (2016), Kumar (2010), Natural Capital Committee (2019) and the ongoing work of the UN Statistical Division
as represented by their most recent, 2017, publication. We report on these works in Chapters 12-13.

4 Visions of a prosperous world in which Nature plays no part continues to thrive. Criticising the young climate activist Greta
Thunberg for her speech at the United Nations in September 2019, the economics editor of Sky News wrote in The Times

(27 September, 2019: p. 30): “Eternal economic growth is not a phrase one spits out in derision; it is precisely what we should be
aiming for.”
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Kuznets curve’ in honour of the economist Simon Kuznets, who had observed an inverse-U
relationship between GDP per capita and income inequality (Kuznets, Epstein and Jenks, 1941).46

Emissions of sulphur oxides are unrepresentative of environmental harm. The oxides are

emitted by industry and automobiles and blow away to become someone else’s problem when
emissions cease. But if a company destroys a mangrove forest to make way for shrimp farms, the
protection it had afforded neighbouring villages against storms is lost irretrievably (Chapter 2).
At an extreme is loss of species, which is irreversible.*’

In fact, a piece of natural capital can be a luxury for some even while it is a necessity for others.
Many goods and services that are provided by watersheds are necessities for local inhabitants
(forest dwellers, downstream farmers, fishermen), some are sources of revenue for commercial
firms (timber companies), while others are luxuries for outsiders (eco-tourists). Some benefits
accrue to nationals (agricultural crops), while others spill over across national boundaries
(carbon sequestration). Watersheds offer joint products (protection of biodiversity, flood control,
household goods; Chapters 2, 9-10), but they also offer services that compete against one
another (commercial timber, agricultural land, biodiversity).

Competition among rival services has been a prime force behind the way the biosphere has
been transformed. Moreover, commercial demand frequently trumps local needs, especially
under non-democratic regimes (Chapters 8-9). International public opinion and pressure from
the country’s elite are often tepid. These complex interrelationships have generally been ignored
by growth and development economists (the newspaper quotes above are after all, only two
decades old, the last only some months old). In the event, the economics of biodiversity was left
to be studied by a few groups of economists and ecologists working together.#®

There is a deeper, more general point that lies behind the thought that because there is no
obvious bound on human ingenuity, technological progress and institutional improvements can
enable the global output of final goods and services to grow indefinitely. This is to imagine the
human enterprise as being external to Nature; it is to see humanity dipping into the biosphere
for its goods and services, transforming what is taken for production and consumption, and
depositing the residue back into it as waste. We show that this view allows us to claim that in
due course human ingenuity can enable us to increase global output indefinitely without making

4 See also Cropper and Griffiths (1994) and Grossman and Krueger (1995).

47 See the comments in Arrow et al. (1995) on the environmental Kuznets curve and the responses it elicited in symposia built round
the article, in Ecological Economics, 1995, 15(1); Ecological Applications, 1996, 6(1); and Environment and Development Economics,
1996,1(1). See also the special issue on the subject in Environment and Development Economics, 1997, 2(4).

4 Prominent among institutions that have laid the groundwork for the economics of biodiversity (although that was not the term in
use) are Resources for the Future (RFF), Washington, DC; the World Resources Institute (WRI), Washington, DC; the Beijer Institute of
Ecological Economics, Stockholm; the South Asian Network of Development and Environmental Economists (SANDEE), Kathmandu;
Resource Accounting Network for Eastern and Southern Africa (RANESA) and the Centre for Environmental Economics and Policy

in Africa (CEEPA), Pretoria; and Latin American and Caribbean Environmental Economics (LACEEP) and the Tropical Agricultural
Research and Higher Education Center (CATIE), Costa Rica. RFF in the 1960s-70s studied the economics of irreversible investment,
persistent pollutants, material balances (Chapters 4* and 13*) and valuation methods for environmental amenities; while WRI in the
1970s produced among the first economic estimates of the degradation of tropical rainforests. At an institutional level, however,

the economics of biodiversity has found its greatest expression since the early 1990s in research and teaching networks elsewhere.
The Beijer Institute, reinstated in 1991, has brought ecologists and economists together in a manner unthinkable previously. As will
become apparent, Chapters 2-4 have been greatly influenced by their work. SANDEE, RANESA/CEEPA, and LACEEP/CATIE, established
later in the 1990s, have organised regular teaching and research workshops and funded work by young economists in South Asia,
Eastern and Southern Africa, and Central and South America, respectively, so as to help develop the interface of poverty and the local
natural capital base there. Members of all four groups shaped the pioneering Millennium Ecosystem Assessment (MA 2005 a-d).

The journal Environment and Development Economics, which was established in 2000 with support from the Beijer Institute, has
actively sought and published papers from South Asia, sub-Saharan Africa and Latin America. As will become apparent, Chapters 7-8
and 12-13 have leant greatly on their work. On the closely related subject of reproductive behaviour in regions that are still far from
experiencing a demographic transition, the Population Council, New York, the London School of Hygiene and Tropical Medicine, the
Guttmacher Institute and the United Nations Population Division, New York, have consistently produced work of great relevance for
the population-environment nexus, Population and Development Review being a prominent quarterly publication. Chapter 9 has
leant greatly on their work.
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anything but vanishingly small further demands on the biosphere. Never mind that indefinite
growth will require continuing investment in research and development and equipment, the
hope is that those further investments will require vanishingly small inputs from Nature.

To entertain that hope today is more than ironic. Over the past 70 years, global GDP has
increased in real terms by a factor of nearly 15, even while our global demand for the
biosphere’s goods and services — our ecological footprint — now far exceeds the biosphere’s
ability to supply its goods and services on a sustainable basis (Chapter 4). Which is why a
group of Earth scientists have identified mid-20™ century as the point at which we entered the
Anthropocene.*

The economics of biodiversity takes its cue from the environmental sciences to build on the

fact that we are embedded in Nature (Chapter 4*). We will not be able to extricate ourselves
from the Earth System even if we try to invest continually for indefinite economic growth.

This somewhat metaphysical distinction between being ‘external’ to the biosphere and being
‘embedded’ within it has potent force. The viewpoint adopted in the Review says that the
finiteness of Nature places bounds on the extent to which GDP can be imagined to grow. It also
places bounds on the extent to which inclusive wealth can grow.

1.6 Total vs. Marginal Values

Asset management involves comparisons of portfolios — of portfolios across time or of
portfolios at a point in time (Section 1.2). In contrast, the absolute value of a portfolio carries
no information. The value of a marginal change to the biosphere is meaningful because it is
presumed that humanity will survive the change to experience it, but the matter is different
when it comes to valuing the biosphere as a whole. It may be that because growth and
development economists ignored our place in Nature that environmentalists some years ago
were tempted to value the entire biosphere, presumably to show that it is of great economic
worth. In a widely cited publication in Science, the authors estimated that the global flow of the
biosphere’s services was, toward the end of the 20™ century, worth US$16-54 trillion annually,
with an average figure of US$33 trillion (Costanza et al. 1997). As that figure was larger than
global Gross National Product (GNP) in the mid-1990s (estimated by the authors at the time
to be approximately US$18 trillion annually) we were meant to appreciate the economic
significance of the biosphere.

The estimate is a case of misplaced quantification. If the biosphere was to be destroyed, life
would cease to exist. Who would then be here to receive US$33 trillion of annual benefits if
humanity were to exchange its very existence for them? Economics, when used with care, is
meant to serve our ethical values. The language it provides helps us to choose in accordance
with those values. But the authors of the paper sought to persuade us that the biosphere is
valuable because it can be imputed a large monetary value. That is to get things backward.>°

At smaller levels of aggregation, total values of Nature's services can be meaningful and yet not
be useful for policy. It is tempting, for example, to cite the estimate that pollination contributes
an annual £510-690 million to the UK's agricultural production as providing a reason for
restoring the population of pollinators (Breeze, Roberts, and Potts, 2012). But should we regard
it to be a large or small figure? Based on 2019 data from the UK Office of National Statistics,
as a proportion of the UK's annual agricultural output, it is approximately 5%. As a proportion
of the UK’s GDP, it is 0.03%, a negligible figure. So why care whether any pollinators are left?

4 The term ‘Anthropocene’ was popularised by Crutzen and Stoermer (2000) to mark a new epoch in which humans dominate the
biosphere. Ehrlich and Ehrlich (2008) study the evolutionary consequences of our growing dominance.

0 Formally, we have a case where the value of an entire something has no meaning, and is therefore of no use, even though the
value of marginal changes to that same thing — expressed as differences — not only has meaning, but also has use. Examples abound
in economics (cardinal utility) and physics (potential field).
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The reason we should not be dismissive of pollinators is that proportional figures do not signal
worth. National asset management requires that pollinators enter projects with their accounting
prices. Chapters 2 to 4 demonstrate that pollinators may be of great value even if their
measurable services to GDP are of negligible worth.

1.7 Institutions and the Character of Natural Capital

Processes driving a wedge between our demand for the biosphere’s goods and services and

its ability to supply them without undergoing decline harbour externalities. These are the
unaccounted-for consequences for others, including future people, of actions taken by one or
more persons. The qualifier ‘unaccounted for’ means that the consequences in question follow
without prior engagement with, or adequate consideration towards, those who are affected.

Human activities give rise to externalities because property rights to large segments of the
biosphere are either weakly defined or inadequately enforced. And a common reason for the
latter is that Nature is mobile: the wind blows, rivers flow, fish swim, the oceans circulate, and
insects and birds fly. One consequence of this is that no one can contain the atmosphere they
befoul, the soil they contaminate, the rivers they pollute. Moreover, the harm they cause is
non-excludable, meaning that it is not possible for the person or agency to whose action the
harm is traceable to pick and choose those who are affected.

That Nature is mobile is a familiar fact and easy to appreciate. What is a lot harder to appreciate
is that both Nature and its processes are in large part silent and invisible, and so they are not
easily detectable. One way to detect them is to infer their presence from their detectable effects.
That is no easy matter, and requires hard science, and it provides the reason the rudiments of
that science are studied in the following three chapters.

These features of Nature make it hard for anyone to trace the adverse effects of many of our
actions back to us. Unlike point sources of pollution, such as the factory chimney, pollution such
as nitrogen and phosphorus that discharge into an estuary are an aggregate of leakages from
innumerable agricultural fields, factories and households long distances away. Polluters do not
pay for using the estuary as a sink for their pollution.

By property rights we do not simply mean private property rights, we include group rights,

for example, community rights and national rights. There are no property rights to the oceans
beyond national jurisdiction — they are open to all, free of charge — which is why no one has an
incentive to protect them from contamination or overfishing.

Externalities can be beneficial of course. An extreme form of beneficial externalities is provided
by public goods, which are goods that are non-rivalrous (use by one person does not diminish
the amount available to others) and non-excludable (use cannot be confined to any particular
person or group). Public goods are thus a mirror image of open access resources. If the formula
for manufacturing a vaccine were to be made freely available to all, the discovery would be

a public good (the formula is by its very nature non-rivalrous, but if it were to be made free

to all to use it as they wish, it would be non-excludable as well, making it an enabling asset).

A reasoning identical to the one that was deployed above for explaining why open access
resources are overused can be used to explain why public goods are underproduced.

Patents are a social contrivance for providing incentives to people to make discoveries. A patent
for a new vaccine would make the formula for manufacturing it excludable: no one other than
the patent owner would have the right to use the formula while the patent was in force. But the
issue of a patent on the discovery, however, would award the owner a monopoly over vaccine
production. Monopoly pricing would create a distortion in the market. A combination of the
need to create incentives for scientific and technological establishments to make discoveries and
to avoid creating distortions in the product market poses a social dilemma. The compromise that
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is practised everywhere is to limit the duration of patents (currently 20 years in the UK as defined
in Section 25 of the Patents Act (1977)).>

Not all common property resources are ‘global commons’. Geography plays a large role. The
open oceans are extensive, in contrast to the village commons in England. Which is why the
institutions that have evolved for managing what we may call local commons differ widely
across the globe (Chapters 7-8). The village commons in England are under the jurisdiction of
local authorities — they are subject to the laws of the land. The law’s authority resides with the
State. Village tanks (artificial ponds) in India and grazing fields in sub-Saharan Africa are also
local commons, but their use is usually subject to social norms, whose force comes from mutual
enforcement by the villagers themselves. The locus of mutual trust differs in the two cases
(Chapter 6). However, there are many reasons community practices have been known to break
down where they were once thriving. In some places, government rules replaced community
norms; in other places, outsiders encroached on the inhabitants’ land (worse, evicted the
inhabitants); in still others, local knowledge was displaced by modern technology, and so on.
For global commons like the atmosphere and the oceans as sinks for our waste, institutions
never got a foothold to limit their use. The economics of biodiversity enquires why societies fail
to manage their assets well, and it seeks to identify institutional changes that would improve
management practice.

1.8 Anthropocentric Value of Biodiversity

In the chapters that follow, we mostly adopt an anthropocentric viewpoint — the value of
biodiversity is studied in terms of its contributions to humanity, that is human well-being.

This is an altogether limited point of view, and to many even a repugnant point of view (see
Chapter 12 for other perspectives). Surely, it will be insisted, biodiversity has an intrinsic value,
beyond what we humans impute to it. They would ask, for example, whether the biosphere
had value before modern humans appeared on the scene some 200,000 years ago. The
anthropocentric perspective could affirm its value even in that distant past on grounds that it
furnished the environment in which we humans were able to emerge, but that alone shows the
perspective’s limitations.

There are nevertheless good reasons for concentrating on what one may call the instrumental
value of biodiversity. One reason is that there are innumerable systems of thought that go
beyond an anthropocentric perspective. Many people argue that life itself has intrinsic value,
never mind that only a few among the 8 to 20 million species (of eukaryotes) on Earth are
known to feel, never mind to have self-awareness.>? There are also many systems of belief — alas,
all too readily overridden by cosmopolitan society — in which objects that to the cosmopolitan
are inanimate, are sacred. They may house life, but they are not life; nevertheless, they are
sacred. Uluru in Australia is a famous example. It is sacred to the Pitjantjatjara, the Aboriginal
people of the area surrounding it. And there is the river Ganges, sacred to Hindus (Box 2.8).

But the narratives underlying their sacredness differ.

There is a second reason. If we are able to show, as we intend to in the Review, that biodiversity
is of the utmost value to humanity, and that because we are embedded in Nature, gradual
biological extinction will hasten our own extinction, then for purely anthropocentric reasons we
would wish to preserve and promote it. But if biodiversity is worth preserving and promoting for
purely anthropocentric reasons, it would be even more deserving of protection and promotion if
it had sacred status. Therein lies the advantage of a limited point of view.

> For a formal account of the tension that societies face between the need to create incentives for people to make discoveries and
inventions and to create an environment in which discoveries and inventions are widely used, see Dasgupta and Stiglitz (1980).

2 In a widely noted work, Singer (1975) presented a Utilitarian argument for awarding rights to animals. That animals can feel pain
plays a justifiably crucial role in the viewpoint he developed in his book.
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Chapter 2
Biodiversity and Ecosystem Services

Introduction

The biosphere, which is the part of Earth that is occupied by living organisms, is a self-
organising, regenerative entity. Its rhythms, for example the seasons, shape the regeneration
patterns of the living world. But living systems in turn make use of the non-living, or abiotic,
constituents of the biosphere and transform them. Water, carbon and nitrogen cycles are
expressions of that. Because the ability to regenerate is a characteristic of living systems, the
biosphere’s regeneration is key to the sustainability of the human enterprise. Regenerations of
the living world at various scales and periodicity are synchronised via natural processes that are
still not understood well.>?

Biological diversity, or biodiversity for short, means the diversity of life. Its decline disrupts
biospheric processes, for example, the processes governing the climate system. The sustainability
of our engagement with Nature is thus ultimately about the functioning of the biosphere,

not just the living part of it. Which is why the economics of biodiversity is the economics of

the biosphere.>*

Biodiversity can be read at various levels (Figure 2.1), for genes combine to form species, species
combine to form assemblages of populations, and assemblages combine to form communities
that interact with the physical world to create ecosystems and, at a larger scale, biomes (see
Box 2.1 on the latter). So biodiversity does not only mean the diversity of genes and species, it
also means the diversity of ecosystems.

Plants, algae and many bacteria capture energy from the sun, which is why they are called
primary producers. The energy they capture, along with other abiotic materials, flows through
ecosystems and enables a wide range of natural processes to function, including biomass
production, nutrient cycling and water dynamics. These processes support biodiversity,

but the influence is mutual, for biodiversity strengthens the processes, enabling Nature to
renew constantly.

2.1 Biodiversity in Ecosystems

Traditionally, environmental and resource economists studied Nature's resources, such as
fisheries, forests, lakes, airsheds, coastal waters, minerals and fossil fuels. For the economics
of biodiversity, it proves useful to think of the biosphere instead in terms of constituents we
call ecosystems. Ecosystems combine the abiotic environment with biological communities
(plants, animals, fungi, microorganisms) to form self-organising, regenerative functional

units, by which we mean combinations of life forms that control such fluxes as that of energy
(e.g. photosynthesis), nutrients (e.g. nitrogen fixation) and organic matter (e.g. decomposition
of organic waste).

%3 Strogatz (1994, 2004) are excellent technical and non-technical expositions, respectively, of the principles underlying
synchronisation among simple dynamical systems.

>* In this Review, we use the terms biosphere and Nature interchangeably.
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Figure 2.1 From the Micro to the Macro

Ecosystems are capital goods, like produced capital (roads, buildings, ports, machines). As in
the case of produced capital, ecosystems depreciate if they are misused or are overused. But
they differ from produced capital in three ways (Chapter 3): (i) depreciation is in many cases
irreversible (or at best the systems take a long while to recover); (ii) it is not possible to replicate
a depleted or degraded ecosystem; and (iii) ecosystems can collapse abruptly, without much
prior warning.

Ecosystems regenerate as part of Nature's rhythmic cycles. New forests emerge from the ashes
of fires, rising from self-sown seeds and shoots from the roots of plants. We confirm below
that biodiversity enables that regeneration to occur. It affects both living and non-living parts
of ecosystems, which are connected through nutrient cycles and energy flows. Ecosystems also
differ enormously depending on a range of factors, such as the underlying geology, climate,
nutrient and chemical status of the soils, hydrology, prevailing winds and season. About 85% of
plant species inhabit entirely within just over a third of Earth’s land surface. Some ecosystems
are highly diverse, such as tropical rainforests, while others have low diversity such as polar
ecosystems. But the latter hold ice sheets, whereas the former do not. Protecting a million
square miles of tropical rainforest has different consequences from protecting the same area of
a polar landscape.®®

Biodiversity is the variety of life in all its forms, which is why it is not uncommon to regard
biodiversity to be the number of species of organisms that inhabit Earth. Today there are around
8 to 20 million (possibly more) kinds of organisms with cells in which the genetic material in
the form of chromosomes that are contained within distinct cells (they are called eukaryotes).
Of them, only about 2 million have been recognised and named (Raven, 2020). There are,

in addition, an unknown and much larger number of prokaryotes, consisting of archaea and
bacteria (Larsen et al. 2017) — our lack of knowledge is enormous.>® But biodiversity has several

55 Pimm, Jenkins, and Li (2018) elaborate on the differences.

% Hubbell (2015), for example, notes that a recent estimate that there are between 40,000 and 53,000 tree species in the tropics is
based on a very small sample of forest patches. Peter Raven has emphasised to us in correspondence of the enormous uncertainty
in our knowledge of the number of species, let alone tree species in the tropics. Moreover, the distribution of species numbers has
a thick tail: a very large proportion of species are of small population size. That makes it even more difficult to estimate species
numbers. Pimm and Raven (2019) contains a summary of what we know.
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dimensions, including the diversity and abundance of living organisms, the genes they contain
and the ecosystems in which they live. The chemical reactions of Earth’s plants, animals, bacteria
and fungi sustain life by converting sunlight and nutrients into food, energy and the building
blocks of life, as well as recycling waste. The activities of these organisms are often both silent
and hidden from view, but they enable ecosystems to function and provide a multitude of
services on which we rely. Most species occur only in one ecosystem, but many occur in more
than one.

Biodiversity is key to the processes governing ecosystems. However, an ecosystem'’s

productivity and resilience to disturbances depend less on the taxonomy of plants, animals and
microorganisms than on them performing particular functions. The biodiversity in a wetland that
filters water effectively differs from the biodiversity needed in a woodland that supplies timber,
which in turn differs from the biodiversity in a grassland that supports wildlife. In each case,
ecosystem productivity is determined by root structure, biomass above ground, leaf display, soil
quality, crown architecture and wood production and composition. The role of biodiversity in
preserving what we may broadly call an ecosystem’s integrity, is studied in this chapter.>’

Biodiversity is thus a multi-faceted feature of ecosystems, including variations among genes,
species and functional traits among and across species. Generally speaking, wetter and warmer
regions harbour greater biodiversity than drier and colder regions.

Three features of the diversity of life forms are significant: the number of unique life forms
(richness); the flatness of the distribution of life forms (evenness); and dissimilarities in the

life forms (heterogeneity). Common diversity measures are based on richness and evenness.
Because biodiversity includes the diversity of the functional characteristics of an ecosystem’s
species populations, a mere headcount of species can mislead. Basing biodiversity exclusively
on measures of genetic diversity would mislead even more. Moreover, traits among the
constituents of an ecosystem are so closely related to its functioning, that judgment is required
for identifying the aspect of biodiversity (e.g. species or functional trait) that is closely related
to the ecosystem’s productivity. That may explain why ecologists have avoided relying on a
single measure of diversity, a move that has proved useful in other contexts such as information
(the Shannon Index) and the distribution of socio-economic variables (e.g. the Gini Coefficient).
In Annex 2.2 we discuss the various ways in which biodiversity is measured and collate the work
of ecologists that provides a map of the global distribution of biodiversity.>

Individual actors in ecosystems include organisms that pollinate, decompose, filter, transport,
redistribute, scavenge, fix gases and so on. Nearly all organisms that help to produce those
services are hidden from view (a gram of soil may contain as many as 10 billion bacterial cells),
which is why they are almost always missing from popular discourses on the environment
(Dasgupta and Raven, 2019). But their activities enable ecosystems to maintain a genetic library,
preserve and regenerate soil, fix nitrogen and carbon, recycle nutrients, control floods, mitigate
droughts, filter pollutants, assimilate waste, pollinate crops, operate the hydrological cycle and
maintain the gaseous composition of the atmosphere.

Ecosystems are not defined in a sharp manner from rigid principles. Watersheds, wetlands,
coral reefs and mangrove forests are ecosystems, as are agricultural land, fisheries, freshwater
lakes, coastal fisheries, estuaries and the ocean. As a general rule, ecosystems are not tightly
knit entities, they blend into one another. But there are ecosystems that have strong interactions
among their own constituents and weak interactions across their boundaries. The boundaries

" In their excellent review of the value of biodiversity, Hanley and Perrings (2019) refer to ecosystem integrity as ‘ecosystem
functioning’. Perrings (2014) is a deep meditation (there is no other word for it) on the role of biodiversity in our lives.

8 Hanley and Perrings (2019) contains an excellent account of measures of species diversity that have been deployed by ecologists.
Groom (2020) has constructed a taxonomy of possible biodiversity measures.
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may harbour discontinuities, such as in the distribution of organisms, soil types, depth of a body
of water and so on.

Ecosystems differ in their spatial reach (a hedgehog'’s gut is an ecosystem, as is a tropical rain
forest) and rhythmic time (minutes for bacterial colonies, decades for boreal forests). Some
ecosystems are of near-continental size (the Amazon rainforest), there are those that cover
regions (the Ganga-Brahmaputra river basin), many are volcanic islands (the islands comprising
Micronesia), others involve clusters of towns (micro-watersheds in the Ethiopian highlands),
while yet others are confined to a village (village ponds in Norfolk, UK).

Box 2.1
Biomes

Biomes refer to the large, distinct biological communities that have formed on the planet
in response to similar physical environments. They are characterised by the most common
growth forms of plants distributed across large geographic areas. A biome can thus occupy
disjoint regions, indicating responses to similar temperatures and precipitation. In their
most admirable text, Bowman, Hacker and Cain (2018) have compiled a list consisting of
nine terrestrial biomes: tropical rainforest, tropical seasonal forest and savannah, desert,
temperate grassland, temperate shrubland and woodland, temperate deciduous forest,
temperate evergreen forest, boreal forest, and tundra.

Tropical rainforests are of particular interest to the economics of biodiversity, as they

contain an estimated 50% of Earth’s species and some 40% of the terrestrial pool of carbon
in just over 10% of Earth’s terrestrial vegetation cover. Logging and the conversion of
rainforests to pasture and croplands have altered approximately 50% of the biome (Cuff and
Goudie, 2009).

In contrast to the poor soil that is characteristic of tropical rainforests, the soils of temperate
grasslands are fertile because of an accumulation of rich organic matter that the extensive
root system of grasses leaves behind. As a consequence, most of the fertile grasslands of
North America and Eurasia have been converted to agricultural and pastoral development.

If they are peered at closer, biomes themselves are a patchwork of distinct landscapes,
each when peered at closer still, are found to be a patchwork of even smaller landscapes,
a feature known as ‘fractal’. We return to this essential feature of biomes in Chapter 3, for
they point to the fact that the processes governing the biosphere are non-linear. Biomes
are self-organising regenerative assets. Levin (1999) is an excellent guide to the science
underlying the processes that have led to the spatial characteristics of ecosystems we see
around us.

Over the past 150 to 200 years, land-use changes have transformed Earth’s land

surface. Approximately 60% has been altered, primarily by agriculture, forestry, livestock
grazing, mining and quarrying, and a smaller amount (2-3%) by urban development and
transportation corridors (Bowman, Hacker, and Cain, 2018). The actual distribution of biomes
thus differs markedly from their potential distribution. See Chapter 14 for more on the
distribution of our stocks of natural assets and Chapter 16 for more on current and future
land and ocean use change.

2.2 Primary Producers

Biomass in any particular location is the total mass of living material in it, measured, say, in
kilograms. The regenerative rate of a stock of biomass is the net addition to it in a period of
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time.> Box 2.2 presents the simplest mathematical formulation of an ecosystem, that of a single
species in an environment that supplies a constant flow of nutrients. The model presented — that
of a fishery — forms the basis on which theoretical models of communities of organisms that
populate ecosystems have been constructed by ecologists (Annex 2.1).°

Peering inside ecosystems enables us to uncover units that are a lot smaller, for example,
individual organisms. Ultimately, it is practical convenience (what the data can shoulder) that
determines how deeply we should peer into ecosystems in order to understand their workings
and the role that biodiversity plays in them. Among ecologists there is thus a continual to-ing
and fro-ing between studies of macro manifestations of ecosystems and of the micro content
and behaviour of various constituents of ecosystems.

Box 2.2
Fishery Dynamics

We consider a lake harbouring a species of fish of interest to the fishing community. Let G be
the regenerative rate of the fish population. G is the birth rate minus the death rate. For ease
of exposition we do not distinguish between the fish stock’s biomass and its population. Let
the stock of fish be denoted by S. G is a function of S, so we write it as G(S). It follows that
the slope of the G-function, dG(S)/dS, is the marginal product of S. It is also the yield (i.e.,
own rate of return) on the fish stock (Chapter 1). Organisms other than fish are taken to be
the background against which the fish population exists. Time is denoted by t (= 0) and is
taken to be a continuous variable. The stock of fish at t is S(t).

The lake provides a constant flow of nutrients to the fish population. If the fish stock were

to be very small, the lake would in effect be of unlimited size, so the stock would grow at

an exponential rate. We write that rate as r > 0. r is called the intrinsic growth rate of the
fish stock. But if the stock were to be non-negligible, the finiteness of the supply of nutrients
would bite — the larger the stock, the smaller would be the nutrient supply per unit of fish
population — and that would impose increasing limits on population growth. Beyond a size,
the fish stock’s regenerative rate is thus a declining function of the stock. If the stock were to
be sufficiently large, the birth rate would fall short of the death rate and the regenerative rate
would be negative. The simplest way to represent the dynamics involving these features is

to suppose that G(S) is the quadratic function, rS(1- S/K), in which both r and K are positive
numbers (Figure 2.2). We thus assume

G(S) = rS(1- 5/K) r,K>0 (B2.2.1)
The dynamics of the fishery is governed by the differential equation

dS(t)/dt = rS[1 - S(t)/K], (B2.2.2)
Integrating equation (B2.2.2) yields the famous logistic growth curve (Figure 2.3),

S@t) = KS(0)e/{K + S(0)[e" - 1]} (B2.2.3)
S(0) is the stock at the initial date, t = 0.
Equation (B2.2.3) says that S(t) tends asymptotically to K as t tends to infinity (Figure 2.3).

NB: The logistic growth curve has also been used to study the growth of trees from seedling
to maturity. The curve explains why forest biomass grows at its fastest rate at an intermediate
stage of succession. Growth slows as the forest matures.

¥ The corresponding term for a piece of produced capital is its yield, expressed in its own unit (Chapter 1).

60 Subsequently (Chapters 4-4*), we will use the fishery’s model as a heuristic device for representing the biosphere as a whole. We
could equally use forests and the growth and death of plants and trees as our heuristic device.
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Notice that equation (B2.2.2) possesses two stationary points: S = 0 and S = K. The former
is unstable, the latter is, as we have just confirmed from equation (B2.2.3), stable. In the
absence of human predation, the system would therefore settle at S = K. K is called the
carrying capacity of the fishery.

Let R(t) denote the rate at which fish is harvested by the human population. Then the
dynamics of the fishery would be governed by the differential equation

ds(t)/dt = rS[1 - S(E)/K1 - R(t) (B2.2.4)

Consider any S in the interval (0,K). If the harvest rate is so chosen that R = rS[1 — S/K], then
S remains constant over time. We then say the fishery is at a stationary state. Notice that G(S)
attains its maximum at S = K/2. The maximum sustainable yield is G(K/2) = rK/4. It will be
noticed that the yield from the fishery (i.e. the fishery’s own rate of return) is positive as long
as S < K/2, but is negative if S > K/2. This fact will prove to be significant when we discuss
the optimal management of fisheries. Yield is zero at S = K.

Figure 2.2 A Single Fishery
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Figure 2.3 Logistic Growth Curve of Fish Stock
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A fruitful way to peer inside ecosystems is to look for organisms that obtain energy directly
from the sun to produce their own food. They are known as primary producers. They consist of
plants, algae and many bacteria. Nearly all other organisms depend on them for their energy.®'
The regenerative rate of a stock of primary producers is called its net primary productivity (NPP).

" Nearly all, because there are organisms deep down in the ocean floor, at openings of hydrothermal vents. Their source of energy is
not primary producers.
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NPP in an ecosystem is the spatial distribution of organic compounds that are fixed by primary
producers there, minus respiration per unit of time. During respiration, organic compounds are
broken down to fuel the processes that govern a primary producer’s activities. It is the fixed
carbon as measured by NPP that becomes primary producer biomass, that is, the producer’s
carbon pool. The fixed carbon then either remains as primary producer biomass, or is consumed
by herbivores and thence up the food chain, or enters the detrital pathway and becomes

part of the detrital carbon pool. The detrital carbon in turn is either recycled by decomposers
and detritivores or stored as refractory carbon. Figure 2.4 depicts the carbon flow in and out

of primary producers and detrital pools. Annex 2.1 presents a simple model to illustrate the
distribution of biomass among trophic levels and the influence of that distribution on NPP.

Figure 2.4 Carbon Flow in and out of Primary Producers and Detrital Pools

Source: Lartigue and Cebrian (2009). Permission to reproduce from Princeton University Press.

NPP is a flow (kilograms of biomass per unit of time). In contrast, the biomass of primary
producers is a stock (kilograms of biomass) and is the locus of the goods and services it
generates. Although the diversity of life covers far more than the diversity of primary producers,
we study primary producers here because all life is dependent on it.

In both aquatic and terrestrial ecosystems, the transfer of fixed carbon from primary producers
to herbivores and decomposer/detritivores provides pathways for the flow of energy and
nutrients. These flows have consequences not only for carbon storage but also for nutrient
cycling and herbivore and decomposer/detritivore populations.®> We humans have co-evolved
with other species over evolutionary time, as they have with one another. That is as trite an
observation as there is, but we will return to it periodically because it will remind us not only
that the ability of communities of organisms to adapt to rapidly changing environmental
conditions is limited, but also that some of the most draconian environmental changes have
been unleashed by we humans in what can only be regarded as a blink in evolutionary time
(Chapters 4-5).

By focusing on primary producers here we will be able to align the economics of biodiversity
with the ecologist’s tactic of tracing the goods and services the biosphere produces to processes
governing material and energy flows at a micro level. To be sure, there are also organisms higher
up in the food chain, as well as non-living material that must be included. But to start with
primary producers is rather like the educationist focusing first on primary education, while fully

®2 Lartigue and Cebrian (2009) offer a fine account of carbon flows.
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aware that its value is not independent of the quantity of produced capital and natural capital it
works with, nor independent of secondary and tertiary education.

The simplest way to create a link between micro- and macro-ecology is to construct a grid of the
biosphere. Each box in the grid is to be thought of as containing a bounded, self-regenerative
resource, as in the case of a fishery (Box 2.2) or forest. The regeneration rates of the resources
across the grid are of course related: they influence one another. Our interest here, however,

is in primary producers. To model spatial heterogeneity we suppose not only that biomass of
primary producers is non-uniformly distributed across the grid, but also that the parameters of
the self-regenerative function of primary producers are not necessarily the same.®* The biomass
in some boxes are near zero either because the boxes are in infertile geographical terrains or
because they have been overharvested; in others the biomass is large because they are in a fertile
terrain and have not been harvested, and so on.

We begin by adopting the perspective of humanity as a whole. The accounting price of

a unit biomass of a primary producer is the contribution it makes to the ‘common good’
(Chapters 10-12). The price may be thought of as the unit’s ‘social worth.” Imagine now that an
accounting price has been estimated for the biomass of primary producers in each box in the
grid (Chapters 1 and 10-13). Our construction therefore respects the fact that the accounting
price of a unit of biomass is a function of location as well as time: a unit of biomass in a neem
tree (Azadirachta indica) at a particular location (e.g. Uttar Pradesh, India) and time (e.g. May)
differs in value from a unit of biomass in a baobab tree (genus Adansonia) in the Okavango
Delta, Botswana, in December.®

Not all biomass of even primary producers has a positive accounting price. The acres of water
hyacinths on the surface of Lake Cariba in northern Zimbabwe prevent sunlight from penetrating
the lake surface. Which is one reason fishermen spend much time and effort removing them.%

The accounting value of primary producers in an ecosystem is the weighted sum of the units of
biomass of primary producers comprising them, the weights being accounting prices. Thus, the
spatial distributions of primary producer biomass and NPP at a point in time represent a feature
of an ecosystem in the same way as the spatial distributions of human capital (education,
health, aptitude) and income (wages and salaries) represent a feature of an economy. In

Box 2.3 we conduct a thought experiment by first assuming that humanity has been managing
its portfolio of assets efficiently. We then estimate the yield on planetary biomass of primary
producers, the estimate being made from the perspective of humanity as a whole. We show
that the yield is in excess, possibly far in excess, of the yields on produced capital and human
capital. We then argue by contradiction that humanity is managing its portfolio inefficiently.
Subsequently (Chapter 4) we produce evidence from a variety of other sources in support of
that conclusion.

The analysis in Box 2.3 is a simple exercise. It is designed to display the regenerative character
of the biosphere by concentrating on one aspect of it, namely, NPP. In the remainder of the
chapter, we return to the larger conception with which we began, that of ecosystems and a
feature of theirs of central importance: biodiversity.

6 A box could be likened to a pixel in an image.

6 Of course, a neem tree could be thought of being an overly aggregate object. An obsessive ecological economist would
distinguish a unit of biomass in a leaf from a unit inside the trunk, and so forth. In Chapter 5, where we develop choice under
uncertainty, it will be found that in addition to location and time, the state of Nature (amount of rainfall) must be included in
identifying a unit of biomass.

® That the accounting price of organisms higher up the food chain can be negative is self-evident.
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Box 2.3
Rate of Return on Primary Producers

Applying remote sensing data covering several years to models that trace primary productivity
of various seats of biomass to such factors as sunlight, climate, and terrain, planetary NPP
was estimated at the end of the 20" century to be about 105 trillion kilograms per year (Field
et al. 1998). Similar techniques have been used to estimate the global stock of biomass,
which has been found to be about 550 trillion kilograms (Bar-On, Phillips and Milo, 2018).
The latter figure exceeds the planetary biomass of primary producers, because it includes

the biomass of bacteria (Annex 2.2), not all of which are primary producers, as well as the
near-negligible biomass of animals. Viewing the biosphere from the perspective of humanity
as a whole, the biosphere-wide average yield on the stock (105/550 a year), when units of
biomass are awarded equal weights, is approximately 19% a year. That is of course not the
primary producers’ yield (Box 1.1) which, because of its spatial heterogeneity, should be
understood to be the highest yield on a marginal unit of primary producer biomass across the
biosphere.®® Moreover, the 19% is an underestimate because the stock is an overestimate of
primary producer biomass.

There is further bias. The 550 trillion kilograms are the equally-weighted sum of units of
biomass. In contrast, the accounting value of aggregate biomass is a weighted sum of units
of biomass, where the weights are the accounting prices. The system of weights in the two
calculations should sum to the same number, because that is what weighting systems mean.
It follows that, in addition to the other reasons we have just enumerated, the figure of 19% a
year is an underestimate of what we are after, because it is less than the highest yield on the
biomass of primary producers.®’

Jorda et al. (2019) have estimated that the long-run global yield (rent or dividend) on
housing and equities has averaged around 5% a year. If we take that figure to be a proxy for
the yield on produced capital and assume that the global economy has been managing its
portfolio of assets in an efficient manner, then the capital gains on produced capital relative
to natural capital would as @ minimum equal the difference between the two figures (i.e.
14% a year). In short, we would expect the accounting price of primary producers relative to
produced capital to be declining by 14% a year.

Patently, the latter has not been happening in recent decades, nor is it happening today.®®
Destruction of the world’s rainforests and degradation of the soils, when taken together with
global accumulation of produced capital (approximately 3% a year®), points to rainforests
above ground and the soils underground — which are important seats of primary producers —
becoming scarcer relative to produced capital, not more abundant. Simple and crude as this
calculation is, it demonstrates how far off we are from an efficient allocation of global assets.
It points especially to the enormous imbalance we have created between produced and
human capital on the one hand, and natural capital on the other. In Chapter 4, we visit more
familiar evidence of the imbalance in humanity’s portfolio of assets.

 As in Chapter 1, we use the terms "yield" and ‘own rate of return’ interchangeably here.

67 Other things are not equal, of course, because the parameters of the regeneration function are not the same in every box in the
grid; for example, the yield on marine biomass (> 4000%) is several orders of magnitude greater than that on terrestrial biomass
(=10%). Our point is that there are a number of reasons the yield on primary producers exceeds the average yield on the equally
weighted return on primary producers.

% As terrestrial NPP would have reduced from current levels of ~10% when nature was more bountiful, and interest rates were
higher (circa 10% in the late 18" century), it is entirely consistent for us to believe that recently there has been overinvestment in
produced capital relative to natural capital and that it would have made sense for a social planner to invest in produced capital at
the expense of natural capital further back in, given how much more bountiful nature was as little as 50 years ago.

% Gross Capital Formation was 3.1% from 1970 to 2019 (World Bank, 2019).
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Subsequent chapters enquire into why this has happened. Briefly put, we will find that most
of Nature’s worth to society — its accounting prices — are not reflected in market prices. That
is because the many forms of natural capital are open to all at no charge (Chapters 1, 8-9).
The private rate of return on investment in many forms of natural capital remains low, even
zero. Worse, widespread government subsidies in agriculture, energy, water and fisheries
mean that critical biospheric services come with a negative price (Annex 8.1). Because of
these price distortions, we invest relatively more in other assets, such as produced capital,
that offer lower rates of return. Our example here highlights the extent of the mismatch
between private incentives and societal needs: society should be accumulating natural capital,
not depleting it.

2.3 Ecosystems do not Maximise NPP

Any mention of a financial portfolio’s yield and the thought turns to finding ways to maximise it.
Giving intention to Nature’s processes (Nature ‘abhors’ a vacuum; light ‘seeks to’ minimise the
time it takes to travel between any two points, and so on) is not an uncommon practice.” So it
could be thought that ecosystems maximise their regenerative rate.

They do not. Nature does not even maximise NPP per unit area. The abiotic environment
(precipitation, temperature, altitude, nutrients and so on) is not the same across the globe, so
there are wide differences in NPP across biomes. Average NPP per square metre in a temperate
grassland (0.75 Kg/m?/year) is lower than the corresponding figure in a tropical rainforest

(2.5 Kg/m?/year), that in the ocean lower still (0.14 Kg/m?/year).”! But because biomass per unit
area in the ocean is far smaller than that in temperate grasslands and tropical rainforests, the
ratio of NPP to biomass in the oceans is far larger than in temperate grasslands and tropical
rainforests. That means the unweighted average yield on oceanic biomass is higher than in
temperate grasslands and tropical rainforests.’?

Nature does not maximise planetary NPP even when controlling for the fact that the abiotic
environment is not uniform across space. NPP in old growth forests is nearly zero. Prior to

the dominance of humans, evolutionary stable distributions of life forms defined community
architectures across the planet. But those distributions emerged under selection pressures at
the genetic level, they did not give rise to what could in any sense be thought of as an efficient
distribution of NPP. Box 2.4 confirms the claim and explains why Nature does not maximise
planetary NPP.

Box 2.4
Selection Pressures and Regeneration Rates

To illustrate that Nature does not maximise ecosystem regeneration rates, even when
controlling for the fact that the biosphere is spatially heterogeneous, consider the long-run
state of the fishery in Box 2.2. The biomass (population) of fish there equals K. At K, however,
the fishery’s yield is zero, whereas it is positive at populations smaller than K. The example
also shows that Nature does not maximise the population’s yield — the marginal product of
the stock of fish is negative at K. The biological mechanism that dictates this is as follows:

70 The famous Gaia hypothesis of James Lovelock (1995) has been read by critics as anthropomorphising Nature; in fact the author
did no such thing. Lovelock was only concerned to argue that the Earth system is a self-regulating complex system with considerable
stability, but capable of being disrupted to the point where it enters a different stability regime from the one it is in now. See
Chapte