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The zervices of acologlcal systems and the natural capltal stocks that produce them are critical to the functloning ofthe
Earth's Iife-support system. They contrlbute to human welfare, both directly and Indirectly, and therefore represent
part of the total economlc value of the planet. We have estimated the current econemlc value of 17 ecosystem services
. for 16 blomes, based on published studles and a few orlginal calculations. For the entire blosphere, the value (most of
. which Is outslde the market} Is estimated to be In the range of US$16-54 trilllon '{10%%) per year, with an average of
; 138333 trilllon per year. Because of the nature of the uncertalntles, this must be consldered a mlnlmum estlmate. Global
al product total Is around US$18 trillion per yea

Because ecosystem services are not fully ‘caprured’ in commercial
nrarkets or adequately quantified in terms comparable with econ-
«ric services and manufactured capital, they are often given too
dttle weight in .policy decisions. This neglect may ultimately
compromise the susfainability of humans in the biosphere. The

* economies of the Earth would grind to a halt without the services of
ecological life-support systems, 50 in one sense their total value to
the economy is infinite. However, it can be instructive to estimate
the ‘incremental’ or ‘marginal’ value of ecosystem services (the
estimated rate of change of value compared with changes in
ecosystem services from their current levels). There have been
maly studies in the past few decades aimed at estimating the
" e of a wide variety of ecosystem services. We have gathered
.gether this large (but scattered) amount of information and
present it here in a form useful for ecologists, economists, policy
niakers and the general public. From this synthesis, we have
estimated values for ecosystem services per unit area by biome,
and then muitiplied by the total area of each biome and summed
over all services and biomes,

Although we acknowledge that there are many conceptual and
empirical problems inherent in producing such an estimate, we
think this exercise is essential in order to: (1) make the range of
sotential values of the services of ecosystems more apparent; (2)
-stablish at least a first approximation of the relative magnitude of
glubal ecosystem services; (3} set up a framework for their further
snalysis; (4) point out those aress most in need of additional
research; and (5} stimulate additional research and debate. Most
of the problems and uncertainties we encountered indicare that our

Presen; addrese Deparimen; of Systems Ecology, Universiry of Siockholn, $-106 91 Swsckholm,
Sweden,
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estimate represents 2 minimum value, which would probably
increase: (1) with additional effort in studying and valuing a
broader range of ecosystem services; (2) with the incorperation of
more realistic representations of ecosystem dynamics and inter-
dependence; and (3) as ecosystem services become more stressed
and 'scarce’ in the future.

Ecosystem functions and ecosystem sarvices

Ecosystem functions refer variously to the habitat, biological or
system properties or processes of ecosystems. Ecosystem goods
(such as food) and services (such as waste assitnilation) represent
the benefits human populations derive, directly or indirectly, from
ecosystem functions. For simplicity, we will refer to ecosystem
goods and sepvices together as ecosystem services. A large number
of functions and services can be identified*, Reference 5 provides a
recent, detailed compendium on describing, measuring and valuing
ecosystem services. For the purposes of this analysis we grouped
ecosystem services into 17 major categories, These groups are listed
in Table 1, We included only renewable ecosystem services, exclud-
ing non-renewable fuels and minerals and the atmosphere. Note
that ecosystem services and functions do not necessarily showa one-
to-one correspondence. In some cases a single ecosystem service is
the product of two or more ecosystem functions whereas in other
cases a single ecosystem function contributes to two or more
ecosystem services, It is also important to emphasize the interde-
pendent nature of many ecosystem functions. For example, some of
the net primary production in an ecosystern ends up as food, the
consumption of which generates respiratory products necessary for
primary production. Even though these functions and services are
interdependent, in many cases they can be added because they
represent ‘joint products’ of the ecosystent, which support human |
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welfare. To the extent possible, we have attempted to distinguish
joint and ’addable’ products from products that would represent
'double counting’ {because they represent different aspects of the
same service} if they were added. It is also important to recognize
that a minimum level of ecosystem "infrastructure’ is necessary in
order to allow production of the range of services shown in Table 1.
Several authors have stressed the importance of this infrastructure’
of the ecosystem itself as a contributor to its total value®”. This
component of the value is not included in the current analysis.

Natural capital and acosystem services

In general, capital is considered to be a stock of materials or
information that exists at a point in time. Each form of capital
stock generates, either autonomously or in conjunction with ser-
vices from other capital stocks, a flow of services that may be used to
transform materials, or the spatial configuration of materials, to

enhance the welfare of humans. The human use of this flow of
services may or may not leave the original capital stock intact.
Capital stock takes different identifiable forms, most notably in
physical forms including natural capital, such as trees, minerals,
ecosysterns, the atmosphere and so on; manufactured capital, such
as machines and buildings; and the human capital of physical
bodies. In addition, capital stocks can take intangible forms,
especially as information such as that stored in computers and in
individual human brains, as well as that stored in species and
£ecosysiems.

Ecosystem services consist of ﬂows of materials, energy, and
information from natural capital stocks which combine with
manufactured and human capital services to produce human
welfafe. Although it is possible to imagine generatmg human
welfare without natural capital and ecosystem services in artificial
*space colonies’, this possibility is too remote and unlikely to be of

Tablo 1 BEcosyslem services and functions used [n this study

Number Ecosystem service® Ecosystem functions

Exampies

t

Gas reguiation

Reguiation of atmosgpheric chemical composition.

C0,/0; batanse, Oy for UVE protection, and SO, levels.

Reguiation of globai temperature, precipitation, and

Greenhouse gas reguiation, DMS production affecting i
cioud formation. :
*

Y
Storm protection, flood ceontrol, drought récove!y and
other aspects of habitat responge to environmental
variability mainly controfied by vegetation structure.

Provisioning of water for agricultursl {such as |mgatlon)
or industrial {such as milling) processes or
trangportation.

Provisioning ot water by watersheds, reservoitg and |
aguifars. i

Prevention of loss of seil by wind, runofi, or other i
rermoval processes, storage of stittin lakes and :
waeltlands,

Weathering of rock and the accumuiation of organic
material,

Nitrogen fixation, N, P and cther elsmental or nutrient
cycies,

Waste treatment, poliution controi, detoxification.

Provisioning of poliinators 1or the repreduction of plant
popuiations.

Keystorie predator control of prey species, reduction of
herbivory by top predators.

Nurseries, habitat for migratory species, regicnal
habitate for (ooally Darvested species, Or overwintering
grounds.

Production ot figh, game, crops. nuts, fruits by hunting,
galhering, subsistence farming or fighing.

The production of lumber, fuel or fodder. |
-

Medicine, products lor matsriais science, genes for
regisiance to plant pathogens and crop pests,
ornamental species (pets and horticuftural varisties of
plantsl.

Eco-tourism, sport Highing, and othar outdoof
recreational activities.

2 Climate reguiation
oiher piclogically mediated climatic processes at
gicbal or logal levels,

3 Cisturbance regulation Capacitance, damping and integrity of ecosystem
response to envirenmental fluctuations.

4 Water regulation Regutation of nydroiogical flows,

5 Water supply Storage and retention of water.

Erosion gontrol and sediment retention Retention of soil within an ecosystem,
¥

7 Soil formation Soil formation processes.

8 Nutrignt cycling Storage, intarnal cygling, processing and
agquisition of nutrients.

8 Waste treatiment Racovery of mobiie nutrients and removal or
breakdown of excess of xenic nuirients and
compounds,

i Poliination Movement of floral gametes.

tt Biological control Trophic-dynamic regulations of popuiations.

¢4 Refugia Habitat for resident and transient populations,

3 Foad praduction ‘That portion of gross primary praduciion
extrectable as fond.

4 Raw materials Thet partion of gross primary production
extractable as raw materigls,

s Gengtic regources Sources of unigue biviogical materials and
produsis.

16 Recreation - Providing opportunities for ra:ifaétéonel ectivities,

9 Cuttural Providing opposwnities for non-commaercial uses.

Aesthetic, artistic, educational, spiritual, and/or
scientific values of ecosystems.

* We include ecosystermn 'goods’ alang with eoosystem senvices. N B:Tu. ﬁf":.
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much current interest. In fact, one additional way to think about the
value of ecosystem services is to determine what it would cost to
replicate them in a technologically produced, artificial biosphere,
Experience with manned space missions and with Biosphere Il in
Arizona indicates that this is an exceedingly complex and expensive
proposition. Biosphere I (the Earth) is a very efficient, least-cost

" aeavider of human life-support services.

(hus we can consider the general class of natural capital as
essential to humaW welfare. Zero natural capital implies zero
human welfare because it is not feasibie 10 substitute, in total,
purely ‘non-natural’ capital for natural capital. Manufactured and

¢ human ¢apital require natural capital for their construction’. There-
" fore, it is not very meaningful to ask the total value of natural capital

to human welfare, nor 10 ask the value of massive, particular forms
of natural capital. It is trivial to ask what is the value of the
atmosphere to humankind, or what is the value of rocks and soil
infrastructure as support systems. Their value is infinite in total.

“Zowever, it is meaningful to ask how changes in the quantity or
suzlity of various types of natural capital and ecosystem services
may have an impact on human welfare. Such changes inciude both
small changes at large scales and large changes at small scales. For
exampie, changing the gaseous composition of the global atmo-
sphere by a small amount may have large-scale climate change
effects that will affect the viability and welfare of global human
populations. Large changes at small scales include, for example,
dramatically changing iocal forest composition, These changes may
dramatically alter terrestrial and aquatic ecosystems, having an
impact on the benefits and costs of local human activities, In
smeral, changes in particular forms of natural capital and ecosys-
tem services will alter the costs or benefits of maintaining human
welfare,

Valuation of ecosystem services
The issu¢ of valuation is inseparabie from the choices and decisions
we have t0 make about ecological systems®™. Some argue that
valuation of ecosystems is either impossible or unwise, that we
cannot place a value on such ‘intangibles” as human life, environ-
mental aesthetics, or long-term ecological benefits. But, in fact, we
v every day. When we set construction standards for highways,
bridges and the like, we value human life {acknowledged or not)
because spending mage money on construction would save lives.
Another frequent argument is that we should protect ecosystems for
purely moral or aesthetic reasons, and we do not need valuations of
ecosystems for this purpose. But there are equally compelling moral
arguments that may be in direct conflict with the moral argument to
protect ecosystems; for example, the moral argument that no one
should go hungry. Moral arguments translate the valuation and
decision problem into a different set of dimensions and a different
“uage of discourse®; one that, in our view, makes the problem of
1ation and choice more difficult and less explicit. But moral and
cwonomic arguments are certainly not mutually exclusive. Both
discussions can and should go on in parallel.

So, although ecosystem valuation is certainly difficult and fraught
with uncertainties, one choice we do not have is whether or not to
do it. Rather, the decisions we make as a society about ecosystems
imply valuations (although not necessarily expressed in monetary
lerms). We can choose to make these valuations explicit or not; we
van do them with an explicit acknowledgement of the huge
‘wernainties involved or not; but as long as we are forced to
ke choices, we are going through the process of valuation.

the exercise of valuing the services of natural capital ‘at the
margin’ consists of determining the differences that relatively small
changes in these services make to human weifare. Changesin quality
or quantity of ecosystem services have value insofar as they either
change the benefits associated with human activities or change the
costs of those activities, These changes in benefits and costs either
have an impact on human weifare through established markets or

articies
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through non-market activities. For example, coral reefs provide
habitats for fish. One aspect of their value is to increase and
concentrate fish stocks, One effect of changes in coral reef quality
or quantity would be discernible in commercial fisheries markets, or
in recreational fisheries, But other aspects of the value of coral reefs,
such as recreational diving and biodiversity conservation, do not
show up completely in markets. Forests provide timber materials
through well established markets, but the associated habitat values
of forests are also felt through unmarketed recreational activities.
The chains of effects from ecosystem services to human welfare can
range from extremely simple to exceedingly complex. Forests
provide timber, but also hold soils and moisture, and create
microclimates, all of which contribute to human welfare in com-
plex, and generally non-marketed ways,

Valuation methods

Various methods have been used to estimate both the market and
non-market components of the value of ecosystem services™ %, In
this analysis, we synthesized previous studies based on a wide
variety of methods, noting the limitations and assumptions under-
lying each.

Many of the valuation techniques used in the studies covered in
our synthesis are based, either directly or indirectly, on attempts to
estimate the *willingness-to-pay’ of individuals for ecosystem ser-
vices. For example, if ecological services provided a $50 increment
to the timber productivity of a forest, then the beneficiaries of this
service should be willing to pay up to $50 for it. In addition to
timber production, if the forest offered non-marketed, aesthetic,
existence, and conservation values of $70, those receiving this non-
market benefit should be willing to pay up to $70 for it. The total
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Figure 1 Supply and germend curves, showing the definitions of cost, net rentand
consumar surphis for normal goods [af and some essential ecosysiem services
{b}. See 1ext for further axplanation.




Table 2 Summary of average

global valus of annual ecosystam services

Ecosystem serivees (1994 US$ ha-tyr-'}

Brome Area I 2 3 4 6 8 7 8 8 10 " 2 13 14 15 15 17 Toalvahe  Totslglobal
tha x 1% Gas Chmale  Disurbance  Waler  Waler Eroslon  Soil  Nutiemn  Wasle  Polination Biologlcal Habitall  Food Rew Genetic  Recreation {uttyral petha flows vatue
eguation.  segulation  fegulation  ragulzlion supply comtral formation cycling  treaiment comrol efugia  production  materigis  regources ($ha "ye ') ($yr = 10%
Marine 36,302 871 20540
Dgen ooasn 33,200 a8 ne [3 15 0 76 252 833
Coastal a2 88 3677 ] 8 93 4 82 62 12568

Estuaries 180 867 21160 ki 13% 21 25 o) 24 410

Seagrass! 18002 2 asm

sigae bads 0 :

Covat ronfs &2 2,750 59 6 7 220 27 s 1 8075 3%

Shetf 2,660 1431 38 68 2 7 1610 4,283

Ternostrial 145,423 B4 12319
Forest 4854 " 2 2 I 10 38 & 2 43 138 % 66 2 0 4705

Tropical 1800 23 5 B 8 246 10 822 a7 32 N5 41 1z 2 2t 3m3

Temperate/boreal 2,865 28 Q 10 87 4 50 26 K] 2 e B4
Grass/rangelands 3898 7 9 3 28 1 gt 25 23 67 4} 2 232 906
wettands 20 133 4559 5 aew an 4 256 08 574 8 @ 4875

Fioeh sarsh/ 186 1,899 8,696 159 166 162 858 999 1848

MAangroves

Bwampe/

n > w5 2 t240 30 7500 1,659 43 47 49 491 1761 323
Lakes/rivers 200 5,445 PR 665 41 230 B.498 170
Desart 1925
Tundra 743
toefrock 1640

...% Croptard 1,400 128
Urban 3
Total 61828 134 ) 1779 1ms 1692 676 53 1701 2277 n? 417 124 1,386 kAl 79 815 ams 33.268
humbers in Iha body of thetable arein$ ha i ", Row and columin 101als are in Syr* x 10° column lola.'.';afe ‘e surn ol th

ndicate services thal 0o nat occur or are known 1o be negligible. Qpen cells indicate lack of availabla inlormation.
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value of ecological services would be $120, but the contribution to
the money economy of ecological services would be $50, the amount
that actually passes through markets. In this study we have tried to
sstimate the tota] value of ecological services, regardless of whether
they are currently marketed. -

Figure 1 shows some of these concepts dmgrammaucal!y Flgure
1a shows conventional supply (marginal cost) and demand (mar-
ginal benefit) curves for a typical marketed good or service. The
value that would show up in gross national product (GNP) is the
market price ptimwe the quantity g, or the area pbge. There are three
other relevant areas represented on the diagram, however. The cost

of production is the area under the supply curve, cbq. The 'producer

surplus’ or 'net rent’ for a resource is the area between the market
price and the supply curve, pbe The 'consumer surplus’ or the
amount of welfare the consumer receives over and above the price
paid in the market is the area between the demand curve and the
market price, abp. The total economic value of the resource is the
sum of the producer and consumer surplus (excluding the cost of
- wduction), or the area abc on the diagram. Note that total
1. an0mic value can be greater or less than the price times quantity
estimates used in GNP.

Figure la refers to a human-made, substitutable good. Many
ecosystem services are only substitutable up to a point, and their
demand curves probably look more like Fig. 1b. Here the demand

' approaches infinity as the quantity available approaches zero (or

some minimum necessary level of services), and the consumer
surplus (as well as the total economic value} approaches infinity.
Demand curves for ecosystem services are very difficult, if not
impossible, to estimate in practice. In addition, to the extent that
“eavstem services cannot be increased or decreased by actions of
the economic system, their supply curves are more nearly vertical, as
shown in Fig. 1b.

In this study we estimated the value per unit area of each
ecosystem service for each ecosystem type. To estimate this ‘unit

" value’ we used (in order of preference} either: (1} the sum of

' consumer and producer surplus; or (2) the net rent {or producer

surplus); or (3) price times quantity as a proxy for the economic
value of the service, assuming that the demand curve for ecosystem
services looks more like Fig. 1b than Fig. 1a, and that therefore the
21 pbge is a conservative underestimate of the area abe, We then

.
Figure 2 Gicbsl map o?the velue of

acosyslam servicas. See Supplemen-
tary Information and Table 2 for detais.
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multiplied the unit values times the surface area of each ecosystem
to a.rrive at global totals.

lmyatun values, markets and anp

As we have noted, the value of many types of natural apntal and
ecosyster services may not be easily traceable through well func-
tioning markets, or may not show up in markets at all. For example,
the aesthetic enhancement of a forest may alter recreational expen-
ditures at that site, but this change in expenditure bears no necessary
relation to the value of the enhancement. Recreationists may value
the improvement at $100, but transfer only $20 in spending from
other recreational areas to the improved site. Enhanced wetlands
quality may improve waste treatment, saving on potential freatment
costs. For example, tertiary treatment by wetlands may save $100 in
alternative treatment. Existing treatment may cost only $30. The
treatment cost savings does not show up inany market, Thereis very
little relation between the value of services and observable current
spending behaviour in many cases.

There is also no necessary relationship between the valuation of
natural capital service flows, even on the margin, and aggregate
spending, or GNP, in the economy. This is true even if all capital
service flows had an impact on well functioning markets. A large
part of the contributions to human welfare by ecosystem services are
of a purely public goods nature. They accrue directly to humans
without passing through the money economy at all, In many cases
people are not even aware of them. Examples include clean air and
water, soil formation, climate regulation, waste treatment, aesthetic
values and good health, as mentioned above,

Glohal land use and land cover

In order to estimate the total value of ecosystem services, we needed
estimates of the total global extent of the ecosystems themselves. We
devised an aggregated classification scheme with 16 primary cate-
gories as shown in Table 2 to represent current global land use. The
major division is between marine and terrestrial systems. Marine
was further subdivided into open ocean and coastal, which itself
includes estuaries, seagrass/aigae beds, coral reefs, and shelf systems.
Terrestrial systems were broken down into two types of forest
(tropical and temperate/boreal), grasslands/rangelands, wetlands,
lakes/rivers, desert, tundra, ice/rock, cropland, and urban. Primary
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data were from ref. 17 as summarized in ref. 4 with additional
information from a number of sources™ %, We also used data from
ref. 23, as a cross-check on the terrestrial estimates and refs 24 and
25 as a check on the marine estimates. The 32 landcover types of ref.
17 were recategorized for Table 2 and Fig. 2. The major assumptions
were: {1} chaparral and steppe were considered rangeland and
combined with grasslands; and (2} a variety of tropical forest and
woodland types were combined into ‘tropical forests’

Synthesls

We conducted a thorough literature review and synthesized the
information, along with a few original calculations, during a one-
week intensive workshop at the new National Center for Ecological
Analysis and Synthesis (NCEAS) at the University of California at
Santa Barbara. Supplementary Information lists the primary results
for each ecosystem service and biome. Supplementary Information
includes alf the estimates we could identify from the literature (from
over 100 studies), their valuation methods, location and stated
value. We converted each estimate into 1994 US$ha ™" yr™! using
the USA consumer price index and other conversion factors as
needed. These are listed in the notes to the Supplementary Informa-
tion. For some estimates we also converted the service estimate into
US$ equivalents using the ratio of purchasing power GNP per capita
for the country of origin to that of the USA. This was intended to
adjust for income effects. Where possible the estimates are stated as
a range, based on the high and low values found in the literature,
and an average value, with annotated comments as to methods and
assumptions. We also included in the Supplementary Information
some estimales from the literature on ‘total ecosystem value) mainly
using energy analysis techniques. We did not incude these
estimates in any of the totals or averages given below, but only for
comparison with the totals from the other techniques. Interestingly,
these different methods showed fairly close agreement in the final
results.

Each biome and each ecosystem service had its special considera-
tions. Detailed notes explaining each biome and each entry in
Supplementary Information are given in notes following the table.
More detailed descriptions of some of the ecosystems, their services,
and general valuation issues can be found in ref. 5, Below we briefly
discuss some general considerations that apply across the board.

Sources of error, Imitations and caveats

Qur attempt to estimate the total current economic value of
ecosystem services is limited for a number of reasons, including:
{1) Although we have attempted to include as much as possible, our
estimate leaves out many categories of services, which have not yet
been adequately studied for many ecosystems. In addition, we could
identify no valuation studies for some major biomes {desert,
tundra, ice/rock, and cropland). As more and better information
becomes available we expect the total estimated value to increase.
{2} Current prices, which form the basis (either directly or indir-
ectly) of many of the valuation estimates, are distorted for 4 number
of reasons, including the fact that they exclude the value of
ecosystem services, household labour and the informal economy.
‘In addition to this, there are differences between total value,
consumer surplus, net rent {or producer surplus) and p X g, all of
which are used to estimate unit values (see Fig. 1).

{3) In many cases the values are based on the current willingness-to-
pay of individuals for ecosystem services, even though these
individuals may be ill-informed and their preferences may not

adeguately incorporate social fairness, ecological sustainability,

and other important goals'?, In other words, if we actually lived in

a world that was ecologically sustainable, socially fair and where -

everyone had perfect knowledge of their connection to ecosystem
services, both market prices and surveys of willingness-to-pay
would yield very different results than they currently do, and the
value of ecosystem services would probably increase.
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{4) In calculating the current value, we generally assumed that the
demand and supply curves look something like Fig. la. In reality,
supply curves for many ecosystem services are more nearly inelastic
vertical lines, and the demand curves probably laook more like Fig.
1b, approaching infinity as quantity goes to zero. Thus the con-
sumer and producer surpius and thereby the total value of ecosys-
tem services would also approach infinity.

(5) The valuation approach taken here assumes that there are no
sharp thresholds, discontinuities or irreversibilities in the ecosystem

response functions. This is almost certainly not the case. Therefore :

this valuation yields an underestimate of the total value.

{6) Extrapolation from point estimates to global totals introduces
error. In general, we estimated unit area values for the ecosystem
services (in $ha~!yr ') and then multiplied by the iotal area of

each biome. This can only be considered a crude first approximation
and can introduce errors depending on the type of ecosyster service |

and its spatial heterogeneity.

(7) To avoid double counting, a general equilibrium framework that |

could directly incorporate the interdependence between ecosystem
functions and services would be preferred to the partial equilibrium
framework used in this study (see below).

(8) Values for individual ecosystem functions should be based on
sustainable use levels, taking account of both the carrying capacity
for individual functions (such as food-production or waste recy-
cling) and the combined effect of simultanecus use of more
functions. Ecosystems should be ableyto provide all the functions
listed in Table 1 simultancously and indefinitely. This is certainly
not the case for some current ecosystem services because of overuse
at existing prices.

(%) We have not incorporated the ‘infrastructure’ value of ecosys-
tems, as noted above, leading to an underestimation of the total
value.

{10} Inter-country comparisons of valuation are affected by income
differences. We attempted to address this in some cases using the
relative purchasing power GNP per capita of the country relative to
the USA, but this is a very crude way to make the correction.

{11} In general, we have used annual flow values and have avoided
many of the difficult issues involved with discounting future flow
values to arrive at a net present value of the capital stock, Bui a few
estimates in the literature were stated as stock values, and it was
necessary to assume a discount rate (we used 3%) in order to
convert them into annual flows.

{12) Our estimate is based on a static “snapshot’ of what is, in fact, a
complex, dynamic system. We have assumed a static and ‘partial
equilibrium’ model in the sense that the value of each service is
derived independently and added. This ignores the complex inter-
dependencies between the services. The estimate could also change
drastically as the system moved through critical non-linearities or
thresholds. Although it is possible to build ‘general equilibrium’
models in which the value of all ecosystem services are derived
simultaneously with all other values, and to build dynamic models
that can incorporate non-linearities and thresholds, these models
have rarely been attempted at the scale we are discussing. They
represent the next logical step in deriving better estimates of the
value of ecosystem services.

‘We have tried to expose these various sources of uncertainty
wherever possible in Supplementary Information and its support-
ing notes, and state the range of r.elevaqg values. In spite of the
Lirnitations noted above, we believe it is very useful to synthesize
existing valuation estimates, if only to determine a crude, initial
magnitude, In general, because of the nature of the limitations
noted, we expect our current estimate to represent a minimum
velue for ecosystem services.,

Total global value of secosystem sarvices
Table 2 is a summary of the results of our synthesis, It lists each of
the major biomes along with their current estimated global surface
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area, the average (on a per hectare basis) of the estimated values of
the 17 ecosystem services we have identified from Supplementary
Information, and the total value of ecosystem services by biome, by
service type and for the entire biosphere.

We estimated that at the current margin, ecosystems provide at
least US$33 trillion dollars worth of services annually. The majority
of the value of services we could identify is currently outside the

. market system, in services such as gas regulation (US$L3

(S

treatment (US$2¥ trillionyr™!) and nutrient cycling (US$17
trillionyr ') About 63% of the estimarted value is contributed by
marine systems (US$20.9 trillion yr ~!). Most of this comes from
coastal systems (US$10.6 trillion yr ™'). About 38% of the estimated
value comes from terrestrial systems, mainly from forests (US$4.7

(. :Mionyr '), disturbance regulation (US$1.8 trillionyr™!), waste

. tritlionyr ') and wetlands (US$4.9 trillionyr ™ 1y,

We estimated 2 range of values whenever possible for each entry
in Supplementary Information. Table 2 reports only the average
values. Had we used the low end of the range in Supplementary
“winrmation, the global total would have been around US$19
srunon. If we eliminate nutrient cycling, which is the largest single
service, estimated at US$17 trillion, the total annual value would be
around US$16 trillion. Had we used the high end for all estimates,
along with estimating the value of desert, tundra and ice/rock as the

! average value of rangelands, the estimate would be around US$54
. trillion. So the total range of annual values we estimated were from

US$16-3$54 trillion. This is not a huge range, but other sources of

" uncertainty listed above are much more critical. It is important to

emphasize, however, that despite the many uncertainties included in
this estimate, it is almost certainly an underestimate for several
-eaa0ms, as listed above,

There have been very few previous attempts to estimate the total
global value of ecosystem services with which to compare these

© results, We identified two, based on completely different methods
' and assumptions, both from each other and from the methods used
 in this study. They thus provide an interesting check.

One was an early attempt at a static general equilibrium input—

: output model of the globe, including both ecological and economic

processes and commodities®™”, This model divided the globein to 9
commodities or product groups and 9 processes, two of which were
- amie® (urban and agriculture) and 7 of which were ‘ecological’,
swiuding both terrestrial and marine systems. Data were from
about 1970. Although this was a very aggregated breakdown and
the data was of only moderate quality, the model produced a set of
‘shadow prices’ and ‘shadow values’ for all the flows between
processes, as well as the net outputs from the system, which could
be used to derive an estimate of the total value of ecosystem services.
The input—output format is far superior to the partial equilibrium
format we used in this study for differentiating gross from net flows
ind avoiding double counting. The results yielded a total value of
e net output of the 7 global ecosystem processes equal to the

wjutvalent of US$9.4 trillion in 1972. Converted to 1994 US3 this 15

about $34 trillion, surprisingly close to our current average esti-
nlate. This estimate broke down into US$11.9 trillion (or 35%)
from terrestrial ecosystem processes and US$22.1 uillion (or 65%)
from marine processes, also very close to our current estimate.
World GNP in 1970 was about $14.3 willion (in 1994 USS$),
indicating a ratio of total ecosystem services to GNP of about 2.4
to 1. The current estimate has a corresponding ratio of 1.8 to L.

A more recent study™ estimated a ‘maximum sustainable surplus’
«tlue of ecosystem services by considering ecosystem services as one
input to an aggregate global production function along with labour
41ud manufactured capital. Their estimates ranged from US$3.4 to
USs17.6 willionyr ™', depending on various assumptions. This
approach assumed that the total value of ecosystem services is
limited to that which has an impact on marketed value, either
directly or indirectly, and thus cannot exceed the total world GNP of
about US$18 trillion. But, as we have pointed out, only a fraction of
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ecosystern services affects private goods traded in existing markets,
which would be included in measures such as GNP. This is a subset
of the services we estimated, so we would expect this estimate to
undervalue total ecosystem services.

The results of both of these studies indicate, however, that our
current estimate is at least in approximately the same range. As we
have noted, there are many limitations to both the current and
these two previous studies, They are all only static snapshots of
a biosphere that is a complex, dynamic system. The obvious next
steps include building regional and global models of the linked
ecological economic system aimed at a better understanding of
both the complex dynamics of physical/biological processes and
the value of these processes to human well-being™. But we do not
have to wait for the results of these models to draw the following
conclusions.

Diseugsion

What this study makes abundantly clear is that ecosystem services
provide an important portion of the total contribution to human
welfare on this planet. We must begin to give the natural capital
stock that produces these services adequate weight in the decision-
making process, otherwise current and continued future human
welfare may drastically suffer. We estimate in this study that the
annual value of these services is US$16-54 trillion, with an
estimated average of US$33 trillion. The real value is almost
certainly much larger, even at the current margin. US$33 trillion
is 1.8 times the current global GNP. One way to look at this
comparison is that if one were to try to replace the services of
ecosystems at the current margin, one would need to increase global
GNP by at least US$33 trillion, partly to cover services already
captured in existing GNP and partly to cover services that are not
currently captured in GNP. This impossible task would lead to no
increase in welfare because we would only be replacing existing
services, and it ignores the fact that many ecosystem services are
literally irreplaceable.

If ecosystem services were actually paid for, in terms of their value
contribution to the global economy, the global price system would
be very different from what it is today. The price of commodities
using ecosystem services directly or indirectly would be much
greater. The structure of factor payments, including wages, interest
rates and profits would change dramatically. World GNP would be
very different in both magnitude and composition if it adequately

incorporated the value of ecosystem services. One practical use of

the estimates we have developed is to help modify systems of
national accounting fo better reflect the value of ecosystem services
and natural capital. Initial attempts to do this paint a very different
picture of our current level of economic welfare than conventional
GNP, some indicating a levelling of welfare since about 1970 while

GNP has continued to increase’™, A second important use ofthese |

estimates is for project appraisal, where ecosystem servicesJost must
be weighed against the benefits of a specific project”; Because
ecosystem services are largely outside the market and uncertain,
they are too often ignored or undervalued, leading to the error of
constructing projects whose social costs far outweight their benefits.

As natural capital and ecosystem services become more stressed
and more ‘scarce’ in the future, we can only expect their value to
increase. If significant, irreversible thresholds are passed for irre-
placeable ecosystem services, their value may quickly jump to
infinity. Given the huge uncertainties involved, we may never
have a very precise estimate of the value of ecosystem services.
Nevertheless, even the crude initial estimate we have been able to
assembile is a useful starting point (we stress again that it is only 2
starting point). It demonstrates the need for much additional
research and it also indicates the specific areas that zre most in
need of additional study. It also highlights the relative importance of
ecosystem services and the potential impact on our welfare of
continuing 10 squander them. |

259




e e W = e

Received 23 lanvary: accepied & April 1997,
1. d¢ Groot, K 5. Environmenul funcions s s unifying concept for ecology and economics,

Emvironmnialit 7, 105=109 1197),
1. Turwer, R K. Economicy, Growrit and Sustainable Erviroaments 1eds Collard, D, e al) |Memillan,

London. 1988).

3, Turmen K K. E s of wetland mansgement. Anebio 20, 5963 11991,

4. de Groot, K5, Functions of Noture: Evalisstion of Narserc in E ! Plansing, Manag and
Derison Moking | Wolters-Noordboff, Groaingen, 1952).

5. Daily, G. Led.) Nanure's Servicer: Societal Dependencr em Natural E 1sdand, Washingion D,

1997).

& Turner, B K- & Pesroe. I in Ecosomicy and Ecology: New Fromners and Surainoble Development Led.
Barbier, E D)) 177-194 1Chapman and Hall, London, 19923),

7. Costanua, R. & Dudy, H. E. Matura! capitel and susainable developmsent. Conserv, Biol, 6, 37-46
119921

¥ Bingham, G. et ol Lues i ecoryriem valuation: improving information for decision making. Erol
Econ. 14, 73~9011995),

9. Mitchetl, R_C. & Carson, R T. Using Surveps so Vatue Puldic Gaods: the Contingen Valiarion Mithod
1Resources for the Future, Washingion DC, 1989),

10. Cosanta, R Farbet, 5. C, & Maxwell, | Valuation and management of wetlands ecosystems. Erol
Eron. L, 335-361119%9),

11. Dixon, ). A & Sherman, P. B. Econemics of Protacted Areas | Ldund, Washington DC, 199¢),

12. Barde., L-P. & Pearce, D. W. Valuing the Environmens: 50 Case Studdies | Earthecan. London, 1991).

1. Ayhward, B, A. & Barbier, E. B. Valuing environmental functions in deveoping couniniex, Hiodiv, Cons,
1, 3411992).

14, Pearce, D Econoenic Values and the Matural World 1 Earthacan, London, 1993),

15. Goulder. L H. & Kennedy, D. in Nazure’s Servicer: Sovietal Degendence om Natwral Ecorysterns 1ed.
Dby, G.) 2348 1ldand, Washinglon DC, 1957),

16. Costanza, R & Folke, C. ko Nature's Servicee Societal Dependence on Natural Ecospszeras |ed. Daily, G.)
49-70 (tdand, Washington DC, 1997).

17. Marthews, E. Global vegetation and und-ute: new high-resolution data bases for climate smdies. 7,
Clime Appl Meteorol. 22, 474487 | 1983),

l&.Detwy.F.S.Hlnndqdu.Sci..»\.nm.l'l!—lull‘l?o).

19, Ehriich, R., Ebrlich, A H, & Holdren, . P. Ecouch FPopularion, K
Preeman, Sen Frandisco, 1977).

0. Ryther, . H. Photormithesis and fish production in the sea. Soiznce 166, 72-76 11969),

21. United Nations Environmenul| Progunme Fire A Repor, Interg,

Ervironment | W.H.

| Fune on

Climate Change | United Nations, New York. 1990).

22. Whittakes, R. H. & Likens, G. E. in Primary Production of the Biosphere teds Licth, H. & Whittakes, K.
H.) 305228 L5pringer, New York, 1975).

23. Bailey, R G. Ecoymenn Geopraphy 15pringer, New York, 1996),

4. Houde, E. 1. & Ruthwriord, £ 5. Racenl nends in estuarine fisheries: predictions of fih production
and yield Funaries L6, 161-17611992).

25, Pauly, D. & Christengen. V. Primary production requised 1o ustain global fisheries. Natiore 174, 255-
257 11995).

ZG.O)Iunn.\R.&Nci.C-hEnan'aMEmbﬁchnidbqlediMil&d‘h\\’.]..Bournmn‘R.w&
Klopasch, §, kL) 743-75% | Elervier, New Yorke 1981),

27. Conanya, R & Hannon, B. M. in Network Analysis of Marime Ecorystems: Merthods and Applications
leds Wulff, F, Field, ), G. & Munn. K. H.} 90-115 1Springer, Hexdedberg, 1589),

8. Alexander, A, Lit, 1, Margolis, M. & d'Arge. K. Alternative methods of valuing globai scoeytiem
wservices. Ecol Econ, 1subrmitted),

25. Costants, R., Wainges, L. Folke, C. & Miller, K-G. Modeling complex ecological ecancmic sysiemns:
woward sn evolutionary, dynamic undersanding of peaple and nature. BioSamur 43, 545-5551199).

30. Bocksterl, N. # al. Ecological econcmic modeling and valuation af ecosysterns. Ecol. Econ. 14, 143-
159 11995).

3L Duly, H. E- & Cobb, ). For the Comman Good: Redirecting the E
Ema t, andd o Sugtainabic Future | Beacon, Boston, 1989).

32. Cobly, €. & Cobhy, ). Thr Green National Product: a Proposed Index of Sustainable Economic Welfare
1 Univ, Preas of America, Wew York, 19H).

y Towsndy G iy, the

3. Max-Neel, M. Economic growth and quality of life: a threshold hypothesis. Ecol. Ecom 15, 115-118

11995),
Admowlodg S Carp was lnstry in encoursging the project, M. Grauo did the initial
Wentification and collection of Literature sources. We thank §. Carpenter, G. Dally, H. Daly, A M.
Freeman, N. Myers, . Perrings. D. Pimentel, §. Pimm and S Postel for helpful comments on earkier drafis.
This project was sponsared by the National Centet for Ecological Analysis and Symbesis (NCEAS), an
NSF'f\mdndemuuuUnimiryof&iifomh-[&nunub.n.mlutbmxmdurﬁtgthcm&uf
June 17-11, 1996 10 do the mujor parts of the syntheais activitier. The idea for the study emerged at 2
eneeting of the Pew Scholass in Mew Humpehire in October 1995,

Correspondence and requests for materials should be sddressed o0 B.C. 1e-maid: comza®ebl.ceesedu).

Supplnmmuylnfamdonaonwwwmlm.mm}wcopiumwmﬂﬂe&am Mary Shechan st the
London editorial office of Natwre, .

v

KNOW YOUR COPY RIGHTS

ESPEZC

The publication you are
reading is protected by
copyright law. This means
that the publisher could take
you and your employer to
court and claim heavy fegal
damages if you make
unauthorised photocopies
from these pages.

Photocopying copyright
material without permission
is no different from stealing

a magazine from a
newsagent, only it doesn't
seem like theft,

The Copyright Licensing
Agency {CLA) is an organisation
which issues licences to bring
photocopying within the law. It
has designed licensing services
to cover all kinds of special
needs in business, education,
and government.

If you take photocopies from
books, magazines and periodicals
at work your employer should
be licensed with CLA.

Make sure you are protected by
a photocopying licence.

T OURS

The Copyright Licensing Agency Limited
90 Tottenham Court Road, London WIP OLP

Telephone: 0171 436 5931
Fax: D171 435 3988

LT




