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How Much Are

Nature’s Services Worth?

Measuring the social benefits of ecosystem functioning

is both controversial and illuminating.

Walter E. Westman

To me the meanest flower that blows can give
Thoughts that do often lie too deep for tears.—WILLIAM WORDSWORTH (/)

How much was this mean flower
worth to a poet like Wordsworth? What
is the value to societies, present and fu-
ture, of the inspirations that flowed to
others from Wordsworth’s poetry, and
indirectly from nature? These questions
seem safely relegated to the realm of the
unanswerable because they deal with
qualities upon which our society has not
placed a quantitative value. And yet, in
the inexorable quest to rationalize the
activities of the civilization, poli-
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cy-makers in Western societies have in-
creasingly asked the monetary value of
items and qualities formerly regarded as
priceless: clean air and water, untamed
wildlife, wilderness itself. Behind this
search has been the hope that, by weigh-
ing the benefits to society of nature in the
undeveloped state against the benefits of
resource development, an objective
basis for decision-making will be
achieved. Commonly, policy analysts
further seek to estimate the equivalence
in currency of the values lost by dam-
aging ecosystems. The assumption is of-
ten made that decision-makers will reach
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socially equitable decisions when they
choose the alternative whose costs in
terms of damage to the ecosystem are
exceeded most by the benefits to be ob-
tained from resource use (2).

In this article, I attempt to illustrate
both the importance of accounting for
the benefits of nature’s ‘‘services’ in
such decisions and the difficulties in
doing so. It is important at the outset to
recognize some of the corollaries inher-
ent in assuming that decisions that maxi-
mize benefit : cost ratios simultaneously
optimize social equity and utility (3). (i)
The human species has the exclusive
right to use and manipulate nature for its
own purposes (4). (ii) Monetary units are
socially acceptable as means to equate
the value of natural resources destroyed
and those developed. (iii) The value of
services lost during the interval before
the replacement or substitution of the
usurped resource has occurred is includ-
ed in the cost of the damaged resource.
(iv) The amount of compensation in
monetary units accurately reflects the
full value of the loss to each loser in the
transaction. (v) The value of the item to
future generations has been judged and
included in an accurate way in the total
value. (vi) The benefits of development
accrue to the same sectors of society,
and in the same proportions, as the sec-
tors on whom the costs are levied, or ac-
ceptable compensation has been trans-
ferred. Each of these assumptions, and
others not listed, can and have been
challenged (5-7).
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Decisions concerning the use of re-
sources are made daily, however. The
task of elucidating the implications of
such decisions is urgent even if difficult.
It is appropriate to separate the task of
measuring and predicting the extent of
physical damage accruing from the use
of resources from the task of evaluating
the worth of losses and equivalent gains.
The first is a relatively objective task, the
second clearly normative. Recently
Conn and I reviewed for the California
Energy Commission the nature of physi-
cal damage resulting from air and water
pollution arising from energy production
and use, and techniques for evaluating
such damage (7). We examined the phys-
ical damage to human health and wel-
fare, to crops and materials, and to natu-
ral ecosystems, resulting from increasing
pollution. We examined also methods of
evaluating the benefits of minimizing
these damages, using both economic and
other measures.

One realm of benefits that has received
little attention in economic cost-benefit
studies to date is that due to ecosystem
function (8—/0). In the remainder of this
article, I will expand on what is meant by
ecosystem functioning, what tasks eco-
systems perform for society, and how
these might be quantified and evaluated,
drawing substantially from the report by
Westman and Conn (7). I will not pro-
vide a full list of benefits from the
healthy functioning of ecosystems; in-
deed these are not fully known, nor will
my quantification of a few of these be
complete. | wish to emphasize, however,
the quantitative significance of this realm
of social benefit to environmental deci-
sion-making. In so doing, I do not seek
to encourage the practice of cost-benefit
analysis in decision-making. Rather, by
exemplifying ways of expressing some of
nature’s services in dollar terms, I wish
to illustrate ways in which the analysis
of costs and benefits applied to natural
ecosystem manipulation has been in-
complete and why it is likely to remain
so for some time to come (/7).

Goods Versus Services in Nature

Ecologists traditionally speak of natu-
ral ecosystems in terms of their structure
and functions. The structure of an eco-
system includes the species contained
therein, their mass, and their arrange-
ment. This is the ecosystem’s standing
stock—nature’s free ‘‘goods.’”’ From the
structural aspects of ecosystems, society
reaps two kinds of benefits: (i) the direct
harvest of marketable products (for ex-
ample, fish, forest products, minerals)

2 SEPTEMBER 1977

and the procurement of the genetic re-
sources of valuable species (for example,
crop and timber plants, animals for do-
mestication), and (ii) the use and appre-
ciation of ecosystems for recreation, es-
thetic enjoyment, and study.

The functions of an ecosystem, on the
other hand, are characterized by the
ways in which the components of the
system interact. They are the dynam-
ics of ecosystems—nature’s free ‘‘ser-
vices.”’ These functions impart to society
a variety of benefits. They include the
absorption and breakdown of pollutants,
the cycling of nutrients, the binding of
soil, the degradation of organic waste,
the maintenance of a balance of gases in
the air, the regulation of radiation bal-
ance and climate, and the fixation of solar
energy—the functions, in short, that
maintain clean air, pure water, a green
earth, and a balance of creatures; the
functions that enable humans to obtain
the food, fiber, energy, and other material
needs for survival.

As when the structure of an ecosystem
is damaged, costs to society appear
when the functions of an ecosystem are
impaired. Examples include the filling up
of dams and basins with sediment when
the soil-binding function is disturbed, the
smothering of eggs in estuaries and the
resulting fishery losses from such ero-
sion, the changes in local or regional cli-
mate that affect human and crop per-
formances, and the putrefaction of lakes
and pollution of swimming holes from
excessive accumulation of organic wastes
from land clearance.

Evidence of the potential magnitude of
these costs is beginning to accumulate.
Gosselink et al. [table | in (/0)] calculat-
ed the cost of duplicating the role of wet-
lands in providing tertiary waste-water
treatment facilities and fisheries by other
means; their estimate of $205,000 per
hectare does not take into account the
value of the site for gas flux [sulfate re-
duction, carbon dioxide fixation, oxygen
release (/2)], as a site for waterfowl sup-
port and so forth. Wharton (9) obtained
a minimum annual value of $1.8 million
for the services of a 930-ha Georgian riv-
er-swamp-forest ecosystem in ground-
water storage, soil binding, water purifi-
cation, and streamside fertilization.

Although the cost of repairing services
lost bears no necessary relationship to
the cost of damage, estimates of repair
costs are relevant to decision-making in-
sofar as they can be used to reduce the
residual costs of damage. Some indirect
evidence of the nationwide magnitude of
the repair costs of polluting wetlands and
water bodies comes from the recent re-
port of the National Commission on Wa-

ter Quality (NCWQ) (/3). The NCWQ
was asked to estimate the cost of meet-
ing the 1983 objective for cleanup of the
nation’s entire surface waters as speci-
fied in the 1972 Federal Water Pollution
Control Act. The act’s objectives were
designed to help restore and maintain the
physical, chemical, and biological integ-
rity of the natural aquatic ecosystems.
The NCWQ estimated that to treat point
sources and storm water by current tech-
nology to meet water quality objectives,
total federal capital expenditures
amounting to as much as $594 billion
would be required by 1983. This figure is
much higher than the current annual fed-
eral expenditure on waste-water facil-
ities, which is $4 billion to $6 billion. The
$594-billion figure represents not only the
cost of maintaining existing water qual-
ity, but the cost of upgrading treatment
to restore natural structure and func-
tioning to aquatic ecosystems. As such,
the figure gives an indication of the par-
tial costs of restoring natural services
(assimilative capacity of water bodies)
that would otherwise have been able to
absorb at least part of the waste load.

Attempts to estimate the benefits of re-
ducing damage to ecosystem functioning
by estimating the costs of repairing or re-
placing damaged functions have limited
applicability. One could argue that such
an approach could be implemented by
estimating the costs of rehabilitating
cleared. vegetation, the costs of air-con-
ditioning buildings in an urban heat is-
land, the costs of dredging sediment
from basins, and the costs of treating
aquatic wastes. In practice, however, we
rarely repair all the damage (for ex-
ample, who pays to restore earthworm
populations decimated by erosion?), and
in many instances, we do not have the
technology to replace the function (for
example, what inventor can lay claim to
a machine that regulates the global cli-
mate?).

Valuation of Nature’s Services: Examples

Although ecosystem functions can yet
be neither fully quantified nor fully eval-
uated, the estimation of monetary costs
associated with the loss of nature’s free
services illustrates the minimum magni-
tude of the value lost. The ability of soils
and vegetation to absorb air pollutants is
a useful example of a service of an eco-
system, the loss of which can be at least
partially evaluated. In our report (7),
Conn and [ summarized studies on ab-
sorption of air pollution by soil and vege-
tation (/4). Numerous limitations on the
use of these data exist. For example,
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most studies of absorption of pollution
have taken place in environmental cham-
bers at a limited range of pollutant con-
centrations. Nevertheless, such data can
begin to provide information on loss of a
valuable function of an ecosystem. From
data of Inman et al. (15), it is possible to
estimate a net loss of pollution absorp-
tion of 440 kilograms of carbon monox-
ide per hectare per year for every hec-
tare of San Bernardino Freeway built
through pasturelands (/6). The costs of
this loss can be calculated either in terms
of the resulting pollution damage or in
terms of the costs of equipment to re-
move the carbon monoxide now being
removed by the vegetation. It is well to
remember that these calculations repre-
sent only partial costs of the loss of the
pasture, since the plants will at the same
time absorb other pollutants, bind the
soil, maintain a certain radiation bal-
ance, and fulfill other functions.

A second example is the role of eco-
systems in radiation balance and, ulti-
mately, as a component in the regulation
of global climate. A number of recent
studies have been concerned with the
economic costs of climatic change (/7).
Few have drawn the connection between
climatic change and the specific contri-
bution of the destruction of a particular
hectare of forest (with associated
changes in carbon dioxide fixation, water
vapor release, and radiative flux) to the
effects on climate (/8). Refinement of our
knowledge about the role of gas and en-
ergy exchange from the biosphere on
global climate may permit some quan-
tification of the effects of those actions.
Yet one is plagued here, as when assess-
ing other isolated development projects,
with the fact that there may be a non-
linear relationship between the destruc-
tion of a certain amount of habitat and
the resulting perturbation of the climate.
As with other instances of environmental
disturbance (/9), it is essential to know
not simply the effect of removal of a
single unit but also how the damage var-
ies with the degree or extent of impact.

A third example of a free service of na-
ture is the role of vegetation in soil bind-
ing. Plant roots play a vital role in pre-
venting soil erosion in most ecosystems.
Air pollution, by destroying vegetation,
can indirectly cause major damage from
soil erosion. The costs of such detrimen-
tal effects are those resulting from ero-
sion and sedimentation, which cause
continuing damage to organisms and to
physical structures such as dams. A “‘re-
placement cost’’ approach to evaluating
these costs would include the costs of
fertilizers, soil conditioners, and labor to
replace the lost soil. An ‘“‘impact con-
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trol”” approach would estimate either (i)
the cost of dredging sediments from
structures and water bodies in which
they actumulate and treating water to
decrease turbidity, or (ii) the cost of con-
structing catchments directly below ma-
jor erosion sites. Wharton (9) estimated
the cost of sediment control by calculat-
ing the annual cost of constructing sedi-
ment basins to capture particles formerly
deposited in a natural swamp before
channelization. His estimate for the Al-
covy River Swamp in Georgia was $3200
per year (1970 dollars).

As an example of the potential cost of
sediment removal, we can estimate the
case of erosion from air pollution dam-
age in the San Bernardino Mountains,
100 kilometers from Los Angeles. As of
1969, 1.3 million pine trees (Pinus pon-
derosa and Pinus jeffreyi) in an 18,700-ha
area of the San Bernardino National For-
est were moderately or severely affected
by exposure to oxidants, a chief compo-
nent of photochemical smog (20). During
a 3-year period in the late 1960’s and early
1970’s, ozone-related mortality of pon-
derosa pines in this region averaged 8 to
24 percent (21). As of 1972, the U.S. For-
est Service estimated that 57 percent of
the trees on a 4000-ha area were in the
declining phase (22). If we assume that
(i) 50 percent of the area on 4000 ha cur-
rently covered by trees will soon be re-
placed by a mixture of successional
grasses and forbs, and that (ii) erosion
losses will be comparable to those expe-
rienced when the nearby native chap-
arral has been replaced by planted
grasses (23), oxidant damage could result
in a cost of $27 million per year (1973 dol-
lars) for sediment removal, as long as the
early successional stages lasted and as-
suming sediment runoff to be equally
partitioned among streets, sewers, and
debris basins (24).

Plant roots, in addition to retaining
larger particles, help to store nutrients in
the biomass and reduce losses from
leaching. In the first 2 years after the
clear-cutting of a hardwood forest in the
White Mountains of New Hampshire,
the deciduous forest ecosystem experi-
enced a net loss of 57 kg of nitrate-nitro-
gen per hectare and 62 kg of calcium ion
per hectare, among other nutrients (25).
A replacement-cost approach might eval-
uate this loss as the cost of an equivalent
amount of calcium nitrate fertilizer ($14.80
per hectare, 1976 dollars) plus spreading
costs and the external costs associated
with the repair process. Such an ap-
proach, however, is plagued with ecolog-
ical uncertainty about the repair process.
One would need to know the extent to
which the ecosystem will assimilate the

nutrients applied as fertilizer, whether
partitioning of nutrients among com-
ponents will occur in the same way that
they were lost, whether the imbalance of
nutrients returned is harmful, and wheth-
er losses over time can be effectively re-
placed by an instantaneous gain through
a single dose of fertilizer (26). Further,
such an approach accounts for only the
loss of soil fertility and does not measure
the damage induced downstream from
increased calcium (hardness) and nitrate
levels. Damage to aquatic organisms
from increased alkalinity or eutrophica-
tion, to materials from scale accumula-
tion, and to human health would be
among the social costs of this loss in
plant nutrient uptake. Clearly such cost
estimates are dependent on the site and
difficult to generalize.

As a final example, consider another
aspect of the role of ecosystems in nutri-
ent cycling, the fixation of nitrogen by
microorganisms. Nitrogen-fixing orga-
nisms perform the critical conversion of
gaseous elemental nitrogen in the atmo-
sphere to nitrogen fixed in organic form
in organisms. The reported rates of ni-
trogen fixation in nature range from 34 kg
ha™' year™' in arid Australian soils
(mostly from blue-green phycobionts in
surface soil lichens) to 720 kg ha~' year™!
from free-living soil microorganisms
under regenerated African bush (27). Val-
ues in economic crops range from 15 to
90 kg ha! year™!' in Indian rice paddies
(blue-green algae) to 104 to 177 kg ha™!
year™' in pasture legumes (symbiotic bac-
teria). In 1941, Lind and Wilson (28) re-
ported that carbon monoxide greatly
retards nitrogen fixation by Rhizobium
trifolii in the roots of red clover at
amounts less than 100 parts per million
(ppm) in the atmosphere, and inhibits it
completely at a concentration of 1000
ppm. At current costs of nitrogen ferti-
lizer (as urea), a pastoralist would have
to pay $5.50 per hectare per year (1976
dollars) to replace the lost nitrogen from
symbiotic bacteria if atmospheric ex-
posure to carbon monoxide were 50 ppm.
In the Los Angeles Basin, including its
agricultural regions, the monthly average
for the instantaneous maximum concen-
trations of carbon monoxide ranged from
19 to 56 ppm, with an annual average of
monthly I-hour maximums of 26 ppm
during 1975 (29).

The Environmental Protection Agency
(EPA) recently reported (30) that ozone
was capable of inhibiting symbiotic ni-
trogen-fixing bacteria by 40 percent at
concentrations of less than 0.08 ppm. In
the agricultural region of San Ber-
nardino, at the base of the area earlier
discussed in relation to pine needle in-
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jury, the ground-level ozone concentra-
tion exceeded 0.10 ppm for | hour or
more on 165 days in 1975 (31); for the
Los Angeles Basin as a whole, this con-
centration of ozone was exceeded on 201
days (29). The EPA also reported that
sulfur dioxide significantly reduced ni-
trogen fixation when the median concen-
tration exceeded 0.06 ppm (30). In the
Los Angeles Basin in 1975, the annual
average of monthly I-hour sulfur dioxide
maximums was 0.17 ppm (29). These
concentrations are clearly sufficient to
inhibit natural nitrogen fixation in the
Los Angeles Basin.

The implications of these findings for
ecosystem health (and subsequent val-
ues to man) from ecosystem functioning
are vast. Virtually all ecosystems are de-
pendent on nitrogen-fixing organisms for
this essential element. Global air pollu-
tion may be inexorably reducing the pri-
mary productivity of the biosphere by re-
ducing the pool of available nitrogen.
Subsequent effects on the growth of both
terrestrial and aquatic plants and of the
animals dependent on them is potentially
serious.

At the same time, it is clear that a valu-
ation of the loss of social benefits as a
result of inhibiting nitrogen-fixing orga-
nisms is severely underestimated by the
cost of replacing nitrogen by fertilizer. If
lost nitrogen in wildlands is not replaced,
as at present it is not, the indirect but in-
terconnected benefits of ecosystem func-
tioning—the gas flux, climatic regula-
tion, wildlife support, and other services
provided by a healthy ecosystem—are
diminished. The value of those lost serv-
ices is undoubtedly much larger than the
replacement cost for the lost fertilizer. It
is in part because of the interconnected
nature of the complex systems of nature
that valuation of individual services lost
is so inevitably misleading.

Summary and Conclusions

Ecosystem functioning—the flow of
materials and energy in biotic commu-
nities and the effects of these dynamics
on soil and atmosphere—is vital to hu-
man welfare. To date, those concerned
with quantifying and evaluating benefits
of natural ecosystems to man have large-
ly focused on the standing stocks of na-
ture rather than the flows. The quan-
tification of ecosystem functions, here il-
lustrated by absorption of air pollutants,
radiation balance, soil binding, and nutri-
ent cycling, is likely to produce evidence
on the extent of socially significant dam-
age from pollution. At present, our un-
derstanding of ecosystem functioning is
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limited, but much can be done even now
to develop quantitative relationships be-
tween pollution levels and damage to
ecosystem functions.

Evaluating the contribution of ecosys-
tem functioning to human welfare is a
complex task. It is a task of weighing hu-
man social values and is the quintessen-
tial task of politics. In order for citizens
to communicate to their representatives
their true desires about the maintenance
of the natural environment and the pace
of development, it is essential for the
public to have a clear idea of the benefits
they obtain from nature in its undevel-
oped state. An enumeration of the rela-
tionship between the effects of devel-
opment and physical damage to ecosys-
tems is a helpful first step. A full range of
evaluation techniques, including but not
limited to the use of economic measures,
then awaits the planner in weighing the
social value of benefits and costs (32).

At the present state in the devel-
opment of our evaluation methods, it
would seem appropriate to seek both ex-
pert judgment in the assessment of phys-
ical damage and public participation in
the assessment of social values. Cost-
benefit analysis applied to the devel-
opment of natural resources will consist-
ently skew estimates of nature’s value
because of the limited state of our knowl-
edge of ecosystem function and the diffi-
culties in expressing these values in
monetary units. Cost-benefit analysis
can also be argued to be altogether in-
appropriate to an assessment of natural
values, since there is far from social
agreement that monetary units can ex-
press the equivalent gains from the loss
of nature’s services. Although the litera-
ture on environmental cost-benefit anal-
ysis is becoming increasingly sophisti-
cated, in the eyes of many in our society
it has not yet improved upon the poet’s
summation of nature’s worth. This judg-
ment seems to be made both because of
the weakness of the assumptions inher-
ent in cost-benefit analysis and because
of the inadequacy of our quantitative
knowledge of relevant ecological and so-
cial factors. It can be expected that as
public education on the value of nature’s
services increases, the estimate of na-
ture’s worth on the part of some will in-
crease. Attempts to quantify nature’s
services have heuristic value in provid-
ing perspective on the distance from
both present estimates and a full ac-
counting. Yet it is both sobering and im-
portant to recognize that, even in the
long run, quantitative estimates of the
worth of nature to man are likely to re-
main asymptotic to the value expressed
by the poet’s phrase.
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Seafarer: Project Still Homeless
as Milliken Says No to Navy

For the better part of a decade the De-
partment of Defense (DOD) has been
trying to meet the Navy’s need to be able
to communicate with its nuclear subma-
rines while they are cruising fast and
deep, and to do so without forcing the
submarines to drag a possibly tell-tale
antenna on or near the surface. This
need could be satisfied by taking advan-
tage of the unique properties of extreme-
ly low frequency (ELF) radio, whose ex-
traordinarily long wavelength can pene-
trate seawater to a depth of several hun-
dred feet before the signal becomes too
attenuated for effective reception. But
the Pentagon’s dogged efforts to have an
operational ELF system continues to be
frustrated by severe political problems
which are in no small part self-inflicted.

On 12 August Governor William G.
Milliken of Michigan wrote President
Carter to reemphasize that Seafarer, the
current name for the ELF system the
Pentagon wants to build, is still unwel-
come in his state even though defense of-
ficials have been talking vaguely (and in-
consistently) about drastically cutting
the size of the antenna grid and, hence,
reducing the amount of land affected.
And he again called on the President and
Pentagon to live up to past promises that
Seafarer would not be imposed on Mich-
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igan over strong public opposition. Many
citizens have objected to the project’s
large scale and have feared that ELF ra-
diation might harm people and wildlife.
As first proposed, Seafarer was to in-
volve building five transmitters and im-
posing a grid of antennas on an area of up
to several thousand square miles, with
the antenna cables buried to a depth of 4
to 6 feet and positioned 5 miles apart. Up
to 2000 miles or more of cable were to be
laid altogether. An individual antenna
line might be anywhere from 30 to 90
miles in length and would carry about
100 amperes of current (an electric toast-
er requires about 10 amps). The current
would pass from one ground terminal
through the crust of the earth to a depth
of a few miles then back to the opposite
terminal. The entire circuit thus formed
serves effectively as the antenna for
transmitting the ELF signal into the
atmosphere where it is trapped in the
ionosphere and travels around the earth.
Milliken’s rejection of Pentagon ef-
forts to find a home for an ELF system is
only the most recent in a long series of
rebuffs. Sanguine, the first and by far the
most ambitious ELF system to be pro-
posed, ran into so much opposition in
Wisconsin that in early 1973 Melvin R.
Laird, the Wisconsin congressman
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whom President Nixon appointed as his
first Secretary of Defense, directed that
his state no longer be considered as a site
for the project. Later, a plan to build
Sanguine in Texas was greeted by hill
country ranchers in about the same way
they would receive a truck load of cattle
infected with hoof and mouth disease.
As for Seafarer, which the Navy began
promoting in 1975, it has run into trouble
in New Mexico and Nevada (where sites
have also been evaluated) as well as in
Michigan.

Thus far, Seafarer has continued to
find support in Congress, at least to the
extent that R & D money is still being
provided. But this year the project ran
into serious problems there too. The
House would have cut off all support for
Seafarer (though some money would
have been allowed for a small ELF ex-
perimental facility at Clam Lake, Wis-
consin), and it was only at the Senate’s
insistence that another $20 million in
R & D funds was approved.

If Seafarer can be rescued from its
present distress, it will take a determined
effort on the part of the President. He
must persuade Governor Milliken and
key members of the House armed serv-
ices and appropriations committees that
the Pentagon has now come up with an
environmentally and politically accept-
able plan for the project—and one that it
will stick with.

Despite the sharpness of Governor
Milliken’s rejection of Seafarer as it has
been presented up until now, his letter to
the President seemed to leave open the
possibility that a small ELF project
might not be unacceptable if ironclad as-
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