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Abstract

Some recent analyses suggest that future increases in knowledge will, more or less automatically, alleviate or even
eliminate future environmental problems. Here we examine this issue. First, we discuss whether a knowledge
explosion is indeed occurring, addressing some of the problems with assessing knowledge-growth. We next consider
whether growth in knowledge will help the environment; we ask whether future advances in knowledge are likely to
assure benign environmental outcomes, and discuss physical limitations of reducing resource consumption. Finally,
we outline policy interventions that would help produce and implement environmentally helpful knowledge. Although
knowledge-growth can help attenuate future environmental problems, we are skeptical as to the ability of advances
in knowledge to offset fully the adverse environmental impacts of continued growth of population and per-capita
consumption. The ongoing shift from a material-based to a services-based economy reduces, but does not eliminate,
the significant environmental impacts associated with the increasing scale of economic output. In addition, the ability
of the economy to replace certain key natural resource inputs with knowledge inputs must eventually encounter limits.
Public policy has a crucial role both in discouraging environmentally damaging forms of consumption, and in
promoting the generation and diffusion of environmentally beneficial knowledge. © 1999 Elsevier Science B.V. All
rights reserved.

Keywords: Environment; 1 = PAT; Service economy; Essential resources; Knowledge

1. Introduction environmental problems. Knowledge can help
limit and reduce population size (Ehrlich and

There is no question that increased knowledge Holdren, 1971; Ehrlich and Ehrlich, 1990), change
must play an essential role in solving humanity’s patterns of overconsumption (Ehrlich et al,
1997), and develop more environmentally benign

technologies (World Commission on Environment
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1996). These connections between knowledge and
the environment are relatively uncontroversial.
Some recent analyses suggest, however, that
knowledge-growth may alleviate environmental
problems in a way that is largely unprecedented.
Although history provides numerous examples
where industrialization has produced unfortunate
environmental consequences, some argue that
knowledge-growth will assure high levels of envi-
ronmental quality in the future. According to this
view, the continued discovery of cleaner, low-pol-
lution production methods will preserve environ-
mental quality, despite increases in the scale of
global output and consumption.

A related, but distinct view is that we no longer
need to worry about the possibility that the finite-
ness of natural resources will pose a drag on
future economic growth. In this connection, there
have been repeated discussions of an economic
transition to a services-, or knowledge-, economy
(Porat, 1977; Drucker, 1993; Chichilnisky, 1996;
Chichilnisky, 1998). Chichilnisky (1998) proposed
that a knowledge revolution is underway that will
allow more economic output with less physical
input. It is “a social and economic revolution
which matches the impact of the agricultural and
industrial revolutions,” one in which land and
machines as factors in production are being re-
placed by knowledge. An extreme version of this
claim is that future growth in technology will
virtually eliminate the possibility of a resource
drag on the economy. The thrust of this argument
can be seen in the following (Sagoff, 1997): “It is
simply wrong to believe that nature sets physical
limits to economic growth—that is, to prosperity
and the production and consumption of goods
and services on which it is based. (p.
83) ... Although raw materials will always be nec-
essary, knowledge has become the essential factor
in the production of goods and services (p. 90).”

Here we examine the question whether knowl-
edge-growth will, in some sense, save the environ-
ment. We first discuss whether a knowledge
explosion is in fact occurring, pointing out along
the way some basic challenges involved in assess-
ing an increase in knowledge. Second, we address
the question: if knowledge is growing, will it help
the environment? Here we consider both the issue

of whether knowledge can avoid a resource drag,
and the question whether knowledge can over-
come the threats to the environment implied by
increasing global output and consumption. Fi-
nally, we outline policy interventions that would
help society overcome barriers to producing and
acting upon environmentally helpful knowledge.
As our discussion will make clear, the productive
use of knowledge—to serve environmental or
other purposes—requires more than just knowl-
edge-acquisition or discovery. The acquired
knowledge must be put to good use. Appropriate
institutions, such as new financial institutions to
securitize! the biosphere, have a vital role in meet-
ing this challenge. Likewise, public policies, such
as subsidies to research and development, are
crucial for providing adequate incentives for the
creation of knowledge and for countering forces
of disinformation.

2. Is a knowledge explosion occurring?

In assessing whether knowledge-growth is oc-
curring, the first step is to define knowledge. We
define knowledge as accurate information that has
been organized and evaluated by a human mind
(or minds) and that has shaped actions, beliefs,
attitudes, institutions or mental states (e.g. sense
of well-being). Under this definition, information
does not become knowledge until it is organized
in a way that makes it useful. We include the
qualifier “accurate” in our definition in keeping
with the idea that disinformation does not consti-
tute knowledge. Our definition may not be com-
pletely satisfactory, but it seems to serve our
purposes well.

Our definition of knowledge roughly corre-
sponds to what economists typically call the level
of technology. Economists usually identify tech-
nology with know-how or the current stock of
knowledge. Likewise, economists define techno-
logical change as an increase in the stock of
knowledge. Although our definition of knowledge
is consistent with economists’ use of the concept,

! Securitization involves issuing tradable securities that enti-
tle investors to a share of the benefits from a venture.
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our application of the concept is broader than the
usual economic application. Economists generally
apply the concept of knowledge to the technolo-
gies embodied in production methods or pro-
cesses. In the present paper, we consider the
knowledge embodied in social decisions as well,
including the knowledge of which public policies
are useful (and which are not) and of what kinds
of institutions can be effective in serving social
needs. In other words, we stress the importance of
knowledge to public policies and to institutions,
as well as to private business decisions.

Beyond the difficulties of defining knowledge,
there is the problem of measuring it. This problem
is central to determining the relative importance
of new knowledge. Journalist John Horgan, in his
book The End of Science (Horgan, 1996), has
claimed that the rate of important discoveries in
science is declining, despite the mounting flood of
information. In light of the differences between
information and knowledge, it might well be
claimed that the recent development of computers
has been overrated, and that the impact of com-
puters on the environment (and society) is still
dwarfed by earlier, more fundamental discoveries,
such as writing, accounting, the printing press,
telegraph, telephone, xerography, radio, and tele-
vision. Without the first three there would have
been no industrial revolution, and the last four
have utterly changed the way people gain and
distribute knowledge.

It is true, however, that recent advances in
information technology are enormous. These ad-
vances not only have allowed the gathering of
masses of information, but also have made it
easier than ever to share work in progress. Thus,
perhaps much of the appearance of an informa-
tion explosion is actually the dissemination or
transmission of knowledge that previously was
not broadly shared. Also, the number of scientists
has increased, so the total amount of knowledge
being shared is naturally rising for this reason as
well.

As our definition of knowledge indicates, only
useful and accurate information counts as knowl-
edge. In the environmental area, much of the
information that is purveyed as useful is actually
disinformation, information that is intended to

deceive (Ehrlich and Ehrlich, 1996). In judging the
extent to which knowledge-growth is occurring,
we should in some sense subtract the disinforma-
tion from the useful information, as well as adjust
for quality differences, since disinformation and
low quality information obviously impede im-
proved policy responses to all kinds of problems,
including environmental ones. But so far there has
been no systematic evaluation of how the problem
of disinformation should be dealt with. Any pol-
icy-relevant method would need to sidestep the
contentious issue of trying to determine what is or
is not disinformation (think about advertising)
and concentrate instead on installing disincentives
to its fabrication.

A final issue in measuring knowledge-growth is
the need to acknowledge lost potential knowledge.
Such losses are associated, for example, with the
decay of biodiversity and cultural diversity. Are
the gross increases in knowledge enough to com-
pensate for the lost potential knowledge embed-
ded in the biological and cultural diversity that we
are losing?? Perhaps we are being inundated by a
flood of trivial knowledge while incurring a net
loss of more fundamental knowledge.

At the core of claims for a knowledge revolu-
tion is the assertion that our knowledge base and
economy have changed significantly in recent
years. In some respects this is clearly true. To take
just one example of knowledge growth, the ever-
increasing processing power of computers (dou-
bling approximately every 18 months) has
improved our understanding of climatology and
hydrology through more powerful modeling capa-
bilities. Looking at the economy, the US is in-
creasingly a service-based economy. Employment
doubled in the services sector from 1970-1995
and services now account for over 75% of GNP

2 One can think of the genetic code as a carrier of informa-
tion which is processed into organisms whose morphologies,
behaviors, and evolutionary histories could be considered to
amount to potential knowledge—certainly at a higher level
than unexamined data from satellite sensors, for example. The
loss of knowledge embedded in cultural diversity (including
languages), and of non-industrial human knowledge such as
that of the medicinal uses of plants, is very closely related.
Should these be considered in evaluating the net changes in
knowledge?
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and up to 80% of total employment (Guile and
Cohon, 1997; Rejeski, 1997). A number of these
growth service industries, such as finance and
telecommunications, are knowledge-based. At the
moment, however, we will remain agnostic about
whether there have been sufficient fundamental
changes in humanity’s stock and use of knowledge
to constitute a revolution, and simply examine the
relationship of knowledge to environmental qual-
ity and ways to make that relationship more
positive.

3. Will more knowledge help the environment?

3.1. Knowledge, the environment, and the
I = PAT equation

Although it seems to us that, even after ac-
counting for disinformation and knowledge-
losses, the overall stock of knowledge probably is
growing, it is a separate question whether knowl-
edge will lead to a more environmentally sustain-
able civilization. The thesis that the knowledge
revolution will solve the environmental part of the
human predicament can be cast in terms of the
I=PAT equation (Ehrlich and Holdren, 1971;
Ehrlich and Ehrlich, 1990), which states that dam-
age to the environment (impact, such as land
degradation or loss of biodiversity) is a product of
population size (P), per capita affluence (4) mea-
sured as per capita consumption, and the environ-
mental impact of the technologies, cultural
practices, and institutions through which that
consumption is serviced (7)), measured as damage
per unit of consumption. Saying that knowledge
will help the environment is tantamount to saying
that reductions in the 7 factor stemming from
knowledge-growth will significantly offset the en-
vironmental damages associated with increases in
the P and/or A factors. There are several reasons
why knowledge-growth might not lead to this
outcome.

First, some knowledge is not relevant to the
quality of the environment. Knowledge of mar-
keting psychology is largely environmentally irrel-
evant, while knowledge about the carbon dioxide
content of the atmosphere and its significance is
very consequential.

Second, although changes in T are likely to
provide some compensation in particular in-
stances, the net environmental effect of a rapid
growth in knowledge is not inevitably positive—
in some cases, T effectively rises, rather than falls.
Some knowledge will be used to develop or im-
prove technologies that may have a negative im-
pact on environmental quality. For instance, a
strong case can be made that the agricultural and
industrial revolutions traded off certain aspects of
environmental quality for improvements in the
quality of human life in many other dimensions—
at least for a substantial portion of humanity. We
do not contend that the net effect of these revolu-
tions was negative, although one might make that
argument.’ We only point out that many aspects
of environmental quality have certainly declined
as a result of these revolutions (Ehrlich et al.,
1977; Ehrlich and Ehrlich, 1990; Ehrlich et al.,
1995). In fact, there is every sign that growth of
critical environmental problems such as the loss
of biodiversity (Myers, 1979; Ehrlich and Ehrlich,
1981; Wilson, 1992; Ehrlich, 1995), land degrada-
tion (Daily, 1995), climatic alteration (Schneider,
1989; Intergovernmental Panel on Climate
Change, 1996; Schneider, 1997), and toxification
of the biosphere (Colborn et al., 1996) have been
strongly positively correlated with the growth of
knowledge. Consequently, if a knowledge revolu-
tion is to be good for the environment, it must
have an entirely different relationship with the
environment than the agricultural and industrial
revolutions.

Third, even if T tends to fall through time,
there is no guarantee that this will fully offset the
changes in P and 4. And finally, one cannot
count on significant reductions in 7" continuing
for the very long term. All production of eco-
nomic goods and services—even if it involves
nothing more than manipulation of informa-
tion—requires the use of energy. And no means
of providing energy is or can be free of resource
consumption and environmental impact (al-
though, of course, some means are better than

3 There have been claims that hunter-gatherers lived quite
high-quality lives (Sahlins, 1972). This remains a difficult issue
to evaluate, as are most quality-of-life issues.
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others). There are ultimate (thermodynamic) as
well as practical (economic) limits to how much
the energy use connected with a given service can
be reduced, and to how much the raw resource
use and environmental impact of providing this
energy can be reduced. Thus the T factor cannot
be made arbitrarily small to compensate for the
product of P and A becoming arbitrarily large.

3.2. Knowledge growth, sectoral shifts, and the
use of material inputs

One empirically testable claim for a positive
relationship between increasing knowledge and
environmental quality is that knowledge is replac-
ing some elements of natural and human-made
capital, such as land and machines, as factors of
production. This proposition suggests that the
advance of knowledge will reduce pressures to
utilize natural capital and thereby avoid the ad-
verse environmental consequences associated with
the loss of such capital. Knowledge is now recog-
nized as a primary factor of production. Eco-
nomic growth models that explicitly account for
growth of knowledge better explain growth in
national aggregate output than those that do not.
Paul Romer (Romer, 1986; Romer, 1990) has
shown that more-developed economies may grow
faster than less-developed economies because the
former rely more on knowledge as a factor of
production. Economies that rely more heavily on
knowledge are able to grow faster, Romer argues,
because of knowledge spillovers. An example of
such spillovers is provided by the development of
video-recorder technology by the Sony Corpora-
tion. Although Sony developed and patented this
technology in the form of Betamax, the company
could not hide the fact that video-recorders were
now possible and marketable. Nor could they
prevent engineers from leaving the company to
work for competitors. Ultimately, they lost the
market to VHS. This example illustrates that
knowledge can be transferred from one firm to
another at relatively low cost. Although Sony
may lament this attribute of knowledge, the phe-
nomenon of low-cost spillovers is potentially
beneficial to society as a whole (so long as the
prospect of spillovers does not stifle incentives to

innovate, as discussed below). Thus, as knowledge
becomes a more important input into production,
the spillover phenomenon gains significance, and
helps lower the economy-wide costs of produc-
tion. Economies in which knowledge plays a lesser
role benefit less from low-cost knowledge dissemi-
nation, and stay behind or fall further behind
(become less competitive in knowledge-intensive
goods production). Similarly, Mankiw et al.
(1992) demonstrated that cross-country patterns
of growth are explained better when human capi-
tal (worker education and skill level) is included
in the analysis.

Even if knowledge is becoming a more impor-
tant factor of production in more-developed
economies, and even if this allows more-devel-
oped economies to achieve a higher rate of eco-
nomic growth, this is not automatically good
news for the environment. After all, economic
growth is not always accompanied by an increase
in environmental quality—especially under con-
ventional definitions of economic growth. Thus it
is necessary to examine closely the connection
between knowledge as a production input and
environmental quality. Some have argued that the
increased reliance on knowledge as a factor of
production coincides with the shift in emphasis
from the manufacturing sector to the services
sector. Even if the services sector continues to
grow more rapidly than manufacturing, this does
not necessarily imply a decrease in total quantities
of physical resources mobilized or a decrease in
environmental impacts.

With historical data we can observe the connec-
tions between sectoral shifts and the use of mate-
rials inputs. Although our ultimate concern is
environmental quality, we focus on materials in-
puts on the assumption that it correlates with
environmental damage. In many instances the
correlation is quite strong: global warming is a
function of total emissions of greenhouse gases,
and loss of habitat for biodiversity is a function of
total area of natural ecosystems converted to hu-
man purposes.

Recent data show trends toward lower resource
use per unit of gross domestic product (GDP).
Fig. 1 illustrates the total material used by each of
four nations (the US, Germany, the Netherlands,
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Fig. 1. Material used per unit GDP relative to 1975 for four countries.

and Japan) per unit of GDP from 1975 through
1994 (World Resources Institute, 1997). Because
GDP is denominated in the currency of each
nation, the data have been normalized to an
arbitrary reference value of 1.0 in 1975. Although
the methodology was necessarily crude in some
respects, it does attempt to account for the mate-
rials used in production of imports, so migration
of heavy industries to less industrialized countries
should not bias the data.

The downward slope in all four countries sug-
gests that physical inputs are becoming less im-
portant per unit of economic output. This pattern
reflects the contributions of two factors: an in-
crease in knowledge that reduces the need for
materials inputs in given industries (the 7 in the
I= PAT equation), and a shift away from rela-
tively materials-intensive manufacturing toward
less materials-intensive service industries. Thus,
both changes in the nature of production as well
as changes in the composition of the economies’
output have contributed toward the reduction in
the use of materials inputs per unit of economic
output.

These trends offer some consolation for those
interested in environmental protection. But they
do not provide the whole story. Other factors can
offset these positive trends. In particular, rising

affluence partially or completely offsets the shifts
toward services and knowledge-intensive produc-
tion. Fig. 2 shows the total (relative) mass of
materials per capita used in each nation from
1975 through 1994. Because income has grown in
these nations, metric tons per capita have not
fallen as much as tons per unit of GDP. In fact,
tons of resources consumed per capita have been
rising in Germany, Japan and the Netherlands.
Thus, accounting for rising incomes (4) demon-
strates that the environmental benefits of the im-
pressive downward slope in Fig. 1 are offset in
three of the four countries examined.

Population growth is also countering the trend
toward a less materials-intensive society. Fig. 3
illustrates the total (relative) quantity of materials
used by each nation from 1975 through 1994. It
demonstrates why 4 and P are as important as 7’
in the /= PAT equation. Those who believe that
historical progress in 7 (a partial surrogate for
knowledge) will automatically solve environmen-
tal problems have not examined the whole pic-
ture. Taking both P and A4 into account shows
that reductions in 7 are offset in all four of the
nations. Moreover, these nations are developed
countries; in most developing countries, popula-
tion is increasing and the shift toward services and
knowledge-based production is not as strong.
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Fig. 2. Material used per capita relative to 1975 for four countries.

Thus, we suspect that despite improvements in 7,
global I has probably not declined.

3.3. Some complications

There are a number of further issues that com-
plicate the relationship between knowledge-
growth and the environment. One is that reducing
T is likely to become increasingly difficult since,
as P and A4 grow, materials will be extracted from
scarcer and/or less concentrated non-renewable
stocks, from less productive renewable sources,
and from more remote areas (Ehrlich and Hol-
dren, 1971; Ehrlich and Ehrlich, 1991; p. 7). Sec-
ond, knowledge-growth itself contributes to
overuse of some renewable resources. Even with
the shift towards a computerized office, paper
consumption has increased in absolute terms over
time and has actually held steady on a per GDP
basis (Stern et al.,, 1997). As another example,
advances in the associated development of more
advanced fishing and logging methods have made
overharvesting of stocks relatively easy (Safina,
1997; Pauly et al., 1998).

Third, if knowledge-growth is to help the envi-
ronment, it needs to do more than reduce our
reliance on inputs of natural capital. To be sure,
reducing this reliance is vitally important—to a
large extent, knowledge growth must overcome

the input scarcity problem by revealing ways that
economic output can be produced with less re-
liance on increasingly scarce inputs. There is an-
other, equally important part of the
environmental problem, however. A major reason
for environmental degradation is the discharge of
contaminants associated with economic produc-
tion. This discharge problem is evident in local
and regional air and water pollution as well as
more global environmental problems such as
stratospheric ozone depletion, transboundary acid
deposition, and global climate change. To deal
with the discharge problem, there is a need for
knowledge of new production methods that re-
duce emissions of toxic chemicals and other con-
taminants to the Earth and its inhabitants. To the
extent that economies reduce their dependence on
fossil-based energy, they alleviate both the input
scarcity problem (by reducing reliance on non-re-
newable resources) and the discharge problem (by
reducing emissions associated with the combus-
tion of fossil fuels).

But many serious environmental problems re-
sult from discharges that are not strictly energy-
related. For instance, synthetic chemicals can
have damaging effects in humans and other ani-
mals (Colborn et al., 1996) even though the quan-
tities of resources used in the production of those
chemicals is quite small. Certainly, knowledge can
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Fig. 3. Total quantity of materials used relative to 1975 for four countries.

be instrumental in controlling pollution by these
chemicals, but the synthesis of new organic com-
pounds with unknown biological impacts pro-
ceeds apace. At least in developed countries, net
gains in pollution control may be occurring, al-
though even this trend is difficult to assess; simple
measures of decreases in pollutants that lower air
or water quality often do not tell the whole story.*

In addition, since environmental damages often
stem from terrestrial and atmospheric concentra-
tions (stocks) of toxic compounds, rather than
current emissions (flows) of these compounds,
merely reducing the flow will not immediately
lead to significant environmental improvement.

4 For instance, wastewater treatment plants often dispose of
their sludge in landfills that in turn send leachate collected in
their underdrain systems to wastewater treatment plants, or
tall smokestacks convert local air quality problems into re-
gional acid precipitation problems. A recent example is the use
of methyl tertiary butyl ether (MTBE) as a gasoline oxygenate
(additive) which reduces automobile emissions of carbon
monoxide and volatile organic compounds. MTBE is consid-
ered one of the best oxygenates for this purpose. MTBE,
however, is extremely mobile in groundwater—a fact appar-
ently not examined when it was selected for use as an air
pollution control technique. California is currently considering
banning its use as a gasoline additive because of the costly
groundwater contamination problems that have resulted from
its use in air pollution control.

This issue is particularly important in the context
of stratospheric ozone depletion or global climate
change—problems that depend on atmospheric
concentrations of CFC’s, carbon dioxide, and
other greenhouse gases.

3.4. Essential resources and the limitations of
knowledge growth

Perhaps the most difficult challenges for contin-
ued economic growth are posed by essential re-
sources—these are resources that are crucial for
economic production and for which there are no
conceivable substitutes in production.® Stocks of
renewable and nonrenewable natural resources
are finite in supply—their supply is largely given
by nature, rather than augmented by human be-
ings. As population grows and labor inputs as
well as reproducible capital stocks expand, the

> Economists define whether an input (e.g. natural capital,
manufactured capital, and labor) is essential in terms of an
aggregate production function. An input is defined as essential
if the amount of aggregate production (the value of this
function) approaches zero in the limit as the quantity of the
input approaches zero. This means that if certain types of
natural capital are essential, then the depletion of the stocks of
these types of capital implies a reduction in economic output
and consumption in the long run.
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stocks of productive natural resource inputs be-
come relatively scarce in comparison with other
productive inputs. If these natural resources are
essential, their increasing relative scarcity will con-
strain economic growth and constitute the most
extreme kind of input scarcity. Thus it seems
important to consider the extent to which natural
resources are indeed essential. Can future human
needs be satisfied despite the finiteness of these
resources? Can reasonable levels of consumption
be maintained even when essential resources are
fixed (or, in the case of exhaustible resources,
shrinking) in supply? Can advances in knowledge
somehow offset the increased relative scarcity of
essential natural capital?

Even after implementing the most environmen-
tally friendly technologies, some minimal level of
consumption of physical resources would be re-
quired. After all, people can’t eat or drink ser-
vices, information, or knowledge any more than a
group of chimpanzees grooming one another
could survive on that exchange of services alone.®
If these physical resources are not being used
sustainably—that is, without reducing the ability
of the planet to supply these resources in the
future—then humanity is having a negative im-
pact on the environment.

In some cases, new knowledge can convert an
input from the category of essential to that of
inessential. However, there are some inputs or
resources for which no amount of knowledge is
likely to alter the essentiality. Here we focus on
resources that are likely to remain essential, de-
spite advances in knowledge. The key questions
we will ask are: (1) which material resources are
essential?; (2) of these, which are currently (or
projected to soon be) scarce?; (3) to what extent
could increased knowledge increase access to, or
reduce the per-capita amount required of, these
resources?; and (4) is the rate of innovation suffi-
ciently rapid to offset increases in their consump-

% An interesting discussion of this point is provided in
Cohen and Zysman (1987), a response to the shift-toward-ser-
vices claim mentioned in the opening of this paper. The
authors point out, with numerous examples, that there are
many manufactured goods for which service-type substitutes
do not exist.

tion driven by increases in population size and
per-capita affluence?

Naming essential resources is easy for ecolo-
gists. After all, a central theme in ecology is what
resources limit the distribution and abundance of
organisms. Water, fertile soils, energy, and biodi-
versity are examples of resources essential to hu-
manity (Daily and Ehrlich, 1992). Note that all
are intimately involved in maintaining humanity’s
single most important activity: agriculture. What
are the possibilities that relevant knowledge can
partially remove constraints on these resources?

3.4.1. Fresh water

Let’s examine the case for fresh water in some
detail. Water is indisputably an essential resource.
Several liters (~ 2.5-4) of water must be con-
sumed daily if an individual is to stay live. A
minimum estimate for total personal use (cook-
ing, bathing, flushing away waste) is 50 I per day
(Gleick, 1996). In addition to direct uses, water is
essential for crop production.

The current and projected future rates of water
use are unsustainable. Presently 1.5-2 billion peo-
ple fall short of the requirement for personal use.
On a global scale, humanity is already using
about half of the accessible fresh water for per-
sonal, industrial, and (primarily) agricultural pur-
poses (Postel et al., 1996).

Technology could improve the efficiency of wa-
ter use by agriculture and thus reduce the per-cap-
ita requirement. At present, approximately 60% of
water diverted to fields for irrigation is actually
taken up by the crops which are irrigated, while
40% 1is lost between the irrigation water source
and the plant (Zilberman, 1997). If one accounts
for evaporation in reservoirs and conveyance
channels, for leaking pipes, and for inefficient
irrigation systems, only 25% of all water diverted
to irrigation gets into crop plants (World Re-
sources Institute, 1997). If by some miracle of
irrigation technology these losses were nearly
eliminated (i.e. 99% efficiency were achieved), wa-
ter use efficiency would rise by a factor of 4
(0.99/0.25). Note that this is a far cry from a
factor of 10 increase called for in some technolog-
ically optimistic political statements, such as the
goal adopted in 1996 at the ministerial level of the
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Environmental Policy Committee of the OECD
(Adriaanse et al., 1997).

Of course, genetic engineering may yield vari-
eties of crops which require much less water in the
first place, but there are practical limits in this
area as well. Certainly genetic engineering is a
powerful tool, but crops are still subject to biolog-
ical constraints. In fact, green revolution strains
of high yielding wheat have lower water use effi-
ciency (WUE) than their lower yielding ancestors
(Ehdaie et al., 1991), suggesting that the window
may be narrow for improving yields and WUE at
the same time.” In addition, there is a negative
feedback loop that may diminish any gains in
total WUE that irrigation technology and genetic
engineering offer. Evapotranspiration from plants
and evaporation from moist ground surfaces is
essential to natural cooling. If irrigation systems
no longer spill a drop on the ground and plants
respire much less, this cooling effect will be
greatly reduced (McNaughton and Jarvis, 1991).

More fresh water can be created by treatment
of waste water, but reuse of waste water is only
possible for the portion of the water supply that is
used non-consumptively. Agriculture is by far the
largest user of water, and its use is consumptive.
One cannot reuse irrigation water that has been
evapotranspired.

Finally, there are such possibilities as mining
polar ice caps by towing icebergs to places where
water is in short supply, and creating more fresh
water through desalinization. Because huge
amounts of energy are required to tow icebergs or
desalinate large quantities of salt water and pump
it to where it is needed, such schemes are neither
environmentally nor economically feasible in most
instances.

In short, with regard to the four questions
above as applied to water: (1) it is an essential

7 The best improvement in WUE after 500 million years of
plant evolution is C4 photosynthesis, which has WUE approx-
imately double its evolutionary predecessor, C3 photosynthesis
(Bjorkman, 1971). To improve on this mechanism, the car-
boxylating enzyme which absorbs the CO, would need to be
re-engineered to have a much greater affinity for CO,, or a
stomatal membrane would need to be developed that is perme-
able to CO, but not to water vapor. So far, neither evolution
nor technology has indicated much promise in this direction.

resource; (2) it is being used unsustainably and
becoming scarce in many areas; (3) relevant
knowledge can help increase access to water re-
sources and reduce per capita demand, but there
are biological and energetic constraints that will
sharply limit progress in that area; and (4) the
rate of innovation seems far below that required
to keep up with demand, which under optimistic
assumptions would require humanity to use more
than 70% of accessible freshwater by 2025 (Postel
et al., 1996).

3.4.2. Fertile soils

The situation with fertile soils is similar, but
more complex and less well-measured. Clearly,
fertile soils are essential for crop production.
Statistics on erosion rates are unreliable, but there
is general agreement that in many areas erosion is
well above replacement rates (Brown and Wolfe,
1984; Crosson, 1995).

Currently there are three possibilities for aug-
menting the role played by natural fertile soils.
Fertilizers can help maintain fertility, but suffer
from economic and biological constraints. High
quality topsoil can also now be produced through
composting, but its cost (about $50 per cubic
meter, or about $50 000 per hectare for a 10 cm
layer) is unlikely to be affordable in large-scale
agriculture. At the extreme, the possibilities of
extensive hydroponic cultivation are much more
remote than those of extensive desalinization—
the costs of replacing fields with structures for
growing basic crops would be vastly prohibitive,
even if sustainable systems could be designed. For
example, construction of a modern hydroponic
system in the US today would cost about a mil-
lion dollars a hectare, and the system would have
high operating costs and be extremely vulnerable
to things like power outages (Daily et al., 1997). It
is no accident that area under hydroponics is on
the order of one millionth of the global cropped
area.

Thus, with regard to soil, our answers to the
four questions above are: (1) it is essential; (2) it is
often used unsustainably; (3) relevant knowledge
can help maintain what resources we have and
help to rebuild them, but economic and biological
constraints are likely to make progress difficult;
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and (4) the rate of innovation seems far behind
the growth in demand implied by the need to at
least double food production in the next 50 years.

3.4.3. Energy

Energy has perhaps been analyzed more thor-
oughly than any other resource (Holdren, 1987,
Smith, 1987; Holdren, 1990), and the results, from
the perspective of this paper, can be easily sum-
marized. In the context of our four questions
again: (1) energy is essential; (2) there are no basic
problems of sustaining supplies, although over
commitment to some sources (e.g. petroleum)
linked with the long time-scales of bringing new
sources on line could cause severe future disrup-
tions; there are, however, severe sustainability
problems because of the many environmental im-
pacts of overuse (e.g. climate change caused by
CO, emissions from fossil fuels); (3) relevant
knowledge can help to transition to more environ-
mentally benign sources; and (4) the rate of inno-
vation, or at least support of innovation
(Holdren, 1990), is declining as the need increases.

3.4.4. Biodiversity

Biodiversity is an essential resource, although
the exact proportion of diversity that is essential is
unknown (Naeem et al., 1994; Naeem et al., 1996;
Tilman et al., 1996). Species and population diver-
sity provides genetic material for crops and
medicines, goods such as seafood and timber, and
ecosystem services such as pollination, purifica-
tion of air and water, and flood control (Hey-
wood, 1995; Daily, 1997; Hughes et al., 1999). It
is clear that biodiversity is being used unsustain-
ably. Current human-driven species extinction
rates are 100 to 1000 times higher than back-
ground speciation rates (Pimm et al., 1995), and
populations are going extinct at a rate three or-
ders of magnitude higher than species (Hughes et
al., 1997).

There are no known large-scale substitutes for
biodiversity in most of its ecosystemic roles—for
example, helping to stabilize the climate by se-
questering carbon, watershed protection, recycling
of nutrients, or control of most potential agricul-
tural pests (Ehrlich and Mooney, 1983; Daily,
1997). Although technology may never greatly

reduce need for biodiversity, it can play an impor-
tant role in preserving and restoring population
diversity. Knowledge that would allow the
restoration of populations in natural areas could
restore valuable ecosystem services, and better
technologies for storing seeds or other propagules
(i.e. gene banks) could help supply the necessary
elements for restoration.

With regard to the four questions above as
applied to biodiversity: (1) some amount is essen-
tial; (2) it is being used unsustainably; (3) knowl-
edge is not likely to reduce the need for
biodiversity or replace species diversity, but rele-
vant knowledge can help maintain stocks and
rebuild them at the population level; and (4) the
rate of innovation in biodiversity preservation is
trivial compared to the growth in need for ecosys-
tem services (Daily, 1997).

Knowledge-intensive production can and has
yielded enormous efficiency gains in production,
such as of electronic devices (which, however,
only account for about two percent of gross do-
mestic product). But one must ask the extent to
which such gains are plausible for essential re-
sources. This is an empirical question that de-
mands further research, although enough is
known to make some scientists skeptical of the
possibility of sustaining even today’s P x A4 level
(Daily et al., 1994).

4. How do we attain environmentally beneficial
outcomes?

Even though more knowledge does not in-
evitably lead to environmentally beneficial out-
comes, we are convinced that additional
knowledge of environmental systems, the assaults
upon them, and the human behavior and institu-
tions behind those assaults, is a prime require-
ment for solving the human predicament.
Societies are thus faced with the challenge of
ensuring that such new knowledge is developed
and implemented.

There seem to be five major obstacles that
prevent knowledge from alleviating environmental
impacts: (1) lack of incentives to generate environ-
mentally relevant knowledge; (2) lack of accessi-
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Table 1
A partial taxonomy of problems and relevant policies

Problem type

Potential policy response

Lack of incentives for generating environmentally relevant
knowledge: (a) Non-excludable benefits of knowledge
production. (b) Failure to correct environmental
externalities leading to inadequate incentives for some
types of knowledge.

Lack of accessibility to knowledge.
Production and distribution of disinformation.

Misalignment of individual and societal incentives (e.g. the
problem of depletion due to open access).

Less than best behavior due to constraints (e.g. credit or
political) that prevent individuals, firms, or governments
from acting upon the knowledge that they have.

(a) Produce knowledge publicly, or subsidize private producers
of knowledge. (b) Implement corrective taxes or auction
permits-to-emit. (c) Securitize the biosphere. (d) Protect
intellectual property rights more completely.

Subsidize dissemination of knowledge (education).
Reduce incentives for disinformation production or distribution.

Correct environmental externalities through taxes, subsidies, or
the establishment of property rights.

Reform institutions to eliminate or reduce these constraints.

bility to knowledge; (3) competing disinformation;
(4) misalignment of individual and social goals;
and (5) constraints on the ability to respond to
available knowledge. Table 1 outlines these prob-
lems and the theoretical policy interventions avail-
able. In the remainder of this section, we expand
on each of the obstacles, but it is obvious that
practical solutions have to be tailored to specific
circumstances.

4.1. Provide incentives for the generation of
environmentally relevant knowledge

Many analyses explain knowledge-growth as
resulting from firms’ research and development
(R&D) expenditures. Firms typically pursue R&D
expenditure as a type of investment, devoting
funds to R&D in the expectation that the new
knowledge gained from such expenditure will pro-
duce cost-savings that more than offset the cost of
R&D. While many firms engage in R&D on an
ongoing basis, there are several reasons why in-
centives to invest in environmentally-beneficial
knowledge may not be sufficient to ensure a sus-
tainable society.

First, knowledge often is not excludable; that is,
its benefits are not entirely appropriable by its
creators: there is a free-rider problem. Once this
new knowledge is obtained, anyone can use this
knowledge without paying back the knowledge-

generators (researchers) for their efforts. For in-
stance, vector-borne diseases like malaria can
often be controlled by environmental manage-
ment at least as cost effectively as through
patentable biotechnological solutions such as vac-
cines, high tech pesticides, and so forth. One such
management technique is to manipulate the tim-
ing of flood irrigation of rice paddies to reduce
mosquito populations (Rajendran, 1995). In fact,
studies indicate that this type of knowledge-inten-
sive irrigation management also increases rice
production in nations like Japan with good water
control. Because these techniques are not
patentable, however, there is less private incentive
for such knowledge than is socially desirable. In
contrast, patentable biotechnical solutions are
profitable, and for this reason are more aggres-
sively pursued.

Economic analysis indicates that to the extent
that new knowledge is not fully appropriable,
individual firms tend to invest insufficiently in
R&D. This suggests a role for public policy. In-
deed, policy action in this area could have very
large environmental benefits. One theoretical solu-
tion to underinvestment in non-excludable activi-
ties is to subsidize those activities. This provides a
justification for government supported research
programs and for the tax-exempt status of non-
profit research institutions. In practice, the theo-
retical solution runs into many obstacles,
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however. For example, a strong enough profit
motive for the appropriable solution (e.g. biotech-
nology) can lead to capture of the research
agenda of public and non-profit institutions in a
field, and exclusion of competing types of research
(e.g. preventive environmental health).

A second incentive problem arises when the
public sector’s failure to correct environmental
externalities discourages efforts to discover or de-
velop cleaner technologies. The case of climate
change offers an example of this phenomenon.
Because there is no carbon tax (i.e. no tax on the
climate-related externality from fossil fuel use),
there is insufficient reward to producers of low- or
non-carbon energy supplies or products. As a
result, there is insufficient R&D and knowledge-
generation in these non-carbon alternatives. The
same can be said for water- and pesticide-sparing
agricultural practices. Thus, dealing with environ-
mental externalities produces a side-benefit of
stimulating greater efforts to expand the knowl-
edge base for more benign production methods.
Conversely, failing to deal with environmental
externalities creates a situation in which incentives
for generating environmentally friendly knowl-
edge are far too low, as indicated by totally
inadequate funding for research on renewable en-
ergy sources (Holdren, 1990). Policy responses to
close the gap between the private and social costs
of resource use range from tax incentives and
command and control regulation to expanding
property rights and, as discussed below, securitiz-
ing the biosphere.

4.2. Improve access to environmentally relevant
knowledge

No one has access to all the knowledge that
exists, and more and better knowledge will not
help if the people and institutions that need the
knowledge do not have access to it. Oftentimes,
highly attractive solutions to environmental prob-
lems are not pursued because the public is not
aware of them. For example, few people realize
that it may often be more economically sensible to
reconstitute or enhance ecosystem services than to
pay for technological solutions to environmental
problems. For instance, declining water quality in

New York City led to a proposal for a water
treatment plant that would cost $6-8 billion. But
investigation showed that the natural water-purifi-
cation capacity of the Catskill watershed could be
restored for $1-1.5 billion. A decision was made
to do the latter, financed by floating a bond issue.
The entire process could have been financed by
New York opening a watershed savings account
funded by paying a fraction of the costs avoided
by not constructing a water purification plant. By
paying investors in bonds they would have securi-
tized their savings (Chichilnisky and Heal, 1998).
The World Bank is now investigating similar
projects (involving securitizing the biosphere) for
assuring water quality in a number of poor coun-
tries. It is imperative that knowledge about
ecosystem services (and this economic method of
protecting them) be made as widely accessible as
possible. Currently, only a small number of agen-
cies and individuals have access to such
information.

If the gains of restricted access to knowledge
are large enough for a powerful interest group,
access to knowledge may be highly restricted,
even in democratic, capitalist societies. Since
knowledge can confer great power, open and eq-
uitable access to it is not something that occurs
naturally. Although society as a whole benefits
from equitable access to knowledge, someone,
somewhere often gains by keeping others in the
dark. Perhaps the recent broad-scale attempts to
minimize the significance of environmental prob-
lems (Ehrlich and Ehrlich, 1996) are a response to
the greater availability of basic knowledge about
how damaging many profitable activities are to
the environment. The theoretical solution to im-
prove access to knowledge is to subsidize dissemi-
nation, most likely by education through schools
and the public media. In the long run, embedding
new knowledge in policies and institutions that
mediate human interactions with the environment
is critical (Berkes and Folke, 1998). Perhaps sur-
prisingly, the growth of the service economy of-
fers an important opportunity to increase access
to relevant knowledge. Consider that roughly $1
out of every $10 spent in retails sales in the US is
spent at a handful of chains such as Walmart,
Sears, and Target. The fast-food chain, McDon-
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alds, operates 23 000 restaurants in 109 countries,
selling about 22000000 meals daily (Guile and
Cohon, 1997). These enormous service providers,
and others like them, stand in the center of the
life-cycle of thousands of products. Given their
purchasing power, such service companies exercise
enormous influence on the design and manufac-
ture of the products (as well as the agricultural
practices and harvesting of the foodstuffs) they
sell. Demands by consumers for environmentally
preferable goods and services has, in an increasing
number of instances, forced these key service
providers to collect environmental information on
their goods and services, publicly disseminate the
information, and establish minimum standards
for their suppliers. Relevant policy responses to
promote these private knowledge-creating activi-
ties include governmental communication (sup-
port of environmental management systems and
official recognition of best practices) and direct
regulation to require collection and dissemination
by service providers of product environmental
impacts.

4.3. Counter disinformation

There have probably always been organized
campaigns of disinformation in support of power-
ful people or political parties. An old, but now
particularly vexing question for free societies is
how the quality of information could realistically
(or should ethically) be controlled. Part of the
answer clearly lies in improving educational sys-
tems, but the ways to accomplish this are not
clear. Furthermore, with the increasing flood of
information, it is difficult for even well-educated
citizens to successfully filter cleverly formulated
disinformation.

The problem of disinformation can be miti-
gated somewhat by the provision of (more reli-
able) information by recognized scientific groups
that embrace accepted professional standards of
scientific evidence or policy evaluation. Such in-
formation has been provided to good effect by the
Intergovernmental Panel on Climate Change, an
international organization consisting of over 500
respected physical, natural, and social scientists.
The Panel’s reports offer an antidote to junk

science by articulating the current consensus on
the prospects for climate change, by outlining the
extent of the uncertainties, and by describing the
potential benefits and costs of policies to address
climate change.

We need to recognize, however, that difficulties
in knowing the difference between environmental
information and disinformation are generally
worsened, not lessened, by growth (and specializa-
tion) in scientific knowledge. Advances in scien-
tific understanding, especially because they always
involve uncertainty, make access to much envi-
ronmentally relevant knowledge more difficult for
average citizens and therefore tend to worsen the
inequality between them and specialists. Those
who want to mislead the public can take advan-
tage of that inequality. Even the openness, hon-
esty, and massive scientific consensus in the IPCC
discussions of global warming have not been suffi-
cient to counteract a campaign of disinformation
supported by industry money. A flood of TV
advertising claiming that global warming is noth-
ing to worry about has certainly confused the
public and altered its response to increased
knowledge in this area.

Disinformation is distinguished from misinfor-
mation by the intent of the information source.
Legal measures to control disinformation have
very limited scope. Neither slander and libel laws
(defamation directed toward a person) nor
product liability laws (directed at products) are
clearly relevant in the realm of public advocacy or
scientific discourse. A general approach that may
be useful is again suggested by economic theory.
When one cannot observe and punish undesirable
behavior, one should try to identify the general
incentives for that behavior, and reduce them. For
example, more thorough environmental education
would reduce the chances that disinformation
campaigns would be effective and would increase
the chance of damaging backlash against the
perpetrators.

4.4. Align individual and societal interests
There is widespread awareness among

economists and natural scientists that even when
adequate knowledge exists individually, actions
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that are rational from an individual’s perspective
do not always yield socially rational outcomes—
that is, individual and social goals (utilities) may
be out of alignment. The so-called tragedy of the
commons (Hardin, 1968; Bromley, 1991; Arrow,
1996), in which an open access resource is overuti-
lized, is one example of this problem. Unless
individual and social incentives are aligned, there
is no assurance that environmentally beneficial
outcomes will result even when people and firms
have complete knowledge and are able to act
upon that knowledge. Correction of environmen-
tal externalities via taxes, or correction of knowl-
edge spillovers through subsidies, would take us a
long way toward alignment of social and individ-
ual rationality. But other misalignments exist as
well, such as the incentive to not pay for public
goods if others will pay for them. Although eco-
nomic theory again is rich in theoretical solutions
to these types of problems, their application to
particular circumstances is difficult and beyond
the scope of this paper.

4.5. Enhance the capability to respond to
knowledge

There are many reasons that individuals, firms,
or nations may not be able to do what are in both
their best interests and the best interests of the
environment. Possessing knowledge and good in-
tentions is not enough to insure that the growth in
knowledge will be beneficial for the environment.

For example, credit constraints often prevent
individuals from implementing choices that are
both good for the environment and good for the
individual. Consider solar ovens, especially in the
tropics. These devices, which cost from $10 to
$150 have numerous benefits. They reduce the
quite serious and widespread respiratory and eye
ailments that result from cooking with wood or
dung. They reduce the time required to gather
biomass fuels, which in some areas requires as
much as 10-25% of a woman’s daily energy ex-
penditure (Dasgupta, 1993). (There are, of course,
other constraints ranging from overdesign of the
ovens to the roles of cooking fires in social life
and home heating). In addition, reduced reliance
on wood and dung for fuel slows the rate of

deforestation and fertility loss in agricultural soil.
But many if not most poor people, without phys-
ical collateral, cannot obtain loans with which to
purchase these devices, although they would pay
for themselves over time. Other forms of collat-
eral, such as the social collateral concept devel-
oped by the Grameen Bank in Bangladesh, need
to be incorporated into banking practices world-
wide. Under this concept, five or six neighbors
guarantee repayment of the loan, creating peer
and social pressure to repay the loan. Similarly, in
industrial countries, some people who wish to live
close to where they work and to buy homes that
are energy efficient, find that the reduced cost of
living that would be created by these choices can
not be obtained. Often banks will not grant the
larger mortgage needed to buy energy efficient or
location-efficient homes, even when energy and
commute savings more than pay for the amortized
cost of the increased mortgage. This is because
standard banking practice is to lend no more than
a fixed percentage of gross income, regardless of
the buyer’s estimated living expenses.

Thus, agents can’t act effectively upon their
knowledge unless they have the means to invest.
Alternative forms of collateral, and more sophisti-
cated rules for determining maximum loan
amounts, need to be developed so that all agents,
and especially those with limited capital resources,
can act upon their knowledge of the world. Policy
innovations such as better banking rules and
practices are needed to enable agents to act upon
available knowledge. We need banks that are
different than the ones Will Rogers so aptly de-
scribed as organizations dedicated to lending
money to people who don’t need it.

Governments also face these types of con-
straints. While traveling in East Africa in 1983,
Ehrlich witnessed horrific soil erosion in the high-
lands of Rwanda. Many fields were planted in
rows that marched straight up the hillside. In
1991 the Rwandan Minister of Agriculture wrote
about this problem, “Population pressure has
made us intensify our agriculture and by doing
that we have experienced significant soil
losses. ... We estimate that our arable lands are
diminishing each year by about 8000
hectares. ... We can produce enough food for 5
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million people — but we have 7.3 million peo-
ple. ... I am afraid that if the rate of population
growth continues, we might have serious
difficulties.” Although the Minister of Agriculture
knew about soil erosion, and the technical solu-
tions to it, he and his nation were not able to
communicate to a young, illiterate, and increas-
ingly desperate and divided population the most
basic of erosion control techniques.

Another constraint involves political choice.
Public opinion surveys show that many Aus-
tralians are supportive of the current govern-
ment’s economic policies and are also supportive
of stronger climate change policy than the current
government has been willing to support. Unfortu-
nately, no political party offers the optimal mix of
economic and climate policies. In this case, indi-
viduals cannot act effectively upon the environ-
mentally relevant knowledge that they have,
presumably, obtained. This example is not atypi-
cal of the political choice process. Because indi-
viduals don’t have the full range of choices (that
is, they can’t choose each policy position indepen-
dent of other policy positions), they are not able
to take full advantage of knowledge that they
possess. To some degree this problem is inherent
in the structure of republics, since people are
constrained to vote for individuals or platforms,
but so is the power of an informed public to
change the mix of policies advocated by politi-
cians or political parties.

Finally, there exist enormous political mobiliza-
tion problems, even when environmental knowl-
edge is accessible. Consider a situation where,
overall, a policy would produce aggregate net
social benefits: the aggregate gains to those who
benefit would exceed the aggregate losses to those
who lose. Suppose that the gains are distributed
very broadly, so that the benefits to each potential
winner are quite small, while the losses are dis-
tributed quite narrowly, so that each potential
loser has a large stake in the outcome. If there are
any hurdles or fixed costs connected with becom-
ing involved politically, the potential losers are
likely to mobilize more than the potential win-
ners. Thus the policy could well be blocked polit-
ically, despite its potential to generate net social
benefits. This political mobilization bias can ex-

plain the ability of special interests to prevent the
introduction of socially desirable environmental
policies (as well as other beneficial policies outside
of the environmental policy arena). There is no
obvious solution to this important problem,
though reducing the cost of political involvement
could reduce its magnitude.

5. Summary and conclusions

It is not a straightforward task to determine if
a knowledge explosion is actually occurring.
Clearly there has been a recent information explo-
sion, but if one accounts for the quality of such
information and the extent to which it can or
cannot be translated into human understanding,
the evidence for a knowledge explosion becomes
mixed. Even if a knowledge explosion is taking
place, this does not necessarily imply growth of
environmentally beneficial knowledge. And even
if there is growth in environmentally beneficial
knowledge, it does not follow that this knowledge
is actually put into practice.

It is unclear if recent knowledge has had a
positive or negative net impact on the environ-
ment. The historical record suggests that past
advances in knowledge have often been detrimen-
tal to the environment. Although the future may
not perfectly mimic the past, there are reasons to
be skeptical as to the extent to which knowledge-
growth will attenuate environmental problems.
Population growth rates are declining over much
of the planet, but per capita consumption contin-
ues to rise. An examination of essential natural
resources suggests there are fundamental limits to
the extent to which advances in knowledge, in the
presence of continued growth of population and
per-capita consumption, can prevent the depletion
of these resources and the associated environmen-
tal problems. The ability to shift economic activ-
ity from goods toward services only partly
eliminates the need for fundamental natural re-
sources and must eventually encounter limits.
Knowledge can never be a sole antidote to the
increasing pressures on the environment posed by
increasing population and per-capita consump-
tion. These constraints are largely unacknowl-
edged in the political arena.
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Our investigation emphasizes the crucial role of
public policy in helping generate knowledge that
can benefit the environment and in channeling
that knowledge to good effect. We cannot afford
to sit back and wait for knowledge to take care of
everything: private markets often fail to generate
sufficient investments in knowledge or lead to
appropriate diffusion or application of knowl-
edge. We need public policies that can provide
incentives to generate environmentally relevant
knowledge, improve access to knowledge, and
discourage or weaken the effectiveness of disinfor-
mation and junk science. In addition, institutions
must change so that people have the means to act
upon their knowledge, and policies must be
adopted which increase the likelihood that indi-
vidually rational actions will add up to socially
desirable environmental outcomes.

We are pleased to conclude by noting that
increasingly academics, at least, are more aware
now than in years past of the importance of
finding ways to accelerate such outcomes. Coop-
erative efforts across disciplinary boundaries, such
as the conference on Managing Human-Domi-
nated Ecosystems held at the Missouri Botanical
Garden and attended by ecologists, economists,
business people, attorneys, and others, are in-
creasingly being aimed at seeking solutions to
these difficult problems.

Here, as in many other policy contexts, the
devil is in the details. More needs to be known
about putting general theoretical solutions (such
as we have outlined) into practice, and there is no
time to waste.
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