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THE COVER PAINTING depicts points of light that reflect 
the impact of human beings on the earth, as seen at 
night by satellite. The major sources of light are urban 
areas (especially in the Northern Hemisphere), slash
and-burn agriculture (in South America), grassland burn
ing (in Africa) and natural-gas flares (in Siberia and the 
Persian Gulf ). Floodlights, operated by fishing fleets to 
attract squid, illuminate the Sea of Japan; city lights trace 
the path of the Trans-Siberian Railroad; and lights along 

the Nile River contrast with the virtually dark Sahara. 
Although these and other features are only approxima
tions (fires vary seasonally, for example), they effective
ly portray patterns of human activity around the world. 
George V. Kelvin executed the painting with data provid
ed by Woodruff Sullivan of the University of Washing
ton. Sullivan has compiled a mosaic image, "The Earth at 

Night," from satellite photographs made by the Defense 
Meteorological Satellite Program of the U.S. Air Force. 
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GM's job is to 
makee� g 
· this .� .... m Pl\"LUJ. e 

affordable. 
The automobile. Clear skies. Clean air. Every one is best served 
when all are of the highest quality. 

At General Motors, we recognize the effects that cars and their 
manufacture have on the environment. We understand the rela
tionship better than any other carmaker in the world. 

For more than eighty y ears, GM has applied its resources to 
making the lives of our customers more comfortable. Improving 
the utility of their vehicles. Expanding their access to affordable 
transportation. 

In the last three decades, GM has brought these same tools
science, technology, engineering, and marketing of fuel-efficient 
cars - to bear in behalf of the environment. To understand better 
the complex interrelationship between man and nature. To iden
tify problems and propose solutions. 

We believe our job is to help make a healthful environment 
ever more affordable. 

Since the late 1950s, scientists at the GM Research Laboratories 
have conducted pioneering studies on atmospheric chemistry, air 
quality modeling, acid deposition, long-range transport of pollu
tants, and Visibility. For this work, the American Meteorological 
Society gave the Laboratories its 1989 award for Outstanding 
Services to Meteorology by a Corporation. Both the work and the 
award are measures of the strength and depth of GM's 
commitment. 

Elsewhere in this issue of Scientific American are reports on other 
research conducted O/I(!!' the years by GM people in pursuit of a 
healthful em'ironment. (See pages 1. 2. and 3: 95,96. and 97: and 
191, 192. and the inside back couer.) 

MARK OF EXCELLENCE 

Chevrolet, Pontiac, Oldsmobile, 
Cadillac, GMC 
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The Albedo Effect 
Mathematical models of the atmosphere are the chief scientific tools for 
predicting long-term climate and identifying possible climatic changes that 
may result from man's activities. Recent advances at the General Motors 
Research Laboratories have revealed new information about the contribution of 
airborne particles to the delicate thermal balance of the earth's atmosphere. 
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Regions of heating and cooling determined by 
particle characteristics and surface albedo. 

Radiation scattering exhibited by a layer of 
particles. The inset shows the distribution of 
scattering by a single particle of mean size. 
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DEVOID of its atmosphere, 
t h e  b a r e  e a r t h  w o u l d  

reach an average temperature of 
only -1°C. Atmospheric interac
tion with solar and terrestrial radi
ation raises the average surface 
temperature to fifteen degrees Cel
sius, making life as we know it 
possible. Small fluctuations in 
overall temperature can have large
scale effects. It is believed that a 
drop of a few degrees Celsius last
ing for a period as short as four 
years could trigger an ice age. Fun
damental studies conducted at the 
General Motors Research Labora
tories explore the effect of various 
atmospheric factors, natural and 
man-made, on the earth's thermal 
balance_ 

Ne w k n o w l e d g e  o f  t h e  
influence of airborne particles on 
the earth's thermal balance has 
been revealed by investigations 

p �.-I 
f. . 

l
I 

carried out by Dr. Ruth Reck 
Dr_ Reck's work at General Motors 
integrated for the first time the 
complex factor of particles into 
radiative-convective atmospheric 
models. Her findings help deter
mine under what conditions par
ticles have a cooling influence, and 
under what conditions they have a 
heating influence . 

Airborne particles have 
many sources: volcanic issue,  
wind-raised dust and sea salt, ash, 
soot, direct and indirect products of 
combustion and industrial process
ing, the products of the decay of 
plant and animal life, the liquid 
droplets and ice crystals that make 
up clouds. Particles alter the radia
tion flow in the atmosphere by the 
processes of scattering and absorp
tion. Particles differ by size and 
composition, factors which deter
mine optical properties. 

P rior to Dr. Reck's work, 
models for calculating the vertical 
t�mperature profile included layers 
of clouds a nd the s i g n i fi c a nt 
gases-02, O:h H20 and CO2-but 
neglected the particle factor. To 
establish the thermal effect of par
ticles, later models assumed a uni
form vertical temperature change. 

Dr. Reck's contribution was 
to add the particle factor to a one
dimensional model developed at 
the Geophysical Fluid Dynamics 
Laboratory at Princeton Univer
sity_ This model divides the atmo
sphere into nine layers_ An initial 
temperature distribution is as
sumed, and the model is used to 
compute the net radiative energy 
flow into or out of each layer. A 
particle population is input for each 
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layer. Calculated radiation imbal
ances result in a temperature 
change for each layer within the 
model, subject to the condition that, 
change in temperature with alti
tude not exceed the adiabatic lapse 
rate. The new temperatures are 
used to compute a new radiation 
balance. This process is repeated 
until there are no further changes 
in temperature. 

The particles of interest, 
known as Mie-scattering aerosols, 
are comparable in size to the wave
length of the incident radiation. Dr. 
Reck models the interaction of 
these particles with the radiation 
field in terms of two parameters: 
the single scattering albedo of the 
particle, which describes backscat
ter, and an anisotropic scattering 
factor, which measures the degree 
of forward scatter. From these two 
quantities and the size distribution 
and abundance of the particles, the 
transmission, absorption and back
scatter of each layer in the model 
can be calculated. 

DR. RECK discovered that 
whether particles have a 

heating or cooling influence de
pends upon the surface albedo, or 
reflective power, of the earth di
rectly beneath them. Snow (0.6) is 
more reflective than sand (0.3); 
water is less reflective than either 
(0.07). Her results indicate that 
when surface albedo is small, the 
net effect of particles is to "shield" 
the earth from incoming solar radi
ation, producing a cooling influ
ence. When surface albedo is large, 
a trapping effect prevails, in which 

This research is one example of the breadth of GM's com
mitment to a healthful environment. Dr. Reck has since 
examined how albedo has varied historically with climate. 
She has also studied the role of volcanic aerosols, tested 
the sensitivity of climate models to albedo changes, and 
initiated new research into the greenhouse effect. 

the portion of solar radiation that 
reaches the earth's surface is 
"trapped" between the surface and 
the particles, producing a net heat
ing influence. The competition be
tween these two effects, shielding 
and trapping, determines the over
all thermal influence of particles. 

Dr. Reck calculated that for 
the latitudes between the equator 
and 35°N, where average surface 
albedo is low, the current back
ground level of atmospheric par
ticles decreases solar radiation 
reaching the earth by � 1 %, thus 
producing a net cooling effect. Her 
findings indicate that heating takes 
place at latitudes north of 55°N, 
where average surface albedo is 
high. Calculations with the model 
indicate a correlation between the 
increase in particle abundance due 
to volcanic activity in 1970 and a 
subsequent ice build-up in 1971. 

"Previous models did not ad
equately take into account the role 
played by particles in the earth's 
thermal balance," says Dr. Reck. 
"The ge osystem is continually 
changing. It is important for us to 
understand the elements that affect 
this evolution, so that we may know 
how man's activities influence the 
atmosphere." 

General Motors 

II 
MARK OF EXCELLENCE 

THE 
WOMAN 
BEHIND 
THE 
WORK 
Dr. Ruth A. Reck is a Staff Research 
Scientist in the Environmental Sci
ence Department at the General 
Motors Research Laboratories. 

Dr. Reck received her B.A., 
magna cum laude, in chemistry and 
mathematics from Mankato State 
University, and holds a Ph.D. in 
physical chemistry from the Univer
sity of Minnesota. Prior to joining 
General Motors in 1965, she was a 
Research Associate in the Applied 
Mathematics Department of Brown 
University. 

Since 1985, Ruth has been a 
member of the U.S./Canada Inter
national Joint Commission Science 
Advisory Board, chairing, among 
other groups, the Atmospheric Indi
cators Task Force and the Atmos
pheric Deposition Section. She also 
serves on the National Science 
Foundation Review Board, Division 
of Polar Programs. 

In 1988, Dr. Reck was honored 
by the Institute of Technology, Uni
versity of Minnesota with its Out
standing Achievement Award for her 
work as an environmental scientist, 
scholar, and communicator. 
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Managing Planet Earth 
William C. Clark 

In the millennia since our species emerged, it has colonized the planet 

exuberantly. Can we summon the intelligence to understand the biological 

and physical system of which we are a part, so that we can pursue 

economic growth and development in ecologically sustainable ways? 

The Changing Atmosphere 
Thomas E. Graedel and Paul]. Crutzen 

The chemistry of the atmosphere is changing, in large measure because 

of gases emitted by such human activities as farming, manufacturing and 

the combustion of fossil fuels. The deleterious effects are increaSingly 

evident; they may well become worse in the years ahead. 

The Changing Climate 
Stephen H. Schneider 

The earth owes its hospitable climate to the greenhouse effect, but now 

the effect threatens to intensify, rapidly warming the planet. Rising 

concentrations of carbon dioxide and other gases are the cause. The 

danger of warming is serious enough to warrant prompt action. 

Threats to the World's Water 
]. w. Maurits la Riviere 

Water, most precious of all resources, is in short supply in many regions; 

almost everywhere increasing amounts of organic waste and industrial 

pollutants threaten its quality. Only international cooperation in the 

integrated management of water resources can ameliorate the situation. 

Threats to Biodiversity 
Edward 0. Wilson 

The elimination of habitats-and in particular the felling of species-rich 

tropical rain forests-is driving plant and animal species to extinction 

in unprecedented numbers. The accelerating loss of diversity is nothing 

less than a moral, scientific and economic tragedy. 

The Growing Human Population 
Nathan Keyfitz 

Populations will stabilize as development brings economic and social 

advances. Yet even as rates of increase decline, absolute numbers soar. 

How can poor nations progress when population growth not only hastens 

degradation of the environment but also threatens development itself ? 
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Strategies for Agriculture 
Pierre R. Crosson and Norman J. Rosenberg 

Agricultural science and technology may indeed find ways to feed 10 
billion people 100 years from now, but social and economic changes will 

have to be made to persuade individual farmers to adopt methods that 

will boost food production without further degrading the environment. 

Strategies for Energy Use 
John H. Gibbons, Peter D. Blair and Holly L. Gwin 

Nuclear power, solar cells, wind and tide will all have roles in supplying 

energy for growth and development without aggravating the greenhouse 

effect. Yet exotic new energy sources alone cannot meet the challenge. 

Significallt improvement in the efficiency of energy use is the real hope. 

Strategies for Manufacturing 
Robert A. Frosch and Nicholas E. Gallopoulos 

Can the industrial way of life be maintained without exhausting resources, 

generating unmanageable amounts of waste and poisoning the 

environment? Creative engineering can provide an "industrial ecosystem," 

characterized by dematerialization and closed-system manufacturing. 

Strategies for Sustainable Economic Development 
Jim MacNeill 

Economic growth in developing countries must accelerate to meet the 

needs of larger populations. Growth can be attained by means that do not 

damage the environment, and governments-north and south-will have to 

muster the determination to follow these alternative paths to development. 

Toward a Sustainable World 
William D. Ruckelshaus 

Moving people and nations toward sustainability requires changes in values 

and social institutions on a scale comparable to two other transforming 

events in the history of humankind: the agricultural revolution and the 

Industrial Revolution. Some initial strategies are proposed. 

DEPARTMENTS 

8 Letters 

12 50 and 100 Years Ago 

17 Science and the Citizen 

98 Science and Business 

176 The Amateur Scientist 

180 Computer Recreations 

184 Books 

190 Essay: Gro Harlem Brundtland 
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Airlines, like human beings, benefit much from sea
soning. And KLM is the ultimate case in point. 

Almost seven decades ago, KLM launched the first 
regularly scheduled airline flight (carrying two passengers 
and a bundle of newspapers). 

Today we fly to more cities in Europe, Africa and the 
Mideast than all U.S. airlines combined. 

Our Amsterdam hub has been judged the world's best 
airport by international travelers for five straight years. 

And our peers think so highly of our service that 
over forty other airlines choose KLM to train their flight 
crews and service their aircraft. 

All of which is proof that, like people, airlines don't 
get older; they get better. But judge for yourself. Call your 
travel agent or KLM Royal Dutch Airlines .•• + •• 
T he airline of the seasoned traveler. _ 

The Reliable Airline KLM 
Royal Dutch Airlines 
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LETTERS 
To the Editors: 

"Lessons of Sunraycer," by How
ard G. Wilson, Paul B. MacCready and 
Chester R. Kyle [SCIENTIFIC AMERlCAN, 
March], not only is intriguing but also 
is scientifically accurate and devoid of 
hyperbole. The last two features are 
usually not characteristic of articles 
on electric vehicles addressed to the 
layperson. 

A sentence on page 93 raises the 
possibility that electric cars as cur
rently designed could have the batter
ies charged at "a large and expensive 
battery charger at a servicing loca
tion." This would be the equivalent of 
an "electric filling station," filling the 
batteries with electricity instead of a 
tank with gasoline. Some basic calcula
tions indicate the remote probability 
of ever being able to pull into an elec
tric service station, say "fill 'er up" and 
drive off 10 minutes later with a re
charged battery set. 

All data to date on technically suc
cessful electric automobiles indicate 
that about 30 kilowatt-hours must be 
stored in the battery for the vehicle to 
be driven an acceptable amount in 
daily use. Let us assume that the les
sons of Sunraycer lead to improved 
deSigns, so that only 15 kilowatt
hours are required to "refuel" a bat
tery in, say, six minutes. The charging 
rate would have to be 15,000 watt
hours in 0.1 hour (six minutes), or 
150,000 watts. That is the amount of 
power that about 10 ordinary private 
homes would draw with their ap
pliances going full blast-before the 
lOa-ampere fuses or circuit breakers 
tripped, that is. 

If we assume a battery voltage of 
150 volts (rather hazardous, but I take 
this figure to make calculations sim
pler), then the charging current would 
have to be 1,000 amperes. Thus, the 
connector from the "battery service 
station" to the batteries would have to 
be a cable set approximately an inch 
and a half in diameter, and the connec
tor to the car would weigh about 10 
pounds and require a "gas tank cover" 
about six inches in diameter. There are 
many other problems associated with 
this concept of quick recharging, but 
we'll skip them. 

The possibility that, instead of being 
recharged in the car, a dead battery 
could be quickly exchanged for a fresh 
one presents economic, technical and 
liability problems. For example, who is 
responsible for a faulty battery that 

may manifest itself after one has driv
en only 10 miles since the battery 
exchange? There are answers, but they 
are not simple. 

VICTOR WOUK 

U.S. Representative to the International 
Electrotechnical Committee on 
Electric and Hybrid Vehicles 

New York City 

Author's response: 
The point we were making was that 

a modern electronic inverter, config
ured to return to the battery the rather 
considerable power that results when 
the motor is operated as a generator 
and used to brake the car, is actually a 
powerful battery charger. Most elec
tric vehicles built to date have not had 
such on-board chargers and, there
fore, have required "large and expen
sive" battery chargers at their servic
ing locations. Since the normal re
charging time for electric vehicles is 
several hours, the power demand need 
not be high, and large cables and con
nectors are not required. 

If an electric vehicle could obtain a 
fast "fill up" at the electric service 
station, the present concerns about 
vehicle range would become less im
portant. At the moment, batteries suit
able for electric-vehicle application 
could be recharged to half full in 
about 30 minutes, but new battery 
developments may significantly short
en that time. In either case, Dr. Wouk's 
comments would become most rele
vant. A very high power source would 
be required, and the recharging cable 
and connector would be massive. Per
haps the solution to the latter prob
lem will come at some future time 
with the achievement of room-tem
perature superconductivity. 

HOWARD G. WILSON 

To the Editors: 
It is very seldom that articles in 

Scientific American contribute to my 
understanding of Robert Service's po
etry. Nevertheless, until I read "Ab
sinthe," by Wilfred Niels Arnold [SCI
ENTIFIC AMERlCAN, June], I had always 
imagined that when " ... the stranger 
watered the green stuff in his glass, 
and the drops fell one by one ... " he 
was drinking such cheap booze that 
even its color was off. Further, it had 
never been clear to me why "They say 
that the stranger was crazed with 
'hooch' ... " when he had only had the 
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one drink before he shot Dan McGrew, 
but it is understandable if the stranger 
suffered from absinthism. 

MICHAEL CLOVER 

Los Alamos, New Mexico 

To the Editors: 
"Free-Electron Lasers," by Henry P. 

Freund and Robert K .  Parker [SCIENTIF
IC AMERlCAN, April], fails to mention 
the seminal and elegantly successful 
radio-frequency linac free-electron la
ser R&D program at the Los Alamos 
National Laboratory. At this complete 
facility, designed specifically as an 
FEL, many firsts have been achieved, 
including records for output power, 
beam quality, tunability, energy recov
ery and quantitative measurements of 
the power amplification of the light 
beam itself (as opposed to the rel
atively easy-to-measure power de
crease of the driving electron beam). 

Research aimed at overall system 
requirements has resulted in inte
grated machines optimally directed 
toward speCific objectives, including 
high-duty-factor and continuous-wave 
application. A particularly important 
development is a new photo emitter 
electron gun that provides an elec
tron beam of unprecedented bright
ness (high intensity with simultaneous 
high quality). This now fully engi
neered injector is the enabling tech
nology for a third-generation, compact 
FEL now being built as a prototype; this 
FEL will produce light at wavelengths 
of about .2 micron and longer, using a 
family of advanced wigglers, to meet 
the research requirements of universi
ties, hospitals and other institutions. 
Other programs in progress include 
detailed design of a far-ultraviolet FEL 
intended to be a national research 
facility. The technology of the Los Ala
mos FEL is being taught to the Boeing 
Company as part of Los Alamos's tech
nology-transfer program. 

R. A. JAMESON 

Accelerator Technology Division 
Los Alamos National Laboratory 
Los Alamos, New Mexico 

Editor's note: The references to the 
Los Alamos FEL work were eliminated 
through editorial inadvertence. For a 
complete summary of the experimen
tal record, see ':4. Review of Free-Elec
tron Lasers," by C. W. Roberson and 
P. Sprangle, in Physics of Fluids B, Vol. 
1, pages 3-42; January, 1989. 
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Sometimes what you wear to work 
makes all the difference. 

At 1,500 degrees Fahrenheit, dressing 
for success is no cliche. It's a matter of 
life and death. 

Which is why Du Pont engineers 
worked to create Nomex® and Kevlar® 

fire resistant fibers. The remarkable 
performance of these fibers has made 
them the standard for state-of-the-art 
firefighting clothing all over the world. 

And everyday, they not only save the 
lives of thousands of firefighters rushing 

into fires, but those they carry out as 
well. 

At Du Pont, we make the things that 
make a difference. 

Better things for better living, ® PO Hl> 
�EGUSF\O..T&TMC%f 
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In 1917 Boeing built its fIrSt airplane, 200 

T -t::ou are an engineer or scientist, we'd like you to consider Boeing as a 
11 piace to pursue your career. T hat's what this advertisement is all about. 

It's based on the belief that a good way to learn about a company is to meet the 
people who work there. To that end) we)d like to introduce Dr. John 
McMasters) a research aerodyn.amicist and one of some 20) 000 

engineers at Boeing. In his workaday world) he helps design Boeing 

jetliners. In his spare' he's a self-proclaimed paleoaerodynamicist. 

study for an 
airplane designer 
and he'll say, "Every- You'll ,--. 
thing that flies. All the time, that 20 years ago, as a------.,. 
professionally and avocationally" graduate student, he embarked 

That includes jetliners, cer- on what he now describes as a 
tainly And also insects, seeds, birds, ridiculously complex enterprise: the 
bats, a certain reptile that executes study of general locomotion. 
aerial maneuvers of surprising grace "It was not the least bit modest, " 
and precision, hang he says. "I envisioned a 
glid ers  and boom er- grand theory of optimal 
angs. Plus things that locomotion embracing the 
on c e fl ew , but don't enti re range of n atural and 
now, such a s  pt eros aurs. man-made devices trav-

Esp e cia II y eling through the air, on 
pterosaurs, in fact . �----- _____ land, and in or on water" 
Th e y  d o m i n a t e d  ��:�: His unified theory 
flight for 120 million remains elusive, but the 
years and, reptiles or search has been hugely 
jets, all flying things rewarding. 
encounter the same The irregular surface and tubular structure McMasters' inves-of insect wings are an elegant solution to 

basic problems. a very difficult flight problem. tigations have included 
Sit back and ask McMasters to jumbo jets, bat wing architecture, the 

elaborate. It's a fascinating story wing geometry of soaring birds, the 

',",:> 
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rrillion years after reptiles learned to fly. 

complexities of flapping flight, and 
similarities between hang gliders and 
flying reptiles. 

Along the way, he helped found 
the Flight Research Institute (FRI). 
Members, including many Boeing 
people, agree that all flying 
and some that don't -�"--...I,-

fly, deserve :::;:::;;::� 
inquiry. 

Institute 
provides ways 

to explore these avo
cational interests with 

many of the same 
tools available 
at Boeing. 
Projects sup

ported by the 
Institute include 

racing sailboat hull 
d e s i g n ;  a f l y i n g  

model o f  a ptero
saur; a streamlined 
bobsled for Olympic 

competition; a small 
fleet of human-powered 
flying machines; a sub
sonic wind tunnel; a 
more efficient arrow for 
Olympic archers; 
kite-powered 
water-skiing. 

All very intriguing, you 
say, but so what? What 
difference does it make? 

�ce ace at least 1.!:0 answers. 
McMasters points out that Boeing 
needs the best scientific and engineering 

ent available in aviation, aero

,space, electronics and computer 
services. The company looks for peo
ple with ideas and a lively curiosity 
about the world and its possibilities. 

'" 
/ Boeing supports 

/ inventive minds in many 
ways, contributing to higher 

education, helping 
employees 

pursue 
advanced 

degrees, creating 
courses and institutes 

if necessary, including 
one of the world's most advanced 
computational fluid dynamics lab
oratories -one of the tools used by 
Boeing aerodynamicists. 

McMasters' second answer is 
more personal: "W hat began as a 

naive but serious enter
prise has become a sort 

of merry drunkard's walk 
through a range of fascinat

ing topics. 
"My inquiries continue, 

despite suggestions from some 
doubters that there's little com-

The pinion feathers at the wing tips 
of large land-soaring birds are a 
natural model for winglets on the 
newest Boeing 747 jetliner. 

have commercial value. 
"Equaily important, I believe it's 

periodically valuable to stand back 
from the details of a career to see a 
whole picture-to see one's work in 
full perspective. 

"The effort can be immensely 
refreshing. And humbling." 

If the idea of a career at Boeing 
interests you, send your curriculum 
vitae to Corporate Engineering, The 
Boeing Company, P.O. Box 3707-R86, 
Seattle, WA 98124. 

If you have questions about the 
opportunities for scientific and engi
neering profeSSionals, include a note 
specifying your area of interest, and a 
knowledgeable Boeing engineering 
representative will respond. We are an 
equal opportunity employer. 

Dr. McMasters is a research aerodynamicist at 
B oeing Commercial Ai/planes Didsion. He has 
taught at Purdue University and Arizona State 
University and has written 65 technical papers, 
reports and articles. He is preparing a book on the 
Biological Origins of the Aeroplane. McMasters is a 
graduate of the University of Colorado and Purdue. 

BOEING 
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SO AND 100 
YEARS AGO 

SCIENTIFIC 
AMERICAN 

SEPTEMBER, 1939: "Dr. A. E. Dun
stan, British petroleum technologist, 
did not stretch facts beyond possibil
ities when he visualized the petrole
um home of the future. Dr. Dunstan's 
dream house will have a roof of pe
troleum-base tile and walls of synthet
ic glass or hollow brick, while doors, 
partitions, windows and even furni
ture will be fashioned of some form or 
another of petroleum-extracted plas
tics. The people in these petroleum
created homes will even wear clothes 
whose origin will lie in petroleum." I 

"Any atom or molecule will emit 
light if it be struck a hard atomic blow, 
and all light originates from atoms 
that have thus been stimulated by 
heat or electricity. Since any material 
object-a star, a drop of blood, a speck 
of putty-is composed of atoms, any 
material object can be induced to emit 
light by heating it until it becomes an 
incandescent vapor. The light that is 
thus emitted carries inevitably in itself 
many secrets concerning the atoms 
from which it originated. It is the func
tion of the spectroscope to analyze 
this light and thus lay bare these se
crets for the eye of science to read." 

"Early theories of the earth's mag
netism were based on the assumption 
that the earth is a huge, permanent
ly magnetized body. Such theories 
would no doubt be very successful if 
it were not for one serious obstacle. 
The interior of the earth is very hot, 
being at least several thousand de
grees centigrade, and all permanently 
magnetized bodies lose their magnet
ism when they become hot. The only 
alternative, then, is to say that the 
earth is a huge electromagnet, not a 
permanent magnet, and that the mag
netism is caused by enormous elec
tric currents. One can conceive of the 
earth as a large ball of molten metal 
with a thick crust of solid material 
floating on top. It is in the molten 
metal that the electric currents flow." 

"A mechanical secretary that takes 
dictation, writes letters that talk, an
swers the phone, records business 
deals and conferences, reads the boss 
to sleep and acts as watchman has 
been introduced. The machine, briefly, 
is a voice recording and reproducing 
unit as light and compact as a portable 
typewriter. It records 7,800 words (10 
average-sized letters) on a collar of 
cellophane like material that costs five 
cents and is so thin that three of them 
can be folded into an envelope and 
mailed for a three-cent stamp." 

SEPTEMBER, 1889: "One of the lat
est novelties in the application of elec
tricity consists of an electric reading 

The Boynton bicycle locomotive 
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lamp, which is being fitted to the car
riages on the main line of the South
eastern Railway. The apparatus is situ
ated immediately over the passenger's 
head; the light is obtained by the intro
duction of a penny at the top of the 
box and lasts for half an hour." 

"At a recent meeting of the French 
Academy M. Lippmann presented a 
note by M. G. Gueroult, in which it is 
suggested that by the combined use of 
a phonograph and an apparatus for 
instantaneous photography and re
production of the pictures obtained, it 
would be possible to reproduce at any 
future time not only the speech of a 
person but also a vivid picture of the 
person's gestures and facial expres
sion. A person speaking or Singing 
into the phonograph would be photo
graphed by an automatic apparatus 
geared with the barrel of the phono
graph. The pictures would be instanta
neous, and taken at the rate of, say, ten 
pictures per second. They would then 
be developed and arranged in a special 
lantern for reproduction on a screen 
isochronously with the phonograph." 

"In the spring a pier was built at 
Ocean Grove, on the Atlantic coast of 
New Jersey, having eight gates, each of 
which swings on a steel rod, so that 
the lower part of each gate is sub
merged about two feet at low tide and 
seven feet at high tide. At the top of 
each gate is attached a rod serving as 
an angle bar for the piston rod of a 
force pump, the force of each wave 
sufficing to effect a stroke of the pis
ton, and the pump being used to ele
vate water from the ocean to tanks 
that are forty feet high. It is said that 
one day recently, when the surf was by 
no means high, 40,000 gallons of wa
ter were thus raised. The water is used 
for sprinkling the streets." 

"The Boynton bicycle engine, sug
gesting a very radical change in rail
way construction, arrived in New York 
last week from Portland, Me., where it 
was built. It weighs twenty-two tons, 
and came on a truck attached to the 
rear of a regular train. The engine and 
train are to be kept on their single 
track by upper wooden guiding beams 
supported fifteen feet above the track 
by a bridge-like skeleton frame arch
ing above the roadway. This form of 
construction is designed to reduce the 
weight of the cars, both passenger and 
freight, relative to the load carried, 
and to save power lost in rounding 
curves, it being intended to so balance 
the train that there will be but little 
strain on the top guiding rail." 
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You've waited years to 
a new car • 

They haven't invented the disposable car yet, 
although they've come pretty close. 

Until they do, the car you buy today is the one 
you're going to live with for quite a while. 

So don't get the wrong car. 
Don't fall for one that looks impressive but isn't 

practical. Status won't help you on rain-slick roads 
or snow-clad hills. Saab's front-wheel drive will. 

Don't settle for a boring car for safety's sake. 
Any Saab owner will tell you a Saab's more fun 

to drive than anything remotely comparable. Yet 
a recent insurance industry report ranked Saabs 
best in nearly every class in frequency of personal 
injury claims. 

Don't pay a gas guzzler's tax just to get 
performance. 
Saabs are intelligently priced from $16,995 to $32,095. 9CXl Turbo shown here: $24,345. 

• 

• ' now. 
Three stock 9000 Turbos averaged 132 mph for 

62,000 miles in 21 days straight driving without a 
breakdown. Yet this same powerplant uses Saab's 
Automatic Performance Control to achieve efficiency 
you'll be glad you have when the next gas crunch 
comes. 

Look at it this way. 
There are a lot of cars out there with some of 

what Saab offers. But if you want it all, test drive a 
Saab before you take the plunge. 

You've come so far. 
Don't blow it now. 

SAAR 
The most intelligent cars ever built. 

Manufacturer's suggested retail prices not including taxes, license, freight, dealer charges or options. Prices subject to change. © 1989 Saab-Scania of America, Inc. 
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• 

elnorm 

Street kids or streetwise business . 
You already know what the statistics say. Ies going to 

take some pretty fancy footwork to turn it around. 
NYNEX Foundation is doing more than just talking 

about it. We]ve joined with business] education and community 
leaders to support educational programs at all levels. 

Now the ball]s in your court. 
Your first question] naturally; is does it work? So just look 

at the results we]ve seen so far. 
For example] consider the MITES Program (Minority 

Introduction to Engineering and Science) for gifted disadvantaged 
high school students at M.rT] which we support. A recent study 
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shows that 95 percent have gone on to college. 
And thereJs BIPED CorporationJs 01fice Technologies 

pro�amJ which we also assist. Ifs helping disabled persons gain 
employment in information processing. 

Educational programs like these will soon be looking for 
your supportJ and their graduates will be coming to you for a job. 

We hope that you will jOin us in making a streetwise 
decision. 

NYNEX 
FOUNDATION 
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Unlimited free upgrades 

start at 5,000 miles with TWA's 

Frequent Flight Bonus Program. 

And you don't cash in your mile

age credits to receive them. 

Once you've flown 5,000 miles, 

you're entitled to confirmed upgrades 

to Business Class on any TWA wide

body flight within the continental u.s. 

After 30,000 miles, you can be 

upgraded to First Class on domestic 

flights and to Business Class on inter

national flights. 

And with TWA, your mileage 

credits never expire. 

Who else can say that? 

So call 1-800-221-2000 for details 

about TWl\s Frequent Flight Bonus 

Program - the one program that 

awards you, not just eventually, 

but constantly. 

Today'sTWA 

Find out how good we really are.® 
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SCIENCE AND THE CITIZEN 
Greening the Summit 
The environment arrives on the 
international political agenda 

E ven before it convened, july's 
summit conferen ce in Paris of 
the Group of Seven major indus

trial demo cra cies had been dubbed 
the "green summit." It met expe cta
tions. For the first time in the histo
ry of su ch gatherings, the final com
munique cited the "urgent need to 
safeguard the environment" as one of 
three main global e conomi c challeng
es, together with sustained growth 
and integration of developing coun
tries into the world e conomy. No less 
than 19 resolutions on environmental 
matters followed, ranging from ex
pressions of concern about future cli
mati c change to condemnation of in
dis crimin!lte o cean dumping. Green, it 
seems, is this year's color for the well
dressed statesperson. 

"A healthy international competi
tion for leadership on global environ
mental issues has emerged," observes 
]. Gustave Speth of the World Resour
ces Institute in Washington, D. C., with 
evident satisfa ction. West Germany 
spearheaded the move to give the en
vironment a major role; only japan, 
whi ch does not have a strong environ
mentalist movement, seemed chary of 
boarding the bandwagon. 

Although the summit communique 
seeks more resear ch, it also calls for 
"de cisive a ction" to prote ct the envi 
ronment despite persisting un certain
ties-a tou chstone for environmen
talists. The communique is careful, 
however, to a cknowledge the need for 
assessment of the costs, benefits and 
resource impli cations, a drum beat
en by the Global Climate Coalition, 
an organization of u. S. industries. The 
summit statement makes one speCifi c 
commitment: to phase out chlorofluo
ro carbons by the end of the century, a 
measure that goes beyond the existing 
Montreal proto col. The communique 
also calls for controls on ozone-de
pleting chemicals not now covered by 
the proto col. 

The Group of Seven leaders "strong
ly advo cate common efforts to limit 
emissions of carbon dioxide" and oth
er gases that climatologists fear could 
contribute to global warming. The fa
vored me chanism for su ch controls is 
via a "framework or umbrella conven
tion," whi ch, the communique says, is 
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"urgently required." Such a conven
tion, envisaged as a broad statement 
of prin ciples and obje ctives, would be 
a first step toward speCifi c proto cols, 
to be negotiated later "as s cientifi c 
eviden ce requires and permits." 

Environmentalists had hoped for a 
bolder statement from Paris, one com
mitted to a timetable. The many un
certainties surrounding global climat
i c  change, however, together with the 
potentially huge cost of efforts to lim
it it, mean poli cy formulation has been 
contentious. In the U. S. the Offi ce of 
Management and Budget, concerned 
about budget impa cts, drew criticism 
earlier this year for altering the con
gressional testimony of a NASA s cien
tist, james E .  Hansen, who believes 
that greenhouse warming has already 
been dete cted. The changes appeared 
to be designed to weaken his conclu
sion, whi ch many s cientists doubt. 

A convention is thought desirable 
be cause "unilateral a ction taken by 
one or more countries might create 
the per ception that you're solving 
the problem," as William K .  Reilly, ad 
ministrator of the Environmental Pro
te ction Agen cy, put it re cently. The 
Intergovernmental Panel on Climate 
Change is already laying plans for an 
agreement modeled along the lines of 
the Vienna convention on substan ces 
that deplete the ozone layer, the for
mal understanding that is implement
ed by the Montreal proto col. The pan
el is s cheduled to complete an in
terim report in the fall of next year; 
a convention could follow. One early 
conclusion of panel members is that 
spe cial efforts should be made to en
sure that developing countries, whi ch 
could qui ckly be come large emitters 
of carbon dioxide, are full parti cipants 
in the assessments. 

Nevertheless, offi cials do not ex
clude voluntary efforts by members 
of the Group of Seven to limit green
house-gas emissions. Environmental
ist groups that want rapid a ction point 
out that the Group of Seven produ c
es 41 per cent of global carbon dioxide 
eIhissions from fossil fuels; without 
leadership from the worst offenders, 
they say, the rest of the world is un
likely to follow. Moreover, they argue, 
some measures to reduce emissions, 
su ch as improving energy effi cien cies, 
would bring e conomi c benefits. 

The rhetori c of the Paris summit 
communique is suffi ciently stirring so 
that governments may now be put 
under some pressure to de cide exa ctly 
what kinds of a ctions they might be 
prepared to take. But the Paris de clara
tion marks the beginning of a history, 
not the end of one. - Tim Beardsley 

Intellectual Exports 
Congress ponders limiting 
foreign access to research 

O n Capitol Hill a major jus
tifi cation for publi c support 
of university research is the 

argument that the results should en
han ce U. S. industrial competitiveness. 
Well then, some members of Congress 
want to know, why are universities 
selling Ameri can know-how to foreign 
companies? 

The question is being put offiCially 
and heatedly. At a distin ctly unfriend
ly hearing held earlier this summer, 
members of New York Congressman 
Ted Weiss's sub committee on human 
resour ces and intergovernmental rela
tions grilled the president of the Mas
sa chusetts Institute of Te chnology, 
Paul E .  Gray, about M.LT.'s industrial 
liaison program. Membership in the 
program costs 287 industrial corpora
tions some $35,000 apie ce ea ch year. 
The fee entitles members to meet fa c
ulty experts, attend seminars and re
ceive research reports months before 
publi cation. Weiss complained that 
M.LT. fa culty who re ceive extensive 
federal research support have held 
most of their liaison-program meet
ings with foreign companies, many of 
them japanese. He was parti cularly in
censed that the liaison program main
tains an offi ce in downtown Tokyo. 

M.LT. insists that Weiss's fears are 
unjustified. A spokeswoman says that 
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The new Eagle GA Touring Radial. 
Where luxury meets performance. And both win. 

The new $35,000 Lexus LS 400 is so 
unique it has over 300 patents pending. 

So choosing tires for the new Lexus 
flagship was no easy task. 

Which is why Goodyear engineers 
worked together with Lexus to develop 
a new class of tires for the LS 400. 

The objective: to make a tire with 
the handling 
capabilities of 
an Eagle high
performance 
radial, and the 
superior ride 
suitable for a 
luxury car. 

Developmental tires were tested in 
America. In Canada. In Germany, 
Luxembourg, and in Japan. 

The result: the Goodyear Eagle GA 
Touring Radial. 

It is a radial tire that bridges the gap 
between the aggressive handling, grip 
and stability of an outright performance 
radial and the smooth, undisturbed ride 
of a quality luxury radial. 

The Eagle GA Touring Radial is 
the original equipment tire on the new 
Lexus LS 400. (Your Goodyear retailer 
has details of Eagle GA availability for 
your car. Call 1-800-CAR-1999 for the 
Goodyear retailer nearest you.) 

What the Eagle GA Touring Radial 
can of fer your car is a very smooth, 

undisturbed, 
quiet ride over a 
variety of road 
surfaces. Plus 
the ability to 
handle your car's 
full performance 
capabilities. 

Every Eagle GA Touring Radial 
is speed -rated. And it is available in all
season mud and snow versions. 

In short, the Goodyear Eagle GA 
of fers peace and quiet without sacrific
ing performance. And vice versa. 

Or to put it another way, the Eagle 
GA Touring Radial is where luxury 
meets performance. 

And both win. 

GO OD/i'EAR 
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the university 's technology-transfer 
activities as a whole actually benefit 
u.s. companies far more than others; 
the domestic companies depend on 
informal contacts with M. l.T. experts 
rather than on the liaison program. 
Gray told Weiss at the hearing that the 
program "does not provide exclusive 
access, privileged access or private ac
cess to results," since the research it 
covers is published in due course. " It 
does," he conceded, "provide facilitat
ed access." 

Richard j. Samuels, an M. l.T. pro
fessor who runs a program aimed 
at increasing U. S. awareness of japa
nese research, argues that the best 
way to redress imbalances in technol
ogy transfer is to train U. S. students to 
"participate in science globally." U. S. 
institutions should, he says, try harder 
to ensure that their researchers have 
"a professional network that includes 
japanese colleagues." Samuels 's pro
gram will send 43 M. I .T. students 
trained in japanese into japanese re' 
search laboratories this year. Shutting 
foreigners out of universities "spirals 
off into reciprocal mutual destruc
tion," Samuels maintains. 

From the university standpoint such 
xenophobia is also bad business. Rich
ard M. Cyert, president of Carnegie
Mellon University, says that "in the 
past we have tended to turn aside 
japanese firms because in some of our 
areas we were trying to enable Ameri
ca to catch up." Cyert adds that the 
"extremely discouraging" lack of inter
est by U. S. companies has led him to a 
change of heart; he now welcomes ap
proaches from japanese companies. 
The California Institute of Technology 
and Stanford University Similarly wel
Come foreign inquiries. 

Whatever the perceived level of do
mestic interest, universities are like
ly to battle adamantly any attempt by 
a protectionist Congress to roll back 
what administrators and researchers 
regard as vital academic freedoms. 
Carol R. Scheman of the Association of 
American Universities protests that to 
limit access to basic research would 
be to make universities agents of for
eign policy. 

A congressional aide says, howev
er, that several liaison programs like 
M. l.T.'s are under scrutiny; draft 
legislation "to ensure that federally 
sponsored research benefits primar
ily American companies" is a possi
bility. Political butterflies about com
petitiveness mean such a law could 
gather support. Whether U. S. corpo
rations would drink from an exclu
sive research trough remains an open 
question. - T.M.B. 

Chilling Out 
Shades of Langmuir: a panel 
suspects cold fusion isn't so �prospects for cold fusion cool, 

some elders of the physics tribe 
are recalling a talk given in 

1953 by the late lrving Langmuir, the 
physicist and Nobel laureate who was 
associate director of the General Elec
tric Company 's research laboratories 
in Schenectady, N. Y. 

Langmuir, speaking on "the science 
of things that aren't so," listed several 
features of such work: 

1. The maximum effect is produced 
by a causative agent of barely detect
able intensity. 

2. The effect is of a magnitude that 
remains close to the limit of detect 
ability. 

3 .  The investigators claim great ac
curacy of measurement. 

4. Fantastic theories are presented 
that contradict experience. 

5. Criticisms are met by ad hoc ex
planations presented on the spur of 
the moment. 

6. The ratio of supporters to critics 
rises to somewhere near 50 percent 
and then falls gradually to oblivion. 

The spirit of Langmuir 's remarks 
seems to suffuse an interim report on 
cold fusion issued in july by a 22-

member panel established by the En
ergy Research Advisory Board. 

The unusual heat effects that some 
investigators have reported when 
heavy water is electrolyzed with a pal
ladium cathode are for the most part 
small, the panel observes, and the 
measurements are difficult. None of 
the results the panel saw were "suffi
ciently free of ambiguities and calibra
tion problems to make us confident 
that the steady production of excess 
heat has been observed." The panel 
concluded that "experiments reported 
to date do not present convincing evi
dence that useful sources of energy 
will result from the phenomena attrib
uted to cold fusion." 

Although panel members visited 
several laboratories where anomalous 
heat effects have been claimed, the 
visitors were never able to see an ex
periment actually producing excess 
heat; instead a variety of excuses were 
offered, according to john R. Huizenga 
of the University of Rochester, one of 
the panel's co-chairmen . 

The panel's report notes some un
resolved issues. In particular, "bursts" 
of heat reported by some laborato
ries are currently "not understood," 
and some experiments are reported 
to have detected unusually high lev-
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els of tritium-a possible fusion by
product . The panel recommends that 
the Department of Energy fund "at 
a modest level" cooperative experi
ments aimed at resolving such contra
dictory claims, adding that "no spe
cial programs . . . are justified at the 
present time." 

That is bad news for the Universi
ty of Utah, where the original claim 
of power generation by cold fusion 
was first announced by Utah 's B. Stan
ley Pons and his collaborator, Mar
tin Fleischmann of the University of 
Southampton in the U. K .  The Univer
sity of Utah had petitioned Congress 
for funds to support a cold-fusion 
research center. 

Might cold fusion, as some workers 
maintain, occur at very low levels
levels too low to produce measurable 
heat? The panel said the evidence
emission of neutrons at a low rate-is 
"not persuasive." Again, it urged col
laborative experiments. 

"The fact that so much of the evi
dence is contradictory makes it hard 
to come up with a final conclusion," 
Huizenga observes. It seems possible, 
however, that the panel's final report, 
to be presented in the fall, will be the 
epitaph of cold-fusion power. 

As for Langmuir, the legendary 
experimentalist may be turning in 
his grave. G. E .  is the one major cor
poration to have signed a collabora
tion agreement with the University of 
Utah. So far, a company spokesman 
says, it has seen no evidence for ener
gy from cold fusion. - T.M.B. 

PHYSICAL SCIENCES 

Hot Spot 
Computers re-create weather 
of an ancient supercontinent 

C ontinents come and continents 
go. Some 3 00 million years 
before the present, the earth 's 

landmasses fused into a single vast 
island called Pangaea. The supercon
tinent lasted for about 100 million 
years before breaking up. 

What was the weather like in Pan
gaea? The question is important be
cause the formation of Pangaea dur
ing the Paleozoic era marked a major 
turning point in the evolution of life, 
during which reptiles emerged as a 
dominant species. Many paleontolo
gists have assumed that the Pangaean 
climate was "equable," fairly warm 
throughout the year. That picture 
does not withstand computer simula-
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The big, elegant Bugattis and THE BMW 7.SERIES. A NEW azine calls a BMW 7-Series the 
Duesenbergs from the GOLDEN AGE OF MOTORING FOR THOSE kind of automobile 
20's and 30's combined luxury; WHO MISSED THE FIRST ONE. that Bugatti would build if he 
performance, and prestige in a way that simply created "a twenty-first century Royale:' 
hasn't been seen in the decades since. From its flawless body panels to a sculptured 

So it is a tribute indeed when Automobile Mag - engine that mechanics have waited in line just to 
© 1989 BMW of Nonh America, Inc. The BMW trademark and logo arc registered © 1989 SCIENTIFIC AMERICAN, INC



look at, this car is crafted to almost otherworldly 
standards. And that craftsmanship is focused on 
one end: to provide the most undistracted, enjoy
able driving experience available today 

In the hush of its leather interior, your needs 
anticipated by an unseen staff of computers, you 

have smooth-riding mastery of "the most com
plete luxury sedan money can buy" (Automobile). 

The cars of motoring's first golden age are in 
museums nO\',( But your BMW dealer can & 
arrange a test drive of their successor. 

THE ULTIMATE DRIVING MACHINE: 
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tion. According to recent reports by 
two groups of climatologists, much 
of the supercontinent was a desert 
whose temperatures fluctuated wildly 
over the course of a year. 

Thomas j. Crowley of the Applied 
Research Corporation, William T. Hyde 
of Texas A&M University and David A. 
Short of NASA'S Goddard Space Flight 
Center have performed simulations 
focusing on Pangaea's temperature. 
They report in Geology that in the 
supercontinent's interior-and partic
ularly in the vast southern region 
called Gondwanaland-the maximum 
annual range of temperatures was 
some 20 percent greater than on any 
modern continent. Summers were as 
much as 10 degrees Celsius ( 18 de
grees Fahrenheit) warmer than they 
are anywhere today; in winter, temper
atures in the same region frequently 
dropped well below freezing. 

In explaining the results, Crowley 
compares a continent to a piece of 
sheet metal, which heats up quickly 
when exposed to heat and cools just 
as quickly when the heat source is 
removed. As the landmass becomes 
larger and its interior is farther re
moved from the buffering effects of 
the ocean, the fluctuations in temper
ature become greater. Gondwanaland 
alone, Crowley remarks, was about 40 

percent larger than the entire Eurasian 
landmass. 

The temperature calculations of 
Crowley and his colleagues agree with 
an earlier report in the Journal of Geo
physical Research by John E .  Kutzbach 
and Robert G. Gallimore of the Univer-

sity of Wisconsin at Madison. The Wis
consin team also found that the interi
or of Pangaea would have been quite 
arid-and perhaps utterly without wa
ter. " All the moisture from the coasts 
gets wrung out as you go inland," 
Kutzbach explains. 

The transformation by continental 
fusion of vast regions of land into 
deserts, where summers were blis
tering and winters frigid, might have 
contributed to the widespread extinc
tion of land-based species during the 
late Paleozoic, Crowley says. The cli
mate studies also suggest why rep
tiles, which adapt readily to hot, dry 
climates, replaced amphibians as the 
dominant vertebrate species during 
this period. -John Horgan 

The Impact Giveth ... 
Did cosmic collisions help create 
life as well as destroying it? 

For almost a decade scientists 
have debated whether the colli
sion of extraterrestrial objects 

with the earth triggered the wide
spread extinction of species observed 
at several points in the fossil record. 
The most dramatic mass extinction
and the one spurring the most de
bate-occurred 65 million years ago at 
the cusp of the Cretaceous and Terti
ary periods; nearly half of all species, 
including the last of the dinosaurs, 
vanished then. A report in Nature by 
Meixun Zhao and Jeffrey L. Bada of the 
Scripps I nstitution of Oceanography 

Temperatures in the interior of southern Pangaea 
fluctuated wildly from season to season 

ANNUAL TEMPERATURE RANGES (in degrees Celsius) in Pangaea some 255 million 
years ago were calculated in a computerized climate model developed by Thomas 
J. Crowley, William T. Hyde and David A. Short. The ran ges are based n ot on ab
solute daily highs and lows but on monthly averages. 
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at the University of California, San Di
ego, provides new evidence that an 
extraterrestrial object triggered the 
mass extinction. 

To date, the most compelling piece 
of evidence supporting the impact 
theory has been a thin layer of clay 
laid down at the Cretaceous-Tertiary 
( K-T ) boundary. The clay is rich in 
iridium, an element that occurs rare
ly in the earth's crust but commonly 
in meteorites; the layer also contains 
quartz crystals that seem to have been 
striated by an enormous shock. Crit
ics of the impact theory have main
tained, however, that volcanic erup
tions might have spewed iridium-rich 
matter up from the earth's mantle; 
vulcanism, they say, could also ac
count for the shocked quartz. 

Hopi ng to settle the issue of vul
canism versus impact, Zhao and Bada 
decided to search K-T boundary sed
iments fQr unusual organic com
pounds that, like iridium, are generally 
found only in the remnants of meteor
ites. No organic compounds can sur
vive the tremendous heat of vulcan
ism, so that cause could be totally 
ruled out. The heat generated by a very 
large object slamming into the earth 
could also have destroyed organic 
compounds contained in the object, 
but Zhao and Bada hoped that detect
able traces might have survived the 
cataclysm. 

They analyzed samples of K-T sedi
ments taken from a site in Denmark 
called the Stevns Klint. Sure enough, 
they found two amino acids-amino
isobutyric acid (AlB) and isovaline
that are virtually unknown in nature 
but have been detected in carbona
ceous chondrites, a class of meteor
ites also known to contain iridium. 
Oddly, the AlB and isovaline occurred 
not inside the iridium-rich clay itself 
but in the carbonate sediments imme
diately above and below it. The work
ers think they can explain this puzzle: 
the AlB and isovaline may have dif
fused out of the clay, to which they 
bind poorly, and lodged in the carbon
ate sediments, to which they have a 
greater chemical affinity. 

Another, more surprising finding 
was that AlB and isovaline were pres
ent in unusually copious amounts. 
The ratio of the amino acids to the 
iridium at the Stevns Klint site was 
some five times greater than had been 
observed in the remnants of carbo
naceous chondrites. This finding sug
gests the object that struck at the K-T 
boundary was exceptionally rich in 
amino acids-a previously unidenti
fied type of meteorite or, perhaps, a 
comet, according to Zhao and Bada. 
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Ted Standish has a bear of a job. 

As Director of Information Resources 

for the North Atlantic Shaving Group of 

The Gillette Company, he has the task of 

simplifying and standardizing the busi

ness sy stems of the Company 's European 

and North American divisions. 

"This means dealing with hundreds of 

issues, projects, facts and people through

out the entire North Atlantic region every 

single day," say s Ted. 

Which is why he bought Lotus®Agenda� 

the personal information manager. 

In Agenda, Ted has a tool that's help

ing him manage ideas, people, proj.ects, 

facts, tasks, plans and information with 

incredible ease and efficiency. 

Because Agenda allows him to enter 

"Before Lotus Agenda, there were 
three things I always forgot 

Tasks I assigned, promises I made, 
and I carlt remember the third�' 

information into his PC without having to structure it 

in advance. Agenda automatically arranges the data 

any way Ted wants so he can understand it better and 

extract the answers he needs better. 

"For example, I can dump in all my 'to do's' and 

have Agenda organize, prioritize and categorize them 

automatically. And whenever I call up a project, due 

date or person,I'm instantly given all the background 

information I need to make smart decisions. 

"Now I can see at a glance who's promised to deliver 

what and by when. But more important, I know that 

I can keep my own promises." 

Th learn more about how Agenda can put you in 

control, order our $10 demo kit. Call 1-800-345-1043 
and ask for demo kit AOQ-3058 for 3.5" version 
or AOQ-3053 for 5.25!'* 

Then y ou'll see how 

people like Ted Standish are 

working, thinking and solv

ing problems better. 

Not to mention remem

bering things better. 

Lotus Agenda ' 
"The $10 demo kit charge is refundable when you purchase Agenda. Agenda is also available in an OSJ2t> version. If for any reason you're unsatisfie� with Agenda, f7turn it with your sales slip w

,
ithin 30 �ays of pUfc.hase and we'll refund 

your full purchase price. © 1989 Lotus Development CorporatIOn. Lotus and Agenda are registered trademarks of Lotus Development CorporatIOn. OS/2 is a regIstered trademark of internatIOnal Bustness Machmes Incorporated 
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The check really 
Few things in life are more frustrating than 

waiting for money someone owes you. 

Particularly if that someone happens to be an 

insurance company. 

Unfortunately, it's not unusual to wait months 

on end for an insurance company to pay up. 

At Aetna, we think that's unconscionable. 

So at our Employee Benefits Division, we' ve 

reduced the entire health insurance claims pro

cess to a mere nine days. Despite the fact that we 

receive nearly a quarter-million claims each day. 

Of course, you don' t get results like this by 
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s in the mail. 
waving a wand. At Aetna, It requires a national on

line claims network, three mainframe computers, 

32 automatic collating machines, five huge Zip 

Code pre-sorters, and 225 people dedicated sole

ly to getting all those checks in the mail. 

Still, we find that all the extra effort pays. 

+� • 

C> C; 
a � _ aCO 

... .:t , i5� i g oN 

�i C .. ""'-A� 
0 .::r' 
00 '\.0 

C 
N CO 
O� N "" 

0 1;'1.1\ f'-ii "" 'Jt.:t 
M� .... 

, 
\.0 

<1J N 
N 
«) j� Z 

t 
,... 

�'r 
i"'\ 

'2"" 
�� c 

.:t 

i� 
! � .... 
I I� 
... I� � COol 

� 
i <t-

O'" 

We like to think such unusual promptness is 

a key reason why so many companies 

are so quick to employ us for their em

ployee benefit programs. 

And why they're so slow to leave us. 

AETNA. WE GIVE NEW MEANING TO THE WORD DILIGENT. 
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Although there is no direct evidence 
that comets contain amino acids, ob
servations of Halley's comet in 1986 
revealed organic precursors. 

The abundance of AlB and isova
line also implies that complex or
ganic molecules-and amino acids in 
particular-can survive a large impact 
event far more readily than had been 
thought. Zhao and Bada hope to test 
this hypothesis in laboratory experi
ments. They also plan to examine K-T 
sediments from other sites for signs 
of AlB and isovaline. "We want to 
prove this is a global and not just a 
local phenomenon," Zhao says. 

If confirmed, the findings of Zhao 
and Bada would give new weight to 
an old idea: that cosmic collisions 
brought life as well as death to the 
earth's surface. Billions of years ago, 
when life began, impacts occurred 
much more frequently: the earth's 
atmosphere was thinner and the 
amount of debris in the solar system 
was greater than during later periods. 
Nevertheless, most scientists have as
sumed that the chemical seeds of life 
somehow arose from the earth's pri
mordial soup and that impacts, at 
best, contributed only a few raw mate
rials to the process. Now it appears 
that impacts could have been a ma
jor source not only of simple organ
ic molecules but also of full-fledged 
amino acids, one step away from pro
teins. Commenting on this notion, 
Carl Sagan of Cornell University in
tones: "The impact giveth, and it tak
eth away." -].H. 

Brown Dwarfs Here . . .  

Brown dwarfs there ... maybe. 
But are they everywhere ?  

Over the years astronomers 
have spotted many of the the
oretical curiosities known as 

brown dwarfs: stars supposedly too 
light to undergo thermonuclear burn
ing. Unfortunately, some of them have 
vanished under closer scrutiny; oth
ers have hung on in a kind of limbo, 
neither confirmed nor wholly reject
ed. Now a group headed by William 
j. Forrest of the University of Roches
ter claims to have found the best ev
idence yet that brown dwarfs exist, 
possibly in vast numbers. 

The finding grew out of a simple 
assumption by Forrest: a brown dwarf 
should be at its brightest just after 
it has formed, while the heat generat
ed by gravitational contraction is at a 
maximum. After that, the dwarf grows 
ever dimmer and harder to detect. 

With this in mind, Forrest decided to 
search for brown dwarfs in the Tau
rus-Auriga complex, a section of the 
Milky Way about 450 light-years away. 
The complex is a stellar nursery; stars 
there are only about a million years 
old, on average. (The sun, by com
parison, is more than four billion 
years old.) If Taurus-Auriga contained 
brown dwarfs that young, Forrest rea
soned, they should be bright enough 
to detect. 

The strategy apparently worked. Us
ing an infrared camera mounted on 
NASA'S Infrared Telescope in Hawaii, 
Forrest's team detected nine objects 
that had the putative characteristics 
of brown dwarfs: low luminosity and 
reddish hue. But were these actual
ly dim objects in Taurus-Auriga or 
brighter ones far beyond it? 

One way to answer that question 
would be to determine whether the 
objects had moved in concert with 
other Taurus-Auriga stars over a long 
period. On checking photographs of 
the region made in the 1950's, Burton 
F. Jones of the Lick Observatory in 
California identified six of the objects 
observed by Forrest's group; of these, 
four demonstrated the same "proper 
motion" as the other stars in the Tau
rus-Auriga complex. 

These four objects, Forrest says, 
are solid candidates for brown dwarf
hood. Just to be sure, he plans to ana
lyze the objects' spectrums to estab
lish that they match the spectrums 
predicted for brown dwarfs and not 
some other object: an ordinary star 
obscured by dust, perhaps. 

Forrest's finding may have cosmic 
implications. If brown dwarfs are as 
abundant in the entire Milky Way-and 
in other galaxies-as they seem to 
be in the Taurus-Auriga region, they 
could account for a major portion of 
the "missing mass" that astrophysi-

IWO BROWN DWARF candidates gleam 
dimly near an ordinary star in the Tau
rus-Auriga complex in  an infrared pho
tograph by William J. Forrest. 
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cists have been searching for 10 these 
many years. -].H. 

BIOLOGICAL SCIENCES 

In the Beginning 
Evidence grows that RNA was 
the first self-made molecule 

Molecular biologists concerned 
with the origin of life have 
always had their own version 

of the chicken-and-the-egg problem: 
Which came first, nucleic acids or 
proteins? Which, in other words, was 
the original self-replicating molecule? 
Proteins have many structural and cat
alytic talents, but they lack the genetic 
information for their own assembly; 
that information is held in the nucleic 
acids DNA and RNA. Single-strand nu
cleic acid molecules do act as tem
plates for copying themselves, but 
they cannot finish the job without 
the protein enzymes, called polymer
ases, that link nucleotide bases into 
chains. The latest discoveries about 
the catalytic powers of some nucleic 
acids support the idea that the first 
self-replicating molecule was RNA-or 
something much like it. 

ln 1981 Thomas R. Cech and his 
colleagues at the University of Colo
rado at Boulder took an important 
step down this evidentiary trail: for 
the first time, they saw pieces of RNA 
snip themselves out of longer chains 
and splice together the severed ends 
of the sequences that had bordered 
them [see "RNA as an Enzyme," by 
Thomas R. Cech; SCIENTIFIC AMERICAN, 

November, 1986). Such enzyme like be
havior opened up new possibilities. 
Because this catalytic RNA, or ribo
zyme, could splice bits of genes, per
haps other ribozymes could act as 
polymerases and link nucleotides dur
ing gene replication. 

Several classes of ribozymes have 
been discovered since then, and yet 
none has been able to act as a poly
merase. The ribozymes normally act 
on themselves, cutting or spliCing 
at specific sites along an "internal 
template." As Cech and others have 
shown, ribozymes act on other RNA 
molecules only in the laboratory and 
then only if those molecules share the 
ribozymes' template sequences. 

Moreover, ribozymes are much pick
ier about the nucleotide bases they 
will splice together than polymerases 
are. For example, in the case of the 
ribozyme isolated from the protozo
an Tetrahymena thermophila by Cech 
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and his colleagues, a strand to be 
spliced must terminate with the base 
uridine, and its corresponding base 
on the internal template must be the 
base guanosine; the two bases interact 
weakly to form what molecular biolo
gists call a "wobble" base pair. These 
restrictions appeared to make ribo
zymes too selective to function as 
general polymerases. 

An artificial ribozyme recently cre
ated by Jennifer A. Doudna and Jack 
W. Szostak of the Massachusetts Gen
eral Hospital in Boston has overcome 
both of these limitations. Working 
with the Tetrahymena ribozyme, they 
were able to distinguish its catalytic 
center from the nearby internal tem
plate. They then modified the mole
cule so that these sections were sepa
rated, which freed the ribozyme to act 
on various external RNA templates. 

Doudna and Szostak also reasoned 
that the ribozyme's base-pair selec
tivity resulted from an affinity for th� 
distinctive geometry of wobble base 
pairs. They hoped to fool the ribo
zyme by making other base pairs look 
like wobble pairs. This sleight of hand, 
for reasons not yet fully understood, 
turned out to require the addition of 
spermidine, a small positively charged 
organic molecule. With spermidine in 
the reaction mixture, the modified 
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ribozyme was able to splice RNA 
strands without restrictions. 

No one is claiming that Doudna and 
Szostak's modified ribozyme is any
thing like the original self-replicating 
molecule of life. The modified ribo
zyme can stitch together preassem
bled strands of RNA along an external 
template, but it does not work well at 
adding individual bases to a growing 
chain. Nonetheless, by showing that 
ribozymes are capable of more of the 
necessary behaviors, Doudna and Szo
stak have significantly strengthened 
the case for RNA. -John Rennie 

Short-Answer Question 
A defective receptor may 
cause pygmies to be short 

Why are pygmies short? One 
might assume that their re
duced stature is due to a lack 

of growth hormone, the pituitary 
hormone that stimulates growth in 
adolescence. That speculation would 
be false, however, since pygmies 
are known to have normal levels of 
growth hormone. Recent work by Ger
hard Baumann of Northwestern Uni
versity Medical School and his co
workers points to a different culprit: 

the cellular receptor whose interac
tion with growth hormone gives rise 
to the hormone's effects. 

Baumann, with Melissa A. Shaw and 
Thomas j. Merimee, analyzed blood 
samples from 20 pygmies of various 
ages living in the Ituri Forest region of 
Zaire. Seven white Americans and five 
black Africans of normal height served 
as control subjects. The heights of the 
adult pygmies in the study's sample 
ranged from 132 to 146 centimeters (4 
feet 4 inches to 4 feet 9 inches). 

The 32 blood samples were ana
lyzed for the activity of high-affinity 
growth hormone binding protein. This 
binding protein, discovered by Bau
mann's group in 1986, is known to 
have the same amino acid sequence as 
the extracellular part of the growth
hormone receptor. (The receptor is a 
transmembrane protein, having a por
tion inside the cell, a portion extend
ing through the surface membrane 
and a portion outside the cell.) Indeed, 
the binding protein may arise by the 
splitting off of the extracellular part 
of the receptor. Once in the blood, it 
forms complexes (of unknown func
tion) with growth hormone. 

Baumann and his co-workers found 
that the pygmies in their sample had 
only about SO percent as much bind
ing protein as the controls. Because 
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the binding protein is a portion of the 
growth-hormone receptor, low levels 
of binding protein might reflect a cor
respondingly low level of growth-hor
mone receptors, which might in turn 
be responsible for the pygmies ' dimin
ished stature. 

The full answer, however, is likely 
to be more complex than simply a 
reduction in receptor number. Even 
a 50 percent reduction in the total 
number of receptors should be eas
ily overcome by injections of exoge
nous growth hormone. Yet pygmies 
are known to be resistant even to large 
doses of growth hormone. Pygmies 
may have defects in the function of 
growth-hormone receptors as well as 
in the total number and also abnor
malities unrelated to the receptors, 
Baumann said recently. 

Furthermore, it has not been proved 
that the binding protein does in fact 
arise directly from the receptor mol
ecule by cleavage. It may be synthe
sized and released along a separate 
secretory pathway. Further work is 
now under way to explain the func
tion of the binding protein and to 
tease out its relations with growth 
hormone and the growth-hormone 
receptor. Such work, Baumann says, 
could ultimately have significant clin
ical implications for those afflicted 

by forms of dwarfism resulting from 
defects in the receptor for growth 
hormone. -John Benditt 

Jeepers, Creepers 
Mantis shrimp's peepers rely 
on 10 (!) types of photoreceptor 

The human eye perceives col
or through a system based on 
three visual pigments. Although 

it is efficient, the arrangement is not 
the only one possible. Certain flies 
and fishes, for example, rely on five 
pigments; until recently, they were 
thought to hold the record. Accord
ing to a report in Nature, however, 
the eyes of certain species of mantis 
shrimp contain 10 visual pigments 
and perhaps more-a new record. 

The eye of the mantis shrimp con
sists of a large number of visual ele
ments called ommatidia. Most of the 
ommatidia, like those in a fly 's eye, 
form a simple hexagonal lattice on 
a hemispheric surface. In the man
tis-shrimp eye, however, a horizontal 
band of six parallel rows of ommatidia 
divides the surface. 

The ommatidia in the regions above 
and below the horizontal band prob
ably all contain the same visual pig-
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ment and are all sensitive to the same 
wavelength of light. The largest num
ber of pigments, as described in Na
ture, reside in four of the six horizon
tal bands. (The other two bands, which 
are apparently designed to detect the 
polarization of the incoming light, con
tain just one pigment each.) The four 
bands are each made up of two tiers of 
photoreceptors: each ommatidium in 
these bands is split into two parts, and 
the photoreceptor cells in each part 
contain a different pigment which re
sponds to a different range of wave
lengths. Two of the bands contain col
ored filters, so that only the wave
lengths of light to which the pigment 
is highly sensitive can pass through. 
That may keep the photoreceptor cells 
from responding even to very strong 
signals in other wavelengths. Separate 
filters cover cells in the inner and out
er tiers. In addition, the outer tier of 
photoreceptor cells acts as a filter for 
the inner tier. 

Why would a shrimp need to dis
tinguish colors so well? The authors 
of the report, Thomas W. Cronin of 
the University of Maryland and N. Jus
tin Marshall of the University of Sus
sex, suggest that color discrimination 
could be important in recognizing oth
er shrimp. For example, the mantis 
shrimp is e quipped with armlike ap-

79277 $25.95 32470 $24.95 
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Only three millimeters wide, the mantis-shrimp eye 
contains a record number of visual pigments 

MANTIS-SHRIMP EYE (inset) consists of visual elements called ommatidia laid out 
in a hexagonal lattice_ The eye contains at least 10 types of visual pigments, most 
of which are found in four of the six bands of ommatidia bisecting the e ye .  The 
three black spots, called pseudopu pils, represent regions where the ommatidia are 
directly facing the camera and are absorbing more light. 

pendages that are used in combat with 
other shrimp. Inside the "elbow" of 
each appendage the shrimp bears dis
tinctively colored markings. When two 
shrimp are about to fight, they show 
each other the insides of their elbows. 
Being able to distinguish colors well 
could keep a shrimp from taking on 
the wrong opponent. -Ari W. Epstein 

TECHNOLOGY 

No Slick Fix 
Oil-spill research is 
suddenly back in favor 

The three oil spills that fouled U. S. 
waters during one June weekend 
have combined with the Exxon 

Valdez spill in March to throw a stark 
light on how far support for research 
into cleanup techniques has declined. 
" Oil pollution has received a low rank
ing compared with other threats," ob
serves Richard S. Golob of World Infor
mation Systems, publisher of Oil Spill 
Intelligence Report. "It has been re
garded as a problem that has been 
solved." Golob points, for example, to 
the Environmental Protection Agen
cy's decision to close down its spill-

cleanup test facility in New Jersey ear
lier this year. The research budget of 
the Coast Guard, which developed the 
oil-skimming weir in the early 1 980's, 
fell from $ 6  million in 1 980 to $ 3 00,-
000 this year. The American Petrole
um Institute spent $ 600,000 a year on 
cleanup research in the early 1 980's 
but a mere $ 1 00,000 a year between 
1 9 8 5  and 1 988. 

That trend might be about to go into 
fast reverse. In the wake of the Alaska 
spill, API has proposed that the oil 
industry create a new organization, 
the Petroleum Industry Response Or
ganization, that would be given $ 2 50 
million in its first five years to estab
lish five U. S. regional spill-response 
centers. The budget would include 
from $ 3 0  to $ 3 5  million for research. 

"Prevention must continue to be the 
first line of defense," says Stuart Horn 
of Mobil Oil Corporation, who worked 
on the API plan. One way to reduce the 
frequency of accidents would be to 
use double-hulled tankers, an expen
sive option now under study by the 
National Research Council. 

The emphasis must remain on pre
vention, Horn explains, because con
tainment methods are often ineffec
tive in the open ocean. Booms, or float
ing fences, cannot contain a spill when 
waves are more than a few feet high or 
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when currents exceed . 7  knot. Skim
ming devices are also ineffective in a 
strong swell or when the oil is viscous 
or has weathered to a "mousse," a wa
ter-oil emulsion. Dispersants, in con
trast, which break oil up into small 
globules that are more easily con
sumed by microorganisms, need good 
wave action. The National Research 
Council has blessed the use of modern 
dispersants, although regulatory au
thorities are still reluctant to sanction 
them. API's assessment suggests such 
chemicals still need improvement. 

New concepts that deserve study, 
according to API , include absorbent 
powders, chemical coatings to make 
shorelines repel oil, and chemicals to 
thicken and immobilize oil. It has been 
proposed that tankers carry gels that 
in an accident would be mixed with 
the cargo to halt spreading. Yet the 
time and energy needed to mix cargo 
and gel seem likely to limit the idea's 
application. The National Institute of 
Standards and Technology is even in
vestigating burning off major spills. 

Biology offers another solution. Al
fred W. Lindsey of the Environmental 
Protection Agency reported to Con
gress that experiments in Alaska in 
which oil-eating bacteria were sprayed 
onto polluted beaches achieved some 
initial success.  API targets such "bio
remediation" for the biggest single 
research effort. It remains to be seen 
whether bioremediation can in fact 
improve on nature's own rates of 
biodegradation. 

Golub concludes that the major les
son of the spring oil spills is the im
portance of speed. The fumbled re
sponse in Alaska, he notes, almost 
certainly contributed to the damage 
from the Exxon Valdez, since the sea 
was calm at the time. The regional 
response centers proposed by the oil 
industry could have a bigger effect 
on future spill response than any im
provement in technology. - T.M.B. 

MEDICINE 

Different Strokes . . .  

Premature infants gain 
from being handled 

C ould the isolation of the high
technology cocoon surround
ing a premature infant subtly 

stress the young life it protects? Pree
mies maintain a tenuous vitality; com
pared with infants who come to full 
term in the womb, they grow at a 
feeble pace. Recent research on both 

© 1989 SCIENTIFIC AMERICAN, INC



COME BACK TO 
EUROPE AND 
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FI RST TI M E. 
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preemies and rat pups supports ear
lier observations that la ck of ta ctile 
stimulation-in preemies, stroking, in 
rats, li cking-seems to slow their 
growth. Yet most of the 240,000 pree
mies born ea ch year in the U. S. are 
kept in in cubators that dis courage 
tou ching. 

The findings emerge from the work 
of Tiffany M. Field of the University of 
Miami Medi cal S chool and Saul M. 
S chanberg of Duke University Medi cal 
Center. They have identified physio
logi cal changes that could explain the 
apparently faster growth of preemies 
who are stroked. Several times a day 
the investigators stroked and handled 
20 pre emies a ccording to a standard 
routine . Those infants gained weight 
2 1  per cent faster than a control group 
that was not stroked, even though 
there was no difference in the amount 
of food they consumed. S chanberg 
says the robust differen ce indi cates 
that the stroked preemies were grow
ing "in a more happy way." Th e 
stroked preemies also had higher 

levels of neurotransmitters and hor
mones (norepinephrine, epinephrine 
and dopamine) in their urine-levels 
closer to those in full -term infants. 

Faster weight gain redu ces the 
amount of in cubator time: one study 
suggests the savings in hospital costs 
could amount to $ 3,000 per infant. 
Moreover, stroked preemies may ex
perien ce fewer complications later. 

Why does tou ching seem to benefit 
preemies? Experiments with rat pups 
provide clues. Rat pups deprived of 
maternal li cking experien ce bio chemi
cal changes, su ch as loss of sensitivity 
to growth hormone, that cause them 
to stop growing; S chanberg believes 
the changes represent a survival strat
egy that helps lost pups to conserve 
energy. He and his colleagues Jorge v. 
Bartolome and Cynthia M. Kuhn have 
shown that inje cting the natural opi
atelike chemical beta-endorphin into 
the brain of a rat pup mimi cs the ef
fe cts of maternal deprivation, sug
gesting it may be a central chemi cal 
swit ch that pre cipitates the changes. 

Beyond the piano: musicians explore 
the acoustics of kelp and clay and ostrich eggs 

M usicians who find violins 
humdrum, and trumpets 
mundane, need not buy 

a synthesizer to generate offbeat 
sounds. They can turn instead to 
such acoustic alternatives as the 
Glass Harmonica : glass bowls that 
rotate on a spit and whine eerily 
when rubbed with moistened fin-

gers. Or the Fountain Chime, a seven
foot-high string of clay bells encased 
in a clear acrylic tube;  a handful of 
steel pellets poured down the tube 
produces a tintinnabulary explosion. 
Or the Ostrich-Egg Ocarina. These 
are a few of the instruments fea
tured in Experimental Musical Instru
ments, a bimonthly newsletter ded
icated to the "design, construction 
and enjoyment of new sound sour
ces." Bart Hopkin, a teacher, musi
cian and long-time maker of fanci
ful instruments, started the journal 
four years ago and now has more 
than 500 subscribers. The newsletter 
highlights some instruments-the 
French horn with a trombone slide, 
for example, and the Pikasso Gui
tar, which looks like several guitars 
wrestling-that are variations on fa
miliar themes. Others-such as the 
Dachsophon, a strip of wood that, 
when clamped to a table and sawed 
with a bow, sighs and snorts like 
a nursing piglet-elude categoriza
tion. In the photograph (by Janet 
Gillies), Hopkin plays the Seaweed 
Horn, which he fashioned from bull 
kelp culled from the California shore. 
The curious can contact Experimen
tal Musical Instruments at P.O. Box 
784, Nicasio, CA 94946. -JH. 
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Exa ctly how it works is not yet clear. 
"We have separate pie ces of the puz
zle," S chanberg says, "but they don't 
fit together yet." - T.M.B. 

Too Much Pressure? 
Are deep-water divers risking 
their bones and brains? �ew years ago C. E. "Whitey" 

Grubbs, a manager at Global Div
ers & Contra ctors, In c., and a 

grandfather of the underwater weld
ing industry, got fed up with trying to 
tea ch divers to weld, and so he de cid
ed to tea ch welders to dive. " Every
body thought I was crazy," he admits. 
That summer he trained 4 2  welders 
for the Chi cago Bridge & Iron Com
pany and took them out to repair 
oil derri cks in the Gulf of Mexi co. " I  
only lost two." Lost? " One got terrible 
heada ches during de compression, al
though the £EG's didn't show a single 
thing wrong." The other one fell off 
the derri ck he was welding; his tether 
broke the fall, but Grubbs says the 
s care was enough to put him off diving 
for good. 

Su ch testimonials abound in com 
mer cial diving. Yet some of the risks of 
diving may be missing from those a c
counts. For years medi cal investiga
tors have been trying to determine 
whether or not repeated exposure to 
changes in pressure causes cumula
tive damage to organs and tissues. 
Ri chard E. Moon, who studies diving
related injuries in the department of 
anesthesia at Duke University Medi cal 
Center, summarizes the current state 
of knowledge: "The jury's still out." 

People who dive for profit make up a 
small per centage of the millions of 
divers in the U. S. But any diver can fall 
prey to the two most common diving 
problems: gas embolism and de com
pression si ckness, or the "bends." Gas 
embolism occurs when gas in the 
lungs expands during as cent; a diver 
can prevent it by exhaling as he or she 
comes to the surfa ce. The bends o ccur 
when nitrogen that has dissolved in 
the blood under high pressure returns 
to the gaseous phase during the div
er's as cent. The bubbles of gas can 
cause pain, paralYSis, seizures and 
even loss of consciousness. 

A diver can avoid su ch a cute ef
fe cts by surfa cing slowly or by enter
ing a pressurized diving "bell" that 
is brought to the surfa ce and then 
slowly de compressed. Gradual de com
pre SSion enables a diver to exhale the 
gas a ccumulating in the blood. The 
U. S. Navy de compression tables are a 
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unrewarded. 
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common reference for deco mpre ssion 
ti me s  in thi s country; a one-hour dive 
at 100 feet, for example, would re quire 
about 40 minute s of decompre ssion. 

Yet the table s are not foolproof. 
" H alf or more of the scub a diver s who 
get the bend s were operating with
in the specific ation s of the U SN ta
ble s," Moon says. " Cle arly, following 
the Navy table s doe s not inocul ate 
you ag ain st decompre ssion sickne ss." 
Several groups are trying to di scov
er what ac count s for individual vari a
tion s in toler ance of decompre ssion. 
Moon and hi s colle ague s h ave preli m
in ary data  correlating severe case s  
of the bend s with a cong enit al he art 
anomaly th at en able s some blood to 
bypass the lung s, thereby denying gas 
in the blood it s route of egre ss. 

The commer cial diver s who main
t ain and re pair the oil rig s on the 
continental shelf are the one s who 
routinely go dee pe st for the longest 
periods. Tho se diver s are paid by the 
hour and may receive supplement ary 
"de pth incentive s"; they can make as 
many as 140 dive s  a ye ar at de pth s of 
up to 1,000 feet. It pay s  contractor s 
to h ave their diver s decompre ss as 
quickly as phy siologic ally po ssible. 

For ti me-con suming job s in very 
dee p water, it doe s not make sen se to 
decompre ss at all. Enter " satur ation" 
diving. On board ship or b arge, satura
tion diver s are confined to a ch amber 
that i s  pre ssurized to match the pre s
sure of the de pth at which they will be 
working; a similarly pre ssurized div
ing bell taxi s  the m to work and b ack. A 
typic al saturation dive last s  20 d ay s, 
during which diver s h ave no phy sical 
contact with the terre stri al world. 

" It' s a very ch arged area in o ccupa
tional medicine," say s  Keith W. Van 
Meter, who tre at s  diving injurie s in the 
hyperb aric unit of Jo Ellen Smith Medi
c al Center in New Orle an s. Inve stiga
tor s agree th at decompre ssion sick
ne ss can le ad to o steonecro sis, or 
de ath of bone ti ssue, if gas bubble s 
block the flow of blood to the bone. 
Indeed, there i s  evidence th at such 
bubble s c an form and block bone cap
illarie s even when a diver doe s not get 
the bend s. But "the se effe ct s  are sub
tle and could be cau sed by other 
thing s," in cluding chroni c alcoholi sm, 
say s ]. Morg an Well s, director of diving 
at the N ational O ceanic and At mo s
pheric Admini stration. 

There i s  al so some evidence th at 
diving c an le ad to neurologic al defi
cits, ag ai n in the ab sence of acute 
symptoms. Ian M. Calder and A.  C. 
Pal mer of Cambridge University have 
performed the fir st autopsie s on div
er s that looked specific ally for central 

nervou s system damage. They have 
alre ady found le sion s on some spin al 
cord s that appear to have re sulted 
from diving in sults, and they are now 
examining the brain ti ssue. 

The diver s themselve s  h ave their 
own theorie s on neurologi cal deficit s. 
" Diver s are cr azy to begin with," say s  
Andre S. G alerne, a 40-ye ar veter an of 
diving and pre sident of the A s socia
tion of Diving Contractor s. " Anyone 
who' s not crazy should stay out of the 
bu sine ss." -Karen Wright 

Skin Deep 
A recombinant growth factor 
hastens wound healing �e am of inve stigator s has found 

the fir st strong evidence that the 
he aling of wound s c an be ac

celerated in humans. The group has 
demon strat ed that applic ation of a ge
neti cally engineered ver sion of a hor
mone found natur ally in wound s-ep
idermal-growth f actor-h astened the 
regrowth of skin in 12 subjects. 

The finding, re ported in the New 
England Journal of Medicine, r ai se s  
the hope th at one d ay the hormone 
may routinely help to tre at a variety 
of wounds, in cluding burn s and sore s 
th at sometime s le ad to gangrene and 
amput ation, such as slow-healing bed
sore s and the foot ul cer s th at plague 
many di abetic s. 

The te am, he aded by Gregory L. 
Brown of Emory University and the 
University of Loui sville and Lillian 
B. Nanney of Vanderbilt Univer si
ty, re moved two e ssenti ally identic al 
swatche s of he althy skin from e ach of 
the subject s (who needed autologou s 
skin graft s), thereby forming com
parable "parti al-thickne ss" wound s
one s in which the epidermi s (the sur
f ace l ayer of skin) and only part of 
the underlying dermi s  are re moved. 
Then an antibiotic was applied to one 
wound, and the antibioti c combined 
with the growth f actor was applied to 
the other. The donor site s all he aled 
within from seven to 21 d ay s, but the 
wound s tre ated with the growth f actor 
he aled an average of a d ay and a h alf 
earlier than their counterpart s-not a 
remark able acceleration, but still an 
improve ment. Other studie s are need
ed to determine whether the rate of 
he aling c an be incre ased. 

Many other que stion s beg for an
swer s, Nanney say s. For in st ance, did 
the f actor stimulate cell division and 
thu s promote the proliferation of skin 
cell s directly, or did it work indire ctly, 
say by speeding the migr ation of new 
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cell s into the wound? Inve stig ator s 
al so hope to le arn wh at make s acceler
ated cell growth in wound he aling dif
ferent from cell growth in c ancer. 

Nanney, Brown and other s are al
re ady beginning to study the effect s of 
epidermal-growth f actor on variou s 
other wound s, including di abetic ul
cer s. If the sub stan ce i s  eventually 
marketed, it will probably be applied 
topi cally in many in stances. When no 
skin i s  spared in a wound, as in third
degree burn s, the f actor might be ap
plied to skin graft s. Or it might be 
applied to skin-donor sites. A ccording 
to Brown, preliminary evidence he col
le cted from four patient s who had 
burn s over 80 percent of their bodie s 
indic ate s th at f actor-tre ated donor 
site s might be h arve sted five time s  in 
40 day s, in stead of the more typical 
three time s. Such an i mprovement 
presumably could enh ance a patient' s 
chance s of survival. 

Epidermal-growth f actor i s  not the 
only growth f actor present in wound s. 
Laboratorie s are studying the role of 
several such protein s in normal and 
ac celer ated wound he aling. At some 
point phy sici an s may be able to mix 
and match growth f actor s, t ailoring 
their choice s to the proble ms posed 
by specific le sion s. -Ricki Rusting 

PROFILE 

The Masai 
These pastoralists are key 
to the future of Kenya 's wildlife 

In mid-June, after the long rain s 
have stopped, the land scape ju st 
north of Kenya' s Masai M ara Na

tional Reserve see ms an Edenic world. 
Zebra, wildebee st, g azelle, gir affe and 
topi range all acro ss the newly fre sh
ened savanna. A minibu s packed with 
safari-hatted touri st s crui se s through 
a pack of b aboon s, then race s to
w ard a lion lolling bene ath an acaci a 
tree. Ne arby, a herd of c attle sw arms 
around three red-robed stick figure s
M asai herder s. 

Thi s vi sion of man, be ast and tourist 
coexi sting in h ar mony i s  somewhat 
dece ptive. To the Masai, the pasto
rali st s who se noble, high-cheekboned 
vi sage s grace so many po st card s from 
Afric a, the wild animal s are a nui sance, 
at be st. Predators, such as male lion s 
too old or lazy to chase an impal a, 
oc casion ally attack the c attle and, le ss  
fre quently, their keeper s. Even wor se, 
soon hundred s of thou sand s of wilde
bee st s  will stre am north from Tanz a-
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128 formulas at the speed of light. 
The Casio FX-SOOOF 

Formula Calculator. To save 
you the time and trouble of looking 
up or memorizing many of the 
most important mathematical and 
scientific formulas, we put 1 28 of 
them in our FX-5000F Formula 
Calculator. And you can cal l them 
up in a flash . 

The formulas are numbered 
and cover the fields of math, 
statistics, physics, electronics and 
mechanics. Plus you can input 
12 of your own. J ust key-i n  the 
appropriate number and the for-

mula you need appears instantly. 
The alpha numeric display with 
1 0  digit mantissa plus 2 digit expo
nent is easy to read and scrolls 
to over 70 characters. Its two-l ine 
display shows both the formula 
and the answer simultaneously. 

And it doesn't stop there. 
Once you've recalled the formula, 
the calculator prompts you to i nput 
the val ues of the variables and 
automatical ly calculates the result. 

The FX-5000F's 675 steps of 
program memory al low you to 
create IQFRe pretty sizeable pro-

i Inc. Consumer Products Division: 570 Mt. Pleasant Avenue. Dover, NJ 07801 
. Canada Ltd .. 21 00 Ellesmere Road. Suite 240. Scarborough, Ontario M1 H387 

grams and store them .until needed. 
While an instant replay feature 
lets you review and edit formulas 
at the touch of a button. 

Adding to its usefulness are 
an additional 1 60 powerful scientific 
functions, for a combined total of 
288 functions and formulas. 

Get your hands on a Casio 
FX-5000F and flash through a 
few formulas. You' l l  find it very 
i l luminating. 

CASID® 
W ..... miracles never cease 
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ARE AMERICXs 
FORESTS OUT 

OF THE WOODS? 

In 1920, authorities predicted we would 

run out of forest land by 1945. 

But today we have nearly 730 million forested 
acres -and more trees than we had 70 years ago. 

Thanks, in part, to the management tech

niques of forest products companies, and mil

lions of individual landowners. These techniques 

BoISE CAsC ADE BoWATER. INC. CHAMPION INTERNATIONAL CoNSOLIDATED PAPER. INC. GAYLORD CoNTAINER CoRP. GEORGIA· PACIFIC INTERNATIONAL PAPER 

(01989 American Forest Council 
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nclude p lanting over 6 ,000,000 trees a day, 

) lus re-seeding and other reforestation methods 

o ensure natural re-growth. 

We're determined to keep up with the 

�rowing demand for wood and paper prod ucts. 

'\nd to make sure our fores ts wi l l  continue to 

)e a source of pride for every A merican. 

� - - - - - �  To help us manage the future of America's forests, mai l  this  
coupon or cal l  1·800-648-6699. 

Name _______________ _ 

Address ______________ _ 

City _______ State ___ Zip __ _ 

1250 Connecticut Avenue, N.W., Washington . DC 20036 

I 00 AMERICAN FOREST COUNCIL I � -- -- -- -- -- � 
MANAGING THE FUTUR.E OF AMER.lCXS FORESTS. 

I RAYONIER MEAD CoRP. PACKAGING CoRP. OF AMERICA SIMPSON TIMBER TEMPLE-INLAND UNION CAMP CORP. WEYERHAEUSER WILLAMETTE INDUSTRIES 
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Kenya hopes to convince the Masai to eschew 
farming and keep their land open for wildlife 

MASAI WEDDING PARTY gathers at the side of a road in the Narok district. The 
groom stands in the foreground. His bride (his second-the Masai practice po· 
lygamy), her head shaved and adorned with ceremonial jewelry, sits at the far left. 
In the background is a field of maize. The photograph is by Suzie Gilbert. 

ni a's Serengeti Pl ain and flood this 
region. The annual migration is one of 
n ature's gre at spe ctacles -as count · 
less travel ·agency bro chures and na
ture fil ms have put it -but to the Ma
s ai it is a dis aster. The wildebeests 
trample and chew down the grass, 
drain the water holes and expose the 
cattle to infe ctious dise ases. 

A century ago the pastoralists might 
h ave simply moved to a less crowded 
area. Now they are bounded to the 
south by the Masai Mara  Reserve, from 
whi ch they are ex cluded, and to the 
north, in cre asingly , by f ar ml and. All 
Kenyans are prohibited by l aw from 
interfering with game unless it di
re ctly end angers the m or their live
stock. Nevertheless, the Mas ai h ave 
been known to ve nt their frustration 
by spe aring a lion or elephant. Re cent
ly many more, lured by the promise 
of gre ater inco me ,  have taken an even 
more drasti c ste p :  planting crops on 
their land and fen cing it off. 

I re cently spent two weeks driving 
through Keny a and talking to various 
people -in the government, conserva
tion groups and the tourism indus
try -about wildlife conservation. The 
issue is criti cal : tourists on saf ari 
re present a major sour ce of employ
ment and of foreign ex ch ange. The 
big story in Keny a was the s ame one 

making he adlines worldwide : the wide
spre ad poaching of eleph ants and rhi
no ceroses (not by spe ar-wielding Ma
s ai but by paramilit ary g angs armed 
with automati c rifles) and the cam
paign to stop it by the re nowned pa
leoanthropologist Richard E .  Le akey, 
who be came dire ctor of Keny a's Wild
life Conservation and M an agement De
partment last spring. But Le akey and 
others I spoke to kept r aising another 
issue that may h ave a broader long
term signifi can ce than the poaching : 
the ongoing evolution of the Mas ai. 
" Over the long run that re ally is the 
issue for much of the wildlife in Ke
nya," says David Western of Wildlife 
Conservation Internation al. 

The Masai on ce ro amed across some 
of the choicest rangel and in west
ern and central Keny a; other tribes , 
and even Europe an settlers, g ave the m 
wide berth out of respe ct for their 
fighting skills. Then e arly in this cen
tury, weakened by drought, f amine 
and intertrib al strife , the M as ai were 
for ced by the British i nto the south
ern are a  where they live tod ay. This 
area, commonly called Mas ailand, con
sists of the Kajiado and Narok dis
tri cts. The former contains Amboseli 
National Park, whi ch lies just north 
of T anz ani a's Mount Kilimanj aro; the 
l atter contains the M asai Mara  Re-
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serve, whi ch abuts Tanz ania's Seren
geti National P ark. ( P arks are owned 
and managed by the federal govern
ment and reserves by the lo cal govern
me nt; the feder al government h as a 
say in the manage me nt of reserves 
as well, however, be cause it owns all 
wildlife in Kenya.) 

Mas ailand supports the majority of 
Kenya's wildlife, whi ch re presents one 
of the l argest asse mblages of big game 
in the world; the Serengeti-M ara  alone 
contains an estimated three million an
imals. This astonishing abund an ce de
pends to a gre at degree on the o pen
ness of the l and. Mu ch of Mas ailand 
is arid and subje ct to highly vari able 
rainf all, and many spe cies -most nota
bly the wildebeest -qui ckly exhaust 
the forage in one are a and move on. 
If the wildlife were prevented from 
migrating, even a brief drought could 
wipe out entire herds, s ays Helen F. de 
Butts of Friends of Conservation. 

The traditio nal Mas ai w ay of life 
poses few obstacles to the wildlife. 
As nomadi c pastoralists, they es chew 
fen ces; they herd their cattle from 
spot to spot and sleep in mud huts 
protected by uprooted thornbushes. 
They fier cely defend the mselves and 
their livestock from predators, and 
young males sometimes kill lio ns as 
part of their passage to manhood. Yet 
they rarely kill game for me at -or 
their cattle for that matter; they live 
off the milk and blood of their cows 
tapped by l an cing the jugul ar vein 
and generally sl aughter steers o nly 
for ceremonies. ( They e at the me at of 
sheep and goats more often.) The dis
taste of most Masai for po aching also 
h as helped kee p their l and relative
ly free of th at s courge. " They are par 
ex cellen ce conservationists," Le akey 
s ays. " If the Masai h ad not been so 
tolerant, we wouldn't have any wildlife 
in the Mas ai Mara  today." 

Tolerating the wildlife w as e asier 
for the Mas ai, however, when the l and 
was less crowd ed. A phenomenon that 
contributes to overcrowding results 
from the odd gravitation of many 
wild ungul ates tow ard l and grazed by 
cattle. It seems the ungul ates prefer 
grass th at h as re ce ntly been cropped 
and grown sweet new spe ars to grass 
th at is lo nger and more fibrous; the 
g azelle, zebra and impala can also 
see predators f arther away on closely 
cropped plains. The lions and chee
t ahs, naturally, follow their prey. This 
phenomenon o ccurs most strikingly 
in the Masai Mara  region. For much of 
the ye ar the reserve itself is virtually 
empty -a vast, unmowed lawn. Almost 
all of the g ame -and the tourists, who 
follow the wildlife just as the lions 

© 1989 SCIENTIFIC AMERICAN, INC



Imagination. Creation . Application. 

At GTE, we give you the power of 

people .  The dedication behind com

passionate, effective service.  

I n  emergencies like the October, 

1 9 8 7 ,  California earthquake, for 

example, you can count on our tele

phone people to respond immediately. 

And right now, our Sylvania light

ing people are working closely with 

Therakos, a Johnson & Johnson com-

,.,.,----." 

technology util izing light-activated 

drugs to treat a certain type of cancer. 

One to one, person to person, GTE 

to you . In every one of our companies, 

our people are our power. 

And at GTE, the power is  on.  

© 1989 SCIENTIFIC AMERICAN, INC



E T H I O P I A  

KENYA 

/ 
/ '" 

MASAIIAND (red) contains the Masai 
Mara National Reserve (a) and the Am
boseli National Park (b) and abuts Tsa
vo National Park (c). 

follow their prey -is north of the re
serve, shari ng the land with the Masai 
and their livestock. 

Yet the pressures on the Masai are 
largely self-ge nerated. Some 300, 000 
Masai now live i n  Ke nya, and their 
population is swelling at nearly the 
national rate of 4 perce nt a year. ( Ke
nya has one of the fastest-growi ng 
populations in the world.) Since the 
land cannot sustai n an equivale nt 
growth in the cattle population, the 
number of cattle per Masai-and thus 
the per capita income from pastoral
is m-has begun to drop. This tre nd 
is forci ng the Masai to seek new sour
ces of food and income. Many young 
males ar e abando ni ng rural life entire
ly and migrating to towns and cities 
to find jobs. 

More significant, as far as the wild
life is concerned, is the growi ng num
ber of Masai who are abandoning pas
toralis m for farming. In the Amboseli 
region, Masai have begun cultivati ng 
land to the east of the park and to the 
south, in the foothills of Mount Kili
manjaro. Even more land has bee n 
converted in the Mara region, which 
receives more rainfall than the area 
surrounding Amboseli. Masai here 
ge nerally lease their land to non
Masai farmers rather than cultivat
ing it the mselves. As one drives north
east from the Masai Mara Reserve to
ward Narok, the district seat, the ope n 
plains give way to fe nced-in fields of 
wheat and maize. The more prosper
ous Masai landowners live not in the 
mud huts that tourists find so pictur
esque but in big ranch-style houses 

surrounded by trucks and four-wheel
drive vehicles. Iowa comes to mind. 
" Most people thi nk the Masai like 
striding across the plains, playing the 
noble savage," says Allan E .  Earnshaw 
of Ker & Downey Safaris Ltd., "but 
they'd rather drive a Land Cruiser just 
like the rest of us." 

The government has sought to in
duce the Masai to keep their land 
ope n to wildlife by givi ng the m an 
ever greater share of  the be ne fits fro m  
tourism. (There i s  an irony here: pre
viously, and especially before the Ke
nyans won i ndepe nde nce fro m  the 
British in 1963, the governme nt tried 
to convince the Masai to take up far m
i ng -to settle down, so to speak -and 
the Masai stubbornly resisted.) The 
government distributes the fees gath
ered at the e ntrances to Amboseli and 
the Masai Mara and a tax levied on 
tourist lodges to the two councils that 
represe nt the Kajiado and Narok dis
tricts. These so-called county councils, 
whose me mbers are elected, were cre
ated by the British to hold all of Ma
sailand in trust for the nomadic tribe 
and to negotiate on its behalf with the 
government. The councils have used 
funds from tourism to dig wells and 
establish cattle-inoculation programs; 
the funds also help to build schools, 
medical facilities and roads. 

The government 's strategy has had 
notable failures, however. Whe n Am
boseli Park was created in 19 74, for ex
ample, the Wildlife Depart ment prom
ised to provide the displaced Masai 
with new water sources to compe n
sate the m for sources in the park that 
were now off limits. The arrange me nt 
see med to work at first, but the n 
the departme nt neglected to maintai n 
the pumps and pipes that brought 
water to the local herders. Moreover, 
the Kajiado County Council did not 
distribute the e ntrance fees and oth
er funds ge nerated by tourism to 
the Masai near the park, who most 
deserved compe nsation. In protest, 
some Masai began killing rhi noceroses 
and elephants. " In some cases the Ma 
sai just get fed up with conservation," 
says Thomas O. Mc Shane of the World 
Wildlife Fund. 

In  rece nt years the government has 
sought to distribute the be ne fits of 
tourism more fairly. The Wildlife De
partme nt has begun providing funds 
generated by tourism not only to the 
county councils, which many Masai 
feel represe nt them poorly, but also 
to so-called group ranches, formed by 
families of Masai who share a common 
grazing area. The governme nt agreed 
to relocate the headquarters of Ambo
seli -and the schools, medical cli nics 
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and other resources built for the park 
employees-outside the parks where 
the local Masai could use the m as well. 
Perhaps the most e ncouragi ng tre nd, 
according to Western, is that the Masai 
the mselves have become more "entre
pre neurial," setting up campsites and 
shops outside the parks that cater 
directly to tourists. 

The Masai should also be ne fit from 
Leakey's a mbitious program to boost 
the profits from tourism. In addi tion, 
Leakey plans to negotiate a new agree
ment with the Masai that will provide 
them with a higher percentage of the 
pro fits. He says he does not want to 
bribe the Masai i nto an atavistic re
treat from modern life, as some crit
ics have clai med. Quite the contrary. 
" I  hope to make it clear to them," 
he says, "that they have a far better 
chance of se nding their kids to u niver
sities by keeping wildlife o n  their land 
than by putting wheat on it." 

But with whom will Leakey negoti
ate? Begi nning in the 19 70's, the coun
ty councils began formally transfer
ring the ownership of large tracts of 
land to the group ranches. Now some 
of these ranches are subdividing their 
land still further -into lots as small as 
five acres -and distributi ng it to i ndi
viduals. Eventually, all of Masailand 
may be parceled into i ndividual lots, 
accordi ng to William Ole Ntimama, 
Ke nya's minister of local governme nt 
and one of its highest-ranking Masai. 
At that point, the county councils may 
no longer have any political power, 
and the Masai may have no uni fied 
voice. " It 's very easy to deal with one 
committee compared with 400 i ndi
viduals," Nti mama says. 

Some co nservationists fear that 
without a cohere nt policy the Kajia
do and Narok districts will become a 
patchwork of farms and grazing land 
in which animals and humans are 
in constant confrontation. Eventually, 
the wildlife might be confined to ti ght
ly managed, fe nced-in reserves more 
aki n to zoos or " Safari-World" parks 
than the wild open range that still 
characterizes much of Masailand. Nti
mama is not quite so pessimistic. He 
thinks the majority of the Masai will 
decide to keep their land ope n to 
game. "We now get some share of the 
proceeds from wildlife, and we think 
we 'll conti nue to be ne fit," he says. 
But he notes that the ongoing assim
ilation of the Masai i nto modern life 
makes predicting the future difficult. 
"We 've got very strong traditions," he 
says, "but now, with the education 
of children, we are changi ng. In 25 
or 30 years, I think we will all be 
changed." -John Horgan 
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SCIENTIFIC 
AMERICAN September 1989 Volume 261 Number 3 

Managing Planet Earth 
Introducing a single-topic issue that explores 

the prospects for sustainable human development 
on a planet with finite resources and a fragile environment 

E very form of life continually fac
es the challenge of reconciling 
its innate capacity for growth 

with the opportunities and con
straints that arise through its interac
tions with the natural environment. 
The remarkable success of our own 
species in meeting that challenge is 
reflected in the striking image that 
graces the cover of this single-topic 
issue of Scientific American. That ini
tial success, however, is only the be
ginning of the story. 

As we seek to imagine different 
ways in which that story might unfold, 
analogies can be helpful. The global 
pattern of light created by today's civ
ilizations is not unlike the pattern of 
exuberant growth that develops soon 
after bacteria are introduced to a nu
trient-rich petri dish. In the limited 
world of the petri dish, such growth is 
not sustainable. Sooner or later, as the 
bacterial populations deplete avail
able resources and submerge in their 
own wastes, their initial blossoming is 
replaced by stagnation or collapse. 

The analogy breaks down in the fact 
that bacterial populations have no 
control over, and therefore no respon-

MANAGING PlANET EARTH will require 
answers to two questions: What kind of 
planet do we want? What kind of planet 
can we get? To resolve these questions 
human beings must understand how 
their activities affect the global environ
ment and must choose strategies for 
developing the planet. One local aspect 
of a possible global strategy is symbol
ized here by a Nepalese woman planting 
a tree as part of a reforestation project. 

by William C. Clark 

sibility for, their ultimate collision 
with a finite environment. In contrast, 
the same wellsprings of human inven
tiveness and energy that are so trans
forming the earth have also given us 
an unprecedented understanding of 
how the planet works, how our pres
ent activities threaten its workings 
and how we can intervene to improve 
the prospects for its sustainable de
velopment. Our ability to look back on 
ourselves from outer space symbol
izes the unique perspective we have 
on our environment and on where 
we are headed as a species. With this 
knowledge comes a responsibility not 
borne by the bacteria: the responsibil
ity to manage the human use of plan
et earth. 

At the individual level, people have 
begun to respond to increased aware
ness of global environmental change 
by altering their values, beliefs and 
actions. Changes in individual behav
ior are surely necessary but are not 
enough. It is as a global species that 
we are transforming the planet. It 
is only as a global speCies-pooling 
our knowledge, coordinating our ac
tions and sharing what the planet has 
to offer-that we have any prospect 
for managing the planet's transforma
tion along pathways of sustainable de
velopment. Self-conscious, intelligent 
management of the earth is one of the 
great challenges facing humanity as it 
approaches the 21st century. �thOUgh efforts to manage the in

teractions between people and 
their environments are as old 

as human civilization, the manage
ment problem has been transformed 

today by unprecedented increases in 
the rate, scale and complexity of those 
interactions. What were once local in
cidents of pollution now involve sev
eral nations-witness the concern for 
acid deposition in Europe and in North 
America. What were once acute epi
sodes of relatively reversible dam
age now affect multiple generations
witness the debates over chemical
and radioactive-waste disposal. What 
were once straightforward confronta
tions between ecological preservation 
and economic growth now involve 
multiple linkages-witness the feed
backs among energy consumption, 
agriculture and climatic change that 
are thought to enter into the green
house effect. 

We have entered an era character
ized by syndromes of global change 
that stem from the interdependence 
between human development and the 
environment. As we attempt to move 
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from merely causing these syndromes 
to managing them consciously, two 
central questions must be addressed: 
What kind of planet do we want? What 
kind of planet can we get? 

What kind of planet we want is ul
timately a question of values. How 
much species diversity should be 
maintained in the world? Should the 
size or the growth rate of the human 
population be curtailed to protect 
the global environment? How much 
climatic change is acceptable? How 
much poverty? Should the deep ocean 
be considered an option for hazard
ous-waste disposal? 

Science can illuminate these issues 
but cannot resolve them. The choice 
of answers is ours to make and our 
grandchildren's to live with. Because 
different people live in different cir
cumstances and have different values, 
individual choices can be expected 
to vary enormously. As pointed out 
by Gro Harlem Brundtland in the clos
ing essay to this issue, poor people 
and rich people are especially likely 
to place different values on econom
ic growth and environmental conser
vation. Recently, however, the long
standing debate over growth versus 
environment has matured considera
bly. A broad consensus has begun to 
emerge that interactions between peo
ple and their environments should be 
managed with the goal of sustainable 
development. 

The World Commission on Envi-
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ronment and Development (WCED), 
chaired by Prime Minister Brundt
land, characterizes sustainable devel
opment as paths of social, economic 
and political progress that meet "the 
needs of the present without compro
miSing the ability of future genera
tions to meet their own needs." Sus
tainable development thus reflects a 
choice of values for managing planet 
earth in which equity matters-equity 
among peoples around the world to
day, equity between parents and their 
grandchildren. 

Managing the planet toward 
sustainable development is an 
undertaking made no less 

daunting by its urgency. The basic 
human dimensions of the task are 
explored by Nathan Keyfitz in "The 
Growing Human Population" on page 
1 18 and by Jim MacNeill in "Strate
gies for Sustainable .Economic Devel
opment" on page 154. The broad pic
ture, although familiar, bears recount
ing. The planet today is inhabited by 
somewhat more than five billion peo
ple who each year appropriate 40 per
cent of the organic material fixed by 
photosynthesis on land, consume the 
equivalent of two tons of coal per 
person and produce an average of 150 
kilograms of steel for each man, wom
an and child on the earth. The distri
bution of these people, their well
being and their impact on the en
vironment vary significantly among 

countries [see illustrations below and 
on next three pages]. 

At one extreme, the richest 15 per
cent of the world's population con
sumes more than one third of the 
planet's fertilizer and more than half 
of its energy. At the other extreme, 
perhaps one quarter of the world's 
population goes hungry during at 
least some seasons of the year. More 
than a third live in countries where the 
mortality for young children is greater 
than one in 10. The vast majority exist 
on per capita incomes below the offi
cial poverty level in the U. S. 

As we look to the future, it is encour
aging that the growth rate of the hu
man population is declining virtually 
everywhere. Even if the trends respon
sible for the decline continue, howev
er, the next century will probably see 
a doubling of the number of people 
trying to extract a living from plan
et earth. Nearly all of the increase will 
take place in today's poorer countries. 
According to the WCED, a fivefold to 
tenfold increase in world economic 
activity during the next 50 years will 
be required to meet the basic needs 
and aspirations of the future popula
tion. The implications of this desper
ately needed economic growth for the 
already stressed planetary environ
ment are at least problematic and are 
potentially catastrophic. 

Efforts to manage the sustainable 
development of the earth must there
fore have three specific objectives. 

��, � 
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CHILD MORTALIlY is one measure of a population's well-be· 
ing. The map shows deaths per 1,000 live births for children 
younger than five years. More than one third of the world's 

people live in countries where the mortality is greater than 
one in 10. The data, estimated for 1985 to 1990, are from the 
U.N.'s Department of International Economic and Social Affairs. 
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One is to disseminate the knowledge 
and the means necessary to control 
human population growth. The sec
ond is to facilitate sufficiently vigor
ous economic growth and equitable 
distribution of its benefits to meet the 
basic needs of the human population 
in this and subsequent generations. 
The third is to structure the growth 
in ways that keep its enormous poten
tial for environmental transformation 
within safe limits-limits that are yet 
to be determined. 

I f the goals of sustainable develop
ment describe the type of planet 
people want, the second question 

still remains: What kind of planet can 
we actually get? When we address this 
question, the focus shifts from what 
we value to what we know. 

In the end the strategies for sustain
able development must translate into 
local action if they are to have any 
impact at all. As I have noted, how
ever, many of today's most intractable 
challenges to sustainability involve 
time scales of decades or centuries 
and global spatial scales. Any signif
icant improvements in our ability to 
manage planet earth will require that 
we learn how to relate local develop
ment action to a global environmental 
perspective. 

Fortunately, understanding of glob
al environmental change has been rev
olutionized in recent years. The rev
olution has its roots in the 1920's, 
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with the Russian mineralogist Vladi
mir I. Vernadsky's seminal writings on 
the biosphere. It received important 
impetus from the International Geo
physical Year of 1957 and is now be
ing carried forward through a lively 
array of research and monitoring ef
forts around the world, capped by 
an ambitious new International Geo
sphere Biosphere Program. Although 
the "global change" revolution is far 
from complete, its broad outlines can 
be summarized in the illustration on 
page 52. 

The view of environmental change 
outlined in the illustration shows a 
planet dominated through decades 
and centuries by the interactions of 
climate and chemical flows of major 
elements, interactions that are woven 
together by the global hydrological 
cycle and are significantly influenced 
by the presence of life. 

The climate system incorporates at
mospheric and oceanic processes that 
govern the global distribution of wind, 
rainfall and temperature. Processes 
central to human transformation and 
management of planet earth include 
changes in concentrations of green
house gases and their impact on tem
perature; the effect of ocean circula
tion on the timing and distribution of 
climatic changes; and the role of vege
tation in regulating the flux of water 
between land and atmosphere [see 
"The Changing Climate," by Stephen 
H. Schneider, page 70]. 

A second important component of 
the planet's environment is the global 
circulation and processing of major 
chemical elements such as carbon, ox
ygen, nitrogen, phosphorus and sul
fur. These elements are the prinCipal 
components of life. In chemical forms 
such as carbon dioxide, methane and 
nitrous oxide, they also exert a ma-· 
jor influence on climate. Even in the 
absence of human influences, the 
earth's climate and chemistry have 
undergone abrupt and tightly linked 
changes such as those reflected in 
the ice-core records shown on page 
75. When added to these natural fluc
tuations, human activities have cre
ated disturbances in global chemi
cal flows that manifest themselves 
as smog, acid precipitation, strato
spheric ozone depletion and other 
problems [see "The Changing Atmos
phere," by Thomas E. Graedel and Paul 
J Crutzen, page 58]. 

The third component of the illustra
tion, the hydrological cycle, includes 
the processes of evaporation and 
precipitation, runoff and circulation. 
Water is a key agent of topograph
ic change and an overall regulator of 
global chemistry and climate. As de
scribed by J W. Maurits la Riviere 
in "Threats to the World's Water" on 
page 80, human impacts on the hydro
logical cycle that require attention in
clude pollution of groundwater, sur
face waters and oceans, redistribution 
of water flows on the earth's surface 

�!? 

CROPlAND PER CAPITA is an index of the flexibility societies 
have to adjust their land-use practices. Shown here is crop
land in hectares per capita for the mid-1980's. Countries with 

less than about .2 hectare per capita are especially limited 
in their options for managing the environment. Data are from 
the United Nations Food and Agriculture Organization (FAO). 
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and potential sea-level changes in
duced by global warming. 

Life, the final component in the il
lustration on page 52, has found the 
environment of planet earth to be re
plete with possibilities, resulting in 
the evolution of an astounding-but 
rapidly decreasing-degree of biologi
cal diversity [see "Threats to Biodiver
sity," by Edward O. Wilson, page 108]. 
It has not been widely appreciated 
until recently that life is also a key 
player in conditioning and regulating 
the global environment, through its 
influence on the chemical and hydro
logical cycles. Finally, one form of 
life-the human species--has grown 
over the past several centuries from a 
position of negligible influence at the 
planetary scale to one of great signifi
cance as an agent of global change. �thOUgh our knowledge of the 

earth system is quickly expand
ing, we do not yet know 

enough about it to say with any ceJ
tainty how much change the system as 
a whole can tolerate or what its capac
ity may be for sustaining human de
velopment. We do, however, know a 
good deal about interactions between 
individual components of the global 
environment and specific human ac
tivities. This admittedly incomplete 
knowledge provides some useful per
spectives on questions of planetary 
management. 

Since the beginning of the 18th cen-
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3.00-3.75 

• OVER 3.75 

tury, the human population has in
creased by a factor of eight; average 
life expectancy has at least doubled. 
During the same period human eco
nomic activity has become increaSing
ly global, with demands for goods and 
services in one part of the planet being 
met with supplies from half a world 
away. The volume of goods exchanged 
in international trade has increased by 
a factor of 800 or more and now repre
sents more than a third of the world's 
total economic product. 

The three components of this 
growth and globalization of human 
activity that have had greatest impact 
on the environment arc agriculture, 
energy and manufacturing, each of 
which is discussed at length in subse
quent articles. Agriculture has been 
the dominant agent of global land 
transformation; since the middle of 
the last century, nine million square 
kilometers of the earth's surface have 
been converted into permanent crop
lands [see "Strategies for Agriculture," 
by Pierre R .  Crosson and Norman j. 
Rosenberg, page 128]. Energy use has 
risen by a factor of 80 over the same 
period, with profound consequences 
for the planet's chemical flows of car
bon, sulfur and nitrogen [see "Strate
gies for Energy Use," by John H. Gib
bons, Peter D. Blair and Holly L .  Gwin, 
page 136]. Finally, the world's indus
trial production has increased more 
than 100-fold in 100 years, supported 
by long-term growth rates of more 

than 3 percent a year in the utilization 
of such basic metals as lead, copper 
and iron [see "Strategies for Manufac
turing," by Robert A. Frosch and Nich
olas E. Gallopoulos, page 144]. 

The transformation of the planetary 
environment induced by this explo
sion of human activity is particular
ly evident in changes to the phYSi
cal landscape. Since the beginning of 
the 18th century, the planet has lost 
six million square kilometers of for
est-an area larger than Europe. Land 
degradation has increased to a signifi
cant but uncertain degree [see illustra
tion on opposite page]. Sediment loads 
have risen threefold in major river 
systems and eightfold in smaller ba
sins that support intense human ac
tivity; the resulting flow of carbon to 
the sea is between one and two billion 
tons a year. During the same period 
the amount of water humans with
draw from the hydrological cycle has 
increased from perhaps 100 to 3 ,600 
cubic kilometers per year-a volume 
equivalent to that of Lake Huron. 

Many substantial changes in the 
planet's other chemical flows have 
taken place. In the past 300 years 
agricultural and industrial develop
ment has doubled the amount of 
methane in the atmosphere and in
creased the concentration of carbon 
dioxide by 25 percent. The global 
flows of major elements such as sul
fur and nitrogen that result from hu
man activity are comparable to or 

, �p 

CARBON DIOXIDE EMISSIONS are one impact of human activ
ities on the environment. Shown are carbon dioxide r�leas
es from energy use, industrial activities and deforestation 

expressed as tons of carbon per person per year. Highest 
are East Germany and the U. S. Lowest are Burundi and Bhu
tan. Data were compiled by the author's student Susan Subak. 
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greater than the natural flows of these 
elements. Among the trace metals, 
many of which are toxic to life, Jerome 
O. Nriagu of the Canadian National 
Water Research Institute and Jozef M. 
Pacyna of the Norwegian Institute for 
Air Pollution Research have shown 
that human emissions of lead, cadmi
um and zinc exceed the flux from 
natural sources by factors of 18, five 
and three, respectively. For several 
other metals, including arsenic, mer
cury, nickel and vanadium, the human 
contribution is now as much as two 
times that from natural sources. Final
ly, of the more than 70,000 chemicals 
synthesized by humans, a number
such as the chlorofluorocarbons and 
DDT-have been shown to affect the 
global environment Significantly, even 
at very low concentrations. �sessment of the prospects for 

sustainable development of the 
earth shows that the change in 

the rates at which human activities are 
transforming the planet may be as 
important as the absolute magnitudes 
involved. B. L. Turner, Robert W. Kates 
and I have analyzed historical trans
formation rates for several compo
nents of the global environmental sys
tem. For each component, we first 
characterized the recency of change
the date by which half of the total 
human transformation from prehis
toric times to the present had taken 
place. Next, we assessed the accelera-
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tion of change by comparing the pres
ent rate of transformation with that of 
a generation ago. The dominant im
pression from this analysis is the rela
tive recency of most global environ
mental change. None of the compo
nents we reviewed had reached 50 
percent of its total transformation be
fore the 19th century. Most passed the 
50 percent level only in the second 
half of the 20th century. 

Beyond this general conclUSion, four 
broad patterns of transformation 
emerge. The first pattern, character
ized by relatively long-established 
and still accelerating change, includes 
deforestation and soil erosion. The 
second, established relatively recently 
and still accelerating, includes the de
struction of floral diverSity, withdraw
al of water from the hydrological cy
cle, sediment flows and human mo
bilization of carbon, nitrogen and 
phosphorus. There is little reason to 
believe that human society has yet 
learned to manage on a global scale 
any of these accelerating transforma
tions of the environment. 

More encouraging are two decel
erating trends. Human-induced ex
tinctions of terrestrial vertebrates 
reached half of their present total 
by the late 19th century and are ap
parently occurring more slowly today 
than they were a generation ago. The 
remaining group of transformations 
we examined-releases of sulfur, lead, 
radioactive fallout, a representative 

D AREAS WHERE POPULATION MAY 

EXCEED CARRYING CAPACITY 

OF LOCAL AGRICULTURE 

organic solvent and extinction of ma
rine mammals-also represents pri
marily phenomena of the 20th century 
that are now decelerating. 

The crude measure of long-term de
celeration presented here gives no 
assurance that the declining transfor
mation rates reflect increasing com
petence in planetary management. 
(SpeCific transformation rates could, 
for example, decline simply because 
there are no more species to exter
minate or because we turn to cheap
er fuels that happen to emit differ
ent pollutants.) Nevertheless, for most 
of the cases I have cited, at least 
some fraction of the deceleration can 
be attributed to deliberate large-scale, 
long-term efforts at environmental 
management. 

The global patterns sketched 
so far provide a necessary but 
insufficient perspective from 

which to reflect on the prospects for 
improving the management of planet 

. earth. Also needed is an appreciation 
of the regional faces of change. To 
analyze regional situations in any de
tail is beyond the scope of this essay; 
still, it will be helpful to recall the 
extraordinary range of local circum
stances that will have to be dealt with 
if the human transformation of the 
planet is to be steered along paths of 
sustainable development. 

Any classification of regional per
spectives on sustainable development 

[7 

lAND DEGRADATION results from a variety of human activi
ties. Shown are regions threatened by desertification, overhar
vesting of firewood, acid rain and stress induced by efforts to 

feed more people than the land is actually able to support. The 
data are from the U. N.'s Food and Agriculture Organization and 
the Scientific Committee on Problems of the Environment. 
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will inevitably oversimplify reality. But 
one of the most instructive simplifi
cations distinguishes interactions be
tween environment and development 
that are associated with poverty from 
those associated with affluence. An
other distinguishes interactions in
volving low population densities from 
those with high population densities. 
Combining the two Simplifications 
yields the classification illustrated on 
the opposite page. 

Low-income, low-density areas such 
as Amazonia and Malaya-Borneo con
stitute settlement frontiers still avail
able for use by people in the less 
developed countries. Until recently, 
such regions supported sparse pop
ulations, and intrusions from the in
dustrialized world were confined to 
small plantation and mining sites. The 
situation has changed dramatically 
during the past 20 years as humans 
engaged in large-scale timber clearing 
and livestock raising have invaded 
these regions. The resulting mix of 
subsistence and commercial agricul-

ture plus industrial resource extrac
tion has led to a unique pattern of 
landscape transformation, the full im
plications of which cannot yet be as
sessed. Reduction of biological diver
sity and degradation of biological pro
ductivity nonetheless seem inevitable 
[see "Threats to Biodiversity," by Ed
ward O. Wilson, page 108). The poverty 
of the landless farmers engaged in 
land clearing and the relative paucity 
of indigenous institutions that might 
guide the sustainable development of 
such regions will make them especial
ly problematic components of any 
strategy for planetary management. 

In contrast, regions with low popula
tion density but high investments in 
sophisticated technology are illustrat
ed by the classic harsh environments 
of the earth. Such environments in
clude the circumpolar arctic areas, 
deserts, mineral-extraction platforms 
and off-shore "fish factories." The 
large-scale transformation of these re
gions has become possible only within 
the past several decades as knowl-

CLIMATIC PROCESSES 

OZONE - DEPLETING GASES 

edge, prices and technology have con
verged to induce development. 

Of the environmental changes as
sociated with such development-oil 
spills, river diversions and landscape 
transformation-some have received 
widespread attention. Others, such 
as atmospheric pollution and cultur
al dislocation, have received less. The 
knowledge base for management re
mains poor. But since a relatively few, 
wealthy corporate actors seem likely 
to be involved in most transforma
tions of consequence, the possibilities 
for institutionalizing sustainable-de
velopment strategies for such regions 
may be relatively good. 

Typical of low-income, high-den
sity regions are the Gangetic Plain 
of the Indian subcontinent and the 
Huang-Huai-Hai Plains of China. Here 
intensive agricultural development 
has been under way for centuries and 
has been joined in the past several 
decades by the rapid rise of indus
trial development in growing urban 
centers. Landscape degradation is the 

TRANSPIRATION 
RESPIRATION 

DECOMPOSITION 

INDUSTRIAL FOSSIL-FUEL 
ACTIVITIES CONSUMPTION 

INTERACTIONS between the climate and major chemical flows 
dominate global environmental change over tens to hundreds 
of years. The interactions are mediated by the living biota and 
the water cycle, in which water is taken out of the atmosphere 
by precipitation and returned by evaporation and transpira
tion. The oceans play major roles by imparting a great inertia 
to climatic change and acting as a reservoir for carbon and wa
ter. Human agriculture affects the planetary system by alter-
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ing the flows of nitrates, phosphates and carbon compounds. 
Respiration and decomposition liberate methane (CH4). The 
combustion of fossil fuels releases large quantities of stored 
carbon to the atmosphere as CO2, which like C� tends to warm 
the planet. Emissions such as sulfur dioxide (S02) and nitro
gen oxides (NOx) are important causes of acid rain. Indus
trial emissions of gases like the chlorofluorocarbons (CFC'S) 
deplete ozone (03) and also contribute to climatic change. 
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central problem as more and more 
people are employed on agricultural 
land that is already exploited to capac
ity. In addition, the rapid rise of heavy 
industry in such areas has led to pollu
tion problems comparable to those 
that Europe faced several decades ago. 
The critical management challenge 
here is to provide employment that 
generates income and takes pressure 
off the land without aggravating urba
nization problems or increasing re
gional competition for "smokestack" 
industries. 

The greatest responsibility and the 
greatest immediate potential for the 
design of sustainable-development 
strategies may be in the high-income, 
high-density regions of the indus
trialized world. As is repeatedly stat
ed in discussions of stratospheric 
ozone depletion and the greenhouse 
effect, advanced industrialized socie
ties have been responsible for impos
ing a disproportionate share of global 
environmental burdens on the planet. 
Over the past several decades, howev
er, places as different as Sweden, Ja
pan and the northeastern U.S. have all 
achieved significant improvement in 
numerous aspects of their regional 
environments. Forests have expanded, 
sulfur emissions have declined, locally 
extinct species have been successfully 
reintroduced. Some of these environ
mental victories are clearly the unin
tended by-product of unrelated eco
nomic changes. Others reflect the ex
port of environmentally destructive 
activities to less fortunate parts of the 
world. Increasingly, however, such re
gions are benefiting from systematic 
strategies to mitigate the impacts of 
uncontrolled development and are be
ginning to design the kinds of envi
ronments in which their people want 
to live. 

What kind of environments can 
such strategies attain? What 
kinds of development can 

they sustain? Apart from a basic 
knowledge of how the global environ
ment works and how human develop
ment interacts with it, an understand
ing is also required of the impact poli
cy can have on environmental change. 

At the outset, it cannot be overem
phasized that policy for managing 
planet earth must above all else be 
adaptive [see "Toward a Sustainable 
World," by William D. Ruckelshaus, 
page 166]. Our understanding of the 
science behind global change is in
complete and will remain so into the 
foreseeable future. Surprises like the 
stratospheric ozone hole will continue 
to appear and will demand action well 
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LOW RELATIVE WEALTH PER CAPITA HIGH 

REGIONAL VARIETIES of environmental transformation can be visualized by plotting 
population density versus relative wealth. Regions with low density and low indus
trialization include many of the earth's remaining settlement frontiers where wide
spread agricultural development has only recently begun. In contrast, low-density 
areas with relatively high investments tend to be the harsh environments exploited 
by corporate developers of fuel and minerals. High-density, low-income regions have 
long histories of agricultural development; their challenge is to produce increas
ing food yields while relieving existing stresses on the land. The greatest responsi
bility for designing sustainable-development strategies lies with the high-density, 
wealthy regions that have imposed a disproportionate burden on the planet's envi
ronment. The figure is from work by B. L. Turner, Robert W. Kates and the author. 

in advance of scientific certainty. Our 
understanding of the economic and so
cial processes that contribute to glob
al environmental change is even weak
er. Conventional forecasts of popula
tion and energy growth could turn out 
to be conventional foolishness. Sci
ence can help, but it is our capacity to 
shape adaptive poliCies able to cope 
with surprises that will determine our 
effectiveness as managers of planet 
earth. Building such a capacity will 
require cultivation of leadership and 
of institutional competence in at least 
four areas. 

The first requirement is to make 
the information on which individuals 
and institutions base their decisions 
more supportive of sustainable-devel
opment objectives. Part of the task, it 
cannot be said often enough, is sim
ply to support the basic scientific re
search and planetary monitoring ac
tivities that underlie our knowledge of 
global change. Also essential is to im
prove the flow of information implicit 
in existing systems of prices, regula
tions and economic incentives. The 
failure of current economic accounts 
to track the real environmental costs 

of human activities encourages the 
inefficient use of resources. The artifi
cially high prices maintained for many 
agricultural products have significant
ly exacerbated problems of land deg
radation and pollution in many parts 
of the world. Narrowly targeted gov
ernment subsidies have been direct
ly responsible for a significant frac
tion of today's global deforestation. 
All of these distorted information sig
nals need to be addressed in design
ing adaptive poliCies for sustainable 
development. 

A second requirement for adaptive 
planetary management is the inven
tion and implementation of technol
ogies for sustainable development. 
Such technologies will need to be re
source-conserving, pollution-prevent
ing or enviroilment-restoring and at 
the same time economically sustain
able. The articles on agriculture, en
ergy and manufacturing in this issue 
show that significant technical prog
ress has already been made toward 
delivering desired end-use services 
at significantly lower environmental 
costs. Surprisingly often, the econom
ic costs of the "conserving technolo-
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PAINTING THE FUTURE is the title of a Swedish study in which environmentalist Lars 
Emmelin and artist Gunnar Brusewitz collaborated to paint the Swedish landscape as 
it might appear under various paths of development. In these two paintings, based 
on Brusewitz's originals, the Dyback region of southern Sweden is shown as it might 
look in 2015. At the top is the area in a "Solar Sweden" scenario of wind power and 
biomass plantations; at the bottom is one vision of the "Nuclear Sweden" scenario. 

gies" also turn out to be lower: cost 
advantages-not environmental con
cerns-are responsible for halving the 
ratio of energy consumption to the 
gross national product in the U. S. 
since it peaked in the early 1920's. 

Technologies for the restoration of 
environments degraded by saliniza
tion, acidification and mining have 
also been developed and are be
ing effectively employed at a region
al scale. The policy need is to tai
lor technological innovations to the 
specific local conditions encountered 
in various environment-development 
conflicts around the world. 

A third requirement for adaptive 
planetary management is the con
struction of mechanisms at the na
tional and international level to coor
dinate managerial activities. The need 
for formal international agreements 
in this area has been highlighted by 
the Montreal Protocol on Substanc
es that Deplete the Ozone Layer and 
discussion of a possible internation
al law of the atmosphere. In fact, a 

dozen or more global conventions for 
protection of the environment are 
now in effect. 

Beneath this orderly surface, how
ever, a large and rapidly growing num
ber of nongovernmental bodies, gov
ernmental agencies and internation
al organizations are scrambling to 
play some part in the management of 
planet earth. Pluralism has much to 
recommend it. But are we not nearing 
a point of diminishing returns where 
too many meetings, too many declara
tions and too many visiting experts 
leave too few people with too few 
resources and too little time to actual
ly do anything? The immediate need at 
the international level is for a forum 
in which ministerial-level coordination 
of environmental-management activ,i
ties can be regularly discussed and 
implemented, much as is already done 
for international economic policy. As 
in the case of economic policy, the 
existence of such a formal, high-level 
governmental summit on global is
sues of environment and development 
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could provide an occasion for parallel 
discussions involving nongovernment 
and private-sector interests. 

Finally, building a capacity for adap
tive management of planet earth will 
require a deSire and an ability to re
flect continually on the values and 
objectives that guide our efforts. In an 
important sense, there has turned out 
to be more to the notion of sustain
able development than even the wise 
members of the World Commission 
intended. Individuals, organizations 
and entire nations have taken the con
cept as a point of departure for re
thinking their interactions with the 
global environment. 

In the Soviet Union, issues of ecolog
ical deterioration became a central 
point of debate in the first Congress of 
People's Deputies. In Kenya, an innova
tive project sponsored by the African 
Academy of SCiences has begun to 
explore and articulate alternative pos
sibilities for the continent's develop
ment in the 21st century. In West Ger
many, a high-level commission repre
senting all political parties and the 
scientific community evolved a con
sensual Vorsorge, or prevention, prin
ciple to guide the nation's environ
mental poliCies. In Sweden, a national 
best-seller and focal point for political 
debate emerged when environmental 
scientists and artist Gunnar Brusewitz 
collaborated in "painting the future" 
of Swedish landscapes under alterna
tive paths of development. 

The impact that these and similar 
explorations being conducted around 
the world will ultimately have in guid
ing the human transformation of the 
environment is far from clear. But 
there can be no question that, against 
all expectations, the explorations all 
reflect an emerging commitment to 
get on with the task of responsibly 
managing planet earth. 

FURTHER READING 
THE MAJOR BIOGEOCHEMICAL CYCLES 

AND THEIR iNTERACTIONS. Edited by 
Bert Bolin and Robert B. Cook. John 
Wiley & Sons, 1983. 

SUSTAINABLE DEVELOPMENT OF THE BIO· 

SPHERE. Edited by William C. Clark 
and R. E. Munn. Cambridge University 
Press, 1986. 

OUR COMMON FUTURE. World Com
mission on Environment and De
velopment. Oxford University Press, 
1987. 

RESOURCES AND WORLD DEVELOPMENT. 

Edited by Digby J. Mclaren and Brian J. 
Skinner. John Wiley & Sons, 1987. 

THE EARTH AS TRANSFORMED BY HUMAN 

ACTION. Edited by B. L Turner. Cam· 
bridge University Press, in press. 
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Letk dig a little deeper into the 
notion that much of our garbage 

is made up of plastics. 
America's growing waste problem is monumental. 

We generate 160 million tons of garbage a year. 
Our nation's landfills are being filled up. In five 

years 2,000 of our remaining 6,000 landfills will be closed. 
A lot of well-intentioned solutions are being 

offered. One is that foam plastics, plastic bottles and 
plastic packaging should be banned. 

The fact is that plastics make up less than S%. 
by weight. of our nation's waste. Paper and paperboard 
make up about 36%. glass and metal about 9% each, all 
by weight. The rest is anything from yard wastes to 
lumber to rubber tires. 

If plastics were banned, the need for packaging 
wouldn't go away The idea is to substitute other materials 
which are assumed to be biodegradable, so a landfill 
would take longer to become full. Studies show, how
ever. that paper and other materials decompose so 
slowly in a modern landfill that the life of the landfill is 
not extended. 

Recycling must play a part. 
In addition to environmentally secure landfills, 

and more state-of-the-art waste-to-energy incinerators, 
we believe that a significant answer to America's waste 
problem lies in recycling. That means recycling of every
thing recyclable. Yard waste. Paper. Metal cans. Glass 
bottles. And plastics. 

Although plastics recycling is in its infancy 
plastics are potentially more recyclable than alternative 
packaging materials. 

In South Carolina, one company recycles 100 
million pounds of 2-liter plastic soft drink bottles a year 
into everything from fiberfill for ski parkas to scouring 
pads to automobile distributor caps. 

In Chicago, another company processes 2 million 

plastic milk jugs a year into thousands of boards of "plastic 
lumber" for boat docks, decking, park benches and fences. 

In Tennessee, another company processes plas
tic containers into bathtubs, shower stalls and sinks. 

What Amoco Chemical is doing. 
Amoco Chemical is playing an active and mean

ingful role in recycling. 
We're supporting a demonstration recycling 

program in New York State showing that used, polystyrene 
foam, food service containers from schools and restau
rants can be recycled into products like insulation board 
for commercial construction, cafeteria trays and home 
and office products. 

We're participating in a consortium with other 
plastics manufacturers which will support construction 
of at least five regional recycling plants by October. 1990, 
as part of a nationwide attempt to increase the recycling 
of polystyrene. 

In Portland, Oregon, we renovated a 10-acre 
environmental learning center with a new wetlands 
walkway signs, kiosks and benches made from recycled 
plastics partially collected from local recycling programs. 

We're encouraging the start-up of new plastic 
recycling efforts. We're helping to find new ways to 
collect and sort recyclables. And we're supporting efforts 
to create markets for products made from recycled 
plastics. 

At Amoco Chemical, we believe we're only begin
ning to see the benefits of recycling. In the not-too
distant future, it can turn our solid waste from a national 
problem into a national resource. 

For a free copy of "Recycling. Do It Today For 
Tomorrow" write Amoco Chemical, 200 East Randolph 
Drive, Chicago, IL 60607. 

Recycling. Do It Today For Tomorrow. 

© 1989 Amoco Chemical Company 

,. 
"T� 
AMOCO 

�11r 
Amoco Chemical 

© 1989 SCIENTIFIC AMERICAN, INC



The Changing Atmosphere 
Human activity is altering the complex mixture of gases 

in the atmosphere. Some effects, such as acid rain and smog, 
are already evident. Unwelcome surprises may be lurking 

by Thomas E. Graedel and Paul]. Crutzen 

The earth's atmosphere has nev
er been free of change: its com
position, temperature and self

cleansing ability have all varied since 
the planet first formed. Yet the pace in 
the past two centuries has been re
markable: the atmosphere's composi
tion in particular has changed signifi
cantly faster than it has at any time in 
human history. 

' 

The increasingly evident effects of 
the ongoing changes include acid de
position by rain and other processes, 
corrosion of materials, urban smog 
and a thinning of the stratospheric 
ozone (03) shield that protects the 
earth from harmful ultraviolet radia· 
tion. Atmospheric scientists expect 
also that the planet will soon warm 
rapidly (causing potentially dramatic 
climatic shifts) through enhancement 
of the greenhouse effect-the heating 
of the earth by gases that absorb infra
red radiation from the sun-warmed 
surface of the planet and then return 
the radiation to the earth. 

Surprisingly, these important phe
nomena do not stem from modifica
tions in the atmosphere's major con-

THOMAS E .  GRAEDEL and PAUL ]. 
CRUTZEN are pioneers in the study of 
atmospheric chemistry. Graedel is Dis
tinguished Member of the technical 
staff at AT&T Bell Laboratories. He was 
the first atmospheric chemist to study 
the gas-phase chemistry of sulfur, the 
chemical interactions that occur in rain
drops and the reactions involved in 
atmospheric corrosion. Crutzen, the co
developer of the "nuclear winter" the
ory, is director of the air chemistry di
vision of the Max-Planck-Institute for 
Chemistry in Mainz, West Germany, and 
a visiting professor at the University of 
Chicago. Studies he began in the early 
1 970's of photochemical processes in 
the troposphere and stratosphere help
ed to establish the field of modern at
mospheric chemistry. Earlier this year 
Crutzen received the prestigious Tyler 
Prize for his contributions to environ
mental science. 

stituents. Excluding the widely varying 
content of water vapor, the concentra
tions of the gases that make up more 
than 99.9 percent of the atmosphere
nitrogen (N2), oxygen (02) and totally 
unreactive noble gases-have been 
nearly constant for much longer than 
human beings have been on the earth. 
Rather, the effects are caused in large 
part by changes, mainly increases, in 
the levels of several of the atmos
phere's minor constituents, or trace 
gases. Such gases include sulfur diox
ide (S02)

' 
two nitrogen oxides known 

collectively as NOx-nitric oxide (NO) 
and nitrogen dioxide (N02 i-and sev
eral chlorofluorocarbons (compounds 
that contain chlorine, fluorine, carbon 
and sometimes hydrogen). 

Sulfur dioxide, for example, rarely 
constitutes as much as 50 parts per 
billion of the atmosphere, even where 
its emissions are highest, and yet it 
contributes to acid depOSition, to the 
corrosion of stone and metal and to 
the aesthetic nuisance of decreased 
visibility. The NOx compounds, which 
are Similarly scarce, are important in 
the formation of both acid deposition 
and what is called photochemical 
smog, a product of solar-driven chem
ical reactions in the atmosphere. The 
chlorofluorocarbons, which as a group 
account for just one part per billion or 
so of the atmosphere, are the agents 
primarily responsible for depleting 
the stratospheric ozone layer. In addi
tion, rising levels of chlorofluorocar
bons, together with methane (CH4), 
nitrous oxide (N20) and carbon diox
ide (C02)-by far the most abundant 
trace gas at 350 parts per million-are 
enhancing the greenhouse effect. 

The hydroxyl radical (OH), a highly 
reactive molecular fragment, also in
fluences atmospheric activity even 
though it is much scarcer than the 
other gases, with a concentration of 
less than .0000 1 part per billion. Hy
droxyl plays a different role, however: 
it contributes to the cleansing of the 
atmosphere. Its abundance in the at-
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mosphere may diminish in the future. 
Certainly some fluctuation in the 

concentrations of atmospheric con
stituents can derive from variations in 
rates of emission by natural sources. 
Volcanoes, for instance, can release 
sulfur- and chlorine-containing gases 
into the troposphere (the lower 10 to 
15 kilometers of the atmosphere) and 
the stratosphere (extending roughly 
from 10 to 50 kilometers above the 
surface). The fact remains, however, 
that the activities of human beings 
account for most of the rapid changes 
of the past 200 years. Such activities 
include the combustion of fossil fuels 
(coal and petroleum) for energy, other 
industrial and agricultural practices, 
biomass burning (the burning of vege
tation) and deforestation. s o much is clear, but which hu

man activities generate which 
emissions? How do altered con

centrations of trace gases give rise to 
such an array of effects? How much 
have the problems grown, and what 
are their consequences for the planet? 
Although complete answers to these 
questions are still forthcoming, multi
disciplinary efforts by chemists, mete
orologists, solar and space physicists, 
geophysicists, biologists, ecologists 

BURNING OF VEGETATION, a common 
practice in the tropics, releases soot and 
several gases, particularly carbon diox
ide (C02), carbon monoxide (CO), hydro
carbons, nitric oxide (NO) and nitrogen 
dioxide (N02). This and other human ac
tivities-such as the burning of fossil 
fuels-account to a great extent for dra
matic increases over the past two centu
ries in the atmospheric concentrations 
of many trace gases. These increases are 
giving rise to such environmental pertur
bations as acid deposition, urban smog 
and depletion of the stratospheric ozone 
layer that absorbs damaging ultraviolet 
radiation. Warming of the planet is also 
expected, from the buildup of green
house gases that trap infrared radiation. 
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and others are making good headway. 
Multidisciplinary collaboration is 

crucial because the factors influencing 
the fates of the gases in the atmos
phere and their interactions with the 
biosphere are complex and incom
pletely understood. For instance, the 
chemical reactions a gas undergoes in 
the atmosphere can vary depending 
on the local mixture of gases and par
ticles, the temperature, the intensity 
of the sun, the presence of different 
kinds of clouds or precipitation and 
patterns of airflow (which move chem
icals horizontally and vertically). The 
reactions, in turn, influence how long 
a gas remains in the atmosphere and 
hence whether the gas or its end prod
ucts have global or more localized 
effects on the environment. 

Among the fruits of the investiga
tions has been an improved under
standing of the emissions produced 
by specific human activities. The com
bustion of fossil fuels for energy is 
known to yield substantial amounts 6f 
sulfur dioxide (particularly from coal), 
nitrogen oxides (which form when ni
trogen and oxygen in the air are heat
ed) and carbon dioxide. If the burn-

a 

GASES 
9 

ing is incomplete, it also yields carbon 
monoxide (CO), a variety of hydrocar
bons (including methane) and soot 
(carbon particles). Other industrial ac
tivities release additional sulfur diox
ide (smelting is an example) or inject 
such substances as chlorofluorocar
bons or toxic metals into the air. 

Agricultural practices lead to the 
emissions of several gases as well. The 
burning of forests and savanna grass
es in tropical and subtropical regions 
to create pastures and cropland yields 
additional large amounts of carbon 
monoxide, methane and nitrogen ox
ides. Moreover, soil exposed after 
forests are cleared emits nitrous oxide, 
as do nitrogen-rich fertilizers spread 
over fields. The breeding of domestic 
animals is another major source of 
methane (from oxygen-shunning bac
teria in the digestive tract of cattle and 
other cud-chewing animals), as is the 
cultivation of rice, which is a staple 
food for many people in the trupics 
and subtropics. 

Recent investigations have also led 
to a better understanding of the ef
fects produced by increased anthro
pogenic emissions. For example, the 

GASEOUS 
PRODUCTS 

h 

PARTICLES 
FORMED IN 

ATMOSPHERE 

j 

k 

much studied phenomenon of "acid 
rain" (by which we mean also acid 
snow, fog and dew) is now known to 
develop mainly as a by-product of at
mospheric interactions involving the 
NOx gases and sulfur dioxide. Through 
various reactions, such as combina
tion with the hydroxyl radical, these 
gases can be converted within days 
into nitric acid (HN03) and sulfuric 
acid (H2S04), both of which are dis
solved readily in water. When the acid
ified droplets fall to the earth's sur
face, they constitute acid rain. 

Because water droplets are removed 
from the atmosphere rapidly, acid 
rain is a regional or continental, rather 
than global, phenomenon. In contrast, 
the atmospheric lifetimes of several 
other trace gases, including methane, 
carbon dioxide, the chlorofluorocar
bons and nitrous oxide, are much 
longer [see bottom chart on page 62], 
and so the gases spread rather evenly 
throughout the atmosphere, causing 
global effects. 

Since the beginning of the Industrial 
Revolution in the mid-18th century, 
the acidity of precipitation (as meas
ured by the concentration of hydrogen 

WATER 
DROPLETS 

STRATOSPHERE 

TROPOSPHERE 

INJECTED 
PARTICLES 

FATE OF EMISSIONS in the atmosphere can vary. A gas (orange 
arrows) that is unreactive and insoluble in water (a) will spread 
through the troposphere (the lower 10 to 15 kilometers) and in 
some cases into the stratosphere, which extends approximate
ly from 10 to 50 kilometers above the surface, although a frac
tion may be taken up by land and water surfaces (b). If the gas 
is soluble, it may instead dissolve in moisture on particles (c) 
or in water droplets (d ), mainly in clouds. The particles and 
droplets then carry the gas to the earth (green arrows) direct
ly (e) or in rain, snow, fog or dew (f). Most gases are reac
tive enough to undergo chemical changes in the atmosphere 

(g), dr,iven primarily by interactions with the hydroxyl radi
cal (OH). The reSUlting gaseous products (purple arrows) can 
sometimes be deposited dry on the earth (h), but because they 
are generally more soluble than their precursors, they are also 
more readily incorporated into wetted particles (i) and, direct
ly (j) or indirectly (k), into water droplets. The gaseous Vrod
ucts thereby tend to be removed (e,f) quickly and are much 
less likely than their predecessors to diffuse above the tropo
sphere. The fate of injected particles (right) is similar to that of 
gases. They can be deposited directly (I) or else incorporated 
into water (m) and returned to the earth in precipitation (f). 
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Threatened. A survivor 

if the ice age. 

Yet it's presently 

being muscled 

out if existence 
by alien 

rainbow trout introduced to 

its habitat by man. 

:lI 
San Francisco Garter Snake. 

Endangered. Extinct 

County. Hunts 

underwater 

and can live 

Desert Tortoise. 
Fully protected. Older 

than the pyramids, very 

intelligent and 

California's 

rifficial state 
reptile. 

up to IO years. 

Threatened by 

illegal collection 

and loss if wet

lands to urban 

Careless land use, illegal collecting and ciff 

road vehicles are a constant threat. 

California Yellow 
Billed Cuckoo. Endangered. 

Because if the destruction if 

riparian forests in central 

California, mating pairs 

have dwindled from 

70,000 at 

Great Grey Owl. 
Rare. Less than 60 occur in 

California in the Yosemite National 

Park area. One if the many species 

that relies on the 

PhOl.ography Copyright ()1988 Susan Middleton. AU rights reseroed. 

WE CAN STILL SAVE THEM 
FROM THE HISTORY BOOKS. 

Due to circumstances beyond their 
control, 34 species native to California 
have been lost to extinction. Gone forever. 

Join us in supporting the California 
Nature Conservancy in their fight to 
preserve endangered California wildlife. 

Before history ARea �� repeats itself. The high energy com�_ 

only in one high desert valley 

near Bishop, California. Bizarre 

coloration attracts illegal collectors. 

Even the slightest change 

if its small habitat could wipe 

out the entire 

population. 
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, 'Find us computers that will let us 
do many jobs at once, Sinkfield, and 
it'll be another feather in your cap?' 

How're you going to do it? 
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No one ever made their mark in business by doing just one thing 
at a time. So to stay competitive, you need your computers to do a lot 
of business tasks at once. 

The Genius Of Micro Channel. That's why IBM 
developed the Personal System/2® computers with Micro Channel:" 
Micro Channel is like a multilane highway, so information can 
travel in lots of directions at once. With optional bus master cards, it's 
like having many computers in one, some managing printers 
and fax machines, another busy calculating a spreadsheet and others 
working on graphics or transferring data. And Micro Channel 

IBM, Personal System/2 and PS/2 are registered trademarks and Micro Channel and OS/2 are trademarks 01 InternatIOnal Business MachU"leS CorporallOn © 1989 IBM COfP 
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does all of' this with remarkable speed and reliability. 
Naturally, a P S/2® with Micro Channel runs DO S applications, 
and add O S/2 to this equation, and the benefits of'multitask
ing can make you and your people even more productive. 

The Solution Is IBM. The P S/2 with Micro Channel 
will provide you with solutions not only today but far into 
the future. See your IBM Authorized Dealer or 
IBM marketing representative. For a dealer near you, 
callI 800 IBM-2468, ext. 139. And see how much 
more you can do when you P S/2 it! 
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ions) has increased in many places. 
For example, it has roughly quadru
pled in the northeastern U.S. since 
1900, paralleling increased emissions 
of sulfur dioxide and the NOx gases. 
Similar increases have been found 
elsewhere in the industrialized parts 
of the world. Acid rain has also been 
detected in the virtually unindustrial
ized tropics, where it stems mainly 
from the release of the NOx gases and 
hydrocarbons by biomass burning. 

Wet deposition is not the only way 
sulfuric and nitric acids in the tropo
sphere find their way to the earth's 
surface. The acids can also be deposit
ed "dry," as gases or as constituents of 
microscopic particles. Indeed, a grow
ing body of evidence indicates that dry 
deposition can cause the same envi
ronmental problems as the wet form. 

Acid deposition clearly places se
vere stress on many ecosystems. Al
though the specific interactions of 
such deposition with lake fauna, soils 
and different vegetation types are still 
incompletely understood, acid deposi· 
tion is known to have strongly in
creased the acidity of lakes in Scandi
navia, the northeastern U.S. and south
eastern Canada, thereby leading to 
reductions in the size and diversity of 
fish populations. Such deposition also 
appears to play some role in the for
est damage that has been discovered 
in parts of the northeastern U.S. and 
Europe. 

There is little doubt that acids de
posited from the troposphere also 
contribute to the corrosion of outdoor 
equipment, buildings and works of 
art, particularly in urban areas-cost
ing tens of billions of dollars each year 
for repairs and equipment replace
ment in the U.S. alone. Particles con
taining sulfate (SO/-) have other ef
fects as well. By scattering light effi
ciently, they decrease visibility; by 
influencing cloud albedo, they may 
have important implications for cli
mate [see "The Changing Climate," by 
Stephen H. Schneider , page 70]. 

In and around cities photochemical 
smog is another negative conse
quence of modern life. The term 

technically refers to the undesirable 
mixture of gases formed in the lower 
troposphere when solar radiation acts 
on anthropogenic emissions (particu
larly the NOx gases and hydrocarbons 
from vehicle exhaust) to produce reac· 
tive gases that can be destructive to 
living organisms. 

Ozone is a major product of such 
photochemical reactions and is itself 
the main cause of smog-induced eye 
irritation, impaired lung function and 

CHEMICAL REACTIONS IN THE ATMOSPHERE 

OXIDIZERS AS DETERGENTS. The molecular species that initiate most atmospheric re
actions ("oxidizers" in the chemist's terminology) can be regarded as detergents 
because they transform gases into water-soluble products, thereby facilitating their 
removal in precipitation. Ozone (0,) is one important oxidizer and also participates 
in the formation of another detergent: the hydroxyl radical (OH), which interacts 
with nearly every molecular species in the atmosphere. Much of the trace gases that 
have been emitted into the atmosphere would still be there were it not for these 
substances. The hydroxyl radical forms after ultraviolet light (hv) dissociates ozone, 
releasing a highly energetic· and hence highly reactive - oxygen atom (0*) that then 
combines with a water molecule: 

hv 
a) O,�O* + 0, b) 0* + H,O � 20H 

STRATOSPHERIC OZONE: GENERATION AND LOSS. Ozone forms when oxygen mole· 
cules (0,) are dissociated by ultraviolet radiation and the resulting oxygen atoms 
combine with other oxygen molecules: 

hv 
a) O,�O+O b)O+O,�O, 

Chlorine atoms from chlorofluorocarbon compounds released into the atmosphere 
play a central role in one of the most efficient ozone-destroying catalytic cycles in 
the stratosphere. The cycle begins with the breakup of an ozone molecule by atomic 
chlorine and the formation of chlorine monoxide (ClO) and molecular oxygen: 

a) CI + 0, � CIO + 0, 

Then the chlorine monoxide reacts with an oxygen atom (formed by the photodisso· 
ciation of another ozone molecule) and liberates the chlorine, which can initiate the 
cycle again: 

b) CIO + 0 � CI + 0, 

Nitrogen oxides destroy ozone as well, but they can also interfere with this cycle. 
For example, nitrogen dioxide can remove chlorine monoxide from circulation by 
combining with it to form chlorine nitrate (CINOJ 

damage to trees and crops. The severi
ty of smog is therefore generally as
sessed on the basis of ground-level 
ozone concentrations. In other words, 
the same three-oxygen molecule that 
is critically important for absorbing 
ultraviolet radiation in the strato
sphere, where some 90 percent of at
mospheric ozone is concentrated, is a 
problem when it accumulates in ex
cess near the earth's surface. 

Investigators have measured ozone 
levels in the atmosphere since the late 
19th century, first from the ground 
and then within the atmosphere, aid
ed by sophisticated airborne devices. 
Some of the earliest data showed that 
the "natural" level of ozone close to 
the ground at one measuring post in 
Europe roughly a century ago was 
about 10 parts per billion. Today the 
typical ground-level concentrations in 
Western Europe are from two to four 
times higher. Abundances more than 
10 times higher than the natural level 
are now often recorded in Western 
Europe, California, the eastern U.S. and 
Australia. 

Photochemical smog is also appear
ing in broad regions of the tropics and 
subtropics, particularly because of the 
periodic burning of savanna grasses; 
the same territories may be set afire as 

often as once a year. This practice 
releases large amounts of precursors 
to smog. Because solar radiation is 
plentiful and strong in those regions 
and photochemical reactions occur 
quickly, ozone levels can readily climb 
to perhaps five times higher than nor
mal. As the populations in the tropics 
and subtropics grow, unhealthy air 
should become even more widespread 
there. Such a prospect is particularly 
worrisome because the properties of 
the soil in those regions may make 
the ecosystems there more vulnerable 
than the ecosystems in the middle 
latitudes to smog's effects. 

Although a decrease in ozone near 
the ground would benefit polluted re
gions, any decrease in stratospheric 
ozone is disturbing, because the re
sulting increase in ultraviolet radia
tion reaching the earth could have 
many serious effects. It could elevate 
the incidence of skin cancer and cata
racts in human beings, and it might 
damage crops and phytoplankton, the 
microscopic plants that are the basis 
of the food chain in the ocean. 

So far, the extent of stratospheric 
ozone depletion has been most dra
matic over Antarctica, where an ozone 
"hole," a region of increasingly severe 
ozone loss, has appeared each south-
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GREENHOUSE STRATOSPHERIC ACID 
DECREASED SELF-

GAS SMOG CORROSION DECREASED CLEANSING OF 
EFFECT OZONE DEPLETION DEPOSITION VISIBILITY ATMOSPHERE 

CARBON MONOXIDE + 
(CO) 

CARBON DIOXIDE + +/-
(CO2) 

METHANE (CH.) + +/- +/-
NOx: NITRIC OXIDE 

+/-(NO) AND NITROGEN + + + -
DIOXIDE (NO) 
NITROUS OXIDE + +/-(N2O) 

SULFUR DIOXIDE + + + (SO) -

CHLOROFLUORO- + + CARBONS 

OZONE (03) + + -

ANTHROPOGENIC/ AVERAGE AVERAGE APPROXIMATE PROJECTED 

GAS MAJOR TOTAL EMISSIONS RESIDENCE CONCENTRATION CURRENT CONCENTRATION 
ANTHROPOGENIC PER YEAR (MIL- TIME IN 1 00 YEARS AGO CONCENTRATION IN YEAR 2030 

SOURCES LIONS OF TONS) ATMOSPHERE (PPB) (PPB) (PPB) 

Fossil-Fuel 
?, N. Hem. 100 to 200, N. Hem. 

CARBON 40 to 80, S. Hem. 40 to 80, S. Hem. Probably 
MONOXIDE (CO) Combustion, 700/2, 000 Months (Clean (Clean Increasing 

Biomass Burning Atmospheres) Atmospheres) 

CARBON Fossil-Fuel 

DIOXIDE (CO,) Combustion, 5, 500/-5,500 100 Years 290, 000 350,000 400, 000 to 

Deforestation 550, 000 

METHANE 
Rice Fields, Cattle, 

Landfills , Fossil-Fuel 300 to 400/550 10 Years 900 1, 700 2,200 to 2, 500 
(CH4) Production 

Fossil-Fuel 
20 to 30/ . 001 to? . 001 to 50 . 001 to 50 

NOx GASES Combustion , Days (Clean to Clean to (Clean to 
Biomass Burning 

30 to 50 
Industrial) Industrial) Industrial) 

Nitrogenous 
NITROUS OXIDE Fertilizers, 

6/25 170 Years 285 310 330 t0350 
(N,O) Deforestation, 

Biomass Burning 

SULFUR Fossil-Fuel . 03 to ? .03 to 50 . 03 to 50 

DIOXIDE (SO,) Combustion, 100 to 130/ Days To Weeks (Clean to (Clean to (Clean to 
Ore Smelting 150 to 200 Industrial) Industrial) Industrial) 

CHLOROFLUORO- Aerosol Sprays, 
-1/1 60 to 100 About 3 2.4 to 6 

CARBONS Refrigerants, 
Years 

0 (Chlorine atoms) (Chlorine atoms) 
Foams 

TRACE GASES and the environmental perturbations with which 
they are associated are listed (top). Plus signs indicate a con
tribution to the effect; minus signs indicate amelioration. Some
times a gas's effect varies, as is indicated by dual signs (+/-). 
In particular, the effects of carbon dioxide, the NOx gases and 
nitrous oxide on stratospheric ozone depletion depend on al
titude. Methane generally ameliorates the effect, except in the 
ozone hole, and its tendency to diminish the self-cleansing of 
the atmosphere (by reducing the abundance of hydroxyl) is 
different in the north and south; methane diminishes self
cleansing in the Southern Hemisphere but has the opposite ef-

fect in the Northern Hemisphere. The concentrations of many 
gases, given in parts per billion (ppb), are expected to be sig
nificantly higher 40 years from now (bottom) if anthropogen
ic emissions continue to increase. For gases with lifetimes of 
years, estimated global averages are listed. The concentra
tions of the NOx gases and sulfur dioxide over highly indus
trial sites may not rise much in 40 years, but the number 
of polluted sites can be expected to grow, particularly in the 
developing nations. Chlorofluorocarbon concentrations are 
given in terms of chlorine atoms because the molecules gener
ally contain more than one ozone-destroying chlorine atom. 
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ern spring since about 1975. In the 
past decade springtime ozone levels 
over Antarctica have diminished by 

. about 50 percent [see "The Antarctic 
Ozone Hole," by Richard S. Stolarski; 
SCIENTIFIC AMERICAN, January, 1988]. 
A more global assessment of the 
stratospheric ozone layer is still in a 
preliminary stage, but in the past 20 
years depletions of from 2 to 10 per
cent have apparently begun to occur 
during the winter and early spring 
in the middle-to-high latitudes of the 
Northern Hemisphere, with the great
est declines in the higher latitudes. 

It is now quite evident that chloro
fluorocarbons, particularly CFc-11 
(CFCI3) and CFc-12 (CF2Cl2), are the 

major culprits responsible for ozone 
depletion. These anthropogenic chem
icals, whose emissions and atmos
pheric concentrations have grown rap
idly since their introduction several 
decades ago, are widespread as refrig
erants, aerosol propellants, solvents 
and blowing agents for foam produc
tion, in part because they have what 
initially seemed to be a wonderful 
property: they are virtually unreactive 
in the lower atmosphere, and so they 
pose no direct toxic threat to living 
organisms. 

Unfortunately, the very same char
acteristics that render chlorofluoro
carbons rather inert enable them to 
reach the stratosphere unchanged. 
There they are exposed to strong ul
traviolet radiation, which breaks them 
apart and liberates chlorine atoms 
that can destroy ozone by catalyzing 
its conversion to molecular oxygen. 
(Catalysts accelerate chemical reac
tions but are freed unaltered at the 
end.) Indeed, every chlorine atom ulti
mately eliminates many thousands of 
ozone molecules. Primarily because of 
the emission of chlorofluorocarbons, 
the level of ozone-destroying chlori
nated compounds in the stratosphere 
is now four to five times higher than 
normal and is increasing at a rate of 
approximately 5 percent a year-de
velopments that highlight the pro
found effect human activity can have 
on the stratosphere. 

Stratospheric ozone (03) is formed 
initially when an oxygen molecule (02) 
absorbs shortwave radiation, which 
splits it into two oxygen atoms (0); 
each atom then combines with anoth
er oxygen molecule to form ozone. 
Usually, photochemical reactions cat
alyzed by the NOx gases remove ozone 
at a rate equal to the rate of its forma
tion. Chlorine catalytic cycles, which 
are growing rapidly in importance in 
the atmosphere, disturb this natural 

balance and result in a net ozone loss 
[see box on page 61]. 

Particularly in Antarctica and to a 
lesser extent in the Arctic, frigid tem
peratures hasten the chlorine-catalyt
ic cycles by removing nitrogen oxides, 
which strongly interfere with them. 
(Paradoxically, then, although the NOx 
gases can destroy ozone, their pres-
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ence in the stratosphere often ame
liorates chlorine-catalyzed ozone de
struction.) Together with water mole
cules, the NOx gases freeze to form 
particles making up what are known 
as polar stratospheric clouds. Worse 
yet, the cloud particles actually facili
tate chemical reactions that release 
chlorine from compounds that do not 

* 

500 200 100 50 20 10 

YEARS BEFORE PRESENT 

CRYSTALS OF ICE in a sample taken from the Greenland ice sheet and photographed 
in polarized light are about 1,000 years old. The very small air bubbles that are visible 
hold clues to the ancient concentrations of trace gases, including the greenhouse 
gases carbon dioxide and methane. Studies of ice cores from Greenland and Ant
arctica indicate that the average global concentration of methane held steady near 
700 ppb between 10,000 and 300 years ago and then began a dramatic climb about 
100 years ago (bottom). The red dots represent data from the ice; the asterisk rep
resents the average global value for the late 1970's: about 1,500 ppb. The micrograph 
was made by Chester C. Langway, Jr., of the State University of New York at Buffalo. 
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themselves react with ozone, such as 
hydrochloric acid (HCl) and chlorine 
nitrate (ClN03). 

Even if chlorofluorocarbon emis
sions stopped today, chemical reac
tions causing the destruction of strat
ospheric ozone would continue for at 
least a century. The reason is simple: 
the compounds remain that long in 
the atmosphere and would continue 
to diffuse into the stratosphere from 
the tropospheric reservoir long after 
emissions had ceased. 

The depletion of global strato
spheric ozone seems to be the 
handiwork primarily of a single 

class of industrial products-the chlo
rofluorocarbons-but several differ
ent emissions combine to raise the 
specter of a rapid greenhouse warm
ing of the earth. Exactly how high glob
al temperatures might climb in the 
years ahead is not yet clear. What is 
clear is that the levels of such infra
red-absorbing trace gases as carbon 
dioxide, methane, the chlorofluorocar
bons and nitrous oxide have mounted 
dramatically in the past decades, mak
ing added heating inevitable. 

The trapping of heat near the sur
face of the planet by naturally emitted 
trace gases is a vital process: without 
it the planet would be too cold for 
habitation. Yet the prospect of a sud
den temperature increase of even a 
few degrees Celsius is disquieting be
cause no one can accurately predict its 
environmental effects, such as what 
the precise changes will be in precipi
tation around the world and in sea 
level. Any effects will probably be rap
id, however, making it extremely dif
ficult or impossible for the world's 
ecosystems and for human societies 
to adapt. 

The extraordinary pace of the recent 
increases in greenhouse gases be
comes strikingly evident when mod
ern levels are compared with those of 
the distant past. Such comparisons 
have been made for several gases, in
cluding carbon dioxide-which alone 
accounts for more than half of the 
heat trapped by trace species-and 
methane, which is a more efficient 
infrared absorber than carbon dioxide 
but is significantly less abundant. 

The histories of carbon dioxide 
and methane can be reconstructed 
on the basis of their concentrations 
in bubbles of air trapped in ice in 
such perpetually cold places as Ant
arctica and Greenland. Because the 
gases are long-lived and hence are 
spread fairly evenly throughout the 
atmosphere, the polar samples re
veal the approximate global aver-

age concentrations of previous eras. 
Analyses of the bubbles in ice sam

ples indicate that carbon dioxide and 
methane concentrations held steady 
from the end of the last ice age some 
10,000 years ago until roughly 300 
years ago, at close to 2 60 parts per 
million and 700 parts per billion, re
spectively. Some 300 years ago the 
methane levels began to climb, and 
roughly 100 years ago the levels of 
both gases began to soar to their cur
rent levels of 350 parts per million for 
carbon dioxide and 1,700 parts per 
billion for methane. Moreover, direct 
worldwide measurements made by 
several investigators during the past 
decade have shown that atmospheric 
methane levels are growing more rap
idly than those of carbon dioxide, at 
the remarkably high rate of about 1 
percent a year. 

The increases of both gases in the 
20th century must be attributed in 
large part to the many expanding hu
man influences on emissions. For car
bon dioxide the sources are mainly 
fossil-fuel combustion and deforesta
tion in the tropics; for methane, main
ly rice cultivation, cattle breeding, bio
mass burning in tropical forests and 
savannas, microbial activity in munici
pal landfills and leakage of gas during 
the recovery and distribution of coal, 
oil and natural gas. As the world's 
population grows during the next cen
tury-and with it the demand for more 
energy, rice and meat products-the 
atmospheric concentration of meth
ane could double. The climatic warm
ing caused by methane and other trace 
gases could well approach that caused 
by carbon dioxide. 

What are the expected trends 
for other trace gases? We as 
well as several other workers 

have extrapolated from the past and 
the present to make projections for 
the future, taking into account such 
factors as estimated increases both in 
population and in energy consump
tion. The estimates indicate that in
creases can be expected in the atmos
pheric concentrations of virtually all 
trace species in the next 100 years if 
new technologies and major energy
conservation efforts are not instituted 
to diminish the expected dependence 
on high-sulfur coal, an environmental
ly disadvantageous fuel, as the world's 
major energy source. 

For example, as part of a multicenter 
collaboration, we have looked at past 
sulfu)." dioxide concentrations over the 
eastern U.S. and Europe (estimated 
prior to the mid-1960's on the basis of 
emission rates) and have speculated 
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about future levels there and over 
the little-industrialized Gangetic Plain 
of India [see illustration on page 68). 
The historical assessment for the U.S. 
shows a marked increase in sulfur 
dioxide concentrations between 1890 
and 1940, paralleling the buildup of 
"smokestack" industries and the con
struction of many new power plants. 
The amount of sulfur dioxide then lev
eled off and decreased in the 1960's 
and early 1970's. To a great extent, the 
decrease reflects the increased exploi
tation of oil (which is low in sulfur) 
for energy as well as the success of 
clean-air legislation in curbing sulfur 
emissions. 

The concentrations of sulfur diox
ide increased over Europe between 
1890 and the mid-1900's but then 
leveled off; they did not decline ap
preCiably, because until recently emis
sion-control efforts were less vigor
ous than in the U.S. For the Gangetic 
Plain, where industrialization is rather 
recent, sulfur dioxide concentrations 
over some places have climbed from 
almost nothing in 1890 to levels that 
are now approaching those over the 
northeastern U.S. 

The average sulfur dioxide concen
trations over all three large regions 
are expected to increase, in part be
cause low-sulfur fuels will probably 
become scarcer (although extremely 
stringent emission controls could sta
bilize levels over the U.S. and Europe 
for a few decades). The increases 
could be most marked over India and 
other developing countries that have 
rapidly growing populations and ac
cess to abundant supplies of high
sulfur coal, which is relatively inex
pensive. Clearly, major measures must 
be introduced in the energy sector to 
prevent sulfur dioxide concentrations 
from rising extremely high. 

Increases may also occur in a gas we 
have not yet discussed in detail: car
bon monoxide, which has the power to 
decrease the self-cleansing ability of 
the atmosphere. A rise in carbon mon
oxide concentrations is likely because 
its sources-fossil-fuel combustion, 
biomass burning and atmospheric re
actions involving methane-are all ex
pected to increase. On the other hand, 
a significant (but still not well-quanti
fied) amount of the gas is formed in 
the atmosphere over the tropics from 
the breakdown of hydrocarbons emit
ted by vegetation, a source that human 
activities are removing. The future 
concentrations of carbon monoxide 
are therefore uncertain, although on 
balance many workers foresee a rise 
over the Northern Hemisphere. 

Carbon monoxide undermines the 
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self-cleansing ability of the atmos
phere by lowering the concentration 
of the hydroxyl radical, which is an 
important "detergent" because it re
acts with nearly every trace-gas mole
cule in the atmosphere, including sub
stances that would otherwise be inert. 
Without hydroxyl, the concentrations 
of most trace gases would become 
much higher than those of today, and 
the atmosphere as a whole would 
have totally different chemical, phYSi
cal and climatic properties. 

Our projections for the future 
are discouraging, then, if one 
assumes that human activities 

will continue to emit large quantities 
of undesirable trace gases into the 
atmosphere. Humanity's unremitting 
growth and development not only are 
changing the chemistry of the atmos
phere but also are driving the earth 
rapidly toward a climatic warming of 

unprecedented magnitude. This cli
matic change, in combination with in
creased concentrations of various gas
es, constitutes a potentially hazard
ous experiment in which everyone on 
the earth is taking part. 

What is particularly troubling is the 
possibility of unwelcome surprises, as 
human activities continue to tax an 
atmosphere whose inner workings 
and interactions with organisms and 
nonliving materials are incompletely 
understood. The Antarctic ozone hole 
is a particularly ominous example of 
the surprises that may be lurking 
ahead. Its unexpected severity has 
demonstrated beyond doubt that the 
atmosphere can be exquisitely sensi
tive to what seem to be small chemical 
perturbations and that the manifesta
tions of such perturbations can arise 
much faster than even the most astute 
scientists could expect. 

Nevertheless, some steps can be tak-

en to counteract rapid atmospheric 
change, perhaps lessening the known 
and unknown threats. For example, 
evidence indicates that a major de
crease in the rate of fossil-fuel com
bustion would slow the greenhouse 
warming, reduce smog, improve visi
bility and minimize acid deposition. 
Other steps could be targeted against 
particular gases, such as methane. Its 
emission could be reduced by institut
ing landfill operations that prevent its 
release and possibly by adopting less 
wasteful methods of fossil-fuel pro
duction. Methane emission from cattle 
might even be diminished by novel 
feeding procedures. 

Perhaps more encouraging is the 
fact that many people and institutions 
are now aware that their actions can 
have not only local but also global 
consequences for the atmosphere and 
the habitability of the planet. A few 
recent events exemplify this aware-

PHOTOCHEMICAL SMOG, here shrouding Sao Paulo, Brazil, is a 
problem in many urban areas. It forms when solar radiation 
acts on emissions-notably nitrogen oxides and hydrocarbons 

from vehicle exhaust-to produce an undesirable mixture of 
gases near the ground. The major component is ozone (03), 
which can harm the eyes and lungs and damage trees and crops. 
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is slowly deteriorating. We've pre
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Because today, there are 
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rebuilding our infrastructure
ready to take on the reconstruc
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dollars over the next 10 years. 

N. Merrill Lynch, we think 
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this coming era of reconstruction. 
In our Investment Alert, we re-
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Lynch Financial Consultant today. 
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SULFUR DIOXIDE concentrations over newly industrializing regions, such as the 
Gangetic Plain of India, as well as over the northeastern U.S. and Europe have been 
reviewed (black ) and projected 100 years ahead (colors). The projections assume 
that each region's population and energy consumption will grow and that the burn
ing of coal for energy (a major source of sulfur dioxide) will increase. The pro
jections differ according to how stringent emission controls might be: mild (red), 
moderate (orange) or severe (green). The findings indicate that sulfur dioxide )evels 
are likely to increase, although extremely stringent control efforts could delay the 
rise over the U.S. and Europe. With increases also expected for several other trace 
gases, the authors emphasize the importance of global cooperation to minimize un
desirable emissions and, thereby, their associated environmental perturbations. 
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ness: in the Montreal protocol of 1987, 
dozens of nations agreed to halve 
their chlorofluorocarbon emissions by 
the end of the century, and several 
countries and the major chlorofluoro
carbon manufacturers have more re
cently announced their intention to 
eliminate the chemicals by that dead
line. Some of the same nations that 
have been involved in the Montreal 
protocol are now discussing the possi
bility of an international "law of the 
atmosphere." It would be directed at 
limiting the release of several green
house and chemically active trace gas
es, including carbon dioxide, methane 
and nitrous oxide, as well as sulfur 
dioxide and the NOx gases. 

We and many others think the so
lution to the earth's environmental 
problems lies in a truly global effort, 
involving unprecedented collabora
tion by scientists, citizens and world 
leaders. The most technologically de
veloped nations have to reduce their 
disproportionate use of the earth's 
resources. Moreover, the developing 
countries must be helped to adopt 
environmentally sound technologies 
and planning strategies as they ele
vate the standard of living for their 
populations, whose rapid growth and 
need for increased energy are a major 
cause for environmental concern. With 
proper attention devoted to maintain
ing the atmosphere's stability, per
haps the chemical changes that are 
now occurring can be kept within lim
its that will sustain the physical proc
esses and the ecological balance of 
the planet. 

FURTHER READING 
ATMOSPHERIC OZONE 1 98 5 :  AsSESSMENT 

OF OUR UNDERSTANDING OF THE PRoc
ESSES CONTROLLING ITS PRESENT DIS
TRIBUTION AND CHANGE . World Meteor
ological Organization Global Ozone Re
search and Monitoring Project, Report 
No. 16, 1 9 8 5 .  

NATIONAL AI R  QUALIlY AND EMISSION 

TRENDS REpORT, 1983 .  Environmental 
Protection Agency, Report EPA-4 50/4-
84-029, 1985 .  

ACID DEPOSITION: LONG-TERM TRENDS. 

National Academy Press, 1 986. 
MODELING OF THE 1 900 - 1 980 TREND 

Of PRECIPITATION ACIDIlY AT HUBBARD 

BROOK, NEW HAMpSHIRE. James A. Fay, 
Dan Golomb and Subramanyam Kumar 
in Atmospheric Environment, VoL 20, 
No. 9, pages 1 8 2 5 - 1 8 2 8 ;  1 986. 

THE ROLE Of ATMOSPHERIC CHEMISTRY IN 

ENvIRONMENT-DEVELOPMENT INTERAC

TIONS. P. ]. Crutzen and T. E. Graedel 
in Sustainable Development of the 
Biosphere. Edited by William C. Clark 
and R. E. Munn. Cambridge University 
Press, 1 986. 
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The Changing Climate 
Global warming should be unmistakable within a decade 

or two. Prompt emission cuts could slow the buildup of heat
trapping gases and limit this risky planetwide experiment 

I
n 1957 Roger Revelle and Hans E .  
Suess of the Scripps Institution of 
Oceanography observed that hu

manity is performing a "great geo
physical experiment," not in a labora
tory, not in a computer, but on our 
own planet. The outcome of the exper
iment should be clear within decades, 
but it essentially began at the start of 
the Industrial Revolution. Since then 
human beings have increased the at
mospheric content of carbon dioxide 
by about 25 percent by burning coal, 
oil and other fossil fuels and by clear
ing forests, which releases carbon di
oxide as the litter is burned or decays. 

Carbon dioxide makes up only a 
thirtieth of 1 percent of the atmos
phere, but together with water vapor 
and other gases present in much 
smaller quantities, such as methane 
and the chlorofluorocarbons (CFC'S), it 
plays a major role in determining the 
earth's climate. As early as the 19th 
century it was recognized that carbon 
dioxide in the atmosphere gives rise 
to a greenhouse effect. The glass of a 
greenhouse allows sunlight to stream 
in freely but blocks heat from escap
ing, mainly by preventing the warm air 
inside the greenhouse from mixing 
with outside air. Similarly, carbon di
oxide and other greenhouse gases are 
relatively transparent to sunshine but 
trap heat by more efficiently absorb
ing the longer-wavelength infrared ra
diation released by the earth. 

STEPHEN H. SCHNEIDER is head of 
the interdisciplinary climate-systems 
program at the National Center for At
mospheric Research (NCAR) in Boulder, 
Colo. Schneider, who holds a Ph.D. from 
Columbia University, has written more 
than 100 scientific papers and has often 
been a spokesman for climatology-as a 
witness before Congress, an adviser to 
the federal government and an author 
of several popular books. The views ex
pressed in this article are not necessari
ly those of the National Science Founda
tion, NCAR'S sponsor. 

by Stephen H. Schneider 

By now the atmosphere's heat-trap
ping ability has'been well established. 
For example, as seen from space, the 
earth radiates energy at wavelengths 
and intensities characteristic of a 
body at -18 degrees Celsius. Yet the 
average temperature at the surface 
is some 33 degrees higher: heat is 
trapped between the surface and the 
level, high in the atmosphere, from 
which radiation escapes. There is vir
tually no doubt among atmospheric 
scientists that increasing the concen
tration of carbon dioxide and other 
gases will increase the heat trapping 
and warm the climate. 

What, then, is the question that the 
ongoing geophysical experiment will 
settle? Even though there is virtually 
no debate among scientists about the 
greenhouse effect as a scientific prop
osition, there is controversy. Will the 
rising concentrations of greenhouse 
gases raise the earth's temperature by 
one, five or eight degrees C? Will the 
increase take 50, 100 or 150 years? 
Will it be drier in Iowa or wetter in 
India? There is still more controversy 
when it comes to policy: Should steps 
be taken to reduce the greenhouse 
warming or to anticipate its effects? 
What steps, and when? In the face of 
so much controversy, an understand
ing of what is well known, known 
slightly and not known at all about the 
greenhouse warming is essentiaL 

C
ircumstantial evidence from 
the geologic and historical past 
bears out a link between climat

ic change and fluctuations in green
house gases. Between 3.5 and four 
billion years ago the sun is thought to 
have been about 30 percent fainter 
than it is today. Yet life evolved and 
sedimentary rock formed under the 
faint young sun: at least some of the 
earth's surface was above the freezing 
point of water. Some workers have 
proposed that the early atmosphere 
contained as much as 1,000 times to
day's level of carbon dioxide, which 
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compensated for the sun's feeble radi
ation by its heat-trapping effect. 

Later an enhanced greenhouse ef
fect may have been partly responsible 
for the warmth of the Mesozoic era
the age of the dinosaurs-which fossil 
evidence suggests was perhaps 10 or 
15 degrees C warmer than today. At 
the time, 100 million years ago and 
more, the continents occupied differ
ent positions than they do now, alter
ing the circulation of the oceans and 
perhaps increasing the transport of 
heat from the Tropics to high latitudes. 
Yet calculations by Eric J Barron, now 
at Pennsylvania State University, and 
others suggest that paleocontinental 
geography can explain no more than 
half of the Mesozoic warming. 

Increased carbon dioxide can readi
ly explain the extra heating, as Alek
sandr B. Ronov and Mikhail 1. Budyko 
of the Leningrad State Hydrological 
Institute first proposed and as Barron, 
Starley L .  Thompson of the Nation
al Center for Atmospheric Research 
(NCAR) and I have calculated. A geo
chemical model constructed by Robert 
A. Berner and Antonio C. Lasaga of 
Yale University and the late Robert M. 
Garrels of the University of South flor
ida suggests that the carbon diOxide 
may have been released by unusually 
heavy volcanic activity on the mid
ocean ridges, where new ocean floor is 
created by upwelling magma [see "The 
Geochemical Carbon Cycle," by Robert 
A .  Berner and Antonio C. Lasaga; SCI
ENTIFIC AMERICAN, March]. 

Direct evidence linking greenhouse 
gases with the dramatic climatic 
changes of the ice ages comes from 
bubbles of air trapped in the Antarctic 
ice sheet by the ancient snowfalls that 

PARCHED FIELDS turn to sand during 
a 1983 dry spell in Texas. Such images 
could multiply if, as several computer 

models predict, global warming reduces 

soil moisture in midcontinental regions, 
where grain production is concentrated. 
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HEAT TRAPPING in the atmosphere dominates the earth's 
energy balance. Some 30 percent of incoming solar energy is 

reflected (left), either from clouds and particles in the atmos· 

phere or from the earth's surface; the remaining 70 percent is 
absorbed. The absorbed energy is reemitted at infrared wave· 

lengths by the atmosphere (which is also heated by updrafts 

and cloud formation) and by the surface. Because most of the 
surface radiation is trapped by clouds and greenhouse gases 
and returned to the earth, the surface is currently about 33 
degrees Celsius warmer than it would be without the trapping. 

built up to form the ice. A team head
ed by Claude Lorius of the Labora
tory of Glaciology and Geophysics of 
the Environment, near Grenoble, ex
amined more than 2,000 meters of ice 
cores-a 160,OOO-year record-recov
ered by a Russian drilling project at 
the Vostok Station in Antarctica. Lab
oratory analysis of the gases trapped 
in the core showed that carbon di
oxide and methane levels in the an
cient atmosphere varied in step with 
each other and, more important, with 
the average local temperature (deter
mined from the ratio between hydro
gen isotopes in the water molecules 
of the ice). 

During the current interglacial peri
od (the past 10,000 years) and the 
previous one, a lO,OOO-year period 
around l30,OOO years ago, the ice re
corded a local temperature about 10 
degrees C warmer than at the height of 
the ice ages. (The earth as a whole is 
about five degrees warmer during in
terglacials.) At the same time, the at
mosphere contained about 25 percent 
more carbon dioxide and 100 percent 
more methane than during the glacial 
periods. It is not clear whether the 
greenhouse-gas variations caused the 
climatic changes or vice versa. My 
guess is that the ice ages were paced 
by other factors, such as changes in 

the earth's orbital parameters and the 
dynamics of ice buildup and retreat, 
but biological changes and shifts in 
ocean circulation in turn affected the 
atmosphere's trace-gas content, am
plifying the climatic swings. 

A still more detailed record of 
greenhouse gases and climate comes 
from the past 100 years, which have 
seen a further 25 percent increase in 
carbon dioxide above the interglacial 
level and another doubling of atmos
pheriC methane. Two groups, one led 
by James E. Hansen at the National 
Aeronautics and Space Administra
tion's Goddard Institute for Space 
Studies and the other by T. M. L .  Wig
ley at the Climatic Research Unit of the 
University of East Anglia, have con
structed records of global average sur
face temperature for the past century. 
The workers drew on data from many 
of the same recording stations around 
the globe (the Climatic Research Unit 
also included readings made at sea), 
but they had different techniques for 
analyzing the records and compensat
ing for their shortcomings. Certain re
cording stations were moved over the 
course of the century, for example, 
and readings from city centers may 
have been skewed by heat released by 
machinery or stored by buildings and 
pavement. 
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This "urban heat island" effect is 
likely to have been disproportionately 
large in developed countries such as 
the U. S. , but even when the same cor
rection calculated for the U. S. data (by 
Thomas R. Karl of the National Climat
ic Data Center in Asheville, N. c., and P. 
D. Jones of East Anglia) is applied to 
the global data set, about half a degree 
C of unexplained "real" warming over 
the past 100 years remains in both 
records. In keeping with the trend, the 
1980's appear to be the warmest dec
ade on record and 1988, 1987 and 
1981 the warmest years, in that order. 

Is this the signal of the greenhouse 
warming? It is tempting to accept it as 
such, but the evidence is not defini
tive. For one thing, instead of the 
steady warming one might expect 
from a steady buildup of greenhouse 
gases, the record shows rapid warm
ing until the end of World War II , a 
slight cooling through the mid-1970's 
and a second period of rapid warming 
since then. 

W
hat trajectory will the temper
ature curve follow now? Three 
basic questions must be an

swered in forecasts of the climatic 
future: How much carbon dioxide and 
other greenhouse gases will be emit
ted? By how much will atmospheric 
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voirs on the earth. The numbers give the approximate annual 
fluxes of carbon (in the form of carbon dioxide) and the 

approximate amount stored in each reservoir in billions of 

metric tons. The existing cycles-one on land and the other 

in the oceans-remove about as much carbon from the at

mosphere as they add, but human activity (deforestation and 
fossil-fuel burning) is currently increasing atmospheric car
bon by some three billion metric tons yearly. The numbers are 

based on work by Bert Bolin of the University of Stockholm. 

levels of the gases increase in re
sponse to the emissions? What climat
ic effects will the resulting buildups 
have, after natural and human factors 
that might mitigate or amplify those 
effects are taken into account? 

Projecting emissions is an intricate 
exercise in social science. How much 
carbon dioxide humanity as a whole 
will be emitting in the future depends 
primarily on the global consumption 
of fossil fuels and the rate of defor
estation (which accounts for per
haps half of the buildup since the year 
1800 and 20 percent of current emis
sions). Each factor in turn is affected 
by many others. Growth in fossil-fuel 
use, for example, will reflect popula
tion growth, the rate at which alterna
tive energy sources and conservation 
measures are adopted and the state of 
the world economy. Typical projec
tions assume that global fossil-fuel 
consumption will continue increasing 
at about its current pace-much slow
er than it grew before the energy crisis 
of the 1970's-yielding increases in 
carbon dioxide emissions of between 
.5 and 2 percent a year for the next 
several decades at least. 

Other greenhouse gases, such as 
methane, the CFC'S, oxides of nitrogen 
and low-level ozone, together could 
contribute as much to global warming 

as carbon dioxide, even though they 
are emitted in much smaller quanti
ties: they are much better at absorbing 
infrared radiation. But predicting fu
ture emissions for these gases is even 
more complicated than it is for carbon 
dioxide. The sources of some gases, 
such as methane, are not well under
stood; the production of other gases, 
such as the CFC'S and low-level ozone, 
could rise or fall sharply depending on 
whether specific technological or poli
cy steps are taken. 

Given a plausible scenario for future 
carbon dioxide emissions, how fast 
will the atmospheric concentration in
crease in response? Atmospheric car
bon dioxide is continuously being ab
sorbed by green plants and by chem
ical and biological processes in the 
oceans. The rate of carbon dioxide 
uptake is likely to change as the 
atmospheric concentration changes; 
that is, feedback processes will en
ter the equation. Because carbon diox
ide is a raw material of photosynthe
sis, an increased concentration might 
speed the uptake by plants, counter
acting some of the buildup. Similarly, 
because the carbon dioxide content 
of the oceans' surface waters stays 
roughly in equilibrium with that of the 
atmosphere, oceanic uptake will slow 
the buildup to some extent. (The slow-

er the buildup is in the first place, the 
more effective, proportionally, oceanic 
uptake is likely to be.) 

It is also possible, however, that an 
increased concentration of carbon di
oxide and other greenhouse gases will 
trigger positive feedbacks that would 
add to the atmospheric burden. Rapid 
change in climate could disrupt for
ests and other ecosystems, reducing 
their ability to draw carbon dioxide 
down from the atmosphere. Moreover, 
climatic warming could lead to rapid 
release of the vast amount of carbon 
held in the soil as dead organic matter. 
This stock of carbon-at least twice as 
much as is stored in the atmosphere
is continuously being decomposed 
into carbon dioxide and methane by 
the action of soil microbes. A warmer 
climate might speed their work, re
leasing additional carbon dioxide 
(from dry soils) and methane (from 
rice paddies, landfills and wetlands) 
that would enhance the warming. 
Large quantities of methane are also 
locked up in continental-shelf sedi
ments and below arctic permafrost in 
the form of clathrates-molecular lat
tices of methane and water. Warming 
of the shallow waters of the oceans 
and melting of the permafrost could 
release some of the methane. 

In spite of all these uncertainties, 
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CARBON DIOXIDE AND TEMPERATURE are very closely correlated over the past 
160,000 years (top) and, to a lesser extent, over the past 100 years (bottom). The 

long-term record, based on evidence from Antarctica, shows how the local tempera
ture (color) and atmospheric carbon dioxide rose nearly in step as an ice age ended 

about 130,000 years ago, fell almost in synchrony at the onset of a new glacial period 

and rose again as the ice retreated about 10,000 years ago. The recent temperature 
record shows a slight global warming (color), as traced by workers at the Climatic 

Research Unit of the University of East Anglia. Whether the accompanying buildup of 

carbon dioxide in the atmosphere caused the half-degree warming is hotly debated. 
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many workers expect uptake by plants 
and by the oceans to moderate the 
carbon dioxide buildup, at least for 
the next 50 or 100 years. Typical esti
mates, based on current or slightly 
increased emission rates, put the frac
tion of newly injected carbon dioxide 
that will remain in the atmosphere at 
about one half. Under that assump
tion, the atmospheric concentration 
will reach 600 parts per million, or 
about twice the level of 1900, by some
time between the years 2030 and 
2080. Some other greenhouse gases 
are expected to build up faster than 
carbon dioxide, however. 

W
hat effect will a doubling of 
atmospheric carbon dioxide 
have on climate? The histori

cal record offers no clear quantitative 
guidance. Nor can climate-the prod
uct of complicated interactions in
volving the atmosphere, the oceans, 
the land surface, vegetation and polar 
ice-be physically reproduced in a lab
oratory experiment. In exploring the 
future of the earth's climate, my col
leagues and I rely on mathematical 
climate models . 

The models, which have been built 
at Princeton University's Geophysical 
Fluid Dynamics Laboratory, the God
dard Institute for Space Studies, here 
at NCAR and elsewhere, consist of ex
pressions for the interacting compo
nents of the ocean-atmosphere sys
tem and equations representing the 
basic physical laws governing their 
behavior, such as the ideal gas laws 
and the conservation of mass, mo
mentum and energy. Given values for, 
say, the input of energy from the sun 
and the composition of the atmos
phere, a model calculates "climate"
temperature and, in sophisticated 
models, pressure, wind speed, humidi
ty, soil moisture and other variables. 

To keep the task computationally 
manageable, the calculations are done 
at discrete points in a Simplified ver
sion of the real world. In the most 
complicated models-global-circula
tion models (GCM'S), which were first 
developed for long-term weather fore
casts-the atmosphere is represented 
as a three-dimensional grid with an 
average horizontal spacing of several 
hundred kilometers and an average 
vertical spacing of several kilometers; 
climate is calculated only at the inter
sections of the grid lines. In spite of 
the Simplification, running such a GCM 
for only one simulated year can take 
many hours on the fastest available 
supercomputers. 

To study the effect of a trace-gas 
buildup, a modeler simply specifies 
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the projected amount of greenhouse 
gases and compares the model results 
with a control simulation of the exist
ing climate, based on the present at
mospheric composition. The results 
of the most recent GCM'S are in rough 
agreement: a doubling of carbon diox
ide, or an equivalent increase in other 
trace gases, would warm the earth's 
average surface temperature by be
tween 3.0 and 5.5 degrees C. Such a 
change would be unprecedented in 
human history; it would match the 
five-degree warming since the peak of 
the last ice age 18,000 years ago but 
would take effect between 10 and 100 
times faster. 

, The shortcomings of computer mod
els limit the reliability of such fore
casts. Many processes that affect glob
al climate are simply too small to be 
seen at the coarse resolution of a 
model. Such climatically important 
processes as atmospheric turbulence, 
precipitation and cloud formation 
take place on a scale not of hundreqs 
of kilometers (the scale of the grid in a 
GCM) but of a few kilometers or less. 
Since such processes cannot be simu
lated directly, modelers must find a 
way of relating them to variables that 
can be simulated on the model's 
COqrse scale. They do so by developing 
a parameter-a proportionality coeffi
cient-that relates, say, the average 
cloudiness within a grid cell to the 
average humidity and temperature 
(something the model can calculate). 

This strategy, known as parameteri
zation, has the effect of aggregating 
small-scale phenomena that could act 
as feedbacks on climatic change, ei
ther amplifying or moderating it. 
Clouds, for example, reflect sunlight 
back to outer space (tending to cool 
the climate) and also absorb infra
red radiation from the earth (tending 
to warm it). Which effect dominates 
depends on the clouds' brightness, 
height, distribution and extent. Re
cent satellite measurements have con
firmed two-decade-old calculations 
showing that clouds currently have a 
net cooling effect; the earth as a whole 
would be much warmer under cloud
less skies. But climatic change might 
cause incremental changes in cloud 
characteristics, altering the nature 
and amount of the feedback. Present 
models, crudely reproducing only av
erage cloudiness, can say little that 
is reliable about cloud feedback-or 
about the many other feedbacks that 
depend on parameterized processes. 

Another shortcoming of present 
models is their crude treatment of the 
oceans. The oceans exert potent ef
fects on the present climate and will 

ICE CORE-a segment of a two-kilometer core drilled from the Antarctic ice sheet at 
the Soviet Union's Vostok Station-contains trapped bubbles of ancient air. Analysis 
of the bubbles and of the ratio of hydrogen isotopes in the ice, which varies with lo

cal temperature, enabled Claude Lorius and his colleagues at the Laboratory of Glaci
ology and Geophysics of the Environment, near Grenoble, to reconstruct a 160,000-
year record of trace gases and temperature (see top illustration on opposite page). 

surely influence climates to come. 
Their enormous thermal mass will act 
as a "thermal sponge," slowing any 
initial increase in global temperature 
while the oceans themselves warm up. 
The magnitude of the effect will de
pend on ocean circulation, which in 
turn may change as the earth warms. 
In prinCiple, a climate model should 
couple a simulated atmosphere with 
oceans whose dynamics are simulat
ed in equal detail. The computational 
challenge is staggering, however, and 
in most GCM'S applied to greenhouse 
warming the dynamics of the oceans 
are simplified, treated at coarse reso
lution or left out. 

In addition to limiting the reliability 
of global forecasts, the Simplified 
treatment of the oceans also prevents 
the models from giving a definitive 
picture of how climate will change 
over time in speCific regions. Ideally 
one would like to know not only how 
much the world as a whole will warm 
but also whether it will, say, get drier 
in Iowa, wetter in India or more humid 
in New York City. Yet, as long as the 
oceans are out of equilibrium with the 
atmosphere, their thermal effects will 
be felt differently at different places. 
An area in which there is little mixing 
between surface waters and cold, deep 
waters might warm quickly; high-lat
itude regions where deep water is 
mixed up to the surface might warm 
more slowly. These thermal effects 
could in turn affect wind patterns, 
thereby altering other regional varia
bles, including humidity and rainfall. 
(Regional forecasts are also compro
mised in many models by Simplified 
representations of vegetation, which 
ignore climatically important process-

es such as the release of water vapor 
by plants and their effect on surface 
albedo, or reflectiveness.) 

N
evertheless, climatologists have 
grounds for considerable con
fidence in their models' fore

casts of global surface-temperature 
change. Individual model elements 
can be verified by comparing them 
with the results of a more detailed 
submodel-a smaller, finer-scale sim
ulation-or with real data. Cloud pa
rameterizations, for example, can be 
tested against actual measurements 
of the relation of temperature and 
humidity to cloudiness within an area 
corresponding to a cell in the model. 

The skill of a model as a whole, and 
in particular its ability to account 
for relatively fast processes, such as 
changes in atmospheric circulation or 
average cloudiness, can be verified by 
checking its ability to reproduce the 
seasonal cycle-a twice-yearly change 
in hemispheric climate that is larger 
than any projected greenhouse warm
ing. In spite of parameterization, most 
GCM'S map the seasonal cycle of sur
face temperature quite well, but their 
ability to simulate seasonal changes in 
other climatic variables, including pre
cipitation and relative humidity, has 
not been studied as thoroughly. 

During the course of decades (the 
expected time scale for unmistaka111e 
global warming), other, slower pro
cesses that do not affect the seasonal 
cycle come into play: changes in ocean 
currents or in the extent of glaciers, 
for instance. Simulations of past cli
mates-the ice ages or the Mesozoic 
hothouse-serve as a good check on 
the long-term accuracy of climate 
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SNAPSHOTS OF A GREENHOUSE WORLD come from a climate 

model used by the author and Starley L. Thompson at the 

National Center for Atmospheric Research. The model traced 

surface temperatures over the year for an atmosphere with 

twice the present level of carbon dioxide (top); the findings 

were compared with the results of a yearlong simulation for 

models. To such tests of overall validi
ty can be added simulations of the 
climates of other planets, such as Ve
nus, where a dense greenhouse atmos
phere maintains a surface tempera
ture of about 450 degrees C. 

The record of the past 100 years 
provides the only direct test of the 
models' ability to simulate the effects 
of the ongoing greenhouse-gas in
crease. When a climate model is run 
for an atmosphere with the composi
tion of 100 years ago and then run 
again for the historical 25 percent in
crease in carbon dioxide and doubling 
in methane, does it "predict" the ob
served half-degree warming? Actually 
most models yield a somewhat larger 
warming, of at least a degree. 

If the observed temperature in
crease really is a greenhouse warming 
and not just "noise"-a random fluc
tuation-one might account for the 
disparity in various ways. Perhaps the 
models are simply twice too sensitive 
to small increases in greenhouse gas
es, or perhaps the incomplete and in
homogeneous network of thermome
ters has underestimated the global 
warming. Conceivably some other fac
tor, not well accounted for in the mod
els, is delaying or counteracting the 
warming. It might be that the heat 
capacity of the oceans is larger than 
current models calculate, that the 
sun's output has declined slightly or 
that volcanoes have injected more 
dust into the stratosphere than is cur
rently known, thereby reducing the 
solar energy reaching the ground. 

It may be significant that the tran
sient cooling interrupting the warm-

ing trend began around 1940 and was 
most pronounced in the Northern 
Hemisphere, coinciding in time and 
place with a sharp increase in emis
sions of sulfur from coal- and oil
burning factories and power plants. 
The sulfur, a major cause of acid rain, 
is emitted as a gas, sulfur dioxide, but 
is transformed into fine sulfate parti
cles once in the atmosphere. The par
ticles can travel long distances and 
serve as condensation nuclei for the 
formation of cloud droplets, and so 
they may make some clouds denser 
and brighter, increasing their cooling 
effects. In addition, if no soot is bound 
to the sulfate, it forms a reflective 
haze even in cloudless skies. Sulfur 
emissions could be one factor that 
has held a greenhouse warming down 
somewhat in the Northern Hemi
sphere, especially since World War II.  

The discrepancy between the pre
dicted warming and what has been 
seen so far keeps most climatolo
gists from saying with great certainty 
(99 percent confidence, say) that the 
greenhouse warming has already tak
en hold. Yet the discrepancy is small 
enough, the models are well enough 
validated and other evidence of green
house-gas effects on climate is strong 
enough, so that most of us believe that 
the increases in average surface tem
perature predicted by the models for 
the next 50 years or so are probably 
valid within a rough factor of two. (By 
"probably" I mean it is a better-than
even bet.) Within a decade or so, warm
ing of the predicted magnitude should 
be clearly evident, even in the noisy 
global temperature record. But waiting 
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for such conclusive, direct evidence is 
not a cost-free proposition: by then 
the world will already be committed to 
greater climatic change than it would 
be if action were taken now to slow 
the buildup of greenhouse gases. Of 
course, whether or not to act is a value 
judgment, not a scientific issue. 

W
hy worry about changes in cli
mate on the scale predicted 
by the models? Changes in 

temperature and precipitation could 
threaten natural ecosystems, agricul
tural production and human settle
ment patterns. Particular forest types, 
for example, grow in geographic zones 
defined largely by temperature. The 
belt of spruce and fir that now spans 
Canada grew far to the south at the 
end of the last ice age 10,000 years 
ago, hugging the edge of the ice sheet. 
As the climate warmed by one or 
two degrees every 1,000 years and the 
ice retreated, the forest belt migrated 
northward, at perhaps one kilometer a 
year. Forests probably could not sus
tain the much faster migration re
quired by the projected warming, and 
many ecosystems cannot migrate in 
any case: they exist only in preserves, 
which might become marooned in a 
newly inhospitable climate zone. 

Human activities could be affect
ed directly if a warming speeded 
the evaporation of moisture, reducing 
stream runoff; in the western U.S. a 
temperature increase of several de
grees C could decrease runoff in the 
Colorado basin substantially even if 
precipitation held steady. As water ran 
short, faster evaporation would in-
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the present atmosphere (bottom). The red areas were more 
than six degrees C warmer than the model·calculated nor· 

mal for that time of year under existing conditions; the light 

blue areas were more than six degrees colder. The weath

er anomalies steadily changed position, shape and size, but 

heating always predominated in the greenhouse simulation. 

crease the demand for irrigation, add
ing to the strain on water supplies. At 
the same time, water quality might 
suffer as the same waste volume was 
diluted in lower stream volumes. 

What is more, several climate mod
els predict that summer precipitation 
will actually decline in midcontinental 
areas, including the central plains of 
the U.S. The late Dean F. Peterson, Jr. , 
of Utah State University and Andrew A .  
Keller of Keller-Bliesner Engineering 
in Logan, Utah, estimated the effects 
on crop production of a three-degree 
warming combined with a 10 percent 
drop in precipitation. They found that 
based on increased crop water needs 
and a reduction in available water, the 
viable acreage in arid regions of the 
western states and the Great Plains 
would fall by nearly a third. (A west
ern drying might also result in an 
increased frequency of wildfires.) 

Coastal areas, meanwhile, might 
face a rise in sea level. Most workers 
expect a global temperature increase 
of a few degrees C over the next SO or 
100 years to raise sea level by between 
.2 and 1.5 meters as a result of the 
thermal expansion of the oceans, the 
melting of mountain glaciers and the 
possible retreat of the Greenland ice 
sheet's southern margins. (Ice could 
actually build up in Antarctica owing 
to warmer winters, which would prob
ably increase snowfall.) The rising sea 
would endanger coastal settlements 
and ecosystems and might contami
nate groundwater supplies with salt. 
In spite of many local factors that 
make it difficult to isolate a consistent 
global signal, one group of workers 

recently claimed to have found a uni
form worldwide rise in sea level of 
about two millimeters a year in long
term tide-gauge records. That rise is 
somewhat larger, however, than one 
would have expected from the warm
ing seen so far. 

Clearly these direct effects of cli
matic change would have powerful 
economic, social and political conse
quences. A decline in agricultural pro
ductivity in the Middle West and Great 
Plains, for example, could be disas
trous for farmers and the U. S. econo
my. By cutting into the U. S. grain sur
plus, it might also have serious impli
cations for international security. 

To be sure, not everyone would lose. 
If the corn belt simply moved north by 
several hundred kilometers, for exam
ple, Iowa's billion-dollar loss could be
come Minnesota's billion-dollar gain. 
But how could the losers be compen
sated and the winners charged? The 
issue of equity would become still 
more thorny if it spanned borders-if 
the release of greenhouse gases by the 
economic activities of one country or 
group of countries did disproportion
ate harm to other countries whose 
activities had contributed less to the 
buildup. 

I
n the face of this array of threats, 
three kinds of responses could be 
considered. First, some workers 

have proposed technical measures to 
counteract climatic change-deliber
ately spreading dust in the upper 
atmosphere to reflect sunlight, for 
ins.tance. Yet if unplanned climatic 
changes themselves cannot be pre-

dicted with certainty, the effects of 
such countermeasures would be still 
more unpredictable. Such "technical 
fixes" would run a real risk of misfir
ing-or of being blamed for any unfa
vorable climatic fluctuations that took 
place at the same time. 

Many economists tend to favor a 
second class of action: adaptation, of
ten with little or no attempt to an
ticipate damages or prevent climat
ic change. Adaptive strategists argue 
that the large uncertainties in climate 
projections make it unwise to spend 
large sums trying to avert outcomes 
that may never materialize. They ar
gue that adaptation, in contrast, is 
cheap: the infrastructure that would 
have to be modified in the face of 
climatic change-such as water-sup
ply systems and coastal structures
will have to be replaced in any case 
before large climatic changes are due 
to appear. The infrastructure can sim
ply be rebuilt as needed to cope with 
the changing environment. 

Passive adaptation relies mostly on 
reacting to events as they unfold, but 
some active adaptive steps could be 
taken now to make future accommo
dation easier. An American Associa
tion for the Advancement of Science 
panel on climatic change made a 
strong, potentially controversial but, I 
believe, compelling suggestion for ac
tive adaptation: governments at all 
levels should reexamine the technical 
features of water systems and the eco
nomic and legal aspects of water-sup
ply management in order to increase 
the systems' efficiency and flexibility. 
As the climate warms and precipita-
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CLOUDS AFFECT SURFACE TEMPERATInu:S because they both 

reflect sunlight, preventing it from warming the earth, and 

absorb infrared radiation from the surface, contributing to the 
greenhouse effect. In this image, based on satellite data gath

ered in April, 1985, clouds had a net cooling effect in some 

regions (blues and green) and a heating effect in others (red). 
On the whole, clouds cool the planet more than they warm it, 
but the characteristics of clouds and their effect on climate 

might change unpredictably in a greenhouse world. The image 

was provided by V. Ramanathan of the University of Chicago. 

tion and runoff change, water shortag
es may grow more common and needs 
for regional transfers more complex. 
Even if climate did not change, more 
flexible water systems would make it 
easier to cope with the normal ex
tremes of weather. 

The third and most active category 
of response is prevention: curtailing 
the greenhouse-gas buildup. Energy
conservation measures, alternative 
energy sources or a switch from coal 
to natural gas and other fuels with a 
lower carbon content could all reduce 
carbon dioxide emissions, as could a 
halt to deforestation. Stopping the 
production of CFC'S, already notorious 
because of their ability to erode the 
stratospheric ozone layer, would elim
inate another component of the build
up. A far-reaching proposal for an in
ternational framework for reducing 
emissions was put forward in 1976 by 
Margaret Mead and William W. Kellogg 
of NCAR: a "law of the air," which 
would keep emissions of carbon diox
ide below a global standard by assign
ing polluting rights to each nation. 

P
roposals for immediate action 
are controversial because they 
often entail large immediate in

vestments as insurance against future 
events whose details are far from cer
tain. Is there some simple principle 

that can help us to choose which pre
ventive or adaptive measures to spend 
our resources on? I believe it makes 
sense to take actions that will yield 
"tie-in" benefits even if climatic chang
es do not materialize as forecast. 

Pursuing energy efficiency is a good 
example of this tie-in strategy. More 
efficient fossil-fuel use will slow the 
carbon dioxide buildup, but even if the 
sensitivity of climate to carbon diox
ide has been overstated, what would 
be wasted by taking this step? Efficien
cy usually makes economic sense, and 
a reduction in fossil-fuel use would 
curb acid rain and urban air pollution 
and lessen the dependence of many 
countries on foreign producers. De
veloping alternative energy sources, 
revising water laws, searching for 
drought-resistant crop strains, nego
tiating international agreements on 
trade in food and other climate-sensi
tive goods-all these steps could also 
offer widespread benefits even in the 
absence of any climatic change. 

Often such steps will nonetheless be 
costly and politically controversial. 
Regulations or incentives to foster en
ergy-efficient technologies might bur
den some groups-coal miners and 
the poor, perhaps-more than others, 
and the costs may be proportionally 
greater for poor countries than for 
rich ones. Actions to prevent a green-
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house warming will have to be cou
pled with domestic- and foreign-poli
cy measures that attempt to balance 
fairness and effectiveness. Still, I be
lieve it is better to fight poverty and 
foster development through direct in
vestment rather than through artifi
cially low energy prices that neglect 
the costs of the resulting environmen
tal disruptions. 

Some people argue that the free 
market, not government regulation or 
tax incentives, should dictate increas
es in energy efficiency, say, or the 
elimination of CFC'S. But it cannot be 
logically argued that the market is 
"free" when it does not include some 
of the potential costs of environmen
tal damage caused by goods or servic
es. Moreover, even political conserva
tives agree that an economic calculus 
must give way to a strategic con
sciousness when national or global 
security is at stake. 

S
ecurity is indeed at stake here, as 
the implications of a global tem
perature rise of several degrees 

or more over the next century make 
clear. Adding to the predicted threats 
are surprises that may be lurking in 
the greenhouse century: a sharp posi
tive feedback in the greenhouse-gas 
buildup from accelerated decay of soil 
organic matter, dramatic changes in 
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regional climates because of a shift in 
ocean circulation, or the outbreak of 
new diseases or agricultural pests as 
ecosystems are disrupted. In my value 
system-and this is a political and not 
a scientific judgment-effective tie-in 
actions are long overdue. 

I am often asked whether I am pessi
mistic because it will be impossible to 
avert some global change: at this 
stage, it appears, no plausible policies 
are likely to prevent the world from 
warming by a degree or two. Actually 
I see a positive aspect: the possibil
ity that a slight but manifest glob
al warming, coupled with the larger 
threat forecast in computer models, 
may catalyze international coopera
tion to achieve environmentally sus
tainable development, marked by a 
stabilized population and the prolife
ration of energy-efficient and environ
mentally safe technologies. A much 
larger greenhouse warming (together 
with many other environmental dis
ruptions) might thereby be averted., 

The developed world might have to 
invest hundreds of billions of dollars 
every year for many decades, both at 
home and in financial and technical 
assistance to developing nations, to 
achieve a stabilized and sustainable 
world. It is easy to be pessimistic 
about the prospects for an interna
tional initiative of this scale, but not 
long ago a massive disengagement of 
NATO and Warsaw Pact forces in Eu
rope also seemed inconceivable. Dis
engagement now seems to me to be 
possible, even likely. Perhaps the re
sources such an agreement would free 
and the model of international coop
eration it would provide could open 
the way to a world in which the green
house century exists only in the mi
crochips of a supercomputer. 
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Threats to the World's Water 
Population growth, ignorance and poverty, along with poor 

agricultural practices, have endangered water resources. Unless 
appropriate steps are taken soon, severe shortages will occur 

Water is the earth's most dis
tinctive constituent. It set the 
stage for the evolution of life 

and is an essential ingredient of all 
life today; it may well be the most 
precious resource the earth provides 
to humankind. One might therefore 
suppose that human beings would be 
respectful of water, that they would 
seek to maintain its natural reservoirs 
and safeguard its purity. Yet people in 
countries throughout the world have 
been remarkably shortsighted and 
negligent in this respect. Indeed, the 
future of the human species and many 
others may be compromised unless 
there is significant improvement in 
the management of the earth's water 
resources. 

All the fresh water in the world's 
lakes and creeks, streams and rivers 
represents less than .01 percent of the 
earth's total store of water. Fortunate
ly, this freshwater supply is continual
ly replenished by the precipitation of 
water vapor from the atmosphere as 
rain or snow. Unfortunately, much of 
that precipitation is contaminated on 
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the way down by gases and particles 
that human activity introduces into 
the atmosphere. 

Fresh water runs off the land and on 
its way to the ocean becomes laden 
with particulate and dissolved mat
ter-both natural detritus and the 
wastes of human society. When the 
population density in the catchment 
area is low, waste matter in the water 
can be degraded by microbes through 
a process known as natural self-purifi
cation. When the self-purifying capac
ity of the catchment area is exceed
ed, however, large quantities of these 
waste substances accumulate in the 
oceans, where they can harm aquatic 
life. The water itself evaporates and 
enters the atmosphere as pure water 
vapor. Much of it falls back into the 
ocean; what falls on land is the pre
cious renewable resource on which 
terrestrial life depends. 

The World Resources Institute es
timates that 41,000 cubic kilo
meters of water per year return 

to the sea from the land, counterbal
ancing the atmospheric vapor trans
port from sea to land. Some 27,000 
cubic kilometers, however, return to 
the sea as flood runoff, which cannot 
be tapped, and another 5,000 cubic ki
lometers flow into the sea in uninhab
ited areas. Of the 41,000 cubic kilo
meters that return to the sea, some 
amount is retained on land, where it is 
absorbed by the vegetation, but the 
precise amount is not known. 

This cycle leaves about 9,000 cubic 
kilometers readily available for hu
man exploitation worldwide. That is a 
plentiful supply of water, in principle 
enough to sustain 20 billion people. 
Yet because both the world's popu
lation and usable water are uneven
ly distributed, the local availability of 
water varies widely. When evaporation 
and precipitation balances are worked 
out for each country, water-poor and 
water-rich countries can be identified. 
Iceland, for example, has enough ex-
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cess precipitation to provide 68,500 
cubic meters of water per person per 
year. The inhabitants of Bahrain, on 
the other hand, have virtually no ac
cess to natural fresh water; they are 
dependent on the desalinization of 
seawater. In addition, withdrawal rates 
per person differ widely from coun
try to country: the average U.S. resi
dent consumes more than 70 times as 
much water every year as the average 
resident of Ghana does. 

Although the uses to which water is 
put vary from country to country, agri
culture is the main drain on the water 
supply. Averaged globally, 73 percent 
of water withdrawn from the earth 
goes for that purpose. Almost three 
million square kilometers of land have 
been irrigated-an area nearly the size 
of India-and more is being added at 
the rate of 8 percent a year. 

Local water shortages can be solved 
in two ways. The supply can be in
creased, either by damming rivers or 
by consuming capital-by "mining" 
groundwater. Or known supplies can 
be conserved, as by increasing the effi
ciency of irrigation or by relying more 
on food imports. 

In spite of such efforts, there is 
no doubt that water is becoming in
creasingly scarce as population, indus
try and agriculture all expand. Severe 
shortages occur as demand exceeds 
supply. Depletion of groundwater is 
common in, for example, India, China 
and the U.S. In the Soviet Union the 
water level of both the Aral sea and 

OIL HAS LEAKED from a well in Oklaho
ma to a nearby creek, where it forms a 
sticky layer on the water's surface and 
coats the banks. The oil's toxicity has ren
dered the water uninhabitable to most 

forms of life, and it is no longer fit for 
animals to drink. Although this type of 
oil spill is minor compared with an oil
tanker spill at sea, it is indicative of the 

wide-ranging impact human activities 
can have on the world's water supply. 
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Lake Baikal is dropping dramatically 
as a result of agricultural and industri
al growth in those areas. Contentious 
competition for the water of such in
ternational rivers as the Nile, the Jor
dan, the Ganges and the Brahmaputra 
is a symptom of the increasing scarci
ty of water. 

Another problem brought on by 
overirrigation is salinization. As water 
evaporates or is taken up by plants, 
salt is left behind in the soil. The rate 
of deposition exceeds the rate at 
which the salt can be removed by 
flowing water, and so a residue accu
mulates. Currently more than a mil
lion hectares every year are subject to 
salinization; in the U.S. alone more 
than 20 percent of the irrigated land is 
thus affected. 

Human activity in a river basin can 
often aggravate flood hazards. Defor
estation and excessive logging lead 
not only to increased soil erosion but 
also to increased runoff; in addition, 
navigation canals are sometimes dug, 
which may exacerbate flooding by in
creasing the amount of water that 
reaches the floodplain. 

Finally, of course, any human activ
ity that accentuates the greenhouse 
effect and ensuing climatic change 
must inevitably influence the global 
water cycle. A projected sea-level rise 
of between .5 and 1.5 meters in the 

next century, for instance, not only 
would pose a coastal flooding prob
lem but also would lead to salinization 
of water resources, create new wet
lands while destroying existing ones 
and increase the ratio of salt water to 
fresh water on the globe. Precipitation 
could rise by between 7 and 15 per
cent in the aggregate; the geographic 
variations are not predictable. �suring an adequate supply is 

not the only water problem fac
ing many countries throughout 

the world: they need to worry about 
water quality. In its passage through 
the hydrological cycle, water is pollut
ed by two kinds of waste. There is tra
ditional organic waste: human and 
animal excreta and agricultural fi
brous waste (the discarded parts
often more than half-of harvested 
plants). And there is waste generated 
by a wide range of industrial process
es and by the disposal, after a brief or 
long lifetime, of industry's products. 

Although organic waste is fully bio
degradable, it nonetheless presents 
a significant problem-and in some 
places a massive one. Excessive biode
gradation can cause oxygen depletion 
in lakes and rivers. Human excreta 
contain some of the most vicious con
taminants known, including such 
pathogenic microorganisms as the 
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waterborne agents of cholera, typhoid 
fever and dysentery. 

Industrial waste can include heavy 
metals and considerable quantities of 
synthetic chemicals, such as pesti
cides. These materials are character
ized by toxicity and persistence: they 
are not readily degraded under nat
ural conditions or in conventional 
sewage-treatment plants. On the oth
er hand, such industrial materials as 
concrete, paper, glass, iron and certain 
plastics are relatively innocuous, be
cause they are inert, biodegradable or 
at least nontoxic. 

Wastes can enter lakes and streams 
in discharges from such point sources 
as sewers or drainage pipes or from 
diffuse sources, as in the case of pesti
cides and fertilizers in runoff water. 
Wastes can also be carried to lakes and 
streams along indirect pathways-for 
example, when water leaches through 
contaminated soils and transports 
the contaminants to a lake or river. In
deed, dumps of toxic chemical waste 
on land have become a serious source 
of groundwater and surface-water pol
lution. The metal drums containing 
the chemicals are nothing less than 
time bombs that will go off when they 
rust through. The incidents at Lek
kerkerk in the Netherlands and at 
Love Canal in the U.S. are indicators 
of the pollution of this kind going on 

425 
EVAPORATION 

GLOBAL WATER CYCLE has three major pathways: precipita
tion, evaporation and vapor transport. Water precipitates from 

the sky as rain or snow, most of which (385,000 cubic kilome
ters per year) falls into the oceans; it returns to the atmos-

phere by evaporation. Some flows from the land to the sea as 
runoff or groundwater; in the other direction water vapor is 
carried by atmospheric currents from the sea to the land. Net 

flow is measured in thousands of cubic kilometers per year. 
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worldwide in thousands of chemical
waste dumps. 

Some pollutants enter the water cy
cle by way of the atmosphere. Proba
bly best known among them is the 
acid that arises from the emission of 
nitrogen oxides and sulfur dioxide by 
industry and motor vehicles. Acid dep
osition, which can be "dry" (as when 
the gases make direct contact with soil 
or vegetation) or "wet" (when the acid 
is dissolved in rain), is causing acidifi
cation of low-alkalinity lakes through
out the industrialized world. The acid 
precipitation also leaches certain pos
itively charged ions out of the soil, and 

in some rivers and lakes ions can 
reach concentrations that kill fish. 

In areas of intensive animal farming, 
ammonia released from manure is 
partly introduced into the atmosphere 
and partly converted by soil microbes 
into soluble nitrates in the soil. Since 
nitrate has high mobility (it is soluble 
in water and does not bind to soil 
particles), it has become one of the 
main pollutants of groundwater, often 
reaching concentrations that exceed 
guidelines established by the World 
Health Organization. 

The wind can also carry pollutants
fly ash from coal-burning plants, for 
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GLOBAL WATER CONSUMPTION is increasing (left), largely in response to a growing 

population and increasing per capita use by agriculture and industry. Although 
sufficient fresh water (9,000 cubic kilometers) is currently available, sound water 

management is necessary to ensure an adequate supply for the future. Per capita 
consumption rates vary drastically (right); the average American, for example, 

consumes more than 70 times as much water as the average resident of Ghana. 

84 SCIENTIFIC AMERICAN September 1989 

example, or sprayed pesticides. These 
can be carried great distances, eventu
ally to be deposited on the surfaces of 
lakes or of rivers. 

Another recently recognized aspect 
of water pollution is the accumulation 
of heavy metals, nutrients and toxic 
chemicals in the bottom mud in deltas 
and estuaries of highly polluted rivers, 
such as the Rhine. Because of their 
high pollution content, sediments that 
are dredged up cannot be used for 
such projects as landfills in populated 
or agricultural areas. Moreover, there 
is always the danger that natural proc
esses or human activity will trigger 
chemical reactions that mobilize the 
pollutants by rendering them soluble, 
thus allowing them to spread over 
great distances . 

The quality of inland waters de
pends not only on the amount of 
waste generated but also on the 

decontamination measures that have 
been put into effect. The degree of 
success in the battle for water quality 
differs from country to country, but it 
can be generalized into a conceptual 
formula proposed by Werner Stumm 
and his co-workers of the Swiss Feder
al Institute for Water Resources and 
Water Pollution Control in Zurich. The 
formula holds that the contamination 
load of a river basin depends on the 
population in the basin, the per cap
ita gross national product, the effec
tiveness of decontamination and the 
amount of river discharge. 

Most rivers in the industrialized 
world, where the population and per 
capita GNP are stable and decontam
ination procedures tend to be fairly 
effective, are nonetheless polluted by 
both traditional and industrial wastes. 
Yet some stabilization-if not im
provement-of pollution levels was 
reported in the early 1 980's. (Methods 
for treatment of traditional wastes 
consist mostly of sedimentation and 
aerobic and anaerobic microbial deg
radation, which are intensified forms 
of natural self-purification.) Methods 
for degrading inorganic pollutants 
such as metals and toxic chemicals, 
although improving, have not been as 
promising. 

Where increasing industrial activity 
in a river basin has been matched by 
increasing waste treatment, a decent 
level of water quality can be main
tained. Yet the balance between con
tamination and decontamination is a 
precarious one. A serious accidental 
discharge, such as the one that fol
lowed a 1 986 fire at a Sandoz factory 
on the Rhine in Switzerland, is enough 
to wipe out large numbers of aquatic 
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organisms and force drinking-water 
purification plants to close their in
takes downstream from the accident. 

In most newly industrializing coun
tries both organic and industrial river 
pollution are on the increase, since the 
annual per capita GNP is rising quickly 
(as is the population, to a lesser ex
tent) and decontamination efforts are 
often neglected. In these countries in
dustrialization has had higher priority 
than reduction of pollution. As a con
sequence, in some regions (East Asia, 
for example), degradation of water re
sources is now considered the gravest 
environmental problem. 

In less developed countries, where 
the population is growing and where 
waste treatment is practically non-

existent, water pollution by organic 
wastes is widespread. As a result, mil
lions of people-and children in par
ticular-die each year from water-re
lated diseases that can be prevented 
by proper sanitation facilities. These 
countries still suffer from diseases 
eradicated in the West long ago. Al
though the United Nations declared 
the 1 980's to be the International 
Drinking Water Supply and Sanitation 
Decade and instituted a program to 
provide safe drinking water and ap
propriate sanitation for all by 1 990, 
much remains to be done before the 
program's ambitious goals are met. 
Some progress has nonetheless been 
made in several countries, including 
Mexico, Indonesia and Ghana. 

TOXIC-CHEMICAL DUMPS are a serious source of groundwater and surface-water 
pollution. Illegal dump sites, such as this one in the U.S., are particularly difficult 

to monitor. Damage occurs when the drums rust through and release their con

tents, which enter surface waters and eventually percolate down to the groundwater. 

OCEAN POLLUTION is a growing problem, especially in coastal zones. Sewage, which 
contains abundant nutrients and oxygen-consuming organic matter, is one type 

of pollutant that can threaten aquatic life, as it has here in the San Francisco Bay. 
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The quality of the water in lakes is 
comparable to that in rivers. Thou
sands of lakes, including some large 
ones, are currently being subjected to 
acidification or to eutrophication: the 
process in which large inputs of nutri
ents, particularly phosphates, lead to 
the excessive growth of algae. When 
the overabundant algae die, their mi
crobial degradation consumes most 
of the dissolved oxygen in the water, 
vastly reducing the water's capacity to 
support life. Experience in Europe and 
North America has shown that the 
restoration of lakes is possible-at a 
price-but that the process takes sev
eral years. Liming is effective against 
acidification; flushing out the excess 
nutrients and restricting the further 
inflow of nutrients helps to reduce 
eutrophication. 

Although pollution of rivers and 
lakes is potentially reversible, that is 
not the case for groundwater. Actually, 
little is known about the quality of the 
earth's vast groundwater reserves, ex
cept in those instances where particu
lar aqUifers are being actively exploit
ed. In Europe and the U.S., where 
groundwater represents a significant 
source of fresh water, between 5 and 
10 percent of all wells examined are 
found to have nitrate levels higher 
than the maximum recommended val
ue of 45 milligrams per liter. Many 
organic pollutants find their way into 
groundwater as seepage from waste 
dumps, leakage from sewers and fuel 
tanks or as runoff from agricultural 
land or paved surfaces in proliferating 
urban and suburban areas. 

Because groundwater is cut off from 
the atmosphere's oxygen supply, its 
capacity for self-purification is very 
low: the microbes that normally break 
down organic pollutants need oxy
gen to do their job. Prevention of con
tamination is the only rational ap
proach-particularly for the develop
ing world, where increased reliance on 
vast groundwater reserves is likely. 

The oceans are part of the world's 
"commons," exploited by many 
countries and the responsibility 

of none and therefore all the more 
difficult to safeguard. More than half 
of the world's people live on sea
coasts, in river deltas and along estu
aries and river mouths, and some 90 
percent of the marine fish harvest is 
caught within 3 20 kilometers of the 
shore. Every year some 13 billion tons 
of silt are dumped into coastal zones 
at the mouths of rivers. Although 
most of those sediments would have 
found their way into the ocean any
way, a growing part of the accumulat-
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RHINE RIVER drains a vast basin (green) in four countries-Switzerland, West Ger· 
many, France and the Netherlands-as it runs 1,320 kilometers from the Alps to 

the North Sea. The basin is heavily industrialized (major urban concentrations are 
shown here in brown), and the river accumulates and transports into the Netherlands 
a heavy load of pollutants; since 1980 the amounts of some pollutants have been 

reduced. Now the four countries are cooperating in a Rhine Action Plan intended 
to improve the quality of the river's water. The primary effort will be to institute reo 
cycling within industry as a substitute for after·the·fact "end of pipe" treatment. 

ing silt can be attributed to erosion 
and deforestation caused by human 
intervention. Depending on the partic
ular agricultural and industrial activi
ties in the catchment area, a coastal 
zone can be both fertilized and pollut
ed by the silt and dissolved materials 
that reach it. 

The coastal zone is the site of im
portant physicochemical reactions be
tween saltwater and freshwater flows; 
it is the zone of highest biological 
productivity, supporting marine life 
ranging from plankton to fish, turtles 
and whales. Aquaculture in the coast
al zone now produces some 10 per
cent of the world's fish harvest. The 
240,000 square kilometers of coastal 
mangrove forest are essential habitats 
for many economically important fish 
species during part of their life cycle, 

and they also provide timber and fire
wood; reed and cypress swamps are 
other examples of biologically rich 
coastal wetlands. Finally, of course, 
coastal zones support a highly profit
able tourist industry and include a 
growing number of protected areas, 
such as the Great Barrier Reef Marine 
Park in Australia. 

Aside from river discharges, diffuse 
runoff, atmospheric transport, waste 
dumping or burning at sea, offshore 
mining and shipping accidents are the 
primary ways that some 20 billion 
tons of dissolved and suspended mat
ter reach the ocean, where they exert 
their initial effect on the coastal zone. 

Polychlorinated biphenyls (PCB's) 
and other persistent toxic chemicals, 
including DDT and heavy-metal com
pounds, have already spread through-
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out the world's marine ecosystems, in 
part through gradual accumulation in 
the food chain. A ban on the use of 
DDT and PCB's has been enforced for 
some 10 years in the industrialized 
countries and has reduced the con
centration of such chemicals in the 
marine life of North American and 
European coastal waters. The chemi
cals are, however, still being used and 
injected into the marine environment 
in many tropical regions. 

Ocean currents are also vehicles for 
the transport of trash and pollutants. 
Examples are the nondegradable plas
tic bottles, pellets and containers that 
now commonly litter beaches and the 
ocean's surface. They cause the death 
of thousands of birds, fish and marine 
mammals that mistake them for food 
or get entangled in them. Less spectac
ular but possibly more serious are the 
chemical and biological processes (as 
yet poorly understood) whereby toxic 
substances such as radioactive wastes 
are distributed and accumulated. 

Excessive sewage discharges from 
coastal urban areas lead to eutrophi
cation of coastal waters, which can 
change the composition of plankton 
populations. The plankton, provided 
with abundant nutrients in the sew
age, may experience rapid population 
growth, which depletes the supply of 
available oxygen and so leads to fish 
kills. Moreover, the presence of patho
genic bacteria in sewage has forced 
the closing of many kilometers of 
beaches to swimmers and has led 
to prohibitions on the harvesting of 
shellfish, which concentrate the bac
teria in their tissues. 

About one tenth of 1 percent of the 
world's total annual oil production
some five million tons a year, or more 
than one gram per 100 square meters 
of the ocean's surface-finds its way 
to the ocean. Large areas of the ocean 
would be covered with oil accumulat
ed over the past decades were it not 
for the fact that the oil eventually 
evaporates or is degraded by bacte
ria. Although petroleum is almost en
tirely biodegradable, it takes the mi
crobes that break it down a long time 
to accomplish the task, because their 
activity is limited by the low nutri
ent concentrations in seawater. In the 
meantime an oil spill's effects are le
thal for a variety of plankton, fish 
larvae and shellfish, as well as for such 
larger animals as birds and marine 
mammals. 

It is clear that the quality of the 
water in coastal zones is seriously 
endangered and that damage to fish
eries and marine wildlife is wide
spread. Regional seas such as the Bal-
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tic and the Mediterranean, which have 
more coastline per square kilometer 
than the high seas do, suffer more 
from water pollution. Their poor con
dition demonstrates what may hap
pen in the future to the larger oceans 
of the world. 

Human activity is clearly responsi
ble for widespread damage to marine 
ecosystems. What is not firmly estab
lished is how quickly toxic substances 
can accumulate in marine organisms 
or whether such accumulation is re
versible. Nor has it been determined 
precisely how synthetic chemicals are 
transported through the oceans and 
what the likelihood is that toxic sub-

stances in bottom sediments will find 
their way into the human food supply. 
Yet experience so far dictates utmost 
caution, the more so because restora
tion of the oceans is incomparably 
more difficult than that of lakes and 
inland seas, if not impossible. 

Some management of water resour
ces-of both their quantity and qual
ity-is now widely practiced all over 
the world, but the results, particular
ly in quality control, have been inade
quate. All signals point to further de
terioration in the quality of fresh and 
marine waters unless aggressive man
agement programs are instituted. 

Many of the guiding prinCiples in 

NEW MICROIRRIGAllON TECHNIQUES make it possible to send water directly to the 

roots of individual plants. They represent a major advance in water conservation be

cause they provide only about as much water as the plants actually need. This sys

tem is watering a cotton crop in central Texas, an arid region where the efficiency 
of microirrigation has enabled farmers to rely less on groundwater for irrigation. 
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Another advertiser 
promising you the world. 

If you'd like 
all of South 
East Asia, 
we' ve got it. 

Central 
America? It's 
yours. 

Europe? YELLOW RIVER DELTA The Middle 
East? Pittsburgh? 

We can supply those too. 
In fact, we have up-to-date accurate 

satellite images of virtually every vil
lage, city, country, region and conti
nent in the world. 

But that's not the half of it. 
With more remote sensing capabil

ity than anything else in orbit, our 
landsat satel
lites gather 
data on a 
host of physi
cal charac
teristics, 
including 
temperature, 
moisture, ZANZIBAR 
density and texture. 

And when these are interrelated, 

you can learn considerably more 
about a location than simply what it 
looks like. 

Whether it's swampy ot arid, for 
example. 

Whether a nearby volcano is active 
or dormant. Whether corn will grow 
there. Or 
rice. Or 
anything. 

Whether 
the plant site 
you're con
sidering 
lends itself LOS ANGELES 
to sufficient access roads. 

Or a sub-division is too near a geo
logical fault. 

landsat's remote sensors are so 
accurate that data they' ve yielded 
have been used to discover crop dam
age in seemingly healthy crops. 

To detect a variety of grass previ
ously unknown to botanists. 

Even to measure ocean depths that 
were literally unfathomable before. 

In point of fact, we can bring excep
tionally detailed and probably unex
pected information to decisions 

business people make every day, on 
everything. from construction to crop 
rotation. 

And we can 
do it for a 
price that 
isn't, well, 
astronomical. 

In most cases, 
our data cost far FLORIANOPOLIs 
less than you would pay for conven
tional aerial photography, or on-site 
inspection. 

So if you'd like to know how you can 
put our resources to use, why not give 
us a call? 

COPENHAGEN 

If our data 
can help, we'll 
introduce you 
to a consul
tant who'll 
work with 
those data to 

give you exactly the information you 
need. 

And there's one thing that we can 
absolutely promise. 

Nobody on earth can give you 
information the way we can. 

1-�gg�S�:�j������: laSRI 4300 FORBES BOULEVARD, LANHAM, MARYLAND 20706 

© 1989 SCIENTIFIC AMERICAN, INC



CAN YOUR GRAPHICS SOFTWARE 
DO ALL THIS? 

SIladow Contour or. Rao4om ),,0 Surfaa: Un.at, logarithmic, and ProbabIIIetIc Axd 

"Graftool has the potential 
to be the ultimate graphics 
package, fulfilling every
body's needs." 

- Ehud Kaplan 
PC Magazine' 

G.ographic Data Included 
For 2-D and 3-0 Maps 

Integrated 20&30 graphics 
Menu-driven user interface 
Scientific spreadsheet 
Presentation-quality fonts 
Import from 1-2-3, Excel 
Export to desktop publishers 
Full zooming and panning 

L 
--,r 

GRAFfOOL $495 • Demo Kit Available 
Academic Discounts. Call (800) SAY-GRAF • FAX (213) 540-3492 

3-D VISII±INS 
412 S. Pacific Coast Highway, Suite 201, Redondo Beach. CA 90277 
• �rinlcd wilhpenniaion (rom PC MapziDc, MIJ"tb I,Uh.CopyriablCl989ZiJJCommWliealioQl Co. 

There's an epidemic 
with 27 million victims. 

And no visible symptoms. 
It's an epidemic of people who can't read. 
Believe it or not, 27 million Americans are 

functionally illiterate, about one adult in five. Forty-seven 
million more are able to read on only the most minimal 
level. Together, that's almost 75 million Americans .. . one 
third of our entire population. 

T he solution to this problem is you ... when you join 
the fight against illiteracy. So call the Coalition for Literacy 
at toll-free 1-800-228-8813 and volunteer. 

Illiteracy may be an epidemic, but with a little caring 
from you, we can stop it 

Volunteer Against Illiteracy. 

,.", 0 
�� C�alltlon for Literacy 

The only degree you need 
is a degree of caring. 

water management have evolved from 
past experience and are well known, 
and yet their application has lagged. 
Above all, the need for an integrated 
approach has become apparent. In ev
ery river or lake basin, socioeconomic 
and environmental aspirations must 
be orchestrated so that human settle
ments, industry, energy production, 
agriculture, forests, fisheries and wild
life can coexist. In many cases varied 
interests are not necessarily in con
flict; they can be synergistic. Erosion 
control, for example, goes hand in 
hand with reforestation, flood preven
tion and water conservation. 

An integrated approach calls, of 
course, for closer cooperation at the 
governmental and intergovernmental 
level; it goes against the historical al
location of different tasks to differ
ent agencies. In many countries water 
supply and sanitation are handled by 
separate departments. Departmental 
budgets are isolated by money-tight 
walls, making it hard to balance in
vestments made by one department 
with any resulting gains or savings 
accrued to another. 

Such obstacles are even more formi
dable in an international setting. A 
country is unlikely to make significant 
investments in the decontamination 
of a river's water if it is other coun
tries, downstream, that are likely to 
reap the benefits. The less developed 
countries may actually have a better 
opportunity to make progress here 
than the developed ones, where vest
ed interests have entrenched them
selves in rigid administrative struc
tures. The United Nations EnviJ;on
ment Program (UNEP), for example, has 
drawn up an action plan for the Zam
bezi River based largely on principles 
of integrated management. 

A water-management project 
should lean toward increas
ing the efficiency of water con

sumption rather than toward increas
ing the supply of water. To increase 
the supply is often more costly, and 
in any case it merely postpones a cri
sis. Indeed, because many countries 
are already overtaxing their water re
serves, increasing efficiency is the only 
solution in some cases. Irrigation, for 
example, is terribly inefficient as it is 
practiced in most countries. Averaged 
over the world, only about 37 percent 
of all irrigation water is taken up by 
agricultural crops; the rest is never 
absorbed by the plants and can be 
considered lost. New microirrigation 
techniques, by which perforated pipes 
deliver water directly to the plants, 
provide great opportunities for water 
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DON'T EVEN THINK OF BUYING 
A TREADMILL ... 

CONSIDER THE OVERWHELMING 
ADVANTAGES OF NORDICTRACK 

Better exercise. 

NordicTrack simulates the 
world's best exercise, cross-county 
skiing. This smooth, total-body 
motion exercises all major body 
muscles including 
arm and shoulder 
muscles that are ne
glected in walking or 
running. 

Non-jarring. 

NordicTrack's smooth, effi
cient skiing motion has none of 
the jarring motions which can 
damage joints and ligaments. 

Safer. 

NordicTrack is human pow
ered and has no electric motors or 
high-speed belts that require 
constant concentration or 
that can throw off a user 
or child. 

Easier speed 
adjustment. 

NordicTrack is human
powered and has no complicated 
and slow-to-react electric speed 
adjustments to be dealt with for 
each speed change. 

Quieter. 

NordicTrack's smooth skiing 
motion is inherently quiet and has 
none of the pounding foot step 
noise associated with running on a 
treadmill. 

No electric cord or 
outlet required. 

Put a NordicTrack wherever 

you want. You are not con
strained by outlet location and 
you won't trip over the cord. 

Costs far less for equal 
quality. 

NordicTrack's efficient and 
human-powered design needs no 
expensive electric motors and 
speed controls. And, because Nor
dicTrack is simple and uncompli
cated, little upkeep is required. 

Non-boring. 

People love their Nordic
Tracks. In fact, 7 out of 10 
owners are still using their ma

chines more than 3 times a 
week, 5 years after purchasing 
one. 

The machine you'll 
recommend. 

In fact, NordicTrack owners 
are so fond of their machines, that 

in a market research study 
conducted by Maritz Research in 

1988, 97% responded that they 
would recommend NordicTrack 

to their family and friends. 

Nordlcl!Clc�l! 
,-----------------1 
I FREE BROCHURE & VIDEO I 
I Call Toll Free 1-800-328-5888 I 
I In Canada 1-800-433-9582 I 
I 0 YES, please send me a free brochure I 
I 0 ALSO a free video tape 0 VHS 0 BETA I 
I Name I Street 

I I City State Zip 
. 

I Phone ( I 
I NordicTrack • 141 Jonathan Blvd. N . •  Chaska, MN 55318 I 
�OI9 ________________ � 
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WATER DECADE, a water-quality program launched by the United Nations, aims 
to provide the people of the world with safe drinking water and appropriate sanita

tion by the 1990's. The photograph, which was taken in 1983, depicts a woman draw

ing drinking water from a new well in Mali. Despite the program's best inten

tions, however, water quality is still a pressing problem in many parts of the world. 

conservation, making it possible to ex
pand irrigated fields without building 
new dams. 

The mining of groundwater in order 
to increase supply should, of course, 
be avoided at all costs-unless it can 
be guaranteed that the aquifer from 
which the water is taken will be re
plenished. The protection of ground
water quality also deserves special at
tention. Government officials are more 
likely to implement pollution-control 
measures when they (or their con
stituents) are presented with highly 
visible signs of pollution, such as rub
bish washed onto a beach. Hidden as 
it is from view, groundwater can there
fore become polluted gradually with
out eliCiting an outcry from the public 
until it is too late to reverse the dam
age wrought by the pollution. 

It has also become apparent that the 
prevention of pollution, and the resto
ration of bodies of water that are al
ready polluted, should gradually take 
precedence over the development of 
purification technologies. Water-puri
fying technology is becoming more 
complex and costly as the number 
of pollutants in water increases; the 
money spent on removing contami
nants from drinking water would be 
better spent on preventing the con
taminants from entering the water 
in the first place. The high cost of re
storing polluted water bodies also 
strengthens the appeal of pollution
prevention programs. 

For that reason "end of pipe" reme
dies for industrial water pollution 
should be replaced by recycling and 
reuse. Factories designed to minimize 
water pollution through waste reduc
tion are often more economic than 
those that construct their own waste
water treatment plants in order to 
meet environmental standards. Facto
ries that integrate pollution-control 
techniques are also likely to be more 
acceptable to an environmentally con
scious populace. As Peter Donath of 
the Ciba-Geigy Corporation, one of the 
world's largest chemical companies, 
said at last year's International Rhine 
Conference, " Only with environmen
tally sound products and manufactur
ing processes will the chemical indus
try be able to maintain social accept
ability in the future." As an example of 
this new trend in chemical engineer
ing, he cited a novel process for the 
production of naphthalene sulfonic 
acids that reduces pollution by more 
than 90 percent. 

Pollution of a river or a regional sea 
is, of course, more easily perceived 
than the pollution of the oceans, 
which are much larger; it is not sur
prising that the UNEP has already es
tablished pollution-control programs 
for 10 regional seas. Although such 
programs are a good start, they need 
to be followed up with protection of 
the oceans in general. A recent step 
in this direction is an internation
al agreement forbidding the discard-
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ing of plastics from ships, which be
came effective at the beginning of this 
year. Other existing international con
ventions regulating marine resources 
need to be improved by backing them 
up with better monitoring schemes 
and enforcement measures. 

Parallel with the need for improved 
water-resources management is the 
need for more research on the hydro
sphere. For example, ecological and 
toxicologic studies of marine life are 
badly needed if we are to improve 
the husbandry of the oceans and gain 
better understanding of the ecologi
cal effects of long-lived pollutants in 
ocean waters. 

Many aspects of the hydrological 
cycle, including the fluxes between 
its compartments and the extent of 
groundwater reserves, are not accu
rately known. These problems and 
others are currently being addressed 
by the International Hydrological Pro
gram of the United Nations Educa
tional, Scientific and Cultural Organi
zation. Moreover, major internation
al research programs to study the 
interactions between climate and the 
hydrological cycle have recently been 
launched by the UNEP as well as by the 
World Health Organization and the 
nongovernmental International Coun
cil of Scientific Unions. 

Predicting what is likely to happen 
if sound principles of water manage
ment are not vigorously implemented 
is all too easy. We have already seen 
rivers turn into sewers and lakes into 
cesspools. People die from drinking 
contaminated water, pollution washes 
ashore on recreational beaches, fish 
are poisoned by heavy metals and 
wildlife habitats are destroyed. A lais
sez-faire approach to water manage
ment will spell more of the same-on 
a grander scale. One can only hope 
recognition of that fact will spur gov
ernments and people into action. 

FURTHER READING 
DIE OKOLOGISCHEN MILLIARDEN. Lutz 

Wicke. Kosel Verlag, 1 986. 
RESOURCES AND WORLD DEVELOPMENT. 

Edited by Digby J. Mclaren and Brian J. 
Skinner. John Wiley & Sons, 1987. 

WORLD RESOURCES 1987 :  AN AsSESS
MENT OF THE RESOURCE BASE THAT SuP
PORTS THE GLOBAL ECONOMY. World 
Resources Institute/International In
stitute for Environment and Develop
ment. Basic Books, 1987. 

WORLD RESOURCES 1988-89:  AN AsSESS
MENT OF THE RESOURCE BASE THAT SuP
PORTS THE GLOBAL ECONOMY. World 
Resources Institute/International In
stitute for Environment and Develop
ment. Basic Books, 1988. 
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The Dis�ersion Anal�s_i_s 
___ _ 

Exhaust dispersion near a roadway is influenced by the 
turbulence and heat generated by moving vehicles. Findings 
at the General Motors Research Laboratories have provided 
a new understanding of the dispersion process. 

Tracer Concentrations 

" Upwind 
. 9  

e �  
E 
u 

3 ... � 1  
F 

Downwind 

Distance from the road (m) 

Figure 1: Observed (solid lines) and predicted 
(dashed lines) tracer concentrations near ground 
level as a function of distance from the edge of 
the road. Blue lines indicate the case in which 
the wind is perpendicular to the road; red lines, 
when the wind is nearly parallel to the road and 
opposing the upwind·lane traffic. 

Figure 2: This representation of a roadway 
viewed from above shows the location of large 
vortices formed by local wind shear when the 
wind opposes the upwind·lane traffic. 

By USING the conservation
of-mass equation, one can 

describe the dispersion of  gaseous 
molecules in the atmosphere . The 
equation includes terms for advec
tion, diffusion, sources and sinks. 
Advection is the transport of air 
parcels by the mean wind; diffusion 
is due mainly to turbulent mixing. 
But the equation is useful only if we 
have information about the wind 
and temperature fields in the atmo
sphere . Specifically, our ability to 
predict vehicular exhaust concen
trations near a road depends on 
knowledge of the effects of vehicles 
on these fields. 

The conservation-of-mass 
equation for the mean concentra
tion of any species, C,  is 

� + � a(u�) = �  ..l ( K;j ac ) + So + Si 
at 1 ax ;  1.) ax ; ax)  

Local rate Advection 
of change 

Diffusion Sources Smks 

where U i is the mean wind velocity 
and K ij is the eddy diffusivity ten
sor. This equation applies when the 
length scale of mixing is smal l 
compared to that of the variation of 
the mean concentration . Near a 
road, this condition is met if the 
averaging time for the concentra
tion and wind velocity is much 
longer than the time interval of ve
hicular passage . For a straight 
roadway, a long averaging time 
al lows one to assume spatial uni
formity in the direction parallel to 
the road, and to ignore the spatial 
derivatives in that direction. 

The input information for K ij 
and the mean crossroad and verti
cal wind components near a road
way became available as a result of 
a l a rg e - s c a l e  e x p e r i me n t  c o n 
d u c t e d  by the G e neral  M o t o r s  
Research Laboratories .  The ex
periment has provided an under
standing of the influence of moving 
vehicles on mechanical turbulence 
and buoyancy near a roadway. Dr. 
David Chock was responsible for 
the design of the experiment and 
the analysis of the data. The experi
ment, which duplicated a heavily 
traveled,  level roadway, was con
ducted under meterological condi
tions minimizing dispersion. 

Moving vehicles affect the 
mean crossroad and vertical wind 
components in the following ways. 
Vehicles act as an obstacle to the 
mean wind, causing it to slow and 
move upward as it approaches the 
vehicles and downward as it leaves 
the road.  In addition, vehicles re
lease heat, which causes a net up
ward motion . It was established 
that the increase in the mean verti
cal wind component due to the ex
haust heat was (B/ U) ,l'l where U is 
the crossroad wind component.  
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The buoyancy flux,  B, is propor
tional to the heat emission rate of 
the vehicles. 

Moving ve h i c l e s  a l so e n 
hance both turbulence intensity 
and mixing. To determine how this 
modifies the eddy diffusivity ten
sor, Kij , Dr. Chock invoked a "sec
ond-order closure" assumption,  
which relates eddy diffu sivity to 
Reynolds stre s s e s  and the gra
dients of  mean wind velocity and 
mean temperature . Eddy diffusiv
ity was assumed to be the sum of 
ambient and traffic contributions. 
To determine the traffic contribu
tion, the length scale of the traffic
induced turbulence was assumed 
to be c o m p a r a b l e  to ve h i c l e  
height - 1.5 m. 

USING THE vast data base 
compiled during the experi

ment, Dr. Chock was able to spec
ify K ij and the mean crossroad and 
vertical wind components ,  and 
solve the equation numerically. To 
test the model,  half-hour measure
ments of a tracer gas were used to 
map out experimentally the ex
haust dispersion under various me
teorological conditions. The case 
where the wind speed is low and the 
wind direction is nearly perpendic
ular to the roadway is represented 
by the blue lines in Figure 1. Both 
the model and the experiment show 
the same dispersion pattern. The 
peak concentration is on the down
wind roadside. 

When the wind is nearly par
allel  to the road , the situation is 
much more complicated. Figure 2 
shows that when the w i n d  and 
traffic flow on the upwind lanes op
pose each other, a high shear re
gion occurs immediately upwind of 

This research is just one example of GM's commitment to 

the environment. A simpler model developed by Dr. Chock 

is being used by countries around the world to assess the 

impact of proposed highways. Dr. Chock is now concen

trating his research on air-quality modeling, particularly 
on topics related to urban ozone. 

the first traffic lane. When the wind 
and traffic are in the same direc
tion, the high shear region occurs 
in the median of the road. In these 
high shear regions, large eddies are 
generated and turbulent mixing is 
intense. The red lines in Figure 1 
show a comparison of the model 's 
predictions with the tracer data for 
the case i l lustrated by Figure 2 .  
Notice that the peak concentration 
can actually occur on the upwind 
roadside , due to the exhaust trans
port  by t h e s e  l a rge e d d i e s .  D r. 
Chock's model is the first to predict 
this occurrence.  

Under al l  combinations of  
wind speeds and directions, the 
predictions based on the model 
compare favorably with the mea
sured tracer concentrations. There 
is little systematic bias with respect 
to wind direction. 

"In light of this new model ,  
exhaust dispersion near a roadway 
can now be predicted with reliabil
ity," says Dr. Chock.  "This is of 
importance for environmentally 
sound road planning, and opens the 
door to the investigation of disper
sion on city streets, where the pres
ence of tall structures introduces 
even further complexity." 

General Motors 

II 
MARK OF EXC ELLENCE 

THE 
MAN 
BEHIND 
THE 
WORK 
Dr_ David Chock is a Senior Staff 
Research Scientist in the Environ
mental Science Department at the 
G e n e r a l  M o t o r s  R e s e arch 
Laboratories. 

Dr. Chock received his B. A. , 
summa cum laude, in chemistry from 
the University of California at Santa 
Barbara, and holds a Ph. D.  in chem
ical physics from the Univ�rsity of 
Chicago. His thesis concerned the 
quantum mechanics of molecules and 
molecular crystal s .  As a postdoc
toral fellow at the Free University 
of Brussels, he did research work on 
the dynamics of critical phenomena. 
He did additional postdoctoral work 
in the fields of solid-state physics and 
fluid dynamics. 

Dr. Chock joined General Motors 
in 1972. Since then, he has pursued 
research in atmospheric transport and 
in statistics of extreme values of tirue
series data. His current interests 
include numerical methods and air
quality modeling. 

David lives in Bloomfield Hills, 
Michigan, with his wife and son. 
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SCIENCE AND BUSINESS 
Dirty Business 
How companies are seeking 
their fortunes in garbage 

T
he city of Kent in Washington 
State boasts some unforgettable 
scenery: Mount Rainier looms on 

the horizon, lush woodlands are close 
by-as are two toxic-waste dumps and 
two solid-waste disposals filled with 
garbage from Seattle and other nearby 
towns. In recent years, waste compa
nies and consultants have earned mil
lions of dollars cleaning up the worst 
of Kent's toxic mess, burning off the 
methane generated by the decompos
ing trash in the landfills and carting 
off some of the waste to other facili
ties. But even though waste-disposal 
needs will keep growing, Kent is un
likely to allow any more waste dispo
sals or incinerators. 

Both the opportunities and difficul
ties confronting the waste-manage
ment business are on display in Kent. 
The 250 million tons of trash ("solid 
waste") that u.S. households and com
panies routinely toss out each year 
have produced a $20-billion industry, 
according to Mark H. SuI am, an ana
lyst at Kidder, Peabody, and forecast
ers are predicting an annual growth of 
15 to 20 percent. Hazardous waste 

Profitable waste, 
software suits, 
a better dome, 

leading indicators 

feeds a separate $4-billion industry 
that is likely to grow by 20 to 30 per
cent each year. (Nuclear waste is yet 
another problem and a separate busi
ness.) Hardly any town or city, how
ever, wants to be part of this boom. 
Kent's disposal sites "were built in the 
1950's and '60's when we were a fairly 
rural community and had no political 
clout," says DeanA. Radford, an editor 
for the Valley Daily News. "Now we 
realize that you can't have that crap in 
the center of a community." 

So what to do with the waste? A host 
of companies are scrambling to offer 
alternatives. Whereas there were only 
four or five publicly traded waste
management corporations about five 
years ago, there are now more than 

WASTE -DISPOSAL FACIIlTY, mapped on a computer, has a perimeter road (magen
ta) that encloses a gradually sloped area (yellow contour lines). A road (purple) 
cuts through the facility. Plateaus (purple with labels) are sloped to enhance 
drainage and minimize erosion. Image courtesy of Waste Management. 
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40, points out Vishnu Swarup, an ana
lyst at Prudential-Bache Securities. Big 
companies are wading into the busi
ness by buying small waste firms. Ven
ture capitalists are exploring environ
mental technology: they raised $29 
million last year for ventures in waste 
management, pollution control and 
recycling; 55 percent went to start new 
companies, according to Venture Eco
nomics research consultants. 

Solid-waste problems invite four 
kinds of solutions, explains Joseph W. 
Dorrycott, general manager of West
inghouse's Resource Energy Systems 
division: reduce waste during produc
tion, recycle it, convert it to energy by 
burning, or bury it. Unfortunately, cor
porate (and residential) efforts to trim 
waste are nascent; the Environmental 
Protection Agency concedes it began 
strongly advocating waste reduction 
only a few years ago. (The EPA plans to 
endorse waste reduction more aggres
sively, however. The agency hopes to 
publicize general information about 
how manufacturers can trim waste 
and let public sentiment cow the man
ufacturers into compliance.) 

Many local governments, such as 
Kent's, are strongly pushing recycling; 
on average, however, recycling trans
forms only 11 percent of America's 
garbage. A few large solid-waste com
panies, including Waste Management, 
routinely recycle materials such as 
glass, aluminum and paper products. 
For some materials, notably plastics, 
companies are forming nonprofit con
sortiums to share the cost of building 
recycling facilities. The greater chal
lenge, however, may be finding com
panies that will use the recycled mate
rial. There is, for instance, such a glut 
of recycled newspapers that some 
communities have to pay recyclers to 
pick up old newspapers. 

Converting waste-particularly sol
id waste-to energy by burning it is 
increasingly popular. Within the past 
five years, Westinghouse has won or
ders totaling more than $1 billion for 
waste-to-energy facilities. These sys
tems have little in common with tra
ditional trash incinerators, Dorrycott 
says. By controlling the temperature, 
burning time and turbulence of the 
combUstion, waste-to-energy plants 
can generate an average of 500 kilo
watt-hours of electricity for every ton 
of garbage. To be sure, that is less 
than one third as much electricity as is 
generated by burning a ton of coal. 
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SCIENCE/SCOPE® 

An innovative combination of thermal, radar, laser, and video sensors may accurately identify military 
targets on the battlefield. The combination, successfully demonstrated by Hughes Aircraft Company in 
a joint venture with Texas Instruments, is called multi-sensor fusion. During operation, a computer 
combines digital terrain map information with data from a single package containing a thermal imager, 
radar system, laser rangefinder, and video camera to produce a "fused" target list. This process 
improves the probability of target identification and reduces the possibility of false identifications. The 
multiple sensor approach has applications in helicopter, fighter and tank operations. 

Communications satellites with more than twice the transmitting power of earlier models reduce the 
size and cost of earth receiving stations. The Ku-band HS 376 satellites, designed and built by Hughes, 
transmit with approximately 20 watts per transponder. At this power, earth station antennas as small as 
four to six feet in diameter, small enough to be mounted on rooftops, walls, or poles, can be used for 
both transmitting and receiving satellite signals. By comparison, lower power,C-band satellites require 
antennas six to ten feet in diameter for receiving capability. The high-power satellites are part of 
Hughes' Very Small Aperture Terminal network, which provides end-to-endsatellite communications 
for data networking and videoconferencing. 

A new kind of optical fiber is airtight, more durable, and able to withstand higher temperatures than 
any other fibers. Scientists at Hughes have replaced the plastic buffer layers of traditional optical fibers 
with a thin aluminum film. W hile both types of buffer layers protect the delicate glass inner core from 
damage, the aluminum layer results in a fiber that is more rugged and retains its high strength longer. 
As a result, the new fiber is now showing up in a variety of applications, including automobile and 
rocket engines, temperature and pressure sensors, biomedical magnetic field sensors, and secure 
communications systems which can carry classified messages in plain English. 

Test equipment that enables hybrid microcircuit manufacturers to perform fully automatic 
non-destructive "pull-testing" of wire connections has become commercially available. Designated 
Model 2600, the microcomputer-controlled wire bond pull tester, designed and built by Hughes, allows 
faultless testing of each wire on a complex hybrid circuit. The system acquires its data on wire location 
from three sources: a wire bond software program, the wire bonder, and a wire path detection vision 
system. Compared with manual pull testing methods, the new tester will require fewer operators and 
will assure complete data logging by serial number of each hybrid under test. 

Engineers and scientists are eligible for approximately 100 Hughes Fellowships awarded for the pursuit 
of Master's and doctoral studies in Engineering and Science. All Fellows work full time at Hughes 
during the summer, with Work-Btudy Fellows working part time during the academic year and 
Full-Study Fellows attending classes full time. Fellows receive full academic expenses plus stipends for 
studies at approved universities. Additionally, Hughes offers a two-year, entry-level rotation program 
that enables qualified BS and MS graduates to diversify their engineering experience. For more 
information contact the Hughes Corporate Fellowship Office, Dept. S2, C 1 IB 168, P. 0. Box 45066, 
Los Angeles, CA 90045-0066. U. S. citizenship may be required. Equal Opportunity Employer. 

For more information write to: P.O. Box 45068, Los Angeles, CA 90045-0068 
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"It's not economical compared with 
nuclear or oil," Dorrycott adds, but 
it is an economical way to get rid 
of garbage. 

Although Swarup says that waste-to
energy plants may handle as much as 
17 percent of the nation's solid waste 
by the year 2000, local governments, 
concerned about hazardous dioxin 
emissions and ash, are reluctant to 
grant permits for new sites. 

Even if waste is trimmed, recycled or 
burned, some of it still must be buried, 
industry leaders say. Space for both 
solid- and hazardous-waste landfills is 
rapidly dwindling, and many commu
nities adamantly oppose new facilities 
in their backyards. Although about 
6,000 landfills are in operation today, 
only 2,000 may still have room for 
more trash by the end of the century. 

To soften public resistance, waste 
companies are showcasing their state
of-the-art facilities. In Arlington, Ore., 
Waste Management is finishing a $25-
million solid-waste site that will han
dle garbage from as far away as Port
land, some 140 miles east. Covering 
700 acres, the facility is lodged in a 
canyon surrounded by 300-foot ridg
es. Waste Management had scheduled 
about a month during the summer to 
excavate the top soil, compact the clay 
underneath and lay down layers of 
gravel and plastic. Underground pipes 
will collect leachates, and instruments 
will monitor the site for leaks. Since 
Arlington receives only about nine 
inches of rain each year, project man
ager Rick Daniels expects the trash to 
decompose slowly; nonetheless, any 
methane generated will be collected 
and either burned off or used to power 
the facility. 

For companies in the hazardous
waste industry, the problems grow 
more acute. Recycling of hazardous 
wastes, for instance, has a checkered 
history. As the residents of Kent dis
covered, the chemical-recycling plants 
of the 1960's and 1970's too often 
became storage and dumping grounds 
for hazardous chemicals; many of 
those sites are now classified by the 
EPA as highly contaminated areas that 
qualify for cleanup funds from the 
federal government's "Superfund." 
George Vander Velde, vice-president 
of science and technology at Chemical 
Waste Management, a dominant haz
ardous-waste company, worries that 
chemical recyclers may still be too 
sloppy, in part because they are sub
ject to fewer EPA regulations than are 
other operators in the waste business. 

Winning permits to build new incin
erators and disposal facilities for haz
ardous waste is also difficult. More-

over, insurers are skittish about back
ing such projects. Even USPCI, the haz
ardous-waste unit of Union Pacific, 
a $6-billion company, has had trou
ble finding insurers to back its work, 
says Jack L. Messman, USPCI chairman. 
USPCI is not alone, he adds. 

Remediation, or cleaning up desig
nated toxic-waste sites, has promised 
to be lucrative for waste companies; 
start-up companies are also entering 
the market with innovative techniques 
for degrading toxic wastes with bac
teria. So far, however, business has 
been slow. Although the EPA has ear
marked about $8.5 billion for cleaning 
up Superfund sites, most money spent 
so far has supported studies rather 
than remediation. The problems at 
only a few hazardous sites, such as the 
one in Kent, are being addressed. 

"We waste a lot of energy in defin
ing and redefining what needs to be 
done," says Rhett R. Ripplinger, gener
al manager of Westinghouse's hazard
ous-waste division. The regulatory 
muddle, along with raw public emo
tions and disputes over standards of 
cleanliness, has held up remediation, 
he says. One result: most companies 
speCializing in remediation lost mon
ey during the first half of 1989. A 
handful of companies have even quit 
the industry. Others hope that new 
EPA administrator William K .  Reilly 
will soon direct Superfund money into 
remediation projects. 

For those who can afford to wait, the 
business still promises to be a strong 
one, Messman says. He sees a varie
ty of positive changes. For instance, 
by October, all states must send the 
EPA specific plans of how they will 
dispose of their hazardous waste. As 
more wastes are designated as hazard
ous, it becomes harder for companies 
to ensure that they are handling and 
treating chemicals properly. As a re
sult, Messman expects even large com
panies will begin to seek help from 
waste-treatment specialists. 

"The industry is still chaotic," Mess
man says. It is likely to remain so, as 
waste firms strive to prove they can 
cope with the leavings of industrial
ized society. -Elizabeth Corcoran 

Look but Don't Touch 
Software companies battle 
over intellectual property rights 

F
or the past year or two, several 
large U.S. software companies 
have been preparing to battle 

competitors big and small. Yet these 
fights are likely to be waged in court-

houses rather than the marketplace. 
Apple, Ashton-Tate and Lotus Devel

opment have initiated separate law
suits claiming that competitors violat
ed their copyright on particular soft
ware products and mimicked what 
legal observers call the "look and feel" 
of the software in question. Most of 
these cases are likely to go to court 
later this year; the decisions will break 
new ground in applying copyright law 
to software, says Ronald J. Palenski, 
vice-president for ADAPSO, a software
industry association. 

The plantiffs are not accusing their 
competitors of literally copying the 
software codes; instead they are typi
cally arguing that the "organization, 
structure and sequence" of their pro
grams have been duplicated. Does that 
sound vague? It is, industry sources 
say. The plan tiffs are trying to protect 
something that lies between an idea 
(which cannot be copyrighted) and the 
expression of that idea (namely, spe
cific software codes), Palenski says. As 
a result, independent software devel
opers say they are worried; aspects of 
software-such as user interfaces
that they have felt free to adopt for 
their own programs may become sub
ject to license fees. 

Copyright protection, established 
by the U.S. Constitution, aims to en
courage innovation by ensuring that 
artists receive payment for their work. 
In 1980 Congress passed the Software 
Copyright Act and affirmed that soft
ware is usually covered by copyright 
(which protects expressions of ideas) 
rather than by patent law (which pro
tects inventions). What would be pro
tected and in what fashion was left to 
the courts. 

Each of the ongoing cases pushes 
the boundaries of copyright law in a 
slightly different direction, legal ex
perts say. Apple, for one, has charged 
that Microsoft and Hewlett-Packard 
improperly adopted the display ele
ments-such as icons or pictures
that show up on screen menus in Ap
ple software. "The Mac has a certain 
look that people readily recognize," 
says Chris R .  Ottenweller, an attorney 
for Apple. The suit "focuses on the 
entirety of what you see," he says. 

Lotus, in turn, has sued two small 
companies-namely, Mosaic and Pa
perback Software-over spreadsheet 
programs. The Lotus 1-2-3 package 
became a legendary success. Yet when 
Mosaic and Paperback separately be
gan claiming that their packages 
looked like 1-2-3 but ran faster and 
cost less, Lotus called its lawyers. 
"Keystroke for keystroke, the pro
grams are identical," says Tom Lem-
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berg, Lotus vice-president and general 
counsel. The software codes written 
by Mosaic and Paperback engineers to 
support what the user sees are proba
bly different, Lemberg says. But he 
argues that there is "no originality" 
involved when what the user sees 
looks like 1-2-3. 

Ashton-Tate initiated its lawsuit 
against Fox Software and Santa Cruz 
Operation over the company's high
ly successful data-base-management 
package, dBASE. Ashton-Tate argues 
that it developed a proprietary lan
guage and special user interfaces and 
syntax for dBASE. "Fox claims it redid 
the code [that underlies what the user 
sees]," says Ronald L. Johnston, an 
attorney for Ashton-Tate. "But some 
of the most creative [aspects of dBASE] 
are the design features-what they 
took-not the coding." 

The legal cross fire has angered 
many software engineers, particularly 
some who wrote the early programs 
that the plantiff companies now use. 
"When we were writing the Mac [soft
ware and interfaces], our only concern 
was to make it as fantastic as we 
possibly could," says Andy Hertz
feld, who contributed to designing Ap
ple's Macintosh interface and is now 
an independent consultant. "Today I 
think twice about copying anything; 
tomorrow, I'm going to need a lawyer 
on my staff," he adds. 

"There's a tradition in the field of 
using the best command icons and 
data displays available," says Richard 
M. Stallman, a staff member at the 
Massachusetts Institute of Technolo
gy. He worries that a narrow interpre
tation of copyright protection may 
discourage programmers from using 
the best available interfaces. Stallman 
has organized the League for Program
ming Freedom to protest the suits 
launched by the three software com
panies. In May, Stallman, artificial-in
telligence guru Patrick H. Winston and 
reportedly 150 other M.LT. workers 

NEWLY PATENTED GEOTANGENT DOME (left) is built with 
pentagons and hexagons; in contrast, traditional geodesic 
domes (right) rely on a multitude of triangles. 

picketed in front of Lotus. It would be 
ironic, Palenski says, if broad copy
right protection ended up stifling in
novation by entrepreneurs who fear 
they might be sued. -E.C 

Surpassing the Buck 
Geometry decrees 
a new dome 

"1 started with the universe-as an 
organization of energy systems of 
which all our experiences and possible 
experiences are only local instances. 1 
could have ended up with a pair of 
flying slippers." 

-R. BUCKMINSTER FULLER 

B 
uckminster Fuller never did de
sign a pair of flying slippers. Yet 
he became famous for an inven

tion that seemed almost magical: the 
geodesic dome, an assemblage of tri
angular trusses that grows stronger as 
it grows larger. Some dispute that Full
er originated the geodesic dome; in 
Science a la Mode, physicist and author 
Tony Rothman argues that the Carl 
Zeiss Optical Company built and pat
ented the first geodesic dome in Ger
many during the 1920's. Nevertheless, 
in the wake of Fuller's 1954 patent, 
thousands of domes sprung up as 
homes and civic centers-even as caps 
on oil-storage tanks. Moreover, in a 
spirit that Fuller would have hearti
ly applauded, hundreds of inventors 
have tinkered with dome deSigns, 
looking for improved versions. Now 
one has found a way to design a com
pletely different sort of dome. 

In May, j. Craig Yacoe, a retired engi
neer, won patent number 4,825,602 
for a "geotangent dome," made up of 
pentagons and hexagons, that promis
es to be more versatile than its geo
desic predecessor. Since Fuller's dome 
is based on a sphere, cutting it any
where but precisely along its equator 

means that the triangles at the bottom 
will tilt inward or outward. In contrast, 
Yacoe's dome, which has a circular 
base, follows the curve of an ellipsoid. 
Builders can consequently pick the di
mensions they need, Yacoe says. And 
his design ensures that the polygons 
at the base of his dome always meet 
the ground at right angles, making it 
easier to build than a geodesic dome. 
He hopes these features will prove a 
winning combination. 

Although Fuller predicted that a mil
lion domes would be built by the mid-
1980's, the number is closer to 50,000. 
Domes are nonetheless still going up 
in surprising places. A 265-foot-wide 
geodesic dome is part of a new pavil
ion at Walt Disney World's Epcot Cen
ter in Florida. A bright blue 360-foot
high dome houses a shopping center 
in downtown Ankara, Turkey. Stock
holm, Sweden, boasts a 280-foot-high 
dome enclosing a new civic center. 

Dome design is governed by some 
basic geometric principles. A sphere 
can be covered with precisely 20 equi
lateral triangles; for a geodesic dome, 
those triangles are carved into smaller 
ones of different sizes. But to cover a 
sphere or ellipsoid with various sizes 
of pentagons and hexagons required 
another technique, Yacoe says. 

Yacoe eventually realized that he 
could build a dome of polygonal pan
els guided by the principle that one 
point on each side of every panel had 
to be tangent to (or touch) an imag
inary circumscribed dome. With the 
assistance of William E. Davis, a re
tired mathematician, he set out to de
scribe the problem mathematically. 

They began with a ring of at least six 
congruent pentagons wrapped around 
the equator of an imaginary ellipse. 
The task: find the lengths of the sides 
and the interior angles of the polygons 
that form the next ring. 

To do so for an ellipsoidal dome, 
they imagined inscribing an ellipse 
inside each polygon. Each ellipse 
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touched another at one point; at these 
points, the sides of the polygons 
would also be tangent to a circum
scribed ellipsoid. But where, preCisely, 
should the points be located? Yacoe 
and Davis guessed, then plugged the 
numbers into equations that describe 
ellipses and intersecting planes. Aided 
by a personal computer, they method
ically tested many guesses until the 
equations balanced. Using the tangent 
points, Yacoe and Davis could then 
calculate the dimensions and interior 

angles of the corresponding polygons 
and so build the next ring of the dome. 

After receiving the patent, Yacoe 
promptly set up a consulting firm to 
license his patents. He says dome
home builders have shown consider
able interest, as has Spitz, Inc., a maker 
of planetariums located near Yacoe in 
Chadds Ford, Pa. Yacoe has also pro
posed that the National Aeronautics 
and Space Administration consider a 
geotangent structure as part of a 
space station. -E.C 

THE ANALYTICAL ECONOMIST 
Seasoning leading economic indicators with salt 

P redicting the next turn of the econ
omy has become a game of Rus

sian roulette for business. Miscalcu
lations can wreck the best-laid spend
ing and production plans. This year's 
economy, moreover, has had a particu
larly mischievous bent: in january, 
signs of inflation affrighted forecast
ers; by june, the specter of recession 
loomed instead. The leading economic 
indicators that guide such forecasts 
have performed fairly well in the past, 
but in recent interviews veteran poli
cymakers such as Paul A. Volcker cau
tioned that the indicators should be 
viewed skeptically. just what is the 
predictive value of these numbers? 

The official index of leading indica
tors is published monthly by the U.S. 
Department of Commerce in its Busi
ness Conditions Digest. It is an intri
cately weighted average of the chang
ing values of 11 economic factors
including building permits, the money 
supply and unfilled orders for man
ufactured goods. Leading indicators 
lead cycles in the economy because 
the activity they measure precedes 
more substantive changes: building 
permits precede construction, orders 
precede production and so on. Fore
casters also draw on a host of other 
early indicators, such as gross-manu
facturing profit margins, interest rates 
and part-time industrial work. 

Geoffrey H. Moore of the Center for 
International Business Cycle Research 
thinks the combined index has acquit
ted itself well historically; he points 
out that every sustained drop in lead
ing indicators has presaged either a 
recession or a significant slowdown 
in the U.S. economy. Yet when the in
dex erroneously predicted a recession 
after the 1987 stock-market crash, at 
least one pundit denounced it as "anti
quated and irrelevant." 

Indeed, some forecasters large-

ly disregard the Commerce Depart
ment's index. Andrew F. Brimmer, a 
former governor of the Federal Re
serve and now a consultant, argues 
that the individual numbers that make 
up the index are more informative and 
available earlier than the monthly tal
ly. Other figures not included in the 
index, such as interest-rate futures, 
are equally significant, he adds. 

Different indicators may also pre
dict economic activity at different 
points in the future, notes Victor Zar
nowitz of the University of Chica
go's business school. Housing permits 
and gross-manufacturing productivity 
may lead the economy by as much as 
a year, Moore says, whereas the pric
es of raw materials or unemployment 
claims provide less than six months' 
notice of coming changes. 

"I don't put a lot of weight on partic
ular indicators," said Paul A. Volcker, 
former chairman of the Federal Re
serve Board, in an interview with SCI
ENTIFIC AMERICAN. The Fed tweaks in
terest rates to counteract economic 
trends that its governors find worri
some; as chairman, Volcker watched 
economic signs from the state of in
ventories to surveys of consumer ex
pectations. Forecasting a few months 
into the future is "pretty fuzzy," he 
said. Paradoxically, Volcker noted, it 
may often be easier to make some 
predictions more than a year in ad
vance because certain data are more 
stable over the longer term. 

A number of economists say it is 
time to abandon the current leading
indicator index, whose basic structure 
has changed little since Arthur F. 
Burns and Wesley C. Mitchell first com
piled it in 1937. They suggest alter
native statistics. Moore, for instance, 
has constructed a long-leading index 
(aimed at predicting activity often 
more than a year into the future) and 
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a short-leading index (focused on 
changes typically less than six months 
away). James H. Stock of Harvard's 
Kennedy School of Government and 
Mark W. Watson of Northwestern Uni
versity draw on indicators that lead 
the economy by varying amounts to 
create a complex index that measures 
the likelihood of a recession in six 
months' time. Early this summer, both 
Moore's and Stock's indexes were edg
ing essentially sideways: predicting 
little growth but also a low probability 
of recession in the autumn. 

Such advanced indicators will still 
suffer from another source of uncer
tainty: as the features of the economy 
change, the individual indicators that 
make up an index gain or lose predic
tive value. In recent years, the supply 
of money has foreshadowed economic 
trends better than it had in the past, 
Zarnowitz says. The U.S. is increasing
ly a service economy, but almost all 
leading indicators continue to rely on 
numbers gathered from the manufac
turing sector. An industrial downturn 
may depress the index without reflect
ing the condition of the economy at 
large. Volcker noted that past predic
tions of recessions may have been 
wrong because the index exaggerated 
the importance of downturns in the 
very cyclical manufacturing business. 

But more accurate indicators of ac
tivity in the service sector are in short 
supply, Brimmer says. "I have no good 
measures for the service component," 
he concedes. Even measuring the cur
rent state of the service sector is dif
ficult, he says. Data on retail sales, 
which now represent almost a quarter 
of the measured service-sector activi
ty, can be misleading; retail sales fig
ures are often swamped by cyclical 
purchases of high-priced goods such 
as automobiles. 

The most recent revision of the 
Commerce Department's index at
tempts to address this problem by 
adding a survey of consumer exPecta
tions. But Zarnowitz says he is "not 
impressed." He argues there is little 
theoretical justification for including 
such survey data. 

Yet theoretical justification for the 
index of leading indicators has always 
been something of a sore point among 
economists. Veterans like Zarnowitz 
and Moore contend there is a theoreti
cal basis for each component of the 
index of leading indicators; newcom
ers like Stock take pride in the empiri
cal, statistical roots of the index. The 
index has been around more than SO 
years; yet, Stock observes, "no macro
economic theory has lasted that long." 
-Paul WalIich and Elizabeth Corcoran 
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Central Fidelity Bank is among the nation's top 100 commercial 
banks with $4.8 billion in assets. Looking to extend its fourteen
year record earnings streak, the bank commissioned its data 
processing division to deliver a vital strategic initiative, improve 
productivity, enhance sales opportunities, and provide faster 
customer service in the bank's nearly two hundred branch 
offices. Jay Livingston met recently with Dean Dodrill of AT&T 
to review their work together. 

Jay: Service is what bank customers 
expect. Faster service improves customer sat
isfaction and leads to more profitable relation
ships. When you speed up service, everyone 
is more productive, and we can spend more 
time with customers selling the bank's finan
cial products. 

Dean: Service and selling both depend 
on information. Our challenge was to provide 
the branches with rapid access to customer 
information and present that information to 
branch personnel in the most meaningful 
way. This could only be accomplished with a 
distributed, networked computing approach. 

Jay: That's right. Our first priority was ser
vice and sales support in our branches, which 
meant fast, accurate retrieval and dispersal of 
information was crucial. AT&T's banking 
architecture provided that. 

Dean: Early on, you talked about cost
effectiveness, return on investment, and a 
strategy for future growth and functionality. 
Remember that? 

Jay: With an emphasis on profitability. We 
had major investments in existing systems 
and a lot of branches. AT&T's open systems 
approach didn't require trade-offs or expen
sive host additions, which is one of the rea-

sons you got the business. AT&T's creative 
alternatives surprised us. 

Dean: The ease of networking AT&T 
WGS computers was fundamental to our pro
posal. We delivered maximum functionality, 
flexibility, and reliabil
ity to every worksta
tion in each branch. 

Jay: And StarLAN 
was a terrific way to 
c o n n e c t  a n d  s h a r e  
branch resources. You 
made the most of our 
assets, including the 
intangible ones. 

Dean: Like your 
customer databases
we found ways to fur
ther develop relation
ships with existing 
customers. The appli
cations development 
tools we built saved 
time for your devel
opers. New products 
and services can now 
be a d d e d  quickly to 
both platform and 
teller software, so ser
vice and sales can con
tinually improve. 

Jay: Every bank 
employee associated 
with this system has 
become more produc
tive. In my twenty-three years of banking, I've 
never seen a vendor provide such high-qual
ity service and support. Central Fidelity Bank 
and AT&T are well positioned for the future. 
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Threats to Biodiversity 
Habitat destruction, mostly in the tropics, is driving 

thousands of species each year to extinction. The 
consequences will be dire- unless the trend is reversed 

The human species came into be
ing at the time of greatest bio
logical diversity in the history of 

the earth. Today as human popula
tions expand and alter the natural en
vironment, they are reducing biologi
cal diversity to its lowest level since 
the end of the Mesozoic era, 65 mil
lion years ago. The ultimate conse
quences of this biological collision are 
beyond calculation and certain to be 
harmful. That, in essence, is the biodi
versity crisis. 

In one sense the loss of diversity is 
the most important process of envi
ronmental change. I say this because it 
is the only process that is wholly irre
versible. Its consequences are also the 
least predictable, because the value of 
the earth's biota (the fauna and flora 
collectively) remains largely unstud
ied and unappreciated. Every country 
can be said to have three forms of 
wealth: material, cultural and biologi
cal. The first two we understand very 
well, because they are the substance 
of our everyday lives. Biological wealth 
is taken much less seriously. This is a 
serious strategic error, one that will be 

EDWARD o. WILSON was one of the 
first to call attention to the global 
decline in biological diversity and to 
sound the alarm on the consequences 
of its loss. His interest in living or
ganisms, especially ants, stems back to 
his childhood, which was devoted to 
the exploration and collection of living 
things, and to his undergraduate stud
ies in evolutionary biology at the Univer
sity of Alabama. He received his Ph.D. in 
biology from Harvard University, where 
he is now Frank B. Baird, Jr., Professor of 
Science and Curator in Entomology. Wil
son has made major contributions to a 
number of fields, including the behavior 
and evolution of social insects, chemical 
communication and the evolution of so
cial behavior. He has been awarded the 
National Medal of Science, the Pulitzer 
Prize in general nonfiction for his book 
On Human Nature and the Tyler Prize 
for environmental achievement. 

by Edward O. Wilson 

increasingly regretted as time passes. 
The biota is on the one hand part of a 
country's heritage, the product of mil
lions of years of evolution centered on 
that place and hence as much a reason 
for national concern as the particulari
ties of language and culture. On the 
other hand, it is a potential source for 
immense untapped material wealth in 
the form of food, medicine and other 
commercially important substances. 

I t is a remarkable fact, given the 
interdependence of human beings 
and the other species that inhabit 

the planet, that the task of studying 
biodiversity is still in an early stage. 
Although systematics is one of the 
two oldest formal disciplines of bi
ology (the other is anatomy), we do 
not even know to the nearest order of 
magnitude the number of species of 
organisms on the earth. With the help 
of other specialists, I have estimated 
the number of species that have been 
formally described (given a Latinized 
scientific name) to be about 1.4 mil
lion. Even conservative guesses place 
the actual number of species at four 
million or greater, more than twice the 
number described to date. 

Terry L. Erwin of the Smithsonian's 
National Museum of Natural History 
believes the number of species to be 
even greater. With the help of co-work
ers, he applied an insecticidal fog to 
the forest canopy at localities in Brazil 
and Peru in order to obtain an esti
mate of the total number of insect and 
other arthropod species in this rich 
but still relatively unexplored habitat. 
By extrapolating his findings to moist 
tropical forests around the world and 
by including a rough estimate of the 
number of ground-dwelling species 
in his calculations, Erwin arrived at a 
global total of 30 million species. Even 
if this number proves to be a consider
able overestimate, the amount of bio
diversity in the world is certain to be 
projected sharply upward in other, 
compensatory ways. 
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Groups such as the mites and fungi, 
for example, are extremely rich and 
also very underexplored, and habitats 
such as the floors of the deep sea are 
thought to harbor hundreds of thou
sands of species, most of which re
main undescribed. Even the number of 
bacterial species on the earth is expect
ed to be many times greater than the 
3,000 that have been characterized to 
date. To take one example, an entirely 
new flora of bacteria has recently been 
discovered living at depths of 350 me
ters or more beneath the ground near 
Hilton Head, South Carolina. Even new 
species of birds continue to turn up at 
an average rate of two per year. 

Systematists are in wide agreement 
that whatever the absolute numbers, 
more than half of the species on the 
earth live in moist tropical forests, 
popularly referred to as rain forests. 
Occupying only 6 percent of the land 
surface, these ecosystems are found 
in warm areas where the rainfall is 200 

centimeters or more per year, which 
allows broad-leaved evergreen trees to 
flourish. The trees typically sort into 
three or more horizontal layers, the 
canopy of the tallest being 30 meters 
(about 100 feet) or more from the 
ground. Together the tree crowns of 
the several layers admit little sunlight 
to the forest floor, inhibiting the de
velopment of undergrowth and leav
ing large spaces through which it is 
relatively easy to walk. 

The belief that a majority of the 

TROPICAL RAIN FORESTS, such as this 

one in northern Costa Rica, are among 

the most species-rich habitats on the 

earth. The enormous biological diversity 

found in these forests can be explained 

by the fact that the most species-rich 

groups on the planet, the invertebrates 

and flowering plants, are concentrated 

there. The vegetation, much of it broad

leaved evergreens, is extremely lush; the 

tallest trees tower as much as 30 meters 

(100 feet) above the rain-forest floor. 
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DEFORESTATION IS OCCURRING at a rapid rate around the.world. In Costa Rica (top), 
as well as in parts of South America, rain forest is often cut and the land fenced in 

and converted to pasture. Unlike temperate forests, where nutrients accumulate in 

the soil, tropical forests typically have poor-quality soil. Consequently, within two or 

three years after being cleared, soil that once supported dense vegetation becomes 

too nutrient-poor to provide much grass for grazing cattle. In the U.S. (bottom), the 

impact of large-scale logging operations can be clearly seen in this photograph of a 

mountain range in the state of Washington. The scattered logs in the foreground are 
trees that have been cut and stripped of their branches and are waiting to be collected. 
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planet's species live in tropical rain
forest habitats is not based on an 
exact and comprehensive census but 
on the fact that the two overwhelm
ingly speCies-rich groups, the arthro
pods (especially insects) and the flow
ering plants, are concentrated there. 
Other extremely species-rich environ
ments exist, including the coral reefs 
and abyssal plainS of the oceans and 
the heathlands of South Africa and 
southwestern Australia, but these ap
pear to be outranked substantially by 
the rain forests. J 

Every tropical biologist has stories 
of the prodigious variety in this one 
habitat type. From a single legumi
nous tree in Peru, I once retrieved 43 

ant species belonging to 26 genera, 
approximately equal to the ant diver
sity of all of the British Isles. In 10 

selected one-hectare plots in Kaliman
tan in Indonesia, Peter S. Ashton of 
Harvard University found more than 
700 tree species, about equal to the 
number of tree species native to all 
North America. The current world re
cord at this writing (certain to be bro
ken) was established in 1988 by Alwyn 
H. Gentry of the Missouri Botanical 
Garden, who identified approximately 
300 tree species in each of two one
hectare plots near Iquitos, Peru. 

Why has life multiplied so prodi
giously in a few limited places such as 
tropical forests and coral reefs? It was 
once widely believed that when large 
numbers of species coexist, their life 
cycles and food webs lock together in 
a way that makes the ecosystem more 
robust. This diversity-stability hypoth
esis has given way during the past 
20 years to a reversed cause-and-ef
fect scenario that might be called the 
stability-diversity hypothesis: fragile 
superstructures of species build up 
when the environment remains sta
ble enough to support their evolution 
during long periods of time. Biologists 
now know that biotas, like houses of 
cards, can be brought tumbling down 
by relatively small perturbations in 
the physical environment. They are 
not robust at all. 

The history of global diversity is 
reflected in the standing diversi
ty of marine animals, the group 

best represented in the fossil record. 
The trajectory can be summarized as 
follows: after the initial "experimen
tal" flowering of multicellular animals, 
there was a swift rise in species num
ber in early Paleozoic times (some 600 

million years ago), then plateaulike 
stagnation for the remaining 200 mil
lion years of the Paleozoic era and fi
nally a slow but steady climb through 
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the Mesozoic and Cenozoic eras to 
diversity's present all-time high [see 
illustration at right). 

The overall impression gained from 
examining these and comparable sets 
of data for other groups of organisms 
is that biological diversity was hard 
won and a long time in coming. Fur
thermore, the procession of life was 
set back by five massive extinction 
episodes during the Ordovician, Devo
nian, Permian, Triassic and Cretaceous 
periods. The last of these is by far the 
most famous, because it ended the 
age of dinosaurs, conferred hegemo
ny on the mammals and ultimately, 
for better or worse, made possible 
the origin of our own species. But 
the Cretaceous crisis was minor com
pared with the great Permian crash 
some 240 million years ago, which 
extinguished between 77 and 96 per
cent of all marine animal species. As 
David M. Raup of the University of 
Chicago has observed, "If these esti
mates are even reasonably accurate, 
global biology (for higher organisms, 
at least) had an extremely close call." It 
took five million years, well into Meso
zoic times, for species diversity to 
begin a Significant recovery. 

What lessons can be drawn from 
these extinction episodes of the past? 
It is clear that recovery, given suffi
cient time, is sometimes possible. It is 
also true that in some cases new spe
cies can be created rapidly. A large 
minority of flowering-plant species 
have originated in a single generation 
by polyploidy-a multiplication of 
chromosome sets, either within a sin
gle individual or following the hybridi
zation of two previously distinct spe
cies. Even geographic speciation, in 
which populations diverge genetically 
after being separated by a barrier such 
as a strait or desert, can in extreme 
cases lead to the evolution of new 
species in as few as from 10 to 100 
generations. Hence, it might be argued 
that when a mass extinction occurs 
the deficit can be made up in a rela
tively short time. But under such cir
cumstances pure numbers of species 
mean little. What matters more, in 
terms of the spread of genetic codes 
and the multiple ways of life they 
prescribe, is diversity at the higher 
taxonomic levels: the number of gen
era, families and so on. 

A species is most interesting when 
its traits are sufficiently unique to 
warrant its placement in a distinct 
genus or even a higher-level taxon, 
such as a family. A concrete example 
helps to illustrate my point. In west
ern China a new species of muntjac 
deer was recently discovered, which 
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MILLIONS OF YEARS AGO 

BIOLOGICAL DIVERSIlY has increased slowly over time, set back occasionally by 

mass extinctions. There have been five mass-extinction events so far: at the close 

of the Ordovician, Devonian, Permian, Triassic and Cretaceous periods, when the 

number of families of marine organisms declined by 12, 14, 52, 12 and II percent, 
respectively. The extinction event at the end of the Permian was by far the most 

severe; since then diversity has slowly increased to its present all-time high. It 
is now declining at an unprecedented rate, however, as a result of human activity. 

appears to differ from the typical 
muntjac of Asia only in chromosome 
number and in a few relatively minor 
anatomical traits. Human beings intui
tively value this slightly differentiated 
species, of course, but not nearly so 
much as they value the giant panda, 
which is so distinctive as to be placed 
in its own genus (Ailuropoda) and fam
ily (Ailuropodidae). 

Within the past 10,000 years 
biological diversity has en
tered a wholly new era in the 

turbulent history of life on the earth. 
Human activity has had a devastat
ing effect on species diversity, and 
the rate of human-induced extinctions 
is accelerating. The heaviest pressure 
has hitherto been exerted on islands, 
lakes and other isolated and strong
ly circumscribed environments. Fully 
one half of the bird species of Poly
nesia have been eliminated through 
hunting and the destruction of native 
forests. In the 1800's most of the 
unique flora of trees and shrubs on St. 
Helena, a tiny island in the South At
lantic, was lost forever when the is
land was completely deforested. Hun
dreds of fish species that are endem
ic to Lake Victoria, formerly of great 
commercial value as food and aquari
um fish, are now threatened with ex
tinction as the result of the careless 
introduction of one species of fish, the 
Nile perch. The list of such biogeo
graphic disasters is extensive. 

Serious as the episodes of pin-

point destruction are, they are minor 
compared with the species hecatomb 
caused by the clearing and burning of 
tropical rain forests. Already the for
est has been reduced to approximate
ly 55 percent of its original cover (as 
inferred from soil and climate profiles 
of the land surface), and it is being 
further reduced at a rate in excess of 
100,000 square kilometers a year. This 
amount is 1 percent of the total cover, 
or more than the area of Switzerland 
and the Netherlands combined. 

What is the effect of such habitat 
reduction on species diversity? In ar
chipelago systems such as the West 
Indies and Polynesia, the number of 
species found on an individual island 
corresponds roughly to the island's 
area: the number of species usually 
increases with the size of the island, 
by somewhere between the fifth and 
the third root of the area. Many fall 
close to the central value of the fourth 
root. The same relation holds for "hab
itat islands," such as patches of forest 
surrounded by a sea of grassland. As 
a rough rule of thumb, a tenfold in
crease in area results in a doubling of 
the number of species. Put the other 
way, if the island area is diminished 
tenfold, the number of species will be 
cut in half. 

The theory of island biogeography, 
which has been substantiated at least 
in broad outline by experimental alter
ations of island biotas and other field 
studies, holds that species number 
usually fluctuates around an equilibri-
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um. The number remains more or less 
constant over time because the rate 
of immigration of new species to the 
island balances the extinction rate of 
species already there, and so diversity 
remains fairly constant. The relation 
between the theory of island biogeog
raphy and global diversity is an impor
tant one: if the area of a particular 
habitat, such as a patch of rain forest, 
is reduced by a given amount, the 
number of species living in it will sub
side to a new, lower equilibrium. The 
rich forest along the Atlantic coast of 
Brazil, for example, has been cleared 
to less than 1 percent of its original 
cover; even in the unlikely event that 
no more trees are cut, the forest biota 
can be expected to decline by perhaps 
75 percent, or to one quarter of its 
original number of species. 

I have conservatively estimated that 
on a worldwide basis the ultimate 
loss attributable to rain-forest clearing 
alone (at the present 1 percent rate) is 
from .2 to .3 percent of all species in 

� 
ELEUTHERODACTYLUS � 

the forests per year. Taking a very 
conservative figure of two million spe
cies confined to the forests, the global 
loss that results from deforestation 
could be as much as from 4,000 to 
6,000 species a year. That in turn is on 
the order of 10,000 times greater than 
the naturally occurring background 
extinction rate that existed prior to 
the appearance of human beings. 

Although the impact of habitat de
struction is most severely felt in tropi
cal rain forests, where species diver
sity is so high, it is also felt in oth
er regions of the planet, particularly 
where extensive forest clearing is 
taking place. In the U. S. alone, some 
60,000 acres of ancient forests are 
being cut per year, mostly for lum
ber that is then exported to Japan 
and other countries in the Pacific rim. 
Most severely affected are the nation
al forests of the Pacific Northwest, 
from which some 5.5 billion board
feet of timber were harvested in 1987, 

and Alaska's Tongass National Forest, 
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NUMBER OF SPECIES on an island corresponds to its size. As a general rule, when the 
area of an island increases tenfold, the number of species on it doubles. This is easily 

demonstrated for an island archipelago, such as the West Indies (top), where there 

are numerous islands of different sizes. The numbers of species of reptiles and 

amphibians on five islands, including Anolis lizards and E1eutherodactylus tree frogs, 

were counted and the combined total plotted against the area of each island. As the 
curve shows (bottom), a large island, such as Cuba, has more than twice as many 

species as, say, the smaller island of Saba. These findings have important implica

tions for conservation biology because the data can be used to predict species loss 

from habitat destruction and to determine the optimal size of wildlife preserves. 
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where as much as 50 percent of 
the most productive forestland has 
been logged since 1950. Although re
forestation in these areas is possible, 
the process of regrowth may last 100 

years or more. 

H oW long does it take, once 
a habitat is reduced or de
stroyed, for the species that 

live in it to actually become extinct? 
The rate of extinction depends on the 
size of the habitat patch left undis
turbed and the group of organisms 
concerned. In one ingenious study, Ja
red M. Diamond of the University of 
California at Los Angeles and John W. 
Terborgh of Duke University counted 
the number of bird species on several 
continental-shelf islands, which until 
about 10,000 years ago had been part 
of the mainland but then became iso
lated when the sea level rose. By com
paring the number of species per is
land With the number of species on 
the adjacent mainland, Diamond and 
Terborgh were able to estimate the 
number of species each island had 
lost and to correlate the rate of spe
cies loss with island size. 

Their model has been reasonably 
well confirmed by empirical studies of 
local bird faunas, and the results are 
sobering: in patches of between one 
and 20 square kilometers, a common 
size for reserves and parks in the 
tropics and elsewhere, 20 percent or 
more of the species disappear within 
50 years. Some of the birds vanish 
quickly. Others linger for a while as 
the "living dead." In regions where the 
natural habitat is highly fragmented, 
the rate of species loss is even greater. 

These extinction rates are proba
bly underestimates, because they are 
based on the assumption that the spe
cies are distributed more or less even
ly throughout the forests being cut. 
But biological surveys indicate that 
large numbers of species are confined 
to very limited ranges; if the small 
fraction of the forest habitat occupied 
by a species is destroyed, the species 
is eliminated immediately. When a sin
gle ridge top in Peru was cleared re
cently, more than 90 plant species 
known only from that locality were 
lost forever. 

Ecologists have begun to identify 
"hot spots" around the world-habi
tats that are rich in species and also in 
imminent danger of destruction. Nor
man Myers, an environmental consul
tant with wide experience in the trop
ics, has compiled a list of threatened 
rain-forest habitats from 10 places: 
the Choco of western Colombia, the 
uplands of western Amazonia, the 
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SATELUTE IMAGE of the northern tip of Prince of Wales Island in Tongass National 

Forest, Alaska, shows the extent to which the region has been clear cut. Areas that 

have recently been cleared and are barren of tree cover are indicated in pink; those 
that have been cut but have started to recover are light green; areas where the forest 

has not yet been disturbed are dark green. The image covers about 400 square miles. 

Atlantic coast of Brazil, Madagascar, 
the eastern Himalayas, the Philip
pines, Malaysia, northwestern Bor
neo, Queensland and New Caledonia. 
Other biologists have similarly classi
fied certain temperate forest patches, 
heathlands, coral reefs, drainage sys
tems and ancient lakes. One of the 
more surprising examples is Lake Bai
kal in Siberia, where large numbers of 
endemic crustaceans and other inver
tebrates are endangered by rising lev
els of pollution. 

The world biota is trapped as 
though in a vise. On one side it is be
ing swiftly reduced by deforestation. 
On the other it is threatened by climat
ic warming brought on by the green
house effect. Whereas habitat loss is 
most destructive to tropical biotas, 
climatic warming is expected to have a 
greater impact on the biotas of the 
cold temperate regions and polar re
gions. A poleward shift of climate at 
the rate of 100 kilometers or more per 
century, which is considered at least a 
possibility, would leave wildlife pre
serves and entire species ranges be
hind, and many kinds of plants and 
animals could not migrate fast enough 
to keep up. 

The problem would be particularly 
acute for plants, which are relatively 
immobile and do not disperse as read· 
ily as animals. The Engelmann spruce, 
for example, has an estimated natural 
dispersal capacity of from one to 20 

kilometers per century, so that mas-

sive new plantings would be required 
to sustain the size of the range it cur
rently occupies. Margaret Davis and 
Catherine Zabinski of the University of 
Minnesota predict that in response 
to global warming four North Amer
ican trees-yellow birch, sugar ma
ple, beech and hemlock-will be dis
placed northward by from 500 to 
1,000 kilometers. Hundreds of thou
sands of species are likely to be simi
larly displaced; how many will adapt 
to the changing climate, not having 
migrated, and how many will become 
extinct is, of course, unknown. 

Virtually all ecologists, and I in
clude myself among them, would 
argue that every species extinction 
diminishes humanity. Every microor
ganism, animal and plant contains on 
the order of from one million to 10 

billion bits of information in its ge
netic code, hammered into existence 
by an astronomical number of muta
tions and episodes of natural selection 
over the course of thousands or mil
lions of years of evolution. Biologists 
may eventually come to read the en
tire genetic codes of some individual 
strains of a few of the vanishing spe
cies, but I doubt that they can hope 
to measure, let alone replace, the nat
ural species and the great array of 
genetic strains composing them. The 
power of evolution by natural selec
tion may be too great even to conceive, 
let alone duplicate. Without diversity 
there can be no selection (either natu-
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ral or artificial) for organisms adapt
ed to a particular habitat that then un
dergoes change. Species diversity-the 
world's available gene pool-is one of 
our planet's most important and irre
placeable resources. No artificially se
lected genetic strain has, to my knowl
edge, ever outcompeted wild variants 
of the same species in the natural 
environment. 

It would be naive to think that hu
manity need only wait while natural 
speciation refills the diversity void cre
ated by mass extinctions. Following 
the great Cretaceous extinction (the 
latest such episode), from five to 10 

million years passed before diversity 
was restored to its original levels. As 
species are exterminated, largely as a 
result of habitat destruction, the ca
pacity for natural genetic regenera
tion is greatly reduced. In Norman My
ers's phrase, we are causing the death 
of birth. 

Wild species in tropical forests 
and other natural habitats are 
among the most important re

sources available to humankind, and 
so far they are the least utilized. At 
present, less than one tenth of 1 per
cent of naturally occurring species are 
exploited by human beings, while the 
rest remain untested and fallow. In the 
course of history people have utilized 
about 7,000 plant species for food, but 
today they rely heavily on about 20 

species, such as wheat, rye, millet and 
rice-plants for the most part that 
Neolithic man encountered haphaz
ardly at the dawn of agriculture. Yet 
at least 75,000 plant species have edi
ble parts, and at least some of them 
are demonstrably superior to crop 
species in prevalent use. For example, 
the winged bean, Psophocarpus tetrag
onolobus, which grows in New Guinea, 
has been called a one-species super
market: the entire plant-roots, seeds, 
leaves, stems and flowers-is edible, 
and a coffeelike beverage can be made 
from its juice. It grows rapidly, reach
ing a height of 15 feet in a few weeks, 
and has a nutritional value equal to 
that of soybeans. 

Wild plant and animal species also 
represent vast reservoirs of such po
tentially valuable products as fibers 
and petroleum substitutes. One ex
ample is the babassu palm, Orbignya 
phalerata, from the Amazon basin; a 
stand of 500 trees produces about 125 

barrels of oil a year. Another striking 
example is the rosy periwinkle, Catha
ranthus roseus, an inconspicuous lit
tle plant that originated in Madagas
car. It yields two alkaloids, vinblas
tine and vincristine, that are extremely 

© 1989 SCIENTIFIC AMERICAN, INC



Push these buttons and turn a 
typewriter into a word processor 

When is a typewriter more than a 
typewriter? 

When ies the Smith Corona XD 
7600. Just a touch of its cursor keys and it 
becomes an easy-to-use word processor. 
You

;
ll be able to move text around and 

add or delete anything from one word to 
an entire paragraph. 

In addition; the XD 7600 has a 2 line 
by 40 character display, 20;000 characters 
of internal memory, as well as a total cor
rection system. Best of all; you get all 
these word processing features on a type
writer budget. 

Of course; the XD 7600 also functions 
as a top-of-the-line typewriter. It has 
a 75;000 word Spell-Right'" Electronic 

Dictionary, letter-quality printing and 
the exclusive fumble-free Smith Corona 
Correcting Cassette. 

The Smith Corona XD 7600. It not 
only turns into a word processor; it could 
turn you into a better writer. 

�IIIII� E�1l6�� 
TOMORROWS TECHNOl.OGY 

AT YOUR TOUCH'· 

For more information on this product, write to Smith Corona Corporation, 65 Locust Avenue, New Canaan, CT 06840 
or Smith Corona Canada, 440 Tapscott Road, Scarborough, OntariO, Canada MIB lY4. 

© 1989 SCIENTIFIC AMERICAN, INC



PlANTS FROM TROPICAL RAIN FORESTS are the source of food, medicine and 
other commercially valuable products. The rosy periwinkle, Catharanthus rose us 
(left), contains substances that are effective against some cancers, and the babassu 

palm, Orhignya phalerata (right), produces bunches of fruit (each one weighing about 
200 pounds), from which oil (for cooking and other purposes) can be extracted. 

INSECT DIVERSITY is extraordinarily high in tropical rain forests, where millions 

of species, including this ant from the island of Sulawesi in Indonesia, have yet to 

be inventoried. The ant, which is unusual for its large eyes and robotlike move· 

ments, belongs to the genus Opisthopsis but has not yet been given a species name. 

effective against Hodgkin's disease 
and acute lymphocytic leukemia. The 
income from these two substances 
alone exceeds $100 million a year. Five 
other species of Catharanthus occur 
on Madagascar, none of which have 
been carefully studied. At this mo
ment one of the five is close to extinc
tion due to habitat destruction. 

B iological diversity is eroding at a 
swift pace, and massive losses 
can be expected if present rates 

continue. Can steps be taken to slow 
the extinction process and eventual
ly bring it to a halt? The answer is 
a guarded "yes." Both developed and 
developing (mostly tropical) countries 
need to expand their taxonomic inven
tories and reference libraries in order 

to map the world's species and identi
fy hot spots for priority in conserva
tion. At the same time, conservation 
must be closely coupled with econom
ic development, especially in coun
tries where poverty and high popula
tion densities threaten the last of the 
retreating wildlands. Biologists and 
economic planners now understand 
that merely setting aside reserves, 
without regard for the needs of the 
local population, is but a short-term 
solution to the biodiversity crisis. 

Recent studies indicate that even 
with a limited knowledge of wild spe
cies and only a modest effort, more 
income can often be extracted from 
sustained harvesting of natural forest 
products than from clear-cutting for 
timber and agriculture. The irony of 
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cutting down tropical forests in order 
to grow crops or graze cattle is that 
after two or three years the nutrient
poor topsoil can no longer support the 
agricultural activity for which it was 
cleared in the first place. 

Thomas Eisner of Cornell University 
has suggested that in addition to the 
compilation of biological inventories, 
programs should be established to 
promote chemical prospecting around 
the world as part of the search for new 
products. The U. S. National Cancer In
stitute has begun to do just that: their 
natural products branch is currently 
screening some 10,000 substances a 
year for activity against cancer cells 
and the AIDS virus. 

It has become equally clear that bio
logical research must be tied to zon
ing and regional land-use planning de
signed not only to conserve and pro
mote the use of wild species but also 
to make more efficient use of land 
previously converted to agriculture 
and mono culture timber. More effi
cient land use includes choosing com
mercial species well suited to local 
climatic and soil conditions, planting 
mixtures of species with yields higher 
than those of monocultures and rotat
ing crops on a regular basis. These 
methods relieve pressure on natural 
lands without reducing their overall 
productivity. No less important are 
social studies and educational pro
grams that focus directly on the needs 
of the people who live on the land. 

I have enough faith in human nature 
to believe that when people are both 
economically secure and aware of the 
value of biological wealth they will 
take the necessary measures to pro
tect their environment. Out of that 
commi tment will grow new knowledge 
and an enrichment of the human spirit 
beyond our present imagination. 

FURTHER READING 
How MANY SPECIES ARE THERE ON 

EARTH? Robert M. May in Science, Vol. 
241, No. 4872, pages 1441-1449; Sep
tember 16, 1988. 

BIODIVERSIlY. Edited by E. O. Wilson and 
Frances M. Peter. National Academy 
Press, 1988. 

CONSERVATION BIOLOGY: THE SCIENCE OF 

SCARCITY AND DIVERSIlY. Edited by Mi
chael L Soule. Sinauer Associates, Inc., 
1986. 

THE PH I MARY SOURCE: TROPICAL FORESTS 

AND OUR FUTURE. Norman Myers. W. W. 
Norton & Company. 1984. 

MAss ExTINCTIONS IN THE MARINE FOSSIL 

RECOHIl. David M. Raup and J. John 
Sepko ski, Jr., in SCience, Vol. 215, No. 
4539, pages 1501-1503; March 19, 
1982. 
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BTU·TIFU[ BURNER 
KNOCKSNOx 

Flameless gas burner boosts productivity, 
reduces NOx emissions by 80% . 

Fiber Matrix 

Flameless Combustion 

Increasingly stringent emission regulations are affecting many traditional 
heating and manufacturing processes. One answer to compliance is an innovative 
radiant gas burner marketed under the name Pyrocore® by Alzeta Corporation. 

Designed to take full advantage of the thermal efficiency and clean burning 
qualities of natural gas, the unique infrared burner maintains high heat flux and 
uniform surface temperatures in the range of 1700-2000°F with extraordinarily 
low pollutant emissions. 

The Pyrocore technology was developed under an R&D contract from the Gas 
Research Institute. Combustion is flameless when premixed natural gas and air 
pass through a porous fiber matrix and are ignited on the burner's outer surface. 

Pyrocore burners have excelled in field testing in residential hydronic and 
warm air furnaces, commercial water heaters and cooking equipment, industrial 
dryers, firetube boilers, and immersion tube heating of liquids, including 
asphalt. 

More steam, less NOx' One of Pyrocore's 
successful applications is in industrial fire-

ConVilnlional Retrofit with fiber burner 

tube boilers-either new or retrofit. Numer
ous installations have shown Pyrocore 
burners capable of increasing boiler capac
ity by 10 to 20%, reducing nitrogen oxides 
emissions by 80% and increasing fuel effi
ciency by up to 2% (resulting in operating 
cost savings of about $1,OOO/yr. for a 
100-hp boiler). 

.. 
Convective 
Heat 

Cleaner refinery air. Traditional oil pro
cess heaters have good thermal efficien
cies but produce NOx emissions at levels 
that are a problem in California and some 
other areas. GRI has funded the develop
ment of an advanced refinery heater 
employing the Pyrocore burner. Field tests 
indicate that the new heaters will reduce 
NOx emission to less than 20 parts per 
million (compared with 50-200 ppm). 
Pyrocore's higher efficiency permits 
smaller, less expensive heaters. And its 
uniform heating will extend heat 
exchanger life and reduce maintenance. 

Kinetics Technology International Corpo
ration, an engineering firm serving the 
refinery industry, is marketing the tech
nology with Aizeta. 

For more information, write to Mr. John 
1. Cuttica, Vice President, End Use R&D, 
Gas Research Institute, Dept. ASA, 
8600 W. Bryn Mawr Ave. , Chicago, IL 60631. 
Or call Mr. Wayne V. Krill, Vice President, 
Aizeta Corporation at (408) 727-8282. 
Or ask for an industrial marketing 
representative at your local gas company. 

Gas. America's best energy value. 
I!:J 1989 American Gas Association 
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The Growing Human Population 
Development will stabilize populations, but will development 

come before population growth and harsh technologies do 
irremediable damage to the planet's life-support capacity? 

The human life we know is set 
in a small space and in a small 
slice of time. If the earth were 

represented as a globe two feet in 
diameter, most life would be contain
ed within the paint marking its sur
face, and the habitat of the five billion 
humans would be a thin layer within 
that. As recently as 10,000 years ago, 
people gathered into small Neolithic 
settlements. There were from five to 
10 million human beings then-not 
enough to exercise much influence on 
the ecosystem within which they lived 
and worked. That situation prevailed 
for most of the next 10,000 years. Only 
in the past few decades have humans 
brought about changes comparable in 
magnitude to those wrought by nature 
during long epochs of geological time. 
Forests that grew over centuries and 
soils that took millions of years to 
develop are now being used up in a 
single human lifetime. 

The population of the world at mid
century was 2.5 billion; some time 
in 1987 it passed five billion. The 
increase in the past 40 years has 
equaled the total increase over the 
millions of years from when the hu
man species emerged until 1950. Ac
cording to projections by the United 
Nations Population Division, the next 
35 years (to 2025) will see a further 
increase to 8.5 billion. Of the projected 
increase of some 3.2 billion, the Unit
ed Nations finds that less than 200 
million will be in the developed coun
tries; at least three billion-that is, 95 
percent-will be in the less developed 
countries. 

Should we be worrying about the 

EXTREME CROWDING in Mexico City, the 
largest city in the world, forces millions 
of poor people to live in slums such as 
this one, where sewage disposal, ade
quate water supplies and other servic
es do not exist. The city's population 
of 19.4 million is expected to swell to 
24.4 million by the end of the century. 

by Nathan Keyfitz 

absolute increase of 3.2 billion peo
ple, or should we take satisfaction in 
the fact that the rate of increase is 
slowing? Between 1980 and 1985 to
tal population increased by 9 percent; 
between 2020 and 2025 the increase 
is projected to be only 4 percent. Yet 
because the rate of increase applies to 
an ever larger base, the absolute popu
lation curve will continue upward. It 
will be well into the second quarter of 
the 21st century before the absolute 
number of births will come down even 
to the high levels of today. The popula
tion curve, of course, will continue to 
slope upward well beyond that time. 

Is this progress or retrogression? 
Can one take satisfaction from the 
fact that the hungry will represent a 
declining fraction of the total popu
lation when their absolute number 
is increasing? Can one be glad that 
the rate of increase is slowing when 
it is not rates that wreak ecological 
destruction but absolute numbers 
of people? 

The exponential growth of pop
ulation and its attendant as
sault on the environment is so 

recent that it is difficult for people to 
appreciate how much damage is be
ing done. Through long ages, many 
societies wanted more people; people 
added to the strength of the family 
and of the kingdom in which they 
labored. Death rates were so high that 
populations did not increase by much. 
The human population was viewed as 
a fragile entity in constant danger of 
extinction, locally if not globally. Peo
ple were precious to their ruler, in 
much the same way as slaves were to 
their owners. 

In 17th-century Europe the land 
could provide food for more people 
than were needed to work it. Hence, 
a ruler could put surplus laborers to 
work at the labor-intensive task of 
weaving cloth. The cloth could then 
be sold abroad in exchange for gold. 
That system was mercantilism, as prac-

ticed for example by Jean-Baptiste 
Colbert, finance minister to Louis XIV 
of France. Similar economic ideas were 
accepted throughout Europe. Even 
with the advent of machine produc
tion, large numbers of laborers could 
be employed, because although pro
ductivity per worker certainly in
creased, the demand for products in
creased even faster. Hence, labor re
mained a valued commodity. 

Today rapid population growth is 
occurring simultaneously with im
provements in production methods. 
In addition, an egalitarian ethos has 
spread in less developed countries as 
well as in industrialized ones. And so 
the conditions that prevailed until the 
19th century-low population density 
on fertile land, labor-intensive tech
nology and regard for the welfare of 
rulers rather than of workers-apply 
much less now. Labor-saving technol
ogy makes it more difficult to turn 
unequipped workers into gold. On the 
contrary, the less developed countries 
borrow capital to buy equipment in 
order to create employment for their 
people. Yet the eqUipment, designed 
in highly developed countries, re
quires relatively few hands to run it, 
and so even when borrowing by the 
less developed countries was at its 
height in the 1970's, unemployment 
kept increasing. 

Are the unemployed evidence of 

NATHAN KEYFITZ was born in Montre
al. He received his B.Se. in 1934 from 
McGill University and his Ph.D. in sociol
ogy from the University of Chicago in 
1952. He has held appointments at the 
University of Toronto, University of Chi
cago, University of California at Berke
ley, Harvard University and Ohio State 
University. He is currently Andelot Pro
fessor Emeritus at Harvard, Lazarus Pro
fessor Emeritus at Ohio State, head of 
the Population Program at the Interna
tional Institute of Applied Systems Anal
ysis in Austria and a consultant to the 
government of Indonesia. 
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INDUSTRIAUZATION in the developed regions led to a fall in death rates, followed by 
a drop in birth rates that began a little over a century ago. Having passed through 
this "demographic transition," the developed regions now have a net growth (shaded 
area) of only about .4 percent. In contrast, the decline in death rates in the less 
developed countries has not yet been compensated by the decline in birth rates. 
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THREE PROJECTIONS of the growing human population are shown here. If the growth 
rate were to remain near the current 1.74 percent a year until the year 2000 and 
decline thereafter to .98 percent in 2025, the world population will reach almost 
8.5 billion in 2025 (black). If the growth rate were to decline at a faster rate and reach 
.59 percent by 2025, the population in 2025 will be around 7.6 billion (blue). If the 
growth rate were to climb to 1.9 percent at the end of the century before declining, 
the population in 2025 will be more than 9.4 billion (red). The data were supplied 
by the United Nations Department of International Economic and Social Affairs. 
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overpopulation? Or are they not, rath
er, evidence of a badly run economy, in 
which the wages of those who do have 
jobs are kept artificially high? Any
thing, including labor, will remain un
used if its price is maintained above 
what buyers can afford to pay for it. 
National leaders who see that it is 
politically impossible to free their la
bor markets at least want to add as 
few more people as possible, knowing 
that one birth prevented now is one 
unemployed person fewer in 20 10. 
And since the same political forces are 
promoting the rapid spread of educa
tion, that unemployed person is likely 
to be a high school or college graduate 
and therefore especially dangerous to 
political stability. 

Population increases, then, abet
ted by various aspects of tech
nology and political structure, 

threaten social and political stabil
ity in the less developed countries. 
In addition, environmental issues are 
now emerging in the less developed 
as well as in the developed regions. 
One such issue is the flooding caused 
by deforestation; overlogging is direct
ly related to the demand from ever
expanding populations for building 
material, firewood, additional farm
land and foreign capital. Heavy floods 
caused by deforestation have recently 
led Thailand to ban all logging, and 
Malaysia is considering doing the 
same-even though both countries 
depend on timber and its products as 
an important source of employment 
and foreign exchange. 

High birth rates in the countryside 
have forced many subsistence farm
ers onto marginal lands. In the Indian 
state of Rajasthan, arid soils are being 
rapidly depleted by intensive cultiva
tion. The children of Javanese peas
ants, unable to make a living on subdi
vided plots of inherited land, have 
cleared mountainous terrain to grow 
crops, at the cost of much wasted 
labor and ecological damage. In Brazil 
peasants from overpopulated regions 
have destroyed millions of acres of 
rain forest in an attempt to eke out a 
living from soil that is essentially un
suitable for farming. 

Meanwhile, more and more people 
are moving to cities, causing extraor
dinary urban concentration around 
the world. Before the advent of mod
ern transport and the international 
grain trade, the size of a city was 
determined by its ability to command 
the agricultural surplus of farmland, 
usually in neighboring areas. All that 
has changed now: Mexico City and 
Caracas have grown by exchanging oil 
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LOCAL FOOD PRODUCTION is outstripped by population in 
the shaded regions on this map. The assessments are based 
on local agricultural technology, where only traditional, low· 

input (low·capital) methods are available (yellow); where in
termediate inputs are being employed (red); and even where 
high, green-revolution inputs are being employed (purple). 

for food, New Delhi has grown by vir
tue of its political dominance and In
dia's rail network, and Calcutta has 
grown by virtue of water transport. In 
cities that have nothing to exchange, 
foreign aid has intervened to miti
gate hunger and so, incidentally, to 
increase population further. 

No longer dependent on local prod
ucts to trade for food and other ne
cessities, cities around the world are 
expanding rapidly. A sixfold increase 
in urban population was foreseen for 
the world as a whole between 1950 
and 2020. What is more, the growth 
of cities no longer has much relation 
to the level of development. Whereas 
only 17 percent of the population of 
the less developed countries was ur
ban in 1950, well over 50 percent is 
expected to be urban in 2020. 

From some points of view the con
centration of people in cities has 
much to be said for it. To be sure, 
the air above Mexico City is scarcely 
breathable-but this is a local effect. 
In spite of the bad air, city dwellers 
probably live longer than their country 
cousins. Certainly health care, educa
tion and other amenities are more 
easily provided to urban populations 
than to rural ones. When people are 

concentrated in cities, they would 
seem to have less direct effect on the 
forests, the wildlife, the oceans-on 
the biosphere in general. 

A case might therefore be made for 
the ecological innocuousness of cit
ies-were it not for one feature of 
modern urban dwellers: their unprec
edented mobility. People in the middle 
class or higher, whether they live in 
developed or less developed coun
tries, are mostly urban, and they are 
on the move incessantly-as commut
ers, as vacationers, for business or for 
pleasure, by car, bus and plane. And 
much of the damage to the ecosphere 
is related to movement and travel. A 
middle-class American eats somewhat 
more than an Asian peasant, . owns 
more clothes and has more varied en
tertainment, but none of these advan
tages requires extravagant amounts 
of resources. From an ecological per
spective, it is the amount and mode 
of movement that principally distin
guishes the American town dweller 
from the Asian peasant. 

There are currently 500 million reg
istered automobiles on the planet, and 
on the average they burn up nearly 
two gallons of fuel a day. Filling their 
tanks consumes about one third of the 

world's production of oil. Most of this 
feverish movement occurs among the 
1.2 billion people in developed coun
tries, but in the future most net 
growth in use of motor vehicles will 
take place in the less developed coun
tries. Indeed, the number of automo
biles is increasing more quickly than 
the population. At current rates of 
increase, by 2025 there will be four 
times as many automobiles as there 
are today. 

The absolute increase in popula
tion, coupled with such trends 
as urbanization and greater mo

bility, clearly presents serious threats, 
especially for the less developed 
countries. Yet surely the absolute 
growth cannot continue forever. There 
must be some natural limit, some ulti
mate constraint. The 3.4 percent an
nual growth rate of Nigeria, for exam
ple, translates into a doubling of its 
population in 22 years. If Nigeria were 
to continue at this rate for the next 
140 years, its population would be 
equal to that of the whole world today. 
Needless to say, this will not happen. 
Either its birth rate will fall or its death 
rate will rise. Because migration on 
a scale large enough to alleviate the 
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pressure is out of the question, there 
are no other possibilities. 

It is certain, then, that sooner or 
later growth has to stop. What are the 
natural limits, and what do they im
ply? Malthus assumed that the limit 
was food, but agricultural progress 
during the past two centuries has 
thrown that assumption into ques
tion. Food surpluses exist in many 
nations, and even when famines do 
occur the cause is much less the ab
sence of food than its maldistribu
tion-which is often accentuated by 
politics and civil war, as in the Sudan. 
Yet progress in agriculture does not 
exorcise other limits set by, for exam
ple, the availability of suitable living 
space, constraints on production and 
the limited capacity of the environ
ment to absorb insults to it. To wait 
for natural constraints to intervene to 
limit population size is to accept fam
ine, low living standards, unemploy
ment, political instability and ecologi-

cal destruction. Society finds these op
tions unacceptable. It must seek ways 
to curb population growth and to 
modify human activity so that it is 
environmentally more benign. 

The first question, then, is two
pronged: How does a decline in 
growth come about, and how can 
progress toward this goal be accelerat
ed? One of the most universally ob
served and least readily explained so
cial phenomena of modern times is 
the demographic transition: the fact 
that with industrialization both death 
and birth rates fall to new low levels. 
Medical advances are partly respon
sible for the fall in death rates; im
provements in nutrition and other as
pects of the way of life also play a 
considerable role. Because death rates 
drop first, populations experience 
large growth during the course of the 
transition: for example, Great Britain's 
population multiplied by four during 
the 19th century. 

LESS-DEVELOPED COUNTRIES 
DEVELOPED 

COUNTRIES 

.1990 

.2025 

MALE FEMALE 

AGE GROUP 

OVER 65 

15-65 I 

Sooner or later after the fall of death 
rates, birth rates also start to decline. 
Indeed, birth rates do not merely drop 
to the point where they just offset the 
number of deaths (the condition that 
applied on the average throughout 
most of history); they fall below that, 
to the point where they fail to counter
balance deaths. The European coun
tries, the U.S. and Japan have a dispro
portionately large number of people 
of childbearing age because of high 
fertility in the recent past. Conse
quently, they will continue to grow for 
some time. Once the current genera
tion has passed, however, the popula
tions of these countries could fall by 
anywhere from one tenth to one third 
in each generation. 

In analyzing the demographic tran
sition, what requires explanation
the low birth rates of the present 

or the high birth rates of the past? One 
view is that people have always want-
ed to be relieved of the burden of child 
rearing but did not have convenient 
(or effective) methods of birth control. 
Another is that children were desired 
because they provided security in 
old age, as well as extra hands and 
marriage ties to other families. Wives 
were subordinate to husbands, and 
whatever else the wife was doing, 
the husband could set her to child
bearing as well. This behavior pattern 
was inculcated into boys and girls 
from earliest childhood, and the 
whole structure was supported by 
pronatalist doctrine, in particular of 
religion. 

Yet religious doctrine by itself is 
less than decisive for determining fer
tility: witness the recent decline in 
birth rates in some of the most devel
oped Catholic societies, such as Italy, 
Austria and the province of Quebec. 
Apparently some other elements of 
culture offset religious influence on 
birth rates as countries develop. One 
prominent social factor is the im
proved status of women. For example, 
in regions such as Java, where women 
enjoy greater rights and better educa
tion than they do in other Muslim 
regions, birth rates are falling, where
as in Muslim regions such as Pakistan, 
Bangladesh and certain Arab coun-200 100 o 

MILLIONS 

100 200 o 
MILLIONS 

50 tries, where women have low status, 
birth rates remain high. 

AGE DISTRIBUTION of the populations of the less developed and the developed 
countries in 1990 is compared with that projected for 2025. In less developed 
countries 37 percent of the population is younger than 15 years. Even if growth rates 
in these countries decline, their populations will continue to grow rapidly when 
these young people reach childbearing age. The labor force will expand even fast
er than the total population of these countries; indeed, the number of working
age people in the world will triple between now and 2050_ The data were furnished 
by the United Nations Department of International Economic and Social Affairs. 
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Modern industry and commerce 
make it possible for women to earn 
their own income and become fi
nancially independent of their hus
bands. Similarly, children enter the 
work force and become independent 
of their parents, and parents become 
independent of their children to the 
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SOCIO-ECONOMIC 

SETTING 

UPPER MIDDLE 

LOWER MIDDLE 

MEAN 

LOW 

MEAN 

CHINA 69 
SRI LANKA 57 

63 

INDONESIA 48 

48 

THAILAND 
PHILIPPINES 
DOMINICAN 

REPUBLIC 
MALAYSIA 
ELSALVADOR 
TUNISIA 

INDIA 
VIETNAM 

BANGLADESH 

58 ECUADOR 
45 TURKEY 

HONDURAS 
43 EGYPT 
42 MOROCCO 
34 GUATEMALA 
31 ALGERIA 
42 

32 HAITI 
21 ZIMBABWE 

KENYA 
PAKISTAN 
PAPUA 

NEW GUINEA 
SENEGAL 
LIBERIA 

27 

19 NEPAL 
TANZANIA 

19 

MEAN 

55 

40 IRAN 23 
40 SYRIA 20 
27 GHANA 10 
24 NICARAGUA 9 
19 ZAIRE 3 
18 ZAMBIA 1 

7 
25 11 30 

19 BOLIVIA 24 
14 NIGERIA 6 

7 LESOTHO 6 
6 BURMA 7 

CAMEROON 2 
5 UGANDA 1 
4 KAMPUCHEA 0 
1 

8 6 12 

7 BENIN 18 
1 SUDAN 5 

SIERRA LEONE 4 

ETHIOPIA 2 

SOMALIA 2 

YEMEN 1 
BURUNDI 1 
CHAD 1 

GUINEA 1 

MALAWI 1 
MALI 1 
NIGER 1 
BURKINA FASO 1 

MAURITANIA 1 
4 3 4 

EFFECTIV£NESS of family-planning programs is shown by 
measuring the percentage of couples who use contraceptives 
in less developed countries. Given comparable socioeconomic 
settings, the percentage of couples who use contraceptives 

is higher in countries that have stronger programs than in 
countries with weak� programs. The study was carried out 
by the late Robert J.;lapham of Demographic and Health Sur
veys and W. Parker Mauldin of the Rockefeller Foundation. 

extent that they can rely on social 
security and private savings. If a child 
is no longer a source of economic 
support, will the effort of raising chil
dren seem worthwhile? If one knew 
what mechanisms led to the drop in 
birth rates, the industrialized nations 
could check their failure to reproduce 
and the poor nations would know how 
to bring their birth rates down. 

Whatever the mechanisms, it is cer
tain that birth rates in the less de
veloped countries will decline as the 
countries develop. Their economic de
velopment is hindered by large and 
growing populations, however, and so 
the scale of development will have to 
be enormous in order for the benefits 
to reach everyone. The strain on the 
environment will therefore be unprec
edented_ Brazil says it cannot develop 
without cutting down Amazon forests, 
and it resents foreign demands for 
restraint. Population growth in some 
areas is now so great that the limits of 
materials and the environment have 

already been reached; this strain has 
slowed the economic development 
that would check births. In the face of 
such a danger, the urgency of birth
control programs cannot be stressed 
enough_ 

Regardless of the deeper origins 
of low birth rates, abundant evi
dence shows that information 

about birth control and access to con
traceptives have been major causes 
of declining fertility in all countries. 
In Asian nations that established fam
ily-planning programs in the 1960's
China, Indonesia, Thailand and South 
Korea-crude birth rates declined by 
from 25 to 60 percent over two dec
ades. In Tunisia birth rates dropped 
about twice as fast in the decade after 
the program began as in the previous 
seven years. The birth rate in Mauri
tius was nearly 40 per 1,000 before 
1965, when a birth-control program 
was initiated, and it dropped to below 
25 per 1,000 during the first eight 

years of the program_ Mexico set up a 
program in 1973, and its birth rate fell 
within about four years from some 45 
per 1,000 to some 38; the rate is cur
rently about 31 per 1,000_ 

Policymakers would like to know 
how much of these declines can be 
attributed to the programs and how 
much would have occurred in any case 
because of general socioeconomic im
provements. Using data from 19 devel
oping countries, Timothy King of the 
World Bank has calculated that fam
ily-planning programs account for 39 
percent of the decline and overall so
cioeconomic improvement for 54 per
cent. Other investigators, who used 
different data but applied essentially 
the same method, report that family
planning programs account for from 
lO to 40 percent of observed declines 
in birth rates; no serious study has 
failed to find some effect. It is worth 
noting that the first stages of moder
nization often lead to temporary in
creases in fertility, because tradition-
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al methods of birth control-extend
ed breast-feeding and postpartum ab
stinence-are typically abandoned. 
Hence, the actual effect of family-plan
ning programs is considerably greater 
than the initial figures indicate. 

Indonesia's family-planning pro
gram began offiCially in 1970. By 1980 
the National Family Planning Coor
dinating Board had established more 
than 40,000 village distribution cen
ters for contraceptive devices and 
information, mostly in Java and Bali. 
These centers are often linked to ag
ricultural cooperatives and health 
services and so become intrinsic as
pects of the country's development 
efforts. They provide social centers 
where people receive free contracep
tives. Educational programs promote 
the notion that a family should be 
"small, happy and prosperous." The 
barrage of public messages about fam
ily planning is relentless: the nation
al family-planning jingle plays when 
a train passes a railway crossing, re
ligious leaders give lectures on contra
ception at the local mosque ( Islam 
accepts birth control, with the excep
tion of permanent sterilization), and 
at five o'clock every afternoon si
rens wail to remind women to take 
their pill. 

Indonesia's campaign has met with 
notable success. Since 1972 the fer
tility rate has fallen from 5.6 to 3.4 
children per woman; whereas 400,-
000 couples practiced birth control in 
1972, in 1989 more than 18.6 million 
couples did so. Infant mortality mean
while has fallen by 40 percent. It is 
interesting that abortion is illegal in 
Indonesia; the lowering of the birth 
rate was brought about by strong 
government and community support, 
education-and the dissemination of 
free contraceptives to any couple who 
wanted them. The country's family
planning strategists hope eventually 
to get couples-those who can afford 
it-to pay for their contraceptives: 
they want people to take responsibil
ity for family planning and to consid
er contraceptives a commodity worth 
paying for. 

It is especially important to give 
couples the widest possible choice 
of contraceptive methods. The contra
ceptive pill and condoms require ef
fective distribution systems to ensure 

SEVENTY PERCENT of the projected in

crease in world population by the year 
2025 will occur in these 20 less de
veloped countries. The data are from 

the United Nations Department of In· 

ternational Economic and Social Affairs. 
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that couples have a constant supply. 
Intrauterine devices and injections of 
Depo-Provera (a synthetic hormone) 
are more convenient in that they only 
require occasional visits to health clin
ics. All these methods have possible 
side· effects, however, ranging from 
irregular menstrual bleeding to pel
vic infections, which can discourage 
women from adopting a method and 
sticking to it. Among the more recent 
and most promising developments 
are contraceptives such as Norplant 
that can be implanted under the skin 
and are effective for up to five years. 
Still, there remains a great need for 
safer, more convenient and inexpen
sive birth-control methods. 

For some of the countries of Asia 
and especially of Africa, the pronatal
ist culture is too strong for family
planning programs to have much ef
fect. Programs set up in Pakistan, Ne
pal and Kenya have had little success. 
Family-planning programs can work 
only if countries are economically and 
socially ready to accept them. Based 
on a series of surveys conducted un
der the auspices of the World Fertility 
Survey, most of the less developed 
countries are now at the point where 
sizable portions of their populations 
want smaller families than has tradi
tionally been the norm. This finding, at 
least, is cause for optimism. 

The impact of people depends not 
only on their number but also 
on their setting in the biosphere 

and on their economic activities. Can 
changes in economic practices rather 
than in population growth mitigate 
the harmful effects on the environ
ment? In Europe, North America and 
much of Asia, the traditional culture 
has usually taken a long-range per
spective on its impact on the environ
ment: good traditional farming and 
forestry practices entailed maintain
ing the land in such condition that it 
would keep producing indefinitely. 

But tradition is not everywhere a 
protection: the loggers of Nepal and 
the cattle raisers of the Sahel have 
traditions that-under the pressure 
of grOwing populations-are improvi
dent. One could say of them, as of 
many other societies, that if they were 
fewer in number, they would destroy 
less; if they had better practices, they 
would destroy less. If there were fewer 
people to drive automobiles, less fuel 
would be consumed and less smog 
generated; if people relied on public 
transport, the results would be simi
larly beneficial. 

A purely cultural feature underlies 
the economics. One can demonstrate 

KENYAN WOMAN receives an injection of the contraceptive Depo-Provera at a health 
clinic. She and her husband already have four children; the youngest lies on the 

table. "If we have more, how can we send them to school, how can we feed them?" she 

asks. The Kenyan government has recently begun to discuss instituting family-plan

ning programs, a major change from past policy. At its current annual growth rate 
of more than 4 percent, Kenya's population of 25.1 million will double in 17 years. 

this by noting that an Austrian town 
may have its own swimming pool and 
that hundreds of people walk to it on 
weekends, doing essentially the same 
thing as their American counterparts 
do by driving 100 miles or so to go to a 
beach. For affluent people everywhere, 
the urge to get into one's car and drive 
100 miles or to board a jet and fly 
across the country to swim and sun
bathe is strong. Will the culture shift 
in a direction that will spare the bio
sphere? That question is as hard to 
answer for American sunbathers as it 
is for African cattle herders. 

Everywhere there is this symmetry 
between numbers of people on the 
one hand and harmful practices on 
the other. Hence, the endless debate 
on appropriate poliCies. Some argue 
that the number of people does little 
harm in itself but only exacerbates the 
effect of bad practices; others argue 
that bad practices should of course be 
rectified but meanwhile the size of the 
population should be controlled. 

What are the population-policy 
questions regarding the as
sault on the planet? They will 

involve the relation between popula
tion and agricultural and industrial 

technology and will have to be dealt 
with in the context of conflicts be
tween less developed and developed 
countries and of civil and internation
al wars in the less developed coun
tries. The path of development will be 
rough for the people concerned-and 
in many places the degree of difficulty 
will be in proportion to the size of the 
population. 

People ultimately will become aware 
of how their own childbearing affects 
the future ecological stability of their 
country and of the planet. If the eco
logical base of an economy is under
mined by overpopulation, this cannot 
but depress economic growth. People 
will come to understand that it is pref
erable to have a few children of high 
quality rather than to have many chil
dren who will be uneducated and 
unemployed. Good policies will make 
expensive to citizens that which is 
expensive to the nation. The ecologi
cal (and other) costs of children to 
the community must be transmitted 
to the individual parents. Yet no one 
wants to tax excessive childbearing in 
such a way as to harm the children 
who are already born. This concern 
makes it much more difficult to fash
ion effective family policy than it is to, 
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say, develop commodity-consumption 
policies. 

All these concerns apply particularly 
to the less developed countries, where 
almost all the future increases in 
world population will occur. Some ex
perts are concerned that population 
growth in the developed nations will 
soon cease entirely and urge action to 
counter this possibility. Stimulating 
growth in the more developed coun-

tries, however, would set a bad exam
ple and, worse, would seem to carry a 
racist message: there are too many of 
you and not enough of us. 

But the developed nations can do 
more for the planet and for economic 
development than merely set a good 
example on population control. They 
can become more aware of how their 
policies affect the less developed 
countries. They cannot expect to col-

INDONESIAN INFANT is weighed as his mother looks on. The country's infant

health program sponsors monthly weighings, which enable mothers to moni

tor the development of their children. The program subtly promotes the idea 

that parents with small families are better able to care for their children. 
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lect debts from developing nations 
without accepting their exports. By im
posing tariffs against export items in 
the less developed regions and insist
ing on debt repayment, the developed 
nations undermine the ability of the 
less developed regions to sustain their 
populations. 

Certain agricultural and forestry 
goods, such as Senegal's peanuts and 
Thailand's plywood, are important 
means by which these countries earn 
foreign exchange, but these products 
can exact a high ecological cost. The 
subsidies that stimulate European and 
American farmers to produce surplus 
food have an unnecessarily deleteri
ous effect on the environment. Ship
ping excess wheat and corn to the less 
developed countries is a desirable 
form of charity to relieve a food emer
gency, but not when the foreign grains 
discourage local agriculture. 

Even with some care in manage
ment; industrial development pollutes 
air and water and is destructive in 
other ways. Education will increase 
awareness of these destructive effects 
and lower the birth rate; hence, it 
will ultimately lessen the stress on 
the environment. A sufficient level 
of economic development should 
bring a corresponding mastery of all 
problems, including ecological ones. 
Yet if the environment is mishan
dled badly enough, that in itself will 
slow down or even prevent further 
development. 

The question each country must 
face, then, is how to attain a sufficient 
pace of economic development with
out destroying the environment: that 
eventuality would make any future 
economic advances impossible. Most 
less developed nations are aware that 
the pace of development would be 
faster and the destruction of the envi
ronment slower if their populations 
were to increase more slowly than 
they do today. Not all of them have the 
same capacity to formulate and imple
ment policies that will put that knowl
edge to use. 
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Strategies for Agriculture 
Agricultural research will probably yield many new technologies 

for expanding food production while preserving land, water and genetic 
diversity. The real trick will be getting farmers to use them 

by Pierre R. Crosson and Norman J. Rosenberg 

One hundred years from now 
the earth may have 10 bil
lion inhabitants, about twice 

as many as it has now. If projec
tions made by demographers at the 
World Bank are correct, the human 
population will by then be approach
ing a stable level, as the populations 
of many industrialized countries al
ready have. Will our species be able to 
feed itself when this steady state is 
reached? The short answer is probably 
yes. World food production could 
grow significantly more slowly than 
the current rate, and there would still 
be enough food for 10 billion mouths 
by the time they arrive. 

The long answer is not quite as sim
ple. Not only must the food supply 
expand, it must expand in a way that 
does not destroy the natural environ
ment. For that to happen, a steady 
stream of new technologies that mini
mize erosion, desertification, saliniza
tion of the soil and other environmen
tal damage must be introduced. We 
are confident that if the strong sys
tem of agricultural-research organiza
tions already in place is provided with 
enough financial support and leader
ship, it will develop these techniques. 
But we also believe that developing 
new technology is not the most diffi-

PIERRE R. CROSSON and NORMAN J. 
ROSENBERG are colleagues at Resources 
for the Future in Washington, D.C. Cros
son, who has a Ph.D. in economics from 
Columbia University, is senior fellow in 
the Energy and Natural Resources Di
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physics and meteorology is from Rut
gers University, is director of the Cli
mate Resources Program. The authors 
would like to acknowledge the help and 
advice of Charles A. Francis of the Uni
versity of Nebraska at Lincoln, Stephen 
R. Gliessman of the University of Cali
fornia, Santa Cruz, James D. Rhoades of 
the U.S. Salinity Laboratory in Riverside, 
Calif., and Charles F. Hutchinson of the 
University of Arizona. 

cult problem facing the world's agri
culture ; society is. 

In order for new, less damaging 
techniques to have an effect, they 
must be used. For them to be intro
duced at the level of the individual 
farm, they must benefit the farmer. In 
a market system, such benefit gener
ally takes the form of profit. Yet mar
kets are not well equipped to protect 
resources such as water and genet
ic diversity, in which it is difficult to 
establish property rights. In our view 
the most challenging problem for ag
ricultural policy is to devise institu
tional mechanisms that will reward 
individual farmers for valuing these 
precious resources at their true so
cial worth. 

The pressure to develop new ag
ricultural technologies will be 
roughly proportional to the rate 

of depletion of natural resources em
ployed in agriculture. Of these resour
ces, three-land, water and genetic di
versity-are critical, and those are the 
three we shall focus on in this article. 

In many parts of the world the 
supply of agricultural land is threat
ened by various kinds of degradation. 
Among the most important forms are 
erosion by wind and water and the 
consequent loss of soil productivity ; 
degradation of rangelands in the arid, 
semiarid and subhumid regions ; and 
waterlogging and salinization of irri
gated lands. All these processes can be 
considered under the general heading 
of desertification (even though that 
term in the popular imagination sug
gests only the expansion of desert 
onto adjacent rangeland or farmland), 
and that is the rubric under which 
they will be treated here. 

Data compiled by the United Na
tions Environment Program (UNEP) in
dicate that about 60 percent of the 3.3 
billion hectares of agricultural land 
that are not in humid regions is affect
ed to some degree by desertification 
as broadly defined above. ( One hec-
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tare is 2.47 acres.) Such a large frac
tion suggests desertification is a ma
jor problem in the world today. 

Yet all such global estimates must 
be taken with more than a few grains 
of salt. For one thing, they depend on 
the definition of desertification, which 
may vary. For another, in most of the 

world's regions accurate estimates of 
degradative processes are not avail
able. Take the case of erosion. The U.S. 
is the only country in the world that 
has reasonably accurate and compre
hensive estimates of soil erosion and 
its effect on prodUctivity. Those esti
mates suggest that if current rates of 
cropland erosion prevail for 100 years, 
crop yields will be from 3 to 10 per
cent lower than they would be other
wise. Yield increases (resulting from 
technology) that are modest by histor
ical standards would much more than 
compensate for such a loss. 

Estimates of erosion have been 
made for other parts of the world
some showing very large losses. But 
experts who have examined these esti
mates closely, including a review car
ried out for the United Nations Food 
and Agriculture Organization in 1984, 

concluded that these evaluations have 
little scientific merit. There is no ques
tion that erosion and the resulting 
loss of productivity is significant in 
some regions, including Nepal, parts 
of India, the highlands of East Africa 
and parts of the Andes. The impor
tance of these losses in relation to 
the world's total output of food, how
ever, is quite uncertain, and apoca
lyptic scenarios ought to be evaluat
ed skeptically. 

Even areas that have been subject 
to desertification are not necessarily 
lost to agriculture forever. The over
whelming share of the land reported 
to the UNEP as desertified is rangeland. 
Rangeland is subject to degradation 
around the world, but events in the 
Sahelian zone of Africa provide a strik
ing example. Rapid growth of popula
tion in the Sahel and the Horn of Africa 
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IRRIGATED CROPlAND appears red in this satellite photo
graph made over the Nile where it flows through the Sudan_ 
In the past 70 years, a variety of irrigation projects have in-

creased the agricultural productivity of this dry region. More 
than half of the increase in the world's agricultural produc
tivity during the past few decades has come from irrigation. 
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WORLD FOOD PRODUCTION is growing faster than population. The chart shows the 

annual increase in total production of cereals (red) and in the world's population 

(blue). If the food supply can be increased at the current pace (or even a slower one), 

there will be enough food for a stable world population of 10 billion in 100 years. 

after World War IT led to an increase in 
grazing pressure that would by itself 
have led to a decline in range produc
tivity. The process of degradation was 
intensified by a severe drought that 
began in the 1960's and has continued 
intermittently since. 

Yet satellite images show that 
even the depleted Sahelian 
rangeland and farmland can re

cuperate. In years of good rainfall the 
so-called Green Wave of vegetation 
extends farther north into the Sahel 
than it does during dry years. It is 
likely that high-quality vegetation 
does not return immediately to the 
overgrazed areas, but it does seem 
that with carefully controlled grazing 
programs in place much apparently 
desertified land could recover. The 
problem, of course, is to maintain 
"careful control" where the population 
is growing rapidly and there is a tradi
tion of unhindered access to the land. 
As we shall argue later on, the chief 
difficulties facing world agriculture 
stem from the lack of institutions for 
handling such situations and not from 
inexorable natural processes. 

Another aspect of desertification, 
broadly defined, is salinization. In ar
eas where irrigation water contains 

large quantities of dissolved salts, im
proper irrigation practices and lack of 
drainage often lead to salt buildup in 
the soil and direct damage to growing 
plants. According to James D. Rhoades 
of the U.S. Salinity Laboratory in River
side, Calif., irrigation water can con
tain as much as 3.5 tons of salt per 
1,000 cubic meters. Since crops of
ten require from 6,000 to 9,500 cu
bic meters of water per hectare each 
year, that amount of land may receive 
up to 33 tons of salt. Little of the 
salt is taken up by plants; most of it 
is left behind in the soil as the wa
ter evaporates. 

Technical means for dealing with 
salinization are known: the salt must 
be flushed out of the root zone by 
applying excess water. Yet when this 
is done, the problem is often only 
moved on. If drainage water reenters 
the supplying canal, the salt content 
of the irrigation water is increased 
for all users farther downstream. The 
key problem in reducing salinization 
is the absence of institutions and 
policies that require the upstream 
farmer to take account of the con
sequences of his actions for those 
downstream. 

The conversion of rural land to 
urban uses is an inevitable part of 
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economic development; sometimes it 
is seen as a threat to the supply of 
land for agricultural production. In 
the 1970's a study by the U.S. Depart
ment of Agriculture and the Council 
on Environmental Quality concluded 
that by the 1990's the conversion of 
agricultural land could present the 
nation with a resource-scarcity prob
lem as serious as the then prevailing 
energy crisis. Subsequent analysis has 
greatly diminished such concern, and 
the issue is no longer much discussed 
in the U.S. 

In countries where farmland is less 
abundant than it is in the U.S. (in Asia, 
for example), urbanization may be a 
larger threat. Yet some data suggest 
that even in Asia the problem is not 
yet very imposing. In northern In
dia (where about half of the country's 
people live) and in Bangladesh, both 
cropland and urban land increased 
from 1950 to 1980. (The reason both 
can increase is that areas in neither 
category, such as forested regions, 
may be converted to urban or agri
cultural purposes.) In India in 1980 
urban land included about a tenth 
as much area as cropland did; in 
Bangladesh the fraction was about an 
eighth. Hence, even in these crowd
ed countries, a rapid increase in the 
amount of urban land would reduce 
the amount of cropland by relative
ly little. 

In addition to land, the other nat
ural resources central to agricul
ture are water and genetic diversi

ty. Water is particularly important: 
data gathered by the World Bank indi
cate that the spread of irrigation con
tributed between 50 and 60 percent 
of the massive increase in agricultural 
output of the developing countries 
from 1960 to 1980. Although there is 
still potential for expanded irrigation, 
such expansion will be more expen
sive than it has been in the past, be
cause low-cost sources of water were 
exploited first. 

Furthermore, demographic and eco
nomic growth steadily increase the 
competition for water-a competition 
in which agriculture does not fare 
well, since the return on investments 
in water is generally lower in agricul
ture than in urban or industrial uses. 
In addition, in some parts of the de
veloping world, the supply of water 
for irrigation is also threatened by the 
buildup of silt in reservoirs. Reser
voirs are designed to accept a certain 
amount of silt, but in some areas de
forestation, overgrazing and erosive 
cropping practices are causing reser
voirs to be filled much faster than at 
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the designed rate. Although the evi
dence is anecdotal, it suggests that 
siltation is not a trivial threat. 

The threat to genetic diversity in 
agriculture is somewhat more difficult 
to determine. Since World War II there 
has been a worldwide trend away from 
crop rotation and toward continuous 
raising of a single crop, such as corn. 
Monocropping can lead to sharp re
ductions in genetic diversity, with om
inous results. A striking example oc
curred in the U.S. in 1970, when corn 
production was reduced 15 percent by 

a fungus well matched to the" T-cyto
plasm" that had been incorporated in 
most of the hybrid seed corn plant
ed in the U.S. corn belt. By the follow
ing year seed producers had stopped 
relying on the T-cytoplasm, and a 
more variable genetic basis was re
established. 

Up to this point we have consid
ered the natural resources that are 
crucial for the continuing growth of 
agricultural production. But it is also 
clear that agricultural growth has po
tent consequences for the environ-

ment in general. Some of these proc
esses are taken up in greater detail 
elsewhere in this issue of Scientific 
American. Clearing forestland to plant 
crops reduces the variety of vegeta
tion and has adverse effects on animal 
habitat. In tropical rain forests such 
effects may be severe [see "Threats 
to Biodiversity," by Edward O. Wilson, 
page 108]. Several radiatively active 
trace gases released by agricultural 
processes, including carbon dioxide, 
methane and nitrous oxide, contribute 
to the greenhouse effect [see "The 

"GREEN WAVE" appears each year as vegetation is revived by 

seasonal rains moving north into the Sahelian zone south of 

the Sahara. These maps were generated by computer treat

ment of satellite data. Vegetation is shown on a scale extending 

from tan (little or no vegetation) through purple (heavy vege-

tation). In 1980 (upper map), a year of "ordinar.y" rainfall, the 

Green Wave extended farther than in 1984 (lower map), when 

the rains were disastrously low. An extended drought and 

overgrazing have made the Sahel a heavily "desertified" region, 
but even there the process is reversible, as the maps suggest. 
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Changing Climate," by Stephen H. 
Schneider, page 70]. 

Of course, the greenhouse effect 
and the loss of animal habitat are not 
the result of agriculture alone. Some 
threats to the environment, however, 
are specific to agriculture, and among 
these is the increasing burden of pest
icides and fertilizers. Pesticides and 
fertilizers are, along with irrigation 
and higher-yielding crop varieties, re
sponsible for much of the remarkable 
increase in agricultural productivity 
that has taken place in the past few 
decades. But these substances can 
also have unfortunate side effects. 
Fertilizers and pesticides in ground
water may cause ailments ranging 
from cancer to methemoglobinemia 
("blue baby syndrome"), which results 
from excess concentrations of nitrates 
in drinking water. Although good data 
are lacking, the rapid increase in the 
use of these agents around the world 
undoubtedly has some fairly serious 
health implications. iX:the preceding paragraphs sug

gest, the challenge to agriculture 
is not only to provide food for 

the 10 billion people who will prob
ably be living a century from now 
but also to achieve that level of pro-

duction with less environmental dam
age than is apparent today. This two
fold goal is often discussed under the 
heading of "sustainable agriculture." 
Achieving sustainability will clearly 
require continued long-term support 
for nationally based agricultural-re
search establishments and for the 13 
institutes in the Consultative Group 
on International Agricultural Research 
(CGIAR), headquartered at the World 
Bank in Washington, D.C. 

The CGIAR system is a major re
source for research on new agricultur
al technologies for developing coun
tries. Indeed, the Green Revolution of 
the 1960's was largely the result of 
varieties of rice and wheat developed 
by research workers at CGIAR insti
tutes in the Philippines and in Mexico. 
The Green Revolution in turn was a 
major component of the increase in 
world food production that has taken 
place in recent decades. The World 
Resources Institute has estimated that 
from the mid- 1960's to the mid-1980's 
world food production increased at an 
annual rate of 2.4 percent. Grain pro
duction grew even faster: at an annual 
rate of 2.9 percent. 

These substantial increases, com
bined with the fact that the growth 
rate of the world's population has re-
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USE OF FERTILIZER serves as one measure of the burden agriculture places on 

the environment. The chart shows the total quantity of fertilizer that is employed 

in the world's major regions. In most regions fertilizer use has increased sharp

ly in recent years. Comprehensive data on the remainder of the global environ

mental burden from agriculture (including pesticide production) are not available_ 
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cently slowed to less than 2 percent 
[see "The Growing Human Popula
tion," by Nathan Keyfitz, page 1 18], 
provide the basis for our optimism 
that food production will keep pace 
with population growth. Meeting that 
goal sustainably, however, will neces
sitate a steady stream of new agricul
tural technologies that can only come 
from the CGIAR system and national 
research institutions in both the de
veloped and the developing countries. 
What technologies are needed? Al
though one might point to any num
ber of innovations, three categories 
seem of particular importance: those 
that reduce the environmental burden 
of pesticides and fertilizers, those that 
reduce the demand for irrigation wa
ter and those that continue to improve 
crop production per hectare. 

One of the main components of fer
tilizer is nitrogen. If plants other than 
legumes could be biologically engi
neered so as to "fix" nitrogen in the 
soil, the demand for fertilizer would 
be greatly reduced. A prime candidate 
for such a transformation is corn. The 
job will clearly require the resources 
of biotechnology, which make it possi
ble to manipulate the genetic material 
of an organism directly. Biotechnology 
has already proved its worth in a num
ber of applications related to animal 
production, and the engineering of a 
nitrogen-fixing corn is by no means 
out of reach. Indeed, Frederick Ausu
bel of the Harvard Medical School not
ed recently that "it is simply an ex
tremely complex engineering job" that 
will almost certainly be accomplished 
within SO years. 

Both old and new techniques are 
now being put to the task of saving 
irrigation water. "Water harvesting," 
a technique employed in the Middle 
East in pre-Christian times, calls for 
the land to be shaped to permit rain 
to run off large upland areas into col
lection devices or to spread out over 
smaller areas in sufficient quantities 
to wet the root zone fully. The efficien
cy of gravity-flow irrigation systems 
made up of basins and furrows, prob
ably the most widely used type, can 
be improved by a high-tech method: la
ser leveling. Lasers can be employed 
to guide machines that level grow
ing fields, making it possible to flood 
them quickly and uniformly. iXiother system-trickle, or drip, 

irrigation-depends on a higher 
overall level of technology than 

gravity-fed systems. Trickle irrigation 
gained wide acceptance in Israel, the 
U.S. and other countries in the 1970's 
and is now being introduced around 
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Oil SPilLS 
• action, 

not promises 

T
he tanker accidents in Alaska and else
where this year showed that the nation

the oil industry in particular-was not 
adequately prepared for such catastrophes. 

To address that problem, the industry is: 
• increasing our already heavy emphasis on 

accident prevention. 

• creating a new network of around-the
clock emergency response teams 
equipped with the latest oil spill 
technology. 

• launching intensive research into 
oil spill containment and cleanup 
technology. 
At the heart of this quarter-bill ion

dollar program is PIRO - the Petroleum 
Industry Response Organization. 

Prevention is the first line of defense 
against oil spills. We're recommending 
changes in tanker operations and crew train
ing. We're recommending more navigation 
safeguards and maneuvering assistance in 
hazardous areas. We think independent 
research is needed on tanker design. 

Quick spill response is also critical. 
Funded by industry, PIRO will create a 
nationwide network of emergency response 
centers. They ' ll be ready to move quickly. 
with well-trained people, modem equipment 
and effective techniques to cope with large 
oil spills. 

Research is key to this effort. Our pro
gram would fund more than $30 million in 
research. We're looking into new technologies 
for dealing with oil spills. We're looking at 
the chemistry and biology of oil spills. And 
we're looking for better way s to reduce their 
environmental impact. 

Government's role in all of this is 
essential. For example, we think tankers 
should be required to use the Coast Guard's 
advisory vessel traffic systems. We're 
suggesting that the Coast Guard direct 
PIRO's cleanup resources in battling major 
spills-and that it serve in an advisory 
capacity on PIRO's board of directors. 

Enlisting the help of government isn't 
meant to take oil spillers off the hook. In 
fact, we support a tough new liability law for 
spillers that Congress is shaping. 

We don't expect Americans to take any 
of these proposals on faith. Judge us by our 
actions, not promises. With government 
involved every step of the way, people will 
see the program succeeding or failing in 
clear public view. 

PIRO NETWORK 

Response centers and staging 
areas along the nation's 
coasts will be ready to move 
people and gear to spills 
anywhere in U.S. waters. This 
includes a Prince William 
Sound of Alaska response 
center operated by the 
Alyeska Pipeline Service Co. 

We know that a better job is needed on 
oil spills. We face some formidable barriers 
in this task. The vagaries of weather, sea 
conditions, human error and imperfect 
technology can combine to make even the 
best effort less than perfect. But we're 
committed to a comprehensive program to 
make our best effort better. 

For more information, please write to: 

American Petroleum Institute 

1220 L Street. Northwest 

Washington. D.C. 20005 
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Will this become 
the only way 

to save the rain forests? 
- -

". -
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Fifty-four irreplaceable acres of tropical rain forest are wiped out 

every minute. Yet we need every acre desperately. 

Rain forests house more than half the world's animals and plants. 

And they're crucial to maintain the earth's fresh water supply. 

Without rain forests, we could be living in a burning, barren desert. 

That's why World Wildlife Fund needs your help to save the rain 

forests and thousands of species that call them home. We're 

fighting for their survival and, ultimately, our own. 

So send for information now. Help us save life on earth. 

Other wise, better save this picture. 

�r,!t�dJlf�t!1!llc! � 
Prepared as a public service by Ogllvy & Mather. 

WWF 
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Intel Aboveboard 
Above Board Plus w/512K .... .. .. $399 
Above Board Plus 1/0 w/512K ..... CALL 

Above Board 2 Plus for 
PSI2 models 50. SOZ & 60 .............. 475 
Inboard 386 PC wll MB. .. ....... 599 
Inboard 386 PC 1 MB Piggyback .... .. 345 
ASTBoards 
SixPak Plus w/384K ...................... ... 279 

RAMpage Plus 286 w/512K ... ......... 399 
RAMpage Plus 286 w12MB .... ...... CALL 

5251111P Terminal Emulator .......... 575' 
Chips and Slmm Modules 
256K 1 x 80NS .................... .. CALL 

256K lx lOONS............ .. ....... CALL 

256K lx 120NS ............ ........ ...... .. CALL 
256K lx lS0NS.... ..CALL 

Simms (all speeds) ............ .. CALL 

Math Coprocessors 
Intel 8087 math (S MHz) .. . .. $85 
Intel 80872 math (618 MHz) . .. 120 
Intel 80871 math (8 MHz) .... .. 159 
Intel 80287 math (618 MHz) ... 125 
Intel 802878 math (8 MHz) ...... 189 
Intel 8028710 math (10 MHz) .... 219 
Intel80C287 for 80C286 ..... . 265 
Intel 8038716 math (16 MHz) .... 335 
Intel 8038720 math (20 MHz) .... . 375 
Inlel8038725 malh (25 MHz) ..... 475 

NEC V20-8 ................... .... ................ 9.99; 

Video Cards 

r'PARADISE. 
Paradise Short Color RGB ..... . .... . . .. $39 

Paradise Mono Graphics ................. ... 79 

Paradise EGA 350 ..... New Low Price 
Paradise EGA 480 ... .. New Low Price 
Paradise VGA Plus.. . ... 249 

Paradise VGA Plus 16 .............. . ..... . 299 
Paradise VGA Professional ............. 399 

I 
Mono Hercules Compatible . . .. ...... 49 
Hercules VGA . .. . . .  .. ..... 189 
Hercules GraphICS PLUS . . . .. 179 
Everex EGA 640x480... . .... . .... 129 
RenaIssance VGA I . .. .. ... 189 
RenaIssance VGA II ... 
ATI EGAWonder,§oo 

Power Protection 
Trippllte & Perma Power 
Surge Protector Strips 
Isobar 4 outlet 
Isobar 8 oullet 
Isobar 8 oullet wlremote ... 
Line Conditioners/Stabilizers 
LS600 2 outlet 600 wan 
LC1200 4 oullet1200 wall 
LC18006 outiet 1800 wall .... 
Command Conso/ltS 
CC1612 ..... 
CC16-Plus built-in modem protecl.. .... 75 
Perma PR610 ............. .. ......... 16.99 

Perma Power 6 outiet ... 28 
Perma RS562 Power Cmdr. . ... 65, 
Perma RS610 ................ ................. .. 50 
Standby Power Systems 
BC325 325 wall system ..... ...... ....... 269 

BC450 450 watt system ..... ........... " 299 
BC750 750 wall system ..... .. ... 499 
BC 1200 1 200 wall system.. .. 650 
BC2000 2000 wall system. .1199 

Standby Power 500 wall system ...... 499 
Adapter 

PT209....... . .... , ..... 19.99 
ALL TRIPPLITE & PERMA POWER PROPUCTS 
IN STOCK AT DEEP DISCOUNTS 

I 
:;�::�: wlContr. XL .... .. . .... $275 
20 Megabyte 3.S' wlConl. ..... .. .... 319 
30 Megabyte Rll XT.. .......... . ...... . . .  299 
40 Megabyte 40 MS 112 HT... .......... 375 
40 Megabyte 28 MS 112 Hr... .. .. CALL 
80 Megabyte 28 MS............... . ... 649 
123 Megabyte 28 MS w/Cont ...... 899 

I 
Mlnlscribe 
3li'M'iITii:L' w/Conlr . 
40MB 112 Ht 28MS 
70MB 112 HI. 22MS. 
150MB ESDI 17MS 
338MB ESDI 16MS 

........... ... 299 
....... 425 

.. ........ 599 
.... . 1099 

.. .. CALL 

WESTERN DIGITAL 
Hard Drive Controllers 
W01003-MMl MFM 2 : 1 HD only AT.. 99 
W01003-MM2 MFM 2:1 HD/FlopAT 109 
WD1003-SRl RLL2: 1 HD only AT .. 109 

W01006-MMl MFM 1:1 HD only AT 119 
WD1007-WAH ESDI HD only AT.. ... 175 
W01004A-WXI MFM HD only XT ...... 49 
Hard Drive Cards 
W030 IFC 30 MB.. 299 
W040 IFC 40 Me. .. ....... 399 

Hard Cards by Plus 
20 MB Hard Card .............. 520 
40 MB Hard Card.. ..645 

Tape Backups 
Mountain Internal 
40 MB XT or AT.. .. ... 379 
6OMBAT...... .. ......... 899 
Toshiba Disk Drives 
NO 040 1/2hl. 360K (PCIXT) ...... ....... 79 
NO 040EG 1 12ht. 360K (PC/AT) .. ..... 79 
NO 080EG 1.2MB (PCIAT) ................ 89' 
NO 352KU 3.5' 720K (XTIA T) ... ... ...... 89 
NO 356T 1.44MB (PCIAT)..... .. ..... 115 

Monitors 
Zenith 
�A Flat Screen 
Samsung 
Fiat-screen Amber 
Packard Bell 
12" Amber ... 
14' Amber Flat Screen. 
14' White Flat Screen .... 
14" CGA Color.. 
14' EGAColor ... 
14' Uniscan Color 
14"VGAColor ... 
� 
Multisync 2A color 
Muhisync 3D color ... 
Amdek 
�s New .. 
410A, 410G, 410W 12' 
63214" VGA 
732 12' Color .. 
73514' Smartscan 
� 
CPO 1303P Multiscan ........ 

...... $599 

.......... 115 

.... 79 
.. ........... 99 

..... 105 
......... 229 

............ 335 
.... 375 

.. ..... 385 

.... 499 
.. .. 649 

.. ... 109 
.... 150 
..... 375 

.. .... 399 
......... 499 

. ....... 435 

3M Computer Tape 
2400' polyback-wltape seal.. .... $10.78 ea. 
2400' Wrighlline-wltape seal ......... 11.85ea. 
2400' Blackwatch-selHhreading .12.30 ea. 
3600' Blackwatch-wltape seal ...... 17.75ea. 
3600' Blackwatch-self-threading .. 18.18 ea. 

!Sold in cases of 10 onl�l 

• Affordable and professional quality 
• Proven 9-pin technology 

Epson Printers 
FX850.. . ..... CALL 
FX1050.. .. ..... CALL 
OFX5000... .. ........ CALL 
laSl0 New ........ 335 
la8S0 . ...... CALL 

lQ950............. .. .................... CALL 
L010S0.. ................. ..CALL 
L02SS0. .. .... CALL 
Toshiba Printers 
P321 Sl ....... . CALL 
P321 SlC (color).. ..CALL 

P341 SL................... .. ......... CALL 

P3S1 SX... .. ........ CALL 

ExpressWrlter 301 ........ ................ CALL 

ExpressWriter 311 .... . .. ....... CALL 

Okldata Printers 
1721Parallel New ... 
182 Turbo New 
320 

321. 
390 .. 
391 
393 
393 (color) 

Accessories 
Print Buffers 

......... 199 
............ 240 

.350 
.499 

...................... 499 
. ... 699 

....... 999 
.. . .. 1099 

Practical Peripherals 

64K parallel or serial ..... 
256K parallel or serial 

......... 145 
.. . CALL 

.. . 75 64K parallel interface for Epson 
SMG 
Ps3s 256 parallel .............. .. 
Rotary Switch Boxes 
4880242 pos. 25-pin AB .... 
488058 2 pos. 36-pin AB 
4480283 pos. 25·pin ABC .. 
4480603 pos. 36-pin ABC 
448078 4 pas. 36-pin ABCO 
Other Switch Boxes .......... 

� p� �!�KL:�6 
DeskJetiLaserJet Supplies 

!!:!.Y! 

.. 199 

. ........ 15 
........ . 18 

. ... 25 
....... 28 

.. 30 
.. .... CALL 

I 
Leller Size for laserJet II .... ........ 52.00 

Legal Size for Laser Plusll.. .60.00 
Envelope Size for laserJet. ..... ... 70.00 

Laser Toner Cartridges 
HP 92285A laserJel.. .... ..... .. ..... 84.70 

HP 92295A laserJet IVIID .. ........ 84.00 
DeskJet Ink Cartridges 
DeskJeVPlus Ink Cartridges ...... .. 14.90 

�I 2400 Baud Modem 
.1 OO'/JiayesCompalible • 2Yr. Warranly 

Internal w/Procomm 
software list $199 

$99 

Diskettes 

3112 " 5500 
3112" 0500 

3112" DSDOHD 
5114" 0500 

5114" DSHO IBM AT 
5114" 050096 TPI 

8" SSDD 
8" DSDD 

External no software 
list $239 

$129 

Dysall 

16.00 10.99 
34.99 28.99 
8.00 5.99 

12.99 9.99 
12.50 
19.00 

lE��t 

25.00 
48.00 
15.00 
30.00 

Mouse Devices 
Numonics Cordless Mouse... ... $99 
logltech Hi-Res Bus or Serial.. .. ........ 89 
logitech Hi-Res PS/2 . ..... 74 
Mlcroso" 
�h Bus or Serial 
Easy CAD Bus or Serial .... 
Paintbrush wIWindows 

....... 98 

... 1 27 

Bus or Serial ........... . .. 135 
Mouse System 
Mouse 1& II 
WI Autosketch Bus or Serial .. 107 

WI Paint Bus or Serial........ .. ...... 87 
Omni Mouse (Serial only) ...... .. ... 34.99 

Scanners 

I 
Logitech Scanman ................ ........ $225 
OFI Handscanner HS-3000 .. .. 199 

Modems 
Hayes and Hayes Compatible 
Hayes Internal (including soltware) 

1200B Baud... .. ................ $279 
2400B Baud .. ........ ......... . ................ 429 
Compatibles (including soltware) 

Practical Peripherals 1200 BaUd. 59.99 
Practical Peripherals 2400 Baud ..... 129 
Practical Peripherals 2400 MN P/5 .. 175 
Everex 2400 Baud ....................... .... 139 
Hayes External (no soltware incl_) 
1200 Baud . . ...... .. ............................  289 
2400 Baud.......... .. ........ 439 
External Compatibles 

Practical Peripherals 2400 Baud .... 179 

Practical Peripherals 2400SA MNP/5 . 199 
U.S. Robotics 1200 Baud ........... .. .. 179 

U.S. Robotics 2400 Baud.... .. . 299 
U.S. Robotics 2400E . ... 385 
U.S. Robotics 9600HST .................. 599 
For Toshiba Portables 
2400 Baud Internal Modems 

ForTl000 199 

........... 189 For 1200.3100.5100 .. 

Fax Machines 
� 
34100 .. 
35200 .. 
� 
RF800 .. 

RF850 

� 
Model 3300 
Model 3600. 

Model 3700. 
Sharp 

.. .. $899 
.. ... 1299 

... 679 
. 750 

..... 799 
..999 

..1199 

UX180.. .. ....... 750 
UX350 ..... 12 50 
Perma Power Fax Protection 
Fax Surge Suppr. RTO 410 ..... 45 

3M Data Cartridges 

Regular 
DC100AIMlnl) $14.50 
OC300A 17.90 
DC300XUP 21.50 
OC600A 23.00 
DC600HW 23.00 
OC6037 18.00 
DC615A 17.50 
OC6150 24.00 
DC615XTD 18.00 
OC10001Mini) 14.50 
DC20001Mlnl) 17.00 
300/600 Series 19.99 
Data Cart. Clean. Kit 

Pre-'onnatted 
DC600 
HC/lotamatTM 25.50 
DC615 
HC/lotamatTllil 19.00 
DC6150fZeta™ 28.00 
DC1000fAIphaTfol 15.90 
DC1000/0eIta™ 15.90 
OC20001 
Gamma™ 21.50 
De2000/Kappa TM 21.50 
DC2000IThetaT1oil 21.50 
OC20801 
RhomatTM 22.50 

Call for large QuantIty Pnclng 

maxell MEM<:lIV SONY 3M \i'r!?drim 
11.50 10.99 11.50 11.50 
13.00 10.99 13.00 13.00 14.00 
31.00 27.99 31.00 31.00 32.00 
7.50 4.99 7.50 7.50 

14.00 9.99 14.00 12.00 
17.50 10.00 17.00 
20.00 20.00 
23.00 24.00 

Call Toll Free 800,621,1269 

Prices subject to change. 
all products subject to availability. ELEK ·TEK®4inc� 

Call in IL 312,677-7660 

Canadian Toll Free 800·458·9133 

7350 North Linder Avenue, Skokle,lIlInois 60077 
Corporate accounts invited, open accounts shipped F .0.8., Skokie, Il, prepaid orders, minimum order 
$15.00 Visa or Mastercard by Mail or Phone. Mail cashiers check, money order, personal check, add $4.00 
1 st lIem. (AK, HI, P.R .. Canada add $10.00 1 sl item) $1.00 ea. add'!. shpg. and hand!, Shipments to IL add 
7% lax. Write for free catalog. IBM is a trademark of international Business Machines Co. 
Epson is a registered trademark of Seiko Epson Corporation. 

�--�-=�-=��----------=-���� 
ALL ELEK-TEK MERCHANDISE IS BRAND NEW. FIRST QUALITY AND COMPLETE. 
Return Policy: All sales are final except defectives which will be replaced with identical 
merchandise only. Computers and large peripherals - 3 work days after delivery. most 
small items, 30 calendar days, after which manufacturer's warranty applies. 
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Generations have looked to the heavens for the meaning of life. Today, 
scientists are looking to the skies for the keys to continuing life. 

Watch "Crisis In The Atmosphere;' as Digital brings you the third season of 
The Infinite \.byage, a continuing jOlll1ley of discovery through the world of science. 

Produced by WQEDlPittsburgh in association with the National Academy 
Closed-captionedforthehearingimpaired. of Sciences. Underwritten on PBS and sponsored on commercial television by 

Digital Equipment Corporation. And for institutions with satellite downlink capabilities wishing to receive 
T he Discovery Lecture by Dr. F. Sherwood Rowland on ozone depletion, call (303) 484-6050. �DmDD�D'" 

WATCH "CRISIS IN THE ArMOSPHERE: discoveryser�s 

This November on PBS. This December on selected commercial stations. 
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the world. Trickle systems deliver wa
ter directly to a small area adjacent to 
an individual plant. The water is car
ried by tubing, generally plastic, that 
may be either buried or placed on 
the surface ; usually a nozzle called 
an "emitter" releases the water at the 
appropriate location. 

Trickle systems, along with some 
others, not only increase effiCiency in 
the use of irrigation water but also 
offer new approaches to preventing 
salinization. One new strategy empha
sizes keeping salts (and other pollu
tants such as pesticides) on the land 
rather than passing them back into 
the water supply. This is done by cy
cling wastewater back into the farm's 
irrigation system and strategically re
applying it to the fields at times and in 
ways that minimize the effects of the 
salts carried in it. 

Trickle irrigation is particularly 
helpful in this regard. Much of the 
damage to crops from salt comes 
from the salt left behind after water is 
supplied and then evaporates repeat
edly. High concentrations of salt out
side the roots of plants lower the os
motic pressure and make it more diffi
cult for the plant to take water in from 
the surrounding soil. In trickle sys
tems, however, plant roots are contin
uously supplied with water, and the 
salts do not build up enough to make 
water uptake difficult. 

Another group of agricultural in
novations entails not speCific high
tech solutions but the application 
of (sometimes ancient) principles of 
integration to crops. The concept of 
multiple cropping takes in crop rota
tions, inter cropping (sometimes with 
trees and annual crops sharing the 
same field), overseeding legumes into 
cereals and also double cropping
growing two or more crops simultane
ously in a single field. Multiple crop
ping is an old tradition. For example, a 
system employed in Central America 
since pre-Columbian times calls for 
growing maize, beans and squash to
gether. The maize provides a trellis for 
the beans ; the beans enrich the soil 
with nitrogen ; the squash provides 
ground cover, reducing erosion, soil 
compaction and weed growth. 

Trees can be used in multiple crop
ping systems. In Europe, North Africa, 
the U.S.S.R. and the Great Plains re
gions of Canada and the U.S. , wind
breaks made up of trees protect grow
ing crops from mechanical damage 
and the drying effect of wind. Else
where, shade trees grow in combina
tion with shade-loving plants such as 
coffee, annual crops such as maize or 
beans, or pasture. The trees provide 

TALL WHEATGRASS, a perennial plant, protects winter wheat in an experiment 
carried out by the U.S. Department of Agriculture Agricultural Research Service near 

Sidney, Mont. In winter (upper photograph) wheatgrass barriers capture snow, form

ing a uniform layer. Snow insulates dormant plants from the effects of extremely 

low temperatures. In spring the snow melts, providing the moisture that is need

ed by wheat plants for early growth. Later the wheat breaks dormancy and begins 

to grow (lower photograph), and at that time the wheatgrass serves as a wind barrier. 

fodder, erosion control and fuel. In 
West Africa leaf litter from Acacia alba 
trees enriches the soil for the benefit 
of various grain and vegetable crops 
grown between them. 

In addition to its ecological advan
tages, multiple cropping can sharply 
increase crop yields. In the American 
Midwest farmers are experimentally 
grOwing corn with other, low-growing 
plants. In one experiment in an irrigat
ed field in western Nebraska, two-row 
corn windbreaks were spaced every 
15 rows throughout a field of sugar 
beets. The wind shelter provided by 
the corn increased the yield of sugar 
by 1 1  percent. The greater sunlight 
penetration and more rapid replenish
ment of carbon dioxide to the corn's 
leaves increased the yield of corn by 
150 percent. 

Multiple cropping has another 
important advantage. In fields 
where crops are rotated regu

larly, pests, including weeds, insects 
and pathogens, cannot adapt them
selves to a single set of environmental 
conditions and therefore do not in
crease as quickly. Where two types of 

crops are grown in a single field, the 
pests in one type are sometimes kept 
down by predators that inhabit the 
other. Such beneficial interactions can 
be consciously employed to form the 
basis of a method called integrated 
pest management (IPM). 

IPM includes the use of a wide range 
of techniques-chemical pest control, 
mechanical manipulation of the soil 
and many biological strategies-to 
control pests while minimizing the 
environmental burden of chemicals 
and frequent passages of tillage and 
pest-control machinery through the 
fields. A good example comes from 
the cotton-growing regions of Texas. 
IPM in Texas has several aspects : 
choice of cotton varieties that mature 
early (throwing them out of synchrony 
with the typical cotton pests), encour
agement of the predators that con
sume pests such as the boll weevil and 
the bollworm, and the burning of all 
plant residues after the harvest, a 
practice that destroys many larvae. 
This system works well on cotton in 
Texas. Yet it should be noted that it 
has not been equally successful on the 
same crop in the Mississippi delta, 
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Year 
Center Established Location 

Centro Internacional de 1 966 Cali, Colombia 
Agricultura Tropical 

Centro Internacional de la Papa 1 971 Lima, Peru 

Centro Internacional de 1 943 Mexico City 
Mejoramiento de Maiz y,Trigo 1966 
International Board for Plant Genetic 1 974 Rome, Italy 
Resources 

International Center for Agricultural 1977 Aleppo, Syria 
Research in the Dry Areas 
International Crops Research Institute for 1 972 Andhra Pradesh, India 
the Semi-Arid Tropics 

International Food Policy Research 1974 Washington, D.C. 
Institute 

International Institute of Tropical 1 967 Ibadan, Nigeria 
Agriculture 

International Laboratory for Research on 1 974 Nairobi, Kenya 
Animal Disease 
International Livestock Centre for 1 974 Addis Ababa, Ethiopia 
Africa 

International Rice Research Institute 1 960 Los Banos, Philippines 
International Service for National 1 980 The Hague, 
Agricultural Research The Netherlands 

West Africa Development Association 1 971 Monrovia, Liberia 

CGIAR SYSTEM, the Consultative Group on International Agri

cultural Research, consists of 13 agricultural-research institu
tions. Each has a specific mandate. New strains of rice and 

NEW STRAINS OF RICE grow on a Philippine hillside near the 

International Rice Research Institute ( IRRI ) at Los Banos. High-
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Mandate 
Improve production of beans, cassava, rice, and beef in the Tropics of 
the Western Hemisphere 
Improve the potato in the Andes and develop new varieties for lower tropics 

Improve maize, wheat, barley, and triticale 

Promote an international network of genetic-resources (germplasm) centers 

Focus on rainfed agriculture in arid and semiarid regions in North Africa and 
West Asia 

Improve quantity and reliability of  food production in  the semiarid tropics 

Address issues arising from governmental and international agency 
intervention in national, regional, and global fQod problems 
Be responsible for improvement of worldwide cowpea, yarn, cocoyam, 
and sweet potato, and for cassava, rice, maize, beans, among others 

Help develop centrols for trypanosomiasis (transmitted by the tsetse fly) and 
theileriosis (transmitted by ticks) 
Conduct research and development on improved livestock production and 
marketing systems, train livestock specialists, and gather documentation for 
livestock industry 

Select and breed improved rice varieties, maintain a germplasm cellection bank 
Strengthen national agricultural research systems 

Promote self-sufficiency in rice in West Africa and improve varieties suitable for 
the area's agroclimate and socioecenomic conditions 

wheat developed in the CGIAR system were largely responsi

ble for the "Green Revolution" that greatly boosted agricultur

al productivity in the developing countries during the 1960's. 

yielding, pest-resistant varieties of rice developed at IRRI have 

greatly increased the yield in rice-producing regions of Asia_ 
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suggesting that integrated pest man
agement must be carefully adapted to 
local circumstances. 

These examples show that many 
new (and some old) agricultural meth
ods are now finding their way into 
widespread use. To offset increasing 
scarcities of land, water and environ
mental resources, a steady supply 
of comparable improvements will be 
needed in the future. If the agricul
tural-research establishment gets the 
support it needs (and the record is 
moderately encouraging), such im
provements will in all probability be 
forthcoming. The much more difficult 
task, in our judgment, is to create the 
policies and institutions that will in
duce farmers to adopt the new tech
nologies and management practices. 

Why should that be a problem? Af
ter all, conserving scarce resources 
is good for everyone. Why shouldn't 
farmers be eager to adopt practices 
leading to that desirable end? The 
answer is that the social scarcity of 
resources is not always communicat
ed faithfully to the level of the individ
ual farm. The underlying reason for 
that failure is the lack of adequate 
mechanisms for conveying the signals 
of scarcity. 

A free market, for example, is a 
mechanism for communicating infor
mation about scarcity : the price of a 
commodity rises as the commodity 
becomes scarcer. In a market system a 
resource that is expensive because it 
is scarce will be treated with the prop
er regard by the farmer-businessman. 

Markets do not function effectively, 
however, unless clear property rights 
can be established in the resources 
that are to be exchanged. This is easier 
to do for land than for water or for 
genetic resources, partly because par
cels of land can be readily identified 
and stay in place. As a result, land 
markets operate in many regions of 
the world. When land is sold in those 
regions, landowners reap the benefits 
of good land management in higher 
prices or pay the penalty of bad man
agement in lower prices. In this way 
markets signal conditions of land scar
city and give farmers the incentive to 
adopt land-conserving technologies. 

Markets in water and in genet
ic diversity are much more dif
ficult to establish. Water is a 

fugitive resource that moves across 
hundreds or thousands of miles. As it 
moves, the same water can be used 
repeatedly by different individuals or 
institutions, none of them having ex
clusive rights to it. Since the essence 
of a property right is exclusive use, 

markets for water are poorly devel
oped. Most of the world's irrigation 
water, both in the developed and in 
the developing world, is distributed 
by publicly administered systems. Be
cause these systems are subsidized, 
the price farmers pay for water (when 
they pay at all) is usually much less 
than the value of the water measured 
according to its social scarcity. 

This is a Signaling failure. One of its 
consequences is that farmers have lit
tle incentive to adopt water-saving 
technologies, because they often cost 
more to install than the (artificially 
low) amount the farmer saves. That 
situation is changing in some regions. 
In the western U.S., water markets 
have been set up in which various 
parties, including farmers and munici
palities, bid for water rights. In areas 
where such markets operate, the price 
of water has generally gone up, indi
cating that the system is conveying 
more accurate information about wa
ter's scarcity. 

There is, however, another side of 
the question. Water subsidies are 
deeply rooted in social and political 
traditions of long standing. Their re
moval would encounter fierce resis
tance. It will be of little benefit if 
policies aimed at saving water evoke 
social turmoil. The challenge to policy
makers is to design policies that carry 
the needed signal without provoking 
unacceptably high levels of conflict. 

If the concept of a market in water 
is problematic, that of one in genetic 
diversity is even less plausible. Who 
owns diversity? How can it be bought 
and sold? Yet even here alternatives 
are available that might imitate the 
signal-carrying function of markets. 
There are millions of people around 
the world who put a high value on the 
tropical rain forest, which is the basis 
of much genetic diversity. Such people 
could form coalitions to pay owners of 
tropical forests for protecting them. 
There are formidable obstacles to 
this idea, but some realization of it 
has already been seen in the proposal 
to swap developing-country debt for 
agreements to protect the rain forest. 

The examples of water and genet
ic diversity suggest it is possible to 
foster marketlike mechanisms even 
in areas where that approach would 
seem intrinsically implausible. But 
markets do have limits. The difficulty 
of establishing property rights in envi
ronmental resources has encouraged 
the regulatory approach, in which gov
ernmental authorities set limits on 
particular threats to the environment. 
The clearest instance in agriculture is 
the regulation of pesticide production 

and use, which forces manufacturers 
and farmers to give more weight to the 
social scarcity of a pesticide-free en
vironment than they would without 
regulations. 

If marketlike mechanisms rooted 
in economics cannot be created, then 
regulations become a necessary tool 
of social policy. Regulations carry a 
heavy social cost, however, because 
they require people to act against 
their own economic self-interest. This 
is true by definition; no regulations 
are needed to get people to act in 
the direction of economic self-interest. 
As a result, regulations foster politi
cal conflict and must be enforced by 
some form of bureaucratic apparatus. 
If the two interests that are on a colli
sion course (society's interest in pro
tecting the environment and the self
interest of the individual farmer) are 
large, as they are in the case of pesti
cide use, the social costs of a regulato
ry approach can be high. 

It is our view that in the long run 
the most successful approaches 
will rest on merging individual and 

societal interests rather than on en
forcing the one over the other. This is 
essentially an institutional, not a tech
nological, problem. What is lacking are 
forms of communication that connect 
the overarching interest of society in a 
sustainable agricultural system with 
the well-being of the individual farm
er. Specifically, institutional mecha
nisms must be devised that correctly 
signal the emerging social scarcities 
of land, water and genetic diversity. 
Finding these mechanisms is the most 
important policy challenge for the 
world's agricultural development. 
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Strategies for Energy Use 
Energy efficiency can reconcile environmental concerns with economic 

development for all nations. It can stretch energy supplies, slow climatic 
changes and buy time to develop alternative energy resources 

by John H. Gibbons, Peter D. Blair and Holly L. Gwin 

E nergy fosters human activity. It 
cooks our food, fuels our trans· 
portation system, heats and 

cools our buildings and powers our 
industries. Energy helps to sustain a 
way of life that includes good health, 
rewarding employment and leisure 
time. The standard of living enjoyed 
by the U.S., Japan, West Germany and 
other industrialized nations results in 
large part from energy access: one 
fifth of the world's population con
sumes more than 70 percent of the 
world's commercial energy. Yet the 
industrialized world's energy intensi
ty-the amount of energy used to pro
duce a unit of gross national prod
uct-fell by one fifth between 1973 
and 1985. In the U.S. the gross national 
product grew 40 percent while energy 
consumption remained constant. 

The most rapid growth in energy 
consumption now occurs in develop
ing countries. As they seek to indus
trialize, raise standards of living and 
accommodate population growth, the 
less developed countries, such as Chi
na, Mexico and India, must expend 
more energy. Between 1980 and 1985, 
population in less developed coun
tries grew by 11 percent and energy 
consumption grew by 22 percent; cor-

JOHN H. GmBONS, PETER D. BlAIR and 
HOllY L .  GWIN explore energy·policy 
options at the Congressional Office of 
Technology Assessment. Gibbons has 
been the director of the agency for the 
past decade. He was educated at Ran· 
dolph-Macon College and Duke Univer
sity, where he got his Ph.D. in nuclear 
physics. Gibbons joined the Oak Ridge 
National Laboratory in 1954 and lat
er directed its environmental program. 
Blair is manager of the energy and mate
rials program at the agency. He earned 
his B.S. in engineering from Swarthmore 
College and his Ph.D. from the Universi
ty of Pennsylvania, where he now holds 
an adjunct faculty appointment. Gwin is 
the agency's general counsel. Her under
graduate and law degrees are from the 
University of Tennessee. 

responding numbers for the indus
trialized world were 3 and 5 percent. 
Even so, less developed countries st,ill 
consume four to seven times less en
ergy per person than do the industrial
ized countries. 

Worldwide energy demand increas
es even as knowledge of how ener
gy use threatens the global environ
ment grows. Coal and oil combustion 
produces acid rain, which damages 
lakes, forests, structures and crops in 
Europe and North America. Nuclear 
fission produces long-lived radioac
tive wastes. Automobiles fill the air 
with smog, which threatens health 
and property throughout the indus
trialized world. Energy consumption 
dumps more than five billion tons of 
carbon into the atmosphere each year. 
The resulting accumulation of carbon 
dioxide, coupled with other green
house gases, could warm the globe 
several degrees by the middle of the 
next century, altering the earth's cli
mate at a rate from 10 to 100 times 
faster than the rate of climatic change 
at the end of the last ice age. 

We seem to be playing out an an
cient myth. Prometheus stole fire and 
wound up chained to a rock, lashed 
by the seas and burned by the sun. 
We have captured the power of fossil 
fuels, and our penalty is the loss of 
personal and environmental health. 

We can change the story. Technolog
ical ingenuity can dramatically reduce 
the amount of energy required to pro
vide a given level of goods and servic
es, simultaneously cutting down on 
energy-driven problems. Investments 
in energy efficiency can help us reduce 
fossil-fuel demand without sacrifiCing 
economic growth. Application of exist
ing efficiency technologies can save 
investment capital, buy time for the 
development of new supply technol
ogies and ultimately make it possible 
to provide a higher level of goods and 
services at a given level of energy 
consumption. In the following discus
sion we consider the possibilities for 
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new energy resources and increased 
effiCiency. We emphasize efficiency as 
our best hope. 

Humankind expends in one year 
an amount of fossil fuel that it 
took nature roughly a million 

years to produce. Global energy con
sumption rose from 21 exajoules in 
1900 to 318 exajoules in 1988. (An 
exajoule is 1018 joules, approximately 
one quadrillion British thermal units, 
or the heat that would be released by 
burning 170 million barrels of crude 
oil.) Coal, oil and natural gas supply 
88 percent of global energy, and nu
clear energy provides most of the rest. 
Many less developed countries still 
depend heavily on noncommercial fu
els, such as wood, dung and crop 
wastes, but as their economies devel
op, they rely increaSingly on fossil 
fuels for commerce and industry. 

Oil dominates energy markets, ac
counting for 38 percent of commer
cial energy consumption. The Organi
zation of Petroleum Exporting Coun
tries (OPEC) controls three quarters of 
proved crude-oil reserves, including 
all recent additions. Reserve estimates 
have been revised downward for non
OPEC nations, including the Soviet Un
ion, which consumes 15 percent of 
world oil and has been increasing its 
production rates. 

Dependence on Middle East oil 
strains the economies of both the 
less developed and the industrialized 
world. Expenditures for oil imports 
have hampered the developing world's 
efforts to gain hard currency and re
pay debts. In 1987 the U.S. imported 
$40 billion worth of oil, an amount 
equal to one third of the country's 
trade deficit. During the same year, the 
Pentagon spent $15 billion to protect 
oil supplies. As the Soviet Union, the 
U.S. and other non-OPEC nations de
plete their oil reserves, the geopolitiCS 
of energy will once again focus on the 
Middle East. 

Natural gas provides a fifth of all 

© 1989 SCIENTIFIC AMERICAN, INC



ENERGY-EFFICIENT BUILDINGS, such as this bank in St_ Cloud, 

Minn_, and efficiency technologies for transportation and in
dustry can help provide energy services-shelter, mobility and 

goods-at lower environmental costs_ The building's insulat

ing windows saved the bank $59,000 in heating equipment_ A 
low-emissivity coating blocks heat flow through the windows_ 
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WORLD ENERGY CONSUMPTION (lOp) is shown from 1950 to 1985 (blue). The red line 
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developed countries the rise in intensity can be attributed to growth in population 

and economic activity. Although the U. S. has reduced its intensity by growing eco· 
nomically without consuming more energy, it lags far behind Europe and Japan. 

commercial energy. It is clean-burning, 
efficient and flexible enough for use 
in industry, transportation and power 
generation. It generates fewer pollu
tants than any other fossil fuel and 
less carbon dioxide as well: natural 
gas releases 14 kilograms of carbon 
dioxide for every billion joules, where
as oil and coal release 20 and 24 kilo
grams, respectively. Many industry ex
perts expect conventional sources of 

natural gas to last four or more dec
ades, and many electric utilities con
sider natural gas to be the best near
term substitute for oil as a fuel for 
some power plants. Yet known con
ventional gas supplies, too, are con
trolled by only a few nations. The 
Middle East and the Soviet Union hold 
nearly 70 percent of these reserves. 
As conventional supplies dwindle and 
costs rise, however, large and wide-
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ly distributed sources of "unconven
tional" gas such as coal-seam gas may 
become economical. 

World coal reserves total <Ibout 950 
billion metric tons, and roughly half of 
them are of high quality. Reserves 
could last more than 275 years at 
today's production rates. The U.S. and 
the Soviet Union each control a quar
ter of global coal reserves; the rest are 
spread across Africa, Australia, Europe 
and Asia (mostly in China). Industrial
ized countries generate between 20 
and 30 percent of their energy from 
coal. China gets almost three quarters 
of its total energy from coal. 

Coal is a dirty fuel: mining it can 
ravage the land, and burning it can 
generate large amounts of carbon di
oxide and other pollutants. Environ
mental concerns could limit coal con
sumption worldwide, unless technol
ogies to burn it more effiCiently or 
convert it to alternative fuels are 
adopted. Devices known as precipita
tors and scrubbers, which can filter 
out some pollutants, may not be ade
quate to their task In the past decade 
engineers have developed a number 
of "clean coal" technologies, such as 
an electric generator that first trans
forms the coal into natural gas and 
then burns the gas to drive a turbine. 
These technologies offer great prom
ise for reducing most pollutants, but 
they would not reduce coal's carbon 
dioxide emissions. Continued heavy 
reliance on coal may require technol
ogies that can trap carbon dioxide, 
which will compromise efficiency. 

E nvironmental, geopolitical and 
economic pressures on fossil
fuel use prompt a search for 

energy alternatives. Many energy plan
ners favor increased reliance on nu
clear power, which today generates 
about 17 percent of the world's elec
tricity, since its use does not emit 
carbon dioxide or the pollutants that 
cause acid rain. light-water reactors 
(the dominant design), however, are 
increasingly expensive to build and 
operate. France obtains about 70 per
cent of its electricity from nuclear 
power, but the accidents at Three Mile 
Island and Chernobyl have tarnished 
public perception of reactor safety 
and reliability. Much of the public 
doubts that adequate radioactive
management techniques exist or can 
be developed or that a remedy for 
proliferation of weapons-grade nucle
ar materials has been found. As a con
sequence of these handicaps and the 
growing attractiveness of other energy 
sources, U.S. utilities have not ordered 
a new nuclear plant since 1978. 
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Advanced reactor designs could 
help restore the promise of nucle
ar energy. "Passively stable" reactors 
could be built that would prevent run
away chain reactions without relying 
on an external control system. Stan
dardized designs could reduce con
struction costs, licensing complexities 
and downtime. Perhaps most impor
tant, successful demonstration of ra
dioactive waste-disposal capabilities 
will be critical to widespread public 
acceptance of nuclear power. 

The potential of wresting energy 
from the fusion of light nuclei is a 
fond hope for future generations. Fu
sion, graced with limitless fuel sup
plies (deuterium) and less trouble
some radioactive by-products, avoids 
many of the frustrations and limita
tions of nuclear fission. Still, demon
stration and commercialization of fu
sion power will require billions of dol
lars and is likely to take decades. The 
scale of the required effort indicates 
a need not only for government fund
ing but also for international collabo
ration. Yet few technologies promise 
more attractive returns on investment. 

Solar-energy markets continue to 
expand, and unlike nuclear power, the 
price of solar energy continues to 
drop. Electricity produced by photo
voltaic cells, which directly convert 
sunlight to electricity, now costs 30 
cents per kilowatt-hour and is already 
a common power source for calcu
lators, watches and satellites. These 
small-scale applications help to sus
tain the industry as the technology 
develops, but photovoltaic cells re
main more expensive than conven
tional electricity generation for most 
applications. Further advances in mi
croelectronics and semiconductors 
promise to increase efficiency and fur
ther reduce costs. 

Solar-power generation is taking 
place on a larger scale at plants that 
convert solar energy to heat. In these 
solar-central-thermal systems, mir
rors or lenses focus sunlight onto a 
receiver containing a fluid that then 
conducts heat to a conventional elec
tric generator. In February, a compa
ny in California opened a solar-ther
mal plant that is expected to produce 
power for less than eight cents per 
kilowatt-hour. (At today's fossil-fuel 
prices, combustion turbines generate 
electricity for about three cents per 
kilowatt-hour.) Research on advanced, 
lightweight mirrors and better heat
transfer fluids, such as molten salts, 
may improve these results. 

Solar technologies are not suffi
ciently advanced to supply base elec
tric loads but could boost energy sup-

plies during periods of peak daytime 
energy consumption in areas like the 
American Southwest, where sunshine 
is plentiful and dependable. Solar 
plants can also be used as part of a 
pumped storage system, wherein so
lar-powered pumps raise water to res
ervoirs, which later feed hydroelec
tric generators. Solar power is a nat
ural partner for other types of energy 
storage as well, such as compressed 
air, batteries or (conceivably) current
storing superconducting coils. 

Hydroelectric power, a mature tech
nology, carries high capital and envi
ronmental costs: new dams often re
sult in the destruction of farmlands 
and the dislocation of population. Al
though sites are limited in the indus
trialized world, small-scale hydroelec
tric power may prove to be a valuable 
energy source in developing nations. 

Biomass, which consists of wood 
and organic waste, provides energy for 
much of the world. Conversion of bio
mass to more useful products, such as 
methane or alcohol transportation fu
els, will increase the value of this en
ergy source. Power plants fueled by 
urban solid waste may become a mod
est but economical energy source 
as garbage-disposal problems worsen, 
but methods to separate combustible 
from noncombustible materials and 
devices to control emissions must be 
perfected. The carbon dioxide emis-
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sions associated with burning bio
mass can be offset by regrowing the 
plants or trees, thereby renewing the 
"carbon sink" they initially provided. 

Some energy planners view wind 
power as a promising source of ener
gy. Sweden is considering the replace
ment of its nuclear reactors with wind 
turbines anchored to the sea floor. 
Before wind power can be viewed as a 
dependable energy source, however, a 
system must be designed to operate 
reliably at variable rotor speeds. 

Geothermal production of ener
gy, which extracts heat from under
ground masses of hot rock, and ocean
thermal energy conversion, which 
exploits the temperature difference 
between the ocean's warm surface wa
ters and its cold depths, can also con
tribute substantial amounts of energy 
in certain regions. For example, more 
than 2,000 megawatts of geothermal 
power has been tapped in northern 
California. In the next several decades, 
low-temperature applications (for ex
ample, for heating greenhouses) could 
develop into significant markets in 
some areas. 

T he conjuncture of the Arab oil 
embargo and a U.S. coal miners' 
strike in 1973 heightened con

cern about the immediate shortage 
of energy supplies and their ultimate 
depletion. Analysts of the time fair-
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ENERGY HABITS differ among nations, but fossil fuels still feed most energy produc

tion. The U.S. transportation system alone consumes enough oil to provide for all of 
Japan's energy needs. Developing nations devote most of their energy to industry. 
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GENERATION OF ELECTRICITY at plants fueled by oil, coal or 

gas, like this coal-burning plant in Sanjuan, N_M_, accounts for 
23 percent of carbon dioxide emissions from energy produc-

tion as well as for pollutants that cause acid rain_ Although 
emission-control devices can remove the pollutants, an effec

tive method has not yet been devised to capture carbon dioxide_ 

ly consistently projected two things. 
First, the high rate of growth in energy 
demand would continue, since a na
tion's energy consumption was inex
tricably linked to its economic devel
opment. Second, a continuing rise in 
energy consumption would have dis
astrous consequences. 

Neither projection has been realized 
so far, in part because higher ener
gy prices expanded the amount of ex
isting supplies but largely because 
of the massive, unanticipated contri
butions of energy-efficiency technolo
gies. The most promising opportuni
ties for both industrialized and less 
developed countries to sustain eco
nomic development without the many 
costs of increased fossil-fuel use lie 
on the demand side of the energy 
equation. Improvements in energy ef
ficiency can be implemented much 
more economically than new supplies 
of energy can be developed. 

The buildings sector of the glob
al economy holds many opportuni
ties for improved energy effiCiency. In 

1985 buildings in industrialized coun
tries consumed 37 exajoules, almost 
equal to OPEC'S production. New con
densing furnaces could significantly 
reduce this demand. Because they re
absorb much heat from exhaust gases, 
condensing furnaces need 28 percent 
less fuel and emit fewer pollutants 
into the atmosphere than do conven
tional gas furnaces. Systems for con
trolling the indoor environment can 
monitor outdoor and indoor tempera
tures, sunlight and the location of 
people and then provide light and con
ditioned air where needed. These sys
tems typically can provide energy sav
ings of from 10 to 20 percent. A com
bination of improved lamps, reflectors 
and daytime lighting can cut the con
sumption of energy for lighting by 75 
percent or more. 

Advanced building materials can 
sharply reduce loss of heat through 
windows, doors and walls. In "superin
sulated" homes, where normal insula
tion is doubled and a liner forms an 
airtight seal in walls, heat radiating 
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from people, light, stoves and other 
appliances alone can warm the house. 
In comparison with the average home 
built in the U.S., some superinsulated 
homes in Minnesota require 68 per
cent less heat; for some residences in 
Sweden, the saving is 89 percent. 

In industry, sensors and controls, 
advanced heat-recovery systems and 
friction-reducing technologies can de
crease energy consumption. A great 
opportunity for improving efficiency 
is cogeneration-the combined pro
duction of heat and electricity. Only a 
third of the energy from the steam 
produced by a boiler in a convention
al electric-power plant is converted 
to electricity; in a cogeneration plant, 
much of the energy remaining in the 
used steam serves as a heat source for 
other industrial processes. 

Other efficiency measures are spe
cific to each industry. In the paper 
industry, automated process control, 
greater process speeds and high-pres
sure rollers can boost efficiencies sig
nificantly. Advanced processes in the 
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steel industry offer energy savings of 
at least 40 percent in U.S. plants. In 
developing nations, efficiencies could 
be improved still further: China and 
India use four times as much energy 
to make a ton of steel as Japan does. 

New electric-generation technolo
gies promise greater efficiency around 
the globe. Fluidized-bed combustion, 
in which burning coal is suspended 
(fluidized) in a stream of air, can in
crease efficiency and reduce emission 
of pollutants. Some analysts feel that 
the most promising future option for 
electric-power generation is the aero
derivative turbine, which is based on 
jet engine designs and burns natural 
gas. With additional refinement, this 
technology could raise conversion ef
ficiency from its present value, 33 per
cent, to more than 45 percent. 

Transportation in industrialized 
and less developed countries consti
tutes the largest and most rapidly 
growing drain on the world's oil re
serves and is a major threat to the 
environment. Cars and light trucks 
consume more than one out of every 
three barrels of oil and contribute 15 
percent of carbon dioxide emissions 
in the U.S. During the past 15 years, 
new cars and trucks have become 
markedly more efficient through strat
egies such as increased use of light 
materials, the installation of radial 
tires to reduce rolling resistance and 
the redesign of exteriors to decrease 
aerodynamic drag. Further gains in 
vehicle efficiency could come from a 
variety of technologies such as contin
uously variable transmissions and di
rect-injection diesel engines. 

The technical potential exists to 
push automobile fuel economy over 
65 miles per gallon. If the price of 
gasoline were to increase in the U.S. to 
reflect its full costs-economic, envi
ronmental and geopolitical-as it has 
in other nations, U.S. consumers might 
demand more fuel-efficient cars, and 

OPPORTUNITIES 
FOR 
EFFICIENCY 

CAR 
MILES PER 
GALLON 

MODELAVERAGE 18 

NEW MODEL AVERAGE 27 
BEST MODEL 50 

BEST PROTOTYPE 

regulations for increased efficiency 
would make more sense. Even now, 
U.S. new-car fuel economy could be 
increased to 33 miles per gallon with 
existing technology at little cost to 
consumers. Yet manufacturers resist 
these steps, fearing consumer back
lash, since in many instances lower 
fuel efficiency can be traded for im
proved performance. Alternatively, the 
fuel economy of new cars could be 
increased from its current level of. 
about 22 miles per gallon to 38 by 
improving technologies at a cost equal 
to the value of the gasoline saved over 
a car's lifetime (calculated at the cur
rent average price per gallon of $1.10). 

T ransportation, communication, 
manufacturing-all those things 
we associate with economic de

velopment and higher standards of 
living require energy services. Many 
technologies exist, however, to supply 
both necessities and amenities with 
far less fuel than we currently use. 
Planning for future energy needs and 
deciding how much to invest in new 
supplies or in technologies for effi
cient use requires a sense of what we 
can or would like to achieve. Decreas
ing oil consumption in the U.S. , for 
instance, could significantly protect 
its economy and increase geopolitical 
and planetary stability. 

Yet even dramatic improvements in 
energy efficiency will not be sufficient 
to protect the environment if they are 
confined to the industrialized world. 
Economic projections show that if 
nothing is done to hasten energy-tech
nology development and to move ex
isting efficiency technologies into the 
market in developing countries, glob
al climatic change and other major 
environmental problems will escalate 
beyond acceptable bounds. Even if 
industrialized countries managed to 
halve their carbon dioxide emissions 
(currently 1,800 kilograms per per-

HOME REFRIGERATOR 
THOUSAND JOULES PER KILOWATT·HOURS 

SQUARE METER PER DAY 
190 4 

110 3 
68 2 

11 

son per year), population growth and 
economic development in the less de
veloped countries would most likely 
drive up their carbon dioxide emis
sions from 450 to 900 kilograms 
per person per year by 2030. Annual 
worldwide emissions of carbon diox
ide would then be 2.5 times what they 
are today. 

The industrialized world uses the 
lion's share of commercial energy, but 
it has the tools at hand to increase 
efficiency and decrease fossil-fuel use. 
One place to start is application of the 
market rule-"energy prices matter"
to the U.S. transportation system. 

The cost of a gallon of gas in the U.S. 
has reached its lowest level ever. It 
does not reflect the cost of defense for 
the Middle East, smog, global warm
ing or the trade imbalance caused by 
oil imports. Gasoline prices in Europe 
and Japan are double or triple the U.S. 
price because governments there im
pose levies that force consumers to 
consider and internalize the full costs 
of their behavior. If Americans want to 
hold down oil consumption and at
tendant carbon dioxide emissions and 
play a world leadership role, a revision 
of transportation policy to reflect all 
energy-related costs would be a good 
place to start. 

Policies designed to speed the mar
ket penetration of new technologies 
are also essential. For example, re
search done at the Lawrence Berkeley 
Center for Building Science in Califor
nia indicates that an $8-million invest
ment in manufacturing and installing 
low-emissivity windows could elimi
nate the need for 36 million barrels 
of oil, which would cost $300 million 
to produce. Governments may want to 
take steps to create a preference for 
investment in efficiency technologies 
over production. The U.S. Congress 
did recently pass legislation impos
ing minimum efficiency standards on 
all new appliances. This measure was 

GAS FURNACE AIR CONDITIONER 
MILLION JOULES KILOWATT-HOURS 

PER DAY PER DAY 
210 10 

180 7 
140 

3 
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GASOLINE PRICES in the U.S. do not re-

flect the full costs of protecting oil sup

plies and cleaning the environment. Oth

er nations impose heavy taxes (red) on 
gasoline that force consumers to consid

er the full impact of their energy habits. 

necessary because builders, who seek 
to minimize initial costs, were eschew
ing cost-effective technologies to the 
detriment of building occupants, who 
are more interested in life-cycle costs. 

Efficient lighting, another big energy 
saver, may also require policy inter
vention to succeed because of the in
herent imperfections of the market
place. In one promising approach, util
ities subsidize customers to replace 
existing lighting with more efficient 
equipment; both parties share the sav-
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ings. Ironically, the same utilities that 
gave away light bulbs in the 1950's to 
build electricity demand may now find 
it in their interest to give away high
efficiency light bulbs to decrease de
mand in the 1990's. 

The developing world's share of 
energy consumption is small but 
inefficient, and demand is rapid

ly growing. With the help of the indus
trialized world, however, developing 
countries could apply technical solu
tions that would promote economic 
growth while keeping energy-demand 
growth relatively low. One important 
analysis shows that application of the 
best energy technology available to
day could provide a developing na
tion with a mid-1970's European lev
el of energy services while increasing 
energy consumption by only 20 per
cent over the average consumption of 
a developing country in 1980. This 
model also confirms that industrial
ized countries could continue eco
nomic growth but consume less ener
gy than they do today. 

Why should less developed coun
tries worry at all about saving ener
gy when their prime concern is gen
erating economic growth, which in
cludes increasing the availability of 
energy services? The answer is that 
energy efficiency reconciles the simul
taneous goals of development and 
environmental protection. Efficiency 
saves capital and decreases the pro
duction of carbon dioxide, sulfates 
(which cause acid rain), hydrocarbons 
and nuclear waste. 

The less developed countries face 
some hard choices. The path of in
dustrial development in China, for 

instance, could have a greater effect 
on the atmospheric accumulation of 
carbon dioxide than that of any oth
er nation. China's critical role stems 
from its large and growing population, 
its tendency toward energy-intensive 
processes, its poor energy efficiency 
and its massive reliance on coal. Be
tween 1980 and 1986 China's manu
facturing sector grew by 12 percent a 
year, the fastest growth in any large 
nation in the world. The average ener
gy intensity of China's industrial sec
tor has dropped, but it remains higher 
than the intensity of any other devel
oping nation. Indeed, the potential for 
improved efficiency is China's chief 
future energy resource. 

Achieving that potential will require 
large transfers of technology and capi
tal from the industrialized world, but 
it will also require reform of China's 
energy-pricing policy. Coal in China is 
priced at one quarter the international 
level. Folk wisdom has it that "one ton 
of coal could not even buy a ton of 
sand; one barrel of oil could not even 
buy a bottle of liquor." 

Industrialized countries with aging 
infrastructure will also have a major 
impact on future energy consumption 
and carbon emissions. Energy intensi
ty in the Soviet Union is twice the 
average of nations belonging to the 
Organization for Economic Coopera
tion and Development and shows no 
sign of improvement. The new poli
cies of perestroika and glasnost, which 
encourage effiCiency, market-orient
ed systems and global cooperation, 
therefore hold great promise for the 
global economy and environment. As 
the U.S.S.R., China and other central
ly planned economies move toward a 
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ENERGY FLOW shows that in 1987 the U.S. consumed 12.2 exa- largely through petroleum imports. Alternative energy resour

joules more than it produced. The balance was maintained ces accounted for only 12 percent of total energy production. 
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more rational price system, they will 
soon recognize, however, that mar
ket prices still do not reflect major ex
ternal costs. Because we now realize 
that these costs may include extraordi
nary global environmental problems, 
it may be up to more industrialized 
countries to encourage-through tech
nology transfer, subsidies or loans
policies or technologies that take de
veloping countries beyond the levels 
of efficiency justifiable on the basis 
of free-market prices. Such policies 
would require unprecedented levels 
of international cooperation. 

C apital and ingenuity can sub
stitute for energy throughout 
the world, but it will take tech

nical sophistication, political will, en
lightened economic thinking and time. 
Much of the technical sophistication 
needed to guarantee significant in
creases in the efficiency of energy con
version and use already exists, and 
efficiency is often cheap compared 
with the real costs of fossil fuels and 
the capital costs of new supplies. But 
research and development, funded 
both privately and by the government, 
is necessary to push beyond exist
ing limits. We also need to continue 
investigating new supplies, especially 
nuclear energy and renewable ener
gy sources, so that they can comple
ment and ultimately replace fossil fu
els. In the meantime, efficiency im
provements will hold down fossil-fuel 
demand, lessen environmental prob
lems, save investment capital and ulti
mately enable a given level of ameni
ties to be provided for less energy. 

Political will is another matter, as is 
enlightened economic thinking. Who 
wants to raise the apparent cost of 
fuel to the poor, in the U.S. or in India? 
We may know, rationally, that subsi
dizing fuel costs imposes far greater 
burdens on a nation than encouraging 
and perhaps subsidizing purchases of 
efficient cars or home appliances, but 
policy adjustments to foster efficien
cy will require that we plow through 
some new emotional territory. Polit
ical will is also crucial for exploit
ing some alternative-energy technolo
gies. Most scientists believe that safe 
and reliable nuclear waste-disposal 
technologies are at hand, but the not
in-my-backyard sentiment prevails 
among the wider populace. What com
bination of technical, educational and 
political skills will enable us to reach 
accord on this issue, which will be 
critical to any future deployment of 
nuclear power? 

The fact that one country acting 
alone cannot "cure" global problems 

6 Z GRADE 
NEXT 10 MILES 

TRUCKS USE 
LOWER GEAR 

SIGN OF THE TIMES on a mountain highway has lights powered by photovoltaic 
cells. The price of the cells has dropped rapidly, thereby expanding their market. 
Time can be gained to research and develop such innovative technologies, which 

increase energy supplies, by consuming existing energy resources more efficiently. 

compounds the political burden. Yet 
the sheer magnitude of U.S. energy 
consumption indicates that the U.S. 
could have a significant impact on 
global carbon emissions by instituting 
savings within the cost-effective rang
es established by existing technology. 
And the U.S., because of its energy
intensive past and present and its 
great technological ingenuity and ca
pability, can be charged with great 
responsibility in effecting the transi
tion to an era beyond fossil fuels. To 
do so, it must increase its own effi
ciency, develop a new array of energy 
sources and expand the energy possi
bilities for other countries. The U.S. 
might consider a twofold goal: first, 
increase the fraction of useful energy 
produced from nonfossil resources 
(by fuel substitution and more effi
cient combustion) by 20 percent by 
the end of this century; second, in
crease the output of goods and servic
es provided per unit of energy con
sumed by at least 2.5 percent a year 
for at least two decades. Such goals 
are challenging but achievable and 
could be a useful focus for the U.S. to 
assume leadership on this truly glob
al issue. 

But it is the collective response of 
developing countries to opportuni
ties for efficient resource use in their 

economies that will determine hu
manity's ultimate success in slowing 
the deterioration of the global en
vironment. New technology can help 
less developed countries to leap over 
the undesirable practices of the past 
and follow new energy paths for devel
opment. The industrialized world and 
developing countries must work to
gether to ensure that opportunities 
are available and, when sensible, are 
accepted. Investment in energy-effi
ciency technologies, which often cost 
the same as the fuels they displace, 
represents the most sensible energy 
path available today. The challenges 
are great, but so are the opportunities. 
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Strategies for Manufacturing 
Wastes from one industrial process can serve 

as the raw materials for another, thereby reducing 
the impact of industry on the environment 

by Robert A. Frosch and Nicholas E. Gallopoulos 

P
eople create new technologies 
and industries to meet human 
needs more effectively and at 

lower cost. Innovation is a major agent 
of progress, and yet innovators' in
complete knowledge sometimes leads 
to undesirable side effects. Such un
foreseen consequences of new inven· 
tions are not unique to the feverish 
industrialization of the 19th and 20th 
centuries. The ancient Greek myths 
tell of Pandora and the box full of 
plagues, of Prometheus punished for 
stealing fire from the gods and of 
Icarus, who plummeted from the sky 
when the sun's heat melted the wax of 
his wings. In historical times the shift 
from rawhide to tanned leather, al· 
though it made for garments and tools 
that lasted much longer and were 
more comfortable to wear and use, 
brought stenches and disease, so that 
tanneries had to be segregated from 
the communities they served. 

Today such inadvertent effects can 
have a global impact. ConSider, for 
example, the invention of chlorinat
ed fluorocarbons. Before CFC'S were 
developed in the 1930's, refrigerator 
compressors contained ammonia or 
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sulfur dioxide; either chemical was 
toxic, and leaks killed or injured many 
people. CFC'S saved lives, saved money 
and provided such elements of mod
ern life as air-conditioned buildings 
and untainted food. Only later did at
mospheric scientists determine that 
CFC'S contribute to global warming 
and affect the chemistry of the upper 
atmosphere, where they destroy ozone. 

Such failures should not diminish 
the fact that technology has improved 
the lot of people everywhere. Stan
dards of living in many parts of the 
world are better today than they were 
20 or 30 years ago. Many of the ad
verse effects of industrialization have 
been brought under control by further 
applications of technology. Yet as the 
world's population and standard of 
living increase, some of the old solu
tions to industrial pollution and ev
eryday wastes no longer work. There 
is often no "other side of town" where 
the modern equivalents of tanneries 
can be put, no open space beyond the 
village gates where garbage can be 
dumped and do no harm. 

B
y the year 2030, 10 billion peo
ple are likely to live on this plan
et; ideally, all would enjoy stan

dards of living equivalent to those of 
industrial democracies such as the 
u.S. or Japan. If they consume crit
ical natural resources such as cop
per, cobalt, molybdenum, nickel and 
petroleum at current u.S. rates, and 
if new resources are not discovered or 
substitutes developed, such an ideal 
would last a decade or less. On the 
waste side of the ledger, at current u.S. 
rates 10 billion people would generate 
400 billion tons of solid waste every 
year-enough to bury greater Los An
geles 100 meters deep. 

These calculations are not meant to 
be forecasts of a grim future. Instead 
they emphasize the incentives for re
cycling, conservation and a switch to 
alternative materials. They lead to the 
recognition that the traditional model 
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of industrial activity-in which indi
vidual manufacturing processes take 
in raw materials and generate prod
ucts to be sold plus waste to be dis
posed of-should be transformed into 
a more integrated model: an industrial 
ecosystem. In such a system the con
sumption of energy and materials is 
optimized, waste generation is mini
mized and the effluents of one proc
ess-whether they are spent catalysts 
from petroleum refining, fly and bot
tom ash from electric-power gener
ation or discarded plastic containers 
from consumer products-serve as 
the raw material for another process. 

The industrial ecosystem would 
function as an analogue of biological 
ecosystems. (Plants synthesize nutri
ents that feed herbivores, which in 
turn feed a chain of carnivores whose 
wastes and bodies eventually feed fur
ther generations of plants.) An ideal 
industrial ecosystem may never be at
tained in practice, but both manufac
turers and consumers must change 
their habits to approach it more close
ly if the industrialized world is to 
maintain its standard of living-and 
the developing nations are to raise 
theirs to a similar level-without ad
versely affecting the environment. 

If both industrialized and develop
ing nations embrace changes, it will be 
possible to develop a more closed in
dustrial ecosystem, one that is more 
sustainable in the face of decreasing 
supplies of raw materials and increas-

INDUSTRIAL PLANTS such as this oil 

refinery in New Jersey make the prod

ucts and materials that sustain mod

ern life. They also emit pollutants that 

are difficult to dispose of and that may 

have long-lasting adverse effects on 

the environment. Meeting environmen

tal needs calls for manufacturing plants 

that not only produce goods more effi

ciently but also fit together into a more 

harmonious industrial ecosystem. At 

the same time, consumers must learn 

to use those products less wastefully_ 
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ing problems of waste and pollution. 
Industrialized nations will have to 
make major and minor changes in 
their current practices. Developing na
tions will have to leapfrog older, less 
ecologically sound technologies and 
adopt new methods more compatible 
with the ecosystem approach. 

Materials in an ideal industrial eco
system are not depleted any more 
than those in a biological one are; a 
chunk of steel could potentially show 
up one year in a tin can, the next year 
in an automobile and 10 years later in 
the skeleton of a building. Manufac
turing processes in an industrial eco
system simply transform circulating 
stocks of materials from one shape to 
another; the circulating stock decreas
es when some material is unavoidably 
lost, and it increases to meet the needs 
of a growing population. Such recy
cling still requires the expenditure of 
energy and the unavoidable genera
tion of wastes and harmful by-prod
ucts, but at much lower levels than are 
typical today. 

Today's industrial operations do not 
form an ideal industrial ecosystem, 
and many subsystems and processes 
are less than perfect. Yet there are 
developments that could be cause for 
optimism. Some manufacturers are al
ready making use of "designed offal," 
or "engineered scrap," in the manufac
ture of metals and some plastics: tai
loring the production of waste from a 
manufacturing process so that the 

waste can be fed directly back into 
that process or into a related one. 
Other manufacturers are designing 
packaging to incorporate recycled ma
terials wherever possible or are find
ing innovative uses for materials that 
were formerly considered wastes. 

T
hree examples delineate some 
of the issues involved in devel
oping self-sustaining industri

al process systems: the conversion of 
petroleum derivatives to plastics, the 
conversion of iron ore to steel, and the 
refining and use of platinum-group 
metals as catalysts. We have picked 
these examples because each repre
sents a different stage in the evolu
tion of a closed cycle. Examining their 
workings and shortcomings should 
provide insight into how subsystems 
can be improved so as to develop an 
industrial ecosystem. 

The iron cycle, in which recycling 
is well established, is a very mature 
process with a history dating back 
thousands of years, even though ex
tensive production of steel did not 
begin until the 19th century. The plas
tics cycle, in which reuse is just be
ginning to make its mark, is less than 
100 years old; the first completely syn
thetic plastic, Bakelite, was introduced 
shortly after the turn of the century. 
The platinum-group-metals cycle-in 
which reuse is common because of the 
high cost of the materials involved-is 
even younger: industrial noble-metal 

ESTIMATED LIFETIMES OF SOME GLOBAL RESOURCES 

RESERVES RESOURCES RESERVES RESOURCES 

ALUMINUM 256 805 124 407 

COPPER 41 277  4 26 

COBALT 109 429 10 40 

MOLYBDENUM 67 256 8 33 

NICKEL 66 163 7 16 

PLATINUM 225 413 21 39 
GROUP 

COAL 206 3226 29 457 

PETROLEUM 35 83 3 7 

WORLD STOCKS of some essential raw materials will drop perilously low if less 

developed countries increase their consumption to match that of the industrialized 

world. Figures show reserves (quantities that can be profitably extracted with cur

rent technology) and resources (total quantities thought to exist). Estimates of years 

left until depletion are based on current global consumption (left) or on the assump

tion that in 2030 a population of 10 billion will consume at current U.S. rates (right). 
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MINING AND REFINING 

INDUSTRIAL-ECOSYSTEM CYCLE starts 

with resources and progresses to a fin

ished product that can be recycled (blue) 

catalysts became widely used only in 
the early 1950's, and the widespread 
use of noble metals to reduce pollu
tion from automotive exhaust dates 
back less than 15 years. 

The plastics system is potentially 
highly efficient, but realizing that po
tential poses challenges that have yet 
to be met. Plastics are a diverse group 
of chemically complex compounds 
whose use has grown explosively, so 
that they now present a growing dis
posal problem. Plastics are formed 
into any number of products, and dif
ferent plastic resins are difficult to 
distinguish. This difficulty leads to 
problems in collection, separation and 
recycling. Moreover, breaking plastics 
down to their original chemical con
stituents is often technologically in
feasible or economically unattractive. 

The drawbacks of plastics must 
nonetheless be weighed against their 
benefits. Plastic containers, for exam
ple, are safer than the glass containers 
they replace. Countless injuries, from 
minor cuts to severe lacerations, have 
been prevented by the substitution 
of plastic for glass in milk bottles 
and containers for bathroom products 
such as shampoo. Plastic containers 
are generally lighter than glass or met
al ones, so that less energy is required 
to transport them; they also require 
less energy to make than glass or 
metal containers, especially if they are 
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after use to enter "the cycle again as a raw material. ( The iron 

and steel cycle is shown here.) At each stage in the manu· 

facturing process, energy (red) and additional raw materials 

(green) are added, and waste heat and by-products are gener

ated. In an optimal cycle, wastes are captured and reused ei

ther in the same manufacturing process or in a different one. 

recycled. The Midwest Research Insti
tute in Kansas City, Mo., determined 
that compared with glass containers, 
half-gallon polyvinyl chloride (PVC ) 
containers require less than half the 
energy to produce and transport and 
consume one twentieth the mass of 
raw materials and less than one third 
as much water in their manufacture. 
They also generate less than half of 
the waste of glass manufacturing. 

Each kind of plastic poses different 
problems depending on its particular 
composition and use. PVC, of which 
almost four million tons are produced 
every year in the U.S., is a particular
ly dramatic example of the complex 
threats plastics pose to the environ
ment. PVC, which accounts for about 
one sixth of total plastic production, 
is made into products ranging from 
pipes to automobile parts to shampoo 
bottles. Its production requires both 
hydrocarbons and chlorine. (The chlo
rine makes the plastic's impact on the 
environment greater than it would be 
if only hydrocarbons were required
as is the case for polyethylene, for 
example.) Natural gas is the most com
monly used feedstock for PVC in the 
U.S.; elsewhere it is naphtha, a petro
leum fraction. In either case the feed
stock is converted to ethylene, which 
is chlorinated to form vinyl chloride 
monomer; the monomer molecules are 
then linked to form Pvc. 

The efficiency of the production 
process has already been improved. 
For example, manufacturers have 
developed more efficient membrane 
cells for the electrolysis of sodium 
chloride to produce the required chlo
rine. (The sodium chloride, common 
table salt, is dissolved in cells through 
which a current flows; sodium ions 
migrate to one electrode, and chlorine 
ions migrate to the other. A membrane 
separates the two electrodes.) The 
membrane cells also eliminate the as
bestos and mercury required in older 
electrolysis cells, thus reducing haz
ardous wastes. 

Even so, the PVC production process 
exemplifies classic "end of pipe" con
trol measures for reducing pollutants. 
Emissions of vinyl chloride monomer 
during manufacturing are tightly con
trolled, a practice instituted when it 
became known that the monomer is 
both toxic and carcinogenic. Unreact
ed vinyl chloride is generally stripped 
from the finished PVC by low-pressure 
steam. Most of the monomer is recov
ered and recycled, but some of it is 
present at concentrations too low for 
easy recovery and recycling; instead it 
is sent to an incinerator to be broken 
down. Scrubbers remove hydrochloric 
acid from the exhaust. 

Recycling of PVC during manufac
turing is fairly straightforward. Plants 
that make PVC products typically recy-

cle almost all of their in-house scrap. 
At General Motors, for example, scrap 
generated in the manufacture of PVC 
parts such as decorative trim, seat 
covers and dashboards is segregated 
by color, reground, melted and used 
along with virgin PVc. 

Once plastic enters the consumer 
market, however, recycling becomes 
considerably more complicated. Only 
about 1 percent of the PVC discarded 
by consumers is recycled. The wide 
range of products in which PVC is 
found makes collection and recovery 
more difficult, but it also creates in
teresting opportunities. For example, 
potential health hazards and liabili
ty concerns prevent recycled plastics 
from being incorporated into contain
ers where the plastic touches food; 
recycled bottles may find their way 
into drainage pipes instead. 

Other vinyl products that cannot 
easily be recycled can be burned to 
produce heat or electricity. PVC con
tains roughly as much energy as wood 
or paper, but its chlorine content pos
es problems: incinerators that burn 
PVC must have scrubbers to prevent 
emissions of hydrochloric acid, which 
contribute to acid rain. During com
bustion the chlorine can also form 
small amounts of dioxins, which are 
believed to be potent carcinogens. As 
a result, the incineration of discarded 
PVC is discouraged. Although recent 
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tests by the New York State Energy 
Research and Development Authority 
have shown that properly designed 
and operated incinerators do not emit 
significant quantities of hydrochloric 
acid or dioxins, environmentalists and 
regulators are not convinced that in
cinerators would achieve such low 
emission levels in practice_ 

Because of its chlorine content, PVC 
is a worst-case example of the prob
lems plastics pose. Other polymers 
such as polypropylene and polyethyl
ene present fewer environmental haz
ards. They have physical properties 
similar to those of PVC, but they con
tain no chlorine. Polyethylene tere
phthalate (PET), the material used in 
carbonated beverage bottles, is recy
cled in nine states that have mandato
ry deposit laws: California, Connecti
cut, Delaware, Maine, Massachusetts, 
Michigan, New York, Oregon and Ver
mont. Bottles collected in these states 
account for 150 million of the 750 
million pounds of PET resin produced 
every year. Recyclers pay from $ 100 
to $ 140 per ton of PET, making it 
the second most valuable component 
of municipal solid waste after alumi
num. The PET is reconstituted into 
resins for injection molding to pro
duce products ranging from automo
bile parts to electronic devices or is 

BEVERAGE CONTAINERS, seen here 

bound into bales at a major recycling 

center in New Jersey, can be reprocessed 

into plastic products such as polyester 

fiber and molded parts. Some 150 million 

pounds of bottles made from polyethyl

ene terephthalate (PET) were collected 

last year from the nine U.S. states that 

have mandatory deposit laws; 750 mil

lion pounds are produced nationwide. 

spun into polyester fibers that go into 
pillows, stuffed furniture, insulated 
clothing and carpeting. 

As the infrastructure for collect
ing and sorting PET and other con
sumer plastics grows, recycling rates 
should increase significantly. Accord
ing to recyclers such as Wellman Inc., 
of Shrewsbury, N.J.. which currently 
processes about 100 million pounds 
of PET a year, the market for recycled 
plastics is limited by collection effi
ciency rather than by demand. 

T
he industrial system for iron 
presents a different picture. 
Techniques for recycling are 

well established, and there is a strong 
infrastructure for collecting scrap. Yet 
discarded metal continues to pile up 
in scrapyards and across the U.S. be
cause there is not enough demand for 
it. Elemental iron, the predominant 
component of both steel and cast iron, 
is the backbone of modern life: it is 
used in roads, in the automobiles that 
pass over the roads and in bUildings. 
In the U.S. iron production begins 
when ore is mined in huge open pits 
as deep as 100 meters or more. The 
ore is concentrated and formed into 
pellets at the mine and then converted 
into pig iron in a blast furnace, where 
it is heated with coke, limestone and 
air. The coke adds carbon to the mix, 
and the limestone and the oxygen in 
the air react with impurities in the ore 
to form slag, which is then removed. 
Small admixtures of other elements 
yield steel to be cast, rolled or forged 
into billets, slabs, beams or sheets. 

Once iron has been formed into 
products, which are eventually dis
carded, its properties (especially its 
ferromagnetism) facilitate identifica
tion and separation. The enormous 
amount of iron in circulation makes 
recycling relatively easy and economi
cally attractive. It is not surprising, 
therefore, that every year millions of 
tons of scrap join iron ore to produce 
steel products. The scrap generated by 
stamping steel parts for automobiles, 
for example, is recycled into engine 
blocks and other castings. All four 
foundries that GM operates rely en
tirely on scrap steel obtained from 
other GM operations and on scrap iron 
generated during the casting process. 

Although iron recycling is a relative
ly simple process, the system is not a 
closed loop. Much of the scrap from 
discarded consumer products is not 
recovered but is scattered around the 
countryside, where it corrodes away a 
little every year and is considered a 
blight rather than an asset. In 1982 
recoverable iron scrap amounted to 
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6 10 million tons; at the end of 1987 
the figure had risen to more than 750 
million. A major reason for the in
crease is that U.S. production of iron 
and steel during this period was the 
lowest it had been since the end of 
World War II . The demand for scrap 
to make steel decreased while iron 
and steel products continued to be 
scrapped at the previous rate. 

Shifting patterns of steel manufac
turing, both in the U.S. and around the 
globe, are responsible for the increase 
in scrap. One subtle culprit is a tech
nology shift from open-hearth furnac
es to basic oxygen furnaces for pro
ducing steel. Basic oxygen furnaces 
(so called because they make steel in a 
large closed vessel supplied with pres
surized oxygen) require only 25 tons 
of scrap steel to be mixed with every 
100 tons of pig iron from the blast 
furnace, as opposed to a nearly equal 
mix for the open hearth. 

The shift to basic oxygen furnaces 
began in the U.S. about 1958, and to
day open-hearth furnaces account for 
less than 3 percent of total produc
tion. Open-hearth furnaces were re
placed to improve manufacturing effi
ciency and reduce air pollution, but 
their disappearance led to a decline 
in iron recycling. In making these 
changes, steelmakers had no econom
ic mechanism for taking account of 
the adverse environmental impacts of 
scrap accumulation or the possible 
long-term effects of consuming more 
iron ore for each unit of steel. 

More recently minimills have been 
built that rely on electric-arc furnac
es and consume scrap steel almost 
exclusively. These low-volume mills 
have increased their share of U.S. steel 
production, but not enough to com
pensate for the lost demand for scrap 
to feed open-hearth furnaces. Further
more, minimills produce only a limit
ed range of steel products, and many 
of those products must be made from 
scrap containing very low levels of 
impurities. Scrap that contains excess 
copper, for example, is not suitable for 
making sheet steel, because the result
ing sheet is too brittle to form into 
products. If electric-arc furnaces are 
to make significant inroads into the 
U.S. stock of scrap iron, they must be 
coupled to production facilities that 
produce a wider range of products, 
and better techniques must be devel
oped for dealing with impure scrap. 

P
latinum-group metals (platinum, 
palladium, rhodium, ruthenium, 
iridium and osmium) were, until 

the mid- 1970's, part of a very efficient 
industrial system. These metals were 
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once recycled with efficiencies of 85 
percent or better, but the advent of 
catalytic converters for automobiles 
dealt this system a shock from which 
recycling rates are only now beginning 
to recover. 

Recycling of platinum-group metals 
is dictated not so much by the envi
ronmental effects of their disposal as 
by their limited supply and the diffi
culties of mining and refining them. 
Ores contain only about seven parts 
per million of mixed platinum-group 
metals, so that about 20 million met
ric tons a year must be refined to pro
duce 143 tons of purified metals-an 
amount that could fit into a cube 
roughly two meters on a side. 

About 60 percent of the platinum
group metals mined is formed into 
metal products such as jewelry, ingots 
for investors and chemical-reaction 
vessels; these products are eventually 
recycled with almost complete effi
ciency. The remainder is used to make 
chemicals and catalysts for chemical 
plants, petroleum refineries and auto
mobiles. Catalysts adsorb molecules 
on their surfaces and promote chemi
cal reactions that either join the mol
ecules together or break them into 
smaller ones. Catalytic converters for 
automobiles, which reduce exhaust 
emissions of hydrocarbons, carbon 
monoxide and oxides of nitrogen, are 
the most rapidly growing use of plati
num-group metals; consumption rose 
from about 1 1.5 metric tons in 1975 to 
about 40 in 1988. Automobiles cur
rently account for most of the yearly 
permanent consumption of platinum
group metals. 

Platinum-group metals in industri
al applications are recycled quite effi
ciently. Each plant uses large amounts 
of catalyst, so that the payoffs from 
recycling are clear. Used catalysts are 
generally recycled every few months, 
providing a large, continuing stream 
of materials for reclaimers to proc
ess. In chemical and pharmaceutical 
plants, for example, catalysts are typi
cally recycled in less than a year, and 
about 85 percent of the platinum
group metals in them are recovered. 
Some petroleum refineries are even 
more successful, recovering up to 97 
percent of their noble metals. 

The automotive pattern of noble
metal use stands in sharp contrast to 
that of the process industries: there are 
tens of millions of catalytic convert
ers, each of which contains only a few 
grams of platinum-group metals (less 
than two grams of platinum, for exam
ple), and the lifespan of about 10 years 
for an average car makes for a much 
slower turnover of recyclable materi-

SCRAP METAL from the casting and machining of engine parts awaits recycling at a 

General Motors foundry in Defiance, Ohio. The company operates four foundries; 
they are supplied entirely by scrap from sheet-metal stamping, iron casting and 

machining operations. Despite the relative ease with which scrap can be recycled, 

millions of tons pile up every year in U.S. scrapyards for lack of ready markets. 

also As a result, only about 12 percent 
of the platinum-group metals in cata
lytic converters is currently recycled. 

Poor recycling rates for automotive 
catalysts can be blamed almost entire
ly on the lack of an effective means for 
collecting discarded converters. The 
technology for recovering platinum
group metals from the converters is 
quite well understood; a plant opened 
by Texasgulf Minerals & Metals, Inc., in 
Ala. in 1984 recovers 90 percent of the 
platinum, 90 percent of the palladium 
and 80 percent of the rhodium from 
used converters. Millions of individu
al converters, however, are dispersed 
among thousands of scrapyards and 
almost 2,000 automotive scrap recy
clers. The cost of locating, collecting 
and emptying the converters and then 
transporting the catalyst to a reproc
essing plant is suffiCiently high so that 
recycling is not profitable for most re
fining operations unless the price of 
platinum exceeds $500 an ounce. 

The outlook for catalytic-converter 
recycling is improving. Now that most 
of the first-generation of cars built 
with catalytic converters have found 
their way to U.S. scrapyards, there is 
a large, continuing flow of raw mate
rials for recyclers. More important, 
an infrastructure for collecting spent 
converters is being established. Even 
Japanese companies such as Nippon 
Engelhard have set up collecting or
ganizations in the U.S. to acquire au-

tomotive catalysts for reprocessing 
in Japan. In addition the introduction 
of more stringent emissions controls 
in Europe, where catalytic converters 
have not been required, will increase 
the demand for platinum-group met
als, making recycling more profitable. 

T
he life cycles of plastics, iron 
and the platinum-group metals 
illustrate some of the issues in

volved in creating sustainable indus
trial systems. Equally important is the 
way in which the inputs and outputs 
of individual processes are linked 
within the overall industrial ecosys
tem. This linkage is crucial for build
ing a closed or nearly closed system. 

Like their biological counterparts, in
dividual manufacturing processes in 
an effective industrial ecosystem con
tribute to the optimal function of the 
entire system. Processes are required 
that minimize the generation of unre
cyclable wastes (including waste heat) 
as well as minimize the permanent 
consumption of scarce material and 
energy resources. Individual manufac
turing processes cannot be consid
ered in isolation. A process that pro
duces relatively large quantities of 
waste that can be used in another 
process may be preferable to one that 
produces smaller amounts of waste 
for which there is no use. 

A good example of the subtleties 
involved is the dematerialization of 
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manufactured goods-the use of plas
tics, composites and high-strength al
loys to reduce the mass of products. 
The trend toward dematerialization 
has drawn increasing attention in re
cent years. The mass of a typical auto
mobile, for example, has decreased by 
more than 400 kilograms since 1975; 
about 100 kilograms of the decrease 
are due to the substitution of alumi
num and plastics for steel. Lighter cars 
burn less gasoline. Steel, however, is 
easy to recycle, whereas the composite 
plastics that have replaced it resist 
reuse. The net result may be an imme
diate drop in fuel consumption but an 
overall increase in the amount of per
manent waste created and in the re
sources consumed. 

W
aste-minimization activities 
in U.S. industries have been 
aided by regulations devel

oped in the late 1970's to control 
hazardous-waste disposal. The reg
ulations, reflecting long-term environ
mental costs, have increased the cost 
of landfill disposal from less than 
$20 a ton to $200 a ton or more, mak
ing alternatives to disposal profitable. 

ORE,20 
MILLION 

TONS 

Many companies find it profitable to 
sell their wastes as raw materials. For 
example, Meridian National in Ohio, a 
midwestern steel-processing compa
ny, reprocesses the sulfuric acid with 
which it removes scale from steel 
sheets and slabs, reuses the acid and 
sells ferrous sulfate compounds to 
magnetic-tape manufacturers. 

If the production of unrecyclable 
wastes is to be eliminated, similar 
steps must be taken for each of the 
low-level by-products in large streams 
of process effluents. Although emis
sions at each stage of such manu
facturing processes may be relatively 
small, taken together they can cause 
serious pollution problems. Minimiz
ing each of these myriad smaller emis
sions one at a time is a complex and 
potentially costly challenge. 

The challenge can be met in part 
by implementing a multitude of rela
tively small changes. Some chemical 
plants and oil refineries, for example, 
have significantly reduced their haz
ardous-waste output by simply chang
ing their procedures for buying and 
storing cleaning solutions and other 
low-volume chemicals. By doing so, 

they have been able to eliminate the 
need to dispose of leftover amounts. 

At ARCO's Los Angeles refinery com
plex, a series of relatively low-cost 
changes have reduced waste volumes 
from about 12,000 tons a year during 
the early 1980's to about 3,400 today, 
generating revenue and saving rough
ly $2 million a year in disposal costs. 
The company sells its spent alumina 
catalysts to Allied Chemical and its 
spent silica catalysts to cement mak
ers. Previously these materials were 
classified as hazardous wastes and 
had to be disposed of in landfills at a 
cost of perhaps $300 a ton. 

Alkaline carbonate sludge from a 
water-softening operation at the refin
ery goes to a sulfuric acid manufactur
er a few miles away, where it neutraliz
es acidic wastewater. (The acid man
ufacturer previously purchased pure 
sodium hydroxide for the same pur
pose.) A few outflow pipes have been 
rerouted to improve access for load
ing, and plant personnel must track 
the pH of their sludge, but the total 
investment has been minimal. 

The ARCO refinery has also started 
to recover oil from internal spills and 
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PlATINUM-GROUP METALS are recovered efficiently from jew

elry and other fabricated objects, two uses that constitute 

about 60 percent of consumption. Industrial catalysts and 

chemicals, also efficiently recycled, account for another 6 

percent. The fastest-growing use for the metals is in automo-
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tive catalytic converters, an application marked by low recy

cling rates. The infrastructure is only now being set up to 

collect the millions of converters that enter automotive scrap

yards each year and to recover the approximately two grams 

of platinum (worth about $32 in mid-1989) in each converter. 
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other wastes in a new $l-million re
cycling facility. When the recycler is 
fully operational next year, it is expect
ed to reduce wastes by another 2,000 
tons. Off-site treatment or land filling 
will still be needed for miscellaneous 
wastes such as solvents, spray cans 
and the several hundred tons of as
bestos insulation being removed from 
the plant each year. 

ARCO's situation is not unique; 
other major refiners and chemical 
manufacturers are engaged in simi
lar efforts. For example, investments 
of $300,000 in process changes and 
recovery equipment at Ciba-Geigy's 
Toms River plant in New Jersey re
duced disposal costs by more than 
$ 1.8 million between 1985 and 1988. 
Dow Chemical established a separate 
unit to recover excess hydrochloric 
acid, which it then either recycles to 
acid-using processes or sells on the 
open market. The operation recovers 
a million tons of acid a year at a profit 
of $20 million. 

B
y-products and effluents created 
during manufacturing represent 
only the supply side of the in

dustrial ecosystem. The demand side 
is the consumer, who takes in manu
factured goods and produces scrap 
that could be the raw materials for the 
next cycle of production. If the indus
trial-ecosystem approach is to become 
widespread, changes in manufactur
ing must be matched by changes in 
consumers' demand patterns and in 
the treatment of materials once they 
have been purchased and used. 

The behavior of consumers in the 
u.s. today constitutes an aberration in 
both time and space. Whereas a typical 
New Yorker, for example, discards 
nearly two kilograms of solid waste 
every day, a resident of Hamburg or 
Rome throws out only about half 
that-as New Yorkers did at the turn 
of the century. Moreover, U.S. consu
mer habits and waste-management 
practices form a complex pattern that 
hinders efforts to reduce waste gen
eration and the growing pressure on 
municipal landfills. The vast bulk of 
consumer wastes consists of organic 
materials and plastics that could rela
tively easily be composted, recycled or 
burned to produce energy but instead 
are stored in landfills, for which land 
was readily available in the past and 
where costs were low. 

Today, as landfills across the U.S. 
near capacity, many communities 
have initiated garbage-sorting pro
grams to reduce the amount of unre
cycled waste; more initiatives are like
ly to follow. Some other countries 

CONSUMER WASTES strain the capacity of landfills such as this one in Deptford, N.J. 

The environmental problems posed could be avoided by changes in disposal habits. 

Sorting trash to facilitate the recycling of paper, glass and plastics could simultane

ously slow the filling of landfills and reduce the consumption of scarce resources. 

have already instituted fairly sophisti
cated collection and treatment prac
tices that go well beyond standard 
sorting and recycling. Japan, Sweden 
and Switzerland, for example, have set 
up collection centers for batteries 
from portable radios and other consu
mer products. The batteries contain 
heavy metals that render compost
ed wastes unsuitable for fertilizing 
crops; the metals also contaminate fly 
and bottom ash from incinerators, so 
that the ash must be disposed of as 
hazardous waste. 

An effective infrastructure for col
lecting and segregating various consu
mer wastes can dramatically improve 
the efficiency of the industrial eco
system. The American consumer may 
have to stop heedlessly generating 
huge volumes of unsorted wastes, but 
living standards in the U.S. as a whole 
will not be affected. Moreover, landfills 
for municipal wastes are running out 
of space as rapidly as are those for 
industrial waste; consumers will soon 
find themselves facing the same eco
nomic incentives for waste reduction 
that producers face today. 

C
reating a sustainable industri
al ecosystem is highly desir
able from an environmental 

perspective and in some cases is high
ly profitable as well. Nonetheless, 
there are a number of barriers to its 
successful implementation. Corporate 
and public attitudes must change to 
favor the ecosystem approach, and 
government regulations must become 
more flexible so as not to unduly hin-

der recycling and other strategies for 
waste minimization. 

Federal hazardous-waste regula
tions are a case in point. They some
times make waste minimization more 
difficult than waste disposal. Because 
of the strict requirements for han
dling and documenting the treatment 
of wastes classified as hazardous, 
many companies choose to buy their 
materials through conventional chan
nels rather than involve themselves in 
the regulatory process. A few states 
do encourage innovative treatment of 
wastes: California, for example, pub
lishes a biannual catalogue that at
tempts to match waste generators 
with waste buyers-manufacturers 
who need the materials they produce. 
About half a million tons of hazard
ous wastes that would otherwise have 
gone to landfills were recycled in 
1987. A dozen other state, provinCial 
and regional waste exchanges operate 
throughout the U.S. and Canada. 

In addition to promoting innovative 
waste-minimization schemes, govern
ments need to focus on the economic 
incentives for sustainable manufac
turing. Increased landfill costs have 
forced companies to improve indus
trial processes and reduce unrecycla
ble waste, but many small emissions 
are still controlled by classic end
of-pipe regulations that specify how 
much of each pollutant may be dis
charged. Companies must meet regu
latory requirements, but there are no 
direct advantages for manufacturers 
who capture and treat low-level efflu
ents or who shift to production proc-
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esses with more benign by-products. 
Conventional economic methods 

take into account only the immediate 
effects of production decisions. If a 
manufacturer produces nonrecyclable 
containers, for example, taxpayers at 
large bear the increased landfill costs; 
if a power plant reduces emissions 
that cause acid rain, communities 
elsewhere are likely to reap the bene
fits. Returns to the manufacturer or 
utility are generally indirect. 

I
nstead of absolute rules, econo
mists have long advocated finan
cial incentives to reduce pollution. 

These include investment or research 
credits, tax relief, or fees or taxes im
posed on manufacturers according 
to the amount and nature of the haz
ardous materials they produce. Such 
measures can help pay for treatment 
or disposal; more important, they give 
companies an incentive to change 
their manufacturing processes so as 
to reduce hazardous-waste produc
tion. Fees and taxes for pollution 
make environmental costs internal, so 
that they can be taken into account 
when making production decisions 
[see "Toward a Sustainable World," by 
William D. Ruckelshaus, page 166]. 

Pollution fees have come under fire 
from environmentalists and industri
alists as "licenses to pollute" and as 
"distortions of the market." Both criti
cisms are potentially valid. Companies 
can treat fees that are too low as a cost 
of doing business and pass them on to 
customers; fees that are too high may 
force companies to reduce emissions 
of speCific pollutants without regard 
to other environmental effects or to 
financial burdens. 

Suitably set charges or incentives, 
however, can be an effective means for 
manufacturers to incorporate societal 
costs of pollution and waste into their 
cost accounting systems. As in the 
case of rising landfill fees for hazard
ous wastes, cost feedback for other 
pollutants could make it more attract
ive to solve problems at the source 
rather than to destroy or dispose of 
effluents once they have been created. 
Such fees enable manufacturers to 
share in the overall economic savings 
accruing from reduced levels of haz
ardous materials. Providing economic 
incentives would harness manufactur
ers' strong competitive drive to reduce 
costs. Indeed, manufacturers who ig
nore this imperative perish from the 
marketplace, a situation that would 
not change if the societal costs of 
pollution were allocated to them. 

Economic incentives alone are not 
enough to make the industrial-eco-

system approach commonplace. Tra
ditional manufacturing processes are 
designed to maximize the immediate 
benefits to the manufacturer and the 
consumer of individual products in 
the economy rather than to the econ
omy as a whole. A holistic approach 
will be required if the proper balance 
between narrowly defined economic 
benefits and environmental needs is 
to be achieved. ( Broadly defined, of 
course, economic and environmental 
goals are the same: bad places to live 
do not make for good markets.) 

The concepts of industrial ecolo
gy and system optimization must be 
taught more widely. Current engineer
ing and technological education either 
omit these concepts entirely or teach 
them in such a limited way that they 
have little impact on the approach
es taken to the environmental prob
lems associated with manufacturing. 
Changing the content of technolog
ical education, however, will not be 
enough. The concepts of industrial 
ecology must be recognized and val
ued by public officials, industry lead
ers and the media. They must be in
stilled into the social ethos and adopt
ed by government as well as industry. 

Government regulation of emis
sions at the local, national and in
ternational level will continue to play 
a strong role in the transition from 
traditional methods of manufacturing 
to an industrial-ecosystem approach. 
The transition to an ecosystem ap
proach would be accelerated by the 
early adoption of economic incentives 
as part of the regulatory system. 

To make regulation as effective as 
possible, officials must base their poli
cies on sound technology and make 
allowance for technological change. 
Rules must be cast so as to encour
age (or at least not discourage) the de
velopment of alternative processes 
and innovative methods for dealing 
with industrial by-products. Regula
tors must take advantage of industry's 
technological know-how so as to avoid 
counterproductive control measures. 
Such a wise regulatory framework will 
be almost impossible to construct 
unless government, industry and en
vironmental groups abandon their 
current adversarial relationships and 
work together to solve their shared 
problems. 

Even with an industrial-ecosystem 
approach in place, decisions about 
how best to allocate resources will not 
always be easy. Petroleum, for exam
ple, is not just a source of energy but 
also a raw material essential for manu
facturing chemicals, plastics and oth
er materials. Some analysts have ar-
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gued that it should be used only as a 
raw material and not for energy. A 
similar argument could be made for 
using coal as a feedstock instead of as 
a fuel. On the output side, plastics can 
be burned for energy, recycled into 
new products or even reduced to their 
chemical constituents; it is not clear 
which choice is unequivocally sound
er. Careful analysiS of the consequenc
es by "industrial ecologists" will be 
required to answer such questions. 

The ideal ecosystem, in which the 
use of energy and materials is opti
mized, wastes and pollution are mini
mized and there is an economically 
viable role for every product of a man
ufacturing process, will not be at
tained soon. Current technology is of
ten inadequate to the task, and some 
of the knowledge needed to define 
the problems fully is lacking. The diffi
culties in implementing an industri
al ecosystem are daunting, especially 
given the complexities involved in har
monizing the desires of global indus
trial development with the needs of 
environmental safety. 

Nonetheless, we are optimistic. The 
incentive for industry is clear: com
panies will be able to minimize costs 
and stay competitive while adhering 
to a rational economic approach that 
accounts for global costs and ben
efits. Equally clear are the benefits to 
society at large: people will have a 
chance to raise their visible standards 
of living without incurring hidden 
environmental penalties that degrade 
the quality of life in the long run. 
Remembering that people and their 
technologies are a part of the natural 
world may make it possible to imitate 
the best workings of biological ecosys
tems and construct artificial ones that 
can be sustained over the long term. 
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A HEALTHY ENVIRONMENT 
REQUIRES 

A HEALTHY ECONOMY 
The economic strength of the United States 

is precisely why we have the world's best 
environmental protection record. Our national 
prosperity means we can afford to make 
ecological concerns a national priority. 

Americans spend more than $32 billion 
annually to control air pollution alone. That's 
why Congress, in renewing the Clean Air Act 
in coming months, needs to strike a careful 
balance between additional improvements in 
air quality-which everyone supports-and 

preserving American jobs and competitive
ness. This balance can be accomplished with 
realistic goals and proper management. 
Short-sighted legislative "fixes" do not usually 
provide the best solutions. 

Our nation is the world leader in air pollution 
control. Through compliance with the Clean 
Air Act, our nation's air quality has improved 
dramatically. According to the U.S. Environ
mental Protection Agency, from 1978 to 1987, 

the levels of: 

AMBIENT AIRBORNE LEAD ________________ _ 

SULFUR DIOXIDE ________________ _ 

CARBON MONOXIDE ____________ _ 

DUST. SOOT AND PARTICULATES ______ _ 

OZONE ...................... .. 
NITROGEN OXIDES ______ _ 

More needs to be done. We must continue 
to develop efficient pollution control 
technologies. We must provide an adequate 
planning period so that we know the effect 
compliance will have on consumer prices, 
jobs and the environment. Before we enact 
costly legislation, we must determine whether 
such action will be effective and compatible 
with other environmental goals. 

The Clean Air Working Group is a broad
based, national coalition of nearly 2,000 
industries, small and large businesses and 
trade associations working with the 
government to create effective clean air 
policies. Our members, who employ millions 
of Americans, support reasonable policies 
that will keep Americans working as we 
continue to clean the air. 

A HEALTHY ECONOMY 
CAN ENSURE 

A HEALTHY ENVIRONMENT 
For Further 

Information, 

Contact: 

William D. Fay, Administrator, The Clean Air Working Group 

818 Connecticut Avenue, N.W., Washington, D.C. 20006 

CAWG 
(:LEA:-.! 

.. \lR 
WORK1:-.i(' 

l;Rt)L'P 
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Strategies for Sustainable 
Economic Development 
World economies are depleting stocks of ecological capital 
faster than the stocks can be replenished. Yet economic 

growth can be reconciled with the integrity of the environment 

S
ince 1900, the number of peo
ple inhabiting the earth has mul
tiplied more than three times. 

The world economy has expanded 20 
times. The consumption of fossil fuels 
has grown by a factor of 30, and indus
trial production has increased by a 
factor of 50; four fifths of that in
crease has occurred since 1950. This 
scale of development has produced a 
world with new realities, realities that 
have not yet been reflected in human 
behavior, economics, politics or insti
tutions of government. 

The gains in human welfare made 
possible by this development have 
been breathtaking, and the poten
tial for future gains is even more 
awesome. But many of the processes 
of development that produced these 
gains are degrading the planet's en
vironment and depleting its basic ec
ological capital at an alarming rate, 
leaving increasing numbers of people 
poor and vulnerable. A decade after 
the landmark Stockholm Conference 
on the Human Environment, which 
was held in 1972, governments began 
to recognize that environmental de
struction at a pace and scale never 
experienced before was undermining 
prospects for economic development 
and threatening the very survival of 
the earth's inhabitants. 

Is there any way to meet the needs 
and aspirations of the five billion peo
ple now living on the earth without 

PEDESTRIANS AND HIGHWAY in Ivory 
Coast epitomize the blend of old and 
new that is typical of developing coun
tries. Not all the hallmarks of econom
ic growth are as obvious; many of the 
changes that can bring about sustain
able development must take place at the 
institutional level and should include 
new policies for regulation, subsidiza
tion and the division of responsibility. 

by Jim MacNeill 

compromISIng the ability of tomor
row's eight to lO billion to meet 
theirs? That, I believe, was the tacit 
question the United Nations General 
Assembly sought to answer when in 
1983 it called for the establishment 
of a special, independent commission. 
The World Commission on Environ
ment and Development, as it was lat
er named, included 23 commissioners 
from 22 different countries, regional
ly balanced, including all the major 
power groups and with a strong ma
jority from developing countries. Gro 
Harlem Brundtland, who was then 
Leader of the Opposition in Norway 
and is now the country's Prime Min
ister, chaired the commission; Man
sour Khalid, a former foreign minis
ter of the Sudan, was vice-chairman. I 
became secretary general and mem
ber (ex officio) and was responsible 
for directing and managing what be
came a global enquiry into the state 
of the world. 

The commission went through a 
broad process of analYSiS, learning 
and debate. We contracted papers, 
established panels and invited world 
figures to meet with us. We also did 
something that no other international 
commission has attempted: we organ
ized open public hearings in every 
region of the world, from Jakarta to 
Moscow, Sao Paulo to Oslo, Harare to 
Ottawa. We met and took evidence 
from nearly a thousand experts, po
litical leaders and concerned citizens 
on five continents. In the process, we 
learned firsthand of the contradic
tions between the reality of environ
ment and development-totally inter
locked in the daily lives of people, 
communities and industries-and the 
artifical distinctions drawn between 
the two by academic, economic and 
political institutions. 

In October, 1987, after three years of 

intensive work, the commission pre
sented its report, "Our Common Fu
ture," to the General Assembly. Its an
swer to the Assembly's tacit question 
was a heavily conditioned "yes." The 
needs and aspirations of today could 
be reconciled with those of tomor
row, providing there are fundamental 
changes in the way nations manage 
the world's economy. While this article 
draws heavily on the commission's 
report, it reflects my own interpreta
tion, as well as events since 1987 and 
information that has become available 
in the past two years. 

D
uring its three years of work, 
the commission returned con
stantly to what I call the "sus

tainability question": Can growth on 
the scale projected over the next one 
to five decades be managed on a basis 
that is sustainable, both economically 
and ecologically? 

The answer is not evident, since the 
obstacles to sustainability are main
ly social, institutional and political. 
Economic and ecological sustainabil-

JIM MAcNEILL is secretary general of 
the World Commission on Environment 
and Development and a prinCipal archi
tect of the commission's 1986 report, 
Our Common Future. Before joining the 
weED in 1984, he was for seven years 
director of environment for the Organi
zation for Economic Cooperation and 
Development; earlier he served as per
manent secretary (Deputy Minister) of 
the Canadian Ministry of State for Urban 
Affairs and as special adviser on the 
constitution and the environment in 
Prime Minister Pierre E .  Trudeau's office. 
He is president of MacNeill Associates 
and recently established a program on 
sustainable development for the Insti
tute for Research on Public Policy in 
Ottawa. 
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Growth, Distribution and Poverty 

How quickly can a developing country expect to eliminate poverty? The 
answer will vary from country to country, but much can be learned from a 
typical case. Consider, for example, a nation in which half the population 
lives below the poverty line and in which the distribution of household 
income is as follows: the top one fifth of households have 50 percent of the 
nation's total income, the next fifth have 20 percent, the next fifth have 14 
percent, another fifth have 9 percent and the bottom fifth have 7 percent. 
This is a fair representation of the situation in many low-income developing 
countries. 

Now consider two scenarios for distributing increases in income: one in 
which 25 percent of the incremental income of the richest one fifth is 
redistributed equally to rest of the population and one in which there is no 
redistribution. For those two cases, the number of years required to bring 
poverty down from 50 to 10 percent will be between 18 and 24 years if per 
capita income grows at 3 percent a year, to between 51 and 70 years if it 

grows at only 1 percent a year. 
Thus, if per capita income grows at 1 percent a year, the time required to 

eliminate absolute poverty will stretch well into the next century, with or 
without redistributions of income. To assure that the world is well on its way 
to sustainable development during the first part of the next century, a 
minimum of 3 percent annual per capital income growth will be necessary, 
as well as greater equity in income distribution within developing countries. 

ity are still dealt with as two separate 
questions in all governments and in
ternational organizations, where they 
are the responsibility of separate 
agencies such as ministries of finance 
and departments of environment. But 
economic and ecological systems are 
in fact interlocked. Global warming is 
a form of feedback from the earth's 
ecological system to the world's eco
nomic system. So are the ozone hole, 
acid rain in Europe and eastern North 
America, soil degradation in the prai
ries, deforestation and species loss in 
the Amazon, and many other environ
mental phenomena. 

A number of communities and re
gions have already crossed critical 
thresholds. In the case of the ozone 
shield and climatic change, the world 
as a whole may be on the verge of 

doing the same. Even so, the most 
urgent imperative of the next few dec
ades is further rapid growth. A fivefold 
to tenfold increase in economic activi
ty would be required over the next 50 
years in order to meet the needs and 
aspirations of a burgeoning world pop
ulation, as well as to begin to reduce 
mass poverty. If such poverty is not 
reduced Significantly and soon, there 
really is no way to stop the accelerat
ing decline in the planet's stocks of 
basic capital: its forests, soils, spe
cies, fisheries, waters and atmosphere. 

A transition to sustainable develop
ment during the first part of the next 
century would require a minimum of 3 
percent annual growth in per capita 
income in developing countries and 
vigorous poliCies to achieve greater 
equity within developing countries 

LONG-TERM DEBT AND FINANCIAL FLOWS 
IN DEVELOPING COUNTRIES FROM 1983 TO 1988 

(BILLIONS OF DOLLARS) 

1982 1983 1984 1985 1986 1987 1988 

Debt Disbursed and Outstanding 562.5 644.9 686.7 793.7 893.8 996.3 1020 
Debt Service 98.7 92.6 101.8 112.2 116.5 124.9 131 

Principal Payments 49.7 45.4 48.6 56.4 61.5 70.9 72 

Interest Payments 48.9 47.3 53.2 55.8 54.9 54 59 
Net Flows 67.2 51.8 43 32.9 26.2 15.8 16 

Net Transfers 18.2 4.6 -10.2 -22.9 -28.7 -38.1 -43 

DEBT AND FINANCIAL FLOWS reflect the worsening financial situation of develop
ing countries. The cumulative debt of developing countries is growing, having now 
reached more than $I trillion, and beginning in 1984 the traditional net flow of cap
ital reversed itself: today $43 billion a year is transferred from developing coun
tries to developed ones. The figures in this table were supplied by the World Bank. 
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and between the industrialized world 
and developing countries [see illus
tration at left]. Although they have 
only one quarter of the world's popu
lation, industrialized countries con
sume about 80 percent of the world's 
goods. With three quarters of the 
world's population, developing coun
tries command less than one quarter 
of the world's wealth. And the imbal
ance is growing steadily worse. 

A fivefold to tenfold increase in eco
nomic activity translates into a colos
sal new burden on the ecosphere. Im
agine what it means in terms of plane
tary investment in housing, transport, 
agriculture and industry. If current 
forms of development were employed, 
energy use alone would have to in
crease by a factor of five just to bring 
developing countries, with their pres
ent populations, up to the levels of 
consumption now prevailing in the 
industrialized world. Similar factors 
can be cited for food, water, shelter 
and the other essentials of life. 

An increase in economic activity by 
a factor of from five to 10 sounds 
enormous, but because of the magic 
of compound interest, it represents 
annual growth rates of only between 
3.2 and 4.7 percent. What government 
of any country, developed or develop
ing, does not aspire at least to that? 
Indeed, such rates are hardly enough 
to keep up with projected population 
growth in developing countries. 

Given population trends, per capita 
income growth of 3 percent a year 
would require overall national income 
growth of around 5 percent a year in 
the developing countries of Asia, 5.5 
percent in Latin America and 6 percent 
in Africa and West Asia. During the 
1960's and 1970's, many countries in 
these regions experienced growth of 
this magnitude. 

Y
et during the 1980's, growth 
in most developing countries 
came close to a halt. They faced 

debilitating domestic problems that 
were not just economic but also eco
logical and political. And, in many cas
es, there are clear connections among 
them. Population growth continued 
to outstrip economic growth in most 
developing countries, and two thirds 
of them suffered falls in per capita 
income, some as great as 25 percent. 
Deteriorating terms of trade, such as 
unstable commodity prices and grow
ing protectionism in developed mar
ket economies, and stagnating flows 
of aid combined to force attention to 
short-term crises rather than long
term development. 

The major problem, particularly in 
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Africa and Latin America, was and 
still is the debt [see bottom illustra
tion on opposite page]. The cumulative 
debt of developing countries has now 
reached roughly $1 trillion; the inter
est payments amount to $60 billion 
a year. The traditional net flow of capi
tal from the industrialized to the de
veloping countries was reversed in 
1982 : more than $43 billion annually 
is now transferred in the other direc
tion. And that is only what the World 
Bank counts. 

In addition, today's trading patterns 
effect a massive transfer of the envi
ronmental costs of global gross na
tional product to the poorer, resource
based economies of the developing 
countries. A study conducted for the 
commission estimated these costs at 
about $14 billion a year-more than 
one third of the total amount of devel
opment assistance flowing annually in 
the other direction. And that $14 bil
lion is a low estimate, because it only 
includes costs related to environmen
tal pollution and not those related to 
resource depletion. 

Most developing countries, and 
large parts of many industrialized 
countries, have resource-based econ
omies [see illustration on next page]. 
Their economic capital consists main
ly of their stocks of environmental 
resources: their soils, forests, fisher
ies, species, waters and parks. Their 
long-term economic development de
pends on maintaining, if not increas
ing, these stocks and on enhancing 
their ability to support agriculture, 
forestry, fishing, mining and tourism 
for local use and export. 

During the past two decades, the 
poorer countries of the developing 
world have experienced a massive de
pletion of this capitaL Just 40 years 
ago Ethiopia, for example, had a 30 
percent forest cover; 12 years ago it 
was down to 4 percent, and today it 
may be 1 percent. Until this century, 
India's forests covered more than half 
of the country. Today they are down to 
14 percent and are going fast. In the 
tropics, 10 trees are being cut for ev
ery one planted; in Africa, the ratio is 
29 to one. Forest areas nearly equal to 
the size of the United Kingdom are 
disappearing every year. Brazil alone 
may be losing more than eight million 
hectares annually. 

An area larger than the African con
tinent and inhabited by more than 
one billion people is now at risk from 
desertification, and every year des
erts grow by six million hectares. The 
WorldWatch Institute estimates yearly 
topsoil loss at 2 5  billion tons-rough
ly the amount that covers Australia's 

wheatlands. Water use has doubled at 
least twice in this century and could 
double again over the next two dec
ades. Yet in 80 developing countries 
having 40 percent of the world's popu
lation, water is already a serious con
straint on development. 

The basic economic capital of de
veloping, and parts of some devel
oped, countries-their environment 
and renewable resources-is being 
consumed faster than it can be re
stored or replaced. Some developing 
countries have depleted virtually all 
of their ecological capital and are on 
the brink of environmental bankrupt
cy. The consequences include not 
only increased hunger and death but 
also social instability and conflict, as 
resource depletion and degradation 
drives millions of environmental refu
gees across national borders. 

W
ith these factors as a back
drop, it is easy to envision the 
future as one of ever-increas

ing environmental degradation, pov
erty and hardship among ever-declin
ing resources in an ever more pollut
ed world. That could, of course, be 

the outcome of many current devel
opment poliCies and trends, but it is 
not inevitable. 

The commission preferred instead 
to emphasize the possibility of a "new 
era of growth" -not the type of growth 
that dominates today but sustainable 
growth, growth based on forms and 
processes of development that do not 
undermine the integrity of the envi
ronment on which they depend. The 
commission defined sustainable de
velopment as consisting of new paths 
of economic and social progress that 
"meet the needs of the present with
out compromising the ability of future 
generations to meet their own needs." 

The concept of sustainable develop
ment is not new. As William D. Ruck
elshaus points out in his article, "To
ward a Sustainable World" [see page 
166], "sustainability is the original 
economy of the species." Modern civi
lization, however, has been character
ized by unsustainable development, 
employing forms of decision making 
that systematically discount the fu
ture. Can modern economies be re
structured against the criteria of sus
tainability? This is not an academic 

GANGES RIVER suffers the fate of many natural resources: it has become polluted as 
a result of economic policies that sacrifice the environment for the sake of develop
ment. Prime Minister Rajiv Ghandi has launched a program to restore the Ganges. 
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COUNTRIES WITH LOW
INCOME ECONOMIES 

BURMA 

CHINA 

INDIA 

SRI LANKA 

ETHIOPIA 

GHANA 

KENYA 

SENEGAL 

TANZANIA 

COUNTRIES WITH 
MIDDLE-INCOME 
ECONOMIES 

• BOLIVIA 

� COLOMBIA 

� COSTA RICA 

EXPORTS OF PRIMARY PRODUCTS AS 
A PERCENTAGE OF TOTAL EXPORTS 

1965 D 

651 

1986 D 

951 
981 

961 
821 

841 

961 
I 

INDONESIA 79 1 

THAILAND 

o NIGERIA 

i� ZIMBABWE 
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581 
951 

971 
981 

711 
641 

question. It is probably a question of 
survival. 

Such restructuring would require 
changes in societal values and goals, 
changes in incentives and changes in 
the dominant processes of decision 
making. A number of conditions will 
have to be met in order to make de
velopment sustainable. I have already 
mentioned a few: reviving growth, ad
dressing equity and meeting essential 
needs and aspirations. Several others 
are equally important. 

O
ne is reducing rates of popula
tion growth. The issue is not 
simply one of numbers. A child 

born in a rich, industrialized country, 
where per capita consumption of en
ergy and materials is high, places a 
much greater burden on the planet 
than a child born in a poor country. 
The industrialized world has found 
that development is the best means 
of population control. Accompanied 
by urbanization, rising income levels, 
improved education and the empow
erment of women, development has 
even brought about negative rates of 
population growth in countries such 
as West Germany and Sweden. 

Similar processes are at work in 
some developing countries. In addi
tion, many developing countries are 
beginning to take strong direct meas
ures to bolster social, cultural and 
economic motives for couples to have 
small families. Through family-plan
ning programs, they are also provid
ing to all those who want them the 
education, technological means and 
services required to control family 
size. These efforts require much great
er research, financial and especially 
political support from industrialized 
countries than they have been getting. 

Another essential condition for sus
tainable development is that a com
mUnity's and a nation's basic stock of 
ecological capital should not decrease 
over time. A constant or increasing 
stock of natural capital is needed not 
only to meet the needs of present gen
erations but also to ensure a mini
mum degree of fairness and equity for 
future generations. 

RESOURCE DEPENDENCE of the econo
mies of selected developing countries is 
apparent in the percentage of their to
tal exports that are "primary products": 
fuels, minerals, metals and agricultural 
products. In many cases the percentage 
has fallen over the past two decades as 
resources have been depleted. The au
thor took these figures from the World 
Bank 1988 World Development Report. 
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Can the world's expanding econo
mies begin to live off the interest of 
the earth's stock of renewable resour
ces, without encroaching on its capi
tal? At the moment, world economies 
are moving backward at an accelerat
ing pace, but the question remains 
open. If the annual draw on the earth's 
stock of renewable resources is to be 
brought within the capacity of natu
ral systems to generate it, the indus
trialized world will need to increase 
by several orders of magnitude its 
support for strategies aimed at abat
ing pollution, at protecting and pre
serving essential resource capital and 
at restoring and rehabilitating assets 
that have already been depleted or 
exhausted. 

It is much more important, howev
er, to reform the public policies that 
actively if unintentionally encourage 
deforestation, desertification, destruc
tion of habitat and species, and decline 
of air and water quality. These policies 
and the often enormous budgets they 
command are much more powerful 
than any conceivable measures to pro
tect environments or to restore and 
rehabilitate those already damaged. 
Unless and until such policies are re
formed, nations will not be able to 
keep up, let alone catch up, with the 
increasing rates of depletion of their 
natural capital. 

Take agriculture, for example. Agri
cultural subsidies provide one of the 
best examples of unwittingly destruc
tive economic policies. Virtually the 
entire food cycle in North America, 
Western Europe and japan attracts 
huge direct or indirect subsidies. 
These subsidies encourage farmers to 
occupy marginal lands and to clear 
forests and woodlands. They induce 
farmers to use excessive amounts of 
pesticides and fertilizers and to waste 
underground and surface waters in ir
rigation. Canadian farmers alone lose 
well over $1 billion a year from re
duced production due to erosion 
stemming from practices underwrit
ten by the Canadian taxpayer. 

According to the Organization for 
Economic Cooperation and Devel
opment (OECD) and other sources, 
the farm-subsidy structure now costs 
Western governments in excess of 
$300 billion a year. What conserva
tion programs can compete with that? 
These subsidies send farmers far 
more powerful signals than do the 
small grants usually provided for soil 
and water conservation. 

The adverse effects of these subsi
dies extend beyond national borders. 
By generating vast surpluses at great 
economic and ecological cost, the sub-

sidies create political pressures for 
still more subsidies: to increase ex
ports, to donate food as nonemergen
cy assistance to developing countries 
and to raise trade barriers against im
ported food products. All these meas
ures hurt agricultural productivity. 

During the next few decades, agri
cultural production must be shifted 
from developed to developing coun
tries, where the growing demand is. 
Land and price reform is helping to 
encourage farming in some countries 
in Asia, Africa and Latin America, but 
those efforts could easily be under
mined by the competitive dumping of 
Western surpluses. Governments of 
developing countries are seldom able 
to resist subsidized or non emergency 
food aid. Apart from relieving an ever
present and pressing need, food ship
ments reduce the political pressures 
on governments to reform their own 
agricultural policies, many of which 
are equally perverse. It is their farmers 
who bear most of the brunt of the 
resulting inaction. Even the most effi
cient are unable to compete with sur
pluses dumped at subsidized prices. 

These poliCies are not sustainable. 
Instead of providing nonemergency 
"aid" in the form of agricultural sur
pluses, developed countries should 
supply financial assistance in ways 
that encourage and support essential 
domestic reforms that in turn would 
increase production and reverse accel
erating degradation of the resource 
base in developing countries. Agricul
tural and related trade poliCies in de
veloped countries can also be rede
signed and agricultural budgets, na
tional and international, redeployed in 
ways that not only maintain farm in
come-which is vital for sustainable 
agriculture-but also encourage farm
ers to adopt practices that enhance, 
rather than deplete, the soil and wa
ter base. North American models for 
such poliCies go back to the 1930's, 
when the Soil Conservation Service in 
the U. S. and the Prairie Farm Reha
bilitation Administration in Canada 
brought the Dust Bowl under control. 
The 1985 U. S. Food Security Act is a 
more recent example of the type of 
changes needed. 

Government poliCies in developed 
and developing countries Similarly 
abound in incentives to overcut the 
world's forests. The Brazilian taxpay
er underwrites the destruction of the 
Amazon forests, just as the American 
taxpayer may be about to underwrite 
the clearing of the Tongass, the great 
rain forest of Alaska. Perverse incen
tives that encourage the overharvest
ing of temperate as well as tropical 

forests also mark world trade in for
est products. If these poliCies and in
centives remain in place, most of the 
world's remaining forests will prob
ably be destroyed, with all that im
plies for food security, desertification, 
flooding and global warming. 

Y 
et another essential condition 
for sustainable development 
concerns the nature of produc

tion. If growth rates of up to 3 or 4 
percent in the industrialized countries 
and up to 5 or 6 percent in developing 
countries are to be sustained, a signifi
cant and rapid reduction in the energy 
and raw-material content of every unit 
of production will be necessary. 

During the past two decades, eco
nomic and technological changes have 
resulted in a leveling off of, or an 
absolute reduction in, the demand for 
energy and some basic materials per 
unit of product. The link between 
growth and its impact on the environ
ment has also been severed. Nowhere 
has this been more marked than in 
energy. Following the first oil shock, 
between 1973 and 1983, the 24 DECD 
members, all industrialized nations, 
improved their energy productivity on 
average by 1.3 percent annually. Prior 
to the last oil shock, when prices fell 
sharply, some countries, including ja
pan and Sweden, had reached increas
es in productivity of more than 2 per
cent a year. The same trends are evi
dent in many other areas, such as 
water, steel, aluminum, cement and 
certain chemicals. 

The transition to recycled materials 
is an integral part of limiting the mate
rial content of growth, and this transi
tion is already well under way in some 
countries. In the decade up to 1985, 
Austria, West Germany, japan, Sweden 
and some other countries made sig
nificant gains in recycling aluminum, 
steel, paper and glass. The potential 
gains remain enormous, however, if 
only because most countries and in
dustries have a long way to go just to 
catch up with the leaders. If Canada, 
for example, were to recycle its news
papers at the japanese level, it could 
save 80 million trees a year-approxi
mately 40,000 hectares of forest land. 

When an industry reduces the ener
gy and material content of its product, 
it saves on overall costs per unit of 
production and reduces environmen
tal emissions and wastes as well. In 
fact, this is often a more effective way 
of reducing emissions than expensive 
"end of pipe" technologies that serve 
no other purpose. The environmental 
benefits of resource reduction and re
cycling extend back to the beginning 
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of the production cycle. They manifest 
themselves in decreased mining and 
mining wastes, decreased consump
tion and pollution of water, decreased 
air pollution, decreased deforestation 
and decreased erosion. 

Increased energy productivity of 
from 1 to 2 percent a year could give a 
reprieve on global warming and bring 
about major reductions in acid rain. 
Nations could easily achieve such 
gains in energy productivity if they 
would pursue pricing and other poli
cies to encourage efficiency with the 
same vigor they display in developing 
conventional sources of supply. And 
they could do it without sacrificing 
macroeconomic performance. In fact, 
the countries that have already made 
considerable progress in this direc
tion are at the top of the international 
list of economic performers. Between 
1973 and 1984, the energy and raw
material content of a unit of Japanese 
production dropped by 40 percent. 
Sweden, West Germany and some oth
er countries did as well or better. In
creasing the energy and resource ef
ficiency of industrial plants or com
munities adds up to increasing the 
effiCiency and competitiveness of the 
national economy. 

Developing countries too cannot 
ignore the implications of lagging 
behind in energy, resource and en
vironmental productivity. There, as 
in industrialized countries, increased 

YEAR 

1990 

1992 

1994 

1996 

1998 

productivity is critical to sustaining 
growth, curbing pollution and main
taining competitiveness in the inter
national marketplace. The developed 
market economies must continue to 
lead the way in energy and resource 
reduction and materials recycling, but 
developing countries must be quick to 
follow. Moreover, they must eschew 
older, more wasteful and inefficient 
technologies in favor of more ad
vanced ones. 

Some newly industrializing coun
tries, such as Taiwan, South Korea 
and Brazil, are discovering this and 
are beginning to incorporate state-of
the-art technologies and processes in 
their industrial structures. Industrial
ized countries could deploy many pol
iCies, particularly poliCies of trade and 
aid, to actively promote the transfer 
to developing countries of advanced 
industrial processes and technologies 
that are more energy- and resource
effiCient, less polluting and therefore 
more economically competitive. 

Some of the changes required in 
governmental approaches to energy 
provide a flavor of those required 
more generally to reduce the resource 
and material content of growth. In 
order to make steady gains in energy 
effiCiency, for example, governments 
will have to institute politically diffi
cult changes in at least three areas. 
First, countries will have to consid
er "conservation pricing," that is, tax-

ing energy during periods of low real 
prices to encourage increases in pro
ductivity. Second, stricter regulations 
should demand steady improvement 
in the efficiency of appliances and 
technologies, from electrical motors 
to air conditioners, and in building 
deSign, automobiles and transporta
tion systems. Third, institutional inno
vation will be necessary to break util
ity-supply monopolies and to reorga
nize the energy sector so that energy 
services can be sold on a competitive, 
least-cost basis. 

Demand reduction through energy 
effiCiency would buy time to devel
op renewable energy sources, includ
ing substitutes for fuelwood in de
veloping countries. Solar electricity, 
wind power, minihydroturbines, the 
recycling of waste biomass and the 
deployment of biomass digestors for 
making gas and liquid fuel are a few of 
the many renewable technologies that 
have enormous potential. Realizing 
that potential, however, will require 
a significant shift in research and de
velopment from conventional energy 
sources to new ones. 

Once again, current subsidy struc
tures often promote the opposite of 
what is needed for a sustainable ener
gy future. They ignore the costs of de
pleting resources and of sullying air, 
land and water, they favor waste and 
inefficiency and they underwrite tra
ditional sources of power-coal, oil 

COST OF ACIDEVING SUSTAINABLE DEVELOPMENT in 10 years, 
estimated by the WorldWatch Institute, includes expenditures 

to reduce rates of population growth and to restore and main
tain global resources. The figures should be weighed against 
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and nuclear-rather than renewables. 
In doing so, they impose enormous 
burdens on already tight budgets and 
on scarce reserves of foreign currency. 

Governments should examine hid
den and overt subsidies and reform 
those that penalize conservation and 
end-use efficiency. They should also 
excise policies that retard the devel
opment of new and renewable ener
gy resources, particularly those that 
serve as substitutes for fuelwood. Giv
en the proper incentives, industry it
self could play a more effective role. 

T
he most important condition for 
sustainable development is that 
environment and economics be 

merged in decision making. Our eco
nomic and ecological systems have 
become totally interlocked in the real 
world, but they remain almost totally 
divorced in our institutions. 

During the 1960's and 1970's, gov
ernments in more than 100 coun
tries, developed and developing alike, 
established special environmental
protection and resource-management 
agencies. But these agencies were 
hamstrung by limited mandates, limit
ed budgets and little or no political 
clout. Meanwhile, governments failed 
to make their powerful central eco
nomic and sectoral agencies responsi
ble for the environmental implications 
of their own poliCies and expendi
tures. The resulting balance of forces 
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the world's military expenditures, which 
alone total close to $I trillion a year. 

was grossly unequal. Environmental 
agencies had about as much chance as 
a small-town runner, with no training 
and no financial backing, trying to win 
a race against Carl Lewis. Despite good 
intentions, great effort and several 
leaps forward, they fell further and 
further behind. 

Environmental agencies must be 
given more capacity and more power 
to cope with the effects of unsustaina
ble development policies. More impor
tant, governments must make their 
central economic, trade and secto
ral agencies directly responsible and 
accountable for formulating poliCies 
and budgets to encourage develop
ment that is sustainable. Only then 
will the ecological dimensions of poli
cy be considered at the same time as 
the economic, trade, energy, agricul
tural and other dimensions-on the 
same agendas and in the same nation
al and international institutions. 

One area in which the merging of 
environmental considerations with ec
onomic decision making could have 
an impact is market incentives. The 
market is the most powerful instru
ment available for driving develop
ment, and whether or not it encour
ages and supports sustainable or un
sustainable forms of development is 
largely a function of policy. 

As I have already mentioned, gov
ernment intervention often distorts 
the market in ways that preordain un
sustainable development. Tax and fis
cal incentives, pricing and marketing 
poliCies and exchange-rate and trade
protection poliCies all influence the 
environment and the resource content 
of the growth that takes place. Yet the 
people responsible for setting these 
poliCies seldom consider their impact 
on the environment or on stocks of 
resource capital. When policymakers 
do take these things into account, they 
often assume implicitly that the re
sources are inexhaustible or that sub
stitutes will be found before they be
come exhausted or that the environ
ment "should" subsidize the market. 
The same is true of certain sectoral 
poliCies, such as the misguided food 
and energy subsidies that I have al
ready cited. 

It is surprising how few government 
and corporate leaders are aware of the 
ecologically and economically per
verse nature of the incentive systems 
created by these poliCies and the often 
enormous budgets they command. 
Even the environmental movement is 
only dimly aware of it. Environmen
talists have historically focused on 
the effects of economic development 
on health, property and ecosystems. 

Rarely have they addressed the poli
cies behind such development. 

A nation's annual budget estab
lishes the framework of economic 
and fiscal incentives and disincentives 
within which corporate leaders, bus
inessmen, farmers and consumers 
make decisions. It is perhaps the most 
important environmental policy state
ment that any government makes in 
any year, because in their aggregate 
these decisions serve to enhance or 
degrade the nation's environment and 
to increase or reduce its stocks of 
ecological capital. 

A budget that levied taxes on ener
gy, resources and pollution, matched 
by an equivalent reduction in la
bor, corporate and value-added taxes, 
could have a significant effect on con
sumption patterns and on the cost 
structure of industry without adding 
to the overall tax burden on industry 
and society. Reform of tax systems 
along such lines seems essential to 
encourage a transition to sustainable 
development. 

With increased awareness, the pol
itics of changing incentive systems 
should not be insurmountable. Some 
leaders of the most advanced indus
tries have welcomed analyses linking 
economic incentives and environmen
tal integrity. Provided their income is 
not jeopardized, farmers have every
thing to gain from incentive systems 
that encourage practices that main
tain or enhance their soil, wood, water 
and other farm capital. For consumers, 
many such shifts in incentives would 
be neutral, and the impact on employ
ment could even be positive. 

Reforming tax and incentive sys
tems, though crucial, will not be suffi
cient. The market is limited in several 
ways, the most important one being 
that it cannot take into account the 
external environmental costs associ
ated with producing, consuming and 
disposing of goods and services. The 
market treats the resources of the 
atmosphere, the oceans and the oth
er commons as free goods. It "exter
nalizes," or transfers to the broader 
community, the costs of air, water, 
land and noise pollution and of re
source depletion. The broader com
munity shoulders the costs in the 
form of damages to health, property 
and ecosystems. 

Internalizing these costs again re
quires government intervention. One 
attempt was the so-called Polluter 
Pays Principle (ppp), introduced by 
member countries of the OECD in 
1972. The PPP requires that industries 
pay the full costs of protecting the 
environment from the pollution re-
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CAMP OF DROUGHT REFUGEES in Upper Volta depicts the plight of millions of peo
ple driven from their homes by environmental crises_ Such mass movements of 
populations can create international tension as refugees cross national borders. 

suIting from their activities. It is im
portant mainly because it has the po
tential to cause the environmental 
costs of development to be reflect
ed in the prices that consumers pay 
for goods, thereby biasing consumer 
choice in favor of those goods whose 
prodUction, use and disposal have the 
least impact on the environment. Un
fortunately, governments have been 
notoriously slow to apply the princi
ple, perhaps because it affects consu
mer prices. Another reason, no doubt, 
has been pressure from industry. Al
though as a rule industry is a strong 
advocate of the market, in this in
stance it has usually marshalled its 
forces against it. 

Internalizing environmental costs in 
prices is one way of trying to repre
sent the real costs of development in 
economic decision making. Integrat
ing resource accounts in national eco
nomic accounting systems is another. 
At the moment, these systems are con
cerned mainly with the flow of eco
nomic activity. Changes in stocks of 
ecological capital are largely ignored. 
Integrating the two would enable gov
ernments to determine whether re
ported 3, 5 or 7 percent increases in 
the gross domestic product are real or 
whether they reflect instead corre
sponding or even greater declines in 
stocks of soils, forests, fisheries, wa
ters, parks and historic places. 

With this information, finance min
istries and treasuries could get not 
only a more accurate picture of eco
nomic performance but also some 
idea of the way economic policies are 
affecting ecological systems. Basic 

work on resource accounting and 
on mixed-accounting frameworks has 
been done in France, Norway, Cana
da, the u.s. and some other countries. 
The OEeD and a number of indepen
dent institutes are currently involved 
in advancing this work, and some in
stitutes in developing countries have 
expressed a keen interest in it. 

W
ith the gradual integration of 
the environment in economic 
decision making, budgets for 

energy, agriculture and other sectors 
should begin to include funds to cover 
the environmental costs of their re
spective activities. Eventually, the bur
den of financing sustainable develop
ment should be assumed by such 
budgets. In the interim, sustainable 
development will demand large sour
ces of new finanCing. 

Developing countries, in partic
ular, will need a significant increase 
in financial support. In 1988, the 
WorldWatch Institute attempted some 
rough estimates of the additional ex
penditures that would be required to 
meet certain targets it deemed essen
tial for global sustainable develop
ment by the year 2000. The targets 
included slowing population growth, 
protecting topsoil on cropland, refor
esting the earth, raising energy effi
ciency, developing renewable energy 
and retiring the debt of developing 
countries [see illustration on preceding 
two pages]. 

The institute estimated that those 
targets could be achieved with annual 
expenditures approaching $46 billion 
by 1990 and increasing to $ 14 5  billion 

164 SCIENTIFIC AMERICAN September 1 989 

in 1994 and $ 1 50 billion in 2000. A 
huge political effort would be neces
sary to raise expenditures to these 
orders of magnitude. The size of the 
effort can be judged, perhaps, by the 
amount of money governments have 
given to the United Nations Environ
ment Program's Environment Fund 
since it was established at the 1972 
Stockholm Conference : just $30 mil
lion a year and often less. At this year's 
meeting of the UNEP Governing Coun
cil, governments agreed only to con
sider increasing the fund to $ 100 mil
lion. They have a long way to go. 

The debt remains the most urgent 
problem facing developing countries, 
particularly those in Africa and Latin 
America. It must be resolved before 
those countries can be expected to 
turn their attention to the pressing 
agenda of poverty and interlocked 
economic and ecological decline. At 
last ye(!.r's meeting in Berlin of the 
World Bank and the International Mon
etary Fund ( IMF ), more countries than 
ever before seemed to be on the verge 
of recognizing that the debt situation 
is untenable. Although several plans 
for debt relief (most recently the U. S. 
Brady Plan) have been advanced, they 
all share two dubious characteristics : 
the types of measures normally at
tached as a condition for additional 
loans and the absence of any pro
grams to sustain, let alone build up, 
the environmental resource capital of 
developing countries. 

The strict conditionality imposed by 
the World Bank and the IMF has of
ten appeared to take little account of 
the social and other consequences 
of the economic and fiscal measures 
required. In particular, structural-ad
justment programs, as such measures 
are known, have taken no account of 
their potential impact on the environ
ment and ecological resources of the 
country concerned. Measures to re
duce budgetary deficits often have a 
disproportionate impact on such re
sources. With little else to fall back 
on, resource-based economies have 
to draw down their ecological capital 
even faster than they would otherwise 
in order to earn the foreign curren
cy required for debt repayment. Pro
grams to restore the productive ca
pacity of depleted environments and 
to preserve habitats, gene pools and 
tourist areas from destruction are cut 
back or are simply not implement
ed. Policies requiring industry and 
local government to introduce pollu
tion-control measures and programs 
aimed at providing clean water, sewer
age and sanitary facilities are similarly 
dropped or not implemented. 
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A recent study by the World Bank 
confirms that structural-adjustment 
programs are not neutral in their im
plications for environmental resour
ces. More significantly, the study ar
gues that it is possible to design such 
programs so that they have positive, 
rather than negative, consequences for 
the nation's environment. Until that 
happens, the environmental conse
quences of structural adjustment will 
continue to be a matter of concern. A 
number of countries have instructed 
their representatives on the boards of 
the IMF and the World Bank to require 
that the environmental implications 
of their programs be integrated into 
background studies for all projects 
and also into the negotiations for pro
gram implementation. 

Marshalling sufficient investment 
for sustainable development will re
quire new initiatives. The World Re
sources Institute is currently con
ducting a study of the feasibility of 
a special international conservation 
banking program or facility linked to 
the World Bank. Such a facility could 
provide loans and facilitate joint fi
nancing arrangements for the protec
tion and sustainable development of 
critical habitats and ecosystems, in
cluding those of international signifi
cance. There are also several possible 
international sources of revenue that 
could be tapped to finance action in 
support of sustainable development. 
For example, the use of the interna
tional commons or trade in certain 
commodities could be taxed. This may 
seem politically unrealistic at present, 
but global trends have been known 
to change political realities. In fact, 
something like that may already be 
happening. 

In June, 1988, at the world confer
ence on the atmosphere held in To
ronto and hosted by the Canadian gov
ernment, the conference participants 
called on governments to establish a 
World Atmosphere Fund that would 
be financed, in part, by a "climate pro
tection" tax. Revenues would come 
from a levy on the fossil-fuel con
sumption of industrialized countries, 
and the proceeds would go to devel
oping countries to help them to lim
it and adapt to the consequences of 
global warming and sea-level rise. Oth
ers have proposed that the tax should 
be related to the carbon content of 
fuels. Most recently, the Norwegian 
government proposed that, as a start
ing point, industrialized countries al
locate .1 percent of their gross na
tional product to such a fund. The 
recent Netherlands budget included 
provision for an annual contribution 

of 2 50 million guilders for a global-cli
mate fund, and the government is cur
rently assessing various options for 
financing and managing such a fund 
in preparation for an international 
conference in the Hague this fall. 

M
ilitary expenditures also rep
resent an enormous pool of 
capital, human skills and re

sources. Nations spend nearly $1 tril
lion a year on military security-more 
than $2.7 billion a day. Developing 
countries have increased their arms 
budgets fivefold in the past 20 years. 
Some are spending more on their 
military than they are on education, 
health, welfare and the environment 
combined. 

A large proportion of these expend
itures could well be shifted to more 
productive purposes. That would re
quire a greater awareness of the grow
ing scale of environmental threats 
to national and regional security, an 
awareness that some major political 
leaders are beginning to voice. It 
would also require a new and broader 
concept of security, a concept that en
compasses environmental as well as 
economic and political security. With 
a broader approach, nations would 
begin to find many instances in which 
their security could be improved 
more effectively through expenditures 
to protect, preserve and restore ba
sic environmental capital assets than 
through expenditures for arms. 

The possibility of nuclear war un
doubtedly represents the gravest po
tential danger to environmental re
sources, life-support systems and sur
vival. Yet the geopolitical implica
tions of interlocked economic-ecolog
ical change are enormous. In parts of 
the Middle East, Africa, Latin America 
and Asia, invading deserts, compe
tition for water and the movements 
of ecological refugees are already sig
nificant sources of political unrest 
and international tension. These situ
ations will only get worse. Climatic 
change alone will heighten tension as 
major shifts occur in the national 
boundaries defined by bodies of wa
ter, in centers of urban and agricultur
al production and in the numbers of 
ecological refugees. 

Threats to the peace and security 
of nations and regions from envi
ronmental breakdown are potential
ly greater than any foreseeable mili
tary threat from conventional arms. If 
these threats stemmed from potential 
military action by unfriendly powers, 
any nation or group of nations would 
respond with a massive mobilization 
of diplomatic, military and other re-

sources. Yet, faced with a security 
threat in the form of environmental 
destruction, nations and the world 
community seem to be incapable of 
mounting an effective response. 

Countries must begin to treat the 
integrity of the environment and the 
sustainability of development as a for
eign-policy issue of paramount impor
tance. Measures to reduce debt and 
to increase the net flow of resources 
to developing countries should be 
backed up with coherent poliCies on 
aid, on agricultural and other forms 
of trade, and on the import or export 
of hazardous chemicals, wastes and 
technology. A "foreign policy for en
vironment and development" could 
help to induce greater coherence in 
these areas. It could also serve to im
prove overall effectiveness, coordina
tion and cooperation with regard to 
rapidly evolving developments con
cerning the . management of the com
mons-the oceans, the atmosphere, 
Antarctica and outer space. 

There is a rapidly growing poten
tial for conflict over global warming 
and sea-level rise, the spread of des
erts, the allocation of shared water 
and other resources and other "envi
ronmental" issues. Yet, properly ap
proached within the context of pro
moting sustainable economic dev!'+ 
opment, these issues could force a 
new spirit of international coopera
tion as well as fresh thinking about 
multilateral approaches to other glob
al issues. 
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Toward a Sustainable World 
What policies can lead to the c;hanges in behavior-of individuals, 

industries and governments-that will allow development and growth 
to take place within the limits set by ecological imperatives? 

The difficulty of converting scien
tific findings into political action 
is a function of the uncertainty 

of the science and the pain generated 
by the action. Given the current uncer
tainties surrounding just one aspect 
of the global environmental crisis
the predicted rise in greenhouse gas
es-and the enormous technological 
and social effort that will be required 
to control that rise, it is fair to say that 
responding successfully to the multi
faceted crisis will be a difficult politi
cal enterprise. It means trying to get a 
substantial proportion of the world's 
people to change their behavior in or
der to (possibly) avert threats that will 
otherwise (probably) affect a world 
most of them will not be alive to see. 

The models that predict climatic 
change, for example, are subject to 
varying interpretations as to the tim
ing, distribution and severity of the 
changes in store. Also, whereas mod
els may convince scientists, who un
derstand their assumptions and lim
itations, as a rule projections make 
poor politics. It is hard for peo
ple-hard even for the groups of peo
ple who constitute governments-to 
change in response to dangers that 
may not arise for a long time or that 
just might not happen at all. 

How, then, can we make change 
happen? The previous articles in this 
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single-topic issue have documented 
the reality of the global ecological 
crisis and have pointed to some spe
cific ameliorative measures. This ar
ticle is about how to shape the poli
cies, launch the programs and harness 
the resources that will lead to the 
adoption of such measures-and that 
will actually convince ordinary people 
throughout the world to start doing 
things differently. 

Insurance is the way people ordi
narily deal with potentially serious 
contingencies, and it is appropri

ate here as well. People consider it 
prudent to pay insurance premiums 
so that if catastrophe strikes, they or 
their survivors will be better off than if 
there had been no insurance. The anal
ogy is clear. Current resources fore
gone or spent to prevent the buildup 
of greenhouse gases are a kind of 
premium. Moreover, as long as we are 
going to pay premiums, we might as 
well pay them in ways that will yield 
dividends in the form of greater effi
ciency, improved human health or 
more widely distributed prosperity. If 
we turn out to be wrong on green
house warming or ozone depletion, 
we still retain the dividend benefits. 
In any case, no one complains to 
the insurance company when disaster 
does not strike. 

That is the argument for some im
mediate, modest actions. We can hope 
that if shortages or problems arise, 
there will turn out to be a technologi
cal fix or set of fixes, or that technolo
gy and the normal workings of the 
market will combine to solve the prob
lem by product substitution. Already, 
for example, new refrigerants that do 
not have the atmospheric effects of 
the chlorofluorocarbons are being in
troduced; perhaps a cheap and non
polluting source of energy will be 
discovered. 

It is comforting to imagine that we 
might arrive at a more secure tomor
row with little strain, to suppose with 
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Dickens's Mr. Micawber that some
thing will turn up. Imagining is harm
less, but counting on such a rescue is 
not. We need to face up to the fact that 
something enormous may be happen
ing to our world. Our species may be 
pushing up against some immovable 

COEXISTENCE of nature and human ac
tivity is celebrated in Progress, painted 
by Asher B. Durand in 1853. It is an im-
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limits on the combustion of fossil fu
els and damage to ecosystems. We 
must at least consider the possibili
ty that, besides those modest adjust
ments for the sake of prudence, we 
may have to prepare for far more dra
matic changes, changes that will begin 
to shape a sustainable world economy 
and society. 

Sustainability is the nascent doc
trine that economic growth and devel
opment must take place, and be main
tained over time, within the limits set 
by ecology in the broadest sense-by 
the interrelations of human beings 
and their works, the biosphere and the 
physical and chemical laws that gov
ern it. The doctrine of sustainability 
holds too that the spread of a reason
able level of prosperity and security to 
the less developed nations is essential 
to protecting ecologi"cal balance and 
hence essential to the continued pros-

perity of the wealthy nations. It fol
lows that environmental protection 
and economic development are com
plementary rather than antagonistic 
processes. 

C an we move nations and people 
in the direction of sustainabil
ity? Such a move would be a 

modification of society comparable in 
scale to only two other changes: the 
agricultural revolution of the late Neo
lithic and the Industrial Revolution of 
the past two centuries. Those revolu
tions were gradual, spontaneous and 
largely unconscious. This one will 
have to be a fully conscious operation, 
guided by the best foresight that sci
ence can provide-foresight pushed 
to its limit. If we actually do it, the 
undertaking will be absolutely unique 
in humanity's stay on the earth. 

The shape of this undertaking can-

not be clearly seen from where we now 
stand. The conventional image is that 
of a crossroads: a forced choice of one 
direction or another that determines 
the future for some appreciable peri
od. But this does not at all capture the 
complexity of the current situation. A 
more appropriate image would be that 
of a canoeist shooting the rapids: sur
vival depends on continually respond
ing to information by correct steering. 
In this case the information is sup
plied by science and economic events; 
the steering is the work of policy, both 
governmental and private. 

Taking control of the future there
fore means tightening the connection 
between science and policy. We need 
to understand where the rocks are in 
time to steer around them. Yet we will 
not devote the appropriate level of 
resources to science or accept the pol
icies mandated by science unless we 

age in which a "balanced reconciliation of nature and culture 
seems to have been achieved," according to the art historian 
Barbara Novak. Durand's 19th-century view of industrializa-

tion might well serve as a metaphor for today's vision of sus
tainable development. The painting is in the Warner Collec
tion of the Gulf States Paper Corporation, in Tuscaloosa, Ala. 
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ACID RAIN is a political problem because industrial emissions responsible for acid
ic precipitation cross political borders. Regions where the density of sulfur dioxide 
emissions was more than 1.5 tons per square kilometer in 1980 are shown in gray; 
states with the largest emissions are in the Midwest and along the Ohio River. The 
contours show the pH of precipitation; low pH means high acidity. Within the low-pH 
regions, lakes and streams are at highest risk of acidification where the water's al
kalinity is lowest {orange)-largely in the Adirondacks and New England. Sulfur diox
ide data are from the National Acid Precipitation Assessment Program, alkalinity data 
from James M. Omernick of the Environmental Protection Agency and his colleagues. 

do something else. We have to under
stand that we are all in the same canoe 
and that steering toward sustainabili
ty is necessary. 

S ustainability was the original 
economy of our species. Prein
dustrial peoples lived sustain-

ably because they had to; if they did 
not, if they expanded their popula
tions beyond the available resource 
base, then sooner or later they starved 
or had to migrate. The sustainability 
of their way of life was maintained by 
a particular consciousness regarding 
nature: the people were spiritually 
connected to the animals and plants 
on which they subsisted; they were 
part of the landscape, or of nature, not 
set apart as masters. 

The era of this "original sustainabil
ity" eventually came to an end. The 
development of cities and the mainte
nance of urban populations called for 
intensive agriculture yielding a sur
plus. As a population grows, it requires 
an expansion of production, either by 
conquest or colonization or improved 
technique. A different consciousness, 
also embodied in a structure of myth, 

sustains this mode of life. The earth 
and its creatures are considered the 
property of humankind, a gift from 
the supernatural. Man stands outside 
of nature, which is a passive playing 
field that he dominates, controls and 
manipulates. Eventually, with indus
trialization, even the past is colon
ized: the forests of the Carboniferous 
are mined to support ever-expand
ing populations. Advanced technology 
gives impetus to the basic assumption 
that there is essentially no limit to 
humanity's power over nature. 

This consciousness, this condition 
of "transitional unsustainability," is 
dominant today. It has two forms. In 
the underdeveloped, industrializing 
world, it is represented by the drive to 
develop at any environmental cost. It 
includes the wholesale destruction of 
forests, the replacement of sustain
able agriculture by cash crops, the 
attendant exploitation of vulnerable 
lands by people such cash cropping 
forces off good land and the creation 
of industrial centers that are also cen
ters of environmental pollution. 

In the industrialized world, unsus
tainable development has generated 
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wealth and relative comfort for about 
one fifth of humankind, and among 
the populations of the industrialized 
nations the consciousness supporting 
the unsustainable economy is nearly 
universal. With a few important excep
tions, the environmental-protection 
movement in those nations, despite 
its major achievements in passing leg
islation and mandating pollution-con
trol measures, has not had a substan
tial effect on the lives of most people. 
Environmentalism has been ameliora
tive and corrective-not a restructur
ing force. It is encompassed within the 
consciousness of unsustainability. �thOUgh we cannot return to 

the sustainable economy of our 
distant ancestors, in principle 

there is no reason why we cannot 
create a sustainability consciousnes� 
suitable to the modern era. Such a 
consciousness would include the fol
lowing beliefs: 

1. The human species is part of na
ture. Its existence depends on its ability 
to draw sustenance from a finite nat
ural world; its continuance depends 
on its ability to abstain from destroy
ing the natural systems that regener
ate this world. This seems to be the 
major lesson of the current environ
mental situation as well as being a 
direct corollary of the second law of 
thermodynamics. 

2. Economic activity must account 
for the environmental costs of produc
tion. Environmental regulation has 
made a start here, albeit a small one. 
The market has not even begun to be 
mobilized to preserve the environ
ment; as a consequence an increasing 
amount of the "wealth" we create is in 
a sense stolen from our descendants. 

3. The maintenance of a livable glo
bal environment depends on the sus
tainable development of the entire hu
man family. If 80 percent of the mem
bers of our species are poor, we can 
not hope to live in a world at peace; if 
the poor nations attempt to improve 
their lot by the methods we rich have 
pioneered, the result will eventually 
be world ecological damage. 

This consciousness will not be at
tained simply because the arguments 
for change are good or because the 
alternatives are unpleasant. Nor will 
exhortation suffice. The central lesson 
of realistic policy-making is that most 
individuals and organizations change 
when it is in their interest to change, 
either because they derive some bene
fit from changing or because they in
cur sanctions when they do not-and 
the shorter the time between change 
(or failure to change) and benefit (or 

© 1989 SCIENTIFIC AMERICAN, INC



sanction), the better. This is not mere 
cynicism. Although people will strug
gle and suffer for long periods to 
achieve a goal, it is not reasonable 
to expect people or organizations to 
work against their immediate inter
ests for very long-particularly in a 
democratic system, where what they 
perceive to be their interests are so 
important in guiding the government. 

To change interests, three things are 
required. First, a clear set of values 
consistent with the consciousness of 
sustainability must be articulated by 
leaders in both the public and the 
private sector. Next, motivations need 
to be established that will support the 
values. Finally, institutions must be 
developed that will effectively apply 
the motivations. The first is relatively 
easy, the second much harder and the 
third perhaps hardest of all. 

Values similar to those I de
scribed above have indeed been 
articulated by political leaders 

throughout the world. In the past year 
the president and the secretary of 
state of the U.S., the leader of the 
Soviet Union, the prime minister of 
Great Britain and the presidents of 
France and Brazil have all made major 
environmental statements. In July the 
leaders of the Group of Seven major 
industrialized nations called for "the 
early adoption, worldwide, of policies 
based on sustainable development." 
Most industrialized nations have a 
structure of national environmental 
law that to at least some extent re
flects such values, and there is even a 
small set of international conventions 
that begin to do the same thing. 

Mere acceptance of a changed value 
structure, although it is a prerequisite, 
does not generate the required change 
in consciousness, nor does it change 
the environment. Although diplomats 
and lawyers may argue passionately 
over the form of words, talk is not 
action. In the U.S., which has a set 
of environmental statutes second to 
none in their stringency, and where 
for the past 15 years poll after poll 
has recorded the American people's 
desire for increased environmental 
protection, the majority of the popula
tion participates in the industrialized 
world's most wasteful and most pol
luting style of life. The values are 
there; the appropriate motivations 
and institutions are patently inade
quate or nonexistent. 

The difficulties of moving from stat
ed values to actual motivations and 
institutions stem from basic charac
teristics of the major industrialized 
nations-the nations that must, be-

cause of their economic strength, pre
eminence as polluters and dOminant 
share of the world's resources, take 
the lead in any changing of the pres
ent order. These nations are market
system democracies. The difficulties, 
ironically, are inherent in the free
market economic system on the one 
hand and in democracy on the other. 

The economic problem is the famil
iar one of externalities: the environ
mental cost of producing a good or 
service is not accounted for in the 
price paid for it. As the economist 
Kenneth E. Boulding has put it: "All 
of nature's systems are closed loops, 
while economic activities are linear 
and assume inexhaustible resources 
and 'sinks' in which to throw away our 
refuse." In willful ignorance, and in 
violation of the core principle of capi
talism, we often refuse to treat envi
ronmental resources as capital. We 
spend them as income and are as 
befuddled as any profligate heir when 
our checks start to bounce. 

Such "commons" as the atmos
phere, the seas, fisheries and goods in 
public ownership are particularly vul
nerable to being overspent in this way, 
treated as either inexhaustible resour
ces or bottomless sinks. The reason is 
that the incremental benefit to each 
user accrues exclusively to that user, 
and in the short term it is a gain. The 
environmental degradation is spread 
out among all users and is apparent 
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only in the long term, when the re
source shows signs of severe stress or 
collapse. Some years ago the biologist 
Garrett Hardin called this the tragedy 
of the commons. 

The way to avoid the tragedy of 
the commons-to make people 
pay the full cost of a resource 

use-is to close the loops in economic 
systems. The general failure to do this 
in the industrialized world is related 
to the second problem, the problem 
of action in a democracy. Modifying 
the market to reflect environmental 
costs is necessarily a function of 
government. Those adversely affected 
by such modifications, although they 
may be a tiny minority of the popula
tion, often have disproportionate in
fluence on public policy. In general, 
the much injured minority proves to 
be a more formidable lobbyist than 
the slightly benefited majority . 

The Clean Air Act of 1970 in the U.S., 
arguably the most expensive and far
reaching environmental legislation in 
the world, is a case in point. Parts of 
the act were designed not so much to 
cleanse the air as to protect the jobs of 
coal miners in high-sulfur coal re
gions. Utilities and other high-volume 
consumers were not allowed to substi
tute low-sulfur coal to meet regulatory 
requirements but instead had to in
stall scrubbing devices. 

Although the act expired seven 
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ENVIRONMENTAL VALUES have drawn increasing support in the U. S. In New York 

Times/CBS News polls taken since 198 1, respondents were asked to react to this 
statement: "Protecting the environment is so important that requirements and stan
dards cannot be too high, and continuing environmental improvements must be 
made regardless of cost." The two latest polls were taken after the Exxon Valdez spill. 
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years ago, Congress found it extraor
dinarily difficult to develop a revision, 
largely because of another set of con
trary interests involving acid rain. The 
generalized national interest in reduc
ing the environmental damage attrib
utable to this long-range pollution had 
to overcome the resistance of both 
high-sulfur-coal mining interests and 
the Midwestern utilities that would 
incur major expenses if they were 
forced to control sulfur emissions. 
The problem of conflicting interests is 
exacerbated by the distance between 
major sources of acid rain and the 
regions that suffer the most damage. 
It is accentuated when the pollution 
crosses state and national bounda
ries: elected representatives are less 
likely to countenance short-term ad
verse effects on their constituents 
when the immediate beneficiaries are 
nonconstituents. 

The question, then, is whether the 
industrial democracies will be able to 
overcome political constraints on 
bending the market system toward 
long-term sustainability. History pro
vides some cause for optimism: a 
number of contingencies have led na
tions to accept short-term burdens in 
order to meet a long-term goal. 

War is the obvious example. 
Things considered politically 
or economically impossible 

can be accomplished in a remark
ably short time, given the belief that 
national survival is at stake. World 
War II mobilized the U.S. population, 
changed work patterns, manipulated 
and controlled the price and supply of 
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goods and reorganized the nation's 
industrial plant. 

Another example is the Marshall 
Plan for reconstructing Europe after 
World War II . In 1947 the U.S. spent 
nearly 3 percent of its gross domestic 
product on this huge set of projects. 
Although the impetus for the plan 
came from fear that Soviet influence 
would expand into Western Europe, 
the plan did establish a precedent for 
massive investment in increasing the 
prosperity of foreign nations. 

There are other examples. Feudal
ism was abandoned in Japan, as was 
slavery in the U.S., in the 19th century; 
this century has seen the retreat of 
imperialism and the creation of the 
European Economic Community. In 
each case important interests gave 
way to new national goals. 

If it is possible to change, how do 
we begin to motivate change? Clearly, 
government policy must lead the way, 
since market prices of commodities 
typically do not reflect the environ
mental costs of extracting and replac
ing them, nor do the prices of energy 
from fossil fuels reflect the risks of 
climatic change. Pricing policy is the 
most direct means of ensuring that 
the full environmental cost of goods 
and services is accounted for. When 
government owns a resource, or sup
plies it directly, the price charged can 
be made to reflect the true cost of the 
product. The market will adjust to this 
as it does to true scarcity: by product 
substitution and conservation. 

Environmental regulation should 
be refocused to mobilize rather than 
suppress the ingenuity and creativity 
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of industry. For example, additional 
gains in pollution control should be 
sought not simply by increasing the 
stringency or technical specificity of 
command-and-control regulation but 
also by implementing incentive-based 
systems. Such systems magnify pub
lic-sector decisions by tens of thou
sands of individual and corporate de
cisions. To be sure, incentive systems 
are not a panacea. For some envi
ronmental problems, such as the use 
of unacceptably dangerous chemicals, 
definitive regulatory measures will al
ways be required. Effective policies 
will include a mixture of incentive
based and regulatory approaches. 

Yet market-based approaches 
will be a necessary part of any 
attempt to reduce the green

house effect. Here the most attractive 
options involve the encouragement of 
energy efficiency. Improving efficiency 
meets the double-benefit standard of 
insurance: it is good in itself, and it 
combats global warming by reducing 
carbon dioxide emissions. If the world 
were to improve energy efficiency by 2 
percent a year, the global average tem
perature could be kept within one de
gree Celsius of present levels. Many 
industrialized nations have main
tained a rate of improvement close to 
that over the past 15 years. 

Promoting energy efficiency is also 
relatively painless. The U.S. reduced 
the energy intensity of its domestic 
product by 23 percent between 1973 
and 1985 without much notice. Sub
stantial improvement in efficiency is 
available even with existing technol-

198 5 
5.1 BILLION METRIC TONS 

DEVELOPED NATIONS are responsible for far more industrial 
emission of carbon dioxide, a major greenhouse gas, than are 

the developing nations. Total emissions have increased sharp
iy since 1950. Data are from the World Resources Institute. 
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ADVERTISEMENT 

No More Wishful Thinl<ing 

For too long, wishful think
ing has dominated energy 
policy. The wishful thinkers 

assume our nation will always 
have the electricity it needs 
({somehow!' They tell us we 
don' t need to build more power 
plants. They figure if we ever run 
short, we can simply use less. 

They' re dangerously wrong. 
Signs point to an energy crisis com
ing. First, electricity demand is 
growing faster than new supplies 
are being added because of our 
continued economic growth. In 
some parts of the countr}) electric 
reliability is already threatened. 

Second, to meet increased en
ergy demand, we're increasing 
our dependence on foreign oi1 
and, in the process, gambling 
with our energy independence 
and our national security. 

Third, there is a growing con
cern about ({greenhouse" gases. 

It's time to drop the wishful 
thinking and look at the facts. 

GNP Growth 
Depends on Electricity 

S ince the 1973 oil embargo, 
the U.S. has made great 
strides in efficiency 01 en

ergy use. But over this same pe
rio d, demand for electricity 
has grown about 50 percent
rou ghly parallel with GNP 
growth. Clearl}) electricity has 
fueled much of the growth in the 
U.S. economy. If our economy is 
to continue to gro"", we must 
have additional, reliable, afforda
ble supplies of electricity. 

Yet, for many reasons-most of 
them beyond the electric indus
try's control-construction of 
new power plants is at a 15-year 
low. New generating capacity 

planned over the next 10 years 
will support growth in electric 
sales of only I percent per year. 
That is one-fourth the growth 
rate we' ve experienced over the 
last six years. 

Using Oil for Electricity 
Presents Big Problems 

Building new power plants is 
only part of the solution. 
We must also ask ourselves: 

what kind of power plants should 
be built? 

Oil is one option (over 25 per
cent of U.S. electric capacity is 
fueled by oil and natural gas), but 
it's expensive and it presents 
other big problems, including en
vironmental ones. 

The U.S. is already dangerously 
dependent on foreign oil. Nearly 
half the oil we use is imported, 
causing one-third of our trade def
icit. And it's getting worse. 

Because electricity from oil
fired plants is costl}) electric utili
ties try to reserve that capacity 
for times of very high demand. If 
we don' t meet rising electric de
mand with domestic fuels-like 
nuclear energy and coal-utilities 
will be forced to use those oil
fired plants more of the time, 
worsening our foreign oil depen
dence and boosting our electric
ity costs. 

Unfortunatel}) we' re already 
moving in that direction. In 
1988, the use of imported oil by 
utility companies increased 24 
percent, and it's still growing. By 
the mid-1990s, utilities will be 
burning about 2 million barrels 
per day-almost all of it im
ported. Our nation is so depen
dent on foreign oil for other uses, 
such as transportation, we sim-

u.s. COUNCIL FOR ENERGY AWARENESS 

ply cannot afford to make the sit
uation worse by using foreign oil 
to generate electricity. 

Nuclear Energy-the 
Clean, Secure Solution 

For generating electricit}) nu
clear energy has inherent ad
vantages: It's a clean, secure, 

domestic source. And it helps pre
serve valuable natural resources 
for future generations. 

Nuclear energy is our second 
largest source of electricit}) after 
coal. Our nuclear plants have cut 
consumer electricity costs by over 
$50 billion since the 1973 oil em
bargo. The spent fuel from all our 
commercial nuclear plants has 
been managed scrupulously at 
carefully controlled sites. And 
our plants have operated safely. 

We learned much from the 
Three Mile Island accident. The 
jolt it gave the industry's confi
dence led to substantial improve
ments in operation and deSign. 
The Nuclear Regulatory Com
mission and the fnstitute of Nu
clear Power Operations report 
steady improvement in all areas 
of nuclear plant performance. 

Finall}) our nuclear plants have 
reduced oil imports, displacing 
nearly 4 billion barrels of oil and 
cutting our foreign oil payments 
by over $114 billion since 1973. 

With such a record, there's no 
question that nuclear energy 
should play a larger role in suppIy
ing our future electricity needs. 
Tnese are facts. Wishful thinking 
cannot deliver so well. 

For more information on nuclear energy, 
write to the US. Council for Energy Aware
ness, 1776 I Street N. W, Suite 400, Wash
ington, D.C. 20006-2495. 

©1989USCEA 

Nuclear energy means more energy independence. 
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DEVELOPED NA nONS consume far more of the world's goods than do the developing 
nations-which have some 75 percent of the world's population. Per capita consump· 
tion in the developing nations is shown as a percent of that in the developed nations. 
Data are estimates by the World Commission on Environment and Development. 

ogy. Something as simple as bring
ing all U.S. buildings up to the best 
world standards could save enormous 
amounts of energy. Right now more 
energy passes through the windows 
of buildings in the U.S. than flows 
through the Alaska pipeline. 

Efficiency gains may nevertheless 
have to be promoted by special mar
ket incentives, because energy pric
es tend to lag behind increases in 
income. A "climate protection" tax of 
$1 per million Btu's on coal and 60 
cents per million Btu's on oil is an 
example of such an incentive. It would 
raise gasoline prices by 11 cents a 
gallon and the cost of electricity an 
average of 10 percent, and it would 
yield $53 billion annually. 

Direct regulation by the setting of 

standards is cumbersome, but it may 
be necessary when impliCit market 
signals are not effective. Examples 
are the mileage standards set in the 
U.S. for automobiles and the efficien
cy standards for appliances that were 
adopted in 1986. The appliance stan
dards will save $ 28 billion in ener
gy costs by the year 2000 and keep 
342 million tons of carbon out of the 
atmosphere. 

O ver the long term it is likely 
that some form of emissions
trading program will be neces

sary-and on a much larger scale than 
has been the case heretofore. (Indeed, 
the President's new Clean Air Act pro
posal includes a strengthened system 
of tradeable permits.) In such a pro-
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ENVIRONMENT Ai ISSUES look different to people and governments in the rich and in 
the poor nations. The cartoon was drawn by Scott Willis of the San Jose Mercury News. 
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gram all major emitters of pollutants 
would be issued permits specifying an 
allowable emission level. Firms that 
decide to reduce emissions below the 
specified level-for example, by in
vesting in effiCiency-could sell their 
excess "pollution rights" to other 
firms. Those that find it prohibitively 
costly to retrofit old plants or build 
new ones could buy such rights or 
could close down their least efficient 
plants and sell the unneeded rights. 

Another kind of emissions trad
ing might reduce the impact of car
bon dioxide emissions. Companies 
responsible for new greenhouse-gas 
emissions could be required to offset 
them by improving overall efficiency 
or closing down plants, or by planting 
or preserving forests that would help 
absorb the emissions. Once the sys
tem is established, progress toward 
further reduction of emiSSions would 
be achieved by progressively cranking 
down the total allowable levels of vari
ous pollutants, on both a national and 
a permit-by-permit basis. 

The kinds of programs I have just 
described will need to be supported 
by research providing a scientific ba
sis for new environmental-protection 
strategies. Research into safe, nonpol
luting energy sources and more ener
gy-effiCient technologies would seem 
to be particularly good bets. An exam
ple: in the mid-1970's the U.S. Depart
ment of Energy developed a number 
of improved-efficiency technologies at 
a cost of $16 million; among them 
were a design for compact fluorescent 
lamps that could replace incandescent 
bulbs, and window coatings that save 
energy during both heating and cool
ing seasons. At current rates of im
plementation, the new technologies 
should generate $63 billion in energy 
savings by the year 2010. 

The motivation of change toward 
sustainability will have to go far be
yond the reduction of pollution and 
waste in the developed countries, and 
it cannot be left entirely to the envi
ronmental agencies in those coun
tries. The agencies whose goals are 
economic development, exploitation 
of resources and international trade
and indeed foreign policy in gener
al-must also adopt sustainable de
velopment as a central goal. This is a 
formidable challenge, for it touches 
the heart of numerous special inter
ests. Considerable political skill will 
be required to achieve for environ
mental protection the policy preem
inence that only economic issues 
and national security (in the military 
sense) have commanded. 

But it is in relations with the devel-
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SUBSTITIJrION is one route to the reduc
tion of pollution_ Substitution of metha
nol (already available at some gas sta
tions in Los Angeles) for gasoline would 
cut down emissions of nitrogen oxides_ 

oping world that the industrialized 
nations will face their greatest chal
lenges. Aid is both an answer and a 
perpetual problem. Total official de
velopment assistance from the devel
oped to the developing world stands 
at around $35 billion a year. This is 
not much money. The annual foreign
aid expenditure of the u.s. alone 
would be $1 27 billion if it spent the 
same proportion of its gross national 
product on foreign aid as it did during 
the peak years of the Marshall Plan. 

There is no point, of course, in 
even thinking about the adequa
cy of aid to the undeveloped 

nations until the debt issue is re
solved. The World Bank has reported 
that in 1988 the 17 most indebted 
countries paid the industrialized na
tions and multilateral agencies $31.1 
billion more than they received in aid. 
This obviously cannot go on. Debt-for
nature swapping has taken place be
tween such major lenders as Citicorp 
and a number of countries in South 
America: the bank forgives loans in 
exchange for the placing of land in 
conservation areas or parks. This is 
admirable, but it will not in itself solve 
the problem. Basic international trad
ing relations will have to be rede
signed in order to eliminate, among 
other things, the ill effects on the 
undeveloped world of agricultural 

subsidies and tariff barriers in the 
industrialized world. 

A prosperous rural society based 
on sustainable agriculture must be 
the prelude to future development in 
much of the developing world, and 
governments there will have to focus 
on what motivates people to live in an 
environmentally responsible manner. 
Farmers will not grow crops when gov
ernments subsidize urban popula
tions by keeping prices to farmers low. 
People will not stop having too many 
children if the labor of children is the 
only economic asset they have. Farm
ers will not improve the land if they do 
not own it; it is clear that land-tenure 
reform will have to be instituted. 

Negative sanctions against abus
ing the environment are also missing 
throughout much of the undeveloped 
world; to help remedy this situation, 
substantial amounts of foreign aid 
could be focused directly on improv
ing the status of the environmen
tal ministries in developing nations. 
These ministries are typically impov
erished and ineffective, particularly in 
comparison with their countries' eco
nomic-development and military min
istries. To cite one small example: the 
game wardens of Tanzania receive an 
annual salary equivalent to the price 
paid to poachers for two elephant 
tusks-one reason the nation has lost 
two thirds of its elephant population 
to the ivory trade in the past decade. 

To articulate the values and de
vise the motivations favoring a 
sustainable world economy, ex

isting institutions will need to change 
and new ones will have to be estab
lished. These will be difficult tasks, 
because institutions are powerful to 
the extent that they support powerful 
interests-which usually implies sup
port of the status quo. 

The important international institu
tions in today's world are those con
cerned with money, with trade and 
with national defense. Those who de
spair of environmental concerns ever 
reaching a comparable level of impor
tance should remember that current 
institutions (for example, NATO, the 
World Bank, multinational corpora
tions) have fairly short histories. They 
were formed out of pressing concerns 
about acquiring and expanding weaIth 
and maintaining national sovereign
ty. If concern for the environment be
comes comparably pressing, compara
ble institutions will be developed. 

To further this goal, three things are 
wanted. The first is money. The annual 
budget of the United Nations Environ
ment Program (UNEP) is $30 million, a 
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deriSOry amount considering its re
sponsibilities. If nations are serious 
about sustainability, they will provide 
this central environmental organiza
tion with serious money, preferably 
money derived from an independent 
source in order to reduce its political 
vulnerability. A tax on certain uses of 
common world resources has been 
suggested as a means to this end. 

The second thing wanted is infor
mation. We require strong internation
al institutions to collect, analyze and 
report on environmental trends and 
risks. The Earthwatch program run by 
the UNEP is a beginning, but there is 
need for an authoritative source of 
scientific information and advice that 
is independent of national govern
ments. There are many nongovern
mental or quaSi-governmental organi
zations capable of filling this role; 
they need to be pulled together into a 
cooperative network. We need a global 
institution capable of answering ques
tions of global importance. 

The third thing wanted is integra
tion of effort. The world cannot afford 
a multiplication of conflicting efforts 
to solve common problems. On the aid 
front in particular, this can be tragi
cally absurd: Africa alone is current
ly served by 8 2  international donors 
and more than 1,700 private organiza
tions. In 1980, in the tiny African na
tion Burkina Faso (population about 
eight million) 340 independent aid 
projects were under way. We need to 
form and strengthen coordinating in
stitutions that combine the separate 
strengths of nongovernmental organi
zations, international bodies and in
dustrial groups and to focus their ef
forts on speCific problems. 

Finally, in creating the conscious
ness of advanced sustainability, we 
shall have to redefine our concepts 
of political and economic feasibility. 
These concepts are, after all, simply 
human constructs; they were different 
in the past, and they will surely change 
in the future. But the earth is real, and 
we are obliged by the fact of our utter 
dependence on it to listen more close
ly than we have to its messages. 

FURTHER READING 
THE GLOBAL POSSIBLE: RESOURCES, DE

VELOPMENT, AND THE NEW CENTURY. Ed
ited by Robert Repetto. Yale University 
Press, 1985. 

ARE TODAY'S INSTITUTIONAL TOOLS UP 

TO THE TASK? Michael Gruber in EPA 
Journal, Vol. 14, No.7, pages 2-6; No
vember/December, 1988. 

STATE OF THE WORLD 1989. Lester R .  
Brown e t  al. W .  W .  Norton & Company, 
February, 1989. 
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SMOKING GUN. A citizen of Nizhniy Tagil, an industrial center 
near Sverdlovsk in the U. S.S.R.,  stands on a soot·laden snow· 
bank and contemplates the emission stacks of the local iron 
and steel mill. In the spring of 1988 a particularly dense smog 

prompted public demonstrations that led to the closing down 
of one of the mill's two coke ovens. Smoking chimneys, icons 
of economic activity, are also symbolic of the impact exert· 
ed by the works of human beings on the global ecosystem. 
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THE AMATEUR 

SCIENTIST 
A drop of water becomes a gateway 
into the world �astrOPhe optics 

by learl Walker 

T
hose of us who wear eyeglasses 
are sometimes annoyed when a 
raindrop lands on a lens and 

distorts the view. The troublesome 
drop actually offers a glimpse into a 
partially concealed world where light 
creates complex structures rivaling a 
pinnacled cathedral. If at night you 
look at a distant bright lamp through 
the drop, portions of these structures 
spring into view. ( If you do not wear 
glasses, let a windowpane substitute 
for the lens, bringing your eye close to 
the drop.) 

The perplexing patterns consist of 
bright lines along which the drop fo
cuses the light your eye intercepts. 
Such a focused display is said to be a 
caustic-a term derived from the fact 
that a lens can focus sunlight to burn a 
hole in a surface. In recent years the 
patterns have been analyzed by means 
of what is called catastrophe theory, 
and so they are now referred to as 
examples of catastrophe optics. 

The bright lines are often outwardly 
concave and converge to form cusps 
[see bottom illustration on opposite 
page]. Sometimes the region within a 
pattern is partly filled with a series of 
dimmer interference lines that mim
ic the orientation and curvature of 
the brighter ones; somewhere a small 
bright image of the lamp itself is seen. 

VVhen a heavy drop hangs pendu
lou sly from the glass, the top of the 

pattern is outwardly convex and there 
are few cusps, if any, in the vicinity. 
just within the border lie tiny, bright 
"stars." Their visibility is reduced by 
interference lines, but you can make 
them dance if you can gently wiggle 
the glass. If you can rotate the glass 
around your line of Sight, follow one 
of the cusps. As it approaches the top 
of the pattern, it shrinks and then 
enters the interior of the pattern to 
become a star. 

The variety of the patterns may 
seem endless, but close scrutiny re
veals that they are composed of a 
handful of basic designs, members of 
the set of "elementary catastrophes." 
Study of the patterns also demon
strates something more powerful: the 
catastrophes seen through a drop are 
actually sections taken through three
dimensional structures, which in turn 
are sections taken through mathemat
ical structures of higher dimensionali
ty. Sorting out their linkage has been 
the work of several researchers, no
tably M. V. Berry and j. F. Nye of the 
University of Bristol. Here I explore 
their results and include others from 
james A .  Lock, my colleague at Cleve
land State University, and his student 
james H. Andrews. I shall also describe 
a simple experiment that produced 
the most stunning optical displays I 
have ever seen. 

Before I deal with drops on a vertical 

Catastrophes photographed in laser light: stars (left) and a swallowtail (right) 
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surface, I should first examine one 
sitting on a horizontal surface (in the 
case of which the bright lines are 
always outwardly concave). Picture a 
drop on a horizontal microscope slide 
that is illuminated from below by ver
tical light rays. VVhenever a light ray 
passes through a tilted surface, it is 
refracted: its direction of travel is al
tered. In this case the rays first en
counter a tilted surface when they 
reach the top surface of the drop. To 
follow the refraction, consider a ver
tical section of the drop [see top left 
illustration on page 178]. Everywhere 
in the section the surface of the drop 
is outwardly convex. Pick a point 
somewhere along the curve, add a tan
gent to the surface there, and then 
construct a "normal" -a line perpen
dicular to the tangent. If the normal 
leans away from the vertical toward 
the left, a ray passing through the 
point is refracted toward the right. If 
you pick another point with a normal 
that tilts more to the left, the ray 
passing through the new point is de
flected more to the right. 

You can see the results of the refrac
tion with a laser. Arrange for a micro
scope slide to span the gap between 
two boxes of equal height. Place a 
drop on the slide and position a mir
ror below it to reflect the laser beam 
up through the drop. To reveal the 
refracted light, hold a white card hori
zontally somewhere above the drop. If 
the base of the drop is perfectly circu
lar, the rays all go through a "central 
axis" running vertically through the 
center of the drop; on the card you are 
likely to see only a bright point where 
some of the rays happen to focus. If 
the slide is soiled or has tiny scratch
es, minute irregularities break the cir
cular base of the drop-a dust mote 
might pull out a "finger" of water or 
indent a "cove" along the perimeter. 
Either irregularity imposes ridges and 
gullies along the side of the drop that 
alter the refraction of light. If there are 
only one or two irregularities, though, 
the surface of the drop in any vertical 
section remains convex even at a ridge 
or gully, and the light still yields little 
of interest on the card. 

The story picks up when at least 
three irregularities are present. Their 
pull distorts the curvature of the wa
ter surface in a new way. In a vertical 
section the surface is no longer entire
ly outwardly convex but instead has a 
section that is concave. The point at 
which the convex and concave curva
tures meet is called a point of inflec
tion. The inflections are not isolated 
but are arranged along a line running 
around the drop near the base. 
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When rays pass through the region 
near an inflection, they are bunched by 
refraction and focus along a slanted 
path extending above the drop. If a 
card intercepts some of the focused 
light, the bunching at each inflection 
point gives rise to a bright spot on 
the card, and the succession of spots 
forms a bright line that is called a 
fold-the simplest of the elementary 
catastrophes. Because the refracted 
rays are slanted through the central 
axis, the fold appears on the opposite 
side of the central axis from the part 
of the line of inflections that generates 
it, that is, the pattern is inverted with 
respect to the drop. 

The distance, horizontally, between 
a segment of the fold and the axis 
depends on the tilt of the normals in 
the part of the inflection line that 
produces the segment. If the normals 
are barely tilted, so are the rays, and 
the fold segment is near the axis. 
When the normals are tilted somewhat 
more, the fold segment is more dis
tant. The shape of the fold, then, de
pends on how the tilt of the normals 
varies along the inflection line encir
cling the drop. 

An overhead view of a drop (with its 
irregularities greatly exaggerated and 
with the inflection line indicated) is 
shown at the left in the middle illus
tration on the next page. As the inflec
tion line passes through a and ap
proaches the cove from the left, sur
face tension forces it to climb up the 
drop to avoid passing through a short 
gully at the back of the cove. Along the 
way the normals in the inflection line 
become more tilted. The resulting fold 
is labeled A in the drawing at the right 
in the illustration, which shows what 
you would see if you looked down 
through a translucent card held over 
the drop. Another segment of the in
flection line passes through c and 
approaches the cove from the right. 
It too climbs up the drop, producing 
the fold labeled C. The two inflection 
lines meet at b, and their folds con
verge at a cusp (B)-another elemen
tary catastrophe. 

A finger irregularity has similar ef-

An evolution of catastrophe patterns 

fects, because there is a gully on each 
side of it where the base perimeter 
becomes concave as it begins to curve 
outward. A finger may create two 
cusps that overlap or, if it is wide, two 
distinguishable cusps. 

Folds and cusps are actually sec
tions of three-dimensional catastro
phes. Two such structures are the 
"swallowtail" (part of it resembles 
the tail of a swallow) and the "ellip
tic umbilic," which are illustrated at 
the bottom of the next page. Each is 
shown in perspective with its long axis 
extending away from you, but when 
the illustration applies to a waterdrop 
on a horizontal surface, the long axis 
is vertical. A horizontal card held over 
the drop takes a cross-sectional slice 
through the structure, a slice perpen
dicular to the long axis. What you see 
on the card is the part of the structure 
that is intercepted by the card. 

Picture what happens as you men
tally take a series of such slices 
through the swallowtail, starting at 
the right side of the illustration and 
moving toward the left. The first cuts 
yield an outwardly convex fold that 
gives no hint of the swallowtail's pres
ence, but eventually the distinctive tail 
pattern begins to appear and then 
to grow. The point at which the pat
tern is about to emerge is said to be 
the "singularity" of the swallowtail. 
The mental exercise of shifting a slice 
along the length of a catastrophe's 
structure, beginning at its Singularity, 
to disclose the presence of the struc
ture is called "unfolding the catastro
phe." Can you actually see an unfold
ed swallowtail on a card when the 
drop lies on a horizontal surface? The 
chances are slim: a small tail pattern is 
lost in the maze of interference lines, 
and the curvatures of the water sur
face are usually too mild to yield any 
larger tail pattern. 

Now try the same mental unfold
ing with the elliptic umbilic. Here the 
singularity is a point, and the unfold
ed pattern is a triangular arrangement 
of three cusps and three outwardly 
concave folds. The unfolded pattern 
would reveal the- catastrophe's pres-

ence, but again the irregularities usu
ally fail to generate anything large 
enough to see. (An unfolded swallow
tail or elliptiC umbilic may seem elu
sive, but keep them in mind for what is 
coming up.) 

The third and last of the three-di
mensional catastrophes is the hyper
bolic umbilic, which is also shown at 
the bottom of the next page. Its sin
gularity consists of two straight folds 
that meet in a 60-degree corner. As 
you unfold the catastrophe from the 
Singularity, the pattern splits into two 
parts. One is an outwardly convex fold. 
Inside it is a cusp where two short, 
outwardly concave folds meet. Either 
the singularity or the unfolded pattern 
would Signal the catastrophe's pres
ence. You cannot see either of them 
from a drop on a horizontal surface, 
however-not because they are too 
small but because a horizontal drop 
never has the right shape for creat
ing them. 

I now turn to a drop clinging to a 
vertical glass surface, but first I must 
explain a point of possible confusion. 
In the previous examples I argued that 
the pattern is inverted with respect to 
the drop. When you look at a distant 
lamp through a drop just in front of 
your eye, you do not see an inversion. 
For example, the bottom of the pattern 
comes from the bottom of the drop. 
The lack of inversion is an illusion. 
The pattern produced on the retina is 
actually inverted, as it is on a card, but 

outwardly concave fold 

The pattern from a pendulous drop 
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Overhead view of a drop (left) and its pattern (right) 

the brain introduces a second inver
sion so that the world, including the 
drop and its pattern, appears right
side up. 

When the drop is on a vertical sur
face, the three-dimensional catastro
phes unfold perceptibly because of 
the slump of the drop and the result-

u 

v 

A swallowtail catastrophe 

ing sharper curvatures on the water 
surface brought about by surface ten
sion. Recall what is seen through a 
drop on a spectacle lens. When the 
drop is small, cusps and outwardly 
concave folds appear. If the drop is 
distorted appreciably, they may over
lap to yield an unfolded swallowtail. 

An elliptic umbilic catastrophe 
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When the drop is pendulous, the 
cusps and outwardly concave folds 
are restricted to the bottom of the 
pattern. They result from irregulari
ties along the lower part of the drop's 
base. The top of the pattern, coming 
from the top of the drop, is an out
wardly convex fold with internal stars. 

The fold is a tease, because it is the 
outside part of an unfolded hyperbol
ic umbilic. Each star comes from a 
slightly unfolded elliptiC umbilic but 
only in a masked way. The catastro
phe's triangular structure is present 
(with one cusp pointing down), but its 
folds produce interference lines that 
run perpendicularly through the folds. 
What you perceive is an inverted trian
gular arrangement of the interference 
lines, with one cusp pointing up. 

Nye was able to unfold the hyper
bolic umbilic (including the internal 
part) and the elliptiC umbilic. He did it 
by attaching several layers of opaque 
tape to a microscope slide, cutting a 
hole in the tape, filling the hole with a 
waterdrop and then mounting the 
slide vertically or at a slant in a micro
scope. The hole provided a perch for 
the drop. When the hole was Circular, 
it also ensured that the base of the 
drop remained circular in spite of the 
slide's tilt. Irregularities in the cut of 
the tape provided the catastrophes. By 
adjusting the focus of the microscope, 
he could control just where it effec
tively took a slice through the light, 
just in front of the drop. Such a close 
view is said to be in the "near field." 
The views in my examples are taken 
with a card or an eye in the "far field." 

I wondered if the idea of a perch 

v 

A hyperbolic umbilic catastrophe 
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might allow me to see unfolded catas
trophes in the far field. Instead of us
ing tape, I cut a circle 2.8 millimeters 
in diameter off of a plastic mechan
ical-drawing template of circles. I ap
plied glue to one side of my one-circle 
template, laid that side on a sheet of 
paper to eliminate excess glue and 
then pressed the template onto a 
microscope slide, taking care not to 
smear glue over the circular aperture. 

When the glue had cured, I cleaned 
the back of the slide and blew com
pressed air from a can into the aper
ture to clean it. Next I mounted the 
slide vertically in a laser beam by 
sticking one end into a mound of mod
eling clay. The beam was expanded by 
a lens so that it illuminated slightly 
more than the aperture, and then it 
continued on several meters to a white 
wall. I filled the aperture with tap wa
ter by simply touching it with a drop 
of water from the end of a syringe (an 
eyedropper would serve as well) and 
soaked up stray water around the ap
erture with tissue paper. The entire 
preparation took only 15 minutes, but 
when I switched off the room lights, I 
was prepared for a long search for 
unfolded catastrophes. 

Instead something astonishing ap
peared on the first try. The top of the 
meter-wide display on the wall (which 
came from the bottom of the drop, 
which is to say from the bottom of the 
circle) consisted of the routine cusps 
and outwardly concave folds. Surpris
ingly, the bottom of the display was 
similar to the top, unlike what I ex
pected from my experience with a 
drop on a spectacle lens. 

Entranced, I watched as the drop 
began to evaporate and its curvature 
changed. All the cusps along the bot
tom of the display shrank, "pierced" 
the fold and were transformed into 
unfolded elliptic umbilics that were 
masked as stars [see illustration on 
this page J. The lowest cusp and its 
associated star led the way. The aban
doned fold at the bottom straight
ened, and both it and the stars shifted 
upward. I felt I was watching things 
that were alive. 

Soon the cusps of the hidden ellip
tic umbilic of the lead star began to 
appear. Two of them curved upward 
like the horns of a bull; the lowest 
one grew downward. By then the fold 
had became outwardly convex. With
in minutes the emerging elliptic um
bilic reorganized to become the in
ternal structure of an unfolded hy
perbolic umbilic-it consisted of a 
downward-pointing corner formed by 
two straightening folds. The structure 
marched downward while the fold at 

the bottom of the pattern advanced 
upward. When they met, they coincid
ed neatly to form a single corner with 
straight sides at roughly 60 degrees: 
the singularity of a hyperbolic umbilic. 
Then the pattern split, one part be
coming an outwardly convex fold and 
the other becoming an interior corner 
with curved sides. I had seen the com
plete unfolding of the hyperbolic um
bilic from end to end and also its 
transformation from an unfolded el
liptic umbilic! 

I moved the slide and its mount to a 
window, refilled the aperture and then 
sighted through the drop at a distant 
streetlamp in the otherwise dark out
doors. This time the performance was 
tiny, inverted from what had been on 
the wall and in white light instead 
of the laser's red light, but it was no 
less intriguing. Other small circles cut 
from the original template worked 
just as well. 

When Lock and I watched a similar 
performance later, we found I had 
seen only the first act of the play. The 
theatrical transformations of the act 
were dominated by inflection lines at 
the top of the drop. (When a card 
in the laser beam shadowed the top 
of the drop, the bottom of the wall 
display vanished.) The second act was 
a reversal of the first act, and its the
atrics were dominated by inflection 
lines at the bottom of the drop. In the 
first act the wall pattern had been 
inverted from the drop, but in the 
second act evaporation had allowed 
the water surface to sink into the aper
ture, and the new curvature righted 
the pattern. 

Here is a run-through of the entire 
play. The action starts when the bot
tom cusps retreat through the bottom 
fold and become stars. Recall that a 
star masks a triangular arrangement 
of folds and cusps, with one cusp 
pointing downward. When the first 
star begins to transform into a corner, 
the folds on the left and right sides of 
the triangle emerge from hiding and 
begin to straighten to form the corner. 

Meanwhile, the top fold of the trian
gle moves upward on the wall, comes 
out of hiding and sprouts an upward 
cusp. The cusp is a clone of the one 
that created the star but is inverted in 
orientation. For example, if the origi
nal downward cusp was on the left 
side of the wall pattern, its upward 
clone is on the right side. As another 
star undergoes the transformation, its 
corner aligns with the first corner and 
another cloned cusp sprouts. As more 
stars are transformed, the corner pat
tern on the wall brightens and the 
region of sprouted cusps becomes 

Ii ,t A V Masked '%�� 
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Unfolded 
hyperbolic umbilic 

VSingUlarity 
The metamorphosis of the wall pattern 

crowded. The internal structure of the 
wall pattern comes to resemble an 
ice-cream cone with spikes sticking 
out of the top. 

In the meantime, the external struc
ture of the pattern on the wall shrinks 
and takes on the same cone shape. 
The singularity of the hyperbolic um
bilic is reached when the bottom parts 
of the cones are completely straight 
and overlapping. The roles of the two 
structures are then reversed: what 
had been the external structure contin
ues to shrink while what had been 
the internal structure continues to ex
pand. The new internal structure be
gins to release a flock of new stars, 
each of which migrates downward on 
the wall, passes through the bottom 
fold of the new external structure and 
becomes a cusp. The final pattern on 
the wall is largely an inversion of the 
initial one. 

FURTIIER RFADING 
OPTICAL CAUSTICS IN THE NEAR FIELD 

FROM LIQUID DROPS. ]. F. Nye in Proceed
ings of the Royal Society of London, 
Series A: Mathematical and Physical Sci
ences, Vol. 361, No. 1704, pages 21-41; 
May 3,1978. 

CATASTROPHE OPTICS: MORPHOLOGIES OF 

CAUSTICS AND THEIR DIFFRACTION PAT

TERNS. M. V. Berry and C. Upstill in Prog
ress in Optics, Vol. 18. Edited by Emil 
Wolf. Elsevier North-Holland, 1980. 
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COMPUTER 

RECREATIONS 
Two-dimensional Turing machines 

and tur-mites make tracks on a plane 

by A. K. Dewdney 

"[Termites] . . .  forge the complexion 
of a landscape like no other organism 
except man." 

-WALTER LINSENMAIER, 

Insects of the World �yone who has ever seen a ter
mite mound must have been 

impressed by the complex pat
terns of tunnels built by the in
dustrious but mindless insects. Para
doxically, artificial forms of life that 
make termites look like geniuses can 
produce equally astounding creations. 
Take tur-mites, for example. They are 
squarish, cybernetic creatures that 
have the most rudimentary of brains. 
And yet as they move about on the 
infinite plane on which they live, they 
trace out strange patterns that ap
pear to reflect an underlying intelli
gent design. 

The tur-mites were inspired in part 
by Greg Turk, a graduate student at 
the University of North Carolina at 
Chapel HilL For some time Turk has 
been experimenting with a special 
type of Turing machine, a construct 

that has long served as a basic model 
of computation. A Turing machine is 
usually assumed to operate on an infi
nite linear tape that is divided into 
cells. Turk, however, has studied Tur
ing machines that operate on a kind 
of two-dimensional tape-essentially 
the same plane on which the tur-mites 
roam. Converting a two-dimensional 
Turing machine into a tur-mite is 
simple and painless: abstract rules 
are replaced straightforwardly by a 
neural network. Such a conversion 
highlights an important theme in the 
theory of computation: one computa
tional scheme often turns out to be 
equivalent to another, seemingly unre
lated, one. 

Turing machines are named after 
the British mathematician Alan M. 
Turing, who first proposed them as 
a way to define computation. In ef
fect, a Turing machine is the ulti
mate digital computing machine. It 
can compute anything that a modern 
computer can-as long as it is given 
enough time. 

One can visualize a Turing machine 

A tur·mite occupies one square at a time 
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as it is shown in the illustration on the 
opposite page: a black box equipped 
with a device that reads a symbol in a 
single cell of an infinitely long tape, 
writes a new symbol in the cell and 
moves the tape. either forward or 
backward in order to examine the 
symbol in an adjacent cell. What is 
inside the black box? It does not 
really matter, as long as the box ad
heres strictly to a given table that lists 
what the Turing machine must do for 
every symbol read and for every one 
of the machine's possible "states. " 
These may change with each cycle of 
operation. A cycle consists of the fol
lowing three steps: 

1. Read the symbol currently under 
the read/write device. 

2. Look up the table entry given by 
the machine's current state and the 
symbol just read. 

3. Write the symbol given by the ta
ble entry, move the tape in the di
rection indicated and enter the 
state shown. 

Each table entry therefore has three 
parts: a symbol to be written on the 
current cell, a direction in which to 
move the tape and a state to enter. 

To a Turing machine the tape's mo
tion is relative. One could just as easily 
arrange for the tape to remain fixed 
and the machine to move itself from 
cell to cell. In fact, once one contem
plates the idea of moving the Turing 
machine and not its tape, it does not 
take much imagination to envision a 
two-dimensional "tape" on which the 
machine may move about freely. 

Regardless of whether it has a one
or two-dimensional tape, a Turing ma
chine's table is what ultimately deter
mines its behavior. It is closely analo
gous to the program that controls a 
modern digital computer. In terms of 
computational capability, two-dimen
sional Turing machines are not more 
powerful than one-dimensional ones. 
They just have more interesting pat
terns of movement over the cells. The 
pattern shown in the illustration at 
the top of page 182, for example, 
was made by a single-state two-di
mensional Turing machine. Its inter
nal table is: 

A 
BLACK RED 

(RED. LEFT. A) (BLACK. RIGHT. A) 

The machine's single state has been 
labeled A. 

A slightly more complicated two
dimensional Turing machine that was 
discovered by Turk has two states, 
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designated A and B, and it follows this 
internal table: 

BLACK GREEN 
A (GREEN, LEFT, A) (BLACK, FORWARD, B) 

(GREEN, RIGHT, A) (GREEN, RIGHT, A) 

According to Turk, a two-dimen
sional Turing machine programmed 
with this table produces a marvelous 
spiral pattern. The machine creates 
"larger and larger patterned regions 
that are placed in orderly fashion 
around the starting point. " 

Any pattern generated by a two-di
mensional Turing machine can be re
produced exactly by a tur-mite. A tur
mite's behavior, however, is not con
trolled by a mysterious black box. It is 
controlled by what can be loosely de
scribed as a brain. The fact that one 
can dissect and examine a tur-mite 
brain is what makes the creature so 
fascinating. 

Judged only by its appearance and 
ethology, a tur-mite certainly is not 
fascinating. Its body is roughly square, 
so that it fits snugly into the squares 
that divide the infinite plane on which 
it lives. It has a flat bottom equipped 
with some form of locomotory appa
ratus. (I do not know what makes a 
tur-mite go, since I have never turned 
one over.) The apparatus enables the 
creature to rotate and to move exactly 
one square in the direction in which it 
happens to be facing. Actually, a tur
mite's face has no purpose except to 
let us know which way is forward; its 
"eyes" do not function. When a tur
mite changes direction, it merely swiv
els 90 degrees on its current square 
before moving to a new one. 

Initially all the squares on the plane, 
including the one the tur-mite occu
pies, are black. Before it moves, how
ever, a tur·mite may change the col
or of the square it currently occupies. 
(The tur-mite's color-changing organ 
is as mysterious as its locomotory 
apparatus.) A tur-mite that duplicates 
the pattern shown at the top of the 
next page, for example, must be capa
ble of painting the square one of two 
colors (in this case, red or black ). To 
produce the pattern shown at the bot
tom of the page, however, a tur-mite 
has to have more colors at its disposal. 

How does a tur-mite know when 
to move or when to change the color 
of its square? Those actions are con
trolled by its brain, which consists 
of a collection of "neurodes, " simpli
fied versions of the neurons in our 
own brain. A neurode receives signals 
along fibers that originate at sensors 
(which are found on a tur-mite's un-

The standard visualization of a Turing machine 

derside) or at other neurodes and 
sends signals along fibers to effectors 
(such as the tur-mite's locomotory ap
paratus or its color-changing organ) or 
to other neurodes. 

A neurode fires (sends a signal along 
its output fiber) if the number of in
coming signals equals or exceeds the 
neurode's threshold, which is given by 
the number written on the neurode. 
Otherwise, it does not fire. Because 
time in the tur-mite's world proceeds 
in discrete steps, all excitatory and 
inhibitory signals are sent or received 
in discrete steps as well. 

To illustrate how a tur-mite actually 
makes a decision, I shall dissect the 
brain of two specimens [see left and 
middle drawings on page 183], both 
of which produce exactly the same 
pattern as that generated by the sin
gle-state two-dimensional Turing ma
chine described above. The brain on 
the left contains two neurodes that 
are not connected to each other. Each 
neurode has just one input fiber and 
one output fiber. When the tur-mite's 
color sensor detects red, it sends a 
single signal to the left neurode, caus
ing the neurode to fire. The neurode's 
output fiber splits into two parts, one 
going to the color effector (which then 
colors the entire square) and the oth
er going to the locomotory apparatus 
(which then swivels the creature 90 
degrees to the right and advances it 
one square in the new direction). On 
the other hand, when the tur-mite's 
color sensor detects black, it sends 
a signal to the right neurode, caus
ing it to fire. The neurode's output, in 
turn, causes the tur-mite to paint the 
square red before turning and heading 
to the square on its left. 

In short, when the tur-mite finds 
itself on a red square, it colors the 
square black and then moves one 

square to the right. And when the 
tur-mite occupies a black square, it 
changes the color of the square to 
red, then tUrns left and advances one 
square in its new direction. 

The second tur-mite brain is more 
complicated, but it does exactly the 
same job as the first. It was derived by 
a method I shall presently describe. 
The two neurodes both have threshold 
2; neither will fire unless it receives 
two input signals during the same 
time increment. Once the brain is set 
in motion, one neurode will always fire 
at each step in time. 

The simple behavior embodied in 
the two neurode circuits just de
scribed results in the complicated im
age at the top of the next page: a red 
cloud of tiny squares from which 
an intricate structure extends straight 
to infinity. What causes that sudden 
sense of purpose in the tur-mite after 
what seems a great deal of pointless 
meandering? The answer has to do 
with the pattern of colored squares in 
the cloud. At a certain point, part of 
that pattern, in combination with the 
tuI-mite's neurode-based rules, locks 
the creature into a repetitive sequence 
of moves that weaves the structure. ( I  
wonder if any readers can discover the 
triggering pattern.) 

Life is like that for tur-mites. Some
times a seemingly random meander
ing turns into an almost deadly deter
minism. Of course, the appearance of 
randomness is purely illusory. All tur
mites are decidedly deterministic at 
all times. 

Nonetheless, there are mysteries to 
be found in the tur-mite's world. Con
sider, for example, the pattern shown 
in the bottom illustration on the next 
page. The tur-mite that made that pat
tern is outfitted with four effectors 
that change the color of a square to 
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One of Turk's patterns 

black, red, yellow or green. It abides by 
the following rules: 

black 
red 
yellow 
green 

Action 

paint red, turn right 
paint yellow, turn right 
paint green, turn left 
paint black, turn left 

This tur-mite also has a very simple 

brain. It consists of four neurodes that 
are not interconnected. Each neurode 
executes one of the four behavioral 
rules in the manner of the first tur
mite's simplest brain. Turk is puzzled 
by the fact that this particular tur-mite 
produces a pattern having bilateral 
symmetry. Perhaps a reader can ex
plain why this is so. 

How exactly does one get a tur
mite from a particular two-dimension
al Turing machine? The technique is 
actually quite simple. One merely re
places each entry of the machine's 
internal table with a threshold-2 neu
rode that receives input signals from a 
sensor for the color corresponding to 
the entry's column and perhaps from 
other neurodes as well. Each neu
rode's output fibers go to the effectors 
necessary to execute the moves and 
color changes listed in the table entry. 

For example, suppose that a certain 
neurode corresponds to a table entry 
in a column labeled "red " and a row 
labeled "B." According to the conver
sion scheme, the neurode would have 
an input fiber from the sensor that 
detects red. If the table entry hap
pened to be ( black, left, B), then the 
neurode would send an output fiber 
to the effector that colors the occu
pied square black and to the effector 
that enables the tur-mite to execute 
left turns. 

The various states of a particular 

A multicolored tur-mite pattern 
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Turing machine are realized by the 
connections between neurodes in a 
tur-mite brain. Because the table entry 
in the example requires the tur-mite 
to adopt state B, the neurode repre
senting that entry would extend out
put fibers to each of the neurodes 
making up row B of the table. 

In this context, such a neural net
work is nothing more (and nothing 
less) than a form of hardware embody
ing a behavioral table. Sample conver
sions are displayed schematically in 
the drawings in the middle and at the 
right on the opposite page. The one on 
the right shows how one would go 
about constructing the brain of the 
tur-mite that mimics the behavior of 
Turk's spiraling two-dimensional Tur
ing machine. 

It is fun to watch a tur-mite (or 
a two-dimensional Turing machine) 
wander about on a cellular plane. To 
follow the action, however, the reader 
must write a program that simulates 
the tur-mite's movements. How does 
one go from a table to a program? 

Luckily, the process is nearly as sim
ple as designing a tur-mite's brain. A 
program that I call TURMITE consults 
a Turing-machine table in the form 
of three separate arrays: color, motion 
and state. Each array is indexed by 
two variables, c and s. The variable c in
dexes the color of the present square, 
and the variable s indexes the Tur
ing machine's (or the equivalent tur
mite's) current state. Because the in
dexes have to be assigned integer val
ues, the colors and states used in the 
simulation must be numbered. 

For example, the colors black and 
green can be assigned to the variable c 
by the numbers 1 and 2, respectively. 
Similarly, the states A and B can be 
designated respectively by the values 
1 and 2 of the variable s. In this case, 
a simulation of a spiraling tur-mite 
would require the following arrays: 

C I 
5 

I 2 

2 2 

2 

I 

2 

COLOR 

mCI2 

I I 2 

2 I I 

STATE 

Directions of motion must also be 
coded in terms of numbers. Hence, 
forward, backward, left and right 
could be indicated respectively by the 
numbers 1, 2, 3 and 4, which are con
tained in the array motion. 

The main purpose of TURMITE is to 
color small squares (perhaps individu
al pixels) on the computer's display 
screen that highlight a tur-mite's peri
patetics. The program keeps track of 
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RED RIGHT 

� 
RED 

BLACK RIGHT RED LEFT RED LEFT BLACK LEFT FORWARD RIGHT GREEN 

Three tur-mite brains, two of which (left and middle) do the same job 

the displayed squares' colors in a two
dimensional array called pattern. Ini
tially only one square is lit-the one 
lying at the center of the screen. 

The value of c at any given time is 
provided by the entry in the array 
pattern corresponding to the turmite's 
current coordinates on the screen, 
say i and j .  With c and S in hand, 
the program simply looks up the ar
ray entries color(c, s), motion(c, s) and 
state( c, s). 

The program changes the color en
coded in the entry in pattern(i, j )  
and then alters either i or j, depend
ing on the value of motion(c, s). Here 
the program must translate the rela
tive movement encoded in motion into 
an absolute movement by consulting 
another variable, dir, which contains 
the last direction moved: up, down, 
left or right. The final step in TUR

MITE'S operating cycle consists mere
ly of changing s to the number given 
by state (c, s). The rest can be left to 
the imagination and inventive skill of 
those readers who like to write their 
own programs. 

While one is constructing a tur
mite's brain or simulating its behavior 
on a computer, it is interesting to re
flect on the fact that, since tur-mites 
can carry out any computation a Tur
ing machine is capable of executing, 
tur-mites can be just as powerful as 
some computers. If, as some claim, 
the human brain amounts to nothing 
more than a kind of digital computer, 
then some tur-mites could be just as 
smart as we are-if not smarter! 

S imulated Evolution, the subject 
of the May column, drew an un
usually heavy mail response. 

Several hundred readers requested 
copies of a detailed algorithm on 
which they could base their own ver
sion of the program. After all, it is not 
often that one has a chance to see 

pretend protozoa evolve into bacteria 
banqueters in an hour or less. 

Michael Palmiter, the California high 
school teacher who developed the 
program, deserves the palm leaf for 
his creation. It was evidently an idea 
whose time had come. Swept into 
the simulated-evolution zeitgeist were 
a few readers who had independent
ly developed programs that were re
markably similar to Palmiter's Simu
lated Evolution. 

High school freshman Mate Sztipan
ovits of Nashville, Tenn., won acco
lades at science fairs with a program 
that simulated oval bugs roaming on 
a two-dimensional space, looking for 
randomly distributed food. In Szti
panovits's program, the medium sur
rounding the creatures exerts a drag 
that can be minimized through the 
evolution of streamlined shapes. 

Christopher O'Haver of College Park, 
Md., also submitted a simulated-evo
lution program as a science-fair proj
ect. Unlike Palmiter's bugs, the organ
isms in O'Haver's program are station
ary (more like algae than protozoa), 
absorb food continuously, grow and 
suffer predation. 

Paul H. Deal of Moriarty, N.M.,  has 
developed a rather sophisticated ev
olution program that he has been 
distributing to educators. The genome 
of his creatures includes 13 genes 
that govern such characteristics as a 
creature's ability to feed on organic 
substrates, to absorb energy and to 
move (albeit somewhat feebly). Read
ers wanting to experiment with Deal's 
program may obtain it as shareware 
by writing Deal at P.O. Box 1398, Mor
iarty, N.M. 87035. 

Among the readers who were able 
to set BUGS, my Simplified version of 
Palmiter's program, in motion with 
only the spare description given in the 
column were Lewis V. Glavina of Bur
naby, British Columbia, Ken Sheller of 

Bellevue, Neb., Jim Henry of De Kalb, 
Ill., and Albert H. Behnke of Boston, 
Va. Glavina, bothered by the amount 
of energy that bugs sometimes waste 
at the screen's boundary, gave his pro
tozoa the power to bounce off the 
screen's sides. Sheller explicitly re
warded the gene that made the great
est contribution to food-gathering be
havior. Finding it difficult to distin
guish advanced bugs from their less 
evolved cohorts, Henry colored a bug 
according to its tendency to stay in the 
same place. Behnke endowed his bugs 
with a similar feature, causing a bug to 
change color as it changes directions. 

Finally, a postscript on t he April
fool anagram tangram gold scam. In 
the April column I quoted extenSively 
from my correspondence with a shad
owy character by the name of Arlo 
Lipof. Lipof maintained that he had 
driven down the price of gold by ap
plying the Banach-Tarski theorem to 
make gold out of nothing. Recently I 
received an angry letter from the so
called International Gold Council in 
New York City in which I am held 
accountable for the "turmoil" and the 
"collapse of civilization" that might 
now result from the divulgence of 
Lipof's secret. 

"For years the I.G.c. has made the 
Banach-Tarski paradox inaccessible to 
the general public. . . . We have always 
known that the apocalyptic reality of 
making more gold from less gold 
would have dire consequences for the 
international balance of world mone
tary systems." 

FURTHER READING 
MATHEMATICAL GAMES. Martin Gardner 

in Scientific American, Vol. 216, No. 3, 
pages 124-129; March, 1967. 

MATHEMATICAL GAMES. Martin Gardner 
in Scientific American, Vol. 229, No. 5, 
pages 116-123; November, 1973. 
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BOOKS 
Greenhouse mediarology, a well-taped worm, 

parts per billion, traces of the past 

by Philip Morrison 

GLOBAL WARMING: ARE WE ENTERING 
THE GREENHOUSE CENTURY?, by Ste
phen H. Schneider. Sierra Club Books, 
distributed by Random House, 1989 
($18.95). 

In 1971 a packed house of geoscien
tists in a Washington meeting heard 
out one distinguished speaker's early 
views of the human impact on climate. 
A young postdoctoral fellow went up 
after the talk to describe to the au
thority some calculations of his own. 
"He asked me a question that was 
to change my life: Would I be willing 
to attend a three-week meeting . . .  in 
Stockholm . . .  that would help define 
the field?" That talented postdoc was 
Stephen H. Schneider, and he was just 
the man to help write the report of 
that meeting. 

At the National Center for Atmos
pheric Research he has continued to 
think and calculate, as well as to com
municate fairly and cogently in public 
what he finds. ( This issue of Scientific 
American offers in evidence one of 
Schneider's clear, up-to-date summar
ies.) In his latest brief book he aims 
in particular at the policy issue-the 
weighing of prudent action in the face 
of uncertainty-in an account packed 
with anecdotes of debate around the 
clock and around the world, colloquies 
in hearing rooms and studios among 
politicians and journalists, skeptics, 
opportunists, even provocateurs. Here 
he minimizes detailed scientific pre
sentation the better to center on the 
most visible issues, although still in 
the "context of scientific knowledge 
and . . .  policy values. " 

As far as he can make out, we are 
entering on the greenhouse century. 
Our models are patently imperfect 
(the most clarifying of the author's 
offerings are his accounts of just 
where models might fall into error ), 
but everything we know and have test
ed against the past, or against other 
planets, suggests wanning to come. 
The absorption of infrared radiation, 
by carbon dioxide and a few other 

gases added to the air by human activ
ities, will act to warm the surface of 
the earth, other things being equal
not by much but enough to trigger a 
variety of mischief. 

It could well be that our view is 
wrong: some underestimated or un
known feedback system might well 
reduce change or even prevent it. But 
it could equally be that the green
house will become warmer than we 
expect because some unknown feed
back goes against us. Uncertain risk 
remains risk still. 

Have we already felt the hot breath 
of the beast? Hardly; it is not clear that 
the hot U. S. summers signal a global 
warming. They fit imperfectly, and 
other transient causes seem at hand. 
Yet the chances may already have 
been skewed toward heat. The main 
signal is expected to appear within a 
couple of decades, out of the band 
of natural noise in which it is now 
masked. A clear signal will validate, 
as its absence will disprove, our es
timates of global climatic sensitivity. 
The assembly of humanity has a ques
tion before it: is it wise simply to wait? 

What can happen? The best grasp 
here comes from the Netherlands, 
where they have claimed so many 
broad fields from the salt sea within 
the past three centuries. Yet in 1988 
their planners foresaw the future loss 
of considerable agricultural land, even 
within their rings of dikes; the 21st 
century would see Holland flooded 
anew, deliberately covered by recre
ational lakes! Schneider was amazed 
at this optimism; had they forgotten 
or suppressed the danger of a world 
ocean rising as warmed seawaters ex
pand and glaciers melt? 

The Dutch watermasters had forgot
ten nothing. For a typical dike, they 
allow "storm surge . . .  5 meters above 
mean sea level; wave run-up, 9.9 me
ters; . . .  gust bumps 0. 35 meters; dike 
settlement, 0.25 meters; and final
ly . . .  O.25 to 0.5 meters sea-level rise 
for the next hundred years. " They will 
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sacrifice some good arable land-not 
because the sea will top their amply 
high dikes but because they intend 
deliberately to flood some of their 
land with fresh Rhine water, to prevent 
the slow contamination of groundwa
ter by the in filtering sea. 

The rise of sea level is the most 
probable and the most globally uni
form consequence of any warming, 
and perhaps the most ominous. Most 
other effects-on freshwater storage 
and control, on forests and crops, on 
human health-seem mixed, if some
times tragic. The Netherlands is well 
armed along its narrow frontier with 
its old enemy, the North Sea. But what 
about the wider and ill-defended fron
tiers of the Java Sea, the Gulf of Thai
land, the Bay of Bengal or even the 
uncrowded wetlands of wealthy Aus
tralia and the U.S.? "We simply cannot 
allow uncertainty . . .  to prevent strate
gic planning " to help people control, 
slow doWn or move out of the way of 
increased sea flooding on the other 
side of A.D. 2000. 

In Chapter 7 the author identifies a 
whole new body of knowledge essen
tial for any public policy that touches 
science. He calls this contemporary 
discipline "mediarology. " Like meteo
rology itself, the newer study is largely 
a matter of time scale. A half hour of 
exciting confrontation, even when it is 
forced and premature, is considered 
better TV or headline material than a 
protracted, step-by-step effort to set 
honest limits to doubt. But it is a 
poorer basis for public judgment. He 
documents his views with plenty of 
snippets from talk shows and TV spe
cials, good examples and bad ones of 
how the public can learn even on the 
fly. In spite of all its defects, mediarol
ogy has brought the greenhouse effect 
to public attention worldwide. Now "a 
law of the [common] atmosphere " can 
arise, but only if and as the prosper
ous nations (those great fuel burners, 
now just a bit apprehensive) include 
among their urgent interests an apt 
investment in gentler ocean waves 
and more luxuriant forests a few dec
ades ahead. Without a course change, 
the author fears, only inexpensive if 
valuable research can be done before 
the atmosphere itself has carried out 
its own definitive experiments. 

The economists who look at costs 
and competitors are realists, not to 
say cynics; they gloomily anticipate 
that we will all have to adapt on our 
own, that we will not join to seek some 
control. There is one bright ray of 
hope: the powers have long overin
vested in a curiously risky form of 
insurance, one taken out against wide 
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warfare but ending in dangerous and 
costly arsenals. Wise action would 
cash in much of that half-trillion-dol
lar annual premium and from its pro
ceeds begin to safeguard rich lands 
and poor lands alike, all who share the 
one big mobile pool of air. 

THE NEMATODE CAENORHABDITIS EL

EGANS, edited by William B. Wood 
and the Community of C. e/egans Re
searchers. Cold Spring Harbor Labora
tory, 1988 ($94). 

Here is a singular monograph, an 
authentic modern Book of the Worm. 
This worm is no myth or monster but 
a slender thread: an animal about a 
millimeter long full-grown, a free-liv
ing species of soil nematode, found 
worldwide, that subsists as a filter 
feeder, mainly on bacteria. The high 
antiquity of the inconspicuous yet 
ubiquitous and abundant phylum of 
nematodes is undisputed, their body 
plan having been laid down in the 
Precambrian. This particular species is 
easy to grow in large numbers on agar 
plates coated with thriving lawns of 
human colon bacilli and in liqUid cul
tures too. It matures as a hermaphro
dite, producing both eggs and sperm, 
able to self-fertilize about three days 
after hatching. The mature young 
worm lays about 300 eggs during the 
next four days, then lives on to grow 
larger for two weeks more, without 
any additional cell divisions. 

The beauty part is that the animal is 
transparent at all stages, and it brows
es contentedly on a little moist agar 
pad under the dissecting microscope. 
The result is that every cell division 
during development has been ob
served (by means of modern optical 
interference-contrast techniques and 
of video imaging), through all four 
stages of molting between egg and 
adult. The nematode can safely be 
anesthetized to keep it still for draw
ings or for microsurgery. At choice 
any single cell can be ablated by one 
well-controlled pulse from a dye laser. 
Development has been fully recorded 
within the egg as well, cell by cell from 
the first cleavage to hatching. The cel
lular ultrafine texture has been stud
ied under the electron microscope, on 
many a serial micro section from nose 
to tail spike, enough to map out the 
entire cell architecture. 

C. e/egans follows an unfamiliar but 
well-understood reproductive pattern. 
The rare males that occur spontane
ously in the population are able to 
fertilize the normal hermaphroditic 
forms, so that crosses are possible. 
Genes have been mapped on the six 
visible nuclear chromosomes, mostly 

Do you recall your first Jack Daniel's? We'd love to hear about it if you do. 

AT JACK DANIELS DISTILLERY, we're blessed 
with an unusual cave and special ironfi-ee water. 

Not many distillers have a stream of cool, cavespring 
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what we possess right here in Jack 
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make our Tennessee Whiskey since 
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flavors Jack Daniel 's, we believe, 
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by crossing recessive lethal mutations 
to see whether they lie on distinct 
genes. Drug-resistant mutants and 
those that lose mobility are known as 
well. Molecular DNA analysis has pro
gressed quite far, although not yet 
to complete sequencing, base pair by 
base pair. The repetitive, garbled seg
ments of DNA that space out the genes 
spelling meaningful reCipes for pro
teins are common here, as in other 
animals and in plants. One copy of this 
entire genome is about 80 million 
base pairs long, half the size of the 
Drosophila genome, about 1 percent 
of the long human message. 

Right now the Book of the Worm 
presents a descriptive paradigm that 
is unique in biology. Appendix 1 dares 
even to offer a complete parts list for 
this living creature: a dozen pages of 
coded components, cell by cell from 
founder cell to cells of the hermaphro
dite vulva. Every cell of its body has 
been counted and mapped in space 
and time, from origin to death or to 
final division. Key cells of the germ 
line, both the embryonic founder cells 
and others present at hatching, have 
been followed too along their own 
distinct but indeterminate lineages. 

Counting cells is best done by 
counting the easily recognized nuclei, 
even though the map is not exactly 
one to one: a few larger cells have 
become multinucleate by cell fusion, 
and a few cells are added by late divi
sion. In the adult animal there are just 
959 somatic nuclei (plus those of the 
germ cells). Another 131 have died 
along the way (for example, in embryo
genesis one cell serves to make the tail 
spike and then dies). The nervous sys
tem has more cells than any other, 302 
neurons plus 56 of the neural support 
cells that tend and maintain the wir
ing. Fewer cells constitute the main 
wall layer of the body, fewer still the 
lengthwise muscles (no muscles en
girdle the body tube), and so on for 
the gonadal structures, the alimentary 
and excretory systems and others. 

The outermost layer that seals in 
the body fluid is a thin protein coat, 
secreted anew after each molting by 
busy cell layers just beneath it. The 
creature as a whole is an elastic cylin
der that holds a pool of pressurized 
fluid, within which oxygen and nutri
ents diffuse without cellular aid. There 
are no blood cells, no immune cells, no 
circulating cells at all. A few special 
glandlike cells make some particles
not cells-that enter the fluid pool; the 
same glands even accumulate injected 
dyestuff, and yet the worm survives 
their ablation. 

It is striking to scan the many pages 

of coupled diagrams that form a com
plete wiring schematic for the neural 
network. Every neuron is listed (l00 or 
more different variants can be count
ed ), and all their connections are indi
cated and claSSified, the result of long 
study under the electron microscope. 
Laser ablation of neurons has shown 
just which of the cells are required 
for forward and which for backward 
movement. 

The worm has a modest repertoire 
of behaviors: it can recognize chem
ical compounds, even some phero
mones of its own; it can migrate to 
familiar temperatures and eventually 
acclimates to a new temperature; it 
prudently avoids bumps on the nose, 
showing a more complex response 
to any touch by a fine hair on one of 
six sensitive surface cells. Functional 
analysis of this circuitry lags behind 
the geometric untangling of the wir
ing; surely simulations are on the way. 
Purposeful, routine male mating be
havior is more complicated still; in
deed, the uncommon male has about 
10 percent more parts than the usual 
hermaphrodites, mostly neurons. 

A family tree is drawn up for ev
ery cell in the embryo, division by 
division: its entire lineage from first 
cleavage to hatching, with maps of 
final nuclear positions. Genetic maps 
are here too, including a list of the 
mapped genes (now about a tenth of 
the estimated total of 5,000 or 6,000 
genes), and other genetic data too. 

This volume summarizes the out
come of some 25 years of enthusiastic 
collective effort initiated by Sydney 
Brenner at the MRC Laboratory of Mo
lecular Biology in Cambridge in 1963. 
He put forward then the task of com
plete cell-by-cell description of the lit
tle multicellular nematode as a foun
dation for the understanding of ani
mal development. "To start with, " he 
wrote, "we propose to identify every 
cell in the worm and trace lineages. " 
That first high task is now brilliant
ly complete, the work of those biolo
gists who answered his call, of their 
students and now of their students' 
students, to be found in more than 60 
laboratories around the world. The list 
of references includes about a thou
sand books and papers. 

It is by no means clear that the 
secrets of animal development will in 
fact flow from the work on this single 
form, even if a fully interactive dynam
ics and the apropos software do some 
day come to complement these hard
ware specifications. Past choices of 
organisms for study have certainly 
been of major importance-consider 
the fruit fly, the white mouse, the 
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grapefruit mold, the phages-but all 
the same, nature is not methodologi
cally tidy. The tides of progress can 
rise in less elegant channels; major 
clues might come from elsewhere, to 
be fitted only later into some future 
user's manual of the worm. 

The general reader should seek out 
this book, not only for its effective and 
explicit demonstration of so much of 
contemporary biology but even more 
for its high and audacious singleness 
of purpose. Old Aristotle put it well: 
from all the facts that science patient
ly assembles into an understandable 
whole, he said, "there arises in time a 
certain grandeur. " 

THE ART OF MEASUREMENT: METROL

OGY IN FUNDAMENTAL AND APPLIED 

PHYSICS, edited by Bernhard Kramer. 
VCH Publishers, 1988 ( $66). 

The Physikalisch-Technische Reichs
anstalt of Berlin (called the Bundesan
stalt since its postwar translation due 
west to Braunschweig) was founded 
in 1887. From the start it was one 
of the major national laboratories re
sponsible for precision standards. Its 
centenary can hardly be celebrated in 
this symposium without some look 
back at the glorious role that the PTR 
physicists Willy Wien, Otto Lummer, 
Ernst Pringsheim and Heinrich Rubens 
played in the great leap forward from 
classical to quantum physics. 

It was almost soley their compel
lingly precise experiments that estab
lished the energy spectrum of black
body radiation, for which Max Planck 
first derived the right form at the very 
end of 1900. He had to introduce his 
new constant, the quantum of action. 
The old curves are reproduced here, 
credible smooth peaks (apart from a 
few real dips due to molecular ab
sorption in the air path). One 1901 re
sult, measured with thermal detectors 
deep in the infrared at a wavelength 
beyond 20 microns, shows a tight fit 
to Planck's law but marked discrep
ancies with the two competing theo
ries of the day. The quantum was here 
to stay. 

The title of the book suggests an 
introductory account, but apart from 
the fine initial historical chapter the 
volume is meant for rather adept art
ists. Three topics are treated, each in 
several very knowing essays, non
mathematical but by no means ele
mentary. First is a set of reviews of 
some current fundamental phYSiCS, 
including the use of lasers for testing 
a variety of deep issues: no other in
strument "has proven Similarly useful 
for basic physics. " Next is an exposi
tion of a few up-to-date experiments 
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of preCISIOn, seen here not merely 
as "nervously delicate " measurements 
turned into ends in themselves but 
as part of the essential work of phys
ics. Third come a fresh pair of papers. 
One reviews the varied applications in 
medicine of lasers at several distinct 
levels of peak power. The other tells 
of the clinical detection and mapping 
(with superconducting quantum inter
ference devices) of the weak magnetic 
fields surrounding very small currents 
that flow in the brain and heart. 

Here a few of these novelties must 
suffice. Plainly the precision metrol
ogist seeks to be free of the compli
cations of our imperfect artifacts: the 
distorting creep within the most sta
ble metal rods, the frictional losses of 
vibrating quartz crystals, the corrosion 
and dustiness of the best weights. 
On to nature's perfect modules! The 
trend is decades old; we all know that 
a beam of cesium atoms-rather than 
crystal or the spinning earth-now de
fines time and frequency. 

Holding a single atom (or a small 
cloud of them) tightly in place for 
a considerable period of radiative 
probing is the new path open to strict
ly modular definitions of key physi
cal quantities. Ion traps-electrodes 
with artfully maneuvered electric and 
magnetic fields-have long served to 
store ions in the vacuum. The key new 
step is the clever use of laser light 
to remove random motion from such 
trapped particles, by inducing each 
moving atom to give some thermal en
ergy to the copious photons in a well
tuned beam; it is much better than 
depending merely on cold walls to 
reduce random thermal motion. The 
trapped ion, once it is cool enough, 
sees mainly the fields of the trap slow
ly drifting by. 

Any isolated ion of course dwells in 
its own inertial frame, innocent of any 
contact with the earth, aside from the 
weak field of gravity. One particular 
transition of a beryllium ion is known 
to respond only to a rotating compo
nent of the applied radio-frequency 
field. The direction of that electromag
netic field is fixed in the lab, of course, 
but it rotates nonetheless as trap, lab
oratory bench and supporting floor 
turn around with the earth once every 
sidereal day. The requirement for de
tecting that very slow field rotation is 
an accuracy of about a part in 1014, 
and it is on the verge of realization. 
Surely such mastery will one day make 
a time and frequency standard of un
matched precision; it is no dream to 
foresee an isolated atom that controls 
a clock good to a part in 10 18. 

A second modularity also tempts 
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the standard-givers. The mass unit is 
currently kept as a fist-size chunk of 
metal, neither reproducible nor un
changing; the relative atomic masses 
that have long been so well measured 
through particle beams in electromag
netic fields cannot to this day be com
pared with precision to any visible and 
weighable masses. A small gap re
mains open in our basic phYSics. 

A report by an American guest, the 
physicist responsible for this work 
at the National Bureau of Standards, 
reviews the changing state of affairs. 
Between 1970 and 1980 a joint effort 
was made by the NBS and the Physikal
isch-Technische Bundesanstalt to re
late X-ray wavelengths to optical ones 
with modern precision. The concept 
was to use the purest, most perfect 
crystal of silicon as the physical struc
ture of a monolithic interferometer. 
The X-ray wavelengths match that 
atomic lattice pretty well; those inter
ference patterns are not hard to meas
ure. A common baseline defined on 
the same piece of silicon would then 
be measured also, but in terms of op
tical wavelengths; the calibrated atom
ic lattice spacing would be known 
to many decimals in terms of some 
sharp, laser-generated optical wave
length. From its optically measured 
dimensions you could then compute 
the number of atoms in one simple 
block of silicon; weighing that block 
would define the kilogram anew in 
atomic terms. 

By the early 1980's it became plain 
that the National Bureau of Stan
dards results and those of the PTB-the 
only measurements-disagreed in the 
parts-per-million range, four times 
their estimates of combined error. It 
was the NBS that had less control over 
its systematic errors, and so its experi
ment was redesigned. By 1986 it be
came clear that a subtle geometric tilt 
had entered during the scanning of a 
hundred fringes under laser feedback 
control in visible light while the crys
tal was advanced through a million 
atomic spacings checked by X ray. 

The new design has improved mat
ters, and yet the last word has still 
to be pronounced, a cautionary exam
ple of what high precision demands. 
"I expect, " the physicist says (of the 
atomic repeat distance of the ultra
pure sample of silicon now at hand ), 
"that the 'final' result will lie near 
0.19201554(2) nanometer. " That gap 
in physics will soon be closed. 

DINOSAUR TRACKS AND TRACES, edit
ed by David D. Gillette and Martin G. 
Lockley. Cambridge University Press, 
1989 ($54.50). THE LOST WORLD & 
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THE POISON BELT: PROFESSOR CHAL

LENGER ADVENTURES BY SIR ARTHUR 

CONAN DOYLE. Chronicle Books, 1989 
(paperbound, $8.95). 

It was Holmes himself who told us 
that "there is no branch of detective 
science so important and so much 
neglected as the art of tracing foot
steps." This delightful volume, a ful
ly technical symposium report of 
uncommon readability, takes to heart 
what Holmes implied. Some 70 stu
dents of dinosaur prints (and of their 
eggshells, nests and droppings) gath
ered in Albuquerque in the spring 
of 1986. Under one roof were the ma
jority of the world's dinosaur-trace 
experts from all continents. The first 
modern volume ever published in the 
subdiscipline was assembled, all pa
pers expertly and multiply reviewed 
and edited, with unusual devotion and 
success, into a handsome book. Even 
its taxonomic rigors need not put off 
a general reader. Some history, more 
interpretation, many regional and in
dividual site reports, and new tech
niques for recording and comparison 
are addressed, with a useful introduc
tion and summary. 

The gaits of living animals are dis
tinguished by the sequence and dura
tion of the footfalls. Dinosaurs, whose 
tiIlling cannot be observed, need spe
cial treatment. Three gaits-walk, trot 
and run-can be considered (not the 
eight or nine gaits described for mam
mals). Not even study of the skeleton 
can decide whether diagonally oppo
site limbs move as in a normal walk or 
whether two limbs on one side move 
in synchrony, in the gait called am
bling. Most dinosaur trackways record 
ancient walking; rarely, what is found 
implies running. 

A sandstone and claystone quarry in 
Queensland, Australia, offers 4,000 di
nosaur footprints that are the setting 
for a brief drama. A dozen really big 
prints are there from one carnosaur, 
and very close to it are the tiptoe 
tracks of 160 or more little bipedal 
fellows: surely this was a stampede of 
small dinosaurs, slipping and scraping 
away from a fierce predator stalking 
their waterhole. 

Were the carnivores fast runners? 
The fact is that predators today do not 
show much ability at sustained run
ning (cheetahs, if as fast as claimed, 
are exceptional ); it is the big quadru
ped herbivores that run best, and so it 
was among dinosaurs. Big crocodiles 
can charge for 100 feet or so, and 
powerful dinosaurs could do even 
more. They were not long-distance 
runners but agile, multiton springing, 
sprinting hunters. 
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There are curiosities in plenty. Many 
sites show dinosaur trampling that 
is dense enough to disturb the sedi
mentary layers themselves. There is a 
name for the process: dinoturbation. 
In Utah there are working coal mines 
whose ceilings bulge with casts that 
formed in dinosaur prints made 
across what was once the upper sur
face of a layer of swamp peat. The peat 
turned to coal; the hollow print filled 
with silt or sand that turned to stone, 
and eventually the thick seam of coal 
was entered and removed by the min
ers. The footprint casts are still there 
in the ceiling of the emptied mine 
gallery. They are hazards well known 
to the miners, for sometimes they fall; 
one big stony cast weighed 140 kilo
grams. It is usual to fasten them to the 
roof with long steel bolts. No other 
dinosaur activity is known so to en
danger human beings across the 80 
million years since the Cretaceous! 

In 1909 Arthur Conan Doyle moved 
to a country house in Sussex, on the 
Weald. Soon he noticed big fossil 
tracks of dinosaurs in a quarry nearby. 
They were nothing rare, but they were 
wonders all the same; he persuaded 
an expert to come to examine them, 
and he made casts for himself. By 
1912 he had written-on a bet that he 
could produce a fresh adventure-his 
inspired story of bullfroglike Profes
sor Challenger, who led three other 
articulate Edwardian types to clamber 
up an isolated basalt plateau some
where between the Amazon and the 
Orinoco. They found the place aston
ishingly populated by dinosaurs big 
and little, by ape-men and by cavemen, 
all forms that had come up at very 
different times (for Doyle knew his 
geology). 

That huge three-toed print before 
their eyes was "the father of all birds " 
for sure, said one explorer. ( The Rev
erend Edward Hitchcock of Amherst 
College had first come to that same 
wrong conclusion in the 1830's.) "I'll 
stake my good name as a shikari that 
the track is a fresh one. " The Profes
sor, though, understood at once: "-a 
dinosaur. Nothing else . . .  " That expe
rience on Maple White Land and in the 
Albert Hall, artful composite of ro
mance and realism, has given impor
tant pleasure to many a reader, some 
of whom sought and found a way into 
paleontology. This new edition of The 
Lost World is bound to find an enthusi
astic new audience of many ages. ( The 
second tale in the book is a slight
er one, an extended short story with 
a single implausible surprise, hardly 
worthy of the grandly irascible Profes
sor Challenger.) 
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ESSAY 
How to secure 

our common future 

by Gro Harlem Brundtland 

W
hen the 20th century began, 
neither human beings nor hu
man technology had the pow

er to radically alter the global ecosys
tem. Today, as the century draws to a 
close, human beings in ever-increas
ing numbers have that power, and as 
a result of their activity on the plan
et, major unintended changes are tak
ing place in the atmosphere, the bio
sphere and the hydrosphere. These 
changes outstrip our present ability to 
cope; the world's financial and politi
cal institutions are out of step with 
the workings of nature. 

Poverty is a major cause and also a 
major effect of global environmental 
problems. It is futile to seek solutions 
to environmental disturbances with
out considering them from a broad 
perspective that encompasses the fac
tors underlying world poverty and the 
inequalities within and among na
tions. For developing countries, pover
ty lies at the heart of all issues. The 
poor are forced to eat next year's seed 
corn, to cut scarce forests for fuel
wood. Although such practices may be 
rational short-term tactics for surviv
al, in the longer term they can only 
result in disaster. 

Yet it is both futile and an insult to 
the poor to tell them that they must 
remain in poverty to "protect the envi
ronment." The World Commission on 
Environment and Development con
cluded in its 1987 report, "Our Com
mon Future," that sustained economic 
growth, which is a precondition for 
the elimination of mass poverty, is 
possible only within a more equitable 
international economic regime. The 
commission called for a new era of 
economic growth-growth that en
hances the resource base rather than 
degrades it. We know now that growth 
and development need not be envi
ronmentally degrading, that in fact 
growth can create the capital and the 
capacity necessary to solve environ
mental problems. And without growth, 
how can we provide for twice the pres-

ent population some time in the next 
century, when we cannot provide for 
everybody today? 

Those of us who live in the industri
alized world have an obligation to en
sure that international economic re
lations help rather than hinder the 
prospects for sustainable develop
ment. It is our duty, as well as in our 
own self-interest, to do so. Commodi
ty prices must be adjusted to provide 
a fair international distribution of in
come. Official development-assistance 
programs and private loans to devel
oping countries, as well as private in
vestment, must be improved, both in 
quality and in quantity. Policies-both 
national and international-will have 
to be changed so that capital trans
fers are sensitive to environmental im
pacts and can contribute to long-term 
sustainability. 

Energy is another area of vital im
portance. As nations continue to de
velop they will require more, not less, 
total energy; their industrialization 
and rapidly growing populations will 
depend on it. Yet global energy con
sumption, even at its present levels, 
has already created serious environ
mental woes. How can an increase in 
energy use be tolerated without fur
ther deterioration of the global eco
system? The solution, we believe, is to 
place energy-efficiency policies at the 
cutting edge of national energy strate
gies, regardless of the relatively low 
price of such traditional fuels as coal 
and petroleum. 

The commission found no absolute 
limits to growth. Limits are indeed 
imposed by the impact of present 
technologies and social organization 
on the biosphere, but we have the 
ingenuity to change. And change we 
must. The report of the commission 
offers governments and international 
institutions an agenda for change. Af
ter a period of standstill and even 
deterioration in global cooperation, 
the time has come for higher aspira
tions, for increased political will to 
address our common future. 

The United Nations system with all 
of its specialized agencies has the ca
pacity to reach our common goals. We 
call for a fundamental commitment 
by all governments and institutions 
to make sustainable development the 
guiding principle of the international 
community. To secure our common 
future, we need a new international 
vision based on cooperation and a 
new international ethic based on the 
realization that the issues with which 
we wrestle are globally interconnect
ed. This is not only a moral ethic but 
also a practical one-the only way we 
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can pursue our own self-interests on a 
small and closely knit planet. 

Environment and development have 
come to the top of the international 
agenda. Policies to promote sustain
able development must be devised by 
nations both in the Northern and in 
the Southern Hemisphere, and they 
must also take into account the imbal
ances in international economic rela
tions that prevail today. 

Our ambition should now be to 
make the 1990's a decade of rapid 
social, economic and environmental 
cooperation rather than confronta
tion. A global economic consensus for 
growth should be developed. To be 
consistent with sustainable develop
ment, such a consensus must observe 
ecological limitations. It should in
clude sound economic policies within 
developing countries and be particu
larly sensitive to the poorer nations in 
Asia, Africa and Latin America. 

It is time for a global economic sum
mit. Would it not be timely to consider 
both our economic and environmental 
concerns at such a summit, given the 
critical linkage between the two? The 
large ecological issues-the green
house effect, the disappearing ozone 
layer and sustainable utilization of 
tropical forests-are tasks facing hu
mankind as a whole. The World Com
mission on Environment and Develop
ment presented innovative ideas on 
how to mobilize additional financial 
resources. The time is now ripe to 
explore these problems both institu
tionally and financially. 

Our generation is the first one to 
have seen planet earth from a dis
tance. And from that perspective it 
is all too apparent that our species 
is dependent on a single tiny, fragile 
globe floating in space, a closed and 
vulnerable system. 

The report of the commission offers 
a challenging agenda. We were asked 
to offer strategies for the future and 
to provide motivation for adopting 
new policies. In demonstrating the 
real threats to both our present and 
our future and showing that workable 
solutions are at hand, our report pro
vides that motivation. We hope that it 
will ultimately achieve its purpose of 
generating the debate and discussion 
that are necessary to revitalize inter
national cooperation. 

GRO HARLEM BRUNDTIAND, who was 
chairman of the World Commission on 
Environment and Development, is the 
Prime Minister of Norway; she served as 
Norway's Minister of Environment from 
1974 to 1979. 
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The Pressure ExtraEolation 
Modern automotive catalytic converters contain rhodium which promotes 
chemical reactions to remove pollutants from a car's exhaust. Scientists at 
the General Motors Research Laboratories have recently made discoveries 
about one such chemical reaction, the reaction between nitric oxide and 
carbon monoxide, pointing the way toward new or improved catalysts. 
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Figure l: Rate comparisons/or the NO·CO reac· 
tion. Measured data over single crystal Rh(]l]) 
(solid red line) and over supported Rh (blue line); 
model predictions (dotted red line). 

Figure 2: Schematic representation 0/ the ele· 
mentary intermediate steps for the NO·CO 
reaction. 

MOST FUNDAMENTAL cat
alytic studies using surface 

science techniques require an ultra
high vacuum environment (10-13 

atm). They are best suited for 
studying well characterized mate
rials, such as metal single crystals. 
Catalytic reactions of practical 
interest, however, involve polycrys
talline materials, in the form of 
small metal particles dispersed on 
supports. And they take place at 
atmospheric pressures rather than 
in an ultrahigh vacuum. 

Now Dr. Galen B. Fisher and 
Dr. Se H. Oh have demonstrated 
how the wealth of chemical infor
mation obtained from ultrahigh vac
uum (UHV) studies of ideal, single
crystal catalysts can be applied to 
the understanding of real-world sys
tems that have different catalyst 
environments and that operate at 
much higher pressures. 

These researchers concen-

trated their studies on the many 
chemical reactions that occur in 
modern automotive catalytic con
verters. One such reaction is the 
reduction of nitric oxide (NO) by car
bon monoxide (CO) over a rhodium 
(Rh) catalyst to yield carbon dioxide 
(C02) and nitrogen (N2) (Figure 2). 

2NO + 2CO Rt 2C02 + N2 

Dr. Fisher used various sur
face science spectroscopies in ultra
high vacuum to study all of the 
elementary reactions over a rhodium 
single crystal [Rh( 111)] that might 
be involved in this specific reaction. 
Over several years he measured the 
rates and determined the activation 
energies of each of these reactions. 
For most of these reactions, this was 
the first time these parameters had 
been measured. Based upon these 
results, Dr. Fisher hypothesized that 
the elementary reactions shown in 
Figure 2(a-f) were the significant 
steps involved in the NO-CO reac
tion and that nitrogen recombina
tion and desorption (Figure 2f) was 
the rate-controlling step on Rh( 111). 

Dr. Fisher and Dr. Oh also 
initiated kinetic studies of this reac
tion at realistic reactant partial pres
sures and temperatures using two 
different catalysts-one was a rho
dium single crystal [Rh( 111)], and the 
other consisted of rhodium particles 
supported on alumina [Rh/ AlP3]' 
The rhodium concentrations on the 
support were similar to those used 
in an automotive catalytic converter. 
The studies with the single crystal 
at realistic, high pressures were done 
in collaboration with Dr. D. Wayne 
Goodman of Sandia National 
Laboratories. 

a 

CO(g) ¢ CO(a) 

CO(a) + O(a) ---+ C02(g) 

b ___ -' 

NO(g) ¢ NO(a) 

NO(a) + N(a)---+ N,(g)+ O(a) 2N(a) � N,(g) 

KEY: Rhodium • Carbon Nitrogen Oxygen (g) = ���se (a) 
= 

adsorbed 

At the same time, Dr. Oh 
devised a mathematical model for 
this reaction. The model consists 
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of steady-state conservation equa
tions for the surface species, based 
on the reaction mechanism and the 
rate expressions for the individual 
reaction steps determined in Dr. 
Fisher's UHV studies. Overall reac
tion rates could then be computed 
from the surface concentrations sat
isfying the conservation equations. 
The reaction rates predicted by this 
model, which depend only on reac
tant partial pressures, are shown in 
Figure 1 (dotted red line). 

The kinetics of the NO-CO 
reaction measured over a rhodium 
single crystal using realistic reac
tant partial pressures are shown in 
Figure 1 (solid red line). The agree
ment with the model predictions 
indicates that Drs. Fisher and Oh 
had correctly identified all of the 
intermediate reaction steps and con
firms that, in this case, nitrogen 
recombination and desorption (Fig
ure 2f) is the rate-controlling step 
on Rh(111). The fact that the agree
ment is so good also indicates that 
the rates of the elementary reactions 
measured under UHV conditions are 
still valid at realistic reactant par
tial pressures-a pressure extrapo
lation of more than ten orders of 
magnitude. 

THE KINETICS of the NO-CO 
reaction measured over the 

supported rhodium catalyst (Fig
ure 1, blue line), however, were 
much slower than predicted by the 
model. In addition, infrared stud
ies have shown that NO is the pre
dominant surface species on the 
catalyst, suggesting that in this case 
NO dissociation (Figure 2c) is the 
rate-controlling step. In fact, if the 

This research is an example of the depth of GM's under
standing of the interaction between the automobile and the 
environment. Drs. Fisher and Oh have since studied the 
effects of rhodium particle size and support material on the 
CO + NO reaction. Their coupling of UHVand kinetic 
studies has also led to a fuller understanding of the 
CO + O2 reaction. 

rate constant for NO dissociation 
measured under UHV conditions 
and used in the model is reduced 
by a factor of 2000, the kinetics of 
the NO-CO reaction measured over 
the supported rhodium catalyst are 
correctly predicted. 

The difference between the 
kinetics of the NO-CO reaction mea
sured over a rhodium single crystal 
and the kinetics measured over sup
ported rhodium shows that this reac
tion depends on the environment 
of the rhodium in the catalyst. The 
reaction model strongly suggests 
that the NO dissociation reaction is 
the reaction step most sensitive to 
the rhodium environment. 

"While our reaction model can
not tell us why NO dissociation 
is slower on supported rhodium;' 
observes Dr. Oh, "it can help iden
tify the kinds of studies necessary 
to clarify the origins of such sensi
tivitY.' Comparative kinetic studies 
can also provide useful insights for 
developing improved NO reduction 
catalysts. "Our studies have already 
told us;' adds Dr. Fisher, "that one 
poss ib le  p a t h  to impro v i ng  
automobile catalysts i s  to  make 
modifications that increase the NO 
dissociation rate:' 

General Motors 
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THE 
MEN 
BEHIND 
THE 
WORK 
Dr. Galen B. Fisher (left) and Dr. Se 
H. Oh are both Section Managers in 
the Physical Chemistry Department 
at the General Motors Research 
Laboratories. 

Dr. Fisher is a Senior Staff 
Research Scientist, and heads the 
Surface Chemistry Section. He 
attended Pomona College as an 
under graduate and received his 
graduate degrees in applied physics 
from Stanford University. Before 
coming to GM in 1978, he did post
doctoral studies at Brown Univer
sity and worked at the National 
Bureau of Standards. Galen now lives 
in Birmingham, Michigan, with his 
wife and their two sons. 

Dr. Oh is a Principal Research 
Engineer, heading the Heteroge
neous Rate Processes Section. He 
received his undergraduate degree 
from Seoul National University and 
holds a doctorate in chemical engi
neering from the University of Illi
nois. Dr. Oh did postdoctoral work 
at the University of Toronto prior to 
joining GM in 1976. Se and his wife 
now live in Troy, Michigan, with their 
two sons. 
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