9. See H. Taylor [Public Perspect., 3 (February-March
1995)] for an informative and thoughtful review of
cross-country differences in public opinion polling
practices.

10. See (715) for extensive evidence on these points and
further references. See W. P. Davison and A. Leiser-
son [in International Encyclopedia of the Social Sci-
ences, D. Sills, Ed. (Macmillan and Free Press, New
York, 1968), pp. 188-204] for an introduction to the
subject of public opinion.

11. Among the nine countries in both surveys, the cor-
relation in the proportion of respondents who rate
the environment in their country as very bad (Gallup)
or poor (Harris) is 0.67. Given the time and other
differences between the surveys, this high correla-
tion is consistent with the view that the data do
reflect meaningful and stable preferences.

12. World Bank, The World Development Report 1992
(Oxford Univ. Press, Washington, DC, 1992).

13. World Resources Institute, World Resources 1992—
93 (Oxford Univ. Press, New York, 1992).

14. Multiple regression analysis was also used to exam-
ine cross-country associations between the survey
responses and per capita income, education, urban-
ization, region, and population density and growth.
However, there are few interesting results to report,
perhaps because of small sample sizes. Further
study of the covariates of international public opinion
on the environment must await the analysis of data
on the characteristics and responses of individual
survey respondents.

15. B. I. Page and R. Y. Shapiro, The Rational Public
(Univ. of Chicago Press, Chicago, IL, 1992).

16. The standard errors of the population-weighted av-
erages were computed using the following formula.

172

nﬁ 7 > o= > P

i=1 i=1

where n is the number of countries in the sample (24
for the Gallup survey, 16 for the Harris survey, and so
on for the various developing and industrial country
samples), p, is the ratio of the ith country’s population
to the total population represented in all n countries,
and y, is the proportion giving a particular response in
country i [l. Guttman, S. S. Wilks, J. S. Hunter, Intro-
ductory Engineering Statistics (Wiley, New York, ed.
2,1971), pp. 72-74].

17. Reported differences (DCs — ICs) are sometimes not
equal to those calculated from the table due to
rounding off of the values.

18. Unless otherwise noted, the Gallup surveys were
administered from January to March 1992, the Har-
ris surveys were administered from February to July
1988, and all were conducted in person, in local
languages, to a representative national sample of the
total adult population. Only an abridged version of
the Harris survey was administered in the continental
United States, by telephone to individuals over the
age of 18. The developing countries (sample size)
included in the Gallup survey were Brazil (1414),
Chile (1000), Hungary (1000), India (4984, urban ar-
eas only), Korea (1500), Mexico (1502), Nigeria
(1195), Philippines (1000), Poland (989), Russia
(964), Turkey (1000), and Uruguay (800); and the
industrial countries included in the Gallup survey
were Canada (1011), Denmark (1019), Finland (770),
(the former West) Germany (1048), Great Britain
(1015), Ireland (928), Japan (1434), Netherlands
(1011), Norway (991), Portugal (1000), Switzerland
(1011), and the United States (1032). The developing
countries (sample size) included in the Harris survey
were Argentina (400, urban areas only), Brazil (500,
urban areas only, conducted during the first half of
1989), China (509, urban areas only), Hungary (500),
India (538, urban areas only), Jamaica (300, urban
areas only), Kenya (300), Mexico (399), Nigeria (600,
urban areas only), Senegal (300, urban areas only),
and Zimbabwe (300, urban areas only); and the in-
dustrial countries included in the Harris survey were
West Germany (513), Japan (510), Norway (1006),
Saudi Arabia (398, men only in urban areas), and the
United States (1253, conducted during the first half
of 1989).

19. Because the Gallup survey in India was administered
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solely to the urban population, only the urban portion
of India’s population is used in constructing popula-
tion-weighted averages. Similarly, because the former
East Germany was not in either survey, only West
Germany’s population was used in calculating the
population weight for Germany. Population figures for
1988 and 1992 were used to construct the population
weights in the Harris and Gallup surveys, respectively.
20. The values in the tables are population-weighted av-
erages of the percentage of respondents in each of
the country samples giving the response indicated.
As such they may be interpreted as estimates of the
proportion of the total population in the surveyed
countries with the specified perceptions or prefer-
ences. In the interest of parsimony and conserva-
tism, the focus is generally on the most extreme of
the possible responses to each question. For exam-
ple, statistics are reported on the percentage who
say they have “‘a great deal”” of concern about the
environment, but not on the larger percentage who
say they are concerned either ‘“‘a fair amount” or “‘a
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great deal.” The weights used are based on 1992
country population estimates for the Gallup survey
results and 1988 estimates for the Harris survey re-
sults. For convenience, the populations to which the
reported results correspond are referred to in the text
as the Gallup and Harris populations, respectively.
Analyses were also performed on averages weight-
ed by gross domestic product, which reflect both
population and income per capita differences across
countries, and simple cross-country averages,
which give equal weight to every country. As these
alternative measures generally exhibit patterns that
are qualitatively similar to those based on the popu-
lation-weighted averages, they are not reported
here. All figures reported include ‘“not sure/don’t
know" responses in the base.

21. The author is indebted to S. Glied, D. Krane, C. Kyle,
W. Noor, B. O’Flaherty, A. Reddy, R. Sah, R. Sha-
piro, and two anonymous referees for helpful discus-
sions and comments. R. Sah and W. Noor also pro-
vided excellent research assistance.

Environmental Unknowns

Norman Myers

Among the environmental problems ahead, the most important ones could be those that
are still unknown to us. This conceptual article explores this prospect on the grounds that
it is important not only to supply answers to recognized questions but to raise appropriate

new questions.

It might seem fruitless to speculate about
seemingly unknown problems in the envi-
ronmental field. But recall that at the time
of the first major international conference
on the environment in Stockholm in 1972,
there was next to no mention of what have
now become established as front-rank prob-
lems: global warming, acid rain, and tropi-
cal deforestation. Environmental scientists
could have gone at least partway toward
anticipating these problems. They had had
100 years of warning from the Swedish sci-
entist Arrhenius about the possibility of
global warming. For decades acid rain im-
pacts were accumulating unseen and unsus-
pected; could we not have asked whether all
of those SO, and NO, pollutants would
eventually have an adverse effect on biotas?
We could readily have alerted ourselves to
tropical deforestation through remote-sens-
ing surveys if only we had thought to iden-
tify it as a problem. So does the difficulty lie
with “ignorance” or “ignore-ance”?

In the midst of much scientific uncer-
tainty about our world—a world on which
we are imposing multitudes of simultaneous
new insults—we can be all but certain that
there are environmental processes at work,
or waiting in the wings, with the capacity to
generate significant problems and to take us
by ostensible surprise. Of course a true sur-
prise is, by definition, beyond our purview.
But is it truly beyond our scientific scope to
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identify a few likely candidates for semisur-
prises, especially those that could develop
into outsize problems? The issue surely
ranks as a prominent challenge for environ-
mental science, yet it receives scant re-
search attention (1).

Recent portents of environmental prob-
lems include the decline of amphibians, the
bleaching of coral reefs, the appearance of
phytoplankton blooms, the decline of sea
urchins, mass mortality among seals and
dolphins, and cancer epizootics in fish. All
these share several characteristics. First,
they are regional or even global phenome-
na. Second, they are unprecedented in our
scientific experience and in our general
ecological understanding. Third, there is no
immediate or obvious explanation, al-
though a primary or contributory cause is
probably widespread pollution. Fourth, this
pollution seems to cause the most harm
when it works in conjunction with other
stresses such as aquatic eutrophication, oth-
er forms of habitat disruption, and whatever
else can induce immunosuppression, all op-
erating in possibly reinfbrcing unison (2).
Most important of all, they may add up to a
whole flock of miners’ canaries singing.

Discontinuities

One category of impending problems for
environmental processes comprises discon-
tinuities. The classic instance of a disconti-
nuity is when liquid water suddenly changes
to ice or steam. Environmental discontinui-
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ties occur when ecosystems absorb stresses
over long periods without much outward
sign of injury, then reach a disruption
threshold at which the cumulative conse-
quences finally reveal themselves in critical
proportions. For instance, when forest eco-
systems undergo ‘“creeping degradation”
through acid rain, they manifest slow de-
cline and chronic stress before finally and
suddenly displaying severe injury (3).

Such discontinuities are especially perti-
nent to climate change, notably global
warming. The most advanced climate mod-
els are largely unable, because of their very
structure, to encompass the possibility of
nonlinear interactions. We scarcely know
how to identify and define these interac-
tions, let alone describe their workings
across the board. Yet we know that Earth’s
past climate has often responded in a man-
ner far from smooth, gradual, and hence
predictable. It has frequently reacted
through sharp changes “which involve
large-scale reorganization of Earth’s system”
(4). What if such jump effects were to be
triggered, perhaps in multiple forms, by
global warming? For instance, what if the
Gulf Stream were to be significantly dis-
rupted, even diverted southward, rather
than flowing northeastward to warm north-
western Europe (5)? More important for the
present analysis, what further discontinui-
ties could ensue if that outcome were to
interact with potential further disruptions
such as soil erosion on croplands, pervasive
pollution [for example, low-level ozone,
acid precipitation, ultraviolet (UV)B radi-
ation] on crops, and increased pests and
diseases—all at a time when we will be
trying to feed far larger numbers of people?

Environmental discontinuities can also
arise in the socioeconomic sphere. The
Philippines’ agricultural frontier closed in
the lowlands during the 1970s, whereupon
multitudes of landless people started to
migrate into the forested uplands. The
result has been an exceptional increase in
deforestation and soil erosion (6), deriving
from a “breakpoint” in patterns of human
settlement and environmental degrada-
tion. As long as the lowlands were less
than fully occupied, it mattered little
whether 50% or 10% of the space re-
mained. [t was only when hardly any space
at all was left that the situation altered
radically and suddenly.

The problem of land shortages is be-
coming widespread in many if not most
developing countries, where land provides
the livelihood for some 60% of popula-
tions and where most fertile and accessible
land has already been taken (7). At the
same time, populations continue to grow
apace. This presents much scope for jump-
type increases in land hunger, with all the
environmental discontinuities these in-
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creases could entail.

Discontinuities can also occur when
other natural resources are suddenly over-
whelmed by population growth. Fuelwood is
the main source of energy for most people
in the developing world. As long as the
number of fuelwood collectors in a particu-
lar area does not exceed the capacity of the
local tree stock to replenish itself through
regrowth, people can exploit the resource
indefinitely. But suppose the number of col-
lectors grows until it finally exceeds the
self-renewing capacity of the trees, perhaps
by no more than a marginal amount. Sud-
denly the tree stock starts to decline, and
season by season the self-renewing capacity
becomes ever more depleted. The vicious
circle tightens speedily as soon as the ex-
ploitation pressure becomes nonlinear. If
the number of collectors continues to grow,
the degree of overloading (from an ever-
dwindling stock exploited by ever more col-
lectors) becomes compounded. The positive
feedback process operates more and more
rapidly as the stock is progressively deplet-
ed. All too soon, the stock approaches zero
(8). (True, the situation could be modified
by management interventions such as tree
plantations and property rights; but the
original discontinuity point stands.) An
outcome of this sort is likely to occur in-
creasingly, insofar as the number of people
with insufficient fuelwood supplies, 1.4 bil-
lion in 1985, may well rise to 2.5 billion by
2000 (9).

We encounter a nonlinear relationship
between resource exploitation and popula-
tion growth (the latter is but one possible
variable) with respect to many other natu-
ral resource stocks, notably fisheries, soil,
and fresh water. As soon as the sustainable
yield is slightly exceeded, the debacle of
resource depletion is precipitated with sur-
prising rapidity (10). The same applies to
environmental services such as the pollu-
tion-absorbing capacity of the atmosphere.
Whereas the increase in fossil fuel con-
sumption can be linear, the atmospheric
pollution’s response often is not.

Synergisms

A second category of “anticipatable surpris-
es” comprises environmental synergisms—
literally, a uniting of energies. These syner-
gisms arise when two or more environmen-
tal processes interact in such a way that the
outcome is not additive but multiplicative
(11). For instance, a biota’s tolerance of one
stress tends to be lower when other stresses
operate at the same time. A plant that
experiences reduced sunlight, and hence
less photosynthesis, is unduly prone to the
adverse effects of cold weather, water short-
age, insect pests, or diseases. Similarly,
plants already injured by one of these fac-
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tors are exceptionally susceptible to the
trauma of reduced sunlight (12). The com-
pounding impact of the relationship can be
so powerful that the result may be a whole
order of magnitude greater than the simple
sum of the components (13). Despite their
obvious importance, however, we know all
too little about synergisms. Ecologists can-
not even identify and define their main
manifestations in nature, let alone docu-
ment their more important impacts.

Consider the potential for mutually rein-
forcing interactions between global warming
and ozone layer depletion. By cooling the
stratosphere through buildup of ice clouds,
global warming accentuates ozone layer de-
pletion. Conversely, ozone layer depletion,
by increasing UVB radiation, poses an ag-
gravated threat to phytoplankton, in the up-
per ocean layer, as these organisms are un-
usually susceptible to the radiation. Phyto-
plankton serve as a sink for royghly half of
all anthropogenic emissions of carbon diox-
ide (14). Ozone layer depletion could readily
reduce phytoplankton populations to an ex-
tent where they sequester less carbon diox-
ide, thus accentuating global warming—
leading to greater ozone layer depletion,
more phytoplankton die-off, and so com-
poundingly forth (15).

Or consider global warming from the
standpoint of terrestrial plants. In the wake
of high-temperature or reduced-moisture
stresses, such as are likely to accompany
global warming, plants become more sus-
ceptible to diseases or insect pests. They
then need additional energy, and hence
appropriate levels of temperature and mois-
ture, to cope with the stresses (16). Con-
versely, plants that are diseased or otherwise
damaged are less able to cope with the onset
of elevated temperatures or reduced mois-
ture— or with other types of environmental
insults such as UVB radiation and chemical
pollutants (17). In particular, plants could
become subject to pandemic diseases, such
as might occur through the environmental
disruptions of a greenhouse-affected world;
and pathogen-carrying insects may become
more numerous as a result of the higher
UVB sensitivity of birds and other insect
predators (18).

Another synergism associated with glob-
al warming involves agrigulture and biodi-
versity. The changed temperatures and
rainfall regimes expected in ‘a greenhouse-
affected world will not prove appropriate for
many agricultural crops insofar as they are
finely attuned to current climatic patterns.
There will be a premium on expanding the
genetic underpinnings of our crops in order
to increase their resistance to too much or
too little rainfall and to other problems
arising from global warming. Yet the gene
reservoirs of many crop plants are being
depleted more rapidly than ever, because
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plant breeding’s emphasis on genetic uni-
formity leads to the elimination of germ-
plasm variability (19). Again: When one
problem combines with another problem,
the outcome may be not a double problem
but a super-problem.

As in the case of discontinuities, and in
view of the multiple and simultaneous envi-
ronmental insults likely in the future, a lin-
ear account of synergistic effects will sure-
ly—and possibly greatly—underestimate
the eventual outcome overall. Each time we
fail to discern a synergism at work, our best
efforts to tackle environmental problems
may fall far short. Regrettably, the amount
of synergism-related research planned or un-
der way is all too limited and almost entirely
uncoordinated. Herein lies a major (and
synergistic?) challenge for environmental
scientists (20).

A Research Agenda

Both categories of environmental “surpris-
es,” namely discontinuities and synergisms,
will often lead to a downturn in the capac-
ity of environmental resources to sustain
human communities. As human communi-
ties continue to expand in numbers and
demands, they will exert increasing pres-
sures on ecosystems and natural resource
stocks, whereupon environmental surprises
will surely become more frequent. At the
same time, degraded ecosystems will enable
environmental dislocations to be more dis-
locating than if the ecosystems still enjoyed
stability and resilience. Moreover, the dis-
locations will, through their aggravating ef-
fects, enable still further surprises to exert
magnifying effects. If through research we
can discern some of the mechanisms at
work, we will be better placed to anticipate
and even prevent some of the surprises.
We need a research agenda of a charac-
ter and extent that can address the phe-
nomenon of environmental unknowns.
What frontiers of environmental science
should we probe with a greater sense of
exploratory foresight? The effort will re-
quire a shift away from developing more
knowledge about what we already know in
essence, and toward attempting to learn
something about what is virtually a black
hole of knowledge and understanding. We
are good at analyzing problems when we
recognize their existence, but we are some-
times less skilled at reaching out to new
problems before they reach out to us.
Plainly, a promising starting point for
research would be the generic fields of
discontinuities and synergisms. To be
more specific, an assessment could be un-
dertaken, both systematic and systemic, of
the 70,000 synthetic chemicals we have
injected into our environments. So far,
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minimal testing against only a few known
threats has been performed (21). Chemi-
cal pollutants are thought to have been a
cause of some of the large-scale die-offs of
seals, dolphins, and other marine fauna
cited above, and in humans they are sus-
pected of causing birth defects, neurobe-
havioral injury, and toxic damage span-
ning several generations. Yet they remain
almost entirely uninvestigated (2).

The research challenge is so wide-rang-
ing that it could even entail a reorientation
of certain aspects of our “science culture.”
Many scientists prefer to grapple with prob-
lems about which they already know some-
thing; it is a strategy that often leads to
research breakthroughs, published papers,
and career advancement. So part of our
response to the research challenge could
concern questions of reward structures in
environmental science. We need incentive
systems that promote rather than discour-
age research into environmental unknowns.

Policy Responses

Policy interventions can sometimes consti-
tute constructive dislocations and syner-
gisms. For example, grand-scale tree plant-
ing in the humid tropics, undertaken to
generate a sink for atmospheric carbon di-
oxide and thus counter global warming (22),
could supply many spin-off benefits through,
for example, commercial forestry plantations
that relieve excessive logging pressure on
remaining natural forests. In turn, reduced
deforestation helps to safeguard the uniquely
abundant stocks of species and genetic re-
sources in tropical forests (sometimes with
large agricultural benefits, as when the dis-
ease resistance of a wild rice in India’s forests
saved much of the Asian rice crop from a
pandemic blight). Tree plantations and sur-
viving natural forests both supply many hy-
drological functions with multiplier ef-
fects—for example, through their capacity
in upland catchments to regulate water flow
and thus reduce downstream flooding—and
with advantages for irrigation agriculture
and domestic water needs.

Many options are available for similar
multiple-payoff interventions through pol-
icy. Well-known instances include “no re-
grets” initiatives such as the promotion of
energy efficiency and conservation, which
is justifiable on both economic and envi-
ronmental grounds (23), and the promo-
tion of female literacy in developing coun-
tries, which is justified for its benefits in
areas as diverse as employment, family
planning, and human rights, and again has
no net costs (24). The policy challenge
lies in identifying the intervention points
that offer the greatest leverage. It is a
challenge that will engage the social sci-

SCIENCE e« VOL. 269 21 JULY 1995

entist as much as the natural scientist,
both of whom have a vital role to play in
the pursuit of environmental unknowns.

REFERENCES AND NOTES

1. M. Faber, R. Manstetten, J. L. R. Propps, Environ-
mental Values 1, 217 (1992); S. H. Schneider and B.
L. Turner lll, unpublished data. Despite their signifi-
cance, the two categories of environmental surprises
reviewed here, discontinuities and synergisms, are
rarely listed in the indexes of leading environmental
textbooks.

2. W. M. Stigliani et al., Environment 33 (4), 5 (1991);
ibid., p. 26.

3. F. H. Bormann, Bioscience 35, 434 (1985); E. P.
Odum, ibid., p. 419.

4. W. S. Broecker, Nature 328, 123 (1987).

5. J. Houghton, Global Warming: The Complete Brief-
ing (Lion, Oxford, 1994).

6. C. Cruz, C. A. Mayer, R. Repetto, R. Woodward,
Population Growth, Poverty, ard Environmental
Stress: Frontier Migration in the Philippines and Cos-
ta Rica (World Resources Institute, Washington, DC,
1992).

7. 1. Jazairy, M. Alamgia, T. Panugccio, The State of
World Rural Poverty (Intermediate Technology, Lon-
don, 1992).

8. N. Myers, Ambio 21, 116 (1992).

9. S. Posteland L. Heise, Reforesting the Earth (World-
watch Institute, Washington, DC, 1988).

10. N. Keyfitz, Ambio 21, 26 (1992).

11. P. R. Ehrlich and J. Roughgarden, The Science of
Ecology (Macmillan, New York, 1987); E. P. Odum,
Ecology and Our Endangered Life-Support Systems
(Sinauer Associates, Sunderland, MA, 1989).

12. H. Pretcht, J. Christopherson, H. Hensel, W.
Larcher, Eds., Temperature and Light (Springer-Ver-
lag, New York, 1973); D. Graham and B. D. Patter-
son, Annu. Rev. Plant Physiol. 33, 347 (1982).

13. J. Harte, The Green Fuse: An Ecological Odyssey
(Univ. of California Press, Berkeley, CA, 1993).

14. J. T. Houghton, B. A. Callender, S. K. Varney, Eds.,
Climate Change 1992: The 1992 Supplementary Re-
port to the IPCC Scientific Assessment (Cambridge
Univ. Press, New York, 1992).

15. G. M. Woodwell and F. T. Mackenzie, Eds., Biotic
Feedbacks in the Global Climate System (Oxford
Univ. Press, New York, 1995).

16. J. P. Cohn, Bioscience 39, 142 (1989); W. Larcher,
Physiological Plant Ecology (Springer-Verlag, New
York, 1980).

17. J. Levitt, Responses of Plants to Environmental
Stresses (Academic Press, New York, 1980); H. A.
Mooney, W. E. Winner, E. J. Pell, Eds., Response of
Plants to Multiple Stresses (Academic Press, New
York, 1991).

18. M. B. Jackson and C. R. Black, Eds., Interacting
Stresses on Plants in a Changing Climate (Springer-
Verlag, New York, 1993); R. L. Peters and T. E.
Lovejoy, Eds., Global Warming and Biological Diver-
sity (Yale Univ. Press, New Haven, CT, 1992).

19. Food and Agriculture Organization, Harvesting Na-
ture’s Diversity (Food and Agriculture Organization,
Rome, ltaly, 1993).

20. N. Myers, Bioscience 39, 506 '(1989)‘

21. National Research Coungil, Eqkicity Testing: Strate-
gies to Determine Needs and Priorities (National
Academy Press, Washington, DC, 1984).

22, G. Marland, The Prospedr of Solving the CO,, Prob-
lem Through Global Reforestation (Carbon Dioxide
Research Division, U.S. Department of Energy,
Washington, DC, 1988); M. C. Trexler, P. E. Faeth, J.
M. Kramer, Forestry as a Response to Global Warm-
ing (World Resources Institute, Washington, DC,
1989).

28. S. H. Schneider, Science 2569, 1381 (1993).

24. J. Bongaarts, ibid. 263, 771 (1994).

25. | warmly appreciate comments on an early draft from
D. Duthie, A. Ehrlich, P. Ehrlich, S. Pimm, and S.
Schneider.





