Address of the Past President

Human Population Growth and the Carrying Capacity Concept

INTRODUCTION

The concept of carrying capacity
has a rich history in ecology for the
study of plant and animal popula-
tions. It is puzzling that so few ecolo-
gists have devoted their professional
attention to the problem of human
carrying capacity. In this paper, we
briefly review the history of the car-
rying capacity concept as it has been
used in ecology, and then turn our at-
tention to the application of the car-
rying capacity concept to human
populations. After reviewing the
techniques and assumptions used by
demographers to project future hu-
man population sizes, we discuss
some critical factors that might be in-
volved in the regulation of human
population size. We maintain that
the concept of carrving capacity as
developed and used by ecologists is
directly relevant to the realistic
evaluation of the future size and im-
pact of human populations. We con-
clude by challenging the Ecological
Society of America to amend the
Sustainable Biosphere Initiative to
include specific research objectives
dealing with human population
growth and human carrying capacity.

Definition of carrying capacity
Hadwen and Palmer (1922) ap-
pear to have first introduced the term
carrying capacity into the scientific
literature. In writing about the man-
agement of introduced reindeer
(Rangifer tarandus) populations in
Alaska, they define carrying capacity
as the number of stock which a range
can support without injury to the
range. Without reference to Hadwen
and Palmer, Aldo Leopold reintro-
duced the term in his famous 1933
book, Game Management. Leopold

wrote:

When the maximum wild density
of grown individuals attained by
a species, even in the most favor-

able environments, tends to be
uniform over a wide area, that
maximum may be called the satu-
ration point of the species. This is
a different thing from the maxi-
mum density which a particular
but less perfect range is capable
of supporting, While the latter
limir is literally saturation for
that particular range, it is obvi-
ously a variable limit as between
several ranges, and to avoid con-
fusion, may better be called car-
rving capacity. (Leopold 1933:
50-51).

Leopold illustrates the distinction
between saturation level and carrying
capacity with reference to Bobwhite
Quail (Colinus virginianus). Leopold
pointed out that despite management
efforts to increase Bobwhite densi-
ties, the species has a saturation den-
sity of approximately one bird per
acre (0.4 ha). He reasoned that an
“internal force,” such as infraspecific
interactions among the quail, “sets
an upper limit beyond which wild
populations do not increase.” In
Leopold’s terminology, the satura-
tion density is a species-specific
characteristic that does not vary from
place to place. The carrying capacity,
on the other hand, is a characteristic
of the habitat.

Although Leopold’s distinction
between saturatior level and carrying
capacity has been ignored by many
subsequent authors, it remains a use-
ful concept in animal studies. For ex-
ample, Fig. 1 shows the relationship
between Chipping Sparrow density
and grass seed production in several
habitats and years in southeastern
Arizona. Since the metabolic
requirements of this bird species

seed production is less than about 10
kg/ha, the sparow densities are very
close to the independently calculated
carrying capacity. These data suggest
that when seed production is low, the
sparrows consume virtualty all of the
seeds produced and reach their maxi-
mum. possible densities. In years of
high seed production, sparrow densi-
ties appear to reach what Leopold
would refer to as a “saturation den-
sity,” at which sparrow numbers are
far less than the carrying capacity
measured in bird-winters of food
available. This interpretation is fur-
ther supported by independent data
showing that, in years of low seed
production, most of the grass seeds
produced disappear from the soil
during the winter months, but that in
years of high seed production a much
greater fraction of the seeds survive
until the summer months when they
germinate (Pulliam 1986).

Since Leopold defined carrying
capacity, the term has been used in a
variety of different ways in the eco-
logical literature. In a very useful, al-
though critical, review of the carry-
ing capacity concept, Dhondt (1988)
produced an interesting table on the
use of the carrying capacity concept
in ecology textbooks, which we re-
produce here as Table 1. Only a year
after the publication of Leopold’s
book, Errington (1934) used the term
carrying capacity, like Leopold, in
reference to Bobwhite Quail popula-
tions. Emrington likened carrying ca-
pacity to a “threshold of security”
which is reached when ali available
cover is saturated and mortality in-
creases rapidly because “surplus ani-
mals” become especially vulnerable
to predation.

As was pointed out by Dhondt,

mate the carrying capacity in units of
the bird-winters of food available
(Pulliam and Parker 1979, Puiliam
and Dunning 1987). Note that when

most téxibooks published prior to
1955 used carrying capacity as did
either Leopold or Errington. But fol-
lowing the publication of Odum’s
classic textbook Fundamentals of
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Fig. 4. The relationship between GNP per capita and the crude birth rate per
" 1000 people in 1990 for 107 countries. The correlation coefficient is — 0.664, P

< (0.001.

sible, most likely in concurrence with
the stresses of war and famine . ., We
need not search far for historic prece-
dents of continental decimation of
many plant and animal species and
once every century or so of the hu-
man.”

The evolution of virulence in dis-
eases 1s limited by the loss of trans-
mission success resulting from the
host’s rapid illness or death (Ewald
1994). Throughout much of human
history, the virulence of hurman
pathogens has been constrained by
relatively limited and local contact
between people. Without modern
transportation, an individual contact-
ing a virulent disease in one locality
would likely die before reaching an-
other population center. Indeed,
given the potential of modern trans-
portation systems to spread diseases,
it may be no coincidence that modern
air travel came into being only after
the widespread use of antibiotics.

New diseases have always been a
threat to humans, but never before
have they had as much potential to
spread rapidly. Among the virulent
new diseases recently reported by the

Center for Disease Control are Ben-
gal cholera (the first new strain of
cholera in years, this new disease
kiiled more than 3,000 people in
Bangladesh and India in the spring
of 1993); the fast-killing new strain
of Group A Streptococcus that killed
puppeteer Jim Henson; the new
strain of hantavirus carried by ro-
dents that killed more than 40 people
in the southwestern United States in
1993; and the “Jack-in-the-Box bac-

teria,” E. coli 0157, Diseases that
once killed relatively few people in
isolated regions now have the poten-
tial to spread worldwide. A case in
point is the Fhola virus, a strain of
filovirus endemic to African rain for-
ests. The disease was first diagnosed
by western scientists in Marburg,
Germany, after students who had dis-
sected African monkeys were struck
with hemeorrhagic fever. Ten years
later a town in Zaire and another in
Sudan were devastated when the dis-
ease emerged again.

The medical community has rec-
ognized emergent diseases as a major
global threat and has called for in-
creased funding to fight them. A re-
cent Institute of Medicine Task Force
on Emergent Infections “promptly
reached unanimity that these threats
urgently need to be brought to public
and policy attention” (Lederberg
1993). The task force recommenda-
tions focused on the need to
strengthen disease surveillance glo-
bally, to increase the development
and availability of vaccines, and to
increase vector control and public
health education programs. Again,
according to Lederberg, “infection
knows no national boundaries, and
we will pay dearly if we ignore the
smoldering of infection anywhere.”

Regulation of human birth rates

The ultimate control of human
population size by disease and’/or re-
source overexplaitation may be pre-
vented by concerted social actions to
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Fig. 5. The relationship between the average annual change in GNP per capita
from 1965 to 1992 and the change in fertility rate between 1965 and 1990 for
101 countries. The correlation coefficient is — 0.301, P < 0.01,
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slow population growth by reducing
birth rates. Accordingly, we must un-
derstand what social actions are ef-
fective at reducing birth rates.

The undeniably strong negative
relationship between birth rate and
GNP (Fig. 4) has led many econo-
mists to suggest that the kev to stabi-
lizing global population is economic
development. According to a report
of the Hudson Institute, “Once a
country has reached affluence, for-
mal population management efforis
have not been needed to bring down
birth rates. Birth rates fall because
children become less and less of an
economic asset and more an expense
or family investment” {Avery 1991).
If increasing economic wealth as
measured by GNP plays a cansal role
in the decrease of birth rate, then we
should find a direct relationship be-
tween increases in GNP and decline
in birth rate or fertility. That this
relationship is weak can be seen in
Fig. 5.

Recently, a number of demogra-
phers have argued that investments
in education and family planning are
very effective at reducing fertility
(Robey et al. 1993), This relationship
is shown ¢learly in Figs. 6 A and B,
which show fertility rates vs. educa-
tion level (105 nations) and contra-
ception use (50 nations). It is worth
noting that, zithough fertility de-
clines sharply with both increased fe-
male education and increased use of
contraception, the relationship with
contraception use is tighter than that
with education. Several studies have
suggested that women who are better
educated are also more likely to have
access to contraceptive devices and to
be willing to use them; hawever,
improving educational opportunitics
for women alone does not appear to
ensure significant decline in fertility,
at least in the short run. Of the 10
lowest income countries listed in
Table 5, the percentage of females at-
tending primary schoals more than
doubled from 1965 to 1989 and the
percent of females in secondary
schools increased from an average of
about 1% to over 8%, but very little,
if any, decline in fertility rate was ob-
served. This is perhaps due to the

very low starting percentages of fe-
males enrolled in school and to the
long time lags before results might be
expected.

Countries that have simulta-
neously invested in both improved
educational opportunities and in
family planning have shown the best
results in reducing fertility. In Sri
Lanka, for example, where substan-
tial efforts were made to improve
educational opportunities and to pro-
vide family planning services, total
fertility declined from 4.9 children in
1965 to 2.4 in 1990,

Sustainable development and the
quality of life

The quality of life experienced by
human beings comes in part from the
goods and services produced by hu-
man economic activity and in part
from goods and services from Earth’s
natural ecosystems. Unfortunately,

these two aspects of quality of life
have usually been studied in isolation
by economists or ecologists.

The goods and services that hu-
mans derive from natural ecosystems
are not fixed constants but continu-
ally change depending on both the
level of human technology and the
health of those ecosystems. From a
human perspective, ecosystem health
can be roughiy gauped as the ability
of the ecosystem to provide the goods
and services that contribute to human
life and well-being. Even if we to-
tally ignore any intrinsic right of
other forms of life to share the earth
with humans, we cannot escape the
need to maintain a healthy biosphere
in order to provide the goods and ser-
vices that contribute directly to our
welfare. Many of the goods of nature,
such as food, fiber, and raw materi-
als, have been incorporated into the
marketplace, but most of the services
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of nature have not. Among the “free”
services provided by healthy ecosys-
tems are cleansing air and water,
storing and cyecling essential nutri-
ents, maintaining the composition of
the atmosphere, generating and
maintaining soils, absorbing and
detoxifying pollutants, and maintain-
ing hydrological cycles.

That human activities can de-
grade the Earth’s ability to provide
goods and services on both local and
global scales is well documented.
Among the many examples are the
loss of soil fertility and water quality
due to poor agricultural practices and
the loss of protection from ionizing
radiation due to the use of ozone-de-
pleting CFC’s. In many such cases,
alternative technologies are available
that provide benefits via the human
economy without seriously degrading
the ability of natural ecosysterus to
provide their goods and services.
Unfortunately, the lack of recogni-
tion of the goods and services pro-
vided to humanity by natural ecosys-
temns causes the continued use of
technologies that degrade natural
systems,

Economists often point out that as
technology improves, more total
goods and services can be extracted
from global resources. Some have
even argued that population in-
creases are a stimulus, not a detri-
ment, to economic gains. According
to this view, increased population
stimulates economic growth by in-
creasing labor, markets, and the rate
of innovation; technology will solve
all global problems, including envi-
ronmental ones.

To counter this over-optimism,
ecologists must point out that the
earth may be capable of delivering
more or less to human society, de-
pending on the pattern and history of
human exploitation. Many ecologists
have shown that there are
unsustainable levels of resource use,
but few have added that there is also
a variety of levels of sustainable use
of natural resources. The concept is
familiar to ecologists in as much as
the very term “maximum sustainable
yield” (MSY) implies that there are
less than maximal levels of sustain-

able yield. In calculating MSY, a
fisheries hiologist is in essence calcu-
lating the largest of a theoreticaliy
infinite set of harvest levels that
could be maintained in perpetuity.
Likewise, it is quite feasible that a
much abused Earth, having lost
much of its mineral and soil re-
sources, depauperate of much of its
original flora and fauna, and im-
mersed in a perpetual sea of pollu-
tion, might manage to stabilize its
levels of resource extraction at a rate
that could be maintained in perpetu-
ity at a level far below the one at
which a healthier Earth would be ca-
pable.

Clearly, a larger human popula-
tion and unsustainable economic
practices lead to greater environmen-
tal degradation. If the population is
so large as to lead to the irreparable
degradation of life-support mecha-
nisms, then the population 1s, by
definition, above carrying capacity.
The system can no longer support the
environmental impacts in perpetuity.
There may be, however, many forms
of environmental degradation that
degrade the quality of life for people
and foreclose their options for future
improvements, but which are none-
theless sustainable n that they can be
endured in perpetuity. The simple
but important point is that carrying
capacity 1s the maximum population
size that can be sustained without
teference to the quality of life of
those people (Hardin 1986).

As an example of “sustainable en-
vironmental degradation,” we have
made a very rough estimate of the
impact of various levels of human
population on the loss of biological
diversity in the Amazon Basin. Loss
of hiological diversity degrades the
environment by lowering living stan-
dards and closing options for future
improvement. However, this loss can
be sustainable; life, albeit impover-
ished, may go on in perpetuity in the
presence of fewer species. Qur ap-
proach was to make a crude estimate
of the loss of endemic forest interior
species under various degrees of for-
est clearing. We assumed that the
number of surviving species is given
by the usual species—area curve with

an exponent of z = 0.25. We related
human population density to habitat
loss by using both the FAQ estimate
that, with current agricultural prac-
tices, 0.3 persons/ha is the maximum
density for the Brazilian Amazon
and Fearnside’s {1990) mare conser-
vative estimate of 0.24 persons/ha.
Using the above assumptions, a

Brazilian Amazon population of 50
million people would result in the
loss of approximately 10% of all en-
demic forest interior species, a popu-
lation of 100 million would result in
a loss of about 25% of the species, a
population of 150 million would re-
sult in the loss of about 45%, and a
population of 200 million would re-
sult in 100% deforestation and the
loss of all endemic forest interior
species. Using the FAO estimate of
0.5 persons/ha, the same losses
would occur with approximately
twice as many people in each case.
This analysis is admittedly too sim-
plistic, but it does give a rough idea
of how many forest interior species
might survive various levels of hu-
man population size.

~ Another example of the trade-offs
between population size and guality
of life follows from the above discus-
sion on food as a limit to human
population size. Currently, the diet of
people in déveloped countries re-
guires about 10,000 gross calories
(42 kI) each day, compared with
4,000 gross calories (17 kJ) per day
i developing countries (Bongaaris
1994). The ability of a world popula-
tion of 10 billion (the median UN
projection) to feed itself at 4,000-
10,000 gross calories (17-42 kJ} each
day in 2050 depends on the techno-
logical improvements it makes in
agriculture and its environmental
impacts. If environmental impacts
were limited by holding constant the
amount of land in agriculture, this
population could feed itself the range
of current diets by improving yiclds
100-700% over current levels. By
increasing the annual harvested area
by 50%, yields would still have to
unprove by 30-340%. A lower world
population could feed itself a better
diet and cause fewer environmental
impacts.
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THE ROLE OF ECOLOGISTS IN
THE POPULATION DEBATE

With a few notable exceptions
(e.g., Ehrlichs, Hardin, Pimentel,
Fearnside, Odum), most professional
ecologists have paid little attention,
at least as evidenced by their schol-
arly publications, to the limits to
growth of the human population or to
the concept of human carrying ca-
pacity. Meffe et al. (1993) have made
a similar observation about conserva-
tion biologists. The Sustainable Bio-
sphere Initiative (Lubchenco et al.
1991), which sets a research agenda
for ecology for the next decade, says
very little about the role of ecologists
in the study of human populations,
even though it clearly identifies hu-
man population as “exerting tre-
mendous pressures on Earth’s life
support capacity,” and goes on to
state that there-is “real need-to-bring
ecological techniques, especially
methods from peopulation biology, to
bear on the problems of human popu-
lation growth.”

The lack of attention paid to hu-
man carrying capacity by most ecolo-
gists 1s puzzling for several reasons,
including the following:

1) Carrying capacity is wherently an
ecological concept and was devel-
oped by ecologists.

2) Many ecologists have used the
concept of carrying capacity in their
studies of the dynamics and regula-
tion of animal and plant populations.
3) Many, if not most, ecologists are
also environmentalists and see hu-
man population size and overexploi-
tation of natural resources as the root
causes of most environmental prob-
lems {e.g.. Ehrlich 1985).

4) Virtually all ecologists are famil-
far with the basic concepts of
demography and most are already
trained in the theoretical approaches
used by demographers.

5) Detailed data bases on human
demography and the physical, social,
and economic conditions contribut-
ing to demographic patterns are
readily available and easy to use.

Why, then, have so few ecologists
seriously applied their knowledge,
skills, and.talents to the question of
the limils to human population?

Questions associated with this subject
are clearly complex, and their study
involves a multi-disciplinary ap-
proach. There is only one Earth, so
any study of Earth’s population can,
at best, be pseudoreplicated, and con-
trolled experiments are out of the
question. But ecologists are accus-
tomed to tackling complex problems.
We believe the lack of attention to
the human population is much more
fundamental. Ecologists seem wary
of stepping into a multi-disciplinary
area where their findings are less
likely to be accepted within the eco-
logical community and are sure to be
controversial. Unfortunately, the
study of the human population and
its impact have remained on the pe-
riphery of the ecological research
agenda. The phenomena of human
pepulation growth and its impacts
arc all foo appatent; is the ecological
community willing to ignore the
most pressing social and scientific is-
sue of all time?

The Sustainable Biosphere Initia-

tive {(Lubchenco 1991} recognized

the pivotal importance of human
population size and distribution to
the health of ecological systems. The
SBI report, however, stops short of
calling for an explicit research initia-
tive in the area of human population
growth and carrying capacity. The
SBI report 1dentifies three research
areas that ecologists should concen-
trate on in the 1990s: global change,
biological diversity, and sustainable
systems. While all three of these top-
ics relate in multiple ways to human
population size, we feel the SBI is re-
miss in not explicitly calling for
ecologists to study human population
growth and the question of human
carrying capacity. Accordingly, we
call on the ESA to reconvene the
Research Agenda Committee that

originally drafted the SBI report -

and to charge the commiftee to de-
velop research recommendations
aimed at improving our under-
standing of the ecological factors
determining human carrying ca-
pacity and influencing human
population growth and distribu-
tion.

We end with a quote from
Leopold, who was ameng the first to
discuss the carrying capacity con-
cept:

Man thinks of himself as not sub-
Jject to any density limit. . . But
slums, wars, birth- controls, and
depressions may be construed as
ecological symptoms that our as-
sumption about human density
limits is unwarranted; . . . we may
vet learn a lesson in sociology
Jrom the lowly bobwhite, which

. "refuses’ w0 live in sfums and
concentrates his . . . effort on
quality, rot ciphers. Where his

. exuberance gets the upper
hand and causes him to depart
occasionally from the rule, he
suffers economic cycles and so-
cial unvrest, and his civilization
relapses to near-zero for-a new
start, (Leopold 1933:49)

Acknowledgmenis

We would like to thank Anne
Ehrlich, Paul Ehrlich, Donald
Ludwig, Gary Meffe, Tom Sisk, and
David Tilman for their thoughtfu] re-
views of this paper, This paper was
written while the junior author was
receiving financial support through a
National Science Foundation
predoctoral fellowship.

Literature Cited

Allan, W. 1965, The African hus-
bandman. Barnes and Noble, New
York, New York, USA.

Avery, D. T, 1991. Global food
progress. A report from the
Hudson Institute’s Center for
Global Food Issues. Hudson Insti-
tute, Indianapolis, Indiana, USA:

Bongaarts, J. 1994, Can the growing
human population feed itself?
Scientific American (March):36-
42,

Brown, J. L. 1969. Territorial behav-
ior and population regulation in
hirds: A review and re-evaluation.
Wilson Bulletin 8§1:293-329.

Brown, L. R. 1988. The changing
world food prospect: the nineties
and beyond. Worldwatch paper
85 (October), Worldwatch Insti-
tute, Washington, D.C., USA.

September 1994 155



Buringh, P. 1989, Availability of ag-
ricultural land for crop and live-
stock production. Pages 69-83 in
D. Pimentel and C. W, Hall, edi-
tors. Food and natural resources.
Academic Press, New York, New
York, USA.

Burnet, M. and D. 0. White. 1972.
The natural history of infectious
disease. Fourth edition. Cam-
bridge University Press, Cam-
bridge, England.

Daily, G. C., and P. R. Ehrlich.
1992, Population, sustainability,
and the earth’s carrying capacity.
BioScience 42:761-771.

Dhondt, A. A, 1988. Carrying capac-
ity: a confusing concept. Acta
Oecologica 9(4):337-346.

Ehrlich, A. H. 1985. The human
population: size and dynamics.
American Zoologist 25:395-406.

-Bhrtich, P.-R:;-and A. H.-Ehrlich.
1970. Population, resources, and
enviromment. Freeman, San Fran-
cisca, California, USA.

Ehrlich, P. R., and A. H. Ehrlich.
1990. The population explosion.
Simon and Schuster, New York,
New York, USA.

Ehrlich, P. R., A. H. Ehrlich, and G.
C. Daily. 1993. Food security,
population, and environment.
Population and development re-
view 19(1):1-32.

Ehrlich, P. R., and J. P. Holdren.
1971. Impact of population
growth. Science 171:1212-1217.

Errington, P. L. 1934, Vulnerability
of Bob-white populations to pre-
dation. Ecology 15:110-127.

Ewald, P. W. 1994. Evolution of in-
fectious disease. Oxford Univer-
sity Press, Oxford, England.

Fearnside, P. M. 1987. Rethinking
continuous  cultivation in
Amazonia. BioScience 37(3):209-
214.

. 1990, Estimation of human
carrying capacity on rainforest ar-
¢as. Trends in Ecology and Evo-
lution 5(6):192-196.

Food and Agriculture Organization/
UNFPA/ITASA. 1982, Potential
population supporting capacities
of land in the developing world.
FAO, Rome, ltaly.

Fremlin, J. H. 1964. How many

people can the world support?
New Scientist 415:285-287.

Hadwen, S. and L. J. Palmer. 1922,
Reindeer in Alaska. U.S. Depart-
ment of Agriculture Bulletin
1089:1-70.

Hardin, G. 1986. Cultural carrying
capacity: a biclogical approach to
human problems. BioScience
36:599-606.

Hassell, M. P., . H. Lawton, and R.
M. May. 1976. Patterns of dy-
namical behavior in single spe-
cies populations. Journal of Ani-
mal Ecology 45:471-486.

Haub, C. 1987. Understanding popu-
lation projections. Population
Bulletin 42(4):1-43.

Holdren, J. P., and P. R. Ehrlich.
1974, Human population and the
global environment. American
Scientist 62:282-292.

Klein, D. R. 1968. The introduction,
increase, and crash of reindeer on
Moant Saint Matthew Island.
Journal of Wildlife Management
32(2):350-367.

Lederberg, J. 1993. Crowded at the
summit: emergent infections and
the global food chain. American
Society of Microbiology News
59(4):162-163.

Leopoid, A. 1933. Game manage-
ment. Charles Scribner’s Sons,
New York, New York, USA.

Lubchenco, J., A. M. Olson, L. B.
Brubaker, S. R. Carpenter, M. M.
Holland, S. P, Hubbell, 8. A,
Levin, J. A. MacMahon, P. A.
Matson, J. M. Melillo, H. A.
Mooney, C. H, Peterson, H. R.
Pulliam, L. A. Real, P. J. Regal,
and P. G. Risser. 1991, The sus-
tainable biosphere initiative: An
ecological research agenda. Ecol-
ogy 72:371-412.

May, R. M., and R. M. Anderson.
1979. Population biology of infec-
tious disease: part II. Nature
280:455-461.

McFalls, J. A. 1991, Population: a
lively introduction. Population
Bulletin 46(2):1-41.

McNeill, W, 1976, Plagues and
people. Doubleday, New York,
New York, USA.

Meffe, G. K., A. H, Ehrlich, and D,
Ehrenfeld. 1993. Human popula-

tion ‘control: the missing agenda.
Conservation Biology 7:1-3.

Merrick, T. W. 1986. World popula-
tion in transition. Population Bul-
letin 41(2):1-49.

Odum, E. P. 1953. Fundamentals in
ecology. W. B. Saunders, Phila-
delphia, Pennsylvania, USA.

Pearl, R. 1927. The growth of popu-
lations. Quarterly Review of Biol-
ogy 2:532-548.

Pimentel, D., L. E. Amstrong, C. P.
Flass, F. W. Hopf, R. B. Landy,
and M. H. Pimentel. 1989. Inter-
dependence of food and natural
resources. Pages 31-48 in D.
Pimentel and C. W. Hall, editors.
Food and natural resources. Aca-
demic Press, New York, New
York, USA.

Presidential Commission on World
Hunger. 1984, Overcoming world
-hunger:—the-challenge—ahead.
Presidential Commission on
World Hunger, Washington,
D.C, USA.

Pulliam, H. R. 1986, On the evolu-
tion of density regulating behav-
iors. Perspectives in Ethology
7:99-124.

———. 1986. Niche expansion and
contraction in a variable environ-
ment. American Zoologist 26:71-
79,

Pulliam, H. R., and J. H. Dunning.
1987. The influence of food sup-
ply on the local density and diver-
sity of sparrows. Ecology
68:1009-1014.

Pulliam, H. R., and T. H. Parker.
1979, Population regulation of
sparrows. Fortschritte der
Zoologie 25:137-147.

Robey, B., 8. O, Rutstein, and L.
Morris. 1993, The fertility decline
in developing countries. Scien-
tific American (December}):60-67.

Roughgarden, J. 1979, Theory of
population genetics and evolu-
tionary ecology: an introduction.
Macmillan, New York, New
York, USA.

Serrin, J. 1975. Is doomsday on tar-
get? Science 189:87-88.

Thomas, A. 8. 1960. Changes in veg-
etation since the advent of myx-

omatosis. Journal of Ecology
48:287-306.

156 Bulletin of the Ecological Society of America



von Foerster, H. 1966. The numbers
of man, past and future: a collec-
tion of estimates and a survey of
models of the patterns of human
population growih. Biological
Computer [aboratory Report
13.0.

von Foerster, H., P. M. Mora, and L.
W. Amiot. 1960. Doomsday: Fri-
day 13 November A.D). 2026. Sci-
ence 132:1291.

von Foerster, H., P. M. Mora, and L.
W. Anuot. 1961. Population den-
sity and growth. Scicnce 133:931-
937.

von Foerster, H,, P. M, Mora, and L.
W, Amiot. 1962, “Projections”
versus “forecasts” in human popu-
lation studies. Science 136:173-
174.

Webster’s ninth new collegiate dic-
tionary, 1985, Merriam-Webster,
Springfield, Massachusetts, USA.

Woolfenden, G. E., and J. W.
Fitzpatrick. 1984, The Florida
Scrub Jay. Monographs in
Population Biglogy 290.

World Bank. 1992. World develop-
ment report 1992 development
and the environment. Oxford

University Press, Oxford, En-
gland.

Zack. S., and B, J. Stutchbury, 1992,
Delayed breeding in avian social
systems: the role of territory qual-
ity and “floater™ tactics. Behavior

123(3-4):194-219.

H. Ronald Pulliam
and Nick M. Haddad
Institute of Ecology
University of Georgia
Athens, Georgia 30602

September 1994 157




