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SYNOPSIS. This essay is part of the second presentation of an educational project of the American Society
of Zoologists. The purpose of the project is to offer suggestions for improving the first-year biology courses
in the universities. The method consists of emphasizing the conceptual framework of the biological sciences,
showing how scientific information is obtained and evaluated, pointing out the strengths and limitations of
scientific procedures, and above all showing the relevance of science for human hopes and welfare. Each year
a major topic will be considered. Last year it was Evolutionary Biology. This year it is Human Ecology.
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RATIONALE FOR THE PROJECT

Why we need to do something

In a recent editorial Morris H. Shamos
(1984), Professor of Physics at New York
University, wrote, "Currently, all that is
really accomplished by requiring science in
high schools and colleges is to maintain the
size and the variety of our science depart-
ments." That statement may have an ele-
ment of hyperbole but it surely has an ele-
ment of truth. But the most astonishing
thing is that, in this Age of Science, it can
be said at all. The most hopeful word in
the quote is "currently," since it implies a
transitory state—science courses were con-
sidered educationally valuable in the past
and can become so in the future.

Shamos' evaluation is shared, to varying
degrees, by many. If we restrict ourselves
to the college and university level, it must
be admitted that many courses and text-
books tend to be fact-laden encyclopedias
testing the student's ability to survive rather
than providing a deep and satisfying
understanding of the natural world. The
familiar argument (excuse) is that it is nec-
essary to provide the student with the basic
names and facts that must be mastered
before advanced courses are undertaken.
Another familiar pattern of instruction,
especially in the biological sciences, is to
emphasize the glamour of recent research
to a body of students almost totally unable
to appreciate the significance of what is
being presented. Physicists and chemists
do not make this mistake.

For many students the first-year course
is both the beginning and the end of their
exposure to science. The inadequacy of
many courses in science is coming to be
recognized as a problem of nationwide sig-
nificance. The flurry of recent reports on
the "educational crisis" have all stressed
the importance of improving the teaching
of science and mathematics. Congressman
Mike McCormack (1983) speaks of the need
to "break the existing condition in which
unqualified teachers are passing on to
uninspired students unacceptable attitudes
toward an understanding of science and
mathematics."

There are valid reasons for this concern.

The nation must have a constant flow of
educated and disciplined minds to staff the
offices of government and business, man-
age the factories, heal the sick and litigious,
build the X-generation computers, defend
the nation, augment our culture, and win
the Nobel Prizes. But there is another rea-
son—equally important when we remem-
ber the first mission of higher education.
Science is an intellectual enterprise with a
beauty, importance, and relevance that
makes it one of the most notable achieve-
ments of mind and civilization. A course
in science must become an intellectual
adventure for the student and a basis for
a thoughtful, contributing, and rewarding
life in society. Ralph Stocking (1984), in a
recent and very personal essay, tells what
science means for him.

Today our world is so complex that, not
only is ignorance of science life-threaten-
ing for the nation, but it is life-threatening
for the individual as well.

The general perception that biological
education in the colleges and universities
fails to meet the needs of students and of
the nation is the stimulus for the Science as
a Way of Knowing project of the American
Society of Zoologists and nine other
professional societies. Most members of
these societies teach at the college or uni-
versity level—the level for which they are
responsible and are in a position to attempt
remedial action.

The many recent national studies of the
"crisis in education" have focused mainly
on the precollege years and are strangely
silent about higher education. Yet a strong
argument can be made that the colleges
and universities are a central element of
the problem and, hence, must be central
in any solutions. The universities define
the academic disciplines, are foremost in
adding to them, and they transmit much
of the knowledge—especially at an
advanced level.

A key responsibility of the colleges and
universities is to select, educate, and attest
to the competence of those students who
will become the teachers in the schools. It
is not unreasonable to suggest that any long-
term solution of the crisis of education in
the precollege grades cannot occur until
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the colleges and universities take more
seriously their responsibility for the edu-
cation of those who will teach in those
grades. Recently Arons (1984) has
expanded this topic.

Science as a Way of Knowing was launched
at the December 1983 annual meeting of
the American Society of Zoologists. Our
general plan is to present at each annual
meeting one broad topic. Last year it was
"Evolutionary Biology." This year it is
"Human Ecology." In 1985 we have sched-
uled "Genetics" and in 1986 "Develop-
mental Biology." We should complete the
major topics of biology in eight to ten years
and, if the project is judged to be useful,
the cycle will then start over.

The events at each annual meeting con-
sist of two half-day symposia, a film pro-
gram, and the distribution of a long essay,
an example of which you are now reading.
The proceedings for Science as a Way of
Knowing—Evolutionary Biology were pub-
lished in the May 1984 issue of the Amer-
ican Zoologist (24:419-534).

What we are trying to do

Our suggestions for how science should
be taught in the colleges and universities
do no more than emphasize what has been
traditionally thought of as good teaching.
We stress that the most important empha-
sis should be given to the conceptual
framework of the field. The basic concepts
of the field allow the scientist and the stu-
dent to arrange the data derived from
observation and experiment in a rational
order and provide also a powerful mne-
monic device. The student gains both facts
and understanding.

Two generations ago Leslie A. White
(1938) had this to say:

Science is not merely a collection of facts
and formulas. It is preeminently a way
of dealing with experience . . . . Science
is one of two basic ways of dealing with
experience. The other is art . . . . The
purpose of science and art is one: to ren-
der experience intelligible, i.e. to assist
man to adjust himself to his environment
in order that he may live . . . . Science
deals with particulars in terms of uni-

versals . . . . Art deals with universals in
terms of particulars . . . . Art and science
thus grasp a common experience, or
reality, by opposite but inseparable poles.

The facts of science will be better under-
stood and placed in perspective if the stu-
dent is made aware of the question being
asked or the hypothesis being tested. This
is usually so self-evident to the teacher that
it might not seem necessary to mention it
to the student. It is astonishing how much
of the science that is taught consists only
of answers and how little spirit of scientific
inquiry reaches the classroom.

It is important to emphasize that science
as a way of knowing is but one way of know-
ing. What we know in science must be
based, in the final analysis, on data derived
from observation and/or experiment rel-
ative to some natural phenomenon. Those
data must be obtainable by all competent
scientists, hence be verifiable. Statements
based on data that can be confirmed
become part of the corpus of science; state-
ments that cannot be confirmed must be
modified or rejected. Scientific procedures
make the quest for understanding the nat-
ural world a self-correcting process. This
understanding becomes ever more precise
as it is constantly purged of ignorance and
error. This understanding becomes a thing
of beauty and awe as the incredible com-
plexity of the natural world is translated
in a script that can be mastered by the
human mind. One should not speak of
"ultimate truth" in science but of state-
ments that are ever more comprehensive
in describing natural phenomena and ever
more useful in predicting what is yet to
occur.

There is another way of knowing, seem-
ingly with greater appeal for the human
mind, where answers are accepted on the
basis of emotion, revelation, inspiration,
adherence to dogma, or the opinions of
others. Included here, as mentioned by
White, is the world and experience of art.
The prime example of this non-scientific
way of knowing is religion, where knowl-
edge is equated with faith.

Different minds view these two
approaches to knowing differently. Some-
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times they are characterized as the way of
the mind and the way of the heart. One
can—must, I should think—present and
compare the two points of view to students
without disparaging either. But having
done that, it is not unreasonable for a
teacher to explore the efficacy of the two
procedures for answering questions about
the natural world and for solving human
problems. Is agricultural productivity
enhanced more by science or by faith? Is
sickness cured more by medical science or
by faith? For the first one can exclude faith;
for the second both may play a role.

It is important to emphasize how very
few important human questions can be
answered, or human decisions reached,
solely on the basis of scientific information
and procedures. Both the questions and
the decisions are more likely than not to
involve emotion, preference, and the eth-
ics, traditions, and aspirations of the tribe.
What could possibly be the scientific rea-
sons for decisions to feed the hungry or
cure the sick? Nevertheless, once a human
and humane decision has been made, for
these or other matters, scientific data and
procedures might be the sine qua non for
achieving the desired results.

If developing the conceptual framework
of the field becomes the major thrust of a
first-year science course, there are several
desirable consequences, apart from the
value for the course itself. A conceptually-
rich course may prove to be more appro-
priate for non-majors than a facts plus
vocabulary approach. It is probable that a
conceptually-based course might stimulate
students who never intended further work
in science, especially the more gifted, to
continue the study of science. We have all
known of fine students who have been
"turned off" by the banality of fact-laden,
concept-poor, introductory courses.

It is hard to conceive of approaches that
would produce a first-rate course for non-
majors that would not also be superior for
majors (an argument extended in J. A.
Moore, 1983). A concept-rich first-year
course also has great benefits for the
advanced courses in the department since
the advanced courses can build on a work-

ing knowledge of biological concepts and
processes.

An introductory course that stresses only
the modern developments will have an
audience largely unable to understand the
importance of those developments. Mod-
ern developments have their greatest use-
fulness in supporting, extending, and
improving the conceptual framework of a
field of science and when dealt with in a
course must be in relation to that frame-
work. An important discovery made in
1984 may be of greater interest to a sci-
entist who knows why it is important than
a discovery made in 1884 or even 1974,
which the scientist has already integrated
into his or her conceptual framework. The
same is probably not true for the student
who has not heard of any of the three dis-
coveries, and it could be that the discovery
of 1884 is more seminal than the others.

Structure of the argument

One idealizes the form of a scientific
argument by recognizing first, a question
to be asked about a natural phenomenon;
second, using the available information to
suggest a provisional answer (the hypoth-
esis); and third, testing deductions from
the hypothesis.

That formal procedure was followed
closely in last year's essay (J. A. Moore,
1984) when the topic was Evolutionary
Biology. A somewhat different procedure
will be followed for this year's Human
Ecology essay. This will not be because evo-
lutionary biology is "scientific" and human
ecology is not, but because the major
hypothesis of ecology, and its test by deduc-
tions, was made by our ancestors no later
than the Old Stone Age.

The fundamental hypothesis of ecology
is that there are interrelations between
organisms and their environments. These
interrelations are so obvious—the roles of
food and other molecules, a place to live,
climate, other organisms, etc.—that they
are accepted without argument. On a more
elegant level of analysis we can say, once
we understand that living organisms
require but create neither matter nor
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energy, that the environment must be the
only source.

Thus in developing the topic Human
Ecology it will be assumed that, beyond all
reasonable doubt, organisms interact with
their environment, and our task is to
inquire about the nature of that interac-
tion. This inquiry will involve many
instances where the hypothetico-deductive
procedures will prove to be powerful
devices for answering questions, but Hu-
man Ecology cannot be presented in as
structured and conceptually rigorous a
manner as, for example, can evolutionary
biology or genetics.

The intended audience for the Science as
a Way of Knowing project is our colleagues
in biology departments of colleges and uni-
versities, and especially colleagues who have
the responsibility for first-year courses. The
amount of material that will be discussed
in this essay is far greater than would be
appropriate for a year's course that has to
consider all the major subfields of biology.
It must be remembered, therefore, that
the purpose of the essay is to provide a
framework of information and under-
standing of ecology and so provide a more
secure intellectual base for what is chosen
to be presented in classroom, field, and lab-
oratory.

And, as always, criticisms and sugges-
tions will be much appreciated. This must
be a cooperative effort if we are to do our
part in achieving sustainable reform of the
nation's educational system.

And I must enter a disclaimer about the
use of apparently sexist terms. "Man" has
become a pejorative term in the eyes of
some and for that reason I have very much
reduced its use. There are times, however,
when it becomes awkward to substitute
"men and women," "human beings,"
"shims," "males and females," or what-
ever. For centuries "man" has been used
as a synonym for "human being" and that
is the way I am using it.

The references

There was general approval for the large
number of references provided in last year's
essay (J. A. Moore, 1984) so there is a large

number for this essay as well. Included are
the ones that I have found interesting and
useful. They range from elementary intro-
ductions to advanced monographs. The
time available for preparing this essay (four
months) did not permit a systematic review
of the literature to find the "latest and the
best." I did not fret over this limitation
because what might be "best" for me need
not be so for another. In some instances I
have placed an * by titles that can serve as
useful introductions to the topic and its
literature.

If I were asked to name a few books that
would be most useful for the start of a per-
sonal library, the list would be Paul Ehr-
lich, Ann Ehrlich, and John Holdren
(1977), C. D. Darlington (1969), John
Gowlett (1984a), Jacquetta Hawkes and Sir
Leonard Woolley (1963), Eugene P. Odum
(1971), and J. Z. Young (1971).

Many of the books were originally pub-
lished in foreign countries but, if the pub-
lisher indicates an office in the United
States, that alone has been noted in the list
of references. I have tried to list the first
name, rather than only the initial, for
authors of books even if such information
is not given on the title page. The purpose
is to lessen the problem of finding the title
in the library's card catalog. I have included
a few references that appeared from the
title to be important but that I was not able
to check. Forgive me if the citation is in
error.

I. THE FUNDAMENTALS OF ECOLOGY

In this section some of the fundamental
principles of ecology that apply to all
organisms will be considered. This will
provide the background for the major
topic, Human Ecology. Such a background
is essential. Our mostly urban population
frequently overlooks the basic biological
fact that we are an integral part of nature
and must abide by its laws that regulate the
lives of all animals and plants. Once we are
done with the fundamentals, we will con-
sider Human Ecology from two points of
view. Part II will deal with the main eco-
logical problems that confronted the
human population from the Paleolithic
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Period to recent times. Part III will deal
with today's ecological problems, which are
among the most important things there are
for us to think about.

As a first question to consider, you might
have your students list all the environmen-
tal factors they can think of that influence
organisms one way or another and suggest
the consequences of these influences and
the relative importance of each. The
importance of asking students questions is
not only to obtain answers but to make
them think about the problems. In addi-
tion, you will gain important insights into
the students' level of understanding of eco-
logical interrelations.

One of the most basic principles of ecol-
ogy, again so well understood that it seems
trivial to mention, is that the behavior of
all living organisms is directed towards
securing the necessities of life from the
environment for reproduction and for
avoiding death. That is, behavior is a life-
continuing and life-preserving activity. It
could hardly be otherwise: the twin forces
of variation and natural selection must
favor those genotypes that enhance fitness.

The evolutionary process has resulted in
innumerable solutions to this basic prob-
lem of trying to stay alive and reproduce.
Each distinctive solution is a unique species.

Each individual organism has a complete
or partial ability to secure the resources
needed for life. The individuals of most
species spin out their lives with few inter-
actions with others of their species apart
from events related to sexual reproduc-
tion. The social species, on the other hand,
have evolved behavior patterns that allow
them, through social interactions, to secure
resources and protection more readily.
These patterns, complex in many of the
insects, reach a peak in our species. Today
few human beings can or do live wholly
independent lives. The chances for sur-
vival and the ability to obtain resources
increase progressively with the family unit,
the tribe or village, the city, the state, and
the nation.

The special case of human ecology will
be treated in Parts II and III but this Part
will deal with the general principles of ecol-
ogy that will enable us to understand our-

selves. We will start by considering some
of the ecological problems of maintaining
life in an autotrophic flowering plant, a
heterotrophic animal, and biological com-
munities.

The flowering plant way of life

Primitive human beings must have
observed what appears to be a fundamental
difference in the material requirements of
animals and green plants. Animals seemed
to devote much of their time searching for
food and eating it. Green plants would have
appeared to require very little from the
environment.

Jean-Baptiste van Helmont (1577-1644)
proved to his satisfaction that green plants
require only water. In a famous experi-
ment he planted a small willow tree, weigh-
ing only five pounds, in a container with
200 pounds of heat-dried earth. The con-
tainer was covered to keep out dust. He
allowed the tree to grow for five years while
adding only pure water (rain or distilled)
to the container. At the end of the exper-
iment he removed the tree, roots and all,
and found that it weighed 169 pounds—
an increase of 164 pounds. The soil was
lighter by two ounces—a trivial loss. Since
only water had been given the plant, the
leaves, roots, trunk, and branches must
have been formed from the water (Gabriel
and Fogel, 1955, p. 155; Schwartz and
Bishop, 1958, pp. 199-200).

For a substance as simple as water to form
such complex structures as the parts of a
plant may seem like a remarkable conver-
sion. Yet in van Helmont's time water was
not thought of as the simple substance we
recognize today. Water was one of the four
basic "elements" of which all matter was
formed. The other three were earth, fire,
and air. Hence it was not surprising that
water could exist in a myriad of forms.

Essential elements

The overwhelming importance of plants
for human life made it essential for farmers
and scientists of long ago to learn as much
as they could about crop plants. The farmer
might obtain good crops for several years,
then observe a slow decline. Some farms
produced good crops; others gave a much
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lower yield. Substances such as manure or
crushed mollusk shells might improve the
soil's fertility. The use of the word "fer-
tility" suggests that the soil was producing
offspring—the crops.

For most of history, hunger has been an
ever-present feature of human life. Thus,
it was of the greatest importance to dis-
cover the nature of soil fertility. What did
soil give to the plants and, if this gift was
exhausted, could something be added to
restore the fertility of soil? Clearly the sub-
stance of the plant must come from the
environment, and the material environ-
ment was soil, water, and air. When these
questions were first asked there was not
enough knowledge of chemistry to provide
an answer. When plants were burned, water
vapor was expelled and a charcoal-like
material was left. The charcoal could be
burned again and a small amount of ash
remained—which was assumed to be
mainly mineral matter. So it was concluded
that the substance of plants consisted of
water, charcoal or what we would now call
carbon, and minerals.

As the science of chemistry slowly devel-
oped, it became possible to identify more
and more substances and to detect them in
ever smaller concentrations. With the
methods available today it is possible to ask
the question "What are the chemical ele-
ments that a green plant obtains from the
environment that are essential for its
growth and development?"

Note the word "essential" in the ques-
tion. There are important differences
between a substance occurring in an organ-
ism and its being essential for life. Our bod-
ies, for example, have a diverse inventory
of chemical substances such as DDT, mer-
cury, lead, dioxin, and PCBs that are not
exactly required for our growth and well
being. Plants have all the elements present
in the soil in which they grow but not all
are essential.

The problem of determining what a plant
requires is far more subtle and difficult than
it may seem. You might wish to have your
class propose experiments designed to
answer this question: How does one estab-
lish which substances in the body of a green
plant are essential and which are contam-

inants? In much the same way that Koch
established the postulates for proving that
a specific microorganism is the cause of a
specific disease, Arnon and Stout (1939)
suggested criteria for establishing whether
or not an element is essential for the life
of a plant:

an element is not considered essential
unless (a) a deficiency of it makes it
impossible for the plant to complete the
vegetative or reproductive stage of its
life history; (b) such deficiency is specific
to the element in question, and can be
prevented or corrected only by supply-
ing this element; and (c) the element is
directly involved in the nutrition of the
plant quite apart from its possible effects
in correcting some unfavorable
microbiological or chemical condition of
the soil or other culture medium.

to which Price (1970, p. 203) adds,

a nutrient is also essential if it is an indis-
pensable part of an indispensable com-
ponent of the organism.

As research continued on the elements
required for the growth of plants it became
clear that some elements are essential yet
are required in exceedingly small amounts.
The standard experimental procedure to
test for essentialness is to grow plants in an
artificial medium composed of distilled
water and various "pure" chemicals in
order to see which are needed. The prob-
lem is that neither pure water nor pure
chemicals exist. Your students might be
surprised if they look at the analysis data
on the bottles of the best grade reagent
chemicals.

The problem of contamination might be
exceedingly subtle. For example Arnon and
Stout noted that copper appeared not to
be an essential element for tomatoes when
they used distilled water from a conven-
tional still (with metal parts). However,
when that water was redistilled several
times in a Pyrex glass still, copper salts had
to be added to the nutrient medium for
normal growth. So Arnon and Stout real-
ized that the operational criterion for an
element being essential must be "whether
the plant requires it in an amount greater
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than that present in the culture medium
as a result of contamination."

Arnon and Stout's paper can be used to
emphasize to students an exceedingly
important principle of scientific method-
ology: in science one can do no more than
approach a "true" answer. Their very short
paper can serve as a model for scientific
procedures and is written at a level that
can be understood even by students in first-
year courses.

When the chemicals and distilled water
of the late 19th century laboratories were
used to prepare the artificial salt solutions
to ascertain which elements were essential,
very few appeared to be required. As the
purity of reagent grade chemicals im-
proved, the list began to grow and it was
found that many elements were required
in trace amounts. Today the "sure" list
numbers 16 (Table 1) but, as we will see,
there are some probable additions.

Consider with your students how one
might go about proving that a list of 16,
or whatever number, is complete. How
could one prove that an element is not
essential? Arnon and Stout leave open the
possibility that each and every one of the
naturally occurring elements may be shown
eventually to play an essential role in some
or all green plants.

The elements essential for green plants
(Table 1) are required in very different
amounts. Oxygen, hydrogen, and carbon
comprise 99.8 percent of the plant. They
are obtained from carbon dioxide, which
enters through the stomata, and water,
which enters mainly through the root hairs.
The remaining 13 essential elements enter
through the roots primarily as inorganic
molecules.

There are some wonderful stories about
the quest for essential elements, in addition
to that of copper which has already been
told. Chlorine is now known to be essential
for photosynthesis, as was shown by Broyer
et al. (1954). Earlier work suggested that
chloride ions might be essential, so Broyer
and others in P. R. Stout's laboratory at
the University of California at Berkeley
began to study the problem. As usual, the
experiments were conducted with water
and chemicals made as pure as possible. At

TABLE 1. The elements essential for green plants.

A. The nine elements found in the highest concen-
trations.

Element
Oxygen
Hydrogen
Carbon
Nitrogen
Potassium
Calcium
Magnesium
Phosphorus
Sulfur

Total for the above

Percent (wet weight)
86.65
10.90
2.25
0.075
0.050
0.025
0.010
0.010
0.005

99.975
B. Trace elements each occurring in concentrations

of less than one thousandth of a percent.

Chlorine Iron Manganese Boron
Zinc Copper Molybdenum

C. Other elements which are important in some green
plants.

Silicon. A structural component of grasses
and horsetails.

Cobalt. A component of vitamin B12.
Sodium. Appears to be essential for some

plants living on saline soils, especially
those with C4 metabolism.

Selenium. Accumulated in some plants and may
be required.

Note: The dry weight values have been adjusted to
apply to a plant with a water content of 95 percent.

first plants growing in solutions without
detectable chloride seemed to suffer no ill
effects. But what about the work of others
that hinted at a need for chloride? Some-
one in the lab remarked that the air had
not been excluded as a source of chloride.
The Berkeley campus is near the Pacific
Ocean and almost every day the fog rolls
in. To test the hypothesis that traces of
chloride were carried in the air, special fil-
ters were used for the experimental cham-
bers. Thereafter, plants grown in the pu-
rified solutions did poorly but became
healthy when trace amounts of chloride
were added.

There are several morals to this story,
told to me by Dan Arnon. First, it shows
what extraordinary care scientists must take
to do the experiment they think they are
doing. Second, it shows how careful one
must be when working with tiny amounts
of materials. Third, the environment may
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TABLE 2. Corn metabolism.

1,400 pounds of cobs
4,000 pounds of stalks

Production
One acre of good farming soil may produce 100 bushels of corn.
The total amount of plant material, air dried, will consist of:

5,600 pounds of shelled corn
5,200 pounds of roots and stubble

Of the total of 16,200 pounds, the shelled corn represents 35%.

Consumption
To produce this amount of corn, the following raw materials must be obtained from the environment:

Water 5,000,000 pounds Sulfur 22 pounds
Oxygen 6,800 pounds Magnesium 33 pounds
Carbon dioxide 19,000 pounds Calcium 37 pounds
Nitrogen 130 pounds Iron 2 pounds
Phosphorus 22 pounds Manganese 0.3 pounds
Potassium 110 pounds Boron 0.06 pounds

And trace amounts of:
Chlorine Iodine Zinc Copper Molybdenum

Energy
And during the year the acre would receive between 2 and 4 billion kilocalories of light energy but the

amount used by the corn plants would be half or less of the total amount.

include features not usually recognized.
Fourth, it shows the near impossibility of
proving that a phenomenon cannot exist.

Nutritional deficiencies

Not all elements now known to be essen-
tial were discovered by systematic labora-
tory work. Some were discovered when
crops growing on certain soils were found
to be abnormal. One could test the hypoth-
esis that this was due to insufficient amounts
of some element by systematically adding
one or more presumed to be lacking to the
soil. If growth were normal, that would be
the first step in establishing the existence
of a new essential element. Confirmation
would come with carefully designed labo-
ratory experiments.

Thus "potato sickness" in Maine's
Aroostock County was found to be cured
by adding traces of magnesium; "blossom
end rot" of tomatoes by adding calcium;
and "cracked stems" of celery by adding a
trace of boron. Different diseases of citrus
have been linked to deficiencies of the soil
in nitrogen, phosphorus, potassium, cal-
cium, magnesium, zinc, manganese, cop-
per, iron, boron, and molybdenum. Of all
the trace elements, molybdenum is the one
required in the smallest quantities, yet at

times the soil cannot supply even this in
adequate amounts. Boron is also required
in minute amounts, yet boron deficiency is
a worldwide problem for many crops.

The presence of an element in the soil
does not insure its availability to plants.
Iron is almost always abundant—the top
15 cm (6 inches) of a hectare (2.5 acres)
might have as much as 45,350 kilograms
(50 tons) of iron. Nevertheless, in a neutral
or alkaline soil the iron compounds are so
insoluble that they are unavailable in ade-
quate amounts for green plants. Useful
references to deficiency diseases in plants
are Barber et al. (1964), Wallace (1953),
and M.J. Wright (1976).

Recipe for making corn

Sprague (1964) estimated the quantities
of raw materials that are required for the
production of corn and his data are sum-
marized in Table 2. The total required to
produce 5,600 pounds of shelled corn is a
staggering 5,026,157 pounds of raw mate-
rials. Expressed in another manner, it
requires about 900 pounds of raw mate-
rials to produce a pound of shelled corn,
which can serve as food for man or beast.
In addition, cattle can eat the stalks. Or we
could say that only 0.1 percent of the raw
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materials becomes converted to human
food—which goes to show that it takes a
lot of environment to support a hetero-
troph, especially one that feeds wholly or
in part on other animals.

It might be interesting to ask your stu-
dents why nutritional deficiencies are so
common in crops, yet are infrequent in wild
species. If the answer is not forthcoming,
asking "Why is it necessary to fertilize crop
land?" may do the trick. Such a discussion
will set the stage for a later consideration
of cycles and the chemical balance in nat-
ural communities.

Some useful references on the chemical
requirements of green plants are Arnon
and Stout (1939), Barber (1964, 1984),
Bidwell (1979), Bollard and Butler (1966;
a review of the elements with a question-
able status), Bonner and Varner (1976),
*Clarkson and Hanson (1980), Devlin
(1975, chs. 13-16), Epstein (1972, 1973),
H. J. Evans and Sorger (1966), Galston,
Davies, and Satter (1980), Gauch (1972),
Lauchli and Bieleski (1983), Mortvedt et
al. (1972), Price (1970), Rains (1976), Salis-
bury and Ross (1978), *Ting (1982), and
Wyn Jones and Lunt (1967). Here and
throughout, references that provide good
introductions are marked with an asterisk.

Energy for making corn

The molecules of Table 2 cannot put
themselves together and produce an acre
of corn plants. The molecules of that list
have low chemical potential energy whereas
the organic molecules of the corn plant
have high chemical potential energy. The
conversion of molecules with low chemical
potential energy to molecules with high
chemical potential energy depends on the
synthetic mechanisms of the chlorophyll-
containing plant cells driven by the energy
of sunlight. Thus, the development and
growth of the green plant involves a
decrease in entropy of the molecules it
acquires and synthesizes into complex car-
bon compounds. If entropy is to be
decreased, energy is required.

If students are not already familiar with
that fundamental constraint on living sys-
tems, the Second Law of Thermody-
namics, this would be an appropriate place

to provide a very brief introduction. A
question to the class should find some stu-
dents who can explain this fundamental law
that sets the limits of what living and non-
living nature can do. For more details see
Morowitz (1970), and Ehrlich, Ehrlich, and
Holdren (1977, pp. 33-35).

Apart from chemosynthesis by bacteria
(as in the thermal vents), trivial amounts
of energy from thermonuclear reactions
and from celestial bodies other than the
sun, the energy for living activities is
derived solely from the sun. Most of this
energy is from sunlight received currently
but many human activities depend, directly
or indirectly, on the energy of ancient sun-
light, trapped by green plants and stored
in coal, oil, and natural gas, or on that
energy of sunlight used in the evaporation
of water which, when deposited as rain at
high elevations, can be used to generate
hydroelectric power as it flows downhill.

The importance of sunlight in the pro-
duction of food by green plants is so great
and so spectacular that we tend to overlook
another equally important role of the sun's
energy—to provide a moderate tempera-
ture environment. If somehow the sun were
turned off, the temperature at the earth's
surface would drop to very near absolute
zero (-273°C ). At such temperatures the
chemical interactions that are life could not
occur. In fact, for most organisms these
reactions cannot occur at temperatures that
approach 0°C. Thus the warming effects of
sunlight are essential for photosynthetic
reactions.

Photosynthetic reactions use sunlight in
quite a different manner. Light energy,
instead of being converted to heat, is con-
verted to chemical energy stored in organic
molecules such as carbohydrates, proteins,
and fats. The details of photosynthesis are
not part of ecology, which is a "skin out"
part of biology, and need not be further
considered here. There are however some
other important things to be said about
sunlight.

The light used in photosynthesis is mainly
that part of the electro-magnetic spectrum
detected by the human eye, that is, extend-
ing from relatively short wavelength ultra-
violet to the longer wavelengths near
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infrared rays. In photosynthesis the max-
imum absorption is in the blue and red
ends of the visible spectrum. Green light
is reflected, which is why we see plants as
"green." It is interesting to note that the
human eye is most effective in bright light
at 556 nm, which is yellow-green.

A truly trivial fraction of the sun's total
energy reaches the earth. Our world would
appear as a tiny disk if viewed by an
observer on the sun. Your students can
confirm how small the amount is by deter-
mining how the area of a disk (circle), with
a radius of 6,375 km (the radius of the
earth) compares with the surface area of a
sphere with a radius of 149,500,000 km
(mean distance from the earth to the sun).
(Area of a circle = 3.14 x radius2. Surface
area of a sphere = 12.57 x radius2.)

A tremendous amount of energy is
released in the sun when hydrogen com-
bines to form helium and it starts the long
journey to us as light, but only a very small
amount of this energy becomes available
for living organisms. E. P. Odum (1975,
ch. 3) provides a synopsis of what occurs.
At any one time only half of the earth is
illuminated. Taking this into consider-
ation, the theoretical amount of light
energy that approaches the earth is about
5,250,000 kcal per square meter per year.
Yet not all of this reaches the earth's sur-
face. Much becomes heat in the atmo-
sphere. Clouds and dust further reduce the
amount to between 20 and 40 percent of
the original.

If we apply these data to that acre of corn
(Table 2) we must remember that the plants
will be growing for only part of the year
so the sun's energy at other times will not
be captured by food plants.

We can determine how many kilocalo-
ries of light energy are required to produce
a kcal of corn plant and of human food.
The acre produced 16,000 pounds of dry
weight corn plant. This is equal to 7,258
kilograms. An acre contains 4,050 square
meters. Therefore each square meter of a
cornfield produces 1.79 kilograms of dry
weight corn plant. If we assume that each
gram of corn plant contains 3.8 kcal, a
square meter will have produced 6,802 kcal
of food for the year. This is only 0.13 per-

cent of the 5,250,000 kcal per square meter
of light energy that would reach the earth
each year in the absence of clouds, dust,
etc. But most of the light is reflected or
becomes heat. In fact only about 500,000
to 1,000,000 kcal per square meter would
actually reach the corn plants and produce
those 6,802 kcal of food. This means that
between 0.68 and 1.36 percent of the avail-
able light energy is captured. Since the
shelled corn represents 35 percent (Table
2) of the plant material, only 0.24 to 0.48
percent of the energy of sunlight becomes
the energy of human food.

Corn, we might add, is one of the most
efficient captors of solar energy among the
food plants. Woodwell (1970) estimates that
only about 0.1 percent of the sun's energy
is fixed in photosynthesis.

We must add the energy required for
that acre of corn to the figures in Table 2.
When the 500,000-1,000,000 kcal of light
reaching each square meter per year are
adjusted for one acre, the energy reaching
the plants and available for their growth
becomes 2,025,000,000 to 4,050,000,000
kcal. Remember that the growing season
does not occupy the entire year but, even
if we correct this by dividing by two or
three, we still have very large numbers.
Although a very large amount of energy is
available, only a fraction is used by the
plants.

Some references to this aspect of the
green plant way of life are: Bainbridge et
al. (1966), Bickford and Dunn (1972),
Clayton (1970-1971), G. C. Evans et al.
(1975), Gates (1962, 1963, 1980), Gates
and Papain (1971), *Janicke*a/. (1981, ch.
2),E. P. Odum (1968; *197l,ch. 3;*1975,
ch. 3), H. T. Odum (1971), Oster (1968),
Seliger and McElroy (1965), *Ting (1982,
chs. 3 and 7), Townsend and Calow (1981),
Whittaker and Likens (1973), Woodwell
and Whittaker (1968).

A place to live

Life for green plants is more than sitting
in the soil soaking up sunlight, carbon
dioxide, and minerals. The pressures of
natural selection, acting over the ages, have
tended to make every species a rigid spe-
cialist. Each comes to possess an almost
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unique way of life that is called its "niche."
Niche is used in two main ways: a place to
live or a way to live; the second definition
will be used here. The specific way to live
is correlated closely with a specific place to
live, which is the topic of this section.

The surface of the earth exhibits a great
diversity of environments; polar and trop-
ical; rain forest and desert; lakes and oceans;
soil and bare rocks; land and air; mountains
and valleys. No species is at home in all of
these; most have evolved to live efficiently
in a specific and relatively constant envi-
ronment. Species are specialists of the par-
ticular, not tolerants of the general.

Even in the eastern United States, where
there are relatively few abrupt changes in
the environment over short stretches of
latitude or altitude, except where land
meets water, the species of green plants
tend to be restricted to relatively small geo-
graphic areas. Within these small geo-
graphic areas species will occur in spots
determined by the types of soil, water,
slope, other organisms, the availability of
light, and the strength of the wind. West
of the Great Plains the environmental
changes tend to be abrupt and the geo-
graphic ranges of species tend to reflect
this fact.

If species have evolved for specific envi-
ronments, one might hypothesize that sim-
ilar environments will have the same or
similar species (assuming that dispersal
among these similar environments is pos-
sible). We do find that there are rules that
describe the geographic distribution of
green plants that are correlated with the
three major environmental influences:
temperature, water, and soil. The ubiquity
of light, oxygen, and carbon dioxide means
that we can take their presence in all land
environments for granted.

A historically important investigation of
the factors that control the distribution of
North American green plants was done by
C. Hart Merriam (1890) on San Francisco
Peak in northern Arizona, just south of the
Grand Canyon of the Colorado River.

San Francisco Peak is an isolated moun-
tain that rises to a height of 3,900 meters
(12,800 feet) from a semiarid plateau of
about 2,000 meters (about 7,000 feet).

TIMBERLINE

ENGELMANN SPRUCE

DOUGLAS FIR

YELLOW PINE

PIHYON PINE

DESERT

FIG. 1. The life zones of San Francisco Peak. Mod-
ified from Merriam (1890).

Thus the height of the mountain above the
plateau is about 1,900 meters (one mile).
During the summer growing season Mer-
riam estimated that the mean temperature
is about 22°C at the base of the mountain
and about 4°C at the top.

With this great range of environmental
temperatures, one could test the hypoth-
esis that temperatures limit the distribu-
tion of the plant species. Since there is a
direct relation between altitude and tem-
perature, one could deduce that the var-
ious species would be restricted to specific
altitudes where they would find the tem-
perature range for which they are adapted.
Green plants usually have very effective
mechanisms for the dispersal of their seeds,
so one would predict that, over time, the
seeds of every species on San Francisco Peak
would have been deposited at all sites on
the mountain. Normal growth and devel-
opment would be possible, however, only
where the acceptable temperatures occur.

After months of studying the plants from
base to summit, Merriam was able to reduce
his data to a single conceptual scheme.
There were distinctive groupings of plant
species that formed horizontal bands at dif-
ferent altitudes (Fig. 1).

The plateau at the base of the mountain,
at 2,130 meters, is covered by a magnifi-
cent forest of Western Yellow Pine (Pinus
ponderosa), some being as much as 33 meters
in height. These form a nearly pure stand
up to about 2,500 meters. For an interval
of less than 200 meters above this, Douglas
Fir (Pseudotsuga menziesii) occurs with West-
ern Yellow Pine. Above that, the Douglas
Fir forms a nearly pure forest to about
2,800 meters where it is replaced by Engel-
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mann Spruce (Picea engelmannii) and Bris-
tlecone Pine (Pinus aristata). These two
trees occur to an altitude of 3,500 meters,
which is the limit for any species of tree on
this mountain. This upper limit is known
as "tree line" but just below it the dwarf
and gnarled spruce and pine form a mat
of vegetation about 0.3 meters in height.
For the last 400 meters of the mountain
crest, above the tree line, there are no trees
but some very interesting plants do occur.

Thus Merriam found that San Francisco
Peak is characterized by four life zones—
three bands of almost pure stands of trees
and a treeless summit. There are also
unique smaller annuals and perennials for
each one of these four life zones. Thus, it
seemed highly probable that each life zone
represented a specific climatic zone and that
the important variable is temperature.

One can test the hypothesis of temper-
ature control by still another deduction. If
temperature is the limiting factor for the
altitudinal distribution of the plants on San
Francisco Peak, the species found at the
lower elevations should have a geographic
distribution more southerly than the species
found at higher elevations. Thus altitude
and latitude would be related.

Enough was known about plant distri-
bution in Merriam's time to test this deduc-
tion. The Western Yellow Pine extends
south into Mexico, occurring at higher alti-
tudes as one progresses south. Ranging
north, to southern Canada, it is found at
progressively lower altitudes. The other
species that are associated with the pon-
derosa forest have similar distributions.

If we compare the plant species of the
ponderosa forest with those that occur
above tree line, the difference is striking.
The plants of the treeless top of San Fran-
cisco Peak have their affinities with the
plants of the tundra that borders the Arctic
Ocean. This was indeed an astonishing
finding. Here in Arizona, with its blistering
hot and dry summers, is a vestige of the
frozen north. Nine of the species were
identical with those collected by the U.S.
Army officer and Arctic explorer, Adol-
phus Washington Greely, at Lady Franklin
Bay, which is just west of the northern tip
of Greenland and only a few hundred miles

from the North Pole. (Greely nearly lost
his life on this expedition; most in the party
did.)

Figuratively speaking, as one descends
San Francisco Peak one travels south from
the Arctic Ocean. The plants of the Engel-
mann Spruce zone are similar to those of
the northern half of the great coniferous
forest that extends across Canada just south
of the northern limit of trees. The species
of the Douglas Fir zone have their coun-
terparts in the southern half of this Cana-
dian coniferous forest.

There are other deductions that can be
made from our working hypothesis that
temperature is an important factor of the
environment controlling plant distribu-
tion. If this is so, we should expect, other
environmental factors being equal, that the
boundaries of the vegetational zones on
the south side of San Francisco Peak should
extend higher than on the north side (ask
your students why; the south side is not
that much farther south!) Merriam found
this to be so (Fig. 1). He found that "the
normal average difference in altitude of
the same zone on the southwest and north-
east sides of San Francisco Mountain is
about 275 meters (900 feet)."

Still another deduction would be that,
other controlling factors being equal, the
plants should occur at lower altitudes as
one moves north. This is true. Western
Yellow Pine occurs at altitudes from 1,500
to 2,100 meters in the southern part of its
range, at 750 to 1,800 meters in the center,
and at 150 to 1,800 meters in the north.

Many observations have been combined
to give this general rule for the approxi-
mate relation of altitude and temperature:
for each increase in altitude of 160 meters,
the temperature decreases 1°C; or for every
increase of 1,000 meters, a decrease of 6°C;
or for every 1,000 feet a decrease of 3.5°F.

Temperature is not, of course, the only
factor limiting the place where a species
lives. The Bristlecone Pine, apart from its
occurrence at the top of the tree zone on
San Francisco Peak, is found only on a few
isolated high mountain tops in California,
Colorado, Utah, Arizona, and Nevada at
elevations of 2,400 to 3,700 meters. It does
not extend to the Canadian tundra. Other
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factors must limit its distribution. It is
interesting to note that individuals of the
Bristlecone Pine are among the most long-
lived of all creatures. One tree named
"Methuselah" is 4,700 years old. It is
located in the Ancient Bristlecone Pine
Forest in the White Mountains of Califor-
nia.

Soils, another critical controller of places
where plants can live, vary greatly in mois-
ture content, humus, and minerals. The
nature of soil becomes especially important
if the land is to be used for agriculture.
There are many dramatic examples where,
other environmental factors being roughly
equal, the type of soil controls the distri-
bution and abundance of plant species. We
can hypothesize that, since the pressures
of evolutionary change result in species
being restricted to specific environments,
different soil types would be characterized
by different associations of plant species.

One dramatic test of this hypothesis is
to be found in areas where soil is formed
from the disintegration of serpentine rocks
(Kruckeberg, 1984a, 19846, in press). Such
soil tends to be deficient in calcium, sodium,
potassium, nitrogen, and molybdenum, all
of which are essential for the growth of
plants. In addition, chromium, nickel,
cobalt, and magnesium may approach toxic
concentrations.

In some localities there is a checker-
board pattern of serpentine and more nor-
mal soils. In such localities the differences
in plant life may be striking. Some serpen-
tine soils are nearly barren; on others the
plants are stunted or otherwise abnormal;
on still others are species that have evolved
an ability to live on soils that are deficient
in the elements listed.

One can test the hypothesis that defi-
ciencies of specific elements are the cause
of the growth differences of plants on ser-
pentine and nonserpentine soils by adding
the needed micronutrients as fertilizers.
When this is done, the plants develop nor-
mally.

So far as scientific procedures are con-
cerned, botanists did not start with the
hypothesis that differences in soils should
be reflected in differences in the species of
plants. Instead they noticed the abnormal
growth and unusual plant associations in

some areas. The attempt to find out "why"
led to the analysis of soils and the discovery
that the phenomenon is associated with
serpentine-derived soils.

Every aspect of the environment has its
influence on the life of organisms. Deserts
and well-watered habitats differ in the
species associated with them. The plants
on the wind-swept crests of the highest
mountains are usually bent and dwarfed.
Few species of higher plants find a home
in the oceans or in fresh water. Again, evo-
lution promotes the formation of special-
ists, each restricted to a specific environ-
ment. Every spot on earth has a variety of
these specialized environments with their
unique species and your students should be
encouraged to notice this phenomenon
where they themselves live. They need not
know the names of the species, merely how
those of one habitat compare with those of
another. Science is not something that is
always somewhere else.

General references to plant biogeogra-
phy and the factors limiting distribution
are: Abrams and Ferris (1940-1960),
*Daubenmire (1978), Edlin (1973), Eyre
(*1963, 1971), Gleason and Cronquist
(1964),*Good(1974),Hulten(1964),Jones
(1979), Kartesz and Kartesz (1980), Kell-
man (1980), Kruckeberg (1984a, 19846, in
press), Livingston and Schreve (1921),
McMinn and Maino (1974), Neill (1969),
*E. P. Odum (1971, ch. 5), Riley and Young
(1966), Stott (1981), and Tivy (1982).

Light: cue to climate

In the temperate and arctic regions, tem-
perature plays a controlling role in the life
of green plants. The annuals begin their
growth in spring and die as the winter's
cold returns. The perennials are dormant
during the winter and resume activity with
the warmth of spring. One might suspect,
therefore, that the slowly increasing tem-
peratures of spring are the cue to start a
new cycle of growth and reproduction.

Temperature is a cue but it is not the
only one. Temperature would be a reliable
indicator of the arrival of spring, and of a
safe time to become active, if it increased
at a nearly constant rate. This does not
happen. Winter and spring are often char-
acterized by alternating warm periods fol-
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lowed by freezes that are lethal to many
species of animals and plants. To be ade-
quate an environmental cue must be reli-
able—and that cannot be said for temper-
ature.

The possibility that light might have a
role other than providing energy was first
explored in a systematic way by two sci-
entists with the U.S. Department of Agri-
culture, Garner and Allard (1920). Their
investigations were not the result of idle
curiosity but a consequence of some puz-
zling observations that they and others had
made.

Years earlier they had observed the
strange case of a variety of tobacco known
as Maryland Mammoth, so called because
at the latitude of Washington, D.C. it grew
to a height of 10 to 15 feet. It never blos-
somed nor produced seeds under field con-
ditions. Seeds would be produced, how-
ever, if the plants were transferred to the
protection of a greenhouse in the autumn.
In addition, seeds planted in greenhouse
pots during the winter gave plants that pro-
duced seeds after reaching a height of 3
feet—hardly plants of mammoth propor-
tions.

Another observation was that of Mooers
(1908; see also Garner, Allard, and Fou-
bert, 1914). He published a paper on soy-
beans and, as an incidental observation,
noted that when soybeans were planted
throughout the summer months they
tended to blossom at about the same date,
regardless of the time of planting.

Garner and Allard (1920) repeated this
experiment. They planted seeds of the
Biloxi variety of soybeans at short intervals
from 9 April through 29 July and observed
that all bloomed in September. The 9 April
plants began to blossom on 4 September
and the 29 July plants on 29 September.
This was 148 days for the former and only
62 days for the latter. Furthermore soy-
beans grown in a greenhouse during the
winter "began to develop blossoms before
they had anything like a normal growth."
Why?

In seeking a solution of the problem as
to why the behavior of these plants is
radically different from the normal dur-
ing the fall and winter months one nat-

urally thinks of light and temperature as
possible factors. It was observed, how-
ever, that both the Mammoth tobacco
and the soybeans still showed the abnor-
mal behavior in the winter even when
the temperature in the greenhouse was
kept quite as high as prevails out of doors
during the summer months. This obser-
vation seemed to dispose of temperature
as a possible factor of importance in the
"winter effect." It is clear that the quan-
tity of solar radiation received by plants
is less in winter than in summer, for both
the number of hours of sunshine per day
and the intensity of light are reduced
during the winter months . . . . In the
investigation on oil formation in seeds a
number of experiments had been made
with soybeans to determine the effects
of light intensity on this process and,
incidentally, it was observed that in no
case was the date of blossoming mate-
rially affected by the intensity of the light.
It has been found, also, that partial shad-
ing was without decided effect on the
blossoming of the Mammoth tobacco. In
view of these experiences it hardly
seemed likely that the other primary fac-
tor controlling the maximum amount of
radiation received by the plant—namely,
the length of the daily exposure—could
be responsible for the effects in question.
Nevertheless, the simple expedient of
shortening artificially by a few hours the
length of the daily exposure to the sun
by use of a dark chamber was tried, and
some very striking results were obtained.
(Garner and Allard, 1920, pp. 557-558)

Thus their hypothesis was "that the rel-
ative length of the day is really a dominat-
ing factor in plant reproductive processes"
(Garner and Allard, 1920, p. 556). The
length of daylight varies considerably at
the latitude of Washington where these
experiments were done. On 21 June it is
about 15 hours; 21 September, 12 hours
and 14 minutes; 21 December, 9 hours and
19 minutes.

Garner and Allard used a large light-
tight chamber to control the hours the
plants were exposed to the sun. The exper-
imental plants were grown in pots and so
could be moved easily from open sunlight
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TABLE 3. Garner and Allard's experiments on Biloxi soybeans.

1.
2.
3.
4.

Planted

May 8-17
May 8-17
June 11-16
June 14

Experimental plants

Exposed to sun

10 AM-3 PM
9 AM-4 PM
6 AM-6 PM

daylight to 10 AM
and 2 PM to dark

First blossoms

June 16
June 15
July 14
Sept. 6

Average
height
(inches)

6-7
11

23-24
34-40

Controls

First blossoms

Sept. 4
Sept. 4
Sept. 8
Sept. 15

Average
height
(inches)

57-58
57-58
54-55
47-48

to the dark environment. Control plants
were left exposed to the sun. Table 3 sum-
marizes the data.

Those plants with an artificial day length
of five hours (10 AM to 3 PM) blossomed
in about a month but at a very small size,
being only six to seven inches in height.
The control group required nearly four
months to blossom and grew to 57 or 58
inches. The experimental plants given
seven and twelve hours of daylight also
flowered rapidly but they produced some-
what larger plants.

Clearly the length of day is important in
the relative duration of the vegetative
growth and the onset of reproduction in
the plant's life cycle. "The term photoperiod
is suggested to designate the favorable
length of day for each organism, and pho-
toperiodism is suggested to designate the
response of organisms to the relative length
of day and night" (Garner and Allard,
1920, p. 603).

The interpretation of the data has, up
to this point, emphasized day\engxh, that
is, the period each day that the plant
receives energy from the sun, as the critical
environmental influence. This is entirely
reasonable considering the absolutely
essential role of this energy source in the
life of green plants. The Mammoth tobacco
and the Biloxi soybeans grew vigorously on
a regimen of long days and did not blossom
until the days became short in the autumn
or were experimentally reduced in length.

But how can one account for Experiment
4 of Table 3 when the period of light was
broken by a period of darkness? The total
length of the daylight period was 11 hours
or less. Why did this way of reducing the
length of the light period prove ineffective

in inducing early flowering? This puzzle
proved to be a clue to a more accurate
explanation of photoperiodism.

At this stage in the analysis it would be
interesting to ask students if the data of
Table 3 can be explained by influences
other than day length.

The importance of light for plants is so
ingrained in our thinking that we tend to
overlook the fact that the length of the day
has a reciprocal relation to the length of
the night. Night and day are the earth's
Zero-Sum Game. Mammoth tobacco and
Biloxi soybeans are called "short day"
plants because they are stimulated to flower
normally by the shortening days of autumn.
They could be called "long night" plants
as well. Experiments 1 through 3 of Table
3 show that blooming is stimulated by days
of five to twelve hours or nights of twelve
to nineteen hours.

Your students should be able to suggest
experiments that could distinguish between
the controlling mechanism being day length
or night length.

In Experiment 4 of Table 3, the unbro-
ken length of night was the same for the
experimental plants and the controls—and
the two groups were much alike in the time
required to blossom and in the size reached.
This is an important bit of information.

An especially instructive series of ex-
periments by Hamner and Bonner (1938)
greatly extended our understanding of
photoperiodism. They worked with the
cocklebur Xanthium pennsylvanicum, which
blooms when the day length is less than
15.5 hours and the nights have a minimum
duration of 8.5 hours. If kept in light for
16 hours in a greenhouse it will grow vig-
orously but will not blossom.
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In a very large number of experiments,
Hamner and Bonner showed that the crit-
ical factor in photoperiodism was the
unbroken duration of the dark period. A
brief interruption of the light period, by
putting the plant in the dark, was without
effect. But in a most dramatic experiment,
they broke the dark period by a one minute
exposure to bright light. Whereas an
unbroken dark period of nine hours would
have resulted in blossoming, two dark
periods of 4.5 + 4.5 hours separated by
one minute of light produced only vege-
tative growth.

These and a host of other observations
have shown that the growth cycle of many
plants is dependent on the length of the
dark period. Unfortunately the literature
still uses the terms "long day" and "short
day" plants but the time has come to help
students by employing the terms "short
night" and "long night" plants. Mammoth
tobacco, Biloxi soybeans, poinsettia, chry-
santhemums, and many wildflowers that
blossom in spring and autumn are long
night plants. Radish, lettuce, potato, spin-
ach, other varieties of soybeans, and many
wildflowers that bloom in the summer
months are short night plants. Some plants,
such as dandelions and buckwheat, are said
to be neutral—they bloom throughout the
warmer months irrespective of the relative
lengths of day and night.

The ecological importance of the capac-
ity of a plant being able to recognize the
time of the year is obvious. With reason-
able accuracy, it must be able to recognize
"spring" as a safe time to begin growth. If
temperature was the only cue, a warm
period during the middle of the winter
could mean disaster if the plant ended dor-
mancy and responded by a renewal of active
growth. By responding to the relative
length of night and day, the plant has a
reliable cue to the time of the year.

As a practical application, commercial
flower growers are now able to induce
plants to flower out of season by regulating
the dark-light cycle. This greatly increases
their business and their customers' plea-
sure.

Much is now known about the cellular
mechanisms of photoperiodism. The length

of the day (and hence of the night) is
detected by a pigment, phytochrome, in
leaves.

Some recent references to photoperi-
odism are: *Devlin (1975, ch. 20), L. T.
Evans (1971, 1975), Hillman (1976), Ken-
drick and Frankland (1976), Leopold and
Kriedemann (1975), Mitrakos and Shrop-
shire (1972), F. B. Salisbury (1963, 1971),
F. B. Salisbury and Ross (1978), H. Smith
(1975), *Ting (1982, chs. 20-21), Vince-
Prue (1975), and Wareing and Smith
(1983).

Concluding remarks

The green plant way of life is character-
ized by an ability to build living substance
from simple inorganic compounds; to be
able to transform light into a form of energy
that can be used for life processes; by hav-
ing a minimal awareness of the environ-
ment, and usually a slow response to envi-
ronmental cues; and, except for the green
algae, being restricted to one spot.

But within these parameters the green
plants have responded to the forces of vari-
ation and natural selection by evolving
thousands of different species, each species
having an almost unique way of life—its
niche.

These sessile, mindless creatures are the
transducers of energy and the synthesizers
of the complex molecules essential for their
own lives as well as for all heterotrophic
life.

The animal way of life

Heterotrophy vs. autotrophy

All animals, fungi, some saprophytic and
parasitic higher plants such as the Indian
Pipe (Monotropa) and the Ground Cone
(Boschniakia), and most microorganisms are
totally dependent on organic carbon com-
pounds produced by photosynthetic
organisms and a few genera of chemosyn-
thetic microorganisms. These dependent
creatures are the heterotrophs. They
require organic carbon compounds as a
source of substance for their bodies and
energy for their metabolism.

The contrasting way of life, autotrophy,
is characteristic of the green plants and
some microorganisms such as the iron and
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TABLE 4.
isms.

The sources of the essential elements for organ-

Green plants

Oxygen (O)

Carbon (C)
Hydrogen (H)
Nitrogen (N)

Sulfur (S)
Calcium (Ca)
Phosphorus (P)

Chlorine (Cl)
Potassium (K)
Sodium (Na)
Magnesium

(Mg)
Iron (Fe)
Iodine (I)
Silicon (Si)
Manganese

(Mn)
Copper (Cu)
Zinc (Zn)
Fluorine (F)
Cobalt (Co)
Nickel (Ni)
Vanadium (V)
Chromium (Cr)
Molybdenum

(Mo)
Selenium (Se)
Arsenic (As)
Boron (B)

CO,, O,

CO,
H,O
NO,-,

NH4
+

so4
s-

Ca!+

HP6 4 «-
ci-
K+

Na+

Fes+

?
Mn!

Cu!+

MoO,'-

H8BO5-,
HBO,!-

Organisms, air,
water

Organisms
Organisms, water
Organisms

Organisms
Organisms, water
Organisms, water

Organisms, water
Organisms, water
Organisms, water
Organisms, water

Organisms, water
Organisms, water
Organisms, water
Organisms, water

Organisms, water
Organisms, water
Organisms, water
Organisms, water
Organisms, water
Organisms, water
Organisms, water
Organisms, water

Organisms, water
Organisms, water
Not required

sulfur bacteria (Thiobacillus, Gallionella,
Beggiatoa), the hydrogen bacteria (Hydro-
genomonas), and the nitrifying bacteria
(Nitrosomonas, Nitrosocystis, Nitrobacter).
These organisms transduce the energy of
light, or that made available by the oxi-
dation of inorganic molecules, for their
metabolism and they use carbon dioxide as
a carbon source for the synthesis of organic
compounds.

We might simplify matters somewhat by
saying that although both heterotrophs and
autotrophs must have organic compounds,
the autotrophs can make their own. The
substances required by green plants are no
more than carbon dioxide, oxygen, water,
and a few inorganic ions (Tables 1 and 4).
By contrast, the animal way of life is pos-
sible only if a very large and diverse num-
ber of organic molecules are available.

In the natural world, the autotrophs take
care of themselves, whereas the hetero-
trophs are obligate predators or parasites.
Certainly a heterotroph may be a predator
or parasite of another heterotroph but a
cycle of heterotroph eating heterotroph
cannot continue. Somewhere in the cycle
a heterotroph must get back to basics and
consume an autotroph.

Essential elements

We have already established that plants
require a variety of elements for their
growth and development. The same is true
for animals. The nine elements most abun-
dant in plants (Table 1) are among the 12
most abundant elements in animals (Table
4, where the elements are arranged in the
approximate order of their abundance, by
weight, in animals).

The list of elements required by animals
is longer than that required for plants. At
least 25 are now thought to be essential.
The first five on the list account for about
95 percent of the total. The first 11 account
for more than 99 percent. The classic mne-
monic device, "C. HOPKINS Cafe, mighty
good if taken with a grain of salt," includes
the first 13 (Cafe = Ca, Fe; mighty good =
Mg; Salt = Na, Cl). The remaining 12 are
required in exceedingly minute amounts.
Some are even toxic when present in more
than trace amounts. In addition, there are
data that suggest that tin and cadmium are
possible additions to the list of elements
essential for animals.

Some of the elements required in only
trace amounts in most animals play a
greater role in others. Silicon is the main
component of the spicules of some sponges
and the skeleton of the glass sponge. Vana-
dium is the essential metal in the blood of
tunicates. Surprisingly, it was discovered in
these lower chordates before analytical
procedures had been perfected enough to
detect vanadium in ocean water.

Table 4 emphasizes the very different
sources for the essential elements that are
required by autotrophs and heterotrophs.

Some useful references to the essential
elements for animals are: Ashmead (1982),
Bowen (1979), Bratter and Schramel
(1980), Fowden et al. (1981), Frieden
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(1972), *Mertz (1981), W. J. Miller and
Neathery(1977), Nickolas and Egan (1975),
and *Underwood (1977).

Energy

The heterotrophic way of life requires
specific organic molecules synthesized by
other organisms for growth and mainte-
nance. These same molecules also serve as
a source of energy.

Correlated with this absolute depen-
dence of heterotrophs on other forms of
life, we find a myriad of ways that hetero-
trophs can move in seach of food or bring
food to them. The terrestrial plants die
where they were born; most animals can
escape the bondage of immobility and go
where the food is. For example, during the
summer months one finds a great variety
and abundance of birds in the Arctic
regions. Nearly all are species that find
ample food in the summer but, when the
lean days of autumn arrive, migrate south.
The Arctic Tern (Sterna paradisaea)
migrates far to the south. It breeds in the
Arctic but in late summer starts its long
journey to the Antarctic seas where it
spends the southern summer.

Sessile animals, such as sponges and many
species of protozoans, coelenterates, mol-
lusks, and ascidians, must wait for food to
come to them or be able to create a current
of water by means of cilia or other devices.
That current of water carries food.
Whereas water can be moved, earth can-
not. It is not surpirsing, therefore, that
there are no land animals that are sessile
at all stages in their lives. Some are almost
so, such as scale insects. In their immature
stages they move to a source of food and
there remain, fixed for life. Many internal
parasites may remain in a specific site in a
host yet, at some stage in the life cycle such
as eggs or larvae, they must be able to get
from that specific site in one host to the
corresponding site of another.

There are some special habitats where
the photosynthetic autotrophs cannot exist,
such as caves and the sunless depths of the
ocean, yet heterotrophs occur there. In
caves with bats, the basic source of food is
bat excrement. This is the digested residue
of material from the outside world. There

is often a rich assortment of heterotrophs,
such as arthropods and nematodes, that
depend, ultimately, on this excrement.
Some caves have streams running through
them that carry food materials from the
autotrophic world to the obligate cave
dwellers. The ultimate source of food for
the heterotrophs of the abyssal zone of the
ocean is the garbage that rains down from
the lighted region above. In recent years
a different type of autotrophy has been dis-
covered in organisms of the hyperthermal
vents of the ocean floor—chemosynthetic
autotrophy (J. M. Edmond, 1983).

Other aspects of the energy require-
ments of organisms will be considered in
the section "Interactions within Commu-
nities."

A place to live

As is the case with green plants, every
species of animal has evolved as a specialist
for a specific way of life, its niche, in a
specific environment. Temperature and
moisture are important in determining the
geographic range of each species and every
combination of environmental tempera-
ture and moisture has its assembly of het-
erotrophs. Some environments are more
salubrious than others: the wet tropics show
a great abundance and diversity of species;
the polar regions show far less.

Considering the absolute dependence of
animals on green plants, it is not surprising
that the distribution and abundance of ani-
mals is often closely linked with that of
specific plants. Merriam (1890) observed
that some of the animals on San Francisco
Peak were restricted to definite plant asso-
ciations. Certainly he did not expect to find
isolated polar bears or musk ox on the small
arctic-like zone at the peak but he did
encounter the water pipit (Anthus spino-
letta), the main breeding area of which is
Greenland, Labrador, and west across Arc-
tic America. In the Spruce Zone he
observed many species of birds and a few
mammals that are typical of the Spruce
Zone that extends across northern Canada.
The Western Yellow Pine Zone at the lower
part of the mountain had species of birds
and mammals with more southern distri-
butions.
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Within the broad geographic area of its
distribution, a species will occur in a given
locality only if there are spots that provide
the conditions necessary for its life. The
panda is dependent upon bamboo for food;
the koala on a few species of eucalyptus.
The yucca moth carries out its life cycle in
yucca plants. Many species of insects require
a specific plant species for some stage in
their life cycle. As a consequence, the actual
distribution of a species will be in the form
of a checkerboard—occurring in patches
where the requirements for life are met
and being absent in the intervening areas.
Buchsbaum (1948, p. 157) mentions the
fascinating example of a nematode that
"has never been found anywhere except
on the felt mats on which Germans set their
mugs of beer."

The edge of the sea provides many fine
examples of restricted distributions. This
is a consequence of very great environ-
mental changes within a few vertical meters.
The ocean water itself is relatively constant
in chemical composition and temperature
(except for the intertidal zone). The move-
ments of the tides, however, lead to con-
siderable variations in the zone above the
low tide mark. Twice a day the water moves
inland to cover an area that may be large
or small, depending on the slope of the
shore.

Environmental conditions are drastically
different in this zone between high and low
tides depending on whether the tide is in
or out. When the tide is in, conditions are
more uniform except for the movement of
the waves. When the tide is out, the exposed
shore may be blistering hot in the summer
or freezing in the winter and, of course,
lacks ocean water.

The intertidal zone is the most stressful
environment for marine animals and plants
and is populated with its specific assembly
of species. Some hardy species exist in the
spray zone above the average high tide
level. Below that there is usually a series of
narrow zones, each with its characteristic
species. ConnelFs very interesting analysis
of zonation in barnacles will be discussed
in the section "Interactions among Organ-
isms." Some general references to zona-
tion along the shore are Allee and Schmidt

(1951, pp. 237-239), E. P. Odum (1971,
ch. 12), *Ricketts and Calvin (1968, ch.
14), Russell and Yonge (1936, ch. 2).
Other environmental controlling factors

The number of fascinating examples of
environmental influences on animals is
endless. The great synthetic ecological
monographs of the last generation, Allee
et al. (1949, sect. 2) and Andrewartha and
Birch (1954, sect. 2), analyze the environ-
ment and show how each major compo-
nent exerts its effect. A new synthesis by
Andrewartha and Birch (1984) will be
available shortly.

Rather than present first-year students
with a catalog of examples (we are not dis-
cussing a course in ecology), it should be
sufficient for you to give a few dramatic
examples, including some that are local.

The effects of light are diverse and some
of the more interesting examples are trig-
gered by the changes of night and day. The
young adults of the fruit fly, Drosophila
pseudoobscura, emerge from their pupal
cases at dawn. The gametes of the hydroid,
Pennaria tiarella, are shed at dusk. Yet the
light cycle does not exert total control; suit-
able temperatures are also necessary.

The moon may have its influence on
human lovers but it, most assuredly, has
effects on the palolo worm, Eunice viridis,
living in the ocean near Samoa.

All the year round it lives in holes and
crevices among rocks and coral growth
on the sea bottom. But true to the very
day, every year the worms come to the
surface of the sea in vast swarms for their
wedding dance. This occurs at dawn just
for two days in each of the months, Octo-
ber and November, the day before, and
the day on which the moon is in its last
quarter; the worms are most numerous
on the second day, when the surface of
the ocean appears covered with them
. . . . The natives are always ready for
the spawning swarms as they relish the
worms as food. They catch them by dip-
ping them up in special baskets . . . . The
worms are eaten either cooked and wrapt
up in bread-fruit leaves, or quite un-
dressed. (Russell and Yonge, 1936, pp.
250-251)
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The palolo worm of the Atlantic spawns in
a similar though less spectacular manner
(Clark and Hess, 1940).

Let your students try to list the trade-
offs of the mass spawning behavior of the
palolo worm during very short periods
compared to spawning by individuals at dif-
ferent times over a long breeding season.

It is now known that many of the regu-
larities of behavior shown by animals to the
time of day or of season are controlled by
"biological clocks" that, even in the absence
of the environmental cue that first "set"
them, continue to keep fairly accurate time.
Some references to this very active field of
animal cycles are: Aschoff (1965a, 19656,
1981), Ayensu and Whitfield (1982), Beck
(I960), Brady (1979), F. A. Brown, Has-
tings, and Palmer (1970), Bunning (1967),
Cloudsley-Thompson (1961), Farner
(1964), Finerty (1980), Reinberg and Smo-
lensky (1983), Richelle and Lejeune (1980),
and Saunders (1982).

A remarkable example of monitoring the
environment and reacting in a highly adap-
tive manner is provided by a small Pacific
coast fish, the grunion (Leuresthes tenuis).
The breeding behavior of grunions is pre-
cisely adjusted to tide and time.

Each lunar month has two spring tides
(above average high tides and lower than
average low tides). These occur when the
sun and the moon are on opposite sides of
the earth (full moon) and when sun and
moon are on the same side (dark of the
moon, new moon). The spring tides that
occur when the sun and moon are on the
same side are higher than when they are
in opposition.

The grunion spawns on the second, third,
and fourth nights after the full moon from
April through June. Males and females
come ashore in huge numbers about an
hour after the crest of the high tide and
struggle up the beach as far as possible.
The female actually works her body down
into the sand and deposits her eggs, which
the male fertilizes. Ten to 12 days later
another spring tide occurs, this one higher
since the moon and sun will be on the same
side of the earth. This very high tide washes
the eggs from the sand and the larvae hatch
and are carried down to the sea.

Ask your students to suggest what might
be the consequences of the grunion depos-
iting eggs in the sand one or two hours
before the full moon tide or during the
higher spring tides that come with the new
moon (it is important to remember here
that the eggs reach the hatching stage in
about 10 days). Your students might reach
the conclusion that the grunion really
knows what it is doing. For more on this
fascinating story see Thompson and
Thompson (1919) and Ricketts and Calvin
(1968).

All aspects of the environment influence
organisms to one degree or another. Some
of these ways will now be listed.

Food, oxygen, and water are essential for
nearly all animals. A few can live in almost
completely anaerobic environments, such
as the human intestine. Many desert organ-
isms obtain their water almost entirely from
metabolism, as in the basic reaction,

C6H12O6 + 6O2 - 6CO2 + 6H2O

All, however, require food, both for cel-
lular synthesis and energy. There is a three-
way division of animals on the basis of their
feeding habits: carnivores feed mainly on
animals; herbivores feed mainly on plants;
omnivores are catholic.

Water. Apart from being a substance
required for metabolic processes, water
plays a central ecological role. The major
habitats of the earth's crusts are based on
its presence (oceans, lakes, rivers) or near-
absence (land). Even in the watery domain,
the types of aquatic habitat (salty ocean or
less salty lakes, rivers, etc.) have controlling
roles in the sorts of organisms that can live
in each. On land, variations in the amount
of water (rain forests, temperate forests,
steppes, deserts) determine the organisms
that can survive. In fact, the major plant
associations, and therefore the types of ani-
mals, are determined mainly by the inter-
action of temperature and water.

Many animals have complex behaviors
connected with the search for and collec-
tion of food, oxygen, and water.

Temperature. All organisms are influ-
enced by environmental temperatures.
Most ectotherms (poikilotherms) can tol-
erate a range of about 10 to 30°C. As a
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rule, species found in more constant envi-
ronments (wet tropics, the oceans, large
lakes) have narrower ranges of tempera-
ture tolerance than those found in
environments characterized by large tem-
perature fluctuations. Within their tem-
perature tolerance ranges, most species
have a narrower range preferred for var-
ious activities. Temperature also influ-
ences the rate of metabolism of ecto-
therms. An approximate rule of thumb is
that there is a doubling of the rate of
metabolism for a temperature increase of
10°C.

Some ectotherms are able to maintain
an almost constant body temperature by
behavioral means. For example, some liz-
ards bask in the sun to achieve a specific
body temperature before they start to for-
age.

Birds and mammals have evolved means
of overcoming the problems of fluctuating
environmental temperatures by becoming
endotherms (homotherms). They take on
new problems: how to maintain body tem-
peratures when the environment is cold or
hot. Adjustment to cold can be solved by
hair, feathers, increasing metabolism,
migration, or seeking shelter. Adjustment
to high temperatures can be solved by
evaporation of water, devices for increas-
ing radiation and convection of heat, insu-
lation by hair and feathers, migration, or
shelters. Some animals can avoid extreme
cold by hibernation. In some cases they
lower their body temperatures and, so,
conserve energy. Or they may aestivate in
a cooler place and avoid excessive temper-
atures, especially at a time of the year when
food may be scarce.

Light. Sunlight is a source of energy for
warming the body and making vitamin D.
It makes vision possible. The relative dura-
tion of day and night, together with tem-
perature, is important in controlling
migration, breeding seasons, and changes
in plumage in birds and pelage of some
Arctic mammals.

Tides. The tides provide a special habitat,
the intertidal zone, and twice daily flush
out tide pools. Together with the light of
the moon and sun, they determine the
breeding season for many organisms. Ask

your students how one might distinguish
between the effects of tides and moonlight,
since they are related, as was described for
the palolo worms. Possibly they will hit
upon the notion of placing the organisms
in floating containers, etc.

Sound. Sound, coupled with the ability
to hear, is important in communication and
detection of other organisms. It permits
better interactions among organisms of the
same species, defines the home territory,
and may help predators locate prey and
help prey avoid predators. In human soci-
ety sound has become one of the main fea-
tures of civilization.

Wind. The movement of air has an
important role in the dispersal of some
organisms. Dry air, especially when mov-
ing, has an important effect on terrestrial
animals: those without an effective outer
covering are at risk of losing so much water
that they die, as is the case of earthworms
that leave their burrows during a rain and
later dry out on the pavement.

Chemical substances. Chemical substances,
detected by chemosensors such as organs
of taste and smell, may be used to locate
mates, keep a family group together, locate
food, avoid predators, locate prey, or define
a territory.

Other organisms. Here we have an almost
infinite list of possible interrelations. In
species with males and females a member
of the opposite sex is required for repro-
duction. Even among hermaphroditic
species it is not unusual for there to be an
exchange of gametes between two individ-
uals. Individuals of the same species may
form family or larger groups that offer pro-
tection from predators, increase hunting
success, and increase the chance for sur-
vival of offspring. In some species (social
insects, ourselves) a complex society has
evolved that allows a division of labor.
Interrelations with other species include
being predator or prey, host or parasite,
as well as associations for mutual benefit.

For general treatments of how the com-
ponents of the environment influence
organisms see Allee et al. (1949), Andre-
wartha and Birch (1954, 1984), Krebs
(1978), E. P. Odum (1971), Ricklefs (1979),
and R. L. Smith (1966). For the physiolog-
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ical aspects see Gordon (1982), R. W. Hill
(1976), Hoar (1983), Prosser (1973), and
Schmidt-Nielsen (1983).

Concluding remarks

Some of the current hypotheses for the
origin of life hold that the first self-repli-
cating "things" did so in an environment
rich in organic molecules—swimming in
their food, so to speak. It could hardly have
been otherwise: there are no known sci-
entific processes that could have formed
an autotroph in a single step. Thus, a rea-
sonable hypothesis is that the first forms
of life were molecular heterotrophs.

The animal way of life is characterized
by a dependence on autotrophic organ-
isms, mainly green plants, for complex
organic compounds. In addition there is a
requirement for oxygen (usually) and
somewhat more than a dozen mineral ele-
ments that can be satisfied from inorganic
sources. Since the animal way of life is
dependent on organic food, it is not sur-
prising that special behavioral mechanisms
have evolved that enable the animal to
obtain that food: either the animal can
move in search of food or, if sessile, has
mechanisms to move the food toward it.
The ability to obtain food almost always
requires a nervous system and special sense
organs. Animals usually must be active if
they are to live.

Thus the animal way of life is that of
dependent, motile, sentient organisms or,
we might say, of active, brainy, parasites.

Interaction among organisms

If the first self-replicating "things" in that
hypothetical primal sea had possessed an
error-proof system of replication, they
would have ceased to exist when their sub-
strates had been consumed. But self-rep-
lication today, and presumably in the past,
is subject to error. These errors are muta-
tions, which are the basis of evolutionary
change and, hence, the basis of the species'
ability to adjust more closely with its envi-
ronment.

Errors in the replication of the genetic
code are the basis of the organic diversity

that has been a feature of life through the
ages. To this propensity for error we must
add that, unless restrained in some man-
ner, organisms continue to replicate until
the supply of materials they require has
been exhausted.

Competitive exclusion

The twin forces of genetic variation and
the capacity of organisms to increase their
population size insure that Darwinian Nat-
ural Selection will permit survival of
organisms that have evolved a new way of
living, that is, have evolved a new niche. A
way of life requires three main compo-
nents: a suitable place to live, including the
climate and other organisms; a suitable
source of chemical substances (food); and
a usable source of energy (food, light).

It appears that every species of organism
has its unique niche. To be sure, there may
be considerable overlap of niches, espe-
cially of closely related species. But the
argument is that if two species had exactly
the same way of life, one of them must be
slightly better than the other and so over
time would out-breed, out-fight, or out-eat
the other and so prevail.

Time and time again, when it has
appeared that two species have identical
niches, careful analysis has shown this not
to be so (E. P. Odum, 1971, pp. 213-220).
One of the famous cases is that given by
Lack (1945) who studied two species of cor-
morant in England. The two are so much
alike that it takes an experienced orni-
thologist to distinguish them in the field.
"Both species nest on cliffs overlooking the
sea, and both feed by swimming under the
water for fish." On those same cliffs, how-
ever, Phalacrocorax carbo prefers to nest on
flat ledges and P. aristotelis in holes or under
rocks. The feeding habits are markedly dif-
ferent. P. carbo feeds in harbors and estu-
aries and the main food is flatfish, prawns,
and shrimp. P. aristotelis feeds out at sea;
its main food is sand eels. Thus the two
species partition the environment for their
breeding sites, the places where they search
for food, and the food they eat. Thus the
possibility of competition between them is
greatly reduced.

Many studies of pairs of species that
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appear to have identical niches have
revealed that they do not. The working
hypothesis of most ecologists is, therefore,
that "no two species can occupy identical
niches." This is commonly known as
"Gause's Principle" but as Hardin (1960)
points out, the idea precedes Gause and
was never expressed by him. Hardin pre-
fers the term "competitive exclusion prin-
ciple" meaning that "complete competi-
tors cannot exist" (but see Gause, 1934a,
19346, and 1936).

The competitive exclusion principle is so
completely accepted, that if a study reveals
two species appearing to occupy the same
niche it is suspected that the study is incom-
plete and that further investigations will
uncover differences in habitat, behavior,
or food. However, it is assumed that two
species can coexist if there is as much as a
slight divergence between their niches.

Nevertheless, it must be admitted that
differences sufficient to permit coexistence
often seem trivial from a human perspec-
tive. Those two species of cormorant may
feed on different fish in different localities
but they are, after all, both fish-eating het-
erotrophs. The flatfish eaten by P. carbo
and the sand eels eaten by P. aristotelis both
end up as the same end products of diges-
tion: amino acids, fatty acids, glycerol, etc.

Cycles of substance

One may ask the question, therefore, how
it is possible for the heterotrophic way of
life to have existed for at least three billion
years, demanding as it does a large and
diverse source of molecules? Surely in that
long period the supply of substances would
have been exhausted. There are three
closely related answers: individual death,
biospheric cycling, and the evolution of a
variety of niches in which the waste prod-
ucts of one way of life are the resources of
another.

Somatic death returns to the environ-
ment the substances that the organism
acquired during life. An organism does no
more than borrow molecules from the
environment, rearrange them for its own
use, and finally return them to the store-
house of the earth's crust (Genesis III, 19
and Ecclesiastes III, 20 put it much better).

Philosophers, theologians, and lesser
mortals have long speculated on the mean-
ing of death. It would be interesting to ask
your students for their thoughts on this
matter. Their answers should provide a
good opportunity to contrast different
kinds of explanations: philosophical, reli-
gious, poetic, scientific. The biologists'
explanation is that those species with sex-
ual reproduction and individual death have,
in the long run, proved to be more suc-
cessful. This success is due presumably to
the genetic recombination that occurs in
sexual reproduction. This provides a huge
array of genotypes that have allowed evo-
lution to perfect organisms for every con-
ceivable niche. Death removes some
organisms to make room for the new
experiments in living.

The cycles of substance and energy in
which the many different ways of life com-
plement and supplement one another in
ways that result in a near constancy of life
and non-life on the surface of the earth
will now be discussed.

Chemical cycles: C, H, 0. The internal met-
abolic reactions of autotrophs and hetero-
trophs are not the concern of ecology but
what goes in and what comes out is much
of what ecology is all about. The many
reactions involved in the production of car-
bohydrate, such as glucose, by green plants
in light and its complete utilization by plants
in the dark and by animals can be reduced
to these simple equations:

Green plants in light—
6CO2 + 6H2O + energy -> C6H12O6 + 6O2

Plants in darkness and animals—
C6H12O6 + 6O2 - 6H2O + 6CO2 + energy

The energy made available is 686 kilocal-
ories per mole of glucose.

Thus for the production of carbohy-
drate by plants and its utilization by ani-
mals, the chemical substances that enter
and leave are balanced. Similar reactions
apply to fats and other nutrients.

For the cycles of carbon, oxygen, and
hydrogen see Bolin (1970), Botkin (1977),
Buswell and Rodenbush (1956), Cloud and
Gibor (1970), C. S. Fox (1952), Penman
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(1970), U.S. National Commission for the
International Biological Program (1975),
and Woodwell and Pecan (1973).

Chemical cycles: nitrogen. The story for
proteins, nucleic acids, and those mole-
cules composed of other than C, H, and O
is more complex. Nitrogen leaves the bod-
ies of living animals as part of the waste
product molecules of urea, uric acid, and
ammonia. When animals and plants die
their nitrogen is present as parts of their
molecules of protein, nucleic acid, etc. All
of these nitrogen compounds are valuable
substances to some kind of scavangers,
mainly microorganisms. They use the com-
pounds for energy and synthesis, and even-
tually convert them to ammonia (NH3) or
ammonium ions (NH4

+). Both of these
nitrogen molecules can be taken up by the
roots of green plants and used for the syn-
thesis of proteins etc.

Both NH3 and NH4
+ still contain energy

and some genera of soil bacteria are able
to use these molecules in their chemosyn-
thetic lives. Nitrosomonas converts them to
nitrite (NO2~) in reactions that produce 65
kilocalories per mole of ammonia. Nitro-
bacteria is able to squeeze out another 17
kilocalories when it converts nitrite (NO2~)
to nitrate (NOS~). Green plants use nitrate
as the preferred source of nitrogen. Nitrite
is highly toxic to plants.

The nitrogen cycle is made more com-
plicated by one group of microorganisms
that converts the more complex nitrogen
molecules to nitrogen gas, the denitrifying
bacteria, and another group that converts
nitrogen gas to complex nitrogen mole-
cules, the nitrogen-fixing bacteria.

Pseudomonas denitrijicans is one of the
denitrifying bacteria that can extract large
amounts of energy by converting nitrite
and nitrate to elemental nitrogen. This
seemingly counterproductive activity is, in
fact, a vital part of the whole mechanism
that keeps nitrogen available for green
plants, and so indirectly for all of us depen-
dent heterotrophs (Delwiche, 1970).

In contrast are the nitrogen-fixing bac-
teria, such as Rhizobium, Azotobacter, Kleb-
siella, and Spirillum, which use atmospheric
nitrogen for synthesizing complex organic
molecules.

Since the breakdown of nitrogen com-
pounds to free nitrogen releases large
amounts of energy, it will be necessary that
an equal amount of energy be available to
Rhizobium and other nitrogen fixing organ-
isms if they are to use nitrogen for the
synthesis of organic compounds. The
energy is obtained in a fundamentally
important manner from a host plant with
which Rhizobium becomes associated.

Rhizobium invades and forms nodules on
the roots of various species of legumes such
as beans, peas, clover, and alfalfa. In these
nodules the Rhizobium produces an enzyme,
nitrogenase, which catalyzes the conver-
sion of nitrogen gas to ammonia, a form
that can be used by both the bacterium and
the host plant. The legume, in a real sense,
has a resident nitrogen fertilizer factory in
its nodules. The nodules also contain a
hemoglobin-like compound known as leg-
hemoglobin that is able to bind oxygen and
protect nitrogenase, which is sensitive to
oxygen. The host and symbiont appear to
cooperate in forming this molecule; the
globulin part of the leghemoglobin is pro-
duced by the legume and the heme by Rhi-
zobium.

Two of the micronutrients, molybde-
num and cobalt, are essential for the Rhi-
zobium-legume cooperative effort. Molyb-
denum is part of the nitrogenase molecule.

The association of Rhizobium with a
legume is an example of symbiosis, the close
association of two different species—in this
case for mutual benefit. The host plant
provides Rhizobium with energy, a source
of molecules, and a place to live. The Rhi-
zobium in turn provides the host plant with
a substance often in short supply—nitro-
gen in a usable form.

Long before the \egume-Rhizobium rela-
tionship was discovered, observant farmers
had found that, whereas most crops
decrease the fertility of soil, clover and
other legumes actually increase it. It there-
fore became common practice to rotate
crops by sowing wheat or other crops for
several years and then planting legumes for
one year.

The lightning of an electrical storm can
also convert atmospheric nitrogen to
ammonia and other molecules. This pro-
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cess accounts for about four percent of the
nitrogen fixed naturally (Ehrlich, Ehrlich,
and Holdren, 1977, p. 76).

For information on the nitrogen cycle
see M. Alexander (1984), Burns and Hardy
(1975), Burris (1978), Delwiche (1970), H.
J. Evans (1956), Henry (1966), Hubbell
(1981), Minchen and Pate (1973), Nutman
(1976), Quispel (1974), Stewart (1966,
1967), Stewart and Rosswall (1982),
Streicher and Valentine (1973), and U.S.
National Committee for IUBS (1969).

Chemical cycles: micronutrients. The other
elements necessary for living organisms also
cycle between the living and non-living sec-
tors of the environment. When organisms
die the sulfur and phosphorus, so necessary
for proteins and some other cellular mol-
ecules, pass to the bodies of the organisms
of decay. In time they are liberated in the
soil where they are absorbed by plants and
rebuilt into organic compounds. Animals
obtain these elements mainly from plants
and to a limited degree as inorganic mol-
ecules dissolved in water.

Some references to cycles other than car-
bon, oxygen, hydrogen, and nitrogen are
Bormann and Likens (1967), Deevey
(1970), Duvigneaud and Denaeyer-de Smet
(1975), Garrells, Mackenzie, and Hunt
(1975), Higinbotham (1973), Kellogg etal.
(1972), Maclntyre (1970), Missouri Botan-
ical Garden (1975), and Reichle (1975).

For general discussions of the cycles of
substance the following, or any textbook
of ecology, can be consulted. Barbour,
Burk, and Pitts (1970, chs. 11-12), Deevey
(1970), * Ehrlich, Ehrlich, and Holdren
(1977, chs. 2-3), Garrels, Mackenzie, and
Hunt (1975), Hutchinson (1970), Institute
of Ecology (1972), Lieth and Whittaker
(1975), B. Mason (1966), *E. P. Odum
(1971, ch. 4; 1975, ch. 4), Ricklefs (1979),
ch. 42), U.S. National Committee for the
International Biological Program (1975),
and Whittaker (1975, chs. 5-6).

The flow of energy to a sink of heat

In the interactions that occur among the
major trophic groups of organisms, none
impose greater restraints than the Second
Law of Thermodynamics. When energy
flows from one physical system to another,

or from one species to another, some is
always lost as heat. The remainder can do
mechanical, chemical, or other sorts of
work. All of the energy captured by pho-
tosynthesis eventually returns to the envi-
ronment as heat but, before it does, a slight
fraction will have been devoted to the work
of living.

Were the earth a closed system ther-
modynamically, that is with no energy
entering or leaving, its complex molecular
structures—mainly those associated with
life—would slowly break down to very sim-
ple chemical substances. Life would end.
But the earth is an open system and the
constant inflow of energy from the sun per-
mits the synthesis and maintenance of com-
plex molecules.

Organisms must obey the same laws of
nature that apply to other assemblages of
matter, so the manner in which the Second
Law impinges on life can be illustrated by
a mechanical analogy. When fuel is burned
in a steam engine that will perform
mechanical work only about 30 percent of
the energy in the fuel is converted to
mechanical energy. The rest is lost as heat.

You may wish to have your students con-
sider a theoretical Rube Goldberg contriv-
ance using fossil fuel to power a steam
engine that will run a generator, which will
produce electricity, which will heat water,
which as steam will power a second steam
engine, etc., etc. They will soon discover
how rapidly the system loses the ability to
do useful work. This is not a consequence
of inept engineers but the inability of
energy to be moved from one machine to
another without a fraction, and often a
large fraction, of the energy being con-
verted to heat. For most purposes the heat
will be a waste product.

The efficiency of a modern automobile
gasoline engine is about 30 percent. The
final efficiency when the engine gets all
those gears and wheels moving is about 15
percent. If we consider the energy required
to obtain crude oil, refine the oil, and trans-
port it, only about five percent of the energy
in the crude oil is used to move the auto-
mobile along the highway (E. Cook, 1976).

The same principles apply when one
organism consumes another, but for the
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most part organisms are less efficient. We
saw earlier that green plants utilize only
one percent or less of the light energy that
reaches them. They are the lowest trophic
level, that of producers. The herbivores
that feed on the plants are the next higher
trophic level, that of the primary con-
sumers. The carnivores that feed on the
herbivores are secondary consumers. And
the secondary consumers might be con-
sumed by tertiary consumers, and so on.

One of the most important restraints for
all consumers is that, as food energy moves
from one trophic level to another, only
about 10 to 20 percent will be used to pro-
duce the organisms of the next higher
trophic level. As Ehrlich, Ehrlich, and Hol-
dren (1977, p. 131) put it, "it might take
roughly 10,000 pounds of grain to produce
1,000 pounds of cattle, which in turn could
be used to produce 100 pounds of human
beings." That is a sobering fact.

Schaller (1972, p. 460) quotes H. Hen-
drichs' estimates for the numbers of mam-
malian herbivores and carnivores in the
Serengeti National Park of Tanzania.
There were 1,740,500 individuals of 12
prey species (zebra, giraffe, buffalo, and
gnu) compared with 28,250 individuals of
predators (lion, leopard, cheetah, and four
canines). Thus there were 62 prey individ-
uals for each predator. Since the prey
species average larger than the predator
species, the differences in biomass is even
greater. We might estimate 100 kilograms
of prey for each kilogram of predator.
These differences reflect the Second Law
constraints on the transfer of energy
between species of different trophic levels.

Your students might be asked, on the
basis of this information, what should be
the policy for the Minister of Agriculture
of a Third World country with limited
capabilites for producing food and a deficit
trade balance.

See Ehrlich, Ehrlich, and Holdren (1977,
pp. 128-135), Gates (1971, 1980), Gosz,
Holmes, and Likens (1978), Lindeman
(1942—the seminal paper), E. P. Odum
(1971, ch. 3; 1975, ch. 3), Oort (1970),
Pimm (1982), Putnam and Wratten (1984,
ch. 3), Ricklefs (1979, ch. 41), *Whittaker
(1975, ch. 5), and *Woodwell (1970).

The cyclic balance of substance and the
flow of energy in the biosphere are natural
phenomena of intricate beauty. They are
both prerequisite to and expressed in pat-
terns of life. With apologies to John Donne
we must say that, even for the autotrophs,
"no species is an island, entire of it self."

There are innumerable types of inter-
action among organisms. We will consider
several examples.

Mycorrhizae

One of the most important of all inter-
relations between different sorts of organ-
isms has remained unemphasized and
unappreciated until recently. It is the sym-
biotic relationship between various species
of fungi and virtually all gymnosperms and
angiosperms that results in the formation
of mycorrhizae. The word means "fungus
root." It is becoming increasingly evident
that mycorrhizae are necessary for the life
of nearly all species of higher plants.

The discovery of the importance of
mycorrhizae for plant growth has many
features in common with the discovery of
the essential micronutrients. In both cases
something goes wrong in an experiment
and it becomes important to learn why. In
science when something "goes wrong" it
often means that the experiment one
believes is being performed is not—by
oversight or by accident a slightly different
experiment is underway. More often than
not a bungled experiment provides no use-
ful information; yet sometimes it does—as
was the case when Alexander Fleming dis-
covered the antibiotic action of Penicillium
when that mold appeared as an accidental
contaminant in some cultures of Staphylo-
coccus.

Consider the following case of some-
thing that went wrong (Vozzo and Hacs-
kaylo, 1971; Hacskaylo, 1972). At least as
early as the 1920s, efforts were made to
grow pine trees in Puerto Rico. Many
species were tried and even some hybrids,
in the belief that they would be more hardy.
Germination was splendid but after the
seedlings reached a height of a few inches
they became chlorotic—a sign that the
plants were not getting enough minerals.
The syndrome suggested, most strongly,
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that the problem was lack of phosphorus.
This in itself was surprising because pines
are known to be able to flourish on land
poor in essential minerals.

Nevertheless, the problem should have
been easy to solve—add superphosphate
fertilizer. That was done but to no avail;
the seedlings never grew more than a sickly
few inches and usually had but a few needles
at the tip of their stick-like trunks.

During those years, reports were appear-
ing about the fungi that invaded the roots
of some trees, including pines, and pro-
duced a mat-like growth that surrounded
the roots and invaded the roots them-
selves—the root and fungus together being
the mycorrhiza. Since most fungi produce
a disease when they invade plants, it was
assumed at first that the mycorrhizae must
be pathological growths. But as more and
more observations were made, there was
clear evidence that mycorrhizae were
"good." The hypothesis was developed that
somehow they helped the pine trees grow-
ing in soils deficient in nutrients.

Would mycorrhizae help those chlorotic
pine seedlings in Puerto Rico? A crude first
experiment might be to mix some soil from
a place were the pine trees grew normally
with the soil in the Puerto Rico nursery.
Such soil was obtained from under mature
pine trees growing near Bent Creek, North
Carolina and shipped to Puerto Rico.

The experimental plants consisted of 64
scrawny seedlings that were one year old.
Soil from North Carolina was added to the
soil of half of the seedlings. The other
seedlings were kept as controls. One year
later the roots of the plants that received
the North Carolina soil were found to be
covered with mycorrhizae and the largest
pine was 1.5 meters in height. Most of the
controls were dead. In another experiment
lasting three years pine seedlings without
mycorrhizae grew no more than one foot
and had few needles whereas those with
mycorrhizae reached eight feet and were
fully-needled trees.

By the 1970s it was known that the
importance of mycorrhizae extended far
beyond pines and other conifers growing
on poor soil. It appeared that they might
be essential for virtually all higher plants.

There are no species of mycorrhizae.
Mycorrhizae are structures formed by
associations of fungi and the host plants.
Some of the common genera of the fungal
portion of the symbiont are Russula, Tuber,
Amanita, Suillus, and Rhizopogon. If some of
those generic names sound familiar, they
should. They are of some of the famous
and infamous mushrooms. Tuber includes
the truffles—the gourmet's delight. Both
the Death Cap and the Destroying Angel
belong to the genus Amanita and their com-
mon names suggest what they do. These
fungi consist of an extensive network, the
mycelium, that permeates the soil and
forms mycorrhizal growths on the root of
specific kinds of plants. At certain seasons
of the year the mycelium sends up fruiting
bodies and these are "mushrooms."

There is a lot going on in soil that we
never see. One of the more dramatic
experiments showing the role of the
mycorrhizal fungi was done by Bjorkman
(1960). He introduced radioactive phos-
phate and carbon into spruce trees and
found that the tagged molecules appeared
in some Monotropa (Indian pipes) growing
under the trees. Bjorkman concluded that
the radioactive molecules had moved from
the spruce trees through the mycorrhizae
to the Monotropa.

The mycorrhizae are divided into three
main groups.

1. In the ectomycorrhizae the hyphae of
the fungus extend among the root cells of
the host plant but do not enter them. Spores
of the fungus are widely distributed in the
soil and are stimulated to germinate by spe-
cial secretions of the host-to-be. They
secrete an enzyme that aids in penetrating
the root. The ingrowth of the fungal
hyphae alters the morphology of the root.
For example, the root hairs are much
reduced as the hyphae begin to assume
their function. The fungi involved in this
group are those with fruiting bodies above
ground—the mushrooms. The mush-
rooms do not form unless the fungus makes
contact with an appropriate species of host
plant. Some of the hosts involved are pine,
oak, beech, walnut, and hickory. The ecto-
mycorrhizal fungi are absent from large
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areas of the world. That was the problem
in Puerto Rico, as it is in Australia where
similar problems were encountered in
establishing pine tree farms.

2. The endomycorrhizae, unlike the
ectomycorrhizae, produce spores under-
ground and, as their name implies, the
hyphae of the fungus actually enter the
root cells. Most of the symbiotic associa-
tions are of this type. Nearly all of the
angiosperms, including our agricultural
plants (all cereals, legumes, fruit trees,
tomatoes, cotton, etc.) have mycorrhizae
of this sort, as do many of the conifers.

3. The ectendomycorrhizae send their
hyphae between, as well as into, root cells.
They are rare and their role is not well
understood.

This association of fungus and green
plant is a symbiotic interaction of a het-
erotroph with an autotroph. The green
plant supplies food to the fungus. The
mycelium of the fungus ramifies through
the soil and assists the plant in obtaining
phosphate and other salts, and indirectly
influences water uptake and synthesis of
plant growth hormones. According to
Moore-Landecker (1982, p. 496) "Proba-
bly all soils but the most fertile agricultural
soils are somewhat deficient in nutrients,
which makes ectomycorrhizal formation
obligate for most plants in woodlands." The
fungus extends the plant's root system and
even connects plants with one another to
allow exchanges of materials (the spruce—
Monotropa experiment). The mycorrhizal
mat on the roots seems also to prevent some
pathogens from entering.

This extraordinary symbiosis is not only
critical for the participants but, quite lit-
erally, is essential for the life of terrestrial
heterotrophs as well. It is hard for a phe-
nomenon to be more important than that.

Useful references are Bjorkman (1960),
Cooke (1979), Gianinazzi-Pearson and
Gianinazzi (1981), *Hacskaylo (1972),
Harley (1960, 1968), Harley and Russell
(1979), Harley and Smith (1983), Lincoff
(1981), Lindeberg (1981), Mallach, Piro-
zynski, and Raven (1980), Moore-Lan-
decker (1982, pp. 493-501), Rayner (1927),
*Ruehle and Mark (1979), St. John and
Coleman (1983), Sanders, Mosse, and

Tinker (1975), Went and Stark (1968), and
Wilde (1968).

Symbiosis of reef corals and algae

The tropical seas are usually a nutrient-
poor environment with the main deficien-
cies being usable phosphate and nitrogen.
In part this is a consequence of the fact
that supplies of these substances are mainly
in the bodies of organisms and, when the
substances are released by death and decay,
they are rapidly consumed by the phyto-
plankton, which in turn are consumed by
zooplankton, which in turn are consumed
by larger heterotrophs.

Species tend to increase in population
size unless checked in some manner. In the
warm tropical seas with year-round light,
organisms remain active—there is no win-
ter to induce dormancy or death. Life
appears to expand to the limit set by
resource availability—to be always on the
verge of starvation. In the nutrient-defi-
cient tropical seas, evolutionary pressures
have promoted the symbiotic associations
of heterotrophs with autotrophs. The com-
bination can carry out an internal cycling
of many of the essential molecules.

One of the most spectacular of these
symbiotic associations is that of reef corals
and dinoflagellates (green algae) of the
genus Gymnodinium. In fact, together they
are responsible for the most stupendous of
all productions of life—the coral reefs. A
climax is reached with the Great Barrier
Reef, which extends for more than 2,000
kilometers (1,200 miles) along the east coast
of Australia. It is said to be the only prod-
uct of living organisms that can be seen
from outer space. No human monuments
or cities are visible from so far away.

The dinoflagellate invades a coral polyp
and becomes situated in the endoderm.
There it carries on photosynthesis. It sup-
plies itself and, to a considerable degree,
the polyp with organic molecules and dur-
ing the day with oxygen. The coral polyp
contributes carbon dioxide, nitrogen
wastes, and a place for the alga to live. Salts
and water pass through the cells of the
polyp to the alga. The polyps, although
sessile, can move their tentacles and with
these can capture zooplankton, which con-
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tribute to the supply of nitrogen com-
pounds required by both polyps and dino-
flagellates.

Many of the details of this symbiotic
association are still unknown but its long
duration (the association of coral and algae
goes back at least to the Triassic and pos-
sibly to the Ordovician) and the fact that
it is so productive suggests that the algal-
coral combination is a more efficient way
of living than is either life alone.

It would be interesting to have your class
predict what might be the yearly cycle of
abundance for phytoplankton and zoo-
plankton in the oceans at high latitudes
where the amount of light available in the
winter months is insufficient for more than
minimal growth of phytoplankton. See
Russell and Yonge (1936, pp. 243-250) or,
for the same phenomenon in large north-
ern lakes, E. P. Odum (1971, p. 307-303).

The literature may be approached with
Muscatine (1973), Muscatine anfd Porter
(1977), D. L. Taylor (1983), Trench (1979),
and Yonge (1930, 1958, 1968).

There are similar symbiotic associations
between the giant clam Tridacna and the
alga Symbiodinium and between an alga and
the marine flatworm Convoluta.

Lichens

Another symbiotic association that has
been most successful in a difficult environ-
ment is that of the ]ich.ens, which is a com-
bination of fungus and algal cells. Lichens
are usually found where other plants can-
not grow, such as on the trunks of trees,
on bare rocks, and in the almost lifeless
regions of high mountains. Most of Ant-
arctica's plant species are lichens. About
20,000 species have been described world-
wide but the whole question of "what is a
species?" in lichens is made difficult because
two very different organisms are involved.
Thus a species of alga and a species of fun-
gus combine to make a species of lichen!

The lichen is successful in allowing life
in a habitat that is noj: acceptable for either
alga or fungus alone. This is one more
example of the pressures of evolution tend-
ing to develop some form of life that can
occupy every conceivable habitat. Lichens
play an important role for other plants.
Once they are established on a bare rock,
soil may accumulate near them. In time,

the site becomes suitable for other types of
plants such as mosses, which overgrow and
kill the lichens.

Although the fungus-algal association is
usually cited as a mutually advantageous
arrangement, the fungus seems to make
the lesser contribution. To be sure it sup-
plies a place to live for the alga. The food
of the fungus, including vitamins, is pro-
vided by the alga. Thus, it seems to some
that the fungus should be regarded as a
parasite. Ahmadjian and Jacobs (1983)
write "It seems paradoxical that a parasitic
relationship can be so successful. A lichen
is an example of two different organisms,
alga and fungus, that have evolved a suc-
cessful strategy for survival."

This raises an interesting scientific point.
The very fact that the lichen finds a place
to live that is generally impossible for either
of its component species suggests that the
association is effective and that future stud-
ies will provide more evidence of mutual
cooperation rather than parasitism.

For further information see Ahmadjian
(1967, 1982), Ahmadjian and Hale (1973),
Ahmadjian and Jacobs (1983), Hale (1974),
Moore-Landecker (1982, pp. 484-492),
Seward (1977), and A. L. Smith (1975). For
additional examples of symbiosis of algae
with other organisms see Goff (1983).

Tolerant as they are of harsh conditions,
lichens have not adapted to the modern
technological world. They are so suscep-
tible to sulfur dioxide and hydrogen fluo-
ride that they can be used as a very sensitive
test for air pollution. See Ferry et al. (1973)
and Hawksworth and Rose (1976). Show-
man (1975) recorded the elimination of
lichens near a coal-fired generating plant
and later (1981) studied the recolonization
after the pollution levels were lowered. If
your university is in an urban setting, it
would be interesting for your students to
see how far they must go from the campus
to find natural areas where the rocks have
good growths of lichens. Don't check the
roadsides only—automobiles pollute also!

Molybedenum and clover; copper and sheep

Begin to study any problem in ecology
and soon much of biology will be involved
and with ever increasing frequency human
problems must be considered.

Australia is not the best of lands for agri-
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culture. Farming is restricted to localities
along the coasts and the major river val-
leys. Much of the vast interior has so little
rainfall that it is not suitable ranch land
("stations" in Australia) for sheep and other
grazing animals. In many localities the soil
is deficient in nitrogen, phosphate, sulfur,
and other nutrients. The native plants have
evolved for survival under these harsh con-
ditions.

The study now to be described involved
unimproved pasture land in South Austra-
lia where the soil is deficient mainly in
nitrogen, phosphate, and sulfur. The native
plants provide poor forage for sheep, the
desired product, so efforts were made to
introduce domesticated plants that would
provide a better food supply. Subterranean
clover (Trifolium subterraneum) is one such
plant. This species of clover grows better
than others in areas characterized by acid
soils, rainfall over 40 cm per year, and hot
dry summers. It was thought that, since it
is a legume, it should be able to cope with
the nitrogen deficiency. Phosphate fertil-
izer could be added to supply the other
main deficiency.

The fertilizer was made from phosphate
rock obtained from an island north of Aus-
tralia and treated with sulfuric acid to pro-
duce superphosphate of lime fertilizer. This
fertilizer would supply the phosphorus and
the sulfur; Rhizobium in the clover's nod-
ules should supply the nitrogen. A good
source of nutrition should have been avail-
able for the sheep.

But the clover did poorly. Some farmers
made the chance observation that clover
grew much better where eucalyptus trees
had been burned. The wood ashes seemed
to contain a "growth factor."

At this stage of the analysis World War
II broke out and the military forces of Japan
overran the island where the phosphate
rock was being mined. The great impor-
tance of food for the Allied war effort made
it imperative that the production of mut-
ton continue so alternate sources for phos-
phate rock were sought. South Africa had
phosphate mines and, since the Allied naval
forces controlled the Indian Ocean, this
was a feasible source for Australia.

The African phosphate proved to be dif-
ferent. Curiously, it did not have to be sup-
plemented with wood ashes. This problem

was studied by A. J. Anderson and by 1942
he had the beginnings of the answer. It
turned out that the South Australian soil
was deficient in molybdenum. The wood
ashes contained small amounts of this ele-
ment as did the phosphate rock from
Africa. The phosphate rock from the now
captured island did not (Anderson, 1942).
Phosphate rock is not, of course a pure
chemical substance. Molybdenum just hap-
pened to be present in one sample and not
in the other.

Many additional studies showed that the
amount of molybdenum required for vig-
orous growth of subterranean clover is
exceedingly small—five grams per hectare
or less than half a teaspoon per acre. Once
it had been discovered that molybdenum
was deficient in some soils, an extensive
survey was made of other soils that pro-
duced poor crops or forage. It was found
that millions of hectares in Australia are
deficient and that they could be "cured"
by adding traces of molybdenum salts.

The economic importance of this dis-
covery was enormous. Stout (1972) pro-
vides an interesting analysis. When the
fields were cleared of native plants (which
were nearly worthless for forage), fertil-
ized with the superphosphate made from
the molybdenum-deficient phosphate rock,
and then planted with clover, each sheep
required 1.6 hectares (four acres) for graz-
ing. When molybdenum was added, the
growth of the clover was so much greater
that a hectare could support from seven
to ten sheep—a twelve- to sixteen-fold
improvement.

Stout then compares the relative amount
of additional energy produced by adding
molybdenum to the soil to that produced
by an atomic bomb. In the state of Victoria
alone between 2 and 3.2 million hectares
of grazing land had been treated and made
suitable for the growth of the clover. There
alone each year's production of clover
would have the energy equivalent of 1,400
to 2,300 A-bombs.

Many more questions remained. Why did
not the native plants show signs of molyb-
denum deficiency? The answer proved to
be complex. Recall that the soil was defi-
cient also in nitrogen, sulfur, and phos-
phorus. If, in an effort to improve the pas-
ture, fertilizer with these elements but not
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molybdenum was added, the native plants
grew more vigorously but then began to
show signs of mineral deficiency. Why?

This would be a good place to have your
students suggest hypotheses and experi-
ments. They might be able to provide a
satisfactory hypothesis but, even if they
cannot, they will have done some original
thinking about the problem. Molybdenum
is essential for all plants, so it is not a matter
of the native flora being able to live without
this element. Under natural conditions
there are only a few plants per unit area
and these absorbed the traces of molyb-
denum present, which is enough to allow
minimal growth. In time the plants die and
the molybdenum is recycled to other plants.
The soils are deficient in other elements
as well. Thus when phosphorus and sulfur
were added as superphosphate, the native
plants increased in number and size and
soon the point was reached where molyb-
denum became a limiting element.

For any organism there will be numer-
ous substances and conditions necessary for
life. Any one of them may be absent o^
inadequate and then appear to be the single
controlling factor. This concept was first
clearly expressed by Liebig (1840; or so it
is said; I cannot find such a statement in
the American edition of 1841) and for that
reason is known as "Liebig's Law of the
Minimum." Liebig was speaking of chem-
ical substances of importance to agricul-
tural plants. Later Blackman (1905)
extended it to all conditions. W. P. Taylor
(1934) restated the concept as "The growth
and functioning of an organism is depen-
dent on the amount of the essential envi-
ronmental factor presented to it in mini-
mal quantities during the most critical
season of the year, or during the most crit-
ical year or years of a climatic cycle." See
also E. P. Odum (1971, ch. 5).

Your students should also be able to
account for the fact that molybdenum defi-
ciency becomes more severe when the land,
whether covered with native plants or clo-
ver, is grazed by sheep. Molybdenum is
also an essential element for sheep (Table
4) and when the sheep went to market so
did the traces of molybdenum locked in
some of their enzymes.

What does the molybdenum contribute
to the clover? Subterranean clover is a
legume and its nodules contain the nitro-
gen-fixing bacterium, Rhizobium. Recall also
that its important enzyme, nitrogenase,
contains molybdenum.

See if your students can account for these
results:

1. The clover grows well when super-
phosphate and molybdenum are pro-
vided.

2. When provided with superphosphate
alone, growth is very poor.

3. When provided with superphosphate
and nitrate, but no molybdenum,
growth is fine. Suddenly molybdenum
seems not to be required!

If a hypothesis is slow in coming, provide
these additional data.

4. The nodules on the clover in Experi-
ment 1 are well developed.

5. There are few or no nodules on the
clover in Experiments 2 and 3.

These data may lead your students to
suggest this hypothesis. Molybdenum is
required in very small amounts by the clo-
ver. More is required if the nodules are to
develop and contain normal amounts of
nitrogenase. When the nodules are nor-
mal, they will supply the clover with nitro-
gen. The soil probably contains enough
molybdenum to permit minimal growth of
the clover alone but not for the develop-
ment of normal nodules (Experiments 2
and 3). Thus in Experiment 3 growth was
about normal because the additional nitro-
gen was compensating for what would have
been produced had the nodules been nor-
mal.

But the purpose of those pastures in Aus-
tralia is not to grow clover but to grow
sheep. And sheep have their problems also.
When they graze on land deficient in
molybdenum they become ill and eventu-
ally die. Molybdenum is essential for ani-
mals as well (Table 4) where it is part of
xanthine dehydrogenase and other essen-
tial enzymes. The problem for the sheep
is not merely a molybdenum deficiency.
When their forage contains insufficient
molybdenum, they accumulate copper in
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their livers, develop chronic copper poi-
soning, and eventually die (Underwood,
1977, ch. 4 and pp. 96-99).

It is now known that the United States
also has problems with molybdenum avail-
ability. The acid sandy soils of the coastal
strip of the southeastern states may be defi-
cient. Other soils in California, Oregon,
and Florida have excess concentrations that
are toxic to cattle, which are the least tol-
erant to molybdenum excess and defi-
ciency of any domestic animal.

See A. J. Anderson (1942, 1946, 1956a,
19566), Cunningham (1955), Dick (1956),
H.J. Evans (1956), Mortvedt et al. (1972),
and Rubins (1956).

Competition

When individuals living together in the
same locality seek a resource that is insuf-
ficient for all, they are said to compete with
one another. Competition may be intra-
specific, that is, among individuals of the
same species; or interspecific, that is, among
individuals of two or more species.

The concept of competition occupies an
important place in biological theory. It is
essential for Darwinian evolution: the
genetically more fit are able to gain a
greater share of the insufficient resources
and have a better chance for successful
reproduction. This notion of the survival
of the fittest was often imagined by Vic-
torians as a widespread and gruesome busi-
ness. It was "Nature, red in tooth and claw"
to quote Alfred, Lord Tennyson (In Memo-
riam lvi).

Darwin knew better. A lion killing an
antelope on the Plains of East Africa was
red in tooth and claw, but in most places
and at most times one does not observe
bloody competition among the more con-
spicuous animals. In fact, one must look
carefully to find evidence of competition.
As we have seen earlier, in the case of Lack's
cormorants the two species are kept from
intensive competition because they have
different ways of life. The evolution of spe-
cific niches, then, has the effect of reducing
competition. The intensity of interspecific
competition will depend upon the degree
of overlap of the niches of the putative

competitors and the availability of com-
mon resources.

The situation is different for individuals
of the same species living in the same local-
ity. The niches of the different individuals
will be essentially the same. There may be
devices which reduce competition, such as
regulation of population size or the for-
mation of territories. Thus, during the
nesting season some species of birds estab-
lish territories that provide adequate food
supplies. They defend these territories
mainly by bluster and bluff and drive away
intruders, they do not annihilate them.
Then again, population size may be kept
so low by severe climatic conditions or pre-
dation that resources remain adequate for
all.

You may wish to ask your students to
consider the degree to which intraspecific
competition occurs in the human popula-
tion and, if it does, what forms it takes.

It is most unusual for all of the offspring
in any generation to survive. An oak tree
in a forest may shed a thousand acorns yet
few, if any, will survive to become mature
trees. This is not a consequence of their
being genetically less fit but solely because
all places to live have been preempted. A
chance for life will come only if one of the
existing mature trees dies from disease or
natural causes or is destroyed by wind, fire,
drought or other episodic events. In the
real world it is more often the survival of
the luckiest rather than the survival of the
fittest. Yet evolutionary change depends
on that small fraction of situations where
those that survive are superior in some way
to those which do not.

Types of interspecific interaction. Remem-
bering that the long term consequence of
evolution is the increase in the number of
niches (ways of life) it is not surprising that
innumerable types of interaction between
the various niches will have developed.
Some of the main types will be listed, and
throughout this essay examples of many
others have been and will be provided.

A lichen and a tree on which it grows
influence one another hardly at all. The
tree provides a place for the lichen to live
but the survival of the tree is not influenced
by the presence of the lichen.
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A cattle egret feeding on the back of
cattle or Cape Buffalo is obtaining food and
relieving its host of ticks. Both benefit. In
a tick-buffalo relation, the tick obtains a
blood meal and the host loses a trace of
blood and runs the risk of infection. This
relationship is parasitism.

The same relationship exists between a
lion and the antelope that serves as its food.
We call this predation, with the lion being
the predator and the antelope the prey.
The difference between parasitism and
predation is largely one of size. If the pred-
ator is smaller than the host, as with Plas-
modium, Taenia, or Clonorchis, we speak of
the relationship as parasitism. If the pred-
ator is nearly the same size or larger than
the prey, we speak of predation.

The various species of antelope grazing
in the same area are in competition to the
extent to which they seek the same food
plants.

Since all species are part of a complex
web of life, it is usually impossible, except
in carefully designed laboratory experi-
ments, to find simple interactions involving
only two species. Consider the following
example, which is a simple interaction
involving three species.

Bamboo—rats—people. In parts of India
there are plagues of rats that seriously
damage the crops after the bamboo
blossoms (Marden, 1980). Individual plants
of the bamboo, Melocanna baccifera, flower
in synchrony after a vegetative period of
about 30 years. Abundant fruit are pro-
duced and the plants die. In the one year
when this happens there will be a sudden
and large supply of food available for those
species that find it acceptable. Rats are such
a species. The rat population is generally
kept within limits by many factors, the
availability of food being the most impor-
tant. During the year of the bamboo fruit,
food ceases to be a limiting factor and the
rat population rapidly increases in size. The
food supply, though bountiful, lasts for a
single season. The result is a large popu-
lation of rats and th..e following year they
are hungry and must go where the food
is—to the farmer's crops.

Prior to the year the bamboo flowered,

the rats competed with one another for
food and their numbers were limited by
predation, parasites, disease, a space to live,
and so on. When the year of the bamboo
fruit came, intraspecific competition for
food became very much less. When this
food supply was exhausted, intraspecific
competition became more intense. Another
type of competition also increased: the rat-
human competition for the crops in the
farmer's fields.

An important aspect of this complex
interaction among bamboo, rat, and peo-
ple is the short generation time of rats.
During the period of abundant fruit the
rats have time to raise several generations.
Before adding this bit of information, ask
your students if they would predict a pop-
ulation explosion of elephants when the
bamboo blooms, assuming that the ele-
phants would eat the fruit. Once again, try
to keep the student's brains involved dur-
ing the lecture period. They will not always
come up with the answers but the effort
itself is of the greatest importance.

Connell's barnacles. The zonal distribu-
tion of intertidal organisms has been men-
tioned before. Connell (1961a, 19616) has
some interesting observations and experi-
ments that help to explain the zonal dis-
tributions of organisms and assess the role
of competition.

On the southwest coast of Scotland there
are two common species of barnacles that
are restricted almost entirely to different
microhabitats. Balanus balanoides is the
more abundant of the two, forming an
almost continuous mass on the rocks from
the mean low water spring tide (the lowest
of the low tides) up to somewhat above the
mean high water neap tide (the lowest of
the high tides). Chthamalus (pronounced
"thamalus," mercifully) stellatus is restricted
to the narrow zone between the mean high
water neap and mean high water spring
tides. Thus it is covered by the sea less of
the time but it is kept moist by spray from
the nearly constant wave action.

Adult barnacles are fixed in place, so it
was possible for Connell to map the posi-
tions of individuals and to measure their
growth and survival. It was possible also to
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move rocks with barnacles to various sites
to test the role of place, etc. Barnacles pro-
duce free swimming larvae, which even-
tually settle on rocks or other structures in
the water. The larvae of the two species
can be distinguished and so Connell was
able to ascertain their attachment sites.

There are various hypotheses that can
be suggested to explain the almost com-
pletely different zonal distribution of the
two species.

1. Chthamalus might not be able to with-
stand long periods of immersion; hence,
can survive only in the uppermost zone.

This hypothesis was tested by observa-
tion and experiment. There were a few
sites where Chthamalus larvae had settled
in a lower zone. Eight such sites were iden-
tified and divided into two areas. In both
areas the precise distributions of the two
species was mapped. One area was left alone
but in the other area all the Balanus were
removed, in order to have a test site with
Chthamalus alone, not a site with interspe-
cific competition. The general finding was
that Chthamalus survived and grew well at
the lower sites if Balanus was excluded.
When both species were present, the
Chthamalus were slowly overgrown or
crushed by the Balanus.

2. Chthamalus might not be able to com-
pete with Balanus in the intertidal zone.

This hypothesis was tested in part by the
observations and experiments for the first
hypothesis. Connell made additional
observations. First he had to establish
whether or not Chthamalus competed with
itself. In areas from which Balanus had been
removed he found that during an entire
year only 6 deaths in 167 animals could be
ascribed to intraspecific competition. When
the two coexisted, however, Balanus grew
faster than Chthamalus and either over-
grew, uprooted, or crushed it. "Interspe-
cific competition between Balanus and
Chthamalus was . . . a most important cause
of death of Chthamalus."

3. A third hypothesis is that the larvae
of Balanus and Chthamalus attach only
where the adults are found.

Careful observations proved this not to
be the case. The larvae of both species set-

tled over much of the intertidal zone
although Chthamalus did prefer somewhat
higher places.

Connell made so many interesting obser-
vations that his paper provides much mate-
rial for an inquiry approach. For example,
you may wish to adopt a Socratic stance
and ask your students to deal with this
observation. One of these species has its
center of distribution in the Mediterra-
nean and is near its northern limit in Scot-
land. The other species ranges from the
Arctic Ocean to northern Spain.

Can your students predict which species
has which distribution? Balanus is the Arc-
tic-Boreal species and Chthamalus is the
Mediterranean species. Your students
might have reasoned in this manner. Since
Balanus may be assUmed to be the more
cold-adapted species and since Chthamalus
is near its northern limit in Scotland, we
might infer that Balanus is living in an envi-
ronment more to its liking. It is able, there-
fore, to out-compete Chthamalus in the
more desirable intertidal zone. Chthamalus
would have only the less desirable sites and
could even be superior there by being able
to survive the hot, dry times in summer
when the tide is out.

Starfish and their food. Another example
of an interesting problem for students to
consider emerges frdm some observations
and experiments by Robert T. Paine
(1966).

It has been emphasized several times in
this essay that Various factors tend to limit
the populations of putative competitors to
an extent that decreases or eliminates their
competition for trie same resource. This
hypothesis can be tested in some carefully
selected situations.

On the Pacific Coast of Washington there
is one food web that consists of nine prey
species and two predators. The prey con-
sist of five species of rriollusks, three acorn
barnacles, and one goose-necked barnacle.
Four of the prey species are eaten by the
mollusk, Thais. The top carnivore is the
starfish, Pisaster ochraceus, which eats all
nine prey species plus the predator Thais.

The nine prey species occupy the same
area, so to some extent their niches over-
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lap. What would occur if Pisaster was not
present? Would the other species remain
the same or would competition for space
and other resources become so intense that
some species would be eliminated?

We can seek an answer by formulating
this hypothesis: the coexistence of ten
species that are prey for Pisaster is a con-
sequence of their population sizes being
controlled by the Pisaster and hence their
is little interspecific competition.

An obvious deduction from the hypoth-
esis is: if predation by Pisaster is the main
factor controlling population sizes of the
prey species, then removal of the predator
should result in an increase in size of the
prey populations and the occurrence of
interspecific competition.

Paine selected an experimental site that
extended along the shore for eight meters
and had a vertical dimension of two meters.
The adjacent, similar area was used as a
control. Beginning in June he removed all
of the starfish from the experimental site
and continued to keep them out. By Sep-
tember from 60 to 80 percent of the exper-
imental area was occupied by a single
species—one of the acorn barnacles. By
June of the following year the acorn bar-
nacle had been replaced and the area was
occupied almost entirely by one species of
mussel and a few patches of goose-necked
barnacles. In addition the algae were nearly
gone and those species that could move,
the chitons and limpets, had moved else-
where—they had been crowded out.

The original hypothesis appears to be
true. Competition for space, and possibly
other resources, was largely prevented by
Pisaster keeping the populations of the prey
species below the level where competition
would be severe.

Most surprisingly, it was observed that
some other species, not part of the Pisaster
dominated food web, also changed. In fact,
half of these species disappeared following
the removal of Pisaster.

Is there competition? The question whether
or not animals of different species compete
with one another has been vigorously
debated in recent years. Some of the debate
is based on differing definitions of "com-
petition." Consider the situation on the

plains of East Africa. All would agree that
the various species of antelope would be in
competition to the extent they sought the
same food plants. But in what sense would
the predator lion and the prey antelope be
in competition? Some would say "Not at
all" since the two species are not compet-
ing for the same resource. Others would
say "Very much so" since both are com-
peting for antelope—one for antelope as
food and the other for an antelope body
to be used to make additional antelope.

Such arguments tend to become polar-
ized but it seems safe to say that some
species compete with one another and oth-
ers do not. In ecology we can expect to
find the range of the possible if we look
long and hard enough.

Laboratory experiments can be designed
in such a way that two species are forced
to compete under carefully controlled con-
ditions in which food and space are the
only limiting resources. Under these con-
ditions competition may be intense. The
outcome is nearly always the survival of a
single species. This is very different from
what transpires in nature, where there will
be much less overlap of niches and, hence,
a better chance of coexistence.

A nice perspective on the debate is pro-
vided by *Schoener (1982). See also
Andrewartha and Birch (1954), Ayala
(1972), Barbour, Burk, and Pitts (1980, ch.
5), Diamond (1978),J. B. C.Jackson (1981),
R. S. Miller (1967), Milthorpe (1961), E.
P. Odum (1971, pp. 211-228; 1975, pp.
128-140), T. Park (1962), Putnam and
Wratten (1984), Ricklefs (1979, chs. 15-
16), and Wiens (1977).

Weeds

A final topic that will test students' abil-
ity to suggest hypotheses is "weeds." That
topic will also make a good transition to
the major topic, human ecology.

One of the more interesting biological
problems relating to weeds is as follows.
Many European plants have become
extraordinarily abundant in the United
States. Some were introduced deliberately,
others accidentally. They tend to replace
the native species and, if they become a
nuisance, we call them weeds. Why have
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FIG. 2. Weeds—colonizers of disturbed soils. The most conspicuous plants growing on this newly graded
bank are the large, bushy Russian thistles (Salsola kali), a native of Eurasia. Other Eurasian species make up
the bulk of the plants shown: mustard (Brassica geniculata), prickly lettuce (Lactuca serriola), wild oats (Avena
barbata), ripgut grass (Bromus rigidus), lamb's-quarters (Chenopodium album), and knotweed (Polygonum aviculare).
There are a few native species such as the flattened shrub at the right, dove weed (Eremocarpus setigerus) and
the dark, spike-like telegraph weed (Heterotheca grandiflora). In less disturbed soils in this locality in southern
California the Eurasian weedy species are infrequent or absent, except for Brassica.

very few American plants invaded Europe
and replaced European plants?

What could be the biological basis of this
Old World superiority? A field trip to a
vacant lot, a recently abandoned farm field,
or a newly made road cut will illustrate the
phenomenon (Fig. 2). Alternatively, her-
barium specimens can be studied in the
laboratory. In either case the students
should check in a local flora to determine
the native home of the species collected
and examined.

In an effort to formulate a hypothesis to
explain the phenomenon, students might
review what they already know about
species and communities. One most impor-
tant fact is that each species is adapted to
a specific environment where it finds the
resources required for life and has the abil-

ity to survive and reproduce. If it had not
adapted, it would not be there. Little
change in the status of the species within
its natural community would be expected
unless there was a significant change in the
environment.

Then one should try to imagine how the
weeds-to-be became established in the
United States from the early 17th century
onward. Some of them arrived with agri-
cultural seeds brought by the early settlers,
some arrived in the earth that served as
ballast for the ships. Eastern America would
not have resembled the plants' Old World
home. Much was covered with an almost
unbroken forest, not agricultural land.
Some of the American Indians did farm
but their numbers were small and their
modification of the environment slight.
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During the following decades European
settlers replaced American forests with
European-style farms.

Over the centuries some of the Euro-
pean plants had evolved the ability to live
in the disturbed farmland of Europe. This
was a matter of appropriate genotypes hav-
ing been selected for a new environment.
These species, therefore, were preadapted
for the newly disturbed farmlands in
America whereas the native American
plants were not.

Not all of the European plants are unde-
sirable weeds. Most of our pasture grasses
have been derived by further selection from
those first perfected for Europe. Even the
bluegrass of Kentucky, Poa pratensis, which
should be as American as one can get, was
introduced from Europe.

There is a similar story for the animal
life of our cities. Your students might find
it interesting to check on the original homes
of the species that dominate the urban
environment: rats, house mouse, house
sparrow, pigeon, starling, house fly, and
cockroach.

Weeds are fascinating biologically as you
can see from E. Anderson (1954, ch. 2),
W. P. Anderson (1983), *H. G. Baker
(1974), H. G. Baker and G. L. Stebbins
(1965, especially the article by Baker), Elton
(1958), Georgia (1914), Harlan (1975, ch.
4), Harlan and de Wet (1965), *T. A. Hill
(1977), Holzner and Numata (1982), Holm
et al. (1977, 1979), Hooker (1853), L. J.
King (1966), Mack (1984), E. J. Salisbury
(1961), Silverman (1977), Zimdahl (1980),
and van der Zweep (1982).

Fundamentals of ecology—a summing up

The more important concepts of general
ecology that are critical for understanding
human ecology have been covered in this
first section. An attempt has been made to
link each concept with its evidential basis.
If this can be done successfully the con-
cepts become much easier for the student
to understand and remember.

The first main concept to be stressed is
the absolute dependence of organisms on
external sources for substance and energy.
The substances consist of those elements
that are common in the earth's crust: mainly

C, O, H, N, S, and P but in addition many
more collectively known as the micronu-
trients.

Second: these elements cycle between the
living and non-living sectors of the ecosys-
tem in complex interactions of plants,
animals, and microorganisms. These inter-
actions result in near constancy within the
ecosystem.

Third: the major sources of the energy
required for life is that of sunlight trapped
in photosynthetic reactions. Only green
plants and a few chemosynthetic organisms
are able to use energy from non-biological
sources. They are the autotrophs.

Fourth: the heterotrophs (animals, fungi,
and many microorganisms) rely on the
autotrophs for much of their energy and
the substance that forms their bodies.

Fifth: the basic trophic level consists of
green plants and chemosynthetic organ-
isms. They are the producers. They serve
as food for the primary consumers, mainly
herbivores, of the next trophic level. The
primary consumers are consumed by the
secondary consumers, mainly carnivores.

Sixth: as the energy of food passes from
one trophic level to another, most is lost
as heat and only about 10 to 20 percent is
available for the next consuming trophic
level.

Seventh: in theory, all organisms have
the ability to reproduce at rates yielding
populations that would soon outstrip the
resources required for life. In practice the
many constraints in the environment—
inadequate food, unacceptable climate,
predation, disease, lack of a place to live,
competition—tend to keep the population
in check.

Eighth: mutation and natural selection
have adapted each species for a highly spe-
cific way of life, the species's niche.

Ninth: the force of evolution diversifies
the niches and a maximum portion of the
environment becomes available for life.

Tenth: coexistence of two species is pos-
sible only if each has its specific niche with
specific requirements for resources. Evo-
lution tends to decrease the amount of
overlap between niches and hence reduce
the degree of competition.

Eleventh: the organisms of the ecosys-
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tern are dependent on one another to vary-
ing degrees. None can live alone, so the
health of the ecosystem becomes a general
requirement for life.

And why not read G. E. Hutchinson's
"Homage to Santa Rosalia" (1959)?

Special topics I

Ecology is so broad a field, so close to
personal experience, so approachable, and
so important for the future of civilization
that its consideration in a first-year uni-
versity course can only be introductory and,
because of time constraints, is apt to be
inadequate. As a partial remedy for this
problem, and to provide students with
experience in writing and speaking, you
might consider having your students give
10 minute presentations during the labo-
ratory periods on well defined topics in
ecology. These would supplement the
material presented in lecture and lab and,
if two were planned for each lab session,
about 60 could be scheduled during the
academic year. If the presentations were
at the middle of the lab sessions they might
be a relaxing break.

Modern higher education is often far too
passive an affair for students. We must find
ways for students to become more actively
involved. It could be of enormous benefit
to students if they were required to organ-
ize topics, prepare a short essay, and then
present the material to the class. This pro-
cedure would have the additional advan-
tage of keeping ecological data and themes
in mind throughout the academic year.

If the size of the laboratory sections was
about 16-20, each student would have the
opportunity of presenting about three
topics during the academic year. The
approachability of ecology and the deep
interest it has for many could introduce
the student to a study that could continue
for a lifetime and would be related to the
many issues discussed daily in the news
media.

At the end of each of the three major-
sections of this essay there will be a list of
appropriate topics and references. Lest the
project become a chore rather than a use-
ful adjunct to the course, it might be
expected that a student could base the pre-

sentation on a single reference. The more
interested students might wish to do more.

In addition to this list of Special Topics
relating to Part I of this essay, others can
be selected from the many subjects already
discussed. In addition, suitable topics
appear frequently in journals such as Sci-
entific American, Natural History, Audubon,
American Scientist, Science, Science 84 (and
other years), Discover, and BioScience.

Honey bee navigation. Apis mellifera uses a
variety of cues to navigate between hive
and sources of food. This is an interesting
topic for those of your students with a fair
background in physics. See F. C. Dyer and
J. L. Gould (1983).

Mycorrhizae and pine trees. Some gymno-
sperms and angiosperms will grow only in
their "native soil" because that soil con-
tains the species of fungi that will form
mycorrhizae on the roots of the plants. The
mycorrhizae play a key role in the uptake
of inorganic ions and water. E. Hacskaylo
(1972) and J. A. Vozzo and E. Hacskaylo
(1971) describe the attempts to introduce
pine trees to Puerto Rico and the lack of
success until the proper fungi were also
introduced.

Adaptation to desert conditions—annuals.
Deserts are highly stressful environments
for plants because of the deficiencies of
water in soil and air and, in most instances,
the intense heat. Yet at times the desert
floor may be carpeted with flowering plants.
See T. W. Mulroy and P. W. Rundel (1977).

Lichens—living together on bare rocks. This
combination of an alga and a fungus allows
life under severe conditions. See M. E. Hale
(1974) or V. Ahmadjian (1982).

Lichens—indicators of air pollution. A lit-
erature based report could be combined
with local observations. See D. L. Hawks-
worth and F. Rose (1976).

Symbiosis of reef corals and algae. One of
the most effective and visible associations
in the living world. See D. L. Taylor (1983)
and Muscatine and Porter (1977).

The panda and its food. The panda feeds
almost exclusively on one plant—the bam-
boo. This plant has some sort of "internal
clock" that triggers forests of bamboo to
blossom and die after a growth period that
may last for decades. When the bamboo
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dies, so does the panda. SeeJ. L. Fox (1984)
and L. Marden (1980).

The koala and its food. Another mammal
with a highly restricted diet, in this case
the leaves of several species of eucalyptus
trees. See Degabriele (1980).

Survival: competition or predation. The
changes in the number of species occupy-
ing a small island off the west coast of Mex-
ico has been analyzed in terms of either
competition or of predation by the intro-
duced domestic cat. See J. R. Jehl, Jr.
(1984). For other aspects of the question
of whether or not there is competition see
J. A. Wiens (1983) and R. L. Tilson (1983).

Weeds, those un-American plants. Weeds are
almost always introduced species of plants
that replace the natives and become pests.
This occurs almost always on disturbed soils
and presents an interesting biological
problem: how can it be that these intro-
duced plants, which have evolved in dif-
ferent environments, seem better than our
own species, which should have adapted
themselves to the local conditions? See R.
N. Mack (1984).

Parasitic birds. Cowbirds lay their eggs in
the nests of other species of birds. The
foster parents raise the young cowbirds,
which are usually the only nestlings to sur-
vive. Is this nest parasitism by cowbirds a
factor in the current decline of eastern
songbirds? See M. C. Brittingham and S.
A. Temple (1983).

Riparian forests as nutrient filters. Forest
along streams can prevent nutrients from
over-fertilized agricultural land from pol-
luting the waterways. See R. Lowrance et
al. (1984).

Fire as an ecological agent. Fire plays an
important role in determining which
species are present and in the cycling of
nutrients. See R. E. J. Boerner (1982).

Botanical changes in the last 11,000 years.
Pollen analysis allows the determination of
which species are present at any one time
and this information suggests what the cli-
mate must have been. See T. Webb (1981).

Why deserts (usually) do not bloom. Their
low productivity is due to insufficient water
and nitrogen. See N. F. Hadley and S. R.
Szarek (1981).

Where did I put that nut? Most animals rely

on the food that can be obtained at the
moment. Some can store any excess for
future needs. See S.J. Shettleworth (1983).

How to avoid being eaten. Mollusks and
echinoderms, not noted for speed, have
behavioral mechanisms for avoiding pre-
dation. See H. F. Feder (1972).

How to get home, pigeon. The ability of
homing pigeons to find their way home
when released many kilometers away, in
strange territory, has excited the interest
of biologists for years. For some of the
answers see W. T. Keeton (1974a, 19746).

El Nino. Recent changes in the ocean
currents of the Eastern Pacific have had
profound effects on the climate and many
marine and terrestrial organisms that
depend on the sea. A change of a few
degrees in the temperature of the ocean
water shows how seemingly small differ-
ences in the environment have large con-
sequences. See E. Edelson (1984) or T.
Levenson (1983).

How trees defend themselves. They engage
in chemical and biological warfare. See S.
Brownlee (1983).

The destructive tent caterpillars. They are
a serious problem for trees. See T. D. Fitz-
gerald (1983).

Interactions of microorganisms and human
beings. For better and for worse. See P. M.
Mackowiak (1983).

The Atlantic salmon. Its biology is chang-
ing probably as a consequence of over-
exploitation by human beings. See W. L.
Montgomery (1983).

Internal clocks of human beings. They were
set for a different time in human history.
See M. C. Moore-Ede (1982a, 19826).

Blanket bogs. These mats of peat reveal
their history. See P. D. Moore (1982).

Dall's sheep. How they live in the harsh
and difficult environment of Alaska. See
G. Wuerthner (1982).

The medfly. A serious pest of citrus. See
W. H.Jordan (1982).

Fallow fields and their birds. When farms
are abandoned there is a succession of dif-
ferent plant communities as the land
returns to a near-natural condition. Each
community is home for a unique set of bird
species. See W. E. Lanyon (1982).

Predators and their varying prey. What they
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eat depends on what there is to eat. See A.
T. Bergerud (1983).

Dutch elm disease. The attempts to con-
trol this pest, which changed the ambience
of New England towns and villages. See G.
A. Strobel and G. N. Lanier (1981).

II. THE TIME OF MAN

Among the fundamental facts of life for
all species are two processes that determine
the size of their populations.

1. Reproduction: Every species has a
potential rate of reproduction that, in the
absence of restraints, would tend to increase
the population size to infinity.

2. Attrition: This potential increase is
held in check by two main forces: destruc-
tion by other organisms (predation, disease
organisms) or the lack of essential living
conditions and resources (food, suitable cli-
mate, a place to live).

All species reflect the interactions of
these two major processes, one tending to
increase population size, the other to
decrease it. The first process never domi-
nates except for very brief periods of time.
The second process leads to a common
scenario. As a consequence, far more
species have evolved and become extinct
than now exist. Many of these cases are
taxonomic extinctions, that is, one species
evolved into another. Apart from these
instances, however, there are many lin-
eages that have simply passed from the face
of the earth.

Evolution rewards success and the most
precise indicator of biological success is the
size of a species' population. The pressures
on all animal species therefore will foster
ways to avoid predation, survive disease,
and secure the conditions and resources
necessary for life. In doing so, the species
become more abundant. But lasting suc-
cess can never be achieved. The rewards
of avoiding predation, surviving disease and
obtaining more resources would be a pop-
ulation always increasing in size and always
on the verge of insufficient resources.

Every organism responds to the environ-
mental challenges of the moment with what
it is and what it can do. It has been pro-
grammed during its evolutionary lineage
by the genetic responses made by its ances-

tors to the environmental challenges of
their times. New genotypes formulated in
the gonads might be the wave of the future
but that helps a living individual not a whit.
When the lake dries up the fishes do not
walk away as tetrapods. The dinosaur's
lament "What has future evolution ever
done for me?" applies to all organisms.

The flow of human history has been
modulated by human ecology—our rela-
tion to the environment. Kings and con-
querers come and go, making only a blip
in human affairs, but our interaction with
the environment exerts the most profound
controls over the life of nations and their
inhabitants. The understanding of the
present must be based on knowledge of the
past.

What it takes to be a man

For most of human life, species of the
genus Homo were undistinguished pri-
mates. They were no match for the great
predators nor could they avoid them by
fleetness of foot. They must have been fur-
tive, apprehensive creatures. Nevertheless
they possessed the biological basis for even-
tually achieving a civilized state. This was
not true of all primate species, let alone all
mammals. Almost none of the mammals
living today possess the biological prereq-
uisites to develop a civilization and none
could do it short of millennia of additional
evolutionary change.

So what were the characteristics of the
first species of our genus that provided the
basis for our extraordinary cultural evo-
lution? Or possibly we should turn the
question around and ask what it is that
makes the human species so exceptional
and then ask what are the biological pre-
requisites?

Better yet, have the students consider
this question: What do they believe are the
criteria of being human? Once such a list
has been established, what do they suggest
are the morphological and physiological
features that the very early species of Homo
must have possessed that would permit us
to achieve our present state?

Students will be able to suggest the more
obvious biological features of civilized
human beings: intellectual ability; use of
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complex language and writing to transmit
information among individuals and
between generations; skill in the manufac-
ture and use of tools; great ability to obtain
food and other resources; ability to avoid
becoming prey of carnivores; considerable
ability to cope with disease-causing organ-
isms; complex social structure; depen-
dence of the young on parents for an
extended learning period; great ability to
control the environment or to adjust to it.

But are some features more basic than
the others? Would your students accept the
following statement? The two most essential
characteristics of the human species that have
made civilization possible have been the ability
to domesticate plants and animals in order to
insure a more reliable supply of food and the
ability to use sources of energy other than food
to perform work. Prior to developing these
abilities, human beings were only slightly
better than other animals in that they could
use crude tools for protection and obtain-
ing food. Raising more food and being able
to use another source of energy made pos-
sible a great increase in population size, the
formation of cities, divisions of labor and
specialized work, communication, and all
the features of early civilization. The prime
non-food source of energy was fire, which
to this day remains the most basic source
of energy used by the human population.

What is being said is that human beings
are more able than other animals, by sev-
eral orders of magnitude, to secure the
resources for life and to protect themselves
from the attacks of other organisms.

Your students may see some of the lim-
itations of my attempt to reduce all human
superiority to two basic abilities. They may
suggest other ways of looking at the
uniqueness of the relations between human
beings and the environment. All points of
view should be accepted and regarded as
hypotheses for interpreting the data to
come. Nevertheless, we can organize our
inquiry around my statement.

It will be interesting for your students
to speculate on what must have been the
anatomical and physiological characteris-
tics of the most advanced pre-Homo pri-
mates that enabled them to cross the
threshold into humanity. Different schol-

ars place that threshold at different times
in our history. It is now known that the use
of tools began with the Australopithecines,
the group that was to evolve into Homo.

Tools

What sort of an anatomy do we need to
make and use tools? The answer may be
developed by asking questions about other
sorts of animals. Can horses, cows, fish,
birds, dogs, and monkeys use tools? Part of
the answer, "hands," should be obvious;
not any sort of forelimb but one with mov-
able fingers and an opposable thumb. The
role of that thumb is often unappreciated
by students. Suggest that they tape their
thumb to the first finger and try a variety
of manipulations: using a hammer, knife,
fork, screw driver, saw, or long bow with
the thumb immobilized.

Bipedal gait, which allows the free use
of hands, is a closely associated character-
istic. It may not be as obvious to students
that eyes in the front of the head, which
provide stereoscopic vision, are a requisite
for doing delicate work with tools and
hands. A well-developed brain is absolutely
necessary if tools are to be systematically
invented, made, and used.

A few other animals do use tools (Hall,
1963; Lawick-Goodall, 1970; Alcock,
1972). Some wasps use a pebble to pack
soil (Peckham and Peckham, 1898); the
Galapagos woodpecker finch uses sticks to
extract insects from holes (Lack, 1947,
1953); an orangutan showered Schaller
(1961) with sticks and branches; sea otters
use rocks to free abalones and to break
open clams (Fisher, 1939); chimpanzees,
especially when tamed, can become quite
skillful in using a variety of tools (review
in E. O. Wilson, 1975, pp. 172-175); and
there is some evidence that polar bears pick
up chunks of ice to bash in the heads of
sleeping walruses (Harington, 1962).

In these examples the tool is a natural
object already at hand. The stick or stone
is an extension of the animal's appendages
to secure food, repell Schaller, or pack
down the soil. Tools allow the animal to
accomplish tasks more effectively than with
the appendages alone.

The earliest tools used by our ancestors
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must have been naturally occurring sticks,
stones, and shells. Experience would have
shown that some sticks or some stones were
better for a given task than others. A heavy
stone could be hurled at nearby prey species
or used to crack a nut with a thick shell. A
smaller stone would have to be used for
more distant targets. A rigid, pointed stick
would be more useful than a flexible, blunt
one for digging roots. One might have to
look around to find the proper naturally
occurring tool for the job.

One of the most momentous events in
human history occurred when some Aus-
tralopithecine genius realized that, if a
pointed stick was not readily available, it
could be made. This event probably occurred
at least two million years ago. Similarly if
one could not find a stone with a sharp edge
to cut through the hide of even a moder-
ately sized mammal, maybe one could break
a stone in such a way as to give a sharp
edge.

Tools allow the user to perform tasks
that would be difficult or impossible to
accomplish without them. An arm might
not be able to reach a distant animal that
could serve as food, nor could the legs per-
mit one to run rapidly enough to overtake
the prey but a thrown rock, boomerang,
spear, or arrow could. Teeth and hands
might not be able to crush a skull or the
thick shell of a nut, but a rock or hand-ax
could.

The earliest tools were thus extensions
of functions performed by arms, legs, and
teeth. In the distant future tools (broadly
defined) of other sorts were to expand the
effectiveness of other parts of the body:
telescopes, microscopes, TV, radar, and
spectacles extend the usefulness of eyes;
telephones and radios extend the effec-
tiveness of ears; power tools and weapons
of arms; bicycles, ships, automobiles of the
legs; and computers extend the effective-
ness of the mind.

There must have been a gradual tech-
nological evolution from natural stone to
the first crudely shaped tool. The change
was so gradual, in fact, that archaeologists
may argue whether or not a given object
is natural or man-made. How can one
decide?

The earliest objects that are generally
accepted as tools made by human beings
are the pebble tools first studied by the
Leakeys at the Olduvai site in Tanzania (M.
Leakey, 1966, 1970). Subsequently similar
simple tools have been found in Europe
and Asia. These tools consist of a small
rock from which flakes have been struck.
Flaking provides a rough cutting edge. This
beginning of technology can be placed
roughly at 2-2.5 million years ago in what
is known as the Paleolithic Period or Old
Stone Age.

Stone tools provide the best evidence we
have for how human beings lived in the
Paleolithic because they have survived
whereas any objects made from wood,
bone, reeds, or skin have perished.

This beginning of technology was not
followed by a rampant rise to civilization.
For about a million and a half years there
was little change in the quality or variety
of these crudely fabricated tools of the Old
Stone Age. Then about half a million years
ago there appeared the hand-ax, a gener-
alized tool that was used over a wide area
that includes parts of Africa, Europe, and
Asia. The hand-ax was formed by chipping
flakes from a core of stone, such as flint,
until an oval or triangular tool with an edge
all around was formed. Despite the name,
the continuous edge makes it unlikely that
this tool was held in the hand and used as
an ax. More likely it was a cutting tool.
Hafting came later.

Stone tools and those made of wood and
bone continued to be widely used,
improved, and perfected for new purposes
down to recent times. Until European cul-
tures reached them, much of Africa, some
remote parts of Asia, and all of Australia
and the Americas were in the Stone Age.
The tools of the Australian Aboriginals
were much like those of the early Paleo-
lithic. Some Stone Age people were able
to achieve high civilizations without the
extensive use of metals for tools: the Incas
of Peru, the Aztecs of Mexico, and the
Mayas of Central America. The Aztec
priests used exquisitely made stone knives
to cut out the hearts of their living human
sacrificial victims. Civilization need not
depend on the extensive use of metal. Long
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after copper, bronze, and even iron became
available, stone tools continued to be used.
After all mill-stones are made of stone.

The ecological importance of tools. Tools
greatly increased the chances of survival
for early human beings. Alone, but espe-
cially in small groups, hunters were able to
defend kith and kin from the large pred-
ators and to kill even the largest mammals,
the elephants, for food. They could obtain
edible roots with primitive picks and hoes.
Small branches could be cut more readily
and fashioned into shelters. Had an ele-
phant, or even a deer, died of a heart attack
in front of a person in the days before cut-
ting tools were available, the carcass could
not have provided food. With teeth and
hands alone, the thick skin could not have
been broken. A well-known anthropologist
once tried to tear the skin of a cat with his
teeth and hands alone; he couldn't. Cutting
tools, even the simple pebble tools, would
have aided greatly in cutting the skin. In
time it became common to remove the skins
of mammals carefully and use them for a
great variety of purposes: clothing, shel-
ters, pouches, shoes, shields, rope, orna-
ments, and containers.

Thus tools helped to avoid two of the
important environmental hazards tending
to make life short and unpleasant: being
eaten by something else, or starvation. With
those dangers lessened, population size
tended to increase.

Statements about the size of the human
population in the Paleolithic are merely
poorly educated guesses. One can do no
more than combine guesses about "what
must have happened" with information
about the geographic distribution and
abundance of artifacts. J. Z. Young (1971,
ch. 25) estimated that the human popula-
tion numbered 100,000 at the beginning
of the Paleolithic and that it had grown to
between 5 and 10 million by the end.
G. Clark (1967) estimated that there were
1 million human beings in the Middle
Paleolithic. The start of the Paleolithic can
be set at about 2 million years ago (new
evidence is suggesting ever earlier dates)
and the end at about 12,000 years before
the present. Thus if we began with a pop-
ulation size of 100,000 and increased it by

only 2.5 to 5 individuals per year, we would
obtain the estimated size at the end of the
Paleolithic. The increase would not be con-
stant, of course, but would depend on the
size of the population at any one time. The
estimated increase during the Paleolithic
would be accounted for by a rate of increase
of about 2.4 individuals per year for each
million persons! Dummond (1975) esti-
mated that the human population at the
end of the Paleolithic was about 3 to 5
million and that the rate of increase was
between 7 and 15 individuals per year per
million human beings. Our ancestors were
hardly having a population explosion but
at least they kept the lineage going.

Fire

The next tremendous discovery of our
Paleolithic ancestors was how to use fire
(Oakley, 1955). Fire was the alternative
source of energy, apart from food and sun-
light, that was to carry us to a position of
immense control over some aspects of
nature. It can be maintained that the use
of fire is the first unique human discovery.
The use of tools has its antecedents in other
animals. To be sure, other animals almost
never manufacture tools, yet one can
stretch the point and say that the orang-
utan that broke off a stick to throw at Schal-
ler was "making" a tool.

There is no doubt that the use of fire is
uniquely human. No sea otter or polar bear
ever made a fire to cook abalone or walrus.

Fire is so difficult to start that it seems
almost certain that human beings first
obtained it from naturally occurring fires:
those started by lightning, the hot lava of
volcanoes, or by friction of tree limbs rub-
bing together. Until fairly recently, once a
fire was started the tendency was to keep
it burning if at all convenient. Thus, one
of the essential characteristics of a good
wife was that she saw to it that "Her lamp
does not go out at night" (Proverbs 31:
18—the King James Version reads "her
candle goeth not out by night" but that is
an error of translation; the ancient Isra-
elites did not have candles).

All of the fires of the Paleolithic have
been extinguished so we must rely on indi-
rect evidence for their use. Students should
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be able to suggest some types of evidence.
Even if they cannot, the effort of thinking
about the problem is worthwhile. Some
majors in Art History may know of the cave
paintings at Lascaux. These Cro-Magnon
murals (Bataille, 1955) are deep under-
ground and could not have been painted
without artificial light. Hence, fire must
have been used. The oldest lamps so far
discovered are from the caves at Lascaux,
where they are abundant.

Other evidence, such as hearth sites in
caves and other shelters, suggest that the
fire was used for warmth, cooking, light,
and probably protection. The fact that
American Indians and other native peoples
used fire to flush game or enemies permits
us to reason, by analogy, that this was done
in the Paleolithic as well. Fire can be used
also to harden the pointed ends of wooden
spears and to fracture stones to obtain sizes
and shapes suitable for tools.

One cannot overemphasize the impor-
tance of fire in increasing the resources
available for human beings. It is the source
of power that made civilization possible.
Once again we find that certain biological
conditions must be met before a species can
use fire. Ask you students to suggest what
makes it possible for them to use fire. The
morphological features that made it pos-
sible for our ancestors to invent, manufac-
ture, and use tools (dextrous hands, well
developed brain, eyes placed in front of the
head allowing binocular vision) were nec-
essary to permit the use of fire. There is
an additional special feature, however. Fire
can be used only by animals of at least mod-
erate size. Think of some of the problems
that a mouse, or even a cat, would have in
trying to make and maintain a fire—and
not get singed.

The oldest known use of fire yet discov-
ered comes from the Chesowanja site in
Kenya (Gowlett, 1984a, p. 46). The date is
about 1.5 million years ago. Here and else-
where the evidence for the deliberate use
of fire consists of hearth sites with the
remains of ashes or charcoal, and burnt
bones.

This matter of "the oldest known . . ."
is important for students to understand. If,
for example, the beginning of the Paleo-

lithic is defined as the time when tools were
first manufactured, the date will always
depend on what the archeologists have
found. Before the Leakeys began their dis-
coveries in East Africa, the Paleolithic was
assumed to have begun about 1 million
years ago. Now the date is generally
accepted as 2 million years and the evi-
dence is beginning to accumulate that 2.5
million years might be a better estimate for
the onset. There is no way to give a precise
answer to the question, "When did the
manufacture and use of tools begin?" The
best that we can say is that the "oldest
known date is . . . ."

Cooking. From the earliest times one of
the most important uses to which fire was
put was cooking. The importance was not
only that meals became more tasty but that
cooking could make some otherwise in-
edible foods edible, kill any parasites in
the food, and retard decay.

Many plants have evolved devices that
serve to repel consumers. Spines, thick
bark, irritating sap, and innumerable tox-
ins make some plants difficult or unpleas-
ant to eat. Many of our crops belong to
genera and families of plants in which some
of the wild species are poisonous. It seems
probable that the crop species have been
selected to eliminate the toxicity. Some are
still highly toxic—the story of manioc will
come later.

The toxins of many wild plants (those
were the only ones available in the Paleo-
lithic) are destroyed by heat. Toxic pro-
teins are denatured; other toxins are
destroyed by oxidation or other reactions;
if food is boiled in water, the toxins may
become concentrated in the water, which
can be decanted (Leopold and Ardrey,
1972; Ames, 1983).

Cooking does many other things to food,
some beneficial, some not. It is an efficient
short-time preserver of food and, in some
instances, can preserve food for long
periods. Some plant and animal material
can be dried over fire and, with the mois-
ture removed, can be immune to decay for
long periods of time. Cooking destroys
those enzymes in animal and plant tissues
that result in autolysis. Microorganisms of
decay are likewise destroyed.
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The seeds of wild grains, which were to
become the cereals that are still our basic
foods, provide very little nutrition unless
cooked. When starchy foods are boiled the
starch granules are ruptured and digestion
is greatly facilitated.

The use of fire, then, began to increase
the food resources available to human
beings in the Paleolithic. Little is known
about what was cooked and what was eaten
raw. Meat could have been placed on a stick
that was held close to the fire. The seeds
of cereals could have been roasted by plac-
ing them on stones close to a fire. Even-
tually, boiling food was to become impor-
tant. For that, however, some type of
receptacle was required. Tightly woven
baskets, especially if lined with baked clay,
could have been used for boiling food. In
this case the container was not placed on
the fire but the water was heated by placing
hot stones in it.

Heavy stone and clay vessels are not
practical for wandering hunter-gatherers.
Bowls made of stone seem to have been
used until about 9,000 B.P. when pottery
made from clay started to become com-
mon. These utensils belong to the Neo-
lithic, when human beings began a more
settled life.

In recent years a surprising new tech-
nique has begun to tell us a great deal about
the food of hunter-gatherers. This is the
study of coprolites (fossil fecal material)
where one can find evidence not only of
the food eaten but of parasitic organisms
as well. See Wilke and Hall (1975), Heizer
and Napton (1969), and Fry (1980).

Paleolithic culture

The transition from Homo erectus to Homo
sapiens occurred about 400,000 to 300,000
years ago. Evolution continued slowly and
by the latter part of the Paleolithic the
human populations reached the biological
stage of modern human beings in struc-
ture, brain size, and appearance. Biological
evolution was to continue but the domi-
nant force was to become cultural evolu-
tion.

The Paleolithic of the anthropologist is

roughly equivalent to the Pleistocene of
the geologists. This was the period of
repeated advances and retreats of ice sheets
across the continents of the Northern
Hemisphere. There is evidence of human
remains from sites not far distant from the
edge of the ice. This was a tremendously
different environment from the tropics that
had been the home of human beings for
so long. It could mean that the pressures
of an increasing population were forcing
human beings to seek new resources and
places to live.

This was still the Stone Age but the vari-
ety and excellence of tools had reached a
high level of technology. Flint had become
the favorite stone. From it were manufac-
tured scrapers for preparing skins; many
sorts of tools with cutting edges such as
axes, knives, spears, arrow heads; and bur-
ins for working bone. Burins were used to
shape bone into needles (with eyes!), awls,
projectile points, harpoons, and orna-
ments. Artificial dwellings, including tents,
were used.

For the first time we have evidence of
concerns beyond food and protection. It
should be interesting for your students to
speculate on the meaning of these new
aspects of human life: the ceremonial treat-
ment of death and the expression of emo-
tion in the arts. Thus, there are examples
of deliberate burials going back for about
100,000 years. In the oldest so far found
the bodies are carefully oriented in an east-
west direction. It became usual for orna-
ments and other objects to be interred with
the dead. There are remains from these
millennia of musical instruments, carved
images such as the Venus figurines, and
cave paintings (Breuil, 1952; Bataille, 1955;
Graziosi, 1960; Bandi et al, 1961; Leroi-
Gourhan, 1967; Ucko and Rosenfeld,
1967).

What can one say about the thought pat-
terns of individuals doing these things?
What could have been going through their
minds when they took the trouble to bury
a family or band member and to place valu-
able tools and ornaments in the grave?
Gowlett (19846) suggests some of the
answers.
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Social organization

If we use the evidence of recent cultures
in an equivalent stage of development, it
seems probable that people of the late
Paleolithic moved in bands that could have
numbered 200-500 individuals. Although
any single human being would have been
hard pressed in an encounter with the great
carnivores or the elephants, mammoths,
and other large mammals, a band of human
hunters could prevail. In a similar way a
group of hunters would have a greater
chance of success than would a lone indi-
vidual. In groups of this sort, it is a rea-
sonable guess that there would have been
at least some division of labor. The care of
children probably fell largely to the women
who profited by the assistance of others in
the group who were freer to obtain food
by hunting and gathering. Some members
of the group might be better than others
in making tools, others in using them.

In the period we are discussing, humans
were still in a pre-agricultural period when
food was obtained by hunting and gath-
ering. Many species of wild animals and
wild plants would have been sought. This
type of economy requires a very large area.
H. Brown (1954) estimates that "about two
square miles [5 square kilometers] of fertile
land in a natural state are required to sup-
port a single individual." Schwanitz (1966)
puts the figure at roughly 20 square kilo-
meters.

Social groups are most effective when
there is some degree of leadership, so we
might guess that the antecedents of gen-
erals, kings, and priests are to be found
among Paleolithic people.

Social cooperation combined with a
much improved tool technology were
aspects of cultural evolution that increased
the possibility of obtaining resources from
the environment and protection of the
members of the social group. In fact, the
success of late Paleolithic people in obtain-
ing resources may have led to such an
increase in their numbers that the envi-
ronment could not support them. There is
some evidence that this may have been so
because about 40,000 years ago not only
were the Old World tropics and much of

Europe and Asia south of the Pleistocene
ice sheet inhabited, but there were mass
movements into Australia and the New
World. The world was filling up.

References to the Paleolithic Period

The literature pertaining to the Old
Stone Age is tremendous. This is not sur-
prising, since this was the time when our
lineage passed to the stage of modern
human beings. The following is a sample.
* Bailey (1983), Bartholomew and Birdsell
(1953), Bender (1975), Bicchieri (1972),
Bigelow (1969), Bishop and Clark (1967),
Bordaz (1970), Bordes (1968), Brace, Nel-
son, and Korn (1971), Braidwood (1967),
British Museum (1975), Browman (1980),
H. Brown (1954), R. W. Brown (1981),
Butzer (1971), Childe (1942), Chinese
Academy of Sciences (1980), G. Clark
(1967, * 1969, 1970), G. Clark and Piggott
(1970), le Gros Clark (1967, 1971), Clut-
ton-Brock and Grigson (1983), Coon
(1971), Daniel (1955), *C. D. Darlington
(1969), Dennell (1983), Densmore (1928),
Dimbleby (1977), Dixon et al. (1968),
Dornstreich (1973), Fairservis (1975a),
Foley (1984), Forde (1963), *Gowlett
(1984a), *Hawkes (1963a), Higgs (1972,
1975), Hodges (1971), Howells (1973),
Hvarfner (1965), Isaac (1981), Isaac and
Leakey (1979), Isaac and McCown (1976),
Jolly (1972), P. R.Jones (1981), Lancaster
(1968), M. D. Leakey (1966, 1970, 1979),
*R. E. Leakey (1981), R. E. Leakey and
Lewin (1977, 1979), R. B. Lee and de Vore
(1968, 1976), McEvedy (1967), Marshack
(1972), Milisauskas (1978), Mulvaney
(1975), Murdock (1967), Oakley, (1969,
1981), Pfeiffer (1972, 1977), Pilbeam
(1972), Ronen (1982), Rukang and Sheng-
long (1983), Sahlins (1960), C. Singer,
Holmyard, and Hall (1954), Stigler et al.
(1974), Trinkaus and Howells (1979),
Walker (1981), Washburn (1960, 1978),
Wendorfand Marks (1975), R. V. S. Wright
(1977), *J. Z. Young (1971, chs. 32-37),
andj . Z. Young, Jope, and Oakley (1981).

Two interesting fictional accounts of
what life in the Paleolithic must have been
like are given by Auel (1980, 1982).
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General references to archaeology

Many of the topics in Part II will not only
be human ecology but anthropology as well.
Some general references to this field are:
Baillie (1982), J. Baker and Brothwell
(1980), Brothwell and Higgs (1970), Butzer
(1971), Ceram (1967), Daniel (1964),
*Fagan (1981), Fitting (1973), Hole and
Heizer (1973), Ingersoll et al. (1977), Jans-
sens (1970), Joukowsky (1980), Leone
(1972), Neill (1978), Olin and Franklin
(1982), C. Renfrew (1979), and Shackley
(1981).

The agricultural evolution—the
early Neolithic

The domestication of plants and animals
eventually insured a more abundant and
reliable food supply for a population slowly
increasing in size. As Sir Leonard Woolley
(1963, p. 363) put it, "instead of having to
live where food abounded [man] made it
abound where he lived." Agriculture rep-
resents the third and last of the great
achievements of prehistoric human beings
that enhanced survival of the human pop-
ulation. The first two were the manufac-
ture and use of tools and the ability to use
non-food sources of energy to produce heat
and to do work.

Before the topic of plant and animal
domestication is considered, it would be
profitable for your students to discuss the
limitations on everyday life in late Paleo-
lithic times when the economy was based
on hunting and gathering. Think of the
amount of space required by a single indi-
vidual. It would have to be sufficient to
support populations of wild animals and
plants that could be harvested for human
food and yet not be overexploited to the
point of extinction.

Zeuner (1963) reminds us "that the pyg-
mies of the Congo forest have to change
their abodes once every few months
because they have exhausted their food
supply completely by hunting and food-col-
lecting, in spite of the fact that their com-
munities consist of no more than family
groups."

For people living in arid regions, the dis-
tribution of water holes could be limiting.

Where water is scarce hunters and gath-
erers would be restricted to areas where
water can always be reached at least once
a day. What, for example, would be the
area that a hunter or gatherer could reach
in a walk of about three hours? Under such
conditions would a sedentary life have been
possible? Could there have been villages
and cities? The answer to both of those
questions at the end of the Paleolithic,
about 10,000 years ago, was "no." But
momentous events, both geological and
human, were underway and the answer was
beginning to be "yes."

About 15,000 years ago the great ice
sheets still covering the northern parts of
Eurasia and North America began to melt.
During the next 5,000 years the ice sheets
shrank to an area nearly the same as they
cover today. So much of the earth's water
was contained in the ice sheet that, when
at its maximum, sea level was about 130
meters (about 425 feet) lower than today.
The Atlantic coast of the United States was
much farther to the east. England was part
of the European continent but it gradually
became an island as the ice melted. Even
today there is still enough water in the Arc-
tic sea ice, in glaciers, and especially in the
Antarctica ice cap that, should all melt,
many of the world's major cities, which are
often in coastal plain zones, would be
drowned.

As the Pleistocene (and Paleolithic) slowly
came to an end, vast areas, previously
scoured of all life by the grinding of the
ice sheets, were uncovered and began to
be repopulated by plants and animals,
including human beings. This was a slow
process. The pioneer plants would have to
begin the process of forming soil. It
required centuries to bring the land to the
condition we see today.

Cultural evolution had been occurring
at an ever-faster rate during the last mil-
lennia of the Paleolithic. The Paleolithic
cultural period and the geological Pleis-
tocene period closed at about the same
time—10,000 years ago when the ice had
retreated to its present position and human
beings were to begin the so called "Neo-
lithic Revolution" that carried our nomadic
Stone Age hunter-gatherer ancestors to the
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earliest stages of civilization. And, once
again, this involved a variety of new dis-
coveries that provided more food and pro-
tection. This led, inevitably, to a larger
population size and to greater pressures on
the environment for the necessities of life.
Human ecology was becoming more com-
plex.

The domestication of animals and plants

The first major accomplishment was the
domestication of those species of plants and
animals that, to this day, remain the major
sources of our food. The direct ecological
importance of this event was that, in time,
it provided a more reliable and more abun-
dant supply of food. An indirect ecological
consequence was that it allowed increas-
ingly large numbers of individials to stay
in one place. This, in turn, allowed a more
stable society; increased interactions among
human beings; better protection from wild
animals and enemies; a division of labor
that permitted the development of spe-
cialized crafts, industry, and occupations;
increased leisure that could be devoted to
recreation, thinking, and the arts and sci-
ences; and the development of a hierar-
chical society. Quite simply, civilization was
made possible by the domestication of
plants and animals.

The species that were domesticated, not
surprisingly, were the wild species that had
served as food for the hunter-gatherers. In
view of the very slow cultural evolution
from the earliest tool makers to the end of
the Paleolithic (about 2 million years), the
domestication of the major crop species was
accomplished in a very short time. In the
Old World it took place between roughly
10,000 and 7,000 years ago.

The study of coprolites is continuing to
provide considerable information about the
food eaten by prehistoric human beings
(Wilke and Hall, 1975; Heizer and Napton,
1969). Evidence is replacing conjecture.

The Near East: cereals and pulses. The Near
East—near to Europe, that is—is bounded
on the west by the Mediterranean and on
the east by the high plateau of Iran. It is
a region of great importance in human his-
tory. Much of it is semiarid or desert. The
early stages in the domestication of plants

are thought to have occurred in a broad
band of better watered land, called the Fer-
tile Crescent. This stretches along the foot-
hills from southern Jordan and Israel, north
to southeast Turkey, and then southeast
along the border region between Iran and
Iraq. The average rainfall is 30 cm (12
inches) or better. This is open country with
few trees.

In recent years archaeologists have
worked intensively in this area, hoping to
learn what they could about the origin of
agriculture. The region was not chosen at
random. Long before there were any use-
ful archaeological data, de Candolle, the
first important student of plant origins,
thought that some part of the Fertile Cres-
cent might have been the site(s) of the first
domestications of wheat and other food
plants.

His reasoning is a fascinating example of
how one can proceed with a scientific anal-
ysis when a field is new and the data mea-
ger. According to de Candolle (1886, pp.
354-359) "We have two methods of dis-
covering the home of the species previous
to cultivation . . . first, the opinion of
ancient authors; second, the existence,
more or less proved, of wheat in a wild state
in a given country."

His hypothesis was that a plant, wheat in
this case, would have been first domesti-
cated where wild wheats served as food. In
de Candolle's time wheat was grown
throughout the temperate regions of the
world. If wild wheat had a similar distri-
bution, it would be impossible to deter-
mine the place(s) of early domestications.
On the other hand, if wild wheats were
found in only one area, it would be rea-
sonable to assume that area was the site of
its first domestication.

A survey of ancient authors gave a few
clues. Berosus (available to us only as frag-
ments in Herodotus) gave the earliest
known historical account saying that wild
wheat grew in Mesopotamia (Iraq). There
were other ancient reports but de Candolle
concludes, "Among all this evidence, that
of Berosus and that of Strabo for Meso-
potamia and Western India alone appear
to me of any value."

De Candolle's second method was to
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ascertain the present distribution of wild
species. Only a meager amount of botani-
cal work had been done in the Near East
by the year de Candolle wrote. The only
reliable report known to him for wild wheat
was written by Olivier, about 1820, for
Mesopotamia. De Candolle concludes, "It
is remarkable that wheat has been twice
asserted to be indigenous in Mesopotamia,
at an interval of twenty-three centuries,
once by Berosus, and once by Olivier in
our own day . . . . It is infinitely probable
that it was the principal habitation of the
species in very early prehistoric times."

De Candolle used still another method
to show that wheat must have been first
cultivated at a very early date. He exam-
ined all the ancient languages then known
and found that all had words, but different
words, for wheat. "The manifold names of
ancient languages must, therefore, be
attributed to the extreme antiquity of its
culture in the temperate parts of Europe,
Asia, and Africa—an antiquity greater than
that of the most ancient languages."

What tentative conclusions would have
been reached had all the ancient languages
had the same, or similar, names for wheat?
Try that one on your students. A discussion
will probably result in their having serious
reservations about de Candolle's use of lan-
guage as indicating the age of domestica-
tion of wheat.

Recent observations support de Can-
dolle's hypothesis. Wild wheats have been
discovered to grow abundantly in the
uncultivated hilly regions of the Fertile
Crescent (a fine map is in Braidwood, 1960).
They belong to two species: wild einkorn
(Triticum boeoticum) with a monoploid num-
ber of 7 chromosomes and wild emmer
(Triticum dicoccoides) where N = 14. It is
believed that wild emmer arose by hybrid-
ization of wild einkorn with the goat grass
(Aegilops speltoides, N = 7), followed by a
doubling of the chromosomes to form an
allotetraploid.

Harlan (1967) made some fascinating
observations at a site in southeast Turkey
where wild einkorn grows in abundance.
He looked across the fields of this food of
Paleolithic human beings and asked several
questions. "How attractive would a natural

stand of wild einkorn be to a hungry food-
gatherer? How much food could he expect
to harvest in a day or season? What tools
would he need? Could he harvest the wild
cereals with flint sickle blades?"

First Harlan tried harvesting with his
bare hands. He pulled off the heads and
found that he could harvest one kilogram
of grain per hour. Next he placed a gen-
uine Neolothic flint sickle blade in a mod-
ern handle and found that it was as efficient
as a modern steel sickle. This was Harlan's
important conclusion:

A family group, beginning harvesting
near the base of [the mountain] and
working slowly upslope as the season
progressed, could easily harvest wild
cereals over a three-week span or more
and, without even working very hard,
could gather more grain than the family
could possibly consume in a year.

Harlan had harvested a splendid food as
far as nutritional qualities are concerned.
When compared with modern high quality
red winter wheat, it proved to have less
water and carbohydrate and more ash and
protein. It was difficult to prepare how-
ever. Both einkorn and emmer have glumes
that must be threshed out. This could be
done with a large wooden or stone mortar
and pestle or by roasting. The final product
could be eaten after roasting, made into a
porridge or, with a few pieces of meat, into
soup. Harlan tried the last. It was delicious.

Genetic changes accompanying domestica-
tion. Natural and artificial selection have
very different outcomes. This is not sur-
prising since one is directed toward the
survival of the species in nature and the
other for the convenience or survival of
human beings. Natural selection tends to
make a wild species better adapted to the
local conditions. The goal of artificial
selection is to produce better crops,
stronger beasts of burden, or more beau-
tiful roses. The cereal grains can serve as
an example of these two sorts of evolu-
tionary change.

In wild populations considerable genetic
variability is an advantage. In those years
when the climate is atypical, many individ-
uals would probably perish but a few with
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somewhat different genotypes might sur-
vive. Variability allows different individu-
als of a plant species to grow over a broader
range of soil that varies in moisture con-
tent, chemical composition, exposure, and
other microenvironmental conditions. For
cultivated plants, the farmer seeks to main-
tain more constant conditions: soil tilled,
weeds controlled, fertilizers added. The
farmer seeks uniformity and the crop plants
become adapted to the conditions main-
tained by the farmer.

In wild plants it is often advantageous
for the seeds of a single plant to mature at
different times. This increases the chances
that at least some of the seeds will survive.
With cultivated plants on the other hand,
harvesting is more economical if all the
seeds mature at the same time.

In the wild cereals, the seed heads tend
to shatter, which means a considerable loss
to the gatherer, and they also mature at
different times. In the cultivated cereals,
the seeds are held until they are harvested.
In wild populations the seeds are covered
by a tough, protective coat or hard glume.
These are greatly reduced in the cultivated
varieties, thereby making the preparation
of the grain for food much easier. The
genetic differences between shattering and
non-shattering involve two loci; between
hard and soft glumes a single locus.

Some of the selection that converted the
wild populations to the cultivated condi-
tion may have been incidental to the pro-
cess and not the results of deliberate deci-
sions of the first farmers. The seeds that
were plucked from the plants would,
obviously, not be those that had been shed.
Thus the unconscious selection would be
for those genetic types that held the seeds.
In a similar way all the seeds collected at
one time would be those that had ripened
at approximately the same time. If seeds
are crowded when they are planted, larger
seeds will produce larger seedlings, which
will have a better chance of survival. Larger
seeds have proportionally more carbohy-
drate and less protein. The protein is in
the embyonic area and is nearly the same
irrespective of the size of the seed.

Why farm} Your students might wonder
why, with those lush fields of wild einkorn,

wheat was ever domesticated? If a family
could supply its food needs for the year by
a few weeks work, why not continue the
wild harvest? One might suspect, however,
that with such a natural bounty there would
soon be a crowd of other Paleolithic folks
to help enjoy it. One could argue, there-
fore, that the pressures of population size
would lead to attempts to grow the cereals
in places where they did not grow natu-
rally, such as in the Mesopotamian low-
lands where cities were to begin in a few
thousand years.

There have been many speculative sce-
narios for the domestication of wheat and
other food plants and almost no testable
hypotheses. Harlan (1975, ch. 2) gives a
fine overview and there are many impor-
tant papers in Reed (1977). See also Harlan
(1971), Harlan and Zohary (1966), E.
Anderson (1952, ch. 9), Sauer (1952),
Vavilov (1926, 1951) and de Candolle
(1886).

Barley. In the earliest centuries of plant
domestication in the Near East barley was
more important than wheat. Cultivated
barley, Hordeum vulgare, is derived from
wild barley, Hordeum spontaneum. It is a
grass, as is wheat. Wild populations of bar-
ley still grow abundantly in the hilly region
of the Fertile Crescent (Harlan and Zohary,
1966). Barley is more tolerant of heat and
is able to grow farther south than wild
wheats. The details of its domestication are
conjectural but we can suspect that, like
einkorn and emmer, first the wild plants
were used as food and later seeds were
planted and protected by the first farmers.

Barley slowly became less important as
human food and emmer wheat more so.
Emmer was the preferred grain and when
the ancient cities with their more stratified
societies were founded, barley became the
grain of the common man. Barley is still
with us but today its importance for human
beings is mainly for the production of beer.

Hooch. The use of fermented beverages
is ancient and we may be sure that some
barley was shunted from porridge produc-
tion at a very early date. Some of our oldest
written records, the Sumerian texts, men-
tion 19 varieties of beer, a number equalled
only in our better supermarkets today
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(Singer etai, 1954, pp. 277-281). Although
the fermentation of seeds and other plant
materials may go back to the Paleolithic,
there is no definite record (Jacquetta
Hawkes, 1973, pp. 104-107). Nevertheless
she suspects the worst (1963a, p. 317):

There is no definite evidence for the fer-
mentation of drinks in primary Neolithic
societies, but as all mankind at every level
from savagery to decadent civilization has
always been dissatisfied with his state of
consciousness and sought to change it by
the use of alcoholic drinks (or other
drugs), it is most unlikely that the first
farmers were an exception. With a reg-
ular supply of grain, beer must have been
brewed.

One does not have to credit some pre-
inebriated genius with the discovery offer-
mentation. A stone bowl with some left
over wild grain porridge would soon start
to ferment, especially in warm weather.

Balacing the diet: pulses and pigs. The
grasses that were domesticated in the Fer-
tile Crescent—barley, einkorn, emmer—
helped solve the constant ecological prob-
lem of obtaining sufficient food. Never-
theless, "man does not live by bread alone";
there must be other sources of protein.
Although human beings have no trouble
assembling amino acids into proteins, all
animals must rely, almost exclusively, on
green plants to make these starting com-
pounds. The cereal grains (especially ein-
korn and emmer) have considerable pro-
tein but even better sources are to be found
in the pulses—peas, beans, lentils. Still bet-
ter sources for human beings are the pro-
teins in eggs, milk, and the meat of pigs,
chickens, sheep, goats, cattle, or other
animals.

Proteins can be synthesized only if all of
the component amino acids are present in
sufficient quantities. One might look upon
this as an extension of Liebig's Law of the
Minimum—the amino acid present in min-
imum amounts will determine how much
protein can be synthesized.

Milk and eggs are among the best sources
for adequate amounts of essential amino
acids. Plant proteins are often deficient in
one or more amino acids. Long ago
Osborne and Mendel determined this in

some classical experiments with rats (see
Boget et al., 1973, pp. 87-88). Three ex-
perimental groups of rats were used. One
group was fed protein from milk, another
protein from wheat, and the third protein
from corn. The group receiving milk pro-
tein remained healthy and grew rapidly.
Those on wheat protein remained healthy
but did not grow. Those on corn protein
lost weight and eventually died.

The milk protein contained all of the
essential amino acids required for health
and normal growth. Analysis showed that
the wheat protein did not supply sufficient
lysine. When this was added to the diet,
the rats grew normally. Corn protein was
deficient in both lysine and tryptophan.

Human beings have the same problems
making proteins as do rats. It is important,
therefore, that many different sorts of food
be eaten because that will give a better
chance of obtaining not only the essential
amino acids but also essential vitamins and
minerals.

The diets of people who continued the
hunter-gatherer mode of life until recent
times were generally highly varied. The
American Indians as a whole probably used
at least 1,000 native plants (Yanovsky,
1936). Any one tribe would have had avail-
able far fewer but even the Chippewa of
northwest Canada, with a relatively poor
flora, regularly used about 38 native species
(Densmore, 1928). The Aboriginals of
Australia used about 400 species (Irvine,
1957).

Your students may be interested to dis-
cover how many of the foods they use are
derived from plants. They will find that a
relatively few species supply nearly all of
the plant food they eat but, in addition, a
huge number will be used in trace amounts
(they might check the spice shelf and the
list of contents on packages of prepared
foods and drinks).

The Far East: roots and rice. At roughly
the same time that the first domestications
of plants were taking place in the Fertile
Crescent, similar events were occurring in
Southeast Asia. The archaeological data for
Southeast Asia are not as good as they are
for the Near East. Much less work has been
done there and the climate is much less
favorable for the preservation of artifacts
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and remains of food. Southeast Asia is part
of the hot, humid tropics that extend in a
belt around the world. The Fertile Cres-
cent is temperate: much cooler, especially
in winter, and it receives little rainfall.

Rice is the most important food plant
contributed by the Southeast Asia area of
domestication. Rice and wheat are the two
main staples of the human population. One
or the other can be grown in nearly every
part of the world, except where it is very
cold. Wheat is the crop of the cooler, drier,
temperate regions. Rice is the crop of the
warm, wet zone.

Although the evidence is incomplete, it
appears that rice was not the first major
plant species to be domesticated in South-
east Asia. Nevertheless, it was used as a
food as early as about 6,500 years ago. Root
crops, such as taro and yams, probably came
first. Other domesticated plants from the
area include various species of millet, beans,
sugar cane, citrus, bananas, and breadfruit.

In the much cooler and drier areas to
the north, in central China, other species
of millet, soybeans, apricots, peaches, cu-
cumbers, and Chinese cabbage seem to
have originated. Rice was in cultivation at
least as early as 5000-4500 B.C. As always,
the species first cultivated were the wild
plants gleaned by the gatherers. Wheat and
barley appear early but their origin is not
known. Presumably they were introduced
from the Near East.

Here is a puzzle for your students. Rice,
taro, and yams are grown extensively
throughout Southeast Asia today. The
islands of the South Pacific are believed to
have been settled by people from South-
east Asia. When European explorers first
reached the islands they found the natives
growing taro and yams but not rice. Later
rice was introduced and became the main
food plant. How can one account for the
absence of rice until recently?

A commonly accepted explanation is that
taro and yams were domesticated earlier
than rice in Southeast Asia and that it was
during this early period that the migrations
of human beings to the islands took place.
Later their friends back home began to
domesticate rice (see Gorman, 1977).

Sub-Saharan Africa. Africa south of the
Sahara Desert was discovered by Europe-

ans at about the same time they came to
the New World. This surprisingly late date
was a consequence of their limited abilities
at sea and, on land, the Sahara desert was
an almost imprenetrable barrier. Explo-
ration by sea began in the 15th century
when Bartholomew Diaz reached the Cape
of Good Hope in 1488 and Vasco da Gama
rounded the Cape and sailed all the way to
India in 1497-1499. The difficult terrain,
oppressive climate, and unfriendly organ-
isms (big and small) retarded the rate of
discovery.

During the long ages that the rest of the
world had been isolated from Africa, the
native Africans had developed an exten-
sive agriculture. Once again, grasses were
important articles of diet: several species
of millet, sorghum, and a species of rice
different from that of Southeast Asia.
There were pulses—peas and beans—that
supplemented the scanty protein of the
cereals. Other important plants of African
origin are coffee and watermelon.

The New World: Irish potatoes and Indian
corn. European explorers found the native
Americans cultivating a variety of
extremely valuable food plants. Many
quickly assumed worldwide importance.
The more notable species on the New
World list are Indian corn (or maize), the
lima and common bean, sweet potato, man-
ioc, potato, peanut, pineapple, tomato,
squash, and tobacco.

Indian corn, Zea mays, is the third most
important human food, following rice and
wheat. Its biology is fascinating. It grows
in more diverse habitats than any other
cereal: in the temperate zones and the
tropics; in semiarid regions and rain for-
ests. This is not a consequence of a single
genetic type being able to tolerate such
diverse habitats but rather the evolution
of the species into hundreds of different
races, each adapted to a specific soil and
climate. The ancestor of corn is the wild
grass, teosinte (Euchlaena mexicana or Zea
mexicana).

Corn is the principal food in Mexico and
Central America. When combined with
beans it provides a nutritious diet. Corn is
deficient in the amino acids lysine and tryp-
tophan and in niacin, a vitamin for which
tryptophan is a precursor. The Pre-Colum-
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bian Americans developed a way of pre-
paring corn that greatly improves its nutri-
tional qualities. The dried corn is treated
with hot water containing about 5 percent
lime. It is then ground and made into tor-
tillas. About two-thirds of the lysine of
untreated corn is in the glutelin fraction,
which is almost indigestible. The lime
treatment serves to free the lysine.

Lack of niacin (for which tryptophan is
a precursor) leads to pellagra. This defi-
ciency disease causes dermatitis, diarrhea,
depression, confusion, and hallucinations.
It is widespread in populations that subsist
largely on corn not treated with lime.

Pellagra was common during the years
of the Great Depression in the southeast-
ern United States, where the corn was not
treated with lime. Pellagra is caused not
only by inadequate amounts of tryptophan
but also by inadequate amounts of isoleu-
cine relative to leucine. Thus an increase
of the isoleucine to leucine ratio will be
beneficial. The lime treatment increases the
ratio by 1.8 times. Although the lime treat-
ment has the overall effect of reducing the
amino acids, except for lysine, it greatly
improves their ratios and hence makes the
food more nutritious. Pellagra is a rare dis-
ease where the corn is treated with lime
before it is consumed.

When the Spaniards under Pizarro
entered the empire of the Incas they found
that the most important food plant was the
potato, Solarium tuberosum. It had been cul-
tivated for at least two millennia and pos-
sibly much longer. The potato is thought
to have beem domesticated in the Bolivia-
Peru region of the Andes, possibly near
Lake Titicaca. There are many wild species
with varying numbers of chromosomes.
The commonly cultivated varieties are tet-
raploid.

The wild species of potatoes often have
considerable concentrations of alkaloids,
which makes them bitter and poisonous.
One of the early steps in domestication must
have been the selection of varieties with
less alkaloid. Even the potatoes we eat, if
allowed to be in strong light for a long
time, develop an alkaloid—solanine. Since
the exposure to light will also cause the

tubers to become green, due to chloro-
phyll, one can avoid solanine by avoiding
green potatoes.

The potato was introduced into Europe
in the 16th century, and, in a very short
time, became a major food crop for people
in the cooler parts of Europe. It is rich in
carbohydrate and the protein, though
modest in quantity, is excellent in quality.
The potato was introduced to the United
States from Europe, not from its home in
South America.

The tropical root crop manioc, or cas-
sava (Manihot esculenta), was one of the most
important sources of food for the original
inhabitants of the wet lowlands of South
America. That it could be used at all tells
us a very great deal about those first cul-
tivators of at least several thousand years
ago (Harris, 1972,1977;Purseglove, 1974,
pp. 171-180). Manioc contains a deadly
poison, hydrocyanic acid (HCN). The HCN
is liberated from the glucoside linamarin
by the enzyme linase. When the plant is
growing the enzyme is nearly inactive.
When the tubers are dug and begin to
wither, the enzyme becomes active and
HCN is produced. There are many vari-
eties of manioc and the amounts of HCN
vary. For example, the sweet maniocs have
low concentrations of the poison, which is
localized in the skin. The tubers, however,
become edible when they are cooked and
peeled. The bitter maniocs are more poi-
sonous and the hydrocyanic acid occurs
throughout the tuber. The solution here
was to peel the manioc, grind it, and then
to place it in closely woven baskets, which
were squeezed to expel the liquid with the
poison. Then it was cooked. The same pro-
cess used in prehistoric times is used today,
and one of the products is tapioca.

The Neolithic accomplishment: plants

The plants and animals that now supply
our need for food, fiber, and transporta-
tion were all brought into domestication
before the end of the Neolithic. We can
accept that this accomplishment required
important problems of human ecology to
be solved. The main events that occurred
were the slow adaptation of the various
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species to new climatic regions as they were
carried from their places of origin. This
involved genetic selection which, more
often than not, was probably incidental to
farming. Obviously, only those plants that
could survive the new conditions would
become the progenitors of the next crop.
It is not known when deliberate selection
became a powerful tool of plant improve-
ment, as it has been in recent centuries.

There were four essentially independent
areas where considerable domestication of
plants occurred: the Near East, Southeast
Asia, Sub-Saharan Africa, and the Amer-
icas. In each area the local wild plants that
had served the hunter-gatherers were the
species domesticated, yet there are aston-
ishing parallels. Each has one or more
important grasses: wheat and barley in the
Near East; rice in Southeast Asia; millet
and sorghum in Africa; corn in the Amer-
icas. Each has several pulses—peas and
beans of many species—that add vital pro-
tein. Each has its root crops: turnips, rad-
ishes, carrots, and beet in the Near East;
taro and yams in Southeast Asia; several
other species of yams in Africa; sweet pota-
toes and the Irish potato in the Americas.
Thus, a similar diet was possible for human
beings throughout the world (except for
the Arctic where human beings are essen-
tially carnivores).

Seeds of grasses are the plant foods that
still form the major fraction of the human
diet. They can be produced in vast quan-
tities and supply the purely caloric needs.
When supplemented with pulses or a little
meat a complete diet can be attained. A
hunter's food must be eaten promptly lest
it decay (although it can be preserved by
drying in some cases). The seeds of grasses
and the pulses can be stored for months
or, with care, for years. Cultivation of plants
can produce a crop that can be two orders
of magnitude greater than a hunter-gath-
erer could secure from an area the same
size.

Human beings have other uses for plants.
Some have been cultivated for their fiber:
flax (Near East); various species of cotton
(Africa, Asia, the Americas); several species
of hemp (Asia); jute (southern Asia); sisal

and other Agave fibers (the Americas).
Innumerable species are used by recently
studied hunter-gatherers for medicine,
dyes, poisons, pleasure, and tools.

Taming the wild beasts. The details of
domestication of animals are not known
but it is highly probable that it began when
young animals were captured and raised as
pets. Dogs appear to have been domesti-
cated from different species of wild canines
in different parts of the world. They were
probably the first mammals domesticated,
and alone among all domesticated animals,
were on all continents. One pleasant the-
ory is that man and dog began their long
association as hunting companions. If so,
domestication probably first occurred when
human populations were in the Paleolithic
hunter-gatherer stage. Asia, and especially
western Asia, contributed most of the ani-
mals used for food and as beasts of burden:
cattle, goats, pigs, sheep, chickens, don-
keys, camels, horses, and the reindeer. The
New World provided very few domesti-
cated animals: turkey, llama, alpaca, and
guinea pig. Africa, with the most abundant
fauna of large mammals of any continent,
gave us the ass.

Fibers for clothing and other products
are provided by sheep, goats, the alpaca,
and the camel.

The horse was an important food source
during the Ice Age and was probably
domesticated for that purpose—some-
where in the vast grasslands of Eurasia.
Later it carried warriors of the Near East
into battle and carried produce from farm
to village. Elephants and water buffalo
became beasts of burden in southern Asia.
The llama and in some instances the dog
were used for transportation in the Amer-
icas. See Clutton-Brock (1981), Herre and
Rohrs (1977), Ucko and Dimbleby (1969),
Zeuner (1963), Angress and Reed (1962),
and Reed (1959).

Tools and household implements. Tools were
made of stone, bone, wood, and shells—
metal was still in the future. Pottery had
appeared about 9,000 years ago and by the
end of the Neolithic it had been moulded
into an incredible variety of pots, vases,
containers, and objects with many func-
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tions. Baskets and mats were woven from
fibrous plant material at hand. As men-
tioned before, some baskets were so closely
woven that they could be used to hold water
and, so, to cook food by boiling. Houses
were made from the materials at hand:
stone and adobe in the dry areas of the
Near East; logs where trees were abundant;
bamboo and thatch in the tropics; tents of
skin served the nomads.

A summing up: the Golden Age?

The pre-agricultural millennia, roughly
equal to the Paleolithic and Pleistocene,
account for about 99 percent of the time
our lineage has been in the human stage.
Some authors have looked upon that time
as the true Golden Age of our species. It
is pointed out that the hunter-gatherers of
recent times have an easy life that demands
only a few hours each day for subsistence
activities and it is assumed that the same
state of bliss characterized the Paleolithic.

The ethnographic evidence indicates that
people who do not farm do about every-
thing that farmers do, but they do not
work as hard . . . . There is evidence that
the diet of gathering peoples was better
than that of cultivators, that starvation
was rare, and their health status was gen-
erally superior, and that there was a lower
incidence of chronic disease . . . . Why
give up the 20 hour week and the fun of
hunting in order to toil in the sun? . . .
Why abandon the Golden Age and take
up the burden? (Harlan, 1975, pp. 3 1 -
32).

But this argument would seem to imply
that every wild species is in a Golden Age.
There are reasons to think, however, that
the Paleolithic may not have been such a
Garden of Eden. During much of the time
hunter-gatherers may secure the necessi-
ties of life but, sooner or later, the times
of trouble and sorrow will come. Drought
and unfavorable conditions will reduce the
harvest of wild seeds and roots and the wild
animals hunted for food. Liebig's Law of
the Minimum applies here as well. The size
and well being of the human population
depends not on the good years but on the
bad years.

Natural populations, and we must include
human beings in the Paleolithic, are con-
trolled more by external than by internal
factors. The potential in each species for
increasing the size of its population is such
that, if unchecked, the earth would soon
be filled. Nevertheless, the actual rate of
increase of the human population during
the Paleolithic was, as we have noted
before, close to zero. Yet the imperceptibly
slight positive rate was sufficient, over the
vast expanse of more than a million years,
to bring the human population to an esti-
mated 5-10 million. Harrison Brown
(1954, p. 14) estimates that "the earth
probably could never support a human
population of more than about 10 million
depending upon hunting and wild vege-
tation." Schwanitz (1966, p. 1) estimates
that if the human population was "depen-
dent on hunting and foraging as the only
source of food, the earth could not support
more than 30 million people." Today the
earth supports more than a hundred times
as many.

So by the end of the Paleolithic the earth
may have been reaching its carrying capac-
ity for human beings and the inexorable
pressures of a slowly increasing population
size would have put a selective advantage
on the invention of techniques that would
increase the available resources. Thus,
there were pressures to abandon this
Paleolithic Garden of Eden (even if it ever
were such) and to enter the Neolithic when,
henceforth, more food could be obtained,
but by the sweat of the brow.

The causal relation between population
pressure and the development of agricul-
ture is uncertain. Some anthropologists
believe there is a link. For example Cohen
argues (1977, p. 279) that,

hunting and gathering populations had
saturated the world approximately
10,000 years ago and had exhausted all
possible (or palatable) strategies for
increasing their food supply within the
constraints of the hunting-gathering life-
style. The only possible reaction to fur-
ther growth in population, worldwide,
was to begin artificial augmentation of
the food supply.

Murdock (1967) and Hassan (1981) sup-
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port a similar hypothesis. Other anthro-
pologists point out that some hunter-gath-
erers had high population densities without
agriculture, for example, the Aleuts with
their rich fishing grounds in the Bering
Sea. We can accept, I believe, that some
rich source of food would be necessary for
dense human populations. This could have
come from marine resources or when agri-
culture was well established.

The die is cast

So we come to a watershed in the human
drama. The human population is subject
to the same ecological constraints that apply
to all organisms—the ability to obtain
resources. Tools, fire, and the cultivation
of food all have the inevitable consequence
of providing more resources for the human
population and hence increasing the prob-
ability of reproduction by its individual
members.

Thus, the ecological consequence of our
cultural evolution is to make more
resources available, which will allow more
individuals to reproduce, which will require
ever more resources, which will allow still
more people to reproduce, which will . . . .

Such a process can continue only so long
as there are infinite resources. Yet the
drama of human life is being played out on
a finite earth. There is built-in tragedy and
built-in promise. Which dominates can be
a matter of human choice.
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More and more people: the tradeoffs

Civilization is based on cities, as the
etymology of the word implies. The city
was the home of the citizen whose civility
contrasted with the manners and behavior
of the barbarian and the rustic. To this day
the cities remain the center of the arts,
industry, and the political and social life of
nations. This is a consequence of a very
large number of human beings living close
enough to interact with one another.

The ecological problems that emerged
when human beings first began to form
cities were immense—and many are still
with us. As is the case with most topics,
students will gain much if they first try to
list the special ecological problems that they
believe to be inevitable when large num-
bers of individuals live in a small space.

The settled life of the early Neolithic
farmers was based on small villages. They
were small for good, practical reasons. With
primitive methods of farming, a village of
150 inhabitants would require about 1,600
hectares (4,000 acres), depending on soil
and climate, to raise the necessary food.
How far would the individual who farmed
the most remote plot have to carry the tools
and produce from and to the village? Your
students could determine this for them-
selves. The most ideal situation would be
for the farm land to form a circle around
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the village. If that was so the circumference
would be about 2 kilometers distant. If the
population was 1,500, the journey would
be about 7 kilometers. For a population of
15,000 the farmer would have to travel
about 22 kilometers.

Walking to and from the village would
waste both time and energy that could be
devoted to food production, making tools,
household tasks, or enjoying life. Thus,
there are practical limits to the size of a
farming village. The size can be larger if
the land is fertile but it must be smaller if
the land is poor. If transportation is avail-
able, more distant fields can be farmed. In
Neolithic times the principal means of
transportation in the Near East, apart from
walking, was the donkey, which could be
counted on to carry a moderate burden at
a speed of about five kilometers per hour.
Crude boats were available but the places
where they could be used were rare.

A settled community would need to have
a reliable and convenient source of water.
The size of the source would limit the size
of the community. There would also have
to be a renewable source of a fuel such as
woods, reeds, or dung. And again, the
amount available would limit the size of the
community.

The interactions that are possible within
a community can lead to better and more
varied lives for all individuals. The time
came when each farming family could pro-
duce more food than it required for itself.
The resulting surplus could be used to sup-
port other individuals who could become
specialists: leaders, potters, weavers, car-
penters, merchants, miners, warriors,
masons, jewelers, physicians, sailors, ser-
vants, architects, teachers, priests, astron-
omers, and scribes.

The Neolithic communities brought
from Paleolithic times the social system of
hierarchies of authority, initially based on
strength. The father of the family was its
head. The strongest and most effective
member of a band of nomads became its
chief. Later, as the communities grew, came
the generals and kings. There has never
been a time in history without rulers of
communities, whatever their size. There
are valid reasons for this arrangement.

Communities are effective to the degree
that they can obtain the resources for life
and protect the members of the commu-
nity from adverse forces from within and
without. Effective communities are of great
ecological importance because they
increase the chances of survival and repro-
duction of the individuals in the commu-
nity.

The division of labor within the hier-
archical social structure of the community
was the key development for the very rapid
cultural advances that began with cities. It
also became an increasingly important con-
trivance for dealing effectively with the
environment.

But there were, and still are, negative
ecological tradeoffs. The larger the human
community, the more severe are the pres-
sures on the adjacent biological commu-
nity. Natural habitats are replaced and, in
so doing, there will be destruction of that
portion of the biosphere. The larger the
area destroyed, the more serious will be
the consequences for the human popula-
tion.

The destruction of the native flora and
its replacement with cultivated plants will
almost always increase soil erosion. This is
especially true in areas with marginal
amounts of rainfall—as is the case in most
of the Near East. Erosion carries off the
topsoil, laboriously built up by living
organisms over the ages. Topsoil is, of
course, essential for plants and so indi-
rectly for animals.

The domesticated animals associated
with settled communities are important as
a source of food, fiber, and work but they
too contribute to the destruction of the
environment. Grazing animals, especially
sheep and goats without sufficient pasture,
reduce or even destroy the plant cover thus
exposing the surface to severe erosion.

Farming damages the soil in still another
way. In a natural habitat the plants die in
situ and the minerals they contain are recy-
cled by other organisms. But when crops
are removed from a field, so are the essen-
tial elements they contain.

Thus we must accept that the fertility of
the soil will influence the life of all organ-
isms. In a natural environment, the fertility
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is maintained by the activity of the organ-
isms themselves. If this fertility is lessened
by cropping, grazing, and the destruction
of the local biota it must be improved by
adding fertilizer or allowing the land to lie
fallow, which permits natural processes to
increase fertility.

When human communities reach sizes
that exceed the carrying capacity of the
land being utilized, environmental damage
is inevitable. Thus, the very basis for human
life is eroded and the same area can now
support only ever smaller numbers of
human beings—it has become overpopu-
lated.

The ancient solutions were to reduce
population size by the migration of the
excess population, to increase the area of
land in use, and to develop means of trans-
portation so that distant lands could be
tapped, or to attempt artificial population
control. If none of these solutions was
effective nature took over and there was
starvation. A population totally dependent
on a limited area of land cannot exceed the
carrying capacity of that land.

Another negative tradeoff was that, as
communities increased in size, so did inter-
community competition, and hence
aggression and war. Large communities can
field large armies for defense or offense.
In ancient times, warfare tended to be a
winner-take-all affair. The inhabitants of
the vanquished community were "put to
the sword" or taken as slaves and their
community "put to the torch."

It is probable that intragroup violence
and crime increased as well, as communi-
ties got larger. Let us assume that for what-
ever reason about one percent of the indi-
viduals were criminals. A community of 150
might be able to deal effectively with one
or two "bad" individuals. A community of
1,500 would have a gang of 15 and for a
community of 15,000 there would be 150.
Thus, as the communities grew so would
the absolute numbers of their difficult cit-
izens, whose effectiveness would increase
with their group size, unless measures of
control existed.

Another negative tradeoff of increasing
size is the increase in disease. The native
peoples of recent times that lived in small

and semi-isolated groups were relatively
free from contagious diseases. Either the
disease organisms never reached them or,
if they did, there were not enough human
beings to keep the disease going.

Thus it is now known that it requires a
population size of at least half a million for
the virus responsible for measles to be
maintained (W. H. McNeill, 1976, p. 53).
McNeill concludes that "Person to person
'civilized' types of infectious disease could
not have established themselves much
before 3000 B.C." As communities grow
and communication between them
increases, contagious disease organisms are
able to spread more rapidly and to establish
themselves in the population.

In time the inhabitants of larger com-
munities will develop some degree of
immunity to those diseases which they have
encountered. Inhabitants of isolated or
rural areas will have little immunity. This
can have devastating consequences for the
populations lacking immunity. European
settlers carried their diseases, for which
they had considerable immunity, through-
out the world and transmitted them to peo-
ples with little or no immunity. Thus a dis-
ease "mild" to Europeans brought death
to the natives of America and the South
Pacific.

And then there is the problem of getting
rid of human wastes. It could be relatively
easy to walk to the edge of a small village
to dispose of decaying food, urine, or feces
if an inhabitant was so inclined. Such dis-
posal would have important public health
benefits and could enrich the fields. How-
ever, as villages grew into cities, the prob-
lems would become greatly exacerbated—
it would be just too much trouble to walk
that far.

These wastes become a serious problem
if they contaminate the community's water
supply or food. Amoebic dysentery and
various other diarrheal diseases, typhoid,
and numerous protozoan and helminth
parasites are transmitted from person to
person in contaminated food and water.
The larger the community the larger the
quantity of wastes and the greater the
probability of contamination. We have no
firm data for Neolithic communities but,
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since pronounced improvements in public
health are rather recent, these 1841 data
for two areas in England are suggestive:
the expected life span of males in the smoky
industrial city of Manchester, with no sew-
ers, was 24 years whereas for males in rural
Surrey it was 44 years (D. V. Glass, 1964).

So the concentration of human beings
that was to make civilization possible intro-
duced serious ecological problems. But in
human biological terms the benefits may
outweigh the costs. Numbers spell power;
and from the later centuries of the Neo-
lithic to this day, cultural advances have
come largely from cities.

From the Paleolithic on, human beings
began to replace a high degree of biolog-
ical independence with increasing inter-
dependence. Most individuals in the Paleo-
lithic could secure the basic necessities of
life by their own efforts. This was still true
in the first half of the Neolithic but there-
after this became impossible for an increas-
ing proportion of human beings—mainly
those living in the larger communities. The
increasing interdependence was to lead to
a new sort of freedom for some, however.
This was a freedom to participate in what
we would now call the arts, sciences, rituals,
government, and intellectual activities in
general.

"History begins at Sumer"

Or so it is claimed by Samuel Noah Kra-
mer in his book with this title. There are
no data to refute his assertion. Ancient
Sumeria is situated in the lower part of the
Valley of the Twin Rivers, the Tigris and
Euphrates in what is now southern Iraq.
Both rivers begin in the mountains of
Armenia and flow south through the Fer-
tile Crescent and the plains of Mesopota-
mia. The rivers carry a heavy load of rich
alluvium that over the centuries has pro-
duced the broad flood plain. The rivers
unite to form the short Shatt-al-Arab (now
the site of the war between Iran and Iraq),
which enters the Persian Gulf.

Here lying buried in the desert sands are
the remains of the first civilization and the
first cities: Eridu, Uruk, Lagash, and Ur
(the original home of Abraham, Genesis
11:26ff). The land near the rivers where
these cities were located was a combination

of marsh and of desert. The rainfall was
insufficient for agriculture.

The first systematic archaeological exca-
vations of the cities of Sumeria, mainly of
Ur, that were to tell us of the early inhab-
itants, were done in the 1920s by a joint
expedition of the University of Pennsyl-
vania and the British Museum led by Sir
Leonard Woolley (Woolley et al., 1927-
1956). The extraordinary monuments and
artifacts discovered bespoke of a high cul-
ture in what were the first cities of the
human race. There were monumental
buildings made of sun-baked bricks of mud
and reeds; there was no local stone or
wood for construction.

The Sumerians were the first to invent
writing. This began as ideograms and
evolved into a mixture of ideograms and
phonemes. The ability to keep written rec-
ords, plus a knowledge of simple mathe-
matics, allowed the priest-administrators
and merchants to keep track of people,
produce, and transactions. There was an
elaborate priesthood with the chief priest
the king. The elite demanded and received
the excess wealth of society and organized
the masses to erect palaces, city walls, zig-
gurats with their crowning temples, and to
form armies. The elite went to their graves
accompanied by jewels, fine weapons, and
other belongings. Bronze was used mainly
for weapons; the farmers continued to use
stone, wood (imported), and bone for their
tools.

Woolley estimates (1963, p. 428) that, at
its height, the population of Ur was an
astonishing 360,000. It is interesting to
enquire how one can estimate the popu-
lation of a city of about 4,000 years ago.
The excavations showed that there were
about 44 houses per acre. Most of these
were of two stories and a conservative esti-
mate would have placed about 6 persons,
including slaves, in each household. The
built-up portion of Ur occupied about 1,450
acres. That would give a total population
of about 382,800 so, by reducing this for
open spaces, we arrive at Sir Leonard's esti-
mate. Some more recent estimates are
lower since it is suspected that not all of
the area of the city might have been occu-
pied at the same time.

Nothing like the civilization of Ur was
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known from earlier periods, producing the
impression that a single leap took our
ancestors from barbarism to civilization.
But that impression must be wrong. The
separate cultural innovations that were to
make cities and civilization possible must
have come first. Human beings could not
assemble in a city and become civilized.
They had to develop the basic require-
ments of civilization in order to form cities.
This period of preadaptation was probably
completed early in the fourth millennium
B.C. (possibly about 3800) in the city-states
of Sumeria.

Cultural evolution was so rapid in the
fourth millennium that some historians
speak of the "Urban Revolution" that took
place in Sumeria. But surely it must have
been an "Urban Evolution." The welding
of a large mass of human beings into an
organized society requires a long cultural
preparation. There must be that ability of
farmers and herders to produce a surplus
of food to support those not so engaged.
There must be effective leadership and dis-
ciplined followers. Once organized in cit-
ies, human cultural evolution was rapid.
But Jacquetta Hawkes (1973, p. 4) reminds
us that something more is needed:

Good soil, agriculture, some elementary
techology, social stratification may have
made the necessary groundwork, but
what except imaginative power lifted
inert mud into the fantastic ziggurat with
its crowning temple, or the resistant mass
of rock into a gleaming pyramid?

The land was so bleak and inhospitable
that ancient Sumeria was essentially unin-
habited until about 5000 B.C. The pho-
tograph on page 78 of Kramer (1957) shows
the region now as a barren desert and it is
highly probable that it was the same before
the first people arrived. Rain-dependent
agriculture was impossible; the desert sum-
mers were blistering and the winters cold;
the erratic rivers were subject to serious
and frequent flooding and changes of
course. But people came, probably from
the highlands of Iran to the east. The fact
that they did migrate to such a harsh region
probably meant that population pressures
in their homeland required the move. They
brought their domesticated animals and

plants (except the olive) and acquired a new
one—the date palm (Phoenix dactylifera). An
important genetic event had occurred with
respect to barley. The first barley to be
domesticated had two rows of seeds in the
head. A new form, with six rows of seeds,
is recorded from the earliest Sumerian
times. This must have been a chance muta-
tion that was preserved because it gave far
more food.

Irrigation

Apparently these immigrants from the
east were responsible for the first large scale
conversion of barren desert to agricultural
land by irrigation. During a thousand years
or so they extended canals from the rivers
to essentially all of the southern part of the
valley. The highly fertile alluvial soil, when
watered, began to produce large amounts
of food, and so made possible a very large
human population (Figs. 3-5).

The relatively gentle (except at flood
time) Euphrates, rather than the turbulent
Tigris, became the source of water for irri-
gation. The geography of the region made
irrigation farming possible at first but ulti-
mately impossible. The Euphrates is a rap-
idly-flowing, silt-laden river until it reaches
the almost perfectly flat plain of southern
Iraq. There it slows and deposits its silt
mainly along the banks (where the flow
would be the slowest). This elevates the
banks, which become natural dykes and the
crest of the river becomes higher than the
surrounding plain. This makes it a simple
task to irrigate the fields. The bank can be
cut and the water carried by gravity
through the canals across the plain. Thus
in this land of almost no rain the potentially
rich soil can be irrigated to produce an
abundant harvest.

But it is not this simple. Successful irri-
gation demands not only a supply of water
but, just as important, a mechanism for
getting rid of salt. The principle is easy to
demonstrate. If one places water from
almost any natural source in a container,
leaves it in the sun, and continually replaces
the water that evaporates, soon the water
in the container becomes very salty. Thus,
when the waters of the Euphrates, which
carry an appreciable amount of salt, were
allowed to flow over the land year after
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FIG. 3. Tilling the soil in northern Mesopotamia (now Iraq) about 1901. Similar tools began to be used in
the early Neolithic. Keystone-Mast Collection of the California Museum of Photography.

year, the salt left in the soil reached levels
that made farming impossible.

Ideally, irrigation is a flow-through pro-
cess. Water is carried to the fields but the
amount is so regulated that some is left to
flush the soil and carry off the excess salt.
The land in Sumeria is so flat, however,
that drainage is a difficult problem. The
water cannot flow directly back into the
river, which is higher than the plain.

Even apart from this difficulty, irrigation
was not easy. The erratic nature of flood-
ing by the Euphrates made it difficult to
maintain the irrigation canals and even the

natural banks of the river. As a conse-
quence, a large proportion of the total
human energy was devoted to maintaining
the canals: first digging canals many miles
in length; maintaining their banks, espe-
cially during flood time; and clearing them
of silt. A task of this magnitude could be
accomplished only by a very large number
of human beings who were either forced
or persuaded to do it. According to Sir
Leonard Woolley (1963, p. 419),

The Mesopotamian delta held out to
early man the promise of a better and
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FIG. 4. Threshing beans in Egypt about 1909. The threshing sledge is an ancient device used for freeing
seeds from their seed coats, pods, etc. Keystone-Mast Collection of the California Museum of Photography.

richer life than could be found in any
neighbouring land, but it was a condi-
tional promise; its fulfilment required a
co-operative effort and a centralization
of control quite beyond the scope of a
village community. The very nature of
the country and of the river forced the
inhabitants to make common cause
throughout a territory whose size was
decided by the limits of an interdepen-
dent canalization, and the planning and
upkeep of the canals required the direc-
tion of a regional authority enjoying
absolute powers.

The task of maintaining the irrigation
canals was made more difficult by the all
too frequent wars. Canals were deliber-
ately destroyed and, of course, if the peas-
ants had been drafted for the army they
were not available for repairing and main-
taining the irrigation system. Then there
were the natural disasters—when the rivers
flooded far above normal and washed out
canals and banks.

But in the long run disaster came as a
consequence of faulty agricultural prac-
tices that led to excessive salinization of the
soil. Jacobsen and Adams (1958) tell the
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FIG. 5. Grinding grain. The seeds of wheat, corn, other cereals, pulses, and nuts are usually ground to form
flour or meal before being eaten. Until recently this was done by crushing the grain with stones. Simple
grinding stones, such as that shown in the left photograph, were used by the Native Americans (this one in

story. See also Adams (1965,1974), Gibson
(1974), Lawton and Wilke (1979), Pillsbury
(1981), and Whyte (1961).

In the absence of proper flushing, the
water table of irrigated lands becomes
highly saline. This need not be disastrous
if the upper level of the water table is below
the roots of the crop plants (the cereals
have very short roots). There are two ways
to keep the water table low. One is to use
a minimum amount of water for irrigation.
This will prevent the soil from becoming
saturated down to the water table, allowing
the salty water to move upward through
the moist soil to the roots. The second
method is to allow the fields to lie fallow
every other year. This allows the growth
of salt tolerant native plants with deep
roots. These plants will remove water from
the soil above the water table and the drier

soil acts as a barrier to prevent salty water
reaching the roots of the crop plants.

But the Sumerians were not able to pre-
vent the increase in salt and slowly the land
became less productive. This can be shown
by comparing the relative percentages of
wheat and barley grown. Wheat is more
sensitive than barley to salt. It is possible
to obtain rough estimates of the grains
being used for food by studying the bot-
toms of clay pots dug up by the archaeol-
ogists. Before the pots were fired, they were
often put on the floor of huts and the seeds
lying there made impressions in their soft
clay bottoms.

Using this method Jacobsen and Adams
reported that barley and wheat were
equally abundant around 3500 B.C. By
2500 B.C. wheat had dropped to about 16
percent and by 2100 B.C. to 2 percent and
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southern California). Similar devices were used in many parts of the world. A more advanced way of grinding
grain between stones is shown in the right photograph (Manchuria about 1904; Keystone-Mast Collection,
California Museum of Photography). The donkey's eyes are covered to prevent dizziness.

by 1700 B.C. there was no evidence that
it was used. Since wheat is the preferred
cereal, we can conclude that it was not
grown because the land was too salty. The
yields of grains, known from ancient rec-
ords, also showed a drop. About 2400 B.C.
farmers in one locality harvested an aver-
age of 2,527 liters of grain per hectare.
The average declined to 1,460 liters in
2100 B.C. and 897 liters by 1700 B.C.—a
yield approximately one-third of that 300
years before.

By 1700 B.C. the great cities of Sumeria
had declined to impoverished villages or
were totally abandoned. Salinization was
not the only cause. The human predilec-
tion for violence and war resulted in fre-
quent episodes of destruction of these com-
munities and the disruption of their systems
of irrigation. But recovery was always pos-

sible when there was that cadre of peasants
who could produce that large surplus of
food that supplied the cities. This became
impossible when that basis of all life, the
fertility of the soil, had been destroyed.

The most awesome aspect of all is that
the land is abandoned to this day.

The human population had experienced
one of its first major ecological disasters.
That was not the end of civilization, of
course, but it was the end of civilization in
Sumeria. Civilization moved elsewhere, yet
the scenario of environmental destruction
followed by the decline of civilization was
to be repeated again and again. The com-
bination of vast concentrations of people
and an ever more powerful technology
inevitably demands more resources than
the environment can supply. All civiliza-
tions, not just the cities of Sumeria, depend
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on the surplus production of renewable
resources and the availability of non-
renewable resources.

The Indus River civilization
About five centuries after civilization

began in Sumeria, another center arose
quite suddenly in the Valley of the Indus
River, in what is now Pakistan. Much less
is known about it yet its demise appears to
be another example of the human destruc-
tion of the environment.

This civilization is known as the Harap-
pan civilization from one of its main
archaeological sites on a tributary of the
Indus River. The Indus is a large river that
flooded each year and so renewed the fer-
tility of the land. (The Indus rises in the
Himalayas and enters the Indian Ocean
near the present day city of Karachi.)

The Indus cities probably began about
2500 B.C. The major sites so far studied
are Harappa, far upstream, and Mohenjo-
daro, about 200 kilometers from the Indian
Ocean. There was a well-developed agri-
culture based on wheat, barley, and peas.
Cotton was grown and woven for clothing.
Sheep, pigs, cattle, water buffalo, camels,
horses, cats, dogs, and possibly elephants
had been domesticated.

The Harappan civilization reached a
peak about 2350 B.C. and lasted until about
1600 B.C. One prominent hypothesis for
the decline is that the forests along the
river were destroyed (for fuel) to such an
extent that the land was seriously eroded
and subject to devastating flooding by the
river.

How would one come to such an hypoth-
esis? The evidence that there were forests
is that archaeologists find remains of ani-
mals that are forest dwellers: tigers, ele-
phants, water buffalo, monkeys, and rhi-
noceros. That forests existed and were
destroyed is suggested also by the fact that
the cities were built of fired bricks. These
were needed in vast quantities and trees
were the only source of fuel that could have
been used for heating the kilns in which
they were made.

There were other factors, of course:
invading armies did their periodic mis-
chief. It must be remembered, however,

that violent destruction need not mean the
end of a city. Some of the ancient cities of
the Near East and the Mediterranean world
were repeatedly sacked, yet they are still
with us (Rome and Istanbul, for example).
If a city has a viable ecological basis for its
existence it may "rise again from its ashes."

Ancient Egypt

The third of the great civilizations of
antiquity began in the Valley of the Nile.
This is a happier story because, to a large
degree, the ancient Egyptians lived with a
river that made their soil a constantly
renewed resource. The soil's fertility that
was removed with each harvest was restored
by the Nile's flooding the following season.
When the water receded it carried off any
excess salt. This ecologically benign
arrangement lasted for more than five
thousand years and only in our time has it
been abrogated—by the Aswan High Dam
(completed in 1970).

The Nile is one of the great rivers of our
world. Its ecological importance in human
terms is that it made life possible in the
Nile Valley, which beyond the banks of the
river is a desert where it almost never rains.
Its importance for the study of history lies
in the fact that European scholars began
to study the ancient monuments along its
banks long before they started digging in
Mesopotamia. Thus Egypt came to be
regarded as the world's oldest civilization.
It nearly was—the Sumerian cities seem to
have come into existence only a few cen-
turies before civilization started in Egypt.
Sumeria lasted only about two millennia—
Egypt is still with us—and the reasons are
largely ecological.

The first large scale study of Egyptian
antiquities was made by the savants accom-
panying Napoleon on his ill-fated (for him)
attempt to conquer Egypt. They studied
the monuments, made splendid paintings
of them, discovered the Rosetta Stone that
proved to be the key to deciphering the
ancient hieroglyphs, and published 21 mag-
nificent volumes (Description de l'Egypte,
1809-1828) describing what they had
found.

The Nile floods are the result of heavy
rains in the headwaters of the river in
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Ethiopia and, to a lesser degree in the Lake
Region of East Africa. Scholars of ancient
times did not know this and were sorely
perplexed by the behavior of the Nile. It
flooded from July to October when all the
other rivers they knew about were at their
lowest levels. This vast river appeared to
rise in the desert far to the south, a desert
beyond which was terra incognita. In Vic-
torian times there was a frenzy to be the
first to solve the problem—the source of
the Nile. British explorers endured great
hardships of distance and disease before
they found the answers (Moorehead, 1960,
parti ; 1962, part 1; Burton, 1860; S. Baker,
1866, 1867; Bruce, 1790; Speke, 1864).

The Nile has two main tributaries. The
shorter Blue Nile begins in the mountains
of Ethiopia and, because of its greater drop
causes more erosion and, therefore, carries
vast amounts of silt. The White Nile rises
from lakes of East Africa. Its more gentle
flow and passage through a hugh sieve of
a marsh (the Sudd) means it carries less silt
than the Blue Nile. The two tributaries
join at Khartoum and the river, a ribbon
of life, continues north for 2,500 kilome-
ters before it enters the Mediterranean. It
has a huge delta with exceptionally fertile
soil and, today, a dense population of
exceptionally impoverished inhabitants.

The Nile thus behaves very differently
from the Tigris and the Euphrates. Most
importantly, it is fairly reliable. In contrast
to the turbulence and variations of flow of
the other rivers, the Nile begins to flood
slowly in July and spreads across its low
banks to the plain on either side. The shal-
low waters are slowed and they deposit their
rich silt from Ethiopia. Then slowly the
level of the river drops and the waters drain
back to the main channel. Recall that this
is impossible in Sumeria because the
Euphrates is higher than the surrounding
plain. Furthermore, the slope of the land
in the downstream direction of the Nile is
about twice as great as is the slope of the
plains of Sumeria. Irrigation therefore is a
flow-through process, which reduces the
risk of salinization.

The original system of Egyptian agri-
culture was a single crop per year using the
natural irrigation of the Nile floods. When

the fields began to dry in November they
were planted with wheat, barley, onions,
beans, lettuce, melons, and leeks. The rich
soil produced abundantly. In addition,
grapes and fruit trees were grown. These
had to be watered throughout the year
artificially as did the kitchen gardens.

But the inevitable happened. The pop-
ulation increased, though slowly, and soon
the harvest of a single planting per year
was insufficient. It became necessary to
irrigate the fields so that two or more crops
could be grown each year, but the popu-
lation continued to expand and somehow
the supply of food never seemed to be suf-
ficient.

At this point we will consider some
aspects of poulation growth and the factors
that limit it, mainly starvation, disease, and
intraspecific violence. Then we will return
to our consideration of the ecological
problems that have confronted the human
population in Egypt and elsewhere over
the centuries.

References to cities and the
beginnings of civilization

General references. R. M. Adams (1960),
R. M.Adams et al. (1968), Albright (1954),
Bottero etal. (1967), Boyden( 1970), Braid-
wood and Willey (1977), Brothwell (1969),
Carter and Dale (1974), Childe (1942,
1957), G. Clark (1969), Coon (1958), Dar-
lington (1969), Diringer (1962), Eckholm
(1976, ch. 7), Edwards et al. (1970-1975),
Fenner (1970), Frankfort et al. (1946),
Hawkes (19636, *1973), Hodges (1971), J.
D. Hughes (1975), E. Jones (1966),
McEvedy (1967), *McNeill (1963), Maddin
et al. (1977), Marshack (1972), Michener
(1965), Moorey (1979), Neugebauer
(1952), Postgate (1977), Pritchard (1958,
1975), Roebuck (1966), Scientific Ameri-
can (1976), Singer et al. (1954), Ucko,
Tringham, and Dimbleby (1972), and
•Woolley (1963).

References to Sumeria. R. M. Adams(1962),
Kramer (1957, 1959), Lloyd (1978), Mir-
sky (1982), Parrot (1961), *Roux (1980),
Saggs (1965), Woolley (1928, 1950), and
Woolley etal. (1927-1956).

References to the Indus River civilization.
Fairservis (19756), Marshall (1931), Piggott
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(1950), G. C. Taylor (1965), and Wheeler
(1968).

References to Ancient Egypt. Aldred (1961),
Baumgartel (1955), *Breasted (1909),
Budge (1926), Butzer (1976), Edwards
(1961), Emery (1972), Lucas (1948), Lud-
wig (1937), and Mailer (1983—a novel).

Compounding people and
compounding interest

One of the most difficult concepts for
many students to understand is how a "triv-
ial" rate of population growth can lead to
severe ecological problems for a popula-
tion. They are dubious when demogra-
phers express concern that the annual
growth rate of the human population is 2
or 3 percent.

The concept becomes easier to grasp
when the notion of how long it takes a
population to double its size is presented.
The "doubling time" is simple to estimate
from the rules of compounding: divide 70
by the growth rate. Thus, a population
growing at 2 percent per year will double
in 35 years and one growing at 3 percent
in 23 years. Bank accounts work in the same
manner: the balance will double in 7 years
if the interest rate is 10 percent.

We will return to problems associated
with population growth in Part III but, in
order to continue the argument, some basic
notions must be introduced. A single ref-
erence should suffice for the present—
Ehrlich, Ehrlich, and Holdren (1977).

First, it must be understood that any pos-
itive rate has the potential for increasing
a population to infinity. Eventually there
would be standing room only for human
beings on this earth whether the growth
rate was 0.0001 or 1.0 percent per year.
For the first value the doubling time would
be 100,000 years and for the second 70
years. We saw earlier ("The Ecological
Importance of Tools") how the growth of
the human population in the Paleolithic
amounted to no more than an increase of
3-15 individuals per year per million indi-
viduals (0.0003 to 0.0015 percent).

Second, the size of a population is impor-
tant in relation to the carrying capacity of
the environment, that is, the number of
individuals that the environment can sup-

port (see Hassan 1981, ch. 10 for a discus-
sion of carrying capacity). This will depend,
of course, on the species. The number of
bacteria that can be supported in a single
human intestine is greater than the num-
ber of elephants that could be supported
by the entire earth.

"Carrying capacity" is not a constant.
There are good years and lean years. The
resources available in the good years will
put a limit on the maximum size the pop-
ulation can attain. When the lean years
come, as they always will, the resources
available are not sufficient for this popu-
lation of maximum size. Starvation and/
or migration of individuals are the usual
solutions.

Thus we will observe another variant of
Liebig's Law of the Minimum. Your stu-
dents may wish to explore this matter by
speculating on the course of events in two
model populations. In one population the
individuals require 5 years to reach sexual
maturity; in another population the time
required is 6 months. Both live in an envi-
ronment with a cycle of 3 good years and
1 bad year. What might one hypothesize
the fluctuations in population size to be?
E. P. Odum (1971, pp. 188-195) can be
consulted to check the hypotheses.

Third, apart from migration, the only way
a population can escape the constraint of
the years with few resources is to increase
the resource base. This happens to some
extent in many animals—food sources nor-
mally ignored become acceptable.

The human population has been unique
among organisms in artificially increasing
its resource base. When our ancestors were
living essentially as hunter-gatherers, as
they did throughout the Paleolithic, a very
large amount of real estate was required
to supply the needed resources. The inven-
tion of agriculture greatly expanded the
resources that could be obtained per hect-
are. The invention of irrigation meant that
land that otherwise could not supply
resources could now do so. The conse-
quences of all these developments were
most dramatic. If we can accept the esti-
mates, more people were living in the
Sumerian city of Ur than on the entire
earth at the start of the Paleolithic.
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Throughout history human populations
have attempted to avoid environmental
restrictions on population size by increas-
ing the resource base and by migration to
those portions of the world with fewer peo-
ple or inhabited by people who could be
conquered. There are, in addition, exam-
ples of societies that have attempted to
control the size of their populations (Doug-
las, 1966; Langer, 1972; Wrigley, 1969).

Fourth, in species where the parents care
for the young the resources provided by
the parents will be divided among the
young. The parents may or may not be able
to provide enough for all. The European
swift is an insectivorous bird that normally
lays two or three eggs. In a good year, when
insects can be caught readily, most nest-
lings survive. In cold, wet years, when
insects are scarce, there is not enough food
for all the young and the usual result is
that the strongest nestling is the only sur-
vivor (Lack and Lack, 1951). Even in the
good years when all nestlings survive, those
from the larger clutches are often in poor
shape.

In another study Lack (1948) compared
the weights of nestling starlings from
broods of 2 and 7. He found that at 15 days
the average weight of nestlings in broods
of 2 was 88 grams and in broods of 7 it was
71 grams.

Fifth, although the potential for any
species with a positive rate of increase is to
reach infinity, a variety of negative forces
invariably prevents this from happening.

A generation ago Foerster, Mora, and
Amiot (1960) showed that if the human
population continued to increase at the rate
it has since A.D. 1, it would reach infinity
in the year A.D. 2027. That means that
the surface of the earth would be entirely
covered, oceans and all, and we would be
a mass expanding into space at the speed
of light.

There is little doubt that the calculations
are correct but we can be sure that the
prediction will not come to pass. The truly
important question for humanity, how-
ever, is "What will prevent the fulfillment of
the predictions}"

Foerster, Mora, and Amiot also extrap-
olated the growth curves backwards and

estimated that the total human population
1 million years ago was 200,000, which is
in good agreement with the estimate from
anthropological studies given earlier in this
Essay. (A good round number to remem-
ber as a reference point is their estimate
for the year A.D. 1, which is 100 million.)

Six millennia of population change

We saw before ("History begins at
Sumer") how Woolley was able to use
archaeological data to estimate the popu-
lation of Ur. Similar attempts have been
made for Egypt (Butzer, 1976; Mitchell,
1982; and Gallagher, 1981). One can esti-
mate the amount of land cultivated, the
probable size of the harvest, the food
needed per individual, and then put all
these numbers together and obtain an esti-
mate of the total population. One can also
study skeletons and determine the age at
death, sex, and possibly even a rough esti-
mate of the number of children born to a
woman (by studying the female pelvis).
There was an abundance of such material
in Egypt but, unfortunately, the early
archaeologists were not interested as we
are today in such information and they
destroyed countless cemeteries.

The estimates are given in Table 5. The
total land cultivated was about 16,000
square kilometers in 4000 B.C. This
remained nearly constant so long as the
cultivated area consisted solely of the land
covered by the annual Nile flood. About
1600 B.C. the shaduf came into use (Fig.
6). This was a primitive, though efficient,
mechanism for raising water. It consisted
of a bucket tied by a rope to a long pole.
The pole was balanced on a fulcrum to
decrease the effort required to lower the
bucket into a well and then raise it and
empty the water into irrigation ditches.
(Sometimes this was done by having a per-
son walk along the pole from one side of
the fulcrum to the other.) This made it
possible to cultivate more land and to water
small kitchen gardens and fruit trees
throughout the year.

In 1902 a dam was placed across the Nile
at Aswan. This was nearly two kilometers
wide and about 50 meters high. It backed
up the Nile for about 270 kilometers and
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TABLE 5. Egyptian demography: 4000 B.C.-A.D. 1980.

4000 B.C.
3000
2500
1800
1250

150
1000 A.D.
1800
1846
1907
1927
1937
1947
1960
1970
1975
1980
Percent increase

from 4000 B.C.
to 1980 A.D.

Total
population

323,000
816,000

1,589,000
1,931,000
2,862,000
4,872,000
1,600,000
3,854,000
4,476,000

11,287,000
14,178,000
15,921,000
18,967,000
25,984,000
33,071,000
37,011,000
42,200,000

13,100

Cultivated
land

(sq. km)

16,100
15,100
17,100
18,450
22,400
27,300

—

38,000

236

Indi-
viduals

(per
sq. km)

20
54
93

105
128
178

—

1,115

5,600

Data from Butzer (1976), Mitchell (1982), and Gal-
lagher (1981).

provided enough water for irrigation
throughout the year. In 1970 the Aswan
High Dam was completed. It is more than
twice as high, twice as long, and holds back
eight times as much water as the earlier
dam.

In the past, the total Egyptian population
had its ups and downs. More recently it has
had only ups. Butzer (Table 5) estimated
the total at a third of a million in 4000 B.C.
This grew slowly during the golden cen-
turies of Egyptian history and reached a
peak of about 5 million in the two hundred
year period from 100 B.C. to A.D. 100. By
late Roman times the nation was wracked
by invasions and foreign domination and
the population decreased greatly in size "as
a result of managerial incompetence, reli-
gious strife and civil war, epidemics, and
the devastations of Arabian beduin"
(Butzer, 1976, p. 92). Society was disinte-
grating.

Estimates of population size became more
accurate in the 19th century when the pop-
ulation size had returned to its earlier peak
(Table 5). The rate of increase in the 20th
century became alarming—about a four-

fold increase from 1907 to 1980. One
obtains a more vivid picture of what is hap-
pening when the population data of Table
5 are plotted (Fig. 7).

The number of individuals per square
kilometer of cultivatable land started at 20
and rose rapidly to a peak of 178 in Roman
times. Data for the early centuries of the
Christian Era are not shown but one can
make reasonable guesses. Today the num-
ber is 1,115 per km2. Your students might
find it interesting to compute the available
space per individual in 4000 B.C. and in
1980.

Thus in a period of 6,000 years the area
cultivated has increased 2.36 times, pop-
ulation size 131 times, and density 56 times.
The population added between 1975 and
1980 is more than the total population at
the ancient peak near 150 B.C. See also
Hassan (1981).

The dam solution

By the close of the 19th century it was
obvious that something had to be done
about the pressing problem of overpopu-
lation. The population was increasing rap-
idly and the levels of poverty and hunger
were unacceptable. At that time Egypt was
a colonial possession of Great Britain and
the British, as noted before, attempted to
ease the problem of hunger by building the
first dam at Aswan. The argument was that
more water would be available to increase
the land cultivated and to allow crops to
be grown throughout the year. One of the
important crops had become cotton, which
could be exported to pay for the impor-
tation of items that were unavailable in
Egypt.

Sir William Willcocks was the designer
and builder of the dam at Aswan that was
completed in 1902. He described (1901)
why the dam was needed:

Egypt today is in a state of transition.
That basin irrigation, which has been
typical of the country for 7000 years, is
giving place everywhere to perennial
irrigation, and the current is so strong
that individual views are being aban-
doned, and from one end of the country
to the other there is an eager demand
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FIG. 6. The shaduf in action. The bucket at the lower right is filled with water, raised by the long pole with
the counter-weight, and emptied into the irrigation ditch (to the left of the man in front, center). Many of
the individuals working in the water will acquire Schistosoma. The aquatic larvae of this blood parasite enters
a human being by boring through the skin. Nile Valley about 1910. Keystone-Mast Collection of the California
Museum of Photography.

that double crops per annum shall replace
the ancient single-crop system. The sci-
ence of manuring and rotating crops on
one hand and the practice of draining
and irrigating by rotation on the other,
have made such rapid and simultaneous

strides, that lands can now be made to
produce their two and even three crops
every year and still retain their full
vigour. The rich soil of the Nile valley,
with its wonderful climate and still more
wonderful river, may safely be trusted to
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produce the full measure of whatever
may be possible elsewhere.

Egypt possesses 6,250,000 acres of cul-
tivable land. Of this area, only 1,730,000
acres are irrigated to-day by the ancient
or basin system of irrigation, while
4,520,000 acres nominally receive
perennial irrigation. The existing sum-
mer supply of the Nile in low years, which
is the real gauge of perennial irrigation,
suffices for only part of this large area.
The remainder is waiting for that
increase which can be supplied by res-
ervoirs alone . . . . It has been calculated
that Egypt needs for its perfect devel-
opment 30,000 cubic feet per second of
summer supply. Even in poor years the
Nile may be counted on for 8000 cubic
feet per second, leaving 22,000 cubic feet

per second to be provided by reservoirs.
Years of low supply should always be
taken in the making of such calculations,
for mean years are of no value since the
surplus of one year is not available for
the next. Each year must stand on its own
base, and there will never be any stable
development of a tract of country
depending on irrigation unless all pos-
sibilities of periodical years of drought
and deficiency are put beyond the power
of occurrence.

The benefits were predicted to be enor-
mous. The ability to have a summer plant-
ing would mean that 600,000 acres of sug-
ar cane and cotton could be grown, with
a value of 20 million pounds. Nevertheless,
the dam as approved would be able to sup-
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ply only about a third of the water needed.
The rest might be obtained by a series of
other dams that would impound the needed
water. One solution would be to place a
dam near the headwaters of the Blue Nile
to capture the water during the rainy sea-
son and then allow it to flow downstream
throughout the year. This would allow
perennial irrigation. But, notes Sir Wil-
liam, "it might not be convenient on polit-
ical grounds to put one of the great public
works of Egypt at the absolute mercy of
the Abyssinian Emperor" (p. 9).

Willcocks was an engineer and although
the construction of a dam at Aswan would
be exceptionally difficult he knew that

there are hard men in the world who
would undertake and execute all the
works which I have very roughly sketched
out in spite of the inhospitable regions
in which they are placed, (p. 26)

And it would be worth it all for the Aswan
dam would "usher in an era of prosperity
in Egypt which will surpass the wildest esti-
mates which the most sanguine have dared
to form." Sixty years later Ivan Komzin
(1963), the chief Soviet engineer for the
construction of the Aswan High Dam, was
nearly as optimistic for what his dam would
do for Egypt.

When the Aswan High Dam was under
construction in the 1960s, one of the main
purposes was to increase the area under
irrigation and so provide the food neces-
sary for the rapidly increasing population
(Table 5). But neither the hoped-for fruits
of the Aswan Dam of 1902 nor the Aswan
High Dam of 1971 have been fully real-
ized. Sir William's projected era of pros-
perity never arrived: the per capita income
in Egypt was only $8.62 per week in 1977.
Nor did the Aswan High Dam solve the
food problem. More people were added to
the population during the time the dam
was under construction than could be fed
with the food produced with the additional
water the dam was to provide.

The man-made world

Before human beings started to
"improve" it, the Valley of the Nile was
one of the richest natural regions on earth.

The warm climate allows crops to be grown
year round. When the un-dammed river
was allowed to flow across the farm lands,
the fertility of the soil was never destroyed.

Clearly damming the Nile at Aswan was
a mixed blessing. We can use it as an exam-
ple of some of the consequences of human
beings altering the environment in the hope
of increasing the resources available to
them. And, in the jargon of the day, doing
so without first preparing a proper envi-
ronmental impact study.

The thrust of the remainder of this essay
will deal with the serious impact of the rap-
idly growing human population on the nat-
ural world. After we finish this review of
life in the Nile Valley for the past six thou-
sand years, the longest record we have of
unbroken civilization, we will pick up the
story again circa A.D. 1 and review how
the human population, especially in
Europe, became ever more skilled in
obtaining the requisites for life. This pro-
cess started slowly in the Mediterranean
world during Classical times, was nearly
static in the Middle Ages, took on new
momentum in the Renaissance and Age of
Discovery, and became a process of enor-
mous power from the time of the Industrial
Revolution to the present.

There is no more important topic for
students to attempt to deal with in a seri-
ous, sustained, and informed manner than
these questions of the impact, which is often
disastrous, of human beings on the envi-
ronment. It is important that they be
actively involved and that the usual lecture
approach give way to a forum involving all.
This is especially important since there are
no hard answers. Different individuals will
reach different conclusions depending on
their knowledge, background, politics,
ethics, and hopes for the future of the
human enterprise. Students often become
restive and ill at ease when they are not
told "the answers" but there are few
answers for the most important and most
pressing human problems. A course in
biology should provide information, a bal-
anced consideration of the tradeoffs, and
a disciplined approach.

So back to the Aswan High Dam of the
Nile. What were the benefits and the con-
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sequences of this truly great triumph of
technology? Different students will reach
different opinions but teachers who employ
the approach being recommended will
observe that the original diversity of stu-
dent opinion is, with time, replaced by
much more uniformity. This in itself is a
most hopeful sign because it suggests that
a similar accommodation might be possible
in society at large—given the chance. And
something that is equally hopeful is that
students almost always reach a consensus
that is both humane and ecologically sound.

The problems in Egypt are not unique.
They are rapidly becoming problems of
the entire world. To be sure they are exac-
erbated in the poorer and less developed
nations, but no nation, developed or not,
can count on a sustaining environment in
the future.

One of the most surprising things of all
is that every serious environmental prob-
lem that confronts the human population
has at least a theoretical solution. The dif-
ficulty is, however, that in so many instances
these possible solutions are totally unac-
ceptable for political, religious, or humane
reasons.

Consider this example. Let us suppose
that the entire Nile Valley, from the ear-
liest days to the present, was devoted to
cattle raising and that the human popula-
tion consisted only of those directly con-
cerned with caring for the animals. Fur-
thermore, let us assume that the entire
valley is controlled by one or a few indi-
viduals whose aim is profit on a sustained
basis. We can be sure that the owners would
be most careful to regulate the size of the
herds so that the carrying capacity of the
land is not exceeded. Intelligent husband-
ry would require that the herds be kept at
levels that would allow the growth of suf-
ficient vegetation ample for their needs.
Each year the herd would be cropped—to
keep the numbers from exceeding the car-
rying capacity of the valley and to provide
profits for the owners. An equilibrium con-
dition would exist since the essential ele-
ments that departed with the cattle in meat
and hides would be replaced by the Ethi-
opian sediments washed down by the Blue
Nile. Barring a drastic climatic or geolog-
ical change, this system of producing

resources for a limited number of human
beings could continue indefinitely. It would
not be much of a problem to decide what
is best.

Although human beings can make deci-
sions of this sort for animals, they are
essentially unable to do so when their own
welfare is at issue. The carrying capacity
of the Nile Valley for human beings is great
and a moderate size population could be
supported, again for the forseeable future.
Depending on the available technology one
might guess that a well fed, well clothed,
well housed, secure, prosperous, and highly
civilized population of from 5 to 10 million
human beings could live in the Nile Valley.

There is no possibility, however, of the
Nile Valley supporting indefinitely a huge
population that is rapidly increasing in size.
Once the carrying capacity has been
exceeded, the result will be destructive
modifications of some aspect of the envi-
ronment. These may result in pronounced
short-term benefits for the human popu-
lation but there is always the possibility,
some would say inevitability, that the long-
term consequences would be catastrophic.

But how could one reduce the current
population of more than 40 million (Table
5) and reverse the curve of Figure 2? It
seems impossible but remember that, today,
the Chinese are dealing with a similar prob-
lem and their solution is to enforce the rule
of one child per couple (Keyfitz, 1984).

That is indeed a draconian solution.
Would your students agree to it? Few peo-
ple enjoy thinking about solutions that are
at odds with their notions of human free-
dom and of ethics, especially if they are not
immediately life threatening. Roger Starr
(1970) may be correct when he writes:

I am afraid that if the world is in fact
ending . . . men and women will sooner
let it end than make the changes in their
ways necessary to save it.

But let's assume that he is wrong.
In thinking about ecological problems

and possible solutions it is helpful to keep
questions of this kind in mind:
1. Is the solution for the good of the indi-

vidual or for the good of society?
2. If the solution is for a present gain, what

are the consequences in the long run?
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3. Are renewable or non-renewable
resources involved?

4. Are the resources being cropped on a
sustainable yield basis or are they being
exhausted?

One should think of these questions when
the costs and benefits of the Aswan dams
are evaluated. It is far too early for any
reliable evaluation but it is possible, as of
1980, to give an "as of now" report (Wal-
ton, 1981a, 19816; and for an earlier eval-
uation, Schalie, 1974).

The benefits of the Aswan High Dam
are tremendous. There is now a reliable
supply of water for perennial irrigation.
One million hectares of additional farm-
land can be irrigated year round. New des-
ert land—380,000 hectares—is being irri-
gated for the first time. Hydroelectric
power from the Aswan High Dam supplies
half of Egypt's needs for electricity.

But there are costs. First, the yearly fer-
tilization of the soil by the Nile flood has
ended and artificial fertilizers must be
added to maintain the fertility of the soil.
This was recognized as a problem when the
Aswan High Dam was planned but that was
before OPEC existed and when petroleum,
from which fertilizer is made, was very
inexpensive. The increased cost of petro-
leum is offset in part by the new power
from the dam, which runs the fertilizer fac-
tories.

Second, the Nile formerly deposited silt
along the banks of the channels in the
incredibly rich delta. Now these banks are
being severely eroded and are not replaced
by the yearly deposition of silt. This will
become an especially serious problem if the
barriers between the freshwater lakes of
the delta and the Mediterranean are eroded
away. That would allow the salt water from
the Mediterranean to move into the water
table of the delta and greatly reduce pro-
ductivity. And what is happening to all that
silt? It is being deposited in Lake Nasser,
the reservoir formed by the dam. This
deposition will begin to be a problem in
about 500 years and in 1,400 years the lake
will be completely filled.

Third, the ancient problem of saliniza-
tion has appeared:

The Aswan Dam, which harnessed the

Nile in the sixties, will allow further
extensions of the irrigated area, but has
eliminated the historic natural soil de-
salination process of the Nile Valley.
Waterlogging and salinity, on both old
and new farmlands, are becoming major
headaches for the Egyptian government,
and coping with them demands tremen-
dous expenditures and technical skill.
(Eckholm, 1976, p. 118)

Fourth, the Nile sediments that origi-
nally flowed into the Mediterranean sup-
ported a large population of sardines, which
were an important source of protein for
the Egyptian population. They are gone.
However, there is now a new and even
larger fishing industry based on Lake Nas-
ser.

Fifth, there are additional human prob-
lems. Thousands of Nubians, who lived
along the river banks that are now at the
bottom of Lake Nasser, had to be relocated
and had to drastically change their life style
(Fahim, 1983).

Sixth, the water table downstream from
the dam is rising and undermining the
foundations of ancient temples, such as
Karnak, and thus endangering important
artistic and historical resources. This is far
from a trivial matter considering that tour-
ism is an important source of foreign cur-
rency for Egypt.

Seventh, there was the fear that parasitic
diseases would increase. For millennia par-
asites have been a serious problem for
human beings living in the Nile Valley.
Malaria, hookworms, and blood flukes have
had severe debilitating effects on the
inhabitants, especially in the rural areas. It
was predicted that increasing perennial
irrigation would lead to a great increase in
the snails that are the vectors of Schistosoma
(blood flukes). The data are not too reli-
able but it now appears that this did not
happen. There may have been an early
increase but now the incidence appears to
be decreasing. More will be said about
parasitic diseases shortly.

How does one balance the books? Wal-
ton's (19816, p. 36) verdict is this:

The Aswan High Dam is perhaps best
characterized by a drastic solution to a
drastic problem. With a population
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threatening to grow much faster than
supplies of water and arable land, Egypt
faced the necessity of doing something.

But has the problem been solved at all? Has
the Aswan High Dam assured a long-term
prosperous and humane future for the
people of Egypt? In fact, is there any solu-
tion for a human community demanding
more resources than the available environ-
ment can supply?

And, with reluctance, one should add an
eighth possible threat imposed by the
Aswan High Dam. In the far from peaceful
Middle East, war is a probability, not merely
a possibility. The destruction of the Aswan
High Dam with nuclear bombs would mean
the destruction of Egypt in the ensuing
flood.

In addition to the references already
given, Lytle (1977) has provided an exten-
sive bibliography on the Aswan High Dam.

The Three Horsemen and population control
The symbolism of only three of the Four

Horsemen of the Apocalypse (Revelation
6:1-8) is certain. The Rider of the Red
Horse "was given power to take peace from
the earth and make men slaughter one
another; and he was given a great sword."
The Rider of the Black Horse represents
famine (or, more accurately that a worker's
wages were not sufficient to purchase
enough food for survival). The Rider of
the Sickly, Pale Horse was Death "with the
right to kill by the sword and by famine,
by pestilence and wild beasts." The sym-
bolism of the rider on the white horse is
uncertain.

These three symbolic horsemen repre-
sent even today the principal mechanisms
that slow the growth of the human popu-
lation to a degree that prevents, or post-
pones, a Malthusian catastrophe. The
Three Horsemen have been our compan-
ions throughout history and their ecolog-
ical importance is immense. It is astonish-
ing that all are still potent forces controlling
our destiny.

The Rider of the Red Horse

In theory, war and all levels of aggres-
sion should be simple to prevent yet even
today they are facts of life in dozens of the

nations of the world and a threat for many
more. How can this be? Are human beings
innately aggressive? There is an endless
debate on this question (Ardrey, 1966;
Lorenz, 1966; Alexander and Tinkle, 1968;
Lewontin, Rose, and Kamin, 1984). Leav-
ing aside whether or not aggression is
innate, answers must be: "some people are
aggressive, some are not," "some are
sometimes, but not always," and "some are
under some circumstances but not under
others."

The effective answer is that it is irrele-
vant whether or not human beings are
aggressive. They behave as though they
are to such a degree that access to resources
is greatly reduced. War has been with us
throughout the historical record; it is a fact
of human life. The ancient Sumerians
squandered and destroyed many of their
resources by frequent wars. It is sometimes
suggested that wars have not been impor-
tant in influencing population size because
growth curves show only tiny dips for even
the most violent wars. It is more accurate
to say that the growth curves of the human
population already reflect the almost con-
tinuous occurrence of wars.

The ecological significance of war is not
only that individuals are killed but that
resources are diverted from more produc-
tive activities. Those in military service
must live on the surplus productivity of
others; if injured, they require resources
and the efforts of others; vast quantities of
food and manufactured goods are used for
non-productive activities; there may be
great destruction of resources required for
human life; and there may be considerable
destruction of portions of the natural envi-
ronment. Working for a better world ceases
during times of war. War and the threat
of war share with overpopulation and dis-
ease the distinction of being the most neg-
ative ecological forces that affect the qual-
ity of life for human beings.

None of this is news nor has it been for
millennia. Yet wars continue and the rea-
sons for them have been varied. Over most
of human history one reason was the
attempt of the "have nots" to obtain the
resources of the "haves." The wilder tribes
surrounding the valley of the Tigris and
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the Euphrates repeatedly attacked, plun-
dered, and destroyed the first cities of civ-
ilization.

From the 15th through the 19th cen-
turies, European powers fought, con-
quered, and claimed hegemony over most
of the world. National pride and the desire
to save heathen souls were the overt rea-
sons. Less overt reasons were the desire for
more resources, especially at bargain rates.
The colonial system was originally based
on the mother country obtaining raw
materials from the conquered colonies,
converting these to manufactured goods,
and then selling them to the colonies for
a good profit.

There are also recurring wars that seem
to be based on the desire of a ruler or
ruling group for power, or to neutralize
the power of a potential enemy. Still
another reason for war is a difference in
religion or political philosophy. Examples
abound today.

At some periods of history and for some
people, war has been a culturally endorsed
activity. Keegan (1976, p. 316) wrote that,

To return, moreover, to a much ear-
lier moment in military time, than that
of Agincourt, is to encounter a world in
which killing, or if not killing then cer-
tainly fighting, was the only gentlemanly
activity.

The chivalrous knights of the Middle Ages
regarded feats of arms as their highest call-
ing and their heroic accomplishments were
recorded by bards and rewarded by maid-
ens.

In his classic study of the Cheyennes,
George Bird Grinnell (1915) has this to say:

After the question of providing sub-
sistence for himself and his family, the
main thing that occupied the mind of the
Cheyenne was the protection of his peo-
ple from the attacks of enemies and the
effort to reduce the power of those ene-
mies by attacks on them.

The fighting spirit was encouraged. In
no way could a young man gain so much
credit as by exhibition of courage. Boys
and youths were trained to feel that the
most important thing in life was to be

brave; that death was not a thing to be
avoided; that, in fact, it was better for a
man to be killed while in his full vigor
rather than to wait until his prime was
past, his powers were failing, and he could
no longer achieve those feats which to
all seemed so desirable, (p. 12)

Grinnell's story of the Cheyenne brave,
Mouse's Road, is a vivid example of what
this cultural attitude could make men do
(pp. 13-17).

And then there were the men of Sparta
at Thermopylae and, in this year of the
XXIII Olympiad, we should remember the
Athenians at Marathon. Death in the
defense of one's nation or religion is
regarded as a great virtue, although Gen-
eral George Patton is reputed to have said
that it is even more virtuous to get the
other poor bastard to die for his.

References, some with a special biolog-
ical emphasis, are Ardrey (1966, 1976),
Blainey (1973), Bohannan (1967), Clau-
sewitz (1833), Ehrlich, Ehrlich, and Hol-
dren (1977, pp. 908-920), Holloway et al.
(1967), Keegan (1976), Leighton (1981),
Lorenz (1966), McNeill (1983), Machia-
velli (1521, 1532), Mahan (1890), Morris
(1967), Stoessinger (1982), Tinbergen
(1968), Tuchman (1984), and Q. Wright
(1965).

The Rider of the Black Horse

Individuals are subject to starvation;
communities are subject to famine. Famine,
then, is epidemic hunger. As with war,
famine has been a severe ecological prob-
lem throughout recorded history. As we
noted earlier, Harlan (1975, ch. 1) sug-
gested that prior to the development of
agriculture hunger was not a serious prob-
lem. Wild nature is assumed to have pro-
duced enough food for the very small pop-
ulations of human beings. The belief that
hunter-gatherers generally had satisfying
diets is based in part on studies of present
day hunter-gatherers. Those in the warmer
regions do not seem to suffer from want
of food but those in the Arctic and Sub-
arctic may do so periodically.

It is also argued that, whereas hunter-
gatherers counted on a large number of
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different species for food, early farmers
relied on very few. Thus, the failure of the
farmer's main crop would spell disaster,
whereas his Paleolithic ancestor could
merely have switched diets. Aykroyd (1975,
p. 4) concludes "Since man became depen-
dent on cultivated crops for most of his
food, famine has caused severe suffering
and high mortality in many parts of the
world." In contrast, M. N. Cohen (1977)
believes that famine was a potent stimulus
for human beings to develop agriculture
in the hope of insuring an adequate food
supply.

Irrespective of when hunger and famine
first became serious problems, they have
been potent forces throughout recorded
history. Although the data for the ancient
world are far from complete, there are
numerous references to famine. The Old
Testament is full of them. Abraham left
his home (about 1800 B.C.), where there
was famine, and went to Egypt (Genesis 12:
10). Later there was famine in the time of
Isaac (Genesis 26:1). Joseph and Jacob were
forced to move to Egypt because "there is
no pasture in Canaan for our sheep, because
the famine there is so severe" (Genesis 47:
1-4; see also Aykroyd, 1975, ch. 3). While
in Egypt Joseph became a high official and
instituted programs to mitigate the effects
of famines.

Coming to more recent times, Dando
(1980) estimates that in the 17th century
at least 2 million people died of starvation,
10 million in the 18th century, and 25 mil-
lion in the 19th century. Our century will
probably be recorded as the time when
more human beings died of starvation than
ever before in history (Fig. 8).

Data for individual countries are equally
dismal. From 100 B.C. to A.D. 1910, China
had 1,800 famines, nearly one a year (D.
and P. Brothwell, 1969, p. 176). China's
sorrow has not ended. Western experts
estimated that as many as 27-30 million
Chinese died of starvation between 1959
and 1962 during the "Great Leap For-
ward." In September 1984 Chinese offi-
cials admitted that more than 10 million
had died and they could not deny the larger
estimates.

In recent centuries, catastrophic famines

have occurred about one per decade in
Ethiopia, once every 25 years in India (with
deaths ranging from 1.25 to 5 million each).
The Irish Potato Famine of 1845-1848
resulted in the death of one in every eight
persons and an equal number who left their
homeland and migrated to the United
States.

In the thousand year period between 971
and 1971, Russia recorded 100 famines.
This was an average of one per decade but
in the 19th century the average was one
every three years. There were five major
famines in Russia from 1891 through 1932,
with deaths upward of 5 million in each
(Cahill, 1982; Dano, 1980). In spite of
political differences between the two
nations, Russia purchases huge quantities
of grain from the United States each year.

Famine is of significance not only for
those who die but in equal measure for
those who live. Starvation is not an all-or-
none phenomenon. For every individual
who dies of hunger there will be many more
who undergo severe physiological and psy-
chological damage. For some the damage
will be permanent.

Aykroyd (1975, ch. 2), himself having
witnessed the terrible famine of 1943 in
Bengal (now the Calcutta area of India plus
Bangladesh), has described the effects of
insufficient food. There is, of course, a
wasting of the body. A loss of 10 percent
in body weight can usually be tolerated but
with a 20 percent loss the individual
becomes exceedingly weak, mentally
depressed, and apathetic. Death comes
when the loss is between 33 and 40 percent.
The brain loses weight slowly and, up to
the time of death, the starving person can
speak, answer questions, and hear. The
thought of food becomes an obsession.
Sexual desire vanishes. There is a notable
indifference to the feelings of others.
Reports of cannibalism, sometimes of one's
children, illustrate the degree to which
human ethical standards can change when
a person is dying of starvation. Extreme
edema is typical and diarrhea is often a
terminal symptom.

In famine the old people and the chil-
dren suffer the most. Children cannot grow
properly without sufficient protein and,
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Fie. 8. Famine sufferers awaiting food. Ahmadabad, India. Keystone-Mast Collection of the California
Museum of Photography.

when this is lacking, the result is kwashior-
kor, a deficiency disease most prevalent
between the ages of nine months and two
and a half years. The word is of African
origin and means "what happens to the
first child after the second child is born."
The first child would have obtained the
necessary protein from mother's milk, a
source that ends with the arrival of the next
sib. Thereafter the first child would have
a diet consisting largely of carbohydrate.

The physiological consequences of star-
vation are severe but the body has some
ways of coping—up to a point. The body's
store of protein and carbohydrate is pro-
tected and fat is used as the main energy

source. Normally the brain cells obtain
their energy from glucose but in starvation
an interesting change occurs. The cells of
the central nervous system begin to pro-
duce the enzymes that allow them to use
two keto acids, beta-hydroxybutyrate and
acetoacetate, both derived from fatty acids.
This preserves much of the available pro-
tein and carbohydrate. According to Cahill
(1970), "This simple adaptation by the
brain literally permits weeks of starvation
to be extended to months." (This could
have been a most important adaptation for
the human species upon innumerable occa-
sions.) Since relatively little protein is bro-
ken down, the excretion of nitrogen is min-
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imized and is mostly in the form of
ammonia.

In severe famine the entire societal
structure may crumble. Weitz (1972) argues
that the collapse of the Roman Empire was
a consequence of famine plus disease.
Pitirim Sorokin's (1975) great study on
hunger, written when he was starving dur-
ing the great famine in Russia of 1919—
1921, points out the relation of famine and
war and notes that starving people will
attempt to move to places where there is
food and "the main result of hunger, or
the threat of it, is war" (p. 223). This was
truer in the past than now and is another
example of the tension between the "haves"
and the "have nots." Sorokin concludes
"as long as the size of the population of
the world as a whole, or that of parts of
the world, is not adjusted to the food sup-
ply, war will not disappear" (p. 224).

It is interesting to note that the Black
Horse in Revelation (6:5-6) is not identi-
fied directly with famine but with the fact
that a day's wage was not sufficient to buy
an adequate amount of food. Could this
have been a reflection of the problems of
the city dwellers, no longer able to produce
their own food, in late Neolithic times?

Some references to famine are: *Ayk-
royd (1975), Cahill (1970, 1982), Dando
(1980), Ehrlich, Ehrlich, and Holdren
(1977, ch. 7 and pp. 627-628), Gyorgy and
Kline (1970), Keys et al. (1950), Prentice
(1939), Sen (1981), Sorokin (1975), Vicker
(1975), and V. R. Young and Scrimshaw
(1971).

The Rider of the Pale, Sickly Horse

This horseman is the ultimate for pop-
ulation control—being death in all its
aspects—death by the sword and from wild
animals, in famine, and from pestilence.
Although death from violence may appear
to be the major check on population size,
Cipolla (1978, p. 89) maintains that the
frequent and dramatic declines of local
populations are due usually to epidemics
and famines. In the past it was not unusual
for a local population to be reduced 20 to
30 percent during a famine and epidemic,
which often occurred at the same time. In
fact, war with its destruction of the resource
base for a population was frequently fol-

lowed by famine and pestilence. McNeill
(1976, p. 145) records that the population
of China (for which records are the best
available for the time) was reduced by war,
famine, and disease from 123 million in
A.D. 1200 to 65 million by 1393.

Disease has always been a major ecolog-
ical force for the human population. Again,
as with famine, the effects are not only dis-
astrous for those who die but injurious for
those who do not. Those diseases well
established in a population rarely kill more
than a small percentage of those who are
infected. This is a consequence of a long
co-evolution of host and pathogen, as we
have noted before. The host population,
over time, usually develops considerable
immunity and the pathogen less pathoge-
nicity. It is mutually advantageous for both
host and pathogen to survive, which would
be the case for neither if the host died.
However, the host usually suffers physical
disabilities from the presence of the path-
ogen.

Malaria and schistosomiasis

It is generally believed that malaria has
been the most serious human disease
throughout history. As late as the 1940s,
it was estimated that between 300 and 400
million individuals had malaria (about 10
percent of the total world population) and
that about 3 to 4 million of these died each
year. The 99 percent that did not die would
have been ill for varying lengths of time
and have been less able than healthy indi-
viduals to care for themselves or for others.
They would have been a burden on family
and community.

After World War II there was an inten-
sive international effort to eradicate
malaria. Much was known about the dis-
ease, a potent pesticide—DDT—was avail-
able, and there was a "One World" phi-
losophy that found the more developed
nations accepting disease as a common
problem for all. There were two main
approaches: cure the disease by killing the
Plasmodium with one or another of a bat-
tery of effective drugs; destroy the mos-
quito vector with DDT and destroy its
breeding sites.

For a few years it appeared that these
public health measures would abolish the
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scourge from the earth but this hope was
short lived. Soon the mosquito began
developing resistance to the pesticides and
the Plasmodium resistance to the drugs.
Pesticides and drugs were effective agents
of natural selection and both mosquito and
parasite responded by evolving resistant
populations. There were other reasons for
the failure of eradication. The dramatic
success of the early control measures caused
some nations to reduce their control activ-
ities. In some instances this relaxed effort
may have given the mosquitoes and para-
sites the time required to evolve resistance.
So malaria is still the major human disease
and in some parts of the world it is increas-
ing in frequency.

It is probable that the activities of human
beings over the ages have increased the
prevalence of malaria. The destruction of
the natural environment, such as the clear-
ing of forests, often increased the breeding
sites of the mosquitoes. Farming, especially
of irrigated land, would have meant more
water and hence more breeding sites. Poor
farming techniques that resulted in exten-
sive erosion would have increased the silt
in the rivers. This erosion resulted in
marshy lands in the deltas of many Euro-
pean rivers.

Then, too, as the human population grew
so did the possibility of Plasmodium spread-
ing from one human being to another. The
gradual increase in travel throughout
ancient times would have brought infected
human beings to areas where malaria did
not occur. The vector, mosquitoes of the
genus Anopheles, occurs throughout much
of the temperate and tropical regions of
the world, including the Near East, Med-
iterranean basin, and temperate Europe.
All that was needed, therefore, was for an
infected human being to bring malaria to
a community and there would be a good
probability that Anopheles would spread it.

Human malaria is caused by one of four
main species of Plasmodium: vivax, malariae,
falciparum, and the rare ovale. Many other
species occur in other vertebrates. The life
cycle requires two hosts: human beings and
Anopheles. The parasite enters the human
host via the bite of an infected mosquito
and is carried to liver cells, which it enters
and reproduces asexually. The newly

formed parasites enter the blood stream
and penetrate the erythrocytes. Again
there is asexual reproduction and each
infected erythrocyte bursts, liberating a few
dozen parasites. These can invade other
erythrocytes, reproduce, and cause the cells
to burst. The acute stage of the disease,
chills and fever, coincide with the synchro-
nous rupture of huge numbers of eryth-
rocytes. Finally some of the numerous par-
asites become gametocytes. If these are
included in the blood meal of an Anopheles,
sexual reproduction will occur within the
mosquito's stomach. Asexual reproduction
follows, producing a huge number of par-
asites capable of infecting another human
being.

For the 99 percent of the victims who
do not die, and who represent about 9 per-
cent of all human beings, malaria is a
chronic, periodically acute, and severely
debilitating disease. The loss in human
productivity is enormous. This presents a
special problem because malaria is a com-
mon disease in many under-developed
nations where either being a patient, or
having to care for one, is a serious social
burden.

There are synergistic relations among
malaria and some other conditions. Mal-
nutrition makes individuals less resistant to
malaria and to other diseases. The age-old
linking of famine and pestilence is valid.
There are large areas of the world today
where individuals are so malnourished, and
at the same time harbor various human
parasites and have other diseases, that a
high proportion of the population may not
know what it is to "feel well."

Malaria remains today a serious problem
in much of Central America, northern
South America, Africa, southern and
southwest Asia, and the islands off south-
east Asia—wherever it is warm and moist.
It was formerly a problem throughout the
eastern and southwestern United States. It
still occurs in the United States but the
cases are almost always of individuals who
have travelled in malarious regions of other
countries, contracted the parasite, and
returned home. Malaria was a serious
problem for our armed forces stationed in
Asia and the South Pacific in World War
II and in the Vietnam War. There have
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been small epidemics among drug addicts
with the vector a contaminated hypoder-
mic needle instead of Anopheles.

It is difficult to obtain exact information
about the prevalence of diseases in the
ancient world caused by organisms that left
no trace. There are plenty of accounts of
people being sick but it is usually not pos-
sible to identify the sickness with a specific
disease known to modern medicine. It is a
reasonable guess, however, that the human
beings in classical times suffered the same
diseases as we do today. It is suspected that
malaria was serious. Many historians accept
that it was one important element in the
decline and fall of the Roman Empire and
the beginning of the Dark Ages.

There are better records for some of the
other helminth parasites of human beings.
Many of the mummies from Egypt and
elsewhere have been examined for eggs and
cysts: and the common parasites in the
mummies are the common parasites of
today. Some of the genera are Ascaris,
Taenia, Trichinella, and Schistosoma (Cock-
burn and Cockburn, 1980).

Schistosoma, the blood flukes, are a seri-
ous problem in Egypt today and, as we have
seen, there was concern that one of the
consequences of the Aswan High Dam
would be an increase in schistosomiasis.
This has not happened to date but the inci-
dence is already high enough to be wor-
risome.

There are three important species. Schis-
tosoma mansoni occurs in Africa, the Carib-
bean, and parts of northern South Amer-
ica. Schistosoma japonica is found in Japan,
China, Southeast Asia, the Philippines, and
adjacent areas. Schistosoma haematobium,
along with mansoni, is common in the Nile
Valley. The infection rate in the delta
region of the Nile averages about 60 per-
cent, with rates as high as 90 percent not
being unusual.

Faust, Russell, and Jung (1970) report
that there are about 1.3 billion human
beings living in areas where schistosomiasis
is a problem. Of these about 350 million
are likely to be exposed and about 120 mil-
lion infected.

The life cycle is complex and fascinating
and its successful completion requires that

ecological conditions be just right. The
adults live in the human blood system. In
contrast with most trematodes, there are
two sexes in Schistosoma. The male has a
groove (Schistosoma means "split body")
extending along almost the entire body
length. The female is clasped in this groove
and may remain so for life. This gentle
association is required if the female is to
mature (not so for the male). Eggs are
deposited in the host blood vessels and from
there they bore their way into the intestine
or bladder and leave the body in human
wastes.

If the urine or feces are deposited in
water the eggs hatch, releasing miracidium
larvae. Next the miracidium must encoun-
ter a snail of a specific species and, if so
lucky, bore into the snail's body. There the
miracidium changes in form and enlarges
to become a sporocyst. The sporocyst
reproduces asexually giving daughter spo-
rocysts, which are liberated by the bursting
of the original sporocyst. The daughter
sporocysts produce another larval form, the
cercariae. Cercariae leave the sporocyst,
and eventually the snail, to become free in
a pond or waterway. To complete the cycle,
the cercaria larvae must enter human
beings, by penetrating the arms and legs
of those who may be working or bathing
in the irrigation ditches (Fig. 6). The habit
of some natives of washing themselves with
contaminated water after defecation pro-
vides another opportunity for the cercar-
iae to penetrate the human host.

The chance of the parasite getting from
one human being to another may seem slim
but the reproductive powers of Schistosoma
are prodigious. A mature female produces
more than 1,000 eggs per day and she may
live for months. A single miracidium may
be the parent of 200,000 cercariae. It is
not surprising, therefore, that the infec-
tion rate is so high in areas where so much
work demands close contact with water.

In theory schistosomiasis should be sim-
ple to eradicate: destroy the intermediate
host (the snails) or do not allow human
wastes to contaminate water. This is yet to
happen and in the meantime this parasitic
disease is second in frequency only to
malaria and is a severe problem not only
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for the human host but also for the host's
nation.

The pathological effects are extensive
and caused mainly by the human host's
reaction to the eggs. The eggs irritate the
tissues as they pass into the intestine or
bladder. The spleen and liver become
greatly enlarged and the latter eventually
becomes cirrhotic. In heavy infections the
limbs show extreme wasting and the abdo-
men may be greatly distended. Abdominal
pain is severe, as is the pain accompanying
urination in haematobium infections where
the eggs leave in the urine. The disease is
debilitating and, if the load of parasites is
heavy, the individual is incapable of work-
ing.

Malaria and schistosomiasis are but two
of the sorts of interspecific ecological rela-
tionships we have with other organisms.
They happen to produce the most serious
consequences of any parasitic diseases.

These are some useful references to the
ecological aspects of human parasitic dis-
eases:^ Baker and D. Brothwell (1979), D.
Brothwell and Sandison (1967), Cheng
(1973), Faust, Russell, and Jung (1970), de
Kruif (1926), Logan and Hunt (1978),
•McNeill (1976), Markell and Voge (1981),
Noble and Noble (1982), Scarborough
(1969), and Zinsser (1935).

In the past, even as now, war, famine,
disease, and death took their awesome tolls
but on the average the number of babies
born each year slightly exceeded the deaths.
(Babies themselves contributed greatly to
the death rate as did the very old.) Thus
the human population continued to grow
and for nearly a thousand years, with a mid
point at A.D. 1, the Mediterranean World
achieved a population large and diverse
enough to reach a high level of civilization.
First it was centered in Greece and then in
Rome. But civilization always results in
human populations with more knowledge,
power, and technology and this permits
their exploitation of weaker human beings
and the environment.

Classical civilizations

The Classical World possessed all the
basic techniques that were to enable human
beings to transform the biosphere more

and more for their short term benefits,
irrespective of long term consequences.
Metals had replaced stone for most tools
and weapons. Technical advances were
such that great buildings and monuments
could be constructed. Techniques for food
production had been greatly improved.
Donkeys, oxen, and horses were available
for transportation and as power machines.

The Greeks were outstanding as artists,
philosophers, scientists, and writers. The
Romans were their appreciative students
and, on their own, carried engineering,
military science, and public administration
to new heights.

Much of the ability of the Greeks, and
especially the Romans, to exploit the envi-
ronment and weaker peoples was due to
the high level of the political and social
organization of their societies. This orga-
nization was especially effective in the
Roman Empire, which in the first century
A.D. controlled the Mediterranean basin,
the Near East, and Western Europe—the
entire civilized world except for China and
the New World. Warfare within the empire
was restricted to contests for who was to
be Caesar; at the boundaries of the empire
the Roman legions stood guard against
incursions of barbarians.

Trade and travel had reached new peaks.
A network of military roads connected all
parts of the empire. Larger ships were
being constructed and used widely for
commerce. The science of navigation was
in its infancy. The mariner's compass was
yet to be invented. When the coast line was
not visible, the captain could only guess the
ship's position or rely on the direction of
the wind. Latitude could be estimated by
the angle of the North Star above the hori-
zon but, in the absence of an accurate clock,
it was not possible to determine longitude
(that is why Odysseus had such a hard time
finding his way home). When Rome was
powerful it was even possible to travel
safely—a luxury not always enjoyed even
to this day.

Physicians and surgeons were beginning
to believe that diseases could be the con-
sequences of natural phenomena and not
the machinations of an angry god. That
insight suggested that preventive and cura-
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tive medicine were possible. Nevertheless
the cause of disease was almost always
unknown. The ministrations of the physi-
cians involved what has probably been the
most potent of all curative agents until
recent times—the placebo effect. Public
health measures were good. Rome and
many cities of the empire had aqueducts
that brought pure water to the populace,
often from great distances. Public baths
helped to maintain a high level of personal
cleanliness. Good sanitation was helped by
sewage systems that carried human wastes
to nearby rivers for disposal.

In classical times the Mediterranean
world suffered great ecological destruc-
tion. We must accept that environmental
destruction has inevitably accompanied
civilization. The productivity of a forest
may support a few hunter-gatherers but if
any appreciable number of human beings
are to be fed, the trees must be felled and
the land farmed.

The critical factor for the survival of civ-
ilization, however, is this: the natural envi-
ronment must be converted into a man-made
environment that is sustainable. That is, the
man-made environment must be managed
in such a way that it continues to be a
renewable resource capable of supporting
a population that cannot exceed a certain
size. The size of the population that can
be supported without a constant degrada-
tion of the environment will depend on the
technical proficiency of the inhabitants.
This principle has probably been under-
stood for ages, yet it has rarely been fol-
lowed. It has been more traditional for
those over-using their environment to
migrate to other regions or to seize the
resources of others instead of preserving
their own.

Civilization as we know it is almost
entirely a product of the Mediterranean
world. The major nations of that region—
Egypt, Greece, Italy, Turkey, and Spain—
have at various times in the past waxed and
waned. Each accomplished great things but
then slipped into mediocrity. Interestingly,
not a single nation waxed more than once.
A variety of reasons are cited for these
declines, such as war and disease. One fact
stands out: in every case, the carrying

capacity of the land was exceeded and the
environment was degraded.

The Mediterranean climate is charac-
terized by mild winters and hot summers.
Most of the rain, which may be torrential,
falls during the winter months. During the
hot dry summers most vegetation turns
brown. Much of the region is hilly, even
mountainous.

The first farmers settled largely in the
lowlands along the coasts and river valleys.
These would have been the more fertile
lands or those more readily cultivated.
Where there were forests they were burned
or cut to make way for the crops. After a
few seasons the soil lost much of its fertility
and the people moved on. Eventually there
was no further place to go and the farmers
had to stay in one place and use the land
as best they could. The Mediterranean soil
was far less fertile that that of Egypt or
even Sumeria but, if the fields were left
fallow for one year out of three, some of
the fertility was regained.

Greece—the hills wash down to the sea

The problem of too many people for too
little land arose in Greece before it did in
Rome. The Greeks had two main solutions.
The first was to stay home and begin to
extend the cultivated fields into the hills
and mountains. The second was to send
large numbers of individuals to colonize
the uninhabited or sparsely inhabited lands
around the Mediterranean and Black Sea.

Farming the hills in a region with a Med-
iterranean climate had predictable conse-
quences in the past, as it does in the pres-
ent. The natural vegetation that prevents
erosion is replaced by crops that cover the
ground only during the spring, summer,
and fall months. The winter rains fall upon
an exposed earth and the topsoil is carried
away. If we add the probability of goats
feeding on the stubble, erosion will be all
the greater.

Long before Greece entered its Golden
Age (5th century B.C.), it had lost the abil-
ity to feed itself. The Greeks had to resort
to a vigorous trade in which they exchanged
their manufactured goods, wine, and olive
oil (the vine and olive tree can grow in poor
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soil) for grain. Thus, the Greeks lived on
the primary productivity of other regions.

In the fourth century B.C. the philoso-
pher Plato gave this description of what
had transpired (modified from Critias):

Long ago the soil far surpassed all oth-
ers and its yield was most copious. Such
was the natural state of the country. It
was cultivated by true husbandmen, who
made husbandry their only business.
They had a soil that was the best in the
world, water was abundant, and the cli-
mate was eminently temperate. The dis-
trict could maintain a great army exempt
from all tasks of husbandry. But in the
succeeding years torrential rains carried
the soil from the higher levels off to the
depths of the sea. What remains is like
a body wasted by disease for, with the
rich friable soil washed away, a mere
skeleton of the land is left.

Before this happened, the high hills
were covered with soil and trees. But now
some of the mountains can afford suste-
nance only for bees. In earlier times the
mountains provided unlimited fodder for
cattle. But the trees were felled for huge
buildings—some of the rafters are still
in place for us to see.

Before the land became barren, the
soil benefited from the yearly rains. A
plentiful supply of water was received
and stored in the soil, that from the
higher regions percolated into the low-
lands. There were many springs and
streams. Now the water runs off the bar-
ren ground and into the sea. Today we
see abandoned shrines at places where
springs formerly existed—attesting to
the truth of what is said.

Even Plato's concern was not new. Two
centuries earlier some leaders suggested
that grain be planted only in the lowlands.
The hills, they argued, should be reserved
for olive trees and grape vines, which would
help to prevent erosion. But more and more
people demanded more and more food and
the hills were farmed as long as a crop could
be obtained. Then the exhausted farms
were left for sheep and goats, which fur-
ther destroyed the vegetation.

It took only a few centuries for the top-
soil of the Greek hillsides to wash into the
sea. Even the lowlands were damaged. The
rapid runoff after rains caused the rivers
to flood. Silt blocked the channels in the
flat lands and marshes were produced. This
land became unsuitable for agriculture but
provided excellent breeding grounds for
Anopheles—and an increase in malaria
resulted.

The decline and fall of the Roman soil

The high civilization of Greece lasted
only a few centuries, that of Rome nearly
a thousand years. Both civilizations were
based on the productivity of the soil so one
might conclude that the Romans preserved
their natural resources more carefully. Not
at all—they were better organized and were
able by force of arms to conquer the entire
Mediterranean world and adjacent regions
and exact resources from them.

Until 500 B.C., when the Roman Repub-
lic was already established, the land had
not been abused. At that time Rome con-
trolled about 1,500 square kilometers, one
third more than the area of New York City.
The population is thought to have been
between 60,000 and 130,000. Taking
100,000 as a reasonable guess, that would
mean about 1.5 hectares per person.

Nearly all of the farms of Rome were on
a relatively flat coastal plain. The main
crops were wheat, barley, and millet, and
some vegetables. Very little meat was eaten.
The early Romans were primary con-
sumers (or herbivores). They seem to have
eaten well, though frugally.

The fertile soil and temperate climate
were able to support this fairly dense pop-
ulation and the republican Romans devel-
oped a remarkable social, political, and
military system. They prospered and pro-
created but in occasional times of food
shortage conditions became unbearable.
The response was conquest, first of their
neighbors and eventually of the rest of the
known world.

But neighbors have to eat also, though
not as well as the conquerers. Intensive
agriculture in the adjacent Italian coun-
tryside led to the loss of the soil's fertility.



570 JOHN A. MOORE

Cereals no longer produced good crops and
much of the land was planted with the olive,
fruit trees, and grape vines. Some of the
land was used for grazing because meat had
become an important article in the diet of
the more affluent Romans. Large tracts of
land were abandoned. Erosion of the hills
silted the waterways and formed marshes.
(By 200 B.C. a huge area between Rome
and the sea had become the Pontine
Marshes. The marshes became a home for
mosquitoes and with them there was an
increase in malaria. It was not until our
century that the Pontine Marshes were
drained and the land turned back to farms.)

After 200 B.C. the Romans were unable
to feed themselves from the farms of Italy.
Their food, mainly grain, was imported
largely from North Africa, Sicily, Syria,
Spain, and Egypt. The solution to the prob-
lem of more people requiring more food
continued to be conquest until about A.D.
100. Then the Romans stopped conquer-
ing, not because they had become more
benevolent but because their legions were
no longer able to extend the bounds of
empire.

With no further additions of arable land
and no additional victims from whom to
extract tribute, the Romans suffered
increasingly severe grain shortages. The
Emperor Domitian (A.D. 51-96) recog-
nized the growing problem and forbade
the planting of more vineyards in Italy and
the provinces were to cut their vineyards
in half. The land so freed was to be used
for grain. However his proposal was not
realistic because most of the land that had
been planted with vines had already become
too infertile for cereals.

About A.D. 300 the Emperor Diocletian
again tried to solve an ecological problem
with laws. He decreed that farmers must
remain on the land so that more food could
be produced. But the problem was not the
loss of farmers so much as the loss of the
soil's fertility. Many had left the land for
the free grain and circuses of Rome in part
because the land was too poor to farm (as
many as 200,000 indigent persons were
kept at public expense). The land seemed
to be "dying" but the basic cause, as well

as the cure, was to remain conjectural until
the 19th century.

The reasons for the Decline and Fall of
the Roman Empire were complex but the
usual negative ecological forces were cen-
tral: the destructiveness of war, disease, and
famine. These three elements are usually
related in human history and possibly the
most basic is the imbalance of population
size and available resources, especially fer-
tile soil. As the soil of Rome lost its fertility,
the soils of other areas were overexploited
to feed the Romans.

Eventually all collapsed. Rome, then, had
its ecological crisis as did Greece in an ear-
lier century and as had Sumeria in the for-
gotten past. "The glory that was Greece
and the grandeur that was Rome" (Edgar
Allen Poe, To Helen) passed and the west-
ern world sank into the Dark Ages, which
were to last a thousand years. Much of the
Western World lay fallow.

Although there was some regeneration
of the natural environment of the Medi-
terranean World during the Dark Ages,
much of the region to this day appears to
be irreversibly damaged. So much of the
topsoil has washed away that, even if all
further human activity ceased, hundreds
of years would be required for its resto-
ration.

The tall cedars of Lebanon (Cedrus
libani), which once formed extensive for-
ests, are now reduced to groves of a few
hundred trees (at least they still existed
before the present wars started). In ancient
times these magnificent trees, upwards of
25 meters tall with trunks 12 meters in
circumference, were the only trees that
could be used for large buildings. Solomon
used cedar beams for his palace and temple
(I Kings 5). The huge logs were sent as far
away as Babylon and Egypt for the con-
struction of temples and other large build-
ings. Had the cedars been cropped at a rate
that would not have exceeded their
replacement, they would still be a valuable
resource for the people of the Near East.
But the land has been so badly damaged
by erosion and goats after the cutting of
the trees that it is improbable that the for-
ests could be reestablished today.
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This example of concern for the present
needs and ignoring the future needs was
paralleled by the way the early settlers
treated the forests of the eastern United
States, and is being repeated with the red-
woods of the Pacific States and the mag-
nificent coniferous forests of southern
Alaska. The rapid destruction today of the
forests in southern Asia and in tropical
America to supply firewood for the bur-
geoning populations is doing severe eco-
logical damage.

Our stewardship of the land, on which
all depends, has rarely been farsighted or
benign. For centuries this was not a major
concern. If one region or one resource was
destroyed, human beings could move on
to other regions and other sources for the
essentials of life and civilization. Today that
option is becoming less and less possible.

After a thousand years Europe emerged
from the Dark Ages but the centers of civ-
ilization were no longer Greece and Rome.
Places that had escaped the earlier envi-
ronmental destruction saw the rebirth of
the arts, literature, sciences, more effective
governmental administration, and the gen-
eral improvement in the lives of ordinary
people. One of these places was northern
Italy where, by an accident of history, there
had not been destructive farming. The
immensely fertile soil of the Po Valley con-
tributed to the Renaissance, which was
based in Florence, Venice, and other
northern Italian cities.

Somewhat later Western Europe (north
of the Alps and Pyrenees) joined the new
wave of prosperity and progress. Western
Europe has fewer problems with its soil
than do the Mediterranean countries. The
climate is cooler, there is more rain the
year round, the native plants grow
throughout much of the year, and much
of the land is flat. These factors mean that
erosion and depletion of soil fertility are
not as great as in the Mediterranean coun-
tries.
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Grabbing the world

The Renaissance, that revival in Europe
of learning and of the human spirit, which
began in the 1300s and crested in the 1400s
and 1500s in Italy, spread throughout
Europe. One of its consequences was a
desire to know more about other lands.
This led first to exploration and then to
expropriation of the entire world—at least
those regions that appeared to have suffi-
cient resources to make conquest worth-
while.

The sea, the largely unknown sea, was
to be the effective path to empire. Never-
theless the ability to construct seaworthy
ships and to navigate beyond the sight of
land was limited. A prince of Portugal,
Henry the Navigator (1394-1460), assem-
bled a group of scholars to collect all that
was known of geography, navigation, and
seamanship. This information was to make
possible the great voyages of discovery that,
in a single generation, discovered (for
Europeans, that is) a sea route to the Indies,
found the New World, and circumnavi-
gated the earth itself.

Bartholomew Diaz sailed down the west
coast of Africa and reached the Cape of
Good Hope in 1488. In 1497-1499 Vasco
da Gama started on the same route but,
after rounding the Cape, sailed north along
the east African coast and then across the
Indian Ocean to India. He had discovered
a sea route to the Indies, probably the most
important event in the history of Portugal
because that was the start of her empire.

Christopher Columbus, later Admiral of
the Ocean Sea, while seeking a route to the
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Indies not controlled by the Portuguese,
inadvertently ran into the New World. In
four expeditions (1492, 1493, 1498, and
1502) he explored what is now called the
West Indies and parts of the north coast
of South America.

In 1519 Ferdinand Magellan and 270
sailors in five vessels attempted to reach
those resource-rich Indies by sailing west.
He went down the east coast of South
America, through the Straits of Magellan,
and then had a terrible trip of two months
across the Pacific. Crews could not remain
healthy on voyages of such duration. The
lack of a balanced diet meant that scurvy
was to be expected. Magellan was killed in
the Philippines. By this time only two of
his vessels remained. They sailed south to
the Spice Islands, now the Moluccas, where
they loaded spice. One vessel was ulti-
mately wrecked and the last remaining ship,
the Victoria, finally reached home with a
crew of 18 under Juan Sebastian del Cano,
the first captain to circumnavigate the
world.

In a single generation an enormous
wealth of new lands and resources had
opened up. Conquest and exploitation fol-
lowed rapidly. The Portuguese claimed the
east for themselves and maintained their
position by force of arms. By 1520 they
had a fair knowledge of the geography of
India and the islands southeast of Asia.
They became dominant in trade in spices
and other luxury goods from the east, for-
merly controlled by the Moslems and the
Venetians.

The Spanish concentrated on the New
World. Columbus and others had estab-
lished some colonies in the West Indies and
these became bases for the conquest of
Mexico in 1519 by Hernando Cortes (Pres-
cott, 1843) and of Peru in 1532 by Fran-
cisco Pizarro (Prescott, 1847).

The ecological consequences of these
voyages of exploration and conquest were
immense. The entire world was opened to
the ravages of the most technologically
advanced people of the time. No native
people could withstand them for long.
There was intense competition among the
European nations, which based their claims
for new lands upon discovery.

Of course the lands had already been
discovered and occupied by the native peo-
ple who must have been somewhat puzzled
when some bold explorer came ashore,
planted his nation's flag, and claimed all
the vast land in the name of his sovereign.
But once a claim was made, it was necessary
to maintain it by force of arms. The rivalry
between Spain and Portugal became so
intense that the two nations appealed to
Pope Alexander VI to divide the New
World, in a just manner, between them.
Alexander proposed a north-south line 100
leagues west of the Cape Verde Islands and
said that Portugal should have all to the
east and Spain all to the west.

Eventually nearly the whole world was
claimed by the European nations. Though
Spain and Portugal claimed all of South
America, France, Holland, and Great Brit-
ain were able to secure small areas. Central
America was nearly all Spanish, as was the
southern and western part of what is now
the United States. France claimed Canada
and, in time, Russia took charge of Alaska
and the Pacific Coast down to central Cal-
ifornia.

Australia, New Zealand, and many
nearby islands became British. Southern
Asia was divided among the British, French
and Dutch. China and Japan remained
nominally free but, from time to time,
China was occupied by foreign troops sent
in to protect the foreign merchants. Africa
was divided among Great Britain, France,
Germany, Italy, Belgium, Spain, and Por-
tugal. The region that each nation claimed
was based mainly on what they had the
power to hold. As a consequence, the Afri-
can nations today are not based on racial
affinities but on the historical realities of
power politics, which accounts for some of
their more serious problems.

Colonial possessions were of value to the
mother country not only for the products
they supplied but also as new homes for
the excess population. Just as Greece and
Rome had sent their surplus inhabitants to
found colonies, the European nations sent
their surplus citizens across the seas. Much
of the New World, Australia, New Zea-
land, and much of eastern and southern
Africa were originally inhabited by hunter-
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gatherer people, with their characteristic
low population density. Today the New
World, Australia, New Zealand and South
Africa are peopled mainly by those of
European ancestry.

There has been much speculation why
the Europeans, of all people, grabbed the
world, but the quest for additional
resources must have been paramount. The
Spanish kings needed gold, or other items
of value, to support their military adven-
tures. Portugal grew rich through its con-
trol of the spice trade. New France (Can-
ada) was a source of valuable furs and fish
for the mother country. European cities
required raw materials for their manufac-
tured goods and customers in the colonies
to buy them.

There appears to be no instance of a
nation using the procedures of sound hus-
bandry in its exploitation of a colony. It
was rare enough to do so at home, so it is
not surprising that steps to protect the
environment in such a way that the colo-
nies would remain a viable source of
resources were not taken. European power
was becoming an increasing factor in envi-
ronmental destruction worldwide. This
power was to take a quantum increase at
the time of the Industrial Revolution, which
ushered in our world of today.

The Industrial Revolution

In the middle of the 18th century there
began in England a movement that was to
alter greatly the relations of human beings
with one another and with their environ-
ment. It was a movement, therefore, of
great ecological importance. The name
applied is "Industrial Revolution" but
scholars are careful to point out that every
important event and phenomenon of the
Industrial Revolution had its antecedents.
The term "revolution" is appropriate,
however, because of the rate of change. In
only a few generations human beings
developed a far greater ability to exploit
their environment, especially for non-
renewable resources, and to produce goods
and services in vastly greater quantities.
Human beings became far more powerful
and far more technologically proficient.

The techniques of the Industrial Revo-

lution spread from England in the late 18th
and 19th centuries throughout Europe and
to the enclaves of European people over-
seas (including the United States, which
adopted the techniques and attitudes of the
Industrial Revolution with enthusiasm).
This was but the beginning of a period,
quantitatively different from any that had
gone before, that continues to this day.
Mankind has, in our generation, achieved
the quintessence of power—the ability to
destroy itself and the biosphere. We com-
bine that power with a system of moral
responsibility that is probably little changed
since the days of the beginnings of civili-
zation in Sumeria. That is the awesome
horror of our times.

The Industrial Revolution involved
important political, social, economic, and
technological changes. In early 18th cen-
tury England most goods were produced
by individuals or small groups of craftsmen
working in their homes or shops. The
products were to a considerable degree
individual creations for which the crafts-
man could take pride and responsibility. It
was a system that remains on a small scale
today: much of the Harris tweed is still
produced by individual weavers working
their own looms in their own cottages.

The Industrial Revolution replaced the
cottage industry with the factory system.
The workers who operated the factories
came from rural areas, where improve-
ments in agricultural productivity meant
that fewer farmers were required to grow
the surplus food to support those in the
towns. Machines began to do many of the
things that formerly were accomplished by
human hands working with simple tools.
Uniformity of product began to replace
individual variations. The worker, once
responsible for the entire product, now
guided a machine that made only a part.

The Industrial Revolution saw a large
increase in the use of coal and iron. The
forests of England had been largely con-
sumed and efficient ways were found to
burn coal. England was fortunate in having
a good supply of coal and iron ore. One of
the most important machines of the Indus-
trial Revolution, and of all time, was the
steam engine. Prior to its invention, power
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FIG. 9. The power of steam. The ax of the loggers in the left photograph, except for being made of steel,
is similar to the common cutting tool that human beings have used for at least a million years. It would
have been beyond the ability of the two loggers to move the huge trunk once the tree had been felled.

was limited to that of human beings (self,
servants, employees, slaves), domesticated
animals (ox, horse, mule, donkey), wind
(windmills, sailing ships) or water (mills for
grinding grain, cutting logs, pumping
mines). All of these, we should note, are
based on renewable sources of energy. The
steam engine, when coal fired, depended
on a non-renewable source of energy.

A horse can do about ten times the work
of a man, but even the early steam engine,

as perfected by James Watt, could do the
work of a large herd of horses. An Amer-
ican railroad locomotive of 1835 devel-
oped 100 H.P. and by 1860 ones devel-
oping 560 H.P were in service (J. H. White,
1968). The steam engine was used first to
pump water from deep mines. Later it
became the central power source for the
factory. In contrast with windmills and
water mills that were stationary sources of
power, the steam engine could be con-
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The Industrial Revolution and its steam engines, such as the locomotive in the right photograph, provided
power equal to that of hundreds of human beings. Northern California about 1903-1905. Keystone-Mast
Collection of the California Museum of Photography.

nected with the wheels of locomotives (Fig.
9) or the propellers of ships.

There were great improvements in
transportation. A railroad network began
to grow across England, joining sources of
raw materials, factories, cities, towns, and
ports. Roads were improved and soon they
approached the degree of excellence of
those constructed in England by the
Romans.

The living conditions of the workers in

the early decades of the Industrial Revo-
lution were grim and permitted only a mar-
ginal sort of existence for most. Hours were
long, housing usually poor, food inade-
quate, educational opportunities limited,
and health care almost nonexistent. But
slowly conditions improved.

Karl Marx (1890, ch. 10) gives a vivid
description of the inhumane working con-
ditions in 19th century England. He did
not have to exaggerate or distort the evi-
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dence to make his point—his data were
drawn from official governmental reports.
Some people were, quite literally, worked
to death.

Factories required large inputs of capital
for machines and labor and, to show a rich
profit, had to produce and sell large vol-
umes of products. This required large mar-
kets and was an important reason for Great
Britain's Empire—to buy the products of
England's factories. It was necessary also
for government to adopt a laissez-faire atti-
tude toward industry, an attitude very dif-
ferent from that of earlier systems that held
a heavy hand on the activities of the citi-
zens. Industry was allowed to compete,
since it was assumed that in the long run
the most efficient would prevail. In the
middle of the 19th century this philosophy
seemed to be validated by Darwin's (1859)
On the Origin of Species. Thus competition
was not only appropriate for the industrial
world but it was the rule for the world of
life.

The Industrial Revolution organized
society into an efficient system for exploit-
ing the natural world and producing an
abundance of products and services that
continues to this day. Unbridled human
power was unleashed upon the environ-
ment. Today no product or technological
process seems impossible so long as the laws
of nature are not disobeyed. Feats once
reserved for the gods are within our pow-
ers. The consequences of this can be good
or bad—depending wholly upon human
decisions and human behavior. The final
section will attempt an appraisal.
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Special topics II
Suggestions for topics that might be the

basis of short oral reports by students con-
tinue here with those appropriate to Sec-
tion II.

fericho. So far as is known this city of
Israel has been inhabited almost continu-
ously since the early Neolithic Period. No
other site provides such a continuous
sequence of archaeological materials. See
K. M. Kenyon (1967).

Biblical sledge still in use. Isaiah (41:15)
mentions a sledge for threshing grain. The
same type, with pieces of flint embedded
in the base, is still being used. SeeJ. Bordaz
(1965).

Camel saddles. They greatly increased the
usefulness of camels for riding and carry-
ing burdens. See R. W. Bulliet (1983).

Religion circa 12,000 B.C. A Stone Age
site in Spain seems to have been a shrine.
See L. G. Freeman et al. (1983).

Loss of habitat for birds. More people mean
more houses and less space for trees. See
D. S. Wilcove and R. F. Whitcomb (1983).

A surviving Stone Age culture. On a Pacific
island. SeeJ. S. Athens (1983).

How to read Harappan. Much can be
learned about ancient life and its ecological
problems if there is a written record. The
Indus Valley Civilization had a script that
is now being deciphered. See W. A. Fair-
servis (1983).

Indigenous European culture. The stan-
dard view that European culture was
derived from the Middle East is being
revised. See Colin Renfrew (1971).

Rice from U.S. farms. California helps sup-
ply the world's need for rice. See J. N.
Rutger and D. M. Brandon (1981).

Rice. It feeds more of us than any other
single food and has a fascinating biology.
See M. S. Swaminathan (1984).

Ancient warships. Some were powered by
4,000 oarsmen. See V. Foley and W. Soe-
del(1981).

Mining in the ancient world. For lead and
silver. See N. H. Gale and Z. Stos-Gale
(1981).
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Salt in the soil. It has been a problem for
5,000 years. See A. F. Pillsbury (1981).

Stone Age hunter-gatherers in Ireland. They
were there 9,000 years ago. See P. C.
Woodman (1981).

Why are there no pigs in Scotland? This eco-
logical-anthropological study attempts to
provide an answer. See E. B. Ross (1983).

China's approach to population control. The
nation with the world's largest population
is trying to set a ceiling with compulsory
family planning. See N. Keyfitz (1984).

First lessons in writing and mathematics. At
the dawn of civilization in Sumeria. See J.
Friberg(1984).

An epidemic of measles in Iceland. Its path
could be followed from city to city and then
to rural areas. See A. Cliff and P. Haggett
(1984).

Americans circa 19,000 B.C. They settled
in a cave near Pittsburgh and stayed for
the next 20,000 years. See J. M. Adovasio
and R. C. Carlisle (1984).

More food from the sea? Yes, if we change
our methods of harvesting. See B. J. Roths-
child (1981).

Farming the sea. In can be done in seaside
ponds. See J. H. Ryther (1981).

Food from Antarctica. The cold sea has an
abundance of organisms. If carefully
cropped they could be a valuable source of
food. See J. R. Beddington and R. M. May
(1982).

Measles and rubella. They are nearly
eliminated from the United States. See S.
Krugman (1983).

Indian fires. They cleared the land that
was later used for the farms of European
settlers. See S. J. Pyne (1983).

Mold spores and disease. They cause Val-
ley Fever in the arid regions of the South-
west. See D. Pappagianis (1983).

Tool-using by an insect. A bug's method of
capturing termites. See E. A. McMahan
(1983).

Food preservation in Colonial America. A
present-day attempt to live as did our
ancestors. See J. Anderson (1982).

A 6,000 year bison hunt. The Indians
started stampeding them over a Canadian
cliff by 3700 B.C. See B. O. K. Reeves
(1983).

Stone henges and social structure. The erec-

tion of these stone monuments required
considerable political control and plan-
ning. See C. Renfrew (1983).

III. 1984—HUMAN ECOLOGY IN
NORTH AMERICA

Prelude to the present
We tend to overlook the fact that the

first people to discover America were those
who crossed the Bering land bridge from
northeast Siberia to Alaska many thou-
sands of years ago. The first Europeans
appear to have been the Vikings, who made
visits at least as early as A.D. 1000 but did
not settle.

The Spanish started the conquest and
colonization of the New World with the
voyages of Columbus. They expanded to
Middle America with the expedition of
Cortes in 1519. Moving north they settled
at St. Augustine in Florida in 1565 and,
far to the west, they settled Santa Fe about
1609 and San Francisco in 1776.

The first French settlement in Canada
was in 1604, nearly a century after Jacques
Cartier had claimed the land for France.
Searching for furs, the French moved along
the waterways of the St. Lawrence, the
Great Lakes, and the Mississippi to reach
the interior. They settled the lower end of
the Mississippi Valley in 1699. The Rus-
sians extended their claims down the Pacific
Coast from Alaska and in 1812 reached
Fort Ross in California. The Dutch, fol-
lowing the discoveries of Henry Hudson,
settled Manhattan Island in 1624.

After the abortive attempt of Sir Walter
Raleigh to found a colony on Roanoke
Island, off North Carolina, in 1585, the
English settled at Jamestown, Virginia in
1607. The Pilgrim mothers and fathers
reached Plymouth, Massachusetts in 1620,
the Calverts settled in Maryland in 1634
and William Penn in Pennsylvania in 1682.

Eastern America was inhabited by Native
Americans who varied greatly in cultural
attainments. Some were hunter-gatherers
and others agriculturalists. (The Maya and
Aztecs to the south had developed high
civilizations.) Metal, if available at all was
used mainly for ornaments, not for tools.
There were no wheeled vehicles and no
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beast of burden, except for the dog which
was sometimes used by western Indians.

The date of the arrival of the first Amer-
icans is conjectural, with estimates varying
from 12,000 to 100,000 years ago. Gowlett
(1984a) suggests we use 30,000 to 15,000
years ago until we know better. When the
Europeans arrived, once again, might made
right and they claimed the land for them-
selves. Though vastly outnumbered, the
Europeans prevailed because of their social
organization and far superior technology.
The natives were either killed, enslaved,
intoxicated, expelled, or subjected to dis-
eases for which they had no immunity. Few
American Indians remain today east of the
Rocky Mountains.

The settlers coming to the United States
were claiming possession of one of the rich-
est natural environments on earth. As Cap-
tain John Smith put it (1624, vol. 1, p. 60).

The mildness of the ayre, the fertilitie
of the soyle, and situation of the rivers
are so propitious to the nature and use
of man, and mans sustenance, under that
latitude or climat. Here will live any
beasts, as horses, goats, sheepe, asses,
hens, etc. as appeared by them that were
carried thether. The water, Isles, and
shoales, are full of safe harbours for ships
of warre or marchandize, for boats of all
sorts, for transportation or fishing, etc.
The Bay and rivers have much mar-
chantable fish, and places fit for Salt
coats, building of ships, making of Iron,
etc.

It was not fashionable at the time to do
environmental impact studies so the land
and its resources were treated as though
they were inexhaustible.

The eastern part of the country is tem-
perate and well watered; the central por-
tion has some of the richest agricultural
land in the world; the west is temperate
but more arid. Large deposits of essentially
all important minerals awaited discovery
and the reserves of coal, petroleum, and
natural gas proved to be enormous. The
eastern portion, the mountains of the west,
and the coastal areas of the northwest were
forested with fine timber. Rivers and lakes
provided pathways to the interior.

An abundance of game served the pro-
tein needs of the early settlers until they
developed their own herds of domestic ani-
mals. The bison of the short-grass prairies
are said to have formed the largest known
herds of mammals. The adjacent seas were
rich in fish and other edible marine life.
The nearby Grand Banks, off Newfound-
land, were among the greatest fishing areas
on earth. (European fishermen had
exploited them from an early date, prob-
ably discovering America for themselves
well ahead of Columbus.)

Jamestown and Plymouth Rock

In short, the Europeans were coming to
the finest remaining natural environment
on earth. It must not have appeared as such
to them as the first few decades were char-
acterized by hunger, disease, attacks by the
Indians, and their life had few of the amen-
ities of Western Civilization. The wealth
of America was potential and it took gen-
erations of effort, skill, and devotion to
realize that wealth.

The ecological problems were enormous
but were basically the same as those for
any species invading a new territory: means
of obtaining resources and successful com-
petition with other organisms of the same
and different species.

The main resource required was food.
The ships bringing the invaders to the New
World could have carried little more food
than was sufficient for the very long voyage
(mainly against the wind). The settlers
brought seeds of the crops of their home-
land. The Native Americans, however,
were raising many of their own food plants
and these had already been selected for
productivity under the local conditions.

The Algonquian Indians living in Vir-
ginia when Captain John Smith arrived
obtained about 75 percent of their food
from hunting and gathering and 25 per-
cent from agriculture. Their crops were
corn, two varieties of bean, gourds, pas-
sionflower, and tobacco (Caldwell, 1971;
Feest, 1978). Captain John Smith (1624,
vol. 1, pp. 58-59) described the Indian's
method of planting corn, which he also calls
wheat,
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The greatest labour they take, is in
planting their corne, for the Country
naturally is overgrowne with wood. To
prepare the ground they bruise the barke
of the trees neare the root, then doe they
scortch the roots with fire that they grow
no more. The next yeare with a crooked
peece of wood they beat up the weeds
by the rootes, and in that mould they
plant their Corne. Their manner is this.
They make a hole in the earth with a
stike, and into it they put foure graines
of wheate and two of beanes. These holes
they make foure foote one from another;
Their women and children do contin-
ually keepe it with weeding, and when it
is growne middle high, they hill it about
like a hop-yard . . . . Every stalke of their
corne commonly beareth two eares . . . .
Every eare ordinarily hath betwixt 200
and 500 graines. They plant also pease
. . . which are the same they call in Italy,
Fagioli. Their Beanes are the same the
Turkes call Garnanses.

Captain John Smith recorded the Indian's
habit of planting corn and beans together.
This would be fine agricultural practice—
the beans supplying some of the nitrogen
required by the corn.

The Pilgrims found that the Indians of
eastern Massachusetts grew similar crops
(Salwen, 1978). Not only did they share
their food with the Pilgrims, thereby pre-
venting starvation, but William Bradford
(1912, vol. 1, pp. 215-216) tells how Chief
Squanto instructed the newcomers in the
local arts of husbandry:

Afterwards they (as many as were able)
began to plant ther corne, in which ser-
vise Squanto stood them in great stead,
showing them both the manner how to
set it, and after how to dress and tend it.
Also he tould them excepte they gott fish
and set with it (in these old grounds) it
would come to nothing, and he showed
them that in the midle of Aprill they
should have store enough come up the
brooke, by which they begane to build,
and taught them how to take it, and wher
to get other provisions necessary for
them; all which they found true by triall
and experience. Some English seed they

sew, as wheat and pease, but it came not
to good, eather by the badnes of the seed,
or latenes of the season, or both, or some
other defecte.

Squanto knew what he was doing when
he suggested that a fish would have to be
added to the "old grounds" (i.e. that had
been planted before), if a crop was to be
obtained. The soil of New England, except
for the river bottoms, is very poor. This is
mainly a consequence of its geological his-
tory. A coniferous forest in a cool moist
area produces an acid soil and over the
centuries, since the retreat of the Pleisto-
cene ice sheet, it had been badly leached
of nutrients. The remaining nutrients were
sufficient for some species of native plants
but were not sufficient for crops that were
removed from the fields with the nutrients
they contained. Hence the need for that
fish in every hill of corn.

Settling down

One of the greatest problems facing the
settlers was clearing the land for farming.
Eastern America was almost entirely a con-
tinuous forest, magnificent for the natu-
ralist, but an obstacle to life for the early
settlers. As Captain John Smith noted (vol.
1, p. 52), "yet grasse there is little or non
. . . for all the countrey is overgrowne with
trees." The solution was to cut the forest,
which required tremendous labor, or to
adopt the Indian method of slash and burn
(still the principal method in much of Mex-
ico, Central America and South America;
Packer, 1973).

When trees are burned the nutrients
garnered by them are released to the soil.
Planted crops use up these nutrients and
then the fields must be allowed to lie fallow
and become overgrown by native plants.
After a decade or so the nutrients liberated
by the decomposition of rocks will have
been taken up by the native plants. Then
the cycle of slash and burn can be repeated
unless erosion removes the topsoil before
native plants are able to form a protective
carpet (see the illustration on page 71 of
Packer's article for an example of what can
happen).

In New England the forests provided a
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plentiful supply of wood, which served not
only for construction but also as fuel. At
first most of the items manufactured from
metals had to be imported from England
but soon there were local mines and forges.
Clay was available for pottery and sand for
glass.

The ecological problems with other
organisms were serious. Although the
native animals were of little concern, rela-
tions with the Indians worsened after a few
years. We generally think of Europeans as
having great martial superiority because of
their guns. In the early 17th century, how-
ever, a person standing at a distance would
just be downright unlucky to be killed by
a bullet. Once discharged, the weapon
would have to be reloaded. During the time
required for that operation, a person armed
with a bow could get off many arrows with
a high degree of accuracy. (The first set-
tlers sported a great variety of arms: the
matchlock, blunderbuss, snaphance [Miles
Standish had one], wheellock, and doglock
[Gluckman, 1965]. The matchlock smooth
bore musket appears to have been the
weapon most generally available.)

The hostility of the Indians, and at times
their French allies, kept the settlers pinned
down on the eastern seaboard until shortly
after the American Revolution. It was then
that the New Englanders were able to leave
their poor, rocky patches and seek better
farming land elsewhere. They found it in
the calcium-rich lands of northern New
York state. The farms there gave fine crops
until the land became depleted of nutrients
and the center of more highly productive
agriculture moved west again—to Ohio
(Rossiter, 1975).

The ability of the settlers to move west
was correlated with a number of new fac-
tors. The Revolutionary War had given
martial training to many of the men. A
large number of new and improved weap-
ons had come to the colonies. These were
flintlock muskets: the British Brown Bess
and the French Charleville. Apart from
these imported military weapons, the pro-
duction of the famous "Kentucky" rifles
was a well established American industry
(based mainly in the Lancaster Valley of
Pennsylvania). By the middle of the 18th

century the Kentucky Rifle had become a
superb weapon. A rifled barrel is far more
accurate than one with a smooth bore. The
Kentucky rifle was deadly in the hands of
a skilled marksman and, together with the
ax, became the essential tools of the fron-
tiersman. These two technological prod-
ucts allowed the settlers to conquer and
settle the new lands.

American agriculture, until the time of
the Civil War, tended to be "backward and
inefficient" Rossiter writes (p. 3). In part
this was because there was so much land
available that it did not seem necessary to
be careful. Then, too, the knowledge nec-
essary to maintain the fertility of the soil
was simply lacking. The big change came
in 1841 with the publication of the first
American edition of Liebig's Organic chem-
istry in its application to agriculture and phys-
iology. Before Liebig the general notion was
that productivity depended on "humus" in
the soil, although it was not clear what
humus was or what it did. This was cer-
tainly a reasonable hypothesis, since pro-
ductivity was usually better in soils with
decaying matter and, of course, it was real-
ized that the droppings from cattle, horses,
birds, and human beings added fertility to
the soil. Liebig advanced a different thesis:
fertility was more closely correlated with
the presence of essential nutrients such as
nitrogen, calcium, and phosphorus.

Go west young man (and companion)

By about the middle of the 19th century,
what had been a continuous forest from
the Atlantic seaboard to about 98° longi-
tude had been reduced to farms and wood-
lots all under the control of the European
settlers and their descendants. In their slow
move to the west, their crop plants had
been selected for the climate and soil. The
settlers had an abundance of water and the
forests provided wood for construction and
energy.

Then pioneer farmers came to the edge
of the forest and looked out upon a sea of
grass that extended a thousand kilometers
to the base of the Rocky Mountains. This
new environment presented ecological
problems more difficult than for any lands
to the east. The lack of trees, except along
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the river bottoms, meant that wood for
houses and fencing was not available. More
serious was a deficiency of permanent
water. There were rivers and streams but
many of them were seasonal. Water holes
were widely scattered though, of course,
they were adequate to support the tre-
mendous herds of bison and other animals.
Melville had this problem of the lack of
perennial water in mind when, in Moby Dick
he had Ishmael say:

Go visit the Prairies in June, when for
scores on scores of miles you wade knee-
deep among Tiger-lilies—what is the one
charm wanting?—Water—there is not a
drop of water there!

And finally there were the Plains Indians
—a far fiercer breed of men than the few
eastern Indians.

The westward movement of settlement
came to a grinding halt. In fact, it took a
broad leap to the west coast and then began
to move into the vast interior from both
east and west. But before any attempt at
settlement was made, most of the Far West
had been visited by the "mountain men"
(Stone, 1956) in search for furs, mainly
beaver, to be exported principally to
England for making hats.

Walter Prescott Webb (19 31) has written
the classic study of the ecological problems
that European Americans had to solve to
become capable of exploiting the plain's
environment. Much of what he had to say
is based on an earlier United States Geo-
logical Survey report prepared by W. D.
Johnson (1901-1902).

Before the techniques of farming in this
different environment had been perfected
and the Indians controlled, the grasslands
were used for cattle. This was the time of
the open range, when the cattle were
allowed to roam wherever they could find
food and water. Periodically they were
rounded up and driven to market.

This procedure is as old as agriculture
itself. Land that cannot be used to raise
crops, either because it has lost its fertility
or lacks sufficient rainfall for cultivated
plants, can be used for grazing. Thus, native
vegetation, inedible for human beings can

be converted to cow and then used for food
by human beings.

The transition to farming depended to
a considerable degree on the ability to solve
the problems of obtaining water on a year-
round basis, to obtain materials for con-
struction and fencing the farms, and to be
able to transport produce to market and
to obtain manufactured goods in return.
The problem of water was solved by the
perfection of a new type of windmill that
was used to pump water from the huge
aquifers that lie under most of the plains
(Fig. 10). In the absence of abundant tim-
ber, houses were constructed of sod. The
problem of fencing was solved by the
invention of barbed wire.

The problems of transportation were
solved in many ways. Horses were the pre-
ferred method for individuals. Sturdy
wagons could carry produce for long dis-
tances and, except for the hand carts of the
Mormons, they were the vehicles that car-
ried people and their supplies from the set-
tled states to the plains and on to the west
coast. Then the railroads came. Before the
Civil War, Jefferson Davis, the Secretary
of War, had sent four army exploring expe-
ditions to the west to ascertain the most
practical route for a railroad from the Mis-
sissippi River to the Pacific Ocean. Three
east-west routes were surveyed and, after
the cessation of hostilities, work began on
the central transcontinental route. In 1869
the tracks coming east from California met
those going west from the eastern states at
Promontory Point, Utah.

The wars with the Plains Indians lasted
for a full generation after the Civil War
and this struggle for natural resources and
physical control resulted in the complete
domination of the land by the Americans
of European descent. The army had
become a powerful fighting force during
the Civil War and some of its more effec-
tive officers were sent west to deal with the
Indians.

Another quest for resources had a pro-
found influence on the history of the west—
the rush for California gold in 1849 and
the subsequent spread of mining activities
throughout the west.

The young United States adopted the
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FIG. 10. The American-designed windmill made farming possible in the Great Plains and other regions
where surface water is lacking but ground water can be tapped. Southern California.

Industrial Revolution with zest and the 19th
century established the nation as a leader
in technological innovation and produc-

tion (Figs. 11-12). By 1900 Americans had
the ability to use the environment at will.

There is high drama in the young
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democracy's march to the west. It was
largely an undisciplined march by highly
independent people concerned with get-
ting the most for themselves at the moment
and not worrying about the ecological
tomorrow. America was still boundless and
bountiful.

This was the last great expression of that
remarkable spirit that began with the Re-
naissance and saw people who were, to
varying degrees, strong, hard, noble, tal-
ented, technologically proficient, hard
working, despicable, dishonest, deter-
mined, greedy, and sometimes fanatical in
their drive to conquer the earth. They had
all the virtues and vices of today yet some-
how the mix and the times were different
and the people of Europe, feeling them-
selves far superior to all others, claimed
the resources of the world for themselves.
Since World War II there has been a retreat
from this near complete hegemony and
other peoples in other lands are determin-
ing their own destinies.

The conquest of America—references

Since the American experience is so
recent, it is still easy to see that our history
depends largely on our relations with the
environment. Our literature is rich in works
that describe the interactions of the envi-
ronment and the first European settlers to
encounter it. You may wish to suggest that
some of your students become familiar with
this literature—it really is high drama.

The suggestions are for three time
periods and three categories. The time
periods are from first settlements to the
American Revolution; the second from the
Revolution to the Civil War; the third from
the Civil War to the early 20th century.
The first category suggests original docu-
ments and descriptions. The second con-
sists of histories and general accounts. The
third group, which may have the greatest
appeal for humanities and social sciences
students, suggests human centered works
that include personal accounts of what it
was like to attempt to survive in the envi-
ronment of the place and moment. I have
usually shown the date of first publication

but most of the titles are available in recent
printings.

Settlement to the Revolution. Primary sources:
Beverley (1722), Bolton (1908), Bradford
(1912), Byrd (1928, 1929, 1940), Carver
(1778), Cheever (1848), Franklin (1793),
Hariot (1588), E.Johnson (1654), Josselyn
(1672, 1674), W. Penn (1683, 1685), Pur-
chas (1613), J. Smith (1624), and Wood
(1634).

Secondary sources: J. Barth (1967),
•Cronon (1984), Crosby (1972), Hine
(1973), Hine and Bingham (1963), Park-
man (1849, 1879, 1948).

Human centered: Most of the primary
sources and C. M. S. Kirkland (1839),
Knight (1825), and Nash (1982)

Revolution to the Civil War. Primary sources:
J. R. Bartlett (1854), J. and W. Bartram
(1957), W. Bartram (1791), Catlin (1841,
1867), Coues (1893, 1895, 1897a, 1897ft,
1898a, 18986, 1900), Dana (1840), DeVoto
(1953), Emory (1848), Foreman (1941),
Fremont (1845), Imlay (1792, 1793), Ives
(1861), Jefferson (1784-1785), Marcy
(1854, 1859), Montaignes (1972), Nuttall
(1821), Pacific Railroad (1855-1860), O.
Russell (1955), Schiel (1859), Schoolcraft
(1821, 1834, 1851-1857), Sitgreaves
(1853), Stansbury (1853), Tocqueville
(1850), Wilkes(1845).

Secondary sources: Bakeless (1939, 1957),
G. P. Barth (1975), R. A. Bartlett (1974),
Caughey (1948), De Voto (1943, 1947,
1952), Egan (1977), Foreman (1939),
Goetzmann (1959, 1966), Gregg (1844),
Hine (1962, 1973, 1980), Hine and
Bingham (1963), Hollon (1955), Irving
(1835, 1836, 1837), Manly (1949), Park-
man (1849, 1879), Paul (1947), Ross (1855),
Sandoz(1958, 1964), Stanton( 1975), Steg-
ner (1954, 1964), G. R. Stewart (1962),
Stone (1956), Tyler (1968), Wade (1959),
and E. S. Wallace (1955).

Human centered: Cooper (1823, 1826,
1827, 1840, 1841, 1845), Melville (1851),
Moberg (1983-1984), Nash (1982), Pauld-
ing (1831, 1832), Richter (1966), K. Rob-
erts (1937), Stowe (1869), and Thoreau
(1849, 1854, 1864, 1865).

The Civil War to the 20th century. Primary
sources: A. Adams (1903), Hayden (1873-
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FIG. 11. Tools that increase productivity. Eight plows are being pulled by a tractor. These two farm workers
are doing the work of about 12 to 16 men with horse-drawn plows. Imperial Valley, California about 1905.
Keystone-Mast Collection of the California Museum of Photography.

1890), C. King (1870-1880), Lord (1883),
Marcy (1866), Powell (1875, 1876-1880,
1879, 1895), and Wheeler (1875-1881).

Secondary sources: R. A. Bartlett (1962),
Bowles (1869), Brewer (1930), Cordasco
(1968), Dobie (1941), P. W. Gates (1960,
1979), Hine (1973), Hine and Bingham
(1963), Johnson (1901-1902), C. King
(1872), Malin (1984), Michener (1974,
1978), Muir (1894, 1902), Pursell (1981),
Richardson (1867), Riis( 1890, 1892, 1900),
Sandoz (1935, 1953, 1954, 1966), Shinn
(1884), H. N. Smith (1950), Stone (1956),
Tobey (1981), W. P. Webb (1931), and
Winther (1964).

Human centered: Adams (1918), Andrist
(1964), Austin (1903, 1906, 1917, 1932),
Cather(1913, 1918, 1927), Ferber (1930),

Garland (1917), Harte (1869), J. Kirkland
(1887), London (1903), Meeker (1916),
Muir(1913),Norris(1901),R61vaag(1927),
Steinbeck (1939), Twain (1872), and Wis-
ter (1902).

People x technology _ ecological
Total resources problems

The level of demand of human beings
for resources from the environment
depends on their numbers, the state of their
technology, and the time scale involved. A
few people living a simple life in a bountiful
environment can be well supplied by that
environment. When the size of the popu-
lation, and hence the quantity of their
demands, begin to exceed the carrying
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FIG. 12. A steam harvester cutting a 25 foot swath of grain. Tools such as this, and the plows of Figure 11,
were responsible for the great increase in productivity of American farmers (Fig. 15). California about 1904.
Keystone-Mast Collection of the California Museum of Photography.

capacity of the environment, the environ-
ment will be slowly degraded. And, of
course, all depends on the nature of the
environment—the innate carrying capac-
ity of Antarctica differs from that of the
Fertile Crescent. Packer (1973) estimates
"that where there are more than 25 per-
sons per square kilometer of cultivated
area, degradation of soils and vegetation
occurs." That means 4 hectares per person
of cultivated land. This estimate appears to
be based largely on agricultural practices
in Africa today.

Now we will scan the tables of the U.S.
Bureau of the Census's Statistical Abstract of
the United States 1984 and Historical Statistics
of the United States: Colonial Times to 1970
for information on the trends in popula-

tion size and technological activity in the
United States.

National trends: population and space

The first national census of 1790 found
that there were 3,929,214 individuals
occupying a land area of 864,746 square
miles. That meant an average of 4.5 indi-
viduals per square mile, or 58 hectares per
person. By 1980 our population had grown
to 226,545,805 and our land area to
3,539,289 square miles, which meant 64
Americans per square mile.

Figure 13 shows the curves for popula-
tion size and number of hectares per indi-
vidual. Records for Colonial times are poor,
but since the population was only 4 million
in 1790, the curve must have been nearly
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FIG. 13. Population growth in the United States from 1790 to 1980.

flat (on the scale used in the figure) from
1607 until then. One of the more impres-
sive facts is this: it took us 243 years, from
1607 to 1850, to reach a population size
of 23 million; in the decade 1970-1980 we
added 23 million to the population. In 1980
the percentage increase was 1.0, which
would give a doubling time of about 70
years. (The value for whites only was 0.9,
with a doubling time of about 78 years; and
for blacks 1.6, with a doubling time of about
44 years.)

In 1790 there were 58 hectares per
patriot and now there are 4. Your students
may be initially puzzled by the relatively
smooth curve for population size and the
ragged curve for hectares per person. Can

they offer an explanation? The answer is
to be found in the fact that the United
States grew in land as well as population:
Louisiana Purchase, 1802; Treaty of Gua-
dalupe Hidalgo, 1848; Gadsden Purchase,
1853. The Alaska Purchase of 1867 does
not alter the slope since the data exclude
Alaska and Hawaii until the census of 1950.
Alaska added nearly 20 percent to our land
area. If we exclude that huge, sparsely pop-
ulated area, the hectares per person drops
to about 3.6. Remember, these are total
hectares, not hectares of cultivated land.
Our personal square of earth includes des-
erts, mountains, arid plains, cities and
towns, freeways and parking lots, as well
as agricultural land. Cultivated land in the
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U.S. reached a high of 50 percent in 1950
(Fig. 14). That means that the per capita
number of hectares of cultivated land is
1.8.

Agricultural statistics. In 1850 there were
nearly 300 million acres devoted to agri-
culture (Fig. 14). The amount grew until
about 1960 and then declined slightly. Not
only has the total acreage increased but,
until a recent drop, so has the percentage
of all land devoted to agriculture.

The United States started as a nation of
farmers. In fact, in the 17th century most
people in most nations lived and worked
on farms. In the developed nations there
has been a drastic reduction in recent years
of the percentage of individuals on farms.
In 1880 the farm population was about 22
million, which represented 44 percent of
the total population (Fig. 15). The farm
population grew in absolute size until the
end of World War I, remained constant
for about a decade and then, after 1940,

declined precipitously. The percentage is
now 2.4.

This decline in the size of the farm pop-
ulation and in the percentage of all indi-
viduals engaged in farming is a reflection
of the great increases in efficiency. For
example, in 1800 it required 56.0 man
hours to raise and harvest one acre of
wheat. By 1970 it required 2.9 man hours.
And there was much more wheat to harvest
per acre in 1970. In 1800 the average yield
was 15.0 bushels; in 1970 it was 31.0. We
can use these numbers to determine the
man hours required for 100 bushels: in
1800 it was 373 and in 1970 it was 9. Here
are additional examples. It required 344
man hours to raise and harvest 100 bushels
of corn in 1800 and only 7 in 1970. It took
601 man hours per bale of cotton (500
pounds) in 1800 and only 26 in 1970.

American agriculture had passed from
being the art of husbandry to being a
branch of modern technology.
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Coal and steel. Data for coal and steel, the
basic commodities of technology, give us a
good measure of technological activity. In
1800 the total production of bituminous
coal was 108,000 tons. The amount
increased until 1920, declined during the
Depression and again in 1960 (Fig. 16). It
is on the rise again.

The data for steel are given in Figure
17. In 1860 the total tonnage produced
was 205,000. A high was reached in 1978
with 137,000,000 tons. Since then there
has been a slight drop.

Electricity, motor fuel, and horse power. The
production of electricity is another good
and sensitive indicator of technological
activity. The data since 1902 are shown in
Figure 18.

In the last few generations the transpor-
tation of individuals and goods has come
to depend heavily on automobiles, trucks,

buses, and airplanes, all of which consume
petroleum products. In 1919 annual con-
sumption was 3 billion gallons. This rose
to 125 billion in 1978 and dropped to 115
by 1981 (Fig. 19).

One can continue to cite data for differ-
ent activities, things produced, and things
consumed, but the curves are essentially
the same—they are rising sharply. One last
example will suffice for the moment. It has
been estimated that for the United States
the total horse power of all prime movers
in 1850 was 8.5 million. For 1970 it was
20,408 million—a 2,400-fold increase.

But isn't all this good?

The Delphic Sibyl would have answered
"Well, yes and no" and, as usual, been cor-
rect.

The products of American agriculture
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and technology provide our nation with
the world's largest amount of food and the
world's largest quantity of goods. We have
become the greatest consumers of natural
resources in a world of want.

Leaving aside the question of whether
or not it is right for us to have so much
when so many have so little, let's consider
some of the restraints on consumption. This
is an exceedingly complex problem, and
with the large number of published reports
and analyses one is likely to be over-
whelmed with details. The basic principles
are few and simple, however.

1. We live in a finite world and the basic
quantities of all consumable products are
fixed except for those produced with the
sun's energy.

2. The desirable end products of pro-
duction are often accompanied by by-prod-
ucts that are undesirable.

The first principle deals with two sorts
of resources: non-renewable and renew-
able. The non-renewable resources are
those in fixed amounts; that is, there are
no natural processes that will add to the
existing supply. There is only so much iron,
gold, silver, coal, copper, natural gas, zinc,
petroleum, lead, and aluminum in the
earth's crust. The coal, petroleum, and
natural gas that are consumed as fuel or
used in manufacturing are gone forever.

The elemental metals could, in theory,
last forever. They could be mined, fabri-
cated, and, when the product is no longer
desired, recycled. This could be done so
carefully that the existing supplies could
last almost forever. This does not happen.
Although our profligate behavior is being
increasingly restrained, we are still a
"throw-away society" to an unacceptable
degree.
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Renewable resources are those involved
in the solar-powered cycles of the living
world as described in Part I of this essay.
C, H, O, N, and the other elements move
through the autotrophs and heterotrophs
in such fine balance that, on a worldwide
basis, their concentrations in any com-
partment of the cycles remain surprisingly
constant. Food is produced and consumed
and, so long as the organisms remain in the
same locality when they die, there is no loss
or gain of materials. The water that is evap-
orated with the sun's energy returns as rain.
The evolution of organisms and the con-
comitant changes in the earth's crust struck
a balance that seemed eternal. But that was
before serious perturbations were intro-
duced by human beings.

We are finding now that as the numbers
of people and the level of their technology
increases, the natural cycles are being over-

loaded. This is a consequence of the second
principle mentioned before—the undesir-
able by-products of desirable technological
activity.

One set of problems arises when raw
materials are processed to obtain pure sam-
ples of some desired substance. The nat-
ural world is extraordinarily benign chem-
ically. There are very few places where one
will be injured by exposure to chemical
substances. This is true even though poi-
sons are widely distributed in the earth's
crust: arsenic, sodium, mercury, lead, sele-
nium, chlorine, fluorine, phosphorus, and
uranium. While these are violent poisons
when pure, they are of little concern in
nature because of their low concentrations
or because they are combined with other
elements to form non-toxic or slightly toxic
substances.

Both sodium and chlorine are violent
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poisons yet their usual occurrence is as
sodium chloride in salt deposits or as chlo-
ride and sodium ions. Pure fluorine is a
violent poison ("rat poison"), yet one local-
ity in Texas has a high concentration of
fluoride salts in the drinking water. The
most notable result is that the inhabitants
have excellent teeth. Uranium and its salts
are highly toxic and, of course carcino-
genic, yet they are a hazard only to miners
and processors of the ores.

And, after all, most of the potentially
dangerous chemical substances are in
underground ores. Any toxic minerals that
might have been on the surface would have
broken down long ago and have been
diluted with inert materials.

A poison is a substance that has an
adverse effect on an organism because of
its chemical effect. Not surprisingly, the
organisms of today do not find commonly
encountered substances to be poisons. They
have evolved to live with the existing inor-

ganic world. However, the problem today
for so many organisms is that they are being
exposed to a huge and expanding list of
new substances produced by our factories
that they have never encountered before.
In time some organisms might be expected
to evolve resistance to some of these new
poisons. We have the well documented
cases of evolution of resistance to pesticides
in insects (Georghiou, 1972; Georghiou and
Taylor, 1976; A. W. A. Brown, 1971) and
to antibiotics in microorganisms (Elliott,
1973). Nevo et al. (1984) found an inter-
esting case of microorganisms developing
an ability to live with mercury pollution.
Thus, should we wish to convert our earth
to a cesspool, we shall not be alone.

In addition to these undesirable conse-
quences of obtaining resources, other
problems are associated with how we use
and dispose of them. If coal and petroleum
products consisted only of C, H, and O,
burning them for energy would produce
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only carbon dioxide and water. This would
be no more than a normal part of the car-
bon cycle and the only concern would be
what an above-natural increase in carbon
dioxide would do to the climate. But these
fossil fuels contain other elements and,
when burned, they emit a number of unde-
sirable and toxic substances that foul the
air.

The 1984 edition of Statistical Abstract of
the United States informs us (Table 357) that
the quantities, in metric tons, of our air
pollutants in 1981 were: carbon monoxide,
90,500,000; sulfur dioxide, 22,500,000;
volatile organic compounds, 21,300,000;
particulates, 8,500,000; oxides of nitro-
gen, 19,500,000. Thus, the total was
153,000,000 metric tons. That means 674
kilograms for every American.

There are similar impressive figures for
wastes produced by industry (Table 360):
132,237,000 metric tons in 1981. The main
contributors were the chemical and pri-
mary metals industries. Our non-industrial
wastes (paper, glass, aluminum, etc. from
homes, stores, and offices) for 1980 (Table
361) totalled 104,849,000 metric tons. Of
this, only 8 percent was recovered.

Thus the total of these three categories
of waste products is 390,000,000 metric
tons per year, or 1.72 tons per person. That
is about thirty times the total biomass of
all Americans—and remember this pro-
duction of wastes goes on year after year.

Although the above are serious environ-
mental problems that are associated with
how we obtain, fabricate, and use resources,
there are equally serious problems with
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TABLE 6. World population: U.S. Bureau of the Census
median projections.

TABLE 7. Gross national product: Annual per capita,
U.S. dollars.

1980

More developed nations
Total popula-

tion
Annual percent

growth
Doubling time

1.17 billion

0.68
103 years

Less developed nations
Total popula-

tion
Annual percent

growth
Doubling time

World
Total popula-

tion
Annual percent

growth
Doubling time

3.30 billion

2.18
32 years

4.47 billion

1.78
39 years

2000

1.32 billion

0.51
137 years

5.03 billion

2.02
35 years

6.35 billion

1.70
41 years

1975 2000

Source: Global 2000, p. 8.

the adequacy of supplies of non-renewable
resources and the extent to which we are
using renewable resources at a rate greater
than they are regenerated. And, of course,
the severity of the problems depends on
how many people are demanding resources
and at what level and in what time period.

First we will consider some general data
and then the specific problems associated
with air, water, and food.

How long will the resources last?

In 1977 President Carter reminded us
that "Environmental problems do not stop
at national boundaries. In the past decades,
we and other nations have come to rec-
ognize the urgency of international efforts
to protect the common environment." He
created a high-level committee to "make a
one-year study of the probable changes in
the world's population, natural resources,
and environment through the end of the
century." The committee's report, The
Global 2000 Report to the President (1980;
the quotes just given are from p. v) is the
source of the data now to be given.

Population. Table 6 shows the 1980 data
for world population and the Bureau of the
Census median projections for what it will

United States 7,066 14,212
Western Europe 4,653 9,889
USSR and Eastern Europe 2,591 4,472
Latin America 1,005 1,715
Africa 405 620
Asia (except USSR) 306 557

Source: Global 2000, p. 9.

be in 2000. The growth rate of the devel-
oped nations is now low and is projected
to decline. We must remember, neverthe-
less, that any positive rate that is long sus-
tained will fill up the world eventually. The
less developed nations, which now com-
prise 74 percent of the world's population,
are growing rapidly and by the year 2000
are projected to make up 79 percent of the
total population. In the two decades before
2000, the less developed nations will add
considerably more to their populations than
the total for the developed nations. These
are the nations where poverty, hunger, dis-
ease, and some forms of environmental
destruction are most severe.

Gross National Product. Table 7 shows the
per capita production of the total goods
and services available to society—the GNP.
Once again there are large differences
among the nations of the world and the
differences are projected to remain. The
GNP for Western Europe is now 15 times
that of Asia and is projected to be 18 times
by 2000.

Food. Table 8 gives the data for grain—
our main food worldwide. The important
information is the difference between pro-
duction and consumption. Of the nations
and groups of nations shown in the table,
only the United States and Latin America
produce more than they consume. That
means that most nations import some of
their food. Currently the United States
exports more food to other nations than
do the other exporting nations (mainly
Australia, Canada, New Zealand, and South
Africa) combined. This will probably be
true in 2000 as well. By that time one of
the most important ecological problems for
the world will be the level of agricultural
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TABLE 8. Per capita grain production and consumption
in kilograms.

TABLE 9. Production and consumption of energy.

United States
Western Europe
Japan
Eastern Europe
USSR
China
Latin America
Less developed

countries

Pro-
duction

1,331
442
102
789
813
238
248

182

1985

Con-
sumption

924
503
376
850
857
246
244

203

Pro-
duction

1,697
471
143
922
903
259
306

196

1990

Con-
sumption

1,183
582
484
998
950
268
283

210

Source: Global 2000, pp. 93-94.

productivity of the United States and the
few other surplus producers of food.

The high value for consumption in the
United States is not because of a carbo-
hydrate-rich diet. It reflects the fact that
large quantities of grain are fed to our meat-
producing animals.

Water. There should be enough water,
on a worldwide basis, in the year 2000. The
current use is 1,400 trillion meters2 and in
2000 this is predicted to be 2,800. Severe
regional deficiencies are projected, espe-
cially in those lands with low rainfall and
rapid rates of population growth. The
greatest use for water is for irrigation: now
it is 70 percent but it is projected to drop
to 51 percent by 2000. In the same interval
water used in industry and mining will
increase from 22 to 41 percent of the total.

Water quality is now a serious problem
and projected to become more severe.
Water continues to be the main sink for
waste disposal and as the wastes increase
in quantity and toxicity, water quality will
decrease.

Energy. Table 9 gives a short term pro-
jection for the use of energy. The United
States and the industralized nations con-
sume more than they produce and the
OPEC nations make up most of the differ-
ence. Energy consumption in the United
States is very high, reflecting the level of
our technology and life style. Our total
consumption for 1985 is essentially the
same as for all nations with centrally-
planned economies and only slightly less
than for all other developed nations com-

1990

Pro- Con- Pro- Con-
duction sumption duction sumption

Oil
United States 10,234 21,522 9,756 21,841
Other industri-

alized nations 6,042 28,820 6,525 35,074
Centrally

planned
economies 15,295 13,992 16,995 15,905

Less developed
countries 7,429 10,245 8,006

OPEC 39,257 3,678 48,823
12,554
4,731

Natural gas
United States 16,731 18,575 15,920 18,344
Other industri-

alized nations 12,484 14,054 12,715 15,395
Centrally

planned
economies 18,339 17,684 20,793 20,106

Less developed
countries 3,034 2,433 3,759 2,995

OPEC 5,879 3,720 8,759 5,051

Coal
United States 1,038 964 1,166
Other industri-

alized nations 688 859 630
Centrally

planned
economies

Less developed
countries 426 384 502

OPEC 5 5 7

1,085

826

2,616 2,561 2,986 2,911

Total consumption
United States
Other industri-

alized nations
Centrally

planned
economies

Less developed
countries

OPEC

96

107

98

39
12

Oil = thousands of barrels per day.
Natural gas = billion cubic feet per year.
Coal = million short tons per year.
Total = quadrillion Btu—includes nuclear,

solar, geothermal.

Source: Global 2000, pp. 167-168.

462
7

103

128

117

50
16

hydro,

bined. We consume 27 percent of the
world's total.

An especially thought provoking statistic
is this: the United States, with about 5 per-
cent of the world's population, consumes
more than twice the energy of all the less



HUMAN ECOLOGY 595

developed nations with their 74 percent of
the world's population.

How long will the fossil fuels last? No
one knows and in recent decades the pro-
jections often seem to underestimate the
supply. But the estimates are truly irrele-
vant for the long term. It will matter not
one bit in the year A.D. 3000 whether we
extracted the last bit of some essential non-
renewable resource in A.D. 2010 or A.D.
2999. The basic moral question for our
time is whether we choose to live as a "me
now" generation or whether we feel an
obligation to the generations to come.

The United States has known reserves
of coal and natural gas (even though we
import some) that should suffice for a few
centuries. Our production of oil, however,
is already well below consumption (Table
9). In 1977 the World Energy Conference
estimated that oil reserves were about 2,100
billion barrels (31 billion for the U.S.). The
estimated world consumption in 1985 is
28.6 billion. At that rate of consumption
there is enough oil for 73 years. It is pre-
dicted that the curve for consumption will
cross that for production between 1990 and
2000. (That, of course, is an exercise in
prediction—consumption cannot exceed
production.)

A recent U.S. Geological Survey analysis
suggests that there may be less oil than has
been assumed (Kerr, 1984). Estimates of
how long the oil will last must include pre-
dictions of how much oil remains to be
discovered worldwide. Considering how
uncertain such estimates of the unknown
must be, it is not surprising that the range
is as great as from 280 to 2,415 billion
barrels. The high estimates are about equal
to the known reserves, mentioned above.
The USGS believes that the high estimates
are most dubious since, for them to be true,
geologists would have to discover another
mammoth pool of oil equal to that of the
Middle East. Kerr's sobering conclusion for
us is that "The estimated U.S. supply from
undiscovered resources and demonstrated
reserves is 36 years at present rates of pro-
duction or 19 years in the absence of
imports."

In another estimate (from Global 2000,
p. 187), it is assumed that the world's total

non-renewable energy reserves (coal,
petroleum, natural gas, uranium, and shale
oil) are the equivalent of about 161,241
quadrillion Btu. The world consumption
in 1976 was estimated to be 250 quadril-
lion tons. If there is no yearly increase in
the amount used, this reserve would last
645 years. With a 2 percent annual increase
the reserve would last 133 years; with a 5
percent increase, only 70 years.

Minerals. In general the world has suf-
ficient mineral resources to supply near-
term demands. This does not mean that
the known deposits are adequate but cur-
rent experience suggests that new discov-
eries will take care of demands for the near
future.

Nevertheless it must be obvious that the
amounts of minerals in the earth's crust
are not increasing so the prudent time to
initiate drastic programs of conservation is
now and not when the last remaining
deposits are being exploited. We must
adopt a policy of borrowing non-renewable
mineral resources from the earth and recy-
cling them for continual use, instead of
destroying or discarding them.

Public concern for the environment

The intense public concern for our envi-
ronment began in the United States in the
1960s and continues with pressures on our
government to control air pollution, clean
up toxic waste dumps, cease building more
nuclear power plants until they can be run
safely and there are adequate ways to dis-
pose of their wastes, stop strip mining and
the unnecessary damming of rivers, and
protect and augment the national parks and
wilderness areas.

Long before our times there were a few
individuals who provided insightful anal-
yses of what we do to the environment and
the disastrous consequences of continuing
the same behavior. More than a century
ago George P. Marsh, lawyer, congress-
man, diplomat, and philologist, provided
an analysis that in most respects remains
accurate today (1865, pp. 39-40).

Purely untutored humanity, it is true,
interferes comparatively little with the
arrangements of nature, and the
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destructive agency of man becomes more
and more energetic and unsparing as he
advances in civilization, until the impov-
erishment, with which his exhaustion of
the natural resources of the soil is threat-
ening him, at last awakens him to the
necessity of preserving what is left, if not
of restoring what has been wantonly
wasted. The wandering savage grows no
cultivated vegetable, fells no forest, and
extirpates no useful plant, no noxious
weed . . . . But with stationary life, or
rather with the pastoral state, man at
once commences an almost indiscrimi-
nate warfare upon all the forms of ani-
mal and vegetable existence around him,
and as he advances in civilization, he
gradually eradicates or transforms every
spontaneous product of the soil he occu-
pies.

It is an interesting and not hitherto
sufficiently noticed fact, that the domes-
tication of the organic world, as far as it
has yet been achieved, belongs not to the
savage state, but to the earliest dawn of
civilization, the conquest of inorganic
nature almost as exclusively to the most
advanced stages of artificial culture . . . .
The popular traditions of the simpler
peoples recognize a certain community
of nature between man, brute animals,
and even plants, (pp. 39-40)

He documented the destruction of soil in
the Mediterranean world and its relation
to the decline of civilization, the interre-
lations of organisms in the biosphere, the
causes of soil erosion, and the conse-
quences of the needless destruction of for-
ests. All in all an extraordinary analysis and
prediction—but not many listened. In 1865
some of America had been degraded but
there was plenty left that was untouched
and untilled, so no one needed to listen.

Almost a century later, an equally impor-
tant study was that of Harrison Brown
(1954), which set the stage for the huge
literature we now have on this subject. Two
of the participants in the symposium for
which this essay is a part—Paul Ehrlich and
Garrett Hardin—have been outstanding
contributors. As a consequence, there is no
need to survey here the host of environ-

mental problems that concern us today.
After providing a few key titles there will
be suggestions for ways to present current
problems in human ecology to students.

General references on environmental
problems

My suggestions are: Benarde (1970),
Berry (1977), Birch (1975), Boulding
(1964), Bogue (1969), H. Brown (1954,
1978), H. Brown et al. (1957), L. Brown
and E. Eckholm (1974), *L. Brown et al.
(1984), Cantor (1967), Carson (1962), J.
Carter (1984), Cipolla (1978), Cloud (1969),
Commoner (1967, 1971), *Council on
Environmental Quality (1983), Darling and
Milton (1966), Dasman (1965, 1968a,
1968ft), Detwyler (1971), *Eckholm (1976),
Ehrlich (1968), P. and A. Ehrlich (1974),
*Ehrlich, Ehrlich, and Holdren (1977),
Forbes (1968), *Glassner (1983), *Global
2000 (1980), Heilbroner (1974), Hardin
(1968, 1969, 1972, 1973, 1977, 1982),
Harte and Socolow (1971), Holdren and
Herrera (1971), Hunt (1974), Howe (1975),
Hunter (1979), Institute of Ecology (1972),
Kahn and Wiener (1967), Landsberg et al.
(1963), Laszlo^a/. (1977), Marsh (1865),
Matthiessen (1964), Meadows et al. (1972),
Mesarovic and Pestel (1974), Mumford
(1934, 1967, 1968, 1970), Myrdal (1970),
Naisbitt (1984), Nash (1982), Ogburn
(1971), Osborn (1948), Passmore (1974),
Peterson (1964), ""Schneider and Londer
(1984), Schneider and Mesirow (1976),
Schumacher (1973), W. Schwartz (1969),
Sewell (1977), G. Smith (1971), Stamp
(1964), E. W. Stewart (1972), Udall (1963,
1968), United Nations (1982, 1983), U.S.
Bureau of the Census (1975, 1984), Wag-
ner (1971), Warren (1973), and Lynn White
(1967).

The air we breathe

The first environmental problem in
recent times to seriously concern the pub-
lic at large has been air pollution. For gen-
erations this was purely of local concern:
its destruction of life surrounding copper
smelters; the pall of toxic air that blankets
the steel mill towns; the chemical stench of
pulp mills, and the industrial areas of
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northern New Jersey and the Kanawha
River valley of West Virginia.

Shortly after World War II a strange haze
became noticeable in the Los Angeles Basin
of California. It came to be known as smog
(smoke + fog). Its origin was a mystery
until the main source—automobile emis-
sions—was documented by Haagen-Smit
(1964, 1970). During the 1960s and 1970s
every major city in the United States came
to have its own polluted air.

Air pollution is a direct consequence of
the dramatic increase in the level of tech-
nology that characterizes our time (Figs.
16-19). When we plug this increased value
for technology, plus an increase in the
number of people, into the numerator of
our conceptual scheme:

People x technology _ ecological
Total resources problems

there will be an increase in ecological prob-
lems.

The combustion of fossil fuels and the
production of a myriad of chemical sub-
stances leave us with a heavy load of unde-
sirable by-products that must be disposed
of—and the ambient air and the adjacent
rivers have traditionally been the sinks of
choice.

There has always been air pollution, even
before human beings evolved. Noxious
gases, such as sulfur dioxide and hydrogen
sulfide, have been pouring from volcanoes
and some mineral springs for eons. In fact,
had all the noxious gases emitted into the
atmosphere been retained, life would have
ceased long ago. This did not happen
because those paleopollutants were washed
by rain to the earth where microorganisms
and plants were able to convert them to
useful ends. These purifying microorgan-
isms and plants are still with us but the
problem is that in many localities the load
of pollutants is so great and diverse that
the microorganisms and plants cannot han-
dle them.

Air is a renewable resource under nat-
ural or near natural conditions because it
is continuously purified by wind, rain, and
organisms. In many areas today we have
overloaded the system to the extent that
the concentrations of noxious chemicals in

the atmosphere are so great that the puri-
fying system itself is being degraded.

Pollution has become boring

For the public at large and for our stu-
dents there is a special problem in discuss-
ing pollution and other environmental
concerns. The entire lives of students have
been spent in an era of intense environ-
mental concern about nuclear reactors and
their wastes, about pesticides, food addi-
tives, air pollution, and toxic waste dumps.
The news media are full of dire predictions
that something bad is about to happen to
us. Yet for most of us nothing does. People
are not dying in the streets and gradually
we are coming to accept pollution as part
of life.

Human beings have remarkable abilities
to adjust to harmful phenomena if they are
chronic or seen as difficult to remedy. The
same phenomenon will not be acceptable
if it is of irregular occurrence. Death on
the highways and death in war are good
examples. We have come to accept as a fact
of life the death of 50,000 Americans each
year in motor vehicle accidents but we
found it very difficult to accept the death
of 47,217 Americans in the 18 year
involvement (1961-1979) in the Viet Nam
War. In World War II the total was
292,000, which was equal to only 6 years
of highway carnage.

The fact that pollution is now chronic
dulls our interest and concerns. My sug-
gestion for discussing current environmen-
tal problems is not to present a catalog of
horrors but to select a few highly specific
problems, important at the moment, and
subject them to a rigorous and dispassion-
ate analysis. This will provide students with
a framework for thinking about matters
that will be of concern to their health, qual-
ity of life, and economic state for their
entire lives. If the topic selected is of local
importance, so much the better. As an
example of what might be done, I will select
the topic "acid deposition."

During the earlier discussion of the ben-
efits and costs of the Aswan High Dam, it
was suggested that it was useful to consider
solutions of ecological problems from sev-
eral points of view: individual vs. general
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benefit; present vs. future gain; involve-
ment of renewable vs. non-renewable
resources; sustainable yields vs. exhaustion
of resources. To these we will shortly add
another—Hardin's metaphor of the Trag-
edy of the Commons.

Acid deposition

Acid deposition results from the com-
bustion of fossil fuels in automobiles and
industry, especially power plants. The two
main starting substances are sulfur dioxide
and oxides of nitrogen. In the atmosphere
these combine with water to form sulfuric
and nitric acids (aqua regia!). The usual
name for this pollutant is "acid rain" but
since about half of the acid comes down in
the dry state and half as rain the preferred
term is "acid deposition."

A few key references for this topic are:
* Boyle and Boyle (1983), Crocker (1984),
Hendrey (1984), Hicks (1984), Likens et al.
(1979), Linthurst (1984), Luoma (1984),
•National Research Council (1983), *Office
of Technological Assessment (1984),
Oppenheimer (1984), Roberts (1983a,
19836, 1983c, 1984), and Teasley (1984).

The analysis of deep ice of the glaciers
of Greenland and Antarctica indicate that
prior to the Industrial Revolution the pH
of rain was about 6 to 7.6. Today the pH
of rainfall in the eastern United States
ranges from 3.1 to 6.9, with an average of
4.4 (Boyle and Boyle, 1983, p. 131). Sulfur
compounds are responsible for about two-
thirds of the acid deposition and nitrogen
compounds for the other third.

Extensive studies indicating that acid
deposition is becoming a critical environ-
mental problem started when some of the
lakes in remote, non-industrial parts of
Scandinavia began to "die," that is, the fish
and other organisms became much less
abundant or even disappeared. Some lakes
became essentially lifeless. The water in
these lakes, and most lakes where the rocks
are granitic, contain only low concentra-
tions of salts that act as buffers. Thus a
small amount of acid deposition in such
waters can cause large changes in pH. The
dead lakes were quite acid and the cause
was a mystery.

Eventually it was suspected that the cause

was to be found in the smoke that was pro-
duced in the heavily industrialized areas of
Britain and Western Europe and was car-
ried by the prevailing winds to Scandina-
via. This was a difficult hypothesis to accept,
especially if one were an industrialist or
governmental official of Britain or a West-
ern European nation. How could pollu-
tants in smoke be carried more than a thou-
sand kilometers? Yet the hypothesis was
tested in many ways and found to be true
beyond all reasonable doubt.

One of the most discouraging aspects of
this situation is that earlier efforts to negate
the effects of pollution turned out to con-
tribute to the cause. It was known that sul-
fur dioxide and oxides of nitrogen coming
from local factories and power plants were
damaging to green plants, buildings, and
human lungs. So in an effort to solve the
problem, much higher smoke stacks were
built. These would carry the noxious fumes
high into the air where they would be
diluted and dispersed over a broad area.
The acids would eventually reach the
ground—presumably in such small con-
centrations that they could be handled by
the natural cycles. This seemed to be a rea-
sonable engineering and biological solu-
tion but, instead, it resulted in more wide-
spread acid deposition.

Subsequently lakes in remote regions of
New York and New England began to die;
then the trees. What should be done? The
ultimate answer must be to stop overload-
ing the natural system to the extent that it
cannot handle the pollutants. In the prac-
tical world of jobs, business, and politics,
however, the answer is "We will have to
balance the advantages and disadvantages
of polluting." The matter becomes most
complex because a course of action that is
judged acceptable to a far-sighted environ-
mentalist might not be acceptable to an
industrialist who has to meet a payroll, pro-
duce dividends for the stockholders, and
compete with industries here and abroad
that do not have to be concerned about
pollution abatement.

The Office of Technology Assessment
(1984) has just released a detailed discus-
sion of the problems of acid deposition and
the implications for public policy. The study
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outlines the tradeoffs of various lines of
action that can be taken by the United
States to solve its own problems of acid
deposition and those of Canada for which
we are partially responsible. This docu-
ment is of exceptional value for any teacher
wishing to discuss acid deposition as an
example of an important problem in human
ecology that must be solved. Of course it
is but one item in a huge literature devoted
to the subject.

The areas of greatest acid deposition (pH
less than 4.2) in North America are a broad
oval extending from New York to Ten-
nessee and from New Jersey to Ohio, and
a separate area of Canada east of the Great
Lakes. Only somewhat less affected (pH
less than 5) is the entire eastern half of the
United States and southeastern Canada.

During 1980 about 27,000,000 tons of
sulfur dioxide and 21,000,000 tons of
nitrogen oxides were emitted in the United
States. All states now pollute but, until
recently, not to a degree that the natural
cycles could not cleanse the air of pollu-
tants. The major polluters are the north
central states between the Allegheny
Mountains and the Mississippi River.
Municipal power plants are the major
source of SO2.

Since the prevailing winds are from the
west, the gases from the Mid West are car-
ried eastward to New England and south-
ern Canada. About one third of the pol-
lutants travel more than 500 kilometers,
another third from 200 to 500 kilometers,
and the final third might be considered to
be local because it originates within 200
kilometers. The average distance from
source to site of deposition is thought to
be between 500 to 1,000 kilometers.

The OTA study estimates that about
3,000 lakes and 23,000 miles of streams
are seriously threatened or almost dead
(some are dead). In addition, there is seri-
ous damage to trees, crops, buildings, and
probably human beings with cardiac and
respiratory problems. All this adds up to a
reduction in the quality of life for those
living in New England and eastern Canada.
It is conceivable that one can live with one's
own pollution but those in eastern America
must find it most aggravating to be forced

to live with other people's pollution—espe-
cially when those other people say it's just
too expensive to do anything about it. The
OTA study points up the problem (p. 13):

Various groups and individuals differ
sharply on where the balance should be
struck between protecting the environ-
ment and protecting other areas of eco-
nomic well-being. There is little agree-
ment on the intrinsic worth of resources
or the equitable distribution of costs to
protect those resources. Unfortunately,
more accurate atmospheric transport
models or a better understanding of the
level of emissions required to protect
sensitive resources will do little to solve
such questions of value.

That last sentence recognizes one of the
main arguments of those who prefer not
to attempt to reduce pollution: "We really
must have more scientific information
before we can do the job correctly and not
waste money." That is a favorite ploy of
any group that prefers to do nothing. It
may seem hard to argue against more
information but in many situations there
is a greater risk in not doing something
than doing the best one can with the avail-
able information. (Very few physicians have
all the pertinent data relevant to a very sick
patient they may be attempting to treat,
yet if they waited for all the data to come
in, the patient might well have gone out—
in a coffin.)

The pressures for more stringent con-
trols of pollution have come from such
notable groups as the National Commis-
sion on Air Quality, the National Gover-
nors' Association, the State and Territory
Air Program Administrators, the National
Academy of Sciences, the 1982 Stockholm
Conference on the Acidification of the
Environment, and the National Clean Air
Coalition (composed of more than a dozen
organizations such as the League of Women
Voters, the Sierra Club, the American
Lung Association, and the United Steel
Workers of America). For these groups the
data are sufficient to warrant more control
of the pollutants.

Other influential groups hold that "fur-
ther controlling emissions now may waste
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money and impose unreasonable costs on
industry and the public." Among them are
the Business Roundtable, the U.S. Cham-
ber of Commerce, the Department of
Energy, and the U.S. Environmental Pro-
tection Agency. The last two may sound
strange but Boyle and Boyle (1983) suggest
that the Reagan Administration "is out to
get the Clean Air Act," so its agencies could
be expected to be against more controls.
It surely seemed that way when Anne Gor-
such directed the EPA and it took great
public pressure to get her removed and the
agency back on the track of making some
effort to protect the environment. Sun
(1984) wrote that the report of another
Committee of the National Academy of
Sciences favoring more stringent controls
appears to have been suppressed by the
White House until after a House subcom-
mittee was to vote on increasing controls
over sulfur dioxide emissions. The vote was
10 to 9 not to demand more stringent con-
trols—a vote that might have been differ-
ent if the information and conclusions of
the Academy's report had been available
to the committee members. Only one of
the 10 "nays" would have had to change
his position. Thus, although "We must have
more information before we can act,"
apparently it depends on what sort of infor-
mation is to be made available.

In 1983 the Environmental Protection
Agency proposed a modest program for
reducing acid deposition but this was over-
ruled by the White House. In March 1984
the EPA Administrator, William D. Ruck-
elshaus, replied that it would take Presi-
dent Reagan two more years to decide what
to do. When Ruckelshaus was asked about
the usefulness of still another special com-
mittee to study the problem, he replied,
"It would be a wonderful idea if no one
had done it before" (AP report March 15,
1984).

1 he problems of acid deposition, there-
fore, involve politics, international affairs,
economics, corporate policy, possible tax
burdens, as well as the health of human
beings and the environment. It pits regions
(Mid West vs. New England) and nations
(U.S. vs. Canada; Western Europe vs. the
Scandinavian nations) against one another.

It is the sort of problem that teachers should
analyze with their university science stu-
dents but so rarely do.

The bottom line is costs and jobs. The
technology is available that could reduce
the quantity of pollutants that are spewed
in the atmosphere to a level that the nat-
ural cycles could handle. The OTA (p. 14)
study projects what the costs might be:

Most of the proposals introduced dur-
ing recent sessions of Congress would
control sulfur dioxide emissions, since
sulfur compounds contribute twice as
much acidity to rainfall in the Eastern
United States as nitrogen compounds and
are more strongly implicated with a vari-
ety of adverse effects. This study esti-
mates that the annual costs to reduce
sulfur dioxide emissions in the 31 states
bordering and east of the Mississippi
River could range from about $1 billion
(or less) for about a 10- to 20-percent
reduction, to about $3 billion to $6 bil-
lion for a 35- to 45-percent reduction
below 1980 emission levels by 1995.

The funds would be used mainly to
upgrade older plants since they are the main
polluters. More recently constructed plants
have better control devices. If no action is
taken it will require up to 40 years—to
A.D. 2020—for the older plants to be
retired. Even if action starts today, the
OTA estimates that it will require a decade
to reduce the emissions. During that inter-
val there can be considerable damage to
resources. The Environmental Defense
Fund (1984) has this opinion:

Current scientific understanding of
acid rain strongly indicates that the
Reagan Administration's "wait and see"
policy may result in irreversible ecolog-
ical damage.

Who should pay that $ 1 to $6 billion bill?
Should a citizen of Arizona have to foot
the bill for cleaning up the dirty air pro-
duced by a public utility company in the
Mid West so that the fish in a New England
lake, which that citizen will never see, can
survive? If pollution affects the public at
large, shouldn't the public at large pay for
the remedial actions? Or a different atti-
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tude might be, since the United States can
hardly be blamed for the direction of the
winds, why should it be held responsible
for environmental damage in Canada?

In testifying against proposed legislation
to reduce SO2 emissions by 10 million tons
(of the total of 27 million), Senator Byrd
of West Virginia is quoted as saying that
the financial impact on the industry of his
state would be staggering and as many as
24,500 people would lose their jobs. What
is needed, he suggested, is more research,
not more controls.

So what are the specific tradeoffs? If the
decision is made to reduce SO2 emissions
by about 10 million tons per year, the cost
will be an estimated $3 to $6 billion.

If industry is forced to bear the costs,
some old plants will probably have to close,
the cost of doing business will be greater,
profits might be less, the costs of the prod-
ucts might increase, and competition with
industry that did not have to install con-
trols (here or abroad) might be severe. Since
the main target of the clean-up would be
public utility plants, there would probably
be an increase in the cost of electricity to
consumers. This is predicted to average
about 4-5 percent but in some states 10-
15 percent. The greatest increases would
be felt by consumers in Missouri, Indiana,
Ohio, West Virginia, Pennsylvania, Geor-
gia, and New Hampshire.

The question of jobs is important, espe-
cially for those specific individuals who lose
them. Nevertheless, the overall effect of
installing emission controls would be to
increase jobs. The control devices would
have to be manufactured, installed, and
maintained. That $3 to $6 billion invest-
ment in emission control would mean very
many more jobs.

Other job opportunities would shift.
Most of the coal used in the polluting Mid-
west plants has large amounts of sulfur. It
is mined nearby. If pollution control mea-
sures called for replacing its coal with high
sulfur content with low sulfur coal from
the West, the job opportunities would also
move West. There is no question that pol-
lution abatement measures would incon-
venience some workers but the overall con-
sequence would be more jobs.

We now have sufficient information to
start to deal with the four points of view
suggested earlier.

Individual benefit vs. general benefit. The
balance here is for the general benefit. A
large number of people would have clearer
air, fewer respiratory and cardiac prob-
lems, and their homes and buildings would
suffer less damage. Those who enjoy the
outdoors would gain; our timber, water,
and soil resources would no longer be
adversely affected. There would be more
work for manufacturers of control devices
and job opportunities would increase. The
moral question of the right of one region
to degrade another would be moot. The
costs would be higher utility bills (or taxes
if the government paid the costs of abate-
ment), possible disadvantages to the pol-
luting industry, some jobs lost and the need
to move elsewhere for new jobs, and a pos-
sible increase in bureaucracy.

Present vs. future gain. The costs of con-
trol measures, job dislocation, loss of div-
idends, and governmental interference
would all be short-term losses. Since it
would require a few years to make any sig-
nificant improvement in the quality of air,
the immediate benefits would be largely
psychological. The truly spectacular gains
would come in about a decade.

Renewable vs. non-renewable resources.
Control measures would be of great benefit
for renewable resources. Those forests,
waterways, soils, and human beings pre-
viously at risk would be relieved of the acid
deposition or have it reduced to more
acceptable levels. The air would be able to
cope better with the load of wastes. Weath-
ering of buildings and corrosion of metals
would be less. And to the extent that the
human spirit is a renewable resource, there
would be important gains.

Sustainable yields vs. exhaustion of resources.
The productivity of forests, waterways, and
possibly agricultural land would be
increased by efficient control measures.

One cannot avoid the conclusion that the
benefits of controlling the quantity of acid
deposited far outweigh the costs. The many
would share the benefits and a few would
share costs with the benefits. That conclu-
sion is, of course, my own. Others balance
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the costs and benefits and come to different
conclusions. The OTA study provides a
large amount of fascinating data, only a
trace of which has been touched on here,
and could be the basis for some sober and
important discussions with students.

The question of the rights and wrongs
in this environmental matter can be greatly
illuminated and clarified if we consider the
implications of Garrett Hardin's (1968)
classic essay, The Tragedy of the Commons.

The Tragedy of the Commons

In earlier times it was not unusual for
villages to have grazing land set aside for
the animals belonging to the inhabitants.
This resource for all was known as the
"commons." The inhabitants of the village
would gain in relation to the number of
their animals put at pasture in the com-
mons. A rich person with 10 cows would
be consuming 10 times the resources of a
poor person with a single cow. This was
seen as a reasonable arrangement so long
as the carrying capacity of the commons
was not exceeded.

But what happens when the carrying
capacity has been reached and the person
with 10 cows decides to graze 15? There
will not be enough food for all cows and
their milk production will be reduced.
However the person with the 15 cows will
obtain more milk than from the original
10, while the person with the single cow
will obtain less. It would be to the advan-
tage of this person to try to add another
few cows.

Therein is the tragedy. Each man is
locked into a system that compels him to
increase his herd without limit—in a
world that is limited. Ruin is the desti-
nation toward which all men rush, each
pursuing his own best interest in a soci-
ety that believes in the freedom of the
commons. Freedom in a commons brings
ruin to all. (p. 1244)

Hardin's metaphor describes many of the
frustrations, diseconomies, lessening of the
quality of life, and assaults on the environ-
ment that plague us today. Acid deposition
is a typical case. Historically the atmo-
sphere has been accepted as a commons—

the most important commons we have. The
smoke of ages has been spewed into it but,
until recently, the restorative mechanisms
of nature have kept it pure. No longer.

The emissions of the power plants burn-
ing sulfur-rich coal would rapidly reach
lethal concentrations were they confined
to the immediate zone of their production.
The solution, therefore, is to spread the
noxious fumes far and wide. Thus the bur-
den becomes shared by many in an area
thousands of square kilometers in size.
Many are made to suffer for the few who
are unable or unwilling to cease polluting.

A steel mill that empties its wastes into
the adjacent river gains by having a cheap
mechanism for disposing of wastes, but all
those downstream have been robbed of a
common resource.

Hardin's Tragedy of the Commons should
be required reading for all students, for
Senator Byrd (whom I quoted earlier), and,
if I had my way, for all human beings. It
tells us a great deal about ourselves and the
cause of many of our problems. It is also
an excellent basis for discussions with stu-
dents.

There are many tragedies of the com-
mons in everyday life. One of the most
important commons for a university is its
library. If it is shared honestly and hon-
orably it is a valuable resource for all. The
tragedy comes when pages are removed for
the benefit of one and the loss of all others;
when books are hidden in the stacks by
students who then have access to a valuable
resource that is denied their classmates;
when a professor's bookshelf is filled with
volumes never used but not available for
browsing by the library's patrons.

Littering parks and highways may be
convenient for the litterer who will rarely
return to see his garbage but the quality
of life for all others will be lessened. The
person who understates income on those
15 April tax forms gains (unless caught)
whereas all others lose.

Specific topics for classroom discussion

Acid rain is but one of many specific top-
ics relating to air that can be developed.
Others are lead poisoning from leaded gas-
oline, asbestos and asbestosis, the role of
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ozone in damaging plants and shielding us
from ultraviolet, carbon dioxide and cli-
matic change, smog and human health,
tobacco smoke as it affects the smoker and
those nearby, and silicosis. Ehrlich, Ehr-
lich, and Holdren (1977) provide intro-
ductions to the subjects and guides to the
literature.

The water we drink

Actually we do not drink very much of
it, yet when we read a headline to the effect
that the United States is running out of
water, our vision is of citizens with parched
throats and lolling tongues. But that is an
erroneous vision. Most of the water we use
goes for our technology of farm and fac-
tory, rather than for domestic purposes.

In 1940 the total water withdrawn in the
United States was 136 billion gallons per
day, or 1,027 per capita gallons. By 1980
the total had grown to 450 billion gallons
and the per capita gallons were 1,953 (these
and other data from the U.S. Bureau of
the Census Statistical Abstract of the United
States 1984). Those 1,953 gallons per day
are about 100 times the volume of an aver-
age human being.

Of the 450 billion gallons withdrawn per
day, 47 percent went to steam and electric
utility plants, 33 percent for irrigation, 10
percent for industry, 8 percent for public
water utilities, and 1 percent for rural
domestic use.

Per capita daily withdrawals showed great
regional variations. Your students may wish
to speculate why the per capita consump-
tion per day was 534 gallons for the District
of Columbia, 967 for New York, 2,272 for
California, 5,512 for Colorado, 11,368 for
Wyoming, 13,959 for Montana, and 19,007
for Idaho.

The hydrographic cycle

The hydrographic cycle describes the
complete history of water in evaporation,
precipitation, and movement through the
earth. It accounts for the renewable-
resource properties of water. Evaporation
from land and sea, plus transpiration by
plants, carries water into the atmosphere
from which it returns as rain or snow. Part

of the rain that reaches the earth runs off
as streams, which enter rivers flowing to
the sea, or, in some inland basins, to dry
lakes or highly saline bodies of water (such
as the Great Salt Lake in Utah and the
Dead Sea between Jordan and Israel).
Another part percolates into the soil. Some
of this is used by plants and other organ-
isms while the rest, known as groundwater,
moves down to to occupy a zone of satu-
ration. The upper edge of the ground-
water zone is the water table. Groundwater
moves horizontally and slightly downward
until it reaches a river, lake, or the ocean.
Some geological formations, such as sand-
stone, are highly porous and can contain
large amounts of groundwater. These are
known as aquifers. Most of the water on
land is groundwater, which remains nearly
constant from year to year and reflects the
annual fluctuations in rainfall only slightly.

The hydrographic cycle of evaporation
and precipitation are so finely balanced, on
a worldwide basis, that not only ground-
water, but also rivers, lakes, streams, seas,
and oceans remain nearly constant in vol-
ume.

There are two sources of our water, sur-
face and underground and we obtain about
equal quantities from each. The surface
withdrawals are from springs, streams,
rivers, and lakes. This is the source we can
see and it is the source that is in the greatest
present danger of being degraded.

Underground water can be obtained by
digging wells in most areas of the world,
even desert regions. Recall the problem
the early settlers of the Great Plains had
in obtaining water. The scarcity of peren-
nial supplies of surface water prevented
farming until windmills became available
for pumping underground water.

Although water is our most abundant
renewable resource, there have always been
problems with obtaining sufficient amounts.
Even in areas where the rainfall is adequate
for agriculture, years of drought do come.
Areas of deficient rainfall, such as the Near
East, much of the American West, the cen-
ter of Australia, and zones in Africa both
north and south of the equator have too
little water (without irrigation) to allow
much agriculture.
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Water and waste disposal

In highly industralized and densely pop-
ulated regions the basic problem with water
is that demands overwhelm the ability of
the hydrographic system to supply high
quality water in the quantities demanded.
Part of this is a consequence of our using
water for the disposal of* wastes from homes
and factories. Human wastes and liquid
wastes enter the sewers and go to the treat-
ment plants. (Other wastes are solid and
are trucked away to the city dump or land-
fill yet, we will see that they, too, can pol-
lute water.)

A few generations ago it was customary
for towns and cities to empty their raw sew-
age into nearby streams or, in the case of
New York City, into the Hudson River,
which then emptied almost immediately
into the Atlantic Ocean. Therefore it is an
improvement today to have sewage treat-
ment plants. The job they do depends on
the type of plant. In Primary Treatment
plants the solid wastes and part of the par-
ticulates are screened out and chlorine is
added to kill some of the microorganisms.
The partially purified water then is dumped
into a river, lake, or the ocean. About 29
percent of the treatment plants in the
United States are of this sort.

Another 67 percent provide Secondary
Treatment for the sewage. Chlorine is not
added and the microorganisms are allowed
to act on the organic wastes—in a real sense
this is what would happen under natural
conditions. That is, if only a moderate
amount of sewage consisting mostly of
human wastes is emptied into a river, the
bacteria, protozoans, and other organisms
will feast and convert the wastes into them-
selves. This is the carbon and nitrogen
cycles in action. (The old rule of thumb
was that a river cleaned itself in ten miles.)

About 3 percent of the plants use a much
more complex Tertiary Treatment. This
removes nearly all of the organic wastes
and leaves water that can be used for irri-
gation and nearly all purposes other than
human consumption (even that stage may
be reached in the near future).

The organisms that break down human
and similar organic wastes have been

selected over the millennia for using such
materials as food. Modern industry, how-
ever, has its own incredible list of wastes.
Some of these are highly toxic to all organ-
isms, including those upon which we have
traditionally relied for consuming human
and domestic wastes. Thus, when organic
solvents, heavy metal salts, pesticides, and
a host of other chemicals are dumped into
the sewers, they lessen or even abolish the
ability of the microorganisms to handle the
familiar wastes.

Additional types of wastes that pollute
waterways are a consequence of agricul-
ture and mining. It is not unusual for
American farmers to add much more fer-
tilizer than is required for optimal yields.
They also use a large variety of toxic chem-
icals to control insects and weeds. These
materials can wash into waterways and
cause serious pollution problems. The
waste-water from mining operations is usu-
ally highly toxic.

Water pollution

The Council on Environmental Quality
(1983) is guardedly optimistic in suggest-
ing that water quality may be improving.
(The CEQ is appointed by the President
and, among its other duties, prepares his
annual report to the Congress on Environ-
mental Quality. The report tends to empha-
size the positive.) Most improvements are
the results of federal legislation such as the
Clean Water Act, the Safe Drinking Water
Act, and others. However, the conven-
tional tests measure the old fashioned sorts
of wastes, not the new technological wastes.
These are of great concern but there are
indications that they may be decreasing in
quantity. For example, in those industries
that have installed the BPT (Best Practical
Treatment) technology, suspended solids,
oil and grease, dissolved solids, phosphate,
and heavy metals were reduced by 52 to
80 percent between 1972 and 1982.

One interesting biologial test of water
quality is to sample the fish populations.
Although water quality has not deterio-
rated in the last five years, about 56 per-
cent of the nation's waters still have a dam-
aging effect on fish populations. Turbidity,
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nutrient surpluses, toxic chemicals, and low
oxygen are the main factors. The sources
of pollution can be point (municipal and
industrial discharges) and nonpoint (mainly
agricultural runoff). The point sources give
problems in 20 percent of the streams and
agricultural runoff in 29 percent, with 17
percent being badly polluted.

The CEQ 1983 report concludes:

The nation's waters are generally
moving toward the Clean Water Act goal
of achieving fishable and swimmable
waters. Although the nation's waters are
still affected by pollution problems from
both point and nonpoint sources, a num-
ber of once polluted streams, rivers, and
lakes now support viable fish popula-
tions.

That is all to the good, but apparently many
formerly nonpolluted waters are now pol-
luted.

Here we have another Tragedy of the
Commons. Water, like air, was viewed as
a "free" resource that could be used in any
manner desired. This attitude is changing
and, in spite of the varied signals that come
from Washington, it is probable that the
nation's waters will slowly improve.

Water for the future

The long-term problem with water is
more likely to be the lack of quantity rather
than quality. The Global 2000 (p. 344) pre-
diction for the world is:

Freshwater, once an abundant
resource in most parts of the world, will
become increasingly scarce in coming
decades for two reasons. First, there will
be greater net consumption, by cooling
towers and, especially, by irrigation so
that the total supply will decline. Second,
pollution and the impacts of hydraulic
works will effectively limit the uses of
freshwater—and therefore, in effect, the
supply. The deterioration of river basin
catchments, especially as a result of
deforestation, will increase the variabil-
ity of supply, accelerate erosion, damage
water development projects, and degrade
water quality. It seems inevitable that the

function of streams and rivers as habitat
for aquatic life will steadily be sacrificed
to the diversion of water for irrigation,
for human consumption, and for power
production, particularly in the LDCs.
This is just one more example of the

consequences of overwhelming the cycles
that provide renewable resources. As usual
the problems for the LDCs are more seri-
ous:

The lack of safe water supplies and
methods for sanitary disposal of human
wastes and waste water means that as
many as 1.5 billion persons are exposed
to fecally related disease pathogens in
drinking water. These problems of water
supply and quality in LDCs are so severe
as to be matters of survival for millions
of persons.

To put this problem in a human perspec-
tive it is well to note that 1.5 billion is seven
times the population of the United States.
And what about us?

In industrial nations, water supply and
quality will pose more subtle and there-
fore more complex questions of trade-
offs and conflicts among users (or values)
of freshwater. Water resources manage-
ment in such nations is concerned not
with human survival but with balancing
demands for water resources against
considerations of quality-of-life. But
scarcities and conflicts are becoming
more acute, and by the year 2000 eco-
nomic, if not human, survival in many
industrial regions may hinge upon water
quality, or water supply, or both.
It was mentioned earlier that most of our

water resources are groundwater, which
supplies about half of our withdrawals. The
CEQ 1983 Annual Report estimates that the
United States has between 30,000 and
60,000 trillion gallons of groundwater of
which 15,000 trillion are practical to with-
draw. However only about 400 trillion gal-
lons are in situations where replenishment
occurs. The reason: "once depleted, most
ground water cannot be recharged readily
or practically, because it has accumulated
over geologic time" (p. 86). Thus of the
total readily available, 14,600 trillion gal-
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Ions are a non-renewable resource and only
400 trillion can be considered renewable.

Groundwater is of special importance in
the arid west where its use in irrigation
provides a rich agricultural return. In large
areas, however, the groundwater is being
removed far more rapidly than it is being
replenished by rain. The "overdrafts," that
is, the excess removed, are especially seri-
ous in much of Kansas, Oklahoma, Texas,
Arizona and parts of California, Nebraska,
and New Mexico. The overdrafts in 1980
in these areas were 12.4 billion gallons per
day.

Sheridan (1981, p. 122) makes this pre-
diction:

On the High Plains of Texas, crop
production is expected to decline
between 1985 and 2000 because of the
depletion of the Ogallala Aquifer. And,
certainly, the end is in sight for irriga-
tion-dependent increased grain yields
from western Kansas and Nebraska as
their water tables continue to drop.

Contamination of groundwater

There will be more and more reports
during the next decade of the contami-
nation oi groundwaters, especially those
secret stores, the aquifers. Seepage from
toxic waste dumps, which have increased
so dramatically since World War II, is
entering some aquifers. It would be inter-
esting to have your class suggest how one
might prevent contamination of the aqui-
fer from a nearby toxic waste dump and,
if it occurred, how the aquifer might be
cleansed. According to Pye, Patrick, and
Quarles (1983, p. 8), "remedial action is
complex, time-consuming, and extremely
expensive" and "often it is more cost-effec-
tive to locate a new source of water than
to attempt treatment."

"Foul and Flee"—that has been our
modus operandi wherever and whenever it
was (or is) possible and in the vast and
resource-rich United States this was usu-
ally possible. Now we are entering an age,
which will last forever, when we must learn
to live with what we have.

So it appears that the projections are for

a large increase in the numerator of our
model:

People x technology _ ecological
Total resources problems

That is, although the projections are for a
slow growth in population size, the level of
technology will increase greatly—and so
demand very much more water. Yet the
denominator, our total water resources, will
remain much the same. The increase in
ecological problems, therefore, is inevita-
ble. That is, unless we plan to live as part-
ners in this world rather than at its expense.
Living at its expense is solely a short-term
option.

Specific topics for classroom discussion
1. Every community in the land has prob-

lems with water. One interesting case his-
tory might be a study of the source of the
local water supply, how it is used, how it is
treated after being used, and the condition
of the place where it is disposed. A good
reference to start this or any study of envi-
ronmental problems is Ehrlich, Ehrlich, and
Holdren (1977; the main discussion of
water will be found on pp. 257-272, 556-
561). Other references: Blake (1956),
Burby et al. (1983), Camp (1963), Council
on Environmental Quality (1974, 1983),
Environmental Protection Agency (1977),
Hirshleifer et al. (1969), L. B. Leopold and
Davis (1966), Luken and Pechan (1977),
Powledge (1982), U.S. Department of
Agriculture (1955), and Zwick and Ben-
stock (1971).

2. For the special case of groundwater
contamination see Pye, Patrick, and
Quarles (1983) and Geophysics Research
Forum (1984).

3. Toxic waste dumps have been much
in the news for the past few years and they
are an extremely difficult environmental
problem. The United States is pitted with
thousands of toxic chemical time bombs.
The vast expansion of technology in the
decades since World War II has seen the
production of huge quantities of toxic by-
products of industry. Until quite recently
very little attention was paid to proper dis-
posal. The solution was usually to empty
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the stuff in a pit and hope for the best. In
many instances public health authorities are
unaware of the existence of such dumps.
The Love Canal episode has been national
news. Today my car radio announced that
60 wells used by the Los Angeles water
district have been found to be contami-
nated by organic solvents and must be
closed.

The quantities of solid wastes produced
is prodigious. Statistical Abstract gives a total
of 146 million tons for 1981. The major
contributors were the chemical industry
with 30 percent and the primary metals
industry with 25 percent.

Material from a toxic waste dump slowly
seeps into the ground and, if that were the
end of it, fine. But more often than not the
toxic chemicals reach the groundwater and
it then becomes almost impossible to pre-
vent their spread.

For references see those given for topic
1 above and also K. W. Brown, G. B. Evans,
and B. T. Frentrup (1983), Francis and
Auerbach (1983), LaGrega and Hendrian
(1983), Lester and Bowman (1983), and
Toxic Substances Strategy Committee
(1980).

4. In the arid west water is gold—and
seemingly it is sought as eagerly and as
deviously. A classic and well-documented
case of grabbing water concerns Los Ange-
les and the Owens Valley. In the early 20th
century the city of Los Angeles acquired
the rights to essentially all of the water in
the Owens Valley—a wild and wonderful
area to the east of the Sierra Nevada. It
was a bitterly contested move but in the
end money and strong-arm persuasion got
the water for Los Angeles. Two aqueducts
were built, each about 400 kilometers in
length. It was an extraordinary engineer-
ing achievement. Having lost its water
Owens Valley slowly became a near desert.
Mary Austin (1903) in her Land of Little
Rain described the original beauty of the
Owens Valley.

The bitterness remains to this day and,
currently, is centered on the preservation
of Mono Lake. This is a highly saline body
of water with a rich and interesting biota.
Los Angeles has the rights to the streams

that enter Mono Lake (Mark Twain's
Roughing It country) and has diverted much
of the water. The level of the lake has
dropped, endangering this unique piece of
nature.

A century ago John Wesley Powell (1879)
provided a blueprint for the wise allocation
of water in arid lands that had insufficient
supplies. The sordid politics associated with
the Owens River project shows the inten-
sity of struggles for scarce resources. Kahrl
(1982) has provided a splendid account of
the Owens Valley Project. See also Kahrl
etal. (1979), Hoffman (1981), and Ostrom
(1953).

For more general treatments of com-
petition for resources see Hays (1959) and
and Blake (1956).

5. A more general problem relating to
water resources is desertification. Long ago
Paul Sears (1980, now updated) wrote a
classic treatment, Deserts on the March, which
showed clearly that at least one of the
drummers was mankind. A recent study by
Sheridan (1981, pp. 121 -122) reaches these
conclusions:

Desertification in the arid United
States is flagrant. Groundwater supplies
beneath vast stretches of land are drop-
ping precipitously. Whole river systems
have dried up; others are choked with
sediment washed from denuded land.
Hundreds of thousands of acres of pre-
viously irrigated crop land have been
abandoned to wind or weeds. Salts are
building up steadily in some of the
nation's most productive irrigated soils.
Several million acres of natural grass-
land are, as a result of cultivation or
overgrazing, eroding at unnaturally high
rates. Soils from the Great Plains are
ending up in the Atlantic Ocean.

All total, about 225 million acres of
land in the United States are undergoing
severe desertification—an area roughly
the size of the 13 original states.

The federal government subsidizes
both the exploitation and conservation
of arid land resources. But the subsidies
for conservation are meager compared
with those for exploitation. Low interest
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government loans for the installation of
irrigation systems encourage farmers to
mine groundwater . . . . Federal disaster
relief and commodity programs encour-
age arid land farmers to plow up natural
grasslands to plant crops such as wheat
and, especially, cotton. Federal grazing
fees that are well below the free market
price encourage overgrazing of the com-
mons [Sheridan must have read Har-
din!].

Federal subsidies are, in other words,
a major force behind the desertification
of the United States.

These quotes are not from a wild-eyed
environmentalist group but from a publi-
cation of the President's Council on Envi-
ronmental Quality.

It is absolutely necessary for university
students today to understand these prob-
lems of human ecology that involve biol-
ogy, geology, politics, economics, tradi-
tion, and the way people balance short-term
and long-term goals to the detriment of
the latter ("me-nowness"). It is important
because, in this example, desertification
results in "the impoverishment of ecosys-
tems as evidenced in reduced biological
productivity and accelerated deterioration
of soils and in an associated impoverish-
ment of dependent human livelihood sys-
tems" (Sheridan, p. iii).

The food we eat

American agriculture continues to be one
of the success stories of our time. In spite
of problems that would seem to render it
ineffectual, it continues to provide ample
food for consumption at home and pro-
duce a surplus on which many other nations
have come to depend.

Productivity of United States agriculture

Data were given earlier that indicate the
great increase in yields per acre and the
decrease in the labor required to produce
crops. Here is another example (nearly all
of these data are from Statistical Abstract,
1984). Corn is our most valuable crop. In
1981 it was worth $ 19 billion. In the 1961 —
1965 period the average yield per acre was
66 bushels and it required 11 man hours

TABLE 10. The United States role in world agriculture.

Wheat
Corn
Soybeans
Rice
Tallow
Tobacco
Vegetable

oils
Cotton

U.S. production
as a percentage

of world
production

16.9
47.5
63.0

2.0
52.7
15.8

14.6
22.1

Percentage
of U.S.

production
exported

63.3
24.0
46.5
—
—

34.4

—
42.3

U.S.
exports as a
percentage
of world
exports

48.1
70.4
86.6
21.6
56.3
17.8

9.6
32.2

Source: U.S. Bureau of the Census. 1984. Statistical
Abstract. Tables 1190 and 1191.

to raise 100 bushels. In 1981 the yield had
increased to 110 bushels and the time
required had dropped to 3 man hours.

The increased productivity of soil and
labor has come from improved techniques
that have changed traditional agriculture
from a natural enterprise that was labor
intensive to a programmed and mecha-
nized branch of technology: the value for
farm equipment was $23 billion in 1960
and $ 109 billion in 1981; the total amount
of fertilizer used for crops in 1960 was 25
million tons; in 1981 it was 54 million tons.

International importance of United
States agriculture

In 1982 the total number of farm workers
was 4,108,000 or 1.8 percent of the total
population of the nation (and 3.1 percent
of all workers). The United States farm
workers account for 0.1 percent of the
world's total population yet, they produce
63 percent of the world's soybeans of which
47 percent is exported. The amount
exported is 87 percent of the world's trade
in this vital crop (Table 10). The other data
of this table show the astonishing produc-
tivity of that 0.1 percent of the people of
the world.

Prognosis for farm productivity

All projections indicate that in the next
few decades there will be a large increase
in the world's population, that most nations
will become net importers of food, and that
agricultural lands throughout the world will
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be degraded. Vast amounts of food will be
required to feed the added multitudes and
the United States will be the principal pro-
ducer of surplus food that can be exported.
The prognosis for the state of agriculture
in the United States during the next few
decades, is therefore, of worldwide con-
cern. The following information is based
mainly on Bade and Healy (1980, 1983),
Council on Environmental Quality (1983),
and Statistical Abstract (1984).

The mildly optimistic answer is that the
United States can continue to meet export
needs for the near future. However, these
goals will be met only by a continuing deg-
radation of the land's productivity. These
are some of the problems.

Land availability. Of the nation's 2.2 bil-
lion acres of land, 1,359 million acres are
suitable for agriculture. Of this 413 million
acres (30 percent) are crop land; 414 mil-
lion acres (30 percent) are range land for
grazing animals; 376 million acres are in
forest (28 percent; much of this is farm
land that has been abandoned to trees); and
153 million acres (11 percent) are not avail-
able for agriculture (mining, industry,
homes, freeways, etc.). About 5 percent of
the crop land is irrigated.

If additional land is required in the
future, as it surely will be, there is a reserve
in the eastern states of the former farm
land that has reverted to forest. This is not
the best land, by U.S. standards, and much
of it was abandoned long ago when more
productive lands of the Midwest became
available.

Development. An estimated 875,000 acres
are withdrawn each year for urban use.
Historically this usually has been the better
agricultural land. The early settler-farmers
selected the best land available and, as they
prospered, this land became the sites for
towns and later cities. For example, in the
southeastern states 15 percent of the prime
agricultural land had been converted to
other kinds of development. Conversion is
10 percent in the northeast states.

Mining activities are expected to require
about 568,000 acres at any one time until
the year 2000. That portion subject to strip
mining operations may not achieve its orig-
inal fertility once mining has ceased.

Salinization. About one third of the irri-
gated crop lands in the West now have
excessive levels of salt and the problem is
expected to increase, resulting in reduced
productivity or loss as crop land.

Reduced water for irrigation. In the section
on water, it was mentioned that the huge
Ogallala Aquifer, and other sources of
groundwater, are subject to serious over-
drafts for irrigation. Hence, the same land
will not be able to produce as abundantly
when irrigation water becomes less avail-
able.

Wetlands. These are of great importance
for the general ecology of the regions
where they occur and indirectly for agri-
cultural land. They are being eliminated
at the rate of 450,000 acres per year.

Desertification. Mention was made earlier
of Sheridan's (1981) estimate that 225 mil-
lion acres in the United States are now
undergoing severe desertification.

Erosion. The Department of Agriculture
has estimated that one third of our crop-
land is eroding at a rate that will decrease
productivity. The average loss of topsoil
per acre per year is 4.7 tons. This is
regarded as a tolerable limit since natural
forces can regenerate the land to that
extent. Since that is the average, it means
that half of the land is eroding at above
the acceptable level. A recent news report
quoted an expert of the U.S. Department
of Agriculture as estimating that topsoil
from about 100 million acres is washing
away faster than it is being replaced and
that about 8 percent of crop land is so highly
erosive that further erosion cannot be pre-
vented. Erosion by water is a problem
mainly for the eastern states and those in
the Mississippi Valley. Wind erosion is most
severe in Texas, New Mexico, and Colo-
rado but it is also a problem in all of the
other states of the High Plains.

Different authorities will reach their own
conclusions about the extent to which we
are over-using our agricultural lands. The
more optimistic seem to think that real
problems will not appear until the turn of
the century. The essential fact, however,
is that no rate of degradation can be sus-
tained and, it would appear, our abuse of
agricultural land is substantial.



610 JOHN A. MOORE

The only long-term solution is to under-
take curative actions for the land already
abused and to use land in such a way that
its productivity is not decreased. There
really is no viable alternative.

Liebig (1841, p. 141) reminds us of what
we started with:

The first colonists of Virginia found a
country, the soil of which was similar to
that mentioned above [an extremely rich
soil]; harvests of wheat and tobacco were
obtained for a century from one and the
same field without the aid of manure, but
now whole districts are converted into
unfruitful pasture land, which without
manure produces neither wheat nor
tobacco . . . . Almost all the cultivated
land in Europe is in this condition.

The one happy aspect of this otherwise
menacing situation is that the scientific and
practical information is available to allow
land to be used in a non-destructive man-
ner. The transition from destructive to non-
destructive agriculture, however, will be
an extremely complex matter involving
national policy, competing business inter-
ests, cost of living, life styles, balance of
payments in international trade, and emo-
tionally difficult decisions on the extent to
which we can help to feed the hungry peo-
ple of this world.
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Specific topics for classroom discussion

Possibly the most important, though most
difficult (for the teacher) and most frus-
trating (for the students), topic to develop
with a class would be to formulate an agri-
cultural policy for the United States. The
references just given, especially those
starred, will provide background infor-
mation. Here are some Socratic ploys that
could be used to stimulate students to think
deeply about a network of problems that
are as important as one can imagine.

1. Is the nation exporting its future wel-
fare when, in order to produce a large sur-
plus of food to be shipped overseas, it uses
soil and water at a rate greater than they
can be replenished?

But we must continue to export food
because the dollars earned are needed to
pay for imported oil.

And there is a moral obligation to try to
help those in the world who need help. We
must be our brother's keeper.

But our resources are finite and we can-
not hope or be expected to keep an infinite
number of brothers.

2. America's high technology agricul-
ture now uses from two to six times
(depending on the crop) as much caloric
energy to produce food as the food con-
tains. Will not the Second Law of Ther-
modynamics put an end to that? ("Yes" to
the degree that non-renewable resources
are used for energy; "no" to the degree
that renewable resources are used for
energy.)

3. Yields of food have been greatly
increased by the use of antibiotics in animal
food and by the use of pesticides. This
means more food and possibly larger prof-
its for the farmer and lower costs for con-
sumers. However there are problems.

About half of the antibiotics produced
in the U.S. go into feed for animals. It has
long been feared that pathogenic organ-
isms in the animals might develop resistant
strains and, should they reach human
beings and cause disease, the usual treat-
ment with antibiotics might not be effec-
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tive. Holmberg et al. (1984) have shown
that this is happening. How should one bal-
ance the interests: greater profits and pos-
sibly less expensive meat vs. the health of
the public?

Pesticides control the pests of crops and
in this way are of great benefit. However,
residues on food and exposure of agricul-
tural workers to the pesticides are poten-
tially hazardous. In addition, the pests often
evolve resistant races and, in order to con-
trol them, higher doses or different pesti-
cides must be used. How should these ben-
efits and risks be adjudicated?

4. Wind erosion is often caused by plow-
ing land where marginal amounts of rain
occur and planting it with grain. When the
drought years come the soil is blown away.
That was the cause of the Dust Bowl of the
1930s. It is to the advantage of the farmer
to try to raise a crop, if prices are high,
and it is to the advantage of the nation at
large that the land not be degraded. Should
the owner of the land have full control over
how it is used? Should the government reg-
ulate the use of land?

5. Faulty irrigation methods continue to
cause the salinization of rich farm land—
just as it did for the early farmers in
Sumeria. What is the solution?

6. The Federal Government has a long
standing policy of price supports for farm
products, of purchasing surplus food, or of
paying farmers not to grow crops. These
programs are to remedy overproduction.
Is there a better system?

7. And the overall question is: Can we
afford those agricultural practices that are
geared for profits now but losses later?

One can keep this list current by keeping
up with the news and encouraging the stu-
dents to do so.

Special topics III
Topics that might be the basis for short

oral reports by students for Part III come
from the important issues of the day. Cur-
rent issues of daily newspapers, weekly news
magazines, the "News and Comment" sec-
tion of Science, BioScience, Audubon and the
other environmentally oriented journals
will include more up-to-date possibilities
than the following references.

Environmental protection in the Third World.
Balancing short-term and long-term needs.
See E. Eckholm (1982).

Killing our national parks. That is what
"improvement" often does. See J. L. Sax
(1982).

The future of American agriculture. It will
depend on land, water, energy, and world-
wide demand. See S. Batie and R. Healy
(1983).

Is the sea to be a commons? International
rules are being proposed. See E. M. Borgese
(1983).

Phosphate rock. It is important for fertil-
izer. See R. P. Sheldon (1982).

Sunflowers. They are an important source
of oil. See B. H. Beard (1981).

Diseases old and new. Some of our current
ones may be new; others that appear to be
new are likely to be altered old ones. See
E. D. Kilbourne (1983).

Plastic pollution of the sea. It is a growing
problem for the animals. See D. H. S. Wehle
and F. C. Colman (1983).

The Amazonian rain forest. The greatest
forest on earth is being destroyed rapidly.
SeeC. Uhl(1983).

Elephant seals. After being slaughtered
down to a population of about 100, they
are making a dramatic recovery. See G. F.
Carroll (1982).

Acid rain in New England. It's killing the
forests. See H. W. Vogelmann (1982).

Pelicans as pollution monitors. Almost
eliminated by pesticides, they are making
a come-back. See R. W. Schreiber (1982).

Harnessing the Colorado River. Dams are
changing the ecology of the area. See S.
W. Carothers and R. Dolan (1982).

New light for the future. There will be a
gradual shift to renewable sources of
energy. See L. R. Brown (1982).

Pollution and resistance to disease. Our
immune systems are being affected. See L.
D. Caren (1981).

The Army Corps of Engineers vs. the envi-
ronment. Another major battle in this
chronic war. This time some wild areas of
Florida are in jeopardy. See G. Martanto
(1984).

Deadly incident infuarez. A radiation spill
that could be the world's worst so far. See
M. Kevin (1984).
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The second Green Revolution? Genetic
engineering may greatly increase the food
supply. See S. Siwolop (1983).

International migrations. Human beings
are undertaking the greatest mass move-
ment in history to obtain more resources
and seek a more secure life. See L. F. Bou-
vier (1983) and C. V. Carnegie (1983).

An evaluation of the human species. As we
relate to nature. See M. Cartmill (1983).

Killer bees. They are headed for us from
Central America and one estimate of the
damage they might do to our crops is $20
billion per year. They can mount mass
attacks and kill human beings. See T. Bodde
(1982).

Acid smog. Fog + California smog is more
acid than acid rain. And we breathe the
stuff. See L. Roberts (1982).

Water for food and energy. Unless we plan
carefully there will not be enough in the
western states. See D. Pimentel etal. (1982).

Breastfeeding. An efficient means of pop-
ulation control. See R. V. Short (1984).

Waterpower. Before the Industrial Rev-
olution it was a major source of energy.
See T. S. Reynolds (1984).

Fish for the people or power for the people?
The Battle of the Hudson pitted environ-
mentalists and public utilities. See L. W.
Barnthouse et al. (1984).

But is it good to drink? Maybe, but we must
take greater care to protect our ground-
water. See L. Tangley (1984).

The costs of destroying species and ecosystems.
In our increasing efforts to change the
world to suit our immediate needs, many
species and natural areas are being
destroyed. Does it matter? "Yes" say P. R.
Ehrlich and H. A. Mooney (1983).

Acid rain and German forests. It's killing
them. See L. Roberts (1983a).

Is the U.S. killing Canadian lakes and for-
ests? It seems to be, along with its own. How
should such international disputes be adju-
dicated? See L. R. Roberts (19836 and
1983c).

The no-till solution for better crops. New and
effective ways to prevent destructive ero-
sion of soils. See C. Elfring (1983).

Shellfish can be desirable though dangerous
food. But the Feds are trying to keep the

creatures clean. See E. P. Larkin and D.
A. Hunt (1982).

The "Silent Spring" revisited. More and
more is being learned about the effects of
pesticides on ecosystems. See D. Pimentel
and C. A. Edwards (1982).

Why are the forests of the eastern United States
ailing? A decline in growth began shortly
after 1955 and it coincides with a large
increase in air pollution. See L. Roberts
(1984).

Bioeconomics of the ocean. It contains valu-
able food but there are few national or
international rules to make it a sustainable
resource. See C. W. Clark (1981).

Wood for the fire. As supplies of non-
renewable fuels decline, renewable fire-
wood is increasing in importance. See S.
Walton (1981c).

The environmental tradeoffs of a nuclear
reactor. The increase in water temperature
has pronounced ecological consequences.
SeeJ. W. Gibbons and R. R. Sharitz (1981).

Can (shall?) Chesapeake Bay be saved? Not
as long as it is regarded as a "commons."
SeeS. Walton (198Id).

Pure food for children. Their small size and
greater susceptibility to toxic substances
mean that standards for adults do not pro-
tect them adequately. See H. Babich and
D. L. Davis (1981).

The overuse of water. Water should be a
renewable resource but we are exceeding
the rate of its renewal. See T. Bodde (1981).

IT'S TIME TO TAKE A STAND

Few, if any, of the readers of this essay
will be startled by my survey of the prob-
le'matique humaine. The seriousness of
human and environmental problems is well
known and there is a general feeling that
the human species will move in an inex-
orable manner to whatever planless future
is in store. I believe such a point of view
lacks both courage and an appreciation of
the enormous power of human beings. If
our world goes to the dogs, it will be for
want of will, not for want of knowledge
and power.

We tend to forget that we can accom-
plish incredible tasks once we have decided
to do them. President Kennedy told sci-
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entists and engineers to put a man on the
moon by the end of the decade—and they
did. American agriculture is steadily
increasing its ability to provide food. The
variety and safety of food in the super-
markets are the best in history. New tech-
nology has revolutionized communication,
transportation, construction, and personal
comfort. We have come to expect miracles
from the medical profession and in the few
cases when they fail, we become litigious.

Although it may not be obvious to many
people living in the less developed nations,
there has been a gradual improvement in
the human condition in the last century.
To be sure, the per capita GNP for the
world as a whole in 1975 was only $1,500
and for the LDCs only $380 (data from
Global 2000). Nevertheless there is no lack
of knowledge and ability to better the lives
of a substantial portion of the human pop-
ulation.

But there are two BIG IFs . . . .

IF I
IF there is to be a desirable future, we

must accept that the human experiment is
worth a future. There must be an appre-
ciation of the incredible drama of human
history for the past million years or more
and the equally incredible future that is
possible. We have the knowledge and power
to provide every human being the oppor-
tunity to lead a dignified and meaningful
life, with adequate food, clothing, housing,
medical services, education, and recrea-
tion. The achievement of this goal will
require that we emphasize the benefits for
the many above the benefits for the few.

No one suggests that this vision of a new
world will be easy to achieve. It will require
extraordinary changes in the way we view
ourselves and the world. Take for example
the dominating terror of our times—the
threat of nuclear war. We require no new
scientific or other information before we
can forego nuclear war. Human fears and
attitudes are the problem.

But there are innumerable examples of
human-oriented triumphs. We have devel-
oped an agricultural system of great pro-
ductivity; our technology can gratify our

slightest whim; we can solve most medical
problems; we have the technology to stop
nearly all forms of pollution.

It is a matter of will, not way.

IF II

And there can be an acceptable future
only IF we live according to the constraints
of nature.

There is general agreement that the
future of humanity is clouded by the fact
that there are too many people and a level
of technology too high for the environ-
ment to long sustain. We are now living
beyond the environment's means or, we
might say, are living not only on nature's
interest but also on nature's capital.

This is a perfectly feasible thing to do if
we ignore IF I and decide that the future
of humanity is of no concern to us. Such a
point of view appears to have been held by
ex-Secretary of the Interior, James G. Watt,
who implied that there is no need to con-
serve for the future, since Christ's Millen-
nium would soon arrive.

But if one does not ascribe to millenar-
ianism there remains the problem of a pre-
dicted imbalance of resources and people.
A basic fact, and one for great concern, is
that in order to fill present resource needs,
we are mining the biosphere, not cropping
it. That is, we are using up non-renewable
resources at an appalling rate and so over-
taxing the systems that produce the renew-
able resources that the systems themselves
are being degraded. This means that the
world is becoming less and less able to sup-
port human beings.

The question of numbers of people is
highly emotional. Some governments (until
recently) and some religions (still) feel that
the more people the better. Others view
such a philosophy as committing humanity
to a future of unparalleled misery and
want—the Malthusian trap finally sprung.

Excluding a notable recent example,
most responsible leaders of church and state
understand that the world's population
must be controlled. There are two main
opinions as to how this is to be achieved.
One group feels that the problem will solve
itself since, as those nations with the high
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FIG. 20. Profiles of the world's population of human beings in 1975 and projections for 2000. Modified
from Global 2000, figure 2-2.

growth rates become more prosperous, the
familiar demographic transition will occur
and their annual growth rate will approach
zero. Thus morality dictates that we make
every effort to care for every human being
now alive, or about to be born, even if this
results in an intolerable assault on the envi-
ronment.

The second point of view holds that we
must initiate population control programs
on a worldwide basis and at the same time
drastically alter the way we use renewable
and non-renewable resources. The fossil
fuels must be made to last as long as pos-
sible; the metals forever. The renewable
resources—soil, air, water, plants, ani-
mals—must be cropped in an environmen-
tally-sound manner so that their produc-
tivity is not decreased. It should be possible
even to increase the productivity of the
resource base by restorative actions.

I believe the first point of view is unac-
ceptable and that the only viable alterna-
tive for a human future is that we limit the
size of our population to the degree that

the environment is capable of supporting
human life on a sustainable basis and with
an agreed upon life style. And it will make
a very great difference for the quality of
life whether Zero Population Growth is
achieved for 4 billion, 16 billion, or 40
billion human beings.

It will be extremely difficult to achieve
this goal because the people who will make
the problem almost insolvable have already
been born. Figure 20 (from Global 2000,
p. 17) says much about the problematique
humaine. The upper portion shows the age-
sex composition for the populations of the
developed countries. All of the age cohorts
are about the same size and are predicted
to remain so until 2000.

In the less developed countries, how-
ever, the largest cohorts are the young.
When they reach the age of reproduction,
these very large numbers of human beings
will be producing very large numbers of
babies. The environment cannot long sup-
port a population of the type shown in the
lower half of the figure.
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If we accept IF I, that it is important for
the human drama to continue, there seems
no alternative but to move rapidly to adjust
the population size and technology behav-
ior of human beings to the ability of the
environment to sustain us. We oversim-
plify our problems only slightly when we
say that the less developed countries must
bridle their populations and the developed
countries must bridle their destructive
technology.

It is highly unlikely that the world can
continue "as is" in the hope that it will all
work out in the end. If there is to be a
satisfactory future, there must be careful,
compassionate, and courageous planning
now. And we must not lose sight of the fact
that compassion cannot allow us to ignore
the laws of nature.

Educators must take a stand

The view is often expressed that the seeds
for our own destruction have already been
sown. That may be so, but I cannot accept
that as a reason for inaction. The view is
also expressed that individual human beings
can do little. That also may be statistically
true but neither can it be a reason for inac-
tion.

Those of us who teach in the institutions
of higher education are neither few nor
powerless. There are many of us and our
power could be effective. The future lead-
ers in all walks of life come through our
classrooms and if we are able to impart a
feeling of hope and an understanding of
the power that is in the hands of human
beings, the future that we so desire could
be achieved.

It is time for us to take a stand. The
Agricultural Revolution, Industrial Revo-
lution, and Technological Revolution could
be followed in our time by a Humane Rev-
olution.
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